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Abstract

Savanna vegetation dynamics are driven by fire, herbivory, and climate, but their effects on
soil properties are poorly understood. Specifically, the potential individual and interactive
impacts of these drivers on the soil biogeochemical resilience remains unknown. Savanna
ecosystems are increasingly vulnerable to global change and human activity, with predicted
future changes in fire, herbivory, and climatic regimes. These drivers have the capacity to
significantly alter savanna biodiversity and biogeochemical function, with cascading impacts
on human welfare. The consequences of fire-herbivory interactions on soil are difficult to
separate due to their synergistic nature, and understanding has been compounded by a lack of
fire-herbivory experiments investigating both above and belowground processes. To address
this gap, experiments were conducted in the lab and field within Kruger National Park, South
Africa, across different rainfall gradients, fire intensities, soil types and herbivore presence.
The effects of fire, herbivory and their interactions on soil carbon, nutrient concentrations, and
microbial communities were quantified to determine the variability in savanna soil properties
and test the biogeochemical resilience of the soils. There was limited evidence that changing
fire or herbivory regimes had an effect on soil nutrients or microbial activity, particularly in
sandy soils. In contrast, changes in soil nitrate and microbial community composition were
observed following a single fire-herbivory event on clay soils. Overall, there was strong
evidence that savanna soils are extremely resilient to fire and large mammal herbivory. These
finding contribute to unravelling the complex mechanisms underlying fire-herbivory
interactions in savanna ecosystems. They also underscore the unique nature of savanna
ecosystems compared with temperate ecosystems, emphasizing the necessity for more focussed
experiments in arid and tropical savannas to understand how both abiotic and biotic factors
influence ecosystem functioning. Such understanding is crucial for predicting how global

change will shape the future of savanna ecosystems.
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Figure 4.1 - Herbivory exclusion treatments for a) Full exclosure (no herbivores
can access), b) Mega (megaherbivores excluded, large herbivores can access) and

c) Open (open to all herbivores). Picture credit: Mary Cvetkovic-Jones, April

Figure 4.2 - The response of soil ammonium (ug NH4 g ™! soil dwt) concentration
after four years of exclusion for three experimental treatments; Full (excluding all
herbivores), Mega (excluding megaherbivores, accessible by large herbivores) and
Open (open to all herbivores). Whilst showing a descriptive trend, the differences
were not significant (p=0.13)...... ..o
Figure 4.3 - The response of soil nitrate (ug NO3 g ! soil dwt) concentration to
three experimental treatments; Full (excluding all herbivores), Mega (excluding
megaherbivores, accessible by large herbivores) and Open (open to all herbivores),
after four years of treatment..............ooiiiiiiiiii

Figure 5.1 - Study timeline spanning two years of sampling. Initial surveys and
soil biogeochemical and microbial analyses were conducted prior to prescribed
burns in May 2021. Following these early season and lower intensity burns,
herbivore exclosures were erected. In April 2022, one-year post-burn and herbivore
exclusion, plots were re-sampled for biogeochemical and microbial analyses. In
September 2022, late season, higher intensity burns were performed on the plots,
with soil respiration rates (indicated by arrows) measured over the subsequent nine
MONTNS. .

Figure 5.2 - Pictures from the site following the first set of early season burns in
May 2021; a) low intensity early season burn (picture credit, S Archibald), b) 2 m?
exclosure installed immediately after the burns, surrounded by Themeda triandra,
pictured in April 2022 (picture credit, T Strydom).............ooooiiiiiiiiiiiinn,
Figure 5.3 - Pictures from the site following the second set of late season burns in
September 2022; a) prescribed burns at the end of the dry season in September
2022, b) the burn plots at three weeks post-burn with blue wildebeest grazing and
¢) difference in grass height and biomass with and without herbivory four months

post-burn (Photo credit, T Strydom, January 2023)...........ccooeiiiiiiiiiiiiinnann.n
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Figure 5.4 - Effects of fire x herbivory, fire, herbivory and no fire-no herbivory
treatments on soil nitrate (ug NOs g ! soil dwt) levels after a single early season

burn and one year of herbivore exclusion. Letters denote significance at p < 0.01

Figure 5.5 - Effects of fire x herbivory, fire, herbivory and no fire-no herbivory
treatments on soil a) total PLFA, b) total fungal, c¢) total bacteria, d) fungal: bacteria
ratio, €) gram positive bacteria, f) gram negative bacteria biomarkers (nmol g! soil
dwt), one year post burn and herbivore exclusion....................cooiiiiiinan..
Figure 5.6 - Effects of fire x herbivory, fire, herbivory and no fire-no herbivory
treatments on soil microbial biomass (ug g ' soil dwt), one-year post-burn and
herbivore exclusion. Whilst this trend is not significant (p=0.61), it shows a
descriptive trend that matches descriptive trends in total PLFA biomass..............
Figure 5.7 — The impact of fire and herbivory treatments on soil respiration (M
+SE) after one early season burn (2021) and one late season burn (2022), and ~17
months of herbivore exclusion. Soil respiration was measured on day prior to
treatment (day -1) and at 7, 21, 35 and 252-days post late season burn 2022.........
Figure 5.8 - The impact of fire and herbivory treatments after one early season
burn and one late season burn, and ~17 months of herbivore exclusion, on soil
moisture  sampled at the corresponding time points as  soil
L] 001 18 1010
Figure 5.9 - Over the period of nine months, soil moisture explained more of the
variance on the fire plots with (38%) and without (58%) herbivory, than the
unburnt plots, with (11%) and without (18%) herbivory...................cooiiiii
Figure 6.1 — African continent mapping of a) area burned, b) current herbivore
densities, c¢) past herbivore densities (without elephants) and d) defining areas

where fire or herbivory dominate. Taken from Archibald and Hempson (2016)....
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Chapter 1 — General Introduction

1.1. Savannas

Savannas cover 20% of the global landscape (Lehmann and Parr, 2016), and are located
primarily across Africa, South America, and Australia (Figure 1.1). These tropical grassy
biomes are characterized by C4 grass species, with C; tree and shrub species interspersed.
Savannas are strongly influenced by fire and herbivory, both analogous drivers of savanna
ecosystem structure, through the direct consumption of aboveground vegetation. Fire and
herbivory are an essential part of savanna ecosystem functioning, sustaining large populations
of herbivores and frequently burning. Climatic conditions, including differing precipitation and
nutrient conditions, also exert strong influences on the grass-tree interactions (Scholes and
Archer, 1997). African savannas are among the most extensive savanna systems, and are home
to wildlife, livestock, and also human populations. African savannas are ecologically, culturally
and economically important (Eriksen and Watson, 2009), sustaining vital ecosystem services
and providing economic growth (von Maltitz and Scholes, 2013). With a population increase
across the continent predicted to reach over two billion by 2040 (Leong et al., 2018), land use
change within savanna landscapes is increasingly occurring in order to support communities
and increase gross domestic product. It is therefore essential to understand how key drivers
such as fire, herbivory and climate, influence savanna ecosystem functioning, particularly in

the face of global change.
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Figure 1.1 — Global map of savanna grasslands (yellow) located across Africa, South
America, and Australia. Image from Pennington et al. (2018).

1.2. Fire, Herbivory and Climate

In African savannas, fire regimes and herbivory have co-evolved with both grasses and woody
plants showing adaptation and specialisation to either frequently burnt or heavily grazed
communities (Archibald and Bond, 2003). Plant species have adapted to fire regimes, with

growth and reproductive attributes linked to fire cycles (Ribeiro et al., 2019) and have also
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adapted to herbivory by developing defences (Sebata, 2013). However, traditionally, savanna
landscape structure was thought to be determined by climate driven conditions, often referred
to as a ‘green world’ view. Bond (2005) then suggested that both fire regimes (‘black world’)
and herbivore grazing (‘brown world”) could play an equal role in shaping savanna ecosystems,
as competing consumers. Both fire and herbivores compete for the herbaceous layer and
depending on environmental conditions, either process could dominate. Fire is less likely to
occur on heavily grazed land due to removal of plant biomass (fuel load) and decreases in plant
flammability (Archibald and Hempson, 2016a; Hempson et al., 2015). In contrast, in less-
heavily grazed areas, fire can become dominant, promoting fire-adapted grasses that are less
preferable for herbivore consumption. African-wide analysis has shown that in drier, higher
nutrient conditions, herbivory seems to dominate, in opposition to fire which dominates in
higher rainfall, lower nutrient conditions (Archibald and Hempson, 2016a). In contrast, where
annual rainfall levels fall between 500 — 800 mm, neither consumer is dominant (Figure 1.2).
This suggests that savanna ecosystems within these annual rainfall parameters can switch
between a ‘brown’ or ‘black’ world depending on the mix of herbivory and fire, relative to
abiotic factors. There are many dynamic interplays of precipitation, soil type and properties,
herbivore species, behaviour and population size, all of which have multiple feedback loops
(Archibald and Hempson, 2016a) that may influence which driver is the dominant consumer

(detailed review: Smit and Coetsee, 2019).

by herbivory * by fire

proportion of consumed dry matter
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Figure 1.2 - Proportion of dry matter consumed by either fire (*, black line) or herbivory (+,

grey line) along the rainfall gradient. At annual rainfall levels below 500 mm, herbivory is

the dominant consumer, whereas between 800 — 1800 mm fire is the dominant consumer. In
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the grey shaded areas, either consumer could dominate. Figure adapted from Archibald and
Hempson (2016).
There is abundant debate about the abiotic and biotic control of savanna biome existence, with
views polarized into two camps: the top-down control of fire and herbivory and the bottom-up
control of water and soil nutrients. How fire and herbivory shape plant community structure
and function above-ground are well understood, but there is a paucity of knowledge regarding

the impacts belowground, on soil biogeochemical functioning.

1.3. The importance of soils for ecosystem functioning

Soils are vital for ecosystem functioning, playing a crucial role in plant growth, nutrient
cycling, water storage and carbon sequestration (Bardgett, 2005; Blum, 2005; Doelman and
Eijsackers, 2004; Smith et al., 2015). Soils are a reservoir of essential elements and nutrients,
including carbon (C), nitrogen (N), and phosphorus (P), as well as micronutrients including
iron (Fe), manganese (Mn) and zinc (Zn). Soil nutrient cycling, by plants and soil organisms,
is essential for plant growth and development (Bardgett and van der Putten, 2014; Cogger and
Brown, 2016; Marschner and Rengel, 2007). In the global C cycle, soils act as both CO; sources
and sinks, with plants taking up CO> during photosynthesis and transferring C to the soil
through both litter and root exudates (Retallack, 2003; Schlesinger and Andrews, 2000; Stuart
Chapin III et al., 2009). Additionally, soils play a significant role in the hydrological cycle,
storing and filtering water, preventing floods, and holding water during droughts (Hillel, 2012).
Moreover, soils provide a habitat for a wide range of organisms, from soil microbes to
invertebrates, facilitating decomposition, nutrient cycling, pest control and soil structure
formation (Blume et al., 2016; Thies and Grossman, 2023; Voroney, 2007). Healthy soils
sustain diverse soil populations, enhancing ecosystem functioning. Protecting, conserving, and
understanding soils is essential for maintaining global ecosystem health and biodiversity, as
well as sustaining food production, mitigating climate change and protecting vulnerable

biomes.

Soils have been found to be as important as fire in determining vegetation structure in African
savannas (Staver et al., 2017), but very little is known about savanna soil functioning,
particularly in comparison with temperate systems. Savanna soils cover a range of soil textures,
organic matter content, structure, nutrient content, are subjected to varying precipitation levels
and supporting a diverse range of vegetation species. Typically we observe globally lower soil
C and nutrient levels in African savanna soils (Hengl et al., 2017; Rughoft et al., 2016), but

there is limited information available on soil nutrient and C content in African savannas and,
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therefore, many predictions are likely underestimates (Ernst et al., 2024). With savannas
covering nearly 1/5% of the world’s landmass, their role in the global C cycle is of high
importance. Assumptions of soil processes developed in temperate systems are often applied
to arid savanna soils, without accounting for seasonal rainfall, frequent burning, and large
populations of herbivores, which play a unique and significant role in driving savanna

ecosystem functioning, and potentially soil processes.

1.4. Fire impacts on soil properties

In many ecosystems around the world, fire is an important and natural part of the environment,
influencing ecosystem structure and function. Fire-prone ecosystems rely on fires to sustain
functioning: for example, many plant species have adapted to be fire-resilient, with germination
more successful following fire (Crosti et al., 2006; Dairel and Fidelis, 2020; Pausas and
Lamont, 2022). As fire influences aboveground composition, this can influence how animals
use the landscape and also impact soil properties. In a recent Living Planet Report by the World
Wildlife Fund (WWF), fire regime shifts have been identified as a critical factor to monitor in
soil conservation (Almond et al., 2021). Before discussing the impact of fire on soil properties,

it is important to define the different types of fire events that can occur.

1.4.1. Single fire event vs fire regime

Single fires are individual events, with a specific intensity, duration, and behaviour. Fire
regimes refer to long-term patterns of fire occurrence, which encompass a large variety of fire
dynamics, with potentially different fire frequencies, intensities, size, and seasonality,
alongside changes in temporal and spatial distribution. Long term patterns of fire regimes can
even include ecosystems with no fire occurrence. The literature tends to split the two types of
fire, with single fire events often studied in more temperate regions with reactive and
immediate suppression fire management. The fire return intervals in these ecosystems may be
very long and so it is easier to study single fire events than manipulate or alter the regime. In
contrast, fire regimes are usually studied in more tropical systems, where repeated burns are a
natural part of ecosystem functioning and is required to manage ecosystem health, resilience,
and biodiversity over time. When there is repeated burning in a landscape, prescribed burning
is widely applied in conservation areas to achieve specific management aims, for example,
creating fire breaks to protect life and property, or in order to break up the fuel load and prevent

very large fires.

It 1s important to understand both the short-term effects of a single fire and the long-term,

decadal impacts from fire regimes in order to predict the effects of altered fire regimes on
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savanna ecosystems and improve understanding of how best to manage savannas. The short-
and long-term effects of single fires and fire regimes on soil C, nutrient storage and microbial
dynamics are poorly known. Below, I will briefly discuss the current literature on the impacts
of fire on physical, chemical, and biological soil properties. More detail on the mechanisms by

which this occurs is given in the introductions of Chapters 2 and 3.

1.4.2. Fire effects on physical soil properties

The effect of savanna fires on soil structure and hydrology in African savannas is largely
unknown. It is important to note that most savanna pyrohydrology studies are from regions
such as South America and Australia, where fires tend to burn at much higher intensities
(~2800-18,000 kW m!; Robichaud, 2000; Williams et al., 2003), than southern African fires
(~1900 kW m'; Govender et al., 2006; Strydom et al., 2019). Globally, fire has been found to
directly influence soil structure, with more intense fires causing decomposition of organic
matter from high temperatures, disrupting soil aggregates and soil stability (Mataix-Solera et
al., 2011; Simansk}'/, 2015). Generally, lower intensity fires (for example, <2000 kW m™), that
are more likely to occur in African savanna systems, do not result in changes in aggregate
stability, but the outcome is dependent on soil texture, microbial biomass, and soil organic
matter (Mataix-Solera et al., 2011). However, prescribed burns in Southern Africa have been
shown to impact soil hydrology and water infiltration, with burns reducing the speed of water
infiltration in comparison to unburnt soils (Strydom et al., 2019). This was hypothesised to be
as a result of ash filling pore spaces, thus reducing infiltration (Mallik et al., 1984; Strydom et
al., 2019). Negative impacts on water infiltration and soil structure, alongside the removal of
aboveground vegetation, can result in burnt landscapes being at a higher soil erosion risk

(Fonseca et al., 2017; Parente et al., 2022; Stoof et al., 2015).

1.4.3. Fire effects on chemical soil properties

Fire can shape the biogeochemistry of the soil, with frequent burns shown to alter soil C and N
storage. Several savanna studies have demonstrated that frequently burned plots deplete soil C
and N (Abreu et al., 2017; Bird et al., 2000; Mills and Fey, 2004; Pellegrini et al., 2020, 2014).
The decline in soil C and N as a result of frequent burning can be attributed to several
simultaneous processes. Firstly, and perhaps most simply, input of organic matter to the soil is
reduced as a result pf combustion of aboveground material (Knicker, 2007; Mills and Fey,
2004). Secondly, the exposed post-fire environment results in greater soil temperatures and
increased soil moisture due to reduced interception of rainfall by vegetation, increasing the rate

of drying-wetting cycles (Borken and Matzner, 2009). When soils become dry from increased
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sun exposure and then rewetted by precipitation, there is a burst of decomposition,
mineralization and release of inorganic N and CO> (Birch, 1958). Finally, nutrient levels can
be affected through changes in aboveground biomass and composition, thereby altering plant

inputs into the soil (Knicker, 2007; Muqaddas et al., 2015; Pellegrini et al., 2014).

The range of soil nutrient outcomes observed post-fire is highly varied due to the number of
influential factors including fire frequency, intensity, fuel load, season, precipitation, vegetation
type and soil type. For example, when assessing the long term impacts of changes in fire
frequency on soil C stocks using two soils of strongly contrasting texture (sand versus clay),
results showed C at sandy sites being 35-50% lower than at comparable clay sites (Bird et al.,
2000). Furthermore, Pellegrini et al. (2015) observed a decline in soil C and N following
repeated burns, whereas similar studies in the same area performed by Coetsee et al. (2010)
and Holdo et al. (2012) found neutral effects of fire on soil C and N. The main differences

between the experiments were the soil type, precipitation conditions and fire return interval.

1.4.4. Fire effects on biological soil properties

Biologically, the soil provides a habitat for a wide range of organisms, including soil microbes,
termites, ants, dung beetles and worms. The primary agents of decomposition are microbes —
fungi and bacteria — and soil invertebrates. Fire can impact microbial composition and activity
with cascading impacts on decomposition rates (Dooley and Treseder, 2012; Dove et al., 2020;
Dove and Hart, 2017; Pressler et al., 2019; Wang et al., 2009, 2012), but biome and fire type
play a major role in the degree of impact. A global meta-analysis found that the microbial
communities in savanna and grasslands are less vulnerable to fire than forested temperate

systems, mainly due to the less intense fire types (Dooley and Treseder, 2012).

Immediately post burn, there may be a fertilizing effect of the nutrient-rich alkaline ash. An
increase in pH has been shown to have a positive effect on the biological recovery of soils
(Bodi et al., 2014; Knicker, 2007; Pyne, 2019; Rousk et al., 2010; Sanchez-Garcia et al., 2021),
which has been suggested to increase labile C concentration, providing increased substrate for
microbial growth. Similarly, the increased soil temperature that follows from removal of the
aboveground vegetation with burning has also been suggested to increase microbial activity

(Hart et al., 2005; Neary et al., 1999; Treseder et al., 2004).

Increased soil temperature during burns, which vary with fire temperature, severity, and rate of
spread (ROS), can cause biological disruption in the soil (Table 1.1), with microbial mortality

generally occurring above 60°C (Neary et al., 2005). Fungi are usually more sensitive to
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temperature increases than bacteria. Microbial, root and seed mortality, alongside organic
matter, and nutrient volatilization, can have cascading effects for soil processes and post-fire
recovery. However, burns in African savannas often move at a faster ROS than more temperate
systems (Govender et al., 2006; Strydom et al., 2019), thus temperature increases do not occur
for extended periods of time, reducing the possibility for biological disruption on all soil

components.

Table 1.1 — Global temperature thresholds (°C) for biological disruption in the soil

environment across a range of ecosystems (adapted from Neary et al., 2005)

Soil component Threshold Temp (°C) Reference
Plant roots 48 Hare (1961)
Fungi — wet soils 60 Dunn et al. (1985)
Fungi — dry soils 80 Dunn et al. (1985)
Bacteria — wet soil 80 Dunn and DeBano (1981)
Bacteria — dry soil 90 Dunn and DeBano (1981)
Seeds — wet soil 70 Martin et al. (1975)
Seeds — dry soil 90 Martin et al. (1975)
Organic matter distillation 200 DeBano et al. (1998)
Nutrient volatilization 200 Neary et al. (2005)

Fire can also directly affect soil fauna (Certini et al., 2021; Moyo, 2022). Generally, vertebrates
can escape higher temperatures by moving away from the fire or burrowing deeper into the
soil, but invertebrates, and microbes, which have very limited to no mobility are often most
affected. However, fire often does not have a large impact on soil fauna in savannas (Certini et
al., 2021), with ant and termite abundance unaffected by fire in southern African savannas
(Hockridge et al., 2023; Parr et al., 2004). This mainly depends on whether taxa can find refuge
from the fire or not; ants and termites can’t move their colony but remain unaffected as their

underground nesting habits buffer them from the fire (Parr and Andersen, 2008).

1.5. Herbivore impacts on soil properties

Another important driver of savanna ecosystems is mammalian herbivory. Herbivory
encompasses the consumption of plant material by a wide range of animals, including grazers
and browsers, across various ecosystems. Generally, grazing is a specific form of herbivory
focussed on consuming grasses and herbaceous plants, whereas browsers consume different

parts of woody vegetation. Herbivory can have complex and interconnected effects on soil

8
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properties, influencing soil nutrient dynamics, C storage, microbial communities, and
ecosystem functioning. This thesis focusses on savanna meso- and mega- herbivores (>20 kg)
and does not cover smaller herbivores, such as grasshoppers and termites, but it is important to
acknowledge the ecological impact invertebrate herbivores play in savanna plant communities

and soil processes (Bunney et al., 2024; Jouquet et al., 2005; Parr et al., 2004).

The impact of grazing and herbivory on savanna soils is not well understood. Globally, studies
have found strong negative, positive or neutral grazing effects on soil biogeochemistry (see
review: McSherry and Ritchie, 2013), with more detail in the introduction of Chapter 4. For
example, grazing removes aboveground vegetation, thus increasing bare ground, accelerating
soil drying and erosion (Li et al., 2008a; Steffens et al., 2008). In contrast, grazing may
stimulate fine, shallow roots of grasses, which can compensate for the reduced aboveground C
inputs to soils as a result of herbivore consumption (Derner et al., 2019; Wigley et al., 2020).
The multifactorial nature of soil type, vegetation species composition, precipitation, herbivore
species, mammal size, grazing intensity and study duration make it difficult to separate the

interactive influences in order to manage soils on grazed land.

Savannas host a range of herbivores of different sizes, which impose different effects on soil
properties related to aboveground consumption, excretion and physical disturbance (Holdo and
Mack, 2014). One of the most obvious impacts of large mammal herbivores are the direct
impacts of trampling, influencing soil compaction and disturbance (Derner et al., 2019).
Increased soil compaction from larger mammals can result in decreased aggregate stability,
decreased water infiltration and increased water and wind erosion (Bardgett and Wardle, 2003;
Greenwood and McKenzie, 2001). Additionally, herbivores varying in body size produce dung
and urine at different quantities, spatial distribution, and nutrient stoichiometry (Cech et al.,
2008; le Roux et al., 2020; McNaughton et al., 1997; Sitters et al., 2014b) , thereby exerting

potentially cascading impacts on the soil.

Herbivore species also play a crucial role in shaping aboveground vegetation. Grazers shape
the grasslands and prevent the dominance of woody species through selective grazing of
grasses, maintaining conditions that limit the spread of trees and shrubs, whilst browsers feed
on more woody vegetation including leaves, shoots, shrubs, bushes, and trees. Thus, the
proportion of grazers to browsers can directly influence vegetation dynamics and alterations in
plant composition may affect the microbial communities of soils, although these grazing effects

on microbes have yet to be elucidated in arid soils (Marcos et al., 2019).
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1.6. Fire x herbivory impact on soil properties

In savanna ecosystems, fire can attract grazing herbivores concentrating the herbivores on the
post-burn landscape (Donaldson et al., 2018; Singh et al., 2024). This interaction of fire and
herbivory has been suggested as a plausible explanation for the mix of grassland and scattered
trees/shrubs that is characteristic in these ecosystems (Van Langevelde et al., 2003). Although
the effects of fire and herbivory on savanna ecosystems are often addressed independently, as
discussed above, research has shown that the two drivers work synergistically, with the impacts
of fire difficult to separate from post-fire herbivory effects (Shackleton and Scholes, 2000).
Synergy refers to the interaction between multiple drivers or factors that combine to produce
an outcome greater than the sum of their individual effects (Coté et al., 2016). Fire x herbivory,
or often referred to as pyric herbivory, produced effects that are not simply the sum of the
individual effects of fire and herbivory (Smit and Coetsee, 2019), it is more likely a
multiplicative synergy, the combined effect of these drivers is greater than the sum of their
individual impacts (Coté et al., 2016). Effective management of savanna systems is only
possible with better understanding of the interactive role of fire and herbivory in structuring

savanna ecosystems.

The attraction of herbivores to recently burnt grass demonstrates that fires can be used to
concentrate grazers, rather than dispersing them, with cascading effects for ecosystem
processes. Post-fire vegetation is higher in N, a typically limiting nutrient for herbivores, and
lower in carbohydrates and fibre, making them more digestible (Goldammer and Ronde, 2004).
As a result, freshly burnt land is more attractive to herbivores, resulting in high-intensity
grazing during regrowth. Beyond the direct effects of fire, such as ash production altering soil
inputs, increased herbivory alters the fuel load of the next fire, affecting both the fire return
interval and intensity. Additionally, as herbivores consume aboveground biomass, they change
the quality and quantity of soil input through their dung and urine. The increased herbivory
may also impact physical soil properties through increased compaction. More details on these

interactive mechanisms are provided in Chapter 5.

The interaction of fire and grazing can have cascading effects on the structure, diversity and
functioning of savanna landscapes and can be used in savanna landscape management. One
management example is using fire x herbivory in the creation of grazing lawns (Donaldson et
al., 2018; Singh et al., 2024). A mosaic of lawn (shorter grass) and taller grass patches in

savanna ecosystems is critical for biodiversity conservation and switching from one grass state

10
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to another can be facilitated through carefully managed fire and grazing regimes. By
concentrating grazers post-burn, these lawns - areas of shorter grass as a result of the increased
grazing levels — can form. However, the effects of fire x herbivory on belowground soil
properties in savannas is unknown. In Mediterranean systems, pyric herbivory has shown to
increase soil fungi and bacteria diversity as well as nutrient availability, with grazing enhancing
post-burn soil recovery (Canals et al., 2024; San Emeterio et al., 2023). It can be hypothesised
that in African savannas, fire x herbivory might similarly enhance soil microbial diversity and
nutrient cycling, potentially leading to improved soil health and resilience. Fire can no longer
be considered in isolation from herbivory effects, particularly in African savannas, and

controlled studies are needed to separate the impact of fire and herbivory on soil properties.

