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ABSTRACT
Historic photographs have been successfully used to compare landscape change over time. |
used photographsken of the grassland biome during amst pfter the AngleZzulu War
(1879) in KwaZuluNatal (South Africa), which are some of the earliest known available
|l andscape photographs. The study area encon
Rorkeb6s Drift and i ncl ud dahds,caewelmas ooaservadond ¢ o mir
areas. These fixepoint photographs showed a dramatic increase in woody ¢0&2.3%)
since the AngleZulu War in all three landise types. Floristic sampling showed that while
vegetation structure did not differ signifittdy, plant species diversity and richness differed
significantlyfor each lanelsetype | also used a set of aerial photographs to give a much
wider perspective of the landscape changes for the study area from 1944 to 2005. These
images indicated thahe increase in woody cover was progressivieh most of the woody
plant recruitment occurring prior to 196Phereatfter, the increase in woody plant cover was
due to bustkclump thickening rather than recruitment into grasslands. This pattern did not
ocaur, however, in the commercial rangeland, where recruitment into open grassland
commenced in the 1980s.

Although the theory of patch dynamics is cyclical in natthiess modemay fit the
patterns observed in the study ar@aalysis of rainfall and tempature data showed that
there has been a decrease in average annual rainfall since 1902 and an increase in minimum
daily temperature since 1978lowever, he decrease in mean annual rainfall is not consistent
with woody plant encroachment. While the irase in mean annual daily temperature
appears consistent with a shift to an environment typical of savannas, woody plant
encroachment started before the increase in daily temperature. A survey-tiriong
residents in the study area with regard to livelstaumbers, grazing patterns, fire and wood

harvesting was also inconclusive. |, therefore, speculate that increasing levels of atmospheric



CQO; is driving bush encroachment, with the other drivers such as rainfall, temperature,

absence of intense fires;aging patterns and langse, playing a modifying role.
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Chapter 1

Literature Review

Introduction
The study of vegetation change is the study of species composition {(iDéuiset al.
2005) Underlying all change is the principle of succession, initiated or influenced by
disturbance. The mechanisms that cause vegetation change include competition and
facilitation (Callaway 1997, Davist al. 2005, Prach and Walker 2011). Fexample, plants
compete with each other for resources such as water (BaaisL998) and light (Hoffmann
et al.2004, Vadigi and Ward 2013) or they may modify the environment to facilitate
colonization by increasing soil moisture through hydrauliq iidwig et al. 2003), shade
(Brooker et al. 2008) or adding nutrients (Ludwigal.2001).

The potential source of disturbance leading to successional vegetation change may
vary considerably, e.g. as a result of a volcanic eruption, fire, grazing osskeaigeclearing
for cultivation. The rate and the pattern of succesaiedetermined by the environment
(Whittaker 1953, Archeet al. 1988)and the changes or steps of succession may be a regular
progression or irregular, oscillating back and forth enein skipping a theoretical stage
(Westobyet al. 1989) There are several models describing succession reviewed by Connell
and Slatyer (1977) (see also Picledtal.1 9 8 7 ) . The Afacilitationo
colonizing species (or pioneerespes) may modify the environment that enables other
species to become established (Connell and S
require that the environment is modified before the next successive species are able to
become established, buadah new species must be more competitive for resources than the

last (Connell and Slatyer 1977). The Ainhib



that the pioneering species is able to inhibit further colonization by other species until some
form of disturbance releases resources for further invasion. The common factor in these
models is that succession is brought about by biotic actions, i.e. the modification of the
abiotic environment by plants or anim@yalker 1993)and that the system movesmards a
climax or equilibrium. The process of succession culminates in a purported (Waiker

1993) which is not necessarily at maximal net primary productivity or biomass (see e.qg.
Whittaker 1953). Alternatively, the succession process may lreupted by further
disturbance and the potential climax never reached (Connell and Slatyer 1977). A
shortcoming of these equilibritimased models is that they do not allow for environmental
variability (Breshearst al. 2002).

There are a number of altetives to successional theory. Starting with Whittaker
(1953), plant species are considered to be independently arranged along an environmental
gradient, referred to as a continu@gee also Callaway 19970his individualisticcontinuum
theory is basedn the importance of the abiotic environment and on resource requirements of
the plants. Following this theory, the plant community arose randomly and not through
succession. The distribution of the plant species rarely overlaps (Callaway 1997). Howeve
Callaway (1997) argued that plants interact interdependently and that plants are not
distributed independently of one another, i.e. reactions are biotic and are facilitative.

Hubbell (2001) (reviewed by Alonset al. 2006) proposed a neutral theory o
biodiversity. The theory assumes that all species within a community are equivalent, i.e.
have traits of equal strength regarding birth, death, dispersal and spe@ddinso et al.

2006, Graveet al.2006) Consequently, all species within a comiityidrift towards
extinction in a stochastic manner, but extinction is prevented through random dispersal
(Alonsoet al.2006)or immigration of propagule@Gravelet al. 2006) Gravelet al. (2006)

proposed that neutral theory and niguanpetition theades are not necessarily in opposition,



but are extremes on a continuum. Their simulation model, which incorporated both the
regional community from which propagules dispersed and the local community into which
propagules immigrated, supported their pregd(Gravelet al. 2006)(see also Leibold,
2008).

Westobyet al.(1989) suggested that the succession model, with a stajle climax,
was limited in its application. It implied that vegetation trends were continuous and
reversible if interrupted, bum reality this is not necessarily corredVestobyet al. (1989)
described a stochastic model called the statétransition model in which the system did not
reach a single, ultimate climax. The dynamics of an ecosystem were either in a discrete
Aseé@ator 1 n Atr an s\dstobyehad (1989 emphasazad the praseneesof
boundaries between states. Transitions were triggered by the increasing intensity of a
disturbance (or the removal of the disturbance altogether) such as fire aggreimoved
the ecosystem to a different state (with regard to structure or species composition). Once the
disturbance that caused the transition reverted to its previous level of intensity, the system did
not revert to its previous state. Following Stebyetaldé s (1989) model , t he
crossed the boundary or threshold. The system, therefore, has the potential for multiple
stable states (see also Duldinal. 1990, Walker 1993). Westoleyalé s (1989) st at e
transition model is not a pdetive model, but is a way of describing multiple stable states
(Breshearet al.2002)

Richards (1952), cited Bywaine and Hall (1988¥escribed succession in terms of a
cycle of regenerating patches of trees in a forest which Richards (1952) teemadsaic
theory. When a gap, or open patch, in a plant community is created as a result of the death of
an individual plant, or of a group of plants, other plants take its place which may be of the
same species or may n@rubb 1977)see also Yeatoh988). The composition of plant

species that colonize the gap may be governed by various factors such as gap size, shade



tolerance, soil nutrients, and/or presence of propagGeasb 1977) In discussing patch
dynamicsWiegandet al. (2006)also suggsted that succession could be a cyclical process.
Wiegandet al. (2006) proposed that a plant community progresses through a series of natural
changes which finally bring it back to its original state (see also Mayadr2007).Wiegand

et al.(2006)argued that a selfhinning process through intisgpecific competition could

explain the cyclical nature of arid savanna succession. Contrastingly, Adie and Yeaton (2013)
describe the facilitative effect of nurse plants and natural senescence as diyeticaif

succession in arid savannas.

Savannas
The term 'savanna’ refers to mixed tggass communities, typified by a continuous
herbaceous layer and a scattered tree @moop and Walker 1985, Scholes and Archer
1997, Lehmanet al. 2008, Mousta&iset al.2010) Savannas have strongly alternating wet
and dry seasor(Skarpe 1992, Scholes and Archer 1997, Bond 2088put one sixth of the
ear t h 6 ¢Graseetralf2@06)and about half of AfricdScholes and Archer 1997, Grace
et al.2006, Maustakaset al.2010)consistof savannas. About one third of South Africa is
covered by savanng®lucina and Rutherford 2011)0f that, 84% is used for cattle, game
and subsistence ranchi@@rossman and Gandar 198%avannas are responsible for about
30% of all primary productiofGraceet al.2006, Lehmanet al. 2008)and are
socioeconomically important in both tropical and temperate reg®reasssman and Gandar
1989, Scholes and Archer 1997, Twateal. 2003, Ward 2005, Wiglegt al. 2009)

There § growing concern among ecologists and rangeland managers regarding the
gradual conversion of grasslands and savanna to shrublands and woftialtaise 1982,
Archeret al. 1995, Roquest al.2001, Smit 2004, Kraaij and Ward 2006)s early as the

1950, Shantz and Turner (1958dted an increase in thorny shrubs in the grasslands of



Kenya and South Africa with a decrease in palatable grasses and forbs. The invasion of
savannas and grasslands by woody plants is a global phenomenon (see e.gtatcher
1995, Brown and Archer 1999, Wiegaeidal. 2006, Bond 2008)The reasons behind these
changes are hotly and widely debated and range from heavy gfezatieret al. 1981) fire
(Roquest al.2001)and global climatic chang@rcher 1989)o shiftinghuman populations
(Hoffman 2011)

One of the challenges facing ecologists is the complexity of savanna dyfeimicsse
et al.2003) Savannas are described as being among the most variable of terrestrial
ecosystemgWalker and NoyMeir 1982) Any modéthat attempts to predict tree:grass
interactions needs to include elements of competition and facilitation which vary in time and
in spacgScholes and Archer 199@hd which may be interspecific or intraspecffllay
and Ward 2013) Models also neetb take into account agents of disturbance, such as fire,
climatic variability and herbivor¢Scholes and Archer 1997, Sankaedrml.2008) as well as
mean annual precipitatiqiankararet al. 2005)as the amount and distribution of rainfall

may deterrime the tree:grass ratio at least at lower mean annual rainfall levels.

An overview of the dynamics of savannas

The savannas of the tropics and subtropics are dominategdra$se¢Sage 2004, Bond

2008, Edwardet al.2010, Ratnanet al.2011) Thete m ;& Cr ef er s t o a photo
pathway that arose as a supplement to the ancestpilofsynthetic pathwaisage 2004)

It is a series of biochemical and anatomical modifications to the existipgt@wvay(Sage

2004) which concentrates GQvithin the photosynthesizing tissue of the pléEhleringeret

al. 1991, Collatzt al. 1998, Morgaret al.2001, Sage 2004, Bond 200&)aking it more

efficient under conditions of stress. These conditions include combinations of higher

ambient temperaturegW atmospheric C&concentrations (see e.g. Sage 2004, Bond 2008,



Edwardset al. 2010), salinity, aridity and floodin¢sage 2004) C, plants are successful in

these conditions because of better watead nutrieruse efficiency than £plants(Sage

2004. However, the C&concentrating mechanism of @lants require energy and if

temperatures drop below 1@0°C at t oday 0 s;comdemrationgderingetal. C O
1997)or 20- 25°C (Osborne 2008)or if atmosphericCQe x c eeds 50 Qplatmno | / mo |
will lose their competitive edge oveg @lants(Cerlinget al. 1997)

The tree component of savannas can be described as open where the balance favours
grasses or closed where the balance favours trees. Tree density may increase along a rainfal
gradient, from an open state towards a closed state, until mean annual precipitation reaches
~700 mm(Sankararet al. 2008) or 820 mm (Higginst al.2010) When mean annual
precipitation exceeds 700 mm, rainfall no longer limits tree density andlisite (e.qg. fire,
climatic variability, herbivory) maintains the open nature of the savéBenaskararet al.

2008) Most savanna trees have the ability to coppice or resprout vigorously from an early
age in response to disturbar{@eholes and Archer 199Bond and Midgley 2000, Higgiret

al. 2000, Nekeet al.2006, Schutet al.2009) This response may enable them to survive
repeated episodes of severe disturbance and maintains a viable tree component.

The dynamics of savannas and the mechanismsriziatain the balance between the
tree:grass components are matters of debate. There are several proposed mechanisms that

drive savanna dynamics:

1) Competition or resourcebased models

The root niche separ at i elayer eqdilient modeySabkarane d o0 n
etal.2004) | n a fAnatural 0o savanna, i.e. one that i
structure of the savanna is determined by the competition between the roots of grasses and

woody plants for soil watdgiWwalker and NoyMeir 1982, Eagleson and Segarra 198anV



Langeveldest al. 2003, Warcet al.20133). This implies that soil water is a limiting factor
(Walkeret al. 1981, Wardet al.2013) and that this model is not appropriate for mesic or
humid savannas, where mean anmuatipitation is more than 700 m@ankararet al.

2008) or 820 mm (Higgins et al. 2010lowever, even in arid regions, the roathe
separation model does not necessarily apply. Brown and Archer (1999) found that tree
seedling germination and estishiment were not affected by grass competition, even in
periods of drought (see also Kraaij and Ward 2006, although see Geelie012).
Wiegandet al. (2005)noted that woody plant encroachment occurred where soils are too
shallow for root separain.

Another model, phenological separation, is based on separation iWiestoby
1979, Scholes and Archer 1997, Hoesal. 2003, Sankaraet al.2004) In humid
savannas, trees may expand their leaves synchronously before the first rains, wheseas g
reach peak production late into the wet sedSmholes and Archer 1997 rees may also
retain their leaves after the grasses have reached sene@emales and Archer 1997)The
trees, therefore, have access to resources such as soil mostirearlier and much later in
the growing season than grasg&sholes and Archer 1997, Sankaeaml.2004) During the
period of overlap, the grasses are the superior competitors for res(iao&araret al.

2004) However, tree leaf area indexutd be high enough to exclude grasses during the
period of high resoureavailability (Higginset al. 2010) unless the grasses were shade
tolerant.

The balanced competition model describes a system where competition is
intraspecific(Scholes and Archer 99, Houseet al. 2003, Sankaraet al. 2004)rather than
interspecific. Here, the dominant competitor is-$iatiting. A state of equilibrium is
reached when the dominant competitor becomediseting at a biomass that does not

exclude the inferior@mpetitor. Many systems comprise multiple competing tree species



(see e.g. Schleichet al 2011a) and this model would not generally be appropriate. Also,
like many competitiorbased models, this model assumes spatial homogeneity which is
unrealistic br a system such as a savanna, characterized by a heterogeneous vegetation
structure(Jeltschet al.2000) Furthermore, there is limited evidence of systems at
equilibrium; models based on equilibrium cannot account for the dynamic nature of
ecologicalsystems (Brisket al. 2003).

A hydrologically driven hierarchical competitiazolonization model was proposed by
Fernandedllescas and Rodriguelturbe (2003) This models a system in nequilibrium
and expands on the competitioalonization modelsneposed by, for exampl&ilman
(1994) Tilman (1994)described a tradeff between resource utilization (competition) and
reproductive fitness (colonization). Where a resource is limited, those species that are best
able to utilize that resource will baompete those that may be better seed dispersénsan
(1994)recognized that his model was an oversimplification of the complexities of nature.
Fernandedllescas and Rodriguelturbe (2003)added a stochastic element to this model.
They proposed #t, as primary production is closely related to soil moisture, competitive
success is based on t he pHemandedllsscasadnd | ity t o u
Rodriguezlturbe 2003) However, soil moisture fluctuates throughout the growing season
andbetween years. As a result, competitive ability will also fluctuate, thus allowing the
colonizers a chance to become establigkednandedllescas and Rodriguelzurbe 2003)
AlthoughFernandedllescas and Rodriguelturbe (2003)added climatic variain to the
competitioncolonization model, they recognized that their model remains an over
simplification.

Spatially explicit models are based on the effects of individual plants on neighbouring
plants and on inherent spatial variation in abiotic facfdsfs et al. 1985, Scanlan 1992,

Scholes and Archer 1997). An example of a spatially explicit model is Wiegatd s



(2005) concept of patch dynamics which explains the coexistence of trees and grasses (see
also Wiegancet al. 2006,Meyeret al. 2007, Moustakast al. 2008, Meyetret al. 2009).
They described a cyclical succession between open and closed savannas, driven by rainfall
and intertree competition. Wiegaret al's (2006) honeycomb rippling model described what
happens within each patch. @nwoody plant encroachment has occurred (e.g. due to unique
high rainfall events), certain tree seedlings with access to more resources than their
neighbours, outompetes its immediate neighbours and the neighbours die off. This gives
the tree seedlingseyond the ring of now dead seedlings a competitive advantage over their
nearest neighbours, which in turn die off as the trees grow larger. In this way, concentric
rings of dominant seedlings are formed within each patch. However, within the concentric
rings of dominant seedlings, there is also competition for resources and gradually the
arrangement of the trees become more regular. Théhgating process could result in a
transition back to a state of open savanna. Some evidence in supporpoi¢bss is
provided by Ward (2005) and Wiegand et al. (2006). Meyet. (2007) described the
landscape as being made up of patches of variable sizes. In each patch, the same cyclical
succession proceeds, but not necessarily at the same rate osaaheheéme as in the other
patches. The system is, therefore, in a state oegaiiibrium within each patch. At the
scale of the total landscape, however, the proportion of each successional state remains
constant and, overall, the system is in equillibor (Wiegandet al. 2006, Meyeet al. 2007,
Moustakaset al. 2010).

The competitiorbased models are unable to explain all cases ofjeees
codominance in savannag/iegandet al.(2005) for example, have shown that in some
areas the soils are tooadlow to permit a twelayered soil differentiation and yet trees and
grasses cexist. As tree seedlings establish themselves, tree roots have to compete directly

with grass roots in the upper soil zdivgard 2005, Cramer and Bond 2013)rees can also
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have a facilitative, rather than a competitive effect, on plants under their canBpiekyet

al. (1989)found that soil moisture during the rainy season and nutrients were higher under

the canopies of individual savanna trees than in the open grabshomd the canopy.

Another study showed increased plant species diversity and soil nutrients under tree canopies
compared to the surrounding aréliinzbergova and Ward 2002).udwig et al. (2003)

noted that hydraulic lift by trees had the potentidhimlitate grass productivity, while

Belskyet al (1989) andRiginoset al.(2009)suggested that the increased grass productivity
under tree canopies was the result of higher soil nutrients (see also review by Flores and

Jurado 2003, Schleichet al.2011b).

2) Disturbancebased models

In many savannas, particularly mesic and humid savannagrase codominance is based

on disturbanc¢Sankararet al. 2005, Sankaraet al. 2008, Higginset al. 2010, Murphy and
Bowman 2012, Staver and Levin 2012, M/at al.2013b). Such systems are said to be in
disequilibrium(Sankararet al. 2004)or in norequilibrium(Higginset al. 2000)where long

term coexistence of grasses and trees would not be possible without disturbances such as fire
and/or herbivory, sawell as climatic variability.

Demographiebottleneck models emphasize the role played by disturbances (reviewed
by Moustaka®t al.2010). In the absence of disturbance, a dry savanna could turn into
grassland, while a moist savanna could become ati@eholes and Archer 1997, Jeltsth
al. 2000, Sankaraet al.2004) Fire is the agent of disturbance that is generally regarded as
most important in moist savann@sigginset al 2000, Jeltsclt al. 2000, Sankaraet al.

2004, Bond 2008) In drysavannas, rainfall is generally regarded as the primary agent of

disturbancgSankaran et al. 2005).



11

Demographiebottleneck models also take the {gtages of trees into account.
Higginset al.(2000)proposed a demograpHiottleneck model based ontarage effect
where the establishment of seedlings and the recruitment from seedling to adult tree is
'stored’. Seed germination may be suppressed during years of drought and released by rare
wet years. Once established, the seedlings are again s@ppasgaveniles, held within the
demographiebottleneck by fire, until released by another wet season (see also Sagtkaltan
2004). Seedling establishment and tree recruitment is, therefore, episodic, dependent on
rainfall-driven for seedling establisment and tree recruitment is limited by fire intensity.
Higginsetald6 s (2000) model works best febaldsmesic atl
(2000) model is based on Warner and Chessono
Chesson (1985) assumitht competition among adult organisms did not influence adult
survival, but Wieganet al (2005) and Ward (2005) have shown that competition in adult
trees can be very important. This means that the mechanism behind Kigglifiss ( 2 00 0)
model is inorrect. Staveret al. (2009)proposed a similar model tdigginset al. (2000) but
considered the primary effects of browsing on seedlings and adult trees, with fire as a
secondary influence. They found that while herbivory could suppress tree aavalpiie
could not. Browsing and fire together maintained a bottleneck by suppressing the maturation
of trees. When the disturbance was interrupted, the bottleneck was removed and tree
recruitment followed. Like Higginetaldé s ( 2000) enha@&Eo09)lackst av er
general applicability, but can explain trgeass coexistence in mesic savannas where soil

water is not a limiting factor.

