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Abstract

Seriphium plumosum L encroachment in the semi-arid grassland communities of South Africa
results from a complex interaction of environmental factors, which pose a major challenge to
managing the rate and extent of its encroachment. Woody plant encroachment effects on
ecosystem functioning are non-universal, with both positive and negative effects equally probable.
Although the causes and consequences of woody plant encroachment are documented worldwide,
this research on S. plumosum is lacking, thus hindering the development of control measures for
its encroachment.

In chapter 2, the effect of abiotic (aspect, rockiness, sand and soil fertility (soil organic carbon,
phosphorus, magnesium and pH) and biotic (S. plumosum density, basal cover and veld condition)
factors on S. plumosum encroachment susceptibility in grassland communities was explored using
logistic regression. A decrease in basal cover had 0.926 times likelihood estimate of increasing S.
plumosum encroachment susceptibility. An increase in S. plumosum susceptibility was also
observed with decrease in sand and magnesium concentrations. These results have showed that,
overgrazed and/or burned areas with well-drained, nutrient poor soils in the semi-arid grassland
communities of Gauteng Province are likely to become encroached by S. plumosum.

In chapter 3, we used two grassland communities, Carletonville Dolomite Grassland (CDG) and
Rand Highveld Grassland (RHG), and abiotic factors (Soil Organic Carbon (SOC), Total nitrogen
(TN), Phosphorus (P), Potassium (K), Sodium (Na), Calcium (Ca), Magnesium (Mg) and pH) to
investigate habitat preferences of Seriphium plumosum L. in the semi-arid grassland communities
of Gauteng, South Africa. Bottom slope regions in RHG had significantly higher S. plumosum
density (59.00 + 8.62 plants/50 m?) than bottom slope regions in CDG (19.75 + 3.01plants/50 m?).

Soil sodium content was similar in CDG slope positions and higher than in RHG. Furthermore,



Seriphium plumosum density was positively related to components of soil fertility; P (r>= 0.1270;
P = 0.0036), K (r?=0.0786; P = 0.0237), Na (r* = 0.0686; P = 0.0350), Ca (r*>= 0.0681; P =
0.0358), and SOC content (r?= 0.0669; P = 0.0374). The results revealed that S. plumosum density
in grassland communities increases with increasing soil sand content and decreasing soil fertility.
Chapter 4 was aimed at exploring the interactive effects of S. plumosum canopy cover, fire and
soil depth on components of soil fertility; K, P, Mg, TN, Na, Ca, SOC and pH. All the components
of soil fertility measured showed a significant decrease with increasing soil depth and post-fire
treatment (P< 0.05). The results have shown that S. plumosum encroachment contributes to
accelerate rather than reverse rangeland degradation. Furthermore, fire alone is not sufficient to
control S. plumosum encroachment in grassland, since it may reduce grass competitive ability,
which in turn improves the conditions for S. plumosum seed germination and recruitment.

In Chapter 5, an experimental study was designed using a 3 x 4 factorial analysis of variance to
investigate the effect of season (dry and wet), burning (burned and unburned), slope position (top
and bottom), and their interaction on Seriphium plumosum L. crude protein (CP), neutral detergent
fibre (NDF), total phenolics (TPs) and condensed tannins (CTs) concentrations. Seriphium
plumosum CP concentrations from post-burned sites was higher than from unburned sites. Crude
protein concentration was higher during the wet season in burned sites than in unburned sites,
which were also higher than CP concentrations during dry season at unburned sites and burned
sites. In contrast, S. plumosum NDF concentrations were similar during the dry season in burned
and unburned sites, but higher than similar NDF during the wet seasons on both post burned and
unburned areas. Generally, the study showed that S. plumosum encroachment control in the semi-

arid grasslands requires understanding its drivers and effects on rangeland composition and



functioning. Furthermore, intergrating ecological control measures might potentially contribute to

the development of its sustainable management programmes.
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CHAPTER 1: INTRODUCTION & LITERATURE REVIEW

1. INTRODUCTION
1.1. Rationale
Woody plant encroachment is an increase in density, cover and biomass of indigenous and
invasive woody plant species (van Auken, 2009). The term woody plant encroachment is
synonymous with other wide-ranging terminologies such as bush thickening (Wiegand et al.
2006), woody weed invasion (Kiswaga et al. 2020) and woody plant regrowth (Eldridge et al.
2003). Although it is widespread across a range of biomes and a rainfall gradient from arid (de
Klerk 2004), to mesic areas (Montane ~ et al. 2011), it is particularly problematic in arid and semi-
arid grasslands and savannas (Kulmatiski and Beard 2013). Woody plant encroachment occurs at
different times in different countries, but at comparable rates in grassland and savanna ecosystems
(Archer et al. 2017). The encroachment rate is particularly comparable in North America (Barger
et al. 2011), South America (Anadon et al. 2014), Australia (Noble 1997), Africa (Bond et al.
1994; Venter et al. 2018), and southern Asia (Kumar et al. 2020). It involves many woody plant
species that range from shrubs to trees in stature, from evergreen to deciduous, and broad-leaved
to needle-leaved in leaf habit (Liu et al. 2013). The fact that it is reported in the arctic tundra, in
temperate, subtropical, tropical, coastal and montane grasslands, in hot and cold desert grasslands,
and in savannas and steppe (Tape and Racine, 2006, Knapp et al. 2008a, Naito and Cairns, 2011),
shows the complexity of its drivers, both temporally and spatially.

In South Africa, approximately 10 to 20 million hectares of rangeland are affected by
woody plant encroachment (Hoffman and Ashwell, 2001), and areas encroached and the rate of
encroachment are likely to continue based on the past trends and future projections (Hughes, 2003;

Van Auken, 2009). Woody plant encroachment poses a major concern for land users, especially
19



beef and sheep farmers because it reduces grazing capacity of rangelands through displacing
grasses, as well as negatively affecting other ecosystem services like water retention and soil
protection from erosion (Gillson and Hoffman, 2007). Although this phenomenon is well
documented worldwide (Archer et al. 2017; Ward et al. 2014; Venter et al. 2018), research on its
causes and consequences in rangeland communities is still not well understood. This is due to the
fact that, woody plant encroachment is modified by local patterns that include disturbance (e.g.
fire and grazing), topography, soil texture and fertility, either alone or in combinations (Archer et
al. 2017). Furthermore, once woody plant encroachment has occurred, its effect on ecosystem
processes is non-universal (Eldridge et al. 2011), with both positive and negative effects equally
probable and dependent on land use objectives (Archer and Predick 2014). These complexities
pertaining to the causes and consequences of woody plant encroachment on rangeland
communities limit managing or controlling their rate and extent of encroachment (Archer et al.
2017). It is not only the extent, but also the rate of woody plant encroachment that is a concern.
Consequently, understanding woody plant encroachment on rangelands worldwide necessitates
the use of multi-factorial experiments to aid in the understanding of underlying factors and the

development of management strategies.

1.2. Justification

The arid and semi-arid rangelands of the world cover about 40% of the earth land surface,
constituting the largest terrestrial area on the planet (Schimel, 2010) and providing home to
approximately 2.3 billion people (World Resource Institute, 2002). Globally, these ecosystems are
experiencing extensive environmental change that causes woody plants to encroach into
grasslands and change open savannas to dense woodlands (Zafar et al. 2005; van Auken, 2009).

Although extensively debated, the causes of woody plant encroachment at a local scale are

20



centered on disturbances such as a land-use history of intensive, continuous grazing (van Auken,
2009; Archer et al. 2017) and fire suppression (Bond et al. 2003). At a global scale, the causes of
woody plant encroachment are centered on changing climate and increased atmospheric CO-
(Ward, 2010; Wigley et al. 2010; Buitenwerf et al. 2012). Other researchers propose that the lack
of browsing domestic and wild animals contributes to the advancement of woody plant
encroachment (Sankaran et al. 2013; Archer et al. 2017). However, browsing animals also
contribute to the spread of viable woody plant seeds in rangelands (Tjelele et al. 2014; 2015b).
Ascribing a single factor as the cause of woody plant encroachment is impossible (Ward, 2005;
Kraaij and Ward, 2006; van Auken 2009), particularly because plant species adaptation, land use
history and changes in climate vary markedly among bioclimatic zones (Archer et al. 2017).

Generally, woody plant encroachment has both positive and negative effects on a range of
ecosystem functions from a land management perspective (Eldridge et al. 2003; 2011). These
effects depend on the encroaching woody plant species functional traits (Eldridge and Ding 2021)
and the encroachment stage (Archer et al. 2017). To develop management strategies for
encroaching woody plant species, there is a need to understand the causes and consequences of
encroaching woody plant species and their interactions with climate, edaphic factors, land use
history and fire (Bond, 2008; Lohmann et al. 2014).

In South Africa, Seriphium plumosum L., previously known as Stoebe vulgaris (Nkosi et
al. 2018) is an indigenous, hardy, multi stemmed dwarf-shrub that grows to an average height and
width of 60 cm (Schmidt et al. 2007). Although well distributed in grassland, it thrives in nutrient
poor sandy soils, with an average annual rainfall of 620 — 750 mm (Snyman, 2009a). The density
of Seriphium plumosum has increased within its geographic range in the South African semi-arid

grassland biome (du Toit and Sekwadi, 2012), caused by among others, changes in environmental
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conditions. Its encroachment in South African rangelands is estimated at approximately 150 202
ha (Avenant, 2015), predominantly in the arid and semi-arid grassland communities of the Eastern
Cape, Free State, Mpumalanga, Northwest and Gauteng Provinces (Snyman, 2011). Seriphium
plumosum is also naturalized in other southern African countries such as Angola, Namibia,
Mozambique and Zimbabwe (Koekemoer, 2001), and in Madagascar and the USA (Schmidt et al.
2002). However, due to its sparse distribution in these countries, its impact on their grassland
communities and ecosystem services is relatively insignificant. Nevertheless, an increase in the
rate and extent of S. plumosum encroachment on rangeland communities will compromise the
potential of these ecosystems to support a large population of grazers, with negative impacts on
the pastoral economy.

In South Africa, conventional management of S. plumosum encroachment using
mechanical and chemical measures is labour intensive and expensive, thus making these
approaches unsustainable (Snyman 2011), especially to the resource poor or emerging livestock
farmers. The combination of fire and browsing has not been explored in managing S. plumosum
encroachment, despite their potential as management tools for encroaching woody plant species.
Domestic and wild animals seldom browse S. plumosum, particularly during the early wet season
(Avenant 2015). This may suggest that nutrients and plant secondary metabolites in S. plumosum
foliage vary seasonally and geographically. However, the nutrient and secondary metabolite
content and concentrations in S. plumosum forage material remain poorly understood. Variations
in nutrients and plant secondary metabolites are well reported for many encroaching woody plant
species in the semi-arid savanna, but less so for encroaching S. plumosum in South African semi-

arid grassland communities. As such, this may limit the potential impact of S. plumosum on
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rangeland and livestock sector. There is a need for more ecological research on S. plumosum,

particularly in the semi-arid grassland communities of South Africa.

1.3. Literature review

1.3.1. Woody plant encroachment

Savannas are communities or landscapes with a continuous herbaceous layer, usually dominated
by grasses, herbs and forbs as well as trees and shrubs that constitute an important source of food
for wild and domestic animals (Reynolds et al. 2007). Grasslands, shrublands and savannas,
termed “rangelands,” constitute about 50% of the Earth’s land surface (Bailey and Ropes, 1998).
Although rangelands are characterized by low, yet highly variable annual rainfall, (Robinson et
al. 2019). These rangelands contain over 30% of the world’s human population and support the
majority of the world’s livestock production (Safriel and Adeel, 2005; Reynolds et al. 2007). One
of the most striking land-cover changes over the past 150 years in rangelands worldwide has been
the proliferation of indigenous trees and shrubs at the expense of perennial grasses (Fensham et
al. 2005; Wiegand et al. 2006; Archer, 2010), a phenomenon known as woody plant encroachment.
This phenomenon is synonymous to other wide-ranging terminologies such as desertification
(Archer et al. 2017), woody weed invasion (Ayres et al. 2001), bush encroachment (Ward, 2005)
and shrub invasion (Throop et al. 2012).

Encroaching woody plant species vary in functional traits, from shrubs to trees in stature;
from evergreen to deciduous, malacophyllous to sclerophyllous, and macrophyllous to
microphyllous in leaf habit, structure and size; N fixing and from deep rooted to shallow rooted
(Nelson et al. 2002). Because woody plant encroachment occurs across a wide range of climates

from tropical to artic and arid to humid, the drivers of woody plant encroachment likely vary
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among climatic zones (Archer et al. 2017). These encroaching woody plant species increase in
density, cover and biomass on rangelands because of changes in one or more abiotic and biotic
factors (van Auken, 2009). The major concern for agriculturalists, conservationists and livestock
farmers is not only the extent of woody plant encroachment, but also on the rate at which woody
plant encroachment occurs (Kraaij and Ward, 2006). To manage woody plant encroachment, it is

important to understand its ecology on rangeland communities.

1.3.2. Causes of woody plant encroachment

The causes of woody plant encroachment in rangeland communities worldwide are intensively
investigated (Bond and Midgley, 2000; Kraaij and Ward, 2006; Archer et al. 2017), but the extent
of encroachment is still increasing at an alarming rate. This is because there are number of global
and local scale factors that alone or in combination cause woody plant encroachment. Woody plant
encroachment at a global scale is driven by climate change and increased atmospheric CO>
concentrations (Stevens et al. 2006; Wigley et al. 2010). Locally, woody plant encroachment is
caused by overgrazing, fire exclusion (Fuhlendorf et al. 2008), lack of browsers and the spread of
viable woody plant seed by livestock (Tjelele et al. 2014; Tjelele et al. 2015a, b) among other
factors. Although research into the cause of woody plant encroachment has received much
attention, there is still uncertainty as to how these local and global factors either exclusively or in

combination, contribute to cause woody plant encroachment worldwide.

1.3.2.1. Global scale factors
Global scale factors, such as increased CO> (Bond and Midgley, 2000) and climate change (Ward,

2010), are proposed as major global drivers of woody plant encroachment (Stevens et al. 2016).
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Elevated atmospheric CO> is purported to reduce transpiration rates of grasses, causing deeper
percolation of water into subsoils, thus creating conditions, which favour woody plant
encroachment (Polley et al. 2003; Ward, 2010). Increased atmospheric CO> has driven the recent
Csz shrub and woody plant encroachment into grasslands throughout the semiarid regions of North
and southwest America (Morgan et al. 2007). This notion is however, still a subject of considerable
debate (e.g. Kérner 2006; Ward, 2010; Bond and Midgley 2012). This is because, little to no effect
of increased CO- levels on tree: grass ratios has been observed to date (Korner et al. 2005; Stock
et al. 2005). The expected facilitation of woody plant encroachment by increased atmospheric CO>
needs cautious application, especially in field experiments (Leakey and Lau, 2012). Wigley et al.
(2010) and Buitenwerf et al. (2012) proposed long-term experiments investigating the effect of
CO2 on woody plant encroachment, during which other major factors such as fire and grazing are
held constant. To date, it is still not clear how or to what extent elevated atmospheric CO; affects
woody plant encroachment.

Woody plant densities have been increasing throughout a matrix of land use histories,
ranging from areas heavily disturbed by fire and grazing to ungrazed and rarely burnt areas,
suggesting climate rather than disturbance may be driving increasing woody plant encroachment
in rangelands of South America (Silva et al. 2001) and probably elsewhere. Several studies have
shown that elevated atmospheric CO> can increase the water-use efficiency of woody plant
species, thereby increasing levels of soil moisture, and thus reducing their moisture stress
(Centritto et al. 2002; Leakey et al. 2012). Plant available moisture is the function of the amount
and timing of precipitation in combination with the effect of temperature on evaporative demand
(Hatfield and Prueger 2015). Consequently, both temperature and moisture interact to influence

the distribution of woody vegetation (Bond et al. 2003). In arid and semi-arid rangelands
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worldwide, rainfall is the most important environmental parameter governing crucial life history
processes in woody plants (Tews and Jeltsch 2004). Changes in rainfall patterns and volumes
partly explain the increases in woody vegetation cover (Benhin, 2006), with an increase in mean
annual rainfall reported to correlate with increasing woody plant encroachment (Venter et al.
2018). Although small experimental increases in precipitation intensity can push soil water deeper
into the soil profile for exclusive use by woody plants, multiple interacting factors such as soil
type and precipitation among others, hinders large-scale experimental tests on the effects of
precipitation intensity on woody plant species growth (Wigley et al. 2010; Buitenwerf et al. 2012).
In savanna systems, this will result in increasing aboveground woody plant growth and decreasing
grass growth (Kulmatiski and Beard, 2013). At a gross scale, annual rainfall is a coarse index of
seasonal plant available moisture and therefore determines rangeland dynamics (Shackleton,
1999). When annual precipitation increases above 250 mm, woody plants would increase in
density with increasing rainfall because the grasses would not utilize all the rainwater (Ward and
Ngairorue, 2000). Although there is research evidence on the role of rainfall (Tews and Jeltsch,
2004) and temperature (Criado et al. 2020) on woody plant species encroachment, more research
is still required on how rainfall alone or combined with other factors contributes to an increase in
woody plant encroachment.

The boundary between savannas and highland grasslands is caused by the greater
frequency of freezing nights in grasslands or at least a greater frequency of low temperature during
days below the minimum temperatures required for plant growth (Wakeling et al. 2012). Climate
is one of the most important factors creating a savanna, thus a decline in temperatures may result
in transition from grassland to savannas. Woody plant encroachment is related positively to global

warming in the tundra (Criado et al. 2020), but less is known about the effect of global warming
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in other areas. In contrast, studies have shown that freezing temperatures reduce tree survival and
growth in savannas and deserts (Brando and Durigan, 2005; Holdo, 2006). There has been more
research into the effect of moisture in combination with temperature on woody plant encroachment
(Tews and Jeltsch 2004; Archer et al. 2017), than the effect of temperature alone (Brandt et al.
2017; Russell et al. 2019; Russell and Tedder 2020). Consequently, this lack of research on the
effects of temperature limits understanding of how woody plants will response to temperature

extremes.

1.3.2.2. Local scale factors

Domestic grazing herbivores (cattle and sheep), including some microbes and insects are the
primary users of grasslands worldwide (Asner et al. 2004). The arrival of domestic herbivores
with Anglo-European settlers in America, Australia, and Southern Africa, despite arriving at
different times, resulted in the current woody plant encroachment in rangelands (Archer et al.
2017). These herbivores overgrazed grasses, reducing their above ground biomass and fine fuel
load needed for grassland fires (van Auken, 2009). There is evidence that intense and frequent
herbivory exerts a major influence on woody plant distribution and abundance across arid and
semi-arid rangelands (Van Auken and Smeins, 2008), especially when coupled with reduced fire
frequency. These factors create conditions that favour the establishment, survival and recruitment
of woody plants over the grasses (Archer et al. 2017). They also contribute to conversion of
grasslands into shrublands or woodlands (Knapp et al. 2008a; Knapp et al. 2008b). Generally,
when these conditions occur, trees germinate en masse (Savadogo et al. 2007), thus enhancing the
woody plant encroachment rate. These findings are consistent with the overgrazing hypothesis

(Coetzee et al. 2008) and the two-layer soil moisture hypothesis (Ward et al. 2013). However,
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other research proposes that high levels of herbivory, competition for moisture between trees and
grasses, and the absence of fire are not the sole factors responsible for woody plant encroachment
(Ward et al. 2014), but multiple interacting global and local factors (van Auken, 2009; Eldridge et
al. 2011). Woody plant encroachment is also widespread in areas where grazing is infrequent
and/or of light intensity (Ward, 2005; Ward et al. 2014; Tjelele et al. 2015a). Consequently,
generalising grazing as a sole factor causing woody plant encroachment is unsupported and
misleading.

