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ABSTRACT

Savanna ecosystems are naturally occurring ecosystems in arid or semi-arid regions
that are well-suited for commercial and communal farming practices, particularly for
grazing livestock. Climate change-induced drought is currently threatening this
precious resource and increasing nitrogen (N) loss because of increased asynchrony
between N mineralization and uptake by plants. A "DroughtAct" experiment was
initiated to investigate the effects of nitrogen on ecosystem functions and services from
grazed (G+) and ungrazed (G-) vegetation, under drought (D+) and non-drought (D-)
conditions. The experiment consisted of four blocks that combined drought treatments
with grazing treatments, which were replicated six times, resulting in 24 plots (10 x 10
m each) separated by 5 m wide corridors. For the purpose of this study, the rain-out
shelter treatments were removed after six years to study vegetation recovery through
evaluation of aboveground net primary production (ANPP). The data collected in the
last year of drought was compared with the first two years of recovery (2021 and 2022).
From the findings, no significant ANPP difference (P<0.05) was found between the last
year of drought and the first two years of recovery. However, a high ANPP was
recorded under post-drought treatment at 13.93g/m? compared to drought treatment
at 2.24 g/m?in 2022. Furthermore, a significant (P<0.05) ANPP recovery was recorded
under grazed treatment in the second year of recovery. Furthermore, the application
of nitrogen fertilization exhibited negligible impact (P=0.0.5) on the drought treatments’
aboveground net primary productivity (ANPP) range. The biomass production
exhibited no significant variation across the different treatments, generally falling within
the range of 31.73 to 32.12 (g/m?). The study showed that the combined effect of
drought and grazing has a negative effect on ANPP recovery. The study highlights the
resilience of savanna ecosystems in recovering from drought-induced stress on ANPP,
while also emphasizing the importance of considering grazing management and water
stress adaptation when studying ecosystem functions and services in the context of
climate change.

Keywords: Aboveground net primary production, Drought, Recovery

XV



CHAPTER 1: GENERAL INTRODUCTION

1.1 Background

Livestock farming is an important component of agriculture in South Africa and
elsewhere, supplying food for both urban and rural populations, drought and
overgrazing are key causes of grassland degradation by reducing vegetation cover
and affecting plant nutrition (Yong-Zhong et al., 2005; Hilker et al., 2014; Hurley et al.,
2015). In South Africa, approximately 80% of agricultural land is suited for intensive
grazing (Hendricks et al., 2016). Each animal grazes across a broad area with little

labor and expenditure in extensive grazing (Pulido et al., 2018).

For productivity, cattle farmers in many rural communities frequently adopt this sort of
grazing, in which cattle solely graze on natural rangeland (Nyamushamba et al., 2017;
Mapiye et al., 2018). These communal grazing lands are overgrazed and therefore
cannot provide adequate nutrients for a good level of productivity among livestock
(Matlebyane et al., 2010). Degradation of rangelands reduces vegetation cover,
palatable grass species and soil quality leading to depletion of soil nutrients (Kassahun
et al., 2008).

Savanna ecosystems occupy 46% of semi-arid to arid regions of South Africa (Fox et
al., 2017). It is defined as a periodic ecosystem denoted by the co-dominance of a
herbaceous continuous layer, C4 grasses dominated, and an erratic layer of trees and
fire-tolerant shrubs (Ratnam et al., 2011). The co-dominance characteristic in
savannas between trees and grasses provides essential ecosystem services (Conner
et al., 2005). In rural areas, savanna rangelands provide essential services mainly
grazing (Thiaw, 2015; Ryan et al., 2016). Many savanna rangelands are under heavy
pressure due to intensification of land use, expansion of settlements, as well as climate

change, particularly drought (Niang et al., 2014).

Droughts, defined as periods of below-average rainfall and above-average
temperature, have been increasing in frequency and intensity in southern Africa in
recent decades, likely linked to global climate change (Dai, 2013; van Wilgen et al.,
2016; Tadross et al., 2017; Maure et al., 2018; Nkemelang et al., 2018). Under climate
change, drought was and is still an acute problem that affects plant growth, and

ecosystem productivity, in many regions all over the world, particularly in arid and

1



semi-arid areas (Leemans et al., 2006). According to Knapp et al. (2015), rangelands
semi-arid are the most susceptible to drought among grasslands with aboveground
net primary production, drought-induced herbaceous cover loss causes a significant
increase in soil erosion by both water and wind, as well as a loss of soil nutrients (Li
et al., 2013).

According to He and Dijkstra (2014), a recent meta-analysis demonstrated that
drought stress decreases the concentration of nitrogen (N) in plant tissue, and several
studies have shown that drought can decrease nutrient uptake from soil (Cramer et
al., 2009; Waraich et al., 2011; Ge et al., 2012; Sardans and Penuelas, 2012).
Decreased nutrient uptake during drought may occur for several reasons, including
the reduction of nutrient supply through mineralization (Fierrer and Schimel, 2002;
Schimel et al., 2007; Sanaullah et al., 2012).

Grasslands are a highly prevalent type of terrestrial ecosystem found across the globe,
exhibiting a wide distribution and encompassing vast areas of land (Dixon et al., 2014).
In some cases, this situation creates pressure to expand grasslands to areas outside
of native vegetation (Garret et al., 2018). Intensification of grasslands in these areas
is an option to reverse this situation (Oenema et al., 2014). Strategies of grassland-
use intensification are expected to increase further, especially in humid and sub-humid
environments (Thornton, 2010), where soil humidity is not a limiting factor for most of
the year (Pandey et al., 2011). One means of intensifying livestock production in
grasslands is by fertilizing pastures with nitrogen (N) and optimizing the proportion of

forage consumed by animals through grazing management (Lemaire, 2012).

Nitrogen is an essential structural constituent of proteins, rubisco, nucleic acids, and
chlorophyll in addition to some hormones, and its application in the form of fertilization
is a vital agronomic management strategy to boost crop performance (Ata-Ul-Karim et
al., 2016).

The majority of remaining native Savannas are either lacking proper protection or
management and as a result, are being lost at an alarming rate. This underscores the
importance of local grassland restoration to achieve sustainable livestock production
in a changing climate (Nerlekar and Veldman, 2020). Therefore, the implementation
of appropriate management practices is of paramount importance to ensure the



sustainability of the ecosystem and to maintain the ecological value of grasslands
(Tilman et al., 2001).

1.2 Problem Statement

Savanna ecosystems are naturally occurring in arid or semi-arid regions that are well-
suited for commercial and communal farming practices, particularly for grazing
livestock (Zerga, 2015; Molefi and Mbajiorgu, 2017). The savanna ecosystem plays a
critical role in providing the vast majority of forage required to sustain livestock
populations (Aydin and Uzun, 2004). Drought is currently threatening this precious
resource and increasing nitrogen (N) loss because of increased asynchrony between
N mineralization and uptake by plants (Knapp et al., 2001; Haddad et al., 2002;
Chaves et al., 2003; Leemans et al., 2006).

Nitrogen is a critical limiting resource, and alterations in its availability are expected to
impact the outcome of competition between trees and grasses (van Der Waal et al.,
2009). However, due to savanna ecosystem degradation in South Africa, communal
farmers in particular frequently overstock rangelands (Jordaan et al., 2013) causing
overgrazing, which is the excessive removal of leafy biomass that inhibits grass
regrowth (Li et al., 2013). Overgrazing decreases forage production, especially on
small farms (Shoroma, 2014). The availability of productive savanna rangelands is a
growing concern for sustainable livestock production in South Africa, particularly for
smallholder farmers. Suitable management practices for the sustainability of the
savanna ecosystem are therefore crucial to maintaining the value of grasslands
(Tilman et al., 2001). Assessing grass species recovery after long-term drought,
grazing, and fertilization of grasses could be an important management strategy for

livestock farmers.

1.3 Rationale

Savanna rangelands provide a dual purpose by facilitating livestock grazing activities,
while also serving as a key source of feed for livestock (Zerga, 2015). These
rangelands provide food and other animal products for rural populations, generating
profit from the sale of these items in the process (Asner et al., 2004). Drought, which

poses a threat to the functioning of savanna ecosystems and human livelihoods, is



anticipated to become more frequent, intense, and protracted because of climate
change (van Wilgen et al., 2016; Sankaran, 2019). In the past, savanna ecosystem
rangelands have demonstrated resilience in the face of natural disasters such as
drought (Vetter, 2009). Due to grasses' C4 pathways, they are drought tolerant (Ward
et al., 1999), while forbs might withstand drought through their deep root system
(Nippert and Knapp, 2007). However, continuous grazing, in conjunction with climate
change and variability, has increased savanna ecosystem rangeland's vulnerability to
drought by reducing infiltration of soil water, reducing the grass layer, decreasing
pasture production, increasing surface runoff, and changing savanna ecosystem

rangeland species composition (Reece et al., 2008).

Drought degrades the grass layer significantly, and the effects can last for up to a year
(Staver et al., 2019). It may take decades for it to regain the grass layer's productive
capacity, or the grass layer may recover rapidly with appropriate management
interventions (Swemmer et al., 2018). Currently, grass species recovery after long-
term drought and grazing in communal grazing savanna ecosystem rangelands of
smallholder livestock producers is the subject of limited research, which contributes to
the mismanagement of savanna ecosystem rangelands. Appropriate and sufficient
fertilization of rangelands in the savanna ecosystem of Limpopo Province is reported
as a viable and effective approach to increasing dry matter output on savanna
ecosystem rangelands (Frame, 1992). Savanna ecosystem rangeland fertilization,
particularly with N and phosphorus (P), can promote grass growth and boost dry
matter production by two to three times, based on moisture and the yearly rainfall in
the location (Lee and Lee, 2000; Elliott and Abbott, 2003). Understanding the recovery
of savanna ecosystem grass from the impacts of combined long-term extreme
drought, grazing and fertilization is critical for semi-arid rangeland management and

conservation.

1.4 Aim

The aim of this scientific investigation was to generate empirical evidence that can
advance the current understanding of the rehabilitation of herbaceous species under
the compounded influence of prolonged drought, grazing, and nitrogen fertilizer

application.



1.5 Objectives

The objectives of the study were to:

e Determine the recovery of grass species in a semi-arid savanna ecosystem
after long-term drought and moderate grazing, through the evaluation of
aboveground net primary production (ANPP) and standing biomass yield.

e Investigate the impact of a minimal dose of nitrogen fertilization on the grass
species and biomass production after combined long-term drought and

moderate grazing in a semi-arid savanna ecosystem.

1.6 Hypotheses

e The combination of long-term drought and moderate grazing in a semi-arid
savanna ecosystem will not affect Aboveground Net Primary Production
(ANPP) and standing biomass yield of grass species.

e The application of a minimal dose of nitrogen fertilizer to a semi-arid savanna
ecosystem experiencing long-term drought and moderate grazing will not affect

the biomass production of grass species in a semi-arid savanna ecosystem.



CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

Trees and grasses predominate in savanna grasslands (Wiegan et al., 2006).
Savanna grasslands are under severe threat from ongoing degradation, undermining
their capacity to support biodiversity, ecosystem services and human well- being
(Bardgett al., 2021). The main drivers of rangeland degradation comprise
anthropogenic and natural factors (Mussa et al., 2016). Natural variables responsible
for rangeland degradation include climate change, aridity and desertification, drought,
and bush encroachment, among others (Abate et al., 2012; Mussa et al., 2016).
Amongst the anthropogenic factors, overstocking /overgrazing, population pressure,
government policies, decline in traditional resource management institutions as well
as changes in land use systems have been associated with rangeland degradation
(Mussa et al.,2016).

2.2 The savanna biome

A savanna biome is defined as a periodic ecosystem denoted by the co-dominance of
herbaceous continuous layer, C4 grasses dominated, and an erratic layer of trees and
fire tolerant shrubs (Ratnam et al., 2011). Nine main biomes are found in South Africa,
and their distribution is determined principally by temperature and the amount and
seasonality of rainfall (Kayleigh et al., 2016. Climate and other regulating factors likely
affect grasses and trees differently, resulting in spatiotemporal heterogeneity of tree
and grass compositions (Andric et al., 2020). Savanna rangelands provide people with
important ecosystem services, mainly livestock production and supply of fuelwood
(Scheiter et al., 2018). Human populations, particularly in rural areas, depend on
essential ecosystem services from the natural rangeland, including food, water,
medicine, recreational, aesthetic, cultural, and spiritual values (Thiaw, 2015; Ryan et
al., 2016). The progressive loss of biodiversity and ecosystem degradation have been
increasingly scrutinized because of the high dependence of human populations on
ecosystem services in Africa (Wangai et al., 2016).



2.3 Droughts in South Africa

Drought is a natural hazard that is complex and is characterized by below-average
rainfall beyond a specific threshold over a period of time, influencing society and
ecosystems in several ways (Van Loon, 2015; Tfwala et al., 2018). There are four
categories of drought: hydrological, social, meteorological, and agricultural droughts.
Factors that attenuate the mortality of vegetation during droughts include site
characteristics, lowered competition, facilitation, attenuation of stressors and
functional trait diversity in communities (Lloret et al., 2012). As discussed, spatial
variability in topographic and edaphic factors can generate a heterogeneous abiotic
template that can result in a mosaic of drought severity across the landscape, enabling
localized persistence of tree and grass populations during droughts and providing a
source pool for subsequent recolonization (Lloret et al., 2012).

Southern African vegetation is vulnerable to increasing temperatures as a result of
climate change (Naidoo et al., 2013; Ziervogel et al., 2014). The impacts of climate
change on southern African vegetation have been more pronounced in the last three
decades (IPCC, 2013; King et al., 2015). Water availability also affects terrestrial
species composition as some of these species have now shifted their geographic
occurrence and abundance as a result of changes in species interactions associated
with climate change (IPCC, 2014). The forecasted global increase in land surface
temperatures is expected to be between 1.1 and 6.4 °C by the end of the century (Hui
et al., 2018). This increase in temperatures is expected to affect rainfall amount and/or
patterns, which in turn will lead to more rainfall variability and the occurrence of
extreme precipitation events (Huntington, 2006). South Africa experienced a major
drought in its summer rainfall areas peaking in 2015 and 2016. Such droughts are
forecast to increase in frequency and intensity, as a result of global warming (Bond et
al., 2020). Developing countries such as South Africa with scarce resources for
adaption and mitigation strategies are most likely to be affected by these threats
(Manabe et al., 2004). Extreme rainfall variability and events such as droughts are
already evident from the reports of recorded shifts in intra-annual rainfall patterns
(Knapp et al., 2015).



2.4. Factors that affect Aboveground net primary production (ANPP)

2.4.1 The effect of temperature on grasses

The effect of temperature on savanna grasses is variable even under normal
conditions, often characterized by pronounced dry and wet seasons (Staver et al,,
2011). The dry season causes rapid reductions in grass forage quality as grasses
become dormant, whereas tree species tend to retain their leaves and are much more
variable in their responses to rainfall seasonality (Ryan et al., 2016). It is reported that
the inter-annual variation of precipitation and temperature is closely related to the
aboveground net primary productivity and vegetation dynamics such as plant

composition and species diversity (Auerswald, 2012; Wittmer et al., 2010).

Tropical savanna C4 grasses typically use water more efficiently and are more
physiologically responsive to intermittent rain-fall events, compared to C3 trees and
shrubs (Ghannoum et al., 2003; Swemmer et al., 2018; Ripley et al., 2007, Ghannoum,
2009; Volder et al., 2010). However, this greater water use efficiency does not
necessarily translate into a greater tolerance for protracted water stress compared to
C3 plants (Ghannoum, 2009; Ripley et al., 2010; Volder et al., 2010; Taylor et al.,
2011).

