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SUMMARY

The increase of woody vegetation (also known as bush or shrub encroachment) in savannas
has become of global concern to conservationists and rangeland manageBuaike.
encroachment has been associated with a decrease in rageland palatalidithitidn, the increase
in woody biomass has consequences for climate change, carbon sequestragtanddnglrology
and nutrient cycling. As a result of these large changes in ecosysteroriungivith bush
encroachment, biodiversity may be threatened. Fire is considered to be one of thepoahim
management tools used to control woody biomass in savannas. However, despite theeuise of fir
Ithala Game Reserve, areas have become encroached. This thesis #ssegkeof fire in bush
encroachment in Ithala Game Reserve.

| start this thesis with a discussion of the bottom-up (water, nutrients, and lightjpand t
down (fire and herbivory) ecosystem components in the literature review. ethihie foundation
for an understanding of the factors that affect savanna tree:grassoatlos rflest of this thesis. In
addition the review discusses the potential effects of climate change omaaree:grass ratios.
Recently, it has been proposed that increasing atmospheric carbon dioxide cbansmtsult in
an increased competitive ability fog @oody plants against;@rasses. Many models have been
produced to explain savanna dynamics. By assessing the role of fire irQdma@Reserve, its
functioning is assessed in light of the current issues of bush encroachment.

Textural analysis is a remote sensing technique that has been used to detestiohang
woody vegetation using aerial photographs. Textural analysis was useds®dcssges in woody
vegetation cover and density from 1943 (earliest period for which aerial photograghavailable
for the study area) to 1969, 1990 and 2007 in Ithala Game Reserve (IGR). Field s@mneeys w
performed to assess the effects of the fire regime in IGR on woodyatiegedtructure and
composition. Transects were performed in areas with different fojadreies. The effects of fire
frequency were compared between similar vegetation communities.

Textural analysis showed that woody vegetation cover (+32.5%) and density
(657.9 indiv. hd) increased from 1943 to 2007. Importantly, in some areas of IGR, the suppression
of fire led to the rapid invasion of woody plants from 1990 to 2007. Field studies demonstrated the
importance of fire in controlling woody vegetation in IGR. The densities of theaaiars,
Dichrostachys cinereandAcacia karroowere resistant to annual burns. However, the height of
these deciduous microphyllous woody encroachers was reduced by more fregaeRbflowing
the suppression of fire, these trees grew taller and their negative impact orbtdezbes layer
increased. Consequently, fuel loads (grassy biomass) declined and prevented tlfiegserdf
and intense fires by management. The reduction in fire frequency allowed thenrafasoody



evergreen macrophyllous species. Continued development of fire-resistant paeegreen
macrophyllous vegetation will further reduce the effectiveness anficentrolling bush
encroachment.

To control bush encroachment in IGR and the consequential loss of biodiversity, an
intermediate fire frequency (one burn every 2 to 4 years) is required. &sonseed to be hot
enough to increase the current rate of topkill. Management should act to optimizeutnelation
of grassy biomass to fuel fires.
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Chapter 1:

Literature review: An overview of fire and bush engcoachment in savannas

Introduction

The ingression of woody plants into grasslands and savannas, commonly known as bush or shrub
encroachment, has become an important global concern to rangeland managerseavationists
(Scholes and Archer 1997, Brown and Archer 1999, Britz and Ward 2007a). Rangeland managers
and conservationists are concerned about declines in the stocking rates ohdhasrweoody plant
densities increase (Hudak 1999, Angassa 2005). For example, in Namibia, bush encroachment ha
resulted in a loss of 26 million ha of land for raising livestock and may reduce staatd@adpy 20
— 30 times in other areas (de Klerk 1999). The ecology of savannas also shitstasdture and
composition of woody plant communities changes, making bush encroachment a significa
concern for conservationists (McNaughton and Georgiadis 1986, Dublin 1991, Belsky 1994, Bond
and Archibald 2003).

Vegetation structure and composition can however be expected to be dynamicditatkhar
al. 2000, Meyeet al.2009, Sankaraat al.2008). What concerns conservationists is the large shift
in ecosystem service functions and loss of biodiversity, as a result of asaedoarassy biomass
in savannas (Bond and Archibald 2003, van Wilgeal.2004, Ward 2005). Furthermore, with
increasing anthropogenic pressure on rangelands and the rapid rate of land degthadati
fragmentation and reduction of conservancy areas has to be avoided (Bteds#07, Wesselst
al. 2007). Therefore, conservationists have to thoroughly investigate the factang lealdlush
encroachment to prevent the homogenization of savannas (Ward 2005, 2009).

The determinants of woody cover in savannas have been debated in an attempt to
understand the dynamics of tree:grass coexistence (Ward 2005, Saetlkaraf08). Some
important generalisations have however been made between arid and mesic $Sarkaaiaret
al. 2005). Below ~650mm of mean annual rainfall or in arid savannas, tree cover is limited and
increases linearly with rainfall (Sankaranal.2005). However, in mesic savannas that receive
>650 mm of mean annual rainfall, woody cover has not reached its maximum poteticthizsl

by mean annual rainfall. Instead of water being the principal limiting resoas in arid savannas,



disturbances play critical roles in the control of woody vegetation in mesic sa\atiggisset al.
2000, Bond and Keeley 2005, Sankaeal.2008).

In particular, fire as a disturbance has been described as a “‘globaidneyiemphasising
its role in regulating the woody component of savannas (Bond and Keeley 2005). The behaviour
of fire is spatially and temporally variable and the effects of fire arerdkgmt on environmental
conditions at the time of a burn (Bond and van Wilgen 1996). Consequently, the reporteadiffects
fire on woody vegetation have been variable (Higginal.2007). Since fire has been considered
an important tool in controlling bush encroachment in mesic and humid savannas (Bond and Keele
2005), an understanding of the response of vegetation to its fire regime is thengiantamt for
effective management.

More recently, scientists have recognised that the competitive dominarnoceay plants
over the grassy component of savannas may be enhanced by increasing atmGsplassociated
with global warming (Pollewt al. 1997, Bond and Midgley 2000, Ward 2010), leading to increased
concern relating to the ingression of woody plants into grasslands (Bblé&y 997, Bond and
Midgley 2000, Ward 2010). With the hypothesized changes in woody and grassy dynamics
associated with global warming, it is imperative that a good understanding attbesfincreasing
bush encroachment is achieved. The understanding of the dynamics of fire and woodywegetati
can then be used to help make effective management decisions that incorpoetesauinaush

encroachment and increasing Jévels.

Study site
Ithala Game Reserve (IGR) is located in northern KwaZulu-Natal, Souite&fi°30’S, 31°25’E).
The reserve covers 29 653 ha, with the Pongolo River forming the northern boundary adriree res
Prior to proclamation from 1972 to 1982, some of the topographically flatter areas ofel@R
used for crop farming since 1884 (Wisensral.2004). Indigenous animals were extirpated by
the 1950s as a result of rinderpest and hunting (Wisemnain2004). From 1973, a number of
animals were introduced into IGR including the megaherbivores, black rhmsobPéceros
bicornis), white rhinocerosGeratotherium simupngiraffes Giraffa camelopardisand elephants
(Loxodonta africanp

Altitude ranges from 320 m a.s.l. at the Pongolo River, to 1 446 m a.s.l. on the southern
escarpment plateau. This altitudinal gradient leads to high variance in othar aibbiotic
factors. The landscape types over this altitudinal gradient are compigkgdrom plateaux,
scarps, cliffs, deeply incised valleys and floodplains along the Pongolo River (vgerRaal van
Rooyen 2008). Approximately 20% of the reserve has slope gradients that exceedidifyj,the



distribution of large mammals (le Roux 1985). The geology comprises Archae#e grgosures,
sandstones, shales and mudstones of the Karoo system and igneous dolerite dykegragdrsills

2). The soils are closely related to the geology, as many are forrsiggwith the underlying

rocks (van Rooyen and van Rooyen 2008). Granites generally form coarse-grainedt-paar

soils. However, dolerites and diabases produce fertile soils with poorer gercotanpared to

that of granite-derived soils (Hillel 1998). The majority of soils are shahogky (lithosols) of

the Mispah form. In the extreme eastern section however, the soils aes goange-derived soils
(van Rooyen and van Rooyen 2008). IGR is a summer rainfall region with a mean amfalhl r

of 781 mm (c.v. = 20.8%). Mean annual temperatures vary from 16.7 — 21.8°C (van Rooyen and
van Rooyen 2008).

The vegetation communities of IGR are diverse, ranging from montanéagasst humid
bushveld communities (van Rooyen and van Rooyen 2008). Van Rooyen and van Rooyen (2008)
identified 13 plant communities in IGR (Figure 3). In IGR, concern has beed th&t a number
of woody plants are encroaching (Porter 1983, Kotze 1990, Wiset#2004). The
management staff of IGR are concerned that the current fire regime tamgaobe used to
effectively control woody plant encroachment (Ruinard, pers. comm.). Whatevactibrs that
have played a part in the role in leading to encroachment, it is imperative thbtesmethods are
established to slow or stop it, preventing irreversible losses in ecosysterrfungcand
biodiversity (Bond and Loffell 2001, Bond and Archibald 2003, Bond and Keeley 2005).

The aim of this study is to determine the role of fire in woody vegetatiomigsian IGR.
The objectives of this study are to:
) assess whether bush density and cover has increased, either before and/or since the
proclamation of IGR in 1972,
i) to determine the role of the IGR’s current fire regime in woody plant aclenoent,
i) and to assess what the influences of other agents, such as herbivory, may have had

on woody vegetation structure and composition.

This study predicts that the density and cover of woody plants has increased frowli®4 aérial
photographs of IGR were first available) until the proclamation of IGR in 1972¢ 8iac
proclamation of IGR, this study predicts that the density of woody vegetationdneased in areas
where fire frequency has been suppressed. Additionally, fire and other agents lsedivery
have played an interactive role in the changes in woody vegetation structure anditt@mpos
Remote sensing data (aerial photographs) were used to assess changes in waithnvemesr

and density using textural analyses (Hudak and Wessman 1998, Hudak and Wessman 2001). Fiel



surveys were also performed in comparable areas that have experiencedtdifiefrequencies.
These field data was used to assess the effects of the IGR fire regimednwegetation structure
and composition.

This review discusses the development of the models that have been produced to describe
woody:grassy savanna dynamics. The bottom-up and top-down factors that edfeein grass
are then discussed so that a better appreciation of fire and its consequenegmfment can be
presented. This literature review provides the relevant information for thiesr€hapters 2 and 3
presented in this thesis. Chapter 2 is formatted folntleenational Journal of Remote Sensing
and Chapter 3 is formatted fAfrican Journal of Range and Forage ScienceFinally, in Chapter

4 the conclusions are drawn and recommendations for further study are proposed.

Theories of savanna dynamics: Tree: grass coexistence

Savanna ecosystems are comprised of dynamic ratios of trees and. gfdeses
physiognomy of savannas is diverse, ranging from open grasslands to closed woodlands.
Climatically, they are typified by a distinct dry and wet seasontufbiances such as fire have been
considered to decrease the height of woody plants (Higgials2000). In mesic savannas, the
suppression of fire as a disturbance may shift savannas to a state withadaveady vegetation
(Bond and Keeley 2005). As shifts in savanna composition and structure occur, laggsdhan
ecosystem carbon storage and sequestration, rangeland hydrology and nutrienbcgalirigsner
et al. 2004, Gracet al.2006, Wigleyet al.2010). In addition, conservationists are concerned
about the loss of biodiversity as grassland habitat is lost to bush encroachmentn@amnch#bald
2003, Ward 2005).

In an effort to understand and predict changes in the structure and composition of the wood
component of savannas, various theories have been developed. As a logical beginning, these
theories have attempted to explain the coexistence of trees and grassesnassavais question
of tree:grass coexistence has become known as the “‘savanna question"igldtgdi 2000,
Jeltschet al.2000, Wieganett al. 2006, Bond 2008, Sankarahal.2008). The theories of
tree:grass coexistence in savannas fit into three broad categori@®bdbkeir assumptions:

i) Equilibrium models hypothesise that tree:grass ratios are stable anmbaiees only
slightly alter tree:grass ratios temporarily (Walter 1939, Walker arydNWar 1982, Scholes and
Archer 1997),



i) Non-equilibrium models hypothesise that savannas are intrinsically unsiatiees of
trees and grass that persist as a result of disturbances (Hjgin2000),

iif) Disequilibrium models hypothesize that there are no stable points thgstaos tend
towards. Savannas governed by disequilibrium dynamics can therefore nehestata of long-
term tree:grass coexistence (Jeltsthl.2000). Typically, disequilibrium models focus on the

factors that prevent the transitions from savannas to either grasslandsir (fetsclet al. 2000)

Equilibrium models
Classically, it has been assumed that root niche differentiation has enabledrstagrass ratios,
despite natural variation in rainfall and other disturbances (Walker and Noyt88#). This
differentiation is known as Walter’s two-layer model (Walter 1939). Acogrth Walter's (1939)
two-layer model, grasses have a competitive advantage over trees apttlgyabsorb moisture in
surface soil layers. Trees therefore, as the inferior competitors fer, \wate to utilize the water
inaccessible to the grassy layer in the subsurface soil layers (\W23@). The model therefore
logically explains why heavy grazing may cause bush encroachments Ttisturbances such as
grazing that reduce grass vigour allow increased water percolation into deieeyers, and
therefore allow trees to utilize the water in the surface soil layers. giles woody plants the
competitive advantage over grassy components and allows trees to dominéte {954).

Evidence has been produced that contradicts the parameters of Waltedgdwmbdel.
Some savanna soils are too shallow to allow the required root niche separation forttbeifignc
of the two-layer model (Wiegaret al.2005). The rainfall average and intensity also affects the
distribution of water in topsoil and subsoil layers. In periods of above-averagslyairfiftration
to the deeper soil layers increases and may allow some woody plants exaossseta soil water.
However, in periods of average rainfall, infiltration may remain limitethleygrassy layer,
retarding woody plant growth (Knoop and Walker 1985). In some cases, grasses hdverte
to have access to subsoil layers, nullifying the root separation of trees ssebdkasoop and
Walker 1985). This model precludes the demography of woody plants, as sapling rooystieecup
same soil layer as grass roots (Ward 2005). As a result, Walter’s twovlagel has been
considered as inadequate and alternative models have been suggested (Ward 2005,e5ahkaran
2008).

An extension of the two-layer model combines the effects of fire, grazing awdibg in
the context of tree-grass competition for water (van Langewtlde2003). In this model, fire is a
disturbance that may alter initial vegetation structure and compositionasedreainfall results in

a higher fuel load for the burning season, that in turn increases the fire in{elusiak and



Fairbanks 2004, Bond and Keeley 2005). Both grazing and browsing herbivores are disturbanc
factors that alter initial vegetation structure and composition (Hawkes ainh8@001, Fritzet al.
2002, van Langeveldet al.2003).

Van Langeveldet al. (2003) described positive feedback systems with herbivory and fire in
savannas. Grazers reduce grassy biomass which consequently reduces the fubkloaducéd
fuel load only allows cooler fires to burn, therefore providing the opportunity f& toeéavade.
Continued heavy grazing will in time reduce the frequency of fires to the etx&tiiire may be
excluded (van Langevelds al.2003). Browsing may also influence grass-fire feedbacks. A
reduction in browsing intensity results in an increase in woody biomass. Tkemfoncrease in
the amount of woody plant competition relative to grassy plant competition is ekpétte
increased competition from woody plants results in a decline in the graspgmem. The
comparatively unhindered growth of woody biomass is further encouraged by thedradkidead
and resultant less intense fires (van Langevetad.2003).

Whereas Walter’s two-layer model (Walter 1939) is based on the premishef ni
separation by rooting depth, Scholes and Archer’s (1997) model is based on nichesdpara
phenology (Scholes and Archer 1997). The niche separation by phenology hypothesis emphasis
that it is the differential seasonal growth patterns of trees and gtassellows the persistence of
savannas. The typically hot and wet season alternated with dry and warm Iseafisrat
savannas, are concomitant with seasonal changes in vegetation (Note that theasstimguitand
wet summers alternated with dry and warm winters generally applies smtithern hemisphere.

In the northern hemisphere where summers are dry and warm, and wintget anel cold, this
model cannot function). Deciduous savanna trees may retain their leaf hieteseveral weeks
after grass has senesced. Before the onset of the wet season, decidsiowsyteduce new leaf
material earlier than grasses (Scholes and Archer 1997). These depatfiktoring and
producing photosynthetic materials later and earlier than grasses may provedbanism for tree
and grass coexistence (Scholes and Archer 1997).

For grasses to persist, they would have to be the superior competitor durauty éri
simultaneous tree and grass growth (Scholes and Archer 1997). Scholes and Archer (1997)
recognized the importance of frequent disturbances that affect competitiveaaphsabetween
trees and grasses. Disturbances that limit tree establishment sueha®fiherefore hypothesized
to provide the mechanism that prevents trees from invading the grassy lyaetSand Archer
1997). In this paradigm, with the absence of these disturbances, savannas agd éxjpect
unstable. This means that without disturbances, savannas will generally tend sowanitted or

open grassland scenario, in mesic and arid systems respectively (Scholes and99theThe



resistance of tree:grass ratio transitions will depend on inherent factbeséntironment such as
vegetation physiognomy and species composition, rainfall, soil texture and ncongmbsition,
herbivory and fire regimes (Scholes and Archer 1997). In addition to the intrinsioreneintal
factors, Scholes and Archer (1997) acknowledged the importance of competitioblyNbtre
should be stronger intra-life form than inter-life form competition for coextstef trees and
grasses. Inter-tree competitive interactions were important to théofuingtof Schole and

Archer’s (1997) model. Studies have revealed that strong competitive interagigiriseéveen
woody plants in savannas (Smith and Goodmand 1986, Scholes and Archer 1997, \&tiegand
2006). As woody stands mature and individuals grow, competition for rooting space and sesource
increases and results in the thinning of tree stands, as weaker individuals argetgddq®mith

and Goodmand 1986, Scholes and Archer 1997, Wiegfasld2006). By the natural progression
of short dense tree cohorts into less dense, taller tree cohorts, intra-syeuietition between
trees may facilitate the opening of thickets, and therefore provide opp@suoitigrasses to invade
and coexist with woody plants (Scholes and Archer 1997). The inclusion of multiple ersmtahm
variables and life form interactions enabled progression towards complex, leutealistic models
(Scholes and Archer 1997).

Non-equilibrium models

Higginset al. (2000) described bottlenecks that limit the recruitment and development of woody
plants in savannas. In savannas, the recruitment of woody plants are perceived itedéyithe
“bottleneck” of fire or rainfall variability, and disturbance regimeg@thset al.2000). The
variation in rainfall periods corresponds to variation in tree germination ardigsteent. Low

adult tree mortality (providing trees survive drought periods) allows thestearse of trees in
savannas as adults maintain seed banks. This reasoning suggests that mesg a@vgovnerned

by non-equilibrium dynamics (Higgiregt al.2000). Higginset al. (2000) based their understanding
of savanna dynamics on a model built by Chesson and Warner (1981). For the ‘sfi@ctty¢o

work, the longevity of mature woody plants in savannas is important as recrugmensidered
limited. The long-lived mature individuals in the population are required to produce seed (Bond
and van Wilgen 1996). Seeds then germinate during favourable conditions that may bagtochast
for example due to rainfall frequency (Ward 2005). Once germinated, establisbooers also
under favourable environmental conditions, but disturbance factors generally cguseohiality

of establishing woody plants. The “fire trap” describes the disturbance zone <ithm winich
establishing woody plants are limited by fire-induced topkill (i.e. the deathmfe-ground

biomass) (Trollope and Tainton 1986, Hoffmann and Solbrig 2003). These establishing woody



plants are caught within the “fire trap” so that their recruitment igdoriby frequent fires (Bond

and van Wilgen 1996, Higgiret al.2000). These woody plants within the “fire trap” have been
described as “gullivers,” suppressed by “Lilliputian” grasses that ifies| (Bond and van Wilgen

1996, Bond and Midgley 2000). In addition, the grasses are direct competitors with woody plants
for moisture and nutrients (Knoop and Walker 1985, Riginos 2009, Ward and Esler 2010).

The woody plants that survive living as “gullivers” within the “fire trap” neggape the
recruitment bottleneck by growing taller (Bond and van Wilgen 1996, Higgias2000). Once
mature, these individuals will then be able to produce seed and contribute to the $tecaby e
virtue of their longevity (Higgingt al.2000). Although Higginst al. (2000) based their model
with fire as the primary disturbance, the similarities of the effediseodnd browsing were also
recognised (Prins and van der Jeugd 1993, Higgias 2000). Therefore browsing may provide
an alternate mechanism for limiting tree establishment and recruitmsstannas (Higginst al.

2000).

Disturbances and episodic recruitment provide the mechanism for treemgastence and
changes in this paradigm. Drought is assumed to limit tree seedlings, ivehdad herbivory limit
sapling growth. With adequate rainfall for tree establishment in mesosas, trees would
dominate the landscape, provided that fires were suppressed. In essence, thiessyséan may
either tend towards open grassland or closed woodland depending on rainfall distiebanes r
(Higginset al.2000). Therefore, compared to arid savannas, mesic savannas are suggested to be

governed by non-equilibrium dynamics that persist as a result of disturbanggmidt al. 2000).

Disequilibrium models
Jeltschet al. (2000) reviewed articles and books on savanna dynamics and categorised the factor
that influence savannas into two groups; i) factors that prevent savanna traoditogcial forest
and ii) factors that prevent the transition to an open grassland. This is the bédms for t
development of the “ecological buffering mechanisms” model (Je#isah2000).

Fire was found to be an important buffering mechanism that prevents the trameiticenf
open to a more densely wooded or a thicket habitat. The browsing of herbivores was also a
important buffering mechanism that may work with fire to prevent the develomhfmest. Other
variables such as grazing were also included, as well as physical faatbras climate and soils.
Without these buffering mechanisms, it was noted that savannas with more than 500 mm annual
rainfall tended towards a forested biome (Jelestchl. 2000). The most important factor they
considered that prevents the transition of savannas to open grasslands wereemfordsée

establishment (Jeltsat al.2000). Depressions in the soil, termite mounds and seed deposition in



dung are examples of microsites that favour the development of trees, even whent frexgue
occur (Owenst al. 1995, Baroet al. 1999, Jeltsclet al.2000).