Generally, fire is considered a major determinant of the ecology and distribution of African
semi-arid rangelands (Higgins et al. 2000; Bond et al. 2005; Sankaran, 2019). It determines the
vegetation community structure (Liedloff and Cook, 2007; Buitenwerf et al. 2012) by limiting
woody plant seedling recruitment (Joubert et al. 2012), while maintaining woody plants species in
the resprouting phase (Bond and Archibald, 2003; Hoffmann et al. 2009). In the early stages of
shrub encroachment, when sufficient herbaceous biomass is present, fires might provide some
reversibility to woody or shrubby plant encroachment process by negatively affecting their
demography and by homogenizing soil resources across patches within weeks to months after
burning (Sankey et al. 2012). Despite the importance of fire in savannas and grassland systems,
the effect may differ depending on the frequency, intensity and time of burning. In mesic areas,
fire is usually common and intense after good rain due to high grass biomass production (Skarpe,
1991). The frequency of fire is variable, but recurring fires are required to control or reduce the
establishment, density and growth of woody plants in most rangeland communities (Simmons et
al. 2007).

The recent widespread elimination of megafauna, such as elephants, in Africa and the

overall reduction in the number of domestic browsers (Hester et al. 2006), contributed to cause
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wide-scale woody plant encroachment in these regions (Stevens et al. 2014). Browser abundance
exerts a major influence on woody plant distribution and abundance (van Auken and Smeins,
2008; Tjelele et al. 2014). Their activities may prevent shrubs and trees from establishing and
exerting dominance by maintaining them at a stature vulnerable to fire (Archer et al. 2017). Many
woody plant species support browsers, but some encroaching macrophyllous species, such as
Euclea and Searsia (formerly Rhus) are unpalatable (van Auken, 2009; Gordijn et al. 2012;
Sankaran et al. 2013). Consequently, this will result in browsers selecting palatable woody plant
species and increasing the relative abundance of unpalatable ones (Wiseman et al. 2004; Goheen
et al. 2007; Holdo, 2007), thus contributing to cause their encroachment in rangelands (Gordijn et
al. 2012).

The potential of browsers as control agents for woody plant encroachment is broadly
recognized (Estell et al. 2012), but more research is still needed on how the absence of browsing
mammals contributes to causing woody plant encroachment (Midgley et al. 2010; Sankaran et al.
2013). Furthermore, investigation into how the absence of browsing herbivores alone or in
combination with other local and global factors may contribute to cause woody plant
encroachment is needed (Bond et al. 2003; Ward, 2005). In Africa, managing fire and herbivory
at a local scale provides tools for mitigating woody plant encroachment (Venter et al. 2018).
However, research into the effects of browsing herbivore exclusion alone or in combination with
insufficient fire in causing woody plant encroachment still need more attention. This is because
the effects of livestock on the rate of woody plant encroachment are variable due to the differences
in the inherent characteristics of the study area or intensity, duration, or timing of grazing or

browsing (Archer et al. 2017).
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1.3.2.3. Edaphic and topographic factors

Topographic position is one of the major determinants of soil depth and texture and therefore soil
properties (Salako et al. 2006). Soil properties (i.e., texture, depth, and fertility) interact in complex
ways to influence the patterns of woody plant abundance and distribution (Browning et al. 2008).
Landscapes with varying slope positions differ in their ability to retain water and nutrients, due to
their differences in soil depth and texture (Oztas et al. 2003), which are important determinants of
woody plant distribution (Wu and Archer, 2005). For instance, aboveground biomass of woody
plant species is often high on crests, decrease midslope, and then increased near stream channels
(Colgan et al. 2012). Generally, coarse soils favour shrubs and fine-textured soils favours grasses
(Holdo, 2013).

Runoff from upslope regions concentrates water and nutrients in downslope areas and
augments incoming precipitation, enabling arroyos, washes, and intermittent drainages to support
higher densities of woody plants than upslope portions of the landscape (Archer et al. 2017).
Consequently, topography-mediated patterns of run-off/run-on can override or reinforce texture
constraints on woody plant distribution, such that woodlands can develop on fine-textured soils
that might otherwise, support grassland and open savanna (Wu and Archer, 2005). Evidence on
the influence of soil properties and topography on woody plant stand structure and dynamics is
limited and inconclusive. This is because local disturbance patterns can have continental
consequences for woody plant encroachment and are of equal importance to edaphic and climatic
variables in explaining the spatial variation in woody cover change (Venter et al. 2018).
Furthermore, topo-edaphic properties can amplify or ameliorate climate-induced changes in

woody plants and perennial grasses (Munson et al. 2016). It is therefore important to understand
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woody plant encroachment in general terms if we are to anticipate and predict where and how their

abundance might change under the current and future environmental conditions (Liu et al. 2013).

1.3.3. Consequences of woody plant encroachment

Generally, woody plant encroachment is linked to land degradation and desertification processes
(MEA, 2005), but this view is questioned (Eldridge et al. 2011; 2013). This is because woody
plant encroachment results in both positive and negative effects on rangeland community
functioning (Archer et al. 2001; van Auken, 2009; Eldridge et al. 2011). In addition, the effect of
woody plant species on a range of ecosystem functions is species dependent and are modified by
disturbances such as grazing (Roques et al. 2001) and fire. The effects of woody plant
encroachment on rangeland communities are extensively studied, but the influence on a range of
ecosystem functions is contradictory. This is probably because some aspects of ecosystem function
improve while others deteriorate, and most exhibit variable responses (Eldridge et al. 2011).
Furthermore, different land users view the effects of woody plant encroachment on rangelands

differently.

1.3.3.1. The negative effects of woody plant encroachment

Woody plant encroachment is associated with land degradation (Huxman et al. 2005; Schlesinger
et al. 2006; Knapp et al. 2008a). It causes major implications on biodiversity, productivity,
decomposition, carbon storage, nitrogen and water dynamics (Jackson et al. 2000; Maestre et al.
2009). Woody plant encroachment is a phenomenon viewed in the context of its negative impact
on pastoral production (Eldridge et al. 2011). As such, in the arid and semi-arid rangelands with

very limited dryland farming (Morgan et al. 2007), woody plant encroachment reduces herbaceous
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biomass production (House et al. 2003; Sharp and Whittaker, 2003) and the area available for
grazing, by transforming grassland into savannas or woodlands (Eldridge et al. 2011). The effects
of woody plant encroachment are complex, with reported decreases in annual net primary
productivity in xeric sites, but dramatic increases at higher precipitation sites (Knapp et al. 2008a).
In some areas, a small increase of approximately 10% in shrub cover can result in a marked
reduction in pastoral production (Oba et al. 2000). Prosopis glandulosa shrub removal improves
grass annual primary productivity by orders of magnitude during the years with above-average
rainfall (Pierce et al. 2018). Grellier et al. (2013), reported an increase in the quality of grass
biomass under tall Vachellia (formerly Acacia) trees species compared to open areas and under
medium sized trees. These results confirm reports that the effects of woody plant encroachment
on the herbaceous layer are variable, depend on woody plant species and age/ size (Treydte et al.
2009; Grellier et al. 2013) and are limited by rainfall or availability of water (Sankaran et al. 2005;
Sankaran and Anderson 2009). An increase in woody plant encroachment will negatively affect
the sustainability of pastoral, subsistence, and commercial livestock production (Anaddn, et al.
2014). Consequently, woody plant encroachment affects negatively on the local human
populations, especially in the rural areas, where people are dependent on livestock for their
livelihood (Grellier et al. 2013).

There are studies reporting reductions in soil nutrients and plant diversity and increases in
soil erosion following woody plant encroachment (Baez and Collins, 2008). In contrast, other
studies have shown that woody plant species, particularly leguminous trees, can substantially
enhance soil nutrient acquisition at a landscape scale, or increase the diversity of plant, animal,
soil biota (Throop and Archer, 2008; Maestre et al. 2009) and resistance to soil erosion (Sanjuan

et al. 2018). Wind and water transport nutrients, detritus and seeds which accumulate under shrub
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canopies, leading to higher levels of infiltration (Bhark and Small, 2003), while the bare
interspaces experience higher temperatures and evapotranspiration, retarded organic N
incorporation, denitrification, ammonia volatilization, and increased erosion (Whitford, 2002).
Woody plant encroachment is reported to decrease plant diversity and the value of land for grazers
(Eldridge et al. 2011) by transforming grasslands to shrub or tree savannas and shrub and tree
savannas to shrublands and woodlands (Archer et al. 2017). However, these effects of woody plant
encroachment on a range of ecosystem functions are species specific and mediated by other
disturbance factors.

Research studies have shown that woody plant encroachment impairs water resource
availability in the semiarid and subhumid areas by reducing streamflow or ground water recharge
as well as ground and surface water interaction, and carbon cycling by changing the atmosphere
— ecosystem interaction (Huxman et al. 2005; Huang et al. 2006). Furthermore, annual water yield
increased by approximately 200 mm when woody plant cover was reduced by up to 40 percent
(Brown and Raines, 2002; Bumgarner and Thompson, 2012). Although woody plant
encroachment is reported to have adverse effects on stream flow and ground water recharge
(Archer and Predick, 2014), the evidence supporting this is limited (Wilcox et al. 2008).
Consequently, an improved understanding of the effect of woody plant encroachment on soil water

and hydrology on rangelands requires more research attention.

1.3.3.2. The positive effects of woody plant encroachment
Woody plant encroachment may significantly contribute to forage for wild and domestic browsers,
household fuel-wood provision, and increased carbon sequestration, with consequences for global

carbon budgets and climate change (Archer et al. 2017). In the arid and semiarid regions, trees and
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shrubs affect the spatial distribution and cycling of nutrients by altering soil structure, microbial
biomass, soil moisture, and microclimate by concentrating organic matter beneath their canopies
(Liu et al. 2019). This result in the formation of “fertile islands” - a phenomenon widely described
in cold desert scrub (e.g., Burke et al. 1989), hot desert scrub (Schlesinger et al. 1990, Kieft et al.
1998), temperate woodlands (Padien and Lajtha, 1992), and tropical rangeland communities
(Scholes and Archer, 1997). Once a “fertile island” is formed, it may reinforce the persistence of
shrubs (Whitford, 2002) and increase species richness by stabilizing soil and attenuating water
stress (Thompson and Eldridge, 2005; Maestre et al. 2009; Pugnaire et al. 2011). The resource
island formation is also accompanied by a decrease in resources in inter-shrub spaces, which might
outweigh the positive effects of shrub dominance (Schlesinger et al. 1990). There is extensive
literature reporting the facilitative effect of shrubs on the understorey vegetation and on soil
fertility in many different semi-arid ecosystems worldwide (Soliveres et al. 2011). As such,
understanding of the developmental rates of “fertile islands” is of particular relevance in grassland
and savanna systems, where woody plants have displaced grasses in recent history (Hibbard et al.
2001). This calls for more ecological research on woody plant encroachment to aid in developing
and evaluating the trade-offs that must be considered when managing or controlling their
encroachment into rangeland communities (Archer et al. 2017).

In South Africa, the semi-arid grassland biome supports extensive domestic and wildlife
populations (Rutherford and Westfall, 1994). However, this biome is encroached by Seriphium
plumosum L., previously known as Stoebe vulgaris (Avenant, 2015; Nkosi et al. 2018). Seriphium
plumosum is a shrub, indigenous to South Africa, in the Astereceae family that is well known by
farmers as “slangbos” (i.e. snake bush) and/or “bankrupt bush/bankrot bos” (Snyman 2011). It is

highly unpalatable to livestock and the chemical compounds responsible for this are not well
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studied. Generally, tannins are among the most ubiquitous group of chemical defences produced
by woody plants (Gross et al. 2008), and of this group, condensed tannins are the main chemical
compounds that affect woody plant leaf defoliation by browsing ruminants (Chapman et al. 2010;
Scogings et al. 2011). When tannins are over-ingested (> 55 g CT kg™ DM) by herbivores, they
may bind with diverse proteins, thus making them inaccessible to herbivores (Moore et al. 2014).
Condensed tannins reduce ruminant nutrient intake and live weight gain with negative
consequences for productivity (Huang et al. 2018). In addition to condensed tannins, the fibre
content of woody plants may also increase the toughness and digestibility of plant materials (Jung
and Allen, 1995), thus negatively affecting microbial degradation of ingested feed (Waghorn and
Mcnabb, 2003; Sun and Oba, 2014). For instance, mopane foliage is particularly ingested by
herbivores at the end of the dry season when the re-foliation occurs (Skidmore et al. 2010),
possibly because of chemical deterrents such as polyphenols have lower concentration during this
stage (Styles and Skinner, 1997). A common feature of food resource distribution is that quality
and quantity are often inversely correlated (Fryxell, 1991). However, research on S. plumosum
forage quality remains little understood, yet its encroachment in the semiarid grasslands is viewed
as a serious threat to sustainable animal production (Jordaan and Jordaan, 2007; Snyman, 2012).
This is because its rapid spread displaces grasses by forming dense stands (Snyman, 2010) that
can suppress grass productivity by 65 % (Snyman 2012). Consequently, its encroachment in
grasslands reduces the grazing capacity and economic viability of livestock farming (Wepener et
al. 2008; Snyman, 2012).

The first and most important step in understanding the shift from grass to woody plant
dominance is by studying how woody plant seedlings establish in grass-dominated patches (Jurena

and Archer, 2003). This is because the soil seed bank plays an important role in determining the
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composition and dynamics of the vegetation through time (Gioria and Osborne, 2009). However,
the extent to which fire may deplete existing soil seed reserves (Auld and Denham, 2006),
especially of encroaching shrub species such as S. plumosum is not clear. Interaction of heat and
smoke has been reported to break the seed dormancy for some species (Auld and Denham, 2006),
thus stimulating their germination and subsequent recruitment (Keeley and Fotheringham, 2000).
However, an understanding of the effect of fire in combination with other factors on S. plumosum
seed germination is still lacking.

Fire is reported to Kill S. plumosum seedlings, while stimulating its seed germination from
the soil seed bank (Snyman, 2011), thus potentially contributing to controlling its encroachment.
Simmons et al. (2007) proposed that, recurring fires are required to control or reduce the
establishment, density and growth of woody plant encroachment in most grasslands. However,
this research on S. plumosum encroachment in South African semi-arid grasslands is lacking, yet
important in the development of ecological management measures in grassland communities.

Fire can affect plant foliar chemistry through changes in nutrient availability and light
intensity, which can positively influence herbivore-feeding behaviour (Adams and Rieske, 2003).
Generally, crude protein content of burned semi-arid rangeland is significantly higher, at least in
the first season following a fire, than that of unburned areas (Snyman, 2015), particularly during
spring (Waterman and Vermeire, 2011). Increased nutrient concentrations, can potentially
improve animal performance, especially after burn (Tainton and Mentis, 1984). Other factors
influencing plant foliar chemistry are season and growth stage (Emmerich, 1999). Although the
chemistry of many encroaching woody plant species has received research attention, this research
is lacking for S. plumosum chemistry, particularly as influenced by fire and season, thus limiting

its management in rangeland communities. An integrated approach to managing woody plant

36



encroachment requires, amongst others, a better understanding of herbivore impact on the woody
and herbaceous components of the system (Scogings, 1998). Consequently, a combination of fire
and browsers, rather than one of these factors, is likely to yield positive results in controlling shrub
cover (Hester et al. 2006). In light of the rate and the extent of Seriphium plumosum encroachment
in the semi-arid rangeland communities of South Africa, and the controversy around the role of
fire in determining its structure and composition, this research investigated the ecology of S.
plumosum. The focus of this study was to understand the causes and consequences of its

encroachment in South African semi-arid grassland communities (Table 1.1).
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Table 1. 1. Theoretical framework showing how the different components of this thesis interact and the expectations that emerged

from a critical evaluation of the literature

Scale Local Global
o _ _ _ . Increased carbon dioxide, temperature and annual rainfall
Causes Overgrazing, intense fires, edaphic factors and lack of browsing herbivore: variability
Consequences Increased/decreased soil fertility, species composition, cover and ecosystem functioning
1 2 3 4
Chapter > p > p >
The effects of The effects of abiotic factors inthe semi-arid The effect of Seriphium The effect of season, fire and slope
environmental factors on  grassland communities on Seriphium plumosum L. canopy cover, Position on Seriphium plumosum
_ Seriphium plumosum L. plumosum L density and canopy size fire and soil depth onL. forage quality in the semi-arid
Chapter til encroachment components of soil fertility grassland communities
susceptibility in the semi- in the semi-arid grassland
arid grassland communities community
Explore S. plumosum habitat preference (i.e. soils, slope positions and ~ Explore the use of fire in the control of S. plumosum
Control measures  grassland communities) and factors that discourage its potential encroachment and how fire influences its forage quality during
encroachment different seasons.

Develop management strategies that encourage strategic use of S.
plumosum as feed for browsing animals, while controlling the
rate and extent of its encroachment

Development and adoption of management strategies that discourage S.

Management Implications : ;)
plumosum encroachment in grassland communities
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1.4. Aims

The aim of this study was to investigate in the semi-arid grassland communities of South Africa

the following research questions;

Do local environmental factors contribute to cause and/or constrain S. plumosum L.
encroachment?

Do abiotic factors and grassland community have an effect on S. plumosum density and
canopy sizes?

Do S. plumosum L. canopies and fire influence components of soil fertility?

How does season, fire and slope position influence S. plumosum L. forage quality?

1.5. Objectives

The objectives were to explore;

1.

The effect of environmental factors on Seriphium plumosum L. encroachment
susceptibility in South African semi-arid grassland communities.

The effects of abiotic factors in South African semi-arid grassland communities on
Seriphium plumosum L. density and canopy size.

The effects of Seriphium plumosum L. canopy cover, fire and soil depth on the components
of soil fertility in South African semi-arid grassland communities.

The effect of season, fire and slope position on S. plumosum L. forage quality in South

African semi-arid grassland communities.

The knowledge gained from this study will contribute some insight into factors that underlie S.

plumosum encroachment and help to develop management strategies for increasing S. plumosum

L. encroachment in semi-arid grassland communities, Gauteng province.
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1.6. Outline of dissertation
Each of the experimental chapters in this dissertation is structured as a paper for a specific journal.
A certain level of repetition in some sections (introduction, materials and methods) of different

paper chapters is unavoidable.

Chapter 1: Introduction and literature review.

Chapter 2: The effects of environmental factors on S. plumosum L. encroachment susceptibility
in the semi-arid grassland communities of Gauteng Province, South Africa. Formatted for
submission to the African Journal of Range and Forage Sciences.

