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ABSTRACT

Traditionally, landscape structure and variabititg thought to be largely determined by climatic
and edaphic conditions (‘green world’ view). Howe\veis now accepted that herbivore
densities and fire regimes play an important rolshaping vegetation structure due to their role
as consumers$n savannas the roles of fire and herbivory hawenlyecognised for a long time

but their interactions and feedbacks to vegetaranstill being elucidated. Savartnees in the
same environment show evidence for specialisatiaither frequently burnt or heavily grazed
communities suggesting that alternative systenestaepresenting either a ‘brown’ or ‘black’
world (heavily grazed vs. frequently burnt), cacwcin savanna landscapes. When it comes to
the grass layer we know that grazers can createnamttain patches of high-quality grazing
habitat and exclude fires locally by removing griasnass and limiting fuel for fires (brown
world). Comparatively, large fires disperse grazangmals over broad areas of the landscape as
they respond to high quality graze available omlsgars in what has been termed pyric-
herbivory. The “thinning” of large mammal herds pwede ranges after a fire decreases
concentrated grazing and allows grasses to accterhi@mass and ultimately encourages repeat
burning (black world). Thus, both consumers haveesthancing feedback loops and we would
expect grass communities to respond to thesereiffespecies with divergent functional traits,
either associated with frequent fire or heavy grgzshould be associated with each consumer
state. Abiotic conditions, soils and rainfall, uince the strength of these feedbacks and alter the
dominance of fire vs. herbivory across environmlegitadients. This implies that rainfall
variability, and the occurrence of drought, shanftuence these feedbacks at a particular
location. How drought affects the competition bedswéhese consumers by shifting the
conditions governing feedbacks is not well undexdtdout is becoming increasingly important

in southern Africa where drought events are expgeitidoecome more frequent and severe with

climate change.

The main aim of this study was to investigate tteegsses involved in the establishment and
break-down of grass-consumer feedbacks and unddretav these dictate the balance of fire
and grazer driven grass communities in an Africaraana. Specifically, | used a landscape-
scale experiment setup in the Kruger National RPatkst how easily a system switch from fire-
to grazer-dominated can be initiated in a landscape how the functional traits of the grasses
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drive these switches. | then tracked the impacts sdvere two season drought on the established
consumer driven feedbacks within the study systedhamalysed the knock-on implications of

these changes in grass community structure andidunat broader scales.

The experimental results indicate that altering firanagement practices and burning repeated
small (<25 ha) fires concentrated grazers. Aftezdlseasons (2013-2015) this resulted in a
structural shift in grass communities that mairgdifocal grass height in a short-cropped state
and excluded fire. Once the dominant consumer preshifted there were notable changes in
the local grass species composition and novel g@ssnunities had functional traits that
favoured repeat grazing (low C : N ratios and Hegif moisture content). Thus, feedbacks
between grazers and grass communities establisttieid & relatively short period. This work
adds to a growing number of studies that highltgbtimportance of feedbacks in the

establishment of dominant consumer processes wsvannas.

Drought altered the forage use patterns of graaefBomass on grazing-lawns became limited
and animals were forced to feed in low-quality-tatss areas or migrate away from the study
site completely. This more intensive grazing in ltheader landscape where fire is usually the
dominant consumer lead to a convergence in thes g@smunity trait space between lawns and
tall-grass areas. This suggests that drought hasn@genising effect on grass community trait
space across fire-driven and grazer-driven gragsramity patches, at least in the short-term. |
found that grass-grazer feedbacks did remain a&dbsoales with lawns re-establishing after the
drought, but that these areas were severely restrio the study system (<4% cover) and only
occurred where strong drivers of grazer feedbacksef availability) repeatedly concentrated
grazing. Moreover, drought reduced the basal aréi@seock grass, and created large areas of
seemingly bare ground in the grazed patches. Bissggommunities recovered quickly — and
within 3 months after the drought broke producyiwvitas at its maximum.

My results highlight the importance of grass-consufeedbacks in dictating the structure and
function of African savannas. Clearly, fire andifieory need to be considered in conjunction
and understanding the state of a given grass comyrzan only be done by assessing the
governing grass-consumer relationship. Droughtasgmts a good example of this; changes in
the short-term abiotic conditions within a savaappear to have little impact on savanna

function and structure unless it drives changdbenpositive feedback loops that govern the



distribution of grazer-driven and fire-driven grassnmunities within the landscape. Fires
remain one of the only major management toolsrgelgprotected savannas and my thesis
underlines the need to manage them by consideangfine influences grass-grazer dynamics
and not simply use fire as a ubiquitous methodnfgaroving graze quality in the short-term.
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1 | General Introduction and Literature Review

Globally savanna ecosystems support large herdstbfdomestic and wild herbivores and
represent essential food, cultural, and finan@aburces to people living within them (Mc
Pherson, 1997; Tainton, 1999; Shacklezbal, 2002). Savannas in Africa are heavily utilized
by pastoralists and commercial rangeland managetsurrently large areas remain relatively
untransformed, and thus carry with them a high ibxdity value and house some of the most
iconic conservation areas globally. The long-temurfe of these ecosystems is of global
relevance and as a result has been the focus c#noushstudies attempting to improve our
understanding of systems managed both for livestockbiodiversity in different areas of the
world (Olivaet al, 1998a; Fensham, Holman and Cox, 1999; Tainto®9;1%ones, 2000;
Fuhlendorf and Engle, 2001; Knappal, 2012). Traditionally, savanna landscape struchma
variability were thought to be largely determingddiimatic and edaphic conditions (‘green
world’ view) (see Polis, 2007). However, it is naacepted that herbivore densities and fire
regimes play an equally, or arguably more, impdntale than climate or edaphic factors in
shaping savanna vegetation structure due to tbleiras consumers (Bond, 200Bath grasses
and woody plants show evidence for specialisatosither frequently burnt or heavily grazed
communities (Archibald and Bond, 2003; Hempsobal, 2015; Simpsomet al, 2016). This
suggests that alternative system states, repragegither a ‘brown’ or ‘black’ world (heavily
grazed vs. frequently burnt), can occur in savdandscapes depending on the mix of fire and
herbivory (Bond, 2005) with the structure of savanegetation driven by the feedbacks
between vegetation and consumer (Bond and Keel®h; Archibald and Hempson, 2016).
Considering the commercial and conservation vafuifrican savannas, developing an in-depth
knowledge of the feedbacks driving their structame function is imperative for the

development of ecological theory on savanna systerd®cosystem management.
1.1  Abiotic extents of fire and grazers in African savas

Archibald and Hempson (2016) showed that Bond'8%2@re-controlled ‘black-world’ and
herbivore-controlled ‘brown-world’ savannas fil@ut along abiotic gradients, with black-world
savannas dominant at high rainfalls (>1000 mm)k@ao@vn-world savannas at low rainfalls
(<400mm). This separation is dictated by the ‘foajuirements of the two consumers and the

resultant impact that they have on vegetation unédeain climatic and edaphic conditions
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(Archibaldet al, 2013; Hempson, Archibald and Bond, 2015). Ficpihees large quantities of
well-connected biomass that is sufficiently cure@liow for spread (Archibaldt al, 2009).

The impacts of fire on vegetation is thus limitadsavannas with lower rainfall where biomass
build-up is too slow and too disconnected to alfoe to be a major role player in vegetation
structure (Archibalet al, 2009). By contrast, at higher rainfalls fire fioeded enough fuel to
burn frequently and at high enough temperaturasibstantially alter tree-cover. Thus, fire
becomes the dominant role-player in the structuoingavanna communities at high rainfalls,
until precipitation becomes so high that fuel is teet to carry fire and canopies become closed
(Sankararet al, 2005; Staveet al, 2009).

Unlike fire, most mammalian grazers require quaditjorage over quantity and are not as
reliant on the connectivity of fuel resources amel availability of fuel in space but rather require
availability of forage through time (Owen-Smith aNdvellie, 1982; Gordan and lllius, 1996).
Thus, mammal grazer numbers will be limited at lamfall but still influence vegetation
structure as productivity within these areas iseRrely low. While grazer numbers will not be
limited by food quantity at high rainfalls, the djtyaand accessibility of graze becomes
restricted and inhibits the build-up of grazer nensito levels that may influence vegetation
structure (Hempson, Archibald and Bond, 2015). rgsoil fertility will mean that grazers can
influence vegetation structure at higher rainfélast, 1984), but ultimately an upper limit to the
impact of grazers on vegetation will exist as as¢edorage is limited and the herbivore
population shifts to browser dominated landscaplesnpson, Archibald and Bond, 2015).

Despite the shift in dominance between mammaliaaags and fire along rainfall and soil
gradients, there are still large portions of Adigcsavannas that are not completely predisposed
by abiotic conditions to either consumer and suppoth alternate states (Archibald and
Hempson, 2016). These areas are of interest tonemégers as they allow for the potential
manipulation of consumers to favour specific managd targets, but also represent important
areas to test our current understanding of traredrfeedbacks and thresholds relating to

alternate states.
1.2  Pyric-herbivory and grazer-fire interactions
Fire and herbivory are not mutually exclusive aftdroact together in savannas with effects on

primary production, plant-soil nutrient pools, ahd species composition of vegetation (Knapp,
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Conrad and Blair, 1998; Van de Vijver, Poot anch®riL999). Tall bunch-grassland$iémeda
triandra (Forssk.) andothriochloa radicanglLehm.) dominated grass communities standing
between 40 cm and 120 cm in height) represenyflmvw-quality, but high-quantity food
reserves that many grazer species only use iratbadly season or during extreme drought
events (Owen-Smith and Novellie, 1982; Macandzae®@®mith and Cross, 2004; Yoganand
and Owen-Smith, 2014). In normal years these systemnever fully utilised by grazing
animals, and fires which burn the unconsumed deassdiomass are common. After fire, these
systems represent a high-quality food resourca fonited amount of time (three-six months —
Tomor and Owen-Smith, 2002) before recovering tlosit biomass. The majority of grazing
species in savanna landscapes benefit from andndgp the highly nutritious regrowth after
fire that replaces low nutrient moribund grass €&ag, Demment and Laca, 2010; Burkepile
al., 2013). Increased grazing on recently burnt pattias been termed ‘pyric-herbivory’
(Fuhlendorfet al, 2009) and has resulted in a long history of fii@nipulation by land users
(Trollope, 1982; Collins and Wallace, 1990; Fowdad Konopik, 2007) and documented in a
wide suite of wild mammalian grazers (Klop and @oethem, 2008; Sensenig, Demment and
Laca, 2010; Burkepilet al, 2016). Increased grazing in the immediate aftédmoaburns

seldom leads to a long term reduction in grass bgmas grasses quickly recover biomass and
stem to leaf ratios make grazing less favourahisdtection by herbivores (Tomor and Owen-
Smith, 2002). Ultimately, differences in the metisdras of fire and mammalian grazers means
that direct competition for biomass is rare, azgra are unable to remove enough low-quality
biomass to inhibit fire and fires generally increascess to higher quality graze and reduce the

need for quantity (Venter, Hawkins and Cramer, 2017
1.2.1 Consumer separation via feedbacks

The differences in fuel and food requirements & ind mammalian herbivores means some
landscape level separation in their occurrenceldimiexpected even within systems where
they are both prevalent. Fire prefers grasseshtinag high C : N ratios resulting in a build-up of
dead material and low leaf moisture to allow curiging the dry season (Simpseinal, 2016).
Conversely, grazers require relatively high-qualibyv C : N ratio) graze with high leaf
moisture content improving digestibility and higioinass density reducing acquisition effort

(Owen-Smith and Novellie, 1982). Thus, these twascmners that appear to compete for the
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same food source are frequently selecting for diffegrass communities, whereby, grasses that

are flammable are seldom palatable and vice v&wsad, 2005) (Figure 1.1).

Frequently burnt grasslands favour grass specagtbw fast from meristems protected from

fire and that are ultimately resource competitivéhie period between burn events (Ripi¢wl,

2015; Simpsoret al, 2016). This means that despite grazer numbersasimg on burn scars

after a fire to feed on the high nutrient re-growflgrasses, grass tends to “escape” grazing

pressure after a fire and reach heights wherddestioot and C : N ratios are unfavourable for

continued high intensity grazing and the environnf@nours resource competitive grasses

(Archibald and Bond, 2004). Frequently burnt regitend to become less species diverse and

favour species that are high in carbon and avdiyegrazers as selective grazing removes
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Dominance between mammalian grazers and fire shifts along rainfall and soil
nutrient gradients (Archibald, 2008; Archibald and Hempson, 2016). Despite this
large portions of Africa’s savannas are not completely predisposed by abiotic
conditions to either consumer and support both herbivore dominated and fire
dominated landscapes.

Positive feedbacks between mammalian grazers and grass communities promote
community dominance by grass species that encourage repeat grazing (Mc
Naughton, 1984). This results in the establishment of “brown world” hotspots and
grazing lawns that should completely exclude local fires when grass height is kept
short (c.<5 cm) across 40% of a given area (Turner, Gardner and O’Neill, 2001)
Repeated landscape scale large fires favour species that are high in carbon (Simpson
et al. 2016) and avoided by grazers. This favours an increase in standing biomass and
promotes repeated burning (Archibald et al., 2005). Mammalian grazers occur within
these landscapes but their influence on the grass community is limited and does not
restrict fire return resulting in a “black world” (Bond, 2005).

Localized small-scale disturbances that concentrate grazers such as grazing by white-
rhinoceros (Waldrum et al., 2008) can result in the establishment of grazing lawns in
fire dominated systems (Cromsigt and OIff, 2008)

Large fires disperse grazers over broad areas and encourage ubiquitous grazing over
the landscape as grazers feed on fresh, post-fire regrowth. These large fire events
can act as magnets that draw grazers off grazing lawns and repeated large fires can
result in the loss of grazing lawns (Archibal, Bond and Stock, 2005).

If large fires disperse grazers, it is possible that small fires act in the opposite
direction and concentrate grazing in similar ways to grazing by white-rhinoceros. In
Chapter 2 of my thesis | assess the impact of small fires on the mammalian grazer
community. Specifically | look at whether small fires can concentrate grazing in a
broader fire dominated landscape, and test if grazer densities are become high
enough to limit local repeated burning. In Chapter 3 | look at whether a change in
the dominant consumer from fire to grazers on small burn patches results in grass
community changes that promote positive grazer feedbacks that encourage the long
term establishment of grazing lawns.

In Chapter 4 | look at the impact of drought on the productivity of grazing lawns and
fire driven grasslands, the response of grazers to these changes, and ultimately the
impact on previously established local feedbacks. In Chapter 5 | explore the impacts
of major drought events on the distribution and longevity of grazing lawns and fire
driven grass communities at the regional scale.

Figure 1.1 Schematic diagram of the dynamics of fire and grazer driven savanna@rassinities

including a summary of the chapters in this thesis.
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palatable grasses (Anderseinal, 2007). This results in feedbacks that favourrétern of fire
and repetition of processes that entrench firh@aslominant driver of grassland community
structure and function (Archibatt al, 2005). The reduction in graze quality of areagenn
selective grazing is a well-recognised relationshipommercial livestock systems within
African savannas and there is a rich body of litemalooking at fire and livestock management
techniques to reduce shifts towards low forageityjugtass communities (Tainton, 1972, 1999;
Trollope, 1982; Ellis and Swift, 1988; Vetter, 201Bespite this, there is still some debate
around the best practice for management of Afrreaagelands, with the periodic burning and
resting of pasture via rotational grazing to avbiel removal of palatable species (Tainton,
1999), contrasted with the forced intensive usgrassland to reduce selective grazing and
encourage less favourable grasses to be consunugaigfne and Mc Naughton, 2007,
Hawkins, Short and Kirkman, 2017). In systems maddgr wildlife neither management
practice is practicable responses, and thus astapa scales it is unlikely that once a grassland
develops into a stable fire driven system thatilitswitch back to one that promotes grazing

without some external effort to change the domitfiaatregime.

Similar positive feedbacks exist within grazer énwgrass communities that exclude fire and
promote repeat grazing. Mc Naughton (1984) defgreding lawns as areas where grasslands
experience “a drastic reduction of canopy heiglal thie activation of tillers that lead to a
prostrate, dense canopy” and are characterizedpbgiive consumer-resource relationship
where grazing promotes increased productivity @sdurce availability. Constant removal of
leaf material promotes high quality regrowth oMesthat leads to stem to shoot and C : N ratios
that favour repeat grazing (Mc Naughton, 1976, 197® Naughton, Banyikwa and Mc
Naughton, 1997; Cromsigt and OIff, 2008). In aduhtto nutritional advantages related to the
use of grazing systems, there is clear evidenpeenfator detection benefits that result in the
continued utilization and maintenance of lawn syst@cross numerous African savanna
systems (Waldram, Bond and Stock, 2008; Andeet@i, 2010; Yoganand and Owen-Smith,
2014). A suite of lawn grass species appear tmbeptetely reliant on this increased relative
fitness with their spread and persistence only stpd on areas under consistent grazing that
limits light competition from other grass specissd Hempsoat al, 2015 for review). These

grazing intensive systems are clearly inaccessibliee as biomass quantity is well below that

24



required to carry fire through a system and regsimae external change to reduce grazer

utilization (Figure 1.1).

The establishment and maintenance of feedback&wgthss communities make it unlikely that
fire will suddenly invade grazing lawns or thatzges will remove enough low-quality biomass

in a season to limit repeated burning in fire addrasslands. Clearly, as with all alternate
states, a shift in the dominant consumer fromtbrberbivory or vice versa requires some
disturbance to the status quo that breaks dowtrdlteelated feedbacks maintaining the
producer-consumer relationships (Archibald and Hemmp2016). Thus, whether a landscape is
dominated by fire or grazers will depend heavilytlo@ set of conditions that dictate what

positive feedbacks are established locally (Figuig. Considering the unique value of both

lawn and bunch grass communities to biodiversign{@&ays and Kreuzinger, 2001; Waetial,
2005; Krook, Bond and Hockey, 2007), agriculturgn(f; 2012), and tourism, there is a need to
define what drives shifts between the two commasitind when these changes may be expected
to occur. Understanding these drivers will be dfstantial use to land managers as it will allow
for both the manipulation of landscapes to suitBpetargets but also enable some

predictability in assessing the impacts of majdemal disturbances such as disease and drought
to managed environments. The mechanism of any lsw#twveen fire and grazer dominated

grass communities is also of substantial inteestblogists and determining the major drivers

of shifts in landscape states has been repeataghiidghted as an important step in adding to our
current understanding of the co-evolutionary relathip between savanna grasses and their
consumers (Mc Naughton, 1984; Bond, 2005; Bondkewley, 2005; Hempsoet al, 2015).

1.3  Shifts between fire and grazer driven systems

In natural systems, the best example of a largke-slisturbance that resulted in switches
between grazer and fire driven system states ctnoesEast Africa. The outbreak of the
rinderpest virus in the 1970’s caused a collapsaigfatory wildebeest herds (Prins and van der
Jeugd, 1993), and resulted in reduced grazing pressd increased fire across the Serengeti
National Park (Dublin, Sinclair and McGlade, 199Régcovery of the wildebeest population

after eradication of the virus has since led teeréase in the annual burn area of ~ 30% (Holdo,
Holt and Fryxell, 2009). These major changes frolnewmivore driven system to a fire

dominated system and back with the collapse amal/ezg of massive migratory herds indicates
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the scale over which these changes can operateaaidng lasting cascading impacts on the
structure and function of the Serengeti systemdbloHolt and Fryxell, 2009). This highlights
the importance of gaining detailed insights intevremd when feedbacks are broken down and
the traits involved in changing the consumer langsc However, the infrequency of events that
drive the loss and recovery of over 1 million graz@akes studying changes in grass
communities and trait space in any detail difficBly comparison local scale shifts in the stable
state in both directions occur more frequently arelmore relevant to land managers in
increasingly fragmented landscapes, where botasstapresent important features for

biodiversity.
1.3.1 Grazing lawns and grazers

African grazing lawns have been defined as gradsha@as where grazing by large mammalian
herbivores has driven a large depletion in theggsagard height to the extent that grass tillers
have been activated resulting in the growth ofasipate, dense canopy (Mc Naughton, 1984).
These short stature, dense canopies are seldogiassgawith fire as they do not maintain
sufficient biomass to burn except under extremealitmms. Rather, the high density fresh
regrowth provides nutritious forage for mammaliaazgrs resulting in active selection for
grazing lawns by numerous grazing species (Mc Ntungti984; Waldram, Bond and Stock,
2008; Andersoret al, 2010; Kleynhanst al, 2010). Moreover, stimulated grazing lawn growth
as a result of defoliation has been shown undetraited experimental conditions (Anderson,
Dong and Mc Naughton, 2006; Andersetral, 2013) and repeated grazing by mammalian
herbivores seems to be a requirement for the aoediexistence of grazing in numerous African
systems (see Hempsenal, 2015 for review), leading to suggestions of agotutionary

history (Mc Naughton, 1984). Thus, grazing lawrn@esent grassland systems dominated by
grazer dynamics with very little direct influence their functioning by fire. Despite the
definition provided by Mc Naughton (1984) theresi#l scope for interpretation of what exactly
constitutes a grazing lawn in African savannasdefathing them in the field can require more
detailed definitions. Thus, within each chaptettod thesis | will further define grazing lawns in
terms relevant to the work presented.