2.4 .2 Effect of precipitation on grass productivity

Water and nitrogen are the two main factors that play vital roles in the growth of grass
quality constraints. Especially in the early growing stages of grass, the amount of
available water and nutrients determines the success or failure of turf establishment,
time, and quality (Mobasser et al, 2014). Water restrictions, along with reduced
nitrogen application, are the key constraints on grass growth and development and
have been broadly documented to influence the leaf water relations, chlorophyll
fluorescence and photosynthetic traits, which reduce plant growth performance, early
senescence, and diminished crop productivity (Madani et al., 2010; Mobasser et al.,
2014).

Vegetation productivity is projected to decline over most of southern Africa (Lawal et
al., 2019), with severe impacts on the structure and functioning of the savanna
ecosystems (Ryan et al., 2016, Osborne et al., 2018). Extreme temperatures, erratic

rainfall, and increasing evapotranspiration demand, coupled with the high intensity of
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human activities, are likely to exceed the resilience limits of many ecosystems and
trigger irreversible landscape transformation (IPCC, 2019). These impacts are
particularly pronounced in southern Africa, where recent changes in climate severely
affected various ecosystems and disrupted their services to society (Kusangaya et al.,
2014; Rosendo et al., 2018).

There is evidence that change in precipitation alters natural resources such as trees
and grass productivity (IPPC, 2014; Knapp et al., 2015). Water availability also affects
terrestrial species composition as some of these species have now shifted their
geographic occurrence and abundance as a result of changes in species interactions
associated with climate change (IPPC, 2014). The forecasted global increase in land
surface temperatures is expected to be between 1.1 and 6.4 °C by the end of the
century (Hui et al., 2018). This increase in temperatures is expected to affect rainfall
amounts and patterns, which in turn will lead to more rainfall variability and the

occurrence of extreme precipitation events (Huntington, 2006).

2.4.3 The effect of drought and grazing on grass species and productivity

Severe droughts coupled with intense grazing can cause transitions from communities
dominated by palatable, perennial grasses to systems composed of unpalatable,
annual grasses and forbs (Jin et al., 2018). Intense grazing can suppress grass
biomass and productivity during drought years, increasing grass mortality and
reducing grass basal area (Augustine and McNaughton, 2006; Swemmer et al., 2018).
When grazers move out of drought areas, they can also extend the ecological impacts
of droughts into non-drought regions which subsequently suffer higher levels of

defoliation and reductions in grass biomass (Staver, 2018).

Previous studies reported that the decline of aboveground biomass, vegetation
coverage reduction, and increased soil water evaporation can be attributed to grazing
intensity (Rickart et al., 2013; Zhang et al., 2018). These grazing effects were
confirmed by several studies and demonstrated increases in soil C and N, with an
increase in aboveground biomass and ground cover following the exclusion of grazing
(Lu et al., 2015). In other terms, the higher the production of biomass, the higher the
soil content of soil organic carbon (SOC) and N. This can be attributed to the fact that

the main source and pool of soil C and N is the soil organic matter (Wang et al., 2012).
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Therefore, lower production of biomass and lower content of N and C can be
anticipated due to intensive grazing. In recent years, numerous studies have
investigated drought stress on ecosystem structure and function. Yet, because of
differences in the duration and intensity of drought, as well as the responding
ecosystem types investigated, these experimental results are highly variable.
Aboveground net primary productivity (ANPP), for example, can be reduced by
extreme drought in grasslands (Beierkuhnlein, et al., 2011; Hoover, et al., 2014).
However, other studies reported ANPP as being mostly unaffected by climate
extremes (Jentsch et al., 2011; Kreyling, et al., 2008).

2.4 .4 Previous methods used to measure drought stress

Various methods have been used to measure drought stress on ecosystem
productivity, including eddy covariance techniques (Scott et al., 2015), manipulative
experiments (Fay et al., 2000), ecosystem models (Ciais et al., 2005), remote sensing
(Geruo et al., 2017), and in situ measurements (Munson et al., 2013), or they
integrated observed data with ecosystem modelling (Murray-Tortarolo et al., 2016).
These methods, however, have certain limitations. They are unable to monitor the
drought characteristics (e.g., frequency, intensity and duration), nor can they explain
the interactions with other global-change factors (e.g., elevated CO2 concentrations,

global).

2.4.5 Drought effect on grass species recovery

Indeed, many savanna ecosystems appear surprisingly resilient to moderate and even
severe short-term droughts, capable of regaining productivity of both the herbaceous
and woody strata within a year or two (Ruppert et al., 2015; Zeppel et al., 2015;
Swemmer et al., 2018; Fensham et al., 2019). These results are indicative of the
potential for high functional trait diversity in savannas and suggest that most savannas
are likely to contain some species that are adapted to and can tolerate and recover
from droughts (Choat et al., 2012; Craine et al., 2013).

Climate change is the key driver for precipitation changes which consequently impacts
grassland ecosystem state, fodder output, ecological services, human society and
animal productivity (Paul et al., 2015). It is linked to significant physical and biological
changes in ecosystems, as it is the primary determinant of where species occur, how

they interact, and when biological processes occur (Bellard, 2012). Previous studies
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have reported that climate change has become the leading cause of grass species
diversity loss, owing to extremely amplified droughts that have been more common in
the last decade (Ummenhofer and Meehl, 2017). Some studies suggest that it takes
many decades for grass sward to recover from drought (O’Connor, 2015).

At present, instances of abrupt vegetation shifts following extreme droughts are rare,
and most studies thus far seem to suggest that savanna and many grassland
communities have the capacity to recover from periodic droughts, although recovery
times can be substantial in some cases (Breshears et al., 2016; Fensham et al., 2019;
Hoover et al., 2014; Lloret et al., 2012; Swemmer et al., 2018).

The sustainability and productivity of the nature of grasslands mainly depend on
rainfall and temperature, and these will be affected by forecasted warmer
temperatures and forecasted reductions in precipitation (Volair et al., 2014). When
severe reduction in precipitation is accompanied by higher temperatures it is likely to
lead to more frequent and intense droughts (Trnka et al., 2011), which in turn will lead
to plant deterioration and grassland degradation (Ciais et al., 2005). Perennial forage
species are the ones that are often expected to grow under reduced precipitation
(Volair et al., 2014). However, only plants with drought survival strategies will adapt
best under rainfall reduction conditions (Norton et al., 2008). It is argued that different
grass species and genotypes use different strategies to tolerate and avoid drought
stress as plant responses to drought are poorly understood and described (Soussana
et al., 2010).

Some ecological groups of grasses decrease with undergrazing or overgrazing
(referred to as decreasers) while other grass species increase with undergrazing or
overgrazing (referred to as increasers). The intensity of aboveground biomass
harvested by animals affects the root size. Because decreasers are frequently
consumed, they may have less vigor and less root biomass, which disadvantaged
them in extracting soil water as compared to increaser grasses that are less grazed
and thus may have well-developed root systems. It is reported that rainfall reduction
also reduces decreasers and increases increasers (Magandana et al., 2020).
Increasers use rainfall more efficiently than decreasers due to their well-established
leaf areas as a result of lower defoliation frequency and intensity associated with their
lower palatability, while decreaser species, often highly palatable, are expected to
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have less leaf area due to more frequent and intensive defoliation of the leaves.
Hence, increasers are considered more tolerant to grazing than decreasers. Drought
may lead to physiological and morphological plant modifications (Klein et al., 2017).
However, most genotypes that survive in many arid regions are the ones that become
dormant in winter (Norton et al., 2008; Norton et al., 2009). Under limited resources,
the growth of individual plants is also affected by the neighbouring plants (Hoover et
al., 2014).

Plants in arid systems survive by being tolerant to dry conditions, or by having an
ephemeral life cycle, where they germinate and set seed during wet periods, thereby
surviving most of the time in seed form (Whitford, 2002). Long-term droughts can,
however, cause mortality in perennial species, with grasses usually being more
susceptible than woody plants (van der Merwe and Milton, 2019). Severe droughts,
for example, may remove trees, leading to negative effects on woody plant diversity
(Swemmer et al., 2018). By reducing tree densities, droughts in savanna provide
opportunities for drought-adapted flora to thrive, for instance, by promoting seedling
recruitment of fast-growing, palatable shrub species and the re-establishment of a
grassy layer (Swemmer et al., 2018). Severe drought stress poses injurious outcomes
on plant water relations, photosynthesis, ion uptake, nutrient metabolism and the
partitioning of assimilates (Saud et al., 2016). In this way, drought can help maintain

the balance between trees and grasses (Swemmer et al., 2018).

Grasses, on the other hand, can take decades to recover their productive potential or
might recover comfortably before the next drought (Swemmer et al., 2018). It is also
reported that there will likely be an increase in tree density and a significant decline in
species richness as a result of increased temperature and rainfall variability caused
by climate change (SAEON, 2015). Midgley et al., (2011) also reported that most of

the vegetation in the region will likely lose its capacity to tolerate drought and heat.

Ecological research in semi-arid savanna is increasingly focused on quantifying
ecosystem response to global environmental change (Ruppert et al., 2015; Bunting et
al., 2018). This research largely focuses on the consequences of severe droughts on
savanna vegetation but accepts that the amplitude of observed responses would
increase as droughts grow harsher and more prolonged (Ruppert et al., 2015; Young

et al., 2017). Changes in fire regime, grazing and browsing pressure, and atmospheric
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COz2 levels can cause these savanna assemblages to alter vegetation from forest to
grassland (Franco et al., 2014). Long-term drought, which includes water scarcity and

irregular rainfall, may result in damage of savanna rangelands (Abate et al., 2016).

Different species have different strategies and adaptations to drought stress, but also
different life cycle strategies (Craine et al., 2012). Net primary production of many
terrestrial ecosystems is limited by nitrogen availability (LeBauer and Treseder, 2008).
Moreover, an increase in nitrogen availability (Taylor et al., 1991). Recovery can also
be slowed if frequent droughts diminish the capacity of individual plant species to
replenish stored reserves, which can impact vegetation recovery through resprouting,
or when it reduces seed production, impacting recovery through recolonization
(Hartmann et al., 2018; Ruppert et al., 2015).

2.4.6 The effect of drought on the morphology of grass species

Grass leaf and stem size are affected by moisture availability and when moisture is
limited, the morphological development of organs is affected negatively (Fernandez
and Reynolds, 2000). Severe drought stress poses injurious outcomes on plant water
relations, photosynthesis, ion uptake, nutrient metabolism, and the partitioning of
assimilates (Farooq et al., 2009; Jaleel et al., 2009; Saud et al., 2013, Saud et al.,
2014, Saud et al., 2016). Under drought stress, plant reactions are extremely intricate
and fluctuate amongst grass species and growth phases, along with water limitation
durations (Farooq et al., 2009; Fahad and Bano, 2012; Aslam et al., 2014).
Nevertheless, root, and shoot growth attributes along with the leaf are significantly
hampered by drought stress with an ensuing decline in the growth and development
of plants (Anjum et al., 2011). The intensity of aboveground biomass harvested by
animals affects the root size (Magandana et al., 2021). Because decreasers are
frequently consumed, they may have less vigor and less root biomass, which makes
them disadvantaged in extracting soil water as compared to increaser grasses that are
less grazed and thus may have well-developed root systems. It is reported that rainfall
reduction also reduces decreasers and increases increasers (Magandana et al.,
2020).

2.4.7 Effect of drought on the savanna rangelands ecosystems
Savanna rangelands are less tolerant to drought and there is a high chance that

increasing drought will severely impact their ecosystem functioning and maintenance
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(Stuart-Haéntjens et al., 2018; Cook et al., 2015). Severe long-term droughts result in
forb loss due to grass increase in abundance (Hoover et al., 2014). The time required
for restoring aspects of savanna ecosystems varies widely, ranging from less than a
year (e.g., planting dominant plant species) to decades or centuries (e.g., development
of plant and microbial community (Rohr et al., 2018; Rydgren et al., 2020; Ziter et al.,
2017). The full restoration of natural ecosystems is generally unachievable within
periods of human study because of financial, political, and ecological constraints
(Buisson et al., 2019; Jones et al., 2018; Rohr et al., 2018; Nerlekar and Veldman,
2020).Survival of perennial grasses through droughts is not well documented but is
influenced by species (du Toit, 2010; du Toit and O’Connor, 2020), duration of drought
(du Toit, 2010), soil depth or rockiness (Hawinkel et al, 2016), and grazing pressure
(du Toit and O’Connor, 2020).

2.4.8 Grazing management strategies in communal rangelands

The management, monitoring, and interorying of plants are complicated by the
diversity of plant species and the size of the ecosystem. Traditional methods of
monitoring vegetation have played an important role in communal rangeland
management. The information provided by these methods on biodiversity is, however,
not enough (Hillebrand et al., 2018). Pastoralists grazing on degraded rangelands
mainly are affected by food insecurity and poverty (Donald and Jay, 2012). Although
sustainable rangeland management requires ecologically sound strategies, few
managers are confident that the ecology of rangeland in Southern Africa is sufficiently
understood, especially within the context of balancing sustainable rangeland
management with rural livelihoods (O’Connor, et al., 2010).

Moderate grazing intensity is considered the basic requirement to enhance ecosystem
function in grasslands (Magandana et al., 2021). Yet, deterioration by overgrazing is
common in many biomes, including Campos grasslands in South America.
Understanding how grazing management can lead to the recovery of ecosystem
function is essential to designing and implementing effective strategies for sustainable
use of this resource (Fedrigo et al., 2017). In semi-arid rangelands, grazing clears the
grass cover, thereby, reducing grass competitive abilities with trees (Synodinos et al.,
2018).
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2.4.9 The effect of nitrogen fertilization and drought in rangelands

Savanna grasslands are among the most widely distributed terrestrial ecosystems in
the world (Dixon et al., 2014). Nutrient imbalances between the vegetation and the soil
are also an important factor causing grassland degradation (Shikhui et al, 2020).
Plants match their rate of growth according to resource accessibility [for example,
water, light, and nitrogen (N)] using several acclimation mechanisms. Recognizing the
principal strategies and growth attributes that describe how plants respond to
maximum and minimum quantities of these resources is vital for designing suitable
management approaches that improve crop performance and enhance resource use
efficiency in resource-restricted situations (Teixeira et al., 2014). Nitrogen is an
essential structural constituent of proteins, rubisco, nucleic acids, and chlorophyll in
addition to some hormones, and its application in the form of fertilization is a vital
agronomic management strategy to boost crop performance (Ata-Ul-Karim et al,,
2016).

Nitrogen loading and drought stress are two important drivers in grassland ecosystems
that can substantially influence the ecosystem functioning across different scales (from
the single plant to the community level (Lemaire, 2012; Grant et al., 2014). Nitrogen
(N) fertilization increases the carrying capacity (i.e., number of animals per area) of
pastures (Vasques et al., 2019). In some cases, this situation creates pressure to
expand grasslands and, consequently, livestock production in areas of native
vegetation (Garret et al., 2018). Intensification of these areas is an option to reverse
the situation (Oenema et al., 2014). Strategies of grassland-use intensification are
expected to increase further, especially in humid and sub-humid environments
(Thornton, 2010), where soil humidity is not a limiting factor for most of the year
(Pandney et al., 2011). One means of intensifying livestock production in grasslands
is by fertilizing pastures with nitrogen (N) and optimizing the proportion of forage
consumed by animals through grazing management (Lemaire, 2012).