Chapter 3: The effects of abiotic factors in South African semi-arid grassland communities on
Seriphium plumosum L. density and canopy size. Published in PlosOne.

Pule H, Tjelele J & Tedder M. 2018. The Effects of Abiotic Factors in South African Semi-Arid
Grassland Communities on Seriphium plumosum L. Density and Canopy Size. PLOS ONE 13(8):
€0202809. https://doi.org/10.1371/journal.pone.0202809

Chapter 4: The effect of Seriphium plumosum L. canopy cover, fire and soil depth on the
components of soil fertility in the semi-arid grassland community of Gauteng Province, South
Africa. Formatted for submission to the African Journal of Range and Forage Science.

Chapter 5: The effect of season, fire and slope position on S. plumosum L. forage quality in the
semi-arid grassland community of Gauteng Province, South Africa. Formatted for submission to
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Abstract
A complex interaction of environmental factors is responsible for Seriphium plumosum L.
encroachment in South African semi-arid grasslands. This complex interaction poses a major
challenge to managing the rate and extent of S. plumosum encroachment. Although a broad
understanding of S. plumosum ecology is required to develop an integrated approach to
managing its encroachment, this area of research is still lacking. This study explored the effects
of abiotic factors; aspect, rockiness, sand and fertility (soil organic carbon, phosphorus,
magnesium and pH) and biotic (S. plumosum density, basal cover and veld condition) factors
on S. plumosum encroachment susceptibility in grassland communities using logistic regression.
There was a significant negative effect of basal cover (-0.0768; P = 0.0040), sand (-0.1272; P =
0.0308) and magnesium (-0.0362; P = 0.0329) on the likelihood of S. plumosum encroachment.
However, there were no significant effects of aspect, sward cover, rockiness, soil organic
carbon, pH and phosphorus (P > 0.05) observed on the likelihood of S. plumosum encroachment.
Increases in basal cover had 0.926 times likelihood estimate of decreasing S. plumosum
encroachment susceptibility, followed by sand and magnesium with 0.881 and 0.964,
respectively. This study has shown that, overgrazing and/or veld burning on well-drained poor
soils increases the likelihood of S. plumosum encroachment in the semi-arid grasslands
communities of South Africa. Consequentlty, management that discourages overgrazing and
accidental fires may contribute to manage S. plumosum enchroachment in semi-arid grasslands
of Gauteng Province, with result applicable to other Provinces where S. plumosum has

encroached.

Keywords: catena gradient, regression analysis, soil fertility, veld condition
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2.1. Introduction
The arid and semi-arid grassland and savanna ecosystems cover more than 41% of the global
terrestrial landscape (Chapin 2001), and support approximately 2.4 billion people (MEA 2005).
These ecosystems are affected by woody plant encroachment (Archer 2010), a phenomenon that
is synonymous to other wide-ranging terminologies such as desertification (Archer et al. 2017),
woody weed invasion (Kiswaga et al. 2020), shrub invasion (Throop et al. 2012) and bush
encroachment (Meik et al. 2002). Woody plant encroachment decreases grass productivity
(Kulmatiski and Beard 2013), grass species richness (Knapp et al. 2008; van Auken 2009) and
biodiversity (Ratajczak et al. 2012). Consequently, woody plant encroachment threatens the
sustainability of ecosystems and the profitability of cattle and sheep production (Asner et al. 2004;
Archer et al. 2017).

The causes of woody plant encroachment are still a subject of much debate worldwide
(Ward 2005; Eldridge et al. 2011). This is because the relative importance of different drivers
varies among species, land use history and climatic conditions (Buitenwerf et al. 2012; Archer et
al. 2017). Climatic factors, soil disturbance and edaphic factors also interact to determine the
relative abundance of trees, shrubs and grasses (Jurena and Archer 2003). The landscapes with
varying slope positions vary on their ability to retain scarce water and nutrients, caused by
differences in soil depth and texture (Oztas et al. 2003), which are important determinants of
woody plant distribution (Wu et al. 2005).

The two-layer soil water hypothesis of tree-grass coexistence (Holdo 2013) posits that trees
and grasses differ in their rooting depth, with grasses exploiting soil water in shallow layers, while
trees have exclusive access to deep water (Nippert et al. 2012, Ward et al. 2013). This hypothesis

suggests that sites on fine -textured soils may be resistant to woody plant encroachment while
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those on coarse textured soils would be susceptible (Hughes et al. 2006). However, factors
promoting or discouraging woody plant encroachment are difficult to understand (House et al.
2003). Consequently, the difficulty in understanding the factors that promote or discourage woody
plant encroachment, complicate attempts to manage and/or control encroaching woody plant
species.

In South Africa, an indigenous unpalatable fynbos shrub, Seriphium plumosum L (syn.
Stoebe vulgaris) has recently increased its rate of spread in the semi-arid grassland communities,
caused by among others, changes in environmental and/or ecological conditions (Snyman 2012b).
Seriphium plumosum requires a summer rainfall of approximately 620 mm — 750 mm, which
reflects a precipitation boundary between mesic and semi-arid grassland (Snyman 2012a). The
area encroached by Seriphium plumosum is estimated to be approximately 11 million hectares of
South Africa rangeland (Avenant 2015). Its encroachment reduces grass production by up to 65
% when S. plumosum densities reach a threshold of 2000 shrubs ha “!, converting grasslands into
less productive shrubland-grasslands (Snyman 2012b). Consequently, its encroachment is viewed
as a major threat to veld management (Snyman 2011), because it reduces carrying capacity of the
rangelands (Snyman 2012a), especially in areas where sheep and cattle grazing is the primary land
use.

Seriphium plumosum is sensitive to perennial and transient wet conditions, high soil clay
content and fertile soils, particularly organic matter and phosphate (Snyman 2012a). The effects
of overgrazing on S. plumosum encroachment are inconclusive. This is because S. plumosum
encroachment is reported in both overgrazed and areas where grazing does not exist or is of light
intensity (Snyman 2011; 2012b). The ability to predict where and how an ecosystem might change

under different environmental conditions and management regimes is important for managing
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woody plant encroachment (Liu et al. 2013). However, this research is lacking for S. plumosum,
yet important in providing avenues for managing its encroachment in South African semi-arid
grasslands.

There is a research consensus proposing multi-factorial experiments as possible ways to
understand the causes of woody plant encroachment (Ward 2005; Kraaij and Ward 2006) that may
assist in developing their management strategies in rangeland communities (Liu and Guan 2012).
Snyman (2012a) proposed in-depth ecological research on S. plumosum to assist in controlling its
encroachment on South African semi-arid rangeland communities. The objective of this study was
to determine the environmental factors that contribute to S. plumosum encroachment susceptibility

in South African semi-arid grassland communities.

2.2. Materials and methods

2.2.1. Study Area

The study was conducted in Gauteng Province (27° 30' to 29° 00' E, 25° 00' to 26° 30' S), South
Africa. Gauteng Province covers approximately 17 010 km?, which is 1.4 % of South Africa’s
surface area. Altitude in Gauteng Province varies between 1081 m to 1899 m above sea level
(Gauteng Department of Agriculture, Conservation and Environment, 2000). The vegetation is
predominantly grassland and savanna, which comprises 71% and 21 % of the study area,
respectively (Mucina and Rutherford 2006). The study area receives on average rainfall of 700
mm/annum in the southern areas of the Witwatersrand to approximately 600 mm/annum in the
areas north of the Magaliesberg. The area has mean summer and winter temperatures of 25.6° C

and 13.8° C (Weather Bureau 2000), respectively.
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2.2.2. Data collection

Data was collected from 34 randomly selected cattle farms with Seriphium plumosum encroached
(n = 34) and un-encroached (n = 34) sites. These farms were selected from the Department of
Agriculture, Fisheries and Forestry (DAFF), directorate; Land Use and Soil Management (LUSM)
national database on Seriphium plumosum encroached farms. In Gauteng Province, the farms were
from main mixed crop and livestock species farmers, who have been farming for at least five years
on the property. Although not proven, all the farmers indicated that fire occurs almost once every
three years during the dry season. At each of the farms, encroached and un-encroached sampling
sites were chosen systematically to represent the extent of encroachment at each of these farms

(Table 2.1), from which both abiotic and biotic variables were recorded.
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Table 2. 1. The values of physical and chemical characteristics of the experimental sites in the semi-arid grassland communities of

Gauteng Province.

No |Encroached farms S.pI.umosum Slope [LandUse Altitude(m) Aspect (°) Veldcondition sand%  [Silt% Clay% Ore.C TotalN pHH20 |P mg/kg [Ca mg/kg|Mg mg/kg [K mg/kg |Na mg/kg SANDSILT SILT % LAy
density(100m2) score (%) mg/kg  |mg/kg % %

1 |Encroached 52|Mid Grazing 1460 60 46,90 86 4 10 0,83 0,05 5,06 3,50 39,68 5,35 37,52 1,71 86,00/ 4,00 10,00
2 |Encroached 147|Mid Grazing 1414 120 40,00 76 6 18 1,02 0,06 4,74 3,06 52,67 10,67 41,71 1,10 76,00/ 6,00 18,00
3 |Encroached 31|Mid  |Grazing 1440 140 39,00 84 4 12 1,24 0,06 5,03 3,42 98,99 19,69 33,75 1,13 84,00( 4,00/ 12,00
4 |Encroached 214|Bottom |Grazing 1442 210 28,10 80 4 16 0,95 0,05 5,18 8,12 102,20 20,84 64,01 0,00 80,00 4,00| 16,00
5 |Encroached 140|Mid Grazing 1632 140 52,90 70 10 20 1,24 0,07 4,91 11,80 73,21 19,82 122,69 0,23 70,00/ 10,00| 20,00
6 |Encroached 76| Mid Grazing 1628 100 55,00 66 6 28 1,53 0,08 5,44 43,18 232,05 100,90 146,08 0,13 66,00/ 6,00 28,00
7 |Encroached 96|Mid  |Grazing 1606 25 41,50 74 10 16 1,25 0,07 5,18 7,79] 151,06 38,63 53,45 5,85 74,00 10,00/ 16,00
8 |Encroached 93|Top Grazing 1614 220 44,50 50 20 30 2,24 0,10 4,78 4,63 66,75 19,37 98,81 2,17 50,00/ 20,00| 30,00
9 |Encroached 50| Mid Grazing 1578 220 43,00 80 4 16 0,6 0,04 4,89 5,99 27,93 2,91 30,78 0,00 80,00/ 4,00| 16,00
10 |Encroached 241|Mid Grazing 1597 170 48,20 84 4 12 1,48 0,06 5,42 6,95 146,29 54,03 62,24 2,14 84,00/ 4,00/ 12,00
11 |Encroached 84|Mid  |Grazing 1575 30 48,30 74 6 20 0,71 0,04 5,62 323 17542 87,00 69,48 0,45 74,00( 6,00/ 20,00
12 |Encroached 191|Mid Grazing 1534 190 54,70 78 6 16 1,07 0,06 5,98 1,15 436,37 139,34 68,61 5,56 78,00 6,00 16,00
13 |Encroached 212|Bottom |Grazing 1519 10 44,50 82 4 14 0,85 0,06 5,03 2,55 95,29 22,61 29,30 0,04 82,00/ 4,00 14,00
14 |Encroached 67|Mid Grazing 1519 150 70,50 70 6 24 1,94 0,11 5,14 4,95 342,80 90,26 176,53 6,61 70,00/ 6,00 24,00
15 |Encroached 51|Top Grazing 1586 140 46,50 66 8 26 2,27 0,10 4,82 7,17 99,65 25,99 89,76 4,70 66,00/ 8,00| 26,00
16 |Encroached 132|Mid Grazing 1632 260 43,60 36 18 46 1,67 0,10 4,81 1,21 223,91 103,08 0,10 5,11 36,00/ 18,00/ 46,00
17 |Encroached 46|Mid Grazing 1532 10 85,00 62 8 30 1,75 0,09 5.16 2,74 291,32 90,02 87,80 2,87 62,00/ 8,00 30,00
18 |Encroached 107|Mid  |Grazing 1484 180 67,60 74 4 2 0,94 0,06 5,12 333 156,56 47,29 69,31 0,04 74,00( 4,00 22,00
19 |Encroached 21|Bottom |Grazing 1455 340 65,70 74 10 16 2,44 0,12 5,39 9,00 454,12 118,41 200,95 1,28 74,00| 10,00| 16,00
20 |Encroached 66| Mid Grazing 1593 120 47,20 86 6 8 0,39 0,03 5,54 2,11 45,18 1,50 0,03 0,00 86,00/ 6,00] 8,00
21 |Encroached 17|Mid Grazing 1619 200 39,70 78 4 18 0,60 0,04 5,32 5,34 67,36 11,56 26,81 0,56 78,00 4,00 18,00
22 |Encroached 246|Mid Grazing 1632 40 22,80 72 6 22 1,05 0,05 5,72 13,68 209,19 56,89 119,42 0,72 72,00/ 6,00 22,00
23 |Encroached 237|Mid Grazing 1527 325 37,80 80 0 20 1,72 0,10 5,81 116,23 674,59 112,69 303,21 3,88 80,00/ 0,00| 20,00
24 |Encroached 55| Mid Grazing 1592 330 60,40 86 2 12 1,60 0,09 6,02 16,17 87,40 13,15 47,83 2,98 86,00/ 2,00 12,00
25 |Encroached 87|Mid Grazing 1633 230 34,60 64 8 28 1,77 0,09 5,92 34,81 457,84 74,80 140,74 1,67 64,00/ 8,00/ 28,00
26 |Encroached 110|Mid  |Grazing 1575 160 43,90 78 6 16 1,12 0,06 531 3,31 77,40 1930 140,74 1,67 78,00( 6,00/ 16,00
27 |Encroached 105|Mid Grazing 1611 180 50,20 72 10 18 1,41 0,06 5,81 2,35 139,90 40,82 27,22 1,10 72,00| 10,00| 18,00
28 |Encroached 58| Mid Grazing 1608 125 69,10 58 16 26 2,00 0,07 5,79 69,62 431,55 47,73 67,86 2,11 58,00/ 16,00/ 26,00
29 |Encroached 100|Bottom |Grazing 1570 55 34,90 62 10 28 0,61 0,04 4,81 4,14 25,97 2,81 30,48 0,00 62,00| 10,00/ 28,00
30 |Encroached 119|Mid  |Grazing 1505 60 55,90 86 2 12 0,89 0,05 5,03 5,29 28,11 2,10 55,84 0,00 86,00 2,00/ 12,00
31 |Encroached 132[Bottom |Grazing 1469 130 43,30 82 4 14 1,00 0,06 5,12 8,61 95,02 16,11 73,95 0,00 82,00/ 4,00 14,00
32 |Encroached 52|Mid Grazing 1607 15 51,40 74 8 18 1,14 0,07 4,66 2,58 44,86 13,01 33,03 7,86 74,00/ 8,00| 18,00
33 |Encroached 97|Mid Grazing 1615 260 61,80 66 12 22 2,72 0,11 5,71 20,27 292,80 89,20 180,33 6,21 66,00 12,00| 22,00
34 |Encroached 52|Mid  |Grazing 1611 50 47,20 60 14 26 1,93 0,08 5,19 848 287,73 126,04 84,78 1,37 60,00 14,00/ 26,00
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The abiotic variables recorded included; altitude, aspect (compass), catenal position (Soil
Classification Working Group 1991), and soil depth using an extendable soil auger (Shackleton
1997). Five soil samples were taken to a depth of 30 cm every 20 m along a 2 m x 50 m belt
transect orientated down the slope. The soil samples from each sampling site were pooled together,
mixed and analyzed for soil texture (Bouyoucos hydrometer method), sand and rockiness (%
volume), soil organic carbon (Walkley and Black 1934), pH and fertility (Ca, Mg, Na, K, P and
TN) (Ambic | extraction followed by AA spectroscopy) at the Agricultural Research Council-
Institute for Soil, Climate and Water (ARC-ISCW) laboratory. The ARC-ISCW laboratory is a
member of AgriLASA proficiency scheme for soil, water, plants and fertilizer metrices.

The biotic variables recorded at each of the sampling sites included; grass species
composition and basal cover following the spike-point method (Everson and Clarke 1987), revised
as point to tuft and tuft diameter (Hardy and Tainton 1993). The plant nearest to the spike at 0.5
m intervals along each 2 m x 50 m belt-transect was identified and recorded. Nomenclature for
each of the grass species followed Germishuizen and Meyer (2003). Grass basal cover was
determined at 1 m intervals along each belt transect by measuring the distance from the spike to
the centre of the nearest grass tuft, and their longest and shortest basal diameters. Grass species
composition was determined using the number of individuals of different grass species recorded
from 200 points at each of the 2 m x 50 m belt transects and expressed as species per unit area
(100m?). Veld condition score (VCS) for each site was calculated using species attributes based
on 200 records per sampling site (Tainton 1999). A hypothetical benchmark was used to serve as
an index of the best possible range condition for comparison against the actual site assessed. Veld

condition scores were converted into a percentage of the benchmark (actual score/ 2000 * 100) to
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derive a convenient value for comparisons (Goodall et al. 2011). The Hardy and Tainton (1993)
equation was used to calculate basal cover;

BC = 19.8+0.39(D)-11.87(loge D) +0.64(d?)+2.93(loge d)
Where BC equals basal cover, D is the distance (cm) from the point to the nearest tuft of the grass
plant, and d is the mean basal diameter (cm) of the tuft.

The degree of shading, sward cover and surface rockiness was determined using an eight-
point scale based on aerial cover, with scale ranging from; 0 = no shading to 7 = 100 % shading,
sward cover and rockiness as described by Walker (1976). The density of S. plumosum was
determined for all encroached sites by counting the number of rooted S. plumosum plants in each
of the 100 m? (2 m x 50 m) belt transects. Seriphium plumosum density was determined as the

number of S. plumosum plants per hectare.

2.2.3. Statistical analysis

Data was analysed in two ways; first by identifying and removing redundancies between abiotic
and biotic factors using a correlation analysis (SAS 2011). During this analysis, one of the closely
correlated factors was removed, retaining only one as a surrogate to represent each group of
associate variables (Tedder et al. 2015).

The second data analysis involved the development of a model, where the effect of abiotic
and biotic variables on S. plumosum L. encroachment susceptibility were investigated using
logistic regression (SAS 2011). Generally, the overall Seriphium plumosum L frequency of
occurrence was skewed, as the species was present only in the encroached sites, resulting in the
data being converted into presence and absence data. After removing redundant predictor

variables, the final analysis examined only the surrogates; aspect, sward cover, rockiness, basal
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cover, soil sand content, organic carbon, pH, phosphorus and magnesium on S. plumosum

encroachment susceptibility.

2.3. Results

The results of the correlation analysis of abiotic factors are presented in Table 2.2.
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Table 2. 2. Correlation between abiotic and biotic variables of 68 sample plots in the Gauteng semi-arid grassland communities.