Studies in southern Africa have shown how biologisanall-scale disturbances, driven by

landscape engineers, that concentrate grazingeragr@te a matrix of grazing lawn systems
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within a broader fire-dominated landscape (Cromaigt OIff, 2008; Cromsigt and te Beest,
2014). These disturbances appear to be succassfubrcoming the low food quality inherent
in fire adapted grasses that restricts the invasidhese systems by most mammal grazers and
act as catalysts to a novel system state thaersiiaintained by smaller mesoherbivores. One
such example is the termites that engineer theriymalg abiotic conditions and improve the
nutrient content of grasses to the extent that mallmmgrazers actively select these local sites
for palatable forage (Cromsigt and OlIff, 2008; Cepat al, 2014). A very different savanna
species — the white rhino — can also create tmepsoived nutrient patches in and around their
middens. Moreover, the large size of white-rhink@as them to cope with lower quality forage
and this in combination with the short height toshhthey graze make them unique amongst
mammalian grazers in their ability to truly compefiéh fire for the same food source (Waldram,
Bond and Stock, 2008). While hippopotamus can plaiymilar role in the creation and
maintenance of short-grass systems, their impatt@broader landscape is restricted by their
reliance on permanent deep pools (Lock, 1972). ihigue set of life-history traits combined
within white-rhinos make their presence in the Erape a clear role-player in the proportional
increase of grazer controlled systems in otherfiselominated savannas (Waldram, Bond and
Stock, 2008; Cromsigt and te Beest, 2014). Thugjrasrease in the impact of grazers within
fire adapted grass communities under stable cloatnditions requires some interference by
ecosystem engineers that enables other grazing rantonovercome restrictive fire-grass
feedbacks.

1.3.2 Fire

Large fires disperse grazers over the landscapel@créase localised herbivory on grazing
lawns, thus weakening the positive feedbacks betweazer and grass communities (Archibald
et al, 2005). Repeated large fires can drive the homeggan of the grass layer as grazing
lawns within the broader landscape are lost wherfdbdbacks between grazers and high-
nutrient short grass patches are broken down.sShifhanagement practice that increase fire
sizes or a series of high rainfall years whereggpaeductivity is increased beyond the metabolic
requirements of the local grazer population, dwlyito drive shifts towards fire dominated
landscapes as fire responds faster to increasetbsmthan herbivore fecundity. A more direct
human interference that favours the developmefitetiriven grass communities and has

occurred repeatedly within natural systems on tiiee@n continent is the large-scale depletion
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of wild mammalian herbivores. The historical dejoletof mega-herbivore populations by
human hunters (Owen-Smith, 1987, 1989) and landzhaege (Williamson and Mbano, 1988;
Serneels and Lambin, 2001; Ogetual, 2009) has resulted in the majority of current day
protected savannas having lower grazer densitienwbmpared to historical levels. The loss of
large migratory systems (Hares$ al, 2009; Ogutiet al, 2011; Gadd, 2012) and decline of
mega-herbivores (Owen-Smith, 1989; Ripplal, 2015), specifically white rhino (Amiet al,
2006) in numerous savannas managed for wildlifegmaeghat under the current scenario (in
areas where abiotic conditions allow for the exisgeof both grass community states) an over
representation of fire-controlled tall-grass comiitisa compared with historical distributions

would be expected.

In contrast to large fires, it has been suggestatiamall fires could act to concentrate grazers on
specific patches and result in greater grazingsitg per individual plant than larger fires
(Archibald and Hempson, 2016). There is indiredtience of sustained grazing pressure on
repeatedly burnt patches within fire-adapted systéBurkepileet al, 2016) and higher grazing
pressure on smaller burn treatments (Sensenig, [Ramamd Laca, 2010). However, there have
been no studies examining whether small repeatatsiwathin fire-adapted grasslands can
attract and maintain grazing pressure to the gbattgrass is maintained in a short, cropped
state and ultimately limits repeat burning. Theigegly small fires could act like termite mounds
and rhino middens and create patches of grazerraad grassland within tall-grass landscapes.
Previous work has either failed to account foraton in fire size, initial grass community
conditions and ability of grazing to prevent repeating (Burkepileet al, 2013) or not

explicitly tested the differences of fire size aazjng intensity and longevity of short grass
patches (Sensenig, Demment and Laca, 201@héapter 2 and 3of my thesis | aim to explore
the potential of small fires to increase grazespnee on localised areas in systems that would
otherwise be fire-dominated by providing a meamsriesoherbivores to heavily utilize patches
that are usually devoid of sufficient graze qualitydoing so, | aim to test whether elevated
grazing pressure on relatively small burn patchesufficient to locally remove fire from the
system and completely shift the selective presaatiag on grass species. If small patch fires are
capable of driving these changes it representssille management tool for increasing the

between-patch diversity of landscapes (Fuhlendwtfiengle, 2001) and adds to the available
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management options while also corroborating curfiesvgrazer theory (Archibald and
Hempson, 2016).

To fully change from one system state to anothguires the maintenance of the novel state via
feedbacks that do not require the initial distudzato be repeated. A shift from a fire-controlled
state to grazer-controlled state by the applicadiosmall-fires can only be successful if the
grazer response to small burns is sufficient teedpermanent changes in the grass community
that encourage repeated utilization without thedrfee repeated burning. Globally, grass
communities response to increased grazing is maatiand systems can become both
“degraded” (reduced productivity, loss of plant eoand top soil, domination by low graze
quality species composition) and discourage regegiing or “improve” and change to lawn
systems (increased productivity, improved pastuiaity, dominance by species resistant to
repeated grazing) (Tainton, 1972; Mc Naughton, 19¥€onnor, 1994; Augustine and Mc
Naughton, 2007). Whether grass communities becageded or improve graze quality in
response to grazing is dependent on ecosystemvahdienary history of the given system
(Milchunas, Sala and Lauenroth, 1988). The respoh#®e grass traits within the changing
community should show evidence of a negative oitipesshift in grassland state with grass
communities either improving in graze quality ocamsing markedly (Augustine and Mc
Naughton, 2007). | postulate that a complete ghifhe dominant consumer should be evident in
the functional traits of the local grass communitith a successful change in the governing
dynamics of a grass community identifiable by ilasiag palatability traits and the loss of
flammable traits as species that tolerate burniegeplaced by those tolerant of grazing. In
Chapter 2 | assess whether grazing on small-repeated #a$ructures grass community
composition to be distinct from the surroundingdseape. In doing so | test whether grass
communities resulting from the pyric-herbivory asated with small-repeated burns will be
dominated by functional traits (low C : N ratioggtnleaf moisture content, high biomass
density) that encourage repeated grazing and tmtshae to attract high numbers of

mesoherbivores once burn applications have ceased.
1.4  Drought effects on fire and grazer dynamics

Climate model predictions for savanna regions afc&fsuggest an increase in extreme drought

events in several key protected areas (Dai, 20dshblerthet al, 2014). The effects of shifts in
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rainfall patterns, extended dry seasons, and meér-droughts on both herbivore populations
and grass communities has received detailed aitemtiAfrican focused literature (Homewood
and Lewis, 1987; Walkest al, 1987; O’Connor, 1995; Koerner and Collins, 2014dlependent
studies across the continent have repeatedly shdeareases in grazer numbers during drought
events with mammalian herbivore populations closaked to rainfall cycles (Walkeat al,

1987; Ottichiloet al, 2000; Owen-Smith, Mason and Ogutu, 2005; Ogutai., 2008).

Moreover, experimental variation of livestock numg@’'Connor, 1995) and simulated grazing
and fire combinations (Koerner and Collins, 203avannas have shown strong differences in
grass community responses to drought with and withoazing. In the absence of herbivory
grass communities remained largely intact evenujincsevere multi-year drought events, but
experienced decreases in both cover and prodycthat drove changes in species composition
under higher grazing pressure (O’Connor, 1994, 18@8rner and Collins, 2014). Die-offs in
herbivore populations, local migrations and grazetscting for different food resources during
droughts will change how herbivores impact grassroanities. This suggests that increasing
drought events will influence the distribution abger-driven and fire-driven grass communities
within savannas as grazer utilization of the laagscshifts. However, a substantial gap exists in
our current understanding of how and when grazneggure changes during drought events and
what the impact is on previously established feekbdetween consumers and grass

communities.

Both O’Connor (1994) and Koerner and Collins (20tkéfed in or mimicked situations where
grazing was largely uniform within the “grazed”dtment. Moreover, in O’Connor’s (1994)
experiment, grazers were fenced and were not gheoption to leave areas that were
previously heavily grazed to seek out alternatorade regions, while Koerner and Collins
(2014) simulated grazing and did not account ferabmposition and grazing history of the
grass communities on which they assessed drouggmees. This does not consider the choices
made by grazers within free roaming systems, tblacsfood during the dry season and
droughts based on availability rather than qualitg are likely to be grazing on very different
communities to those they fed on during normalfediityears (Owen-Smith and Novellie, 1982;
Macandza, Owen-Smith and Cross, 2004). Moreoverethave been few studies looking at the
changes in the productivity of different grass camities during droughts and how this

influences grazer decisions through the seasorze@an free roaming systems will leave
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heavily grazed sites where forage quantity is lamirdy droughts and seek out forage in tall
grass areas (Riginos, 2015) or areas where locaévants stimulates productivity (Owen-Smith
and Novellie, 1982). Thus, grazer driven grass canities may experience a decrease in
offtake during droughts while fire driven commuesiexperience a relative increase. These
changes will weaken previously established constgress community feedbacks and
potentially shift the proportion of fire and grazkiven grass communities within savanna
landscapes. I€hapter 3 | look at the relative use of grazing- and firévdn systems by grazers
through a major drought event and assess the isipaatstablished consumer feedbacks and
overall changes to species composition and gragspace. IlChapter 4 of my thesis | look at
the productivity of grazing lawns, tall grass conmities, and recently burnt grass areas during a
drought and analyse the links between productigtsizer offtake and resultant functionality of
each community during the drought and once rainéllrns. Both chapters aim to identify the
underlying changes in the feedbacks between gommanities and their dominant consumers
and how droughts alter the fire-grazer balanceiwittre general landscape.@hapter 5 of my
thesis | look at how drought and fire impact thiahee of grazer and fire driven grass
communities at the regional scale and attemptatesaap the processes identified during the

previous two chapters.

31



Chapter 2 | Ecological engineering through fire-
herbivory feedbacks drives the formation of savanna

grazing lawns

This chapter has been published in the Journalpgflidd Ecology

Donaldson, J. E., Archibald S., Govender, N., RPd]I®., Luhdo, Z. and Parr, C. L. (2017)
Ecological engineering through fire-herbivory feadks drives the formation of savanna grazing

lawns.Journal of Applied Ecology0: 1-11.
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1 | Abstract

1) Variation in grass height is beneficial to bielisity conservation in savanna landscapes.
Theory predicts that small fires can promote shoass areas within savannas. We
experimentally assessed the influence of fire seasd size on grass height and the resultant
response of wild grazer communities and testecthypotheses: (1) repeated small fires in tall-
grass savannas increase short-grass grazer demsitiee post-burn environment; (2) increased
grazer densities maintain grass height in a spatgtable state and drive feedbacks that exclude
fire; and (3) late-dry season burns concentrateegsamore effectively than early dry season

burns.

2) We repeatedly applied annual treatments (unloyieerly- and late-burns) in 0.25-, 5- and 25-
ha plots over a period of three years in a talsgisavanna system in Kruger National Park,
South Africa. Dung counts for grazer density arasgrheight data were collected along 50-m
transects. Grass height was measured in pairetiiernivore exclosures on plots before and

after applied fires.

3) Dung data indicate that wildebeest occurred freguently in grass heights below 5 cm.
Both impala and wildebeest showed a preferencbuor plots regardless of fire size or season
and active selection for burn plots by wildeberasteased over time with each repeated burn.
Zebra and buffalo favoured burns immediately post-but buffalo did not actively select for

burnt areas over longer time periods.

4) By the second year of treatment, herbivory naémetd 28% and 91% of the grass height
below 10 cm in the early- and late-season burrgeaively. In contrast, herbivory on the

unburned treatments had no effect on grass height.

5) Synthesis and applicationBires less than 25 ha in size attracted suffigyeazing herbivores
to shorten grass height. Repetition of the firattreents resulted in the active selection of these
areas in the longer term by wildebeest, impala tnd,lesser degree, zebra. Grazing pressure
was high enough to initiate positive feedbacks mathtain lawns after only two seasons of
burning and, depending on the season of burn, egtg@ass height to a level that excluded
repeat fires. Our study demonstrated that theorgramer use of the post-fire environment can
be implemented practically by applying small repddiurns to promote the formation of short-

grass areas within savannas.
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2 | Introduction

Grazers and fire act as competing consumers wsdwannas, with fires being most prevalent in
tall-grass vegetation characterized by low herlyivand grazers being most abundant in short,
heavily grazed grasslands without enough fuel to [§8taveret al, 2009; Archibald and
Hempson, 2016). Both grasses and woody plants shiaence for specialization to either
frequently burnt (Riplet al, 2015) or heavily grazed (Di&t al, 2007) communities, leading
to the realization that alternate system statggesenting either a “brown” or “black” world
(heavily grazed vs. frequently burnt) can occusamanna landscapes (Bond, 2005). Despite this,
fire and herbivory are not mutually exclusive affigio act together in savannas with effects on
primary production, plant—soil nutrient pools ahd species composition of vegetation (Knapp,
Conrad and Blair, 1998; Van de Vijver, Poot anch®riL999). Moreover, interactions between
fire and grazers in savanna systems have result@dbing history of fire manipulation by land
users for the management of both livestock and gidbivore populations (Trollope, 1982;
Collins and Wallace, 1990; Fowler and Konopik, 2007

The importance of fire in maintaining grass quaditd quantity in rangeland systems is well
recognized (Collins and Wallace, 1990). Globallestock farmers use fire to improve forage
guality by removing moribund, low-nutrient grassrniass. This practice has resulted in a
substantial body of literature focusing on manadires for specific grassland conditions
(biomass, height and graze quality) to maximizedteck production (Olivat al, 1998b;
Fensham, Holman and Cox, 1999; Klop and van GoetB808; Sensenig, Demment and Laca,
2010). Until recently, similar studies on wild herdre populations have been limited (but see
Klop and van Goethem, 2008; Fuhlendeirfl, 2009; Sensenig, Demment and Laca, 2010;
Burkepileet al, 2016); consequently, fire management of wild sutees largely been informed
by agricultural research. However, managers in sorotected areas in Africa recognized that
reliance on agricultural studies was inappropriateavannas where grazer diversity is high and
rejected the implementation of agricultural-baseslanagement (Biggs and Potgieter, 1999;
Van Wilgen and Govender, 2004). Recent work frost aad west African savannas has
justified their caution, demonstrating that fireesand frequency drives resource partitioning in
communities of wild herbivores due to difference®nergy requirements related to body size,

digestive capabilities and the related stem tq l@ad Nitrogen to Carbon, ratios (Klop and van

35



Goethem, 2008; Sensenig, Demment and Laca, 2018ydition, wild ungulate populations

vary in their utilization of different grass comnites seasonally, with burnt areas, short
unburned grazing lawns and tall-grass systems septig valuable resources at different times
of the year (Augustine and Derner, 2014; Yoganartd@wen-Smith, 2014). Furthermore, in
systems with predators, the increased visibiligvpted by short-grass patches can reduce
predation risk, consequently attracting a rangerey species. Clearly to conserve a diverse suite

of herbivores, it is desirable to have a diversitgrass sward heights in the landscape.

The majority of grazing species in savanna landss&enefits from and responds to the highly
nutritious regrowth after fire that replaces lowtnent moribund grass. However, fires generally
occur over large areas and can have homogeniZiegiebn the landscape, with the post-burn
flush dispersing herbivores more evenly and allgngrass to “escape” grazing pressure
uniformly (Hobbset al, 1991; Archibalcet al, 2005). This results in feedbacks that promote
tall, unpalatable, fire-adapted grass communitesh{ibald and Bond, 2004; Archibaét al,
2005), which may support some bulk-feeding herl@sdiTrollope, 1995; Estes, Atwood and
Estes, 2006), but which reduce the diversity okgra and grazing habitats overall. In contrast,
small-scale disturbances such as mowing and ntighgdition that concentrate grazing within
tall-grass savannas have been shown to facilit@ééormation of grazing lawn systems
(Cromsigt and OlIff, 2008). Thus, it is possiblettiraquent small-scale fires that concentrate
grazers on high-quality post-burn graze could als@ct and maintain high numbers of grazers
and drive a shift in grass communities towardstendéawn systems that exclude fire. Here, we
use an experimental approach to test the influehtiee season, size and return time on grass
height and the resultant response of wild grazerranities. In addition to burn size, we predict
that burn season will influence herbivore respdogée post-fire green flush. Since the high-
guality graze environment of the late-dry seasam$provides a valuable resource for grazers
during a resource poor period of the year, we ptebat late-season burns will have a greater
“magnet” effect on grazers than early dry seas@s f{Augustine and Derner, 2014; Yoganand
and Owen-Smith, 2014).

We defined grazing lawns as areas where high gggmessure limits grass height below levels
required to carry fire, that is, grazing lawns famned when positive feedbacks promote their
maintenance and restrict fire. Based on this dafimi we developed three hypotheses related to

the formation of grazing lawns by repeated smallesburning: (1) small fires (similar in size to
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known grazing lawns formed by other grazer-conegimiy disturbances) in tall-grass savannas
will result in increased short-grass grazer degsiin the post-burn environment, with relatively
smaller burns demonstrating greater responseg)¢®ased grazer densities will maintain grass
height in a short, palatable state and drive feekibthat exclude fire and promote a grazer
driven system; and (3) late-dry season burns willcentrate grazers more effectively than early

dry season burns and result in a quicker transtbangrazing lawn state.
3 | Methods
3.1  Study site

Kruger National Park (KNP) in South Africa contathg full suite of large African mammals

and provides an exception to many African natiqgraaks with nearly a century of detailed
records on fire history and policy changes (Vangafl and Govender, 2004). This makes KNP
ideal for studies on the effect of different fiegimes on wild ungulate populations.
Management of fires in KNP is currently based oailable fuel loads, with management
initiating burns when grass biomass is high; fetirmn times thus vary across the park with
rainfall and soil patterns resulting in differemags productivity and biomass accumulation rates
(Govender, Trollope and Van Wilgen, 2006). The Hig#l loads associated with these burns
have resulted in a shift towards larger, highegnsity fires. Variation in the burn regime is
generated through changes in season of ignitionrdacvals between burns. Fire management is
focused on increasing heterogeneity at the landssegle within the KNP (Van Wilgen and
Govender, 2004; Govender, Trollope and Van Wil@&@6). Because the current KNP burn
regime results in large fires, short-grass gratamms that support high grazer densities and rely
on positive feedbacks associated with frequentiggeshould be limited in distribution as
animals are drawn off by large, frequent fireshia broader landscape (Archiba&tal, 2005).

This appears to be the case, with grazing lawrtsaesl to areas of high white rhinoceros
(Ceratotherium simurBurch.) densities or areas where small-scale dianges such as termite
mounds, mud wallows and dung middens have resultedusually high grazer usage (Cromsigt
and te Beest, 2014).

The Satara Land System, one of four major lancegsystn KNP, is characterized by clayey
basalt soils with soil depth not usually deepentbae meter and dominated by the Bonheim,
Shortlands, Milkwood, Mayo, Glerosa and Valsrivi@rms (Venter, Scholes and Eckhardt,
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2003). The land system is characterized by lovef&ith 97% of the landscape having a slope
of < 2° and supports extensive C4 grass plainsSolerocarya birredA. rich.}-Acacia
nigrescengOliv.) tree savanna (Gertenbach, 1983). Woody cover attady sites fell
consistently below 10% (Table 2.1) and at the bagmof the study period this area was
dominated by C4 grassBsthriochloa radicangLehm.),Digitaria eriantha(Steud.),Panicum
coloratum(L.), Urochloa mosambicens(giack.) andThemeda triandrdForssk.)(Knappet al,
2012), with the high abundance of unpalatdhleadicanspresenting a concern to land
managers. The growing season for grasses occurgydhe austral summer (November—April),
during which 78% of the mean annual rainfall of 30&/year falls with the January on average
the hottest month with a mean maximum temperatu83.4d°C (Venter, Scholes and Eckhardt,
2003). Grasses are dormant during the dry, frest-fvinters (May—October) with the coldest
month of June experiencing a mean minimum tempexati9.4°C. Prior to this experiment, the
area had an average fire return interval of ~ 3syaad a detailed description of fires in the

Satara land system during the course of this exysari is given in Appendix A (Figure S2.1).