2.4.10 Limitations and gaps in literature

A few studies dealt with the combined effect of (simulated) drought and nitrogen
loading on temperate grasslands (Grant et al., 2014). The interactions between these
two factors, however, can be complex and are largely unknown (LU et al., 2014). There

are more studies on drought, and fewer on grass recovery after long-term drought,
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particularly based on species recovery. This leads to a knowledge gap on specific
grass species that survive droughts as well as the management strategies to be
employed after recovery. The application of nitrogen fertiliser and its effect on the
recovery of the vegetation was an additional challenge encountered. The true impact
of nitrogen on the recovery of grass species was diminished due to the delayed

response of applied fertiliser resulting from persistent drought.
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CHAPTER 3: MATERIALS AND METHODS

3.1 Study area

The study is a continuation of an existing study initiated in 2014 at the University of
Limpopo experimental farm at Syferkuil in the Capricorn District Municipality of
Limpopo Province, South Africa, with geographical coordinates of 23° 51° 10” S and
29° 42’ 0” E (Figure 3.1).
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Figure 3.1 A geographical map of the Study site of the Syferkuil experimental farm,

which is situated in the Polokwane municipality of South Africa (Mashala, 2023).

The climate of the research location is classified as hot arid steppe (Mujonji et al.,
2020) with an average annual rainfall ranging between 400 and 600 mm. According to
Moshia et al., (2008), the minimum and maximum temperatures in the area have a
long-term average range of 4°C - 27°C, respectively. The study site is situated on a
flat terrain (0 - 2% slope) at an elevation ranging from 1234 to 1240 meters above sea

level (Dlamini et al., 2019). The soils are primarily shallow, reddish-brown loamy sand
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soils underlain by a soft plinthic B horizon and categorized as Plinthisols. The
vegetation has been classified as open thorn bush savanna of the Pietersburg Plateau
False Grassveld type (Acocks, 1994). Perennial C4 grasses such as Themeda
triandra, Digitaria eriantha, Schmidtia pappophoroides and Eragrostis spp. dominate
the herbaceous layer, whereas Vachellia tortilis dominates the woody component (Low
and Rebelo, 1998). The investigation was conducted within a camp (or paddock) that
encompassed an area of approximately 40 hectares. The experimental area is a
component of a rotational camp system, which was subjected to mild grazing pressure
at a stocking rate of 1 LSU ha™!, where LSU represents a mature cow weighing 450 kg
(Upton, 2011). The grazing regime consisted of a 30-day grazing period, followed by
a 6-week interval for recovery during the growing season, and an 8-week interval

during the dry season.

3.2 Experimental Setup

3.2.1 Background of the DroughtAct experiment

In 2014, a "DroughtAct" experiment was initiated to investigate the effects of extreme
and ambient drought treatments with ungrazed and moderately grazed treatments.
The experiment consisted of four blocks that combined drought treatments with
grazing treatments, which were replicated six times, resulting in 24 plots (10 x 10 m)

separated by 5 m wide corridors.
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Figure 3.2 Overview of the Experimental Treatments.

Figure 3.2 illustrates the different treatments used in the previous study, including
control (D-G+), resting treatment (D-G-), grazing exclusion under drought conditions

(D+G-) and grazing under drought conditions (D+G+).

Permanent wire fences were used to exclude cattle from the ungrazed (G-) plots. The
grazing treatment (G) was composed of two distinct levels: grazing (G+) and grazing
exclusion (G-), also known as "rest." Similarly, the drought treatment comprised two
levels: ambient rainfall (D-) and drought (D+) with a rainfall reduction of 66%. All four
treatments were incorporated and replicated within each block, resulting in the
establishment of the following combinations: resting treatment; 1) grazing exclusion
under ambient rainfall conditions (D-G-), and 2) grazing exclusion under drought
conditions (D+G-). Drought treatment; 3) grazing under drought conditions (D+G+),
and 4) grazing under ambient rainfall conditions (D-G+: control), as illustrated in Figure
3.2.

The rainfall on the D+ plots was reduced by 66% using large rainout shelters that were
constructed at the center of each plot with an area of 36 m?. The shelters had a height
of 2 meters and were open on all sides to allow cattle to graze and move freely
underneath them. Impermeable plastic was utilized to surround the shelters and
trenched to the maximum soil depth (<70 cm) to prevent any lateral soil water
movements from interfering. To reduce marginal effects, a central subplot of (4.8 m x

4.8 m) area was sampled and restricted in each plot.

e Drought simulation
To replicate drought conditions, 6 m x 6 m passive rainout shelters were built and fixed
at locations. The design of these shelters followed that of Yahdjian and Sala (2002),
but with adjustments made to their size and height to enable grazing cattle to move
freely underneath. The angled roofs of the shelters were constructed from transparent
polycarbonate (PC) plastic sheets, with the up-slope and down-slope roofs located at

3 m and 2 m above the ground, respectively (as shown in Figure 3.3).

Gutters and downpipes were installed on the down-slope side of the shelters to

effectively drain water away from both the drought plot and its neighboring plots. These
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shelters were specifically designed to decrease ambient precipitation by 66%, thereby
emulating a centennial-scale drought at the study site. This corresponds to drought

with a 1% probability of occurrence, based on the rainfall history of the location.

To prevent lateral soil water movements from affecting drought patches, the plots were
trenched around the perimeter of the shelters to a depth of up to 70 cm and
subsequently installed an impermeable plastic membrane. To minimize edge effects,
a buffer of 60 cm was created between the plot's edge and the shelter, and the subplots
were made smaller than the shelters (measuring 4.8 m x 4.8 m). Furthermore, the
shelters were positioned in such a way as to block rain from the predominant wind
direction as described by Carlyle et al., (2014).
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Figure 3.3 Schematic of Drought Simulation Setup.

Figure 3.3 shows how drought was simulated in the experiment using a controlled
setup. The transparent polycarbonate (PC) plastic sheets reduced ambient rainfall by

66% to mimic drought conditions.
e Grazing and Grazing Exclusion

In each block, a total of three long-term grazing exclosures (LTEs) were constructed,
measuring 10 m x 10 m each. Two of these exclosures were subjected to drought

conditions, while the third was kept under ambient conditions. These LTEs were
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designed to prevent cattle grazing by utilizing five strands of high-strain wire, although
they may not be completely effective in preventing game grazing. The LTEs were
constructed towards the end of the 2013/2014 dry season (specifically in
September/October 2014), and within each subplot, three permanent 1 m? quadrats
were designated for vegetation assessment. The remaining plots in each block were
divided into three under simulated drought conditions and two under ambient rainfall

conditions for cattle grazing.

All plots were equipped with three sets of paired quadrats, each consisting of a 1 m?
area enclosed by a 1.2 x 1.2 m movable short-term grazing exclosure (STE) cage and
a permanent 1 m? grazed (GRA) quadrat (refer to Figure 3.4). To secure the STE
cages, steel pegs were driven into the ground. Before the installation of cages, residual
biomass and carryover material from the previous growing season were removed by
cutting all biomass beneath the STEs down to a height of 5 centimeters, following the
peak standing crop system (Ruppert and Linstadter, 2014). This ensures uniform
starting points. Although the GRA was continuously grazed throughout the study

period, the STE was moved around the GRA plot each season to avoid bias.

1m’ guadrat

1.44m’ cage : Soil moisture
access tube

Figure 3.4. An illustration of the experimental treatment layout.

Figure 3.4 shows the arrangement of short-term ex-closure (STE) cages and grazed
(GRA) quadrats in a grazed treatment under drought conditions (D+G+). Picture A was
taken near the end of the 2014 growing season in October, while Picture B was taken

during the 2015 growing season. The experiment was conducted by (Mudongu, 2015).
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3.2.2 Current study: Post DroughtAct

The drought treatment was terminated at the end of the 2019/2020 growing season
by removing the rainout shelters to investigate the effect of post-drought. The current
study collected data for two growing seasons (2021 and 2022) to assess the rate of
grass recovery as well as the impact of nitrogen on the rate of grass recovery after
long-term drought. The nitrogen was applied during the post-drought years, 2021 and
2022. Since the current study is a component of a long-term drought project, the post-
drought data (2021 and 2022 was compared with the end-of-drought data, 2020 to

assess differences in the performance of grass species.

3.3 Experimental design

To address potential geographic variations, a Randomized Complete Block Design
(RCBD) arranged in a Split Plot configuration, with four replications was employed.
The main plot treatment comprised four drought-grazing combinations (D+G+; D+G-;
D-G+ and D-G-). The subplot plot treatment involved the application of nitrogen at two
levels, namely 0 and 30 kg N ha™', using Lime Ammonium Nitrate (LAN, 28% N) within
each main plot treatment. This resulted in a total of eight treatments, as presented in
Table 1. The main plot size was 6m x 6m, with a 5m-wide corridor separating the plots.
A list of the different treatment combinations in addition to nitrogen fertilizer application

is presented in Table 1.

Table 1. Levels of fertilization for different treatments.

Treatments Description
Treatment 1 D+G+ with 0 kgN ha™!
Treatment 2 D+G+ with 30 kgN ha"’
Treatment 3 D+G- with 0 kgN ha"’
Treatment 4 D+G- with 30 kgN ha™"
Treatment 5 D-G+ with 0 kgN ha"’
Treatment 6 D-G+ with 30 kgN ha™"
Treatment 7 D-G- with 0 kgN ha™
Treatment 8 D-G- with 30 kgN ha"’
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The fertilizer treatment comprised zero fertilization (0 kgN ha') and a minimum

application of 30 kgN ha', applied in a single dose.
3.4 Data collection

3.4.1 Aboveground Net Primary Production (ANPP)

The recovery of the herbaceous layer after drought was investigated by measuring the
aboveground net primary production using both destructive and non-destructive
biomass sampling methods, as described by Ruppert and Linstadter (2014).
Destructive biomass sampling was conducted on the short-term grazing exclosures
(STEs), while non-destructive sampling was performed through allometric calculations
on the grazed (GRA) quadrats and long-term grazing exclosures (LTEs). At the
beginning of the season, the STEs were cut without any sampling to eliminate any
possible carry-over effects from previous seasons. To enhance the complementarity
of destructive and non-destructive methods, species-specific biomass sampling was
performed per quadrat along with measurements of species-specific height and cover,
and then the cut biomass was dried and weighed. The plant material was dried in an
oven at 60°C until a constant weight was reached and weighed accurately to the

nearest gram.

The species-specific allometric equations established from the destructive biomass
sampling were utilized to estimate the biomass on the GRA and LTE plots. In each
season, the Short-Term Ex-closure cages were rotated within the plot to ensure that
the cage production remained equal to the production that would have been achieved
without the cages. The biomass sampling was conducted at the end of the growing
season, which occurred from April to May each year, coinciding with the time when the
majority of plant species on the plots had reached their full growth and flowering
stages. During the peak biomass season, the cutting and sampling of biomass were

performed on a per-quadrat and per-species basis.

To evaluate the recovery rate of herbaceous species, vital rates including height,
growth stage, and chlorophyll content were monitored. The effects of treatments on
the herbaceous layer were determined to identify the species that were exhibiting
recovery and those that were not. To minimize the impact of destructive sampling on
monitoring plots, a total of three sampling quadrats (50 x 50 cm) per plot were used to

collect ANPP in ungrazed plots. In grazed plots, standing biomass was collected in
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three 1m? quadrats protected from grazing by STE movable cages, as described by
Linstadter et al., (2013). Prior to biomass harvesting, the species identity, average
height of five individuals, predominant phenology, and the computed percentage of
total canopy cover for each species were determined. In addition, the canopy cover
was classified into living material comprising both green and senescent parts and
standing dead material, which refers to the previous year's grey and oxidized plant
material. Moreover, the percentage of litter, bare ground, and other materials such as

manure and stones were estimated at the quadrant level.

3.4.2 Plant Functional Types
Description of Plant Functional Types (PFTs)

Following the method described by Linstadter et al., (2014), herbaceous species were

classed into four functional groups based on a hierarchical combination of traits;
(i) Annual grasses (Annual)
(i) Narrow-leaved perennial grasses (Hglin)
(i)  Broad-leaved perennial grasses (Hglan)
(iv)  Very-broad-leaved perennial grasses (Hgova)

These traits relate to life history, growth form and leaf width. Therefore, for this chapter
three-trait PFTs method was utilized. The leaf width classification grouped plant leaves
based on their size (perennial grasses only), which distinguished narrow-leaved (<5
mm), broad-leaved (5-10 mm), and very-broad-leaved (> 10 mm). Forbs were defined
as a plant life form that can include any non-graminoid herbaceous vascular plant
(Siebert and Dreber, 2019).

3.5 Data analysis

Descriptive statistics such as mean was carried out using Microsoft Excel. Differences
in species composition, aboveground net primary production (ANPP) and plant
functional type were assessed through standard analysis of variance (ANOVA) using
Statistix 10 software. In cases where the treatment means were significantly different,
a mean separation was carried out using the Duncan multiple range test at a 5%

probability level of testing (P< 0.05).
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CHAPTER 4: RESULTS

4.1 Weather variable during the growing season

The diagram presented in Figure 4.1 illustrates the observed precipitation and
temperature patterns at the study location subsequent to the drought period. Within
the context of the drought experiment, meteorological factors, specifically temperature
had a significant impact on the recovery of grass species after the elimination of the
drought factor. Temperature influences essential physiological processes in plants,
such as photosynthesis and respiration, which can impact their growth and yield.

The analysis of the temperature data patterns over the years following the drought
was conducted. During the first year, 2021 following drought, a spectrum of
temperatures ranging from 7.01 °C to 35.74 °C was recorded. In the second year, a
temperature range spanning from 7.01 °C to 32.23 °C was recorded. The temperature
ranges indicate a decrease in the highest recorded temperature in the first year after
the drought. The observed change might potentially suggest a cooling trend, which
may have ramifications for the regeneration of grass species. This shift could influence
many plant physiological aspects, including evapotranspiration and the level of water

stress experienced by plants.

In the third year, 2023, following the drought, the recorded temperatures varied
between 16.03 °C and 29.82 °C. Although the temperature range observed in this year
is slightly narrower, it nevertheless includes a diverse spectrum. The observed
reduction in temperature variability during the third year following the drought event
may suggest an enhanced level of temperature stability, potentially influencing the
adaptive and recovery mechanisms of plants. The analysis of temperature data
patterns provides significant insights into the ecological conditions following a drought
event and their possible impact on the recovery of grass species. The consequences
of the observed temperature pattern alterations on the processes driving vegetation
response to the elimination of drought will further be investigated in the following

sections.
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Figure 4.1 Rainfall and Temperature Trends in the Study Area (2021-2023).

4.2 Plant functional types occurrence

Table 4.1 presents the prevalence and variability of PFTs, emphasizing key species

and their adaptability in response to grazing, drought, and historical treatment
conditions.

4.3 Overall cover and occurrence of PFTs and species within the study area

The analysis incorporates a thorough comparison among various Plant Functional
Types (PFTs), unravelling patterns of occurrence across distinct treatments and
growth seasons. Within this framework, the most prevalent PFTs and their

representative species are highlighted, providing insights into the ecological dynamics
(Table 4.1).

Among annual grasses, a consistent presence is observed, with notable peaks in the
drought-history treatments (D+G+) during 2021, signifying resilience to grazing and

drought-history. Broad-leaved grasses (HG lan) exhibit Aristida congesta as a
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predominant species, showcasing its persistent occurrence across treatments and
years. Aristida stipitata and Schmidtia pappophoroides also emerge as influential

contributors within narrow-leaved grasses (HG lin), illustrating their adaptability.