1.7. Global Change

African savannas are vulnerable to global change, and are projected to experience severe
impacts of climate change (Adenle et al., 2017; Ayanlade et al., 2023; Conway and Vincent,
2021). Global change, encompassing climate fluctuations, alterations in land use management,
and anthropogenic interventions are altering both fire and herbivory regimes. Over the past
decade, fire regimes have changed in intensity and frequency as a result of climate and land-
use change, with predictions of further change as temperatures rise (Calvin et al., 2023). Fire
regimes also alter as savanna grass communities and their traits change in response to global
climate change (Simpson et al., 2022), changing fuel load and flammability parameters. Global
change also impacts herbivore behaviour, for example, climate-induced woody encroachment
affects zebra visibility and behaviour in Kenyan savannas (Chen et al., 2021; Riginos, 2015).
Climate change has also been linked to shifts in herbivore assemblage composition (Smit and
Prins, 2015a), placing savanna megaherbivores at risk of extinction (Pringle et al., 2023; Staver
et al., 2021). Due to the potential additive or multiplicative synergistic relationship between
fire and herbivory, changes in fire regimes will also have implications for herbivory and vice
versa. Altered fire and herbivore regimes will have consequences for vegetation composition,
C stocks and biodiversity, with feedbacks to climate, biogeochemical cycles and human health
(Andela et al., 2017; Bowman et al., 2009; Lelieveld et al., 2015; Lohman et al., 2007;
Pellegrini et al., 2018).

Future warming and elevated atmospheric CO> levels, patterns of past land use and land
management strategies, along with the physical heterogeneity of landscapes, could produce
complex patterns of soil nutrient and microbial activity. Improved management of savanna

systems is only possible with better understanding of the individual and interactive roles of fire

11
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and herbivory on soil biology in structuring savanna ecosystems. Understanding the abiotic
and biotic controls on ecosystem functioning is essential for predicting how global change will

influence savanna ecosystems (Bond, 2008).

1.8. Kruger National Park

In order to investigate the individual and interactive impacts of fire, herbivory and climate
within a tropical savanna ecosystem, all research was performed within Kruger National Park
(KNP), a semi-arid savanna in Southern Africa. At ~20,000 km?, roughly the same size as
Wales, KNP lies in the Northeastern corner of South Africa. Bordering Mozambique to the East
and Zimbabwe to the North, the park is a globally important site in terms of its diverse ecology
and the application of advanced management techniques. With at least 147 mammal and 1980
plant species (du Toit et al., 2003), it is a globally significant site for studying the heterogeneity
of savanna ecosystems. KNP is managed by South African National Parks (SANParks, ZA
government) which oversees conservation efforts, visitor management, park infrastructure and

scientific studies.

1.8.1 Climate

KNP has wet summers and dry winters, with the dry season typically occurring from May to
September (Figure 1.3). During this time, rainfall is minimal, and temperatures are cooler. The
wet season occurs from October to April, characterized by higher temperatures and increased
rainfall. This seasonality influences both fire occurrence and animal movements, with animals
more likely to be concentrated near watering holes in the dry season and inclined to travel
further distances in the wet season. With the distinct wet and dry season pattern, there is also
a general North-South gradient within KNP of increasing rainfall, at ~350 mm per annum in

the north and a much wetter ~750 mm per annum in the South.
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Figure 1.3 - Average temperature and precipitation within Skukuza, KNP, with temperature

on the left axis and precipitation levels on the right axis. Figure produced by Meteoblue

(2024).

1.8.2. Fauna

KNP is a biodiversity hotspot, with a rich assembly of plant and animal species. Understanding

the fauna and flora of the park is essential for conservation efforts and ecosystem management,

particularly with fire and herbivores as drivers. KNP’s rich mammal diversity encompasses the

‘big five’ - African elephant (Loxodonta africana), African buffalo (Syncerus caffer), lion

(Panthera leo), leopard (Panthera pardus) and black (Diceros bicornis) and white rhinoceros

(Ceratotherium simum), as well as supporting other prominent species such as giraffe (Giraffa

giraffa), zebra (Equus quagga), hippopotamus (Hippopotamus amphibius), cheetah (Acinonyx

jubatus), wild dog (Lycaon pictus), impala (Aepyceros melampus), kudu (Tragelaphus

strepsiceros), wildebeest (Connochaetes taurinus), hyenas (Crocuta crocuta) and jackals

(Lupulella mesomelas) (Figure 1.4). Beyond mammals, over 500 bird species have been

recorded within the park, which also hosts a wide range of reptiles, amphibians, and

invertebrates.
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Figure 1.4 - A selection of photographs collected during my time in Kruger NP as part of this thesis, to demonstrate the wide range of animals found (picture credit: Morgan Cvetkovic-Jones)
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Chapter 1 — General Introduction

1.8.3. Fire occurrence

Fires are a natural part of KNP, however due to management goals, tourism and livelihoods
within the park, fire is managed within the park. Most fires within Kruger are prescribed,
though of course wildfires occur as a result of lightning or human behaviour as well. KNP has
an average fire return interval of two to four years, depending on fuel load and landscape
(Govender et al., 2006). KNP employs a comprehensive fire management strategy, which also
encompasses long-term Experimental Burn Plots (EBPs): since 1954, four different areas of
the park with varying vegetation and soil properties have been scientifically burnt at different
frequencies and intensities for nearly seventy years (Biggs et al., 2003). Prescribed burning in
different seasons within KNP can change the fire intensity (Figure 1.5), due to differences in
fuel moisture and load (Govender et al., 2006). In the dry season, vegetation dries out, making
fires more intense, whereas vegetation in the wet season is usually lusher and greener, thus

reducing fire risk.
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Figure 1.5 — Season of fire influences fire behaviour within KNP, with a) fuel moisture
content higher in the summer and autumn (wet season) and lower in winter and spring (dry
season), prior to experimental burns. This results in b) higher fire intensities in winter and

spring, in comparison to summer and autumn. Figure taken from Govender et al. (2006).

1.8.4. Geology

KNP is predominantly underlain by granitic soils to the West and basaltic soils to the East
(Figure 1.6¢). The basaltic soils are a fine grained, clayey, darker coloured volcanic igneous
rock, in contrast to the granitic soils which are coarse grains, sandy, lighter coloured plutonic
igneous rock (SANParks, 2024). These soil types exhibit differences in soil content: basaltic
soils have higher nutrient content, resulting in higher grass production with fewer trees. The
elevated levels of grass productivity can also lead to higher intensity fires due to the larger fuel

load. The granitic soils are much more porous, with better water infiltration and sometimes
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Chapter 1 — General Introduction

deeper soils, so tend to have more woody cover and lower grass production. Throughout KNP,
there is a variety of vegetation types, with each type supporting a unique assemblage of plant
species adapted to that specific area’s environmental conditions, soil types and fire regimes.
Rivers, including Sabie, Limpopo, Crocodile and Olifants, play a significant role in shaping

the topography of Kruger, and also influence fire and herbivory regimes.
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South Africa

Figure 1.6 — KNP covers ~20,000 km? of land, encompassing various vegetational and geological landscapes. KNP is split into granitic and basaltic soils in
an East-Western split. The shapes represent sampling sites of the different chapters within this thesis: = Pretoriouskop EBPs sampled in Chapter 2; =
Skukuza EBPs for Chapter 3; and = basaltic supersites investigated in Chapter 4 Oi 5. Maps adapted from SANParks (2024). jf(

A
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1.9. Thesis Aims and Objectives

The main aim of this thesis is to improve understanding of the effects of fire and herbivory on
savanna soil biology, C cycling and resilience to disturbance. Thus, within KNP, samples were
collected across different soil textures, vegetation types and rainfall gradients, all factors which

influence fire and herbivore behaviour, in order to answer the overarching question:

How does fire, herbivory, and climate affect soil properties in the short and long term in

Southern Kruger National Park?
This was investigated by addressing the following sub-questions:

1. How do fires affect soil chemical properties and nutrient availability, such as total C,
N and P, soil pH, nitrate, and ammonium, in the short and long term on granitic and
basaltic soils?

2. How do fires affect soil microbial properties, such as biomass, community composition
and soil respiration, in the short and long term?

3. How do herbivores affect soil biological and chemical soil properties? Does herbivore
body size have a significant impact on soil nutrients and microbial community?

4. Do fire and herbivory interact to produce synergistic effects on soil biological and

chemical properties?

In order to begin to answer these questions, this PhD thesis is divided into four data chapters:

In Chapter 2, the biotic and functional resilience of savanna soils to long-term changes in fire
regime intensity were investigated. Using sandy soil from KNP’s long-term EBPs, maintained
for nearly seven decades, a substrate-induced respiration experiment was performed, alongside

the examination of a full suite of biogeochemical and microbial parameters.

In Chapter 3, the impact of a single fire event on soil respiration, at varying Time Since Fire
intervals was explored. Soil respiration was measured for a year following a moderate intensity
burn on sandy soils. Tracking respiration over different seasons, we also investigated

interactive factors of soil microbial community composition and soil moisture.

In Chapter 4, the impact of herbivore body size on basaltic soil properties is reported. Using
large scale exclosure experiments on basaltic soils, the effect of differing herbivory exclusion

levels on the biogeochemical and microbial properties of the soils was tested.
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In Chapter 5, the interactive and individual impacts of an early season burn and large mammal
herbivory on basaltic soil abiotic and biotic properties was analysed. Using a combination of
controlled burns and herbivore exclosures, pre- and post-treatment samples were collected for
soil biogeochemical and microbial community composition data. In the following year, the
short-term effects of burns with or without subsequent herbivory in a nine-month soil

respiration campaign were tracked.

Chapter 6 provides a synthesis of the key findings, with future recommendations for scientific

research and management implications.

1.10. Thesis Structure
This thesis is submitted with the data chapters (Chapters 2-5) presented as manuscripts. Chapter

2 is currently under review in Plant and Soil. Chapters 3, 4 and 5 are intended for submission

in peer-reviewed journals.

References are included at the end of the thesis, with supplementary information at the end of

each chapter.
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2.Soil microbes exhibit resilience to long-term
savanna fire regimes
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2.1. Introduction

Globally, fire plays a significant role in shaping ecosystems. Projections anticipate an increase
in fire frequency and intensity (Flannigan et al., 2013; Jolly et al., 2015; Moritz et al., 2012),
due to climate change, atmospheric warming, land use alterations and human activities (Marlon
et al., 2008; Romps et al., 2014; Syphard et al., 2017). Altered fire regimes as a result of global
change could have positive feedbacks on climate change (Jones et al., 2022) and long-term
impacts on terrestrial C and nutrient stocks (Pellegrini et al., 2018). Therefore, it is vital that
we understand the consequences of fire on ecological functioning and specifically, fires
influence on soil properties. Fire alters soil physical, chemical, and biological properties, with
fire intensity and frequency factors largely influencing the magnitude of change (Bento-
Gongalves et al., 2012; Verma and Jayakumar, 2012). Directly, fire affects soil through high
temperatures, removal of organic matter, pH changes, nutrient volatilization, and input of ash
(Knicker, 2007). Indirectly, fire mediates changes in the soil through altered aboveground
biomass, including plant diversity and composition, consequently impacting soil abiotic and
biotic factors (McLauchlan et al., 2020). Subsequently, these changes can impact soil microbial
communities, altering their composition and activity and affecting their functions in nutrient
cycling and decomposition processes (Pressler et al., 2019; Whitman et al., 2019; Yang et al.,
2020).

There are well understood links between fire and aboveground ecology (McLauchlan et al.,
2020). For example, increasing fire frequency and intensity has been shown to negatively
correlate with woody biomass and tree cover (Belsky, 1994; Higgins et al., 2007; Lehmann et
al., 2014; Staver et al., 2011). Aboveground; fire removes biomass, exposing the soil, thereby
reducing plant competition, promoting plant growth and productivity rates, resulting in changes
in plant abundance and diversity (He and Lamont, 2018). The more intense and frequent the
fire, the more aboveground biomass is combusted, resulting in denuded soil surfaces exposed
to direct sunlight, lower soil organic matter concentrations, increased volatilization of nutrients
and altered soil thermal regulation (Pellegrini et al., 2015; Reich et al., 2001; Treseder et al.,
2004). Consequently, in comparison to lower intensity fires, there may be greater impacts on
soil microbial processes and nutrient availability, leading to potentially longer recovery periods
(Whitman et al., 2019). Moreover, the aboveground shifts in vegetation composition may also
influence future fires. An increase in grass biomass alongside a decrease in woody biomass
results in an increase of flammable biomass and may cause more frequent fires in the future

(Treseder et al., 2004), creating a positive feedback loop.
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Fire can have positive or negative impacts on the soil microbial community, depending on
factors such as fire intensity, frequency, and ecosystem type. Higher temperatures in the soil
during fires may cause microbial mortality, with temperatures over 50 °C being shown to be
fatal for microbes (Neary et al., 1999). During fires above 200 °C, volatilization of nutrients
can occur (Knicker, 2007), reducing nutrient availability (Zhao et al., 2015), in turn inhibiting
microbial growth and activity. Conversely, fire can also have positive effects on the soil.
Following fire, ash deposition provides a fertilising effect (Pyne, 2019) and is a source of
readily available nutrients, increasing labile C and inorganic N availability (Mataix-Solera et
al., 2009). Post fire increases in substrate availability and N mineralisation may promote
microbial growth and stimulate an increase in microbial activity. Moreover, in post-fire soil
environments, fire-resistant microbes can survive and aid in nutrient cycling and organic matter

decomposition (Pérez-Valera et al., 2018).

Typically, increasing fire frequency and intensity decreases both microbial diversity and
biomass and shifts microbial community composition (Dooley and Treseder, 2012; Dove and
Hart, 2017; Pressler et al., 2019). For example, fungi can be more susceptible to heat damage
than bacteria, and thus may be more affected by fire (Liu et al., 2023). Furthermore, ash
deposition has been shown to increase the pH of soils as well as producing labile C, which
favours bacterial communities (Rousk et al., 2010). Pyrogenic carbon (PyC), produced by
incomplete combustion of organic matter during burns (Bird et al., 2015; Saiz et al., 2018) is
an important component of recalcitrant C pools, acting as a C sink (Santin et al., 2016). PyC
has been shown to increases soil pH and nutrient availability (Biederman and Harpole, 2013)
and have significant impacts on microbial community composition (Khodadad et al., 2011;
Whitman et al., 2016). Thereby, soil C pools shift with fire, altering the quality and availability
of C in the soil. Fungi are better decomposers of recalcitrant C (Boer et al., 2005), alongside
gram-positive bacteria, but gram-negative bacteria have been shown to be more dependent on
simple, labile C compounds (Fanin et al., 2019). The responses of microbial communities to
fire can persist for a range of time after a fire, for example, from months in grasslands to years
in forest ecosystems, depending on range of factors including ecosystem type, soil type, fire
intensity, fire frequency and nutrient loss (Dooley and Treseder, 2012; Gui et al., 2023; Pressler

etal., 2019).
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Fire regimes characterized by varying frequencies and intensities of fire could have long-term
effects on ecosystems. However, studying these impacts at an ecosystem level is challenging,
as it requires sustained manipulation of fire over long periods to observe changes in microbial
communities, nutrient composition, and vegetation.. Many fire studies are often short term,
small scale or focus on single fires (Gomes et al., 2018; Parr and Chown, 2003), which may
not accurately reflect the ecological effects of cumulative fires over time (Malkisnon et al.,
2011; Moretti et al., 2002).

While the interaction between fire regimes and aboveground dynamics in savannas has been
well researched (Burkepile et al., 2016; Eby et al., 2014; Higgins et al., 2007; Smith et al.,
2013; Wilcox et al., 2020), much less is known about how different fire regimes affect
biological soil properties, particularly microbial communities, over extended periods.
Understanding fire’s effects on microbial community composition, soil respiration and nutrient
pools is critical for developing effective conservation and fire management strategies,
especially in the context of escalating global change. Specifically, research is needed to
uncover the mechanisms that regulate microbial community responses and functions following

fire.

We used the longest fire manipulation experiment globally, the Experimental Burn Plots
(EBPS) in Kruger National Park (KNP), South Africa, which have manipulated fire frequency
and intensity to study fire dynamics at an ecosystem level for 68 years. The long-term effects
of changing intensity and frequency of fire regimes on soil nutrient concentrations, microbial
biomass, and microbial community composition were quantified to address the question ‘do
higher intensity, more frequent fires have a greater effect on soil abiotic and biotic properties?’
It was hypothesised that higher intensity, more frequent burns, would reduce nutrient
availability, decrease microbial community size and shift to a more bacterial-dominated
community. Fires often favour bacterial communities due to the resulting increase in pH and
labile C, and fungi have been found to be more vulnerable to burns due to the increased
temperatures (Liu et al., 2023; Rousk et al., 2010). The activity of microbial communities has
rarely been investigated in sandy savanna soils, particularly with the influence of fire.
Therefore, we also investigated how differences in fire intensity and frequency influenced
respiration of active soil microbes in response to a water or C source by conducting both a
water holding capacity (WHC) and a C-substrate addition experiment. It was hypothesised that

the higher intensity burns would have the greatest microbial functional response to substrate
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addition, with microbes more readily accessing short term labile C sources (Reischke et al.,
2014; Sanchez-Garcia et al., 2021).

2.2. Methods

2.2.1. Study Area

The study was conducted on the Experimental Burn Plots in KNP, South Africa, an ongoing
long-term experiment that was established in 1954 (Biggs et al., 2003). The sites were created
to study the impact of different fire regimes, and subsequent herbivory, on contrasting savanna
landscapes. The EBPs comprise of 14 plots, laid out in a strip, and repeated across four different
locations within the park. Each seven ha (~ 380 m x 180 m) plot represents a different burning
regime (season and frequency combination (Trollope et al., 1998)). We selected three plots for
the investigation, controlling for frequency as much as possible; August triennial (referred to
as higher intensity), December triennial (referred to as lower intensity) and a control plot
(referred to as fire suppression), where fire has been suppressed as much as possible since 1954.
Burning in different seasons controls the intensity of fire (Govender et al., 2006; Smith et al.,
2013). August burns are at the end of the dry season, so usually there is a high fuel load with
low moisture content, so fires burn at higher intensities (Table 2.1). Contrastingly, December
burns are in the middle of the wet season, so fuel loads are often smaller and wetter, with fires
burning at a lower intensity. The most recent experimental burns in these fire regimes prior to
sampling were burnt in 2021.The average fire return interval for KNP is around three years
(Govender et al., 2006), but it is not possible to completely control fire frequency when burning
across seasons, as whilst burns are attempted triennially, burns are not always successful (Table

2.1).
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Table 2.1 - Average fuel load (kg ha™'), fire intensity (kW m™) and fire return interval (years)

across the three regimes; higher intensity burns, lower intensity burns and fire suppression.

Data was averaged from using data from 2005-2021. Fuel load was indexed as disc pasture

meter settling height as per Zambatis et al. (2006). Fire intensity was calculated as per

Byram's (1959) fire line intensity equations (Fire intensity = heat yield * ROS * biomass).

Fuel loa d and fire intensity values was averaged using SANParks data from 2005-2021. Fire

return interval values were averaged using from all recorded fire instances between 1968-

2021.

Fire Measurements

Fire Regime

Higher Intensity Burns | Lower Intensity Burns | Fire Suppression
Fuel Load 3824 1670 X
Fire Intensity 2670 1030 X
Fire Return Interval 2.92 4.29 24.19

Out of the four savanna landscape types within KNP, we focussed on the sandy, granitic soils

(average of 3.9% clay, 9.5% silt, 86.6% sand), which underlay Zerminalia woodland, in the

Pretoriuskop area (Figure 2.1). With an average rainfall of 705 mm, the dominant tree species

are Dichrostachys cinera and Terminalia sericea, with the grasses dominated by Hyperthelia

dissoluta and Setaria sphacelata (Gertenbach, 1983; Low and Rebelo, 1996). Within the

Pretoriuskop area, the fire treatments were applied to plots in three block replicate locations:

Kambeni (33°26’E, 25°15°S), Numbi (31°20’E, 25°13°S) and Shabeni (31°23’E, 25°12°S).
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Figure 2.1 — Pictures from Pretoriouskop area on KNP on the a) fire suppression plot, b)
lower intensity, lower frequency burns burnt every three years in December and c) higher

intensity burns burnt every three years in August (picture credit: Mary Cvetkovic-Jones).

2.2.2. Soil sampling

In April 2022, soil cores were collected, to a depth of eight cm, for analysis of basal respiration
and substate-induced respiration (SIR). In each replicate plot, soils were sampled at four points
along a transect approximately every 90 m, with a 10 m road buffer at either end of the plot. At
each of the four sampling points, two cores were taken for the SIR assay (totalling 72 cores: 3
fire treatments x 3 locations x 4 transect sampling points X 2 assay cores) using plastic piping
(8 x 4 cm internal diameter). The ends of the cores were sealed upon collection with rubber lids
and kept upright. Soil cores were maintained intact for the SIR experiment to preserve soil
structural properties, more closely representing field conditions. In each plot, one additional
core was collected in the same way along the transect for determining maximum soil WHC,

field soil moisture content and field % WHC.

In April 2023, soil samples were collected, at the same soil depth of 8 cm, for soil
characterisation of abiotic and biotic properties using approximately the same transect path and
the same methods, then stored at 4 °C prior to analyses. While soils were not sampled within
the same year they were collected within the same season. Using a long-term fire experiment
that nearly spans seven decades, the soil properties are unlikely to change significantly in this

interval.

2.2.3. Soil Biotic and Abiotic Analyses

Soil pH was measured using a 10.0 = 0.5 g subsample of fresh soil, mixed with 25 ml of
deionised H>O, using a pH meter (InLab Expert Pro-ISM). Soil moisture was determined by
using aliquots 1 + 0.1 g of fresh soil, dried at 105°C for 48 hours. Moisture content was
calculated as a percentage of the dry weight. Soil ammonium (pg NHs g~ ! soil dwt) and nitrate
(ug NOs g ! soil dwt) was calculated as a measure of inorganic N in the soil which is directly
available to the plants. 5 £ 0.5 g subsamples were extracted using 25 ml of 2M KCI and
analysed on an AA3 HR Auto Analyser (Seal Analytica, UK). Total soil C and N was measured
determined using a Elementar Vario EL CUBE CN analyser. Microbial biomass C and N (pg
g ! soil dwt) was measured on 5 £ 0.5 g soil subsamples using the chloroform fumigation-
incubation method (Brookes et al., 1985). Microbial biomass C and N was analysed using a

5000A TOC Analyser (Lancaster University, Shimazdu, Japan). Microbial biomass was
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calculated as the difference between fumigated and unfumigated soil, using general correction
factors of 0.45 and 0.54 for microbial biomass C and N, respectively (Brookes et al., 1985;
Joergensen and Mueller, 1996; Wu et al., 1990).

Phospholipid Fatty Acid (PLFAs) analysis was performed to measure both the soil microbial
community size and composition (nmol g™! soil dwt.). Total lipid was extracted from ~ 1.5 g of
freeze-dried soil subsamples and using a modified Bligh and Dyer (1959) method (Frostegird
et al., 1991), lipids were collected on a column. Neutral and glycolipids were eluted from the
column with chloroform and acetone and discarded. Polar lipids were eluted with methanol
and collected. These lipids were quantified and identified by chromatographic retention time
and mass-spectral comparison using 19:0 (methyl nonadecanoate fatty acid) as an internal
standard. Gas Chromatography was carried out on Agilent Technologies (UK) 6890N GC
Network System, equipped with Agilent 7683 Series Injector. Gram-negative bacteria was
identified by cyclopropyl saturated (7cy-17:0, 7,8cy-19:0) and monosaturated fatty acids
(16:1m5, 16:1w7, 18:107) and gram positive were identified by ester-linked branched-chain
fatty acids (15:01, 15:0a, 16:01, 7Me-17:0, 17:01, 17:0a) (Rinnan and Bééth, 2009; Whitaker et
al., 2014). Fungi were identified using 18:2106,9 and 18:109 fatty acids, indicative of
ectomycorrhizal and saprotrophic fungi (Kaiser et al., 2010). Finally, total PLFA values were
identified using all PLFAs measured (14:0, 16:1, 16:0, 17:1®8, br17:0, br18:0, 18:1w5, 18:0,
19:1; plus, the other fatty acids listed above). The ratios of gram-positive to gram-negative
(GP: GN) and fungal: bacterial (F: B) were calculated to determine the relative abundances of

each group.

2.2.4. Soil Water Holding Capacity

Soil WHC was determined following Ohlinger (1995). The fresh weight of the 36 cores
collected for determining soil WHC were recorded before immersion in deionised water for 24
hours to reach maximum saturation. Saturated weight of each core was recorded after leaving
the cores to freely drain for ~ 15 hours to remove excess water. The cores were dried in an oven
at 105 °C for 48 hours to determine dry weight. Maximum soil WHC (g water g soil ') was
determined by dividing the mass of water in the saturated cores by the dry weight of soil. Field
WHC (g water g soil ') was calculated by dividing field soil moisture content (%) by maximum

WHC and multiplying by 100.
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2.2.5. Basal and Substrate-Induced Respiration

Soil cores sampled from across the fire regime plots were used to quantify the effects of fire
intensity and frequency on basal respiration (BR) and the active microbial respiration of the
soils through a WHC manipulation experiment and a C-SIR experiment, under controlled
laboratory conditions. The base of each core was covered with filter paper and mesh, then
secured with tape to prevent material loss. Cores were mounted on large plastic weigh boats
and placed upright in 1 L Mason jars. Cores were installed in a controlled temperature room
maintained at 21 °C for the duration of the experiment. This is the average annual air
temperature across Pretoriouskop and additionally the average air temperature for April, the

month the samples were collected (Zambatis, 2006).