By focusing on the buffering mechanisms that prevent transitions to forest andrgtass
biomes, Jeltscht al.(2000) shifted the focus of the savanna question to the boundaries of its
existence. In essence, they argue that savannas exist becausestbeotogical buffering
mechanisms that prevent them from not existing (Jettseh 2000). This shift from an attempt at
providing a generalist answer to providing a general framework of anaysipeérative to
answering the savanna question. The broadly inclusive term “ecological lyffegchanisms”
accounts for the stochastic nature of the environment and spatial and temponakMVagiaveen
different localities (Jeltscht al.2000).

Jeltsch’set al. (2000) buffering mechanisms provided a hypothesis that explains the
existence of savannas that included their complexity. However, the patchidynadel
(Wiegandet al.2006) developed more recently, included the necessary theoretical components

from other models into a parsimoniously packaged unifying theory (Wiegtaadd2006).

Patch dynamic models

Wiegandet al.(2006) developed patch-dynamic models to explain the cyclical progression of an
open savanna into a bush-encroached thicket. Patch-dynamics includes both equilibrium and
disequilibrium frameworks as it includes concepts from the competition (Smith and Godd86,
Scholes and Archer 1997, Wiegaetdal. 2006) and recruitment-bottleneck (Higgetsal. 2000)
paradigms. In the patch-dynamics model, the bush encroachment in savannas isecoasidtural
part of a cycle that returns to an open savanna over time (Wiegah@006). Wieganet al

(2006) acknowledge that the spatio-temporal scale at which field studiesfarenpd will

influence the perception of savannas as either stable or unstable (Wetgh2006).

The patch-dynamic model was developed for arid savannas, but also applies tedire-dr
savannas (Wieganet al.2006). In arid savannas, rainfall events are rare and often patchily
distributed over time and space (Watdal.2004). A patch of germinated woody plants therefore
occurs in areas with appropriate microsites and importantly, favourabldlreamfditions. Once
established, if there is sufficient soil moisture, the woody plants will comptteach other for
soil nutrients and moisture. This competition induces self-thinning whereby reraeined patch
may revert to an open state over time (Smith and Goodman 1986, WidgariZD06). At their
study site in the Pro-Namib, Namibia, Wiegaadhl. (2005) found that at the landscape level the
savanna was in a state of equilibrium, despite the various stages of encruzetime patch level

(Wiegandet al.2005). This emphasises that the scale of an investigation may lead to incorrect



assumptions regarding the stability of a particular savanna. Therefateephtive to be accounted
for in the broad landscape, and different stages of woody plant succession shagyeen
different patches (Wiegaret al.2006).

In fire-driven savannas, similarly to arid savannas, a recruitmengett exists that
prevents the woody plant transition from younger stages to mature size ¢l&%sgandet al.

2006). Moisture limitations, hot frequent fires, herbivory, and grass competitiorcareseered to
limit tree recruitment (Wieganet al.2004, Wieganet al.2006). Competition between woody
plants is also considered to initiate self-thinning as an encroached stanesnf&taith and
Goodman 1986, Wiegaret al.2006, Meyeret al.2008, Wiegancett al.2008). However, fire and
herbivory (browsing) may retard the self-thinning process by stunting wooakygutawth.
Ultimately the cohort of woody plants is expected to return to an open stathias through
competitive interactions (Wiegared al. 2006, Meyelet al.2008).

In fire-driven savannas the germination to recruitment process occurs in faeoura
microsites. In addition to the dispersal of seed, edaphic and topographic factorubate these
microsites, fire patchiness is expected to facilitate a patch'gitreent through the creation of
open patches (Wiegarad al.2006). Therefore the scale of investigation is also important for fire-
driven savannas (Wiegard al. 2006).

Bottom-up Effects

An understanding of the different effects of resources is essential in @mdigngt savanna
dynamics (Sankaraet al.2008). The savanna models described above may only be true for a
particular set of environment conditions. Therefore, an appreciation of how thebdirgiof
resources and their interactions with savanna vegetation is necessary tongettstand savanna
dynamics (Sankaraet al.2008). The accessibility of nutrients and light that woody and grassy life
forms require determine various growth strategies and limitations (Telsalal987, Belsky 1994,
Ludwig et al.2001, Augustinet al.2003, Ludwiget al.2004). Competition for these nutrients
results in various tree-grass ratios (Smith and Goodman 1986). It is thereformimhmassess
bottom-up effects on savanna dynamics, in order to understand the factors that infiti@hce
vegetation structure and composition (Hudak and Fairbanks 2004).

Grasses have dense root networks that allow them to suppress woody plant gooagtin thr

competition for water and nutrients in the upper soil layers (Bond 2008, Riginos 2009). li§genera
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trees frequently have less dense root systems in the top soil but their roossystenore laterally
and vertically extensive (Belsky 1994, Scholes and Archer 1997, Mewk2007). Therefore,
provided that the soil is deep enough, trees may have exclusive access to watereard nutr
(Wiegandet al.2005). Another significant difference between grasses and woody plantsatethe r
at which they respond to resource increases (Scholes and Archer 1997). Grasses ddaot have
invest resources in woody stems and can therefore respond more quickly to pulsegsesour
(Chessoret al.2004). In addition, woody plants have to store sufficient nutrients belowground for

resprouting these woody stems (Scleital. 2009, Wigleyet al.2009).

Water

From the early assumptions of Walter’s (1939) two-layer hypothesis, waternssource that
allows root niche differentiation and tree:grass coexistence. Howeveactias between trees
and grass are complex and water may variably affect all demograples sfagees in savannas
(Scholes and Archer 1997, Bond 2008).

Mean annual rainfall has been noted to have an important effect on savanna vegetation. As
described above, in areas with >650mm of annual rainfall, disturbances such as fegaratyh
are required to prevent transitions from more open to closed woodlands or evergrees thicket
(Sankararet al.2005). With regard to germination and establishment, frequent, rather than a high
average rainfall has been shown to be a critical factor in the germina#macifiseedlings
(Garner and Witkowski 1997, Wilson and Witkowski 1998, Witkowski and Garner 2000, Ward
2005, Kraaij and Ward 2006).

The position of the seed, i.e. burial or on the soil surface, has been shown to affect
germination by indirectly influencing water potential (Garner and Witkod8Ri7, Witkowski and
Garner 2000). The stochastic occurrences of favourable rainfall eventskeitgermination and
establishment, resulting in a demographic bottleneck in arid savannas (Higglrz000,

Wiegandet al. 2004, Wieganett al.2006). These favourable rainfall events for woody plant
establishment are required in disequilibrium and non-equilibrium models (JeitatR000,

Wiegandet al.2006). A shortage of water has been recorded to result in the death of seedlings and
mature trees (Muellezt al.2005, Bond 2008).

Acaciaspecies have been reported to alter diel soil hydrology by the phenomenon known as
hydraulic lift (Ludwiget al.2003). This process mainly occurs at night when plant stomata are
closed. A water potential gradient exists from deeper, wetter soils tosumtace soils. Water
then travels along this water potential gradient through the roots of plants arsliptstee

surrounding soil surface layers by osmosis (Schbl. 2002, Ludwiget al.2003, Espeletat al.
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2004). Ludwiget al (2003) concluded that the hydraulic lift facilitatedAuytortilis had limited

beneficial effects for grasses. This is because the tree:grasaltagebs more water from the

upper soil layers during the day than is exuded by night. The exact facilitatiompetitive
relationships with hydraulic lift is likely to be more complex and dependent on the unique
morphology and physiology of different tree and grass species (Espestd004). Additionally,
someHyparrheniagrass species have roots that penetrate 1.5 m deep into soils and therefore could
exhibit their own hydraulic lift (Knoop and Walker 1985, Espeédtal.2004). Perhaps a more
important implication of the hydraulic lift phenomenon could be the mineralizatioet effevater,

and consequential availability of nutrients to trees and grasses (Egiele004).

Nutrients

Nutrient availability and the various stragies of nutrient acquisition ofgpletimportant
determinants of savanna structure and composition (Craina¢r2010). Nutrient availability in
soils is primarily dependent on soil temperature and moisture availabéityy 1994). An
increase in temperature has a positive effect on the rate of nutriengdyeimy 1994). Moisture
availability determines the vegetative growth of plants and consequential capligsinto soil,
rates of mineralization, leaching of soils, and the availability of nutrierssils (Crameet al.
2010). Many savanna plants may further modify nutrient availability (Hillel 1©@8neret al.
2007, Crameet al.2010).

In mesic savannas, nutrients such as nitrogen (N) and phosphorus (P) have been considere
to be the principal limiting resources (Smith and Goodman 1986, Ward 2005, Kraaij and Ward
2006, Britz and Ward 2007b). Legumes (for example séoaeia sppandDichrostachys cineréa
are however able to fix N through nodulation. The importance of N fixation in savannasehas b
highlighted in a mesic savanna in South Africa. While only 17.5% of the tree spettiesmesic
Hluhluwe-iMfolozi nature reserve (KwaZulu-Natal, South Africa) were legmé% of the
individual trees per hectare were legumes (Craghat.2007). Nodulation by legumes does
however cost in terms of carbon, and therefore is costly for plants to fix N. fQiteemd fixation
by savanna woody plants may only occur when N is limited, either by competdimrgfasses or
in soil nutrients (Cramest al.2007, Crameet al.2010).

Light
Sunlight is the principal energy resource for plant life and plants will competeafothey
establish (Smith and Huston 1989, Holmge¢mal. 1997). Provided there is little or no disturbance,

self-thinning will take place as competition for nutrients and light incee@dehleret al. 1978,
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Wiegandet al. 2006, Wieganett al.2008). During this process, the different plant species that are
adapted to specific microenvironment conditions, will colonise the gaps in the carntbihea

various sub-canopies (Scholes and Archer 1997, Reynolds and Ford 2005). As shading becomes
more intense, seedling establishment decreases and the vegetation physiodjnmogress

towards larger, more widely spaced individuals (Reynolds and Ford 2005, Wegan2006).

The composition of encroached thickets may change as individuals grow and shading
increases (Hoffmann and Franco 2003). Most deciduous microphyllous woody plantglare sha
intolerant compared to evergreen macrophyllous woody plants (Hoffmann and Franco 2003).
Evergreen macrophyllous woody plants also grow taller than deciduous micoashyibody
plants (Hoffmaret al.2003). Therefore, evergreen macrophyllous woody plants may invade
thickets and shade out deciduous microphyllous woody plants (Hoffmann and Franco 2003,
Hoffmanet al.2003). This shading out of most deciduous microphyllous woody species shifts the
composition of savanna woody communities to evergreen macrophyllous thicketsdHofand
Franco 2003, Hoffmaat al.2003).

Competition
Competition for different resources between and within grassy and woody plabeseinas
recognised as an important driver of savanna dynamics (Smith and Goodman 1986, Scholes and
Archer 1997, Wiegandt al.2005, Meyelet al.2008, Riginos 2009). The relationship between
grasses and trees and the nutrients they compete for is complicateérn(@rah?2010). The
limitation of one resource may reduce the efficiency of use of anotloenrcesRaveret al.2004).
For example, nitrogen limitation has been shown to reduce the water usaeyfiziglants (Raven
et al.2004). Other factors such as the seasonal availability of water, herbivopnalestsfts in
competitive and facilitative interactions (Veblen 2008), and investment séste#gplants have
added to the complexity of inter and intra tree:grass interactions (Scholescied 2097, Aerts
1999, Veblen 2008). The suppressive effect of grasses on tree seedlings, saplidgisand a
through competitive effects for nutrients is apparent in most savannas (@taeth@007, Riginos
2009, Crameet al.2010, Ward and Esler 2010). Riginos (2009) found that grass competition
suppressed all demographic stages of tree growth. When grass was reraevgyith rates
doubled for all tree age classes (Riginos 2009).

For establishing trees, the vigour of the grassy layer is important{Rigin09). A healthy
grass sward may limit the ability of woody plants to germinate and estabksefore controlling
the density of woody plants (Hagenaihal. 2009, Riginos 2009, Cramet al.2010). As woody

plants establish, inter-tree competition has been noted to have an important effeotigrplant
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density and structure (Smith and Goodman 1986, Wieghald2006). Wieganet al.(2006)
incorporated the effects of inter-tree competition and resultant selfailginmiheir patch-dynamic
theory. The self-thinning was described as an integral part of savanna dynaerebya bush-
encroached patch may revert to an open savanna over time (WetgdrizD06).

In mesic savannas, disturbances such as fire and herbivory have been desantiegdshs i
components that prevent the transition from open to closed woodlands (Bond and Keeley 2005,
Sankararet al.2008). The resistance of some thickets and closed woodlands to fire may however
extend their longevity (Skownet al. 1999, Hoffmanret al.2003).

Top-down Effects

Grasses not onlgespond more quickly to pulsed resources than woody plants, they also
respond more quickly to fire and herbivory (Bond 2008). Some of the positive feedbacks between
fire and herbivory presented by van Langevetal (2003) have been described above. These
interactions involving woody and grassy vegetation, and fire and herbivory, neeemsita
understanding of their dynamics when managing rangelands (Bond and Archibald 20@8). It h
been proposed that disturbances create an important bottleneck to the establisinoedy glants
in savannas (Higginst al.2000). However, particular suites of disturbances and environmental

conditions may shift savannas either to more wooded or open states @e#ts2000).

I mpacts of Herbivory

African savannas support the most diverse assemblages of browsing herbmoses@E woody
biomass), grazing herbivores (consume grassy biomass) and mixed-feedemnécaandy and
grassy biomass) in the world (McNaughton and Georgiadis 1986). Herbivores nesyde#ctly
or indirectly, have a positive or negative impact on woody biomass (Ward 2005, Medgley
2010). They may also alter woody species composition through selective feealmgaiigl Loffell
2001, Wisemaret al.2004). The type and stocking density of herbivores influences their impacts
on woody vegetation dynamics (McNaughton and Georgiadis 1986, Prins and van der Jeugd 1993,
Augustine and McNaughton 1998, Roqe¢sl.2001).
Herbivores select forage on several temporal and spatial scales, dgpemthe quality

and availability of resources (Seettal. 1987). Larger herbivores require more resources than
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smaller herbivores because of their greater energy requirements (dund @wen-Smith 1989).
Therefore, increasing the density of larger herbivores may havemgmaiacts on vegetation
because of their greater intake requirements (du Toit and Owen-Smith 1989). rrorghdarge
herbivores are capable of biting off thicker stems, while small herbivores maseambve leaves.
Muzzle or “incisor arcade” size is another related factor that has Inéex lio the selectivity and
impact of herbivores (Gordon and lllius 1988). Herbivores with smaller muzzleklar® aelect
plant parts on a finer scale (Jarman 1974, Gordon and lllius 1988).

Body size or height is also related to the preferential feeding height ofingpherbivores
(du Toit and Owen-Smith 1989). Smaller browsers are restricted to feedavgeatiévels while
larger browsers have access to forage higher in tree canopies. The staedraf herbivores
across the body size spectrum have important consequences for the structurepasiioarof
woody vegetation (Owen-Smith 1985, Woolnough and du Toit 2001, Detredll2006).

I mpacts of browsers on woody plants

The broad range of plant responses to herbivory suggest that there is a cost invahegléorts
(Straus<et al.2002). However, herbivory may also be beneficial for plants and stimulate plant
growth (McNaughton 1983, Paige and Whitham 1987, Hobbs 1996) and provide an agent for seed
dispersal (Miller and Coe 1993, Waltatsal. 2005).

Woody plants have adapted to tolerate herbivory. They have growth charasténesti
allow them to compensate for lost tissue (McNaughton 1983), or store nutrients below ground
where they are inaccessible to most herbivores (Bond and Midgley 2001). Many sspeciaa
are able to resprout or coppice in response to branch or stem removal, and othat physic
disturbances of herbivores (Bond and Midgley 2001, Netkad. 2006, Wigleyet al.2009). The
ability of the browsed plant to survive depends on a number of factors that influence thfe cos
herbivory. Moderate levels of browsing on shoot tips stimulate rapid recovery cfezemlapted
species with adequate nutrients. Repeated frequent browsing may however redigoaithe
woody plants and without sufficient recovery periods, mortality will occulNMmghton 1983,
Pellew 1983a, Stuart-Hill 1985, du Toit 1990).

Woody plants avoid herbivory by physical and chemical means (Gowda RéBier and
Ward 1997). Physically, plants may grow in locations that herlsvawe®id, or decrease their
relative preference and/or visibility, i.e. grow in the presemicmore preferable species (Hjal&in
al. 1993). They may also grow taller such that their canopy isesaite to browsing herbivores
(Allcock and Hik 2004). The development of spines and thorns that loeteivores is another
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physical adaptation prevalent in many African savanna treésasfcaciaspecies (Gowda 1997,
Rohner and Ward 1997, Strauss and Agrawal 1999).

Trees and shrubs have also developed chemical defences against herbivory (Gowda, 1997,
Rohner and Ward 1997, Ward and Young 2002). As a result, certain plants are avoided by
herbivores because of their reduced palatability (Cooper and Owen-Smith 1986). The main
compounds that are produced by woody plants to deter herbivores are secondary esetabolit
These compounds may function to simply deter herbivores by altering the tastectinaf the
plant (Bryantet al 1991, Provenza 1995). Tannin compounds are examples of secondary
metabolites that may inhibit protein digestion (Cooper and Owen-Smith 1985, Provenza ©995). |
African savannas, an array of herbivores is adapted to forage on woody planfsreytihethods.
These range from the bark-removal habits of porcupines (Yeaton 1988) to the widely dedument
damage of elephants (Guldemond and van Aarde 2008), from tree felling, root damage and
removal, branch damage and removal and bark removal of trees and shrubs (Buss 1964t, Danell
al. 2006).

The physiognomy of woody vegetation is sensitive to herbivory. Browsing reithéces
height and growth rates of plants such that repeated browsing may maintain shrubssaatar
certain height (Pellew 1983b). To produce seed for sexual reproduction, woody plants have t
survive or grow to maturity. For example, selective browsingoaicia pecies decreases the
proportion of a particular species’ ability to produce seeds (Gattesd2007). The decrease of
seed production consequently reduces the proportion of seedlings that may estabsislvéisem
(Goheeret al.2007).

Another important factor that is influenced by herbivory is the competitiveyatiilspecies
with respect to the plant community (Tilman 1988). Herbivory may reduce the abiitants to
compete with neighbouring individuals. This is because the cost of herbivory has to be
compensated for. Therefore, a browsed plant loses nutrients, which may redelegives r
competitive ability (Smith and Goodman 1986, Tilman 1988, Gough and Grace 1998,ddahell
2006).

I mpacts of herbivores on grasses

The impacts of herbivores on grasses have cascading consequences for equegstsas (Hobbs
1996, Amiriet al.2008). It is therefore important to consider the impacts that herbivores have on
grasses and the indirect consequences for woody plants in savannas (van Laegjev€@des,
Riginos 2009). Frequent defoliation or defoliation without sufficient recovery periagdfden

shown to decrease grass vigour (Ferraro and Oesterheld 2002). The decresasadayrameans
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that there is a reduction in the growth rates of roots and lateral tillede(@O55Mullaheyet al.
1991). Decreased grass vigour results in an increase in the competitivechbititydy plants
relative to grassy plants. Therefore, a decrease in grass vigourehdalogn to increase the
relative growth rates of woody plants (Cramenl 2007, Riginos 2009). These observations
concur with the predictions of Walter’'s (1939) two-layer model that the grazilogsof
herbivores facilitate woody plant establishment.

In general, under moderate grazing pressure with adequate resting pbeaptass sward
remains vigorous (Oesterheld and McNaughton 1991). However, under intense utilizaton, |
palatable pioneer grass species dominate and will replace more pgtataieials with less
palatable annuals (Westobyal. 1989).

Another impact of herbivores on the grasses and forbs is trampling. Trampghegesm
used to describe the mechanical effect of herbivores’ hooves on the vegetative and edaphic
components of an ecosystem (Dam¢lal. 2006, Savadoget al.2007). Trampling can destroy the
roots or rhizomes of grasses and therefore reduce their vigour and creatar gaqsdiy plant seed
germination. Grazing may have analogous effects to the trampling actiorbivones (Danelkt
al. 2006, Savadoget al.2007). By reducing shading and proving niche gaps for woody plants,
both grazing and trampling may have positive effects on woody plant germindtisnhdrefore
generally understood that grazing has a positive relationship with woody pldimgee
establishment (Danedit al. 2006, Savadoget al.2007).

I mpacts of fire

Fire is a principal tool in managing savannas (Bond and Archibald 2003, Hudak and Fairbanks
2004). The effects of fire are analogous to a generalist herbivore, consumingassthagrd

woody biomass (Bond and Keeley 2005). Without fire as a disturbance, open savannas have
developed into woodlands and evergreen thickets (also known as gallery forestak@ical
2009)). In fact, many mesic savannas in Africa are constituted by open savannaandeod|
evergreen thicket mosaics whose boundaries are delimited by fire (hoféhal. 2003,

Nangendo, 2005, Gignotet al.2009). Gallery forest trees are more sensitive to fire because of
their thinner insulating layer of bark, compared to deciduous microphyllous savanna plants
(Hoffmannet al.2003). The gallery forest trees may however be found throughout the open
savanna to woodland mosic, but in low densities (Gigreauat 2009). Dense thickets and

woodlands reduce the fuel (in the form of grassy biomass) available for canlbdmsshading out
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the herbaceous layer (Schottsal 1996). This suppression of the herbaceous layer may limit the
frequecy and heat of fires and allow the development of evergreen thickets iyr fgadist patches,
as observed in southern Africa (Skowetal 1999).

Fire may also conveniently be used to manipulate local herbivore densitidglife wi
systems (Archibal@t al.2005). The new green flush of grass growth in burnt areas attracts grazers
and focuses the impacts of these herbivores on the burnt area. This providesnaedinsdio
manage vegetation utilization by herbivores on a spatial and temporal scalededuhdésd Engle
2004, Archibaldet al.2005).