A complete suite of indigenous herbivores occuelatively large abundances within the Satara
Land System (du Toit, 2003); however, for this gtue focus on the four major grazer species
(African buffalo [Syncerus caffeBparrman], impaladepyceros melampuschenstein], blue
wildebeest Connochaetes taurinldmmerman] and plains zebr&quus quagg8oddaert]) due
to low dung counts for the remaining species. Afnielephantl(oxodonta Africana
Blumenbach) were excluded due to high levels oismin their diets. Buffalo, impala and
wildebeest are all ruminants with studies in KNBwimg that 88%, 60% and 90% of their diets
are made up of C4 grasses respectively (Coetah, 2007). Buffalo require large amounts of
coarse biomass and tend to occur in grass heigbte®0 cm (Macandza, Owen-Smith and
Cross, 2004), while wildebeest and impala requigb-guality graze and feed more regularly in
short-grass areas (<10 cm) (Kleynhanhal, 2010). Zebra digest their food using hind-gut
fermentation and feed almost exclusively on C4ggagCodromt al, 2007) and ubiquitously

across grass heights (Kleynhatsl, 2010).
3.2  Experimental design

To test the influence of fire season and size ezeays and the effect of post-burn herbivory on

grass state, we implemented a landscape level iexgrarbetween January 2013 and January
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2016. We selected three treatment plot sizes: 50 m (0.25 ha), 220 x 220 m (5 ha), 500 x 500
m (25 ha). These sizes were chosen to represetitrdeemost common short-grass areas in
KNP: termite mounds (20-50%m-see Daviegt al, 2014), naturally occurring sodic site250
m?—see Grant and Scholes, 2006), and large grazmy sgstemsd, 500 nf—1 knt—see
Yoganand and Owen-Smith, 2014). The 0.25-and Sdta were replicated four times for each
of the three treatments, with fire either comple®icluded (unburned treatment) or with burns
applied annually in the early-dry season (April/Mbgreafter referred to as early-burns) or late-
dry season (September/October, hereafter refeorad kate-burns). However, due to space
constraints and logistical issues, we were onlg a&blimplement three late-burn 25-ha plots. The
experimental setup thus had three fire treatmemtsurned, early-and late-burns), two fire sizes
(0.25 and 5 ha) with four replicate plots and aditamhal three 25-ha late-burn plots, resulting in
a total of 27 treatment plots.

Example of Sha Subplot Layout
T1

12

Exclosure

220m
50m

50m

— Tarmac road
D 25ha — Gravel road
O Sha Perennial river,
»  025ha Satara Rest
Unburned Camp
Lateburn DX Singita staff
Early burn village

|1km|

Figure 2.1. Layout of burn treatments in the Satara Land System of Kruger National Park. Late-
burn and early-burn plots were burnt in May and October of every year of the study while no fire
occurred in the unburned plots or on the remaining landscape. The 5-and 25-ha plots contained four
and nine 50 x 50 m sampling subplots, respectively, while 0.25-ha plots were the equivalent of a
single subplot. We erected herbivore exclosures (1 m?) in the centre of each subplot to enable us to
assess the effect of fire alone, and we sampled two parallel 50-m transects (T1 and T2) placed an
equal distance on each side for analysis of combined fire—herbivore effects. All data collection took
place along the transect lines and within exclosures of every subplot. Sampling of all subplots

occurred every vear before and after burn treatments.
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Fires were applied every year by experienced tdeons “Working on Fire”
(http://workingonfire.org) to each of the early-datk-burn treatment plots, resulting in three
burn applications per plot by 2016. Plots werecebtkthat had: (1) high grass biomass with
grass communities dominated by the fire adaptessgsB. radicansandT. triandra, (2) similar
amounts of woody cover (6 — 10%) and (3) similatatices from permanent water sources (1 -3
km). Sampling effort needed to be higher on thgdaplots and required greater sampling effort
to represent the variability in grass heights diaerlarger areas. We, therefore, created a 50 x 50
m subplot sampling design that could be implemeirteéde 0.25-ha plots and was replicated on
the 5-and 25-ha plots four and nine times respelgtivwe erected 1-m 2 herbivore exclosures in
the centre of each subplot to enable us to assesdfect of fire alone, and we sampled two
parallel 50-m transects placed an equal distancagtbar side for analysis of combined fire—

herbivore effects.
3.3 Data collection

To estimate burn patchiness, we walked the twestetnines of each subplot immediately after
burning and recorded burnt/unburned patches evary& burn patchiness index was calculated

using equation:

1 — (Burnt points/total points — (unburnt points
/total points x number of unconnected burn points/total points))

This gave a value between 0 (all points burnt) hio points burnt) with weight for the

contiguousness of the burn (Table 2.1).

Data on grazer densities and grass biomass wdeetsal using a BACI approach (before-after
control-impact) (Smith, 2002). Sampling took pldceonth prior and for 2 months after
application of seasonal-burns on both the firete@@and unburned plots. We sampled early burn
plots again in December 2013 when the first magors of 2013/2014 arrived in order to account
for herbivore responses to fresh growth on thesespDue to logistics, this meant the second
month of post-burn sampling for late-burn plotsweed in January 2014. Finally, we sampled
all plots again at the end of the rainy seasonprilAvhen grass biomass was expected to be

highest. Thus, the first data collection occurredpril 2013 with early burn and late-burn
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treatments applied in May and October 2013, regpgt and repeatedly every year thereafter
until 2016.

Table 2.1 Overview of plot characteristics and measurement units for all fire ajpphica

treatments in 2013. Reported grass heights were measured before the applicagon of fi

treatments

Treatment Size Number  Mean Woody Mean grass  Burn
(ha) of plots distance to cover (%) height (cm) patchiness

water (km) index

Unburned 0.25 4 1.5(1.2) 6.8 (3.9) 37.2(6.7) NA
5 4 1.6 (1.2) 7.6 (2.3) 43.2 (3.2)

Early-burn 0.25 4 1.4 (1.0) 7.6 (1.7) 56.4 (6.3) 0.28 (0.13)
5 4 1.2 (1.3) 6.1 (3.9) 56.7 (6.3) 0.46 (0.02)

Late-burn 0.25 4 1.8 (1.6) 8.6 (3.8) 37.0 (0.9) 0.08 (0.17)
5 4 2.7(1.9) 6.3 (0.7) 40.1 (4.7) 0.01 (0.01)
25 3 1.3 (1.1) 6.6 (1.6) 37.6 (3.9 0.01 (0.01)

Vegetative response to fire and grazing was recbegtlery 5 m along the two transect lines in
each subplot. At each point, we measured the @pight of the standing grass biomass. We
took the same measurements at five points witherhirbivore exclosures to assess grass
response in the absence of herbivory.

Grazer presence was measured by recording all @yegies and abundance) including dry
dung encountered in 4-m-wide belts along transees] Dung transects have been used
previously to estimate large herbivore habitat esagong-term studies within African savannas
and perform better than direct observations andratidirect measurements (Cromsagal.,

2009; Burkepileet al, 2013, 2016), giving relatively reliable measui@scomparisons of

relative abundance across similar habitats (Margquas, 2001; Sensenig, Demment and Laca,
2010). Despite this, decomposition rates on diffeseibstrates and dung removal rates by dung
beetles represent two inherent issues with usimg dounts to assess large mammal abundance

in savannas. These issues are not easy to mitigdtehanges to methodology but were taken
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into account when drawing conclusions from our ltes&ortunately, in the context of this study
both factors would result in an under-represemntatiothe expected response, not a false-
positive: the increased bare ground on burnt patsid have increased dung decomposition and
removal (Daviset al, 2010), resulting in under-representation of doognts on burn treatment
plots when compared with unburned plots. Findirgeased dung on the burn plots is therefore
evidence for substantial herbivore utilization. thermore, dung beetle activity is higher during
the warm wet summers (November—April) than durialgl@ry winters (May—October) (Davis,
1996) and would have removed more dung during surpee-burn sampling than winter
sampling. To eliminate any further bias and ensl@éthe time period of sampling was equal,
we walked and cleared transects of dung 1 montr fiinitial data collection. Dung counts
were then sampled on a precise monthly (30 day3 bath dung crushed during data collection
to avoid recounting. Dung counts per transect wlengled by days since previous sampling (30)

and the mean dung deposition per week was calduyteiespecies for each plot.

Monthly rainfall data were recorded from the SaRRest Camp and Singita Lebombo staff

village weather stations (Figure 2.1).
3.4 Data analysis

We modelled grazer dung events per week (as a gomabundance) using a generalized linear
mixed effect model (GLMM) with a Poisson distribanito assess the response of all grazers to
early-and late-burns of different sizes (Crawle§12). Burn size (0.25, 5 and 25 ha for late-
burn), distance to water and month represented fefkects with plot and subplot acting as
nested random effects to control for repeated measalong the transects of each subplot every

month.

Following Sensenig, Demment and Laca (2010), wewtatled a grazer preference index for
species in each treatment plot as the total of duagourn treatment plot divided by the sum
total of dung in the burned treatment and matchdalitned treatment plot. In the case of 5-ha
plots, this meant summing the dung across all &éeissn all subplots prior to calculating the
ratio. This gives a value of 0-1 for each earlyabe-burn plot, with O (total avoidance) and 1
(complete preference for burn treatments). Laterlab-ha treatments did not have matched
unburned plots and were excluded. We modelled ti#epence of the four focal grazing species

to burn treatments over the three years of thererpat using GLMMs with a binomial
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distribution. For each species, the grazer preterémdex for each plot represented the response
variable with fire size (0.25 and 5 ha), distarcavater, and treatment (early-burn and late-burn)
acting as fixed effects. Plot represented the raneffect to control for repeated sampling of
plots every year.

To assess what grass height each species of geleeted throughout the final year of treatment
(2015), we binned transect lines by their meangghasght in 5-cm increments from 0 to 40 cm.
For each grazer species, we recorded a preseang dung event occurred along the transect
line and an absence if no dung was found. Thesesecere tallied to give the proportion of
presence for a given number of transect linesgifeific grass height class. We ran a Chi-
square test to compare observed grazer frequeribinvthe different grass heights to the

distribution of sampling effort (Crawley, 2012).

We ran two statistical models on our grass heigha.dTo assess whether our treatments kept
grass short throughout the growing season, we sssgegass height in April (end of the growing
season) over the 3-year study period using linegaedmodels (LMM) with the restricted
maximum likelihood method. Burn size (0.25, 5 aBda for late-burn), grazing
(presence/absence) and year (2013, 2014, and g&dresented fixed effects, with plot and
subplot acting as nested random effects. For tiadyais, we modelled each fire treatment
(unburned, early burn and late-burn) separategntble interpretation of results. We compared
the cumulative effect of our fire/grazing treatnmseah grass height over the 3-year experiment
(with April 2015 grass height as the response Wt#)a The fixed effects included treatment
(unburned, early burn and late-burn), size (0.2b%ha) and grazing (presence/absence), while

plot and subplot were included as nested randoetistf

All LMMs and GLMMs were processed using r statiatisoftware (version 3.3.1; R Core Team,
2016) and the Ime4 package (Batesl, 2015). Following the suggestions of Zwiral. (2009)
and Bolkeret al.(2009), we used a top-down approach to model s@hewith an ANOVA to
remove effects that resulted in models that diddifter (p < 0.05) significantly from the full
model (Table 2.2). We looked for obvious deviatitnesn homoscedasticity and overdispersion
in our models by plotting residuals against fittadues and visually assessing plots. To verify
normality of the residuals of selected models, seduhe Shapiro—Wilks test and assessed

histograms and QQ plots visually (Zuetral, 2009). We ensured that sampling subplots were
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not spatially auto-correlated by utilizing the gegrackage (Ribeiro and Diggle, 2016) to

calculate semivariograms for raw data for each géaampling and using the residuals from all

selected models (Zuet al, 2009). Semivariograms showed that variation ieaimeasures of

grass height and dung counts, as well as residididisiot increase with increasing distance

between plots, indicating no serious autocorretaissues were present (Figure S2.2 and Table

S2.1). Since the GLMM for buffalo burn preferenodices showed that residuals were not

Table 2.2 Linear mixed models and generalized linear mixed models used to assess the

relationships between herbivore selectivity of plots and the effects of diffgn@zing and fire

regimes on grass height. In cases where no fixed effects showedagionsaip with the

response variable, null models were selected, and more complex models are onlyposhown t

indicate effects tested

Selected models df 8
Wildebeest

Burn preference index ~ Year + (1|plot) 2 13.1 0.001
Impala

Burn preference index ~ Year + (1|plot) 2 0.9 0.607
Zebra

Burn preference index —~ Year + (1|plot) 2 35 0.17
Buffalo

Burn preference index ~ Year + (1|plot) 2 0.3 0.843
Unburned

Grass height ~ Year + (1|plot |subplot) 2 123.4 <0.0001
Early-burn

Dung density ~ Month + (1|plot [subplot) 4 156.4 <0.0001
Grass height ~ Year * Grazing + (1|plot |subplot) 3 7.8 0.05
Late-burn

Dung density ~ Month + (1|plot [subplot) 4 156.9 <0.0001
Grass height ~ Year * Size * Grazing + (1|plot [subplot) 12 3189 <0.0001
All Sha Treatments in year 2015

Grass height ~ Grazing + (1|plot |[subplot) 2 24.5 <0.0001
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normally distributed with clear overdispersion, wsed a negative-binomial distribution to

improve model performance (Zuet al, 2009).
4 | Results
4.1  Grazer burnt area and grass height preference

Grazers clearly responded to fire treatments withgdevents increasing in abundance on burn
plots after fire treatments were applied in 201igFe 2.2). The GLMM confirmed that for both
early burn (ES = 1.8%E= 0.56) and late-burn (ES = 4.2Z%= 0.24) plots, the months after the
fire were strong predictors of grazer densitiegFeé S2.3). For the early burn, grazer densities
increased immediately after the fire and further@ased in December after the first major rains
of the 2013-2014 season (Figure 2.2). Similarlg,l#te-burn treatment GLMM demonstrated
that grazers responded strongly to burn treatnmetita months after fire application, with the
strongest response in the first month post-fire {£563,SE= 0.11).
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Figure 2.z Dung deposition per month (me&rSE and rainfall (hatched) for sample months in
2013 and 2014 when the early- and late-burn fire treatments were initiated.d3atampled on
early-burn (dark grey) for 1 month prior-and 2 months’ immediately post-firegaid &n
December when rainfall returned. Data on late-burn (light grey) plots seenpled 1 month
before and one month after burning with a second month of data collected two months later.
Dashed lines represent fire application in May and October 2013 for the eighb@arland 11

late-burn plots respectively.
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Burn preference index

Densities remained high until January 2014. We donim evidence to suggest that fire size
affected these relationships for either early- €6514,SE= 0.10) or late-burn (ES = -0.02E
= 0.01) treatments, perhaps due to low samplefsizdung transects per month.

0.8 4

AT AN [y
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0.2 : ; .
Wildebeest** Zebra Impala Buffalo

Figure 2.3 Burn preference indexes (0 = absolute avoidance of burnt plots, 1 = complete
preference for burnt plots) for three years of fire treatments fomgy&arbivores in the
Kruger National Park. Data for 2013 is prior to any burn applications with 2014 and 2015
representing the responses of grazers to one and two seasons of burning respectively
(** p<0.001).

Wildebeest showed no preference for burn plotspoidreatment in 2013 but switched to
actively selecting and staying on both early-ane-kurn treatments in the following two years
(Figure 2.3—GLMM ES = 0.265E= 0.09; Figures S2.3 and S2.4). Impala had a cohsta
preference for burnt treatments throughout theyspadiod (ES = —0.055E= 0.06) but
increased in plot utilization year on year (Figug&s3 and S2.4), In contrast, zebra (ES = 0.06,
SE=0.08) and buffalo (ES = -0.1%E= 0.16) showed no significant changes in their
preference indices over the study period (Figudg @&xd other than an initial response to early-
burn treatments showed no long-term increasesrnsities over the study period (Figures S2.4
and S2.5). The burn preference ratios showed matedf fire size (ES = 0.08E= 0.02) or fire
season (ES = -0.08E= 0.09). Wildebeesty2 = 139.9,p < 0.001) and impalg® = 38.84p <
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0.001) were also found unexpectedly often in ghesghts below 10 cm across the study sites in
2015 and were found rarely in grasses above 2%ebra occurred uniformly across all grazing
height classes between 0 and 40 cm. Buffalo ocdumrere frequently in grass heights above 15
cm (2 = 35.76p < 0.05) than expected and were seldom found int-gjrass areas below 5 cm.
Thus, although all grazers clearly responded tditbd@reatments in the short-term, only

wildebeest appear to have been driving the longen-grass height differences between plots.
4.2  Grass system response to fire and herbivory

Grass height at the end of the season decreasatipats over the course of the study (Figure
2.4) due to lower rainfall and moribund grass ohurned plots in the 2014-2015 season (ES =
-13.6,SE= 0.59). We did not find any evidence that grasghteon unburned plots was affected
by grazing (ES = -3.6(5E= 0.89) or size (ES = 2.08E= 0.78). Likewise, the grass on burn-
only treatments (exclosures) regrew to pre-firelsby the end of the season (early-burn ES =
-3.50,SE= 1.41; late-burn ES = 7.85E= 2.95), while grass height decreased dramaticallst
result of lower rainfall and fire treatments by 80a early-( ES = —-21.56GE= 8.37) but not
late-burn plots (ES = -1.45E= 3.00). This resulted in grass within exclosuadkt{eatments)
being ~ 30 cm by 2015. The attractive effect ofsfiom grazers, however, resulted in an even
greater decrease in grass height by 2015 for kaotii-burn (ES = -28.7%E= 8.44) and late-
burn (ES = —22.365E= 3.06) treatments (Figure 2.4). Consequentlyy #ftece years, the
burned—grazed plots were the only ones with gragscin on average, with large proportions of
the grass <5 cm on late-burn plots (Table 2.3).eReqal attempts to ignite plots in 2015 failed in
a quarter of the early-burn and all late-burn tresits (Table 2.3).

Table 2.3 Overview of plot characteristics for all fire application treatmem0i15

Treatment  Number Mean Mean Number of plots Bare
of plots proportion of proportion of where repeat ground
grass height grass height ignition failed
below 10 cm below 5 cm (*)
Unburned 8 0.08 (0.04) 0.06 (0.02) NA 11.4(1.2)
Early-burn 8 0.28 (0.04) 0.11 (0.03) 2 34.1(1.3)
Late-burn 11 0.91 (0.03) 0.80 (0.04) 11 36.6 (1.5)
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Grass height (cm)

There was no evidence that the size of fire aftegrass height for early-burn treatments (ES =
-1.55,SE= 1.30). However, the LMM for late-burn treatmeimgicated that there was some
effect of fire size on the time it took for grazémsmaintain grass in a cropped state. Herbivory
on the smallest burns (0.25 ha) resulted in thenteaance of a relatively short-grass state (<25
cm) after the first season of treatment (ES = -85E= 9.22), while a similar response was
only seen in the second year of treatment forwleelarger burns (5 ha ES = -14.@E= 11.13;
25 ha ES = -16.86E= 10.67). Grass height was also kept <5 cm on gedog herbivores on
the smallest fires, while grass height was maieil5 cm on both 5-and 25-ha plots by the

final year of the study.
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Figure 2.4 Grass height (meanhSE) and total annual rainfall (light grey) on unburned
(squares), early-burn (triangles) and late-burn (circles) plots for these gf fire treatment
implementation. Grass height decreased in 2015 due to rainfall regardlessnoétre Fire
treatment alone (light grey and hatched) had no effect on grass height, tatpheg of
herbivory and fire treatment (dark grey) decreased grass height ofbearlgnd late-burn plots
after two years of treatment. The dashed line represents the upper lgrassteight (15 cm)
that wildebeest actively select.
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5 | Discussion

Our study demonstrates that it is possible to exggifandscapes by applying ecological theory to
achieve particular goals. Small fires (<25 ha)aated all the grazing herbivores studied in large
enough numbers to initially shorten grass heigattigularly during the wet season. This
immediate herbivore response after the first bwras not sufficient to maintain grass
communities in a short lawn state over the groveiegson. However, repeated applications of
fire treatments over the following two years resdlin short-grass specialists (wildebeest)
actively selecting for burnt patches over the ergiowing season. Ultimately, the high densities
of impala, wildebeest and to a lesser extent zebraurnt plots (see Figures S2.3 and S2.4)
maintained lawns after the second season of buamdgdepending on the season of burn,
reduced grass height to a level that excluded tdpea (Figure 2.5). Theory predicts that at
least 40% of a landscape needs to be non-flamnfabt® cm) to restrict fire spread (Turner,
Gardner and O’Neill, 2001). This was achieved ¢t late-burn plots by the end of three
years, but only 25% of the early-burn plots—witk #xpected response of switching off fire
being evident during our 2015 burns (Table 2.3)rddwer, grass height <10 cm is preferred by
wildebeest and >90% of the late-burn and 25% df/daurn grass cover was in this state by the
end of 2015 (Table 2.3).