All 72 cores in the experimental incubation were adjusted to 40 (= 3) % WHC, the average
field WHC (monitored at least every two days). For soil % WHC adjustment, synthetic rain (~
pH 4.97) was prepared using sterilised deionised water with additions of sodium chloride
(NaCl: 0.00052 g L), calcium chloride dihydrate (CaCl.2H20: 0.00024 g L), calcium
sulphate dihydrate (CaSO4.2H,O: 0.000228 g L), magnesium sulphate heptahydrate
(MgS04.7H,0: 0.00042 g L' ) and sulphuric acid (98 % H2SO4: 0.00061 g L) based on
available chemical composition data on rain collected from Skukuza, KNP, South Africa
(31'59'E, 24°99°S), in the same region as the study plots (Mphepya et al., 2006). After an
equilibration period of three days, respiration rates were measured at 40 (= 3) % soil WHC.
Then, all treatment cores were raised to 60 (x 3) % soil WHC and allowed to stabilise for a
further three days. Following measurement of respiration rates at 60 % WHC, all treatment
cores were raised to 80 (£ 3) % soil WHC, with another three-day stabilisation period before
respiration rates were measured. Paired treatment cores remained at 40 % WHC throughout.

Following this, all treatment cores were air dried back down to 40% soil WHC.

Following basal respiration sampling, (amount of CO; released from the soil with no substrate
addition), a C substrate was added to one of the paired samples; Alpha-D-glucose (96%), 2 mg
g soil fwt. In order to ensure we could elicit a response from the lower BR values, 2 mg g’!
soil fwt glucose was selected as it had the greatest CO; increase in a similar study by Whitaker
et al., (2014) Glucose was added in a solution (1 ml of synthetic rain) to the top of the soil core
using a syringe just below the surface of the soil, to ensure maximum dispersal through the
intact core. The equivalent amount of synthetic rain was added to the control paired sample by

the same method. Following this, respiration measurements were taken at one, two, seven, 10-
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, 14-, 21-, 28- and 32-days post addition on both the glucose addition and control cores. The
cores were held at 40 (£ 3) % WHC throughout the SIR experiment.

2.2.6. Respiration measurements

CO; sampling was conducted using an EGM-4 IRGA (PP Systems, USA). Jars were sealed
using custom lids fitted with an inlet and outlet pipe, using silicon grease to ensure an airtight
seal. CO> concentrations (ppm) were recorded at 4-5 second intervals for 150 seconds. CO-
concentration data for each measurement was cut to the final 120 second to ensure a period of
linear increase over time. Rate of change in ppm was calculated using linear regression and
COaz respiration rates were calculated as described in Holland et al. (1999). Additional flux was
calculated by subtracting the CO; flux of the paired control core (basal respiration, BR) from

the CO» flux of the glucose manipulated core (SIR), SIR-BR.

2.2.7. Statistical Analysis

All statistical analyses were conducted in R version (4.1.1) and significance in all tests was
considered at the p < 0.05 level. Differences in soil characteristics (pH, C and N content, C:N
ratio, microbial Biomass of C and N, nitrate, and ammonium) and microbial community
composition (PLFAs) were determined using a linear model, with fire regime as the predictor
variable and block replication as a random effect. Data were first averaged by plot level

replications within plots to control for spatial pseudo replication in field sampling (n=9).

The effect of fire regime on WHC respiration rates were determined using a linear model, with
block replication as a random effect. The effect of fire regime on SIR rates were determined by
generalised additive models with repeated measures performed using gamm4 (Wood, 2022).
Generalised additive mixed models (GAMMs) were used with fire regime as a fixed effect, day
as non-linear random effects (spline, gamm4 function; Wood, 2022), block, nested Core ID (to
avoid spatial pseudo replication) and respiration block (to account for effects in the incubation
design) as random effects. When model residuals did not satisfy assumption of normality, data

were square root transformed.
2.3. Results

2.3.1. Soil characteristics along the fire gradient

Soil abiotic properties in the surface soil did not vary significantly across the different fire
regimes (Table 2.2). Total soil C (p=0.73) and N (p=0.36) and the soil C: N ratio (p=0.85) did

not differ significantly between the three fire regimes. Soil pH also did not change significantly
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between fire regimes (p=0.72). Additionally, ammonium (p=0.87) and nitrate (p =1.00)

remained unaffected across the fire regimes.

Table 2.2 - Effects of the different fire regimes on soil abiotic and biotic properties (mean +

SE) analysed by linear model. Soil abiotic properties include C: N ratio, soil moisture, soil pH,

ammonium (ng NHa g% soil dwt), nitrate (ug NO3 g~* soil dwt). Soil biotic properties include

microbial biomass C and N (ug g * soil dwt) and PLFA measurements (nmol g soil dwt).

Fire Regime

Fire p
Soil properties Higher Intensity Lower Intensity Suppression | F (2,6) | value
Total C (%) 1.43 (£0.16) 1.70 (£0.44) 1.73 (£0.18) 033 | 0.73
Total N (%) 0.32 (+0.01) 0.33 (£0.02) 0.35 (0£.01) 1.22 | 0.36
Soil C: N 4.42 (+0.41) 4.9 (20.93) 4.78 (x0.27) 0.17 | 0.85
Soil Moisture 12.9 (£ 0.97) 10.9 (£ 2.08) 10.4 (£0.77) 0.91 0.45
Soil pH 6.74 (£0.11) 6.61 (£0.10) 6.73 (=0.14) 035 | 0.72
Ammonium 11.4 (+4.34) 9.04 (+1.68) 11.4 (+4.11) 0.14 | 0.87
Nitrate 14.2 (+9.86) 14.0 (+4.14) 14.0 (£7.58) 0.00 1.00
Microbial
biomass C 59.8 (£6.74) 63.2 (£19.20) 51.40 (£28.3) 0.09 | 0.91
Microbial
biomass N 54.1 (#4.09) 45.0 (£6.81) 47.2 (£12.9) 030 | 0.75
Total PLFA 11.1 (£1.17) 17.7(£7.55) 30.8 (=15.1) 1.06 | 0.40
Fungal PLFA 0.00 (x0) 0.39(x0.24) 0.66 (£0.27) 2.60 | 0.15
Bacterial PLFA 5.88 (£1.04) 9.28 (£3.89) 21.2 (£12.9) 1.07 | 0.40
Gram-positive
PLFA 1.83 (£0.52) 3.49 (£1.91) 14.2 (£10.9) 1.10 | 0.39
Gram-negative 0.89
PLFA 4.05 (+0.52) 5.79 (£1.99) 7.02 (£1.98) 0.46
F: B PLFA 0.00 (x0) 0.04 (£0.02) 0.02 (£0.01) 1.88 | 0.23
GP: GN PLFA 0.44 (£0.10) 0.50 (£0.10) 0.94 (+0.49) 0.89 | 0.46
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Furthermore, there was no evidence that soil biotic properties differed across the three fire
regimes (Table 2.2). Microbial biomass C (p=0.91) and N (p=0.75) did not significantly differ
across the fire treatments. The concentration of PLFA biomarkers for total (p=0.40), fungal
(p=0.15) and bacterial (p=0.40) PLFAs and gram-positive (p=0.39) and gram-negative
(p=0.46) bacterial PLFAs did not vary significantly between the three fire regimes. The overall
concentration of fungal PLFAs across all three fire regimes was very low at an average of 0.35

nmol g soil dwt., with no fungal PLFAs detected in the higher intensity burn plots.

The ratio of F:B PLFA did not significantly alter across the differing fire regimes (p=0.23), but
the low ratio indicate that bacteria are a dominant component of the microbial community at
all fire regimes. Similarly, the ratio of gram positive (GP): gram negative (GN) PLFA was not
significantly different across the different treatments (P=0.46). Overall, these results indicate

little changes in both soil abiotic and biotic properties between the three long-term fire regimes.

2.3.2. Substrate-induced respiration response along the fire gradient

Increasing the WHC of the soils from 40 to 60 to 80 % (Table 2.3) did not significantly change

soil respiration rates across the three fire regimes (F2.24 = 1.23, p=0.31).

Table 2.3 — Average (+ SE) respiration response (mg C g soil fwt) to increasing water
holding capacity (WHC) for the three different fire regimes: higher intensity, lower intensity,

and fire suppression.

Water Holding Fire Regime

Capacity (%) Higher Intensity Lower Intensity Fire Suppression
40 2.78 (x1.99) 2.34 (1.60) 8.36 (4.54)
60 3.33 (£1.67) 6.65(3.27) 3.89 (1.55)
80 4.13 (£2.45) 1.51(0.85) 0.57 (0.30)

For all the fire-regime treatments, the mean CO; flux prior to substrate addition was 5.5 mg
CO2-C m? hr! (Figure 2.2). Following the addition of 2 mg C g soil f. wt. of glucose,
additional soil CO> flux increased in all three fire regimes. Usually after the addition of a C
substrate, there is a lag phase, growth phase and decline after peak levels (Reischke et al.,
2014). Within the lag phase, the microbial respiration remains unchanged from the pre-
substrate levels. This may have happened within the first 24 hours and was not captured under
our time measurements. The CO> respiration peak for all three treatments occurred on Day 10,
reaching 480 + 40.08 mg CO»-C m™ hr'! for the fire suppression plots. The size of the peak

was similar in the lower intensity burns at 446 + 78.82 mg CO,-C m™ hr! however, the higher
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intensity burns peaked at 775 £ 54.8 mg CO,-C m™ hr'!. Following peak levels, CO; respiration
levels declined to basal rates over the next 22 days. The SIR response over a period of 32 days

was significantly larger in the higher intensity burns than the lower intensity burns and fire

suppression (p<0.001, Figure 2.2).
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Figure 2.2 - SIR response to glucose substrate addition (2.0 mg C g soil f. wt.) for the three
different fire regimes; higher intensity (orange), lower intensity (yellow), and fire suppression

(grey) over a period of 32 days. Data represent the mean + SE of additional CO: flux (SIR-

BR). SIR, substrate-induced respiration, BR, basal respiration.

2.4. Discussion
The unique 68-year EBPs provide an opportunity to explore the effects of fire regimes on

savanna nutrient and microbial dynamics. Our results show that over half a century of repeated
burning had little effect on soil nutrients and microbial community composition, relative to fire
suppression. These results support previous savanna research within KNP, showing that fire

has little impact on granitic soil nutrients (Coetsee et al., 2010; Holdo et al., 2012; Strydom et

al., 2019).
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2.4.1. Fire regime effects on microbial community composition

We observed that the soils in this study behaved differently to the soils of other ecosystems.
Much of the research around fire and microbial communities has been located in temperate
systems (Dooley and Treseder, 2012), resulting in limited knowledge on fire effects on
microbial communities in savanna ecosystems. First, the overall concentrations of PLFA
biomarkers in this study were extremely low. Microbial communities can be influenced by soil
texture, with PLFA biomarker levels often lower in sandy soils, compared with more clay rich
soils (Bach et al., 2010; Roberts et al., 2011). However, the concentration of total PLFA
biomarkers in these soils was up to 65 times lower than other ecosystems (Lombao et al., 2013;
Moore-Kucera and Dick, 2008; Wang et al., 2016; Wu et al., 2010). Second, the number of
fungal PLFA biomarkers was an order of magnitude lower than similar soil types within South
Africa (Kotzé et al., 2017). These low levels suggest that these soils are extremely inert and
may not sustain the size of microbial communities seen in more temperate systems (Noronha
et al., 2017; Rughoft et al., 2016). The low concentrations also make it difficult to identify
potential shifts in microbial community composition between the different fire regimes.
Relatively few studies have used PLFA to quantify fire effects on soil microbial communities
(Dooley and Treseder, 2012), particularly in savanna ecosystems, with PLFAs never having
being characterised within KNP. It should be noted that PLFA biomarkers have their limitations
when quantifying microbial community composition as there are several cases where the same
biomarkers can indicate two very different functional microbial groups (Frostegérd et al., 2011;
Olsson and Lekberg, 2022) For example, when there is no known fungi in the soil, 18:1®9 is
sometimes detected as a fungal biomarker due to its presence in bacteria also (Schoug et al.,
2008).

Generally, increasing fire intensity decreases total bacterial and fungal biomass and diversity
(Dove and Hart, 2017). We observed no changes in total PLFA biomarkers, or proportional
changes across all the microbial groups, in response to fire intensity or frequency. Similarly,
another prescribed burn study observed no change in the total PLFAs with burning treatments,
but conversely did see a moderate effect on community composition, with an increase in gram-
positive and negative bacteria biomarkers and a decrease in fungal PLFAs in burned areas
(Ponder et al., 2009). As expected, bacteria make up the largest proportion of the microbial
community in this system. Ash deposition has been shown to increase the pH of soils,
particularly with fire temperatures over 450 °C (Knicker, 2007), favouring bacterial

communities (Rousk et al., 2010). Thus, we could expect to see an increased pH alongside a
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higher proportion of bacterial PLFAs in the hotter, more frequent burns. In this study, both the
soil pH and bacterial PLFA remained unaffected across the fire regimes. In addition, the
microbial biomass C and N remained unchanged across the differing fire regimes. Whilst
significant decreases in soil microbial biomass have been reported after prescribed forest fires
(Mugaddas et al., 2015), increasing fire intensity has been observed to have no effect on
microbial biomass (Reinhart et al., 2016). A global meta-analysis studying the impact of fire
on microbial biomass found that across all biomes, fire reduced microbial biomass by 33%, but
there was a lot of inconsistency between the biomes and the fire type, where reduced microbial
biomass was observed with wildfires, but remain unaltered in prescribed fires (Dooley and
Treseder, 2012). The study also found that savannas and grasslands are less susceptible to fire-
related microbial biomass loss than other ecosystem types. The short duration and prescribed
nature of the savanna burns, with a lack of heat penetrating the soil during the burns, may
contribute to fire not having an impact on microbial biomass or any direct changes to the

microbial community.

2.4.2. Fire regime effects on soil nutrients

Our findings show that the investigated fire regimes did not affect soil C or N (and therefore
soil C:N ratio), irrespective of the fire intensity or frequency. The lack of change in soil C and
N content between the fire treatments is consistent with the lack of change observed in the
microbial community. Similarly, soil nitrate and ammonium also did not differ across the
treatments. Prescribed burning can break down organic matter in the soil, releasing nutrients
into the soil, increasing nutrient availability (Alcafiiz et al., 2018), however this may only be
observed temporarily. On the other hand, fires can volatize nutrients from the soil, a particular
problem in sandy soils, such as those in this study (Knicker, 2007; Meng et al., 2023). Within
KNP, differences in soil C and N have been observed between fire supression, annual burns
and triennial burns, however, these burns occured in the Satara landscape, under different soil
texture conditions (Pellegrini et al., 2015). Conversley, also within KNP, Coetsee et al. (2010)
found that fire management had little impact on N dynamics and Zhou et al. (2022) observed
that changes in fire frequencies did not affect total soil organic C storage. The nutrient poor
nature of the sandy soil in KNP has been previously reported by Rughéft et al. (2016), where
comparison with global grassland surveys found C and N contents up to seven times lower in
KNP granitic soils. This is further confirmed in other studies characterising KNP’s low nutrient

levels (Aranibar et al., 2003; Coetsee et al., 2012).
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Whilst the nutrient concentrations, microbial biomass, activity, and community composition
belowground is intrinsically linked with changes aboveground we show that it does not
necessarily determine the belowground response. Studies on the same fire regimes within the
Pretoriouskop EBPs observed significant changes in tree numbers, grass community structure
and diversity (Higgins et al., 2007; Smith et al., 2013). Fire season has shown to have a
significant effect on grass community structure, and fire frequency a significant impact on grass
dominance, with grass dominance highest in fire suppression (Smith et al., 2013). Fire
frequency and season also significantly changes grass species composition with lower intensity
burns (December) having a higher diversity. Similarly, when fire suppression and higher
intensity burns (August triennial) were compared, fire suppression had a higher aboveground
diversity. In order to survive in semi-arid systems, both the microbes and plant communities
have tight nutrient cycles, competing with each other for the same limiting nutrients (Bardgett
et al., 2003; Dijkstra et al., 2012), resulting in aboveground vegetation composition shifts
(Burkepile et al., 2016; Eby et al., 2014; Higgins et al., 2007; Smith et al., 2013; Wilcox et al.,
2020), but a lack of nutrient availability and microbial biomass belowground, which remains

unaffected by fire regimes.

2.4.3. Fire regime effects on substrate-induced respiration

The granitic soils across all the fire regimes had low basal respiration rates, with an average of
5.5 mg CO,-C m? hr! (Fioretto et al., 2005; McCulley et al., 2007; Wiithrich et al., 2002).
However, these granitic soils within southern KNP have been shown to have lower soil
respiration rates than the basaltic soils in central KNP (Makhado and Scholes, 2011) and the
low basal respiration levels are not entirely unusual for savanna soils (Andersson et al., 2004;
Sanchez-Garcia et al., 2021). The small CO; fluxes may reflect both the size and activity of the

microbial community, confirmed by our low PLFA and biomass data.

We observed that increasing soil WHC had no effect on soil respiration. The addition of
synthetic rain was expected to yield increased respiration rates (Birch, 1958), as soil microbes
can be extremely sensitive to changes in soil moisture levels. However, our results suggest that
these microbes are either not moisture limited or that these microbial communities are very
tolerant to changes in soil moisture, perhaps due to inherent drought tolerance to cope with the

annual dry season and episodic drought events (Leizeaga et al., 2021).
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The increased SIR response observed in all three fire treatments following the addition of a
simple C substrate suggest that the soils may be C limited. Peak fluxes were observed at 10
days post-C substrate addition for all three fire regimes. This is a longer period than typically
observed in other SIR studies, where peak responses can be seen within 24-48 hours post
substrate addition (Reischke et al., 2014; Whitaker et al., 2014). The delay in reaching peak
levels could be due to microbial dormancy. Dormant microbes are found in unfavourable
environmental conditions, such as C-limited soils, and whilst they maintain basic metabolism,
producing COz, they do not grow in number and/or biomass (Joergensen and Wichern, 2018).
The ability to transition between active and dormant metabolic states can be an effective
survival strategy for soil microbes with the dormant microbes expending just enough energy to
stay metabolically alert for immediate use of any substrate that enters the soil (De Nobili et al.,
2001). Substrate availability is often limited in duration and so the microbial community must
be able to take advantage of resources when available and rapidly switch to active metabolism.
Moreover, dormant soil microbes have been observed to not only recycle their own cell-
membrane PLFA, but also the PLFA of decaying neighbouring microbes (Dippold and
Kuzyakov, 2016), which may reduce the specificity of indicator PLFAs (Joergensen, 2022).
As the soils in this study may have a large population of dormant microbes, this may interfere

with the precision of allocating PLFA biomarkers to specific microbial groups.

We also observed that the higher intensity, more frequent fires had the greatest SIR response,
nearly double that of the response of lower intensity, lower frequency fires and fire suppression
at peak respiration rates. Due to observing no differences in the soil nutrient status or the
microbial community composition across the fire regimes, one explanation for the different
respiration responses may be subtle changes in the soil microbial community structure, not
detected by PLFAs, causing a subtle shift in the soil C cycle response. These subtle changes
could result in enhanced microbial activity, a shift in carbon use efficiency as a result of
utilising higher proportions of labile C sources and changes in C cycling rates; resulting in
increased soil respiration observed in the higher intensity burn plots. These subtle changes in
the soil microbial communities could contribute to rapid C cycle responses and the resilience
of systems to fire variance. These dynamics need to be elucidated with investigation of the
microbial community composition at a more detailed level (16S and ITS) and extracellular
enzyme activity to further understand the microbial processes influenced by different fire
managements. Furthermore, glucose is one of the simplest C compounds that generates one of

the greatest additional CO, fluxes (Reischke et al., 2014; Whitaker et al., 2014) but ash can
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have a similar effect. It is widely assumed that ash deposition increases soil respiration, by
providing readily available soil nutrients (Mataix-Solera et al., 2009), including labile C; a
potential C substrate to microbes. Thus, in this experiment, the C-substrate could have acted
as a proxy for ash deposition post-fire. A similar experiment was performed by Sanchez-Garcia
et al (2021) on soils also from Pretoriouskop in KNP and showed CO»> fluxes trebled- post fire,
with the addition of ash and rewetting, highlighting the importance of ash in post-fire C cycling
and may also provide an explanation for the different responses between the long-term fire
regimes. The higher intensity burns will produce higher quantities of ash, burning a higher
proportion of the aboveground biomass, in comparison to the lower intensity burns (Strydom,
2023). Higher amounts of ash may result in an increase in the amount of labile C, resulting in
a subtle shift in the microbial processing of the increased available soil C, allowing them to
increase their metabolism, and thus respiration, to higher rates compared with the lower

intensity burns and fire suppression.

Conversely, the C substrate could have also acted as a proxy for PyC produced during the burns.
PyC is produced during burns, as part of incomplete combustion of organic matter. Similarly
to ash, Whitman et al. (2016) found that PyC addition significantly increased CO> fluxes in the
first twelve days post addition. The higher intensity, more frequent burns could have higher
proportions of PyC due to the higher repetition of burning and the microbes may be able to act
more readily to substrate addition. However, lower intensity burns have been observed to
produce more PyC due to the higher levels of incomplete combustion (Oliveira et al., 2011).
PyC was not quantified in this study, however with sandy soils when clay content is less than
5 %, less than 6 % of the soil organic C is usually PyC (Reisser et al., 2016). Clay content was
an average of 3.9%, so large amounts of PyC are unlikely to remain stored in the soil. Better
understanding of the role of PyC in savannas is imperative for a clearer mechanistic

comprehension of soil C dynamics.

2.4.4. Conclusion

Repeated prescribed fires alter aboveground vegetation and we expected this to be translated
belowground, following nearly seven decades of differing fire regimes. However, we show
with 68 years of repeated triennial fire regimes or fire suppression, the soil abiotic and biotic
properties remain the same, demonstrating high resilience in savanna soils. The resilience of
soils to fire has been observed previously within KNP, with N (Aranibar et al., 2003; Coetsee
et al., 2012), C (Coetsee et al., 2010; Zhou et al., 2022) and soil hydraulic conductivity

(Strydom et al., 2019) being shown to remain unaffected by fire regimes as well as ant species
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richness and abundance (Parr et al., 2004), termite mounds (Hockridge et al., 2023) and rodent
abundance (MacFadyen et al., 2012). Research focussing on prescribed savanna fires, outside
of KNP, have also seen minimal impact on soil chemical and microbial properties (Andersson
et al., 2004), particularly in comparison to grassland wildfire (Fultz et al., 2016). Fire
suppression has been suggested as a management tool to prevent C and N losses in savanna
ecosystems (Archer et al., 2001; Williams et al., 2004), however our data contradicts this. It is
important to prevent suppression of prescribed fires as a management tool as not only do the
savannas become much more susceptible to wild, uncontrollable fires that will likely have
negative impacts on soil C stocks, nutrient availability, and microbial communities (Alcafiz et
al., 2018; Homann et al., 2011; Pereira et al., 2021), but fire suppression could have much
larger impacts on the savanna biome by altering the aboveground composition. When fire is
suppressed, it leads to an increase in the levels of woody encroachment and can result in the
dominance of more fire-sensitive forest species resulting in a biome shift from savanna to forest
(Khavhagali and Bond, 2008).
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3.1. Introduction

Soil respiration, the process through which CO; is released to the atmosphere from the soil, is
a major part of the global C cycle (Luo and Zhou, 2006; Raich et al., 2002). The CO> respired
is a combination of microbial and root and soil organism respiration, which respond to abiotic
drivers that influence plant growth and microbial activity, including temperature, moisture,
nutrient availability, and vegetation productivity. Thus, soil respiration exhibits sensitivity to
climatic variations, with elevated temperature and moisture levels stimulating biological
activity within the soil and consequently increasing soil respiration rates up to a certain
threshold. After the threshold of temperature or moisture is reached, soil respiration rates
typically decline due to factors such as enzyme denaturation, oxygen limitation, or microbial
stress. The fact soil respiration increases with temperature and moisture has prompted
predictions of warming-induced increases in soil CO» fluxes, potentially exacerbating climate

change (Cox et al., 2000).

Savannas are a widespread, important biome that are characterised by distinct wet and dry
seasons, where the seasonal fluctuations in soil moisture have significant impacts on soil
respiration (Makhado and Scholes, 2011; Richards et al., 2012). Furthermore, savannas are
flammable, with natural fire regimes acting as key drivers shaping both aboveground and
belowground processes (Bond and Keeley, 2005; Pellegrini et al., 2018; Sankaran et al., 2008;
Scholes and Archer, 1997b). In ecosystems without fire, C assimilated into the soil by
photosynthesis is respired back to the atmosphere through both aboveground and belowground
respiration processes. In fire-prone ecosystems, fire events disrupt this cycle by consumption
of aboveground biomass, thereby preventing C from entering the soil through this pathway.
Additionally, fire may affect other soil properties involved in CO; flux production, including
microbial community composition. The high temperatures during a fire can reduce soil
respiration through microbial and root mortality (Neary et al., 2005), and a consequent
reduction in microbial biomass (Adkins et al., 2020; Dooley and Treseder, 2012; Liu et al.,
2023). Moreover, the burns could cause a shift to a more bacterial dominated community, as
bacteria are less vulnerable to higher temperatures compared to fungi (Liu et al., 2023; Rousk
et al., 2010). This shift impacts substrate consumption, with bacteria preferentially using labile
C, whilst fungi favour recalcitrant C (Boer et al., 2005; Fanin et al., 2019). Soil respiration is
approximately proportional to the amount of respiration substrate (soil organic matter, dead

roots, exudates, necromass) present. Therefore, shifts in microbial community composition and
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substrate type can alter soil C cycling, and consequently impact soil respiration in regularly
burnt ecosystems. Nevertheless, fire can have positive impacts on soil respiration, such as the
fertilizing effect of ash increasing soil microbial activity (Pyne, 2019; Sanchez-Garcia et al.,
2021; Mataix-Solera et al., 2009). Therefore, studies on the effects of fire on soil respiration
can be varied with negative (Michelsen et al., 2004; Richards et al., 2012), neutral (Scholes
and Andreae, 2000) and positive (Andersson et al., 2004) impacts observed. Despite the
importance of soil respiration in the terrestrial C cycle, studies investigating the impact of fire

on soil respiration in savannas are limited.