Early ideas of fire management were rigid and did not consider the stocteastee of
savannas (Bond and van Wilgen 1996, van Wilgen 2009). Current management philosophy has
opted for more variable fire regimes that consider spatially and tellypsitechastic processes such
as rainfall (Bond and Archibald 2003, van Wilgen 2009). When burning savannas, a number of
environmental conditions have to be considered and manipulated to attain the desirédvi@ibe
(Trollope 1978).

Fire intensity is the energy released when burning and may be practieabyirad by flame
length and rate of spread (Bond and Keeley 2005). The rate of spread is pasiatetyto fire
intensity (Byram 1959). Fire severity is another useful measure thatb@ssihe ecosystem impact
of fires. Tree mortality is commonly used as a measure of fire sevefayeisted ecosystems
(Bond and Keeley 2005). Fire frequency measures the occurrence of fires ia tor arspecified
duration (Bond and Keeley 2005). A measure related to fire frequency is theuireingerval
which describes the time period between fires in a particular area (Botdkaley 2005). Fire
type is another factor that may be manipulated. Surface fires (the most coypeoi fires) occur
below tall tree canopies, as opposed to crown fires which are carried in theesaofdpil trees
(Trollopeet al.2002). Two types of surface fires have been used, head burns and back burns. Bac
burns move towards the general wind direction and head fires move with the wind (Teblédpe
2002).

To manipulate fire intensity, environmental factors such as wind speed, slopeatluel
(grass biomass), type of fire, temperature, humidity and season of burn should beednside
(Trollopeet al.2002). Wind speed, temperature and fuel load are positively related to fire intensity
and humidity has been shown to be negatively related to fire intensity. The ntdrastiead burn
moving up a slope is positively correlated with slope anglevasadversdor back burn (Trollopet
al. 2002). A head burn moving up slope is able to increase the rate at which fuel preheats directl
ahead of itself, increasing the rate and intensity of the burn (Tradope2002). Fires burning

down slope decrease the rate of spread and the fire intensity (Trellap2002). Fires later in the
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wet season typically have lower dry grass biomass and the relative husigtigater. Therefore,
burns later in the wet season typically have decreased fire intensitieseaBoaa timing of the
burn may therefore influence fire intensity (Trollope and Tainton 1986).

When managing rangelands it is important to both understand and predict the coresequenc
of decisions. Wildlife managers have a choice of when to burn to select optiataewe
conditions, within their desired seasonal limitations. Choices of how often, how much, how
intense, when fires are lit, and stocking densities have cascading effecéas®prgductivity
(Scholes and Archer 1997). If grass productivity is too low, insufficient fuel lodidsrevent
effective burns from controlling bush encroachment (van Langeeelale2003). For effective
management, the desired outcomes and states of vegetation have to be estBblishadd
Archibald 2003). An understanding of woody and grassy plant adaptations and responses to fi

and herbivory is therefore mandatory in achieving the desired outcomes (Tainton 1999).

Woody plant responsesto fire

Fire is an important factor in regulating savanna woodland dynamics (Bond aley R805).
However, the mortality of savanna trees caused by fire alone is reported[jrtalope and

Tainton 1986, Midgleyet al.2010). It is evident that savanna trees must have adaptations that
allow them to survive frequent and intense fires (Balfour and Midgley 2006). Bakkébghas
emerged as an important trait of savanna trees for fire protection (&ofishal.2003). Plants
with thicker bark are more likely to survive fire (Hoffmaetal. 2003). Branch thickness is also an
important predictor of topkill (Hoffmann and Solbrig 2003). Branches that are thinreaha
increased likelihood of being killed (Hoffmann and Solbrig 2003). Frost is also an imtporta
regulator of woody plant dynamics (Sankaetml.2005, Holdo 2007). The responses of trees to
frost damage and fire are similar, suggesting that both agents damdgeant tissues (Midgley
et al.2010).

Coppicing occurs in many savanna species in response to fire and other distusbahces
herbivory (Bond and Midgley 2001). By resprouting, trees are able to produce new sidoots a
branches so that essential above-ground acquisition of photosynthetic products can,continue
promoting survival. To ensure sufficient nutrient reserves for resprouting, r@zyns woody
plants have below-ground carbon reserves or lignotubers (Bond and Midgley 2001). Regprouti
ability is therefore dependent on stored carbohydrate reserves in plant roothieanthdamaged
plant parts (Schulet al.2009). Schutet al.(2009) found that the recovery of root starch
concentrations was rapid Acacia karroo After a fire, burnfA. karrooroot starch concentrations

were half of those of unburét karrooplants. The root starch concentrations of the brnt
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karrooindividuals recovered within a year. This rapid recovery is imperative fonsaveee
species to survive frequent fire disturbances (Scbiudg. 2009, Wigleyet al. 2009, Midgleyet al.
2010).

Fire typically reduces the height of savanna trees, in addition to causing tiesrtali
(Hoffmann and Solbrig 2003). Woody plants may therefore be stunted in a “gulliier(Btand
and van Wilgen 1996) until the release of a disturbance enables the escapirtjref tifzgp”
(Bond and Midgley 2000). As a result of the negative influence of fire on tree heiglrinadrees
generally mature at a shorter height compared to forest trees (HofehahB8003). This
characteristic allows savanna trees to reach maturity faster arthythreproduce in the presence of
frequent and intense fires (Hoffmaanal.2003). The more branches and stems that are out of the
reach of fire, the lower the nutrient reserves needed by plants to invest in liegpr&tored
nutrients can then be invested in maintenance, growth, defence or reproduction (Bondgheg Mid
2001, Wigleyet al.2009).

Grassy plant responsesto fire

Because grasses are effective competitors against trees, the begning needs to optimize the
negative effects of grasses on woody plants to prevent bush encroachment €Ci@é07). To
achieve this, an understanding of the interactions between grasses, firebéawvayhes important
(Archibald et al.2005). The effects of fire on vegetation are similar to those of non-selective
herbivores (Bond and Keeley 2005). There are however important interactions betawess gnd
fire that influence grass sward productivity (Archibatdal. 2005). The maintenance of a healthy
grass sward is important for grass productivity (Trlica and Rittenhouse, B@8i3)onservation
(Westobyet al. 1989, Savadoget al.2007) and the control of bush encroachment (Riginos 2009).
A less vigorous sward recovers more slowly and as a result, insufficienvdasl dccumulate over
time. With insufficient fuel loads, fire is ineffective in controlling bush eachment (van
Langeveldest al.2003). The inadequate grass cover of unhealthy swards exposes the soil surface
to the mechanical force of rain drops. As a result, soil crusting and runotisesréSavadoget

al. 2007). With increased soil crusting, water infiltration decreases and the consdguentase

in runoff results in nutrient losses. Such eroded soils are vulnerable to gully toraati further
degradation (Mills and Fey 2003, Savadegal.2007). To maintain a vigorous grass sward, fire
and grazing events have to be balanced with adequate rest periods (OesterheldanghMoN
1991). Importantly, the maintenance of a vigorous grass sward allowsesuf§irassy biomass
accumulation to fuel frequent and hot fires, for the control of bush encroachment (gavdlde

et al.2003).
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Fire behaviour

Fireintensity

Fire intensity, or the energy released by a fire, has been found to have no effecyass sward.
However, fire intensity influences the effects of fire on woody plants (TrodopeTainton 1986,
Tainton 1999, Walterst al.2004, Govendeet al.2006). Fire intensity is positively related to the
mortality of woody plants (Trollope and Tainton 1986). However, the mortality of woodispla
due to fire alone is reportedly low (Trollope and Tainton 1986, Midgteyl. 2010).

Increased fire intensities induce a proportionally greater topkill of woaahg(Trollope
and Tainton 1986). Taller plants that have increased stem diameters, comparedrtplahtstare
however considered to be less vulnerable to stem death (Balfour and Midgley 20@g&ivefRel
small amounts of topkill have been observed in treésn after intense fires (Trollope and Tainton
1986). At this height, trees are considered to have “escaped” the effects(dfditope and
Tainton 1986, Higgingt al.2000).

Season of burn

Season of burn effects both woody and grassy components of savannas (Trollope 1987). To
maximise grass yield, burning has typically been done when grassesrmaeantdoin fire-climax
grasslands this has typically been done in late winter to early springvgels before the first
rains or two weeks after the first rains) (Everson 1985, Tainton 1999). Burning in spablgse
better moisture availability for improved recovery of the grass sward. Howpvieg burns may
expose soil surfaces to the direct negative impact of heavy rains (Everson 1985).

Repeated burning of savannas in early-to-mid winter in wildlife systensoisat
conducive to healthy grass swards. Grazing of these areas will be contintioeisiatsitious
regrowth is attractive to herbivores (Tainton 1999). Such repeated continuous grizondg rest
periods will reduce grass vigour and consecutive fuel loads (van Langet&ld2003). In fire-
climax grasslands, savanna burnt in early-to-mid winter, with a two-ysgargénterval, has
caused a decrease in rangeland palatability (Evestsahn1985). The preferred, palatable grass
species are replaced by less palatable grass species under thes(Eagensoret al. 1985). Despite
the negative effects of burning savanna in early-to-mid winter on thesyvasd, it is still widely
practiced (Eversont al. 1985, Tainton 1999).

In the Kruger National Park (South Africa) it has been demonstrateDithabstachys

cinereais more sensitive to fire damage in the summer (Schutz 2003). This is because the root
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carbohydrate reserves Bf cinereaare lowest during the summer and post-recovery ability is
reduced (Schutz 2003). Other woody species have also been shown to be sensitiva to fires i

different seasons (Teague and Walker 1988).

Firetype

The type of burn determines the height at which most of the heat of a fireasa@l(Trollope

1978, Snyman 2002). Back fires burn and release most heat close to the ground, ahayeselt t
the most damaging to the grass sward (Snyman 2002). Head fires conversel\ldss negative
effect on grass sward recovery and have a higher impact on the topkill of treesghrarnpact

of head fires on the tree topkill is explained by the longer flame length, whidtsresmore

intense fires. These more intense fires also occur at the height of thegabord-growing points
of woody plants, resulting in a higher damage to trees (Trollope 1978, Trell@gh&002). Crown
fires are carried in the canopies of taller trees (Trollope 1978, Snyman 2002).

Firefrequency

The effect of fire frequency is driven by “event-dependent” and “intetfependent” factors
(Bond and van Wilgen 1996). “Event-dependent” effects are driven by factors at¢hef the fire
such as, fire type, fuel load, and fire intensity. “Interval-dependent” gaaterinfluenced by
treatment and growing conditions between consecutive fires. Accordinglgsiense of woody
vegetation to fire frequency has been difficult to predict and dissimilaisiesive been reported
(Hoffmann 1999, Higgingt al.2007). There are however some generalizations that have been
noted: fire exclusion may allow the development of forest type vegetation wibkeal canopy
(Bond and Keeley 2005).

The response of tree density to fire frequency is harder to predict. In sasdrae density
has decreased, while in others tree density has decreased with indreaseduency (Higgingt
al. 2007). Hoffmann (1999) observed that tree density decreased in the BraziliatoCerra
vegetation type with increasing fire frequency. Higghal.(2007) found that fire frequency had
no influence on tree density in semi-arid and mesic savannas. The conflicting tread®én
ascribed to differences in the responses to fire of different tree sgeisand Knight 1971,
Higginset al.2007, Munkert 2009). In their long-term experiment (40 years), Higgiak (2007)
found that woody plant structure was influenced by fire frequency. The dominancallef sm
woody plants€ 2 m) was increased in annual and biennial fire treatments. In treatm#mts wi
triennial burns the dominance of taller trees increased (Higgials2007).
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The “event-dependent” and “interval-dependent” effects on fire frequ&ary and van
Wilgen 1996) have produced both increases and decreases in bush densities (Hoffmann 1999,
Higginset al.2007). When using fire to control bush encroachment, it is therefore important to
consider the “event-dependent” (e.g. intensity of fire) and “interval-depér@amtmean return
period and grazing regime) factors that may complicate responses of woodytpla frequency
(Pratt and Knight 1971, Higgiret al.2007, Munkert 2009).

Carbon dioxide
Carbon dioxide levels have increased from 270 ppm during pre-industrial times to current 360 ppm
levels (Bondet al.2003). This increase in atmospheric@s been proposed to increase the
competitive advantage of;@oody plants over £grassy plants. This has been used to explain the
global phenomenon of bush encroachment (Bond and Midgley 2000,eBah@003, Ainsworth
and Long 2005, Sankara al.2008, Ward 2010, Wiglegt al.2010).

Three mechanisms by which trees have an increased competitive advantagasses, gs
a result of increased G@evels are discussed below (Polktyal. 1997, Bond and Midgley 2000,
Ward 2010). Pollegt al.(1997) described the effects of the soil water availability shifts on trees
and grasses associated with increaseg Bond and Midgley (2000) produced the fire-carbon
model, and Ward (2010) used a resource-ratio model to explain why trees haveasedcre
competitive advantage over grasses with increased @{though these models are not necessarily
mutually exclusive, some may hold better in particular environments (Ward 2010). d@éeniin

models are described below:

Soil-water availability

The availability of soil water is an important determinant of tree:gedsss in arid and semi-arid
savannas (Sankarah al.2005). It has been shown for manyddd G plants that stomatal
conductance decreases with increasing Gidcentration (Fielét al. 1995, Polleyet al. 1997).

The decrease in stomatal conductance corresponds to a decrease in transpiratiod,thi®isde
not offset by an increase in leaf temperature and leaf area. The decrieasspiration facilitates
improved water percolation into deeper soil layers. Therefore, trees thatckase t deeper soil
layers will have increased water availability with the highep @@els predicted by global climate
change (Pollegt al.1997).
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This prediction of increased water availability to trees assumesédbatitave access to
deeper soil layers. This is not the case with saplings, as they share spatiegvith grasses
(Ward 2005). The prediction would therefore only apply to trees of a particular size in a

environment that allows root niche differentiation.

Disturbance-carbon model

Bond and Midgley (2000) emphasize the importance of the resprouting niche in envitomitie
frequent disturbances. Herbivory and fire are disturbances that woody plants havedmewe
survive. These disturbances prevent the growth of woody plants to a size tharzesrime
negative effects of these disturbances (Bond and van Wilgen 1996). Therefore, woadmplant
exist in a smaller size class, or as “gullivers,” for long periods (Bond and ilganAL996).

To survive these disturbances as “gullivers,” woody plants have to be able tmtesfyith
increased atmospheric GQvoody plants can increase the amount of carbohydrate reserves in
tubers below ground. The increase in carbohydrate reserves allows betteryer resprouting
ability of woody plants after disturbances. The resprouting ability of woodysgkaatcritical stage
of their demography in savannas (Bond and Midgley 2000, Bbati2003). Therefore, the ability
of “gullivers” to escape the “lilliputian” suppressive effects of grastesild increase. This helps
explains the globally observed phenomenon of increasing woody vegetation in fire-prone

environments (Bond and Midgley 2000).

Resource-ratio model
Ward (2010) asserts thag ttees will be able to invest more in plant defences and grow faster
relative to G plants, and therefore increase their relative chances of survival (Ward 2010). The
increase in Cwill more positively affect the net photosynthetic rate gpants than the relative
photosynthetic rate of {plants (mostly grasses) (Wolfe and Erickson 1993). Therefgia@a6ts
will be able to grow faster relative tq Grasses (Ward 2010).

In addition to the increased growth rate of trees compared to grasses, Warg(26ibi3
that the higher C@levels will allow woody plants to increase their carbon-based defences. Tree
species such as acacias may therefore increase both their phygici(es) and chemical (e.g.
condensed tannins and other polyphenols) defences and reduce their loss rates to herbivory (Wa
2010). These extra defences will improve the loss rates of acacias to hednigdherefore
improve their relative competitive ability against grasses.

Using Tilman’s (1982, 1988) resource-ratio or R* model, Ward (2010) explained how trees

may outcompete grasses under the increasede@€ls predicted by global warming. The
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resource-ratio model denotes that R* is the resource level that denotes a zat® ofgbopulation
change for a species (Tilman 1982, 1988). Ward (2010) demonstrated that with increased ne
photosynthetic rates,s®lants will have reduced R* because of increased growth rates and
decreased losses to herbivory. These lower R* values @iv€ them a competitive advantage
over G plants, allowing @ plants to grow faster (Ward 2010). Therefore, with increaseg CO
Ward (2010) predicts that trees will outcompete grassy plants. Thereftréneveased growth
rates and increased defences, Ward (2010) predicts that woody plants wiltbras@Q
increases regardless of whether environments are fire-prone or not.

Although these three models are based on different premises, they are redrnigces
mutually exclusive (Ward 2010). Polleyal.’s(1997) application of the soil-water availability
hypothesis (Walter 1939) to increasing {d€vels applies to savannas where tree:grass root niche
differentiation is evident. The assumption that decreased transpiration rgtassefs and resultant
deeper percolation of water implies that the tree:grass root niche dii@mnhypothesis of
Walter (1939) is operative (Polle al. 1997). In some savanna areas it has been shown that the
soil layer is too shallow for root niche differentiation of trees and grégsegandet al.2005) and
therefore violates the assumption necessary for Pellaly’s (1997) prediction.

Bond and Midgley’s (2000) disturbance-carbon model assumes that savanna plants, in
particular “gullivers,” are prevented from escaping the “topkill” zone byidisinces such as
herbivory and fire (Bond and Midgley 2000). Many woody species exhibit resproutingiter
in response to disturbances (Bond and Midgley 2001). Thus, resprouting behaviour and
disturbances are necessary assumptions of Bond and Midgley’s (2000) distudréoecertodel.
Ward’s (2010) model is more general in application. An assumption of Ward’s (2010) resource
ratio model that differs from the disturbance-carbon model (Bond and Midgley 2000)rwotieer
concentration of C® The disturbance-carbon model is effective in the Gidcentration range
where Rubisco-based photosynthesis is strongly limited (~100 to ~450 ppm) (Bond andg/Midgle
2000). The resource-ratio model is likely to function at C@centrations450 ppm) where £
plants have higher net photosynthetic rates thgpl&hts (Ward 2010). Both the Bond and
Midgley (2000) and the Ward (2010) models described above may be operative, provided the
environmental conditions are satisfied (Ward 2010).

The separate and collective applications of these models asser Watdy plants have an
advantage over fgrassy plants with increasing gf@vels (Polleyet al. 1997, Bond and Midgley
2000, Ward 2010). Therefore, they may explain one of the many factors that have led to the

globally observed phenomenon of bush or shrub encroachment (Ward 2010).
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To verify the some of the hypotheses regarding the effects of increasiigue on
woody vegetation, controlled glasshouse experiments and field studies have bmemeper
(Korner and Miglietta 1994, Kérnet al. 2005, Stoclet al. 2005, Kgopeet al.2010). In a
glasshouse experiment, Kgogieal (2010) have demonstrated the effects of increasedevéls
on the G treesA. karrooandA. niloticaand the @ grassThemeda triandra Along an increasing
CO, concentration gradient, the photosynthesis, total stem length, total stem diahmstedry
weight and root dry weight of the acacias increased significantlyT.Raandrahowever, there
was no significant response to increase@ (@@els (Kgopeet al.2010). Clipping of the trees at
higher CQ concentrations, to simulate fire under increased I€els, prompted more rapid
recovery than at lower CQevels (Kgopeet al.2010). This suggests that trees may be able to grow
and escape the effects of the “fire trap” faster at higherl&@ls. Increased GQevels may
therefore reduce the effectiveness of fire in controlling bush encroachmsawannas (Kgopet
al. 2010).

The experiments by Kgope al. (2010) illustrate the increased competitive advantages of
Cs trees with increasing GQevels, compared to @rasses. This competitive advantage for woody
plants, with the positive shift in GQevels, has been used to explain the global increase of woody
biomass, at the expense of grassy biomass (Petllay1997, Boncet al.2003, Kgopeet al.2010,
Ward 2010, Wigleyet al.2010).

In the field however, the effects of @@nrichment on €trees and £grasses have not been
as clear as Kgopet al. (2010) found in their glasshouse experiments (Koebat. 2005, Stoclet
al. 2005). For example, Stoek al. (2005) found no differences insC,4 plant abundance ratios
that were attributable to long term g€&xhalation from a natural spring, in South Africa (Stetk
al. 2005). Furthermore, increased £16vels had no effect on ecosystem properties such as soll
nutrients (Stoclet al.2005). The differences between field and glasshouse experiments may be due
to confounding factors in natural systems that are absent in closed glasskpersments (Kérner
et al. 2005, Stoclet al.2005). The reaction of trees to increased (€@els has also been found to
vary among species (Kornet al.2005).

Although controlled or glasshouse experiments have demonstrated that thergtevef
some savanna trees may relate positively tg €@@centration (Kgopet al.2010), experiments in
natural systems imply have not verified these findings (Kéehat. 2005, Stoclet al.2005).
Therefore, the effects of the increased,@®™els on savanna woody:grassy plant biomass in natural
systems remains uncertain (Korm¢ral.2005). The application of the described soil-water
availability (Polleyet al.1997), disturbance-carbon (Bond and Midgley 2000) and the resource-
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ratio (Ward 2010) models should therefore be made with caution as they require validation in
natural systems (Kornet al.2005, Stoclet al. 2005, Kgopeet al.2010, Ward 2010).

Synthesis

The review of the bottom-up and top-down factors that influence tree:grass radvannas
highlights the fact that simple models are inadequate (Ward 2005). In,rewdity factors have to
be considered when describing dynamic tree:grass ratios in savannas (Suhéleshar 1997).
Each demographic stage of different woody species has to be examined wills tegaparticular
environment’s resources and disturbance regime (Riginos 2009, Mietgi2010).

For germination to occur, frequent rather than high rainfall is necessaujj(&nd Ward
2006). The intrinsic preferred environmental conditions for each species, el fesgliency
and amount, will dictate the success of germination in different micro- antbrhabitats (Skowno
et al. 1999). Therefore, the correct germination niche for particular species has to beghrovi
Similarly, to survive and establish as a sapling, the particular nichesfiecées has to be available.
The intrinsic strategies and capabilities of woody plants at each demagstgaie combined with;

)] resource conditions,

i) the vigour and competitive/ facilitative abilities of neighbouring treesgrasses,

1)) appropriate disturbance regimes,
will determine the survival of saplings and larger trees in a particulair gdanmunity (Kraaij and
Ward 2006, Bond 2008, Sankaratnal. 2008, Riginos 2009, Cramet al.2010, Midgleyet al.
2010).