Jeltschet al. (2000 proposed a model which focused on tharmaries of a system,
rather than on equilibria or on domains of attraction. These authers called the mechanism
behind the model 0 e cebal(@090) plazd theib facusfoewhatn g 6. J e |

prevents a transition into grassland or woodlandgratien on what maintains a certain state.
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As with other models that rely on disturbance (see e.g. Higgias2000, Staveet al. 2009,

Higginset al.2010, Staver and Levet al.2012), Jeltsclet al. (2000) identify fire and

herbivory as the bufferyg mechanisms which impede the transition to woodland. They also

see microsites within a system as important buffering mechanisms (J#ledch998, Jeltsch

et al.2000). For example, a termite mound or a microdepression could protect tree seeds or
seedlings from fire, thus inhibiting the transition to grassland. Jedtsgld s ( 2000) mode
begins to address the enormous complexity of savannas by taking cognisance of disturbance

as well as niche separation in terms of microhabitats.

Scholes and &eher (1997) suggested that it was unrealistic to predict tree:grass
interactions with a simple model. A[ Savanna
facilitation, wvarying in complexity in space
niche sepration, competition and disturbance to explain tree:grass coexistance (see also
Briskeet al.2003). The model proposed by Wiegaidl. (2006) includes intetree
competition as well as disturbance in their description of patch dynamics. Their modsl als
applicable for arid and for mesic savannas. In arid savannas, tree recruitment is trapped in a
bottleneck, until sufficient rains allow for seedling establishment and recruitment. In mesic or
humid savannas the bottleneck isfileven. Because tHandscape is made up of a mosaic
of patches of treees and grasses, each at a different stage in the cycle between open grassland
and enclosed woodland (Meyetral. 2007), the model discribes a system that has the
potential to be able to withstand seveigutbances. On a landscape level, therefore, the

conversion of a savanna to pure grassland or to pure forest is unlikely (Wetgari2D06).

Potential mechanisms that determine the tree:grass ratio of savannas
It would simplify matters if one couldeparate the potential mechanisms that determine the

tree:grass ratio of savannas and examine each in isolation. In reality, these mechanisms
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interact with each other, sometimes synergistically, sometimes as opposindJeftsetet

al. 1996, Midgleyetal. 2010)

Climate
Soil moisture
Rainfall (soil moisture) is a potential mechanism that maintains a savanna(Soaman
and Archer 1991, Bonet al.2003, Murphy and Bowman 2012p5ankarart al. (2005)
analysed data from 854 sites across Africaeyliound that where mean annual precipitation
was less thar650 mm, soil water constrained woody cover and that these savannas could be
regarded as fAstabl eo. I n a subsequent analy
Sankararet al. (2008)confirmed that, when mean annual precipitation fell between 200 mm
and 700 mm, rainfall was the most important factor in bush encroachrigginset al.
(2010)suggested that the threshold might be as higtBa8 mm. Sankararet al. (2005)
also found thitree cover increased linearly along the rainfall gradient (see also Wiegand
al. 2005). In South AfricaQ'Connor (19953howed that seedling survival Atacia karroo,
an important woody encroacher, is much increased with increased soil moistuaisdgsee
Kraaij and Ward 2006). Where rainfall was higher th&@80 mm, disturbances such as fire
and herbivory, were required to maintain an open structure to sav@uraket al. 2003,
Sankararet al.2005) Lehmanret al.(2011)found that rainfall seamality was the most
important factor that determined the distribution of savannas. They found this to be
consistent across the continents of Africa, Australia and South America, although the
threshold above which savannas ceased to be affected dingatigadn annual rainfall,
differed across the continents (see &akophy and Bowman 2012).

Zimmermanret al. (2008)emphasised that the establishment of shrub seedlings in

arid savannas tends to be episodic or pulsed (see also Ellis and SwifAi&&8,1989,
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Brown and Archer 1999, Kraaij and Ward 2006). One year of drought could trigger above
average flowering and seed set, but to ensure seed germination and seedling survival, a
further two to three good rainy seasons needed to f¢i@@onnor and Crov999,
Zimmermanret al. 2008) Rainfall distribution within a wet season was as important as total
rainfall for seed germination and seedling survival (Ward 2005, Kraaij and Ward 2006). In
contrastFebruaryet al. (2013)found that increasing rainfalh¢reased competition between
grasses and trees. As a result, recruitment from seedling to adult tree is more likely in
drought years when there is little competition from grass for soil moisture and grass fuel

loads are low (although see Ward 2009 fooat@sting view).

Temperature

Temperature may also play a role in determining the tree:grass ratio. Savannas experience
higher minimum temperatures than grasslgi@€onnor and Bredenkamp 1997, Wakeling

et al.2012)which could favour tree recruitmenErost has a deleterious effect on woody
specieqSilberbaueiGottsbergeet al. 1977, Brando and Durigan 2005, Holdo 2006, Coop
and Givnish 2007, Wakelingt al.2012) However,0'Connor and Bredenkamp (199ted

that some savanna species sucAeeca karroowere frost tolerant, although frost tolerance
depended on the origin of the population (see Wakelirad. 2012. A. karrooseedlings that
were grown from seeds collected in Bloemfontein, South Africa, where very low minimum
temperatures are ranely experienced in winter, were frost tolerant (Wake&h@l.2012),

unlike seedlings grown from seeds collected from more temperate/gakslinget al.
(2012)showed thah. karroofrom the temperate sites, along with other savanna tree species,
experienced togkill, as well as mortality (but only at the coldest site), due to frost.
Wakelinget al. (2012) proposed that the effect of frost on savanna trees, together with fire,

created a demographic bottleneck to suppressiy plant encroachment.
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Fire

Fire and its effect on bush encroachment

Fire is perceived to be a major influence in maintaining the grass component in savannas
(Trollope 1974, Trollope 1982, Ellest al. 1995, Higginset al. 2000, Kraaij and Ward 2006,
Staveret al. 2011) particdarly in mesic and humid savann@eltschet al. 2000, Bondet al.

2003, Fensharat al. 2003, Bond 2008, Sankarahal.2008, Ratnaret al.2011) While soll
moisture determines the establishment of seedlings, it is fire that limits recruitment of
seedings into adulthoo@Higginset al.2000, Staver and Levin 201BYy creating a

demographic bottlenedStaveret al. 2009, Wakelinget al.2011) Williams et al. (1999)

noted that, among those woody species that survived a fire, flowering and fruiting was
reduced. Conversely, in some circumstances, fire could exacerbate bush encroachment. Fire
will also trigger germination in some spec{édgkinson 1991, Bradstock and Auld 1995,
Kraaij and Ward 2006) Many encroaching species will coppice vigoroudlgrathe above

ground portions have been killed (Van der Schijff 1957 and Pienaar 1959 cited by Trollope
1980, Wakeling and Bond 2007). Lemon (1968) suggested that apparent contradictions could
be the result of differing climatic conditions and whethex fiad been present within the

system long enough to bring about evolutionary adaptations within the plant communities. In
most cases, however, fire does not act alone on savanna dynamics and, combined with the
effects of herbivory, creates a demograpluttleneck whereby saplings will persist until

some event allows them to escape the fire/browse zone (see for example Trollope 1974,
Dublin et al. 1990, Roquest al.2001, Van Langeveldet al. 2003, Staveet al. 2009,

Midgley et al.2010).
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Fire intersity and return frequency

The intensity of a fire depends on the fuel I¢&bllope and Tainton 1986, Scholes and
Archer 1997)and fuel moisturéTrollopeet al.2002) which will affect the recovery of
woody plants. The greater or drier the fuel Idhd, more intense the fire, the higher the
percentage of woody plants that experiencekidy{ Trollope and Tainton 1986, Trolloyet

al. 2002)and mortality (Williams et al. 1999)(see als@ankaran M, Ratnam J, Hanan NP.
2004 Van Langeveldet al.2003. Arid and semiarid savannas burn only after a season of
aboveaverage rainfall and the fuel load is great enough to support(&keepe 1992, Meyer
et al 2005) Mesic or intermediate savannas burn frequently and more intensely because the
fuel load created by grasses is generally Hifkarpe 1992, Bondt al. 2003, Sankaraet al.
2008) Fuel load will also affect fireeturn frequencyScholes and Archer 1997, Higgies

al. 2000) If mean annual rainfall remains high, the fuel load will bujdrapidly which

allows a shorter firgeturn frequencyScholes and Archer 1997, Roquetsal. 2001, Owens

et al.2002)which will, in turn, inhibit woody encroachme(tioffmann 1999, Higginst al.
2000, Roquest al. 2001, Hudalet al.2004, Sankarae al. 2005, Lehmanet al. 2008,

Gordijnet al.2012)

Fire and the lifestages of trees

The extent of stem mortality or tekill depends on stem height, as well as on fire intensity
(Trollope 1974, Balfour and Midgley 200&hd, in general, smaller tieé< 2- 3 m) are more
vulnerable to stem mortalit§f rollope 1974, Trollope and Tainton 1986an Langeveldet

al. 2003, Higginset al. 2007, Wakelinget al.2011) There may be specispecific
responses to fire. For example, while masaciaspeciesare not killed by fire, experiencing
stem mortality onlyTrollope 1974, Trollope and Tainton 1986, Hoffmann 1999, Higgins

al. 2000) adult trees oA. melliferaexperienced a relatively higher mortality rate tiAan
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melliferasaplings(Meyeret al.2005, Jouberet al.2012) The resilience of species such as

A. karroomay be due to the thickness of the stem bark and to stem didihetéope and

Tainton 1986, Balfour and Midgley 2006, Lawedsal 2011) Meyeret al.(2005)suggest

that the reasorof the higher mortality rate in adwit melliferatrees than in the saplings may
be due to a limited rate of production of new cells in the apical meristem or ast afésel
effects of senescence. Haretral. ( 2008) havesizgrlasspoaprdaamddtebo
which separates the woody community of savannas into saplings and adult classes. The
sapling class is highly sensitive to fire (mortality or-talf), but the adult class is fire

resistant (see also e.g. Trollope and Tainton 1986, BalfauMadgley 2006, Lawest al

2011). The model demonstrates that, while sapling density fluctuates rapidly in response to
fire, adult tree density remain stable until natural attrition over thetiemg (20 100 years)

causes the decline in adult treendity (Hanaret al. 2008).

Timing of fires

The timing of a fire will also have an impact on treBmllope (1982)elieved that it was
difficult to ascertain the season when trees would be most affected by burning because the
effect could be confoundediith fire intensity.Zimmermanret al. (2008)suggest that woody
plants would be more sensitive to fire at the start of the rainy season, when stems are more
sensitive and buds are exposed. A similar view is expressed by West (1965, cited by
Trollope 1982. West (1965) proposed that trees would be susceptible to fire damage at the
end of the dry season because: 1) the initial temperature of the plant tissue is high, 2) plant
reserves are low, having just produced new leaves, 3) less protection carebefrgaimthe
barkbecausenoisture conterdnd thermal conductivitincreasedvith the start of active

plant growth and 4) the newly formed buds are more easily damaged by fire. Furthermore,

the fuel load will be dry at the end of the dry season, pengigtimore intense firf@ rollope
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and Tainton 1986, Wiglegt al.2010) Fires that occur early in the dry season ultimately
reduce the grass layer and therefore facilitate woody plant encroadfatimemtermanret al.

2008)(see also Trapnell 1959).

Effeds of fire exclusion

Long-term comparative studies between different fire regimes in humid savannas, which
included fire exclusion, showed greater tree and shrub density in the unburndd nalpie|l

1959, San José and Farifias 1983, Sweiira. 1992, Woinarskiet al. 2004) as well as a
suppressed grassy lay@rapnell 1959) compared to the burned plotSan José and Farifias
(1983)also found that where trees were sparsely scattered, tree recruitment rate was high,
whereas in the weedytbkbumpsraortmgntdt reat e was
al. 2001). San José and Farifias (19880 found that shrub species diversity increased in

t he fAgr ov etaldl992) oBsereed anéncrease in tree species diversity in the fire
exclusion pbts, mainly resulting from forest species recruiting from the forest zone about

7 km away from the savanna plots (see also Woinatsili 2004). Hoffmann (1999)

modelled the effect of fire in humid savannas. His model showed that tree density ohcrease

if fire was excluded. Field trials supported the model. Simulation modelli@pbget al.
(2003)predicted that exclusion of fire in arid savannas (average annual rainfall < 300 mm)
would have no effect on tree cover, but that fire exclusion in-aeich{average annual

rainfall < 650 mm) and mesic savannas (average annual rainfall > 650 mm) would result in
treedominated landscapes, i.e. an increase in tree density (see also Bond and Archibald 2003,
Bondet al.2005). Hudalet al.(2004) used satdé imagery to analyse fire patterns in semi

arid savannas. They made the assumption that fire patterns are closely related to vegetation
patterns and found that fire exclusion resulted in more homogeneity in the vegetation.

Higginset al. (2007) foundhat fire exclusion in senarid savannas did not result in an
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increase in tree density, although there was an overall increase in bidvhdgkey et al.
(2010)suggested that there were flaws in Higghgld6 s ( 2007) experi ment al
markedtrees were not followed. As a result, it was not clear whether the changes in biomass
were due to changes in recruitment, transitions or mortality, or whether the change was due to
differences in growth rates (Midglest al.2010). Consequently, Higgietald s ( 200 7))

unexpected result needs to be treated with caution.

Herbivory

Herbivory has direct and indirect effects on the tree:grass ratio of sa\&@kaase 1991,
Archeret al. 1995,Van Langeveldet al. 2003, Riginos and Young 2007, Stae¢al. 2009)
Direct effects are through consumpti@avory and Parsons 1980, Walkeal. 1981,

Yeaton 1988, Skarpe 1991, Zimmermaeral. 2008, Midgleyet al. 2010)and trampling
(Savory and Parsons 1980, Walkeral. 1981, Skarpe 1991)Indirect effets are largely
through removal of competition for resour¢€sholes and Archer 1997, Kraaij and Ward
2006, Riginos 2009, Ward and Esler 2QXnd through the effects on reduction of fuel load
for fires(Scholes and Archer 1997, Rogqusl. 2001,Van Langeveldeet al. 2003,
Archibaldet al. 2005, Staveet al.2009) Browsing can also prevent saplings from growing
into adult trees, thereby maintaining them at a size where they are vulnerable to the effects of

fire (Trollope 1974, Stavest al.2009)

Direct effects of herbivory

Grazing and browsing have been shown to benefit grasses by increasing biomass
(McNaughton 1979, 1984, reviewed by Skarpe 1991), palatability and ground cover
(reviewed by Skarpe 199ahd shrubs by increasing product{@tuariill and Tainton

1988, Skarpe 1991gspectively. There are a number of mechanisms that may be triggered
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by herbivory (reviewed by McNaughton 1979) such as increased photosynthetic rates,
relocation of carbohydrates, and hormonal redistribution intoetsidual meristems. Other
mechanisms include reduced transpiration through leaf removal and, therefore, conservation
of soil moisture, increased light intensity through leaf removal, increased soil nutrients from
dung and urine, and growfiromoting agents ruminant saliva (McNaughton 1979).

However, grazing generally reduces the herbaceous layer, creating space and consequently
permits woody plant encroachment to ocalkeret al. 1981, Van Vegten 1983, Roques

et al.2001) Browsing, on the otherand, has the opposite efféd@Grossman and Gandar

1989, Dublinet al. 1990, Roquest al. 2001, Augustine and Mcnaughton 2004, Holdo 2006,
Zimmermanret al. 2008, Midgleyet al. 2010)and may directly reduce woody cover.

Roqueset al. (2001)found that bowsing prevented the establishment of woody seedlings,

but the effect of browsing on established woody plants was not significant. The consumption
of seeds and pods by large and small herbivores can either destroy reproductive pOtential
and Ward 2003Zimmermanret al. 2008)or aid seed dispers@lalkeret al. 1981,

O'Connor 1995, Brown and Archer 1999, Or and Ward 2003, €ewais2004, Fredrickson

et al.2006) thereby inhibiting or facilitating woody plant encroachment.

Indirect effects of herbory

Herbivory mostly works in concert with other factors that determine savanna dynamics.
Heavy grazing may indirectly result in an increase in woody c@vetlope 1974, Grossman
and Gandar 1989, Roquesal.2001,Van Langeveldet al. 2003, Wigleyetal. 2010,
Grellieret al.2012) Browsing, on the other hand, may decrease woody cover by
maintaining saplings within the fire zone where they experience extensikdltéprollope
1974, Grossman and Gandar 1989, Stavet.2009) Browsing can alsceduce woody

cover sufficiently to allow an increase in the shadelerant grass cover which increases
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fuel load and fire intensitfLaws 1970Van Langeveldet al.2003) Conversely, reductions

in canopy cover by browsers would also permit furth&l#shment of canopintolerant

woody species (Ward 2005). Moderate browsing may also may stimulate canopy
production, increasing the competitive ability of tré8tuariill and Tainton 1988) Ring

barking of trees by porcupines and elephants makes trees more susceptible to fire damage or
results in coppicingYeaton 1988)thereby preventing woody plants from escaping from the

fire zone. In arid and serarid savanngswvhere soil moisture limits woody plant

encroachment, heavy grazing may have the effect of reducing competition between grasses
and treegScholes and Archer 1997, Kraaij and Ward 2006, Britz and Ward 2007a,

Zimmermanret al. 2008, Ward and Esler 201 Tgsulting in an increase in woody cover.

Competition and facilitation

Trees and grass compete with eatierfor limited resources, which may be water, light or
nutrients(Scanlan 1992) Coexistence of grass with trees, which might otherwise be
mutuallyexclusive, is modelled by nickeeparation models (see e.g. Westoby 1979, Walker
and NoyMeir 1982, Sankaraet al. 2004,Wardet al.2013) and by spatially explicit
models(Wu et al. 1985, Scholes and Archer 1997, Wiegab@l 2006) Potential

competiion between intraspecifics, when trees compete with each other for the same
resources, has been modelled by balanced competition models, where the superior competitor
is selflimiting, (for e.g. Scholes and Archer 1997, Sankatal 2004) and the conpeof
patch dynamics (for e.g. Wiegartial 2006, Moustakast al.2008). In some cases,
however, there may be a positive effect of plants on the growth or establishment of other
plants, known as facilitatiofCallaway and Walker 1997, Holmgrenal.1997). Facilitation

is a common phenomenon in a wide range of plant commu(tt@mgrenet al. 1997)and

may occur where light, water or nutrients are limitglduseet al.2003). Certain plants may
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also protect others from herbivoby, for example, cacealing thenfRiginos and Young

2007)

Competition

Wal t er 0 s -layer Bypothgsis tlominated the theories explaining savanna tree:grass
coexistence up until the 199(Qdoustakaset al.2010) Walter (1936) predicted that in any
given environmentthere should be a characteristic tree:grass ratio (see Scholes and Archer
1997). This would be possible if the roots of trees and grasses occupied different layers in
the soil (niche or spatial separation), thereby avoiding direct competition for gsilinao
Walterds (1936, 1954, 1973) predictions also
between grasses and trees (reviewed by Waadl 2013b) which made grasses the superior
competitor for soil moisture within their rooting zone. Whergmoisture is limited, grasses

are able to outcompete trg&ankararet al. 2004)by using all or most of the surface water

and preventing water from percolating down to the lower soil layers (see also Riginos 2009).
However, this does not always apptahold true. Knoop and Walker (1985) noted that, in
one of their study sites, tree roots and grass roots occupied the same upper soil layer,
although the tree roots also penetrated into the lower layers. Brown and Archer (1999)
argued that, in the serarid regions of nortlwestern United States, woody plant

encroachment was a continuous process and not influenced by competition with the
herbaceous layer for soil moisture. Wiegatal. (2005) found that the shallow soils in their
study area did notlaWw for niche separation and tree and grass roots occupied the same soil
zone. There also is a period when tree seedlings are forced to compete directly with grasses
for moisture and nutrients as their roots grow through the upper layers of t{\@&aul

2005, Cramer and Bond 2013)These anomalies gave rise modifications to theléyer

hypot hesis (see e. g. Knoop and Wal kerdéds (198
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different models suchas Jeltsetald6 s ( 2000) ecol ogi cal bufferin
demographic bottleneck model by Higgetsal. (2000). However, Wardt al.(20133) point

out that the twdayer hypothesis is indeed applicable to arid and seidisavannas. There

is strong evidence that in these savannas trees and grass compegeibther for water

(see also Walkest al. 1981, Knoop and Walker 1985, Scholes and Archer 1997, Ward 2005,

Kraaij and Ward 2006) , a constraint which is, to some extent, overcome by roots occupying
different zones.Grasses also compete successfullywee seedlings for light (reviewed by

Bahre and Shelton 1993).

Trees also compete with each other for soil mois{Botoles and Archer 1997)
particularly in arid and serarid environmentsWiegandet al. (2005)proposed that woody
plant encroachmems a cyclical succession between open and closed savannas (see also
Meyeret al.2006, Wieganekt al. 2006, Moustakast al.2008, Meyeret al.2009). The
patch dynamic model is a mechanism that is driven by-intercompetition and highly
variable ranfall (Wiegandet al.2006) Competition may be for beleground resources
such as soil moistur@eyeret al.2008)or for light (Mohler et al. 1978, Ward 2005)

Although Smith and Grant (1986dund there was very little interspecific competition
betweenBurkea africanaand Terminalia sericeaas their roots occupied different soil zones,
studies bySchleicheret al. (2011)aandPillay and Ward (20133howed strong evidence for
interspecific competition in serairid and humid savannas, respectively.