Time-since-fire (TSF) is a fundamental concept when investigating the impact of fires on
ecosystem processes, in understanding fire return intervals, plant, and soil diversity as well as
post-burn dynamics (Czimcezik et al., 2006; Giorgis et al., 2021; Haslem et al., 2012; Morgan
and Lunt, 1999; Smucker et al., 2005), all of which may influence soil respiration rates. Thus,
the soil respiration response to TSF can serve as an indicator of soil recovery and resilience
post-burn. When fire detrimentally affects soil respiration post-burn, the timeline of recovery
depends on a multitude of factors, including burn intensity, soil properties and soil type,
climate, resilience of the vegetation and microbial community (Gui et al., 2023; Wright et al.,
2021; Xu et al., 2022). Consequently, there can be considerable variability among global
studies in the recovery times for soil respiration following fire events, but savanna/grassland
recovery from fire has been estimated to be the fastest at 0.35 years, whilst in tropical and

temperate forests recovery typically take 1.20 and 2.98 years (Gui et al., 2023).

To understand how savanna fires impact soil respiration in the short-term and the resilience of
soil function in the longer term, soil respiration was monitored for one-year post-burn. The
study compared the response of biennial burns with fire supressed plots, that have not been
burnt for nearly 70 years. The longest fire manipulation experiment globally, the Experimental
burn plots in KNP, South Africa, was used, which manipulates fire frequency and intensity to
study fire dynamics at an ecosystem level. Following experimental burns in October 2022, soil
CO- rates were measured weekly, for the first month, seeking immediate insights into any
short-term shifts. After one month, the monitoring transitioned to monthly monitoring and then
quarterly monitoring. This approach allowed for the assessment of both TSF impact on soil
respiration, alongside the natural variations in moisture across different seasons. Additionally,
soil microbial composition data was collected to understand whether potential changes in

composition were driving changes in soil respiration. The study addressed three aims: firstly
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to determine whether prescribed burns result in changes to savanna soil microbial communities.
I hypothesise that the burns will significantly alter the composition and diversity of microbial
communities, with a decrease in fungal concentrations, due to changes in soil temperature and
aboveground composition. Secondly, | aimed to assess whether prescribed burns result in a
short-term reduction in soil respiration. I hypothesise that prescribed burns will lead to a short-
term reduction in soil respiration rates as a result of reduced microbial activity and carbon
availability. The final aim is to determine the rates of recovery of soil respiration and the
importance of soil moisture as a driver over the one-year post-burn. It is hypothesised that soil
respiration will gradually recover over the year following the burn, with soil moisture being a

key driver of this recovery process.

3.2. Methods

3.2.1. Study area

The study was conducted on the Experimental Burn Plots (EBP) in Kruger National Park
(KNP), South Africa, an ongoing long-term experiment that was established in 1954 (Biggs et
al., 2003). The sites were created to study the impact of different fire regimes, and subsequent
herbivory, in contrasting savanna landscapes. The EBPs comprise of repeated seven ha (~ 380
m x 180 m) plots, across four different locations within KNP, with each plot representing a
different burning regime (Trollope et al., 1998). We selected two fire regimes for this study,
October biennial (burnt at the end of the dry season every two years) and a fire suppression
plot, where fire has been suppressed as much as possible since 1954. Out of the four savanna
landscape types within KNP, we focussed on the sandy, granitic soils, in the Skukuza area. With
an average rainfall of 572 mm, the dominant tree species are Combretum collinum and
Combretum zeyheri. Within the Skukuza area, the fire treatments were applied to plots in four
replicate locations: Skukuza (Skz: 25°10°S, 31°47°E), Mbiyamti (Mby: 25°13’S, 31’41’E),
Napi (Nap: 25°11°S, 31°40’E) and Nwaswitshaka (Nwa: 25°11°S, 31°38’E).

3.2.2. Prescribed burns
The fires burnt at the end of dry season in late October 2022 and were applied by the KNP

Scientific Services Team. In order to measure fire behaviour (Table 3.1), we used five
thermocouple loggers placed immediately prior to the fire along a transect down the centre of
the plot, with replications ~60 m apart. Out of the four thermocouple wires, two were placed
aboveground in opposite directions with one facing East and the other facing West, and two
were placed belowground at one and five cm. The third thermocouple unit failed in the field,

so only four data points from each burn were included (Table 3.1). Fire behaviour information
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was collected during the burns including rate of spread (ROS, m s™), area burnt (%), air
temperature (°C), fuel moisture content (%) and fuel load (kg ha™!). Fuel moisture content was
calculated by collecting three replicates of grass biomass, before drying at 60°C for 48 hours.
Fuel load is subsequently calculated by dividing the mass of the load by the area of the plot.
Fire intensity (kW m™) was calculated as per Byram's (1959) fire line intensity equations (Fire

intensity = heat yield * ROS * biomass).

Table 3.1- Fire behaviour measurements across the four prescribed burns replicates; Napi
(Nap), Mbiyamti (Mby), Nwaswitshaka (Nwa) and Skukuza (Skz). Measures included fuel
load (kg ha''), rate of spread (m s), fuel moisture content (%), air temperature (°C),
thermocouple fire temperatures aboveground and belowground at 1cm and Scm (°C), % of

plot burnt, fire intensity (kW m™) and final burning comments.

Fire Behaviour Nap Mby Nwa Skz
Measures
Time of Day 09:57 11:34 13:07 14:28
Fuel Load 2085 3087 2424 2281
Rate of Spread 0.31 0.30 0.35 0.25
Fuel Moisture 44.7 31.6 49.4 18.6
Content
Air Temperature 29 34 34 36
Fire Temp AG 419 377 355 596
Fire Temp BG (1cm) 33.5 35 41 41
Fire Temp BG (5c¢m) 31 33.5 39 38
% burnt 65 90 95 100
Fire intensity 1091 1564 1433 963
Comments Patchy burn, so Clean burn, Clean burn, Clean burn,
fire torches were | highly successful | highly successful | highly successful
used to reburn
unburnt sections.

3.2.3. Phospholipid Fatty Acid Analysis
Phospholipid Fatty Acid (PLFAs) analysis was conducted on three soil samples (8 cm deep)

from each plot, at ~120 m apart down the centre of the plot. This analysis was performed to
measure both the soil microbial community abundance and composition (nmol g soil dry
weight.). Initially, total lipid was extracted from ~ 1.5 g of freeze-dried soil subsamples and

using a modified Bligh and Dyer (1959) method, as described by Frostegérd ef al. (1991). The
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extracted lipids were then eluted down to neutral and glycolipids using a column, with
chloroform and acetone and discarded. Polar lipids were subsequently eluted with methanol
and collected. These lipids were quantified and identified by chromatographic retention time
and mass-spectral comparison utilising 19:0 (methyl nonadecanoate fatty acid) as an internal
standard. Gas Chromatography was carried out on Agilent Technologies (UK) 6890N GC
Network System, equipped with Agilent 7683 Series Injector. Gram-negative bacteria was
identified by cyclopropyl saturated (7cy-17:0, 7,8cy-19:0) and monosaturated fatty acids
(16:1m5, 16:1w7, 18:107) and gram positive were identified by ester-linked branched-chain
fatty acids (15:01, 15:0a, 16:01, 7Me-17:0, 17:01, 17:0a) (Rinnan and B&éth, 2009; Whitaker et
al., 2014). Fungi were identified using 18:206,9 and 18:1009 fatty acids, indicative of
ectomycorrhizal and saprotrophic fungi (Kaiser et al., 2010). Finally, total PLFA values were
identified using all PLFAs measured (14:0, 16:1, 16:0, 17:1®8, br17:0, br18:0, 18:1w5, 18:0,
19:1; plus, the other fatty acids listed above). The ratios of gram-positive to gram-negative
(GP: GN) and fungal: bacterial (F: B) were calculated to assess the relative abundances of each

microbial group.

3.2.4. Soil respiration

CO; sampling in the field was conducted regularly for 12 months following the burn using an
EGM-4 IRGA with SRC-1 soil respiration chamber (15 cm height x 10 cm diameter) (PP
Systems, USA). The chamber was placed on the soil in the field and CO> concentration (ppm)
was measured for a period of 60 seconds with a 15 second dead band (Figure 5.1c). This was
replicated five times along a transect through the centre of the plot, with each transect point
approximately ~60 m apart with a minimum 50 m road buffer. Locations were marked with a
peg and soil respiration were taken from approximately the same location at each time point.
All transect locations were in the open, away from tree canopies and termite mounds.
Measurements were taken in the morning with time of day recorded. Air temperature (°C) was
also measured alongside soil respiration measurements, using either a Kestrel Wet Bulb Logger
(Nielson-Kellerman, USA) or a HOBO 1-800 Logger (Onset Computer Corporation, USA).
The rate of change in CO; ppm was determined via linear regression and CO; respiration rates

were calculated as described in Holland et al. (1999).

Soil respiration in the field was measured at several time points across the year. Pre-burn soil
respiration was measured one week prior to the burns. Following the burns, soil respiration was
measured at nine TSF intervals of one, two and three weeks followed by one, two, four, six,

eight and twelve months. This ensured we captured short term changes immediately following
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the burns, but also that we captured natural variations in soil respiration across wet and dry

s€asons.

3.2.5. Gravimetric Soil Moisture

Alongside soil respiration, at the same time and transect points, cores (5 cm depth, 4.5 cm dia)
were sampled for soil moisture analysis. Soils were dried at 105 °C with weights recorded (g).
Gravimetric soil moisture was calculated as dry soil weight subtracted from fresh soil weight

and then divided by the dry soil weight (g).
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Figure 3.1 - Pictures of the experimental burn plots, immediately post burn, on Napi October

biennial burn plot (Picture credit: T Strydom).

3.2.6. Statistical Analysis

All statistical analyses were conducted in R (4.1.1) and significance was reported at p < 0.05
level. Normality of microbial PLFA concentrations, soil respiration rates and soil moisture

were checked using QQ plots, residuals and Shapiro Wilks tests.

The effect of prescribed burns on soil respiration over time was determined by generalised
additive models (GAMs) with repeated measures performed using gamm4 (Wood & Scheipl,
2020). Generalised additive mixed models (GAMMs) were used with fire regime as a fixed
effect, TSF as non-linear random effects (spline, gamm4 function; Wood & Scheipl, 2020),
with replicate as a random effect. When model residuals did not satisfy assumption of
normality, data were square root transformed. The same GAM analysis was repeated with soil
moisture as the fixed effect, but all parameters remained the same. Furthermore, a linear
regression analysis was used to model the relationship between soil respiration and soil

moisture, for both fire regimes.

The effect of prescribed burns on soil PLFAs was determined using a general linear model,
with replicate as a random effect. Data were first averaged by plot level replications within

plots to control for spatial pseudo replication in field sampling.

3.3. Results

3.3.1. Microbial community composition

There were no significant differences in the concentrations of PLFAs biomarkers for any of the
microbial functional groups between the burnt and fire suppression plots at one-month after
burning (Table 3.2). There was no evidence of a difference in total PLFA concentrations
(p=0.36), with concentrations of 12.2 (+1.32) for burnt treatments and 16.2 (+3.84) nmol g
soil dwt for the fire suppression regimes. The concentration of fungal PLFAs was much smaller
than bacterial PLFAs, with fungal biomarkers undetected in the Napi replicate plots. The very
low concentrations of fungal biomarkers resulted in both treatments F: B ratio below 0.05. The
abundance of gram-positive bacteria was approximately double that of the gram-negative
community, with no significant differences observed between treatments (p=0.40 and 0.38

respectively), resulting in a GP: GN ratio of ~ 0.5.
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Table 3.2 - Effects of October biennial burns and fire suppression regimes on mean (+SE)

PLFA biomarker concentrations (nmol g™ soil dwt), one-month after fire.

PLFA functional group October burns Fire Suppression p value
Total PLFAs 12.2 (£1.32) 16.2 (£3.84) 0.36
Fungal 0.20 (£0.20) 0.43 (£0.34) 0.58
Bacterial 6.41 (£0.83) 8.57 (£2.11) 0.38
Fungal: Bacterial ratio 0.02 (£0.02) 0.03 (£0.02) 0.76
Gram Positive 4.33 (£0.49) 5.61 (£1.25) 0.40
Gram Negative 2.07 (£0.36) 2.76 (£0.67) 0.38
GP: GN 0.49 (+£0.05) 0.49 (£0.01) 0.93

3.3.2. Soil Respiration following prescribed burns

Prior to the prescribed burns in October, marking the end of the dry season, the lowest
respiration rates of the entire annual study were recorded, overall averaging 36.8 £1.9 (SE) mg
CO2-C m? hr!, with minimal difference observable in soil respiration between the two
treatments (Figure 3.2). While we observed that TSF had a significant effect on soil respiration

(p<0.001), fire regime did not affect soil respiration (p=0.54).
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Figure 3.2 - Temporal variation in soil respiration rates (mg CO>-C m? hr'!') over one year
following prescribed burns (orange) and fire suppression (green) regimes. Average
measurements (n=5, + SE) displayed at one-week prior to the burns and at day 9, 16, 22, 36,
86, 129, 192, 262 and 358 post-burn. The blue dashed lines indicate the timing of the rainfall
events. The blue lines represent precipitation over the year, from local weather data in

Skukuza. Calendar months in the wet season are highlighted in blue, with dry season in red.

Over the year, soil respiration rates in both the burnt and unburnt plots exhibited seasonal
variations, with the wet season generally having higher rates and greater variability, while the
dry season had lower rates and reduced variability. Although the fire treatment did not
significantly impact soil respiration rates, distinct differences were observed at various time
points. Immediately following the burns, soil respiration rates at one-week TSF were lower in
the fire treatment plots (115.8 £5.9 SE mg CO,-C m™ hr'') compared with the fire supressed
plots (180 £31.6 SE mg CO»-C m™ hr'!'). However, by week two TSF, while total respiration
values were higher compared with week one, no differences were observed between the two
treatments. Throughout the rest of the year, limited differences between the two treatments
persisted. Soil respiration rates were greatest in March, coinciding with the end of the wet
season, peaking at 374.7 (+38.8 SE) and 222.7 (+49.8 SE) mg CO,-C m™ hr! for fire
suppressed and burnt plots, respectively. Soil respiration then declined in May as the dry season
commenced to an average of 84.6 (£6.3 SE) mg CO>-C m? hr. After a full year of soil
respiration monitoring, rates in October 2023 were ~ 150 mg CO>-C m™ hr'! greater than in

2022.

Soil moisture content was positively correlated with respiration rates in the burned plots (Figure
3.3), where 30% of variation in soil respiration could be explained by soil moisture (F(1,38) =
16.36, p>0.01) This is slightly greater than fire suppression, where 23% of soil respiration
variance can be explained by soil moisture (F(1,38) = 11.32, p,0.01).
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Figure 3.3 - Soil moisture showed a positive relationship with soil respiration rates for fire
(orange) and fire suppression (green), respectively. R? values quantifies the proportion of SE

variance that can be explain by soil moisture.

3.3.3. Annual Fluctuations in Soil Moisture with TSF
Unburned plots tended to have higher soil moisture compared with burned plots (Figure 3.4),

but this difference was not significant (p=0.16). Soil moisture levels were at their lowest prior
to the burns, averaging 0.4%. Following the fires, rainfall occurred within the first nine days
as the wet season commenced, resulting in an increase to 7.6 % on the fire suppression plots
and 6.6% on the burnt plots. Two weeks after the fire, soil moisture levels rose again to 10.5%
and 7.8% respectively, following further rainfall. Subsequently, soil moisture levels gradually
decreased, reaching an average of 0.6 % in January, following a mid-wet season ‘drought’.
Another peak in soil moisture occurred in March, after a large amount of rainfall in February
which caused flooding within areas of KNP, with levels reaching 9.9% for the fire suppression
plots and 6.9% for the burnt plots. Throughout the remainder of the annual survey, soil moisture
remained between 6 - 10 %, with the exception of May, when a decline to below 1% was
observed. Notably, soil moisture levels were also substantially higher in October 2023

compared to 2022 (Figure 3.4).
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Figure 3.4 - Temporal gravimetric soil moisture dynamics for one year following a burn for
the biennial burn treatment (orange) and fire suppression (green) regimes. The blue dashed
lines indicate the timing of the rainfall events. The first rains arrived within one week of the
prescribed burns. The second blue line indicates a large notable rainfall event in February.

Calendar months in the wet season are highlighted in blue, with dry season in red.

3.4. Discussion

3.4.1. Impact of Fire on Soil Microbial Community

We observed no impact of burning on soil microbial abundance and community composition
at the microbial functional group level one-month post-burn. Assessing microbial community
composition at only one time point provides us with only a snapshot of soil microbial
community composition, unlike temporally over the year with the soil respiration data. At the
point of collection of soil microbial community composition, we also observed very little
differences between the respiration rates of the two regimes. This aligns with the understanding
that soil respiration is linked to microbial biomass (Wang et al., 2003), so microbial community

composition is most likely not contributing to soil respiration variations.
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Our results demonstrate that the microbial communities in sandy soils are resilient or resistant
to burning, which we also observed with both high and low intensity fires in Pretoriouskop
EBPs within KNP (Chapter 2). The soils have lower concentrations of microbial biomarkers,
up to 65 times smaller, compared with more temperate ecosystems (Lombao et al., 2013;
Moore-Kucera and Dick, 2008; Wang et al., 2016; Wu et al., 2010). These low concentrations
suggest that these soils do not sustain the size of microbial communities of the same size as
those in more less arid systems (Noronha et al., 2017; Rughoft et al., 2016). Despite the reduced
microbial community size, the ecosystem compensates by shifting carbon cycling through
alternative or more efficient pathways. These pathways could involve more resilient microbial
species, increased reliance on non-microbial processes (such as root respiration), or enhanced
carbon use efficiency by the remaining microbial community in order to sustain soil respiration
rates. PLFA biomarkers have been used to quantify fire effects on soil microbial communities
in limited studies (review: Dooley and Treseder, 2012), particularly in savannas. Furthermore,
PLFAs have never been performed within KNP apart from within this thesis (Chapter 2;
Chapter 4; Chapter 5). While observational trends in our study suggests higher PLFA
concentrations in fire suppression plots compared to burned plots, this variance may be
influenced by the Mbiyamti string, which exhibited significantly higher PLFA concentrations
on the fire suppression plots (Appendix Figure 8.1). This difference is possibly attributed to
distinct soil type characteristics. The Mbiyamti plots contain large granite rock outcrops and
boulders, leading to hydromorphic soils that differ slightly from those in other plots (Venter
and Govender, 2012). These soil characteristics can significantly impact soil microbial

composition (Bach et al., 2010; Roberts et al., 2011).

3.4.2. Impact of Fire on Soil Respiration
The prescribed burns in this study were applied in the Spring season (1 Sep-30 Nov). Prescribed

burns of the EBPs in KNP have been characterised into different fire intensities with season
(Govender et al., 2006). Each of the prescribed burn intensities in our study (1091, 1564, 1433
and 963 kW m™!) burnt between the previously reported KNP fire intensities of low (712 kW
m™') and moderate (1570 kW m™") fire intensities, which is characteristic of spring season burns
(Govender et al., 2006). The average annual fluctuations in soil respiration observed following
the moderate-intensity fire and suppression regimes ranged from 37 — 375 mg CO»-C m? hr'!.
These rates are within the range of other studies within a similar Combretum savanna area of

KNP, at 21- 226 mg CO,-C m™ hr!(Makhado and Scholes, 2011) and 62 — 375 mg CO»-C m’
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2hr! (Fan et al., 2015). These are also within the range of other semi-arid and mesic savannas

(Butler et al., 2012; Gupta and Singh, 1981; Michelsen et al., 2004).

We observed little effect of the moderate intensity prescribed burns on soil respiration in the
year following the burns, in comparison with the fire suppression regime. Any effect of fire on
soil respiration had disappeared within two weeks post fire. The neutral impact of fire suggests
strong soil resilience to fire. Gui et al. (2023) determined in a global meta-analysis of fire on
soil respiration, that moderate severity fires had negligible effects on soil respiration,
particularly in grassland/savanna systems. This was also highlighted in a literature study by
Scholes and Andreae (2000), where soil CO> fluxes in Africa were not significantly affected
by burning of dry savanna sites, but not necessarily wet savanna sites (Morris et al., 1982),
suggesting that the lower soil moisture content overrides any effect of fire in the dry season.
Similarly, soil respiration was neutrally affected by fire in the dry season in Australian savannas
(Richards et al., 2012), but there was a significant interaction between fire and soil respiration
in the wet season.. Similar minimum and maximum soil respiration rates (69-360 mg CO,-C
m2 hr'!) to our study were also recorded. Thus, the semi-arid, lower rainfall nature and soil
moisture of Southern African savannas, in comparison to more tropical savannas, may prevent

significant interactions between fire and soil respiration.

Overall, the increase in soil respiration at week one TSF can be attributed to the arrival of the
seasonal rains (Figure 3.2 & 3.4). However, immediately following the burns we observed
lower soil respiration rates on the fire treatment plots suggesting a subtle direct effect of fire
on soil respiration, albeit with a quick recovery rate. Fire consumes aboveground vegetation
(Bond and Keeley, 2005), especially in open areas where respiration rates were measured,
prompting a potential shift in resource allocation towards mitigating plant damage and survival
in the following days post-burn. Root exudates, comprising organic compounds such as
enzymes and amino acids, exhibit considerable variability depending on plant health. Since the
release of root exudates is closely related to plant photosynthesis (Badri and Vivanco, 2009),
levels of root exudation may decrease following a disturbance such as fire. Rapid regrowth of
plant species post-burn is characteristic of savanna and grassland ecosystems (Liu et al., 2022;
Pereira et al., 2016) and was observed in our study (Figure 3.5). This rapid resprouting may
cause plants to divert resources away from root exudation during this period. Given that root
exudates are a primary C and energy source for microbes, a decline in their availability due to
fire-induced plant stress would lead to a reduction in soil respiration. However, the observed

rapid regrowth of grass, suggests a potential reallocation to root exudation within two weeks
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post-burn, likely recovering microbial activity and soil respiration to pre-burn rates. If this
hypothesised root exudate mechanism is at play, it is important to note that while microbes are
the primary beneficiaries of root exudates due to their direct interactions with the plant roots
and the rhizosphere, these exudates also indirectly support the entire soil web, including
arthropods, by providing essential nutrients and shaping soil conditions (Hiltpold et al., 2013;
Scheunemann et al., 2015). Consequently, alterations in root exudation patterns following fire
events could impact the respiration rates of other soil organisms, thereby influencing overall

soil respiration dynamics.

Other immediate impacts on soil respiration following a fire include microbial and root death.
However, our belowground thermocouple data revealed that our soil temperatures did not
exceed 41°C at 1 cm and 39°C at Scm, with such peaks lasting for less than two seconds and
immediately returning to pre-burn level. Neary et al., (2005) collated data sets indicating
temperature thresholds for biological disruptions by fire, with plant roots showing minimum
disruption at 48°C, and fungi at 60-80°C. Thus, direct mortality effects of the fire on soil

respiration seem unlikely given the burn conditions.

In contrast, soil respiration has been shown to increase after fire following a pulse of nutrients
and microbial substrate from ash deposition (Pyne, 2019; Sanchez-Garcia et al., 2021). Ash
infiltration into the soil can be aided by precipitation, removed by grazing herbivores, or
dispersed elsewhere by wind, complicating measurement, and quantification of the impact of
ash on the soil. As evidenced by Figure 3.5, ash residue was still present on the soil surface
nine days post burn. In addition to ash, particularly in moderate intensity fires, charcoal may
be generated through incomplete combustion (Ping et al., 2022). While charcoal cannot be used
directly by microbes, it can raise the soil pH, which could increase microbial activity and soil
respiration (Carter et al., 2018; Wardle et al., 2008). The beneficial effects of ash and charcoal
on the soil respiration may offset any potential concurrent reduction in soil respiration from
impacts such as root exudates and C pool consumption (Gui et al., 2023), resulting in the neutral

response of soil respiration to fire.
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Figure 3.5 - Pictures demonstrating grass re-growth post-burn at week one, week two and month two, month five and month seven after fire.
The difference between dry and wet season grass is evident between month five which was following a heavy rainfall wet season and month
seven which is six weeks into the dry season. It is also noticeable that the ash is still visible at one week after fire, but not week three. Picture

credits: M Cvetkovic-Jones and T Strydom.
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3.4.3. Impact of soil moisture on soil respiration

As we monitored soil respiration over the course of a year, we expected to observe
changes in respiration rates with environmental conditions, such as precipitation and air
temperature. The ‘Birch effect’ occurs where increasing soil moisture levels initially
enhance soil respiration rates, but beyond a certain threshold that is dependent on factors
such as soil type, ecosystem, vegetation and environmental conditions, further increases
in soil moisture can suppress soil respiration (Birch, 1958). In this study, soil respiration
increases with soil moisture, but as gravimetric soil moisture levels stayed below 15% in
this study, it suggests the Birch threshold was not reached. A positive relationship between
soil moisture and respiration have been observed in other studies within Southern KNP,
also on sandy soils of a similar moisture (Fan et al., 2015; Makhado and Scholes, 2011;

Williams et al., 2009).

We found that 23% (R? = 0.23) of soil respiration variation could be explained by soil
moisture on the fire suppression plots and 30% (R? = 0.3) of the burn plots. This is similar
to other studies in this area of KNP, with an R? value of 0.26 in the Combretum savanna
in a similarly located site (Makhado and Scholes, 2011). However, this is lower than the
R? value of 0.39 modelled from flux data also collected on KNP’s sandy soils (Fan et al.,
2015), however soil moisture was measured to a much deeper level of 61 cm. In our study,
soil moisture was measured manually using five cm deep soil cores, before drying. This
may not have been a deep enough to get an accurate assessment of soil moisture as whilst
October to April is wet season in KNP, it also has higher air temperatures, so water may
evaporate quickly from the top five cm of the soil (Figure 1.3, Chapter 1). The soils in
this study are also granitic, so the water will drain through very quickly (Strydom et al.,
2019). At the two October time points in this study, soil respiration rates are very different,
influenced by very different soil moisture (Figure 3.2 and 3.4). This highlights the effect
of rainfall trends on soil respiration and how it can alter annually. Our data supports the
evidence that precipitation events are an important component of the C cycle in African
savannas. The impact of soil moisture on soil respiration is important to understand, as
rainfall trends in Africa are changing (Alahacoon et al., 2021), with periods of aridity
increasing (Lickley and Solomon, 2018), which will significantly impact C fluxes (Ernst
et al., 2024). With soil respiration response to seasonal precipitation events being an

important element of the C cycle in African savannas (Fan et al., 2015), it is essential to
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continue understanding soil moisture impact on soil respiration, specifically in the face

of global change.