It is important to realise that resource conditions, combined with the competitivera
facilitative relationships between and within different tree and g@asies will influence
vegetation structure and composition (Smith and Goodman 1986). Disturbance reginsyal
an important role in the shifts in woody plant community composition and structure. Without
disturbances such as fire, mesic savannas have been known to develop into evergreen
macrophyllous thickets within a decade (Skovenal. 1999, Bond and Archibald 2003). In
addition, thickets and closed woodlands may revert to open woodlands through the action of fire
and elephants as disturbance agents (Dublin 1991). The selective damaging behaviour of
herbivores may alter the relative competitive ability of woody specibsveécertain levels of
herbivory, plants are unable to compensate (McNaughton 1983, det Bbil990). At these
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levels of herbivory, the less preferred species have a competitive advamtageway, woody
plant community composition may be altered (DaetHll.2006).

Fire has been considered a generalist herbivore (Bond and Keeley 2005). Howeeas in a
where fire occurs, species that are not adapted to a particular fire wegimecluded. Therefore,
the behaviour of fire may be considered to influence community composition throughtindirec
selection (Bond and Keeley 2005). The combination of disturbances and their veeséfetits on
species is a more powerful determinant of vegetation structure and compositiorhef,ogatous
disturbances, such as fire and elephant damage (Dublin 1991, Holdo 2007), may drasécally al
species’ competitive abilities and mortality rates of plant (Holdo 2007, Haldb2009, Midgley
et al.2010).

Throughout the literature, the role of fire in woody vegetation has been considered
important (Skarpe 1992, Scholes and Archer 1997, Sketvab1999, Bond and Archibald 2003,
van Langeveldet al.2003, Hudak and Fairbanks 2004, Wal&tral. 2004, Bond and Keeley
2005, Sankarast al.2008, Schutzt al.2009, Wigleyet al.2009). The behaviour of fire may be
manipulated to achieve the desired outcomes. Notably, fire has been used to controltthardensi
structure of savanna woody vegetation (Trollope 1987, Bond and Keeley 2005, Higaiins
2007). In addition, fire has played an important role in the prevention of the formationeaf clos
woodlands and thickets (Skowebal.1999, Bond and Archibald 2003, Bond and Keeley 2005).

In Ithala Game Reserve, this study predicts that where fire freges been suppressed,
there will be an increase in woody vegetation cover and density. The density ancheigbdy
vegetation is also expected to be reduced in areas with more frequent fireomosition of
woody vegetation is also predicted to have been affected by fire. Bwaitbanore frequent fires,
the abundance of forest or evergreen macrophyllous trees is predicted to bidmwerareas with
lower fire frequencies. Since the proclamation of IGR, the wild browsteosluced into IGR are

also predicted to have facititated a decrease in the density and cover ofwggethtion.
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Abstract

The ingression of woody plants into the grassyraeown as bush or shrub encroachment, has
become a global concern. Fire has been succassfahtrolling the expansion of evergreen
macrophyllous thickets in savanna areas. Howelereffects of fire on deciduous microphyllous
woody vegetation have been less predictable. k&g change savanna structure by reducing the
height of woody plants. However, the effect oéfan the density of deciduous microphyllous woody
plants has been variable. In some savannas, seddae frequencies have reduced the density of
deciduous microphyllous woody plants, while in @theo significant effect has been observed.
Further complications regarding woody plant enchoaent associated with climate change have
recently emerged. Textural analysis of aerial pgaphs was used to detect changes in woody
vegetation, from 1943 to 2007 in Ithala Game Res@@R), South Africa. Woody vegetation cover
and density increased significantly by 32.5% an@.8%d. hd, respectively, over the 64 year period.
Before the proclamation of IGR in 1972, increasewoody vegetation from 1943 were non-
significant. This increase was non-significantresfactors that were positively influencing bush
encroachment (increase in grazing by livestockesit®884 and changes in rainfall patterns), were
balanced by the factors that control woody vegetatiPrior to the proclamation of IGR, an (i)
extended dry period, (ii) anthropogenic tree hamgs (iii) browsing by goats and (iv) frequentes
controlled bush encroachment. After the proclaomatif IGR, herbivore population numbers and
spatial distribution influenced the accumulatiorgadssy biomass required to fuel fires. In areids w
reduced fuel loads, the consequential suppressitre @ccelerated the rate of woody plant invasion
into savannas. The increase in woody vegetatiocnroed despite the very large increases in wild

herbivore populations in IGR since the proclamabbthe reserve in 1972.

Keywords: bush encroachment, fire suppression,vamnh remote sensing, textural analysis
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1.1. Introduction

The ingression of woody plants into savannas, knasvaehrub or bush encroachment, has become a
global concern (Scholes and Archer 1997, Brown/mtier 1999, Britz and Ward 2007). The
problem of bush encroachment has raised conceofaervationists and commercial rangeland
owners. Bush encroachment has been associated wébrease in palatable grasses and herbs,
resulting in a decrease in rangeland palatabMard 2005). The conversion of savannas to closed
forests also has consequences for the climatepeatiorage and sequestration, rangeland hydrology
and nutrient cycling (Asneat al.2004, Gracest al.2006, Wigleyet al.2010). In addition,
conservationists are concerned about the lossodiv@rsity as grassland habitat is lost to bush
encroachment (Bond and Archibald 2003, Ward 20@6humber of factors are involved in
controlling and facilitating bush encroachment. t8¥availability or rainfall patterns (Walter 1939,
Knoop and Walker, 1985), and disturbances suchrggfazing and browsing impacts (van
Langeveldeet al. 2003, Wisemaset al. 2004) have been shown to influence tree:grasssrati
savannas (Sankarahal.2005).

Fire has generally been assumed to be a prinaipiéhg agent of woody plant growth (Bond
and Keeley 2005). Fire has had a noted effeabitrolling the expansion and formation of evergreen
macrophyllous thickets (also known as gallery fta¢&ignouxet al.2009)) into savannas (Skoweb
al. 1999, Hoffmanret al. 2003, Gignowet al.2009, Nandenget al.2006). It has been estimated that
the current extent of forests, which is ~25% ofdlabal land surface area (excluding Antarctica),
would more than double following the suppressiofiref(Bond and Keeley 2005). More recently
however, the effectiveness of fire in controllingady vegetation has been questioned (Higgired.
2007).

Higginset al (2000) demonstrated that savanna woody plantnaited by demographic
bottlenecks (Higgingt al.2000). Episodic rainfall events are considerelihd the germination and
recruitment of seedlings (Higgiret al. 2000, Wieganckt al.2006). Fire is the important disturbance
that has been described to limit the recruitmersiegidlings into taller, mature trees (Higgasl.

2000). By inducing topkill (i.e. the death of abey®und woody plant biomass), fire prevents the
growth of woody plants. Higgiret al (2000) showed that savanna trees may escap&eltsef fire

by growing taller in periods that are favourabledoowth (i.e. fire suppression) (Higgies al.2000).
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Fires may prevent the development of closed woaldlgmrollope and Tainton 1986, Higgiatal.
2000, Balfour and Midgley 2006).

Higginset al. (2007) used data from a four decade-long fire erpent to assess the effects of
fire on woody vegetation in Kruger National Parkugh Africa (Higginset al.2007). They found that
more frequent fires alter savanna structure byaedithe height of individuals (Higgiret al.2007).
Although savanna structure was affected by firgudeancy, the density of woody plants was unaffected
(Higginset al.2007). These results concur with Higgetsl’s (2000) demographic bottleneck model
(Higginset al.2007), which states that savanna trees are masiBsprouters and may exist as short
individuals for long periods, despite frequentdireTherefore, fire may have limited effects onasma
tree density, but rather alter savanna structuiggiHs et al.2007). In contrast, some studies have
shown that more frequent fires reduce tree demsispvannas (Boultwood 1981, Sweet 1982,
Hoffmann 1999). The different trends regardingéffects of fire frequency on woody plant density,
have called into question the effectiveness ofifireontrolling bush encroachment (Higgieisal.
2007). Furthermore, factors such as increasinglé@ls (associated with global warming), have
wrought further doubt regarding the effectivendsfire in controlling bush encroachment (Higgiets
al. 2007, Kgopeet al.2010).

Herbivores may have significant effects on theeachment by woody plants. Grazing
herbivores (that eat grass only) may remove grnadgtas increase the space available for trees to
germinateen masséWalter 1939, Savadogat al.2007). Browsers (that primarily eat trees) may
reduce the density of trees, particularly affecting density of palatable trees (Wiseneaal.2004,
Goheeret al.2007, Holdo 2007). Consequently, unpalatable tne@g replace palatable trees
(Wisemaret al.2004, Holdo 2007). Should all trees be relativediamable, or there is a suite of
browsing herbivores exhibiting differences in thmieferences, severe declines in woody plant
densities may occur (Wisemanal.2004, Holdo 2007). Many encroaching species irttsadrican
savannas are unpalatable. Of these encroachicgspmacrophyllous species sucttasleaand
Searsiaformerly Rhug are more unpalatable than microphyllous spesiash asicacia niloticaand
A. gerrardii (Smith and Goodman 1987, Skoweioal 1999). Eucleaspp. contain toxic chemicals
such as naphthoquinones and triterpenoids S&aaisiaspp. contain inositol, and malic and nonanoic
acids (Hutchinget al 1996).

Apart from fire and herbivory, changes in climptgterns have been predicted to alter

tree:grass ratios in savannas (Knoop and Walkes, \&rd 2010). Water is a principal limiting facto
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in savannas and plays a fundamental role in detémmthe ratio of trees and grasses in savannas
(Sankararet al. 2005). Grasses have however been shown to beetibonp that are able to suppress
the growth of trees in all demographic stages (Knaad Walker 1985, Riginos 2009, Crareeal.
2010). Grasses limit both nutrient and water uptak woody plants within similar and different soil
layers (Knoop and Walker 1985, Riginos 2009, Craeted.2010). When the average rainfall
increases, grasses are less effective in limitiagewavailability to woody plants and therefore reno
water is available to woody plants (Knoop and Wallk@85). The increased water availability to
woody plants may provide woody plants with increbspportunities for recruitment and
establishment. Therefore, increases in averagéatainay facilitate the encroachment of woody
plants into savannas (Knoop and Walker 1985).

Recently, the increasing G@vels associated with global warming have beepgsed to be
encouraging bush encroachment (Kgepal.2010, Ward 2010). A glasshouse test on the eftdcts
elevated CQlevels on the €savanna treegcacia karrooandA. nilotica and the savanna,@rass,
Themeda triandravas performed by Kgopet al. (2010). The tests demonstrated that along an
increasing C@concentration gradient, the photosynthesis, gitah length, total stem diameter, shoot
dry weight and root dry weight increased signifitbanForT. triandrahowever, there was no
significant response to increased Qévels (Kgopeet al.2010). Following the clipping of the trees, to
simulate fire under increased gl@vels, tree recovery time was more rapid thdowaer CQ levels.
Therefore, at higher CQevels woody plants may escape the effects offdiseer (by rapid growth)
than they would at lower GQevels (Kgopeet al.2010). Increased CQevels may therefore reduce
the effectiveness of fire in controlling bush eramioment in savannas (Kgoeeal.2010). We note
that clipping may not effectively simulate fire (ffeand Ward, submitted). Furthermore, field studies
have found little effect of increased l@vels of tree:grass ratios (Kérregral. 2005, Stoclet al.

2005). Therefore, the expected facilitation of @pplant encroachment by increased,@tst be

applied cautiously to field experiments (Koreemal. 2005, Stoclet al. 2005).

1.2. Aerial photographs

Textural analysis of woody vegetation using agstedtographs has been successful in assessing the
historical changes in woody vegetation (Hudak ares$than 1998, 2001). Importantly, image texture
is based on the spatial variation in pixel intéasiand is defined as the tonal variability in spectral

values of an image (Harraliek al. 1973). Image texture is a function of the finenessrseness,
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contrast, regularity, directionality and periodydih an image (Harralickt al.1973). The properties
that textural information provides have been usealssess bush density and cover (Hudak and
Wessman 1998, 2001).

1.3. Theeffects of firein Ithala Game Reserve

Ithala Game Reserve (IGR) in northern KwaZulu-N&baluth Africa, was proclaimed between 1972
and 1982 (Porter 1983). In IGR, concern has based about the number of woody plant species that
are encroaching (Figure 1) (Porter 1983, Kotze 19%8emaret al.2004). Prior to the proclamation

of IGR, the area was used for livestock farming emgbping in the flatter areas (Porter 1983, Wisema
et al.2004). Fire has been of historical importancedR land was used by herdsmen to provide
nutritious regrowth of grasses for livestock anddatrol bush encroachment. Local people were
observed to use fire frequently (annual to bienbiahs) and patchily, to provide nutritious regriowt

for livestock (Porter 1983). After the proclamatiof IGR in 1972, a number of wild herbivores were
reintroduced into the reserve. Fire was usedtasldy the conservation managers after the
proclamation of IGR, particularly to control bustidamanipulate the movement of grazing herbivores
(Porter 1983, le Roux 1985).

This study uses aerial imagery to document andsagsessible local (e.g. fire and herbivore
numbers) and global drivers (e.g. rainfall pattgoischanges in woody vegetation cover and density
changes in IGR. The following predictions are ased in this study: (i) the density and cover of
woody vegetation has increased since 1943 (theghé&r which aerial photographs are first available
to 1969 (the period just before the proclamatioiGR), (ii) the rate of woody vegetation increases h
declined since the proclamation of IGR in 1972@02because of the negative impact of growing
populations of different wild browsers on woody g&gion, (iii) areas in which fire has been
suppressed (due to limited fuel loads) since tloelpmation of IGR have had an increase in woody
vegetation compared to areas where fire is frequert (iv) changes in rainfall patterns have
facilitated bush encroachment. The identificatbbthe factors influencing bush encroachment in IGR
will allow a better understanding of how fire anetihivory may be used to control bush encroachment

effectively.

50



2. Methods

2.1. Study site

Ithala Game Reserve (IGR) is locat2@°30’'S, 31°25’E) in northern KwaZulu-Natal, Soutfrica.

The reserve covers 29 653 ha with the Pongolo Rorering the northern boundary of the reserve.
The altitudinal gradient of IGR corresponds to higliance in abiotic and biotic factors. Altitude
ranges from 320 m a.s.l. at the Pongolo River,4d4@ m a.s.l. on the southern escarpment plateau.
The landscape types over this altitudinal gradieatcomplex ranging from plateaux, scarps, cliffs,
deeply incised valleys and floodplains along thad®to River (van Rooyen and van Rooyen 2008).
The geology of IGR comprises Archaean granite exyass sandstones, shales and mudstones of the
Karoo system and igneous dolerite dykes and slliee soils are closely related to the geology, as
many are formeth situwith underlying rocks. Granites generally form is@agrained, nutrient poor
soils. In contrast, dolerites and diabases profentée soils with poorer percolation than granite
derived soils (Hillel 1998, van Rooyen and van Rop2008). The predominant soil type in the study
area is shallow, rocky (lithosols) of the Mispalmfioglvan Rooyen and van Rooyen 2008). IGR is a
summer rainfall region, falling under the classifion of a subtropical wet region (Benhin 2006 hwi

a mean annual rainfall of 781 mm. Mean annual gatpres vary from 16.7 to 21.8°C and minimum
and maximum temperatures range from 4.0 to 44.@5@yeasured from proximal areas (van Rooyen

and van Rooyen 2008).
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Figure 1: Georectified aerial photograph mosaics (sca22 000) from an area in Ithala Game Reserve, theohig
basin. The sequence of images showing the saragedamonstrates bush encroachment from (a) 1943969, (c)
1990, and (b) 2007. The encroachment of woodytplziom 1943 to 1969 appears to be less rapidfiioam 1990 to
2007. Emerging in the 1969 image, a few croplamdsvisible (small area with high reflectance/ casting patch of
white). These croplands, hill shade (patcheseéntap-right hand corner of the 1969 image) andrdtlbent areas (e.g.
dark area in the top-left hand corner and greyhedeft of the 1990 image centre) were avoideddxtural analysis.
The high reflectance of the bare soil in the crogd old field grasslands, and the darkly burrdi@ded areas would

have produced inaccurate estimates of woody vagetebver and density.
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2.2. Data acquisition and analysis

2.2.1. Rainfall data
Daily rainfall data from 1905 to 2009 was obtairfien seven rainfall stations ranging within a
proximity of 1-30km of IGR. The rainfall data walstained from the Daily Rainfall Utility (Kunz
2004) and the South African Weather Service datha¥he Standard Precipitation Index (SPI) has
been successfully used to monitor drought and vegither (Kharet al. 2008, Yurekli and Anli 2008).
The continuous SPI measure is based on rainfalibility over the entire period of interest (Khan
al. 2008, Yurekli and Anli 2008). This index is cdltied by dividing the difference in the normalised
seasonal precipitation and its long-term seasoeamby the standard deviation (see equation 1)
(Yurekli and Anli 2008):
30
spl=— =\

P 1)
whereSPIrepresents the standard precipitation ingiexotal annual rainfall for a given yearthe
total length of record, ang}, standard deviation. The SPI values describeakiwdriation ranging
from extreme wet to extreme drought (Table 1) (klirend Anli 2008). Significant changes in the
frequency of rainfall events of given magnitudes-(B0mm, 10 — 20mm, 20 — 50mm and >50mm),

from the £'ten years to the last ten years of the period ftéd0 to 2009, were tested using paired-
samplet-tests.

Table 1 Standardized Precipitation Index classification

SPI Values Classifications SPI rank
>2.0 Extremely Wet 3
1.5t01.99 Very Wet 2
1.0to0 1.49 Moderately Wet
-0.99t00.99 Near Normal 0
-1.00t0 -1.49 Moderate Drought -1
-1.50t0-1.99 Severe Drought -2
-2.0 and less  Extreme Drought -3

53



2.2.2. Herbivore population estimates
In Ithala Game Reserve, indigenous animals welepax¢d by the 1950s as a result of rinderpest and
hunting (Wisemaret al. 2004). Cropping took place on the flatter arealés#t. The grazing and
browsing by mixed livestock was concentrated onhiigber flatter portions of IGR, in the proximity o
the old croplands (Porter 1983). From 1973 to 128%00 animals (representing 18 different species)
were introduced into the reserve (le Roux 198These introductions included a number of
megaherbivores, viz. black rhinocer@deros bicorni$, white rhinocerosGeratotherium simuin
giraffe (Giraffa camelopardisand elephantLoxodonta africana

Estimates of game were performed using aerialggodnd-based census techniques in 2008, as
described by van Rooyen and van Rooyen (2008)ceShe elapse of time from 2007 (most recent
time period assessed by this study) to 2008 wasively short, the population estimates described b
van Rooyen and van Rooyen (2008) were consideregluade for this study. The earlier estimates of a
few species were given by Wisemetral. (2004) (Table 2). A number of species such as impa
Aepyceros melampuasd particularly elephantsoxodonta africangd50 elephants were introduced in
the period from 1990 to 1994) have had large irsgean population sizes since the early 1990s
(Wisemanet al.2004). At first, wild animal numbers increaseddyrally from 1972 to 1985. From
1985 to the late 1990s, herbivore numbers increaspdnentially, whereafter their numbers have
stabilised (Wisemagst al.2004, van Rooyen and van Rooyen 2008). Van Roagdrvan Rooyen
(2008) calculated the recommended carrying capémitihe various herbivores based on the methods
described by Bothma and van Rooyen (2004). A nurobeifferent species were in excess of the
recommended (Bothma and van Rooyen 2004) browsgrazé carrying capacities in 2008 (van
Rooyen and van Rooyen 2008) (Table 2).
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Table 2: Herbivore population estimates for IGR in 2008.

Species 1992 2000 Current Recommended
estimates estimates Population Population Size
Black Rhino Diceros bicorni3 48 43 46* 42
Blue Wildebeest@Qonnochaetes taurinys 1898* 1300
Buffalo (Syncerus caffer 110 120
Burchell's ZebraEquus quagga burchel)ii 1675* 1500
Bushbuck {ragelaphus scriptys 50 50
Bush Pig Potamochoerus porcius 50 50
Common ReedbuclREedunca arundinujn 89* 50
Eland {Taurotragus oryx 123 124 27 50
Elephant Loxodonta Africana) 30 56 130* 50
Giraffe (Giraffa camelopardis 157 157 162* 90
Grey duiker Sylvicapra grimmia 50 50
Impala @epyceros melampus) 1243 1701 3915* 1600
Klipspringer Qreotragus oreotragys 50 50
Kudu (Tragelaphus strepsicerps 498 750 810* 800
Mountain ReedbuckRedunca fulvorufula 185* 100
Nyala (Tragelaphus angagii 250 250
Oribi (Ourebia ourebj 20 20
Ostrich Gtruthio camelus 43 50
Red Hartebeest(celaphus caama 56 80
SteenbokRaphicerus campestjis 20 20
Warthog Phacochoerus africanjis 1319 1500
Waterbuck Kobus ellipsiprymnys 36 250
White Rhino Ceratotherium simujn 43 50

* Indicates species whose population numbers argealecommended rates according to Bothma and

van Rooyen (2004).
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2.2.3. Theuse of firein Ithala Game Reserve

The frequency of fire from the proclamation of theek to the early 1980s was calculated from Pater’
(1983) fire frequency maps. Fire was used biehnialthe savanna areas of IGR from 1972 to the lat
1980s (le Roux 1985). In some areas of IGR, thguency of fire has declined since the late 1980s.
Notably, in part of the study area (Ngubhu basB2@ha)), fire frequency declined from a bienniaéra
to zero fire frequency in the 2000s. The reasoite decline in fire frequency was because of
insufficient fuel load accumulation (Wisemanal. 2004, Ruinard 2009 pers. comm.). These areas
with suppressed fire frequencies were comparedjarant areas of similar topography with more

frequent fires (>0.35 — 0.5 fires per annum fror8A.8 2007) in the textural analysis.