Four of the 32 extant large grazing mammals ino&fiare short-grass specialists (see Table
S2.1), these species (like wildebeest) often mgka karge proportion of herbivore biomass
across their range (Hempsenal, 2015). Moreover, the greater visibility on shgrass areas
means that many other large herbivores gain additibenefits, including improved predator
detection and avoidance and show a preferencdifizing short-grass areas (Andersetal,
2010; Kleynhangt al, 2010; Burkepileet al, 2013). Short-grass specialists are common in
lower rainfall savannas, which make up 50% of sah&Ban Africa (Hempsoet al, 2015). In
these areas, including the globally recognized Milsaa, Serengeti, Etosha, Gorongoza, Chobe
and KNP, management to promote and maintain shassghabitat should be integral to
conservation management. Our results suggestrtat fres used with specific management
outcomes have the potential to engineer savanisa goammunities into a short-grass state and
diversify grass structure in a similar way to tbhtvhite rhinos and termitaria (Cromsigt and
OlIff, 2008; Waldram, Bond and Stock, 2008; Cromsigd te Beest, 2014). Initiation and

maintenance of short-grass areas will be easigrén regions (Waldram, Bond and Stock,
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2008), but the use of repeated burning in the alesehother lawn drivers could be important in
wetter regions and may represent a valuable toelevimega-herbivores are low in density or
locally extinct in areas both within Africa and ghdly (Fuhlendortt al, 2009).

Figure 2.5.Sequence of photos depicting changes in vegetation in response to experimental
treatments in the 5-ha late-burn plots in Kruger National Park. From top leftag&s structure pre-
burn (April 2013); (b) burnt area immediately post-burn (October 2013); (c) wildebeest grazing
response to posturn green flush (November 2014); (d) differences in grass height within and

outside of an exclosure after two seasons of burn treatments (April

5.1 Grazer, burnt area and grass height preference

The active selection of our smallest burn treatméntall herbivores post-burn and by
wildebeest over the period of the study supportdicat hypothesis. This is a good indication of
the importance of short-grass systems as resotocgsazers during the breeding season and
likely represents a lack of these areas in thergéfendscape. Furthermore, the long-term use
and active selection for burnt plots by wildebeastyell as the greater presence of both
wildebeest and impala in short-grass areas, irasito buffalo, supports recent work by

Burkepileet al. (2016) showing herbivore suite responses on leng-burn plots. Our findings
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align with work suggesting that grass height hegjeneity is an important factor in large-grazer
resource partitioning in savannas (Kleynhanal, 2010; Sensenig, Demment and Laca, 2010;
Burkepileet al, 2016). Although analyzing demographics is beytadscope of this study, the
strong selection bias of wildebeest for short-geassis, and avoidance of tall-grass areas,
suggests that wildebeest populations already inepaey the loss of natural migratory routes,
heavy predation and culling may be further impadtgtbss of habitat resulting from large scale
fires in KNP (Yoganand and Owen-Smith, 2014).

5.2  Grass system response to fire and herbivory

After only two seasons of burning, the fire—gragiect initiated a new grass structural type in a
previously tall-grass system and strongly suppooi@atdsecond hypothesis. Lower rainfall in

2015 and resultant reduction in grass productpifyed a role in facilitating the switch to a
short-grass state. However, the strong influendeedbivory, coupled with fire, on grass height
leaves us confidence that this state would have besched in subsequent seasons if rainfall had

continued at levels seen in 2013 and 2014.

The more complete switch to short-grass state tertdarn plots when compared to early-burns
does not seem to be the result of higher grazimgities, as there was no difference in the
response of herbivores to either treatment. Thienkation disputes our third hypothesis. It is
possible that dung transect data were not detailedigh to provide a complete picture of the
differences in herbivore use. Herbivores presehnbtifeeding (i.e. resting or being vigilant) on
plots and variation in dung deposition rates ded#nt times of the year may have created too
much noise in the data to allow us to identify &ilrriations in plot usage. This makes it
difficult to decipher the cause of the greater oese of grass height to grazing on late-burn plots
compared with early-burn plots. While our data tidefinitive conclusions, we know that the
higher fuel moisture during the early-burn seassulted in tall-grass clumps within early-burns
(note the large standard error of early-burn méaisgure 2.3). These unburned clumps would
have been avoided by herbivores and remained uneatd may also have acted to discourage
consistent feeding due to increased predationamskincreased vigilance (Forth al, 2004)
potentially reducing effects on the grass layertjRret al, 2004). Thus, while dung deposition

is similar on early-vs. late-burn plots, directzjrey effects would be greater on late-burns.
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Despite similar dung densities on the smallestlargest late-burn plots grass was shorter on the
smallest plots. Wildebeest rest in sites wheregt@davoidance can be maximized (Owen-
Smith and Traill, 2017), which would be greatedanger burn patches. Thus, similar dung
densities on larger plots may reflect lower grazimtgnsity and explain the difference in grass

heights.
5.3 Implications for ecosystem properties and managémen

The switch of the treatment plots to a short-gsdate with greater bare ground (Table 2.3)
increased structural and functional diversity & ndscape. Concentrated grazing and soil
compaction by herbivores can shift grass commuatyposition towards species more tolerant
of water stress and heavy grazing (Cromsigt anf] 2008; Veldhuiset al, 2014). These
potential changes will likely have cascading eBemt other communities (Krook, Bond and
Hockey, 2007). Grazing lawn systems have been showuapport suites of grasshoppers
(Samways and Kreuzinger, 2001), birds (Krook, Band Hockey, 2007) and spiders (Waatii
al., 2005) unique from tall-grass systems. In addjteorts respond rapidly to changes in bare
ground (Paret al, 2004) and may have already responded to thetstalichanges experienced
on the plots. However, it is also possible thatdlae negative effects of the treatments.
Increased bare ground in plots may result in irsedaun-off and loss of top soil (Thornes,
1985), and subsequent switches to poor qualitysgpscies (Olivat al, 1998b; Fensham,
Holman and Cox, 1999). This is of concern on paality soils and in low rainfall areas.
However, the response shown by short-grass spasiédh small fires in this study was still
apparent (Burkepilet al,, 2016) in a nearby long-term burning experimerihwimilar fire
treatments (7-ha blocks burned at various freqesiseasons since 1955), indicating that this
grass structural type can persist in the landsaapgecontinue to create favourable habitat even

60+ years since initial treatments.

The practicality of implementing small burns ovarge areas in a national park also needs to be
addressed. It appears that there is some flexillithe size of fire needed to achieve the grazing
lawn state: all our size treatments were equafigcéive at attracting grazing herds (i.e. none of
our fires were large enough to result in the disgleof grazers, nor small enough to not be
noticed within the broader landscape). Howeverliegion of our experiment was labour

intensive and required skilled teams to operate seeeral days and keeping all other fires out
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of the surrounding landscape is not feasible aderge landscapes. The danger of fires
spreading during the late-dry season means thatutd be difficult, in practice, for managers to
carry out the same small fire application repegtegkr large areas. However, early-season
burns tend to be smaller, and frequently burn atwnally if not actively re-ignited. Use of small
early-season burns also align with current shiftkiNP fire management towards the use of
earlier season fires in response to the increadeinumber of large hot wildfires during the
late-dry season that negatively affect tall treethe park. Despite the more limited change on
early-season treatments, we believe this is the neaistic option to implement over broader
areas in savannas across Africa. A greater nunflvepeated treatments is also likely to achieve
the same result as late-burns given a longer peegjukcially if the occasional runaway fire

results in temporary dispersal of grazers.

Variation in grass community structure and divgrsitgrass height is now widely accepted as
necessary in the conservation of savanna lands¢@wesn-Smith, 2004). With the white
rhinoceros, the main driver of large-scale shavl&reation, under threat in most natural
systems, it is likely to become increasingly neags$or conservation managers to look at novel
ways of manipulating the grass layer over wide srelere, we have experimentally shown that
small-scale fires have the capacity to concentyedeers in sufficient densities to maintain grass
in a short-grass lawn state. Our findings indi¢htt theory on spatial patterns of grazer use of
the post-fire environment developed by Archibaldl. (2005) can be practically implemented to
promote short-grass areas within the landscape.
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Chapter 3 | Feedbacks between grazers, grass and

fire create alternate savanna states

This chapter has been prepared for submission ®Arerican Naturalist
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1 | Abstract

The ability of grazers to create and maintain pagabf high-quality grazing habitat is well
recognised. These patches are initially only digtished through structure, and therefore require
continuous grazing to remain attractive to grazelisre permanent “grazing lawn” habitat,

which remains attractive during brief periods aftrieom grazing, can only occur through
feedbacks between grazing and species composttiargzing and nutrient cycling). Small fires
have been shown to promote this process, by engimgraoncentrated intense feeding in one
spot, and large fires have been shown to hindsmttacess, by dispersing grazing animals in the
landscape and relieving heavily-grazed patchessi@ering that climatic limitations underlie

the relationship between grazers and fire as coasin savannas we should expect that a
sudden change in climate will influence the baldne®veen them in the short term. The effect

of droughts on fire and grazing in free roamingasaa systems is not well studied, but
theoretically drought should act to promote or kinéedbacks between consumers and grass
communities — both by decoupling grazers from grgawns where forage is absent or by
dispersing animals into generally ungrazed firetcgled habitats and limiting the chance of
repeat burning. Here we use a landscape-scaleimqigrto test how easily a system switch

from fire- to grazer-dominated can be initiatecilandscape, and how the functional traits of
the grasses drive these switches. We then tradknbacts of a severe two season drought on the

consumer driven feedbacks within the study systpecifically, we hypothesise that:
1) Small fires will focus grazing activity and c@sgiently cause a shift in grass composition.

2) Grass communities resulting from the pyric-heoby associated with small-repeated burns
will be dominated by functional traits that encayeaepeated grazing (low C : N ratios, high
leaf moisture content, high biomass density) and ttontinue to attract high numbers of
mesoherbivores once it is no longer possible to.bur

3) Drought events should force grazers to feedwrduality fire-adapted grasslands and result

in convergence of grass community composition betwgatches.

We burnt small repeated fires in the Kruger Natidtark in South Africa and monitored the
response of grazers and changes in the grass cadtgroamposition and functional trait space
over a five-year period with the final two seasohsampling occurring during a major drought

event. Our results indicate that species compaoséia grass traits shift in response to increased
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grazing driven by small fires. The C : N ratios &af moisture content of grass communities
shifted in response to higher grazing and resutedhigher quality forage on burn treatment
plots. However, this response was lost during tlee@ght when grazers fed more intensively on
the broader landscape and trait space acrossetitenent plots converged. Our results add to a
growing number of studies that highlight the importe of feedbacks in the establishment of
dominant consumer processes within savannas. Hidégaie that it is possible to change the
driving consumer within African savannas with diestmanagement that alters plant traits
driving the dominant feedback processes.

Keywords: African savanna, alternate state, burntngsumers, fire, grass functional trait,

grazing lawns
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2 | Introduction

Large swathes of African savanna vegetation auetstred by feedbacks between grass and its
two dominant consumers, fire and mammalian herlgiyBond, 2005; Archibald and Hempson,
2016). Both these consumers drive the structurirggasss communities by altering the local
resource environment and changing the competipaees within which grasses persist.
However, the “metabolic” requirements of these peoturbations and the physical and temporal
differences in how they consume grass biomass nthanthe life history traits of grass
communities exert some control on which consumedpminant within a given landscape.
Evidence for divergence in the structure and fumc{Hempsoret al, 2015) of grass
communities under the control of fire vs. herbivand the feedbacks that maintain consumer
dominance has led to suggestions that fire-coetiadind herbivore-controlled grasslands
represent alternate states (Venter, Hawkins anché&ra&2017). Archibald and Hempson (2016)
showed that Bond's (2005) fire-controlled ‘blackddband herbivore-controlled ‘brown-world’
savannas filter out along abiotic gradients witticklworld savannas dominant at high rainfalls
(>1000 mm) and brown-world savannas at low raiafe400 mm). However, there are still
large portions of Africa’s savannas that are nobgletely predisposed by abiotic conditions to
either consumer and consumption in these systegithier dominated by herbivory or fire,
lending support to the idea of alternate statest{dwald and Hempson, 2016). These areas are of
interest to land managers as they allow for themqtedl manipulation of consumers to favour
specific management targets, but also represerdriant areas to test our current understanding

of trait driven feedbacks and thresholds relatmglternate states.

The differences in fuel and food requirements & ind mammalian herbivores means some
landscape level spatial separation in their ocoageshould be expected as feedbacks entrench
the role of the dominant consumer. Fire can orktg targe, dry bites and requires a threshold
amount of cured biomass before it is able to sp(éachibaldet al, 2009). Grasses that have
high C : N ratios resulting in a build-up of deadterial, low leaf moisture to allow curing

during the dry season, and low bulk density to erage burn intensity represent the ideal
habitat for fires (Simpsoet al, 2016). Conversely, grazers require relativehhkygality (low

C : N ratio) forage with high leaf moisture contenproving digestibility and high biomass

density reducing acquisition effort (Owen-Smith a&alvellie, 1982). Thus, although these two
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consumers compete for the same food source, tequédntly favour divergent traits in grass

communities with grasses that are flammable selpalatable and vice versa (Bond, 2005).
2.1  Switching the dominant consumer — fire to grazer

Due to differences in food requirements, ‘black Mosavannas that burn frequently represent a
barrier to grazer communities as a combinatiorowafflood quality and poor visibility in tall

grass makes fire prone bunch grasslands suboptiabitat for grazers (Owen-Smith and
Novellie, 1982; Yoganand and Owen-Smith, 2014) z@ra therefore spend less time in tall
bunch grasslands, leaving large amounts of starfdorgass, and encouraging repeat burning.
This entrenches fire as the dominant consumer t@tlige fire prone grass communities
temporally. Despite this, the ability of grazer<teate and maintain short grass grazing-lawn
patches that represent high quality grazing hatiihin tall-grass fire prone savannas has been
recognized in numerous African systems (Mc Naught&84; Waldram, Bond and Stock, 2008;
Cromsigt and te Beest, 2014). To overcome the fsadbthat maintain savannas in a fire-
dominated state requires some external disruptiangncourages herbivores to crop tall grasses
short (Hempsoet al, 2015). These disruptions have been occur indfra bf small-

disturbances (<20 ) such as the formation of termite mounds thateatrate grazers and
increase local grazing offtake (Davietsal, 2014), seasonal increases in localized grazing
pressure resulting from large mammal migrations Mcighton, 1985) or as a result of grazing
by white rhino that are unique among African grazartheir ability to crop tall grass into short
grass states (Waldram, Bond and Stock, 2008).iatsthge of grazing lawn formation heavily
grazed patches are only defined from the surrognidith grass landscape by differences in grass
structure and no permanent change has been effedgthadire likely to return if patches do not
attract grazers over a number of seasons (Hemgisan 2015). The longer term formation of
permanent lawns that consistently attract highiggazan only occur if grass communities
change in response to elevated grazing (Mazaneadrt.oreau, 2000), trampling (Veldhas

al., 2014) or nutrient cycling (Cromsigt and OIff, B)&nd patches maintain their attractiveness
to grazers from season to season. In these cagesijlf be excluded due to low standing
biomass and ultimately a switch to a novel herlevdrven state will have occurred as

feedbacks between grass communities and grazergaimaihe dominant processes.
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2.2  Grazing impacts on grass community compositionfandtion

Global meta-analyses of grass community respongeating indicate that species richness
decreases but that grazing selects for differestisg, resulting in higher beta-diversity overall

in systems with heavily grazed patches (Milchui&sda and Lauenroth, 1988). There is also an
increase in species evenness associated with gréyet al, 2014). However, species
compositional shifts in the form of richness andrmwess scores are not useful for predicting the
functional responses of systems to changes frartdigrazer dominated savannas. At the
functional level the plant traits associated wigdawily grazed grass communities are not
resolved (Diazt al, 2007) and there is no clarity on whether grazngeases or decreases
palatability overall across different grazing ecsisyns globally. Likewise, although we expect
grazing tolerance traits to decrease flammabilaw{statured), this has never explicitly been
tested. Here we attempt to address these gapseysiisg changes in the genotypic trait space of
grass communities at the local scale when thexesisitch in the dominant consumer from fire

to grazing.
2.3  Fire and drought impacts on grazing systems

Grazing mammals and their respective densitiesgiéollowing burns (Sensenig, Demment
and Laca, 2010; Burkepikt al, 2016;Chapter 2) in what has been termed ‘pyric-herbivory’
(Fuhlendorf, 2005). Large landscape-scale firegatise grazers over the broad areas as they
feed on the fresh regrowth of bunch grasslandgdl@edlecreases localised herbivory on grazing
lawns (Archibaldet al, 2005). Thus, repeated large fires drive homogeiois of the grass layer
at larger scales as grazing lawns in the broadeistzape are lost when the feedbacks between
grazers and high-nutrient short grass patchesrakeb down (Archibald, 2008). In contrast,
there is evidence that small fires (<508) niraw high numbers of animals onto patches and
result in greater grazing intensity per individpkdnt than larger fires (Sensenig, Demment and
Laca, 2010; Burkepilet al, 2016;Chapter 2). The higher grazing pressure maintains grass in a
cropped state for longer periods of time with fesszks that attract constant elevated unselective
grazing (Sensenig, Demment and Laca, 2010; Donalelsal, 2017).Chapter 2 showed that
elevated grazing in small burnt patches can renfiozdrom the system locally and completely
shift the selective pressure acting on grass spéa fire to herbivory. Here we take this

concept further and test whether the structurahgba observed i@hapter 2 result in shifts in
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grass community functional trait space that enhdeedbacks with grazers and result in

permanent grazing lawn establishment.

Global climate models predict that southern Afigaet to experience drought events with
increasing frequency (Ratnaghal, 2014). Developing an understanding of the infaeethat
drought has on the interactions between fire aadigg is thus of increasing importance in
African savannas. Drought effects on wild grazestesys and the balance between fire and
grazer dominated grass communities at the landstzgde has received little attention due to the
difficulties of studying drought effects on prodwdly at scales that are relevant to free roaming
grazers. This is problematic as the feedbacks lesegssed here play out within the backdrop of
repeated but erratic drought events (Ekbkiral, 2012). Considering that climatic limitations
underlie the relationship between grazers andaireonsumers in savannas (Archibald and
Hempson, 2016) we should expect that a sudden ehargdimate will influence the balance
between them in the short term. Drought shouldeiase the relative pressure of the grazing
population on grass communities as less produgtisiavailable for an initially similar

metabolic demand. In better studied rangeland systegh grazing pressure during droughts
impact grass basal cover and changes community @sitign over several seasons (O’Connor,
1995). Moreover, during drought events grazers misteelower quality forage areas to feed on
less-optimal food sources (Owen-Smith and Novell882; Macandza, Owen-Smith and Cross,
2004). The combination of these two processes aagidlt in the decoupling of grass
communities from their dominant consumers. Graasgdorced to feed in sub-optimal fire-
prone grasslands and off grazing lawns with thesia®ed grazing pressure in fire adapted grass
communities driving a reduction in standing biomé#ssal cover and a shift in species
composition towards grass communities that hingemréturn periods. Thus, it could be
expected that extended droughts result in highubsélective grazing over broad areas and
potentially homogenise grass communities. In thugyswe look to test how drought events

impact established fire herbivory feedbacks.

The idea that savanna rangelands operate withsrfrdmnework and exist as multiple states
between woodlands and grasslands depending orytizenics of relevant fire and herbivore
regimes has been a fundamental concept in rangelandgement (Westoby, Walker and Noy-
Meir, 1989; Briske, Fuhlendorf and Smeins, 200%)change from one state to another requires

the maintenance of the novel state via feedbaeksdit not require the initial disturbance to be

60



repeated (Westoby, Walker and Noy-Meir, 1989). Wstplate that a shift in the dominant
consumer should be evident in the functional traitdhe local grass community. Thus, a general
shift from low to high palatability that correspandith consistent high grazer presence in the
absence of fire should be indicative of the esshinhient of feedbacks and the successful switch
to a grazing adapted state. Here we use a landscapeexperiment to test how easily a system
switch from fire- to grazer-dominated can be in@din a landscape, and how the functional
traits of the grasses drive these switches. Wettlaek the impacts of a severe two season
drought on the consumer driven feedbacks withirsthdy system. Specifically, we hypothesise
that:

1) Small fires will focus grazing activity and caggiently cause a shift in grass composition.