Within very-broad-leaved grasses (HG ova), Digitaria eriantha consistently
contributes, emphasizing its adaptability across different conditions. This comparison
across PFTs underscores the dominance of broad-leaved grasses, with Aristida

congesta being the most recurrent species, signifying its ecological significance.

In addition to highlighting the most common occurrences, it is imperative to identify the
least occurring PFTs and their representative species to comprehend the overall
biodiversity and ecosystem dynamics comprehensively. This detailed examination
provides a nuanced understanding of the intricate relationships among different PFTs,
contributing to a more holistic interpretation of the vegetation dynamics under varying

environmental conditions.

Moreover, the analysis unveils the least occurring PFTs and their associated species,
shedding light on the less dominant components within the vegetation. Notably, within
the annual grasses plant functional group, Bulbostylis hispidula emerges as one of the
least occurring PFTs, with minimal representation in both grazed and ungrazed

conditions across the years.

Within narrow-leaved grasses (HG lin), species like Aristida diffusa and Chloris virgata
exhibit comparatively lower occurrences, indicating their reduced prevalence in the
studied conditions. Dactyloctenium aegyptium and Dactyloctenium giganteum, among
the annual grasses, showcase limited presence, emphasizing their vulnerability or

specific ecological niche requirements.

The identification of the least occurring PFTs and their associated species contributes
essential information to the ecological narrative. It allows for a nuanced understanding
of biodiversity distribution and potential indicators of environmental sensitivity.
Integrating these insights enriches the ecological interpretation, providing a
comprehensive overview of the plant community dynamics within the DroughtAct

experiment, within different treatments and across different years.
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Table 4.1: The number of Plant Functional Types (PFTs) over time and associated species across different treatments and growth seasons in

the DroughtAct experiment.

Tot Grand

D+G- al D+G+ Total D-G- Total D-G+ Total Total

2020 2021 2022 2020 2021 2022 2020 2021 2022 2020 2021 2022

Annual 1 7 2 10 10 17 8 35 2 3 4 9 7 8 8 23 77
Bulbostylis hispidula 7 7 3 & 5 5 15
Dactyloctenium aegyptium 1 1 5 5 10 1 1 12
Dactyloctenium giganteum 8 8 2 2 10
Kyllinga alba 2 2 1 2 3 5
Melinis repens 1 4 5 1 1 1 & 2 3 1 6 4 4 1 9 23
Trag.bert 2 2 4 3 7 1 2 3 12
HG lan = broad-leaved grasses 10 17 17 44 27 40 36 103 24 31 19 74 64 48 23 135 356
Aristida congesta 6 5 11 9 12 14 35 4 6 4 14 12 12 9 33 93
Brachiaria negropedatata 1 1 1 3 2 4 3 9 2 3 5 9 7 3 19 36
Eragrostis rigidior 1 1 1
Eragrostis superba 2 2 1 3 3 7 5 4 9 18
Heteropogon conturtus 2 1 2 5 1 2 1 4 5 5 5 15 9 5 2 16 40
Pogonarthria saquarrosa 2 4 6 3 & 8 4 12 21
Schmidtia pappophoroides 7 9 7 23 10 12 12 34 11 12 8 31 9 9 8 26 114
Themeda triandra 1 2 2 5 1 2 2 5 2 6 1 9 19
Trichoneura. grandiglumis 7 1 8 8
Tricholaena monachne 1 1 2 1 1 3 3 6
HG lin = narrow-leaved grasses 7 20 23 50 17 42 50 109 16 22 21 59 26 33 33 92 310
Aristida diffusa 1 2 6 9 1 7 12 20 2 3 2 7 9 10 8 27 63
Aristida stipitata 3 6 6 15 11 12 10 33 7 8 7 22 12 12 9 33 103
Chloris virgata 1 1 3 4 7 1 1 1 2 1 4 13
Dicoma tomentosa 1 1 1
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Eragrostis lehmanniana 1 1 1 5 8 14 1 4 5 1 3 4 24

Eragrostis rigidior 1 6 8 15 4 11 12 27 6 6 6 18 4 5 6 15 75
Heteropogon conturtus 1 1 1
Microchloa caffra 2 3 5 2 2 1 3 4 11
Schmidtia pappophoroides 1 1 1
Sporobolous festiva 1 1 2 4 6 1 1 2 3 6 9 18
HG ova = very-broad-leaved 1 1 2 4 7 4 15 12 9 3 24 11 10 4 25 66
Digitaria eriantha 1 1 2 3 6 4 13 11 8 3 22 11 10 4 25 62
Panicum maximum 1 1 2 2
Urochloa mosambicencis 1 1 2 2
Grand Total 19 45 42 106 58 106 98 262 54 65 47 166 108 99 68 275 809
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4.4. Aboveground Net Primary Production: Final year of drought vs. Post-drought

years

In this analysis (Figure 4.2), the intricate dynamics of Aboveground Net Primary
Production (ANPP) within the context of the Drought-Act experiment, which unfolded
over six years, commencing in 2015 and culminating in 2020 was investigated. This
experimental setup subjected the study area to a protracted drought simulation,
offering a unique opportunity to explore the impact of this extended dry period on
ecosystem productivity. The specific focus of the current study, however, centred on
the terminal year of the long-term drought experiment, 2020, and contrasts it with the

nascent stages of recovery observed in 2021 and 2022.

One of the salient findings that emerged from this investigation revolves around the
pivotal role of grazing in shaping ANPP dynamics. The final year of the drought (2020)
revealed a notable reduction in ANPP, a trend that was consistent across both drought
(D+) and non-drought (D-) conditions when grazing was introduced (G+). This
suggests that the influence of grazing intensified the reduction in ANPP during the
drought's culmination. This was particularly evident when contrasting ANPP in 2020
with the ensuing recovery years. When drought conditions persisted and grazing was
absent (G-), ANPP exhibited a substantial decline in the last year of the drought (2020)
in comparison to the early years of recovery (2021 and 2022). This decline
underscores the lasting impact of drought on ANPP, even after the drought subsided,

particularly when grazing pressure was low.

Notably, under ambient conditions, the ANPP observed in the final year of long-term
drought in 2020 exhibited a resemblance to the levels withessed during the initial
phases of recovery in 2021 and 2022. This unexpected phenomenon, irrespective of

grazing's presence, suggests a potential resilience within the ecosystem.

When contrasting non-drought conditions (ambient settings), a pattern emerged that
was distinct from the drought's impact. It was evident that ANPP during the final
drought year (2020) showed an alignment with the recovery phases, whether grazing

was a factor or not. Furthermore, the subsequent recovery years (2021 and 2022)
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demonstrated a noteworthy resurgence in ANPP, especially under grazed conditions.
This resurgence points to the influential role of grazing in stimulating ANPP during the
recovery phase. These ANPP dynamics are visually represented in Figure 4.2, offering

a comprehensive overview of the interactions between drought, grazing, and ANPP.

This detailed interpretation underscores the multifaceted interplay between
environmental stressors, grazing, and ecosystem resilience. It unravels the complex
responses of ANPP to drought, offering valuable insights into the lasting impact of
drought on ecosystem productivity and the potential for recovery, notably under the

influence of grazing.
Treatments: Anpp production over time
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Figure 4.2 Aboveground Net Primary Productivity (ANPP) Trends in the Final Year of Drought (2020)
Compared to Initial Recovery Years (2021-2022) Under Different Treatments.
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4.5 Biomass Production and Plant Functional Types (PFTs):

The assessment of biomass production across various Plant Functional Types (PFTs)
under different treatments during the final year of drought and the ensuing post-
drought years revealed a multitude of intriguing relationships and dynamics (Figure
4.3). Statistical analysis indicated the presence of highly significant differences in
biomass production across these treatments (P = 0.0001). These differences,
however, were not uniform and exhibited a distinct dependency on the specific
treatment combinations, pointing to the subtle interplay between environmental factors

and PFT performance.

4.6 Plant Functional Type (PFT) Ranking and Recovery Rates:

Remarkably, the results consistently proved the dominance of broad-leaved and
narrow-leaved grasses in biomass production across all treatment combinations.
These PFTs not only exhibited higher productivity but also displayed noteworthy
resilience and rapid recovery capabilities in the post-drought years. The prominence
of these PFTs across treatments underlines their ecological significance and the
adaptive strategies they employ to thrive in varying environmental conditions (Figure
4.3).

4.7 Biomass Dynamics under Drought and Non-Drought Conditions:

Significantly, biomass production exhibited substantial fluctuations when subjected to
drought conditions, contrasting with more stable outcomes in non-drought settings.
This difference reflects the expected effects of prolonged drought on primary
production, where environmental stressors challenge plant growth and productivity.
However, as anticipated, the final year of the long-term drought in 2020 resulted in
lower biomass production compared to post-drought phases, signifying the system's
response to the release of stress and the gradual restoration of productivity (Figure
4.3).
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4.8 Biomass Production under Grazed and Ungrazed Conditions:

An insightful observation emerged from the analysis of biomass production under
grazed and ungrazed conditions (Figure 4.3). Ungrazed vegetation displayed higher
variability in biomass production, suggesting the profound influence of herbivory on
plant growth and inter-species competition. Notably, the last year of drought (D+G-)
recorded the lowest biomass production, where two PFTs, annuals and very broad-
leaved grasses, were significantly impacted, indicating their susceptibility to combined

stressors.

4.9 Dynamic Changes in PFT Dominance:

The final year of the drought experiment revealed a substantial decline in the biomass
production of all PFTs (Figure 4.3). In particular, very broad-leaved grasses and
annuals experienced marked reductions in primary production during this period.
However, as the ecosystem transitioned into the first year post-drought, a general
improvement in biomass production was observed across all PFTs, reflecting the initial
stages of ecological recovery. Remarkably, in the first year post-drought, narrow-
leaved grasses and annual grasses emerged as the highest producers under drought-
history treatments, showcasing their capability to capitalize on the alleviation of stress

and resource competition.

In the second growth season post-drought, a noticeable shift in PFT dominance was
observed. Broad-leaved grasses assumed the role of the highest biomass producers
in drought-history treatments (D+G- and D+G+), followed closely by narrow-leaved
grasses. This shift underscores the dynamic nature of PFT interactions within
ecosystems, as different species adjust to changing conditions and resource
availability. Importantly, the findings suggested that under drought-history treatments,
grazed vegetation displayed slightly higher primary production. This emphasizes the
role of herbivory in shaping biomass dynamics, illustrating its influence on the
composition and productivity of plant communities.
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Figure 4.3 Variation in plant functional types (PFTs) biomass production during
drought and post-drought years.

Annual = annual grasses, HG lan = broad-leaved grasses, HG lin = narrow-leaved grasses, and HG
ova = very-broad-leaved grasses.
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4.10 The impact of grazing (G+ vs. G-) on biomass production of PFTs under drought

conditions

Figure 4.4 presents the dynamics of biomass production among distinct Plant
Functional Types (PFTs) under the influence of grazing (G+ vs. G-) within both drought

and drought-history treatments across various growth seasons.

In the functional group of annual grasses (Annual), a consistent trend unfolds,
revealing higher biomass production under grazing conditions (G+) across growth
seasons, with the pinnacle observed in the 2020/21 season. Broad-leaved grasses
(HG lan) exhibit a pattern of higher biomass under the ungrazed treatment (G-) during
the 2019/20 season, followed by a reversal in subsequent seasons, where grazed

conditions (G+) manifest higher biomass.

Narrow-leaved grasses (HG lin), displayed a variable response to grazing. While G+
produced higher biomass in the 2020/21 and 2021/22 seasons, the 2019/20 season
resulted in comparable or slightly higher biomass under ungrazed conditions (G-).
Very-broad-leaved grasses (HG ova), however, consistently display higher biomass
production under grazing conditions (G+) throughout all growth seasons, portraying a

positive correlation between grazing and increased biomass.

Comparing across different growth seasons, the 2019/20 season demonstrates
variable responses to grazing, with positive effects on annual grasses and very-broad-
leaved grasses. The 2020/21 season witnesses an overall increase in biomass
production, notably influenced by grazing in all PFTs, particularly, annual grasses and
narrow-leaved grasses. Similarly, the 2021/22 season displayed an overall increase
in biomass production in response to grazing, emphasizing the positive impact of
grazing on the growth of herbaceous species.
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Figure 4.4 The figure presents a comparative analysis of the impact of grazing (G+
vs. G-) within drought and drought-history treatments on the biomass production of the
four distinct Plant Functional Types (PFTSs).
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Annual = annual grasses, HG lan = broad-leaved grasses, HG lin = narrow-leaved grasses, and HG

ova = very-broad-leaved grasses.

4.11 Nitrogen fertilizer effect on primary production of Plant Functional Types (PFTs)

Figure 4.5 reveals distinct patterns in biomass production across different treatments
and fertilization levels. Under the D+G- treatment, a notable increase in biomass
production is observed specifically for Annual grasses at 30 kgN/ha, suggesting a
positive response to higher nitrogen levels in this particular PFT. However, all the other
PFTs had higher biomass production at 0 kgN/ha.

In the D-G- treatment, the increase in biomass production was specifically observed
in broad-leaved grasses (HG lan), while other PFTs experienced the opposite,
indicating a mixed response to fertilization within this treatment. Focusing on the D+G+
treatment, the increase in biomass production was only observed in the broad-leaved
grasses. Lastly, under the D-G+ treatment, the increase in biomass production is
observed for both HG lan and HG ova, indicating a dual positive response within these

plant functional types to elevated nitrogen levels.

In summary, the observations highlight specific PFTs within each treatment that exhibit
increased biomass production in response to fertilization, showcasing the nuanced
impact of nitrogen levels on different plant functional types across treatments. Overall,

the effect of fertilizer was generally not realized across the various treatments.
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PFTs Biomass Production: Fertilized vs. Unfertilized
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Figure 4.5 A comparative analysis of fertilization effects on PFTs' primary production

in various treatments during the 2020/21 growth season

Annual = annual grasses, HG lan = broad-leaved grasses, HG lin = narrow-leaved grasses, and HG
ova = very-broad-leaved grasses.

In the growth season of 2021/22, the biomass production dynamics of different Plant
Functional Types (PFTs) were assessed under various treatments, focusing on the
influence of nitrogen levels (0 kgN/ha vs. 30 kgN/ha) (Figure 4.6).

A similar, inconclusive, response to fertilization was observed in the second growth
season post-drought. Within the D+G- treatment, annual grasses and narrow-leaved
grasses exhibited a substantial increase in biomass production at 30 kgN/ha. It was
also observed that no very-broad-leaved grasses were found in this treatment. Under
the D-G- treatment, only Annual grasses displayed increased biomass production at
30 kgN/ha. All other PFTs within this treatment showcased decreased biomass
production with increased nitrogen. In the D+G+ treatment, annual grasses and
narrow-leaved grasses (HG lin) exhibited heightened biomass production at 30
kgN/ha, while the other PFTs showed a decreased biomass production. A similar

pattern is observed under the D-G+ treatment, where two PFTs, only narrow-leaved
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grasses, displayed increased biomass production at 30 kgN/ha, while the remaining

PFTs declined in biomass production.

Overall, similar to the 2020/21 growth season, the examination of each PFT's
response to varying nitrogen levels within different treatments reveals contrasting and

inconclusive effects of fertilization on biomass production.
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Figure 4.6 A comparative analysis of fertilization effects on PFTs' primary production

in various treatments during the 2021/22 growth season.

Annual = annual grasses, HG lan = broad-leaved grasses, HG lin = narrow-leaved grasses, and HG

ova = very-broad-leaved grasses.
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CHAPTER 5: DISCUSSION

5.1 Recap of Key Findings

This study investigated the complex interactions between prolonged drought, grazing,
and nitrogen fertilization on herbaceous species in a semi-arid savanna ecosystem.