2.2.4. Aerial imagery preparation
High resolution (300dpi) aerial imagery was obtdifrem the Chief Director of Surveys and Land
Information, Mowbray, South Africa. Three setsaefial photographs were obtained from 1943, 1969
and 1990. Aerial photographs were taken using \R@cameras which absorb electromagnetic
radiation in the visible colour spectrum (400 —@®(). Aerial imagery from 2007 was also obtained
from the Institute of Natural Resources, Pietertmhurg, South Africa. The 2007 imagery had been
orthorectified and was used as a base to georeb#afimages from 1943 to 1990. Unlike the earlier
imagery, the 2007 aerial photographs were colaatrpanchromatic. The 2007 imagery was
comprised of three separate colour bands, bluengaad red. By combining (mean pixel values) the
blue, green and red colour bands (between 400 riip@he 2007 imagery was comparable to earlier
panchromatic images, because of their common elaefynetic absorbance spectrum (400 — 750nm)
(Wolf 1983, Lillesand and Kiefer 1987). All imagestograms were radiometrically enhanced so that
histograms were equalized within the 0-255 tonalevaange (Hudak and Wessman 1998). This
enabled a fair comparison of image tone (the sta@®55 tonal value range) between different
photographs (Hudak and Wessman 1998). In totat,dets of aerial images from 1943, 1969, 1990
and 2007 were used for change detection in woodgtation. The scale and pixel sizes of the aerial
images for the different time periods was 1:25 866 1.4m for 1943, 1:36 000 and 1.4m for 1969,
1:50 000 and 4.5m for 1990, and 1:30 000 and 1atr2G07.

The georectification of aerial photographs wasgrared using the spline transformation on
ArcMAP version 9.3. The number of control poingstbeen positively correlated with the accuracy of

the spline transformation (Bangamwabo 2009). Aimirm of 40 control points, evenly distributed on
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each aerial photograph was selected to increasgctheacy of georectification (Bangamwabo 2009).
Images were cropped so that the poor quality ofgpkedges was removed. The cropped images were

joined to form a mosaic using ERDAS Imagine verdidh

2.2.5. Detection of changes in woody vegetation and the response to fire suppression

Due to the undulating nature of the topographyhale Game Reserve, the historical aerial
photographs had high reflectance values in a nuib@reas (e.g. Figure 1). In addition, the baike s

of the old croplands had high reflectance valuek\asible contour lines. Therefore, the croplands
were avoided for textural analysis because the tefiactance values of the old croplands woulddyiel
inaccurate results in a textural analysis (Hudak\Atessman 1998). Transects for textural analysis
were evenly distributed within areas with nonehef tlescribed high reflectance values producedédy th
bare soils of croplands. Burnt areas, steep lofles and valleys (hill shade) were also avoided to
obtain accurate estimates of woody vegetation. tota area assessed using textural analysis was
134ha.

2.2.6. Textural analysis

Two classes of texture measures exist, first-ofolecurrence) and second-order (co-occurrence)
classes (Harralickt al. 1973). The first-order measure is designed tosagsiel intensities within a
defined neighbourhood or a filter window. The setorder texture algorithms include spatial
relationships between pixels. Due to their comipyeand time-consuming processing, first order
textural images are more frequently used. Inghigly, second-order texture images were used $0 tha
spatial textural information could be assessedthadepresentation of woody vegetation enhanced
(Harralicket al.1973). For woody vegetation studies it has beenmmended that a 3x3 pixel filter
window be employed (Moskal and Franklin 2002, Attjlar 2008). The 3x3 filter window allows the
detection of individual trees’ textural charactees. We limited the size of trees to >1.8m canopy
diameter as smaller trees could not be effectidebgcted with these images. Larger filter windows
have undesirable smoothing effects on woody veigatéiiudak and Wessman 1998, Moskal and
Franklin 2002). As the pixel sizes of the imagesgd in this study were all <4.5m, a <5x5m spatial
representation of the ground sampling plots waslised. This spatial representation has been shown
to yield the most accurate results in quantifyirmpdy vegetation cover and density (Hudak and
Wessman 1998, 2001).
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To create second-order textural images, algoritarespplied that assess spatial attributes of
pixels. The algorithms of second-order texturesiage that the probability of each pixel pair cotocc
in a given direction and distance (Harraletkal. 1973). The combined conditional probabilitiexof
occurring pixel values are then processed to pedextural values for the central pixel of a filter
window (Harralicket al.1973). The second order mean texture is cakdlasing the algorithms 2a
and 2b:

N-1
H=2(p) (22)

i,j=0

N-1

and K= 2 (p) (2b)

wherew; andy; are the mean probability of pixel value co-occneesi andj the coordinates in the co-
occurrence matrix, angj the co-occurrence matrix value at the coordinaesThe mean, variance,
contrast, homogeneity, entropy, correlation an@séenoment algorithms were used to calculate
textural values (appendix 1). The remote sensifigvare ENVI 4.7 was used to calculate these

textural measures.

2.2.7. Ground truthing and model validation

Woody plant transects were performed in the vemgetaiommunities (mixe€ombretum — Acacia —
Eucleasavanna) where textural analysis methods wereeappln each transect, the density and
canopy dimensions, the longest and shortest ortfado estimate cover, of woody plants >1.0m were
calculated. These measures have been correlatiedheimean texture of aerial imagery (Hudak and
Wessman 1998, 2001). To ground truth the remotsisganalysis, five transects were performed in
open savanna, mixed and closed woodlands. In tdaransects (50m x 10m) were performed.

The mean texture values of the 2007 textural imaggre extracted from each of the 15
transects, using the Zonal Statistics tool in Arpharsion 9.3. To justify the use of image texttne
mean pixel intensity from non-textural images (wgassed or raw images) were calculated for each of
the 15 transects. To validate the relationshigvben the density and cover of woody vegetation and
the mean textural and raw image values, simplatinegression was used. Simple linear regression
models were produced to determine which typesxtéital measure (or raw image) (dependent
variables) were best predicted by woody vegetatawer and density (Hudak and Wessman 1998). In
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total, 16 simple linear models were produced. dusatial Bonferroni correction efwas applied to

the p-values of the regression models to avoidmeTyerror (i.e. spurious significant values from
multiple tests of the same null hypothesis - HoB@9). The significant model with the highest r
value was chosen to describe the relationship letweean textural (or raw image) values and woody
vegetation density and cover. The testing of thnality and homoscedasticity of variance

assumptions, and correlation and regression arglysee performed using SPSS version 15.0.

2.2.8. Woody vegetation change

The significant linear regression models were gdiated to determine the canopy cover and density
of woody plants (>1.0m in height) from textural iges. In total, 336 50mx10m transects were used in
the model extrapolation to assess changes in woeglgtation. The 336 transects were distributed in
the same vegetation type where ground truthingpea®rmed. This ensured the accuracy in the
application of the linear regression models towake woody vegetation cover and density (Hudak and
Wessman 1998). In total, 35 transects were rangldistributed in areas where fire was suppressed
from ~1985 to 2007.

To standardize image tone between time periods control sites in open grasslands were
selected (50mx10m) (Hudak and Wessman 2001). dtasaumed that the vegetation at each of the
control sites had remained unchanged. These wadstesnontane grasslands, as assessed for IGR by
van Rooyen and van Rooyen (2008). To verify thatdpen savannas had remained unchanged,
historic aerial photographs were visually compaxgti 2007 aerial photographs. The density and
cover of woody plants were also measured in theeecbntrol transects in 2007. At each of these
sites, the mean pixel values of the textural image® calculated for 1943, 1969, 1990 and 2007% Th
difference between the mean texture of the fivarobsites in the 2007 textural image and each
previous year (1943, 1969 and 1990), was usedeasotfiirol for each respective year, following
Hudak and Wessman (2001) (see equations 3 — 5):

K2007-1943: C S -E007 B C S -[943 (3)
K2007-1969: C S-EOOJ - C S-II%Q (4)
K200¥1990=CS?[00)7_C S-(l;E?D (5)
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whereK ,_yis the mean texture adjustment factor from yei@r yeary, andCSTy) is the mean control
site texture for year (Hudak and Wessman 2001).

The changes in the mean woody vegetation covedansity were assessed between each
period and: before the proclamation of IGR in 19r@m 1943 to 1969) and after the proclamation of
IGR from 1969 to 2007, using a one-way ANOVA witth8ffepost hodests. After the proclamation
of IGR, the differences in the increases (from n¢te earlier periods) in woody vegetation coved an
density between areas that experienced fire sugipre@Ngubhu basin area, southwestern 17% of IGR)
and frequent fires were assessed using one-way ANQWIth Scheffgpost hodests. These statistical
tests and assumptions of normality and homosceitgstiere performed on SPSS version 15.0. Box-
Cox transformations were applied to the cover abidy data so that the assumption of normality was

verified (Box and Cox 1962). Box-Cox transformasare computed as shown in equations (6) and

(7):

X'= (wheni\ # 0) ) (6

or

X'=log X (when=0) (7)
whereX’ is the transformed value ands the value calculated to transform data to anabr
distribution (Krebs 1989).

3. Results

3.1. Rainfall patterns

The period from 1910 to 1943 was characterizedMoydeasons of extreme drought in 1926 and 1927
(Figure 2). A severe drought, moderate droughteattcemely wet season also occurred during this
period. From 1943 to 1969, two moderate droughtsane extreme drought occurred. There were
also three moderately wet seasons in this pefedm 1969 to 1990, there were 2 moderate drought
and wet seasons and one very wet and severe dreeg@gin. In addition, there was an extremely wet
season in 1984. The period from 1990 to 2007 asattterized by relatively more wet seasons than

earlier periods. The frequency of high magnituglz{ 50mm, >50mm) rainfall events increased
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significantly from the T ten years to the last ten years of 1910 to 2099three to ~ten events (20 —
50mm: §=4.47, p.os <0.001; >50mmi:gt= 4.49, pos <0.001). The frequency of light rainfall events
(5 — 10mm) decreased by ~30 days, from fheet years to the last ten years of 1910 to 2009 (t
6.12, p.os <0.001) (Figure 3). The difference in numberahfall events of the magnitude 10 —
20mm, from the 3 ten years to the last ten years of the period ft6d0 to 2009 was non-significant
(to = 0.594, pos= 0.954).

SPI
o
o

Year

Figure 2. The relative amount of precipitation in eachseea(SPI) from
1910 to 2009 (see Methods). SPI values indicaedlative amount of

precipitation in each season and are ranked imerakcategories (Table 1).
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Figure 3: The number of rainfall events of magnitude (a) B>»m, (b) 10 — 20mm, (c) 20 —

50mm and (d) >50mm per rainfall season from 19120@0.

3.2. Ground truthing and model validation

The regression analyses revealed that the meanatorence textural image and the raw, unprocessed
image were significantly correlated with the petege cover of woody plants (Table 3). The density
of woody individuals was also significantly correld with the mean co-occurrence textural band and

raw image.
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Table 3: Correlations between the co-occurrence texturafjegaand the “raw” pixel

values for the 2007 aerial photography and theitle(vsoody individuals >1m high per

ha), mean canopy length (m), and % canopy coverte(Nhe second moment is a measure
of homogeneity, entropy describes spatial uncestaand contrast describes the local
variation of pixel values (Yuaet al.1991). The different texture measures are further
described with their algorithms in Appendix 1).

Second
Moment Contrast Correlation Entropy
Density Pearson
) -0.629t 0.5697 0.539% 0.554%
Correlation (r)
p value 0.012 0.027 0.038 0.032
Percentage Pearson
) -0.596t 0.439 0.488 0.513
cover Correlation (r)
p value 0.019 0.101 0.065 0.051
Homogeneity Mean Variance Raw
Density Pearson
. -0.583t -0.714% 0.532f -0.686%
Correlation (r)
p value 0.022 0.003 0.041 0.005
Percentage Pearson
. -0.540% -0.891% 0.421 -0.877%
cover Correlation (r)
p value 0.038 0.000 0.118 0.000

T Correlation is significant at the 0.01 level (Hed).
T Correlation is significant at the 0.05 level &d¢d).

The sequential Bonferroni adjustmentahdicated that both simple linear regression mefial the
cover (k. 14= 13.51, pos= 0.003) and density (R3= 22.59, pos < 0.004) of woody vegetation
(ground-truthed data) significantly predicted theantextural image. These models describing the
relationship between the covef £0.71) and density{r 0.64) of woody vegetation and the mean
textural image had the highe8talues. The constant parameters for the regressiatyses were also
significant for canopy cover (t = 8.81Q,ga< 0.001, error d.f. = 14) and density (t = 5. 185 <
0.001, error d.f. = 14) of woody plants (Figure 4).

63



250.0 250.0 F
y = -76.923x + 17692.300 y = -0.0379x + 209.400

w 2000 f =071 200.0 2 =0.64
T
>
< 150.0 | 150.0 f
X
i)
S 1000 ¢ 100.0
[}
=

50.0 50.0 -

0.0 0.0
0O 20 40 60 80 100 120 140 160 0 1000 2000 3000 4000 5000
Canopy cove (%) Density (indiv. ha®)

Figure 4: Linear regression models depicting the relationdefpveen (a) percentage
cover, and (b) density of woody individuals (>1.0nheight) and the mean pixel values of
the mean co-occurrence textural band in the 0 t@%&l value range (Hudak and
Wessman 1998). The equations andatues describing the linear relationships are
displayed next to each regression line. Notettletanopy cover estimates were derived
from the canopy dimensions of woody plants. Treeefthe overlap of tree canopies

allowed cover estimates that exceed 100% in soamsdicts.

3.3. Woody vegetation change

There were significant increases in the mean candrdensity of woody vegetation between the years
1943, 1969 and 2007 (cover, fag= 47.78, p.os <0.001; density: ¥ 249= 35.53, p.os <0.001). The
overall mean+ S.E. increase in woody vegetatiorecand density over 64 years was 32.5%z 3.96%
and 657.9+ 80.24 indiv. Harespectively. The mean+ S.E. increase in woaetation cover (0.03+
0.017%) and density (53.9+ 34.62 indiv:iérom 1943 to just before the proclamation of IBR

1969, was however non-significant (coveypg= 0.541; density: gos= 0.690).

After the proclamation of IGR, from 1969 to 20@7e meanz S.E. increase in woody
vegetation cover (29.8+ 4.40%) and density (608963 indiv. hd) was significant (cover:gas
<0.001; density: o5 <0.001). In areas where fire was suppressedwolg the proclamation of IGR,
the increase in mean woody vegetation cover andityanas significantly greater than in areas where
fire was used frequently (cover; kss= 8.24, p.os <0.001; density: £161= 7.84, p.os <0.001) (see
Table 4 for Scheff@ost hodest results).
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Table 4: Mean differences in woody vegetation canopy cower density
between areas where fire was suppressed (bieorzatt fire frequency from
mid-1985 to 2007) and where fire was used freqydrttiennial fire
frequency), over the different time periods assgss&ce the proclamation of
IGR in 1972. We subtracted the values for a paldicyear from the previous
year's value (e.g. 1990-1969). Significantly greatereases in the density
and mean cover (Box-Cox transformed data) of amdeese fire was
suppressed were calculated using Schadf# hodests and are formatted in
bold.

Canopy cover(%) Density (indiv. ha’)
1990-1969 4.8 97.6
2007-1969 21.3t 431.9%
2007-1990 16.5t 334.4%

t Difference is significant at the 0.05 level.
The significant mean increase in the cover andileabwoody vegetation from 1990 to 2007 was

greater and more rapid in areas with suppressedréiquencies (due to low fuel loads) than in areas
with frequent fires (>16.5% in canopy cover and 4:@3ndiv. h& in density) (Table 4 and Figure 5).
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Figure 5: Estimated mean change in woody vegetation (a) cavei(b)
density from the year 1943 to 2007. The dashexflrepresent areas (the
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4. Discussion

Similar increases in woody vegetation, as thosemshented in Ithala Game Reserve in this study, have
been observed elsewhere. In mesic savannas sdimguGR, Roquest al.(2001) and Wigleet al.
(2010) reported increases of 29 and 44%, over d¥&gears, respectively. Roquetsal.(2001)
determined that the fire-grazing relationship wapartant in controlling bush encroachment. Light
grazing allowed the accumulation of fuel or gras®ymass for burning frequently. This frequent
burning was important in suppressing bush encroaah®Roquegt al.2001). Drought was another
important factor that in combination with light gnag and frequent fires was observed by Roaes

al. (2001) to reverse bush encroachment. Wiglegl. (2010) acknowledged local drivers, such as fire
and grazing, as possible causes as bush encroachh®nuever, they suggested that increasing CO
levels was the main cause of the bush encroachimeynbbserved (Wiglegt al.2010).

The land use practices in IGR prior to its proclaoramay have had a controlling effect on
bush encroachment (Figure 5). The extensive hangesf trees for fire wood and as construction
materials may have hindered the rate of tree enbhroant (Porter 1983). In addition, the long dry
period from 1925 to 1971 in IGR, that included anfber of severe and extreme droughts, frequent
fires, and browsing by goats (Hes&tral. 2006) may have decreased the rate of bush enenaenthin
IGR relative to other areas (Figure 2) (Muek¢mal.2005, Gignowet al.2009).

Despite the reduction in bush encroachment fatéitt by humans, drought, fire and goat
browsing prior to 1972, there was a mean increasebdy vegetation over time. A number of factors
were identified that facilitated this overall inage in woody vegetation in IGR. The increase in
rainfall magnitude from 1910 — 2010, may have plbgeole in the increase of woody vegetation in
IGR. The frequency of higher magnitude rainfakkets (>20mm) increased from 1910 to 2007
(Figure 3). In contrast, the frequency of rainéalents of lesser magnitude (5 — 10mm) decreased ov
this period. Similar changes in rainfall pattehase been documented for other areas in the
subtropical wet rainfall regions of South African{8khtina 1998, Benhin 2006). These changes in
rainfall patterns over the 2@entury may be enhancing the competitive abilftwoody plants relative
to grassy plants (Knoop and Walker 1985). Graase&nown to respond rapidly to resource pulses
(Chessoret al.2004). This ability may restrict woody plant ase¢o water in shallow and subsoil
layers (Walter 1939, Knoop and Walker 1985, Bond®0 When the magnitude of a rainfall event is

above the average threshold, grasses become limitad amount of water they can absorb from the
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soil. The water they cannot absorb is therefoelable to woody plants (Knoop and Walker 1985).
Therefore, with the increase in rainfall magniteder the 28 century, woody plants have been
benefiting from increased water availability (Knoapd Walker 1985).

Fire was found to have an important controllinigetf on woody vegetation. After the
proclamation of IGR from 1972 to 2007, in areas rglfee frequency was suppressed, the overall
increase in woody vegetation cover and densitysagrsficantly greater than in areas where fire was
used frequently (Table 4 and Figure 5). This olérn corresponds to the observations of Skoatno
al. (1999) in a nearby savanna in Hluhluwe Game Resérfollowing the suppression of fire, they
observed a rapid increase in woody vegetation c(®awnoet al.1999). Similarly, in this study, the
rapid invasion of woody plants occurred within abawecade after fire suppression. This confirms
the importance of fire in controlling woody veg@&atin mesic savannas (>650mm annual rainfall
(Sankararet al. 2005)) (Skowncet al. 1999, Bond and Archibald 2003, Fyanal. 2005).

The role of herbivory cannot be ignored (Midgktyal.2010). Fire and herbivory have been
described to act synergistically (Midgleyal.2010). To fuel hot fires to control tree encraaeint,
sufficient fuel in the form of grass is requireé@fvLangeveldet al.2003). Grazing herbivores
consume grassy biomass and may therefore limiréloggiency and intensity of fires (van Langevelde
et al.2003). Therefore, grazing herbivores, througlr infuence on fuel accumulation, played an
important role in bush encroachment. Most notadplsizers limited the accumulation of the fuel load
and decreased the intensity and frequency of ireeme areas (Wisemanal.2004). This decrease
in fire frequency and intensity allowed the rapmteachment of woody plants from 2000 to 2007 in
some areas of IGR.

After the proclamation of IGR, the increase indabirowsing herbivores has been evident in the
woody vegetation dynamics. From 1990 to 2000, Wieseet al. (2004) using field data documented a
decline in the density of woody plants in IGR. Tdeerease in the density of woody individuals was
associated with a decline in deciduous microphyllpalatable species (suchfasacia niloticaandA.
gerrardii). These palatable species were observed by Wiseta. (2004) to decrease from 1990 to
2000, and from 2000 to 2009 by Rice (2010). Int@st however, unpalatable evergreen
macrophyllous woody species suchEagleaandSearsia(formerly Rhug species were observed to
increase from 1990 to 2010 (Wisen&tral. 2004, Rice 2010). This suggests that browsimgiheres
may have played a role in the change in densitycangposition of woody vegetation in IGR
(Wisemaret al.2004).
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Although there was an overall increase in woodyetation from 1972 to 2007, as indicated by
the textural analysis, field studies indicated thatdensity of woody plants in the Ngubhu basin
(southwestern 17% of IGR) decreased from 1990 @® ZWisemaret al.2004). It appears that
browsers along with fire facilitated the reductiarthe density of woody plants from 1990 to 2009, a
indicated by Wisemaat al.(2004). From 2000 to 2009 however, a repeat stisdymented an
increase in the density of woody vegetation (Ri@&®. In the Ngubhu area of IGR, which had a
decrease in fire frequency from a biennial rateyrgo 1985, to a zero fire frequency rate from Q0@
2007, the density of woody plants (>0.7cm stem éi@n), increased from 4 136 to 22 323 indiv’ ha
(Wisemaret al.2004, Rice 2010). This rapid invasion of woodynpdacorresponds to the large
increase in woody vegetation observed in the tektamalysis from 1990 to 2007. Therefore, the
prediction that after the proclamation of IGR, frd®72 to 2007, the increasing biomass of browsers
would result in a decrease in woody vegetation ilenss incorrect.

The fact that the palatable microphyllous woodgcsgs have been replaced by unpalatable
macrophyllous woody species has prevented brovitserscontrolling woody plant encroachment in
IGR. The increase in unpalatable macrophyllousiegeas a result of their release from herbivory,
has allowed their proliferation and the formatidm@acrophyllous thickets (Wisemat al. 2004, Rice
2010). Furthermore, the proliferation of thesealafable woody plants may be suppressing the
herbaceous layer through a reduction in light adlity (van Langeveldet al.2003). In addition to
the suppression of the herbaceous layer by theaserin macrophyllous thickets, the increases in
grazing herbivores have also reduced the fuel ém&@dmulation in IGR. This suppression of the
herbaceous layer has resulted in decreased feesities and frequencies (Wiseneral.2004).