2) Grass communities resulting from the pyric-heoby associated with small-repeated burns
will be dominated by functional traits that encayeaepeated grazing (low C : N ratios, high
leaf moisture content, high biomass density) and ttontinue to attract high numbers of

mesoherbivores once it is no longer possible ta.bur

3) In contrast, drought events should force grattefsed in low-quality fire-adapted grasslands
and result in convergence of grass community cortipodetween patches.

3 | Methods

The Kruger National Park (KNP) is a 2 million hafacted area in South Africa containing the
full suite of native mega-herbivores including vehihinoceros (Venter, Scholes and Eckhardt,
2003). Moreover, the reserve has a well-establifihednanagement plan and detailed records
of changes in fire policy (Govender, Trollope ar@h\Wilgen, 2006), making it ideal for studies
on pyric-herbivory. The Satara Land System, on@wf major land systems in KNP, is
characterized by clayey basalt soils with soil Hepit usually deeper than one meter and
dominated by the Bonheim, Shortlands, Milkwood, Bla§@lerosa and Valsrivier Forms
(Venter, Scholes and Eckhardt, 2003). The landcegys$$ characterized by low relief with 97%
of the landscape having a slope of < 2° and sup@xtensive C4 grass plains iBeerocarya
birrea (A. rich.-Acacia nigrescenliv.) tree savanna (Gertenbach, 1983). Woody cover at our
study sites fell consistently below 10% (Table 24l at the beginning of the study period this
area was dominated by C4 grasBethriochloa radicangLehm.),Digitaria eriantha(Steud.),

Panicum coloratunfL.), Urochloa mosambicens{giack.) andThemeda triandrdForssk.)
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(Knappet al, 2012), with the high abundance of unpalat&bleadicanspresenting a concern to
land managers. The growing season for grassessdating the austral summer (November—
April), during which 78% of the mean annual raiht#502 mm/year falls with the January on
average the hottest month with a mean maximum teatyre of 33.7°C (Venter, Scholes and
Eckhardt, 2003). However, summer rainfall in Satesa well below the long-term average
during both the 2014/2015 (288 mm) and 2015/2088 ¢(hm) season when much of southern
Africa experienced the most extreme drought ofpast 20 years (Figure 3.1b). Grasses are
dormant during the dry, frost-free winters (May—@Qher) with the coldest month of June
experiencing a mean minimum temperature of 9.4%©r B this experiment, the area had an
average fire return interval of ~ 3 years and aietalescription of fires in the Satara land

system during the course of this experiment isrgimeAppendix A (Figure S2.1).
3.1 Experimental design

To test the influence of small-repeated fires azgrs and the effect of post-burn herbivory on
grass species composition we implemented a landdeapl experiment between January 2013
and May 2017. We selected three treatment plossi@x 50 m (0.25 ha), 220 x 220 m (5 ha),
500 x 500 m (25 ha). These sizes were chosen teseqt the sizes of the three most common
short-grazed areas in KNP: a termite moun@Q-50 nf — see Daviest al, 2014), a sodic site

(c. 250 nt- See Grant and Scholes, 2006) and a large gréminmgsystemd. 500 nf-1 kn?-see
Yoganand and Owen-Smith, 2014). The 0.25 and 3dta were replicated four times for each
of the three treatments, with fire either comple®icluded (no-burn treatment) or with burns
applied annually in the early-dry season (April/Mbgreafter referred to as early-burns) or late-
dry season (September/October, hereafter refeorad kate-burns). However, due to space
constraints and logistical issues we were only sbiemplement three late-burn 25 ha plots. The
experimental setup thus had three fire treatmeratso(irn, early-, and late-season burns), two
fire sizes (0.25 ha and 5 ha) with four replicdtegpand an additional three 25 ha late-burn plots

resulting in a total of 27 treatment plots (FigGréa).

Fires were applied every year by experienced tdeons ‘Working on Fire’
(http://workingonfire.orgyto each of the early- and late-burn treatmentsplesulting in three

burn applications per plot by the end of burn tresits in 2015, after which attempted ignitions

on all plots failed due to low grass biomass. Taduce the possibility of external fires (non-
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Figure 3.1 (a) Layout of burn treatments and (b) deviation from long-term (1980 — 2017)
precipitation in the Satara Land System of Kruger National Park. Late-bdreaaly-burn

plots were burnt in May and October of 2013, 2014 and 2015 after which fires failed on all fire
treatment plots. Fires occurred once at the end of October 2015 on the no-burn plots2abelle
and 3 due to a runaway lightning ignition. The 5 and 25 ha plots contained four and nine 50 x
50 m sampling subplots respectively while 0.25 ha plots were the equivalent of a single
subplot. We erected herbivore exclosures (1 m?) in the centre of each subplot tagsni@ble
assess the effect of fire alone, and we sampled two parallel 50 m traideatsl (T2) placed

an equal distance on each side for analysis of combined fire-herbivore. éfedtga

collection took place along the transect lines and within exclosures of evergts@awhpling

of all species composition data occurred in April at the end of every secorall iseakon
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experimental) influencing our study, KNP managettsguished any unplanned fires within the
area of the experiment. Despite these effortsharigg fire burnt through two of the no-burn
plots in October of 2015. Initially the burn platere selected to have: (1) high grass biomass
with grass communities dominated ByradicansandT. triandrain their climax states, (2)
similar amounts of woody cover, and (3) similaraigi conditions. The 5 and 25 ha plots
contained four, and nine, 50 x 50 m sampling sukpiespectively, which meant the sampling
unit remained the same across all size-treatmbuatshe sampling effort increased for the large
fire sizes. We marked a fixed-plot (P)for repeat sampling in the centre of each sulipjot
hammering in metal droppers and marked two paralleh transects placed an equal distance
on either side for analysis of grazer presenceimitie area (Figure 3.1a). All data collection

took place along the transect lines and fixed pdd&svery subplot during sampling months.
3.2  Environmental variables

We did a full texture analysis for percentage daythking samples to a depth of 20 cm in the
centre of each fixed-plot of every subplot. Monthdynfall data was recorded from the Satara
Rest Camp and Singita Lebombo staff village weastegtions for the entire duration of the study
(Figure 3.1a). To estimate the success of burtnresats, we walked the two transect lines of
each subplot immediately after burning and recolmledt/unburned every two metres and
calculated the percentage of each subplot burnmh Bercentage scores and soil percentage
scores were then averaged for 5 ha and 25 ha @lbégpter 2 had shown that grazer
(wildebeest, zebra and impala) use of late-burneamty-burn treatments was higher than on no-
burn treatments. To assess whether this higheegmesence was also associated with
increased grazing pressure, we placed a 30 cm thawlisc every 2 m long a transect line and
determined for each placement whether there waditteyn grass under the disc. We collected
this data at the end of the wet and dry seasoakbow estimates of the proportion of the plot that
had been bitten. In addition, we recorded all d{spgcies and abundance) including dry dung
encountered in 4-m-wide belts along transect linesstimate grazer use for each subplot. Dung
transects have been used previously to estimaje lerbivore habitat usage in long-term
studies within African savannas and perform béttan direct observations and other indirect
measurements (Cromsigt al, 2009; Burkepileet al, 2013, 2016), giving relatively reliable
measures for comparisons of relative abundancessimilar habitats (Marques al, 2001;

Sensenig, Demment and Laca, 2010). To eliminatebasybetween plots and ensure that the
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period between sampling was equal, we walked agatet! transects of dung one month prior to
initial data collection. Dung counts were then skdn a precise monthly (30 day) basis with
dung crushed during data collection to avoid retiogn Dung was sampled within all subplots
on all treatments one month prior and two montker &furns were applied for the first two years
(2013/2014) of treatments resulting in three mowthdata collection for each plot within a

given year. From 2015 onwards, data was colleaeédvery month of the year. All grazing
species’ dung was summed between burn eventsdolatd an annual “graze pressure” score for

each plot.
3.3  Species composition data

To test the effect of the different treatments pecses composition we identified and counted
individual plants before estimating total bare grd@and aerial cover for every species within the
1 n? fixed plot. This gave us an abundance and aawiatrcscore for April of every year after

the growing season. Moreover, to look at the eféégrazing and drought on established grass
plants we measured the radius of all grass tusseitka the fixed plots during species

sampling in 2015 and 2017. This gives informationnether perennial tussocks are increasing
or decreasing in size on average (O’'Connor, 1995).

3.4  Species trait data

We measured species traits on all the speciesdeddilable S3.1) during the study in April of
2017 when grasses had experienced a full seasgoodfrainfall. We designated an unburned
grass patch located outside of our treatment phatishad not been burned for the duration of the
study as our trait measurement area. We walkedripérpendicular to the road from a
predetermined GPS point before starting a 50 ns&etto select individual plants for trait
measurement. The first six plants of a given sgeereountered within a two-meter-wide belt
along the transect line were selected for measurertighere were not enough plants from a
species encountered within the transect line, #mather transect line running parallel to the first
was setup five metres away and this process wasteg until six specimens were located from
all species recorded in the study. Six green, redtaves from each individual were clipped and
weighed before air-drying in paper bags to a conisteeight. Dried leaves were ground to a
powder and the carbon and nitrogen content ratiessored by mass spectrometry (see

Appendix B for detailed description; Cornelissdral, 2003). We also calculated grass leaf
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moisture content (LMC) for all communities over faé period of the study asM—d) / d,

wherew is the wet mass of leaves athts the mass after drying to a constant weight (&&las
and Lloret, 2007). Finally, we calculated biomasagity of individual plants following the
methods of Simpsoet al. (2016) by clipping entire plants at 5 cm intenvaligng the entire

length of the plant. Each portion of the plant waen dried and weighed, and cumulative weight
calculated for every height. The slope of the Imetationships between logged cumulative dry

biomass and vertical height was then used as g miohiomass density (g.A).
3.5  Statistical analysis

We modelled the proportion of grazer bites per tatl{as a proxy for graze intensity) using a
generalized linear mixed effect model (GLMM) witlbimomial distribution to assess the
difference in pressure on no-burn, early- and lbateis treatments at the end of the wet- and dry-
seasons of 2015 and 2016 (Crawley, 2012). Seasbtreatment represented fixed effects with
plot and subplot acting as nested random effeateitrol for repeated measures along the
transects of each subplot at the end of every seddlobGLMMs were processed using R
statistical software (version 3.3.1 R Core Tean,6d@nd the Ime4 package (Bagtsal, 2015).
Following the suggestions of Zuat al. (2009) and Bolkeet al. (2009), we used a top-down
approach to model selection with an ANOVA to remeffects that resulted in models that did
not differ ( < 0.05) significantly from the full model. We loet for obvious deviations from
homoscedasticity and overdispersion in our modgislitting residuals against fitted values and
visually assessing plots. Semivariograms showetdvdréation in residuals did not increase with
increasing distance between plots, indicating mmgs autocorrelation issues were present (see

Appendix B Figure S3.1 in Supporting Information).

All species composition analyses were carried sirtigupackages vegan (Oksaretral, 2016)
and ade4 (Dragt al, 2014). Species data were transformed using thiegier’s transformation
to reduce the impact of large abundances and pa@es (Legendre and Gallagher, 2001,
Legendre and Legendre, 2012). We analysed spemmgasition pre-treatment (2013), two
years after treatments were initiated before theebaf the drought (2015), and after four years
of treatment and two years of drought (2017). Wrated species composition between
treatment plots using redundancy analysis (RDAebelge and Legendre, 2012). We assessed

environmental data for autocorrelation and remoxagthbles that with a Pearsonscore of
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greater than 0.6 resulting in tree density, distanowvater, percentage sand, cumulative dung,
percentage of plot bitten, and cumulative burn @etage representing final environmental
variables. We used a two-stepped forward seleetppmoach proposed by Blanchet, Legendre
and Borcard (2008) to select the most appropriatdainand ran a Monte-Carlo permutation test
with 9999 iterations to assess the significanceeimodel and the marginal effect of each

environmental variable at 0.05% significance (Lefgerand Legendre, 2012).

We performed an R-mode linked to Q-mode (RLQ) asialy}combined with the fourth corner
method (Drayet al, 2014; Charles-Dominiquet al, 2015), to test whether the functional traits
of the grasses were responding to pyric-herbivoryreatment plots. Combining RLQ and fourth
corner analysis allowed us to test for the spec#ts involved in any observed differences in
community composition associated with our applredtiments (Dragt al, 2014). We used the
three different fire treatments as our environmiegff@cts (early-burn, late-burn or no-burn).
The RLQ analysis is a method designed to studgtive'onmental filters of ecological
communities (Dolédeet al, 1996). To achieve this RLQ analysis assessesotimdination of

functional traits of maximum covariance with a giveet of selected environmental variables.

To perform RLQ we first ran three separate analjsespecies composition, environmental
variables and grass species trait data for thexg@renental plots to allow us to test the outputs
resulting from of the three table RLQ analysissty, we analysed the species occurrence
frequencies on all plots stored within the matriky performing principal component analysis
(PCA). Environmental plot data stored in the maRiwere then used to ordinate plots according
to fire treatments (no-burn, early-burn and latesbwising principal components analysis with
multi-state discrete characters described by kil &mith (1976) (Legendre and Legendre,
2012). Traits of grass species were stored in m@trand we analysed these using a PCA. We
assessed the statistical significance of the amtstre between R and Q by comparing 9999
Monte-Carlo permutations of the rows of R and Qeslwith the total inertia in the RLQ
analysis (Dolédeet al, 1996). We used a two-step testing procedure (BnalyLegendre, 2008)
to assess the significance of the relationship @etwraits and environmental variables in the
fourth corner analysis (habitat filtering). In Hie randomization procedures we used 9999
permutations and adjustpd/alues for multiple testing with the false discoveate (FDR)

method (Benjamini and Hochberg, 1995).
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Finally, we modelled the area covered by tussodksmfixed-plots using a GLMM with the
package Ime4 (Batext al, 2015) using a poisson distribution to assessliffierence tussock
cover on no-burn, early- and late-burn treatmentseabeginning (2015) and end (2017) of the
drought (Crawley, 2012). Year and treatment represkfixed effects with plot and subplot
acting as nested random effects to control foratgmbmeasures along transects of each subplot
at the end of every season. Due to our methodtafadlection for species traits, any changes
observed in trait space from the RLQ analyses wbalthe result of genotypic responses due to
changes in species composition rather than pheicatygponses to grazing.

Table 3.1 Generalized linear mixed models used to assess the relationships between bite
pressure and different fire treatments during the dry and wet seasons of 2015 antt2016 a

the relationship between grass tussock cover and fire treatment during the drought

Selected models df F P

Proportion plot bitten ~ Rainfall season * Fire

treatment + (1|plot|subplot) 11703.81 <0.001

Total tussock area ~ Year * Treatment +

(1|plot|subplot) 5 18 796<0.001

B. radicanstussock area ~ Year * Treatment +

(1|plot|subplot) 5 23 259<0.001
4 | Results

4.1 Pre-treatment

Prior to any burn treatment the environmental \@es explained very little (5.2%) of the
variation in species composition within plots wtrmutation tests indicating the model was
weak p = 0.189). None of the tested environmental vagaliad any significant influence with
distance to water the closest to having an effeet 2.03,p = 0.06) across the sampling plots,
indicating a balanced selection of the plots usdtiis study with no obvious pattern that would
pre-determine responses to burn treatments apgaarthe ordination plot (Figure S3.2).
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4.2  Grazer and grass cover responses to treatments

The selected GLMM (Table 3.1) confirmed bite presso both the 2015 wet and dry season
was higher on early-burn (ES = 1.95, SE = 0.36)latedburn (ES = 3.47, SE = 0.35) fire
treatments than no-burn plots with almost the emntiot experiencing some level of biomass
removal on burnt plots (Figure 3.2). Grazing pressamained high on both the early-burn and
late-burn treatment plots throughout the drouglgufe 3.2) and increased substantially on no-
burn plots (ES = 1.15, SE = 0.09) in the seconda®eaf failed rainfall. The GLMM of tussock
cover in fixed-plots showed that prior to the drbug 2015 the early-burn (ES = -0.68, SE =
0.59) and late-burn (ES = -1.39, SE = 0.68) treatmbad lower tussock cover than in the no-
burn treatments (Figure 3.3). All the treatmentplbeclined from 2015 tussock cover during the
two years of drought with early-burn (ES = -3.2FE,$0.08) and late-burn (ES = -3.1, SE =
0.09) decreasing to near zero cover in 2017, whaeno-burn plot decreased to nearly half of

the original measures.
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No-burn Early-burn Late-burn

Poportion bitten

Figure 3.2 Proportion (mean +SE) of the burn treatment plots bitten at the end of the wet (May) and
dry seasons (October) after two-years of fire treatment (2015) and duringshentanse season of
drought (2016).
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Figure 3.3.Total area (mean £SE) of fixed plots (f)rnovered by established grass tussocks
in different treatment plots after two-years of fire treatment (204& xéter two seasons of
drought (2017).

4.3  Effect of concentrated pyric-herbivory on speciesposition (Hypothesis 1) and

community trait space (Hypothesis 2)

After two seasons of burn and grazing treatmer@$UDA indicated that the environmental
variables explained 14.7% of the variation in spe@omposition with permutation tests
indicating the relationship was significapt£ 0.013). Only the grazer dung scores of plots had
any significant influencep(= 0.007) on the species composition and therefohgthe first axis
was of any interest (Figure 3.4a), suggestingdhadés communities were only responding to

grazing pressure.

The first axis of RLQ separated grass communitiesving in late-burn treatment plots and
experiencing grazing from any of the other treatnotembinations (Figure 3.5). The results of
the RLQ (Monte-Carlo permutation tegtss 0.01) and fourth corner analyses (Table 3.2)
confirmed that grass species which increased umdlrgrazing on the late-burn treatments had
lower C : N ratios and higher LMC than those oreotineatments, while species on no-burn
plots had high C : N ratios and low LMC (Table 3:2bwever, the bulk density of species on
different treatment plots did not change signifibairable 3.2). These results represent the

traits of ungrazed and unburned plant individuaitg] therefore indicate a long-term, more
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permanent change in trait distribution across plut$ a phenotypic response based on structure.
The second axis of the RLQ, had low eigenvaluegufiei 3.5) and suggested that C : N ratio and

LMC were only affected by differences in grazinthex than fire treatment.
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Figure 3.4 Correlation biplots based on RDA ordination of the grass species aerial cover on no-
burn (black), early-burn (dark-grey) and late-burn (light-grey) treatmets fdr (a) 2015 and (b)

2017 constrained by the environmental variables. Only the environmental facoreddty

forward selectiong < 0.05) are shown with arrows. A. corrstida congesta conges(Roem.
& Schult), B. eru Brachiaria eruciformigSm.), B. rad $Bothriochloa radicangLehm.), C. cil
= Cenchrus ciliarigL.), Ch. vir =Chloris virgata(Sw.), D. eri =Digitaria eriantha(Steud.), E. cil

= Eragrostis cilianensigAll.), E. sup =Eragrostis superb&Pehr.), H. con Heteropogon

contortus(L.) , P. col =Panicum coloratungL.), P. max =Panicum maximur(Jacq.), S. inc =
Setaria incrassatéHochst.), Sc. pap =Schmidtia pappophoroidéSteud.), So. ver Sorghum

versicolor(Anderss.), T. tri Themeda triandrgForssk.), Tr. ber Fragus berteronianuéSchult),

U. mos =Urochloa mosambicens(glack).
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Figure 3.5 Results for 2015 of the first two axes of R-mode linked to Q-mode (RLQ)
analysis: the RLQ space maximizes the relationships between tragsdammhments. The
positions of species in the RLQ space are shown in (a), environmental factorsnd (b) a
species traits in (c). The ‘d’ values give the grid size for scale casopaacross the three
figures. C : N ratio and leaf moisture content (LMC) are negatively and posiissbgiated
with heavily grazed late-burn plots respectively, indicating higher paligyadml these plots

associated with differences in species composition.

4.4  Effect of pyric-herbivory and drought on speciemposition and community trait space

(Hypothesis 3)

After two seasons of drought the RDA indicated thatenvironmental variables explained
25.6% of the variation in species composition vp@nmutation tests indicating the relationship
was highly significantg{ < 0.001). The first two axis of ordination expketh81.2% of this
relationship and the permutation test indicated ttiey were the only significant axes (RDA 1
< 0.01, RDA 2p = 0.03) (Figure 3.4b). Among the seven environmlevdriables tested, three

had a significant influence on the species comjusitlistance to the nearest permanent water
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source jp = 0.004), cumulative burn scong£ 0.04) and grazer dung scope<0.009; Figure.
3b).