The key findings of the study can be summarized as follows:

= Prolonged drought significantly reduced aboveground net primary production
(ANPP) and biomass production of herbaceous species, highlighting the

negative impact of drought stress on plant productivity.

= Grazing played a dual role in influencing plant productivity, intensifying ANPP
reduction during the final drought year but stimulating biomass production
during recovery phases. This suggests that grazing can be a useful tool for
promoting plant recovery from drought, but careful management of grazing

intensity is essential to avoid overgrazing.

= The impact of nitrogen fertilization on biomass production was nuanced and
varied across plant functional types (PFTs), emphasizing the need for a more

targeted approach to nitrogen fertilization in semi-arid savanna ecosystems.

The identification of dominant and least occurring PFTs provides valuable insights into
biodiversity distribution and informs conservation efforts to maintain the functional

diversity of semi-arid savanna ecosystems.

5.1.1 Weather Variables and Plant Responses

This study observed a potential cooling trend in temperature patterns post-drought,
which may have influenced plant physiological processes. This finding aligns with
previous studies that have documented the influence of temperature fluctuations on
plant growth and productivity in semi-arid ecosystems (Luo et al., 2011; Xu et al., 2015)
The observed temperature stability in the third post-drought year may have further
influenced plant adaptive mechanisms, allowing for the gradual recovery of plant

communities from drought stress. In contrast to a previous study reported by (Aslam
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et al., 2020), reported that temperature fluctuation increases the forward and reverse
biochemical reactions exponentially resulting in the denudation of enzymes, and
depending on the intensity or duration of temperature reversible or irreversible may
lead to plant death.

5.1.2 Plant Functional Types Composition and Biodiversity

The dominance of broad-leaved and narrow-leaved grasses, particularly Aristida
congesta, across treatments and years highlights the resilience of these PFTs under
varying environmental conditions. This finding is consistent with previous studies that
have identified these PFTs as prevalent in semi-arid savanna (Eldridge et al., 2011).
The identification of least occurring PFTs and species contributes to understanding

biodiversity distribution and provides valuable insights for conservation efforts.

5.1.3 Aboveground Net Primary Production (ANPP) and Drought Recovery

The observed reduction in ANPP during the final drought year (2020) emphasizes the
negative impact of prolonged drought on plant productivity. This finding is consistent
with numerous studies that have documented the detrimental effects of drought on
ANPP in semi-arid ecosystems (Nippert and Knapp, 2004; Zhou et al., 2016).

The result contrasts with the outcomes of the previous study (Denton et al., 2014),
which indicated that drought did not significantly reduce ANPP.

The persistence of lower ANPP values even after the drought has subsided suggests
the lingering effects of drought stress on plant physiological processes and resource
availability. The findings correlate with previous studies that have indicated under

drought conditions the physiological process slows down (Aliyeva et al., 2023).

The positive correlation between grazing and ANPP during recovery phases highlights
the potential role of grazing in promoting plant productivity in semi-arid savanna
ecosystems. This finding aligns with previous studies that have shown that grazing
can stimulate plant growth and nutrient cycling under certain conditions (Behnke et al.,
1993; Milchunas et al., 2001). However, the impact of grazing on plant productivity
could also be influenced by microclimatic variations, particularly in association with

grazing intensity and herbivore movement patterns. This observation highlights the
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need to recognize the importance of grazing intensity and timing in veld management

to avoid overgrazing and its associated negative impacts.

5.1.4. Impact of Grazing and Nitrogen Fertilization on PFT Biomass

The observed increase in biomass production of certain PFTs under grazing,
particularly annual grasses and very-broad-leaved grasses, suggests that grazing can
have a positive impact on plant productivity in specific functional groups. This finding
is consistent with previous studies that have documented differential responses of
PFTs to grazing pressure (Briske et al., 2006; Bardgett et al., 2011). However, the
observed increase in biomass production of certain PFTs under grazing could also be
attributed to herbivore preferences, suggesting that grazing may promote the
dominance of more palatable or less preferred species. The higher biomass variability
in grazed vegetation compared to ungrazed vegetation indicates the influence of
herbivory on plant growth dynamics and the potential for grazing to promote plant

diversity.

The impact of nitrogen fertilization on biomass production was found to vary across
PFTs, with some PFTs showing increased biomass while others showed no significant
response. This finding is consistent with previous studies that have documented the
complex and often context-dependent effects of nitrogen fertilization on plant
productivity in semi-arid ecosystems (Throop et al., 2004; Gill et al., 2002). The
nuanced impact of nitrogen levels on different PFTs emphasizes the need for a more
targeted approach to nitrogen fertilization in semi-arid savanna ecosystems,
considering PFT composition and environmental factors. Moreover, the inconclusive
responses of PFTs to nitrogen fertilization could be attributed to indirect effects, such

as changes in soil microbial communities or nutrient cycling dynamics.

5.1.5 Theoretical Frameworks

The findings of this study align with several theoretical frameworks, including the
following, which have been proposed to explain the interactions between
environmental stressors, management interventions, and plant responses in semi-arid

ecosystems.
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The Non-Equilibrium Paradigm (NEP) suggests that semi-arid ecosystems are
characterized by high variability and frequent disturbances, such as drought,
which drive plant community dynamics and limit plant productivity (Noy-Meir,
1975). The observed reduction in ANPP and biomass production during drought

periods in the present study is consistent with this framework.

The Plant-Herbivore Hypothesis proposes that grazing can have both positive
and negative impacts on plant productivity, depending on the intensity, timing,
and selectivity of grazing (McNaughton, 1983). The findings of the present
study, which showed that grazing intensified ANPP reduction during drought

but stimulated biomass production during recovery, support this hypothesis.

The Resource-Limitation Hypothesis suggests that plant productivity in semi-
arid ecosystems is often limited by the availability of essential resources, such
as water and nitrogen (Aerts et al., 1999). The observed variability in nitrogen
fertilization responses across PFTs in the present study highlights the complex
interactions between plant nutrient requirements and nitrogen availability in

these ecosystems.
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

This dissertation examined the impact of prolonged drought, moderate grazing, and
nitrogen fertilization on the recovery of herbaceous species in a semi-arid savanna
ecosystem. The study focused on aboveground net primary production (ANPP) and
standing biomass yield as indicators of plant productivity. The findings highlight the
need for a holistic and adaptive approach to ecosystem management that considers
the combined effects of these factors on plant communities and ecosystem resilience.
Future research should focus on long-term monitoring, spatial expansion, and targeted
management strategies to further enhance our understanding and conservation of

these vital ecosystems.

One of the key findings is that prolonged drought significantly reduced both ANPP and
biomass production of herbaceous species. This emphasizes the negative impact of
drought stress on plant productivity. The persistence of lower ANPP values even after
drought subsides suggests the lingering effects of drought stress on plant
physiological processes and resource availability. These findings highlight the need
for careful management of water resources and drought mitigation strategies to protect

semi-arid savanna ecosystems from the detrimental effects of prolonged drought.

The impact of grazing on plant productivity was nuanced and varied across years and
plant functional types (PFTs). Grazing intensified ANPP reduction during the final
drought year but stimulated biomass production during the recovery phases. This
suggests that grazing can have a dual role in influencing plant productivity, depending
on the timing and intensity of grazing. Careful management of grazing intensity and
timing is crucial to avoid overgrazing and its associated negative impacts, while also
harnessing the potential of grazing to promote plant recovery from drought.

The impact of nitrogen fertilization on biomass production also varied across PFTs,
with some PFTs showing increased biomass while others showed no significant
response. This finding emphasizes the need for a more targeted approach to nitrogen
fertilization in semi-arid savanna ecosystems. Nitrogen fertilization rates, timing, and

forms of application should be considered relative to PFT composition and
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environmental factors to optimize nitrogen fertilization strategies and minimize

potential negative impacts.

6.2 Answers to Objectives

Objective 1: Assessing the recovery of grass species
The study evaluated aboveground net primary production (ANPP) and standing
biomass vyield as indicators of grass species recovery after long-term drought and

moderate grazing. The following observations were made:

= PFTs responded differently to the release of drought, depending on whether
there was grazing or not. Under grazed conditions, annual and narrow-leaved
grasses were the first PFTs to show signs of recovery. Whereas, under non-

grazed conditions, broad-leaved and narrow-leaved grasses performed better.

= Furthermore, prolonged drought significantly reduced both ANPP and biomass
production, highlighting the negative impact of drought stress on plant

productivity.

= A subtle response to grazing, with grazing intensifying ANPP reduction during
the final drought year but stimulating biomass production during recovery

phases.

Objective 2: Examining the impact of nitrogen fertilization
The study investigated the impact of a minimal dose of nitrogen fertilization on grass
species and biomass production after combined long-term drought and moderate

grazing. The following observations were made:
» The findings indicated that the impact of nitrogen fertilization varied across plant

functional types (PFTs), with some PFTs showing increased biomass while

others showed no significant response.
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Overall, nitrogen fertilization had an inconclusive impact on the biomass

production of PFTs and grass species in the recovery years.

6.3 Implications for future research

This study provides a valuable foundation for addressing critical knowledge gaps in

the understanding of plant responses to environmental stressors and management

interventions in semi-arid savanna ecosystems.

6.4 Recommendations for Practice

The findings of the present study suggest several practical recommendations for

managing semi-arid savanna ecosystems to promote plant productivity, resilience,

and biodiversity:

1)

3)

Adaptive Grazing Management: Implement adaptive grazing strategies that
adjust grazing intensity, timing, and selectivity in response to environmental
conditions, particularly drought. During drought periods, reducing grazing
pressure can help minimize the negative impacts of drought on plant

productivity and allow for more rapid recovery.

Precision Nitrogen Fertilization: Employ precision nitrogen fertilization
techniques that target specific plant functional types (PFTs) based on their
nutrient requirements and responses. This will optimize nitrogen use efficiency,

maximize plant productivity, and minimize potential environmental impacts.

Monitoring and Adaptive Management: Implement a comprehensive monitoring
program to track plant productivity, species diversity, and ecosystem health in
response to management interventions. Use this information to adapt grazing
and nitrogen fertilization strategies as needed to ensure long-term ecosystem

sustainability.
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4)

5)

6)

Conservation of Less Common PFTs: Implement targeted conservation
measures to protect less common PFTs, which despite their lower abundance,
contribute significantly to functional diversity and ecosystem resilience. This
could include establishing protected areas, implementing habitat restoration
efforts, and educating the public about the importance of these less visible plant

species.

Nitrogen Fertilization Strategies: Examining the effects of different nitrogen
fertilization rates, timing, and forms of application on plant productivity and
resilience is essential for developing effective and sustainable nitrogen
fertilization strategies for semi-arid savanna biome ranches or any protected
areas, based on the inclusive output on the effect on the effect of \Nitrogen

fertilizer on biomass production.

Future research should focus on the following aspects:

e Long-term Monitoring: Conducting long-term studies to capture the full
range of ecological responses and adaptations to environmental
stressors and management interventions is crucial for understanding the

long-term impacts of these factors on plant productivity and resilience.

e Spatial Expansion: Expanding research to encompass a wider range of
sites and environmental conditions will provide a broader understanding
of the generalizability of the findings and inform management strategies

across diverse semi-arid savanna ecosystems.

e Grazing Management Optimization: Investigating the effects of different
grazing intensities, timing, and selectivity on plant productivity and
resilience will help to optimize grazing management strategies for
enhancing plant recovery from drought and promoting long-term

ecosystem health.
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6.5 Policy Implications

The findings of the present study have significant implications for policy decisions and
management strategies aimed at conserving biodiversity, promoting plant productivity,
and enhancing ecosystem resilience in semi-arid savanna ecosystems. Policy
frameworks should incorporate adaptive grazing management practices, precision
nitrogen fertilization techniques, and comprehensive monitoring programs to ensure
sustainable land management practices. Additionally, policies should promote
conservation efforts focused on protecting less common PFTs, which play a crucial

role in maintaining ecosystem diversity and resilience.

48



REFERENCES

Abate, T., Ebro, A., and Nigatu, L., 2012. Evaluation of rangeland in arid and semi-arid
grazing land of South East Ethiopia. International Journal Agricultural Science, 2:221-
234.

Abate, T., 2016. Indigenous ecological knowledge and pastoralist perception on rangeland
management and degradation in Guji Zone of South Ethiopia. The Journal of
Sustainable Development, 15:192-218.

Acocks, J.P.H., 1994. Veld Types of South Africa. Cape Town, South Africa: Botanical

Research Institute.

Aerts, R., De Groot, K.N., Van Staalduinen, N., and Barkman, J.H.F., 1999. Nitrogen as a
limiting factor in the restoration of degraded fen ecosystems. Applied Vegetation
Science, 2:115-124.

Aliyeva, D.R., Gurbanova, U.A., Rzayev, F.H., Gasimov, K., and Huseynova, M.l., 2023.
Biochemical and Ultrastructural Changes in Wheat Plants during Drought Stress.
Biochemistry Moscow, 88:1944-1955.

Anjum, S.A., Xie, X., Wang, L.C., Saleem, M.F., Man, C., and Lei, W., 2011. Morphological,
physiological and biochemical responses of plants to drought stress. African Journal
of Agricultural Research, 6:2026-2032.

Aslam, M., Zamir, M.S.l., Anjum, S.A., Khan, I., and Tanveer, M., 2014. An investigation into
morphological and physiological approaches to screen maize (Zea mays L.) hybrids
for drought tolerance. Cereal research communications, 43:41-51.

Asner, G.P., Elmore, AJ., Olander, L.P., Martin, R.E., and Harris, A.T., 2004. Grazing
systems, ecosystem responses, and global change. Annual Revenue of Environment
and Resource, 29:261-299.

Ata-Ul-Karim, S.T., Liu, X., Lu, Z., Yuan, Z., Zhu, Y., and Cao, W., 2016. In-season estimation

of rice grain yield using critical nitrogen dilution curve. Field Crops Research, 195:1-8.

49



Auerswald, K., Wittmer, M.H.O.M., Bai, Y., Yang, H., Taube, F., Susenbeth, A., and
Schnyder, H., 2012. C4 abundance in an Inner Mongolia grassland system is

driven by temperature—moisture interaction, not grazing pressure. Basic and
Applied Ecology, 13:67-75.

Augustine, D.J., and McNaughton, S.J., 2004. Regulation of shrub dynamics by native
browsing ungulates on East African rangeland. Journal of Applied Ecology,
41:45-58.

Augustine, D.J., and McNaughton, S.J., 2006. Interactive effects of ungulate
herbivores, soil fertility, and variable rainfall on ecosystem processes in a semi-
arid Savanna. Ecosystems, 9:1242-1256.

Aydin, F., and Uzun, F., 2004. Nitrogen and phosphorus fertilization of rangelands
affect yield, forage quality, and botanical composition. European journal of

agronomy, 23:8-14.

Bardgett, R.D., Brown, J.J.L., and Crutzen, P.J., 2011. The role of soil biota in climate

change: a critical review. Soil Biology and Biochemistry, 43:1-16.

Bardgett, R.D., Bullock, J.M., Lavorel, S., Manning, P., Schaffner, U., Ostle, N.,
Chomel, M., Durigan, G., Fry, E.L., Johnson, D., Lavallee, J.M., Le Provost, G.,
Luo, S., Png, K., Sankaran, M., Hou, X., Zhou, H., Ma, L., Ren, W., Li, Y., and
Shi, H, 2021. Combatting global grassland degradation. Nature Reviews Earth
and Environment, 2:720-735.