3.4.4. Conclusion

Soil respiration is influenced by several factors, including the availability of respiration
substrate, which tends to be low in KNP (Rughéft et al., 2016; Coetsee et al., 2010;
Aranibar et al., 2003; Chapter 2). Our understanding of soil microbial functioning is based
on temperate ecosystems, and this does not necessarily translate to semi-arid savannas.
With moderate intensity prescribed fires, soil respiration response is neutral for one-year
post-fire, with soil moisture having a larger effect on soil respiration than fire occurrence.
Further research investigating the impact of fire within a week following the burns would
yield greater understanding, particularly focussing on changes in root exudation
following fire. A deeper understanding of savanna C cycling in response to prescribed
burning is imperative before making fire management decisions. This study highlights,
again, the resilience of the sandy soil microbial communities following burns (Chapter 2)
and can be used to help improve fire and conservation management in savanna

ecosystems.
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4.1. Introduction

Herbivores, particularly large herbivores, are among the most prevalent components of
terrestrial ecosystems. Their effects on aboveground plant community structure and
function has been widely studied, however whilst the responses vary and the mechanisms
remain uncertain (Bakker et al., 2016; Kerley and Landman, 2006; Poulsen et al., 2018),
there is even less understanding of how herbivores influence belowground properties.
Soil microbial communities and nutrient dynamics are crucial in governing essential
ecosystem functions, such as primary production and decomposition. These processes are
influenced by aboveground organisms and their activities (Bardgett and Wardle, 2003;
Wardle et al., 2004). Although general links between aboveground activities and
belowground soil processes are well established, identifying the specific factors that drive
this connection remains challenging. Large herbivores can affect soil processes by
multiple pathways: directly, through trampling, dung, and urine deposition and indirectly,
by influencing plant communities, nutrient distribution, microbial communities, soil
erosion and water infiltration (Bardgett and Wardle, 2003; Greenwood and McKenzie,
2001; Pringle et al., 2023). When studied across a range of systems, herbivores have been
observed to have negative, positive, and neutral effects on soil health (Andriuzzi and Wall,
2017; Forbes et al., 2019; McSherry and Ritchie, 2013; Milchunas and Lauenroth, 1993),
depending on soil type, vegetation species composition, precipitation, herbivore species,
mammal size, grazing intensity, and study duration, making it difficult to separate the
interactive influences. For example, large herbivores can have a positive impact on the
transport of C and nutrients, moving assimilated nutrients into the soil through dung.
However, high levels of herbivory can negatively impact soil nutrient levels by decreasing
vegetation and increasing bare ground, which accelerates soil drying and erosion,
culminating in decreased soil C (Li et al., 2008b; Steffens et al., 2008; Wigley et al.,
2020). Herbivore grazing may stimulate fine, shallow roots of grasses, which can
compensate for the reduced aboveground C inputs to soils as a result of herbivore
consumption (Derner et al., 2019). Conversely, herbivore movements and activities
(grazing, browsing, walking) can cause direct physical disturbance to the soil. This causes
compaction and increases the amount of bare ground, influencing water infiltration, soil
moisture and potentially even vegetation dynamics. Herbivores not only have an impact

on the physical and chemical properties of the soil but play a significant role in shaping
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the soil microbial community. Dung deposition, containing partially digested plant
material, can act as a nutrient source for soil microbes (Bardgett et al., 1998), by releasing
C, N and P in a form that enhances microbial activity and diversity in soil. Dung can also
help maintain fungal communities, with the absence of dung having been observed to
reduce fungi proliferation (Bardgett et al., 1997). Alteration of soil structure and aeration
because of physical disturbance can also influence microbial community structure,
abundance, and diversity (Bardgett and Wardle, 2003). Furthermore, herbivores alter the
composition and structure of aboveground vegetation by selective consumption of

specific plant species (Olff et al., 2002), influencing plant-microbe associations.

Herbivore body size can play a large role in herbivore impacts on soil processes.
Megaherbivore populations have a disproportionate impact on plant species composition,
plant biomass and fire suppression (Pringle et al., 2023). For example, larger herbivores
produce higher quantities of dung and urine, which is distributed less widely, where
smaller herbivores produce smaller dung pellets but more widely distributed (le Roux et
al., 2020; Le Roux et al.,, 2018). Furthermore, large herbivores cause higher soil
compaction (van Klink et al., 2015) and the size of herbivore influences the plants
selected in their diet (OIff et al., 2002). Herbivore body size effects are particularly
relevant in African savannas, where there is a diverse, large mammalian herbivore
community that have an important role in shaping ecosystem processes (Malhi et al.,

2016; Owen-Smith, 1987; Pringle et al., 2023; Ripple et al., 2015).

There have been several long-term herbivore exclusion studies set up in African savannas
(Goheen et al., 2010; Guy et al., 2021; Long et al., 2017; Moncrieff et al., 2011; Pringle
et al., 2007; Sankaran and Augustine, 2004; Sitters et al., 2020a; van der Plas et al., 2016;
Wigley et al., 2020; Young et al., 2003), however due the multifactorial nature of large
herbivore effects, and the difficulty of manipulating large herbivores at an ecosystem
scale, impacts can be difficult to quantify (Pringle et al., 2023; Terborgh, 1988). Soil data
in herbivory exclusion experiments is often lacking, complicating the process of
separating environmental constraints (Staver et al., 2021). Large herbivore mammals
(over 20 kg) are particularly vulnerable to global change, with megaherbivores (over 1000
kg) at the greatest risk of extinction (Gill, 2014; Pringle et al., 2023; Ripple et al., 2015).
The extinction of megaherbivores in South American savannas has led to significant

changes in vegetation structure, carbon dynamics, and overall ecosystem function
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(Doughty et al., 2016). This highlights the critical role of megaherbivores in maintaining
savanna ecosystems and underscores the potential impacts their loss could have on South
African savannas. Understanding how different herbivore groups shape soil properties in
savanna ecosystems 1is essential for conserving biodiversity, sustainable land
management, fire management, climate change mitigation and ensuring ecosystem

resilience in the face of environmental challenges.

To achieve a better understanding of both the impact of herbivory, and the contribution
of different herbivore groups, on soil properties, we utilised the BROWSE (Biodiversity
Research on Wildlife and Savanna Ecosystems) project in Kruger National Park
(McCleery et al., submitted). BROWSE uses replicated exclosure treatments to separate
the impacts of megaherbivore (>1000 kg), large herbivore (>20 kg) and absence of
mammal herbivores on ecological processes. In 2017, before the exclosures were
established, we assessed a limited range of soil properties across the plot locations to

establish the natural variability of the experimental area.

After four years of exclosure treatment, the impact of different herbivory regimes on soil
nutrient concentrations, microbial biomass, and microbial community composition was
assessed to address two questions. Firstly, ‘does the absence of herbivores decrease soil
nutrient availability and result in a shift towards a more bacteria-dominated microbial
community?’ It was hypothesised that the exclusion of herbivores would lead to a
decrease in the size of the microbial community, specifically the fungal community, and
soil nutrient availability as a result of reduced dung and urine inputs. Secondly,
megaherbivores have a disproportionate impact on aboveground vegetation compared to
other large herbivores due to their increased body size. The study aimed to assess the
contributions of megaherbivores to altered soil properties, due to changes in dung and
urine deposition, soil compaction and altered plant composition. Megaherbivores have
been shown to reverse the negative effects on soil of cattle grazing in Kenyan savannas
(Sitters et al., 2020a) Thus, more specifically, we hypothesize that without
megaherbivores, and in the presence of only large herbivores, we wouldobserve a
reduction in nutrient availability and fungal biomass, in comparison to all herbivores
present. It was hypothesised that megaherbivores larger body size would have positive

affects on soil nutrients and microbial community size.
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4.2. Methods

4.2.1. Study Area

The study area was located at the intersection of the Lower Sabie and Crocodile Bridge
regions of Kruger National Park, South Africa (25°15°S, 31°58’E). The soils are nutrient
rich basaltic soils with a rainfall average of 500 — 700 mm per annum (Hijmans et al.,
2005; Smit et al., 2013b). The dominant grass species of the site include Themeda
triandra and Megathursus maximum. The shrubs were dominated by Dichrostachys
cinerea and Gymnosporia senegalensis (Jones et al., 2022). The tree canopy was mostly
comprised of Senegalia nigrescens, Sclerocarya birrea caffra, and Vachellia gerrardii.
Before treatment, overstory canopy cover was 3.5 % shrub cover, with the height of
woody vegetation between 0.5 and 5 m and limited bare ground (McCleery et al., 2018).
The study area was previously rotationally burned as part of fire management strategies,
at a mean return interval of 4 to 5 years (Smit et al., 2013b). Within the BROWSE project,

prescribed burns occurred on these plots in May 2020.

This area of KNP has an average grazer metabolic biomass of 627 kg km™ (Metabolic
biomass = total biomass x average metabolic rate x activity factor; McCleery et al.,
submitted). Megaherbivores present on our site include elephants (Loxodonta Africana),
southern giraffe (Giraffa giraffa) and white rhino (Ceratotherium simum) (Abraham et
al., 2019; McCleery et al., 2018). Elephants are by far the most frequent megaherbivore
at an abundance of 0.9 km? (Chase et al., 2016), with giraffe being detected 75% less than
elephants, and white rhino extremely uncommon from the beginning of the BROWSE
study (McCleery et al., submitted). Large herbivores found commonly in the site include
plains zebra (Equus quagga burchellii), cape buffalo (Syncerus caffer), impala

(Aepyceros melampus) and blue wildebeest (Connochaetes taurinus).

4.2.2. Experimental Design

Exclosures were erected in January 2018, set out in three replicate blocks. Within each
block, there are three treatment plots: a ‘Full’ exclosure (excluding all mammalian
herbivores), a partial ‘Mega’ exclosure (excluding megaherbivores, i.e. >1000kg) and a

control ‘Open’ plot (no exclusion). All plots are 70 m x 70 m (0.49 ha).

To prevent any mammalian herbivores grazing on the full exclosure, electrified fences at
a height of 2.5 m were erected (Figure 4.1). The mega exclosures are also electrified but

the fence is erected from a height of 2.5 m, which allows smaller animals, such as impala,
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zebra and wildebeest to graze, but prevents larger megaherbivores (elephant, giraffe,

rhino) from entering the plot. Fences were checked for damage, every 14 days.

Figure 4.1 - Herbivory exclusion treatments for a) Full exclosure (no herbivores can
access), b) Mega (megaherbivores excluded, large herbivores can access) and c¢) Open

(open to all herbivores). Picture credit: Mary Cvetkovic-Jones, April 2022.
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4.2.3. Pre-Treatment Sampling

At each of the nine plots, soil samples were collected in December 2017 by the BROWSE
field team, prior to the erection of the exclosures. Samples were taken to a depth of 15
cm using a hammer core (15 cm x 5 cm). Three samples were taken in a vertical transect
20 m apart across the centre of the plot, with a 10 m edge effect. Upon collection, the soil
samples were transported to a KNP laboratory where they were stored in a freezer at -
18°C . In 2021, they were shipped to Lancaster University, UK and immediately analysed

upon arrival.

Samples were defrosted and subsampled to be freeze dried or dried for respective
analyses. Soil was defrosted for determination of soil pH. Freeze dried samples were used

for PLFA analysis and dried samples determined total soil C, N and P.

4.2.4. Post Treatment Sampling

Soil was re-sampled in May 2022, four years and six months after the start of the
experiment. Samples were taken to a depth of 15 cm using a soil auger. Ten samples were
taken within each plot to attempt to capture the heterogeneous nature of savanna soil.
Samples were taken along two parallel transects of five samples each at 15 m apart with
a 5 m exclosure edge effect buffer. Upon collection, samples were stored at 4°C before
being transported to Lancaster University, UK using ice gel packs. Samples were stored
at 4°C prior to biogeochemical analyses. Freeze dried samples were used for PLFA
analysis and dried samples for total C, N and P. All other analyses were performed on

fresh soil.

Three samples per plot were taken for bulk density in a transect along the centre of the
plot. Bulk density was calculated from dry mass and volume of soil excluding stones.

Mass and volume of stones were measured by water displacement.

4.2.5. Abiotic and biotic analyses

Soil pH was measured using a 10.0 + 0.5 g subsample of fresh soil, mixed with 25 ml of
deionised H>0, using a pH meter (InLab Expert Pro-ISM). Soil moisture was determined
by using aliquots 1 + 0.1 g of fresh soil, dried at 105°C for 48 hours. Moisture content
was calculated as a percentage of the dry weight. Soil ammonium and nitrate was

calculated as a measure of inorganic N in the soil which is directly available to the plants.
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5 + 0.1 g subsamples were extracted using 25 ml of 2M KCIl. Samples were filtered
through Grade 42 Whatman filters. Plant available N was analysed on an AA3 HR Auto
Analyser (Seal Analytica, UK). Total soil C and N was measured by drying subsamples
at 60°C and ball milling before measurement of C and N content of 20 mg on Elementar
Vario EL CUBE CN analyser. Total soil phosphorus was measured through digestion of
air dried, ball milled samples with a sulphuric acid-hydrogen peroxide digestion mixture.
0.2 £ 0.01 g samples were heated at 400 °C for three hours, before being diluted with
MilliQ water to an acid content of 5% v/v. The samples were then vortexed and filtered
through Grade 42 Whatman filters. Inorganic P was analysed on the auto analyser

(Lancaster University, Seal Analytical AA3).

Microbial biomass C was measured on 5 + 0.5 g soil subsamples using the chloroform
fumigation-incubation method (Brookes et al., 1985). Using paired subsamples; one of
the samples was fumigated with chloroform for 18 hours before both paired subsamples
were extracted via shaking in 25 ml of 0.5M K>SOs. Following shaking, the samples were
filtered through Grade 42 Whatman filters. Microbial biomass C was analysed using a
5000A TOC Analyser (Lancaster University, Shimazdu, Japan). Microbial biomass C was
calculated as difference between fumigated and unfumigated soil, using general
correction factors of 0.45 for microbial biomass C (Brookes et al., 1985; Joergensen and

Mueller, 1996; Wu et al., 1990).

Phospholipid Fatty Acid (PLFA) analysis was performed using a modified Bligh and Dyer
(1959) method (Frostegéird et al., 1991) and collected on a column. Total lipid was
extracted from ~ 1.5 g of freeze-dried soil subsamples. Neutral and glycolipids were
eluted from the column with chloroform and acetone and discarded. Polar lipids were
eluted with methanol and collected. These lipids were quantified and identified by
chromatographic retention time and mass-spectral comparison using 19:0 (methyl
nonadecanoate fatty acid) as an internal standard. Gas Chromatography was carried out
on Agilent Technologies (UK) 6890N GC Network System, equipped with Agilent 7683
Series Injector. Gram-negative bacteria were identified by cyclopropyl saturated (7cy-
17:0, 7,8cy-19:0) and monosaturated fatty acids (16:1®5, 16:107, 18:107) and gram
positive bacteria were identified by ester-linked branched-chain fatty acids (15:01, 15:0a,
16:01, 7Me-17:0, 17:01, 17:0a) (Rinnan and B&éth, 2009; Whitaker et al., 2014). Fungi
were identified using 18:26,9 and 18:10w9 fatty acids, indicative of ectomycorrhizal

and saprotrophic fungi (Kaiser et al., 2010). Finally, total PLFA values were identified
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using all PLFAs measured (14:0, 16:1, 16:0, 17:108, br17:0, br18:0, 18:1®5, 18:0, 19:1;
plus, the other fatty acids listed above). The ratios of gram-positive to gram-negative (GP:
GN) and fungal: bacterial (F: B) were calculated to demonstrate the relative abundances

of each group.

4.2.6. Statistical Analysis

All statistical analyses were conducted in R (4.3.1) and significance was reported at the
p <0.05 level. The effect of herbivory regime, both pre-treatment and post-treatment, on
soil abiotic and biotic measures were determined using general linear models with plot
level replications controlled as random variables. Data points were first averaged within
plots to control for spatial pseudo replication in field sampling. Normality of all the soil
properties was checked using QQ plots, residuals and Shapiro-wilk tests. Soil pH and

bulk density were log transformed prior to analysis.
4.3. Results

4.3.1. Pre-Treatment Analyses

In the samples collected in 2017 prior to the erection of the exclosures, we found no
significant pre-existing differences across the plots (Table 4.1 and 4.2). There were no
disparities in soil pH, which averaged 6.71 (+£0.05 SE). The average soil C: N content
stood at 9.23 (+0.36), with total C at 2.86 (+0.24) % and total N at 0.3 (+0.02) %. Although
total P did not exhibit significant differences, its distribution was heterogenous, averaging

554 (£43.84) mg kg™

Table 4.1 - Pre-treatment data for mean (£SE) soil properties measured for Full (no
herbivores), Mega (megaherbivores excluded) and Open (all herbivores present)
treatments. Soil abiotic properties include soil pH, total C and N (%), C: N ratio, and

total phosphorus (mg kg™).

Soil property Full Mega Open p value
pH 6.82 (£0.09) | 6.68 (£0.06) | 6.62 (+0.12) 0.35
Total C (%) 2.86 (+0.39) 2.8 (x0.49) 2.96 (+£0.53) 0.96
Total N (%) 0.303 (£0.03) | 0.28 (0.04) | 0.32 (+0.04) 0.72
C:N 8.94 (£0.46) | 9.81(£0.72) | 8.94 (x0.74) 0.58
Total Phosphorus 518 (£128) 510 (£36.3) 636 (£19.6) 0.48
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The microbial community composition also did not vary prior to the herbivore treatments
(Table 4.2), with an average total PLFA biomarker concentration of 20.71 (£2.67) nmol
g’ soil dwt. Bacteria biomarkers averaged 9.84 (£1.35) nmol g soil dwt, while fungal
concentrations average 2.63 (£0.32) nmol g™! soil dwt, resulting in a fungal: bacterial ratio
0f'0.29 (x0.05). Gram negative bacteria PLFA biomarkers were greater than gram positive
at 5.39 (£1.08) and 3.69 (£0.47) nmol g soil dwt respectively, resulting in an average
GP: GN of 1.59 (£0.30). Pre-treatment PLFA biomarkers were on average lower than
those we observed post-treatment. This is likely due to the nature of how the samples

were stored frozen prior to the PLFA analysis.

Due to these differences in the collection methods and handling of the pre-treatment and
post-treatment samples, they could not be directly compared for nutrient or microbial

community analysis.

Table 4.2 - Pre-treatment microbial community composition represented as mean (+
SE) PLFA biomarkers (nmol g soil dwt) for Full (no herbivores), Mega

(megaherbivores excluded) and Open (all herbivores present) treatments.

PLFA biomarkers Full Mega Open p value
Total 20.9 (£5.78) 18.5 (£0.00) 21.2 (£3.93) 0.96
Bacterial 10.5 (£2.39) 9.15 (£0.00) 9.77 (£2.53) 0.90
Fungal 2.87 (£0.50) 1.85 (£0.00) 2.65 (+£0.58) 0.67
F:B 0.30 (£0.08) 0.23 (£0.00) 0.31 (£0.10) 0.91
Gram Positive 5.34 (£2.25) 4.47 (+0.00) 5.74 (£1.72) 0.95
Gram Negative 4.52 (+0.26) 3.24 (£0.00) 3.00 (£0.88) 0.35
GP: GN 1.16 (£0.44) 1.38 (£0.00) 2.09 (+0.47) 0.42

4.3.2. Post Treatment Analyses

Following four and a half years of exclusion treatment, soil abiotic and biotic properties
sampled in 2022, did not vary significantly with different herbivore regimes (Table 4.3).
Soil pH was an average of 6.80 across the three treatments, with no significant difference
among treatments (p=0.96). Soil moisture also did not alter significantly in line with
herbivore presence (p=0.49). Likewise, bulk density remained did not vary with

increasing herbivore presence (p=0.62).
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Total C (p=0.99) and total N (p=0.59) did not alter across the treatments, averaging at
2.68% and 0.15% respectively. As there were no changes in the proportions of C and N,
C: N ratio remained unchanged across the three exclosure treatments (p=0.88). Total
phosphorus showed a slight decreasing trend as herbivores were excluded; however the
differences were not significant (p=0.48), and pre-treatment phosphorus levels were also

highly variable.

0.7

0.6

0.5

0.4

0.3 ‘

Ammonium (ug NH, g'1 soil dwt)

0.2

Ful Mega Open
Treatment

0.14

Figure 4.2 - The response of soil ammonium (ug NHa g ! soil dwt) concentration after
four years of exclusion for three experimental treatments; Full (excluding all
herbivores), Mega (excluding megaherbivores, accessible by large herbivores) and
Open (open to all herbivores). Whilst showing a descriptive trend, the differences were

not significant (p=0.13).

Ammonium and nitrate concentrations did not significantly alter between the three
treatments. However, we did observe a descriptive trend with ammonium (p=0.13), where
full and open remained at a similar level of ~ 0.45 pg NHa g soil dwt, but megaherbivore
exclusion decreased by over 50% to an average of 0.21 pg NHy4 g ! soil dwt (Figure 4.2).
This was mirrored, to a lesser extent, with the soil nitrate concentrations (Figure 3),

remaining mostly consistent across the differing herbivory regimes (p=0.50).
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Figure 4.3 - The response of soil nitrate (ug NOs g! soil dwt) concentration to three
experimental treatments; Full (excluding all herbivores), Mega (excluding
megaherbivores, accessible by large herbivores) and Open (open to all herbivores),
after four years of treatment.
Microbial biomass C did not differ among treatments (p=0.98). Similarly, we did not see
any significant differences in microbial community composition. Total PLFA biomarkers
remained constant in both the size of the microbial community (p=0.64) and the
composition, with no difference observed between bacterial PLFA biomarkers (p= 0.55)
and fungal biomarkers (p=0.65). Bacteria were the dominant microbial group, with a
fungal: bacterial PLFA ratio of less than 0.1 across all the treatments (p=0.76). Within the
bacterial PLFAs, we saw a greater concentration of gram-positive bacteria than gram
negative in each of the herbivory regimes, but no differences across the treatments

respectively (p=0.57, 0.65). Thus, we observed an average GP: GN ratio of 0.73 (p=0.99).
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Table 4.3 - Effects of different mammalian herbivory regimes on soil properties (mean +
Standard Error) analysed by linear model for Full (no herbivores), Mega (megaherbivores
excluded) and Open (all herbivores present). Soil abiotic properties include soil moisture,
bulk density, soil pH, C: N ratio, total P (mg kg), ammonium (ng NH4 g2 soil dwt), and
nitrate (ug NOs g * soil dwt). Soil biotic properties include microbial biomass C (ug

g* soil dwt) and PLFA measurements (nmol g* soil dwt).

Soil Property Full Mega Open p value
Soil Moisture 24.9 (£1.24) 28.7 (£3.57) 30.9 (+4.46) 0.49
Bulk Density 1.15 (£0.05) 1.18 (£0.02) 1.21 (£0.04) 0.62
pH 6.78 (=0.19) 6.84 (+0.16) 6.8 (£0.17) 0.96
Total C (%) 2.68 (+0.24) 2.65 (+0.46) 2.72 (£0.25) 0.99
Total N (%) 0.15 (£0.01) 0.14 (£0.01) 0.15 (+0.00) 0.59
C:N 17.9 (+0.81) 19.0 (£1.92) 18.4 (+1.89) 0.88
Total Phosphorus 278 (£67.3) 345 (£76.5) 440 (£115) 0.48
Microbial Biomass C 82.4 (£21.9) 87.7 (£22.2) 88.4 (£25.1) 0.98
Ammonium 0.45 (+0.13) 0.21 (£0.05) 0.46 (+£0.05) 0.13
Nitrate 0.93 (£0.37) 0.52 (£0.32) 1.3 (0.59) 0.50
Total PLFA 48.9 (+2.68) 48.8 (+£5.55) 56.2 (+8.66) 0.64
Bacterial PLFA 23.9 (+0.59) 26.4 (+3.00) 29.2 (+4.7) 0.55
Fungal PLFA 2.12 (£0.53) 1.49 (£0.70) 2.39 (£0.77) 0.65
F:B 0.09 (£0.02) 0.06 (£0.03) 0.07 (£0.02) 0.76
Gram Positive PLFA 10.2 (£0.76) 10.9 (£1.01) 12.5 (£2.21) 0.57
Gram Negative PLFA 13.5 (£1.25) 15.4 (£2.17) 16.5 (£2.93) 0.65
GP: GN 0.75 (£0.16) 0.73 (£0.06) 0.72 (£0.12) 0.99

4.4. Discussion

The BROWSE experiment provides an opportunity to explore the effects of herbivore
presence and body size on savanna soil nutrients and microbial dynamics. Our results
show that nearly four years of herbivore absence had little effect on soil nutrients and
microbial community composition. These findings highlight the complexity of factors
influencing mammalian herbivores, and their impacts on soil nutrient and microbial

dynamics in savanna ecosystems.
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4.4.1. Herbivore density and intensity

The minimal response seen belowground may be due to insufficient activity of the large
mammalian grazers. The basaltic soils in the BROWSE area of KNP have been observed
to be highly productive (Munyati and Ratshibvumo, 2010), suggesting that herbivore
densities may need to be much higher here, in comparison to other systems, to see an
effect of herbivory on aboveground biomass. The KLEE experiment in Mpala Research
Centre in Kenya has a slightly lower grazer metabolic biomass of 502 kg km™ (Staver et
al., 2021) in comparison to this study at 627 kg km™? (McCleery et al., submitted).
However, the ungrazed aboveground biomass at KLEE is nearly six times smaller than
our study, at 555 kg ha™! versus 3200 kg ha™!, thus proportionally there is much greater
grass biomass per kg of grazer within our study (McCleery et al., submitted).
Furthermore, the Hluhluwe-iMfolozi experiment within South Africa has a higher grazer
metabolic biomass of 751 kg km™ but an ungrazed aboveground biomass of only 195 kg
ha'! (Staver et al., 2021; Staver and Bond, 2014; McCleery et al., submitted). Therefore,
the changes observed due to herbivory in other studies may be attributed to higher grazer:
grass biomass intensity. Additionally, the productive nature of the BROWSE basaltic soils
in our study, might mean there is insufficient mammalian herbivore biomass to cause
significant changes in soil abiotic and biotic properties. In comparison to other exclosure
studies, which are often erected in areas where grazing effects are intense (Staver et al.,
2021), areas with lower herbivore grazing intensities may not see such comparable,

marked differences in soil properties.