Significant correlations (P > 0.05) are highlighted in bold.
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Variables 3 i 4 '% (;)5 @ (5 é % & = E Z Uﬂ 5 & E. A 9] = 4 z (%) % d
S.plumosumdensity(100m2) 1
Altitude(m) -0,03 1
Aspect -0,07 -0,10 1
Slope 0,01 0,19 0,05 1
Soildepth 0,14 -0,11 0,05 -0,28 1
Shading -0,12  -0.15 0,09 -0,23 0,24 1
Swardcover -0,09 -0,17 001 -022 012 0,75 1
Rockiness -0,05 -0,03 -0,04 028 -0,61 -0.14 0,05 1
Stones -0,04 0,04 0,00 035 -0,64 -0.17 -0.,04 0,90 1
Basalcover -0,28 0,33 0,18 -0.14 -0.21 -0.09 -0,02 0,03 0,04 1
Veldconditionscore -0,17 -0,06 0,08 0,13 -0.19 0,04 0,10 0,28 0,26 -0,06 1
sand% 003 -036 -0.10 -0.24 0,30 0,06 0,10 -0,13 -0,25 -0,05 -0,24 1
Silt% -0,03 0,47 -0,03 041 -037 -0.13 -0.17 0,27 0,45 0,14 0,10 -0,81 1
Clay% -0,01 0,24 0,15 0,07 -021 -0.01 -0,05 0,01 0,09 -0,01 0,26 -093 0,35 1
Seil Org.C -0,12 0,26 0,18 046 -048 -0.11 -0,09 0,43 0,49 0,18 013 -038 051 025 1
TotalN -0,14 0,15 0,26 038 -043 -0.10 -0,07 0,35 0,39 0,11 0,09 -026 034 0,18 0,91 1
pHH20 -0,11 0,08 0,35 -0.20 0,14 0,23 0,16 -0.14 -0.18 0,22 0,12 -0,07 -006 013 -0,06 0,01 1
P 0,07 0,05 0,18 -0.15 0,04 -0.14 -0,08 -0.02 -0,04 032 -0,10 0,04 -0,10 0,00 0,20 0,34 0,20 1
Ca -0.21  -0,09 0,24 -0,05 -0,06 0,14 0,11 -0,01 -0,07 0,01 0,18 -046 0,17 0,50 0,29 0,26 0,39 0,27 1
Mg -0,15  -0,15 0,20 -0,07 -0,02 0,18 0,15 0,01 -0,02 -0,07 0,04 -0.44 0,18 049 0,15 0,10 0,22 0,02 0,76 1
K -0,07  -0,04 0,08 0,12 -023 -0,01 0,03 0,08 0,08 0,05 0,07 -0,25 009 0,26 0,44 0,41 0,07 0,46 0,68 0,41 1
Na -0,12 -003 033 013 -008 015 010 011 010 002 013 -045 028 o042 021 017 038 -0,04 067 082 029 1
SAND 003 -036 -0.10 -0.24 0,30 0,06 0,10 -0.13 -0,25 -0,05 -0,24 1,00 -0,81 -093 -0,38 -0,26 -0,07 004 -046 -0,44 -025 -045 1
SILT -0,03 0,47 -0,03 041 -037 -0.13 -0.17 0,27 0,45 0,14 0,10 -0,81 1,00 0,55 0,51 0,34 -0.06 -0.10 0,17 0,18 0,09 0,28 -0,81 1
CLAY -0,02 0,24 0,15 0,11 -022 -0.01 -0,05 0,03 0,11 0,00 028 -095 0,59 099 0,26 0,18 0,13  -0,01 0,54 0,51 0,29 047 -0,95 0,59 1
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The results showed that basal cover (P = 0.004), sand (P = 0.031) and magnesium (P = 0.033)
were significant predictors of S. plumosum encroachment susceptibility. However, aspect, sward
cover, rockiness, soil organic carbon, pH and phosphorus did not show a significant likelihood of
predicting S. plumosum encroachment susceptibility (P > 0.05; Table 2.3.).

Table 2. 3. Summary of the initial single parameter logistic regression models of the

presence/absence of Seriphium plumosum L. in the semi-arid grassland of Gauteng Province,

South Africa. Significant parameters (p < 0.05) are highlighted in bold.

Parameter Df Odd Ratio Estimate SE P

Aspect 1 0.999 -0.00132 0.00384 0.7311
Sward cover 1 1.127 0.1198 0.4270 0.7791
Rockiness 1 1.143 0.1332 0.3277 0.6843
Basal cover 1 0.926 -0.0768 0.0267 0.0040
Sand 1 0.881 -0.1272 0.0589 0.0308
Soil organic carbon 1 0.936 0.0663 0.7293 0.9276
Ph 1 1.917 0.6506 0.8469 0.4423
Phosphorus 1 1.027 0.0269 0.0185 0.1455
Magnesium 1 0.964 -0.0362 0.0169 0.0329
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The odds ratio (exponentiated value of the estimate in Table 2.3.) has shown that, a decrease in
percentage basal cover, sand, and soil magnesium content increased the likelihood of S. plumosum

encroachment by 0.926, 0.881 and 0.964 times.

2.4. Discussion

The study showed that basal cover, sand and soil magnesium content are the best predictors of S.
plumosum L. encroachment susceptibility. Generally, when these variables increase, the likelihood
of S. plumosum encroachment in semi-arid rangelands decreases and visa versa. Other studies have
also shown a positive relationship between grass production loss and S. plumosum encroachment
(Snyman 2012). Grazing reduces the ability of grasses to outcompete woody plant seedlings, thus
making grasslands susceptible to woody plant encroachment (Jurena and Archer 2003). The
removal of grass by grazing and/or fire had a positive effect on Acacia recruitment in savanna
(Grellier et al. 2012). Grazing herbivores dominate most of the African rangelands, reducing grass
competition with woody plants and fuel loads for fire (Ward 2009). The overgrazing hypothesis
also proposes that sustained heavy grazing reduces above- and below-ground grass biomass, thus
increasing resource availability for the establishment and recruitment of shrubs (Coetzee et al.
2008). Annual net primry productivity (ANPP) of grasses has also been found to respond
positively to shrub removal, but more so in years with above-average rainfall (Pierce et al. 2018).
This confirms the findings that when basal cover decreases, the likelihood of S. plumosum
encroachment increases accordingly. Furthermore, it explains the significant effect of basal cover
as one of the factors determining S. plumosum encroachment susceptibility in the semi-arid

grassland communities of Gauteng Province, South Africa. Clearly, disturbances such as heavy
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grazing and fire that reduce grass sward cover may contribute to causing woody plant
encroachment, either independently or in combination with other factors (Ward 2009).

Seriphium plumosum L. encroaches mostly on relatively sandier soils (Snyman and Le
Roux, 2009). However, soils with a clay content of up to 24% could still be encroached if the
drainage is sufficient and favours the establishment of this woody plant species (Wepener 2007).
Trees occurs on sandy soils with a lower range of rainfall than on clayey soils due to higher
percolation rates (van Langevelde et al. 2003). Archer et al. (2017) also found that Prosopis
velutina in North American deserts occurs mostly on Holocene-age sandy soils, thus confirming
the susceptibility of sandy soils to woody plant encroachment (Booth and Barker 1981). In
addition, it was found that, soil sand content under shrubs canopy microsites is higher relative to
interspace microsites (Sankey et al. 2012). Clearly, coarse-textured soils support trees and shrubs
with deeper, more extensive root systems that allow percolation of rainfall to deeper depths
(Nippert etal. 2012). It is probably the same reason among many that bush encroachment occurred
in sandy soil in the Kalahari sands of Botswana (Kgosikoma et al. 2012). This is consistent with
the general hypothesis that sandy soils should be prone to woody plant encroachment than clayey
soils (Browning et al. 2008). Contrary to these results, this study found that a decrease in soil sand
content increased the likelihood of S. plumosum encroachment susceptibility. These results
suggest that even fine textured soils may provide suitable conditions for S. plumosum
encroachment, provided the soil is welldrained. Snyman (2009a) also found that S. plumosum
seldom occurs in dump soils. The study also suggest that S. plumosum is adapted to a wide-range
of environmental conditions. Consequently, its adaption may contribute to decreased likelihood
estimate for its encroachment with decreasing only soil sand content. Models of woody plant

abundance in savannas based on regional and sub-continental assessment, predict a decline in
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woody plant cover and density with decreasing rainfall and increasing topsoil clay content
(Williams et al. 1996).

The regression analysis in chapter 3 in this study revealed a non-significant relationship
between S. plumosum L. density, canopy size and soil magnesium. These results imply that an
increase or decrease in S. plumosum density or cover have a neutral or no effect on soil magnesium
content. In this study, we found an increasing likelihood of S. plumosum encroachment with
decreasing soil magnesium content. In contrast, soil magnesium content was three times higher in
the soils collected from under the canopy than in the inter-shrub patches (Bachar 2012). These
results suggest that the outcome of woody plant encroachment on ecosystem functioning is non-
universal. Magnesium is not a nutrient compound limiting plant growth (Jobbagy and Jackson
2001) and probably not required for S. plumosum encroachment to occur. In addition, S.
plumosum, unlike other woody or shrubby plant species, prefer mostly well-drained poor soils.
Consequently, this explains an increased S. plumopsum encroachment likelihood with decreasing
soil magnesium content found in this study. The results in this study have demonstrated that soil
responses to woody plant encroachment depend on among others, the stage of encroachment, land

use and other disturbance factors such as fire and grazing.

2.5. Conclusion

The study revealed that basal cover, sand and magnesium are the best predictors of S. plumosum
encroachment susceptibility in the semi-arid grassland communities of Gauteng Province. A
decrease in herbaceous basal cover, soil sand and magnesium content would increase the
likelihood of S. plumosum encroachment susceptibility in semi-arid grassland communities of

Gauteng Province. A decrease in basal cover is a result of anthropogenic-induced disturbances
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such as overgrazing and fire, which alone or in combinations with other factors contribute to S.
plumosum encroachment. Consequently, the interaction of overgrazing and fire may be creating
conditions suitable for S. plumosum to recruit and establish, thus leading to its encroachment.
The fact that an increase in soil sand content increases the likelihood of S. plumosum
encroachment susceptibility in the semi-arid grassland communities was not expected. However,
the results showed that S. plumosum is adapted to a wide variety of well-drained soils.
Furthermore, fine soils alone or in combination with poor herbaceous basal cover and soil
magnesium content contribute to increasing S. plumosum encroachment susceptibility in grassland
communities. Clearly, the rate of S. plumosum encroachment may be reduced by among others,
rangeland management strategies that discourage loss of vegetation cover such as decreased
grazing intensity and recurring fires. Furthermore, improving soil fertility, by increasing soil
magnesium content, may contribute to reducing S. plumosum encroachment susceptibility, thus
contributing to preventing it from spreading. To understand the drivers of S. plumosum
encroachment, there is a need for more controlled experiments with varying levels of soil fertility
including magnesium concentrations, soil texture and water. This research may provide valuable
information necessary for validating the pattern exhibited under natural conditions, where control

for other confounding factors is impossible.

2.6. Research Implications

This research has shown that management strategies that encourages reduced herbaceous basal
cover and soil magnesium content on well-drained sandy soil increases the likelihood of S.
plumosum encroachment susceptibility. Clearly, there is a need for management interventions that

discourage S. plumosum encroachment in the semi-arid grassland communities of Gauteng
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Province. These management interventions include rangeland management strategies that promote
and maintain good grass cover, while discouraging loss of soil nutrients. The loss in herbaceous
basal cover may increase soil erosion, which contributes to the reduction of soil nutrients.This
study also proposes more ecological research on S. plumosum encroachment to understand its

causes and consequences in rangeland communities.
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Abstract

Most studies suggest that multiple factors are responsible for woody plant encroachment, but are
inconclusive on its causes. Woody plant encroachment is modified by local patterns of
disturbance, topography, soil texture and fertility, and their relative importance and interaction
strength varies among locations. We used grassland communities, Carletonville Dolomite
Grassland (CDG), Rand Highveld Grassland (RHG) and abiotic factors (Soil Organic Carbon
(SOC), Total nitrogen (TN), Phosphorus (P), Potassium (K), Sodium (Na), Calcium (Ca),
Magnesium (Mg) and pH) to investigate habitat preferences of Seriphium plumosum L. in the
semi-arid grassland of Gauteng Province, South Africa. Grassland community had a significant
effect on S. plumosum density, canopy size, and on components of soil fertility (P< 0.05). Slope
position had a significant effect on S. plumosum density and canopy size (P< 0.05). Seriphium
plumosum density was significantly lower (23 plants/50 m?+2.39 (SEM)) in CDG than in RHG
(40 plants/50 m?+4.19). By contrast, S. plumosum canopy size was significantly higher (1.39
m?+0.11) at CDG than at the RHG (1.06 m?+0.08). The interaction of grassland community and
slope position had a significant effect on S. plumosum density and soil sodium content (P< 0.05).
Bottom slope regions in RHG (59.00 plants/50 m?+8.62) had higher S. plumosum density than
bottom slope regions (19.75 plants/50 m?+3.01) in CDG. Soil sodium content was similar in CDG
slopes and higher than in RHG slopes. Seriphium plumosum density was positively related to
components of soil fertility; P (r?>= 0.1270; P 0.0036), K (r?>= 0.0786; P 0.0237), Na (r?> = 0.0686;
P 0.0350), Ca (r?>= 0.0681; P 0.0358), and SOC content (r’>= 0.0669; P 0.0374). However,
Seriphium plumosum canopy size did not show any relationship with components of soil fertility.
This study revealed that S. plumosum density in grassland communities increased with increasing

soil texture and fertility.
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3.1. Introduction

Woody plant encroachment is an increase in density, cover and biomass of trees or shrubs,
especially in the arid and semi-arid grassland and savanna biomes (van Auken 2000). Causes of
woody plant encroachment have been widely documented (Kerley and Whitford 2009, Tjelele et
al. 2012, Bond et al. 2003), however, the problem persists. This is probably because the interaction
of different factors such as species adaptations, land-use history, and climate trends alone or in
combination may lead to woody plant encroachment (Archer et al. 2017). Woody plant
encroachment is associated with declines in forage productivity (Coetzee et al. 2008), species
richness (Price and Morgan 2008), biodiversity (Trollope 1984) and increased erosion (Grover
and Musiek 1990). Consequently, it decreases pastoral productivity, particularly in dryland
ecosystems (Oba et al. 2000) where grazing by cattle and sheep is the primary land use (Wingley
et al. 2009, Archer et al. 2017). Understanding causes of woody plant encroachment is important
because arid and semi-arid lands or dry lands cover about 41% of the terrestrial surface of the
earth with approximately 2.4 billion people living in these habitats (MEA 2005).

Woody plant encroachment has global and local drivers. The global drivers includes climate
change and increased atmospheric carbon dioxide (Archer et al. 2017). The prime causes of woody
plant encroachment at local scales are heavy grazing pressure, animal seed dispersal (Tjelele et al.
2015), fire suppression (Trollope 1984), and their interactions (Van Wilgen et al. 2009). Grazing
pressure reduces fuel load and fire frequency, which may contribute to increasing woody plant
dominance (Van Wilgen et al. 2009). This is consistent with the overgrazing hypothesis, which

proposes that sustained heavy grazing reduces above- and below-ground grass biomass, thus
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increasing resource availability for the establishment and recruitment of shrubs (Coetzee et al.
2008). However, woody plant encroachment is also widespread in areas where grazing is
infrequent and light (Tjelele et al. 2015, Ward 2005). Woody plants seeds that pass through
digestive tracks of browser also have a potential to germinate and recruit, thus facilitating woody
plant encroachment (Tjelele et al. 2012). Elevated atmospheric carbon dioxide (Bond and Midgley
2000, Shaver et al. 2001) and increased temperatures (Ward et al. 2014) caused by increasing
industrialization (Morgan et al. 2007) may also contribute to cause woody plant encroachment
(Schlesinger and Pilmanis 1998).

Soil properties (texture, depth and fertility) and topography interact to influence the pattern
of woody plant abundance and distribution (McAuliffe et al. 1994). The extent to which portions
of a landscape may differentially capture or retain scarce water and nutrient resources (e.g. top to
the bottom of the slope) is an important determinant of vegetation patterns, particularly with
respect to the distribution of woody plants (Wu and Archer 2005). Woodlands occur on coarse-
textured soils and savannas on fine-textured soils (Knoop and Walker 1985). The two-layer soil
water hypothesis of tree-grass coexistence (Walker and Noy-Meir 1982) posits that trees and
grasses differ in rooting depth, with grasses exploiting soil water in shallow layers, while trees
have exclusive access to deep water (Walker et al. 1981, Walker and Noy-Meir 1982, Ward et al.
2013). Soil texture regulates the infiltration and percolation of rainwater, suggesting that the deep
sandy soils often on bottom slopes are more suitable for woody or shrubby plant encroachment
compared to the shallow, fine textured soils on top slopes, which are dominated by grasses
(Jackson et al. 1996). The rainfall dependence of dry savanna and grasslands obscures the
importance of edaphic factors in determining community structure and functioning (Scholes and

Archer 1997). In areas where climate and soils are capable of supporting increased woody plant
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densities, the occurrence of periodic fires or higher densities of browsers utilizing woody plants
can prevent woody plants from encroaching (Archer et al. 2017). Generally, there is a complex
interaction of local-scale factors (soil properties and topography) with grazing pressure and
browsers through dispersing viable seeds that contribute to causing woody plant encroachment
(Tjelele et al. 2015). However, most of these factors are studied individually (Ward 2005).
Consequently, this study addresses how complex interaction of these local factors and other
drivers may contribute to the development of management strategies for woody plant
encroachment in rangeland communities.

The study also aims to clarify the effect of S. plumosum encroachment on soil fertility. This
is because woody or shrubby plant encroachment can also create “islands of fertility”, by
increasing nutrient availability below the shrubs, thus providing habitat for species that are
sensitive to low nutrient availability (Pugnaire et al. 2011). Nutrient concentration and organic
matter are positively and negatively associated with woody or shrubby plant canopy cover and
interspaces, respectively (Van Wilgen 2009). In South African semi-arid savannas, the soil
nutrient status (Total Nitrogen (TN), Soil Organic Carbon (SOC), and Calcium (Ca) under woody
plant canopies was higher than between canopy areas (Hagos and Smit 2004). Thus, woody plant
encroachment may obstruct surface flows of water and wind, thereby capturing, concentrating and
conserving water and nutrient runoff (Hagos and Smit 2005). Although in doing so, woody plant
encroachment may mitigate disturbances caused by intense grazing and high fire intensities
(Ratajczak et al. 2011), thus enhancing woody plants persistence and development more than
grasslands (Whitford 2002). However, little research exist on how S. plumosum encroachment

affects soil fertility, yet important to understand its general role on ecosystems.
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Generally, the outcomes of woody plant encroachment in semi-arid grassland and savanna
communities are not universal (Eldridge et al. 2011). There is little consensus on the consequences
of woody plant encroachment for soil nutrient enrichment (Browning et al. 2008, Hobbs and
Hoenneke 1992, Maestre et al. 2009). This is because the outcomes of woody plant encroachment
depend on soil properties, topographic position (Liu et al. 2013), rainfall (Hoekstra et al. 2005),
plant functional traits and their interactions (Liu et al. 2013). Understanding woody plant
encroachment is critical because grassland and savanna communities are undergoing widespread
degradation (Hoekstra et al. 2005) caused by among others, reduction in grass productivity
(Wingley et al. 2009).