Behnke, A., Scoones, |., and Kersey, C., 1993. In search of land-use intensification
options in Africa. In Rethinking Agricultural Development, edited by Barker, C.,

Harrison, J.R. and Mkhize, J.C., London: Overseas Development Institute.

Beierkuhnlein, C., Thiel, D., Jentsch, A., Willner, E., and Kreyling, J., 2011. Ecotypes
of European grass species respond differently to warming and extreme drought.
Journal of Ecology, 99:703-713.

50



Bellard, C., Bertelsmeier, C., Leadley, P., Thuiller, W., and Courchamp, F., 2012.
Impacts of Climate Change on the Future of Biodiversity. Ecology Letters,
15:365-77.

Bond, W., du Toit, J., and Malherbe, J., 2020. Special Issue: Drought in South African

Savanna. African Journal of Range and Forage Science, 37:3-4,

Breshears, D.D., Knapp, A.K., Law, D.J., Smith, M.D., Twidwell, D., and Wonkka, C.L.,
2016. Rangeland responses to predicted increases in drought extremity.
Rangelands, 38:191-196.

Briske, D.D., Naiman, R.J., Turner, M.G., and Wall, D.H., 2006. The structure and
function of stream ecosystems: linking hydrologic variability and ecological

processes. Annual Review of Ecology, Evolution and Systematics, 37:65-99.

Buisson, E., Le Stradic, S., Silveira, F.A., Durigan, G., Overbeck, G.E., Fidelis, A.,
Fernandes, G.W., Bond, W.J., Hermann, J.M., Mahy, G., and Alvarado, S.T.,
2019. Resilience and restoration of tropical and subtropical grasslands,

Savannas, and grassy woodlands. Biological Reviews, 94:590-609.

Bunting, E., Southworth, J., Herrero, H., Ryan, S., and Waylen, P., 2018.
Understanding Long-Term Savanna Vegetation Persistence Across Three
Drainage Basins in Southern Africa. Remote Sensing, 10:1013.

Carlyle, C.N., Fraser, L.H., and Turkington, R., 2014. Response of grassland biomass
production to simulated climate change and clipping along an elevation
gradient. Oecologia, 174:1065-1073.

Chaves, M.M., Aroroco, J.P., and Pereira, J.S., 2003. Understanding plant response
to drought-from genes to the whole plant. Functional Plant Biology, 30:239-64.

Choat, B., Jansen, S., Brodribb, T.J., Cochard, H., Delzon, S., Bhaskar, R., and Zanne,
A.E., 2012. Global convergence in the vulnerability of forests to drought.
Nature, 7426:752-755.

51



Ciais, P., Reichstein, M., Viovy, N., Granier, A., Ogée, J., Allard, V., and Valentini, R.,
2005. Europe-wide reduction in primary productivity caused by the heat and
drought in 2003. Nature, 437:529-533.

Conner, J.R., Kreuter, U.P., and Olenick, K., 2005. Texas landowner perceptions
regarding ecosystem services and cost-sharing land management programs.

Ecological Economics, 2:247-260.

Cook, B., Ault, T.R., and Smerdon, J.E., 2015. Unprecedented 21st century drought
risk in the American Southwest and Central Plains. Science Advances,
1:1400082.

Craine, J.M., Engelbrecht, B.M., Lusk, C.H., McDowell, N.G., and Poorter, H., 2012.
Resource limitation, tolerance, and the future of ecological plant classification.

Frontiers in plant science, 3:246

Craine, J.M., Ocheltree, T.W., Nippert, J.B., Towne, E.G., Skibbe, A.M., Kembel, S.W.,
and Fargione, J.E., 2013. Global diversity of drought tolerance and grassland

climate-change resilience. Nature Climate Change, 3:63-67.

Cramer, M.D., Hawkins, H.J., and Verboom, G.A., 2009. The importance of nutritional

regulation of plant water flux. Oecologia, 161:15-24.

Dai, A., 2013. Increasing drought under global warming in observations and models.
Nature Climate Change, 3:52-58.

Denton, E.M., Dietrich, J.D., Smith, M.D., and Knapp, A.K., 2017. Drought timing
differentially affects above and below-ground productivity in a mesic grassland.
Plant Ecology, 218:317-328.

Dixon, A.P., Faber-Langendoen, C., Josse, J., Morrison, C., and Loucks, J., 2014.
Distribution mapping of world grassland types. Journal of Biogeography,
41:2003-2019.

52



Dlamini, P., Mbanjwa, V., Gxasheka, M., Tyasi, L., and Dlamini, L.S., 2019. Chemical
stabilisation of carbon stocks by polyvalent cations in plinthic soil of a shrub-

encroached Savanna grassland, South Africa. Catena, 181:104088.

Donald, J.B., and Jay, P.A., 2012. Rangeland Degradation, Poverty, and Conflict: How
Can Rangeland Scientists Contribute to Effective Responses and Solutions?
Rangeland Ecology and Management, 65:606-612.

du Toit, J.C.O., and O’Connor, T.G., 2020. Long-term influence of season of grazing
and rainfall on vegetation in the eastern Karoo, South Africa, African Journal of

Range and Forage Science, 37:159-171.

du Toit, J.C.0O., 2010. An analysis of long-term daily rainfall data from Grootfontein,
1916 to 2008. Grootfontein Agriculture, 10:24-36.

Eldridge, D.J., Baillie, J.E.M., and Baillie, J.E.M., 2011. A review of the effects of
grazing on the diversity and abundance of plant species. Journal of Applied
Ecology, 48:1177-1190.

Elliott, D.E., and Abbott, R.J., 2003. Nitrogen fertilizer use on rain-fed pasture in the
Mt Lofty Ranges, South Australia.1. Pasture mass, composition and nutritive

characteristics. Australian Journal of Experimental Agriculture, 43:553-577.

Fahad, S., and Bano, A., 2012. Effect of salicylic acid on physiological and biochemical
characterization of maize grown in saline area. Pakistan Journal of Botany,
44:1433-1438.

Farooq, M., Wahid, A., Kobayashi, N.S.M.A., Fujita, D.B.S.M.A., and Basra, S.M,,
2009. A., 2009 Plant drought stress: Effects, mechanisms, and management.

Agronomy for sustainable development, 29:185-212.

Fay, P.A., Carlisle, J.D., Knapp, A.K., Blair, J.M., and Collins, S.L., 2000. Altering
rainfall timing and quantity in a mesic grassland ecosystem: Design and

performance of rainfall manipulation shelters. Ecosystems, 3:308-319.

53



Fedrigo, J.K., Ataide, P.F., Filho, J.A., Oliveira, L.V., Jaurena, M., Laca, E.A,
Overbeck, G.E., and Nabinger, C., 2017. Temporary grazing exclusion
promotes rapid recovery of species richness and productivity in a long-term

overgrazed Campos grassland. Restoration Ecology, 4:677-685.

Fensham, R.J., Laffineur, B., and Allen, C.D., 2019. To what extent is drought-induced
tree mortality a natural phenomenon? Global Ecology and Biogeography,
28:365-73.

Fernandez, R., and Reynolds, J,F., 2000.Potential growth and drought tolerance of
eight desert grasses: Lack of a trade-off. Oecologia, 123:90-98.

Fierrer, N., and Schimel, P.J., 2002. Effects of drying-rewetting frequency on soil
carbon and nitrogen transformations. Soil Biology and Biochemistry, 34:777-
787.

Fox, J.T., Vandewalle, M.E., and Alexander, K.A., 2017. Land cover change in
Northern Botswana: the influence of climate, fire, and elephants on Semi-Arid
Savanna Woodlands. Land, 6:73.

Frame, J., 1992. Improved Grassland Management. United Kingdom: Farming Press,
351.

Franco, A.C., Rossatto, D.R., Silva, R.L., and Ferreira, D.C., 2014. Cerrado vegetation
and global change: the role of functional types, resource availability and
disturbance in regulating plant community responses to rising CO2 levels and
climate warming, Theoretical and experimental of Plant Physiology, 26:9-38.

Garrett, R.D., Koh,l., Lambin, E.F., De Waroux, Y.L.P., Kastens, J.H., and Brown, J.C.,
2018. Intensification in agriculture-forest frontiers: Land use responses to
development and conservation policies in Brazil. Global Environmental
changes, 53:233-243.

Ge, T.D., Sun, N.B., Bai, L.P., Tong, C.L., and Sui, F.G., 2012. Effects of drought

stress on phosphorus and potassium uptake dynamics in summer maize (Zea

54


https://www.researchgate.net/journal/Oecologia-1432-1939?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicHJldmlvdXNQYWdlIjoicHJvZmlsZSJ9fQ

mays) throughout the growth cycle. Acta Physiologiae Plantarum, 34:2179-
2186.

Geruo, A., Velicogna, I., Kimball, J.S., Du, J., Kim, Y., and Njoku, E., 2017. Satellite-
observed changes in vegetation sensitivities to surface soil moisture and total
water storage variations since the 2011 Texas drought. Environmental
Research Letters, 12:054006.

Ghannoum, O., 2009. C4 photosynthesis and water stress. Annals of Botany, 103:635-
644.

Ghannoum, O., Conroy, J.P., Driscoll, S.P., Paul, M.J., Foyer, C.H., and Lawlor, D.W.,
2003. Nonstomatal limitations are responsible for drought-induced
photosynthetic inhibition in four C4grasses. New Phytologist, 159:599-608.

Gill, J.M., Heitschmidt, R.k., and Hygnstrom, S.E., 2002. Impacts of grazing on
grassland ecosystems: a state-of-knowledge review. Journal of Rangeland
Management, 55:212-224.

Grant, K., Kreyling, J., Dienstbach, L.F., Beierkuhnlein, C., and Jentsch, A., 2014.
Water stress due to increased intra-annual precipitation variability reduced
forage yield but raised forage quality of a temperate grassland. Agriculture,
Ecosystems AND Environment, 186:11-22.

Haddad, N.M., Tilman, D., and Knops, J.M., 2002. Long-term oscillations in grassland
productivity induced by drought. Ecology Letters, 5:110-120.

Hartmann, H., Moura, C.F., Anderegg, W.R., Ruehr, N.K., Salmon, Y., Allen, C.D.,
Arndt, S.K., Breshears, D.D., Davi, H., Galbraith, D., and Ruthrof, K.X., 2018.
Research frontiers for improving our understanding of drought-induced tree and
forest mortality. New Phytologist, 218:15-28.

Hawinkel, P., De Pauw, E., and Deckers, J., 2016, Probabilistic soil mapping by
Bayesian inference to assess suitability for derocking in northwest Syria. Soil
Use Manage, 32:137-149

55



He, M., and Dijkstra, F.A., 2014. Drought effect on plant nitrogen and phosphorus: a
meta-analysis. New Phytologist, 204:924-931.

Hendricks S.L., Viljoen, A., Marais, D., Wenhold, F., Mcintyre, A., Ngidi, M., Van der
Merwe, C., Annandale, J., Kalaba, M., and Stewart, D., 2016. Water Research
Commission; Pretoria, South Africa: 2016.The Current Rain-Fed and Irrigated
Production of Food Crops and its Potential to Meet the Year-Round Nutritional
Requirements of Rural Poor People in North West, Limpopo, KwaZulu-Natal
and the Eastern Cape: Report to the Water Research Commission and

Department of Agriculture, Forestry and Fisheries.

Hilker, T., Natsagdorj, E., Waring, R.H., Lyapustin, A., and Wang, Y., 2014. Satellite
observed widespread decline in Mongolian grasslands largely due to

overgrazing. Global Change Biology, 20:418-428.

Hillebrand, H., Blasius, B., Borer, E.T., Chase, J.M., Downing, J.A., Eriksson, B.K,,
Filstrup, C.T., Harpole, W.S., Hodapp, D., Larsen, S., and Lewandowska, A.M.,
2018. Biodiversity change is uncoupled from species richness trends:
Consequences for conservation and monitoring. Journal of Applied Ecology,
55:169-184.

Hoover, D.L., Knapp, A.K., and Smith, M.D., 2014. Resistance and resilience of a

grassland ecosystem to climate extremes. Ecology, 9:2646-2656.

Hui, D., Yu, C.L., Deng, Q., Dzantor, E.K., Zhou, S., Dennis, S., Sauve, R., Johnson,
T.L.,, Fay, P.A., and Shen, W., 2018. Effects of precipitation changes on
switchgrass photosynthesis, growth, and biomass: A mesocosm experiment.
PLoS ONE, 13:0192555.

Huntington, T.G., 2006. Evidence for intensification of the global water cycle: Review
and synthesis. Journal of Hydrology, 319:83-95.

Hurley, P.T., Emery, M.R., McLain, R.J., Poe, M.R., Grabbatin, B., and Goetcheus, C.,
2015. Whose Urban Forest? The Political Ecology of Foraging Urban
Nontimber Forest Products. Cambridge University Press eBooks,187-212.

56



IPCC, F.C., 2013. Climate change 2014: impacts, adaptation, and vulnerability. Part
A: global and sectoral aspects. Contribution of Working Group Il to the fifth
assessment report of the Intergovernmental Panel on Climate Change.
Climate. Change.

IPCC., 2014. Intergovernmental Panel on Climate Change: Climate Change 2014:
Synthesis report, Contribution of Working Groups I. Il and Ill to the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change.
Geneva, Switzerland: IPCC, 151.

IPCC., 2019. Summary for policymakers. In P. R. Shukla, J. Skea, E. Calvo Buendia,
V. Masson-Delmotte, H.-O. Poértner, D. C. Roberts, P. Zhai, R. Slade, S.
Connors, R. Diemen, M. Ferrat, E. Haughey, S. Luz, S. Neogi, M. Pathak, J.
Petzold, J. Portugal Pereira, P. Vyas, E. Huntley, K. Kissick, M. Belkacemi, and
J. Malley, editors. Climate Change and Land: an IPCC special report on climate
change, desertification, land degradation, sustainable land management, food

security, and greenhouse gas fluxes in terrestrial ecosystems, in press.

Jaleel, C.A., Manivannan, P., Wahid, A., Farooq, M., Al-Juburi, J., Somasundaram,
R., and Panneerselvam, R., 2009. Drought Stress in Plants: A Review on
Morphological Characteristics and Pigments Composition. International Journal
of Agriculture and Biology, 11:100-105.

Jentsch, A., Kreyling, J., and Beierkuhnlein, C., 2007. A new generation of climate-
change experiments: Events, not trends. Frontiers in Ecology and the
Environment, 5:365-374.

Jentsch, A., Kreyling, J., EImer, M., Gellesch, E., Glaser, B., Grant, K., Hein, R., Lara,
M., Mirzae, H., Nadler, S.E., Nagy, L., Otieno, D., Pritsch, K., Rascher, U.,
Schadler ,M., Schlotrt, M., Singh, B.K., Stadler, J., Walter, J., Wellstein, C.,
Wollcke, J., and Beierkuhnlein, C., 2011. Climate extremes initiate ecosystem-
regulating functions while maintaining productivity. Journal of Ecology, 99:689-
702.

S7



Jin, Y., Li, J., Liu, C., Liu, Y., Zhang, Y., Song, Q., and Li, P., 2018. Response of net
primary productivity to precipitation exclusion in a Savanna ecosystem. Forest

Ecology and Management, 429:69-76.

Jones, H.P., Jones, P.C., Barbier, E.B., Blackburn, R.C., Rey Benayas, J.M., Holl,
K.D., McCrackin, M., Meli, P., Montoya, D., and Mateos, D.M., 2018.
Restoration and repair of Earth's damaged ecosystems. Proceedings of the
Royal Society B: Biological Sciences, 285:20172577.