Visually, the first axis of RLQ appears to sepagress communities according to herbivory
pressure, with plots that experienced high herlyidstinguished from plots with low herbivory
(Figure S3.3). However, the results of the RLQ (keGarlo permutation tests,= 0.09) and
fourth corner analyses (Table 3.2) failed to supfiuos. The changes observed in RDA on
species composition did not seem to be directigrtaliven by commonalities in the traits of the
species found in the communities post-drought. Aesalt, all the RLQ axes explained very
little of the variation in trait space (eigenvalu&k06) which suggests that after a drought the

trait space of grass communities across all tre@sngere similar.

Table 3.z. Relationships between the biological traits and burn treatment plots tested
using fourth corner method. C : N ratio decreases in the heavily grazed late-bsirn plot
and leaf moisture content (LMC) increases, indicating an overall indrease

palatability on these plots. After the droughts these differences disappear

Year Environmental Trait r P-value
2015 No-burn C:N 0.17 0.034
LMC -0.2 0.03
Bulk density =0.1 718
Early-burn C:N 0.03 718
LMC —0.01 ns
Bulk density 0.09 1s
Late-burn C:N -0.21  0.027
LMC 02 0.046
Bulk density 0.01 7S
2017 No-burn C:N 0.17 s
LMC -0.21  0.077
Bulk density 0.14 7S
Early-burn C:N -0.2 ns
LMC 0.07 1S
Bulk density —0.03 s
Late-burn C:N 0.03 7S
LMC 0.13 1§
Bulk density —0.17 s

All p-values were adjusted for multiple comparisons with the false discovery rate

method.ns non-significant.
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5 | Discussion

We found that pyric-herbivory driven by small, aatiy-repeated burns in the late-dry season
can result in a shift in local grass communitiesanads higher quality graze than is available in
the broader landscape. This shift in the trait speEfayrass communities is evidence of the
establishment of positive feedbacks between mebologes and the grass community that
should entrench the long-term repeated use of patioia grazing ungulates and maintain short-
grazed patches in the broader landscape (CromsuigDéf, 2008). The continued use of burn
treatment plots several seasons after fire treasneere stopped supports this conclusion and
suggests that small fires can be an effectiveftoathifting savannas prone to burning towards
grazing-driven states. This result is a novel adidito our understanding of the complex
interactions between fire and grazers in savansteg)s as it highlights for the first time a link
between fire size and its implications for grazsponses and changes in the functionality of

grass communities.

Short-grass grazing lawn systems have been ideshiifi savannas throughout Africa (see
Hempsoret al, 2015 for review). The exact benefits grazing laywrovide to the herbivores that
concentrate on them has not been definitively ifledtwithin every system that they occur.
However, it is clear they provide a pivotal wetsmaresource to the largest migratory herds on
the continent (Mc Naughton, 1985), and have beaemed as key resources for resident
herbivores across variable savanna systems (MchtaugBanyikwa and Mc Naughton, 1997;
Traill, 2004; Verweijet al, 2006; Kleynhanst al, 2010; Yoganand and Owen-Smith, 2014).
Apart from large ungulate lawn-specialists thay te¢avily on the presence of lawns for success,
there is a wealth of evidence showing the co-ewmiubetween grazing lawns and bird (Krook,
Bond and Hockey, 2007) and invertebrate communiBesndiniet al, 1996; Samways and
Kreuzinger, 2001; Warwet al, 2005). Thus, grazing-lawns and the feedbacksniaatain them
represent an important component of savanna bitgiiyeand a failure to incorporate them in
the management of wildlife systems would be a abearsight. The historical removal of mega-
herbivore populations (particularly white rhino; &wSmith, 1989), and the increased use of
large, hot fires to control bush encroachment (op&, 1982) and use of savannas for livestock
grazing (Tainton, 1999) would all have promoted|tss of grazing-driven grass communities
as fire-adapted grass communities were promotdudwitthin wildlife reserves and pastoral

rangelands. Considering that under current circantgts white rhino populations are unlikely to
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recover to historical densities in wildlife reses\across the majority of its natural range, a
manipulation of the fire regime may represent ohie few tools available to managers to
generate herbivore feedbacks that promote the towmaf lawn systems in areas where white
rhinos are absent and migration of other ungulatedimited.

5.1  Grass community response to pyric-herbivory

Pyric-herbivory pressure was high on both earlyatand late-burn plots in 2015 and had been
high for the previous two year€ljapter 2). Intense grazing both directly and indirectly mcfs
individual grass tussocks by removing foliage anadnging soil and light properties (Veldheis
al., 2014), which affects the competitive ability nflividual plants (Van der Wait al, 2000;
Anderson, Dong and Mc Naughton, 2006; Andersibal, 2013; Veldhuist al, 2014).

However, these changes in the competitive spaeettade to result in composition changes. A
previous study looking at the response of grasshwonity composition to the onset of increased
grazing indicated that in a higher productivityteys it took grazing lawn species up to four
years to become dominant (Cromsigt and OIff, 2008)his study, we were only able to observe
the grazing increase for two growing seasons befm®nset of the drought. Despite this, we
found lower cover of established grass tussocKsuont plots and a negative relationship
between the two-dominant fire-adapted grass spéBieadicansandT. triandra) and grazer
dung (Figure 3.3a) suggesting a strong negatiyeorese of fire adapted grasses to increased
grazing. It is important to note that both spetiage a positive response to burning alone and
under burn conditions (landscape-scale burns)dihatot concentrate grazing pressure these
species are generally found to be dominant featfre®e grass communities within Kruger
National Park (Trollope, Potgieter and ZambatigQ)9UItimately, this led to an observable
shift in the community trait space with lower C r&tios and higher leaf moisture content
species such d$. mosambicensiandT. berteronianudeing favoured on late-burn plots.

The lower grazing pressure on early-burns meanthigasame trend was not observable within
the two-year period of this study. This makesfticlilt to draw conclusions on the effectiveness
of small early-burns in generating grazer drivezdfgacks that would result in the creation and
maintenance of lawns within a broader fire adagtieiem. However, the response of late-burn

treatment plots supports both of our initial hypestes and supports the theoretical idea that
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small-repeated fires can be used to drive pyritiiery and result in the establishment of

positive grazer feedbacks and ultimately switchdbmiinant consumer.

Clear directional differences in plant communitysture in the form of phenotypic differences
in bulk-density did not arise. We recognise that th potentially a result of our trait selection
and identifying traits that respond consistentlgdgmsumers is notoriously difficult (Di&t al,
2007). We selected bulk density as it incorporatements of the architectural makeup of
grasses while also retaining measures of biomass@ight — traits highlighted in past literature
as traits that respond divergently when burnt r@dylas appose to grazed intensively (Briske,
1995; Andersoret al, 2013; Hempsost al, 2015; Simpsoet al, 2016). Rather than critique
the trait selected, we suggest the lack of an alsviesponse is due to the presence of facultative
species in this studyanicum coloratunoccurred evenly across plots, wHile mosambicensis
was prominent in heavily grazed plots in 2015. Bhsgsecies are recognized for the plasticity in
their growth form and are known to grow prostrateirty the initial establishment phase of
grazing lawns (Cromsigt and OlIff, 2008; Cromsigtl & Beest, 2014; Hempsenal, 2015),

but can also grow tall and compete for light irgfsently burnt areas that experience moderate
levels of grazing (van Oudtshoorn, 1999; Archibahd Bond, 2004; Koernet al, 2014). The
presence of these species on our plots is an obvesult of the short time since lawn
establishment and presence of low densities ofegsan tall-grass communities. However, the
existence of life-strategies that straddle the ldamy between fire- and grazer-controlled
communities are clear evidence that in African saas switches between the two alternate
states do occur. Indeed, on continental Africargedences grass communities in frequently
burnt systems would seldom, if ever, occur in theplete absence of large mammal grazing.
Similarly, grazing lawns systems would likely beiak of burning when herbivore populations
fluctuate (Holdcet al, 2009).

5.2  Drought effects and landscape homogenisation cggtenits

Global climate models predict that southern Afikaet to experience drought events with
increasing frequency (Ratnaghal, 2014). Developing an understanding of the infaeethat
drought has on the interactions between fire aadigg is thus of increasing importance in
African savannas. O’Connor (1995) found that thensity of pastoral grazing played an

important role in the way that South African grassls responded to drought events, with grass
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communities largely unaffected in the absence atigg during droughts but tussock size
declining in the presence of drought/grazing coratiams where intolerant species became
locally extinct. We found similar patterns in thw#d ungulate system in 2017: heavily-grazed
bunt plots almost completely lost their establishes$ock cover while the no-burn plots retained
tussock cover throughout the drought. Moreovergiggsecomposition responded to both burn
history and grazing history witB. radicansfound most commonly in plots where grazing
pressure was lowest (no-burn plots). This aligrtk wrevious findings that species palatable to
livestock were reduced in lightly grazed treatmewsile unpalatable species were relatively
unaffected (O’Connor, 1995). Despite the strongiglea in species composition under higher

grazing there was no clear difference in the spi#ce of the three treatments in 2017.

The loss of a directional shift in the traits sételcfor burn treatment plots compared with no-
burn plots after the drought is the result of arease irAristida congesta conges(Roem. and
Schult) an short lived perennial species obserceasa all treatments (Figure 3.4b). During the
second year of drought, graze pressure on no-bats gooubled from the first year in both dry
and wet seasons and coincided with an overall deerm tussock cover. The reduced tussock
cover, although still higher than burn-treatmetgl was seemingly sufficient to enable the
invasion of annual and seed-recruiting species @ir, 1994, 1995). Thus, the drought drove
a convergence in the functional trait space of iggescross all treatments despite differences in
grass species composition remaining apparent. Sisgee consequence of this drought for the
development of positive feedbacks on the grazirighes we initiated in this landscape requires
further years of data: possibly the drought hassiased the rate at which species compositional
differences are occurring on the late- and earsse plots due to the increased grazing
pressure. Alternatively, the drought might haveset” the landscape, in the same way that large
fires do, and broken the positive feedbacks whiehevdeveloping on the grazed patches.
Nevertheless, our results clearly indicate thatyistems where grazers are forced to source poor
quality forage during drought events, the shontatBiomogenisation of grass traits at broad

scales is likely to occur as grazing pressure besambiquitous within the landscape.
5.3 Conclusion

The divergent selective pressure and physiologezplirements of fire vs. herbivory means that

the consumer dominating within a given landscagediservable consequences on the structure
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and functioning of African savannas (Bond, 2009)r ésults add to a growing number of
studies that highlight the importance of feedbankfie establishment of dominant consumer
processes within savannas (Mc Naughton, Banyikwdahdm Naughton, 1997; Archibalkt al,
2005; Archibald, 2008; Cromsigt and OIff, 2008; Aitzald and Hempson, 2016). The
“desirable” balance of grazing vs. fire dominatastasnas (i.e. “brown-world” and “black-
world”) within a given landscape is a purely sultijge decision, however this work underlines
the importance of recognising these feedbacks wiemaging landscapes using fire. Across
African savannas, fire represents a key tool fodlmanagers looking to control bush
encroachment (Roques, O’Connor and Watkinson, 200d)age graze for livestock and reduce
tick loads (Tainton, 1999; Butz, 2009), and to ofsardscapes and manipulate the movement of
wild herds for tourism (Eriksen, 2007), in manytloése situations the effects of fire-driven
feedbacks on the formation and destruction of giagystems within the local area have been
ignored. Our results suggest that in landscapesgeahfor biodiversity this represents an
oversight in the use of fire, particularly in casdtere the natural establishment pathway of

grazing systems via white rhinos and migratory &ene no longer in existence.

The interaction between these consumers, and ¢gabdek pathways that establish, act on an
underlying abiotic map (Archibald and Hempson, 20D8ought events alter this abiotic map in
the short-term, which will have repercussions aemgrg pressure per unit forage, and therefore
on the feedbacks established in the period betwemimght events. This study suggests that
drought has a homogenising effect on grass commtrait space across fire-driven and grazer-
driven grass community patches, although differemeespecies composition remain. Temporal
stability of heterogeneity at landscape scalesdseiasingly being linked to the stability of
between patch variation at local scales (Wang anwddu, 2014; McGranahat al, 2016).

Thus, the homogenisation of local patches durimgigint events (even if it increases the
diversity within local patches) may result in tked of heterogeneity at larger scales. Ultimately,
the predicted increase in drought events that diisethe feedbacks between grazers, fire and
their respective grass communities at the patcle scalld make management for heterogeneity
in savanna parks increasingly difficult. Thus, cesults underline the need to manage savanna
landscapes by considering the feedbacks that argaimang the structure and function of grass
communities in their current state and not sim@g fire as a ubiquitous method for improving

graze quality in the short-term.
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Chapter 4 | The role of drought in the seasonal
selectivity of grass communities by African savanna
grazers and the repercussions for system

productivity.

This chapter has been prepared for submission toni of Ecology
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1 | Abstract

1) Drought events fundamentally alter spatio-terappatterns of forage availability and
therefore herbivore usage patterns. The recovéey dfought and the long-term response of
ecosystems are not easy to predict because psimryiof grazing and fire are known to impact
both forage availability during the drought and seasitivity of the ecosystem to drought. Here
we addressed three questions focusing on grazeemmawvs and grass productivity during a
major drought event in Kruger National Park: (1)entdo grazers use lawn grass, bunch grass
and burnt-bunch grass communities during and dftaught events? (2) How does the timing of
grazer use of these communities relate to grastuptivity? (3) How does grazing intensity and

timing influence the recovery of grass communitase rainfall returns?

2) We monitored grazer utilization of three diffietgrass communities (lawn, bunch and
burned-bunch) by looking at dung deposition and prbportions at a landscape scale through
the 2014-2016 drought in Kruger National Park. Wse get up an experiment to monitor
primary productivity of these communities througke tirought and continued once rainfall

returned.

3) Lawns and bunch grasslands experienced diffgmazing regimes during droughts events
with grazer numbers initially highest on grazingihacommunities with dung events per month
more abundant on lawns (mean = 45.0, SE = 12.1i#)glthe 2015 dormant-season compared
with burned (mean = 5.8, SE = 1.02) and bunch grassnunities (mean = 19.8, SE = 5.88).
This pattern continued into the following 2015/2@r6wing season, but herbivores left the
study area completely when rains failed for theoadcseason. Both lawns and bunch grasslands
were productive (>150 g.Aper month) after the first good month of rainfalthe 2016/2017
rainfall season. However, the most severe impad¢awn productivity was the reduction of
grazing pressure after droughts when grazers didetwarn to feed on the same lawn patches

they had frequented pre-drought resulting in gass#f-shading and senescing.

4) We show that the patterns of herbivore usagmgand after the drought are contingent on i)
the extent of the drought, ii) the pre-existingt@ats of grazing habitat in the landscape, and that
iii) this has knock-on impacts on patterns of preidaty after the drought. This limits the value

of detailed experimental work on drought and praiditg in savanna ecosystems, which

assumed uniform grazing during and after drougbhes: Rather, it seems that savanna system
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functioning immediately after droughts is the réstdilgrazers decisions related to where and

when they feed during droughts.

Keywords: African savannas, drought, fire ecolagiazer ecology, grazing, grazing lawns,

productivity
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2 | Introduction

Predictive climate models suggest that the effastsfrequency of El Nifio Southern Oscillation
(ENSO) events will increase in southern Africa whle continued increase of atmosphericCO
(Gizaw and Gan, 2017). The onset of ENSO in sontAérca is associated with drought events
across the eastern regions of the country (Rattaah 2014). These areas are dominated by the
savanna and grassland biomes (Mucina and Ruthe&06®) and support most of southern
Africa’s domestic and wild ungulate populationsu$hany projected increases in the frequency
and severity of drought events associated with EM&have far reaching implications for
commercial agriculture and conservation efforthimitsouthern African states (Stigeal,

2006). Savannas with wild ungulate populationsoditen managed with hard boundaries in
southern Africa with limited options for ungulategration and as a result management
decisions of individual reserves made during droeglents have lasting impacts on grass
communities and herbivore populations (Walkeal, 1987). It seems pertinent to develop an
understanding of the functioning of different grassnmunities and what resources they

represent to free roaming wild grazers both duand immediately after drought events.

Free ranging ungulate populations in African saasnary their utilisation of different grass
communities throughout the year with selectivitpeledant on their seasonal requirements
(Owen-Smith and Novellie, 1982; Walketr al, 1987; Macandza, Owen-Smith and Cross, 2004;
Holdo, Holt and Fryxell, 2009; Yoganand and Oweni8n2014). Bunch-grasslands and
grazing lawns represent spatially and temporabinict resources throughout the year. Bunch-
grasslands represent low-quality, but high-quaritiod reserves and are characterised by
species that grow vertically from long living tuske that build up moribund material (Simpson
et al, 2016). In normal years these systems are nelilgrtilised by grazing animals due to the
poor quality of old growth grasses and high riskrgdation in low visibility environments
(Andersoret al, 2010; Yoganand and Owen-Smith, 2014). This m#asatssufficient dead grass
biomass is left unconsumed and fires are commondBmd Keeley, 2005). After fire, these
systems represent a high quality food resourcegeamers increase their utilization of bunch
grass areas for a limited amount of time (threessixiths —Tomor and Owen-Smith, 2002;
Sensenig, Demment and Laca, 2010; Burkegtilal, 2016). Grazer use of bunch grass areas
also increases in the late-dry season and durimggtit events when moribund material is often

the only available high quantity resource (Walkeal, 1987; lllius and O’Connor, 2000;
82



Macandza, Owen-Smith and Cross, 2004). By contitasis been suggested that grazing lawns
co-evolved with certain ungulate grazers and regenstant high grazing pressure during the
growing season to maintain a competitive advantage light-competitive bunch grass species
(Mc Naughton, 1984). Lawn communities generallysisinof prostate growing species that
capture space through stoloniferous or rhizomagpowth and generally have higher nutrient
content than bunch grasses (see Hempsah, 2015 for review). Lawns are preferred and
selected for by several grazer species (Kleynkaas, 2010) during the wet season when fresh
growth is readily available (Bonnet al, 2010) and represent an important resource talbrge
animals (Holdo, Holt and Fryxell, 2009; Owen-Smathd Ogutu, 2013). This high quality wet-
season resource becomes almost completely abs@émg thie dry season and in drought years
when productivity declines sharply. During thisipdrgrazing lawns experience a decrease in
grazer presence with the ability to detect predatoe only value of lawns for local grazers
(Yoganand and Owen-Smith, 2014; Riginos, 2015).

Lawn grass communities are often considered farpesductive than bunch grass communities
due to their low standing biomass (Tainton, 198Xperiments on community level productivity
in African savannas have focused on the effectsefind grazing on tall grass communities
(Fayet al, 2003; Knappet al, 2012) or grazing lawns (Mc Naughton, 1985; Boratetl, 2010)
separately with comparative experiments in eastafindicating higher productivity on grazing
lawns occurring on abandoned cattle bomas (AugaiskittNaughton and Frank, 2003;
Augustine and Mcnaughton, 2006). Global food wellet® suggest grass communities made up
of grazing-tolerant species can remain equally pctide to grass communities where grazers
are removed (Chas al, 2000), with some evidence that under certain itimms heavy

grazing can even increase the NPP of grasslandsN@dghton, 1979). In addition, although
tall-grass areas are valued as “reserve foragefetis very limited understanding of the
comparative productivity and thus herbivore avdéalesources of these two communities in
African savannas during and immediately after dhdwyents. Yahdjian and Sala (2006) found
that post-drought productivity of South Americaagglands was largely the result of vegetation
structure with lower productivity in grasslandsiwibwer basal cover. These two communities
are by definition structurally different due to slimilarities in grazing pressure and the

differences are only compounded during drought itmms (O’Connor, 1995). Thus, we would
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expect differences both in their productivity dgyidrought events and the productivity lag time

immediately after drought events.

Van der Plagt al. (2013) carried out drought experiments on indigidulants from lawn and
bunch grass communities and showed they had distiathods for coping with drought
conditions. They suggested that lawn grass spacgepotentially better suited than bunch grass
species to recolonise areas once a drought hasrbfukn der Plast al, 2013) with O’Connor
(1991) showing that species can rapidly recolobae ground after drought dieback if they are
capable of rhizomatous or stoloniferous growth careg with those that need to reseed. Pulsed
grass productivity linked to large rainfall evemtggrazing lawns in South Africa support the
idea that grazing lawns are well suited to quiaklgpond to water availability (Bonnet al,

2010). Here we experimentally test the feedbacksd®n grass community productivity and
their use by free-roaming ungulate grazers durimtyaiter a major ENSO related drought event.