Many savanna trees are leguminous and are, consequently, able to fix nitrogen
(Crameret al.2010) Experiments have shown that savanna grasses responded favourably to
nitrogen supplements (Kraaij and Ward 2006), while nitrefgeng tree species did not
respond to applications of nitrogen to the soil. As a result, the grasses were able to suppress
tree seedling establishment, due to their increased v{oaaij and Ward 2006, Britz and

Ward 2007a, Sankaraat al. 2008) In nitrogenpoor soils, legumious tree seedlings will be
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stimulated by grass competition to fix nitrogen and survive grass compéikiaombatukuet
al. 2013) Riginoset al.(2009)found that savanna trees exerted a strong negative effect on
soil phosphorus, which inhibited graseguctivity. Norrleguminous savanna trees competed
with grasses for nitrogen and might be suppressed by grasses when competing for this
resourcgCrameret al.2010) but competition between grasses and trees for phosphorus
inhibited both leguminous and nd@guminous savanna tre@Srameret al.2010)

Shading by tree canopies may inhibit grass productivity, particularly during the wet
seasorf{Ludwig et al.2001)when soil moisture is not limited. Trees may also compete with
each other for light in humigavannagScholes and Archer 1997, Hoffmaenhal. 2004,

Vadigi and Ward 2013)which could result in a process of s&linning (Mohler et al. 1978)

Facilitation

Grass may have a facilitative effect on sapling growth, concealing saplings and thus
protecting them from herbivor{Riginos and Young 2007)rapping water for the benefit of
tree seedlinggRiginos and Young 2000r by preventing the formation of soil crust and,
thereby, allowing water infiltration for tree seedlinf@rellier et al.2012) However,

Riginos and Young (200foted that, in the long term, the effect of grass on tree saplings
was negative.

Belskyet al.(1989) demonstrated that trees had a facilitative effect on grasses,
particularly under the canopy, in open savannas. Theyd increased grass productivity as
a result of increased soil fertility (from leaf litter, dung from herbivores and droppings from
birds), decreased soil temperature and evapotranspiration rates due to shading, and an
increase in shadieving grass spees (Belskyet al. 1989) (see also Rigina al. 2009).
Hydraulic lift by certain savanna tree species of water from the deeper soil zones has a

facilitative effect on grasses growing in the rooting zone of the (Lemsvig et al. 2003,
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Ludwig et al.2004). Schleicheet al (2011b) also noted that shallewoted shrubs may
benefit from trees such @sacia eriolobahaving deep rootsHowever, the benefits could be
negated by tree:grass competition for soil moisture in arid andaganenvironments
(Ludwig et al.2004)

Shading of smaller tree seedlings by established saplings may also enhance survival
rates(Knoop and Walker 1985nd encourage the formation of a closed woody canopy. The
plant providing protection for the more tender plant temfeferred to as the nurse plégan
José and Farifias 1983, Munzbergova and Ward 2002eRide2012) This nurseplant
effect between conspecific tree species was also not8ditit and Grant (1986but once
the seedlings reached maturity, thplems began to compete with each for resources.

Ludwig et al.(2001)also found that shade from tree canopies could increase grass
production, although only during the dry season. However, this positive effect was offset by

competition for soil moistur@_udwig et al. 2001)

Soils

Soil structure influences the edaphic characteristics ofBminick and Lal 2005%uch as
waterholding capacity, pH, nutrients and the plant community growing in it. Structure is
determined by the aggregation of soil paes which are held together by organic and
inorganic compounds and ionic bridgit@ronick and Lal 2005) Soil texture refers to soil
particle size. Soil texture, together with soil structure, influences root distribution, as well as
the ability of plants to take up water and nutrients (reviewed by Bronick and Lal 2005).
Knoop and Walker (1985) found that in sandy soils of a sgdisavanna, the grass roots
dominated in the topsoil while the tree root densities were highest in the subsoil. Intsoils w
a higher proportion of silt, the grass roots again concentrated in the topsoil, but tree roots

were, generally, evenly distributed throughout the topsoil and subsoil (Knoop and Walker
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1985). Sandy soils are generally low in nutrients and have poer-h@ltling capacity,

while the reverse occurs in clay soils (Britz and Ward 2007b). Savanna trees tend to avoid
soils with high sand content (Britz and Ward 2007a, Britz and Ward 2007b), as well as those
with high clay content (Britz and Ward 2007a, Batzd Ward 2007b, Sankarahal. 2008).

In general, rocky soils favour woody vegetation (Britz and Ward 2007b, Schleicaker

2011b, Ward and Esler 2011) as rock fragments, being of coarse texture, protect the soil
surface from sealing and crust forioat increase percolation and reduce evaporation.
However, Ward and Esler (2011) suggested the higher density of trees in rocky areas could
be the effect of lower grass density rather than soil subgteatee Soils high in clay inhibit

the establishm# of woody species as they inhibit root growth and penetration and tend to be

high in soil moisture and nitrogen, which enhances grass produ¢Bankararet al. 2008)

Carbon dioxide and G, plants

In the last couple of decades, there has been mtexesh regarding escalating atmospheric
CO; levels and its possible role in encroachment pyw@ody plants into savanna biomes

(see for e.g. Ehleringet al. 1991, Morgaret al. 2007, Bond and Midgley 2012). There

have been a number of field trials axperiments that indicate thag @lants will

outcompete ggrasses at C{roncentrations that are higher than current concentrations (see
e.g. Morgaret al. 2007, Kgopeet al.2009). Evidence suggests thatplants first appeared
during the Oligocene2d i 34 million years ago), although there are suggestions that C
plants may have arisen earlier (Sage 2004, Edvedrds2010). G grasses became

dominant during the late Miocene/early Pliocené& @million years agojEhleringeret al.

1991, Edwardet al.2010)when CQ|l evel s wer e bet we e(@dwards0 and
et al.2010) having initially evolved much earlier at lower atmospherig C@hcentrations

(Ehleringeret al. 1991, Sage 2004)Osborne (2008)eviewed the possible reasons for the
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expansion of ¢grasse during the Miocene. These focused largely on changes of rainfall
patterns (increased seasonality) and increased disturbance (fire). Atmospheric CO
concentrations declined againdoe | 2w 0 g mo | / megcbncenthagonsehav€ O
remained for the 1agt00000 years (Sage 2004), with the lowest levels being recorded just
prior to the industrial revolutio(Etheridgeet al. 1996) Edwardset al.(2010)speculated
that, because {grasses perform best under conditions of high temperature and high light
intensity, they would have risen to dominance in the tropics and then spread into the higher
latitudes with declining C@levels. Since the industrial revolution (laté"k@®ntury), CQ
leve | s have r i s e fTars @013 BhBy7are projected torzd to exceed
600 umol/mol by the end of this centuiylorganet al.2007) which would lead to an
increased dominance ot @lants

The effects of C@enrichment have been reviewedignd and Midgley (2012).
One of the effects of increased £€»ncentrations is a reduction in stomatal conductance in
both G and G plants(Polleyet al. 1994, Morgaret al.2004, Eamus and Palmer 2007)
Nitrogentuse efficiency in @shrubs also imprad relative to C4 plani$olleyet al. 1994)
The reduction in transpiration rates (as a result of stomatal closure) resulted in higher soil
moisture(Polleyet al. 1994, Polleyet al. 1997, Eamus and Palmer 2007his, in turn,
could benefit tree sebdg recruitment through deeper percolation of soil water to tree roots
(Polleyet al. 1997, Morgaret al.2004, Eamus and Palmer 200'Hield experiments by
Morganet al.(2007)showed that shrubs, grown at twice the ambient é@@centrations,
increased!tO fold, while G grasses remained unaffected.

Polley et al. (1994) found that the belground biomass of £5hrubs increased with
increasing C@concentrations and Ceulemaetsal. (1995) demonstrated that abegeound
biomass of poplar saplings {@lants) increased under elevated @Oncentrations. These

increases in biomass were explained by experimental work by Metgd{2001), which
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showed that leaf photosynthesis afgtasses increased under £fOncentrations that were
twice ambient concerations, while leaf photosynthesis of grass declined. Elevated €O
concentrations enhanced tree shoot regrowth after injury, enabling trees to escape the fire
zone more rapidlyBond and Midgley 2000)Greenhouse experiments confirmed theacia
(Cstrees) roots and shoots responded positively to increasing@®entrationgKgopeet

al. 2009) Kgopeet al.(2009)noted that root starch increased as, @reased, which
explained the coppicing response. These authors also noted tirais€es, whit were

grown at the same time, did not response to elevatecc@@entrationswWard (2010)

argued that etrees, grown under elevated £€ncentrations, would be able to allocate
more resources towards a higher growth faterd (2010)added that carbebased defence

mechanisms would also be enhanced, making trees better defended against herbivory.

Nitrogen enrichment

Justus von Liebig for mul at édrryman hoe3)Voaw o f
Liebig postulated that, while plant growth was depabhdg@on many nutrients, maximum
accumulation of plant biomass was limited by the nutrient in shortest supply. After water,
nitrogen is the most important limiting factor in plant productiy@utschick 1981, Ting
1982, Berryman 1993, Vitousek al. 1997) Most of the nitrogen (N) occurs in the
atmosphere as\nd is made available to organisms through nitrogen fixéBanschick
1981, Ting 1982, Vitouse&t al.1997) The two natural processes that transfornaN
biologically available forms are lighing and N-fixing micro-organisms, such as bacteria
(Vitouseket al. 1997, Fisher and Newton 2002\, fixation by lightning does not add
significantly to the nitrogenous compounds available to plgisher and Newton 2002)
About 4% of the nitrogemput in Africa is the result of lightnin{Boyeret al.2004),

whereasabout 75% of the nitrogen input comes from nitrefieimg organismgBoyeret al.

t

he
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2004) Anthropogenic activity has greatly enhanced terrestrial nitrdigation activity
(Vitouseket al. 1997)inter alia agricultural practices and teirning of fossil fuels with
resultant atmospheric pollutigiting 1982, Vitouselet al. 1997, Kéchy and Wilson 2001,
Weniget al.2003, Collettet al.2010, Josipoviet al. 2010, Josipoviet al.201]). The South
African Highveld in the province of Mpumalanga is highly industrialised and is responsible
for 91% of t he couyemsgiangHelshand Mpbegya 8000Pkmed e ( NO
of industrial pollution drift across South Africa, dependingpoevailing winds, and
industrial nitrogen is deposited onto the land surface via wet or dry deposition processes
(Collettet al.2010, Josipoviet al.2011) mostly as nitrogen dioxide (ND

Although N enrichment has been known to stimulate carbon eiptétouseket al.
1997) N deposition is a source of concéAber et al. 1995, Vitouselet al. 1997, Josipovic
et al.2010, Josipoviet al.2011) Aberet al.(1995)found that longterm exposure to N
enrichment caused a decline in tree growth andnhaality and, conversely, forest
expansion in the northern hemisphere is thought to be related to N dep@&itabry and
Wilson 2001) Nitrogen deposition has resulted in acidification of terrestrial and aquatic
ecosystems and dramatic losses in piiwversity (reviewed by Vitouseét al. 1997).
Experimental work in South African savannas suggests that trees are not directly affected by
N enrichment, but rather that the competitive vigour of grasses is stimulated by the addition
of N (Kraaij and Ward®2006, Sankaraat al. 2008, Cramer and Bond 2013hus suppressing
tree seedling establishment. However, current N deposition rate in South Africa is unlikely to
be the primary cause of environmental changmsipovicet al. (2010)found that the mean
annual NQ concentration in South Africa was well below the international air quality
standards. N@deposition levels northern KwaZuNiat al we r’per annub, which m
is well below the critical level for all vegetation prescribed by the Conveatidrong

Range TrasBoundary Air Pollution (UNECEZ®perLRTAP) ,
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annum (Josipoviet al.2010). However, it is possible that occasional high levels of NO
could occur that, combined with lottgrm cumulative effects, may influengegetation

composition.

Land-use
The three main forms of land use in South African savannas are commercial ranching, game
and conservation enterprises, and communal or subsistence raférosgman and Gandar
1989, Higginset al. 1999) Heavy grazing ypdomestic livestock is frequently cited as
causingwoody plantencroachmen{Scholes and Archer 1997, O'Connor and Crow 1999,
Roqueset al. 2001, Rougeet al.2006).

Garrett Hardin wrote eloquen(Hdrdgnl28out t he
He wiote that people will maximize their own profit, regardless of the cost to the rest of the
community and he applied this argument to communal land ownership and animal husbandry,
amongst other examples. This builds on the school of thought that commuoahlpas
systems ar e fimal adHlpand Swdt 1988) (beedlsoRohelalc t i v e 0
2006) However Ellis and Swift (1988)point out that pastoral systems in Kenya are
dynamic, norequilibrial and persistent and that there is no evidence oadation or
imminent collapse (see also Tapson 1991, Waial. 2000). Climatic variability may limit
livestock numbers (Benjaminsehal.2006). During periods of drought, livestock
reproductive rates decrease (Ellis and Swift 1988) and large nunibeestock may even
die (Ellis and Swift 1988, Ward 2004) which allows the communal rangelands to recover
during the wet periods as livestock numbers gradually incrdasdes and Trollope (1991)
expressed a contrary view, citing heavy grazing in conanamreas as being the cause of land

degradation. However, they noted that once livestock were culled in these areas and

oL}

rotational grazing was establishethody plante ncr oachment became an i
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phenomenoiiForbes and Trollope 1991 ) etter and Bad (2012)referred to the dry season

as a fAnutritional bottlenecko when primary p
area, however, that from the 1980s onward, communal farmers were supplementing grazing

by buying feed, thereby reducing litesk mortality rates, and were purchasing more

livestock to replace those that did die. As a result, stocking rates exceeded the carrying

capacity of the rangelands and severe environmental degradation was @watesmtand

Bond 2012)

Ellis and Swift (988) found that, while climate was the major force that regulated
plant productivity, in the longerm, livestock altered the structure and composition of the
plant community.Fynn and O'Connor (200@ame to a similar conclusion. Other studies
found that herbaceous plant density and basal c{Rarson®t al. 1997) as well as the
proportion of palatable species, was higher in communal rangelands than in commercial
rangelandg¢Forbes and Trollope 1991, Parsetsl. 1997) despite the higher stocking
density.

Higginset al.(1999), studying the impact of land use on woody cover, found that the
woody biomass and woody species composition were reduced in communal rangelands.
They attributed this to wood harvesting (see also Twire 2003, Shackienet al.2001,
Putticket al.2011). Putticket al.(2011)also noted that heavy utilization of woody stands by
livestock resulted in an increase in the presence of grassland. This trend reversed when
livestock numbers were reduced, the area fencedcannps, permitting camp rotation, and
leased to commercial cattle farméPaitticket al.2011) Other studies in mesic savannas
showed that, while grass cover decreased and woody cover increased across all three different
types of land use, the changesre less marked in the communal rangelglidigley et al.

2009, Wigleyet al.2010) Wigley et al. (2009)found that bush encroachment was highest in

the conservation sites. In a later study, bush encroachment was found to be highest in
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commercial rangainds(Wigley et al.2010) However, once mean annual precipitation
increased to >250 mmMRohde and Hoffman (201hpted an increase in woody cover,
particularly in the commercial rangelands. They ascribed the difference in woody cover to

communal farmes owning more browsers (such as goats) than the commercial farmers.

Woody plant encroachment in KwaZulu-Natal grassland and savannas

As much of the vegetation in KwaZuNatal (KZN) is savanna or grassland, the increase in
woody species has negativenifications for rangeland management and for the economy of
KZN. Many of these woody plants adeaciaspp.or Dichrostachys cinereayhich suppress
grass production (O'Connor and Crow 1999), are unpalatable to herbivores because of
chemical and/or physit defencegHanley and Lamont 2002¢levelop into impenetrable
thickets (Ward 2005), and are often fire resistant (Ovetias 2002, Meyeret al.2005).

A challenge that researchers face in studying the causes and effects of woody plant
encroachment (kvan asbush encroachmeim South Africa and Australia arghrub
encroachmenin North America), or any ecological succession process, is the timescale over
which it occurs (Archeet al.1995). In South Africa, Acocks (1975) believed that most of
the country was originally covered with forest or dense scrub and that the savannas and
grasslands were anthropogenically derived. However, research in the Hivtitvezi
Game Reserve of KwaZulMNatal has indicated that, for a very long time, forests were not
dominant in the KZN landscape (Westal.2000). Wesket al.(2000) have shown, in soil
organic carbon isotopic studies, that savanna grasses dominated the landscape, possibly as far
back as 18 000 years ago, which was well before the arrival of IromAgensoutheastern

Africa.
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Long-term monitoring of vegetation change

There are a variety of methods to study vegetation over a period of time. Permanent plots
(Bakkeret al. 1996)or transects may be set up and monitored and survey data cotigeted

a period of time may banalysedVisseret al. 1999). Long-term photographic images also

provide an opportunity to study vegetation change over an extended time frame. A number

of studies wutilize ground phodtiengboaphs, provi
|l andscapes (see e. g. Ho f dt ah 2009, Vdlard@010.0Aemeh nor 1 9
and satellite photographs provide landscape monitoring opportunities over a much wider

spatial scale than ground photographs (see e.g.&altz1999, Huwlak and Wessman 2001,

Gordijnet al.2012).

Fixed-point photography

As the name implies, repeat fix@adint photography involves retaking photographs over a
period of time from the same locati@dartin and Turner 1977, Kull 2005, Nyssenal.

2009, Rolke and Hoffman 2010)Repeat photography can have a range of applications, such
as monitoring vegetation change in ecosystems due to land use and management policies
(Kull 2005, Michelet al.2010) deliberate rangeland managemgtdwery and Sund 1998)

and historical architectural studié&hlstrom 1992)

Historical photographs are a valuable resource to studyt&nngenvironmental
changegBowerset al. 1995, Bass 2004, Biermaet al. 2005, Kull 2005, Boerma 2006,
Nysseret al.2009)as are tourists p hot o gr a p h(BupcCargiacpab 2011 ar d s
During the American Civil War (1861l 1865) landscape photography came into its own, in
particular through the work of Mathew Brady and Alexander Gardner (see for e.g. Gardner
1866, Meredith 1974, Bchtenberg 1985, Griffin 1999). While photographers were depicting

military scenes, they inadvertently produced images of the landscape. Photography lagged
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behind in South Africa, with much of the work being done in studios. Those done out of
doors werdighly stilted, although by the late 1870s some South African photographers were
capturing landscape scenes as well, notably James Lloyd and William Coates Palgrave. At
the time of the AngléZulu War (1879) James Lloyd and John Dunn (although he was not a
professional) took a number of photographs of the most significant battle sites. Hardly any
photographs were taken during the An@loer War of 18801881, but by the time the
Anglo-Boer War of 18991902 photography was well established and many Britifstecs
even carried their own box cameras on campaign (e.g. Todd and Fordham 1980, Riall 2000).

In South Africa, historic photographs have been used successfully to track vegetation
changegShantz and Turner 1958, Hoffman and O'Connor 1999, Rohde dfidafnd2010,
Hoffman and Rohde 2011pome studies have combined repeat figetht photographs with
aerial and satellite photograpttéongsloet al. 2009, Ward 2011, Warekt al.2013).
Analysis of the photographs has involved delineation of land forroatenas and the area of
change manually estimat@doffman and O'Connor 1999, Nysseinal. 2009, Rohde and
Hoffman 2010, Russell and Ward 2013)n other studies, the whole photograph was
evaluatedBiermanet al. 2005, Kull 2005, Boerma 2006)

Repea&photography is simple, relatively quick (Howery and Sundt 1998) and
inexpensivgKull 2005). Interpretation of the photographs is also relatively édail 2005)
and the large scale allows for detailed analysis, such as species comgbsitioran and
O'Connor 1999, Kull 2005)However, there are limitations. Historical photographs are
subject to spatial bias (Kull 2005) or compositional subjectivity (Bass 2004). Bass (2004)
also noted that, in setting up a project, one is limited by what the alrjgfiotographer
photographed. There is the temptation to assume that any change evident between
photographs is linear (Kull 2005, Hongsgbal.2009). Hongsloet al. (2009)dealt with this

by complementing the repeat photographs with a series of peotdgraphs (see also Ward
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et al.2011, Warcet al.20133). Finding the correct camera position may be difficult in
photographs that lack topography or identifiable objects such as large, immovable rocks
(Nyssenret al.2010). Photographic quality can @alsake interpretation difficult (Kull 2005,
PupoeCorreiaet al,2011). Blackandwhite photography is better than colour, as contrasts
are more marked (Kull, 2005). Differences in season (Horgsih 2009, Kull, 2005),
obliqueness and distance of atijrom camera (Hongslet al.2009) can all affect

interpretation.