Jordaan, A., Sakulski, D., and Jordaan, A., 2013. Interdisciplinary drought risk
assessment for agriculture: the case of communal farmers in the Northern Cape
Province, South Africa, 41:1-16.

Kassahun, A., Snyman, H.A., and Smit, G, N., 2008. Impact of rangeland degradation
on the pastoral production systems, livelihoods and perceptions of the Somali
pastoralists in Eastern Ethiopia. Journal of Arid Environments, 72:1265-1281.

Kayleigh, M., O’Connor, T.G., and Henschel, J.R., 2016. Impact of a severe frost event
in 2014 on woody vegetation within the Nama-Karoo and semi-arid Savanna
biomes of South Africa. Journal of Arid Environments, 133:112-121.

King, A.D., Donat, M.G., Fischer, E.M., Hawkins, E., Alexander, L.V., Karoly, D.J.,
Dittus, A.J., Lewis, S.C., and Perkins, S.E., 2015. The timing of anthropogenic
emergence in simulated climate extremes. Environmental Research Letters,
10:094015.

Klein, J.A., Harte, J., and Zhao, X.Q., 2017. Experimental warming, not grazing,
decreases rangeland quality on the Tibetan plateau, Journal of Ecological
Science of America, 2:541-557.

Knapp, A.K., Briggs, J.M., and Koelliker, J.K., 2001. Frequency and extent of water
limitation to primary production in a mesic temperate grassland. Ecosystems,
4:19-28.

Knapp, A.K., Hoover, D.L., Wilcox, K.R., Avolio, M.L., Koerner, S.E., La Pierre, K.J.,
Loik, M., Luo, Y., Sala, O.E., and Smith, M.D., 2015. Characterizing differences

58



in precipitation regimes of extreme wet and dry years: Implications for climate

change experiments. Global Change Biology, 21:2624-2633.

Kreyling, J., Wenigmann, M., Beierkuhnlein, C., and Jentsch, A., 2008. Effects of
extreme weather events on plant productivity and tissue die-back are modified

by community composition. Ecosystems, 11:752-763.

Kusangaya, S., Warburton, M.L, van Garderen, E.A., and Jewitt, G.P.W., 2014.
Impacts of climate change on water resources in southern Africa: a review.
Physics and Chemistry of the Earth, 67:47-54.

Lawal, S., Lennard, C., and Hewitson, B., 2019. Response of southern African
vegetation to climate change at 1.5 and 2.0°global warming above the pre-

industrial level. Climate Services, 16:100134.

LeBauer, D.S., and Treseder, K.K., 2008. Nitrogen limitation of net primary productivity
in terrestrial ecosystems is globally distributed. Ecological Society of America,
82:371-379.

Lee, H.S., and Lee, I.D., 2000. Effect of N fertilizer levels on the dry matter yield, quality
and botanical composition in eight-species mixtures. Korean Journal of Animal
Science, 42:727-734.

Leemans, R., Rounsevell, M., Midgley, G., Price, J., Fischlin, A., Dube, O., Velichko,
A., Tarazona, J., Gopal, B., and Turley, C., 2006. Ecosystems, their properties,
goods and services. Climate Change: Impacts, Adaptation and Vulnerability.
Contribution of Working Group Il to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change.

Lelievre, F., Seddaiu, G., Ledda, L., Porqueddu, C., and Volaire, F., 2011. Water use
efficiency and drought survival in Mediterranean perennial forage grasses.
Field Crop Research, 121:333-342.

Lemaire, G., 2012. Intensification of animal production from grassland and ecosystem
services: A trade-off. CAB Reviews: Perspectives in Agriculture, Veterinary
Science, Nutrition and Natural Resources, 7:1-7.

59



Li, X.L., Gao, J., Brierley, G., Qiao, Y.M., Zhang, J., and Yang, Y.W., 2013. Rangeland
degradation on the Qinghai-Tibet plateau: Implications for rehabilitation. Land

Degradation and Development, 24:72-80.

Linstadter, A., and Baumann, G., 2013. Abiotic and biotic recovery pathways of arid
rangelands: Lessons from the High Atlas Mountains, Morocco. Catena, 103:3-
15.

Lloret, F., Escudero, A., Iriondo, J. M., Martinez-Vilalta, J., and Valladares, F., 2012.
Extreme climatic events and vegetation: The role of stabilizing processes.
Global Change Biology, 18:797-805.

Low, A.B., and Rebelo, A.G., 1998. Vegetation of South Africa, Lesotho and
Swaziland: a companion to the vegetation map of South Africa, Lesotho and

Swaziland.

La, X,, Yan, Y., Sun, J., Zhang, X., Chen, Y., Wang, X., and Cheng, G., 2015. Carbon,
nitrogen, and phosphorus storage in alpine grassland ecosystems of Tibet:

Effects of grazing exclusion. Ecology and. Evolution, 5:4492-4504.

Luo, Y., Zhang, C., and Zhou, J., 2011. Impacts of grazing on ecosystem carbon

dynamics: a review. Ecological Research, 26:437-447 .

Madani, A., Rad, A.S., Pazoki, A., Nourmohammadi, G., and Zarghami, R., 2010.
Wheat (Triticum aestivum L.) grain filling and dry matter partitioning responses
to source: sink modifications under postanthesis water and nitrogen deficiency.
Acta Scientiarum. Agronomy, 32:145-151.

Magandana, T.P., Hassen, A., and Tesfamariam, E.H., 2020. Seasonal Herbaceous
Structure and Biomass Production Response to Rainfall Reduction and Resting
Period in the Semi-Arid Grassland Area of South Africa. Agronomy, 10:1807.

Magandana, T.P., Hassen, A., and Tesfamariam, T.H., 2021. Annual Net Primary
Productivity of Different Functional Groups as Affected by Different Intensities
of Rainfall Reduction in the Semiarid Grasslands of the Gauteng Province in
South Africa, Agronomy, 11:730.

60



Manabe, S., Wetherald, R.T., Milly, P.C.D., Delworth, T.L., and Stouffer, R.J., 2004
Century-scale change in water availability: CO2-quadrupling experiment.
Climate Change, 64:59-76.

Mapiye, O., Makombe, G., Mapiye, C., and Dzama, K., 2018. Management information
sources and communication strategies for commercially oriented smallholder
beef cattle producers in Limpopo province, South Africa. Outlook Agriculture,
49:50-56.

Mashala, M., 2023. Remote sensing and mapping. Risk and Vulnerability Science
Centre, Department of Geography.

Matlebyane, M., Ng’ambi, J., and Aregheore, E., 2010. Indigenous knowledge (IK)
ranking of available browse and grass species and some shrubs used in
medicinal and ethno-veterinary practices in ruminant livestock production in
Limpopo province, South Africa. Livestock Research for Rural Development,
22:54

Maure, G., Pinto, I., Ndebele-Murisa, M., Muthige, M., Lennard, C., Nikulin, G., Dosio,
A., and Meque, A., 2018. The southern African climate under 1.5 °C and 2 °C
of global warming as simulated by CORDEX regional climate models.

Environmental Research Letters, 13:065002.

McNaughton, S.J., 1983. Serengeti: a study of ecological dynamics and grazing

succession. Chicago: University of Chicago Press, 55:259-294.

Midgley, J.J., Kruger, L.M., and Skelton, R., 2011. How do fires kill plants? The
hydraulic death hypothesis and Cape Proteaceae “fire-resisters”. South African
Journal of Botany, 77:381-386.

Milchunas, D.M., Lauenroth, W.K., and Noy-Meir, I.C., 2001. Grazing effects on plant
production and carbon dynamics in grasslands. Annual Review of Ecology,
Evolution and Systematics, 32:489-511.

61



Mobasser, H.R., Mohammad, G.N., Abad, H.H.S., and Rigi, K., 2014. Effect of
application elements, water stress and variety on nutrients of grain wheat in
Zahak region, Iran. JBES, 5:105-110.

Molefi, S. H., and Mbajiorgu, C. A., 2017. Management practices and constraints of
beef cattle production in communal areas of Mpumalanga Province, South
Africa. MSc Dissertation, University of South Africa.

Moshia, M.E., Mashatola, M.B., Shaker, P., Fouche, P.S., and Boshomane, M. A.W.,
2008. Land suitability assessment and precision farming prospects for irrigated
corn-soybean intercropping in Syferkuil experimental farm using geospatial
information technology. Journal of Agriculture and Social Research, 8:138-147.

Mucina, L., and Rutherford, M.C., 2006. The Vegetation of South Africa, Lesotho and
Swaziland. South African National Biodiversity Institute, Pretoria.

Munjoniji, L., Ayisi, K.K., Mudongo, E.l., Mafeo, T.P., Behn, K., Mokoka, M.V., and
Linstadter, A. 2020, Disentangling Drought and Grazing Effects on Soil Carbon

Stocks and CO2 Fluxes in a Semi-Arid African Savanna, Frontiers Media SA.

Munson, S.M., Muldavin, E.H., Belnap, J., Peters, D.P.C., Anderson, J.P., Reiser,
M.H., and Christiansen, T.A., 2013. Regional signatures of plant response to
drought and elevated temperature across a desert ecosystem. Ecology,
94:2030-2041.

Murray-Tortarolo, G., Friedlingstein, P., Sitch, S., Seneviratne, S.I., Fletcher, 1.,
Mueller, B., and Zeng, N., 2016. The dry season intensity as a key driver of
NPP trends. Geophysical Research Letters, 43:2632-2639.

Mussa, M., Hashim, H., Teha, M., 2016. Rangeland degradation: Extent, impacts, and
alternative restoration techniques in the rangelands of Ethiopia. Tropical and
Subtropical Agroecosystems, 19:3.

Naidoo, S., Davis, C., Van Garderen, E.A., 2013. Forests, rangelands, and climate
change in southern Africa. Food and Agriculture Organization of the United
Nations (FAO).

62



Nerlekar, A.N., and Veldman, J.W., 2020. High plant diversity and slow assembly of
old-growth grasslands. Proceedings of the National Academy of Sciences,
117:18550-18556.

Niang, |., Ruppel, O.C., Adbrado, M., Essel, A., Lennard, C., and Padgham, J.P.U.,
2014. Fifth assessment report of the Intergovernmental Panel on Climate
Change. In Chap.CLIMATE CHANGE 2014: Impacts, Adaptation, and
Vulnerability. Part B: Regional Aspects. Cambridge University Press,
Cambridge, UK and New York USA,1199-1265.

Nippert, J.B., and Knapp, A.K., 2007. Soil water partitioning contributes to species
coexistence in tall grass prairie. Oikos, 116:1017-1029.

Nippert, J.B., and Knapp, A.K., 2004. Characterization of long-term nitrogen
fertilization effects on soil microbial communities in tallgrass prairie. Soil Biology
and Biochemistry, 36:1381-1389.

Nkemelang, T., New, M., and Zaroug, M., 2018. Temperature and precipitation
extremes under current, 1.5 °C and 2 °C global warming above industrial levels
over Botswana, and implications for climate change vulnerability.

Environmental Research Letters, 13:065016.

Norton, M.R., Lelievre, F., Fukai, S., and Volaire, F., 2008. Measurement of summer
dormancy in temperate perennial pasture grasses. Australia. Journal of
Agricultural Research, 59:498-5009.

Norton, M.R., Volaire, F., Lelievre F., and Fukai S., 2009. lIdentification and
measurement of summer dormancy in temperate perennial grasses. Crop
Science; 49:2347-2352.

Noy-Meir, 1., 1975. Stability of grazed ecosystems: an application of predator-prey
graphs. Journal of Ecology, 63:451-480.

Nyamushamba, G.B., Mapiye, C., Tada, O., Halimani, T.E., and Muchenje, V., 2017.
Conservation of indigenous cattle genetic resources in Southern Africa's
smallholder areas: turning threats into opportunities—a review. Asian-

Australas. Journal of Animal Science; 30:603.

63



O’Connor, TG., 2015. Long-term response of an herbaceous sward to reduced grazing
pressure and rainfall variability in an arid South African Savanna. African

Journal of Range and Forage Science, 32:261-270.

O'Connor, T.G., Kuyler, P., Kirkman, K.P., and Corcoran, B., 2010. Which grazing
management practices are most appropriate for maintaining biodiversity in
South African grassland? African Journal of Range and Forage Science, 27:67-
76.

Oenema, O., de Klein, C., and Alfaro, M., 2014. Intensification of grassland and forage

use: Driving forces and constraints. Crop and Pasture Science, 65:524-537.

Osborne, C.P., Charles-Dominique, T., Stevens, N., Bond, W.J., Midgley, G., and
Lehmann, C.E.R., 2018. Human impacts in African Savannas are mediated by
plant functional traits. New Phytology, 220:10-24.

Pandey, C.B., Verma, S.K., Dagar, J.C., and Srivastava, R.C., 2011. Forage
production and nitrogen nutrition in three grasses under coconut tree shades in

the humid tropics. Agroforestry Systems, 83:1-12.

Paul, A.L., Eubanks, M.D., and Behmer, S.T., 2015. Water stress in grasslands:

dynamic responses of plants and insect herbivores. Oikos, 124:381-390.

Pulido, M., Schnabel, S., Lavado Contador, J.F., Lozano-Parra, J., and Gonzalez, F.,
2018. The impact of heavy grazing on soil quality and pasture production in

rangelands of SW Spain. Land degradation and development, 29:219-230.

Ratnam, J., Bond, W.J., Fensham, R.J., Hoffmann, W.A., Archibald, S., Lehmann,
C.E.R., Anderson, M.T., and Higgens, S.l., and Sankaran, M., 2011. Where is
a “forest” a Savanna, and why does it matter? Global Ecology and
Biogeography, 20:653-660.

Reece, P.E., Volesky, J.D., and Schacht, W.H., 2008. Integrating Management
Objectives and Grazing Strategies on Semi-arid Rangeland. University of
Nebraska — Lincoln Extension.

64



Rickart, E.A., Bienek, K.G., and Rowe, R.J., 2013. Impact of livestock grazing on plant
and small mammal communities in the Ruby Mountains, northeastern Nevada.
Western-North-American-Naturalist, 73:505-515.

Ripley, B., Frole, W., and Gilbert, M., 2010. Differences in drought sensitivities and
photosynthetic limitations between co-occurring C3 and C4 (NADP-ME)
Panicoid grasses. Annals of Botany, 105:493-503.

Ripley, B.S., Gilbert, M.E., Ibrahim, D.G., and Osborne, C.P., 2007. Drought
constraints on C4 photosynthesis: Stomatal and metabolic limitations in C3 and
C4 subspecies of Alloteropsis semialata. Journal of Experimental Botany,
58:1351-1363.

Rohr, J.R., Bernhardt, E.S., Cadotte, M.W., and Clements, W.H., 2018. The ecology

and economics of restoration. Ecology and Society, 23:2.

Rosendo, S., Celliers, L., and Mechisso, M., 2018. Doing more with the same: A
reality-check on the ability of local government to implement Integrated Coastal

Management for climate change adaptation. Marine Policy, 87:29-39.

Ruppert, J.C., Harmoney, K., Henkin, Z., Snyman, H.A., Sternberg, M., Willms, W.,
and Linstadter, A., 2015. Quantifying drylands' drought resistance and
recovery: The importance of drought intensity, dominant life history and grazing
regime. Global Change Biology, 21:1258-1270.

Ruppert, J.C., and Linstadter, A., 2014. Convergence between ANPP estimation
methods in grasslands. A practical solution to the comparability dilemma.
Ecological indicators, 36:524-531.