Thus, this fire suppression has facilitated thedapcrease of woody vegetation in the Ngubhu basin
area of IGR.

Through direct and indirect impacts (tramplingagg consumption and seed dispersal), grazing
and browsing herbivores have been known to positimluence woody plant germination and
establishment (e.g. Danelt al. 2006). This was particularly true in IGR from 20@ 2009 when the
density of woody plants increased from 4 136 t®22 indiv. hd, with the increase in both grazing
and browsing herbivore populations from the midd9® the late 1990s (Wisemanal.2004, van
Rooyen and van Rooyen 2008). Herbivores haveftirerplayed an important role in the regulation
of IGR’s fire regimes and the increase in bush diess Furthermore, the temporally and spatially

stochastic nature of rainfall (see Figure 1) masontuce further variability in grassy biomass
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accumulation and herbivore movements, which ultatyaffects fire intensities and its effects on
woody plant densities (Balfour and Howison 2002\ture studies need to focus of the effects of

grazing on fuel load accumulation by studying pleses or herbivore exclusion plots.

5. Conclusions

This study confirmed the prediction that woody wagjen cover and density has increased from 1943
to 2007 in Ithala Game Reserve. A number of lacal global drivers of woody vegetation change
were identified. Locally, the increase in woodygetation cover and density was associated with
livestock farming, from 1884 to 1972 (Porter 1983However, after the proclamation of IGR in 1972,
despite the large increase in browser biomasgatkeof woody vegetation encroachment accelerated.
In particular, a rapid increase in woody vegetati@s observed in areas where fire was suppressed
from 2000 to 2007. This confirms the predictioattthe suppression of fire would result in an iase

in woody vegetation encroachment. Furthermoraptears that the roles of grazing and browsing
herbivores may have acted in tandem with the rbfee

After the proclamation of IGR, the spatial vawatin herbivore impacts and the consequential
change in fire regimes played a role in the inae@asvoody vegetation. Despite the overall inceeas
in woody vegetation, browsers and fire facilitaggdinitial decrease in the density of woody vegetat
from 1990 to 2000 (Wisemaet al.2004). This decline in the density of woody plants
concomitant with a reduction in palatable specsesli asicacia niloticaandA. gerrardii) and an
increase in unpalatable species (suchwadeaandSearsiaspp.) (Wisemaet al.2004, Rice 2010).

For effective control of bush encroachment in I@Rppears that fire and the appropriate numbeds an
ratios of grazing and browsing herbivores haveg@adthieved. It should be noted that heavy grazing
and browsing may reduce the effectiveness of fireontrolling bush encroachment.

Globally, the change in rainfall patterns assedatith climate change (Smakhtina 1998,
Benhin 2006) may explain part of the increase obayovegetation in IGR. The observed increase of
rainfall events >20mm, and the concomitant reductibrainfall events 5 — 10mm, may have enhanced
the competitive ability of woody plants againstggwplants (Knoop and Walker 1985). The dry
period with a number of droughts from 1926 to 198] browsing by goats may have limited tree
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densities despite the increased grazing, whictbbas associated with bush encroachment (e.g. Walter
1939, Roquest al.2001).

Climate change has also been hypothesized toaserthe competitive ability of trees against
grasses with increasing G@vels (Polleyet al. 1997, Boncet al.2003, Ward 2010). This may
explain part of the cause of the observed increagmody vegetation (Ward 2010). However, the
mechanisms described above (i.e. excluding incsgaseéQ levels but including rainfall changes)

explain much of the increases in woody vegetatiolGiR.
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Appendix 1:

Table 1: Algorithms used to calculate different measuresoebccurrence
texture used in this study. Formulas are given @heandy; are the mean
probability of pixel value co-occurrendeandj the coordinates in the co-
occurrence matrixg is the variance of pixel values in a matrix, @pdhe co-
occurrence matrix value at the coordinatgs A brief description of each

measure is given.

Co-occurrence Formula Description

Textural measure

Homogeneity 3R, Calculates the smoothness of an
o1+ (- j)? image (Tuttleet al.2006).
Second Moment N-1 A measure of homogeneity
| Jzopi.j2 (Yuanet al.1991).
Entro N A statistical measure of
P R (_ InR j) .
=0 ’ uncertainty (Yuaret al. 1991).
Mean N-1 Mean probability of the co-
H = ZI(RJ) .
i.j=0 occurrence of a pixel value
N-1 (Lévesque and King 2003).
ILIJ = J(R,j )
i,j=0
Variance , =, 2 Describes the variability of the
o =R, (' _/J|) .
i,]=0 spectral response of pixels

(Lévesque and King 2003).

Correlation N1 (i-u )(I iy ) Calculates the pixel values
Re |2 2 ] linear-dependency within the
i,j=0 g, Ji
image (Kayitakireet al.2006).
Contrast EP (i j)z A measure of local variation
G0 within a window (Yuaret al.

1991).
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Abstract

The ingression of woody plants into savannas, knasvhush- or shrub- encroachment, has become a
global concern. Fire has been acknowledged ag faktor in managing woody vegetation in
savannas. The suppression of fire has been rejportesult in the conversion of savannas intoetdos
woodlands/ macrophyllous thickets within a dec&kcently however, despite the frequent use of fire,
its pivotal role has been questioned. This stig$essed the role of fire in determining the total
density, structure and composition of woody vegetan Ithala Game Reserve. To achieve this, we
surveyed woody vegetation in comparable areasdiitérent fire frequencies. IG@ombretum
woodlands, there was no significant effect of freguency on the total density of woody individuals

In old field grasslands, the density of woody pdawts greater in areas burnt annually and in areas
burnt once every ten years, compared to areas bocetevery 2 to 4 years. In these grasslandss are
burnt annually were dominated by woody plants <@rhdight. Herbivore and fire interactions may
explain these results. Multivariate analyses aldecated a significant effect of fire frequency on
woody vegetation composition. To control encroaghtees such d3ichrostachys cinereand

Acacia karrog and the development of macrophyllous thicketsntrmediate fire frequency is

required (one burn every 2 to 4 years).

Keywords: Bush encroachmerfcacia karrog Dichrostachys cinereanicrophyllous and
macrophyllous vegetation.
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Introduction

Bush encroachment or the ingression of woody platdsgrasslands and savannas has become a
global concern (Bond 2008). Typically, unique faihconditions, heavy grazing and the suppression
of fire have been considered to cause bush enameadh(\Ward 2005). More recently, the increasing
CO; levels associated with global warming have begiothesized to enhance the ability of woody
species to encroach (Polleyal.1997, Bond and Midgley 2000, Kgope 2010, Ward 2010

Fire has been described as a principal tool farageng rangelands (Trollope and Tainton
1986, Bond and Archibald 2003, Hudak and Fairb&@&@®1). In particular, fire has been considered an
important agent in the control and determinatiosafanna woody vegetation structure and
composition (Higgin®t al.2000, Bond and Archibald 2003, Hoffmaenal. 2003, Sankaraet al.
2008). Many savannas contain patches of evergraenophyllous (or broad-leaved) woody plants,
dispersed within a matrix of deciduous microphydi¢fine-leaved) woody species (Hoffmaatnal.
2003, Gignowet al.2009). Compared to microphyllous woody specigssé macrophyllous woody
species are more susceptible to fire-induced nityritalue to their comparatively thinner insulating
layer of bark (Hoffmanret al.2003). However, the clustering of these evergreaorophyllous
species results in fire-resistant thickets (duthéar typically less flammable leaves) (Hoffmaginal.
2003, Gignowset al.2009). The understory of dense macrophyllous#igcare also more humid than
microphyllous savannas and may shade out grasidiagao their resistance to fire and longevity
(Skownoet al.1999, Hoffmanret al.2003, Gignowet al.2009). Fire has played an important role in
preventing the expansion and formation of macrdphglthickets (Skownet al. 1999, Hoffmanret
al. 2003, Bond and Keeley 2005, Gignaeixal.2009).

The encroachment of savannas by deciduous miclopkyvoody species (e.§cacia spp.
andDichrostachys cinerdamay precede and facilitate the development ofropwy/llous woody
thickets. Increased densities of woody plants suppress the herbaceous layer, resulting in loineer f
frequencies (van Langevel@eal.2003). The reduction in fire frequencies wouldréiore allow the
proliferation of pyrophobic macrophyllous treesdad®ad to the development of macrophyllous
thickets (Skowneet al. 1999). This trend of increasing macrophyllous dypwegetation following the
suppression of fire has been observed in many @Bsasman and Fensham 1991, Hopkins 1992,
Swaineet al. 1992, Kinget al. 1997). Remarkably, the release from fire in sameas has lead to the

conversion of savanna to macrophyllous thicketiiwia decade (Skowret al. 1999, Bond and
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Archibald 2003). Recently however, the role anilitgtof fire in controlling woody vegetation in
savannas has been questioned (Higgtred. 2007, Balfour and Midgley 2008).

In some savannas, fire has been shown to bete# in controlling the density of woody
plants (Hoffmann 1999, Higgirst al.2007). However, in other savannas, fire has lwaeffect on the
density of woody plants (Higgiret al.2007). More particularly, the role of fire in d¢awiling
deciduous microphyllous woody species has beertiqned (Higginset al2007, Wakeling and Bond
2007). Apart from the density of woody plants, Wpwegetation structure has also been shown to be
influenced by fire (Higgingt al.2000, Higginset al.2007). Higginset al (2000) described the effects
of fire on savanna woody plants using the framevadithe “storage effect” (Warner and Chesson
1985). For the storage effect to work, the longesftmature woody plants in savannas is important
because recruitment is considered to be limiteahgtlived mature individuals in the population are
required to produce seed (Bond and van Wilgen 199@gds then germinate during favourable
conditions that are temporally stochastic, for eglEnaluring periods of high rainfall frequency
(Wiegandet al.2004, Ward 2005). Once germinated, establishimenirs under favourable
environmental conditions, however disturbance facémd competitive interactions generally suppress
the growth of establishing woody plants (Ward 2005)

The “fire trap” describes the disturbance zone $dgh, within which establishing woody
plants are limited by fire (Trollope and Taintor86Y. Fire limits the growth of these shorter woody
plants by inducing above-ground stem death or tbfkiollope and Tainton 1986, Balfour and
Midgley 2006). Frequent fires therefore limit tleeruitment of these woody plants “caught” within
the “fire trap” (Bond and van Wilgen 1996, Higgietsal.2000). These woody plants within the “fire
trap” have been described as “gullivers,” supprésse’lilliputian” grasses that fuel fires (Bonddn
van Wilgen 1996, Bond and Midgley 2000). To suevitequent disturbances, woody plants within the
“fire trap” have to be able to resprout and compdath grasses for moisture and nutrients (Knoop and
Walker 1985, Higginet al.2000, Riginos 2009). The woody plants that sunas “gullivers” within
the “fire trap” may escape the recruitment bottniey growing taller during favourable periods (e.g
during the release from fire) (Bond and van Wild&96, Higginset al.2000). Once mature, these
individuals are able to produce seed and contritoutee storage effect by virtue of their longevity
(Higginset al.2000).

Similarly to fire, browsing may reduce the heightvoody plants (Pellew 1983, Higgies al.

2000). Unlike fire though, browsers show dietamgferences and avoid woody plants that have poor
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nutritional value (Cooper and Owen-Smith 1985, Goep al. 1988). For example, many plants
contain tannin compounds that inhibit protein diges therefore lowering the relative amount of
available protein. Therefore, plants with highrtiaprotein ratios would be avoided by herbivored a
are termed unpalatable (Cooper and Owen-Smith X98&peret al. 1988). The browsing by
herbivores may have important implications for wpedgetation structure and composition (Cooper
and Owen-Smith 1985, Coopetral. 1988). Particularly, browsers and fire workingdtger reduce
the density of woody plants in savannas (Wiseetaal 2004, Midgleyet al. 2010).

The encroachment of woody plants in Ithala GamseRe (IGR), in northern KwaZulu-Natal,
South Africa, despite the use of fire calls int@sfion the effectiveness of the historical fireimssy
This study aims to assess the role of fire in woeelyetation encroachment in IGR. The following
predictions were tested in this study: (i) areabaihigher fire frequency (FF) have a decreased
density of woody plants compared to areas burstflegjuently (Hoffmann 1999), (ii) areas with
higher FFs have increased densities of shorter wptaohts (“gulliver” syndrome) (Bond and van
Wilgen 1996), and (iii) grazers favour previouslyriit areas due to the higher nitrogen values of the
re-growing grasses (Mbatha and Ward 2010). Aswtrekthe interspecific competition between
grasses and trees (grasses are dominant — Ceamle2007), this leads to increased opportunities for
recruitment by woody plants.

By evaluating the role of fire in IGR, timely swggiions relating to the manipulation of fire to
control woody plant encroachment can be made.hEurtore, other important agents involved in
woody plant encroachment, such as grazing herlsyasn be identified and appropriate management
strategies formulated. The re-evaluation of find ¢he ways in which it may be manipulated to caintr

woody vegetation is important in light of curressuies such as climate change.

Methods

Study area

Ithala Game Reserve (IGR) is located in northerraBwu-Natal, South Africa (27°30’S, 31°25E).
Prior to the proclamation of IGR, from 1972 to 198@me of the flatter areas of IGR have been used
for crop farming since 1884 (Wisemahal.2004). Indigenous animals were extirpated byl@&0s

as a result of rinderpest and hunting (Wisemiaal. 2004). From 1973, a number of animals were
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introduced into IGR including the megaherbivordack rhinocerosiceros bicorni3, white
rhinoceros Ceratotherium simupngiraffes Giraffa camelopardisand elephantd pxodonta
africana).

The reserve covers 29 653 ha with the PongolorRorening the northern boundary of the
reserve. The altitude ranges from 320 m a.stheaPongolo River, to 1 446 m a.s.l. on the souather
escarpment plateau. This altitudinal gradientesponds to high variance in abiotic and biotic
components. The landscape types over this altiddjradient are complex, ranging from plateaux,
scarps, cliffs, deeply incised valleys and floo@paalong the Pongolo River (van Rooyen and van
Rooyen 2008). Approximately 20% of the reservediage gradients that exceed 40°, limiting the
distribution of large mammals (le Roux 1985b). Beelogy of IGR comprises Archaean granite
exposures, sandstones, shales, mudstones of the Kgstem and igneous dolerite dykes and sills.
The soils of IGR are closely related to the geoJagymany are formead situwith underlying rocks.
Granites generally form coarse-grained, nutrierdr@mils. Dolerites and diabases produce fertilks s
with poorer percolation than soils derived fromrgtas. The predominant soil type in our study area
was shallow, rocky lithosols of the Mispah formrfy@ooyen and van Rooyen 2008). IGR is a
summer rainfall region with a mean annual raind&lf91 mm. The average daily temperatures in

summer are warm to hot (18 — 30°C) and in winterraild to warm (15 — 25 °C) (Porter 1983).

Vegetation sampling

Vegetation sampling was performed in the vegetatipes where fire plays an important role (van
Rooyen and van Rooyen 2008). The two broad vegetstpes were (iCombretum apiculatum —
Themeda triandraocky bushveld (hencefortiiombretunwoodlands), and (iifrachypogon spicatus
— Tristachya leucothrix Hyparrhenia hirtaandSporobolus africanus Hyparrhenia hirtaold field
grasslands (henceforth, old field grasslands) Raoyen and van Rooyen 2008). Transects were
performed in 2009 to estimate (i) woody plant specichness, (ii) height, (iii) canopy dimensions
(longest and shortest orthogonal), (iv) numberteims (10cm above the ground), (iv) stem diameters
(10cm above the ground), (v) herbivory damage andife damage (herbivory and fire damage were
estimated from canopy removal indices in 10% in&ets). Rockiness was also estimated in two 1m
x 1m quadrats at the end of each transect. The sward height of the grassy layer was also
estimated using a disk pasture meter (Bransby anddn 1977) in the old field grasslands. The yock

and undulating nature of tli@mbretunwoodlands prevented the use of a pasture diskhelse
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woodlands, sward height was estimated within timeesam x 1m quadrats where rockiness was
estimated. The sampling design was randomly-B&dti GPS coordinates of transects were randomly
chosen on ArcMap version 9.3 within stratified ar@segetation type and north-facing slopes).
Macrophyllous thickets where fire is excluded waveided. Therefore, transects were designed so
that they did not bisect a buffer of 3m surroundimg shade zone around these thickets. By avoiding
the shade zone of thickets, the possibility of dargghe ecotone between the microphyllous and
macrophyllous vegetation communities was avoidéd\{Boet al.1999). Instead, transects
continued linearly away from the 3m buffer zonetlom opposite side of the thickets. This enabled a
fair comparison of the effects of fire (not effestsch as shading) in tli@mbretunwoodlands. Each
plot consisted of two nested plots for short (01L6m) and tall (>1.0m) woody plants along a 50m
transect for taller woody plants. The width andémgth of nested transects for plants >1.0m with <
individuals was increased to a maximum of 20m xd0d he minimum size of the nested transects
was 10m x 2m for areas with 9 500 indiv:'fia the size class 0.1 — 1.0m. In total, 69 tratsseere

performed.

Historical use of firein Ithala Game Reserve

The use of fire in IGR has been frequent sinceptbelamation of the reserve in 1972. Objectives of
the use of fire in IGR were described in detailr{E101983, le Roux 1985a). The reasons for burning
varied between the different vegetation communiifelsR. In woodlands, the ecological factors
considered for burning management were to (i) ra@rttabitat diversity, (ii) maintain the grass
component, and (iii) control increasing woody pldatsities (le Roux 1985a). To achieve these
objectives, biennial burning was performed frone hatinter to spring where possible (le Roux 1985a).
The fire regimes on the old field grasslands weljasied over time to (i) improve forage quality) (i
reduce the grass sward height for improved gameinge and (iii) control woody plant encroachment.
These burns were principally performed from eaidymid-winter. Originally, IGR was divided into
18 manageable burning-blocks. Later, these burbpliocks were further divided into 22 main blocks.
The fuel load provided by the grassy layer wasmonitored and estimations of fire intensities were
inconsistently recorded by field and technicalfst&iield staff were however, prohibited from bungi

when fuel loads were insufficient, even when buvese scheduled (le Roux 1985a).
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Fire data acquisition

Fire scars are mapped by park rangers on 1: 50r2@3 that provide some indication of the extent of
burns. The original fire maps were digitized togurce fire frequency maps from 1994 to 2009 using
ArcMap version 9.3. The Mean Return Interval (MRBs calculated as the mean time between each

fire event, from 1994 to the last burn.

Data Analysis

Total density

To analyse the effects of fire frequency (FF) dalteegetation density, the FF values for the
Combretunwoodland transects were clustered into 3 FF clasBks FF class value ranges are: low =
0t0<0.125, medium = > 0.125 t00.25, high = 0.375 tg 0.5. In the old field grasslands, the FF
value ranges of the low and medium FF classesm@aitasto those of th€ombretunwoodlands.
However, the upper limit of the value range in tigh FF class was greater in the old field grasigan
(FF = 0.375 ta< 1.0), than in th€ombretunwoodlands (0.375 tg 0.5). In theCombretum
woodlands, the areas burnt annually were unsuifableomparison with other samples as they
generally occurred within ecotones between vegetdyipes. Therefore, the high FF class in the
Combretunwoodlands had a lower FF value range than in lthéield grasslands. To assess the
effects of FF on woody vegetation structure, thigliterange of woody plants in which topkill was
most frequent was calculated. The differencebéndensity of woody individuals, in and above this
height range of topkill were assessed betweenfhedsses. One-way ANOVAs were used to test for
significant differences in the density of woodyiinduals between different FF classes. Significant
differences in the density of woody individualsivibeen the FF classes were assessed using Scheffe
post hodests. The density of individuals in 2.0 — 5.0aight class was square root transformed to

satisfy the ANOVA test assumptions in the old figldsslands.

Multivariate analysis

Indirect and direct ordinations were used to asfesselationships between different species diessit
and FF. For data sets with gradient lengths >2dstal deviations (unimodal), a CA (Correspondence
Analysis) was performed instead of a PCA (Princ{pamponents Analysis) that requires gradient

lengths <2 standard deviations (linear). Wheréiagc(quadratic distortion) was observed in a CA or
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CCA (Canonical Correspondence Analysis), the respeDCA (Detrended Correspondence Analysis)
or DCCA (Detrended Canonical Correspondence Ansllygas used to remove the arch effect. For the
direct ordinations, the same test for unimodalityireearity of data was applied using detrending
analyses (Leps and Smilauer 2003).

Species that had inconsistent relationships withrenmental gradients between indirect and
direct ordinations were omitted from the directinadions (their inconsistent relationship with
environmental gradients, indicated that the vagandheir abundance was not explained by the
environmental gradients used (Lep$ and Smilaue8)20The significance of the first canonical axis
and the combined canonical axes were tested useiylonte Carlo permutation test (LepS and
Smilauer 2003). For the analysis in hembretunwoodlands, transects were clustered into two
different groups, a rocky group (40-95% rock coar)l a non-rocky group (0-40% rock cover). The
grouping by rockiness removed the 24.32% autoarosl of rockiness and FF. Slope had a 76.11%
and 69.75% covariance with rockiness and altitueigpectively. Thus, the grouping of transects into
different rock cover classes enabled us to remiogetfects of slope and altitude from the
environmental variables in the ordinations (i.&twde and slope were redundant due to their high
autocorrelation with rockiness). In the old figichsslands grouping by rockiness was unnecessary as
all transects were non-rocky and were relativedy. flTopographical data for analyses were obtained
from a GIS Digital Terrain Model (+5m accuracy)ngiArcMap version 9.3. Species that represented
<1% of the total abundance of species were exclirded the analyses. In total, 30 species were
included in the multivariate analyses in non-roekgas and 26 species in rocky areas in the
Combretunwoodlands. In the old field grasslands, a totéd@®Epecies were use@ANOCO version

4.5 for Windows was used for multivariate stateti@nalyses.