Lawn grass communities are known to provide higaliguwet-season forage with productivity
that closely matches rainfall events and are adapteonstant heavy grazing during periods of
growth (Bonnett al, 2010). During the dry season, dormant lawn gsaeffer little in the way

of forage to grazers and we would therefore expettthey will experience low grazer impacts
during drought periods. This coupled with high deedrecruitment on bare ground and
adaptations that allow the fast re-colonisatiobaxe ground (van der Plasal, 2013) should
result in the fast recovery of lawn areas when raiarns and thus represent an important
resource to drought-weary herbivores during thisoge In contrast, bunch grasses only
experience intensive grazing after fire eventsd@unthg drought events. The lack of adaptations
to persistent heavy grazing in bunch grass comresrgind reliance on water to compensate for
lost foliage (Andersoet al, 2013) should mean they experience a greaterrdetae to
productivity during drought events because of iasegl herbivore pressure with communities
requiring a longer period to recover once rainfaiirns. This reduced functioning of bunch
grass communities during and after a drought shonlg be exacerbated by pre-drought burning
that would increase herbivore pressure during aerable period for individual plants. Based on
these predictions we aimed to address three qussiib) when do grazers use lawn grass, bunch
grass and burnt-bunch grass communities duringaieddrought events? (2) How does the

timing of grazer use of these communities relatgréss productivity? (3) How does grazing
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intensity and timing of grazing influence the reepvof grass communities once rainfall returns

after a drought?
3 | Methods
3.1  Study site

Kruger National Park (KNP) in South Africa contathg full suite of large African mammals
and occupies ~ 19 485 KmAnimals are free to move throughout the parkiatm numerous
adjacent private reserves, and the Limpopo NatiBagk in Mozambique where shared fences
have been removed to increase natural movementeBehat limit movement out of these
protected areas do exist at their extremes withrtbst notable being the western boundary
fence, which when erected stopped the historicateve migration (Whyte and Joubert, 1988).
The Satara Land System, one of four major lancegsystn KNP, is characterized by clayey
basalt soils (Venter, Scholes and Eckhardt, 26§)porting extensive grass plains in a
Sclerocarya birreaAcacia nigrescengee savanna (Gertenbach, 1983). This area isriyr
dominated by bunch grasg §pecieBBothriochloa radicangLehm.),Digitaria eriantha

(Steud.) Panicum coloratungL.), Urochloa mosambicens(glack.) andThemeda triandra
(Forssk.XKnappet al, 2012) that burn on average every 3 - 4 yearsaatetailed description of
fires in the Satara land system during the coursei® experiment is given in Appendix A (see
Figure S2.1).. Interspersed within these bunceggcammunities are the heavily grazed short-
grass lawn patches that make up a very small ptiopdi2%) of the broader landscape
(Cromsigt and te Beest, 2014) with grass specidading Urochloa mosambicensi$ragus
berteronianugSchult),Eragrostis cilianensigAll.), Chloris virgata(Sw.), andBrachiaria

eruciformis(Sm.).

A complete suite of indigenous herbivores occuelatively large abundances within the Satara
Land System (du Toit, 2003); however, for this gtue focus on the four major grazer species
(African buffalo [Syncerus caffeBparrman], impaladepyceros melampuschenstein], blue
wildebeest Connochaetes taurinldmmerman] and plains zebrBquus quagg8oddaert]) due
to low dung counts for the remaining species. Zelra non-ruminant grazers with their diet
consisting of 92% &grasses (Codroet al, 2007). Buffalo, impala and wildebeest are all
ruminants with studies in KNP showing that 88, 6@ 80% of their diets are made up af C
grasses, respectively (Codrenal, 2007).
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3.2 Rainfall

The growing season for grasses occurs during teeaghsummer (November—April), during
which 78% of the mean annual rainfall of 502 mmiyfaelis with the January on average the
hottest month with a mean maximum temperature of°€3 (Venter, Scholes and Eckhardt,
2003). Grasses are dormant during the dry, frest-fvinters (May—October) with the coldest
month of June experiencing a mean minimum tempexati9.4°C. The last major drought
event in the area occurred during the early 198fd&x which rainfall has been consistently high
up until the 2014 — 2015 season when rainfall wels below the long-term mean, with rains
failing again over the 2015 — 2016 season befarevexing with above average rainfall in 2016
— 2017 (Figure 4.1). Satara had the most sevepopional decrease in rainfall over these two
seasons within the Kruger National Park (Izak Sreisonal communication) and represented a
rare opportunity to assess the effects of drougtd well-studied grazing system.

Monthly rainfall data were recorded from the SaRRest Camp and Singita Lebombo staff

village weather stations.
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Figure 4.1 Wet season rainfall from the South African National Parks’ Satara weathe
station over the past 17 years. The 2014-2016 and 1991 drought years (black shading)
fallina over 200 mm below the 502 mm lona term averaae (hatched |
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3.3  Grass productivity

We estimated monthly grass and forb productivibyg ef season standing biomass and biomass
removal by grazers over the two growing season$5/2016 and 2016/2017) on matched lawn,
bunch and burned grass plots located in the figlde lawn grass patches were located that were
surrounded by bunch grass communities and withim&f an area that had been burned by
Kruger National Park management in October of 20A&thods from Mc Naughton, Milchunas
and Frank (1996) with improvements made by Knetpgl. (2012) for estimating annual net
primary productivity (ANPP) in grazed communitiesr& adjusted to suit an assessment of
monthly net primary productivity (MNPP) in differegrass communities. We erected a single 1
m? permanent exclosure (PE) and four smaller 50 xr60nobile exclosures (ME) with paired
“exposed” plots (PPs) on each of the five grazawris and their respective matched bunch and
burned patches resulting in 15 PEs, 60 MEs andR0 Mobile exclosures were initially placed
at the four cardinal points of the respective PlsAere moved 1 m in a clockwise direction
during sampling when all the above ground biomasisinva 25 x 25 cm quadrat was harvested
both in the MEs and the PPs. Sampling occurredoatimfy time intervals to avoid over
harvesting resulting in productivity overestimatiéaappet al, 2012) and we included both
positive and negative differences between ME’sraatched grazed plots when calculating
relative grass productivity (Saéd al, 1988; Biondini, Patton and Nyren, 1998; Knapal,

2012). The harvested biomass was split into forlasgarasses with grass material split further
into dead and live (green) material before beingyhed once when wet and again after being
oven dried at 60°C to a constant weight. Monthlypremary productivity in g.nf was

estimated as the sum of the differences betweendsie from PPs at the beginning of a time
interval (i.e. beginning of a sampling month) ahd biomass in the MEs at the end of a time
interval (i.e. end of a sampling month). Positiadues for a month indicate continued
productivity, while negative net productivity vakisuggest grass growth has stopped and the
grass is curing. To account for the accumulatiopref/ious growth in tall grass communities
only differences in the dry weight of live matenehs summed (Briggs and Knapp, 1995).
Sampling of MEs and PPs occurred over all montlie@frowing season and only stopped once
grasses had cured during the dry season at whiohgrass biomass was collected from the PEs
by harvesting four 25 x 25 cm quadrats from the fmrners of the exclosures. This material

was then sorted and dried to estimate ANPP inblerece of grazing (Knapg al, 2012).
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Aside from the growth response of the grass comti@sntio drought and grazing we also looked
at the death of individual tussocks on the threarmaonities by counting and measuring the
diameter of live and dead grass tussocks withirn 25 cm quadrats in MEs, PPs and four in
each PE at the end of the growing season in May.201

3.4  Grazer utilization

We addressed the question of temporal use of lawmch and burned grass communities during
and after drought events by assessing herbivosepee on the three different communities
from the onset of the growing season in 2015/201t6& end of the growing season in
2016/2017. Data on grazer presence and utilizatescollected via dung counts and bite
prevalence on 5 ha plots. For each of the threesgrammunities (lawn, bunch and burned) we
selected three replicate plots within a 7(Plarea of the Satara landscape. We defined lawns as
areas where >80% grass was below 5 cm and domibhglddmosambicensiandT.
berteronianusBunch grass areas were selected where grasg heiglover 30 cm and
dominated byl. triandraandB. radicanswith fires excluded for three years. Finally, butne
grass communities represented bunch grass comesuthitat were burned either in management
or lightning fires at the end of the dry seaso@atober 2015. Plots were selected that had
similar amounts of woody cover (6 — 8%), and thatexnbetween 1 and 3 km from permanent

water.

Sampling took place in four 50 x 50 m subplots withach larger 5 ha plot. Within each

subplot we sampled two parallel 50 m transects 2part. Grazing pressure was recorded once
at the end of the growing season (May) and ontleea¢nd of the dormant season (October) by
observing bite presence or absence on the grassctuslosest to each 2-m point along the 50 m
transects. This gave a cumulative measure of gygmessure per season. Grazer presence was
measured by recording all dung (species and abeedlarcluding dry dung encountered in 4-m-
wide belts along transect lines. Dung sampling @@ on a strict monthly basis for the entirety
of the study with only two months in 2016 (Februang May) excluded from the dataset when
time constraints meant dung was not accuratelytiftkshto species level but was crushed in
these months as in all usual sampling months tadaesounting. Dung transects have been used
previously to estimate large herbivore habitat esagong term studies within African savannas

and have repeatedly been shown to perform betherltbth direct observations and other
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indirect measurements (Cromsaital, 2009; Burkepileet al, 2013, 2016; Hemat al, 2017),
giving relatively reliable measures for comparisohselative abundance across similar habitats
(Marqueset al, 2001; Sensenig, Demment and Laca, 2010). Despstedecomposition rates on
different substrates and dung removal rates by theetjes represent two inherent issues with

using dung counts to assess large mammal abundasaeannas.
3.5 Data analysis

We ran statistical models on dry grass-biomasstdaasess how grass productivity changed
through the growing season in different communiti¥e assessed grass biomass accumulation
using a linear mixed model (LMM) with the restridteaximum likelihood method. Grass
community, month and forb biomass represented fefégtts, with patch acting as the random
effect. A separate LMM was run to look at differeaan tussock cover in the three grass
communities, with grass community the only fixeteef and patch the random effect.

We modelled grazer dung events per month for all §pazer species (wildebeest, zebra, impala,
and buffalo) combined (as a proxy for grazer abuodpausing a generalized linear mixed effect
model (GLMM) with a Poisson distribution to asst#ss changes in the density of grazers during
four different seasons over the two-year studygaeon all three grass community types
(Crawley, 2012). Dormant (June, July, August anpt&aber) and growing (December, January,
February and March) season, distance to watergeass community (lawn, bunch and burned)
represented fixed effects with plot and subploingcas nested random effects to control for
repeated measures along transects of each subplytraonth. To get a more detailed
assessment of the specific species responses W& MMs with Poisson distributions for
monthly dung events of each species on the thfeereht treatments (lawn, bunch and burned)
resulting in a total of 12 models (Table 4.1) modekcies dung density represented the
response variable with month representing the fedéect and plot and subplot the nested

random effects.

To understand how grazer presence impacted grarasgure we modelled the bite intensity for
all grass communities using GLMMs with binomialtdizutions. Bite intensity represented the
response variables and year, distance to watemg@ss community (lawn, bunch and burned)
acted as fixed effects. Plot and subplot represethie nested random effects to control for

repeated sampling each season for bite intensiigl€r4.1).
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Table 4.1 Linear mixed models and generalized linear mixed models used to assess the
relationships between herbivore utilization of grass communities. In chses no fixed effects
showed any relationship to the response variable, null models were selected, anohmpéer c
models are only shown to indicate effects tested

Selected models df F P

Grazer utilization

oo

Dung density — Season * Grass community (1|plot [subplot) 171.3 <0.0001

Lawn treatment wildebeest dung - Month (1|plot | subplot) 20 15188 <0.0001

Bunch treatment 20 50.92 =<0.0001
Burn treatment 20 709.15 <0.0001
Lawn treatment zebra dung ~ Month (1|plot | subplot) 20 274.8 <0.0001
Bunch treatment 20 36.19 <0.001
Burn treatment 20 143.2 <0.0001
Lawn treatment impala dung ~ Month (1|plot | subplot) 20 5523 <0.0001
Bunch treatment 20 73.14 <0.0001
Burn treatment 20 201.75 <0.0001
Lawn treatment buffalo dung - Month (1|plot | subplot) 20 144.87 <0.0001
Bunch treatment 20 2481 <0.0001
Burn treatment NA

Egsglzgr subplot ~ Season * Grass community (1|plot 10 917.9 ~0.0001
Grass productivity

Dry grass growth ~ Month * Treatment (1|Site) 12 102.5 <0.0001
Tussock area - Treatment (1|Site) 1 4.1 =0.043

All LMMs and GLMMs were processed using R stataitioftware (Version 3.3.1.; R Core
Team, 2016) and the Ime4 package (Bated, 2015). Following the suggestions of Zwtral.
(2009) and Bolkeet al.(2009), we used a top-down approach to model etewith an
ANOVA to remove effects that resulted in modeld thid not differ (p < 0.05) significantly
from the full model. We looked for obvious deviatgofrom homoscedasticity and

overdispersion in our models by plotting residwainst fitted values and visually assessing
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plots. To verify normality of the residuals of sgked models, we used the Shapiro-Wilks test
and assessed histograms and QQ-plots visually @uwal; 2009). We ensured that sampling
points were not spatially auto-correlated by utiligthe georR package (Ribeiro and Diggle,
2016) to calculate semivariograms for raw datawsidg the residuals from all selected models
(Zuuret al, 2009). Semivariograms showed that variation ieaimeasures of grass biomass,
dung counts and bites, did not increase with irginggdistance between plots, indicating no
serious autocorrelation issues were present (sperfgjix C Figure S4.1 in Supporting

Information).
4 | Results
4.1  Established grass tussock cover

Established grass tussocks were absent from latehgsmand after the drought the LMM
showed that tussock cover in £ plots was lower on burnt (mean = 891%c8E = 437.9) when
compared to bunch grass (mean = 2698, §& = 571.8) communities (Table 4.2).

Table 4.2 Overview of grass characteristics and structural differences begresn

communities (mean with standard error in brackets). Area covered byugasskis was

sampled within 1 msampling plots on the three different grass communities in February of

Community Total Live tussock Dead
tussock cover (cm?) tussock
cover (cm?) cover (cm?)

Lawn 0(0) 0(0) 0(0)

Bunch 2699 (571.8) 1589 (537.8) 1110 (362.3)

Burned 891(437.9) 106 (63.7) 784 (456.2)

4.2  Grass productivity

During the 2015/2016 growing season there was asingle rainfall event occurring in late
March large enough to stimulate growth in the thgeesss communities with productivity
extremely restricted over the entire season (Figu2g Primary production in this single growth
month was low across all communities (<50 g)with bunch grass plots showing almost no

growth response to rainfall (mean = 4.25 4,18E = 2.51) while burned communities had the
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greatest growth (mean = 46.42 ¢f,nSE = 6.67). Rains arriving late in December 20E&ant

low productivity continued until early 2017 wheretbMM confirmed a substantial increase in
grass growth across all grass communities (ES 287 m?, SE = 98.08). Productivity did not
differ between grass communities during Januaryraeimuary. However, by March the
continued low grazing pressure on the experimetlted in the initially highly productive lawn
grasses senescing resulting in a decrease in giaithi(ES = -273.78 g.m, SE = 169.92).
Similarly, burnt bunch grasslands were unable tontae early-season growth and productivity
decreased (ES = -214.20 ¢/nSE = 117.73) in Mar¢hn contrast, bunch grasses continued to
grow vertically and maintained productivity whilgimfall persisted (mean = 46.42 ¢?nSE =
6.67). All communities stopped growing and begaou@ by May when rainfall dropped to 11.5
mm. Forb biomass had little impact on LMM perforroariF = 0.18p = 0.67) and was dropped
as a fixed effect from the final selected model.

4.3 Grazer utilization

Grazer numbers were initially highest on grazingnaommunities with dung events per month
more abundant on lawns (mean = 45.01, SE = 12df)glthe 2015 dormant-season compared
with burned (mean = 5.76, SE = 1.02) and bunchsgtasxmunities (mean = 19.75, SE = 5.88).
This pattern continued into the 2015/2016 growiegs®n (Figure 4.2), but herbivores responded
strongly when rains failed for the second year mowa (Figure 4.2). Herbivore utilization of lawn
communities dropped in the 2016/2017 dormant se@s8r= —41.67, SE = 6.8) and dung events
per month became very rare (mean = 7.24, SE = in2#ig 2016 dormant season and the
2016/2017 growing season (Figure 4.2). The LMM oamgd that although grazer dung events
were low in burnt areas during the 2016 dormarg@eémean = 5.76, SE = 1.02), herbivores
moved briefly into burned grass communities in20&5/2016 growing season (ES = 3.57, SE =
1.21), but left again in the 2016 dry season (ES09, SE = 0.87) and dung remained low the
following rain season (Figure 4.2). In contrasthe other two grass communities, bunch grass
communities did not experience the same fluctuatiorgrazer use over the four seasons of data
collection, and instead dung events displayed omhor declines season on season (Figure 4.2)
and had the highest grazer dung abundance (me@rb2, SE = 1.90) in the 2016/2017 dormant
season during the second year of drought (Fig@e #he decline in dung events on all grass
community types during the 2016 dormant seasonraetfurther (ES = -2.68, SE = 0.57)

during the 2016/2017 growing season even witheh@n of rainfall (Figure 4.2).
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Figure 4.2.Proportional available grass bitten (mean + SE) (a), dung deposition (mear{¥),SE)
and monthly net primary production (mean + SE) found in the three grass corems(iaitin,
bunch and burned) over the entire study period. Dormant season data representiedad in
June, July and August and growing season data was collected in Decemilty dad February.
Data was sampled on lawn (white), bunch (light grey) and burned bunch gramsrities (dark
grey) with fires burnt in the 2015 late-dry season. Rainfall (hatched}allasted at the Satara
Rest Camp weather station. Positive net primary production values fomth indicate continued

productivity, while negative values suggest grass growth has stoppeceagrdgh is curing.
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The patterns in grazer utilization through the eaasvere largely driven by wildebeest, impala
and zebra that accounted for 53% and 28% and 12#edbtal grazing dung events recorded
respectively, with buffalo (6%) accounting for fass of the overall trends in grass community
use during this study (Figure S4.2). It is therefonsurprising that the GLMMs for individual
species dung counts showed similar trends for Wwedst, impala and zebra to those observed in
the full grazer model with severe declines on grgtawns in June 2016 dung events
(wildebeest ES =-18.22, SE = 2.12; impala ES 32,/SE = 1.39) after rains failed for the
second year running (Figure S4.2). Buffalo dung eampletely absent from burned areas
throughout the study and differed from the othecsgs by increasing slightly in abundance
when rainfall returned in 2017 on both lawns (EE43, SE = 0.74) and bunch (ES = 1.43, SE =
0.91) grasslands from being completely absentamtieceding months (Appendix C). Finally,

all species responded to the single good rainf@hein March 2016 by increasing their
utilization of lawns (wildebeest ES = 6.35, SE 82t.impala ES = 8.18, SE = 1.20; zebra ES =
0.77, SE = 0.36; buffalo ES = 2.26, SE = 1.24) lamched (wildebeest ES = 7.02, SE = 3.70;
impala ES = 3.11, SE = 1.18; zebra ES = 2.07, 353) grass communities in April that year,
although buffalo dung remained absent on burnetsplo

The high grazer numbers on grazing lawn communitéesslated into lawns experiencing the
highest bite pressure throughout the study exagghe 2016 dormant season (Figure 4.2).
During the 2016 dormant season bites per trangsredsed on lawns (ES = —0.56, SE = 0.034)
but remained high on burned grass areas afterasitrg during the 2015/2016 wet season (mean
=0.08, SE = 0.02) immediately after fires had bRgure 4.2). Bunch grass areas (mean =
0.43, SE = 0.05) experienced consistent grazingspre throughout the entire study excluding
the 2017 growing season (ES = -0.34, SE = 0.06hwgnazer pressure decreased across all
communities (ES = -0.57, SE = 0.05).