4.4.2. Fire effects on herbivore impacts

Unlike other large herbivore and megaherbivore exclusion experimental studies (Charles
et al., 2021, 2017; McCauley et al., 2018; Pringle et al., 2014; Riginos et al., 2018;
Sankaran et al., 2013), the BROWSE plots did not see rapid changes in grass biomass,
three years into the exclusion experiment (McCleery et al., submitted). However, one year
into the experiment in 2019, the mega and full plots did have a significant increase in
grass biomass in comparison to the open plots (McCleery et al., submitted). A prescribed
burn in 2020 was burnt over a large area, covering all of the exclusion plots, and removed
the majority of grass biomass across all three treatments. The following year in 2021,
grass biomass had returned to pre-experimental levels, but with no significant differences
between the three herbivore exclusion treatments. Many African savanna exclusion

studies often do not have experimental fires as a factor due to their confounding effects
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(Augustine and Mcnaughton, 2004; Goheen et al., 2018; Long et al., 2017; Sitters et al.,
2017; Staver et al., 2021). Although increased grazing post-fire could potentially
exacerbate herbivore effects on soil, the large-area fire in 2020 likely had a homogenizing
effect on the landscape (Archibald et al., 2005; Donaldson et al., 2018), making this
unlikely. In this landscape, fire may be a larger driver of aboveground vegetation
dynamics, with herbivores having a comparatively smaller influence. Archibald and
Hempson) found that fire and herbivory are competing consumers of vegetation dynamics
in African savannas, with rainfall influencing which driver could dominate. The
precipitation levels of our study fall within the 500-800 mm rainfall band where either
driver could dominate. There is a major knowledge gap on the interactive role of fire and
herbivory in savanna ecosystems, specifically on belowground effects on soil properties,

which are discussed more thoroughly in Chapter 5 and 6 of this thesis.

4.4.3. Herbivore impacts on soil nutrient levels.

Mammalian herbivory has been shown to alter C: N: P stocks in savanna soils (Holdo and
Mack, 2014; Munjonji et al., 2020; Sitters et al., 2020a; Wigley et al., 2020), with animal
body size influencing the ratios of nutrients supplied to plants and soil (le Roux et al.,
2020), via the distribution and quantity of animal waste products across the landscape
(Cech et al., 2008; McNaughton et al., 1997). Despite this, we found limited changes
across any of the three primary soil nutrients as a direct consequence of herbivore
management. Firstly, total soil C levels remained similar among the three treatments.
Conversely, prior savanna studies have shown substantial increases in soil C of 54% in
the absence of herbivores for 17 years, with these gains primarily driven by C4 grasses
(Wigley et al., 2020), however, this was observed on sandy soils in Kenya. Soil texture
has been observed to be a larger indicator of changes to soil properties than herbivory
levels (Andrés et al., 2016; Kotzé et al., 2017), with sandy soils more sensitive to
grazing/herbivory intensification. Thus, shifts in C levels may be more obvious in sandy
soils, unlike the clay soils in this study. Our total C finding has been observed in a similar
length grazing exclusion study where seven years of grazing exclusion in upland
grassland restoration project, UK, observed changes in plant communities aboveground
but no effect on soil C stocks (Medina-Roldén et al., 2012). The authors suggested that
whilst a certain level of grazing may be compatible with soil C storage, a longer period

of time may be required to observe changes in C.
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Secondly, there were no differences in total N across treatments, but we did observe an
interesting, but not significant, trend emerged in plant available N, specifically
ammonium. Our study found lower levels of ammonium in the presence of smaller
herbivores (megaherbivore exclusion), and higher levels of NH4 in the complete presence
and absence of herbivores. N remains the most limiting and important soil nutrient in sub-
Saharan Africa (Saito et al., 2019) and herbivores may increase or decrease soil N through
dung and urine deposition. There are differences in the N: P stoichiometric ratios between
the dung of large and small herbivores, but also grazers and browsers. Smaller herbivores
and browser dung is generally higher in N content compared to megaherbivores and
grazers (le Roux et al., 2020; Sitters et al., 2014a). Changes in the body size or
grazer/browser composition of an herbivory community will shift the stoichiometric ratio
of nutrients deposited into the soil. Therefore, the subtle differences seen in ammonium
concentrations may not be because of body size, but due to herbivore feeding method.
Grazers, such as zebras and wildebeest, fall into the category of smaller herbivores, while
browsers such as giraffe and elephant, are megaherbivores. The lower content of N in the
dung of smaller herbivore grazers in comparison to the megaherbivore browsers may
result in a subtle reduction in soil ammonium when megaherbivores are excluded. This
difference may be minimal as dung input is just a single factor that could impact changes

in soil nutrient levels.

Thirdly, total P levels remained similar across the exclosure treatments, supported by
Sitters et al., (2020), who also found that total P pools remained unchanged across
different animal size herbivory treatments. However, herbivores release P in the form of
dung and urine (Sitters et al., 2017, 2014a) and so it is hypothesised that removal of
herbivores would lead to a decline in total P. Le Roux et al., (2020) showed that dung
from larger herbivores contained lower quantities of phosphorus and higher N:P ratio.
Thus, the combination of reduction of dung biomass and herbivore body size may result
in a decline in total P as herbivore exclusion increases and could become more apparent
over a longer exclosure period. The effects of soil P have been less well-studied, but are
just as important as C and N for savanna soil dynamics due to P limitation (Holdo and

Mack, 2014).

The impact of herbivores can be influenced by the nutrient status of the soil. Bardgett and
Wardle (2003) suggested that differences in soil nutrient status may determine the net

direction of herbivore effects on nutrient cycling, such that positive effects occur under
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fertile soil and negative effects under infertile soil conditions. This principle can also
apply to more extreme environments, for example, in a low artic meadow ecosystem, the
effects of grazing removal were more marked at higher nutrient availabilities after 10
years of grazing removal (Francini et al., 2014). It is possible that in extreme
environments such as arid savannas and subarctic forests, slower nutrient turnover rates
may weaken the link between the aboveground and belowground processes.
Consequently, the soil in these environments might exhibit high resilience or resistance
to changes in herbivory, requiring much longer periods to observe differences. The four-
year time-period of this study may not be sufficient to detect changes in these lower

nutrient, arid soils.

Herbivory exclusion has previously been shown to have an influence on soil moisture and
bulk density. Our study observed little difference in both soil moisture and bulk density
across the different herbivore treatments. Conversely, also within KNP, a 35 year
herbivore exclosure experiment observed that areas outside of exclosures experienced
higher soil moisture retentions (Holdo and Mack, 2014), which was driven by bulk
density changes. Denser soils with higher bulk densities often have a lower saturated
conductivity and thus lower infiltration rates. Bulk density was higher with the presence
of herbivores as large mammals increase compaction through trampling. The exclosure
time period was over seven times longer than our study and whilst the specific duration
for significant soil compaction will depend on environmental conditions and herbivore
intensity, we may need a longer exclosure period than four years to observe significant

differences.

Finally, we observed no differences in soil pH across the herbivory regimes. This finding
is supported by other studies where herbivory did not have a significant effect on pH in
savanna ecosystems (Angassa et al., 2012; Britz and Ward, 2007; Kgosikoma, 2013;
Okullo and Moe, 2012).

4.4.4. Herbivore effects on soil microbial community

There were no herbivore effects on soil microbial community composition, irrespective
of body size exclusion. Soil microbial communities play a fundamental role in ecosystems
and studies are only just beginning to investigate how microbes mediate herbivore-
environment interactions. It has not yet been established whether herbivore behaviour and

microbial response are closely related and how herbivore-induced changes aboveground
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are linked to changes in microbial biomass and microbial community composition.
Reported effects of herbivory and grazing management on microbial activity and PLFA
concentration are often inconsistent. This has been suggested to be due to the combination
of the negative effects of grazing versus the positive effects of added nutrients through
dung and urine on microbial communities (Oates et al., 2012). There are limited savanna
exclosure studies that are looking at belowground properties (Staver et al., 2021) and
particularly microbial communities in savanna ecosystems. This was additionally
highlighted by Andriuzzi and Wall (2017) who performed a global meta-analysis
investigating responses of belowground communities to large aboveground herbivores,

where only two out of the 44 grassland studies were African savannas.

Large herbivores can impact microbes via direct pathways (dung and urine) or indirect
(habitat modification). We hypothesised a decrease in the total PLFA biomarkers along
the herbivore management gradient from the open plots to the mega and then full plots,
as dung and urine inputs reduce. However, we observed no differences in total PLFA
biomarkers across the three treatments. We also hypothesised that we would see a more
bacteria dominated microbial community with the removal of herbivores. The absence of
dung has been observed to reduce fungi proliferation (Bardgett et al., 1997). We also
observed no shifts in the community composition, with both the fungal: bacteria and GP:
GN biomarker ratio remaining unchanged across the treatments. A study investigating the
effects of grazing management on microbial community composition in a semi-arid
system observed that microbial communities responded more strongly to differences in
soil texture than grazing management (Kotz¢ et al., 2017). PLFA concentrations recorded
on clayey soils are usually higher in numbers than sandy soils, but the total PLFA
biomarkers observed in this study are up to 10 times lower than sandy savanna ecosystems
in South Africa and 26 times smaller than clayey grasslands in SA (Kotz¢ et al., 2017).
To the best of our knowledge, outside of this thesis, PLFA biomarkers have never been

used to measure the impact of herbivory within KNP before.

A number of other studies have failed to see differences in PLFA biomarkers with
different grazing treatments. With smaller mammal grazing, after seven years, PLFAs
were not systematically affected by grazing across the temperate grasslands (Ford et al.,
2013). Similarly, Ward et al. (2007) observed that with 50 years of grazing and fire
manipulation on peatlands, aboveground changes occurred but alongside minimal

changes in soil microbial properties. Any changes belowground were attributed to
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burning, not grazing and changes in C dynamics were primarily related to changes in
vegetation community structure. Thus, perhaps in similarity to this study, fire was a
stronger driver of soil microbial community composition than herbivory. On the other
hand, grazing has been shown to influence PLFA biomarkers, with just under forty years
of sheep exclusion reducing PLFA fungi biomarker abundance, thus shifting the F: B ratio
(Bardgett et al., 1997), linked to changes in root exudates, microbial activity and dung
deposition. With a much shorter time frame, Aldezabal et al. (2015) found that soil
microbial communities in Atlantic mountain grasslands were very sensitive to livestock
grazing after five years. Furthermore, winter herbivore exclusion methods impacted
aboveground vegetation which further influenced changes in microbial community
(Peschel et al., 2015). Further research is necessary to comprehensively understand how
changes in large mammal herbivory could shift savanna microbial community

composition.

Correspondingly to the PLFA biomarkers, we saw no changes in microbial biomass across
the treatments. Within African savannas, Sankaran and Augustine (2004) observed that
with only two years of cattle exclusion, microbial biomass was greater in soil within
exclosures. This was attributed to the herbivores diverting plant C away from the soils.
However, cattle grazing is often at higher and more intense densities, which could have a

stronger and faster influence on the size of the microbial community.

4.4.5. Conclusion

We show that short-term removal of large herbivore and megaherbivores has little effect
on soil properties, which may be exacerbated by the presence of a prescribed burn or low
herbivore-grass biomass densities. The minimal changes to belowground properties as a
result of different herbivore treatments are consistent with the limited aboveground
changes observed in other studies on KNP’s BROWSE plots. To comprehensively
understand the long-term effects of body size on soil properties, specifically within KNP,
additional soil data is needed over a longer time period. Furthermore, this study
highlights the need for further research to understand the complex interactions between

herbivores, fire, and soil dynamics in savanna ecosystems.
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5.1. Introduction

Fire and herbivory are key drivers influencing the spatial and temporal variations in
woody and grass biomass that characterise savannas (Bond et al., 2005; Higgins et al.,
2007; Staver et al., 2021; Van Langevelde et al., 2003), alongside other abiotic properties
such as rainfall and soil properties. Fire and herbivory are known drivers of ecosystem
dynamics, influencing the composition, density, and structure of aboveground plant
communities (Bardgett and Wardle, 2003; Higgins et al., 2007; McLauchlan et al., 2020;
Pringle et al., 2023; Staver et al., 2021), but may also alter the physical, chemical and
biological properties belowground (Alcaiiiz et al., 2018; Gordon et al., 2019; Knicker,
2007; Pringle et al., 2023; Sitters et al., 2020b). Savanna studies have often focussed on
the impacts of fire and herbivory independently, however it is increasingly apparent that
the combined effects of fire x herbivory are not the sum of the separate individual effects
(Bond et al., 2005; Bond and Keeley, 2005; Fuhlendorf and Engle, 2004; Sankaran et al.,
2005; Smit and Coetsee, 2019) and should be viewed as a single driver (Fuhlendorf and
Engle, 2004; Smit and Coetsee, 2019). Understanding the fire and herbivory synergistic
interaction is essential for managing and conserving fire-prone ecosystems, where

herbivores also play a significant ecological role.

Fires often occur over large areas, exerting a homogenous impact on the savanna
landscape (Archibald et al., 2005). Recently burnt grass increases grazer pressure as
herbivores are attracted to the fresh re-growth. However, in the aftermath of such large
burns, individual grasses are under reduced grazing pressure as grazing is dispersed,
consequently promoting unpalatable, fire-adapted plant communities (Archibald et al.,
2005; Archibald and Bond, 2004). However, smaller repeated fires, concentrate grazers
at higher densities, promoting short-grass areas, or grazing lawns (Donaldson et al., 2018;
Singh et al.,, 2024). Grazing lawns are crucial components of savanna landscape
heterogeneity, serving as vital habitats for biodiversity and playing a key role in sustaining
large herbivore populations (Hempson et al., 2015), primarily attributed to the higher
quality of grasses found on these lawns (Cromsigt et al., 2017). Grazing lawns are an
important part of savanna fire and herbivore management (KNP Fire Protocol, 2019), but
there is limited understanding of belowground activities and processes during the

development of grazing lawns.
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Immediately post-burn, herbivores are attracted to the highly nutritious regrowth, which
is high in N and low in carbs and fibre (Goldammer and Ronde, 2004), concentrating
herbivores on recently burnt areas (Donaldson et al., 2018). The increased herbivore
grazing densities could further alter the quality and quantity of inputs to the soil through
trampling, dung, and urine deposition. Dung and urine can provide an input of N and
phosphorus (P) to the soil, often limiting nutrients in savannas, promoting a fungal-
dominating community (Bardgett et al., 1997; Brachmann, 2023). The increase in
herbivores as a result of the burn may also cause trampling of ash into the soil, increasing
labile C and increasing soil pH (Mataix-Solera et al., 2009; Pyne, 2019). However,
herbivore grazing can reduce soil nutrient levels by removing vegetation and also
increasing bare ground. Herbivores also influence plant dynamics, affecting regrowth,
altering interactions between plants and soils. Furthermore, the consumption of grass
biomass alters the fuel load, time to the next fire, fire spread and fire intensity (Archibald
and Hempson, 2016a). Herbivores may also preferentially consume plant species that
differ in flammability, indirectly influencing fire behaviour (Anderson et al., 2007). To
add further complexity, there are many abiotic factors that affect fire, herbivory and soil
properties including herbivore species, population sizes, soil type, rainfall, fire season,
fire size and fire intensity, which all have multiple feedback loops (Archibald and
Hempson, 2016a; Donaldson et al., 2018; Smit and Coetsee, 2019; Van Langevelde et al.,
2003). The feedback loops are often context specific so can result in either positive or
negative impacts on the soil nutrients, microbial community, and activity. This repeated
interaction of fire x herbivory over repeated burn cycles can further strengthen this

interaction.

In African savannas, there have been several long-term, large fire (Biggs et al., 2003;
Kimuyu et al., 2017; Mills and Fey, 2004; van Wilgen et al., 2022; Wilgen et al., 2007)
and long-term herbivore studies (Goheen et al., 2010; Guy et al., 2021; Long et al., 2017;
Moncrieff et al., 2011; Pringle et al., 2007; Sankaran and Augustine, 2004; Sitters et al.,
2020a; van der Plas et al., 2016; Wigley et al., 2020; Young et al., 2003). Whilst there are
savanna studies investigating both fire x herbivory on aboveground impacts (Donaldson
et al., 2018; Ngugi et al., 2022; Singh et al., 2024), comprehensive investigations into the
belowground consequences of fire x herbivore interactions, especially following smaller-

scale, repeated fires, are limited.
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To explore the individual and interactive effects of fire and herbivory on soil nutrients
and microbial communities in savanna grasslands, we applied an early season fire in May
2021 followed by a late season fire in September 2022, with and without herbivore
exclusion. Before and after the early season fire in May 2021 we took soil samples to
examine the interactive effects of fire x herbivory on soil nutrient concentrations,
microbial biomass, and microbial community composition to address two questions:
Firstly, ‘does the interactive effect of fire x herbivory increase soil nutrient availability
and result in a shift to a more fungal-dominated microbial community?’ Fungi is often
more sensitive to burning initially, but has been shown to recover in the presence of
herbivory (San Emeterio et al., 2023). Following the late season fires in September 2022
we monitored soil respiration for nine months to observe the interactive effects of fire x
herbivory on the resilience of soil microbial functioning, asking ‘is the resilience of soil
microbial functioning to repeated fire, influenced by the presence or absence of
herbivory?” We expected to observe an initial decrease in soil respiration with fire x
herbivory immediately post-fire as a direct impact of burning, followed by increased
respiration rates as time since fire increases, as microbial activity recovers in the presence

of herbivory.

5.2. Methods

5.2.1. Study Area

The study was located at between Lower Sabie and Crocodile Bridge (31’54’ E, 25’13’
S) within Kruger National Park (KNP), South Africa. The site is located within the
southern basalt region of KNP, with an annual precipitation averages 610 mm,
accompanied by a mean annual temperature of 22 °C (Hijmans et al., 2005; Smit et al.,
2013b). The site exhibits a mean fire return interval of 4.05 years (Smit et al., 2013b) and
sustains an average herbivore biomass of 44 kg ha™! (Smit et al., 2013a). The dominant
grass species are Themeda triandra and Megathyrsus maximum. Megaherbivores present
at our site include elephants (Loxodonta Africana), southern girafte (Giraffa giraffa) and
white rhino (Ceratotherium simum) (Abraham et al., 2019; Chase et al., 2016; McCleery
et al., 2018). Other large herbivores found commonly in the site include plains zebra
(Equus quagga burchellii), cape buftalo (Syncerus caffer), impala (Aepyceros melampus)

and blue wildebeest (Connochaetes taurinus).

This study investigated the response of soil C, nutrient concentrations, microbial

community composition and soil respiration to differing combinations of fire and
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herbivory. The study involved two separate burning events, starting with early season
burns in 2021, followed by herbivore exclosures, and culminating with a late-season burn
in 2022. Figure 5.1 provides an overview of the study timeline, which is then elaborated

upon below in the Methods.

!a/ s

Es}:—: a W

Lower intensity burn Higher intensity burn 1
+ herbivore exclusion + herbivore exclusion

May 2021 April 2022 September 2022 June 2023

Figure 5.1 - Study timeline spanning two years of sampling. Initial surveys and soil
biogeochemical and microbial analyses were conducted prior to prescribed burns in
May 2021. Following these early season and lower intensity burns, herbivore
exclosures were erected. In April 2022, one-year post-burn and herbivore exclusion,
plots were re-sampled for biogeochemical and microbial analyses. In September 2022,
late season, higher intensity burns were performed on the plots, with soil respiration

rates (indicated by arrows) measured over the subsequent nine months.

5.2.2. Pre-Treatment Soil Sampling

In May 2021, initial soil samples were gathered across the study site to assess baseline
levels and variation in soil biogeochemical and microbial properties. These pre-treatment
samples were sampled from the upper layer (0-10 cm depth) directly beneath four grass
species: Themeda triandra, Panicum coloratum, Urochloa mosambicensis, Bothriochloa
insculpta, and also beneath bare ground (total of 80 samples), across the study site. We
chose to sample directly under these four different species because we anticipated that
changes in the soil rhizosphere of the species would be most evident after only one burn
and one year of herbivory. Subsequently, subsamples were shipped immediately to

Lancaster University for analysis.
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No significant differences in any soil biogeochemical or microbial properties between the
grass species (Table 5.2) or across the site were found. Furthermore, when species
regenerated post fire, the experimental site became dominated by Themeda triandra,
thereby rendering the species-based approach irrelevant. Dominance by Themeda
triandra following a burn is not unusual, as it relies on periodic burning and is known to
rapidly resprout post burn, with both fire and herbivory necessary for its persistence in an

ecosystem (Bond et al., 2003; Dunning et al., 2017; Morgan and Lunt, 1999).

Figure 5.2 - Pictures from the site following the first set of early season burns in May
2021; a) low intensity early season burn (picture credit, S Archibald), b) 2 m? exclosure
installed immediately after the burns, surrounded by Themeda triandra, pictured in

April 2022 (picture credit, T Strydom).

5.2.3. Prescribed Burns in 2021

Following pre-treatment sampling in May 2021, eight experimental plots (100 m x 100

m) were established. In May 2021, four plots were burnt with early dry season fires, whilst
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four remained unburnt (Figure 5.2a). May is at the beginning of the dry season, so fires
are often of a lower intensity than later in the dry season, as grass is often greener and
wetter (Govender et al., 2006). Fires were burnt at a low intensity (Table 5.1) andin the
days immediately following the fires, a reinforced steel cage exclosure 2 mx2 m x 1.2
m) was randomly placed in each of the eight plots (Figure 5.2b). This resulted in four

separate treatments: Fire + Herbivory, Fire, Herbivory, No Fire-No Herbivory.

During the burns, fire behaviour measurements were collected across the four burnt plots
(Table 5.1). Percentage of the plot burnt was calculated by identifying whether the area
of 100 plot locations was burnt or not burnt. Fuel moisture content (%) was calculated
using three replicates of grass biomass dried at 60°C for 48 hours. Fire temperature was
assessed using thermocouples replicated five times across the plot. Two of the
thermocouple wires were aboveground facing in opposite directions (East and West) and
the remaining two wires were placed at 1 cm and 5 cm belowground. Grass biomass
measurements were collected pre and post burn using a disc pasture meter, calibrated to

KNP (Zambeatis et al., 2006).

Table 5.1 - Fire behaviour measures across the four burnt plots in May 2021, including
percentage of plot burnt (area burnt assessed over 100 plot locations), average fuel
moisture content (%), fire temperature (°C) aboveground using three sets of
thermocouples with two wires aboveground, fire temperature (°C) belowground with a
wire at Scm, grass biomass measurements pre burn, post burn and the difference (kg
ha!). Mean values recorded +Standard Error. Data collected by Archibald et al,

(personal comms, 2023).

Fire Experimental | Experimental | Experimental | Experimental
Behaviour Fire 1 Fire 2 Fire 3 Fire 4
Measures

% of plot burnt 96 74 97 78
Fuel Moisture 54.10 50.92 58.04 49.97
Content (%)
Fire temp 1 cm 258.75 292.83 326.17 361.33
aboveground (£34.98) (£85.06) (£76.12) (£54.22)
Fire temp Scm | 19.75(+0.96) 20.67(+0.67) 21.00(0.58) 19.00(£0.00)
belowground
Grass biomass 4240 4771.8 4973.1 3778.5
pre-burn
Grass biomass 2192.4 2814.5 2410.5 2667.0
post-burn
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Grass biomass
burn reduction

-2047.6

- 1957.3

-2563.3

- 1111.5

5.2.4. Post Treatment Soil Sampling

In May 2022, one year after the first set of burns, soil samples were collected from the
plots. Soils were sampled to a depth of 10 cm under Themeda triandra. Five samples were
collected in an X shape within the exclosure on each of the eight plots. A further five
samples were also collected in an X shape outside of the exclosure, 5 m away from the
exclosure (for a total of 80 samples). Upon collection, samples were transported to a KNP
laboratory, where they were stored at 4 °C before being transported to Lancaster
University, UK using ice gel packs. Once at the university samples were stored at 4 °C

and analysed within 14 days of collection.

5.2.5. Soil Biotic and Abiotic Analyses

All pre-treatment samples collected in 2021 and post-treatment soil samples from 2022
underwent the same soil biotic and abiotic analyses, except for microbial biomass C,
which was not performed on pre-treatment samples due to soil transportation and
laboratory instrumentation issues. Soil pH was measured using a 10.0 £ 0.5 g subsample
of fresh soil, mixed with 25 ml of deionised water, using a pH meter (InLab Expert Pro-
ISM). Soil moisture was determined by using aliquots 1 + 0.1 g of fresh soil, dried at
105°C for 48 hours. Moisture content was calculated as a percentage of the dry weight.
Soil ammonium and nitrate was calculated as a measure of inorganic N in the soil which
is directly available to the plants. 5 = 0.1 g subsamples were extracted using 25 ml of 2
mol/l KCI. samples were filtered through Grade 42 Whatman filters. Inorganic N was
analysed on an AA3 HR Auto Analyser (Seal Analytica, UK). Total soil phosphorus was
measured through digestion of air dried, ball milled samples with a sulphuric acid-
hydrogen peroxide digestion mixture. 0.2 + 0.01 g samples were heated at 400 °C for
three hours, before being diluted with MilliQ water to an acid content of 5% v/v. The
samples were then vortexed and filtered through Grade 42 Whatman filters. Inorganic P
was analysed on the auto analyser (Lancaster University, Seal Analytical AA3). Total soil
C and N was measured by drying subsamples at 80°C and ball milling before
measurement of C and N content of 20 mg on Elementar Vario EL CUBE CN analyser.
Microbial biomass C was measured on 5 £ 0.5 g soil subsamples using the chloroform
fumigation-incubation method (Brookes et al., 1985). Using paired subsamples one of the

samples was fumigated with chloroform for 18 hours before both of the paired subsamples
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were extracted via shaking in 25ml of 0.5M K>SOs. Following shaking, the samples were
filtered through Grade 42 Whatman filters. Microbial biomass C was analysed using a
5000A TOC Analyser (Lancaster University, Shimazdu, Japan). Microbial C was
calculated as difference between fumigated and unfumigated soil, using the general
correction factor of 0.45 for microbial biomass C (Brookes et al., 1985; Joergensen and

Mueller, 1996; Wu et al., 1990).