Remote sensing
Remotesensing techniques offer a means for monitoring environmental process and, coupled
with geographic information systems (GIS), greatly enhance our understanding and
predictive ability of interactions on a global sc@Milkinson 1996) Both aerial and satellite
i magery have been successfully used for thes
Mansonet al. 2003, Britz and Ward 2007b, Wigley al. 2009, Gordgn et al.2012).

In some instances, manual classification proved adequate for quantifying vegetation
changgO'Connor and Crow 1999, Roquetsal. 2001, Verheydeet al. 2002, Corrigaret al.
2010, Wigleyet al. 2010, Putticket al. 2011, Wardet al.2013a). Other studies have
effectively used computdrased changdetection techniqug$altzet al. 1999, Tottrup and
Rasmussen 2004, Waegyal. 2004, Pillaiet al. 2005, Levick and Rogers 2011, Adjorladb
al. 2012) Some studies used aerial photogeapithout combining the preparation process
with GIS (Scanlan and Archer 1991, Schlesinger and Gramenopoulos 1996, O'Connor and
Crow 1999, Roquest al.2001, Britz and Ward 2007b, Hongslbal. 2009) but, generally,
aerial and satellite photographs wgemorectifiedHudak and Wessman 1998, Hayes and
Sader 2001, Pilleet al. 2005, Elliset al.2006, Hughegt al. 2006, Wardet al.2013) and, if

necessary, mosaicked to produce large composite infegelsk and Wessmann 2001,
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Corriganet al.2010, Wardkt al. 2013). At this point, the photographs could be analysed

manually by overlaying a digital gridVigley et al. 2009, Putticket al.2011) There are,

however, further procedures that may be necessary as part of the preparation. It may be

necessaryo perform radiometric corrections to compensate for variations in reflectance

(Hudak and Wessman 1998, Satzl. 1999, Hayes and Sader 2001, Hudak and Wessmann

2001)and atmospheric corrections to overcome scattering and absorption by water vapour

andaerosolgSaltzet al. 1999, Hayes and Sader 200LTloud cover may also make it

difficult to assess details in aerial and satellite photographs (Tottrup and Rasmussen 2004).
Computerised change detection may follow one of two routes: -ipassd

classifcation or objecthased classification. A pixel is the smallest element on a digital

image. Pixebased methods, such as textural analysis, enhance and statistically measure

local pixel varianc€Hudak and Wessman 1998pbjectbased methods do not cday

single pixels, but classify groups of homogenous pixels or an dhgldberteet al. 2004,

Pillai et al. 2005, Levick and Rogers 2014ifter a filter has smoothed out excessive variation.

The study areai an historical overview

Early KwaZuluNatal

The vegetation of KwaZuhlNatal was dominated by grasslands at leasiQIByears ago
(Westet al.2000) Up until the arrival of Iron Age man, the grasslands and savannas would
have been maintained largely through natural disturbances, viz. fire, clvaability,
herbivory. Iron Age man first arrived in modeiay KwaZuluNatal between 26@40 CE
(Common Era or Current Er@luffman 1982) These early arrivals appeared to be
agriculturalists and metal workers who also hunted on a small(®¢aggs 1980, Huffman
1982) althoughVoigt (1986)described an early site in KwaZuiNatal that yielded a few

bone fragments from domestic livestock. By thec8ntury CE, domestic livestock and dogs
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were common in KwaZuhliNatal(Maggs 1980) Huffman (1982)suggested that this was a
second group of Iron Age people who arrived about this time, who were primarily herders,
although they were culturally similar to the earlier settlers. Demand for wood would have
been high, being required for cooking fires, homstruction, stock pens, fences and iron
smelting(Maggs 1980) This would have brought in an anthropogenic element in
maintaining the open nature of the savannas and grasslands.

By the time European settlers first arrived in KwaZNlatal in 1824, althe
individual clans had been amalgamated into the Zulu nation under one paramount chief,
Shaka(Laband 1995, Wylie 2006)The Zulu people were seipastoralist§Jacobs 1965)
famed for their love of cattléMorris 1986, Laband 1995)Like their forebegs, the Zulus
hunted wild game only to a limited extghiaband 1995, McCracken 2008[tarly European
explorers have described the vast herds of game of all desciiption 1886, Struthers
1991) However, throughout the 1800s game and domestic staekdeeimated by various
agentgMcCracken 2008)McCracken (2008described how excessive hunting, attempts to
eradicate the effects of tsetse fly and the rinderpest epidemic-{B8€H nearly
exterminated the indigenous fauna. Domestic livestock wasselgerely reduced during and
after the AngleZulu War of 1879 (Guy 1994) and during the rinderpest epidemic of 1896

(McCracken 2008)

Study Area

The Umzinyathi River was recognised as part of the boundary between Zululand (to the

north) and British coloial Natal (to the south) in 1848aband 1995) In January 1879, a
British column crossed the Umzinyathi River
Anglo-Zulu War (see e.g. Rothwell 1989, Guy 1994, Lock and Quantrill 2002). Ten days

later, the Bitish suffered a reversal at the hands of the Zulu at Isandiwana and on the same
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day, at Rorkeo6és Drift, a small garrison of B
on the same day, a remnant from the British camp at Isandlwana managegéoirgsca
colonial Natal by crossing the Umzinyathi Ri
known as Fugitiveso Drift. These three site
national psyche and are often visited. As a result thesehsitesbeen frequently

photographed, from 1879 onwards. They are the focal points of this study on vegetation

change.

Thesis structure and objectives:

This project uses historical ground photographs and +tartiporal sets of aerial photographs

to provideinsights into landscapes as they were 130 years ago and to plot vegetation change
in the intervening years. Historical photographs, combined with-facéct repeat

photographic techniques, have been used successfully in the past to obsetgentong
ervironmental change (see e.g. Hoffman and Rohde 2010). Aerial photographs provide a
broader view of the landscape and have been used either in conjunction with historical
photographs (see e.g. Wagtlal 2013) or on their own (see e.g. Britz and Ward 200

Plant communities are dynamic. Their composition and structure are continually being
influenced by biotic drivers such as inter intraspecific competition and herbivory and by
abiotic drivers such as climate and fire. Consequently, a compafisolandscape over time
provokes the question: why is the vegetation changing (or not changing). The objectives of
this project were to: a) determine if there has been a significant increase in woody plant cover
in the study area, using fixgmbint repat photographs and mutiemporal photographsind

when the changes oatad b) identify the possible drivers behind the changes (if

significanty c¢) ascertain community membersd perce
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This thesis is prepared as five chaptéwo of which have been submitted for
publication and which form the focus of the thesis. These are chaptefsdveptedand
three(in revision). Chapter Two examines vegetation change using-focaat repeat
photographic techniques. This chatso incorporates an analysis of the floristic sampling
done in the study area. Chapter Three examines how the vegetation changed sequentially
using aerial photographs. Chapter Four discusses the survey conducted with community
members residing in the styarea. Chapter five is the discussion, which incorporates the

preceding three chapters, followed by the conclusion and an indication of the future direction.

Chapter2
Vegetation change -Nat anlorgdihreda | tklwesvZAin qalfo 18 7 9 :

or global drivers?

This chapter has been accepted for publicatiokfiitan Journal of Rang& Forage Science

and has been formatted accordingly.

Chapter 3

Remote sensing provides a progressive record of vegetation change in northern
KwaZulu -Natal, South Africa, from 1944 to 2005.

This chapter has been submittedrtternational Journal of Remote Sensangdis in

revision. Ithas been formatted accordingly.

Chapter 4

Communal |l and use and community membersd per
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Il ntroduction:

A number of factors have beem ifmdimc gtrad stl @ na
tr-emcroached savannas (reviewed by Ward 2005
in the numbers of(Briintdaz gamaod uWa rhde r 00 v7o)t @R8I gi no
confinement( 8kat peidmdibmgre@anest i c st ock with
heavy @gfakohgs and Archer 1997, eO2&@Mnyor and
seed disper sal( Scyh | dead mbdd%dned sltesscsk frequent anc
fif{ &e qeute3®10.1, Kr a &i0j0 63 n d>o\WRalrild?ay)v e al | been ci
agents of bush encroachmeni{ Kra@®njaagdobal ds?2
Vol der2®I1.0, War d nz0lk®)s es 3cno nactemolskpghteire red C O
20009, Bond anBuiMi eeygtw @dylia2ndl 2a,t mospheric nitr oc¢
( Wi gelteda@l11.0 Bueitt2e0nla?e)ef al so cited as causing
domi nanceb.ase@ardbecfrence mechani sms ulsead by tr
more efficient as a, rebhatebpfreddcWanglrease h

2010)

Assessing the role of vegetation change by p

Photography in South Africa was | arg®&hywdconf

ehl2.0 4.3 However, there were a few photograph
KwaZdNkt al, South Africa.-ZuThe Waat ofe l8i7Qesveo
extensively photographed i mmediatel yaraefter t
Ror kebés Drift, | sandl wana and Fugitivesd Dri
|l andscape, with a scattering of trees and al
historical Il nterest, Vvisitofrosr e,etal rpnreadg ryeesasr |

of changes in these areas.
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We made the following predictions about Vve;¢

AngZXZwewl u War battlefiel ds:

1. By matching historicaay phhoitoggraphlss wiwvded @
sgni ficant increase in woody cover in the
2. We predict thasetweltypafbbiehaadthe exten
with greater encroachment on communal | an
|l eads to incraemasedofreeduouogdrcbmpetition
3. Tree encroachment should occur with highe
20p6and higher daily mininuln2t emperatures
4. Pol lutants, such as pwhiromh eibodlIku deesr ¢ we nt
monoxi de) anfdr N® t he i ndusagst adof arleasst ody
expected to increase competition from the

il ncreabedati®e t hefyi xhienggumetsrt ogen

o
>
S

ncaeamesephmsi hnceCOhe industrial revol ut
bush encroachmemat osyimtekea syiusaes &t hetry g ihaal
grasses in the study area, and will becon

able nd tdedmsel ves a4t htmimgri@esrs el2edvieWasr dof CO

Met hods

Study area

The study area covers three specific sites:
(28.21S; 30.39E) and Rorke's Dr idfutr i(n2g8 .t2hleS;
AngZwel u War of 1879. I't is undulating count
Altitude varies between 900 m in the Umzinya

summit of | sandl wana. S¢ Rikeent 2dn@.0 iThbebpaskalt
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mater i al I's sandstone and EVYaxm dodtrRIBEGEE) wit h
Mean annual rainfall for the area is 705 mm,
which operated fromtlh9%3 3 ation Af%B12.s bMdswme eon O

Fugitivesd Drift study area falls within
(Mucina and Rut Wewref Adma i 2581 )h i River flows ¢t}
bank falls in a prikabeanigamasrecemveal Mhehal
now managed Kbwa ZENAaWiviled loi f e, a provincial <con
goats and wil d herDmimadri ess,u,pslyacy o &aosp wisbl regsubaogkg a
burchiet @i f @af foap acradnaal liiy\eaplyac er os, nkédllrdaugeu @8 p hus
strepandefygabael aphusarangasisient .

|l sandl wana and Rorkeods Drift fall within
KwaZWNlat al Moi st GrMastsd la nHli, g Klweargth [iGN casm® aSan d
GrasgqIMaurd na and RutTher facreda 20 blu)nd | sandl| wan;
Eze mKevaZWNlaaowWall dl i f e. There is evidence of o
been fallow for many year s. rAanclert ai ar ¢ i me
permitted to graze(Nheweny.di 2Wisl0do chke ribni vtohree sa,r
i mpala and zebra, are also present.

Most of the study area at Rorkeds Drift w
Lut heran Churclg.o, Aoutr 020 offeanmuss ha of t he | ar
| ocal -sipsiakulng communal far mer s. Under ¢ ommt
all owed to maintain their |ivestock in the a
Often drhdesi viesd pt o | ead to (Her éi,n adjletdyg wgh t h
evidence in suplEkoti sobndhiSswifs 4088ttBahnke
1998)A smal l part of the area falls enamadpr i v

goats predominate among the livestock there.
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Landsage in the study area

There are a numbee Dypesfiferene daed:

1) Communal |l and/ far mi ng: Communal l and f al
private | andomtwneelr sohvieor awmhdo ci s all owed t o
determined by the |l ocal tribal chief. Th

and householders may own as much domestic

undertake figtdcoubturahtaonivi Aies are fo

2) Commerci al | and/ farming: Commerci al |l and
generally, applies I ower stocking rates i
Agricultural activptnonski anxrge modarirvieed out w

3y ConservatCiomseavaason areas are either pri

focus on ecotourism or owned by the provi

primarily conservation of | ocal flora and
We nothee ttheartmtiencroached | ando resess t o a
where there has been an increase in woody pl

cultivated fields.

Fi xpdai nt , repeat photography

The use of historietphobogcaphget haasbessn we
(Hof f man and R®ANrdree 280111, Ropde and MHofmfeman 2
studies have made us-eeef ng@h(@R vy adqeh28lI.T om si
Wa redt 2#814).3 Ot her wussteuwdd ipehso thoagvrea p hs t (atkkefnf hayn e a
and O'" Connor 1999, Rvdhfidyes advn 20 @R ma p h2@ DY) a g
from regi ment al arcpoivets . repeatdi pousgmagp i «

been able tmajde mprasttreratnse of change in veget e
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ant hropogenic influences and whether the res
from climate <c¢hanghHo fsftnuadni easn.d O&@droenensodr in@ | 1€900 9u
repeat photocggrmaghy in the WeenediNaamad Modassea
change in species composition as well as the
We obtained ar chiKwalZdWNwuMdatlogu m pSher ¥ ir oans ,
Pietermaritzburg, famidcadarma IKiibr arey,CaDnprbkedd, Ao
Fugitivesd Drift, | sandl wana and Rorkeds Dri
during or sho#fZtullyy aMatremn ft L8 7MAngl Ot her phot oc
private coll e¢tiGonf€hatlwl ckKandhN. Aspinshaw.
At each photograph | ocality we replicated
distinctive features in the foreground and t
bush encroachment obscuwrrreadd,t hvee vd elwi. b e Wehtean| y
camera to obtain a better view, ®alabheist weote a
mat ched using Adobe Photoshop CS. Nine phot

di fferent ¢c8tbentépggiahnhS88bemdeggescti®ds)

t hree fundamental <catenal r-egkensegitber ef uor
of material; the colluvial region is the ste
and t hael alelguvwin i s at the base of the slope \

ecologists estimated the percentage woody <co
current photographs. The r esuletss fwehroee apcoho |pe
pair was WesekrtfgumeddateBit on the results t«
di fferences in percentage woody cover bet wee
for catena and for aspect f ulhfoiniolgeedn etihtey,r eageu
performed single factor analysis of variance

whet her either 1) catena or 2)Waspectomaméeca
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nferroni ad ®j wmsctcmamtt dfory ptehd o g irbiilni ttyheof
ntioned anal ysis.

Eight photographs that had been taken in
assessment of percentage woody coever in t
ntioned vegetat i oen pehcootlooggriaspthss. p rHowi edvee ri,n st

ppened to t hel8@yyaOtlalti on bet ween

oristic sampling

addition to taking repeat photographs, we
ittaker plant di(vSehrnsiidtdye 9a3dpd | nme aned sh odli v e
ver of woody and grass species in encroach
r sampling. These |l argely corr esppmidretd wit
otography, but i rndleudead en;mrhe umiittess tou todit cad
erview. We 1%0 dmopltottshriere €d@dcm of the 14
edVabbyd andWhOlt sakegr WadI9P8Nf or med Detrended C(

rrespondence AnattysgsadDE€ECA) anal dsi s, on t

ifferent sites, percentage cover of the spe

e pattern because of the problem of the fia
vironmenwalt evpei abhteage r ocuksien e sssl oaplep tealt ¢  t

tested species richness aWdedevedsveysiay
d percentage cover between the different s

nca. Species richness and diversity were t

( ANOVA) anpdo st keheotcfs e We -Wad dd sa tkrsus kaol asses s

pe

p e

rcentage cover between sites becWeusad stohi s

rformed an indirect detrended corresponden
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the disites@Watuserde@r ensiditomplteo deter mine t he

var i ablfeisr sotra lawees of t he deet raenmd eyds icsar rUenssp camc

coefficients cannot be directly compared. We
facilitate direct cSotngpnadra rsdoinz eadmocnoge fvfairciiaebnltess
standardized to 1. Neengtast iivned isctaatned atrhdaitz etdh ecroee

relationship between the dependent variable
compared in absolute terms with positive st a

outliers were excluded.

Rai ntfrad dds

We used rainfall and temperature data from S
(Dundee) and the Agricultur al Research Counc
100 year s. All the data prtouvried ehda dh ando tg abpese |
recorded. Dund2g SBa®sEjd3iksm Stami bmgi(tivesd D

37 km from I sandl wana and 32 km from Ror keds
station, this station prokNkadebe¢ehmecodbhgesedr
to 2006 and temperature data from 1973 to 20

data, combined wiet meraaibnyf aDuln ddeaet aP oflriocne tSht at |

We performed | inear regresdiicm avheaeltyhxirs td
was a long term change i nt anetaend tatnwmaisa |l p errfecri m
bet ween the amounts of rain that fell during
that fell during the pierdtodedtrab iI198&d t morlm@ad
and equality of wvariance. The Standardized
from the combined rainfall dat a. We cal cul

mi nus ha m aoregaint aptrieocni by t he standard devi at



s

(Yurekli and ARl WwWOHHD8Jevel oped foHawmoOalt or i
1999) However, I't has also been sucSeestsdmul | vy
al200.2)

Temperature trends

Wakelitngl0OaRBowed t hat savanna trees grew mor e
making them more vulnerable to fire. They al
seedlings and caused seadidi DgrmganalioO0p; ( sleé
Because we wished to ascertain whether there
we performed | inear regression analysis on t
days per year when mieassnuf@hammpbEhai sar ebewelri a

required for platnedlg2pwahd( Wak°®€)t han freezin

Resul ts

Fi xpdai nt , repeat photography

Anal ysis -2011 hpeh olt8e/ K 1Fdicg2Rrae s b, 24ed ba madi ff; ;e

254d4f) showed a marked increase in2Wwo,ody cove
although the degrieeabfsi acsbawedyained] | but
there were significapxt 0i.n0cOr3emaistess a Trw dwsasonddyl wcao
one at Rorkeds Drift showed increasems< i n woo
0.197) . One catenal wunit at Il sandl wana, wh
On-way ANOVA showed t hapt= .t®h3e6 )e faf pedc t@ss poef6 Y c aftee ne

nosti gni fi cant .
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Fl oristic sampling
Mi xed,-| dafoadl woody sfkecil esq, cara gwyeardtiiecu |l ar
ataxadanhnt ea n Steinveg ah a me) arnAb 2 ekcaarnftatba er nat i ve n
Vachell)werkea charact eansdst-iwesibhgt fkeopestat t h
Fugitivesodo Rraisfit facThmeg md otpled. wat axaaklsot thami
karaod by milxeeadf,edbrwoadtldyg | spiecrgasmptai cul ar .
Acaci awdartbhe dominant emrcraca@ah&raratol, s ®On
SppR E.amdi it exa wemhmamdioimi nant encroachers at R
commer cial rangel anAl. asdi edmmasrkiebsai Ddrainftt., wher e

DCAhowed distinct groupings of the differ

compositi2én . ( Sigeseat | sandl wana which are &
communal grazing are grouped together. Ror k
di stsipecti es composition. These sites are | ar
is the three commercial sites which form a g

fourth group and are managed asga comfsier mat h
| aanmde could affect species composition.

DCCA also grouped sites according to spec

environmental variables. It showed that the
steepnessconssopen a2Whes ( Risperce , while influen
i mportant . -uBhee oenf ftehcet gafoulpamdg of t he sites
had the strongest effect, followed dgeareas

dindot have a significant effect on the group
woody species. Sismi lwarsl ya, mvihxerueg el aofd c o mmunal
conservation, there was | itRle effect on the

The ttheee(Bugitivesd Drift, |l sandl wana an



-

79

omposi tway.AN@We for species richness showe:q

i fference
esuWwas obt

e, 0.001)

i n spediFed 7r i3018n e s rGmb0uld) .si t440ss i(!
ai neWi dmear tdiev ésrhaintnfo=ni In0.e70 la,moenrgr c

. How@&akelristhesKraoaekpbhring percen

ite indicated no signifikH=anlt. B @ (f egpfe nT e4 Ga,mo

. 9542

The mul t

DCA gave an

\'

0.

(7))

iple regression analysis perfor me

overall PBRrallup<lt®.aG 0 w)a swistilg na fli ara

ariancer’fexpl @aPhed Theckeaispsa (@.fO0@mmmeol(d

008) and
igni ficant

hat the ef

on species
effect.

Rainfall tr
Linear regr

Police St at

(7]

)

a

recipitati

igni ficant

epcr@ache)d wand®i)dni f iVea nfto c(uTsaehdl eo
beta (standardized) coefficients
f ercmhi nogf ocro nsnpeercciieasl cfaamposition wa

composition in encroached | ands,

ends

ession analysis of the coddbéened d
ion showed there was an overall d
on during the 92 n42mmhwasevering 190

'y higher than mean anmnwal20®®Becip

me an 176504 mmg) Z .p&x210,. 0002) .