In South Africa, Seriphium plumosum L., an indigenous, unpalatable shrub in the Asteraceae
family, has increased in abundance within its historic range in the fynbos biome and expanded its
geographic range in to the grassland biome (du Toit and Sekwadi, 2012). Seriphium plumosum
encroachment has converted extensive grazing areas into less productive rangelands (Snyman
2012), through displacing palatable grass species (Roux 1969), and reducing carrying capacities
of grazing lands. Control methods, including chemical and mechanical options have failed to
control S. plumosum encroachment and have proven to be prohibitively expensive. Consequently,
solutions that integrate knowledge of the ecology of S. plumosum species, such as soil —water
relationships in rangelands communities, will probably improve our ability to control its
encroachment in grasslands.

This study is aimed at determining; 1) the effect of grassland communities, slope position
(top, mid and bottom) and their interactions on S. plumosum density, cover and soil fertility (Total
nitrogen (TN), Phosphorus (P), Potassium (K), Sodium (Na), Calcium (Ca), Magnesium (Mg) and

Soil Organic Carbon (SOC) and pH). 2) The type of association found between S. plumosum
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densities, cover, and soil fertility. We predicted that 1) Seriphium plumosum density, size and soil
fertility will be high at bottom slopes due to run-on of nutrients and rain water. 2) Seriphium
plumosum density will vary between grassland communities, because of local differences in

environmental factors and disturbance regimes, among others.

3.2. Materials and Methods

3.2.1. Study area

The study was conducted on Kaalfontien and Schietfontein private owned farms situated in
Gauteng, South Africa. The farm owners gave us permission to do field work on their farms and
there was no specific permission required for each locations, since both farms were private owned
and the study did not involve any endangered or protected species. These farms are located in
Carletonville Dolomite Grassland (Gh15) and Rand Highveld Grassland (Gm 11) veld types,
respectively (Mucina and Rutherford 2006). Kaalfontein farm is situated approximately 40 km,
west of Johannesburg (27.46738° E, 26.08041° S), and Schietfontein farm approximately 40 km
east of Pretoria (28.67918° E, 25.76907° S). In both veld types, S. plumosum coexisted with a
diversity of herbs, many of which also belong to Asteraceae family. Seriphium plumosum occurs
in predominantly disturbed and overgrazed areas (Roux 1969, Snyman 2009) of the Eastern Cape,
Free State, Mpumalanga, North West and Gauteng Province (Snyman 2009) of South Africa. It
also occur in Africa (Koekemoer 2001), Madagascar and in the USA (Schmidt et al. 2001). Both
farms used in this study had a history of livestock grazing with accidental fire occurring
approximately every second year. These farms are also encroached by the unpalatable, fynbos

shrub, Seriphium plumosum.
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Generally, the sites on Carletonville Dolomite Grassland (CDG) are higher (mean 1614.28
m £ 0.78 (SEM)) in altitude compared to the Rand Highveld Grassland (RHG) sites (1457.24 m
0.85). Similarly, soils in the CDG had higher silt (8.66 % + 0.96) and clay (28 % + 0.29) than silt
(2.66 % =+ 0.96) and clay (11 % * 0.20) in RHG. Rain in both veld types where the farms are
located falls almost exclusively in summer (October- April), with means of 593 mm and 654 mm
per annum for CDG and RHG, respectively (Mucina and Rutherford 2006). However, during the
experiment (2015), the mean annual rainfall of 803 mm and 461.8 mm for CDG and RHG was
recorded, respectively. The minimum and maximum summer and winter temperatures for CDG
are 11.44 °C and 26.43 °C and in RHG are 9.99 °C and 27.62 °C (Mucina and Rutherford 2006),
respectively. However, during the experiment, the mean monthly minimum and maximum
summer and winter temperatures for CDG was 10.06 °C and 24.88 °C and in RHG was 7.00 °C

and 25.80 °C (Figure 3.1), respectively.
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Figure 3. 1. Mean monthly precipitation (a), minimum (Min) and maximum (Max) temperature (b), for June 2014 to June 2015 in

CDG and RHG.
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Carletonville Dolomite Grassland has a complex mosaic pattern of grasses such as Aristida
congesta, Brachiaria serrata, Eragrostis chloromelas and Alloteropsis semialata. The soils are
mostly from the Dolerite and chert of the Malmani Subgroup, which support mostly shallow
Mispah and Glenrosa soil forms (Mucina and Rutherford 2006). The RHG is species-rich, with
wiry, sour grassland alternating with low, sour shrublands on rocky outcrops and steep slopes. The
most common species belong to the genera; Themeda, Eragrostis, Heteropogon and Elionurus.
The soils are from the Quartzite ridges of the Witwatersrand Super group such as Glenrosa and

Mispah, along rocky ridges (Mucina and Rutherford 2006), which support soils of various quality.

3.2.2. Sampling design

A factorial design consisting of two grassland communities (CDG and RHG) x three slope
positions (bottom, mid and top slopes) with twelve replicates was used in this study. The sampling
sites at each grassland community had six replicates and two subplots at each of the three slope
positions (top, mid and bottom) on the north-facing slopes. The two subplots at each slope position
were chosen randomly from four previously established subplots. There were 10 m buffer zones
between subplots and slope positions. The distance (measured from the center of each subplot)
between the two subplots used in this study ranged between 35 m (i.e. for adjacent subplots) and
75 m (i.e. for nonadjacent subplots) apart within slope positions and 35 m (i.e. for adjacent

subplots) and 130 m (i.e. nonadjacent subplots) between slope positions (Table 3.1).
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Table 3. 1. Schematic representation of a replicate used at each of the grassland community.

Slope position 1 2 3 4
Top X X

Mid X X
Bottom X X

X represents randomly selected subplots within and between slope positions at each of the six
replicates at each grassland community.

There were 50 m buffer zones between the replicates at each of the grassland communities. The
centers of the replicates were approximately 150 m apart from each other. The variables measured
included S. plumosum density and canopy size, and components of soil fertility: Soil organic
carbon (SOC), Total Nitrogen (TN), Phosphorus (P), Potassium (K), Sodium (Na), Calcium (Ca),

Magnesium (Mg) and pH.

3.2.3. Vegetation and soil sampling

Seriphium plumosum density, canopy size and soil samples were collected from March to June
2015 at both veld type-sites. Seriphium plumosum density was determined by counting all
individuals rooted in a 50 m? (25 m x 2 m) belt-transect, running downhill, at the center of each
625 m? (i.e. 25 m x 25 m) subplots. Density was expressed as mean individual plants per unit area
(50 m?). Canopy size was determined by measuring horizontal diameter (to the nearest 2 cm) of
the long and short axis of the canopy of individuals whose canopy intercepted the 25 m line

transect placed down slope in each of the subplots and slope positions. Canopy size was calculated
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using an ellipse function (C = abx / 4.0), where a represents the long axis and b represents the
short axis of the canopy (Smith and Grant 1986), and expressed as mean individual canopy size
per unit area (m?). Since S. plumosum requires water and nutrients to germinate, recruit and
survive, but reported to dislike fertile soils (Snyman 2012), the soil samples were taken from 5 cm
depth at five random points, irrespective of their proximity to (i.e. below or between) S. plumosum
plants in each belt transect. The soils were analyzed for eight components of fertility using Ambic
| extraction followed by AA spectroscopy. The sub-sample of soils from each of the two subplots
at each slope position in each replicate were pooled together and analysed for texture (silt and
clay) at the Agricultural Research Council-Institute for Soil, Climate and Water (ARC-ISCW) soil

analyses accredited laboratory.

3.2.4. Statistical analyses

Seriphium plumosum density, canopy size and soil fertility at the two grassland communities and
three slope positions was analysed as a completely randomised design with a 2 x 3 factorial
analysis of variance (ANOVA) using SAS GLM procedures (SAS 2011). Data for S. plumosum
density, size and soil fertility for each slope position were averaged before the analysis. Data met
the assumption of ANOVA concerning homogeneity of variance before being analysed for the
effect of grassland community, slope position and their interaction on S. plumosum density,
canopy size, and components of soil fertility using SAS (2011). When the ANOVA produced
significant results, the effect of grassland community, slope position, their interactions on S.
plumosum density, cover, and components of soil fertility were compared using the Turkey’s HSD

test, and the differences declared significant at P < 0.05. Using linear regression analyses in SAS
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(2011), we explored the relationship between S. plumosum density, individual size and the eight

components of soil fertility.

3.3. Results

3.3.1. Vegetation parameters

The results on the main factors of grassland community and slope position, as well as their

interaction on S. plumosum density and canopy size are presented below (Table 3.2).

Table 3. 2. F values and P values for the effects of grassland community and slope position and

their interaction on Seriphium plumosum L density and canopy size.

Factors Vegetation parameters

S. plumosum density  S. plumosum canopy size

DF F P F P
Grassland community 1 16.11 0.0002 5.83 0.0186
Slope position 2 3.97 0.0236 3.67 0.0307
Grassland community x slope position 2 7.08 0.0016 0.05 0.9521

Values in bold are significant (P <0.05).

Seriphium plumosum density was significantly lower in CDG (23 plants/50 m? + 2.39) than in the

RHG (40 plants/50 m? + 4.19). Seriphium plumosum density at bottom slopes (39 plants/50 m? +
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6.06) was significantly higher than at the top slopes (25 plants/50 m? + 2.88). Seriphium plumosum
density at the mid slopes (31 plants/50 m? + 3.61) was not significantly different from the bottom
and top slopes. Grassland community x slope position had a significant interaction effect on S.

plumosum density (P < 0. 0016) (Figure 3.2).
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Figure 3. 2. Seriphium plumosum density at CDG (n = 36) and RHG (n = 36) slopes sites.

Bars represent standard error (SEM). Bars with different letters are not significantly

different (P > 0.05)

Bottom slope regions in RHG (59.00 plants/50 m? + 8.62) had significantly higher S. plumosum
density than in the mid slopes (36 plants/50 m? + 4.88) and top slopes (25 plants/50 m? + 3.94) as
well as all slope positions in the CDG. Canopy size of S. plumosum was larger in CDG (1.39 m?
+0.11) than in RHG (1.06 m? +0.09). In general, S. plumosum individual canopy size were bigger
at the top slopes (1.42 m? + 0.13) than at the bottom slopes (0.99 m? + 0.12), while canopy size at
the mid slopes (1.29 m?+ 0.11) was similar to both top and bottom slopes.
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3.3.2. Components of soil fertility

Grassland community differed significantly in soil organic carbon (P < 0.0001), total nitrogen (P
< 0.0001), phosphorus (P < 0.0001), potassium (P < 0.0001), sodium (P < 0.0001), calcium (P <
0.0001) and magnesium (P < 0.0001) content. However, these differences were not observed for

soil pH content (Table 3.3).
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Table 3. 3. F values and P values for the effects of grassland community and slope position and their interaction on components of soil fertility.

Factors Components of soil fertility
SOC TN P K Na Ca pH Mg
DF F P F P F P F P F P F P F P F P
GC 1 164.47 <0.0001 36.43 <0.0001 98.19 <0.0001 53.02 <0.0001 80.15 <0.0001 104.70 <0.0001 0.32 0.5759 55.47 <0.001
SP 2 128 02845 176 0.1799 1.26 0.2915 0.04 0.9622 2.38 0.1006 0.45 0.6412 0.10 0.9041 0.56 0.5716
GCXSP 2 084 04376 154 0.2231 158 0.2145 054 05854 428 0.0181 0.11 0.8978 2.90 0.0619 0.80 0.4552

Significant values shown in bold. GC, Grassland Community; SP, Slope position; SOC, Soil Organic Carbon; TN, Total Nitrogen; P, Phosphorus; K,

Potassium; Na, Sodium, Ca; Calcium, Mg; Magnesium.
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All the components of soil fertility were significantly higher in CDG than in RHG, except pH

that was similar at both grassland communities (Table 3. 4).

Table 3. 4. Components of soil fertility in Carletonville Dolomite Grassland (CDG) and

Rand Highveld Grassland (RHG).

CDG RHG

Components of soil fertility | N | Mean SE N | Mean SE

SOC (%) 36 | 1.52 0.06 36 | 0.77 0.03
TN (%) 36 | 0.05 0.00 35 | 0.00 0.00
P (%) 36 | 4.14 0.26 36 | 1.13 0.16
K (mg/kg) 36 | 115.04 7.09 36 | 52.71 4.47
Ca (mg/kg) 35 | 136.97 11.62 36 | 15.71 1.06
Mg (mg/kg) 34 | 49.14 4.25 36 |8.39 441
pH (mg/kg) 36 | 5.0 0.04 36 |9.90 2.22
Na (mg/kg) 33 [3.79 0.30 35 [ 0.79 0.20

No effect of slope position in any soil fertility components was found (P = 0.1006). The

interaction of grassland community and slope position had significant effect on soil sodium

content (P = 0.0181). Although Na content did not differ significantly at each site and slope

position, there was a tendency of Na to increase from top to bottom slope at CDG and

decreasing from top to bottom at RHG (Figure. 3.3).
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Figure 3. 3. Soil sodium content at CDG (n = 33) and RHG (n = 35) slopes sites.

Bars represent standard error (SEM). Bars with different letters are significantly

different (p>0.05)

The relationship between S. plumosum density and soil fertility was weak but significant (P <

0.05). Canopy size did not show any significant relationship with the components of soil

fertility (P > 0.05; Table 3.5).
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Table 3. 5. Regression analysis for the relationship between Seriphium plumosum density,

canopy size and components of soil fertility; P < 0.05 significance level

Components of Soil fertility S. plumosum density S. plumosum canopy size
R? P R? P
Soil organic carbon (%) 0.0669 0.0374 0.0302 0.1660
Total Nitrogen (%) 0.0112 0.4010 0.0009 0.8170
Phosphorus (mg/kg) 0.1270 0.0036 0.0207 0.2530
Potassium (mg/kg) 0.0786 0.0237 0.0158 0.3182
Sodium (mg/kg) 0.0686 0.0350 0.0153 0.3270
Calcium (mg/kg) 0.0681 0.0358 0.0398 0.1112
Magnesium (mg/kg) 0.0548 0.0605 0.0324 0.1513
pH (H20) 0.0390 0.1149 0.0125 0.3762

3.4. Discussion

Seriphium plumosum density was significantly higher at the RHG than in the CDG. This
difference between grassland communities suggests that variation in the rate and extent of
encroachment may be mediated by, among others, the differences in environmental factors
between locations (Archer et al. 2017, Wiens 1999). The RHG bottom slopes had higher S.
plumosum density than the top slopes. This supports our prediction that, S. plumosum density
will be high at bottom slopes due to run-on of nutrients and rain water. Ben-Shahar (1990) also
found that bottom slopes with high woody vegetation density had high soil nutrient content. In
addition, Ludwig et al. (1999) proposed a decrease in ratio of open areas, free from woody

plants to run-on areas of woody plants with increasing rainfall, particularly at the bottom
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slopes. Woody or shrubby plant encroachment in dryland ecosystems is influenced by, among
other factors, high rainfall, which may enhance the establishment of woody or shrubby plant
seedlings (O’ Connor 1999). Consequently, the higher rainfall and nutrients accumulation at
bottoms slopes may explain the higher S. plumosum density at the RHG bottom slopes found

in this study.

Contrary to our prediction, the bottom slopes in CDG had significantly lower S. plumosum
density than mid slopes and top slopes. These results are however, consistent with the research
finding reporting a decrease in S. plumosum density down the slope, with no plants occurring
on bottom slope areas (Snyman 2012). It is reported that the top slopes contains on average
less water compared to bottom slopes (Ben-Shahar 1990). The fact that S. plumosum density
was lower at the bottom slopes of CDG may also suggests that multiple factors are responsible
for S. plumosum germination and recruitment and not only water and nutrients deposited at the
bottom slopes. Furthermore, it may suggest that the rate of encroachment stage varies between
grassland communities, with RHG being encroached recently relative to CDG. This is because
the rate of encroachment is high in the early stages of encroachment, and then declines
(Fensham et al. 2005) or fluctuates (Browning et al. 2008), as maximum cover thresholds are
approached. Since the CDG had relatively higher soil silt (8.66 %) and clay (28 %) than silt
(2.66 %) and clay (11 %) content in the RHG also suggests that CDG bottom slopes may be
water logged, and S. plumosum is sensitive to water logging conditions (Browning et al. 2008).
Contrary to our results, other studies showed a negative correlation between S. plumosum
density and soil nutrients, i.e., lower density of S. plumosum when the soil nutrients are higher,
which resulted in decreased S. plumosum density at the bottom slope (Snyman 2012). The
inconsistency in S. plumosum densities between grassland communities and slope positions

observed in this study suggest that no single driving factor may explain woody plant
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encroachment, but rather a combination of interacting factors (Jackson et al. 1996).
Furthermore, it may also suggest that woody plants are generally well suited to a broad range
of grassland topoedaphic settings (Liu et al. 2013). The results from this study propose that
there may be a number of factors either alone or in combination that have an effect on S.
plumosum density. Although nutrient and water transported to the bottom slopes may facilitate
woody plant seeds germination and assist in explaining S. plumosum density at bottom slopes,
this condition alone may not adequately explain its encroachment, but a combination of
multiple interacting factors (Van Auken 2000). Furthermore, because shrubs act as fertility
islands, different management actions may be required at different stages of encroachment

because of shrub mediated changes in soil fertility.

Seriphium plumosum density was inversely related to individual plant canopy size at the bottom
and top slopes of both grassland communities. The RHG had significantly higher S. plumosum
density and lower canopy size. These results suggest that there is a tradeoff between density
and plant canopy size. The higher neighborhood densities in plants may result in density
dependent mortality or compensate by shifting the crown centers away from the trunks or
neighbours (Getzin and Wiegand 2006). This density dependent mortality or shifting the crown
away from the trunks or neighbours could also mean that S. plumosum is sensitive to shading

by other co-existing species in the same communities.

The fact that CDG had a higher percentage of soil silt and clay content than soils in the RHG,
might explain the fewer S. plumosum density observed in CDG than in the RHG (Fig 3.2).
Many other differences observed between CDG and RHG in this study might result in the
differences in density, such that a higher percentage of certain soil textures may not be the only

explanation for observed S. plumosum densities. The difference in rooting depth between
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woody and herbaceous species suggests that the fine-textured soils should be more resistant to
woody plant encroachment compared to the course-textured soils (Bond and Midgley 2000).
Previous research (Hanna et al. 1982), predicted an inverse relationship between woody plant
abundance and soil clay content. The higher S. plumosum density observed in relatively sandier
soils in this study support this prediction. Seriphium plumosum encroachment in the CDG
suggests that the species is able to spread in soils with greater than the 24% clay encroachment
threshold, provided they are deep and well drained. The high silt and clay content found in
CDG soils, suggests that S. plumosum is sensitive to fine textured soils and probably water
logging conditions. Generally, S. plumosum prefers slightly deep sandy soils, which are
periodically subjected to water stress (Snyman 2012). These results further suggest that soil
texture is a primary factor influencing S. plumosum density, with slope position being a

secondary factor.