Phospholipid Fatty Acid (PLFAs) analysis was performed to measure both the soil
microbial community size and composition (nmol g™! soil dwt.). Total lipid was extracted
from ~ 1.5 g of freeze-dried soil subsamples and using a modified Bligh and Dyer (1959)
method (Frostegard et al., 1991), lipids were collected on a column. Neutral and
glycolipids were eluted from the column with chloroform and acetone and discarded.
Polar lipids were eluted with methanol and collected. These lipids were quantified and
identified by chromatographic retention time and mass-spectral comparison using 19:0
(methyl nonadecanoate fatty acid) as an internal standard. Gas Chromatography was
carried out on Agilent Technologies (UK) 6890N GC Network System, equipped with
Agilent 7683 Series Injector. Gram-negative bacteria was identified by cyclopropyl
saturated (7cy-17:0, 7,8¢cy-19:0) and monosaturated fatty acids (16:1w5, 16:107, 18:1w7)
and gram positive were identified by ester-linked branched-chain fatty acids (15:01, 15:0a,
16:01, 7Me-17:0, 17:01, 17:0a) (Rinnan and Bééth, 2009; Whitaker et al., 2014). Fungi
were identified using 18:2®6,9 and 18:10w9 fatty acids, indicative of ectomycorrhizal
and saprotrophic fungi (Kaiser et al., 2010). Finally, total PLFA values were identified
using all PLFAs measured (14:0, 16:1, 16:0, 17:108, br17:0, br18:0, 18:1®5, 18:0, 19:1;
plus, the other fatty acids listed above). The ratios of gram-positive to gram-negative (GP:
GN) and fungal: bacterial (F: B) were calculated to determine the relative abundances of

each group.

5.2.6. Prescribed burns in 2022

In September 2022, the same four plots, now containing the exclosures, were burnt again
(Figure 5.3). The four unburnt plots did not have prescribed fires applied. September is
at the end of the dry season, so fires are often of a hotter intensity as the grass has dried
out (Govender et al., 2006). Usually, with higher intensity fires we observe a greater
amount of biomass consumed and lower patchiness. However, fire intensity data were not

collected from these fires due to logistical issues. Satellite measures of fire radiative
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power (FRP) or burn scars on trees were not used as a proxy for fire intensity due to

concerns over the accuracy due to spatial resolution and number of trees on the burn plots.

Figure 5.3 - Pictures from the site following the second set of late season burns in
September 2022; a) prescribed burns at the end of the dry season in September 2022,

b) the burn plots at three weeks post-burn with blue wildebeest grazing and c)
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difference in grass height and biomass with and without herbivory four months post-

burn (Picture credit, T Strydom, January 2023).

5.2.7. Soil Respiration

Following the September 2022 burns, soil respiration measurements were conducted on
all burnt and unburnt plots, replicated five times inside and outside the exclosure, in the
same X shape design, referred to Section 5.2.4. Respiration rates were assessed at multiple
time points: one day prior to the burns, one week, three weeks, five weeks and nine
months post-burn. CO; sampling in the field was conducted using an EGM-4 IRGA with
an SRC-1 soil respiration chamber (15 cm height x 10 cm diameter) (PP Systems, USA).
The chamber was placed on the soil, between the grass tussocks, and CO> concentration
(ppm) was recorded for a period of 60 seconds with a 15 second dead band. The rate of
change in ppm was determined via linear regression and CO; respiration rates were

calculated as described in Holland et al. (1999).

5.2.8. Gravimetric Soil Moisture

Simultaneously, gravimetric field soil moisture was collected to a depth of 8 cm during
the respiration sampling at the same five time points. Samples were dried at 105°C for 48
hours in the KNP laboratory and moisture content was calculated as a percentage of the

dry weight.

5.2.9. Vegetation Sampling

Disc Pasture Meter measurements (DPM) were used to assess grass biomass on all plots.
Measurements were conducted both before and directly after the burns in May 2021,
followed by additional assessments prior to the burns in September 2022 and after the
burns in September 2023. Unfortunately, in September 2023, unburnt plots grass biomass
was not collected due to logistical restrictions. Grass biomass (kg ha') was indexed as
DPM settling height (Zambatis et al., 2006). Due to size limitations within the exclosure,
five replicates were obtained from inside the exclosures, while 100 replicates were

performed outside the exclosure.

5.2.10. Statistical Analysis

All statistical analyses were conducted in R (4.1.1) with significance reported at p < 0.05
level. Normality was checked using QQ plots, residuals, and Shapiro Wilks tests. The

effect of fire and/or herbivory pre- and post- treatment on soil biogeochemical parameters
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(pH, soil moisture, C and N content and ratio, microbial biomass C, nitrate and
ammonium) and microbial community composition (PLFAs) and grass biomass was
determined using a general linear model, incorporating plot replication as a random effect.
To address spatial pseudo replication in field sampling, data were initially averaged by

soil core replications within plots.

The effect of fire x herbivory on soil respiration and soil moisture were analysed using
separate generalised additive models (GAMs) with repeated measures performed using
gamm4 (Wood & Scheipl, 2020). Generalised additive mixed models (GAMMs) were
employed with fire and herbivory regime as a fixed effect, time since fire as a non-linear
random effect (spline, gamm4 function; Wood & Scheipl, 2020), plot replication and
nested plot respiration replicates (to mitigate spatial pseudo replication) as random
effects. To improve normality, soil respiration data were square root transformed prior to

analyses.

The relationship between soil respiration and soil moisture for all treatments was assessed

using a linear regression analysis.

5.3. Results

5.3.1. Pre-Treatment Soil Properties

There were no significant differences across any of the pre-treatment soil analyses, under
the four grass species and bare ground (Table 5.2). Due to the monoculture regrowth of

Themeda triandra, the species-based approach was discontinued.

Soil abiotic properties did not vary across the species prior to treatment application. There
was no evidence for a difference in soil pH (6.94 + 0.03 SE) with different grass species
(p=0.87). Soil moisture did not vary across the treatments, sitting between 18-20 %
(p=0.88). Total C and N also did not vary pre-treatments (p=0.73 and 0.88 respectively).
As there were no differences in total C and N, we saw limited variation in C: N ratio, at
an average of 10.38 (p=0.69). Furthermore, we saw no significant variation in total P
(p=0.64), with an average of 537 mg kg™!. Although pre-treatment plant available nitrate
exhibited heterogeneity, the differences were not significant (p=0.38), while ammonium

levels remained consistent across species (p=0.91).

When analysing pre-treatment microbial community composition, we found our pre-

treatment PLFA concentrations were nearly half the concentration of our post-treatment
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microbial levels, although both were sampled at the same time of year, suggesting a
potential influence of various factors such as soil transport, storage duration, or seasonal
variations. We did not observe any significant differences between total PLFA biomarkers
(p=0.82), fungal biomarkers (p=0.48) and bacterial biomarkers (p=0.98) under different
plant species. Similarly, the distribution of gram-positive bacteria biomarkers (p=0.95),
gram-negative bacteria (p=0.90) and the gram-positive: gram-negative (GP: GN) bacteria
(p=0.44) did not vary, indicating a uniform microbial community composition prior to the

fire and herbivory treatments.

Table 5.2 - Survey of pre-treatment area, under four plant species and bare ground, on soil
properties (mean + SE), analysed by linear model. Soil abiotic properties include C: N ratio, soil
pH, soil moisture (%), ammonium (ug NH4 g ! soil dwt), nitrate (ug NOs g! soil dwt) and total

phosphorus (mg kg™!). Soil biotic properties include PLFA measurements (nmol g™ soil dwt).

Soil Bare Ground | Bothriochloa Pancium Themeda Urochloa P
Properties insculpta coloratum triandra mosambicensis | value
Soil Moisture | 19.1 (£1.89) | 20.4 (£1.24) | 19.0 (£1.43) | 20.2 (+1.56) 18.7 (£0.97) 0.88
pH 6.98 (£0.08) | 6.95(+0.05) | 6.97 (+0.11) | 7.01 (£0.10) 6.88 (£0.07) 0.87
Total C (%) 3.28 (+0.17) | 3.49(%0.17) | 3.17 (0.20) | 3.28 (£0.17) 3.28 (£0.13) 0.73
Total N (%) 0.32 (0.01) | 0.32(+0.01) | 0.32(+0.01) | 0.31(+0.01) 0.32(£0.01) 0.88
C:N 10.3 (£0.37) 10.8 (£0.33) | 10.0 (£0.44) | 10.4 (£0.45) 10.4 (x0.31) 0.69
Total 544 (+£37) 521 (£21.5) | 527 (£25.5) 578 (£43) 516 (£23.3) 0.64
Phosphorus
Ammonium 2.59 (£1.30) 1.68 (£0.87) | 4.09(£2.82) | 3.10(%£1.14) 3.00 (£1.96) 0.91
Nitrate 4.9 (£2.84) 1.27 (£0.60) | 3.77 (0.86) | 1.40 (+£0.40) 2.88 (x1.28) 0.38
Total PLFA 32.2 (+4.86) | 40.6 (+8.40) | 36.4 (+4.59) | 35.3(£5.82) 42.8 (£9.62) 0.82
Bacterial 17.7 (£3.05) 19.2 (+4.31) | 19.5(£2.92) | 18.1(£2.83) 20.2 (+4.22) 0.98
PLFA
Fungal PLFA | 4.60 (£1.16) | 7.83 (£1.76) | 5.42 (£1.00) | 5.77 (+1.20) 7.55 (£2.16) 0.48
F:B 0.28 (+£0.05) 0.43(£0.05) | 0.30(£0.04) | 0.31(x0.03) 0.36(0.04) 0.31
GP PLFA 11.1 (£1.90) 12.2 (£3.08) | 11.2(£2.26) | 9.96(%2.07) 12.4(x£2.77) 0.95
GN PLFA 5.64 (£1.52) | 5.79(£1.89) | 7.23(£1.17) | 7.20 (x1.35) 6.61 (£1.39) 0.90
GP: GN 2.72 (+0.62) 1.60 (£0.47) | 1.87 (£0.44) | 1.58 (£0.42) 1.99 (x0.36) 0.44

5.3.2. Post Treatment Soil Properties

Following the early season burns in 2021 and one year of herbivore exclusion, no

differences were observed in soil pH across the four fire and herbivore treatments
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(p=0.60) (Table 5.3). Soil moisture levels also did not vary among treatments, and were

slightly higher than pre-treatment levels, at 24-27 % (p=0.42).

No significant differences were observed in the levels of C, N or P across the four
treatments. Total C and total N did not differ across the four treatments (p= 0.34 and 0.44
respectively). Thus, the C: N ratio exhibited no significant variations across the fire-
herbivory regimes (p=0.41). However, it is noted than fire x herbivory had much less
variation than the other three treatments (Table 5.3). Total P (p=0.41) also showed no

significant differences across the four treatments.

There were also no significant differences in ammonium levels across the fire-herbivory
treatments (p=0.56). However, plant available nitrate was significantly higher in the fire
x herbivory treatment than the other three treatments (p=0.01). The fire x herbivory
interaction substantially increased nitrate concentration, reaching approximately three
times higher concentrations, with limited differences across the other three treatments

(Figure 5.4).

(%]
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Nitrate (g NO, g™ soil dwt)

I
T T

Fire x Herbivory Fire Herbivory No Fire-No Herbivory
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Figure 5.4 - Effects of fire x herbivory, fire, herbivory and no fire-no herbivory
treatments on soil nitrate (ug NOs g ! soil dwt) levels after a single early season burn

and one year of herbivore exclusion. Letters denote significance at p < 0.01 level.

We observed no significant differences in the microbial community composition, but

notably did observe descriptive trends in the PLFA biomarker concentrations. Total
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PLFAs exhibited a general downwards trend (p=0.25), starting with the highest
concentrations when both drivers, fire x herbivory, were present and gradually decreasing
until no drivers present (Figure 5.5a). Similar trends were observed with fungal
biomarkers (p=0.11) (Figure 5.5b). Bacterial PLFAs showed very limited differences
across the four treatments (p=0.77) (Figure 5.5¢). Notably, there was very little variation
in the bacterial community for the fire x herbivory treatment compared with the other
three treatments. The subtle shift in the fungal community composition led to limited

change in the fungal: bacterial ratio between the treatments (p=0.31) (Figure 5.5d).

This subtle downward trend persisted with gram-positive bacteria (p=0.15) (Figure 5.5¢).
With gram-negative populations, there is no evidence for any difference among the
treatments (p=0.91, Figure 5.5f). Thus, there were no significant impacts to the GP: GN

ratio, resulting in a ratio close to 1 (p=0.38).
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Figure 5.5 - Effects of fire x herbivory, fire, herbivory and no fire-no herbivory treatments on soil a) total PLFA, b) total fungal, c) total bacteria, d) fungal: bacteria ratio, €) gram

positive bacteria, f) gram negative bacteria biomarkers (nmol g*! soil dwt), one year post burn and herbivore exclusion.
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Figure 5.6 - Effects of fire x herbivory, fire, herbivory and no fire-no herbivory treatments
on soil microbial biomass (ug g ! soil dwt), one-year post-burn and herbivore exclusion.
Whilst this trend is not significant (p=0.61), it shows a descriptive trend that matches

descriptive trends in total PLFA biomass.

Minimal differences were observed in microbial biomass C among the fire-herbivore
treatments (p=0.61). However, a similar descriptive trend to total PLFAs was noted (Figure

5.6), supporting the microbial community dynamic shifts, in response to fire and herbivory.

Table 5.3 - Effects of different fire and herbivory regimes, one-year post-burn and herbivore
exclusion, on soil properties (M + SE) analysed by linear model. Soil abiotic properties include
C: N ratio, soil pH, soil moisture (%), ammonium (ug NHa4 g ! soil dwt), nitrate (ug NO3 g soil
dwt) and total phosphorus (mg kg?). Soil biotic properties include microbial biomass C (ug

g ! soil dwt) and PLFA measurements (nmol g* soil dwt). Significant values are in bold.

Soil Properties Fire x Fire Herbivory No Fire p value
Herbivory - No Herbivory
Soil Moisture 23.9 (£1.48) | 24.0 (£1.18) | 26.9 (£1.76) 24.6 (£0.93) 0.42
pH 6.86 (£0.06) | 6.80 (£0.19) | 6.89 (£0.11) 7.02 (£0.04) 0.60
Total C (%) 2.95 (£0.08) | 2.83 (+0.16) 3.34 3.01 (£0.27) 0.34
(£0.232)
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Total N (%) 0.15(x0.01) | 0.15(x0.01) | 0.17 (£0.01) | 0.15(x0.01) 0.44
C:N 19.9 (#0.18) | 19.2(+0.69) | 20.1 (£0.82) | 20.7 (+0.53) 0.41

Total Phosphorus 476 (£111) 407 (£53.5) | 331(%£33.8) 344 (£20.3) 0.41
Microbial Biomass C | 82.9 (£5.85) | 77.4 (+17.1) | 42.0 (¥11.7) | 61.3 (+41.0) 0.61
Ammonium 1.34 (£1.04) | 0.61 (£0.23) | 0.83(+0.35) 1.78 (£0.54) 0.56
Nitrate 23.9 (£1.57) | 7.32(£2.04) | 9.8 (5.01) 6.25 (+3.46) 0.01
Total PLFA 76.0 (4.75) | 65.4(£7.58) | 64.1 (£6.97) | 55.6 (£7.14) 0.25
Bacterial PLFA 354 (0.46) | 33.5(%2.9) | 34.9(£3.84) | 31.0(+4.13) 0.77
Fungal PLFA 3.89 (+0.88) | 2.49(+0.81) | 2.08 (£0.53) | 1.38(x0.27) 0.11
F:B 0.11 (£0.03) | 0.07 (£0.02) | 0.06 (£0.01) | 0.04(+0.00) 0.09

GP PLFA 15.8 (£1.28) | 13.2(£1.21) | 13.3(+0.98) 11.0(x1.79) 0.15
GN PLFA 19.3 (£1.71) | 20.3 (£1.84) | 21.5(£2.88) | 19.9 (¥2.32) 0.91
GP: GN 229 (#1.59) | 0.67 (£0.04) | 0.65(£0.05) | 0.54 (+0.03) 0.38

5.3.3. Impacts of fire and herbivory treatments on soil respiration

Following the late-season burns in 2022, both treatment (p=0.012, F=3.66) and time since fire
(p<0.01, F=3.38) had a significant effect on soil respiration (Figure 5.7). Prior to the burns,
herbivory alone had the highest soil respiration, a potential legacy effect of the 2021 burns.
Following the burns, there was a decline in respiration on all treatments and a convergence of
treatments at week one where the soil respiration rates were notably similar. However, at week
three and week five post-burn, a divergence is apparent between the fire and no-fire treatments,
with fire treatments having reduced respiration rates in comparison. This divergence was
further amplified after the rainy season in month nine, where distinct differences were observed
among the treatments. The no-fire treatments, both with and without herbivory, maintained
similar respiration rates to those observed at week five post-burn at 115 (+4.44) and 115 (£5.43)
mg CO»-C m? hr'! respectively. Conversely, the fire plots displayed higher soil respiration
rates, with the fire-only treatment reaching the highest peak at 218 (£15.6) mg CO>-C m? hr!,
followed by fire x herbivory at 165 (£5.64) mg CO»-C m? hr'l.
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Figure 5.7 — The impact of fire and herbivory treatments on soil respiration (M +SE) after
one early season burn (2021) and one late season burn (2022), and ~17 months of
herbivore exclusion. Soil respiration was measured on day prior to treatment (day -1) and

at 7, 21, 35 and 252-days post late season burn 2022.

The decline in soil respiration observed in the following weeks post-burn generally
corresponded to changes in soil moisture. Both treatment (p<0.01) and time since fire (p<0.01)
had a significant effect on soil moisture (Figure 5.8). Soil moisture declined from pre-fire rates
in the first three weeks post-burn. Rainfall was recorded at week four, resulting in a slight
increase in soil moisture on the unburnt plots by week five post-burn. By month nine post-burn,
which followed the rainy season in June 2023, average soil moisture level reached peak levels
among all time points. At this time point, the fire x herbivory treatment had much lower soil

moisture levels than the other three treatments.
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Figure 5.8 - The impact of fire and herbivory treatments after one early season burn and

one late season burn, and ~17 months of herbivore exclusion, on soil moisture sampled at

the corresponding time points as soil respiration.

We observed a consistent positive linear relationship between soil respiration rates across all
four treatments (Figure 5.9). Soil moisture explained a significant portion of the variability in
soil respiration flux, with approximately 38% and 58% of the variability accounted for in fire
treatments, with and without herbivory respectively. However, in the unburnt plots, the
relationship was weaker. Specifically, in plots without fire and herbivory, soil moisture
explained 18% of the variability in soil respiration flux while in plots with herbivory, it

explained 11%.
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Figure 5.9 - Over the period of nine months, soil moisture explained more of the

variance on the fire plots with (38%) and without (58%) herbivory, than the unburnt

plots, with (11%) and without (18%) herbivory.

5.3.4. Grass Biomass Consumption
Grass biomass was higher on the no herbivory treatments, identifying herbivores are grazing

around the plots (Table 5.4). In 2022, herbivore consumption was not significantly different on

the burnt and unburnt plots (p=0.35), suggesting grazing lawns have not yet formed.

Table 5.4 — Grass biomass (kg ha') measured one year after the first prescribed burn

(2022) and the second prescribed burn (2023). No data was collected on the unburnt

plots in 2023 due to logistical constraints.

Post 2021 burn: 2022

Post 2022 burn: 2023

Prescribed Burn 1 Unburnt Prescribed burn 2 | Unburnt
Herbivory 4238 (£96) 4177 (£243) 3555 (£157) X
No Herbivory 5551 (£250) 5185 (£190) 6442 (£354) X
Total Herbivore
_ 1313 (£203) 1008 (£221) 2888 (£436) X
Consumption

5.4. Discussion

Very little is understood about the impact of fire x herbivory on soil properties in savanna

ecosystems. This study explores the interactive interplay between small-scale, patchy fires and
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the subsequent increased herbivory on microbial community composition, soil nutrients and
soil respiration. Our findings reveal that fire x herbivory has subtle effects on microbial
community composition, more specifically fungal concentrations, and greatly increases soil
nitrate following one early season, lower intensity, burn and one year of subsequent herbivory.
Furthermore, repeated small-scale fires have mid-term impacts on soil respiration that change
as time since fire increases. Our study emphasises the potential effectiveness of smaller, patchy
burns and the subsequent potential increased herbivory densities for inducing shifts in

microbial community composition and activity, increasing soil heterogeneity.

Previous studies have highlighted how such repeated fire x herbivory cycles can reshape
aboveground vegetation, with grazing lawns forming within five years of repeated annual
burning (Donaldson et al., 2018; Singh et al., 2024). Grazing lawns feature uniformly short
grasses and forbs, which remains low and dense due to continuous grazing pressure. In the
time frame of this study, local expertise and grass biomass levels do not support the formation
of grazing lawns. However, the lower grass biomass on the fire + herbivory plots, over the
other three treatments, does support the concentration of herbivores on the burnt plots

following a small burn.

5.4.1. Impact of fire x herbivory on soil microbial communities

Our study demonstrates minimal interactive effects of fire x herbivory on soil microbial
composition, particularly in direct comparison to the total absence of fire and herbivory. We
observed that total PLFA biomarkers were highest when both drivers were present.
Individually, fire and herbivory showed similar concentration, with the lowest concentrations
of total PLFA biomarkers observed when no drivers were present. Prior to the burn, we did not
see any differences between any of the microbial functional groups across the survey area.
Increased size of microbial community has been observed and reported in savannas when both
fire and grazing is present (Ruess and McNaughton, 1987; Singh et al., 1991). In these
observations, microbial increases were attributed to increased root turnover in burned and

grazed grasslands, where turnover provide an additional resource of dead roots for microbes.

Compensatory growth by plants is often stimulated after herbivory, which can alter
aboveground and belowground C allocation patterns, affecting root growth and exudation
(Bardgett et al., 1998; Frank et al., 2000; Stritar et al., 2010) and thus microbial communities.
Whilst aboveground composition data was not collected at this site, a shift post-fire to

dominance by Themeda triandra was observed. Further to this, other savanna studies have also
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shown that fire and grazing drive distinct aboveground changes (Bond et al., 2005; Higgins et
al., 2007; Staver et al., 2021; Van Langevelde et al., 2003). Such shifts in aboveground
vegetation as a result of changing drivers may alter root exudates (Bardgett et al., 1998), which
serve as conduits for communication between plants and associated microbes (Preece and
Pefiuelas, 2020). Compounds lost from the plant roots by exudation also are a high-quality
nutrient source for growth of soil microbes. Thus, increased root exudation, stimulated by
increased herbivory following fire, may sustain higher microbial concentrations and favour

shifts in microbial community composition on the fire + herbivory treatment.

The potential mechanism outlined above is supported by a longer term fire + herbivore
experiment also within KNP, where fungal diversity and abundance increased in response to
fire + herbivory, and were driven by changes in aboveground vegetation (Vermeire et al., 2021).
Bacterial community diversity and abundance were found to decrease in the presence of fire +
herbivory, driven by changes in soil nutrients. The absence of changes in soil nutrients in our
study could explain why no differences were observed in the bacterial community. It is
important to highlight that the shifts in microbial community composition in our study are
minor and significantly limited, and alongside data collected by Vermeire et al., (2021), the
modest, trending changes observed in soil microbes below ground compared to aboveground
changes within KNP, suggest overall microbial resilience, or resistance, to fire and herbivory

as drivers.

5.4.2. Impact of fire+ herbivory on soil nutrients

Shifts in soil nutrients as a result of fire + herbivory has been observed in savannas (Pellegrini
et al., 2014, 2018). However, the only soil nutrient to show a significant difference among
treatments was soil nitrate. Nitrate was over three times higher for fire + herbivory compared
with the other treatments. An increase in nitrate with fire + herbivory has been observed on
pasture sites in Australia, where following 40 years of sheep grazing and an unexpected
wildfire, there was a big increase in nitrate in the month following the fire, which was not
observed on plots that had not been grazed (i.e. fire only) (Prendergast-Miller et al., 2017).
Additionally, Singh et al. (1991) found that burning and grazing increased inorganic N in Indian
savannas, further supporting our findings. In our study, it was likely that the small fires acted
to concentrate grazers, which increased inputs and has cascading impacts on soil N. Grazing
animals typically use between 10-35 % of the N they consume, and the remainder is returned
to the soil through dung and urine (Bussink, 1994; Sitters and Olde Venterink, 2021a). The

majority of N is excreted via urine, which is soluble in the soil and thus easily assimilated by
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microbes and plants, in the form of nitrate and ammonium (Sitters et al., 2017). Increased
nitrate levels thereby may be as a result of the concentration of grazers. Additionally, the
increased grazing reduces plant biomass, decreasing plant uptake of N from the soil, increasing
N availability in the soil (Anderson et al., 2006; Bardgett and Wardle, 2003). Similarly, plant
species composition may change with the increased grazing, which may have higher N content,
affecting soil N cycling and nitrate levels. Observing any effects on soil properties following
just one early season burn and one year of herbivory was surprising and highlights the

importance of understanding the impacts of fire + herbivory on savanna ecosystems.

There were no significant changes in any other soil nutrients among the treatments. Our
prescribed burns were of a low intensity, where aboveground temperatures did not rise above
a maximum of 619 °C and were on average 305 °C. Furthermore, at S5cm depth in the soil,
temperatures did not rise above 21 °C. Thus, it was unlikely that the low intensity burns in this
study had any direct effects on the soil. Furthermore, the study area is on the southern basaltic
plains of KNP, which is known for its highly productive systems (Munyati and Ratshibvumo,
2010), but low herbivore densities (McCleery et al., submitted). Herbivore densities may need
to be much larger to have a visible impact on other soil nutrient levels (see data in Chapter 4).
A study within KNP on two long-term ecological research sites, in Nkuhlu and Letaba, also did
not see any significant differences between herbivory, fire and fire + herbivory for soil total C
and N, or soil pH and moisture (Thoresen et al., 2021). Further to this, they measured for a
host of micronutrients and also observed no significant differences between the treatments.
Thus, one early season fire and the subsequent herbivory may not be a long enough period to

see large shifts in soil nutrients.