The combined SPI values indicated seven moi

nd three extremely wet seasons between 1901

easons, 8neensoh92anbd2again in the 1932/ 33 s

f extr eme

drought i 88 he BOUUBWeds B@@Eoand F2
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recorded three moderately wet seasons (1971/
season’6)1.995/n contrast, nine moderately dry
recorded8) (Fi ghies confirms the results mentioa

of the century was wetter than the | atter pa

Temperature trends

Temper aa ufrreomaDundee Research Station sugges:
of days per season when dail y°mini diivdnetiemper
tests showed that the difference between the
numb of days between 2000Cawds 29ilti@gmjoffi ¢ @ mp e ¢
14. §560. 001) (mean number of days: 239 and 1
significant differfemee days heetnwenbrerlo®73fand
number -bfetrdays bet wgems RQ0BOI GOI mME&aa2ngygmber

dayyssandb respectively).

Di scussi on

Hi storical overview

Il n Africa, as in other tropical and subtropi
bysoCas(s®asge 2004, Bo nat 2#0I10.8 )w bBuwrlet e mweor fexi st e
bet ween 6 and B8Cerdtl h@®l9.7 y ed als®d9a%,0 Bgndvh2m0 8)
CQconcentrations were | ow (ea.282)pias tls per
generally accepted that sa(v3aamlkaasrZzzid K mai nt ai
Wi egan @010.6, eMedaddd.9) The disturbance can be an
or i(g@jnemala®l9.1, Gill somt?22e00141,) Wa&gbiamg fire al

maj or roles in Keampismsgnamna aanwa egGalnalmg @ Vieé®l8de
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2003, Wits2am@dso) Fire is particularly 1important
( Boetd 2810.3) Research dfonkdl utKKiweleaNlaty @aidsauggtgse sda t h
grasslands dominat ed t0hOeO |Iyaenadrssc aapgeo ,a sl ofnagr bbeal
ant hhropogenic activity woWeledt 2@d0v0e) (Fyfaxde si gni f
Langeege 2dB.3, &orAILhi mdBret z andadnWarhckerdQOdry
(Grossman andarmGamhamgée¢ V20IBdBe Br it z), amndh eWaerfbrz2Q
are the most I|ikely agents of disturbance th
up to the peeséehmhiant ameéesyopaglenic activity.

Early Eur op ekawna Zeiklgpthaalw er s esor i bed t he wvast
her bi vores o(fDuaninl 1d8e8s6c,r i JpttrHiotmheevresr ,1 %t %lr)oughou
wild herbivores and domast ou fMa@Telh tweme 2DOABI)
Mc CrackedegOiOlBgs how excessive hunting, att
fly and the rindae®pds3t neprtdgmect el @&@bbated th
Domestic | ivest oecdku cweads daulrsion gs edvoetruedl BGfarr t he .
1994nNd al so during (MeCraoé.enplerOBigwa rdye mi cu |l ¢
demographic bott !l e(nacrkled r2adi0 4 e eeSt 2ni0eu,i t ment
Wa k eleit 2g012.0) Oniceoher pressure is released, th
removed.

| ndi genous KlvaZhNilawlealvees nmt recovéfed since
century and have been replaced by domestic s
African(PDavdmadaCGu mmi.ng Th®99)ss of indigenous
increase in domestic cattle could well influ
(O" Connor awan Ckaowg d\28IQd3¢) The National Her d
areasthat oube known as KwaZulu (north of the

that between 1975 and 1988 cat t3l9¢l iimvdntoor y
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(Tapson 499desting a stable population over
famse within our study area r é&posaddfsteack de
1990 The reasons given for these |l osses are

study, these | osses had not been recouped.

Fi xpdai nt , repeat photography

Thfei xpeod nt photographs demonstrate that, over
woody cover in RPhe. stQdyt aary t(dablbe expect a
did not exert a significant inntfrlaudeincctei oonn ceonuc
bias resulting from the original photographs
terrain as they focussedBasswkheKel43pez0®5)x b

warn against this pobsitbgrapwswhen using his

FIl oristic sampling

Unli ke the anpotiyst srepeathephoxedgr aphs, DCCA
suggests that catena (or slope) exerts a str
rockiness of the aarreeaf.u g eT hfeo rr otcrkese psreoevd Idien g s
vulnerable to fire &nNdbwt®dl9®R ,alBga ttzr ampm dmoMa s to
Ward and Es$ttee01dol l uvi al regions would be
(Scheideggened®@®3i ng the rocks and removing
more difficu¥rboted ghaeasskal towestablish then
ground cover between the sites at Fugitiveods
Driimar ke d. The Fugitivesd Drift sites were
encr oachedasby9 %2 miuadbtdl Igpdud) e The sites within

rangelands at R&ankadas Dbri dtl ( hieggetl eyed ar esgeira re s2
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flat alluvial or -méoviahedegi bas-:sdAweminh evs b ha

woody encroachment starting at the | arge roc
only 15 %. The catenal iefla¢cb demoostdy a¢redr @
according to 2M)e. DCIChWe (dlidgulreends | i e in the
erosion is | ow. Despite the |l ands not havin

set aside as amasbBbestbave smanegetdheéogretain d
the nearby 24 o paersd b Falguo eshow the sl ower ra
|l ands which are within the catenal region 4,
observatpmarst ed ebysut he results of the DCCA w

slope affected spe&di.es composition (Figure

Her bivory and fire

Most savannas today are extensively used as
extent, for iengdSkgaernpoeu $1Omdii)lviov ¢yr i s frequently
i mpact on woo(d®$cbntesaahmeAteh @®DI0OBI B}t aWies e r
2009) I't is often stated that heavy grazing
(Van nvelga &3, eAdd®dBdI, i Schol es, aodt AnchercafpPun:
the reduction of f{Reqgelite2djQvemclyamag@edvahdensi:t
2003) The removal of a vigorous grass sward
resoianekangeé WValoOdBe Ri gi noest 28I108@Nd Grnela ireerduc
fuel | oad( Troagl Ilhopge famesTaint onetl@dBI®anSkar pe
Langeee2dKB.3)permitting tree reicmrguiitmendnj un ot
with fire can iIinkiThiot | oMash L&Mdreo2eddduI®e nh s
anddn der Jewgaed( I1Hhad3) browsing alone could i |

Wi semandl0.4) . Reducedn ftured d @mmmdwsnals uarhe as wh
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fires and a reduction in the grass sward thr
result in cooler fires which are | ess damagi
The perception that heavy graziacdg mewntdo me
has been cont e at€od ghhy naowilrd p(slsh Ssiulttred ) a l
(1998 )awte ( 21008 PpPort on grazing |l awns as being
components of savanna systems, Wweéetbnhd®e8&843par
The Zulu péd&mpine uofy, t weholudti voeady stedhwsodiiughriue
descri bedasasorsaedmist s, her d(iJnagc ochast t1 96 5 ,s hLeaebpa n
Their | ivestock, along wiatyhe dt hae swiglnd fh ecraitv o
keeping the rangelands free of encroaching w
her biSvaowroy,y and Baggess (b@a80hoof i mpact, dul

for the maintenance eh aowilgosouappPpr@egsasbuswar

Land use

Percentage woody cover on all t huesesit elshiwas
similarity supports the ar gumennotmatdhiact ¢ ommun
pastoralism ar eaunsoet onfe cleasnsda rdielgyr atdhaet icon and |

(Coughenour 1991pt TLa®MPsB8oNn 1 9HoIwe vWarr,d species r
diversity were significant226y) dwhfifcehr ecnotu | admobneg

t o -uaedpr(aSdkdicctesn 20Dt0PHI0O.FTh oewit gDI2.§) The study

at I sandlwana is managed | argely as a conser
domestic animals are al | owe(dNgtwe ngyraa z2dB |1t@) & r e
burniwmmgs oexery two to three years. Fugitive
supporting a mixture of wild herbivores and

commer ci al rangeland is different to ftthat i n
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According to the | andow2a@t?2) McamMprasethaet oOpe
the fire return period is also |less than in
ar e elmunrcne every three years, ewlarye ye atrh e DCCAmM

(Figa6yeand multiple r23d)y easlssoncamfierymatsha&ti alb

effect on species composition in the various
Rainfall
Where water is a |limiting factor, 8B86ronger ¢

expeCReagauted3®10.1, Kraaij and eWa2dadl.R2)0WsIl, t Scdd et \
| ayer hypot heseitsl#I&k)e eprgediWatl Kk erhat grasses
trees at extracting water Jvirmgn tthep odiereup eira g e IS
of adequate waten. @BPEti ewadt hysWaag; grasses
compete the trees (seée 20l1.) .Ri dgiihwess k& p®m& thleGri
arid aardi & eem v(iiWaendn2eDBlp s al t h o ueggth adr2e0l1l2i)erwor Kk ¢
in an environment with a semi(&®05)ainot aidl t tha
bet ween 100 and 650 mm annual rainfall, wood
(seeSan ket .4 £10)0.8)Once mean annual precipitatd

moisture is iGahnétagzznQ) MoHWegegitnsRIO40at e

t hat this threshold is above ~820 mm. Analy
analu rainfall has decreased signil@iddant |l y si
However, mean annual Ppomno,i piimpltyiiomg rteheati nrsa ia

no influence (or at |l east, very I|little) on t
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mperatur e

mperature change is more &emesnstdl®nd3)wi t h w

g

gest that global plant productivity has i

reased sol ar radiation. Oudre cdraetaas es hionw tthh

mber of Wa&Gked®itdagyos,@ynd t hat savanna trees ¢

d

u

er cooler conditions. With fewer °@ays wh
e seedlings wildl be mpeeiodbastl, amst heres
e to survive (Oh&€onmlod WI9I®BHegyg péaei wdnter n
| d be sukbijlelctvehden ot e¢mpper at USielsb @rr lbgpu dre |l ow

tsbeerng@r7, Brando anldd duz(d @thne 2r0e0d5u,c tHoo n i

s below freezing point, combined with inc
t hs, contributes to the increased surviva
l uti on

th Africa has been i deunsttirfiiaeld pacsl lau tmag no,r |

form of nsufrpghenxi gEeWVd &iOg2add3, eCGo2dIk.Q t

i powROtL.0) The main source of these pollut a
ch is highliys iwmdalulstknawn zteldat nilttr ogen ( N
nt @Vveedsledf9.7, Ph RdMi6GRbut t he role of N i
roachment has @KsaaibjeeandnVWetrr QOZBRE kyWi gl
Wi 286fodind that N deposition as a result

nort herKir ahaeini sapnhdsnVdp.g el s t( 21000 &t) N depositioc
ilitate competition metiwleemvdgryahomndan di hte
upplementation stimulated grass growth, w

e alksoaCoho8dwevaeadustri al pol l ution, i n pa
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(NH, is wunlikely to haveuhadtadlgsbhpeaenton pl
(20ha&ye f ounddeptohsaitt iNDOW | eveleg Siprert minnruar, e avew
below the critical l evel for all -Raeget-arians
Boundary Air Polluthboh(WAECEpBLRBARL,M W

(JosiepgoddilcO)

At mosphgric CO
At mosphscroince®@ r ations have been escalating ¢
century from a@pelr/omolmadierl yt @ 76he ceamo/iremnlt con
(Tans. 20IRBi)s figure is egnokbdmotedytbheienrdabd
( Morgtad®I0.7) An i neecemcsentimatCiOons increases ph
so i n woosdyr ub&G anggrtagestese i iy@ A7) nExPer i ment al
byWgoet (2I0@PRNAbhaskadlings aodneanyragi €0s conf
hi ghc@®centrations f aymdwrt oplyanrntthse ttilca tp au thiwlaiyz
temperatures may al phhoploayna heati €208 pasdi f yi
shown that canhcent starneteosCEnr eC onl y spnloaret £ f f i ci
belof.20

El evateadncCOnt rations could also result in
as opposseseéedt phonhos§gdBohet acdr Bit @g lne yne2s0i 0cO )s a Vv «
fires are frequent, imposing a high Il evel of
resprouting vi@gBomdisdryd aMiteegbk @aRdDO®E0eMeNadg.gi n
200a&Bnd high carbon reser Was dw¢ad sdo0 ¢snuhgagnecset st ht
hi ghelrexC®©l s not only increaskruathe, phwot oslysna h
the mobilization of e xkasae dc adebtoenn af sosrp oi bnycpr heeans

and tannins. Thi s, I (nWatrudr.n2,0 Iwdo)ud wWr rsetdwdcye are
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increase in woody cover, despite potentially

enhancing ®ofnegdcast ®faOdescri bed above.

Conclusions
Anal ysis -mdinther dp«xatdsphat oghapbashabtolween a
increase in woody cover in the study area ov
changes are complex anddirt vies sl iale®yyp BkmftWwart d
20D 8

Her bivory combined with fire may well have
e.Qkar pe;v@h9 2 h)ngte ¢210)d.2) Hi st orical accounts
decline in i ndbdermowswshearsbwavarhgshazer P een r e
domestic herbivores, most of which are high
bet ween grasses and trees, all&whonggesuaneds af
1997, Righgo2&d®ddaYoeduction in f Uéellrolldadgene
and Tainton 1986,etSkd&al@.p)e The92embvgdgi né the b
particul ar, may have had a significant rol e

be seen whet her the reported declibewdmnlcatt

have any i mpact on bush encroachment.
The increase in the daily minimum temperat
and survival. Tohdes laonndg ear reidbéuvcita gowng @ichi by pf r e

temperatures would favour bush encroachment .
saplings to e(sRalpfeourheardrd rMi dplneey 2006)

't has been showi etvledtsr ammo aghé siee etOr exa
alz009) . An incgcskasled eanlgdobdal plCDtsbsgashandc

permit the mobilization of extra carbon to a
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increased invieadmdef encecabbbaduseshewhbhicory

2010) .
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Figure 2.1: Fixed-point, repeat photographstakerfatt g i t i ves 6 Dr i ft . (a,
taken in 1879 showing the vegetation on either side of the small stream that enters the
Umzinyathi River from the nortkeast. (c)mage taken in 2011 showing the extent of

vegetation change. The photographs are not exactly matched due to encroachment at the
camera site. Hence, the camera was set U m west of the original camera site.

Comparison of (a) and (c) shows that tdeasity in 2011 (c) has increased by 70% in the

eluvial region (1) and by 55% in the colluvial region (2). Comparison of (b) and (c) shows

thatt r ee density has increased in the two alluwu
respectivelrny.t ie eeoldlewmsiialy negion (3) has in
eluvial/alluvial region (4) by 70%. (d, e)
wedtacing slope of the small stream entering
Vi ews. gfFraphphatre not exactly matched due toa
camera site. Hence, tche3rmceottpbowegtaph

Alt hough not assessed by vegetation experts,

1936 and 2011 is clear. Comparison with (b)
woody cover between 1879 and 1936. (f, g)
wedtacing slope of the small st raenadm 2e0nltle r(igng
Vi ews. The photographs were from a similar
assessed by vegetation experts, they show th
Umzinyat hi River are heasv.i | yHiesmtca roiacc hpehdo thoyg rw
Dunn coll ecti on ,-Natoaulr tMussye womh XKXewavziucl eus ; ( b)
courtesy -Ndt KwaMwse@um Services; (Nda)t aBowd en,

Museum Ser vi c e sRegent phptdgphs byalennifgriRusgeh. t .
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Figure 2.2: Fixed-point, repeat photographs taken at Isandlwand. djagPhotographs taken

from the east of the mountain. A comparison between 1879 (a) and 2011 (b) shows that in
the foreground in the current photograph (I8lbdensity is low (2%) in the alluvial region

(1). Tree density in the colluvial regions (2 and 3) on the seash slopes of the mountain

has increased in (b) by 39% and 11.5%, respectively. There has been no change in the
eluvial/alluvial region (4)just below the summit. Photographs (c) and (d) were taken in

1992 and in 2011, respectively. These photographs have been taken from a similar locality as
those in (a) and (b). Woody encroachment on the eastern slope is minimal prior to 1992, with
markedincreases in the next 20 years. Photographs (e) and (ffakemrein 1879 and in

2011, respectively, from the south of Isandlwana. In the current photograph (f), tree density
has increased by 14% in the alluvial region (1) in the foreground and B34 the

colluvial region (2), particularly on the western portion of the region. Erosion gullies are
evident in both photographs and do not appear to have changed much. (g, h) Photographs
also from the south of Isandlwana show that little has chamgeke sandstone cliffs of the
mountain between 1929 (g) and 2011 (h). The southern slopes are still bare in the 1929 (g)
photograph, although some evidence of woody encroachment on the skyline of the western
slopes is apparentlistoric photographs: al John Dunn collection, courtesy of KwaZulu

Natal Museum Services; (c) lan Knight; (e) courtesy of Killie Campbell Africana Museum;

(9) courtesy ofKwaZulu-Natal Museum ServicesRecent photographs by Jennifer Russell.

Figure 2.3: Fixed-point, repat photographs taken at Isandlwana show the progression of
woody encroachment. (a, b) Photographs taken from the south of Isandlwana. Little has
changed between 1929 (figure 2.2g) and the 1940s (figure 2.3a). By 20A&dgbip karroo
and a fewAcaciasieberianahave encroached. (c, d) Photographs taken in 1964 (c) and in

2011 (d) showing a similar aspect of the mountain as those in the previous figures 2.2g and
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2.3a. There is evidence of woody encroachment on the western slopes (left) of th@mount
by 1964 (c), with small shrubs also evident on the eastern spur (right). Since 1964 (c) woody
encroachment has been marked, but patchy. Evidence of block burning ismappare
photograph (c). (e, fPhotographs comparing woody cover between 199an@R011 (f). In

1992 (e), the trees are still small, but increase in height and density over the next 20 years.
Note also the erosion gully in the foreground, which has not changed much during the
intervening 20years. Historic photograph@) Mrs M. Barker,courtesy oKillie Campbell
Africana Library; (c) @orge Chadwick; (f) lan KnighRecent photographs by Jennifer

Russell.

Figure 2.4: (a7 d) Fixedpoint, repeat photographs of Isandlwana (west) aiid(¢ Ror ke 6's
Drift.(a,Phot ogr aphsll whnkh taken from the west co
bet ween 1899 (Tahi swiitsh an0 1uln u sbu a | aspect of th
photographs were taken around the battle sit
mountain. Dd <p iptheo ttolge alpihs thceeri ng t akZeunl 20 year
War, there is little change on the colluvial
compared with the historic photograph in fig
currentappmhdgtoogr signi ficant woody encroachmer
evident . Current human activity in the eluv
region has experiewnsced timspledstonclsoongved e®n

culattiivon in the modi f ifeodotald fu vtihael Fosygadioanit (.4 )

repeat photographs of I sandlwana taken from
2004 (c) and 2013 (d). The plhotoaghaems at e
original site of the camercad. nCasmeurtah was tthhee re

site. There has been a marked i ncrease in w
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i's outside the historihce rheissetrovrei ce&rmadissearnvdel wanm
background) tree density does not appear to
size (b). The difference in tree density be
may be due to aedelmesbepriaygetimhermamaggement of
(e, 1) Phot ographs of RorkedkedDrimntl188&2¢t(e)r

2011THd )area has been farmed extensively sin

cultivated { meadmindld!l evhi ch are still visible
although these | ands are no |l onger cultivate
al t houegrhatneo,d i ncr e alstee i enl wioaly/ ccoolvlewvi al r egi
foregdous on comméheiall vaingle!l amd.all uvial/l cc
are now communal |l-gplmam@geat tblye | ®Wa &dig mat r anc

encroachment has been more rapid onl kthei albrt
region of Shyane (4) than on the eastern and
courtesy of the Killie Campbell Afri@ana Lib

courtesyof KwaZuluw-Natal Museum Services Recent phmoitfoegrr aRpuhsss eblyl ..

Figure 2.5: Fixed-point, repeatpb ot ogr aphs t aken at-poRtorepkat 6 s Dr i
photographs of Singindi from Shyane at Ror ke
current view (b) of Singindi is almost obscured bgreaching woody species on the alluvial

region (1) at thdéoot of Shyane (25% increase). Woody encroachment on the colluvial region

(2) of Singindi in the current photograph (b) is also significant (13% increase). The large

trees in the middiground are xotics, namelyPinussp. (c, d) Fixeepoint, repeat

photographs of Fort Mellvill on the hill on the banks of the Umzinyathi River, just upstream

of Rorkebés Drift itself, taken in 1879 (c) a

landscape remarkgbdevoid of vegetation. By 2011 (d), both the modified alluvial region
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(1) and the colluvial region (2) show significant woody encroachment (increased by 39% and
60%, respectively). The central alluvial region (3) has not changed significantly. Itis

cumrently under cultivation. There has been a significant increase (25%) in the colluvial
region (4) around the settlement of Rorkeods
Eucalyptusspp.,Jacaranda mimosifoliandPinusspp. (e, f) Photographs 8hyane at

Rorkebés Drift, with the Umzinyathi River in
The alluvial region (1) shows significant, but moderate, woody encroachment (15%) since

1879 (e). The colluvial regions of 2, 3 and 4 all show signifigatddy encroachment (40%,

40% and 25%, respectively) in the current photograph (f), particularly on the nedhdrn
northreastern facing slopes. Historic photographs: (a) courtesy of the Killie Campbell

Africana Library; (c) John Dunn collection, couyest KwaZulu-Natal Museum Services;

(e) courtesy of KwaZuhNatal Museum Services. Recent photographs by Jennifer Russell.