Carletonville Dolomite Grassland had fertile soils and lower S. plumosum density compared to
the marginal soils and higher S. plumosum density at the RHG. This finding confirms the
research reporting S. plumosum encroachment of mostly soils low in fertility (Koekemoer
2001) and withdrawn from cash-crop cultivation. The lower soil sodium content and higher S.
plumosum density on the bottom slope regions of CDG, may suggests that S. plumosum cannot
tolerate high soil sodium content (Fig 3.3). This finding suggests that sodium chloride
application may assist in controlling S. plumosum spread on rangeland communities (Roux

1969, Snyman 2012), and probably increase grass production.

Interestingly, components of soil fertility (SOC, P, K, Na, and Ca) were positively correlated
with S. plumosum density, but not canopy sizes. These results could not explain whether the

“fertility island effect’”” was caused by woody plant encroachment and not an intrinsic
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condition of the soils. However, these results confirm reports that the rate of encroachment is
highest in the early stages of encroachment and declines or fluctuates as maximum cover
thresholds are reached (Archer et al. 2017) and/or when nutrients and water are depleted due
to intraspecific competition (Scholes and Archer 1997). It is also proposed that while some
attributes increased and others declined as woody plant encroachment occurs (Eldridge et al.
2011). The findings by Snyman (2012) that S. plumosum encroaches first on marginal soils
(low in fertility), requires further investigation. The fact that, as woody plants encroach, grass
productivity declines, causing soil erosion and reducing the amount of soil nutrients (Stevens
et al. 2016) may apply in certain circumstances and not others. Some authors reported that, as
woody plants encroach, soil fertility might increase (Hanna 1982, Eldridge et al. 2011), due to
patches of woody vegetation obstructing surface flows of water and wind, thereby capturing,
concentrating and conserving runoff water and nutrients (Pugnaire et al. 2011). This creates
“islands of fertility”, which increase nutrient availability below the shrubs. These “islands of
fertility’” will in turn provide habitat for species that are sensitive to low nutrient availability
(Jackson et al. 1996). The positive relationship between Seriphium plumosum density and
components of soil fertility, and S. plumosum relative abundance in the bottom slope may
suggest the sensitivity of S. plumosum to low soil nutrient availability. Although this finding
confirms our predictions that, S. plumosum encroachment would be positively correlated with
some components of soil fertility, which would facilitate its germination and recruitment, other
research has found the opposite. Consequently, it is suggested in this study that the effects of
woody plant encroachment are not universal (Eldridge et al. 2011). Furthermore, it may
suggests that woody plant traits also determine the causes and outcomes of encroachment (Liu

et al. 2013).
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3.5. Future Directions

This study shows S. plumosum encroachment of mostly, fine textured and fertile soils. Previous
research found that, S. plumosum occurs mainly in coarse-textured, nutrient poor soils, often
with relatively low sodium content. These results are consistent with others on the occurrence
of S. plumosum on coarse textured soils, but inconsistent on the soil nutrient status. The fact
that in this study, S. plumosum density has shown a weak positive correlation with components
of soil fertility and negative correlation reported in the other study, suggests a need for
controlled research on manipulation of soil nutrient resources, especially soil organic carbon
(SOC), Phosphorus (P) Potassium (K), and Sodium (Na). This could contribute to
understanding how S. plumosum responds to soil fertility. Furthermore, an interaction of abiotic
factors at grassland communities found in this study, suggests that S. plumosum encroachment
is influenced by a complex interaction of multiple abiotic factors. Consequently, a better
understanding of the complex interaction of these abiotic factors on S. plumosum encroachment
is needed to aid in its control and management on semi-arid grassland communities of Gauteng
Province. The relationship between the changes in abiotic factors and the extent, rate and the
occurance of S. plumosum encroachment on the semi-arid grassland communities of Gauteng
Province is also lacking. Consequently, more research to understand these relationships is
needed to aid in the development of management and control methods for its encroachment in

South African semi-arid grassland communities.
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Abstract

The causes of an indigenous unpalatable shrub, Seriphium plumosum L., encroachment in the
semi-arid grasslands of Gauteng Province are numerous, but its encroachment effects on
grassland ecosystem functioning are still not clearly understood. This limits the ability of land
users to evaluate trade-offs that must be considered as the extent of S. plumosum encroachment
increases. The aim of this study was to investigate the interactive effect of S. plumosum canopy
cover, fire and soil depth on components of soil fertility [Potassium, Phosphorus, Magnesium,
Total nitrogen (TN), Sodium, Calcium, Soil organic carbon (SOC) and pH]. Soil samples were
collected from two different microhabitats (under S. plumosum canopies and between canopied
areas), fire (pre- and post-fire) treatment areas at different depth [topsoil (5 cm) and subsoil (10
cm)] using randomly selected subplots (25 m x 25 m), located at top, mid and bottom slope
positions and replicated six times. Data was analysed as a completly randomised design with a
2 x 2 x 2 factorial analysis of variance using Generalised Linear Model (GLM) procedure.
There were significant main effects of fire and soil depth (P < 0.05), but not microhabitat (P >
0.05) on the components of soil fertility. There was a significant interaction effect of fire x soil
depth on K, P, Mg, TN, Ca, SOC and pH (P < 0.05). However, there were no significant
interaction effects of habitat x fire, habitat x soil depth and habitat x fire x soil depth found on
the components of soil fertility (P > 0.05). All the components of soil fertility measured showed
a significant decrease with soil depth and increase with fire treatment (P< 0.05). The results
showed that S. plumosum encroachment contributes to accelerate rather than reverse rangeland
degradation. Furthermore, fire alone is not a recommended management tool to control S.
plumosum encroachment in grassland, because it might stimulate S. plumosum to resprout from
the basal areas, excercebating its encroachment.

Key words: burning, veld degradation, shrub invasion, microclimate
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4.1. Introduction

Drylands cover over 40% of the terrestrial land surface (Schimel 2010) and are home to 2.3
million people (World Resource Institute, 2002). In these ecosystems, one of the most striking
land cover changes over the past 150 years is the proliferation of trees and shrubs at the expense
of perennial grasses - a phenomenon referred to as woody plant encroachment (Ward 2005).
This phenomenon occurs particularly in the semi-arid savannas and grasslands of North
America (Barger et al. 2011), South America (Stevens et al. 2016), Africa (Hudak and
Wessman 2001), and Australia (Sharp and Whittaker 2003). Woody plant encroachment is
regarded as a form of land degradation (Golubiewski and Hall-Beyer 2010; MEA 2005; Archer
et al. 2017). It increases runoff and soil erosion (Parizek et al. 2002; Puttock et al. 2014), with
resultant reductions in soil fertility (Puttock et al. 2014), soil moisture (Schade and Hobbie
2005; Bonan, 2008) and infiltration rate. Woody plant encroachment reduces productivity,
density, cover and recruitment of grasses (Gibbens et al. 2005). It threatens grassland
biodiversity and the sustainability of pastoral, subsistence and commercial livestock farming
(Ayalew and Mulualem 2018).

Some ecosystem attributes (organic C, total N and potential N mineralization) may
increase in the soil (Reynolds et al. 2007), but others (grass cover and soil pH) may decrease
with encroachment (Eldridge et al. 2011), while some remain unchanged (House et al. 2003).
Clearly, woody plant encroachment effects on ecosystem functioning depend on the woody
plant species functional traits (Maestre et al. 2009) its encroachment stage (Archer et al. 2017)
and local rainfall. To understand the causes and consequences of woody plant encroachment
requires multi-factorial experiments that recognize woody plant encroachment as a complex
socio—ecological system (Wilcox et al. 2018). Furthermore, understanding the causes and
consequences of woody plant encroachment may help evaluate trade-offs that must be

considered as woody species abundance changes (Archer et al. 2017).
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Seriphium plumosum L., previously known as Stoebe vulgaris (Clark et al. 2020), is a
multi-stemmed, unpalatable shrub in the Asteraceae family and indigenous to South Africa
(Snyman 2011). Seriphium plumosum L has increased its geographic range from the fynbos
biome into the semi-arid grassland biome (Mucina and Rutherford 2006), where it occupies
mostly nutrient poor sandy soils. Its encroachment in South Africa is predominantly in the
Eastern Cape, Free State, Mpumalanga, North West and Gauteng Provinces (Snyman 2009a).
Seriphium plumosum also occurs in other African countries such as Angola, Namibia,
Mozambique and Zimbabwe (Koekemoer 2001) and farther afield in the USA (Badenhorst
2009; Schmidt et al. 2002).

Seriphium plumosum encroachment has converted large parts of the semi-arid grassland
into less productive shrubland-grasslands (Snyman 2012a; Avenant 2015). Grass productivity
decreases by up to 65 % when S. plumosum densities reaches 2000 plants/ ha (Snyman 2012a).
This reduction in grass production may result in grassland communities being unable to support
large populations of grazers and the pastoral economy as in the past (Reynolds et al. 2007).
Chemical and mechanical control measures for S. plumosum have been proposed (Wepener et
al. 2007; Snyman 2011), but because of their cost factor, these control measures are regarded
as unsustainable. Consequently, more ecological research is required to aid in controlling its
encroachment in rangeland communities (Snyman 2012; Clark et al. 2020).

In the semi-arid regions, soil fertility beneath tree canopies is frequently higher than in
the inter-canopy zones (Treydte et al. 2010). Woody and/or shrubby plant canopies may have
a positive effect on soil fertility, species richness and biomass production of the understorey
plant communities (Hagos and Smit 2005; Soliveres and Eldridge 2014). Their canopies may
also alter the microenvironment, soil physical and chemical (fertility) properties (Ding and
Eldridge 2019). This often occurs when sediments, nutrients and water are transported by wind

and water, and are obstructed underneath woody plant canopies (Ludwig et al. 2005), thus
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creating localised nutrient enrichment (Hugos and Smit 2005). Shading also reduces direct
losses of C from surface litter via photo-degradation (Austin and Vivanco, 2006), altering soil
microbes, temperature, and moisture conditions, all of which affect organic matter
mineralisation rates and soil C stores (Thomas et al. 2018).

Fire is recognized as a disturbance that maintains grasslands and savannas (Neary and
Leonard 2018). It may prevent woody plant species encroachment (Archer et al. 2001) or
woody plants species may recruit en masse in the patches opened up by fire. Fire has the
potential to influence ecosystem carbon storage and dynamics by changing plant species
diversity and dominance, plant tissue chemistry, primary productivity, decomposition of soil
organic matter and characteristics of the physical environment (Dai et al. 2006). Furthermore,
fire can increase surface runoff and erosion rates by removing vegetation, changing the soil’s
hydrologic properties and providing a readily erodible layer of sediment and ash (Shakesby et
al. 2007; Shakesby 2011).

The most intuitive change the soil experiences during fire is loss of organic matter
(Certini, 2005). Burned soils have lower nitrogen than unburned soils, higher calcium, and
largely unchanged potassium, magnesium, and phosphorus stocks (Neff et al. 2005). The lower
nitrogen during prescribed burning is due to nitrogen volatilization (Caldwell et al. 2002). Soil
nutrients enhancement by fire occurs largely on the surface soil (0-5 cm), with only soluble N
increasing in the subsurface soil (5-10 cm). There is a large body of evidence that heat
penetration in the soil is limited to the soil surface areas (i.e., 0 to 5 cm depth: Mondal and
Sukumar 2014). Low-intensity prescribed fire usually results in little change in soil carbon,
while intense fire can result in a huge loss of soil carbon (Certini 2005) caused by soil carbon’s
low temperature threshold 500° C (Verma and Jayakumar 2012). Although fire may change
soil nutrient status by direct addition of nutrients and by indirectly altering the soil environment

(Verma and Jayakumar 2012), there is a lack of information on the effect of fire on soil nutrients
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in S. plumosum encroached areas. The development of Seriphium plumosum management
strategies need a sound understanding of their ecology (Snyman 2012), particularly on the
effect of post- fire on S. plumosum encroachment.

This study explored how S. plumosum L. encroachment and prescribed fire interact to
accelerate or reverse rangeland degradation. Specifically, we investigated the effect of S.
plumosum canopy areas and prescribed fire on the components of soil fertility at different soil
depths in the semi-arid grassland communities in Gauteng Province. We hypothesize that, soils,
particularly topsoils, will be more fertile under S. plumosum canopies post fire. The knowledge
gained in this study will be relevant for other ecosystems where encroaching woody plants are

fire adapted such as with S. plumosum encroached semi-arid grassland communities.

4.2. Materials and Methods

4.2.1. Study site

The experiment was conducted in Gauteng Province (27.46738° E, 26.08041° S), South Africa.
The vegetation forms part of the Carletonville Dolomite Grassland (CDG) (Gh15) veld type
(Mucina and Rutherford 2006), with the experimental site facing the north at an elevation of
1614 m above sea level. Rain falls almost exclusively in summer (October- April), with a mean
of 593 mm per annum (Mucina and Rutherford 2006). However, an above average rainfall of
803 mm/ annum was recorded during the year (2015) of data collection. The minimum and
maximum summer and winter temperatures for CDG are 15.4 °C and 30 °C and 6 °C and 21
°C (Mucina and Rutherford 2006), respectively. The experimental site is encroached by S.
plumosum shrubs that coexist with a diversity of grasses species and herbs, many of which
belong to the Asteraceae family. Seriphium plumosum L. density and canopy size at the
experimental site were 23 plants / 50 m? + (2.39 (SEM)) and 1.39 m? + (0.11), respectively.

The soils had a mean silt and clay content of 8.66 % * (0.96) and 28 % =+ (0.29), respectively.
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The farm had a history of livestock grazing with accidental fire occurring approximately once

in every three years.

4.2.2 Sampling design

The study used a factorial design, consisting of habitat (under canopy areas and inter-canopy
areas), fire (pre- and post-fire) and soil depth (topsoils and subsoils), replicated six times at
each of the three slope positions (top, mid and bottom). Soil samples collected pre-fire
treatment were from two subplots of 25 m x 25 m each, randomly located at each of the three
slope positions. During post-fire treatment, soil samples were collected from one randomly
selected subplot located at each of the three slope positions in each of the six replicates. These
subplots were chosen from a pool of four previously established subplots at each of the three
slope positions in each of the six replicates. There were 10 m buffer zones between subplots in
different and at the same slope positions. The distance (measured from the center of each
subplot) between the two subplots ranged between 35 m (i.e. for adjacent subplots) and 75 m
(i.e. for nonadjacent subplots) apart within slope positions and 35 m (i.e. for adjacent subplots)

and 130 m (i.e. nonadjacent subplots) between slope positions for the pre-fire sampling.

4.2.3. Soil sampling

Individual S. plumosum plants (n = 5) were randomly selected in each of the experimental
subplots during pre-fire treatment. Soil samples were collected under the canopy of these plants
(i.e. 20 cm from the stem, but under its canopied areas) at 5 cm and 10 cm depth, and between
their canopied areas (i.e. approximately 50 cm away from nearest S. plumosum canopied areas
in the inter spaces) during both pre- and post-fire treatment. The soils collected pre-fire
treatment are from the same sampling point for both 5 cm (topsoil) and 10 cm depth (subsoil)

and were extracted using a soil auger. The same sampling procedure was followed during post-
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fire treatment, except that new soil sampling areas was used. The soils collected at each depth
and subplot were pooled together and stored pending analysis. This sampling procedure was
followed pre- (n = 144) and post-fire (n = 72) treatment. These soils were analysed for;
potassium (K), phosphorus (P), magnesium (Mg), total nitrogen (TN), sodium (Na), calcium
(Ca), soil organic carbon (SOC) and pH. Soil phosphorus was determined using a P Bray No1l,
following Mallarino and Blackmer (1992). Soil K, Ca, Mg and Na content were determined
using soil ammonium acetate extraction method (Schollenberger and Dreibelbis 1930). Soil
organic carbon was determined following the Walkley Black (1934) procedure, while TN was
determined using a Total Nitrogen digester. Soil pH was determined using water, with a 2:5
soil: water ration (Jackson 1982). Soil analysis were conducted at the Agricultural Research

Council: Institute for Soil, Climate and Water (ARC: ISCW).

4.2.4. Statistical analysis

The effect of microhabitat, fire treatment, soil depth and their interactions on components of
soil fertility was analysed as a randomised complete block design, with a 2 x 2 x 2 factorial
analysis of variance (ANOVA) using generalised linear model (GLM) procedures.
Microhabitat (under canopied and between canopied areas), fire (pre- and post-fire treatment)
and soil depth (topsoil (5 cm) and subsoil (10 cm)) areas are independent variables and
components of soil fertility (K, P, Mg, TN, Na, Ca, SOC and pH), as dependent variables.
Components of soil fertility at Carletonville Dollomite Grassland slope positions were not
significantly different. Consequently, the effect of slope position on components of soil fertility
were excluded during the analysis. The data met the assumptions of ANOVA concerning
normality and homogeneity of variance before being analysed using SAS (2011). When the
ANOVA produced significant results, means were compared using the Turkey’s HSD test, and

the differences declared significant at P < 0.05.
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4.3. Results
There was no significant main effect of microhabitat on any of the components of soil fertility
observed in this study (P > 0.05). However, there was a significant main effect of fire on soil
K, P, Mg, Na, Ca and pH concentrations (P < 0.05). Soil K content were significantly lower
(94.74 + 3.36 (SEM)) during pre-fire treatment compared to post-fire treatment (116.20 mg/kg
+ 6.74). Soil P content was a significantly lower (3.23 mg/kg £ 0.15) during the pre-fire
treatment than during post-fire treatment (4.34 mg/kg = 0.27). Similalrly, soil Mg content was
lower (46. 49 mg/kg £ 2.15) during pre-fire treatment compared to post-fire treatment (57. 67
mg/kg £ 3.68). We found a significantly lower (4.33 mg/kg + 0.21) soil Na content during pre-
fire treatment than during post-fire treatment (6.27 mg/kg + 0.41). Furthermore, soil calcium
content was significantly lower (117.20 mg/kg £ 5.12) during pre-fire treatment than during
post fire treatment (142 mg/kg £ 8.89). Soil pH content was lower (4.78 + 0.01) during the pre-
fire treatment, but not significantly different from pH content (4.87 £ 0.03) during the post fire
treatment.

The main factor of soil depth had a significant effect on soil K, P, Mg, Ca, TN, SOC
and pH concentrations (P < 0.05). Soil K content was significantly higher (127.64 mg/kg +
4.77) on topsoil compared to subsoil (76.15 mg/kg = 2.65). Similarly, soil P content was
significantly higher (4.99 mg/kg + 0.01) on topsoil than on subsoil (2.29 mg/kg + 0.13). There
was a significant higher (60. 70 mg/kg + 3.08) soil Mg content at the topsoil compared to
subsoil (39.72 mg/kg + 1.78). Total nitrogen on topsoil was significantly higher (0.06 % +
0.0009) than in the subsoil (0.05 % + 0.00067). In addition, soil calcium content was
significantly higher (154.88 mg/kg = 7.02) at the top soil compared to the subsoil (90.37 mg/kg

+ 4.28). Soil organic carbon was simillar on topsoil (1.54 mg/kg = 0.02) than subsoil (1.28
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mg/kg = 0.01). Soil pH content was higher on the topsoil (4.91 £+ 0.022) than at the subsoil
(4.71 £ 0.01).