Resprouting

Differences in the number of stems per individuabaly plant between the three FF classes were
tested using one-way ANOVAs. Significant differea@mong FF classes were identified using
Scheffepost hodests. These tests were performed separatetig@ombretunwoodlands and the

old field grasslands.
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Topkill, browsing and woody plant mortality

To determine the effects of topkill on woody vegieta the proportional frequency of topkill was
calculated for individuals within six different lgit classes (0.1 — 0.5m, <1.0m, <2.0m, <3.0m, <5.0m
and <8.0m). One-way ANOVAs were used to testriteractions between the low, medium and high
FF classes and the proportion of individuals useldrbwsers, in th€ombretunwoodlands and old

field grasslands. A Kruskal-Wallis test was usethmold field grasslands as transformations of the
data did not satisfy AVOVA assumptions. Mortalitas calculated as the proportion of dead woody
plants relative to the total number of live woodgns.

Grass sward height, statistical software and test assumptions

To test the potential role of fire and its assadatffects on grass sward height Spearman’s rank
correlation analyses (untransformed and transforda¢a did not meet the assumptions for a
parametric correlation analysis) were determinedv¥eard height and time since last burn. For all
analyses, data were checked so that all assumpte@resmet for each statistical test. Where
assumptions were not met for parametric tests,pamametric alternatives were used as described.
SPSS version 15.0 for Windows was used for unit@astatistical tests.

Results

Woody plant species density

Combretum woodlands

The range of density in woody individuals was frari00 to 33 600 indiv. Fain this habitat.Euclea
crispawas the most abundant species in the 0.1 — 1.@ghtredass an®ichrostachys cinereaas the
most dominant species in the 1.0 — 8.0m heighsd[&able 1).

Old field grasslands

The density of woody individuals in the old fieltagslands ranged from 90 — 33 400 indiv'.h@he

dominant species in both the 0.1 — 1.0m and 1.@r height classes wéx cinerea(Table 2).
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Table 1: Mean density of the 10 most abundant woody spémaeged from 1 = most abundant, to
10 = least abundant) in the 0.1 — 1.0m and 1.@m &eight classes in rocky bushveld samples.

Height class 0.1 — 1.0m

Mean density

Height class 1.0 — 8.0m

Mean density

Rank  Species (indiv. ha' + S.E.) Species (indiv. ha' £ S.E.)

1 Euclea crispa 3064.4 + 1108.72 Dichrostachys cinerea 798.1 + 256.70
2 Diospyros lycioides 18838 = 444.68 Combretum apiculatum 2542 + 57.02
3 Combretum apiculatum 12778 = 244.14 Acacia caffra 1722 + 45.53
4 Acacia karroo 805.4 + 229.37 Gymnosporia buxifolia 1514 + 28.69
5 Dichrostachys cinerea 702.1 + 129.08 Acacia karroo 1148 + 28.68
6 Hippobromus pauciflorus  451.4 * 247.57 Peltophorum africanum 102.8 + 46.37
7 Gymnosporia buxifolia 319.9 * 55.86 Dombeya rotundifolia 90.7 + 47.65
8 Dombeya rotundifolia 285.2 + 136.52 Euclea natalensis 83.3 + 33.21
9 Acacia caffra 274.8 + 84.55 Terminalia phanerophlebia 65.3 + 37.36
10 Combretum zeyheri 256.9 * 61.64 Searsia lucida 53.7 + 34.59

Table 2: Mean density of the 10 most abundant woody spéaeged from 1 = most
abundant, to 10 = least abundant) in the 0.1 — 1abwh 1.0 — 5.0m height classes in old field

grasslands.

Height class 0.1 — 1.0m

Height class 1.0 — 5.0m

Mean density Mean density

Rank  Species (indiv. ha' + S.E.) Species (indiv. ha' + S.E.)

1 Dichrostachys cinerea 3378.8 + 1054.73 Dichrostachys cinerea 12784 + 1268.5
2 Lippia javanica 23924 +  733.79 Acacia karroo 165.5 + 174.15
3 Diospyros lycioides 797.0 +  374.03 Lippia javanica 140.5 + 151.69
4 Acacia karroo 692.4 +  185.00 Searsia lucida 15.8 * 18.15
5 Ehretia rigida 128.8 + 106.67 Lantana camara 13.3 + 17.72
6 Grewia caffra 455 + 33.45 Gymnosporia buxifolia 12.1 + 13.78
7 Euclea schimperi 42.4 * 30.78 Pappea capensis 10.3 + 12.04
8 Sclerocarya birrea 42.4 * 22.63 Combretum apiculatum 6.7 + 7.72
9 Searsia lucida 37.9 + 31.01 Acacia nilotica 6.1 * 7.23
10 Scolopia mundii 33.3 + 18.68 Sclerocarya birrea 6.1 + 7.23
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Effects of fire frequency on woody vegetation

Density of woody plants

Combretum woodlands

In theCombretunwoodlands, the total density of woody individudig not differ significantly among
the FF classes k.= 0.68, gos= 0.543). The height range in which topkill wassnfrequent was
<2m (Figure 7). Therefore, significant differenaeshe density of woody individuals <2m and >2m in
height, were tested. The tests for differencabendensity of woody plants <2.0m among the FF
classes were non-significant;(ks = 1.40, g.os = 0.264), as was the case for individuals >2.0sp§E
0.35, p.os= 0.710).

In the 0.5 — 1.0m height class, the densitiesdifviduals was least in the medium FF class
(Figure 1). The density of woody plants in theimas height classes approximated a reverse J-dhape
distribution (Racet al.1990). The reverse J-shaped curve signifiestanhsonditions with continual
renewal. The size distribution of populations titibited this trend, declined exponentially with
increasing size (Raet al. 1990). The relative abundance of individualthe 0.5 — 1.0m height class
in the low and high FF classes indicated a highurgoent rate and/ or a disturbance limiting the
growth of individuals (Raet al. 1990, Breebaasdt al.2001).

Old field grasslands

The total density of woody individuals differed sificantly among the FF groupsxk;= 5.448, pos

= 0.010). Scheffpost hodests revealed that the high ¢p= 0.033) and low (§os = 0.029) FF class

had a significantly greater total density of woanlgividuals than the medium FF class. Similathie t
Combretunwoodlands, the height range of woody plants in Whapkill was most frequent was <2m
(Figure 7). The tests for differences in the dignsi individuals <2.0m were significant{k; = 3.59,
Po.os= 0.041). However, for individuals >2.0m, thefeliEnces among FF classes were non-significant
(F2,27=1.532, pos = 0.234). Scheffpost hodests revealed that the high FF class had a signify
greater density of woody individuals <2.0m ¢p= 0.013) than the medium FF. The overall height
class distribution of woody plants in the FF clasiseold field grasslands was similar to that @& th

CombretunwoodlandgFigure 1).
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Figure 1: Woody vegetation structural distribution in the Ggmbretunwoodlands, and
the (b) old field grasslands. The value rangesherFF classes are: low = 0¢®.125m,
medium = >0.125 tg 0.25m, high = 0.375 te 0.5m for theCombretunwoodlands, and
for the old field grasslands, high = 0.375t@.0m.

Multivariate analyses

Combretum woodlands
CCA ordinations were used in t@®mbretunwoodlands. The species-environment correlations fo
axes one and two were: 88.1% and 72.7% for nonyrackas (Figure 2 (a)) and 88.1% and 88.6% for
rocky areas (Figure 2 (b)), respectively. The fuanonical axis (non-rocky:ops= 0.046; rocky: pos
= 0.028) and all canonical axes (non-rockyss 0.046; rocky: pos = 0.006) were significant in both
non-rocky and rocky areas.

The density of the following species decreaset d#ticreasing FFAcacia nilotica Euclea
schimperj Lippia javanica Pappea capensi$earsia guenzii, Searsia penthandSearsia lucida
The density of the following species increasedengity with increasing FEiospyros austro-
africana Diospyros lycioidesPeltophorum africanumandVitex obovata In non-rocky areaguclea
crispadecreased in density with increasing FF wicd versan rocky areas. In rocky areégarsia

guenziiwas most dense in areas with intermediate FF.
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Figure 2. CCA ordinations for (a) non-rocky areas and (bkyoareas in th&€ombretum
woodlands. The ordinations depict the relationgt@jween the density of woody plants and
the environmental gradient, fire frequency (FFeggarrow). The eigenvalues for axes one
and two are 0.284 and 0.146 for (a) and 0.379 ahd80for (b), respectively. Triangles
outlined in black represent species. Species cOigsendix 1) that cannot be displayed

near their symbol are indicated with light greyebn

Old field grasslands

A DCCA was used in the old field grasslands. Tpecges-environment correlations for axes one and
two were 83.1% and 93.9% respectively (FigureT¥)e Monte Carlo permutation tests of the first
canonical axis (fs= 0.036) and all canonical axes. ¢p= 0.040) were significantAcacia caffrawas
identified as an outlier and omitted from the DCCPhe density oAcacia nilotica(Aca nil), Ehretia
rigida (Ehr rig), Euclea schimperiEuc sch, Grewia caffra(Gre caj, Pappea capensi®ap cayp,
Searsia lucidqSea lug, andSearsia penther{Sea pepdecreased with increasing FF. The density of

Dombeya rotundifoliancreased with increasing FF.
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Figure 3: DCCA depicting the relationship between woody specigsities in the
old field grasslands and the environmental varid¥e(grey arrow). Note that the
environmental gradient, FF, does not begin at tigéro(0, 0) on the canonical axes
due to the rescaling of axes in a detrended arsafysps and Smilauer 2003). The
eigenvalues for axes one and two are 0.169 and80.@3pectively. Triangles
outlined in black represent species. Species c@dppendix 1) that cannot be

displayed near their symbol are indicated withtligiey lines.

Population size structure and fire frequency

Combretum woodlands
The density of individuals >8.0m was low compar@thie density of shorter individuals of all species
(Figure 4). A number of the dominant species heglvarse J-shaped population structure distribution
(Raoet al.1990). Acacia karrog Combretum apiculaturandDichrostachys cineredisplayed the
general reverse-J shaped distribution inGoenbretunwoodlands. The density @f. apiculatumand
A. karrooindividuals <2m were greatest in medium FF claSsapiculatumandA. karrooindividuals
>2m were most abundant in the high FF class. Dhedance oD. cinereagenerally decreased with
increasing FF.

Euclea crispandDiospyros lycioideslisplayed an L-shaped population structure. An L-

shaped population structure is typified by an alamcé of individuals in the smallest height class an
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few or no individuals in the larger height clas@dasakiet al. 1992, Breebaast al.2001). The L-
shape distribution may be due to a number of fatach as exceptional recruitment, mortality of
individuals >1m or individuals caught within therd trap” (Masakiet al. 1992, Bond and Midgley
2000, Breebaast al.2001).

Searsia lucidandividuals were most abundant in the 1-2m heitggcin low FF areas. In the
intermediate FF areaS, lucidaindividuals were lacking or absent. The densisgribution of Acacia
caffrawas variable across the height classes. Thissigayfy either limited sampling of this species
or definite pulses of recruitment within the vasdeF classes (Raat al. 1990, Breebaast al.2001).
Individuals >1.0m ofA. caffrain the intermediate FF classes displayed a rexkst@ped curveln the
high FF class, the density @lymnosporia buxifoliandividuals decreased sharply in the height
categories >1.0m. In the low and medium FF cl@sd$uxifoliadisplayed a weak reverse J-shaped
curve. The weak reverse J-shaped curve indicaéésdme disturbance has limited recruitment and/
or growth of a species (Rat al. 1990, Breebaast al.2001).

Old field grasslands

Densities of individuals >2.0m were low (Figure B). cinereadisplayed a reverse-J shaped
distribution and its density was lowest in areahwitermediate FFs. The density distributiorAof
karroo individuals was L-shaped in the medium and higlcleBses (Masalkdt al. 1992, Breebaast
al. 2001). The highest density Af karroowas in areas with high FFs and lowest in areds it
FFs. Lippia javanicaalso displayed an L-shaped distribution (Maslal. 1992, Breebaast al.
2001).

Resprouting

The number of stems per woody plant significaniffeded among FF classes in the old field
grasslands (F.s= 41.77, pos<0.001) (Figure 6). Scheffiost hodests revealed that the significant
differences were between each of the FF classeddthand medium FF class g3 <0.001; the
medium and high FF classeg9<0.001 and the low and high FF classss<0.001). In the
Combretunwoodlands, there were no significant differencetheanumber of stems per individual
among the FF classes,(kz= 0.534, pos= 0.591).
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Topkill, browsing and woody plant mortality

The proportional frequency of topkill decreaseddbpfrom the 1.0 — 2.0m to the 2.0 — 3.0m height
class (Figure 10). Woody plants 0.1 — 2.0m reaksimilar amounts of topkill. The number of dead
woody individuals was low. The highest mortalitya single transect was fi@chrostachys cinerea
individuals <1.0m (of 108 individuals in total).h&se individuals were located in an area that was
burnt annually in the old field grasslands. Therall mortality was 0.43% in the old field grasslan
andCombretunwoodlands. Besidds. cinereathe only other species observed to suffer mortality
were one or two individuals &earsia lucidaDombeya rotundifolisandCombretum apiculatum
There were no significant interactions betweenpitoportion of browsed species and the low,
medium and high FF class&Sgmbretunwoodlands: E 30= 0.89, jg.os = 0.418; old field grasslands,
Kruskal-Wallis test, = 1.82, g.os= 0.403). There was no mortality of woody plathi® to browsing
alone. TwdD. cinereaindividuals >3.5m had suffered mortality from tt@mbined ~70% canopy
removal by elephants and scorching by fire. Thetmotable effect of browsing observed was caused
by giraffe Giraffa camelopardis(Bond and Loffell, 2001). A transect in the dikeld grasslands,
contained a stand &. karroothat had been maintained at a height of ~2.5m taffgs. This transect
was therefore omitted from analyses because afagh®ounding effects of browsing on measuring the

effects of FF on woody vegetation.
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Grass sward height

No significant correlation was found between tinectisince the last burn and grass sward heightin th
Combretunwoodlands ((s) 0.05 (2), 3= -0.100, p.os= 0.562) and in the old field grasslands)({.os (), 33

= 0.235, pos= 0.167). Notably however, 17 samples (total r9y\8ithin the range of 10 — 40 months
since the last burn had a ~7 fold greater swarghtéhan other samples burnt at similar periodsmé&
swardqn = 9) remained relatively short (<10cm) desphike telatively long time since the last burn
(<36 months).

Discussion

Although the effects of FF on woody vegetation heemortedly been variable (Hoffmann 1999,
Higginset al.2007), this study has highlighted a number of irgu effects of FF on woody
vegetation. The prediction that the total densftwoody plants would decrease with increasing FF

was not supported. In the old field grasslandsoumd that areas burnt most frequently had a

99



significantly higher density of woody individualén theCombretunwoodlands however, there were
no significant trends in the total density of woqagnts and FF classes. In thembretunwoodlands,
the increased variability in dominant species teefiigure 4) added to the variation in the trentls o
total woody plant density with FF classes. Furntiae, the increased upper range of FF values in the
old field grasslands, compared to embretunwoodlands, is hypothesized to have added to the
differences in trends of total density of woodyiinduals among the FF classes.

The expected dominance of shorter woody planégsaas with high FFs was not evident in the
Combretunwoodlands. In areas burnt annually (old fieldsgtands) the density of shorter (<2.0m)
woody individuals was significantly greater thamaneas burnt at medium FFs. The dominance of
smaller individuals in areas with high FFs, as obsea in the old field grasslands, has been intéegre
as evidence for the “gulliver” syndrome (Higgieisal. 2000, Higginset al.2007). Frequent fires have
been able to prevent the recruitment of “gullivekgeping them relatively short (Higgiret al. 2000,
Higginset al.2007). An understanding of the biology of the dwant species’ reactions to fire is
useful in the interpretation of the observed trendstal density changes among the different FF
classesDichrostachys cinereandAcacia karroohave been documented as problematic encroachers
and have increased in density despite the usesof\Wakeling and Bond 2007, Balfour and Midgley
2008, Munkert 2009). Fire-herbivore interactionsinlg woody plant establishment also facilitate the
understanding of some of the observed trends a@iepdensity with FF (Archibalet al.2005, Danell
et al.2006).

In the old field grasslands, the densityDofcinereawas higher in areas burnt most often (FF =
0.375 to< 1.0 burns. yf) and burnt the least (0.1254d.25 burns. yt), compared to areas burnt at
medium FFs. Wakeling and Bond (2007) found thatluhluwe-iMfolozi Nature Reserve, thBt
cinereareproduced 45% sexually and 55% asexually bysockering. They also found that the
disturbance type (grazing and fire frequency) hadignificant effect on the reproduction mode.
Nevertheless, the ability to root sucker maResinereaandA. karrooproblematic encroachers
(Wakeling and Bond 2007, Munkert 2009). The sigaifit increase in resprouting with increasing FF
confirms the vigorous resprouting ability of spacseich a®. cinereaandA. karrooin the old field
grasslands (Figure 6) (Roquetsal.2001, Moleeleet al.2002, Tobleset al.2003, Wakeling and Bond
2007, Munkert 2009). This vigorous resproutindigbexplains the ability of these encroaching
microphyllous species to survive in areas burnuahy.
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There was an important difference in the trendseinsity ofD. cinereaandA. karroowith FF.
In both theCombretumwoodlands and the old field grasslandiskarrooincreased in density with
increasing FF. This may occur becaAs&arroois considered to be a vigorous resprouter (Balfour
and Midgley 2008) and is able to survive the frequwsol fires in IGR (Ruinard, pers. comm.).
Therefore, under the current fire regimde karroomay be more difficult to control thdd. cinerea
especially in th&€€ombretunwoodlands wher®. cinereapopulation density was negatively related to

fire frequency.

The high density of woody individuals in areathviow FFs may be attributable to the: (i)
release from fire (Balfour and Midgley 2008), anyithe general positive impact of grazing on woody
plant establishment (Danedt al.2006). Areas that were burnt the least were efihetected from fire
or incapable of burning due to insufficient fuehdts. Grazing herbivores are known to be attraayed
the green flush of recently burnt areas (Fuhlendod Engle 2004, Archibalet al.2005). The local
concentrations of grazing herbivores have retatdecccumulation of fuel for burning in some areas
of the old croplands. The reduction of grassy faefires prevented IGR management from burning
some areas, resulting in the recorded lower FFséWaret al.2004). The lower FFs have allowed
the establishment of some woody plants sudb.asnerea(Higgins et al. 2000, Balfour and Midgley
2008). Higher levels of grazing have been showpetpositively related to woody plant establishment
through processes such as seed deposition andeticedin grass vigour (Jeltseht al.2000, Danelket
al. 2006, Riginos 2009). Therefore, a suppressidir@and the concentration of grazing herbivores
may explain the higher density bf cinereadensities in low FF areas.

The minimal effect of browsing on woody plant nadityy indicates that browsers had little
effect on woody plant density. Browsing may howdvave added to some of the variation observed
in woody vegetation structure (Hesetral. 2006). Furthermore, in this study, the non-sigaifit
relationship between FF and the proportion of sggebrowsed by herbivores demonstrates that
browsing was not related to FF. Other factors Iving positive feedbacks with browse may have
influenced the spatial concentration of browsetsTditet al. 1990). Browsers may stimulate a
compensatory responseAcaciaspecies. Above certain thresholds of browsingstreay concentrate
nutrients for regrowth to browsed shoots. The Buppnutrients to browsed shoots is maintained by
constant browsing, simulating a “browsing lawn” (Boit et al. 1990). This was evident in areas of the

old field grasslands where giraffes concentrated throwsing efforts, reducing the heightAafkarroo
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trees. These areas were avoided for sampling bea#uhe influence of the giraffe on reducing
woody vegetation height.

Another factor that may have allowed the estabiisht of woody plants in areas with higher
FFs, is that the intensity of fires has been inadéz|in causing a high proportion of topkill (Togke
and Tainton 1986)D. cinereaindividuals up to ~3m may suffer stem death innstefires (pers.
obs.). Woody plants have typically been considéodthve escaped the effects of intense fireseat th
height of>4m (Trollope and Tainton 1986). In IGR howevepkil mostly affected trees <2.0m high
(Figure 7). This low height of topkill would haaowed woody plants to escape the effects ofdire
half of the normal height (Trollope and Tainton @28Meyeret al.(2005) found that larger trees may
be more susceptible to mortality from topkill themaller trees. In IGR however, 71.4% of the woody
plants that suffered mortality from fire in IGR veex1.0m. This suggests that in IGR, shorter (@.9g.
cinereg woody individuals have been more susceptibléerésihduced mortality. The overall
mortality rate of woody plants in all height classeas low (0.43%), demonstrating that fire had
minimal direct effects on woody plant density (s¢so Meyelret al. 2005).

In theCombretumwoodlandsthe reason for the decreaseDfcinereawith increasing FF may
be due to a number of factors. The higher uppat bf the FF class value range in the old field
grasslands (0.375 ©1.0), compared to that of ti@mbretunwoodlands (FF=0.375 t©0.5) could
have influenced the differenceln cinereadensity. The overall vigour of the grassy layetha old
field grasslands would be expected to be reduc#tei@ombretunwoodlands. This is because of the
alteration of the burning regime to reduce gragewi and height of the talyparrhenia hirtagrass
stands (le Roux 1985a). It appears thereforeathabal burns are conducive to increasds.iginerea
density in the old field grasslands, and bienniahk are conducive to decreaseBirtinereadensity,
in theCombretunwoodlands.

The high density of woody plants in tBembretunwoodlandsand old field grasslands were
affected by the high densitiesBiiclea crispaandDiospyros lycioides Excavation of the roots &.
crispaplants suggested that one individual may respoutmber of times >3m away from an
individual (pers. obs.). Similarly, the excavatioiD. lycioidesrevealed thick roots and resprouting
ability allowing the formation of large dense clusnpers. obs.). Therefore, the high densitl of
crispaandD. lycioidesindividuals was misleading when interpreting tsaécies densities. The >3.5
fold lower abundance d&. crispaon deeper soils (with low rock cover) suggests ithestablishes
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preferentially on shallow soils (with high rock @y. This also explained the comparatively low
density ofE. crispaon the old field grasslands that have deeper, nokyrsoils.