Figure 2.6: Indirectdetrended correspondenraealysiS DCA) shows distinct grouping of the
different sites, characterised by plapecies. The grouping reflects the different fasds.

At the battle site of Isandlwana (1) latude is a combination of conservation management

and communal landse. The site is block burned every 2 years. There are a number of

wild herbivores irthe area, mainly impaldepyceros melampuasd plains zebrgquus

guagga burchelli Three months of the year (at the end of summer), the community members
from the nearby villages are permitted to gr
conmunal rangeland, where cattle owners all graze their cattle communally. There is no
limit to how many cattle they own. Each year the area is subjected to uncontrolled fires.
Within this group are three sites (RSIO) which fall within the commercial lamtisy show

a similar species composition to the communal lands, although subject to different

management styl e. Fugitivesdé Drift (F) is a
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well as a few domestic cattle. The area is block burned everydars. The three outliers
(RSi) are at Rorkeb6s Drift and part of a co

three years.

Figure 2.7: Directdetrended canonical correspondence ana{iXCA) showing the

correlation between environmental \abies and sites. Percentage rock and the slope (or
steepness) of the terrain exerted a strong influence on the grouping of the sites. Each study
site had its own distinct composition of dominant species, which could be the result-of land
use. Commercialattle ranching had the greatest effect on species composition, while
communal cattle ranching had the least effect on species composition. The diamond shapes
denote sites at Fugitivesd Drift (F),ndt he i
the square shapes denote sites at Isandlwana (I). The nominal environmental variables are
denoted by large closed circles. Cons = conservation area; Comm = communal rangelands;
Enc = encroached areas; Mix = areas where both conservation managentamamnohal

grazing are pracid; Old = old lands that are no longer under cultivgtio

Coml = commercial rangelands. The other three environmental variables are indicated by

arrows. Asp = aspect; rock = rockiness of the terrain; Slp = steepnesseafaie t

Figure 2.8: Standardised precipitation index (SPI) values (see Yurekli and Anli 2008). The
relative amount of rainfall for each season (SPI) from 1901 to 2006 was extracted from
combined rainfall data from the Dundee Research Station and Dualiee $ation. There

are more years of below normal precipitation during the last 40 years than between 1901 and
1954. The events are also less extreme during the last thirty years compared to the events
between 1901 and 1954. SPI values are ratedlaw$o extremely wet = 3; very wet = 2;

moderately wet = 1; near normal precipitation = 0; moderate drought =
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severe drought =2; and extreme drought-3. The double headed arrow indicates periods
where there the records were unreliable and wetrénolnded. As the wet season is over the
summer period, the ionth period was taken from the beginning of August until the end of

July each year.
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Tabl eAl2t.ilt.udinal range (m), aspect2.df Qat2ena
and 2.5 showing increase in percentage woody
has increased significantly in all but four

according to Scheidegger (2&88Bg.regdghenebbivba

of material; the colluvial region is the ste
and the alluvial region is at the base of th
* = significanegehat emsle Pibnewo ¢dy v

Tabl eRs 2lhts of multiple regression analysis
correspondence analysis (DCA) against the va
been removed. The ovegraéssivahuanalfyshs imsl bhi
11.(d4<7,0.001) and a large amo’end. @2)theTharkeal
independent categories P«xe0s0@h) pzc@m@O@8nesnc
and commerpgi &L OlD&o@®@$ f Tbeent was calcul at ed.

signibf(istc aamtdar di zed) <coefficients because t he

the effect of commercial farming on species
areas thhd undergone bush encroachment, whil e
effect. These r-esalhads comfefrfmedthadn | tamal spe
the various sites. OMi xtured referrasto a co

OEncroachedd6 refers taoasarehstwhahenuaddkergyppe

encroachment. 60l d | andsdé are previously cul
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Figure 2.1: Fixed-point, repeat photographs takerFati g i t i ves & Dr i ft
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Figure 2.2 Fixed-point, repeat photographs taken at Isandlwana



110

() 4 2011

Figure 2.3: Fixed-point, repeat photographs taken at Isandlwana show the

progressiorof woody encroachment
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Axis 2

26
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0.0

Figure 2.6: Indirectdetrended correspondence analyBi€A) shows dstinct grouping of

the different sites, characterised by plant species
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@ Fugitives' Drift
¥ Rorke's Dnift
O Isandiwana

» Rock

Axis 1

s

Figure 2.7: Direct detrended canonical correspondence analysis (DGB&Wying the
correlation between environmental variables and .sites

Cons = conservation area

Comm = communal ramgand

Enc= encroached areas

Mix = areas where both conservation management and communal grazing aseqyrac
Old = old lands that are no longer under cultivatio

Coml = commercial rangelands

Asp = aspect

Rock = rockiness of the terrain

Slp = steepnesd the terrain.
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Figure 2.8: Standardised precipitation index (SPI) values
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Table 2.1: Altitudinal range (m), aspect of catenal regions represented in Figures 2.1

2.2, 2.4 and 2.5 showing increase in percentage woody cover between 1879 and 2C

Figure Altitudinal Delineated Catena Aspect % woody cover % increas
range (m) unit 1879 2011
la, c 960 - 1060 1 Eluvial South 10 80 70*
2 Colluvial South 15 70 55*
1b,c 940 - 1060 1 Alluvial North-east 10 50 40*
2 Alluvial West 20 75 55*
3 Colluvial West 12 90 78*
4 Eluvial/Alluvial West 15 85 70*
2a, b 1180 - 1310 1 Alluvial South-east O 2 2
2 Colluvial South-east 1 40 39*
3 Colluvial South-east 1 12.5 11.5*
4 EluvialAluvial South-east 1 1 0
2e,f 1215 - 1330 1 Alluvial South-west 1 15 14*
2 Colluvial South-west 0.5 35 34.5*
3 ColluvialEluvial South-west 5 10 5
4a, b 1090 - 1280 1 Colluvial North-west 10 50 40*
2 Eluvial/Colluvial West 20 40 20*
3 Modified alluvial North-east 5 35 30*
4 Modified alluvial North-west 5 40 35*
5 Colluvial North-west 5 45 40*
4e, f 1140 - 1320 1 Eluvial/colluvial East 0.5 15 14.5*
2 Allulvial East 1 15 14~
3 Alluvial/colluvial West 1 15 14*
4 Eluvial/colluvial West 0.5 10 9.5*
5 Eluvial West 1 30 29*
5a, b 1150 - 1320 1 Alluvial North-west 5 30 25*
2 Colluvial East 2 15 13*
5c, d 1060 - 1140 1 Modified alluvial East 1 40 39*
2 Colluvial East 0 60 60*
3 Alluvial East 0.5 5 4.5
4 Alluvial North 0 25 25*
5e, f 1060 - 1320 1 Alluvial North 5 20 15*
2 Colluvial North 15 55 40*
3 Colluvial North 10 50 40*
4 Colluvial North 20 45 25*
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Talbe Re2ults of multiple regression an
correspondence analysi.s (DCA) against

ANOVA

df SS MS F p

Regression 8 19.908 2.488 11.171  <0.001

Residual 34 7.571 0.223

Total 42 27.481

Coefficients p-Coefficient  rStar P-value

Intercept 0.44 1.48 0.146

Aspect 0.001 0.199 1.93 0.061

Slope 0.016 0.133 0.79 0.435

Rockiness 0.008 0.263 1.52 0.139

Commercial 1.95 0.844 5.4 <0.001

Conservation -0.01 -0.004 -0.04 0.969

Mixture -0.01 -0.008 -0.07 0.947

Old lands 1.07 0.34 2.83 0.008

Encroached 1.35 0.816 4.57 <0.001
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f oun

communityin the 1980s% aerial covers expressed as an average cover for the replicates for

each site. The number of species is the actual number

Fugitives' Drift (woody)
Species list

Acacia ataxacantha
Acacia karroo

Acacia nilotica
Afrocanthium mundianum
Aloe marlothi
Brachylaena elliptica
Canthium gilfillanii
Canthium inerme

Catha edulis

Chaetacme aristata
Clausena anistata

Clutia pulchella
Combretum apiculatum
Combretum erythrophyllum
Cussonia spicata
Diospyros glandulifera
Diospyros lycioides
Diospyros whytear
Dombeya rotundifolia
Ehretia rigida

Euclea crispa

Ficus sycamorus

Grewia occidentalis
Gymnosporia heterophylla
Gymnosporia senegalensis
Gymnosporia undata
Hippobromus pauciflorus
Jasminum sp

Lantana rugosa

Lippia javanica
Meytenus umdata
Ochna arborea

Ozoroa paniculosa
Ozoroa sphaerocarpa
Pachystigma macrocalyx
Rhoicissus tridentata
Rubus sp

Schotia brachypetala
Scutia mytina

Searsia c.f. dentata
Searsia c.f. montar
Searsia pallens

Searsia c.f. pentheri
Searsia c.f. rehmanniana
Searsia c.f. tormentosa
Solanum sp

Tricalysia lanciolate
Vitex rehmannii
Zanthoxylem capense
Ziziphus mucronata

No. spp
% cover

Skubudu valley 541/7 Skubudu valley D70/078 Fugitives' Drift D70/07€

3.7
1.7
0.0
20
5.7
0.3
5.3
0.0
0.5
0.3
0.0
3.7
0.0
0.0
1.8
0.0
1.3
4.7
0.0
0.0
10.7
0.0
0.0
1.0
0.2
0.0
3.0
3.7
0.0
0.0
1.2
0.2
0.2
0.0
0.7
0.8
0.0
0.0
0.0
0.0
1.0
15
2.0
0.3
0.0
0.0
0.0
4.2
1.5
0.2
29.0
63.2

2.3
3.3
1.7
0.3
1.7
0.5
3.7
0.7
0.5
0.3
0.0
1.8
0.0
0.2
1.0
0.0
2.3
2.7
0.0
0.0
4.7
0.2
0.2
1.0
0.7
0.0
1.2
2.7
0.0
0.2
0.7
0.2
0.3
0.0
0.0
0.7
0.3
0.3
0.2
0.3
1.7
2.0
1.0
0.5
0.0
0.0
0.2
2.5
0.7
0.5
39.0
45.7

18.3
1.0
0.2
0.0
6.3
0.3
0.0
0.0
0.0
0.0
0.3
0.0
1.3
0.0
0.5
2.0
4.2
0.5
0.2
0.2
7.0
0.3
0.5
2.7
0.0
0.0
0.8
0.3
0.2
3.3
0.2
0.3
0.0
20
0.0
0.3
0.0
0.0
0.0
0.3
0.0
0.0
2.7
0.7
0.8
0.7
0.0
0.0
2.2
1.0
32.0
61.7



Fugitives' Drift (grasses)
Species list

Aristida junctiformis

Aristida meridionalis

Bewsia biflora

Bothriochloa insculpta

Cymbopogon excavatus

Digitaria longiflora

Eragrostis curvula

Eragrostis plana

Eragrostis pseudosclerantha

Eragrostis racemos

Eragrostis superba

Helictotrichon turgidulum

Heteropogon contortus

Hyparrhenia hirta

Melinis nerviglumis

Melinis repens

Microchloa caffra

Panicum natalensis

Schizachyrium sanguineum

Sedge

Setaria sphacelata

Themeda triandra

Trichoneura grandiglumis
No. spp
% cover

Skubudu valley 541/7 Skubudu valley D70/078 Fugitives' Drift D70/07¢

0.5
0.0
0.0
0.0
0.5
0.2
0.5
0.0
0.5
0.0
0.0
0.5
0.5
0.3
0.0
0.5
0.2
0.2
0.0
0.2
0.3
15
0.0
14.0
6.3

0.2
0.0
0.0
0.0
0.3
0.0
0.5
0.2
0.2
0.0
0.0
0.2
3.3
0.2
0.0
0.3
0.0
0.0
0.0
0.3
1.8
0.2
0.0
12.0
7.7

1.2
0.5
0.3
0.2
2.7
0.0
3.0
0.3
0.0
0.0
135
0.0
8.5
0.5
0.3
0.7
0.2
1.5
0.2
0.3
0.2
317
0.2
19.0
65.8
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List of plant species (woodynd grass) found dsandlwana. The area is a mixture of
conservation and communal land utilization practiéeserial cover expressed as an average

cover for the replicates for each site. The number of species is the actual number.

Isandlwana (wood)

Species list
West slopes- bush 54/094 West slopes- open 54/094  East slopes - bush 541/2 East slopes - bush 541/

Acacia karroo 36.7 3.3 39.3 0.2
Aloe marlothi 223 1.0 6.7 0.0
Aparagus sp 0.2 0.0 0.2 0.0
Brachylaena elliptica 0.0 0.0 0.7 0.0
Canthium setiflorum 2.7 0.0 0.0 0.0
Canthium spinosum 0.0 0.0 0.3 0.0
Diospyros glandulifera 0.0 0.0 0.2 0.0
Diospyros lycioides 11.3 0.8 32 0.0
Diospyros whytear 0.0 0.0 0.2 0.0
Dombeya rotundifolia 0.0 0.0 0.5 0.0
Ehretiarigida 0.2 0.0 0.0 0.0
Euclea crispa 2.0 0.2 15 0.0
Ficus burtt-davyi 0.7 0.0 0.0 0.0
Ficus sycamorus 0.0 0.0 13 0.0
Grewia occidentalis 1.0 0.0 2.8 0.0
Gymnosporia heterophylla 0.0 0.0 0.3 0.0
Jasminum sp 1.0 0.0 0.0 0.0
Lantana rugosa 0.0 0.3 0.0 0.0
Lippia javanica 4.7 3.0 0.5 0.2
Obetia tenax 0.2 0.0 0.0 0.0
Premna mooiensis 0.0 0.0 0.3 0.0
Rhoicissus tridentata 0.8 0.2 0.0 0.0
Searsia c.f. dentata 0.0 0.2 0.0 0.0
Searsia c.f. montar 0.5 0.0 0.0 0.0
Searsia c.f. pallens 53 0.2 13.7 0.0
Searsia c.f. pentheri 0.7 0.3 0.3 0.0
Searsia c.f. rehmanniana 0.5 0.2 0.2 0.0
Searsia c.f. tormentosa 0.2 0.0 0.0 0.0
Solanum sp 0.5 0.2 0.5 0.0

No. spp 19.0 12.0 19.0 2.0
% cover 91.3 9.8 72.7 0.3
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Isandlwana (grasses)

Species list
West slopes- bush 54/094 West slopes- open 54/094 East slopes - bush 541/2 East slopes - open 541/2

Aristida junctiformis 2.0 2.7 2.3 3.0
Bewsia biflora 0.0 0.2 0.5 0.0
Bothriochloa insculpta 0.0 0.0 0.0 0.0
Brachiaria serrata 0.0 0.0 0.2 0.1
Cymbopogon excavatus 0.2 0.8 15 11.3
Cymbopogon pospischilli 0.0 0.0 0.3 0.3
Cynodon dactylon 1.0 0.2 17 0.0
Elionurus muticus 0.0 0.0 0.3 0.0
Eragrostis curvula 33 2.3 5.0 2.9
Eragrostis gummiflua 0.0 0.5 0.0 0.0
Eragrostis plana 9.0 0.5 2.0 2.9
Eragrostis pseudosclerantha 0.3 0.2 1.0 15.3
Eragrostis racemos 0.2 0.0 0.0 0.4
Eragrostis superba 0.2 0.0 0.3 0.4
Heteropogon contortus 0.0 0.2 0.3 0.4
Hyparrhenia hirta 0.2 11.7 17 23.8
Melinis nerviglumis 0.0 0.3 0.3 0.1
Melinis repens 17 3.7 12 0.6
Microchloa caffra 0.0 0.2 0.0 0.3
Panicum natalensis 12.7 0.7 3.0 0.3
Perotis patens 0.0 2.8 0.0 0.0
Sedge 0.5 0.3 0.3 0.0
Setaria pallide-fusca 0.0 0.0 1.7 0.1
Setaria sphacelata 0.5 0.0 0.0 0.0
Themeda triandra 10.7 0.2 2.3 0.9
Trichoneura grandiglumis 0.2 0.3 0.0 0.0

No. spp 15.0 18.0 19.0 17.0
% cover 42,5 277 26.0 62.8



List of plant species (woody and grass) foond

communal
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a n % aeaidl

Ror ke

coverexpressed as an average cover for the replicates for each site. The number oisspecies

the actual numbealso expressed as an aggdor the replicate plots within each site.

Rorke's Drift Communal Sites {woody)

Species list

Acadia ataxacantha
Acada karroo

Acacdia sieberiana
Afrocanthium mundianum
Aloe marlothi

Aparagus sp

Canthium setiflorum
Celtis africanis

Cuszonia spicata
Diospyros austo-africana
Diospyros glandulifera
Diospyros lydoides
Diospyros whyteana
Dombeya rotundifolia
Eucleacrispa

Ficus sycamorus

Grewia ocddentalis
Gymnosporia heterophylla
Gymnosporia senegalensis
Heteromorpha arborescens
Hippobromus paucflorus
lacaranda mimosifolia
Jasminum sp

Lantan camara

Lantana rugosa

Lippia javanica

Melia azedarach
Meytenus umdata
Ochna arborea
Pittosporum viridiflorum
Premna mooiensis
Rhoicissustridentata
Schotia brachypetala
Scolopia flanaganii
Searsiac.f. dentata
Searsia c.f. montana
Searsiac.f. pallens
Searsiac.f. penthen
Searsia c.f. rehmanniana
Searsia c.f. tormentosa
Solanum sp

Vitex rehmannii
Zanthoxylem capense
Ziziphus mucronata

MNo.spp
% cover

Shyane - bush 431/1

00
73
00
00
27
07
00
00
02
00
05
117
50
02
267
07
07
23
02
00
05
00
05
02
00
03
00
00
02
00
07
12
03
05
07
15
23
23
00
12
00
167
00
00
280
a7

Shyane - open 431/1

0.3
0.8
0.0
0.0
2.0
0.0
0.0
0.0
0.0
0.0
0.0
0.8
0.0
0.0
17
0.0
0.2
0.3
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.2
0.2
0.0
0.0
0.0
0.0
0.2
0.2
0.3
10
0.0
0.0
0.0
13
0.0
0.0
140
9.5

0.0
46.7
0.2
0.2
0.3
0.3
0.0
0.0
0.0
0.0
0.0
0.8
0.0
0.0
1.0
0.0
0.2
0.0
0.0
0.0
0.0
0.0
0.2
0.0
0.2
0.2
0.0
0.0
0.0
0.0
0.0
0.2
0.0
0.0
0.2
0.0
0.7
0.2
0.3
0.3
0.5
0.0
0.0
0.0
180
525

Fort Mellvill - flood plain 541/3

Fort Mellvill - hillside 541/3

17
7.0
0.0
0.0
a7
0.7
0.0
0.5
0.0
03
05
55
0.5
0.0
a0
0.0
0.7
0.5
0.2
0.0
0.0
03
18
0.0
10
0.8
05
0.2
03
0.0
0.0
0.0
0.0
0.0
0.0
0.0
20
20
13
0.7
0.2
0.0
03
0.0
26.0
36.2

Shyane 63/005

0.0
8.0
0.0
03
6.3
05
07
0.0
0.0
0.0
0.0
6.7
0.0
0.0
47
0.0
15
0.0
05
05
0.2
0.0
10
0.2
0.0
43
0.0
0.0
0.2
0.0
133
05
0.0
0.0
10
0.0
0.0
27
0.0
0.0
0.2
0.0
0.0
0.2
21.0
53.3
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Rorke's Drift Communal Sites (grasses)

Species list
Shyane - bush431/1  Shyane-open431/1 Fort Mellvill -flood plain 541/3 FortMellvill - hillside 541/3  Shyane 63/005

Aristida junctiformis 03 1.3 2.2 0.0 0.7
Bewsia biflora 0.0 1.2 0.0 0.0 0.0
Bothriochloa insculpta 6.3 5.0 0.8 0.3 2.5
Cymbopogon excavatus 20 13.3 10.2 4.0 0.7
Cynodon dactylon 0.0 0.0 0.0 0.0 0.7
Digitaria sanguinalis 0.0 0.0 0.0 0.0 13.3
Diheteropogon amplectens 0.0 10.0 0.0 0.0 0.0
Elionurus muticus 0.0 0.2 0.0 0.0 0.0
Eragrostis capensis 0.2 0.2 0.0 0.0 0.3
Eragrostis curvula 0.2 0.3 0.5 0.3 4.3
Eragrostis plana 0.5 0.5 30.0 0.5 26.7
Eragrostis pseudosclerantha 5.0 0.2 0.0 0.0 0.5
Eragrostis superba 10 1.5 0.0 0.0 123
Heteropogon contortus 0.3 0.0 0.0 0.0 0.2
Hyparrhenia hirta 7.7 2.0 0.3 0.0 1.8
Melinis nerviglumis 0.0 0.7 0.0 0.0 0.0
Melinis repens 0.7 0.7 0.0 4.7 1.0
Microchloa caffra 0.0 0.0 0.2 0.0 0.0
Panicum maximum 7.0 0.0 0.0 0.0 0.2
Panicum natalensis 0.0 0.5 0.0 0.0 0.0
Paspalum dilatatum 0.0 0.2 1.2 0.0 0.0
Paspalum notatum 0.0 0.0 1.0 0.2 3.3
Sedge 0.3 1.0 0.3 0.3 0.5
Setaria pallide-fusca 10 0.0 0.0 0.0 0.0
Setaria sphacelata 0.0 1.5 0.2 10.0 2.0
Themeda triandra 36.7 13.3 36.7 5.7 17.3
Trachypogon spicatus 0.0 0.5 0.0 0.0 0.5

No. spp 15.0 20.0 12.0 9.0 19.0
% cover 6.7 54.0 8.5 26.0 88.8



124

List of plant species (woody and grass) founccommercial and at Réra&i@dos Dr
cover expressed as an average cover for the replicates for eacfhsiteumber of species is

the actual number.