The interaction of microhabitat x fire and habitat x soil depth had no significant effect
on any components of soil fertility in this study (P >0.05; Table 4.1). However, there was a
significant interaction effect of fire x soil depth on soil K, P, Mg, TN, Ca, SOC and pH (P <
0.05). Soil pH content was significantly lower (4.87 £ 0.03) on topsoils, pre-fire treatment than
during post fire treatment (5.02 + 0.03). Furthermore, there were no significant differences
between the subsoil pH during pre-fire treatments (4.70 + 0.02) and post-fire treatment (4.74 £
0.02). Generally, there was a significant effect of fire on topsoil fertility parameters (K, P, Mg,

TN, Ca and SOC), but not on subsoil fertility parameter (P > 0.05; Figure 4.1).
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Table 4. 1. ANOVA results for main effects of microhabitat, fire and soil depth and their interaction on components of soil fertility

Factors Components of soil fertility
K P Mg Total N Sodium Calcium SOC pH
DF |F P F P F PlF P F P F P F P F P
Microhabitat 1 0.00 1.00 0.00 1.00 0.00 1.00 | 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00
Fire 1 14.00 <0.001 31.56 <0.001 9.25 <0.001 0.30 0.58 21.59 <0.001 8.71 <0.001 1.04 0.31 12.06 <0.001
Soil depth 1 96.32 <0.001 177.73 <0.001 36.62 <0.001 134.18 <0.001 0.03 0.87 54.02 <0.001 71.25 <0.001 67.46 <0.001
Microabitat x Fire 1 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00

Microhabitat x Soil

depth 1 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00

Fire x Soil depth 1 8.60 <0.001 26.48 <0.001 8.33 <0.001 4.99 0.03 1.33 0.25 11.06 <0.001 6.66 0.01 4.38 0.04

Microhabitat x Fire x

Soil depth 1 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00

Significant values are shown in bold. K: Potassium; P: Phosphorus; Mg: Magnesium; TN: Total nitrogen; Na: Sodium; Ca: Calcium; SOC: Soil

Organic Carbon.
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(e) and soil organic carbon (f) concentrations. Same letters on the bars means that P > 0.05.
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4.4. Discussion
The presence of Seriphium plumosum canopy did not affect the components of soil fertility.
This finding contradicted our prediction that soils will be more fertile under S. plumosum
canopies. The soils under woody plant canopies generally have higher levels of organic matter,
calcium, magnesium, potassium, total exchangeable bases, cation exchange capacity and pH
than those in open grasslands (Eldridge et al. 2011). Woody plant encroachment produces
resource poor and rich patches between and under shrub canopies, respectively (Waring et al.
2015), especially in arid and semi-arid areas. Shrubs establishing in degraded rangelands often
create “islands of fertility” under individual shrub canopies (Shade and Hobbie 2005; Mudrak
et al. 2014), which enhances vascular plant richness, microbial biomass, soil fertility, and
nitrogen mineralization (Archer et al. 2017). Consequently, shrubs may reverse, rather than
cause, desertification. Certain woody plant species may lead to the formation of fertile shrub
patches interspaced with nutrient-depleted bare soil patches (Sankey et al. 2012).

Generally, there are positive effects of individual shrub canopies on the understorey
plant communities and soil condition in semi-arid environments (Maestre and Cortina 2005;
Holzapfel et al. 2006; Soliveres and Eldridge 2014). However, the positive effect of S.
plumosum shrubs canopies on the understorey plant community and soil condition, was not
observed in this study. Although the effect of allelopathy was not explored in this study,
Snyman (2010) reported that S. plumosum contains allelopathic compounds that deter growth
of other dicot and herbaceous species. This may suggest that S. plumosum encroachment in
semi-arid grassland communities may be accelerating rather than reversing rangeland
degradation and/or unchanged soil fertility under S. plumosum canopies was an inherent
characteristic of the site and not a result of encroachment. Other studies also found a link
between woody or shrubby plant encroachment with land degradation and desertification

processes (MEA 2005; Ravi et al. 2009). There are other factors such as species functional
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traits which also influence the outcome of woody plant encroachment (Li et al. 2007; Eldridge
et al. 2011; Archer et al. 2017), thus making woody/shrubby plant encroachment outcomes on
ecosystem functioning non-universal (Maestre et al. 2009; Eldridge et al. 2011).

The components of soil fertility were relatively higher in the topsoils, especially post-
fire treatment. These results suggest that fire improves topsoil nutrients concentration.
Consistent with our findings, Certini (2005) found that soil nutrient concentrations in burned
areas are generally higher than in unburned areas. Soil K and P, increase with fire (Duguy et
al. 2007), especially in the topsoil. Ando et al. (2014) reported an increased level of available
nutrients such as ammonium nitrogen, phosphorus, exchangeable potassium and calcium
following the decomposition of soil organic matter and microbial mortality following fire. Fire
might contribute to the control of woody plant encroachment (Hoffmann et al. 2003; Gignoux
et al. 2009). However, it might also improve soil nutrient status and the conditions for S.
plumosum seedbank germination (Snyman 2011).

The components of soil fertility (K, P, Mg, TN, Ca, SOC, and pH) have shown a general
trend of decreasing with soil depth and increasing post-fire. The soils in the coastal fynbos
ecosystem has showed a distinct gradient of decreasing quantities of organic matter and total
nitrogen with soil depth (Bond 2010). Furthermore, Duguy et al. (2007) found the largest
amounts of available soil nutrients within the top few centimetres of the soil. These results
corroborate our hypothesis that, soil fertility will be higher in the topsoil, especially post-fire.
Soil P, K, SOC, TN and Mg concentrations were reported to be higher in the topsoil than in the
subsoil (Jobbagy and Jackson 2000; Adugna and Abegaz 2015). In contrast, Certini (2005)
found that the most intuitive change the soil experiences during burning is the loss of organic
matter. Low-intensity prescribed fire usually results in little change in soil organic carbon,
while an intense accidental or wildfire can significantly reduce soil organic carbon (Davies et

al. 2008) caused by its low temperature threshold of 500° C (Verma and Jayakumar 2012).
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This result suggests that, the prescribed fire used during the experiment had a relatively lower
temperature below the soil organic carbon volatilization threshold, which resulted in soil
carbon accumulation in the soil post-fire. The increased topsoil fertility post-fire observed in
this study, could potentially improve the conditions for S. plumosum survival and eventually

its recruitment.

4.5. Conclusion

The fact that we did not find any significant differences between Seriphium plumosum canopied
and between canopied areas has shown that S. plumosum encroachment is not improving
components of soil fertility as previously proposed. This study has also shown that the
formation of a fertile island is dependent on species-specific traits, among other factors, hence
this phenomenon was not observed under S. plumosum canopies. The fact that the formation
of a fertile island was not observed under individual S. plumosum canopies confirms that, S.
plumosum encroachment of grassland communities accelerates, rather than reverses rangeland
degradation. Although fire has the potential to control woody plant encroachment, its use in
the control of S. plumosum encroachment in semi-arid grassland communities still needs more
research. This is because fire improves components of soil fertility, potentially leading to
improved condition for its recruitment and encroachment. Furthermore, the ability of S.
plumosum to coppice after disturbances such as fire nullifies its effectiveness as a management
tool for its encroachment.

Fire, which occurs both naturally and anthropogenically in the semi-arid grasslands,
may, in combination with other factors, contribute to S. plumosum encroachment in the semi-
arid grassland communities of Gauteng Province. A clear understanding of the role of fire
intensity and severity on the control of S. plumosum encroachment is still lacking. Furthermore,

evidence on how these fires influence the soil physical and chemical properties is inadequate,
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yet key to understanding how soil dynamics might change when using fire in the control of S.
plumosum encroachment. There is a need for more research into how multiple interacting
factors in space and time contribute to cause S. plumosum encroachment in South African
grassland communities. Furthermore, grasslands previously affected by accidental wildfires

need more research attention to aid in their rehabilitation.
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Abstract

Research on the encroacher shrub, Seriphium plumosum L. forage quality is lacking, yet
important for managing its encroachment in the semi-arid grassland communities of South
Africa. To control woody plant encroachment using browsing animals, there is a need to
understand the interaction effect of season and fire on its forage quality. Seriphium plumosum
crude protein (CP), neutral detergent fibre (NDF), total phenolics (TPs) and condensed tannins
(CTs) concentrations were determined from combined leaves and fine stems collected during
the dry and wet seasons, from burned and unburned areas at the upper and bottom slope
positions. Seriphium plumosum CP and CTs concentrations were significantly higher in the wet
season, when TP and NDF concentrations were lower. In contrast, TPs and CTs were
significantly higher in the dry season, when CP and CTs were lower. Crude protein from burned
sites was significantly higher than unburned sites (P < 0.05). Slope position had no effect on S.
plumosum CT, TP, CP and NDF concentrations (P > 0.05). Seriphium plumosum CP
concentrations were lower during the dry season on burned and unburned sites, than during the
wet season in unburned sites, which were also lower than in burned sites (P < 0.05). These
results suggest strategic use of fire as cost effective management tools for S. plumosum
encroachment on grassland communities. More research attention is required on fire and
browser interaction on S. plumosum control programmes and on post-fire herbaceous
vegetation recovery period for sustaining rangeland productivity, while controlling S.

plumosum encroachment.

Key words: Browsers quality, bush encroachment, chemistry, condensed tannins, edible

material
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5.1. Introduction

Woody plant increases in the savannas and grasslands is a global concern (Ward, 2005; Britz
and Ward, 2007), especially in the arid and the semi-arid areas (Archer and Predick, 2014). It
reduces rangeland carrying capacity by displacing herbaceous forages (Ward, 2005; Venter et
al. 2018), thus affecting livestock production (Joubert et al. 2012). Although woody plant
encroachment is generally viewed in the context of pastoral production systems (Eldridge et
al. 2011), conservationists are also concerned about the loss of biodiversity as grassland habitat
is lost to woody plant encroachment (Bond and Archibald, 2003). The mechanisms behind
woody and herbaceous species coexistence are not yet clear (Sankaran et al. 2004; Ward, 2005).
Furthermore, the existing models and hypotheses on woody and herbaceous species
coexistence cannot account for their interaction and coexistence of tree-grass systems (House
et al. 2003). Consequently, experiments that explore the role of multiple interacting factors on
woody plant encroachment are key to understanding grassland to woodland dominated state

transition (Kraaij and Ward, 2006; Archer and Predick, 2014).

In South Africa, encroachment by the indigenous, unpalatable shrub such as Seriphium
plumosum L (syn. Stoebe vulgaris) is a major concern for land users. Its encroachment converts
extensive semi-arid grassland and savanna areas into less productive shrubland-grassland and
woodland areas (Snyman, 2010). This compromises the potential of rangelands ecosystems to
support a large population of grazers and the pastoral economy (Clark et al. 2020). Seriphium
plumosum has encroached on approximately 150202 ha of South African rangelands (Avenant,
2015), where it occupies relatively disturbed and nutrient poor sandy soils (Snyman, 2012).
Control of S. plumosum encroachment using a variety of chemical and mechanical methods
have been proposed (Snyman, 2009a), but because of their cost and labour implications; more

ecologically (Snyman, 2012a, b) and economically sustainable control measures are still
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needed (Snyman, 2011, Clark et al. 2020). The interaction of fire and grazing is widespread
throughout fire dependent landscapes worldwide (Allred et al. 2011). These factors, either
alone or in combination have shown potential to mitigate woody plant encroachment
(Fuhlendorf et al. 2009; Venter et al. 2018). Although these factors are effective in controlling
woody plant encroachment, their individual or combined role in managing S. plumosum
encroachment in South African semi-arid grasslands, remain less explored. Furthermore, there
has been widespread failure to restore grasslands using these factors after woody encroachment
has occurred (Twidwell et al. 2013). The lack of research on the role of fire and browsers in
managing woody plant encroachment limits the development of cost effective control measures

for their encroachment.

Resource availability (Endara and Coley 2011) cause many woody plant species to produce
secondary defensive compounds that are highly diverse within and between populations (Speed
et al. 2015). Generally, woody plant species that are adapted to resource poor environments,
grow inherently more slowly and invest in constitutive defences that may reduce feed intake
by herbivores (Stamp 2003; Endara and Coley, 2011). However, herbivores do not only forages
selectively for plants high in protein content (Somers et al. 2008; Seccombe-Hett and
Turkington, 2008), but they also avoid feeding on forage with high levels of plant secondary
metabolites that may be toxic (Sorensen et al. 2005a; Skidmore et al. 2010). An increased
knowledge on how nutrients and plant secondary metabolite concentrations vary seasonally
and annually could contribute to understanding variations in herbivore populations and
nutrients cycling (Covelo and Gallardo, 2001). Knowledge of these aspects for S. plumosum
might help in the development of a cost effective control measure that includes it in diet

formulations for herbivores, while reducing rate and extent of its encroachment.
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There are two major classes of tannins; the hydrolysable tannins (HT) and condensed tannins
(CTs), collectively known as proanthocyanidins (Barbehenn and Constabel, 2011). Of these
two groups, condensed tannins (CTs) are among the most abundant group of chemical defences
produced by woody plants (Gross, 2008; Barbehenn and Constabel, 2011). Condensed tannins
can influence diet choice and food consumption of animals by either making the food taste
astringent or by reducing nutrients availability after ingestion (Freeland, 1992). The maximum
tolerable level of CTs for ruminants in forages is 55 g/kg DM (Min et al. 2003). However, their
concentration in woody plant species is highly variable depending on plant genotype, tissue
developmental stage and in response to seasonal variations and resources availability
(Barbehenn and Constabel, 2011; Moore et al. 2014). This research area is lacking for S.

plumosum, yet required for development of cost effective ways for managing its encroachment.

The slope aspect is one of the main factors that determines soil diversity in semi-arid regions
(Bayat et al. 2017). Landscapes with varying slope positions differ in their ability to retain
water and nutrients due to the differences in soil depth and texture (Oztas et al. 2003) which
may influence forage quality. Soil nutrients, especially nitrogen availability change along the
topographic sequence and decrease up the slope (Tateno et al. 2004). Furthermore, lower and
mid slopes had higher soil nutrient levels relative to upper slopes (Liu et al. 2019). Although
environmental conditions influence plant secondary metabolites, this does not always occur in
predictable ways (Endara and Coley, 2011). Consequently, understanding how edaphic factors
mediate nutrients and plant secondary metabolites concentrations in S. plumosum is crucial for

development of cost effective management strategies.

Burning appears to be a desirable follow-up treatment to mechanical and chemical woody plant

encroachment control; because it temporarily increases nutritional value of shrub sprouts and
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decreases physical defences, while suppressing growth of shrub species with low palatability
to browsing animals (Schindler et al. 2004). Burning increases nutrients content of the
understory vegetation (Hu et al. 2018). It removes old, dead vegetation and replaces it with
young regrowth that attracts herbivore (Johnson et al. 2018). Herbivores feeding on post-fire
regrowth gain relatively greater mass compared to those feeding on unburned vegetation (Eby
et al. 2014). Although fire may have the potential to control S. plumosum encroachment, it may

also improves its forage quality and its acceptability to domestic and wild animals.

This study assessed the effect of season, slope position, fire, and their interaction on S.
plumosum L. crude protein (CP), neutral detergent fibre (NDF), condensed tannins (CTs) and
total phenolics (TPs) concentration in the semi-arid grassland communities of Gauteng
Province. The resource driven hypothesis of plant defences proposes that plant species growing
on resource poor environment grow inherently more slowly and invest more in constitutive
defences that may reduce forage intake by herbivory (Endara and Coley, 2011). In light of this
hypothesis, we predicted that; 1) S. plumosum CT, TP and NDF concentrations will be less
during wet season when its CP concentration is higher as a result of resources availability and
actively growing plant. 2) Fire will increase and reduce S. plumosum CP and NDF
concentrations, respectively. 3) Seriphium plumosum CP concentrations at the bottom slope
positions will be higher, with lower constitutive defences (i.e. CTs and TPs) compared to the

top slope positions.

5.2. Materials and Methods
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5.2.1. Study Area

The study was conducted in the Rand Highveld Grassland veld type (Mucina and Rutherford,
2006), approximately 40 km east of Pretoria (28.67918° E, 25.76907° S), South Africa. The
study site is part of the Mesic Highveld Grassland (Gm 11), situated approximately1457 m
above sea level on relatively poor sandy soils. The average rainfall at the site is 654 mm per
annum, ranging between 570 mm — 730 mm and falling almost exclusively from October to
April (Mucina and Rutherford, 2006). The RHG receives mean minimum (9.99° C) and
maximum (27.62° C) temperatures in winter and summer seasons, respectively (Mucina and
Rutherford, 2006). The soils are from the Quartzite ridges of the Witwatersrand Super group,
which support the soils of varying quality such as Glenrosa and Mispah, especially along the

rocky ridges (Mucina and Rutherford, 2006).

This experimental site is encroached by an unpalatable encroacher shrub, S. plumosum L that
coexist with a variety of herbaceous species, and a diversity of herbs, many of which also
belong to the Asteraceae family. The experimental site has a history of livestock grazing, with
unplanned fires occurring almost every second year, probably caused by accumulation of dry
fuel load during the dry season. A year before vegetation sampling, almost half of the
experimental site experienced unplanned fires, while the other half remained unburned. The
fire and no fire treatments were separated by a road, with each site located approximately 50
m away from the road in opposite directions. The experimental site is located on the north-
facing slope, with altitude varying from 1469 m (top slope), 1461 m (mid slope) and 1454 m
(bottom slope) above sea level. The distance between sampling areas in different slope

positions was approximately 60 m apart and 120 m between fire and no fire treatment.
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5.2.2. Data Collection

Seriphium plumosum L. individual plants (n = 5) with an average height and width of 45 cm
were identified randomly at the bottom, mid and top slope positions, in fire and no fire
treatments, and during both dry and wet season. During vegetation sampling, a combination of
S. plumosum fine leaves and twigs were harvested at approximately 10 cm aboveground. The
minimum distance between sampled plants at each sampling area was 10 m apart. Due to the
unplanned fire that occurred on half of the experimental site during the dry season of 2014,
plant samples during the wet season of 2015 were collected from the previous and current
season’s growth for no-fire and fire treatment sites, respectively. Although analysed for only
dry and wet season, respectively, the Seriphium plumosum sampling during both wet and dry
season was done during early, mid and late seasons. These sampling times were appropriate
because condensed tannins and total phenolics are thought to accumulate as the season

progresses (Barton and Koricheva 2010).

Seriphium plumosum samples (combined fine leaves and twigs) were pooled together per
sampling area and oven dried at 60 °C for 24 hours before being analysed for crude protein
(CP), neutral detergent fibre (NDF), condensed tannins (CTs) and total phenolics (TPs)
concentrations. Condensed tannins were determined using the acid-butanol assay method
(Porter et al. 1985), with purified Sorghum as a standard for CT estimation (Hattas and
Julkunen-Tiitto, 2012). Total phenolics concentrations were determined using a Prussian blue

assay (Price and Butler, 1977), with a gallic acid standard (Scogings et al. 2013).