Ryan, C.M., Pritchard, R., McNicol, I., Owen, M., Fisher, J.A., and Lehmann, C., 2016.
Ecosystem services from southern African woodlands and their future under
global change. Philosophical Transactions of the Royal Society B: Biological
Sciences, 371:20150312.

65



Rydgren, K., Auestad, |., Halvorsen, R., Hamre, L.N., Jongejans, E., Tépper, J.P., and
Sulavik, J., 2020. Assessing restoration success by predicting time to

recovery—But by which metric? Journal of Applied Ecology, 57:390-401.

SAEON., 2015.South African Environmental Observation Network (SAEON),

Changes in the air. Ecological trends and their drivers in South Africa.

Sanaullah, M., Rumpel, C., Charrier, X., and Chabbi, A., 2012. How does drought
stress influence the decomposition of plant litter with contrasting quality in a
grassland ecosystem? Plant and Soil, 352:277-288.

Sankaran, M., 2019. Droughts and the ecological future of tropical Savanna

vegetation. Journal of Ecology, 107:1531-1539.

Sardans, J., and Penuelas, J., 2012. The role of plants in the effects of global change
on nutrient availability and stoichiometry in the plant-soil system. Plant
Physiology, 16:1741-1761.

Saud, S, Li, X., Chen, Y., Zhang, L., Fahad, S., Hussain, S., Sadiq, A., and Chen, Y.,
2014. Silicon application increases drought tolerance of Kentucky bluegrass by

improving plant water relations and physiological functions. Scientific World
Journal, 1:368694.

Saud, S., Chen, Y., Long, B., Fahad, S., and Sadiq, A., 2013. The different impacts on
the growth of cool season turf grass under the various conditions on salinity
and drought stress. International Journal of Agricultural Science Research,
3:77-84.

Saud, S., Yajun, C., Fahad, S., Hussain, S., Na, L., Xin, L., and Alhussien, S.A.A.F.E.,
2016. Silicate application increases photosynthesis and its associated
metabolic activities in Kentucky bluegrass under drought stress and post-
drought recovery. Environmental Science and Pollution Research, 23:17647-
17655.

Scheiter, S., Schulte, J., Pfeiffer, M., Martens, C., Erasmus, B.F.N. and Twine, W.C.,

2018. How Does Climate Change Influence the Economic Value of Ecosystem

66


https://www.sciencedirect.com/science/article/pii/S2405880719300755#bb0460

Services in Savanna Rangelands? Journal of Ecological Economics, 157:342-
356.

Schimel, J., Balser, T.C., and Wallenstein, M., 2007. Microbial stress-response

physiology and its implications for ecosystem function. Ecology, 88:1386-1394.

Scott, R. L., Biederman, J. A., Hamerlynck, E.P., and Barron-Gafford, G. A., 2015. The
carbon balance pivot point of southwestern U.S. semiarid ecosystems: Insights
from the 21st century drought. Journal of Geophysical Research, 120:2612-
2624.

Shoroma, L. B., 2014. Mitigating the effects of recurrent drought: The case of Setlagole

community, Ratlou Municipality (North West Province), (November).

Siebert, F., and Dreber, N., 2019. Forb ecology research in dry African Savannas:
Knowledge, gaps, and future perspectives. Ecology and Ecology, 13:7875-
7891.

Singh, R., Singh, Y., Prihar, S.S., and Singh, P., 1975. Effect of N fertilization on yield
and water use efficiency of dryland winter wheat as affected by stored water

and rainfall. Agronomy Journal, 67:599-603.

Soussana, J.F., Graux, A.l., and Tubiello, F.N., 2010. Improving the use of modelling
for projections of climate change impacts on crops and pastures. Journal of
experimental botany, 61:2217-2228.

Staver, A.C., Wigley-Coetsee, C., and Botha, J., 2019. Grazer movements exacerbate
grass declines during drought in an African Savanna. Journal of Ecology,
107:1482-1491.

Staver, A.C., 2018. Prediction and scale in Savanna ecosystems. New Phytologist,
1:52-57.

Staver, A.C., Archibald, S., and Levin, S., 2011. Tree cover in sub-Saharan Africa:
rainfall and fire constrain forest and Savanna as alternative stable states.
Ecology, 92:1063-1072.

67



Stuart-Haéntjens, E., De Boeck, H.J., Lemoine, N.P., Mand, P., Kréel-Dulay, G.,
Schmidt, I.K., Jentsch, A., Stampfli, A., Anderegg, W.R.L., Bahn, M., Kreyling,
J., Wohlgemuth, T., Lloret, F., Classen, A.T., Gough, C.M., and Smith, M.D.,
2018. Mean annual precipitation predicts primary production resistance and
resilience to extreme drought. Science of the Total Environment, 636:360-366.

Swemmer, A.M., Bond, W.J., Donaldson, J., Hempson, G.P., Malherbe, J., and Smit,
I.P.J., 2018. The ecology of drought — a workshop report. South African Journal
of Science, 114:1-3.

Swemmer, A.M., Knapp, A.K., and Smith, M.D., 2006. Growth responses of two
dominant C4 grass species to altered water availability. International Journal of
Plant Sciences, 167:1001-101

Synodinos, A. D., Tietjen, B., Lohmann, D., and Jeltsch, F., 2018. The impact of inter-
annual rainfall variability on African Savannas changes with mean rainfall.
Journal of Theoretical Biology, 437:92-100.

Tadross, M., Engelbrecht, F.A., Jack, C., Wolski, P., and Davis, C,L., 2017. Projected

climate change futures for Southern Africa. Pretoria, South Africa: CSIR.

Taylor A.J., Smith C.J., and Wilson |.B., 1991. Effect of irrigation and nitrogen fertilizer
on yield, oil content, nitrogen accumulation and water use of canola (Brassica
napus L.). Fertilizer. Research, 29:249-260.

Taylor, S.H., Ripley, B.S., Woodward, F.l., and Osborne, C.P., 2011. Drought limitation
of photosynthesis differs between C3 and C4 grass species in a comparative

experiment. Plant, Cell and Environment, 34:65-75.

Teixeira, E.I., George, M., Herreman, T., Brown, H., Fletcher, A., and Chakwizira, E.,
2014. The impact of water and nitrogen limitation on maize biomass and
resource-use efficiencies for radiation, water and nitrogen. Field Crops
Research, 168:109-118.

68



Tfwala, C.M., van Rensburg, L.D., Schall, R., and Dlamini, P., 2018. Drought dynamics
and interannual rainfall variability on the Ghaap plateau, South Africa, 1918—
2014. Physics and Chemistry of the Earth, 107:1-7.

Thiaw, |. 2015. Is the changing climate changing African ecosystems? Ecosystem
Health and Sustainability. Theoretical Biology, 437:92-100.

Thiaw, B., 2015. Is the changing climate changing African ecosystems? Ecosystem
Health and Sustainability, 2:1-3.

Thornton, P.K., 2010. Livestock production: Recent trends, and future prospects.
Philosophical Transactions of the Royal Society B: Biological Sciences,
365:2853-2867.

Throop, W.S., McClaran, M.E., and Rejmanek, P.R., 2004. Effects of grazing on plant
diversity and composition in semiarid grasslands. Annual Review of Ecology,
Evolution and Systematics, 35:597-623.

Tilman, D., Fargione, J., Wolff, B., D'Antonio, C., Dobson, A., Howarth, R., Schindler,
D., Schlesinger, W. H., Simberloff, D., and Swackhamer, D., 2001. Forecasting
agriculturally driven global environmental change. Science, 292:281-284.

Trnka, M., Olesen, J.E., Kersebaum, K.C., Skjelvag, A.O., Eitzinger, J., Seguin, B.,
Peltonen-sainio, P., Rotter, R., Iglesias, A.N.A., Orlandini, S. and Dubrovsky,
M., 2011. Agroclimatic conditions in Europe under climate change. Global
Change Biology, 17:2298-2318.

Ummenhofer, C.C., and Meehl, G.A., 2017. Extreme weather and climate events with
ecological relevance: a review. Philosophical Transactions of the Royal Society
B: Biological Sciences, 372:20160135.

Van der Merwe, H., and Milton, S.J., 2019. Testing the Wiegand-Milton Model: A long-
term experiment to understand mechanisms driving vegetation dynamics in arid

shrublands. Australian Ecology, 44:49-59.

Van der Waal, C., de Kroon, H., de Boer, W.F., Heitkonig, I.M.A., Skidmore, A.K., de
Knegt, H.J., van Langevelde, F., van Wieren, S.E., Grant, R.C., Page, B.R,,

69



Slotow, R., Kohi, E.M., Mwakiwa, E., and Prins, H.H.T., 2009. Water and
nutrients alter herbaceous competitive effects on tree seedlings in a semi-arid

Savanna. Journal of Ecology, 97:430-439.

Van Loon, A.F., 2015. Hydrological Drought Explained. WIREs Water, 2:359-392.

van Wilgen, N.J., Goodall, V., Holness, S., Chown, S.L., McGeoch, M.A., 2016. Rising
temperatures and changing rainfall patterns in South Africa’s national parks.

International Journal of Climatology, 36:706-721.

Vasques, |.C.F., Souza, A.A., Morais, E.G., Benevenute, P.A.N., Silva, L.C.M., Bruno
G.C., Homem, D.R., and Casagrande, B.M., 2019. Improved management
increases carrying capacity of Brazilian pastures, Agriculture Ecosystems and
Environment, 282:30-39.

Vetter, S., 2009. Drought, change and resilience in South Africa’s arid and semi-arid

rangelands. South African Journal of Science, 105:29-33.

Volaire, F., Barkaoui, K.., and Norton, M., 2014. Designing resilient and sustainable
grasslands for a drier future: Adaptive strategies, functional traits and biotic

interactions. European. Journal of. Agronomy, 52:81-89.

Volder, A., Tjoelker, M.G., and Briske, D.D., 2010. Contrasting physiological
responsiveness of establishing trees and a C4 grass to rainfall events
intensified summer drought and warming in oak Savanna. Global Change
Biology, 16:3349-3362.

Wang, X.,, Yan, Y., and Cao, Y., 2012. Impact of historic grazing on steppe soils on
the northern Tibetan Plateau. Plant and Soil Science, 354:173-183.

Wangai, P.W., Burkhard, B., and M€uller, F., 2016. A review of studies on ecosystem
services in Africa. International Journal of Sustainable Built Environment,
5:225-245.

70



Waraich, E.A., Ahmad, A., and Ashraf, M.Y., 2011. Role of mineral nutrition in
alleviation of drought stress in plants. Australian Journal of Crop Science,
5:764-777.

Ward, J.K., Tissue D.T., Thomas, R.B., and Strain, B.R., 1999. Comparative response
of model C3 and C4 plants to drought in low and elevated CO2. Global Change
Biology, 5:857-867.

Whitford, W.G., 2002. Ecology of Desert Systems. Academic, New York/London.

Wittmer, M.H.O.M., Auerswald, K., Bai, Y., Schaeufele, R., and Schnyder, H., 2010
Changes in the abundance of C3/C4 species of Inner Mongolia grassland:
Evidence from isotopic composition of soil and vegetation. Global. Change.
Biology, 16:605-616.

WRB., 2014. World Reference Base for Soil Resources 2014. International soil
classification system for naming soils and creating legends for soil maps.

Rome: FAO'’s digital publishing.

Xu, Y., Liu, Y., and Liu, W., 2015. Impacts of grazing on soil organic carbon and

nitrogen: a review. Pedosphere, 25:1-17.

Yong-Zhong, S., Yu-lin, L., Jian-Yuan, C., and Wen-zhi, Z., 2005. Influences of
continuous grazing and livestock exclusion on soil properties in a degraded

sandy grassland, Inner Mongolia, northern China. Catena, 59:267-278.

Young, D.J., Stevens, J.T., Earles, J.M., Moore, J., Ellis, A., Jirka, A.L., and Latimer,
A.M., 2017. Long-term climate and competition explain forest mortality patterns

under extreme drought. Ecology Letters, 20:78-86.

Zeppel, M.J.B., Harrison, S.P., Adams, H.D., Kelley, D.I., Li, Q., Tissue, D.T., and
McDowell, N.G., 2015. Drought and resprouting plants Research review
Drought and resprouting plants. New Phytologist, 206:583-589.

Zerga, B., 2015. Rangeland degradation and restoration: a global perspective. Point

Journal of Agriculture and Biotechnology Research, 1:37-54.

71



Zhang, M., Li, X., Wang, H., and Huang, Q., 2018. Comprehensive analysis of grazing
intensity impacts soil organic carbon: A case study in typical steppe of Inner
Mongolia, China. Applied Soil Ecology, 129:1-12.

Zhou, J., Luo, Y., and Zhang, C., 2016. Effects of grazing on ecosystem processes

and services: a review. Journal of Integrative Plant Biology, 58:677-690.

Ziervogel, G., New, M., van Garderen, E.A, Midgley, G., Taylor, A., Hamann, R.,
Stuart-Hill, S., Myers, J., and Warburton, M., 2014. Climate change impacts and
adaptation in South Africa. Wiley Interdisciplinary Reviews: Climate Change,
5:605-620.

Ziter, C., Graves, R.A., and Turner, M.G., 2017. How do land-use legacies affect
ecosystem services in United States cultural landscapes? Landscape Ecology,
32:2205-2218.

Lelievre, F., Seddaiu, G., Ledda, L., Porqueddu, C., and Volaire, F., 2011. Water use
efficiency and drought survival in Mediterranean perennial forage grasses.
Field Crops Research, 121:333-342.

72



Appendices

Appendix 1 Factorial ANOVA for ANPP during versus recovery

Source DF SS MS F P
SampYear 2 34069 17034.5 19.92 0.0000
Treatment 3 550 183.4 0.21 0.8864
SampYear*Treatment 6 11234 1872.3 2.19 0.0420
Error 833 712265 855.1

Total 844

Appendix 2 Factorial ANOVA for Plant functional during drought and post-

drought
Source DF SS MS F P
SampYear 2 9602 4800 5.71 0.0034
Treatment 3 94 31.29 0.04 0.9904
PFT 3 14259 475299 5.65 0.0008
SampYear*Treatment 6 5099 849.77 1.01 0.4169
SampYear*PFT 6 5638 939.63 1.12 0.3500
Treatment*PFT 9 7415 823.88 0.98 0.4551
SampYear*Treatment*PFT 18 7901 438.95 0.52 0.9488
Error 797 670087 840.76
Total 844

Appendix 3 Factorial ANOVA for Plant functional type per sampling year per
treatment.

Source DF SS MS F P
SampYear 3 10394 3464.55

Treatment 3 43 14.35 5.47 0.0010
PFT 3 13161 4387.10  0.02 0.9954
SampYear*Treatment 9 5503 611.46 6.92 0.0001
Samp*PFT 9 12561 1395.68  0.96 0.4675
Treatment*PFT 9 5385 598.33 2.20 0.0197
SampYear*Treatment*PFT 27 10909 404.03 0.94 0.4854
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Error 1245 788936 633.68 0.64 0.9243
TOTAL 1308

Appendix 4 ANOVA for fertilized anpp under post-drought

Source DF SS MS F P
Block 1 1144 .5 1144.51

Fertilizer 1 85.4 85.35 0.05 0.8199
Error 56 91324.6 1630.80

Total 58

Appendix 5 ANOVA for unfertilized plant functional type

Source DF SS MS F P
Block 1 1407.3 1407.31

PFT 3 4392 .4 1464.13 0.91 0.4430
Error 54 87017.6 1611.44

Appendix 6 ANOVA for species composition

Source DF SS MS F P
Block 3 4309 1436.29

Species 29 62500 2155.16  3.36 0.0000
Error 1276 817688 640.82

Total 1308

74
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