Rorke's Drift Commercial Sites (woody)

Species list Singindi - bush 63/005 Singindi - open 63/005
33 23
Acacia ataxacantha 58.3 0.0
Acacia karroo 0.8 0.2
Acacia sieberiana 2.2 0.8
Afrocanthium mundianum 0.3 0.0
Aloe marlothi 1.2 0.3
Aparagus sp 0.2 0.0
Canthium setiflorum 0.3 0.0
Celtis africanis 0.2 0.3
Diospyros austo-africana 6.8 1.0
Diospyros glandulifera 0.7 0.2
Diospyros lycioides 33 0.5
Dombeya rotundifolia 1.8 1.5
Euclea crispa 0.7 0.0
Ficus sycamorus 0.5 0.0
Grewia occidentalis 1.7 0.0
Gymnosporia senegalensis 0.2 0.0
Jacaranda mimosifolia 0.3 0.0
Jasminum sp 0.3 0.0
Lantan camara 6.3 3.0
Lantana rugosa 0.2 0.0
Meytenus umdata 0.2 0.0
Ochna arborea 4.0 0.0
Pittosporum viridiflorum 1.0 0.3
Premna mooiensis 0.7 0.0
Rhoicissus tridentata 1.7 0.0
Searsia c.f. pallens 1.7 1.7
Searsia c.f. pentheri 1.0 0.2
Searsia c.f. tormentosa 0.5 0.0
Vitex rehmannii 0.3 0.0
Zanthoxylem capense 1.0 0.0
Ziziphus mucronata 22.3 8.3
Woody 105 1.0 0.0
MNo. spp 33.0 14.0

% cover 102.7 12.3
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Rorke's Drift Commercial Sites (grasses)

Species list
Singindi - bush 63/005  Singindi - open 63/005

Aristida junctiformis 0.2 0.2
Bewsia biflora 0.2 0.7
Cymbopogon excavatus 0.5 3.0
Cymbopogon pospischilli 0.0 0.2
Cynodon dactylon 33 0.0
Diheteropogon amplectens 0.0 0.5
Eragrostis capensis 0.0 0.3
Eragrostis curvula 07 0.5
Eragrostis plana 07 0.3
Eragrostis pseudosclerantha 0.2 0.7
Eragrostis superba 0.0 0.3
Helictotrichon turgidulum 0.2 0.0
Heteropogon contortus 0.0 0.2
Hyparrhenia hirta 3.7 8.3
Melinis nerviglumis 0.0 0.7
Melinis repens 1.2 0.5
Panicum natalensis 0.5 0.7
Paspalum dilatatum 11.7 0.0
Sedge 03 0.7
Setariasphacelata 03 0.2
Themeda triandra 0.2 0.5
Trachypogon spicatus 0.2 0.5

No. spp 16.0 19.0
% cover 23.8 18.8
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Chapter 3

Remote sensing provides a progressive record of vegetation change in northern
KwaZulu -Natal, South Africa, from 1944 to 2005

Jennifer M Russel? and David Wardl
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Remote sensing, together with geographic information systems (GIS), provides
a powerful tool for monitoringnvironmental processes. Aerial and satellite
photographs enable the analysis of an entire landscape and, using multi
temporal sets of photographs, one is able to follow processes over time. In our
study, we used muitemporal sets of aerial photograplaken between 1944

and 2005, to observe the phenomenon of woody plant encroachment in four
neighbouring study sites in northern KwaZNatal, South Africa. We also
analysed rainfall and temperature trends. Woody plant encroachment was
evident in allsites. We suggest possible drivers behind the bush encroachment,
in particular, climatic trends. However, encroachment did not relate directly to
rainfall and temperature trends. We also speculate on the effects of herbivory
and fire, as well as risingtmospheric C@concentrations and its effect og C

and G plants. We suggest that increasing atmosphericd@@centrations

could be the overriding driver of woody plant encroachment in our study area,
with other drivers, such as rainfall, temperattire, herbivory and land use,

playing a modifying role.

Key words: Remote sensing, aerial photographs, €@ub encroachment,

bush encroachment, woody plant encroachment, rainfall, temperature, land use
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1. Introduction

Remote sensing techniqueler a means for monitoring environmental process. Coupled
with geographic information systems (GIS), remote sensing greatly enhances our
understanding and predictive ability of interactions on a landscape(¥ditkason 1996;
Kadmon and HaraiiKremer1999; Browning, Archer, and Byrne 2008)d has increased in
popularity and effectiveness as a tool for interpreting the environment (e.g. Saltz et al.
[1999]; Hudak and Wessman [2001]; Ward [2004]; Adjorlolo ef24112]).

Woody plant encroachment ¢al known as shrub or bush encroachment) into
grasslands and savannas has become a global phenofaectoar, Schimel, and Holland
1995; Moleele et al. 2002; Kraaij and Ward 2006pommunities tat rely on wood for their
everyday needs may regard this anbficial(Shackleton, Shackleton, and Cousins 2001,
Dovie, Shackleton, and Witkowski 2002; Twine 2005)owever, woody plant
encroachment into savannas with the concomitant loss of biodiversity has great socio
economic implicationgGrossman and Ganda®89; Wigley, Bond, and Hoffman 2009;
Ward 2011)

There are a number of possible causes of bush encroachment.

1. The most widelyited cause is heavy grazing, which may reduce tree:grass
competition for soil moisturéraaij and Ward 2006; Ward and EsB11)
and will also reduce fuel loads, resulting in bush encroach(Renjues,
O'Connor, and Watkinson 2001; Archibald et al. 2005).

2. Anincrease in annual rainfall may reduce competition between woody plants
and grasses for soi t[19685) Kraafjand Ward( s e e
[2006]), enhancing tree recruitment. It has also been noted that, in arid and
semtarid savannas, an increase in rainfall events or intefiGigaij and Ward

2006; Kulmatiski and Beard 201@jthout acorresponding change in araiu
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rainfall may also enhance seedling establishment

. The absence of fires may also promote bush encroac¢i{iiggins, Bond,

and Trollope 2000 Contrastingly, fires may create space for trees to establish
which may result in in@ased tree encroachment (d/2005. A decrease in
mean annual rainfall may result in reduced grass cover, thereby reducing the
fuel load necessary for the hot fires that inhibit bush establishment (see e.g.
Trollope [1974]; Higgins, Bond, and Trollope [2000]; Staver and Levin
[2013)). Another factor that may cause a change in the probability of bush
encroachment is the presence of roads. Roads may be considered effective
firebreaks (see e.g. Syphard, Clarke, and Franklin [2007]). By interrupting the
spread of fires, roads may inditey be a factor in bush encroachment.
However, fires may jump roads, even major motorw@ygphard, Clarke, and
Franklin 2007) In South Africa, roads do not necessarily inhibit the spread of
fires (pers. obs.).

. Increasing ambient temperatures may a@isoease woody plant growth rates
and recovery rates after fire damdy¢akeling, Cramer, and Bond 2012)
Similarly, absence of frost may increase survival of tree seedlings and lead
ultimately to encroachment (B&shahar 1993; Holdo 2006).

. Soll nutrients which are often linked with soil structure (see e.g. Britz and
Ward [20074a]) also play a part in the tree:grass ratio of savannas. Low
nitrogen levels reduce grass biomass which in turn benefits tree seedling
recruitment (see e.g. Kraaij and Ward [2Q(&nkaran et al. [2008]; Cramer
and Bond [2013]).

Land use patterns may also affect encroachment by trees. For example,

Hardin (1968) considered thaten land is held communally (where no
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individual privately owns landjndividuals will exploit the&nd to his/her
maximum profit, regardless of the cost to the rest of the commuinisy.
therefore, considered thander communal pastoralism, bush encroachment
may beexacerbated bthe heavy stocking rates frequently employed there.
This view is, hovever, contested by authors such as Ellis and Swift (1988),
Ward et al. (1998) and Benjaminsen et al. (2006).

7. The increase in atmospheric €€ncentrations is attracting much attention
with regard to bush encroachment. It has been shown that higher CO
concentrations enhance photosynthetic rates@idhts (shrubs and trees)
(see e.g. Ehleringer et al. [1991]; Morgan et al. [2007]; Bond and Midgley
[2012]). With a predicted increase of atmospherig @3500 pmol/mol by
the end of this centurffMorganet al. 2007)one could expect an increase in
Cs shrubs as a result of improved photosynthetic rates and of allocation of
extra carbon to root&gope, Bond, and Midgley 2009y to carborbased
defence mechanisnfgvard 2010)

In our study, we investigadehe change in vegetation in northern Kwazhlatal,
South Africa. The region has been classified as grassland and open gdacina and
Rutherford 2011and is extensively used for cattle and game ranching. Immedadtet the
Anglo-Zulu Warof 189, phot ographs were taken of the b
Drift, I|Isandlwana and Rorkeds Drift. These
landscape today, demonstrate how the land cover has modified from open savanna and
grassland to cked and encroached savanna and grasskeefjgure3.1(a), (b) and €)).
We wished to measure the changes in the intervening yeats asdertainvhether thishad
occurred at the landscape scale. To this end, we usedtemfioral sets cderial

phaographs taken of therea between 1944 and 2005. After processing the photographs, we
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classified the observed changes manually as perc
[1999;Roques, 0OO6 Con n d2001]; \ermadenva al. K2002¢origan et al. [2010];
Wigley, Bond, and Hoffman [2010]; Ward, Hoffman, and Collocott [2013]). We predicted the
following: 1) there is a unidirectional trend towards increased woody cover between 1944 and 2005;
2) the phenomenon occurred over a largées@ we expect the driver/s of this phenomenon to be a
consequence of a change in rainfall, temperature trends and land use.

2. Study area

The study area is in northern KwaZtMatal, South Africa, 35 km sdweast of Dundee

(28.10 S; 30.24E). The faur study sites or areas of interest are abdle®ha in extent:
Fugiti ves 6S;IBEE), tsandivzada.(28.35; 30.39E) and two sites at Rorke's
Drift (28.21 S; 30.32E). The terrain is rugged, with river gorges and deep erosion gullies.
The Umzinyathi River flows through the area with several tributaries draining into it.
Altitude varies from 900 m to just over 1330 m. The soils are generally shallow and eroded
(Rienks, Botha, and Hughes 200®arent material is sandstone and Etedes, with

dolerite outcroppingVan der Eck, MacVicar, and de Villiers 1969Rainfall is seasonal,

with most of the rain falling during the summer months (Octdlddarch). Mean annual
precipitation is 705 mm, as recorded by the weather stationratilgna, which operated

from 1933 to 1972. Average daily maximum temperature i€,25ith January and February
being the hottest months. Average daily minimum temperatur€is3ine and July are the
coldest months.

The study si t ds7ahainexegtiand iswretise®mortbankfoftthe
Umzinyathi River, within the Skubudu valley. It falls within the savanna biome known as
Thukela Thornveld (Mucina and Rutherford 2011). The altitude ranges from 900 m to 1060
m. The area is partly manatjpy Ezemvelo KwaZuhNatal Wildlife, a provincial
conservation body. As at Isandlwana, burning is carried out every two to three years,

depending on fuel load. The rest of the area is communally used by isjzedking
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subsistencécommunal)farmers. Fires are generally accidental and at no set timing. In the
mid-1980s, the community was removed from the entire valley, ostensibly to be closer to
amenities such as schools and clinics. Cattle, goats and wild herbivores, such as plains zebra
Equus quaggaurchelli, impalaAepyceros melampukuduTragelaphus strepsicerand
red hartebeedtlcelaphus buselaphwse present in small numbers.

The site at Isandlwana is described as KwaA\ddal Highland Grassland (Mucina
and Rutherford 2011). The areastdidy is 108 ha in extent. Altitude of the study site ranges
from 1200 m to 1330 m. A large frestanding sandstone outcrop, from which treaar
derives its name, runs noflouth across the centwéthe study site and rises to 1330 m.
There is evidencef old cultivated lands in the western portion of the site which have been
fallow since the midl980s. In 1985 the area was declared a reserve and wad.fehis
managed by EzemvekwaZulu-Natal Wildlife. Block burning is practd every two to
three years, depending on fuel lo@dgwenya 201Q) Community members are still
permitted to graze their livestock there, but only at the end of sufiNgarenya 201Q)
There is no control as to how many livestock use the area. Wild herbivores, such as impala
and zebra, are also present.

At Rorkedés Drift we studied two areas: a)
isiZulu-speaking subsistenéeommunal)farmers (231 ha); and b) commercial rangeland
(142 ha). Altitude ranges from 1060 m (communal ramgdato 1240 m (commercial
rangelands). Inthe communal rangelanke grasslands are classified as KwaZnhtal
Highland Thornveld and iNcomé Sandy Grassland (Mucina and Rutherford 2011). There is
no restriction on the number of animals that graz&aond under commuai ownership. The
area is burnedvery year. The commercial rangelaads considered NorthekKwaZulu-
Natal Moist Grassland (Mucina and Rutherford 2011). Burning occurs every three years on a

rotational basis (H. de Wet, pers. acon2012).
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3. Data acquisition and preparation

Aerial reconnaissance flights have been conducted in the area since 1944 at approximately
10-year intervals. Six sets of panchromatic aerial photographs taken during these flights were
obtained from the ChidDirectorate of National Gespatial Information, Mowbray, South

Africa. The flights were flown in winter (Majugust), which is the dry season. The scale of

the photographs varied between 1:20 000 and 1:50 000 (see3Tgbllost of the

photographs lhbeen captured on film, except for those taken in 2005, which were digital.

The set of photographs taken in 2005 was supplied already processed and
georeferenced, using a 1:50 000 topographical map (2830BC South Africa). Hence, no
further preparation ohiese photographs was required. This composite set was, therefore,
used to georeference the remainder of the photographs. There was a large degree of variation
in brightness and contraamongthe other photographs, evamongthose taken during the
sameflight. Using Adobe Photoshop €Sa photographic editing suite, we achieved limited
success in smoothing out the variation. We further processed the photographs, using ArcGIS
Desktop 18. We mosaicked each set of photographs to create a single canpaegie for
each timeset. Each composite set of images was then resampled to equalize pixel size. All
the images were georeferenced using the composite 2005 satellite image as the base layer
(see Hughest al.[2006]). Greatest accuracy was achieve@nvhsing the spline
transformation method. This meant a minimum of 10 ground control pointssfGQFr
found there was an optimum number which varied for each imag@hich was between 40
and 100 GCPs, depending on the degree of the original distoftiba image. If too many
GCPs were used, the positional error increased, resulting in further distortion. Because we
had visited the area frequentlye could recognise permanent features on the iniagesh
as distinctive rocks, buildings (e.g. tberner of the church that had been built in 1882) and

stone cattle pens. These features were chosen as GCPs. We then clipped areas of interest
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from the composite images for analysis.

We were interested in percentage change in woody cover and notiatabh&lues.
Thus, we used manual classification based on vegetation structure, i.e. a comparison of
percentage woody cover present. Generally, the changes were in the form of increases or
decreases in bush clump size, which were clearly discernilstetire herbaceous layer. We
placed 50 mx 50 m grids over the areas of interest and estimated percentage woody cover
within eachgrid cell based on pixel darkness and shape of object.p&twentagelifference
in woody cover between sequential compositetpgraphs was ranked (Tald®) (see
Scanlan and Archer [1991]; Wigley, Bond, and Hoffman [2009]; Ward, Hoffman, and
Collocott [2013]). We expressed the number of each ranked d&sch grid celin each
area of interest as a percentage of the tatalber ofgrid cellswithin that area of interest.
We determined that the threshold for shrub size detection in our aerial photographs was 2.9
m?. We identified 11 small shrubs in the 2005 images and located and measured the shrubs
in the field. We foud that the mean minimal detectable size was 2 3gm = 1.09).
Robinson, Van Klinken, and Metternicht (2008) and Browning, Archer, and Byrne (2009)
determined the threshold to be 2.9.3 nf and 3.8 rirespectively. As our measurements
were done eighyears after the last aerial photographs had been taken, detection threshold
may well be slightly lower than 2.9°m

Rainfall and temperature data for the area were obtained from South African Weather
Service, Talana Museum (Dundee) and the AgricultReslearch Council. As none of the
data received from the various weather stations were complete, we combined the data from
Dundee Police Station and Dundee Research Station which gave us the longest rainfall record
that was available for the area: 190206, albeit with &-year gap from 1954 to 1961.
Temperature data ran from 1973 to 2011.

We performed a linear regression analysis on rainfall data to establish whether there
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was a longterm change in mean annual precipitation. To ascestagtherthere had been
any change in mean annymecipitation we compared the amount of rain that fell during the
period from 1901 to 192&ith thatwhich fell during the period from 1985 to 2006 by
performing a twetailed ttest, having first established normaldthe data and equality of
variance We believed this was meaningful because there isy@20quasperiodic
oscillation in South African rainfall patteriByer and Tyson 1977; Gertenbach 1980; Tyson
1980) The Standardized Precipitation Index (SKds also calculated from the combined
rainfall data (see Gordijn, Rice, and Wa2®d]12]; Russell and Ward [20[)3 SPI was
developed to monitor drought conditiofh$ayes et al. 1999put was also successfully used
for wet conditiongSeiler, Hayes, anBressan 2002) This formula is obtained by dividing
the total annual precipitation minus the letegm mean precipitation by the standard
deviation in total annual precipitation (see Yurekli and A2008§). We extracted the
number of days per year wharninimum temperatures were less thafiCl@ongrowth

days), which is the minimum required for plant gro¥iakeling, Cramer, and Bond 2012)
We also extracted the number of days per year that were less than freéZjngs(@ostan
have a deleteriousffect on woody specidSilberbauetGottsberger, Morawetz, and
Gottsberger 1977; Brando and Durigan 2005; Holdo 2006; Coop and Givnish 2007;
Wakeling, Cramer, and Bond 2012)Ve performed twailed ttests on nofgrowth days
between 19738 1999 and 2000 2012 and on frost days between 1972800 and 2000
2012(Russell and Ward 201.3)

4. Results

Bush recruitmenand increased canopy cover were evident at all the study sites except
between 1973 and 1981 (Figu®4 (@) 1 (d)) when there was a markedaease.

Maximum equilibrium woody cover is reached when tree density reaches 40% in mesic

savannagRoques, O'Connor, and Watkinson 208tjl 31% in serparid savanna@Vieyer et
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al. 2007)(see also Staver, Archibald, and Levin [2011]). Where woodyraeeeded 40%
in our study sitesve deemed the area encroached (see also Meyer et al. [2007]) and rate of
recruitment will be low.

At Fugitivesd Drift, 38% of the33reea was
shrub cover was > 40%. Woody reitnoent and canopy cover increased dramatically
between 1944 and 196EBigure3.2 (a) (i)7 (ii) andFigure3.4(a)). Although woody cover
showedthat most othe change was the result of busickkning (= increased densityjthin
the bush clumps (an increase in size and number of shrubs), rath&othémther
recruitment into open spaces. The increases in bush clump size gradually decreased as bush
Cumpdensity increased (see also Roque&g O0O06Con
of the area was encroached.