5.2.3. Data Analysis
The effect of season, slope position, fire and their interactions on Seriphium plumosum CP,

NDF, CT and TP were analysed as a factorial analysis of variance (ANOVA) using GLM
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procedures. Data met the assumption of ANOVA concerning homogeneity and normality of
variance before being analysed. In instances where ANOVA produced significant results, the
effect of season, slope position, fire and their interaction on S. plumosum CP, NDF, CT and TP
were compared using Turkey’s HSD test. The differences between means were declared

significant at P <0.05.

5.3. Results

The main effect of season had a significant effect on Seriphium plumosum total phenolics (TPs;
P =0.0262), condensed tannins (CTs; P < 0.0001), crude protein (CP; P < 0.0001) and neutral
detergent fibre (NDF; P < 0.0001) concentrations. The mean TP concentrations in S. plumosum
was significantly higher (14.44 + 1.03 mg g* dry weight (DW)) during the dry season than
during the wet season (11.08 + 1.07 mg g*DW). In contrast, CTs concentrations were
significantly higher (1.56 + 0.13 mg g™*DW) during the wet season than during the dry season
(1.00 mg +0.03 g'*DW). Crude protein concentrations in S. plumosum was significantly higher
(6.69 % + 0.20 g™*DW) during the wet season than during the dry season (5.22 % + 0.13g"
1DW). Neutral detergent fibre concentrations were significantly higher (58.01 % + 0.41 g*DW)
during the dry season than during the wet season (53.17 % + 0.34 g*DW). Fire had a significant
effect on S. plumosum CP concentrations (P = 0.0010). Crude protein concentrations from fire
treated sites were significantly higher (6.31% =+ 0.22 g*DW) than from no fire untreated sites
(5.60 % * 10.5 g*DW). Slope position did not have significant effects on TP, CTs, CP and
NDF (P > 0.05). The interaction of season x slope position; fire x slope position as well as
season x slope position x fire had no significant effects on TPs, CTs, CP and NDF

concentrations (P > 0.05; Table 5.1).
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Table 5. 1. Analysis of variance for the effects of season, fire, slope position and their interaction on S. plumosum L. total phenolics, condensed

tannins, crude protein and neutral detergent fibre.

Factors Total Phenolics  Condensed Tannins Crude Protein Neutral Detergent Fibre
DF F P F P F P F P
Season 1 5.08 0.0262 18.04 < 0. 0001 43.45 <.0001 84.91 <0.0001
Fire 1 356  0.0619 0.03 0.8535 11.40 0.0010 0.60 0.4407
Slope position 1 0.47 0.4966 1.49 0.2254 0.78 0.3793 1.87 0.1742
Season x Fire 1 039  0.5332 0.06 0.8071 5.12 0.0257 3.81 0.0534
Season x Slope position 1 0.65 0.4221 1.34 0.2494 1.18 0.2803 1.51 0.2223
Fire x Slope position 1 0.00  0.9913 0.48 0.4885 0.14 0.7131 0.16 0.6869
Season x Fire x Slope position 1 0.09 0.7635 1.18 0.2801 0.02 0.8845 0.11 0.7425

Significant values are shown in bold.
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There was a significant interaction effect of season x fire on NDF and CP (P < 0.05), but not
on CTs and TPs concentrations (P > 0.05). These interaction effects (season x fire) on S.

plumosum are presented for crude protein (Figure 5.1) and (Figure 5.2) for neutral detergent

fibre.
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Figure 5. 1. Seriphium plumosum L. mean crude protein (CP) concentrations during the dry
and wet seasons in burned (fire) and unburned (no fire) areas at RHG. Bars extending beyond
the bar graphs denote SE. Bars graphs followed by different letters are significantly different
(P <0.05).
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Figure 5. 2. Seriphium plumosum L. mean neutral detergent fibre (NDF) concentrations
during the dry and wet seasons in burned (fire) and unburned (no fire) areas at RHG. Bars

represent standard errors (SEM). Different letters on the error bars mean that P < 0.05.

5.4. Discussion

Seriphium plumosum crude protein (CP) concentrations were 28 % higher during the wet season
than during the dry season. In contrast, NDF concentration were 92% lower during the wet
season. In general, dietary nutrients (crude protein) percentages are higher in plant species
during the wet season, and the reverse is true for percent dietary holocellulose and lignin (NDF)
concentrations (Coppock et al. 1986). This result suggests that S. plumosum during the wet
season is actively growing and it is likely that resources are available. Other studies also found
that concentrations of crude protein in woody plants during the early growth stages exceed that
of the same plant with advancing maturity (Ganga et al. 2005; Scogings et al. 2014). The
findings on S. plumosum CP and NDF concentration during the wet season are consistent with
the plant defence trade-off hypothesis which proposes that, depending on the environment, there
are trade-offs in plants allocation to growth and to defence against herbivores (Close and

McArthur, 2002). This result further suggests that during the wet season, resources for plant
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growth are not limiting, thus leading to fast growing and less defended S. plumosum plants.
This result is consistent with our hypothesis that, because of resource availability during the

wet season, S. plumosum CP concentrations will increase.

Seriphium plumosum condensed tannin (CT) concentrations in the wet season were 56 % higher
than during the dry season. In contrast, TPs concentrations were 76 % higher during the dry
season than during the wet season. Generally, in the wet season, resources are abundant, which
will decrease tannins concentrations following herbivory, because defoliation reduces C
relative to N concentrations (Scogings and Mopipi, 2018), in response to maturity. Furthermore,
carbon based secondary metabolites concentrations vary inversely with growth and nutrients
because of the physiological trade-off between cellular growth and differentiation (Scogings et
al. 2015). Woody plants may also respond to resource limitations by making choices of
investing in one or two functions instead of all, or investing more in one kind of anti-herbivore
defence relative to others (Coley, 1983). This result suggests that S. plumosum plant parts are
defended from browsers during the wet season through increased CTs concentrations.
Condensed tannin concentrations of approximately 3% may reduce intake and digestibility of
nutrients, while moderate concentrations (1%) may improve digestive efficiency of crude
protein (Frutos et al. 2004). Seriphium plumosum CTs concentrations during the wet (0.16 %)
and dry (0.1 %) seasons found in this study are relatively lower to serve as feeding deterrents,
unless over-ingested beyond the animal coping threshold. Furthermore, this result demonstrated
the potential to control S. plumosum encroachment during wet seasons using browsers because

concentrations of CTs may improve efficiency of CP digestion (Frutos et al. 2004).

We hypothesised that slope position will affect S. plumosum CTs and TPs concentrations, with

both CTs and TPs increasing up the slope, while resources increase down the slope. However,
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this hypothesis is not supported in this study. This is probably because of a weak slope gradient
from the top to the bottom slopes, leading to insufficient water and soil nutrients being
transported downslopes. Clearly, seasonal and topographic variations in N, P and carbon based
secondary metabolites (CBSMs) in semi-arid savannas and grassland cannot be easily
generalised because they also depend on species and annual rainfall variability (Scogings et al.

2015).

Seriphium plumosum crude protein concentrations were higher in previously burned area
compared to unburned areas. Snyman (2015) found that crude protein concentrations of
growing plant materials following burning is higher than of the dormant plant material in an
unburned area. Fire creates burn patches during certain times of the year, which can be used
strategically to make underutilized plant species such as S. plumosum more appealing to
browsers. Fire increases plant nutrient availability, through accelerating the mineralization of
organic matter (Giardina et al. 2000), increasing S. plumosum CP concentration. Although fire
may contribute to increase S. plumosum CP concentrations, while contributing to control its

encroachment, its efficacy in the absence of browsers is still questioned (Clark et al. 2020).

The relatively high neutral detergent fibre content during the dry season compared to the wet
season in this study resulted from the advancing maturity of S. plumosum (Scogings et al. 2004;
Waterman et al. 2007). Physical traits such as high fibre content render biting, chewing and
digestibility costly to herbivores (Shipley and Yanish, 2001). Forages that contain 40% NDF
or less are generally of higher digestibility than forages with 60% or more (Hoffman et al.
2001). Neutral detergent fibre concentrations between 55 - 60% may reduce intake of forages.
However, NDF concentration levels of 57 % and 52 % during the dry and wet seasons, with or

without fire may provide an opportunity to use S. plumosum with other feed ingredients as a
151



possible feed source. This in turn may contribute to control its encroachment. Generally, fire-
browser interactions may contribute to improving S. plumosum forage quality, making them

acceptable to browsers, and thereby contribute to controlling S. plumosum encroachment.

5.5. Management implications

The study demonstrated that strategic use of fire may contribute to improve S. plumosum CP
concentrations, especially in the wet season. This may result in improved preference and intake
of S. plumosum by browsers, thus contributing to control its encroachment on semi-arid
grassland communities. The presence of condensed tannins and total phenolics are inevitable
in woody plant, including S. plumosum. However, improving browser nutrient requirement with
supplemental feeding may improve their ability to cope with plant secondary metabolites in S.

plumosum.
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CHAPTER 6

6.1. Synthesis

There are many factors responsible for causing and/or promoting woody plant encroachment.
Once these woody plants have encroached in rangeland communities, both negative and
positive effects on ecosystem functioning are probable. Consequently, this limits the
development of control or management measures, especially when the cost-benefits of their
control relative to retaining them are unknown. The main aim of this study was to explore the
causes and the consequences of S. plumosum L. encroachment in the semi-arid grassland
communities of Gauteng Province.

This study focused on the ecology of S. plumosum L. to aid understand the
environmental (abiotic and biotic) factors that contribute to cause and/or promote its
encroachment in grassland communities. This is because research on the ecology of S.
plumosum is lacking, yet important in the control of its encroachment (Snyman 2012).
Furthermore, there is an increased research emphasis on multi-factorial experiments as an
alternative way to study the causes of woody plant encroachment (Ward 2005; Kraaij and Ward
2006), but this has not been extensively conducted on S. plumosum encroachment in the semi-
arid grassland communities of Gauteng Province. Consequently, this limits the development of
management strategies for reducing its rate and extent of encroachment.

The focus of chapter 2 was to understand the role of environmental factors on S.
plumosum invasion susceptibility. This study showed that, decreased herbaceous basal cover,
soil sand content and magnesium content increase the likelihood of S. plumosum encroachment
in the semi-arid grassland communities of Gauteng Province. This result suggested that,
improving herbaceous basal cover and soil fertility, especially magnesium content would result
in conditions that discourage S. plumosum encroachment. Chapter 3 focused on the role of

161



abiotic factors and grassland community on S. plumosum density and canopy size. As shown in
the first experimental chapter, magnesium content is a key soil property. Where soil magnesium
content was low in grassland communities, the density of S. plumosum was significantly higher.
Furthermore, components of soil fertility (SOC, TN, P, K, and Ca) were relatively less
concentrated in grassland communities where S. plumosum densities were higher.
Consequently, the studies demonstrated that by reducing grass competition; particularly for
space in well-drained nutrient poor soils may promote S. plumosum encroachment
susceptibility. Generally, interactions of multiple factors cause woody plant encroachment (van
Auken 2009; Eldridge et al. 2011) including encroachment by S. plumosum (Table 6.1).

Chapter 4 explored the effect of S. plumosum canopy cover, fire and soil depth on
components of soil fertility. All the components of soil fertility measured showed a significant
decrease with soil depth and increase with post-fire treatment. In this study however, the
components of soil fertility were not significantly different between S. plumosum canopied
areas and un-canopied areas. This finding demonstrates that the species functional traits
(Scholes and Archer 1997) and encroachment stage (Archer et al. 2017) also influence the
outcome of encroachment. This study showed that S. plumosum encroachment contributes to
accelerate rather than reverse rangeland degradation, and fire alone is not a recommended
management tool to control S. plumosum encroachment in grassland, because it may reduce
grass competitive ability, thus improving the conditions for S. plumosum recruitment and
encroachment.

Chapter 5 explored the interaction effects of season, fire and slope position on S.
plumosum forage quality. This study demonstrated that, the wet season and post burned S.
plumosum regrowth had the highest crude protein content. Furthermore, S. plumosum CTs and
TPs concentrations were not affected by fire or slope position alone or in combination.

Seriphium plumosum CTs and TPs concentrations were insufficient to act as feed deterrents or
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anti-nutritional factors. This is because herbivore nutrient intake is limited by relatively low
nutritional quality of plants and higher concentrations of plant secondary metabolites (Ulappa
et al. 2014). Consequently, a combination of fire, browsers and supplemental feeding may
contribute to controlling S. plumosum encroachment in the semi-arid grassland communities.
The summary of the causes and consequences of S. plumosum encroachment in the semi-arid

grassland communities of Gauteng Province is presented below (Table 6.1).
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Table 6. 1. Schematic representation of the summary of the causes and consequences of Seriphium plumosum L on the semi-arid grassland

communities of Gauteng Province

Experiment 2: Effects of abiotic
factors on S. plumosum density
and canopy size

Nutrient poor well-drained soils

plumosum
encroachment

Consequences of S.

Experiment 3: Effect of S.
plumosum canopy cover, fire and
soil depth on components of soil
fertility

Fire improves soil fertility, but
not in S. plumosum sub-canopy
areas

Experiment 4: Effect of season,
fire and slope position on S.
plumosum forage quality

Seriphium plumosum CP content
increases during the wet season
in burned areas more than in
unburned areas

Factors Experiment Results Conclusion
Experiment  1:  Effect of | Nytrient poor well-drained soils
environmental factors on S.
and poor basal cover
Causes of S. plumosum encroachment
plumosum susceptibility
encroachment

Multiple interacting factors such as nutrient poor well-
drained soils, fire suppression and overgrazing for a
prolonged duration are responsible for S. plumosum
encroachment in South African semi-arid grassland
communities

Seriphium plumosum encroachment leads to rangeland
degradation

S. plumosum encroachment may be successfully managed
or controlled by integrating fire and browsers, while
maintaining rangelands in good condition
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6.2. Management implications

The results in this study showed that overgrazed and/or burned areas with well-drained poor
quality soils in the semi-arid grassland communities of Gauteng Province are most likely to be
encroached by S. plumosum. Furthermore, its densities in grassland communities increase in
well-drained nutrient poor soils. Seriphium plumosum encroachment contributes to accelerate
rather than reverse rangeland degradation. This negative effect on rangeland communities
justifies the need for its control in rangeland communities. The control measures chosen for S.
plumosum encroachment must be economically and ecologically justifiable (Snyman 2012).
There is a need for inexpensive and easy restoration and management interventions for
encroaching and invasive plants species (Belnap et al. 2012). As such, the land users who wish
to restore S. plumosum encroached grassland communities may explore ecological measures
that integrate fire, soil fertilization and nutrients-supplemented browsers in managing its
encroachment. This study has also shown that, grazing management strategies that maintain
sufficient grass cover, while improving soil fertility may discourage S. plumosum
encroachment susceptibility. This is because managing grazing rates is a better strategy than
focusing on shrub removal (Eldridge et al. 2013). These integrated management strategies need

ongoing monitoring to ensure long-term success (Nkosi et al. 2018).

The fact that marginal soils, withdrawn from cash-crop cultivation, are among the most
actively encroached areas might be ascribed to the lower soil fertility (organic matter, N and C
contents), forming a more favourable habitat for S. plumosum (Snyman 2012). Consequently,
the study proposes maintaining or converting abundant cash-crop lands in to pasturelands to
improve grass cover and probably soil fertility which will in turn disfavour S. plumosum
encroachment. Long-term cultivation causes an increase in both total and available P in the

soil, but it decreases after crop abandonment (Duguy et al. 2007), thus creating the conditions
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likely to favour S. plumosum encroachment. These conditions can be avoided by crop rotation

and continuous addition of limiting soil nutrients in the form of fertilizers.

6.3. Acceptance/ Rejection of the hypotheses

Generally, this study had rejected and accepted some of the hypotheses that we put forward,;

The interaction of abiotic and biotic factors were hypothesized to contribute to increase
the likelihood of S. plumosum encroachment susceptibility in the semi-arid grassland
communities of Gauteng Province. This hypothis was consistent with our results in
terms of basal cover, sand and magnesium, which increased the likelihood of S.
plumosum encroachment in the semi-arid grassland communities of Gauteng Province
Seriphium plumosum density and canopy size to be higher at the bottom slopes and
different between rangeland communities. These hypotheses were consistent for S.
plumosum density at Rand Highveld Grassland, but not consistant for Carletonville
Dolomite Grassland.

The topsoils to be relatively fertile under S. plumosum canopy cover during post-
burning treatment. The results rejected this hypothesis, as this increased fertility under
S. plumosum canopy was not observed in this study.

Seriphium plumosum CP and TP to increase and decrease in the wet season post-burn
and at bottom slopes. This hypothesis is consistent with the results from this study with
regard to CP concentration during the wet season post-burn, but not on CP at the bottom
slopes. This result also rejected the hypothesis that S. plumosum TP concentrations

decreases during the wet season post-fire and at bottom slopes.

166



6.4. Recommendations

The study recommend the following management interventions in the control of S. plumosum

in the semi-arid grassland communities of Gauteng Province.

The strategic management of rangelands in mostly bottoms slopes where S. plumosum
increases in relative abundance in Gauteng semi-arid grassland communities.
Strategic management of old-lands on relatively nutrient poor sandy soils is imperative
for successful control of S. plumosum encroachment.

The use of fire during the dry season and browsing herbivores during the wet seaon in
the control of S. plumosum encroachment.

Explore alternative ways of improving S. plumosum forage quality and possibilities of

controlling its encroachment on rangelands using the utilization approach.

6.5. Future research

It is shown in this study that multiple interacting factors are responsible for S. plumosum

encroachment. Furthermore, that no single model of woody-herbaceous species interaction and

co-existance can account for the variety of phenomena at all locations, or even the range of

behaviour exhibited at one location in different seasons or stages of succession. Consequently,

multiple factorial experiments might contribute insight into the development of ecological

control measures for S. plumosum encroachment in the semi-arid grassland of Gauteng

Province. The following ecological research are proposed in this study;

Fire and browsers either alone or in combination has the potential to control woody
plant encroachment. However, their role in the control of S. plumosum are less explored,
with more research on how fire might contribute to increase its nutritive quality and
potentially preference by browsing herbivores still required.

The role of plant secondary metabolites on mammalian herbivores in controlled

experiments are well studied, but few have tested their effects on herbivores in their
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natural condition. As such, there is a need for more ecological research in the field to
understand how seasonal variation in S. plumosum CBSMs and nutrients affect
herbivore foraging behaviour and feed intake.

e There is a need for more research on how soil fertilization might influence S. plumosum
forage quality and on the likehood of its encroachment in the semi-arid grassland
communities of Gauteng Province.

e The role of fire in the control of S. plumosum encroachment requires more research
attention.

« More research attention on the use of remote sensing and GIS to quantify the extent and
rate of S. plumosum encroachment in relation to environmental factors (e.g. rainfall and
temperature) is needed.

« Therole of grazing intensity in causing S. plumosum encroachment need more research
attention, especially in the field. This is because grazing dampens the positive effect of
shrub encroachment, especially on sandy soils

This insight may contribute to managing S. plumosum encroachment in Gauteng Province

and other encroached semi-arid grassland communities in South Africa.
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