5.4.3. Impact of fire + herbivory on soil respiration

When examining the impact of fire + herbivory on soil respiration following a late season burn,
it’s crucial to consider the cumulative and compounding effects of the previous early season
burn and ~17 months of prior herbivore exclusion. The impact of a single fire event will likely
be different from those after repeated burns (Malkisnon et al., 2011; Moretti et al., 2002); the
respiration rates were only measured following the second round of burning and grazing
exclusion. The respiration rates in this study sat between ~ 50 and 200 mg CO>-C m?hr!, which
globally are low soil respiration rates, but not in comparison to other savannas (Raich and
Tufekciogul, 2000; Wang and Fang, 2009). Other studies within the Skukuza region of KNP
have observed similar rates, with Fan ef al. (2015) observing slightly higher rates at 62-375 mg
CO,-C m*hr'! in the Skukuza region and slightly lower rates of 25-250 mg CO,-C m? hr! have
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also been recorded by Makhado and Scholes, 2011 and also in Chapter 3 of this thesis. Similar
rates have also been recorded in Indian savannas, between 10-200 mg CO,-C m? hr'! (Gupta
and Singh, 1981). When comparing soil respiration rates across other biomes, CO: flux data
within sub Saharan Africa, and savannas, are often not included (Bahn et al., 2010; Hursh et

al., 2017).

Following the late season burns, our initial observations suggest that there are no immediate
effects within the first week post-burn on soil respiration and microbial function. At three
weeks and particularly five weeks post-burn, the fire treatments exhibited lower soil respiration
rates compared with the unburnt treatments. The addition or removal of herbivory in the short
term (one to five weeks post-burn) has limited impact on soil respiration. While fires have the
potential to rapidly increase CO: fluxes though release of stored C (Beringer et al., 2015; Hao
et al., 1996; Singh, 2022), such effects are likely to happen when the fire is still smouldering

and unlikely to persist seven days post-burn.

Major drivers of soil respiration include temperature, soil moisture and gross primary
productivity (Bahn et al., 2010; Hursh et al., 2017; Xu et al., 2004). Soil moisture plays a
significant role in modulating soil respiration by influencing the activity and metabolism of
soil microbes; increases in soil moisture may contribute to increased decomposition rate of the
recalcitrant C pools, thus increasing soil respiration (Chen et al., 2018; Chen and Frank, 2020;
Mueller et al., 2017; Wilson et al., 2018). We observed that soil moisture levels of the fire plots
were significantly lower than the unburned plots, regardless of herbivory presence. Fires can
promote lower soil moisture by reduced infiltration via various mechanism including soil water
repellency (Doerr et al., 2009), ash deposition clogging soil pores (Mallik et al., 1984), removal
of aboveground vegetation increasing surface run off (Sidle et al., 2007), and vegetation
denudation exposing the soil to direct sunlight, leading to heightened evaporation rates and
further reducing soil moisture levels. Soil texture can also play a role: fire impacts on soil
moisture are more prominent on clay soils, like in our study, than sandy soils (Erickson and

White, 2008).

However, by nine months post-burn (June 2023), in the middle of the dry season, treatment
effects of soil moisture are not mirrored by respiration rates. At this time point, soil moisture
content for fire + herbivory was significantly lower than the other treatments. The persisting
lower soil moisture nine months post-burn for fire + herbivory is plausibly due to the additional

consumption of aboveground vegetation by the herbivores, keeping evaporation rates and run
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off heightened. But the fire + herbivory treatment has a greater soil respiration rate at nine
months post-burn, than herbivory and no fire-no herbivory, suggesting additional factors are at
play. Dung and urine inputs of the concentrated fire + herbivory treatment may have a positive
effect on soil respiration, overriding the effect of reduced soil moisture. Increased degradation
of the recalcitrant soil C pool through dung and urine inputs (Blagodatsky et al., 2010; Pifieiro
et al., 2010), or through trampling and breaking up organic material (Kauffman et al., 2004)
could increase soil respiration rates by increasing microbial substrate availability. However,
respiration rates of fire + herbivory do not reach the peak rates of fire alone, as respiration rates
can also decline with herbivore-driven vegetation removal, as a reduction in plant biomass may
not only reduce root respiration and thus soil respiration (Kotroczo et al., 2023), but could also
root exudation and substrate availability for microbes, potentially lowering soil respiration

rates.

The fire treatment alone had the greatest soil respiration rates at nine months post-burn. The
production of ash has been shown to have an initial fertilising effect on soil respiration, causing
an increase in microbial activity and soil respiration through labile C availability (Pyne, 2019;
Matdix-Solera et al., 2009). Sanchez-Garcia et al. (2021) observed that when adding ash to
post-fire soil, there was three times increase in CO; flux. The pulse of CO; was observed within
48 hours, however, this was under controlled lab conditions, where it is firstly difficult to
accurately predict the quantities of ash that may enter the soil in the field, and secondly,
occurred after wetting in soil, which would only occur following precipitation in the field.
However, increased specific respiration in an African savanna has been measured on fire plots
and plots with ash addition, 210 days after the treatment, indicating a possible higher C
availability for microbes (Andersson et al., 2004). Further research is required to understand
the contribution for ash to soil C pools and microbial activity following a burn, specifically at
different time since fire intervals. Pyrosugar analyses of ash could be an excellent method of
tracking sugars in ash, from the burnt vegetation, into the soil and providing valuable

information on ash’s potential role in soil C cycling, nutrient cycling, and microbial activity.

5.4.4. Conclusion

In conclusion, our study demonstrates that fire + herbivory impact on soil properties is not the
sum of the individual effects. While direct impacts of fire on soil properties appear limited, the
subsequent increased density of herbivore grazing exerts a significant impact on soil nitrate
and respiration rates, with more subtle impacts on microbial community composition.

Specifically, smaller, patchy burns coupled with intensified herbivore activity, could result in
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compensatory growth, altering C allocation patterns, subsequently impacting microbial
activity. Nonetheless, changes in soil microbial communities and nutrients are modest,
suggesting that longer-term studies may be necessary to observe significant shifts, integral for

predicting long-term consequences, especially amidst global change.
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At the beginning of this thesis, the overarching question was posed:
How does fire and herbivory affect soil properties in Southern Kruger National Park?

In this final chapter, the key findings will be briefly discussed, followed by general conclusions
drawn from all four data chapters, before discussing management implications and concluding

with recommendations for future research.

6.1. Key Findings

1. How do fires affect soil chemical properties and nutrient availability, such as total C,

N and P, soil pH, nitrate, and ammonium, in the short and long term on granitic and
basaltic soils?

Soil chemical properties and nutrient availability remained unchanged despite long-term fire

regimes on granitic sandy soils (Chapter 2). Similarly, following a single fire event, minimal

changes in soil nutrients were observed in the basaltic clay soils (Chapter 5). Therefore, neither

the type of fire event nor the soil type exerted a significant impact on soil chemical properties

and nutrient availability.

2. How do fires affect soil microbial properties, such as biomass, community composition
and soil respiration, in the short and long term?

The findings revealed that both fire regime and single fire events had limited effects on
microbial community composition, regardless of soil type. However, a notable fire effect was
observed on microbial function, specifically C-substrate induced respiration rates were greatest
in soils with higher intensity fire regimes, indicating that higher intensity burns may cause
subtle alterations in soil abiotic properties and subsequently influence the soil C cycle response
(Chapter 2). Additionally, fire presence decreased soil respiration rates following burns on the
granitic sandy soils, recovering within one week (Chapter 3). In contrast, on the basaltic clay
soils, soil respiration was lower on the burn plots than unburnt plots for one month, before
having higher levels at month nine, highlighting the importance of considering time since fire

(Chapter 5).

3. How do herbivores affect soil biological and chemical soil properties? Does herbivore
body size have a significant impact on soil nutrients and microbial community?
No evidence was found of any soil biogeochemical impacts from either megaherbivore or

meso-herbivores presence (Chapter 4). Neither soil nutrients nor soil microbial community
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composition were affected by four years of full herbivore and megaherbivore exclusion.
However, the interactive effect of herbivory x fire following burns on soil nitrate and soil

respiration was observed.

4. Do fire and herbivory interact to produce synergistic effects on soil biological and
chemical properties?

The study found positive impacts of the interaction of fire + herbivory on soil biogeochemistry
(Chapter 5). A three-fold increase in soil nitrate levels were observed following a single fire
event and one year of herbivory. Additionally, descriptive trends indicated subtle increases in
microbial functional groups, with fire + herbivory having greater concentrations of PLFA
biomarkers compared to individual fire or herbivory events, or no drivers at all. Nine months
post a single fire event, the interaction of fire + herbivory resulted in greater soil respiration
fluxes than unburnt plots, however, the subsequent herbivory had a dampening effect on soil
respiration. This thesis suggest that the effects of fire and herbivory are multiplicative synergy,

not additive.

6.2. General Conclusions

KNP’s diverse fire and herbivory regimes provided an opportunity to explore the individual
and interactive effects of fire and herbivory on savanna soil nutrient and microbial dynamics.
The findings collated in this thesis fill vital knowledge gaps and provide a comprehensive
picture of fire and herbivore impacts to soil biota. Below, I discuss the general conclusions of

the thesis.

6.2.1. Contribution of soil microbial communities to savanna ecosystems

Much of the current understanding on soil biogeochemical and microbial processes has been
developed in temperate systems but may not necessarily accurately represent more arid
systems. As site-specific climatic and topographic factors play a large role in shaping microbial
communities, it is not easy to predict the impact of fire and herbivory on soil microbial
properties. For example, soil type (Austin et al., 2004; Kotz¢ et al., 2017) and moisture (Evans
et al., 2022; Manzoni et al., 2012) play significant roles in shaping microbial communities. In
chapters 4 and 5, the highest soil microbial PLFA concentrations were found in the basaltic

clay soils, which were approx. three times greater than the granitic sandy soils (Table 6.1).
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Rainfall also impacted PLFA biomarker concentrations, where Pretoriouskop levels were

higher than Skukuza, as whilst both are granitic, Skukuza is drier.

Table 6.1 — Comparison of the average PLFA biomarker data across the three sites (Lower

Sabie sites is the combination of Chapter 4 and 5). Variations in soil type, annual rainfall and

month sampled are listed above chapter averages of PLFA biomarker data (nmol g™ soil
dwt).
Pretoriouskop Skukuza (Chp3) Lower Sabie (Chp4
(Chp2) &S)
Soil Type Granitic Sandy Granitic Sandy Basaltic Clay
Annual Rainfall (mm) 705 572 610
Month Sampled April November April
Total PLFA 19.7 14.2 59.3
Bacterial PLFA 12.2 7.49 30.6
Fungal PLFA 0.4 0.3 2.3

However perhaps of greatest note, were the low levels of soil microbial biomass, community
size and activity, specifically, the extremely low, sometimes non-existent, fungal communities.
This finding was both surprising and difficult to quantify with very limited published data on
soil microbial communities from within KNP and other African savannas for comparison.
However, insights gained from discussions with Ana Novoa (personal comms, 2024) and
collaboration with Alice Walker (2021), lend support to the observation that fungal

communities in the soil of southern KNP and adjacent private reserves are nearly non-existent.

Fungi usually play a vital role in soil health; as primary decomposers, with their network of
hyphae creating aggregates and maintaining soil structure. Additionally, mycorrhizal fungi
enhance plant productivity through symbiotic relationships, while also contributing to disease
suppression, bioremediation, and C sequestration (Finlay and Thorn, 2019; Frac et al., 2018;
Ritz and Young, 2004). The microbial community as a whole play fundamental roles in plant
health, nutrient cycling, and the global C cycle. Thus, with such small microbial communities
and potentially high microbial dormancy (Chapter 2), it prompts reflections on the significance

of the soil microbial community in the functioning of African savanna ecosystems.

The findings from this thesis suggest that the soil microbial communities in KNP may not

contribute to soil and ecosystem functioning to the extent observed in other ecosystem types
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(Aislabie and Deslippe, 2013; Fierer et al., 2021; Miransari, 2013). In semi-arid systems like
these, both microbial and plant communities contend for the same limited nutrients, leading to
tight nutrient cycles. Microbes may have to enter a period of dormancy when there is limited
substrate for survival, resulting in a sustained small community size and reduced contribution
to decomposition and nutrient cycling, particularly in granitic sandy soils. However, further
research is imperative to deepen our understanding of soil microbial communities in savanna

ecosystems.

If the findings from this thesis indicate there are limiting microbial processes occurring in
savanna soils, it suggests there must be alternative mechanisms facilitating the decomposition
of plant litter and the recycling of C and nutrients to make them available for plant uptake. It
would be interesting to investigate the role of invertebrates, alongside microbes, further
particularly since Bunney et al. (2024) recently highlighted the importance of termites for
decomposition within savannas and advocated for the inclusion of termite decomposition in

global C models, alongside microbes as primary agents of wood, grass, and dung turnover.

6.2.2. Soil Resilience or Resistance within Kruger National Park

Ecosystem resistance refers to the ability to persist or withstand a disturbance, whereas
resilience is defined as the ability to recover once a disturbance ends (Lake, 2013). Determining
whether the soil in KNP exhibits resistance or resilience to fire and herbivory necessitates a
temporal examination of the data to determine if the soil remained unaffected following fire
and/or herbivory or underwent a recovery period. In Chapter 2, 4 and 5, when investigating
microbial community composition and nutrient levels, single sampling campaigns were
conducted. Consequently, where in most cases there were no discernible differences across the
treatments, the distinction between resistance and resilience remains inconclusive. However,
in Chapter 3, soil respiration was monitored over the year post-burn, there was an initial decline
in respiration rates post-burn, indicating the microbial community displayed resilience to the
fire and rapidly recovered. Similarly, in Chapter 5, when assessing soil respiration with fire +
herbivory over a nine-month period, a similar initial decline in rates following the burn was

observed, which subsequently recovered in the months following, further suggesting resilience.

The high resilience of soils to fire and herbivory has been seen within KNP with soil nutrients
(Aranibar et al., 2003; Coetsee et al., 2012, 2010; Vermeire et al., 2021; Zhou et al., 2022), soil
hydrology (Strydom et al., 2019), invertebrate, and rodent abundance (Hockridge et al., 2023;
MacFadyen et al., 2012; Parr et al., 2004). Throughout this thesis, the lack of changes to soil
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biogeochemical properties under differing fire and herbivore regimes, especially when
contrasted to notable aboveground changes reported in the savanna literature (Burkepile et al.,
2016; Eby et al., 2014; Higgins et al., 2007; Smith et al., 2013; Wilcox et al., 2020), suggest
that the soils in KNP are resilient to fire and herbivory. While this resilience is positive for
mitigating short-term changes in fire and herbivory regime induced by global change, it raises
concerns regarding long-term prospects (Vermeire et al., 2021). There is a possibility that soil
microbes may struggle to adapt to long-term enduring shifts, such as higher temperatures,
changing precipitation patterns, drought, and overall increased climate variability (Alahacoon
et al., 2021; Lickley and Solomon, 2018; Stevens et al., 2022), posing significant challenges to

their resilience.

6.2.3. Impacts of fire and herbivory on other savanna systems

This thesis focussed only on sampling within KNP in South Africa. With savannas comprising
20% of the world, the factors influencing them vary greatly across different regions, including
fire, herbivory, and climate, even within Africa itself (Figure 6.1). Hence, it is necessary to ask

the same questions within other savanna systems, both within and outside of Africa.

Our sampling was confined to a relatively narrow rainfall range (500-700mm), where either
fire or herbivory could potentially exert significant influence. Consequently, it’s imperative to
include drier savannas, with rainfall under 500m, where herbivory typically dominates (e.g.
mixed/acacia savannas), as well as wetter savannas receiving over 800 mm rainfall, where fire
tends to play a prominent role (e.g. broadleaf African savannas). Given the crucial role of
rainfall in soil processes and our findings (Table 6.1), I predict that higher rainfall savannas are
more likely to support larger and more active microbial communities. Consequently, these
wetter savannas may exhibit different belowground outcomes, as fire and herbivory may

interact with soil processes through different mechanisms.

However, savannas with different wet-dry seasons to Southern Africa, such as those in Kenya
and the Cerrado of Brazil, or savannas that receive significantly more rainfall, like those in the
Congo Basin, or those in Northern Australian savannas, characterised by a monsoonal climate
in their distinct wet season, will have different impacts of fire and herbivory on soil processes.
Many factors influence soil processes and health, each context-dependent, but micro-scale
drivers of soil processes can have significant macro-scale impacts. Therefore, studying these
interactions under different climatic regimes is essential for predicting and mitigating the

broader environmental effects of climate change. Additionally, further data collection within
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savannas allows for their inclusion in global models and meta-analyses. Currently, savannas
are often overlooked due to minimal data, leading to inadequate generalisations across this

diverse biome.
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Figure 6.1 — African continent mapping of a) area burned, b) current herbivore densities, c)
past herbivore densities (without elephants) and d) defining areas where fire or herbivory

dominate. Taken from Archibald and Hempson (2016).

6.3. Management Implications

Fire is used for a range of purposes in conservation areas like KNP, where managing fire
intensity and frequency can achieve management goals. Grazing lawns are part of SANParks
management objectives to increase landscape heterogeneity and grazer numbers on the
southern basalt plains (KNP Fire Protocol 2019). The findings in Chapter 5, highlight the
importance of considering the impact of herbivore grazing post-burn, and the potential for
using fire regimes to manipulate grazers. Specifically, the fire + herbivory treatment resulted

in a threefold increase in soil nitrate alongside small shifts in soil microbial community
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composition. By conducting smaller burns (1 ha), we were able to increase soil heterogeneity,
a result not observed in larger experimental burn plots (7ha), as discussed in Chapter 2 and 3.
Thereby, a mosaic of grazing lawns can enhance soil biogeochemical heterogeneity, supporting

KNP management objectives.

Additionally, our findings suggest that the low stocking densities on the southern basalts do not
significantly impact soil properties (Chapter 4). Using small fires to promote grazing lawns in
this area of KNP could help increase grazer numbers, an important goal for conservation and
tourism. The basalt plains provide the ideal location for this approach. In order to get a better
estimate of stocking densities on the basalt plains, camera traps could be used to assess grazer
activities. Future work could leverage this technology to monitor seasonal variations,
concentrations on burnt plots, grazing intensity and assess the impact of grazing on vegetation

and savanna ecosystem dynamics.

Globally, there have been suggestions that increasing C sequestration in savannas would
require fire suppression (Sawyer et al., 2018), promoted in fire management policies (Batista
et al., 2018; Bridge et al., 2005). Fire exclusion to increase C stocks has been associated with
species loss (Abreu et al., 2017) and woody encroachment (Smit and Prins, 2015b).
Furthermore, fire suppression in savannas could result in a shift in biome to forest in mesic
areas (Khavhagali and Bond, 2008). Fire bans are often unsuccessful as they result in more
accidental, uncontrolled burns in the years following, making fires more severe and ultimately
accentuating climate change effects (Kreider et al., 2024; Machado et al., 2024). The balance
of fire activity in savannas and grasslands should be a trade-off between conservation and
climate mitigation (Andela et al., 2017). Our findings demonstrate that within Southern KNP,
on both granitic and basalt soil types, there is minimal effect of fire intensity and frequency on
soil chemical and biological properties, with fire suppression not showing an increase in soil

C, or microbial biomass, supporting prescribed burning across a range of seasons.

This study only investigated Southern KNP, where the southern granitic soils cover 12% of the
park and the southern basalt plains an even smaller proportion. The rest of the park has different
soil types, landscapes, vegetations and climate, which could have varying outcomes of
changing fire and herbivory regimes on soil properties, which should be considered when

determining management plans.
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6.4. Recommendations for Future Research

The findings from this thesis have revealed areas for future research that could further

improve our understanding of fire and herbivory effects on savanna ecosystem functioning.

One factor affecting soils exposed to fire is the regular input of ash. While the theory and
current understanding surrounding ash inputs have been discussed throughout this thesis
(Chapter 2, 3 and 5), there is limited literature to support these ideas, raising further research
questions. These include, ‘what is the specific impact of ash on microbial activity?’, ‘how
quickly do microbes utilise the ash?’, and ‘how much ash enters the soil, versus being dispersed
by wind or removed by grazing herbivores?’ An interesting approach to begin exploring these
questions is through pyrosugars found in ash. Levoglucosan, for example, is a pyrosugar
produced by the pyrolysis of cellulose and hemicellulose during biomass burning, making it a
robust marker for characterisation and quantification of burning (Bhattarai et al., 2019; Ruan
etal., 2020; Tan et al., 2023). Levoglucosan has been shown to be metabolized by various fungi
and bacteria using levoglucosan kinases. Future studies should isolate levoglucosan from
savanna soils, for an indication of how much ash enters the soils and is utilised by microbes, to
explore the link between ash, fire-driven pyrosugar production and microbial activity. In
addition, during fieldwork for this thesis, it was noted that grazing herbivores are attracted to
the ash, licking it up alongside consumption of the fresh regrowth post-burn. The gut microbes
of herbivores may be capable of directly metabolizing pyrosugars such as levoglucosan and
may benefit from the C in the pyrosugars. Understanding ash’s role post-burn, particularly in
synergy with herbivore grazing, is essential for enhancing our mechanistic understanding of

soil processes subsequent to fire X grazing in savannas.

With less than five years of megaherbivore exclusion, we observed no impact of different
herbivory levels on soil properties (Chapter 4), however the BROWSE study is set to continue
as a long-term exclusion study, which may eventually result in differences in soil properties.
Understanding the individual contributions of different herbivore effects, such as compaction
and excreta, is vital to the overall picture. Studies where dung and urine are applied to
experimental plots have been conducted in agricultural research globally (Chadwick et al.,
2018; Jiang et al., 2012; Lombardi et al., 2022). While the role of dung and urine in the savanna
ecosystem has been investigated in relation to nutrient feedbacks (Augustine et al., 2003), tree-
grass competition (Sitters and Olde Venterink, 2021b) and spatial distribution (Veldhuis et al.,
2018), studies that add dung and urine to savanna exclusion plots are extremely limited. This

approach would help untangle the direct and indirect mechanisms of mammalian herbivory.
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Furthermore, the BROWSE plots should continue with minimal fire interventions to further

separate the impacts of fire and herbivory.

This thesis focussed on belowground activities only, as savanna studies have primarily focussed
on fire and herbivory effects on plants and aboveground vegetation. However, more studies
investigating savanna plant-soil interactions are required to fully understand the effect of
drivers on savanna ecosystem functioning. For example, further research exploring the
contribution of root exudation in savanna systems would help unravel savanna plant-soil
interactions. Root exudates were hypothesised to cause short-term shifts in soil respiration and
soil microbial communities following fire and herbivory across both soil types (Chapter 3 and
5). However, root exudates have not been well-studied in savannas, particularly in response to
frequent burning (see review: Zhou, 2023). Thereby it is recommended that future studies
investigate root exudation in the week post burn and their role in the interaction of fire +

herbivory.

Furthermore, this thesis investigated soil in open areas, deliberately excluding sampling under
trees or canopies in order to reduce confounding factors, when there is so little prior knowledge
on the driver’s effect on soil. However, a study also based in KNP showed that there is much
higher nutrient and C storage below trees (Zhou et al., 2022), suggesting we may see different

response to fire and herbivory underneath trees compared to open areas.

Gaining a deeper understanding of the tree-grass-soil is vital for savanna conservation. The
phenomenon of woody encroachment, characterised by the increase in density of woody plants
and trees at the expense of the grass layer, poses a substantial threat to savannas, shifting the
vitally important savanna ecosystems towards forest biomes (Archer et al., 2017; Devine et al.,
2017; Smit and Prins, 2015b; Stevens et al., 2017). To counteract this shift, fire and herbivory
is used as a tool to prevent woody encroachment (Archer et al., 2017; Scholtz et al., 2022;
Wilcox et al., 2018).Thus, understanding the interplay of trees alongside these drivers, within
the context of plant-soil interactions is paramount for savanna conservation. Future studies
should encompass both open areas and tree canopies to comprehensively explore these

dynamics and inform effective conservation strategies.

In future studies, using interaction terms in Generalized Additive Models (GAMs) can help
explore complex, nonlinear relationships between environmental drivers, such as the combined
effects of fire frequency and soil moisture on soil respiration (Chapter 3). Interaction terms in

GAMs allow for flexible modelling of how these variables influence the result, particularly
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when the variables are not linear. This approach would provide more detailed insights in

savanna ecosystem processes, accounting for temporal variability.

6.5. Concluding remarks

Savannas are vital biomes that are at risk and vulnerable to anthropogenic actions; and key
drivers including fire, herbivory and climatic regimes are shifting with global change.
Understanding the intricate interactions between fire and herbivory on all abiotic and biotic
factors is essential. The findings that have emerged from this thesis contribute to the
understanding of the individual and interactive impacts of fire, herbivory on savanna soil
nutrient and microbial dynamics. The studies demonstrate the resilience and resistance of
savanna soils to these drivers and challenge the adequacy of our understanding of microbial
processes developed in temperate soils, which may not accurately represent the dynamics in
arid environments with complex drivers. Additionally, this highlights the need for more soil
studies based in African savannas and advocates for the inclusion of African savannas in global
reviews and meta-analyses. This thesis has begun to unravel the potential multiplicative
synergistic mechanisms of fire and herbivory on soil properties, but closing these knowledge
gaps, through the quantification of savanna soil heterogeneity and designing future studies that
extricate the mechanisms and drivers that underlie them, is imperative. Enhanced
understanding of savanna systems is pivotal for conserving and protecting these remarkable

ecosystems.
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8. Appendix

Appendix

Table 8.1 — Total PLFA biomarkers (nmol g! soil dwt) across the two fire regimes for the

four EBP replicates (mean + SE). Mbiyamiti (Mby) had much higher PLFA biomarker

concentrations on the fire suppression plots (highlighted in bold), compared to the other

replicates.
Fire Regime
EBP Replicate

Fire Suppression Oct B2 Burns
Mby 27.7 (+4.71) 10.90 (£1.58)
Nap 12.6 (£2.05) 12.60 (£1.72)
Nwa 13.2 (£1.80) 15.80 (+2.60)
Skz 11.4 (£1.73) 9.66 (+0.85)
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