At Isandlwana, encroachment was slow, with only 2% encroached in 2005 (Figure
3.3) where shrulzover was > 40%, although there has been a graurehse in woody
cover since 1944, particularly between 1944 and 1964 and again bd®8%eand 1991
(Figure3.4(b)). Most of the changes occurred on the western side of the mountain. On the
eastern side of the mountain, aerial photographs showedrtimt]1 964(Figure 3.2 (b) (i)
onwards, small increases of woody invasion occurred only along the steep lower slopes of the
mountain. Once the trees were established, most of the increase was due to thickening of
bush clumps, rather than further recrwetrhinto the grassy plain below the mouni@&igure
3.2 (b) (i) T (vi) and Figure3.4 (b).

About 6% of the communal rangelands at Ro
(Figure3.3), followed by a slow steady increase in woody cover (Figute)). By 2005,
20% of the area was encroached. The aerial photog(gjghse3.2 (c) (i) i (vi)) showed a

steady increase in thickening of bush clumps in the study sites, rather than further recruitment
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into open grassy areas. The earlier aerial photographe @bimmercial rangeland show only
small patches of shrubs, particularly in the stream fedsre3.2 (d) (i) i (iii)). Woody
recruitment into the open grassland was slow, but steady. Fronoh9&itds (Figur&.2 (d)

(iv 1 vi)), the increases in woodgcruitment were dramatic (Figugad(d)). Woody

encroachment (where shrub cover was > 40%) increased from O to 9% of the study site
between 1981 and 2005 (Figu88).

Rainfall

Regression analysis of rainfall figures showed a decrease in mean anoijagti@n. The
two-tailed ttest confirmed that the reduction in mean annual precipitation between the
periods 1901 to 1922 and 1985 to 2006 was significapt2.021, p = 0.0002). Mean

annual precipitation for the two periods was 94242 mm and54 160 mm respectively.

SPI also demonstrated that the first half of the 1900s was wetter than the second half (Figure
3.5). There were three extremely wet years and three very wet years between 1901 and 1952
and one year of extreme drought. Betw#861 and 2006, there was one very wet year and
three years of severe drought. There were no extreme events during this period (see Russell
and Ward [201].

Temperature

The mean ambient temperatures increased between 1973 and 20tRaildavietests orthe
temperature data showed a significant decrease wyrawth days (minimum temperature <
13'C) between 197and1999 andbetweer?000nd 2012 €)= 14.456, p < 0.001) (mean

number of days: 239 and 195, respectively). Frost days also decreasggzhsity(tz1)=

3.269, p = 0.003) from a mean number 23 to 15 days per annum (see Russell and Ward

[2013]).
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5. Discussion
Landscape ecology has a temporal dimenf&@hson 2009)and a knowledge of the past
helps predict the future. Historical a¢qdnotographs have been successfully used to monitor
environmental change and they provide a valuable source efdomgpatterns and rates of
changgKadmon and HaraiiKremer 1999) Initially, aerial photographs were merely
examined for general informah. However, geographic information systems (GIS) software
has made aerial photogitas more accessible. Using Giagescanbe preprocessed before
being manually delineated for analysis (see e.g. Johnston and Naiman [1990]; Simpson et al.
[1994]; Turrer et al. [1996]). Many studies now wus@anmputeried classification of
vegetation based on pixel darkness (see e.g. Carmel and Kadmon [1998]; Hudak and
Wessman [1998]; Corrigan et al. [2010]), although for certain applications, manual
delineation and vegation classification are still appropriate (see e.g. Eckhardt, Van Wilgen,
and Biggs [2000]; Britz and Ward [2007a]; Puttick, Hoffmann, and Gambiza [2011]).
Remote sensing has been successfully used in the South African context to study bush
encroachmen(e.g.Hudak and Wessman [1998]; Britz and Ward [2007a]; Puttick, Hoffman,
and Gambiza [2011]).

The success of change detection techniques depends on the accuracy of the
preprocessing of the photographsughes, McDowell, and Marcus (2006und that oly
eight GCR were necessary to accurately georeference aerial photographs. They do,
however, make the point that the landscape in their study was relatively flat. We found that
the number of GCPs required was much higher and depended 6amdli@dal tilt of the
camera(see Kadmon and Harakiremer [1999]). Geometric accuracy was not good due to
the heterogeneity of the topography in our study area and the degree of distortion as a result
of radial tilt in the images. This could not be correctgahbreasing the number of GCPs as

this created further distortion. Consequently, pixels in one image did not always correspond
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to the same ground area in the corresponding image. Deep shadows or patches of burned
vegetation also obscured detail.

Prepocessing also required correction for excessive brightness and contrast between
aerial photographs and also within the same photograph (see e.g. Carmel and Kadmon
[1998]; Hudak and Wessman [1998]). Our aerial photographs were highly variable with
regardto the levels of brightness, with patches of high reflectance and areas of deep shadow
which were difficult to smooth out without losing detail or to avoid altogether. Burned
patches also presented similar problems. This, together with the difficuétiegperienced
with geometric accuracy, made it impracticable to use change detection techniques and we,
therefore, used manual inspection and classification of the images. Despite these limitations,
the patterns and rates of changes in woody cover weseycbbserved and quantified.

Rainfall

Gordijn, Rice, and Ward (201Rgave demonstrated that woody cover increases with
increased rainfall (see also Bond, Midgley and Woodward [2003]; Murphy and Bowman
[2012]). Gordijn, Rice, and Ward (2012), workingaasite close to our study area, also
showed that, while the intensity of lemagnitude rainfall events decreased, the increase in
average annual rainfall was the result of an increase in the intensity ehhighitude

rainfall events (> 20mm). Kulmatis&nd Beard (2013) describe a similar phenomenon

their study, although overall average annual rainfall did not incr&aspies, O'Connor, and
Watkinson (2001jave also noted that, at high mean annual rainfall, the rate of woody plant
recruitment wasigh when woody cover was initially low and that the rate of recruitment
declined as cover increased. This, initially, appears be the case in our study area. From 1901
to 1953 there were a number of years of akewerage rainfall and there was woody

recrutment and increased canopy cover in all our study sites. Thereafter, woody cover

continued to I ncrease, but at a reduced rate
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Drift, where dramatic woody recruitment continued, despite the reduction inaneaal

rainfall. Although Isandlwana is no longer under communal ownership, the area is still
heavily grazed by domestic |ivestock, as are
There is only limited woody recruitment at both these study sitesuglthan increase in

canopy cover is evident.

From the 1960s onwards, mean annual precipitation decreased significantly
throughout the study area. The reduction in soil moisture should inhibit woody recruitment
(Sankaran, Ratnam, and Hanan 208&], in dought years, even cause shrub mortality
(Scanlan and Archer 1991; Roques, O'Connor, and Watkinson.28atkaran, Ratnam, and
Hanan (2008¥tated that bush encroachment was driven by soil moisture availability when
the average annual rainfadingedbetween 200 mm and 650 mm. Once mean annual rainfall
exceeded 650 mm, disturbancestsas fire and herbivonyere required to maintain an open
structure to savannas (see also Bond, Midgley, and Woodward [2003]; Sankaran et al
[2005]). Higgins, Scheiter, ahSankaran (201&uggested that the threshold below which
soil moisture controls bush encroachment is a mean annual rainfall of ~820 mm. In our study
area, from 1964 onwards, averageualrainfall declined from 942 mm t854 mm This
amount is very dse to the threshold for African savannas that marks the transition from a
soil moisturedriven to a disturbanedriven tree:grass ratio (Sankaran e805; Higgins,
Scheiter, and Sankaran 2010). Because there was a decline and not an increase in mean
annual rainfall, this suggests that soil moisture was not the overall driver of the observed
increases in woody cover in our study area.

Disturbance can take the form of extreme climatic events, such as extremely wet
seasonor as seas@of extreme droght, in addition to fire or herbivory (e.g. Denny et al.
2009). Tree recruitment in arid and seamid savannas tends to be episddicher 1989;

Kraaij and Ward 2006)ften in response to a drought followed by several very wet seasons
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(Zimmermann, Joudt, and Smit 2008)February et al. (2013howed that growth rates of
tree saplings grown with grass were retarded with increasing soil moisture because of the
increasing competitive pressure from grasses. By implication, saplings recruit intoeehult tr
at a time of drought, when competition from the herbaceous layer §kevuary et al.
2013) In our study area much of the bush encroachment was a result of bush clump
thickening where grasses are limited by shadinglwig et al. 2001pr occurredvhere the
soil was rocky (see e.g. Breebaart et al. [2001]; Britz and Ward 2007b]) and where the
herbaceous cover was already low. Where new bush clumps had formed, ground inspection
suggested that isolated trees had established in rocky outcropsestatdeshed, trampling
of the surrounding area by animals and competition for light may have prevented a dense
layer of grass from establishing. It seems, therefore, unlikely that extreme climatic events
were driving the observed bush encroachment.

Between 1973 and 1981, the aerial photograftigure3.2 (a) (i) 7 (iv), (b) (iii) T
sites, although the decrease wgwe3d@s@E). mar ked
Mean annual precipitation for the seasons of 1978/79 and 198@84i t hi n t he O6énea
nor mal 6 r &85%5),qlkhoughFoelayihe everall mean annual precipitation. The
1979/ 80 season was a dry segason®nihisranked a
would account for the dramatic reduction in woody cover in the 1981 photographs. While the
drought may not have been severe enough to result in shrub morality, shrubs may have lost
sufficient aboveground biomass to be inconspiecus f r om t he ai r . Condi t
Drift may have been less severe, being sheltered in the Umzinyathi River gorge and,

therefore, the reduction in woody cover was less dramatic.
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Nutrients

Soil structure influences nutrient availability (Breetbasd al 2001; Britz and Ward 2007a).

The effect of an increase in soil nutrients is to suppress tree seedling establishment through
an increase in grass biomass because additional nutrients do not affect savanna tree growth
rates (Kraaij and Ward 2006yi& and Ward 2007b; Van der Waal et al. 2009; Cramer and
Bind 2013). However, in our study site the increase in woody cover suggests that soll
nutrients were not affecting the tree:grass ratio.

Temperature

Wakeling, Cramer, and Bond (201})eculated tlidemperature may determine the

boundary between savanna and grassland. The observed decrease in the number of non
growth days and frost days in our study area was consistent with an increase in woody cover
(O'Connor 1995; Nemani et al. 2003; Wakelinga@er, and Bond 2012)More robust and

taller tree seedlings would be more resistant to frost dag&lperbaueiGottsberger,

Morawetz, and Gottsberger 1977; Holdo 20869 would aid these plants in escaping the
fire/browse tragTrollope 1974; Van Langelde et al. 2003; Midgley, Lawes, and
ChamailleJammes 2010)The longer growing period and milder winters could mitigate the
belowaver age annual rainfall. The Fugitives®o
being at a lower altitude and stegkd in the gorge. Ambient temperature may, therefore, be
slightly higher, which might have been the reason woody cover was highest at this site. A
localized effect of temperature on vegetation at Isandiwana is also possible. It is possible that
the wesern flanks of Isandlwana mountain are drier and warmer than the eastern flanks (see
e.g. Breebaart et al. [2001]). All the aerial photographs of Isandl{fragare 3.2 (b) (i) 1

(vi)) show scattered woody cover on the steep western slopes of the maumdataio shrubs

to the east of the mountain. However, the dramatic increases in woody cover and

encroachment in the commercial rangelands started well before the reductiorgiowbim

D
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and frost days (see Ward, Hoffman, and Collocott [2013 submittedhwhggests that the
increase in ambient temperature has not had a major influence on bush encroachment.
Effects of livestock density

Herbivory by domestic livestock appears to have had little impact on bush encroachment in
the study area. Itis probalilehat t her e were far more |livesto
1980s. Heavy grazing could have encouraged woody recruitment by reducing competition
between grasses and shrubs for soil resources, such ag\Waliezr et al. 1981; Van

Langevelde etla2003; Ward, Wiegand, and Getzin 3)1 The reduction in the number of

|l ivestock with the relocation of community n
decreasing rainfall should, therefore, have resulted in a decrease in woody cover. This was
notthe case. At Isandlwana, earlier field cultivation in the western portion of the study site
would have kept the area clear of shrubs. There is no evidence of field cultivation on the
eastern side, but being grassy, open countryside it is likely thatofibe livestock grazed

here. Yet, despite heavy grazing, there has been very little woody recruitment on the eastern
side of the mountain, contrary to prevailing theories of the connection between heavy grazing
and initiation of bush encroachment (e/dplker et al. [1981]). Once the area was fenced off
from the community in the 1980s, the human activity to the west ceased and may account for
the relatively rapid increase in woody cover sometime between 1981 and 1999. The
communal r a n g eDrifaatsa exhibd & steRdy inckeasé & bush clump

thickening in the study sites, rather than further recruitment into open grassy areas, despite
heavy grazing. Feneée contrasts have demonstrated the effect of heavy grazing on
vegetation cover (seege.Todd and Hoffman [1999]; Roques, O'Connor, and Watkinson
[2001)), but the few fences that have been erected in our study area do not hamper the

movement of livestock to any great extent.
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Land use and wood harvesting

In arid areas, very little differeran plant cover between communal and commercial
rangelands was recorded (Ward et al. 1998, Hoffman and Rohde 2007; 2011), except in areas
where there had been previous cultivation (Hoffman and Rohde 2007; 2011). Other studies in
mesic savannas showed thahile grass cover decreased and woody cover increased across
all three different types of land use, the changes were less marked in the communal
rangelands (Wigley et al. 2009, Wigley et al. 2010). Our study showed that there was bush
encroachment acresll three land uses: commercial rangelands, communal rangelands and
conservation areas, although species composition changed with land use (Russell and Ward
2013) (see e.g. Higgins et al. [1999Besides the potential impact of their livestock on the
vegetation, rural communities make extensive use of natural resgHiggss, Shackleton,

and Robinson 1999; Twine et al. 2003; Twine 2008h average rural household useis 3

tons of fuel wood per annu(®ovie, Shackleton, and Witkowski 2002; Twirteag 2003)

The collection of fuel wood in our study area is declining, not only because community
members have been excluded from the Fugitive
many community members are placing more reliance on paratfielantricity for their

energy needs (pers. obs.). It is likely that, while harvesting of wood had some impact on
shrub densityHiggins, Shackleton, and Robinson 1999; Wigley, Bond, and Hoffman 2010;
Puttick, Hoffman, and Gambiza 201 1i)was probably niosignificant in our study area. This
observation is suggested by the earlier aerial photographs. At a time when community
members would have been largely reliant on wood for their fuel needs, woody recruitment
was highest.

Fire

Burning regimes in thetudy sites are not consistent throughoutatea. Communal areas

are burneckvery year, while commercial andrservation areas are bletkirnredevery two
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to three years. Despite these differences in fire regimes, woody encroachment has occurred

in all the sites.

Atmospheric CQ

Increases in atmospheric g€énd the effects on shrub recruitment into grasslands and
savannas have attracted much attention (e.g. Polley et al.1997; Bond and Midgley 2000;
Kgope, Bond, and Midgley 2009; Ward 2010; Buitenwerf20 Atmospheric C®

concentrations have risenfromgrendust ri al concentrations

of

the 1800gEtheridge etal. 1996) o t he current concentration

Savanna grasses in the tropics and subtropics are typicaiiag§es(Sage 2004; Bond

2008; Ratnam et al. 201,2yhile the woody component of savannas has phGtosynthetic
pathway(Archer, Schimel, and Holland 1995; Ward 2010he G pathway becomes more
efficient with increasing atmospheric @@oncentrationgCeuemans, Jiang, and Shao 1995;
Morgan et al. 2007) G; plants also respond to higher €&ncentrations with an increase in
growth rate and in carbohydrate reserf@sulemans, Jiang, and Shao 1995; Bond and
Midgley 2000; Kgope, Bond, and Midgley 2009; W&010)and enhanced carbdrased
structural and chemical defence mechani@itgope, Bond, and Midgley 2009; Ward 2010)
These positive responses in shrubs and trees aidljshstbance recovery, such as after fire
(Bond and Midgley 2000; Bond, Midglesind Woodward 2003and assist trees in escaping
the fire/browse trapSchutz, Bond, and Cramer 2009; Wakeling, Staver, and Bond.2011)
6. Conclusions

Multi-temporal sets of aerial photographs have provided atlenmg overview of vegetation
change in nottern KwaZuluNatal. There has been a widespread and steady increase in
woody cover over 61 years. Less obvious are the cafisies change. Each study site has
different parameters, such as vegetation type, altitude;us@dherbivory and fire regime

However, these local drivers do not appear to have had a significant effect on woody

o f
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encroachment or increases in canopy cover. Initially, the response of woody cover to higher
thanaverage rainfall was as expected, but when average annual rainfglédrtm below the
long-term mean, woody cover continued to increase. The response of woody cover to the
increase in ambient temperature is as expected, although the timing of the response does not
synchronise with this increase, as observed in the comahsangelands. There must,

therefore, be an additional driver. Rising atmospherig €@centrations have been shown

to have a significant impact on the vigour and survival of savanna trees and(slgos,

Bond, and Midgley 2009) While aboveaverag rainfall may have been the initial driver of

bush encroachment into our study area, it is possible that risingd@©entrations may well

be the overriding driver, with local drivers tempering the effects oftG@ greater or lesser

extent at the vaous study sites.
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Figure3.1: (a) . Repeat ground photographs taken at |
vegetation change. By 2011, the increase in woody cover had obscured the grave and rocks

that were visible in 1879. Bush had also encroached extensinehe opposite hillside.

(b). Repeat ground photographs taken at Isandlwana. Bush recruitment to the west of the
mountain and along the eastern slope is clearly discernible in the photograph taken in 2011.

(c). Repeat ground photographs takenatRoe 6 s Dr i f t . Bush recrui.
and western slopes of Shyane is clearly visible. In the foreground there is aAuctd

and exotic trees. Historic photographa) James Lloyd collection, courtesy of KwaZulu

Natal Museum Servicegh) courtesy othe Killie Campbell collection{c) John Dunn

Collection, courtesy of KwaZuliNatal Museum Services. Recent photographs: Jennifer

Russell

Figure3.2(a) Aer i al photograph of the area of int
pointofphda ogr aph: 28A 620 oE .3 8 ¢WoSo;d y3 OpAl a3n6ta encr oac |
evident between (i) 1944 and (ii) 1964. From (iii) 1973 bush clumps thicken with only small
amounts of recruitment into the open spaces. Total area 706) Weer{al photographs of the

area of interest at I sandl wana. Location at
0Ola E. Gradual bush recruitment (dark pixel
eastern side of the mountain remained open (liglglgixHowever, between (iii) 1973 and

(iv) 1981 woody cover appears to have reduced, possibly as the result of a prolonged dry

period prior to 1981 (see Figu®5). Total area 108 ha.c)( Aerial photographs of the area

of i nterest wiomnunahranGetandg. d @cationat centré of photograph: 28°

200 594 S; 30A 32qg 274 E. Most of the incre
due to increases in tree canopy cover (dark pixels). Total area 28d) haerial

photographsofte ar ea of i nterest within Rorkebs Dr

centred photogr aph:°31ANE TALimwreaBediriwo&ly cogI0in the
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commercial rangelands is due to both increased canopy size and recr(itank mixels).

Total area 142 ha.

Figure 3.3: A comparison of the increase in bush encroachment (> 40% cover) between 1944
and 2005 in all the areas of interest. Bars represepeticentagehange in shrub cover per

50 mx 50m grid once the cover exceeds 40%.

Figue 34:(aid). |l ncrease in woody cover at Fugitives
(communal rangelands) and Rorkeds Drift (con
to 2005 over five intervals. Tree growth and recruitment was negativelyeaffeg a dry

period just prior to 1981. Bars represpatcentagehange per 50 m x 50 m grid cell.

Figure 35: Standardised Precipitation Index (SPI) Values (see Data acquisition and
preparation). There are significantly more years of bedwarage prapitation during the last

40 years than between 1901 and 1954. The events are also less extreme duringthe last
years comparewith the events between 1901 and 1954. SPI values are rated as follows:
extremely wet = 3; very wet = 2; moderately wet ndar normal precipitation = 0; moderate
drought =1; severe drought 22; extreme drought =3. The doubléheaded arrow indicates
periods where the records were unreliable and were not included. Because the wet season is
over the summer period, the @rnth period was taken from the beginning of August until

the end of July each year
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Table3.1: A list of aerial photographs obtained from the Chief Directorate of National Geo
spatial Information, giving year, month and time of day when theogihaphs were taken, as
well as the original scale. Because this is a summer rainfall area, annual rainfall was
calculated from August to July of the following year. The values for rainfall status refer to

SPI values. See figure 3.5.

Table 3.2. A summg of the numerical rankings given to the observed percentage change in

woody cover between each 504%0 m grid cell in sequential aerial photographs.
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1879 ' 2011

Figure 3.1Repeat ground photogr apridlwandaaRenkads Fugi

Drift
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Figure 3.2 4): Aerialphob gr aph of the area of interest
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Figure 3.2 ): Aerial photographs of the area of interest at Isandlwana



168

L

(iv) 1881

(i) 1964

(iii) 1973 _ (vi) 2005

0 025 05 1 1.5 2
B I N maaam——km
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