The density of bot. lycioidesandE. crispawas lowest in areas with medium FFs (except in
the larger 1.0 — 2.0m height class whErerispais only slightly more abundant (~25 indiv. Ha
(Figure 4). In the high FF areas, this result sstigthat disturbances such as fire and the caatient
of grazing herbivores give these species the oppitytto encroach. Disturbance in the low FF class
may also explain the encroachment of these twoaspas described f@. cinerea As in the old field
grasslands, large areas of @embretunwoodlands had experienced a low FF due to insefiiciuel
load accumulation. The insufficient fuel load amediation signifies a decrease in grass vigour
resulting from a concentration of grazing herbigoaed/ or drought (Crider 1955, van Langevadtie
al. 2003, Riginos 2009). The decrease in grass vigoareas with low FFs are hypothesized to result
in the increase dE. crispaandD. lycioides The reported herbivory &. crispain IGR has been low
(Wisemanret al.2004). The release &ucleaspecies (e.d=. crispgd from herbivory (because of their
unpalatability, due to the presence of naphthoquesand triterpenoids (Watt and Breyer-Brandwijk
1962, Hutching®t al. 1996, Bertolli 2009)) has given them a competitvantage over grasses and
added to their ability to encroach on grassland&R.

Vegetation composition was significantly affectgdFF. Evergreen macrophyllous species
such as eucleak ( natalensisndE. schimpel), andSearsia lucidagenerally decreased in density with
increasing FF. Interestingly, one of the micropiy$ specied. niloticadecreased in density with
increasing FF. HoweveA,. niloticais known to be more pyrophobic than other acasugas ash.
karroo, explaining its aversion to frequent fires (Figdrand 3) (Midgley and Bond 2001kuclea
species have been described as vigorous respr¢8tewnoet al. 1999). However, medium to high
FFs are a useful tool for controlling the estabsheht of these species (Figure 2 and 3) (Skoetred.
1999). E. schimperandE. natalensisare macrophyllous species, and have been knowtrease in
density with the suppression of fire and replaceraphyllous species (Skowrat al. 1999).

In areas burnt annually, the higher density ofeaching microphyllous species was prompted
by fire. In these areas, should the vigour ofgressy layer decrease, the frequency of intensg fir
would decrease (Trollope and Tainton 1986, Baltmd Midgley 2008). The suppression of fire may
allow the encroaching species to grow taller andld/decome dominant as a consequence (Higgins

al. 2000, Higginset al.2007). Then, a number of outcomes may follow:
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(1) The general structure of the encroached thicley be maintained by herbivores such as
elephants (Kalwigt al.2010, Midgleyet al.2010). Such herbivory has also been known togdan
species composition to a less palatable state (H20@7, Midgleyet al.2010).

(2) The self-thinning of the patch and reversimma ihon-encroached state should occur (White
and Harper 1970, Wiegarad al. 2006). The combined action of fire, herbivoryddgphants, and
climate (e.g. frost) has also been shown to fatdithe reversion of closed woodlands to open s&van
(Dublin 1991, Holdo 2007, Midglest al.2010).

(3) The development of a closed macrophyllous wqadgt community may occur (Skowmeb
al. 1999). The development of closédcleathickets following the suppression of fire hasrbee
described to occur within a decade (Skowtal.1999). In addition, macrophyllous species hawnbe
observed to suppress the herbaceous layer and iredecreased fire intensities and frequencies
(Skownoet al. 1999, Hoffmanret al. 2003, Gignowet al.2009). The suppression of the herbaceous
layer would further extend the longevity of thesacnophyllous thickets (Skowret al. 1999, Gignoux
et al.2009). Rare events, such as extremely hot fikesukwu Muoghalu 2006) may however
convert these macrophyllous thickets to a more cpate (Hoffmanret al.2003). In all of the above
three scenatrios, fire is an important agent inptteeention of bush encroachment and the development

of macrophyllous thickets that are resistant te. fir

Conclusions

Fire has played an important role in woody vegetain IGR. The effects of the fire regime on the
total density of woody plants differed in ti®@mbretunwoodlands and old field grasslands. In the old
field grasslands, annual burns resulted in a sgamt increase in short microphyllous encroachers,
such a®d. cinereaandA. karroa Inthe Combreturwvoodlands, the effect of FF on the total density of
woody plants was non-significant due to the incedagariability in dominant species trends with FF,
and the decreased upper range of FF values comimatieel old field grasslands. However, in both
vegetation types, the density of woody plants wasgekt in areas with intermediate FFs. The relefse
woody vegetation from fire and/ or the concentratod grazing herbivores in areas with low FFs

resulted in an increase in woody vegetation dengttyr effective control of the encroaching trees,
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intermediate fire frequency (one burn every 2 tedrs) is required. Furthermore, the intensitshef
fires must be sufficient to increase topkill (Baifaand Midgley 2008).

Grazing herbivores have also played an importaetin facilitating the encroachment of a
number of woody species (Archer 1995, Rogetesl. 2001, Danelket al.2006). Where possible, burns
must be strategically timed and placed to spreadntipacts of herbivores on the grassy layer tanallo
sufficient accumulation of grassy biomass to firelsf (Archibaldet al.2005). This study has also
highlighted the importance of fire in suppressing tlevelopment of macrophyllous thickets.
Therefore, management should aim to foster theldereent of grassy biomass for fuel for fires. This
strategy may prevent the rapid conversion of mieytipus woody savannas into macrophyllous
woody communities that are resistant to fire (Skowhal. 1999, Bond and Archibald 2003).
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Appendix 1:

Table 3: Species code names

Species code Species name Species code Species name

Aca caf Acacia caffra Het nat Heteropyxis natalensis
Aca kar Acacia karroo Hip pau Hippobromus pauciflorus
Aca nil Acacia nilotica Lan cam Lantana camara

Bau gal Bauhinia galpinii Lan dis Lannea discolor

Ber zey Berchemia zeyheri Lip jav Lippia javanica

Canine Canthium inerme Myr fla Myrothamnus flabellifolius
Com api Combretum apiculatum Orm tri Ormocarpum trichocarpum
Com zey Combretum zeyheri Ozo sph Ozoroa spherocarpa

Cus spi Cussonia spicata Pap cap Pappea capensis

Dic cin Dichrostachys cinerea Pel afr Peltophorum africanum
Dio aus Diospyros austro-africana  Scl bir Sclerocarya birrea

Dio lyc Diospyros lycioides Sco mun Scolopia mundii

Dom rot Dombeya rotundifolia Sea gue Searsia gueinzii

Ehr rig Ehretia rigida Sea luc Searsia lucida

Ekb cap Ekebergia capensis Sea pen Searsia pentheri

Euc cri Euclea crispa Seareh Searsia rehmanniania
Euc nat Euclea natalensis Str hen Strychnos henningsii

Euc shr Euclea schimperi Ter pha Terminalia phanerophlebia
Gre caf Grewia caffra Vit obo Vitex obovata

Gym bux Gymnosporia buxifolia Xim caf Ximenia caffra

Gym sen Gymnosporia senegalensis Ziz muc Ziziphus mucronata
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Chapter 4:

Conclusions

The role of fire in controlling bush encroachmensavannas has been highlighted in the literature
(Higginset al.2000, Bond and Keeley 2005). Recently, with tlodal occurrence of bush
encroachment (Ward 2005, Balfour and Midgley 2008yd 2010), fire has come under increasing
scrutiny (Bond and Archibald 2003, van Wilgehal. 2004, Govendeet al.2006, van Wilgen 2009,
Archibaldet al.2010). The role of fire has been distinctive iayenting the formation and expansion
of evergreen macrophyllous thickets (containingeia@mpleEucleaandSearsiaspp.) in savannas
(Skownoet al. 1999, Hoffmanret al.2003, Gignowet al.2009). However, the role of fire in
controlling the structure and density of vigoroesiduous microphyllous resprouters (é\gacia
karroo andDichrostachys cinergahas been questioned (Wakeling and Bond 2007pBia#dnd

Midgley 2008).

Isolated deciduous microphyllous woody plantstgpecally more resistant to fire than
evergreen macrophyllous woody individuals (Hoffmatml.2003). Microphyllous woody plants
have a comparatively thicker layer of bark thatilates them against damage by fire (Hoffmanhal.
2003). The clustering of evergreen macrophylloosdy plants to form thickets does however protect
them against fire (Hoffmanet al.2003). Evergreen macrophyllous thickets suppies$ierbaceous
layer and have a humid dense canopy, reducindahmfability of these thickets. Furthermore the
leaves of evergreen macrophyllous woody plantsemeflammable than deciduous microphyllous
plants (Skowneet al. 1999, Hoffmanret al.2003, Gignowet al.2009). These factors suppress the
effectiveness of fire moving through evergreen mphyllous thickets, adding to their resistancar® f
(Skownoet al. 1999, Hoffmanret al.2003, Gignowset al.2009).

Although fire has been successful in controlling €xpansion and formation of evergreen
macrophyllous thickets, some of the effects of dnedeciduous microphyllous woody vegetation have
been unpredictable (Higgiret al.2007, Wakeling and Bond 2007, Balfour and Midg2€98). The
effect of fire has been demonstrated on microphgliwoody vegetation by reducing plant height
(Higginset al.2000, Higginset al.2007). However, in some areas, increased fiquiacy has

resulted in a decrease in the density of microplugliwoody plants (Hoffmann 1999); in others
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however, no significant effect has been observaddiHs et al.2007). Furthermore, global warming
and climate change has added further uncertaiggrdeng the dynamics of tree:grass dynamics in

savannas (Bond and Midgley 2000, Kgaal.2010). In IGR, fire was found to play an impottan

role in both microphyllous and macrophyllous woaggetation dynamics.

The remote sensing technique, textural analysisd in this study showed that mean woody
vegetation cover (+32.5%) and density (+657.9inb#?) increased significantly from 1943 to 2007.
The increase in woody vegetation from 1943 to 1®&%ore the proclamation of IGR in 1972)
corresponds to the general increase in grazingvbgtbck in the area since 1884 (Porter 1983,
Wisemanet al.2004). This observation corresponds to the ptiedis of Walter’s two-layer model
(1939) of tree:grass coexistence by root nichersd¢ipa (Walter 1939). The application of the two-
layer model predicts that under heavy grazing,gvagour decreases and water percolation into deepe
soil layers increases (Walter 1939). Woody plamis have roots penetrating deeper into the soils
would then have increased water availability antt@umpete grasses (Walter 1939). The assumption
of root niche separation between woody and gralssytpis however incorrect (Ward 2005). For
example, some savanna soils are too shallow tavdle woody:grassy root niche separation by soil
depth (Wieganckt al.2005).

Despite the functional problems of Walter's (19889-layer model, the prediction that grazing
may facilitate bush encroachment has been suppbytetbre recent findings (Bond 2008, Riginos
2009, Ward and Esler 2010). Grasses have beenmd#¢raizd to be important competitors against
woody plants (Bond 2008, Riginos 2009, Ward an@E2010). Compared to woody plants, grasses
are rapid responders to pulsed resources (Chetsr2004) and may limit the availability of
resources to woody plants, within similar and défe soil layers (Knoop and Walker 1985, Riginos
2009, Crameet al.2010). Therefore, a reduction in grass vigour m@yance the competitive ability
of woody plants in savannas (Crane¢ial.2010). This reduction of grass vigour, causetidégvy
grazing, may therefore facilitate bush encroachni@ond 2008).

Another effect of increased grazing from 1972@02in IGR was a reduction in grassy
biomass or fuel for fire. Consequently, the fireguency declined from a biennial rate to zero urn
per year from 1972 to 2007. The complete supprasifire, from 1990 to 2007, led to a rapid
invasion of woody plants in some areas of IGR.sTde@monstrates the importance of fire in contrgllin
woody vegetation encroachment in IGR. The stud$kywnoet al. (1999) also highlighted the fact
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that the suppression of fire may lead to the rapiccoachment of woody plants into savannas, wihin
decadal time scale.

The field component of this study, in Chapterl8pdnighlighted the importance of fire in
woody vegetation dynamics. In general, the higbessity of encroaching woody species was at
intermediate frequencies (0.25 — 0.5 burns per@nd he encroaching specid3i¢hrostachys
cinereg Acacia karrog Euclea crispaandDiospyros lycioideswere found to have vigorous
resprouting capabilities. There was an importaifier@nce in the trends in density Of cinereaand
A. karroowith fire frequency. In both théombretunwoodlands and the old field grasslands,
karroo increased in density with increasing fire frequencthis may occur becauge karroois a
vigorous resprouter (Balfour and Midgley 2008) @dble to survive the frequent cool fires in IGR.
Therefore, under the current fire reginde karroomay be more difficult to control thdd. cinerea
especially in th&€ombretunwoodlands wher®. cinereapopulation density was negatively related to
fire frequency.

To explain the trends in the density of the encindag woody plants with fire frequency, it is
important to consider the interactions betweendird herbivory (Archibal@t al.2005). In areas that
have low fire frequencies, the higher density obdy plants was attributed to the (i) release from f
(Balfour and Midgley 2008), and (ii) the generabpiwe impact of grazing on woody plant
establishment (Danedit al.2006). Particularly, the suppression of hot fitest cause higher
proportions of topkill (as found in Hluhluwe-iMfadogame reserve by Balfour and Midgley 2008) has
probably facilitated the release of woody encroexieIGR.

The general positive influence of herbivores on éiyoplant germination may have also
facilitated encroachment (Danell al.2006). The concentration of herbivores (shownhey t
maintenance of a short (<10cm) grass sward) durecteased nitrogen on these swards (see e.g.
Mbatha and Ward 2010), may result in the formatibiyrazing lawns’ §ensuMcNaughton 1984).

Due to the positive feedback that results fromiticeeased grazing, high N levels are maintained
(McNaughton 1984). Interestingly, in the old figlcasslands, areas that had higher fire frequencies
(~annual) had higher densities of short (<2m) eachng microphyllous woody plant®ichrostachys
cinereaandAcacia karroowere the principal encroaching species in thefield grasslands. Both of
these species have been demonstrated to be vigaesueuters, reproducing asexually (including by
root suckering) in areas with frequent fires (Walt al. 2004, Wakeling and Bond 2007, Balfour and
Midgley 2008, Munkert 2009, Wiglegt al.2009). In addition, herbivores have been showpeto
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attracted to recently burnt areas (Archibelcl.2005). Therefore the areas burnt annually may be
expected to be frequented by grazers (Archilealal.2005). The high density of these encroaching
trees in areas burnt annually may be explainedh®y vigorous resprouting behaviour and the frejuen
attraction of herbivores to areas burnt annuallictvineduces grass competition and creates open
spaces for tree germination (Archiba&tal.2005).

The predictions of Higginet al. (2000) were also supported by this study. Insabeant
frequently and infrequently, the mortality of wooigividuals was low (0.43%) (Higgiret al.2000).
Compared to areas burnt less frequently, areas more frequently had significantly more short
woody individuals. The low mortality rate and gth@minance of shorter individuals may indicate an
active “gulliver” syndrome (Higginet al.2007). The “gulliver” syndrome means that indisads may
exist for long periods by resprouting after firasd although short, they may be advanced in agedBo
and van Wilgen 1996, Higgiret al.2000). This finding was supported by the siguaifitty higher
proportion of resprouting individuals in areas lunore frequently in the old field grasslands.
Therefore, the prediction that frequent fires waduce the height of woody plants, according & th
Higginset al. (2000) disturbance model, was correct in the ieldl fgrasslands.

The prediction that solitary/unclustered macrofdud woody plant species would be more
pyrophobic than microphyllous woody plant species wupported by this study. Vegetation
composition was significantly affected by fire feespcy. The low density of macrophyllous woody
species (e.g. eucleas suclEaglea schimperand other species suchR&ppea capensisn areas with
higher fire frequencies has been demonstrated bE@ySkowneet al. 1999, Gignowet al.2009).
Importantly, these macrophyllous species have bbearved to encroach savannas within a decadal
time scale (Skownet al. 1999, Bond and Archibald 2003).

The evergreen macrophylloksicleaspecies that have been shown to be increasir@Rnbly
Wisemaret al.(2004) have a low palatability, due to the presesfagaphthoquinones and
triterpenoids (Hutchingst al. 1996), compared to deciduous microphyllous sgeieh aéd\cacia
nilotica andA. gerrardii (Watt and Breyer-Brandwijk 1962, Bertolli 2009hd release of these species
from herbivory may accelerate their rate of enchoaent (Wisemaet al.2004). The suppression of
fire has further enhanced the encroachment of th@seies in IGR. Smith and Goodman (1987)
hypothesized that microphyllous woody species actuase plants for macrophyllous woody plants
(Smith and Goodman 1987). Smith and Goodman (1f8ifd that macrophyllous evergreen woody

species (e.g¢e. divinorumandE. natalensiswere limited to establishing in the shade ofdbeninant
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deciduous microphyllous tree canopies (A.gniloticd). Therefore, the shade provided by the
dominant microphyllous woody plants was hypothesirefacilitate or “nurse” the development of
evergreen macrophyllous thickets (Smith and Goodb®®87). By reducing the population densities of
palatable microphyllous woody plants, elephantsavpeedicted to reduce the number of “nursing”
sites for the germination and development of maythpus woody plants. Therefore, Smith and
Goodman (1987) asserted that elephants may limieticroachment of macrophyllous woody plants.
Skownoet al. (1999) demonstrated that not all macrophyllousdayoglants required microphyllous
nurse plants. Therefore, elephants may not cotitecinvasion of macrophyllous woody plants as
Smith and Goodman (1987) described. In fact, eélafshby themselves are ineffective at opening
closed woodlands or forests, but instead have keewn to maintain shrublands (Kalvé} al.2010,
Midgley et al.2010). However, fire and elephants working togethay facilitate the reversion of
dense woodlands to more open savannas (Dublin, Migigley et al.2010).

Management recommendations and further research

For the effective use of fire in IGR, managememiuth act to optimize grass vigour or fuel load. To
achieve this, the temporal and spatial extentresfmust be considered. For example, a small area
burnt far from other nutritious forage would attrachigh concentration of herbivores (Archibaldal.
2005). Therefore, the negative impact of herbigsane grass vigour would be concentrated in a few
small areas (van Langeveldeal.2003, Archibaldet al.2005). To avoid the increased negative
impact of localised high densities of herbivoregyoass vigour, fire must be used carefully to sprea
the impact of grazing herbivores (Archibatal. 2005). A sufficient rest period is also requifed

the maintenance of a healthy grass sward (TrlicBRitienhouse 1993). The population numbers of
overstocked grazing herbivores must also be apiatepr reduced (van Rooyen and van Rooyen
2008). The application of these factors to optergzass vigour would allow sufficient fuel for inte
fires (where possible) that are required to agsigte control of bush encroachment.

Regarding fuel loads, future research needs tsfoa the factors that affect fuel load
accumulation. Notably, research needs to deterthméactors that affect grazing herbivore
distributions, e.g. differences in soil properti@his would be achieved by monitoring herbivore
movements at a number of sites with different topphical and edaphic variables as treatments. The
proximity of the test sites to water would also é&w be considered (Thrash 1998, Chamaillé-Jammes
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et al.2007, Matchett 2010). The construction of a nundbgrazing enclosures would help determine
what woody plant species are influenced by herlgisor

To control the encroachment of microphyllous wosggcies in IGR, intense fires (where
possible) should be used at an intermediate faguency (one burn every 2 to 4 years). In IGR, my
field surveys indicated that fires were not hotuggioto control encroaching species, particularlgha
old field grasslands. Failing the use of intensesfat an intermediate fire frequency, the rate@bddy
plant encroachment in IGR will likely increase. demaching microphyllous woody species, once
established, would suppress the grassy layer (aagéveldeet al.2003). The suppression of the
grassy layer would result in inadequate fire freques and intensities and may allow the invasion of
macrophyllous woody species. The development aramyllous thickets would further suppress the
grassy layer, increasing the resilience of thesehea to fire (Skownet al. 1999, Hoffmanret al.

2003, Gignowet al.2009). The dividing of the grassy layer by mabrgdlous thickets would
decrease the effectiveness of fire over the lamqsaxtending the longevity of these thickets (Hobb
1996, Hoffmanret al.2003).

The harvesting or slashing of encroaching woodyisl is another option that has been used
successfully to maintain open savannas (Pratt anghi§ 1971). This may be particularly useful in
areas where fire can no longer be used (e.g. emsiteior areas with poor fuel load accumulation) o
is too dangerous to use, e.g. close to tourismastfucture. By reducing the density of encroachers
using this method, the productivity of the herbarelayer can be expected to increase (van
Langeveldeet al.2003). Therefore, with increased fuel loads tHeotifveness of fire may also
increase following the manual removal of encroagltiees.

Regarding fire, future research needs to assedacttors that may cause the reversion of closed
woodlands and macrophyllous thickets to more op@arsnas. Such an opportunity may present itself
in the accidental event of a canopy fire (lkeckukMuoghalu 2006). The documentation of the
secondary succession of woody and herbaceous pitetsuch an event may be invaluable. Canopy
fires, that are caused by intense grass fires|fpekt al.2002), can be dangerous to human life (Bond
and Archibald 2003) and have been avoided by IGRagement. In the past, canopy fires may have
been more frequent and important in controllinggpeead of macrophyllous thickets. An accidental
canopy fire may be crucial in maintaining an opavesina area and prevent the loss of biodiversity to
bush encroachment (Asnetral.2004, Ward 2005).
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There was inconsistent evidence for the role obal climate change on the vegetation of IGR.
Controlled glasshouse experiments have suggesaeavtdody plant competitive ability increases with
increasing CQ@levels. However, field studies have not foundisigint evidence relating bush
encroachment to increasing €l@vels (Archer 1995, Kérneat al.2005, Stoclet al.2005). | found a
decrease in lighter rainfall events (5 — 10mm) isedease in higher rainfall magnitude events
(>20mm), which can be associated with climate cbg&gnakhtina 1998, Benhin 2006), and may
facilitate the encroachment of woody plants (Knaop Walker 1985). Future research needs to
determine the effects of these changes in raip&dterns by simulating these rainfall events in the
field, similarly to Knoop and Walker’'s (1985) expraents. These experiments would demonstrate
which encroaching species are likely to encroadh whanging rainfall patterns, as well as guide

future management decisions.
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