5 | Discussion

Current understanding dictates that having largasaof bunch grasslands in rangeland savannas
provides reserve forage for local grazers durimgdbrmant season (Owen-Smith and Novellie,
1982). Our work does not dispute that bunch gradslarovide resources to grazers during
droughts but highlights the importance of shorsgnaatches to all study species. Wildebeest in

particular were found in high densities on lawnteys when compared with bunch grasslands
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in the 2015 dormant season and continued to fredaens during the 2015/2016 growing
season even when rainfall and productivity was mydimited. This is not a unique finding
within this system, Yoganand and Owen-Smith (2G&4hd that wildebeest in the western
Kruger National Park rarely use bunch grasslandw@rage rainfall years with both high
predation risk and low forage quality making bugcasslands an unattractive resource even
when alternative food resources are limited. Buatwd novel for the Kruger National Park that
we have shown, is that this trend extends everseason into a severe drought when available
graze on lawns is almost completely depleted aagénceived benefits of remaining on lawns

by grazers is unlikely to be a nutritional decision
5.1 Grazers and grass communities

Continued use of lawn systems by grazers duringghts aligns with work done by Augustine
and Mcnaughton (2004) that found similar pattennsnd) a local drought in east Africa where
impala in a Kenyan rangeland fed in bunch grasslalding the day but remained on grazing
lawns at night to avoid predation. This patterusd resulted in an overall high utilisation of
short grass areas throughout the drought. In thE K§¢tem, Owen-Smith and Traill (2017)
looked at wildebeest movements and showed thaafwedvoidance was the overriding control
of their habitat selection even during the laterdiant season. They found that during the late-
dormant season wildebeest remained on lawns at aighrestricted their use of lawn edges
where tall bunch grasslands concealed lions, wittnals only moving into high risk bunch
grasslands in the day time. The patterns of grazeiin this study were largely driven by
wildebeest and impala and both these specieskalg to be using lawns for predator avoidance
even during drought. We found increased grazingniity (bites per transect) during the second
season of drought in bunch grasslands, but dungtseemained high on lawns, which suggests
grazers were using protected lawns at night (higigccounts) and moving into the bunch grass
areas in the day time to feed (high bite intensityjus, lawn grass communities represent an
important resource to smaller herbivores beyoneé fanage value and previous suggestions that
low standing biomass on lawns makes them an unddegture of managed wildlife landscapes

appear misplaced.

Macandza, Owen-Smith and Cross (2004) showed titlb shift their diet during the dormant

season in Kruger National Park to feed on lowelityugeserve bunch grass communities. Our
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study area had very low buffalo presence throughmubbserved period and it would be beyond
the scope of this work to draw conclusions abotiiauresponses to drought conditions.
However, as bulk feeders, buffalo may be expedeaddct earlier than smaller grazers to
changes in forage quantity (Owen-Smith and Novell#82; Macandza, Owen-Smith and Cross,
2004) and may have already left the study areaiar& before the 2015 dormant season and not
returned when rains failed in the 2015/2016 grovdegson. This idea is supported by the
highest values for buffalo being recorded on laamd bunch grasslands in May 2017 once
rainfall and productivity were the highest they he@n throughout the study period.

Aside from buffalo, most grazing species were abhithstand the first season of drought, but
by the second failed rainfall season herds lartgtythe study area in Satara. Satara experienced
the most extreme drought conditions within KNP atidough standing biomass was still
available in bunch grasslands, the low quality i&sd severe drought conditions in other areas of
the park (Izak Smit personal communication) wi@arawn many animals away. Our finding
that animals moved away from Satara, and did retrdhigh numbers has been corroborated by
other work showing animal numbers decreasing iar8and increasing elsewhere in the KNP
(Thobile Dlamini personal communication; Izak Spetrsonal communication). Local patterns

of animal movements to regions where drought cantitare less severe is not unexpected and
has been recorded in several species in otherakfisavanna systems (Georgiadis, Hack and
Turpin, 2003; Augustine, 2010).Whether the localisature of the severe drought in Satara is
unique to the 2015/2016 drought, or common in rdostights is not yet known. However,
climatological research shows that past drought¢rssnvin southern Africa shows high spatial
variability (Richardet al, 2001). The large size of KNP improves the chdahaeit encompasses
some variation in drought severity and animalsnaoee likely to have access to areas with
greater forage quality during droughts in KNP tivaemaller fenced reserves where the impact
of drought on grass communities has been showe tarlmore severe than what we have found

in our study system (Boone, 2007).
5.2  Grazers and grass productivity

Our study highlights a fundamental flaw in usingi@agitural systems or artificial clippings to
understand drought responses of grass commumt®gstems with free roaming herbivores.

This is clear from the substantial decline in gramembers across our study sites in the 2016
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dormant season and the large variation in grazsgnmce and grazing intensity on the three
different grass communities over time. In fencemmmercial grazing systems the grazing
pressure is determined artificially and not diadabg the preference of grazers for different
resources in the landscape as large scale movémeaoimpletely new resource pools is normally
impossible (O’Connor, 1995). Although studies hkbaked at grass productivity under
simulated grazing (clipping) throughout a droughtoarnt and unburnt bunch grass
communities (Koerner and Collins, 2014), our wdnkws clearly that this fails to account for
actual grazer decisions on where and when to feadgldrought events with clear

repercussions for community productivity.

The most notable relationship between grass prodycand grazer use occurred after the major
rainfall event in March 2016. Grazer numbers aratigng intensity increased on both lawns and
burned areas as grazers responded to the freshhgaoailable in the middle of a drought year.
The same trend was not true of bunch grasslantiglithaot respond to the rainfall event and
produced little new foliage with no observed ince@ herbivore utilization of these
communities. The result was an intense grazingspreson burned and lawn grass areas during a
period of growth, in comparison to bunch grassaséRkperienced low grazing pressure
throughout the entire study and their highest gigapiressure was during a period of dormancy.
In the absence of grazing pressure, African savaonah grasses are largely unaffected by
drought and recover productivity and maintain gebaaver when rainfall returns (O’Connor,
1994, 1995; Koerner and Collins, 2014). This waseobked in bunch grass communities that had
high tussock cover and were the most productivesgcammunity when rainfall returned,
compared with adjacent burnt patches that expegtehigh grazing and had substantially lower
tussock cover and the lowest productivity afterdnaught. Considering that recently burnt
grasslands usually have higher productivity thaouunt grasslands (Koerner and Collins, 2014)
it is clear grazer preference and selectivity ahbareas in free roaming systems will dictate the

spatial pattern of grass recovery once rainfallrre.

The apparent co-evolution of grazers and grazimg lgrasses (Mc Naughton, 1979) results in a
complicated feedback system during droughts. Ggalawn grasses have repeatedly been shown
to cope well with dry conditions (Andersenal, 2013; van der Plast al, 2013; Veldhuist al,
2014), respond quickly to brief rainfall events (Betet al, 2010) and cope with defoliation
stress (Andersoet al, 2013). The increased productivity on lawns irpoesse to rainfall in
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2016 clearly attracted grazers, and the abilitlaain grasses to persist with high grazing
pressure meant that productivity the following seawhen rainfall returned to average levels
was high on lawns and matched those of bunch gdsséhe first three months of the growing
season. However, the fact that lawns are a venyddnwesource during droughts and the dormant
season (Bonnaeit al, 2010) means grazers eventually have to move &wayareas with large
areas of lawn cover during major droughts, and thegrazing pressure on lawns when rainfall
returns will at least initially be low. In this sty, grazers did not return in large numbers for the
entire 2017 rainfall season and the low graze pressoincided with grazing lawn productivity
declining in March despite good rainfall until Algithat year. This finding aligns with work done
in East Africa that found when grazers that leétzing lawns during droughts were prevented
from returning lawns became unproductive due tbsdeding while grazing lawns where
grazers could return maintained pre-drought pradiiz{ Augustine and Mcnaughton, 2006).
Ultimately, this break down in feedbacks after tétirn of rainfall in 2017 resulted in an
absence of rainfall productivity pulses and lacky@zer driven productivity facilitation on

lawns that has been observed in other studies (8Mghton, 1979; Bonnet al, 2010). The

lack of grazing pressure on a lawn system for dimeegrowing season indicates a decoupling of
grazer-grazing lawn dynamics and if burnt in adafige that spreads grazing out the following
dry-season this may represent a pathway for thekdmvn of grazing lawn systems more

generally.
53 Conclusion

The exact response of grazers to drought eventthanichpact of their forage selection on a
given savanna system will be dependent on the ersgtiof conditions created by the drought
event, grazing history and grazer guild. This Igite value of detailed experimental work on
drought and productivity in savanna ecosystemschvassumed uniform grazing during and
after drought events. Here we have shown that lamdsounch grasslands experience different
grazing regimes during droughts but that both apfmebe robust systems and recover to high
levels of productivity shortly after droughts bre&erhaps surprisingly it appears that the most
severe impact on lawn productivity is the loss m@afzing pressure after droughts if grazers do not
return to feed in the same areas they frequenedmught. In terms of bunch grasslands, area
burned prior to, or during drought events is likedyoe the most defining driver of post-drought

ecosystem function. Fire events inevitably intewsith grazers and shift feeding patterns, either
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attracting grazers during short rainfall eventsryidrought or rendering entire areas devoid of
forage for the duration of the drought. The forreeverely reduces the productivity of local
areas after droughts have broken while the lateey att to remove established grazer/grass
feedbacks in broad areas of the landscape. Thigfins pertinent as fires remain one of the few
major management tools in large protected savammaseeds to be understood in conjunction
with herbivory rather than as an independent diiodully identify the effect of drought on

savanna grass structure and function.
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Chapter 5 | Grazing lawns in a burning landscape: A
case study of the effects of drought on grazer- and

fire-controlled alternate savanna states

This chapter has been prepared for submission tmEphy
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1 | Abstract

Fire and grazers in African savannas establishmelhoting positive feedbacks with grass
communities that negatively impact the other coreurmhus, at some level fire and grazers are
not only competing for grass quantity but also cetimg to maintain feedbacks within grass
communities. How drought affects the competitiotwaen these consumers by shifting the
conditions governing feedbacks is not well undexdtbut is becoming increasingly important in
southern Africa where drought events may becomerfreguent and severe with climate
change. Drought changes the resource landscaplbging the productivity of the system
during the wet season and forcing grazers to feéow quality grass communities that usually
burn, this could potentially reduce biomass anttiegire in the landscape. Alternatively,
drought could result in grazer die-off and the dgidimg of grazers from grazing-lawn areas
where food becomes limited and potentially resulgrazing-lawns growing tall and burning
when droughts end. In this study, for an area afgér National Park, South Africa, we
developed high resolution (30%yrmaps of fire and grazer-adapted grass commurfidrefs/e
years, including two seasons of severe droughtdJ$iese maps we tested whether drought
either: (1) acts in a similar capacity to largegiand results in the breakdown of grazing lawns —
grazer relationships and the consequent loss albkestted grazing lawns at the landscape scale,
or (2) results in tall grass communities experiegdiigher than normal grazing intensity during
droughts and consequently larger areas of the ¢apésexperiencing repeat grazing after
drought, increasing the proportion of establisheattsgrass communities.

We found that grazing lawns covered < 4% of thel$aape prior to drought but were largely
resistant to drought and grazing lawns identifieglgrought were still present post-drought.
Tall-grass (>15 cm) areas usually associated wighafere strongly impacted by drought and
areas that burnt had probabilities of 0.54 and 6f98maining short (<15 cm) for the following
year in the first and second season of droughesely. This resulted in a large reduction in
tall-grass cover from a high of ~ 780 kpre-drought to a low of ~ 151 Knduring the drought.
Despite these changes grass recovered quicklytaftetrought and tall-grass communities were
once again the dominant landscape cover (53%)ldrteterm effects of drought on consumer-
grass feedbacks thus seem relatively minor andraryrto predictions, established feedbacks

appear to give the system resilience to droughttsvélowever, if dry spells represent a more
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permanent, chronic change to lower rainfall coodsi, pyric-herbivory could drive an

accelerated change to a grazer dominated state.

Keywords: African savannas, drought, fire ecolagazer ecology, grazing, grazing lawns

102



2 | Introduction

Our understanding of how wild herbivore populatianteract with fire to shape savanna systems
has developed significantly since Bond’s (2005) twainvestigate further the interplay between
herbivore controlled “brown-world” savannas ane flominated “black-world” savannas.
Literature focusing on the effects of fire sizeasen and frequency on wild grazers has begun to
untangle the feedbacks between grass communitiethase two consumers that govern
vegetation structure and function in African saa(Archibald and Bond, 2004; Archibadd

al., 2005; Archibald and Hempson, 20I&hapter 1; Chapter 2). Development of the theory of
grazer response to fire in the form of pyric-hedoiwhas shown how changes in fire regimes and
burning practices can change not only the strud¢@hapter 2) but also the functioning of
savanna systems (Burkepéeal, 2016;Chapter 3). However, Africa is not only a continent of
fire and grazers, it is also a continent that re¢ast to be heavily affected by changes in climate
(Collier, Conway and Venables, 2008): southernaafiis expected to experience more frequent
and severe droughts associated with strengthediNgig Southern Oscillation (ENSO) effects
with elevated C@(Gizaw and Gan, 2017). Developing an understandirgw feedbacks
between grazers and fire may be influenced by drsug southern Africa is thus of increasing

importance.

The active use of fire for specific management ontes within grasslands and savannas is a
global phenomenon and fire has been manipulatddibmans for at least the past ~ 60 kyr
(Archibald, Staver and Levin, 2012). As a resuig tepercussions of different fire management
approaches on the structure and function of savaoosystems have been studied on every
continent where savannas are found (Trollope, 198Riams et al, 1999; Peterson and Reich,
2001; Hoffmanret al, 2009) and there is a rich body of literature lagkat fire effects on trees
and grasses. This solid theory on the effect efdin tree-grass dynamics has paved the way for
the incorporation of fire into global vegetation aeds (Thonickeet al, 2001). In the context of
African savannas, good theory on fire managementdmmercial livestock systems exist and
has been successfully implemented for rangelancageanent (Trollope, 1982). In contrast,
research looking at the influence of fire on witdzers and particularly mega-herbivores have
only recently shed light on the complexities oéfgrazer interactions within wildlife systems
(Archibald, 2008; Sensenig, Demment and Laca, 281llfed et al, 2011; Burkepileet al,
2016;Chapter 2 and 3. One major caveat in current literature is a latktudies looking at the

103



impact of drought events on the known feedbackadwn fire and grazers in free roaming

landscapes.

The direct impact of fire on free roaming grazerBmited to the loss of animals that are killed
during burns, which in the case of large herbivasegenerally low as their mobility allows them
to escape flames. Rather, the major effects oblireommunities of grazers is via indirect
influences through the shared resource of gragsh(Bald and Hempson, 2016). At its most
simple this relationship is competitive, if firerdmg and grasses are unable to “green up” or
regrow before the dry season then a key resoutostiso herbivores at a critical period of the
season (Macandza, Owen-Smith and Cross, 2004). Howiéburnt grasses are able to regrow
then fire facilitates grazing in the short-termiitmproving the availability of high quality forage;
indeed wild grazers have repeatedly been foundd®ase their utilization of burn scars
immediately after fire (Klop and van Goethem, 2088nsenig, Demment and Laca, 2010;
Burkepileet al, 2013;Chapter 2) and burn scars play an important role in thecstming of
grazer communities in African savannas (Klop ana @aethem, 2008; Sensenig, Demment and
Laca, 2010; Burkepilet al, 2013).

Despite the short-term benefits of fire to graz#re,long-term implications of burns on the
quality of graze tends to be negative due to feekibbetween grass communities and fire.
Burning favours light competitive, high carbon,tfgeowing grasses that regrow quickly after
fire (Ripleyet al.,2015; Simpsomet al, 2016) and continued burning can result in a desgeén
the landscape level quality of forage as a redugtass community changes (Andersdral,
2007). This trend is exacerbated in the absengeaaing when defoliation by grazers no longer
limits light competitive grass species and they ohate community composition (Elgy al,
2014). Large fires that disperse grazers over bavads and reduce concentrated grazing thus
drive landscapes towards grass community statésitbdimiting to grazing by small-bodied
ruminants and favour repeat burning (Archibald Bodd, 2004; Archibalet al, 2005). This
contrasts with small fires that concentrate grazandonger periods and can shift the grass
community composition towards grasses with highazg quality that encourages repeat
grazing (Burkepileet al, 2013;Chapter 2). Similarly, localised disturbances such as repeat
grazing by white rhino (Waldram, Bond and Stock)&0Cromsigt and te Beest, 2014), rhino-
middens (Cromsigt and OIff, 2008) and the formatétermite mounds (Daviext al, 2014)

can drive the concentration of grazers and leddedbacks promoting repeat grazing. This

104



intense grazing can theoretically exclude firehi@ broader landscape (Archibald, 2008). Thus,
at some level fire and grazers are not only compgaiurely for grass quantity but also
competing to maintain feedbacks within grass comtiasthat favour their dominance of the
system. How drought affects the competition betwbese consumers by shifting the conditions
governing feedbacks is not well understood. Here@xamine how the structure of grass
communities’ changes through a major drought esadtlink our findings to developed grazer-

fire theory.

Drought changes the resource landscape upon wingchrfd grazing interact by reducing the
productivity of the system during the wet seasa laniting the availability of high protein

fresh grass growth. Changes to productivity anduese availability can result in disruptions to
previously established feedback looffiépter 4). During droughts herbivores are often forced
to move away from areas where grazing habitatusallyshigh quality as productivity slows and
available quantity of grass is limited (Owen-Sndtid Novelie 1982; Riginos 2015; Owen-
Smith and Traill 2017). This has been observeditedn increase in the utilization of tall-grass
fire-prone areas (Riginos 2015; Owen-Smith andllT28il7). This, in turn, can affect feedbacks
between grazers and grazing-lawns with potent@neussions for their long-term stability
within a landscapeQhapter 4). Thus, it has been suggested that droughts d¢an sienilar

ways to large fires and disperse grazers over baozak, which result in the loss of grazing

lawns in the broader landscape and the promotioap#at large fire<Ghapter 4).

An alternative scenario is that grazers feedinglinounch-grass systems increase herbivore
pressure on these resource competitive grassesgdts ithat result in the die-off of grasses and
drive localized extinctions of sensitive speciegd@nor 1995Chapter 3) and reduce
productivity over large areas. Heavily grazed syst@and grazing pressure on fire adapted
grasslands during droughts reduces basal c@lagter 4) and shifts species composition from
tufted perennial species to annual species andrategrowing perennials resulting in a
decrease of productivity in African savannas (O’'@@nl1995, Koerner and Collins 2014). It is
possible that drought-induced grazing in tall gr@smunities will shift them towards a low
productivity state after drought and limit the extand frequency of fires in the landscape when
rainfall does return. In the latter scenario itlddoe expected that grazing-driven grass

communities become established over larger arefiedsecomes more limited.
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In this study, for an area of Kruger National P&@kuth Africa, we developed high resolution
(30 n?) maps of fire and grazer-adapted grass commuriiiiefsze years, including two seasons
of severe drought. Using these maps we were altéstavhether drought either (1) acts in a
similar capacity to large fires and results in ineakdown of grazing lawn — grazer relationships
and the consequent loss of established grazingslavtihe landscape scale, or (2) results in tall
grass communities experiencing higher than normeaadigg intensity during droughts and
consequently larger areas of the landscape expargerepeat grazing after drought, increasing
the proportion of established short-grass commesniti

3 | Methods
3.1 Study area

Kruger National Park (KNP) in South Africa contathg full suite of large African mammals
and occupies ~ 19 485 KnmWe focused our study on the south-eastern cofméNP (c. 1340
km?) in an area of clayey high nutrient basalt deriseilis (Venter, Scholes and Eckhardt, 2003)
in a continuous vegetation type definedsaterocarya birregA. rich.>-Acacia nigrescens

(Oliv.) tree savanna (Gertenbach, 1983). This gowtus region of the park has low tree and
high grass cover and afforded the best opportuaitgtentify grass communities from satellite
imagery over a large section of the park (Figufig.5[he extensive {grass plains can be
separated into two grass communities; (1) fire sgthpunch grasslands dominated by
Bothriochloa radicangLehm.),Digitaria eriantha(Steud.) Panicum coloratunfL.), and
Themeda triandrdForssk.)Knappet al, 2012) that burn on average every 3 - 4 yeard2nd
heavily grazed short-grass grazing lawns with gsgegies includinggrochloa mosambicensis
(Hack.), Tragus berteronianuéSchult),Eragrostis cilianensigAll.), Chloris virgate(Sw.), and
Brachiaria eruciformigSm.)(Cromsigt and te Beest, 2014). Animals are fremtoe

throughout the park and into numerous adjacenaggiveserves, and the Limpopo National Park
in Mozambique where shared fences have been rentovedrease natural movement. Fences
that limit movement out of these protected areasexist at their extremes with the most notable
being the western boundary fence, which when elesrteled the historical western migration
(Whyte and Joubert, 1988).

Management of fires in KNP is currently based oailable fuel loads, with managers initiating

burns when grass biomass is considered high;ditenm times thus vary across the park with
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rainfall and soil patterns resulting in differemags productivity and biomass accumulation rates
(Govender, Trollope and Van Wilgen, 2006).

20 km

Figure 5.1 Position of 750 m transect lines used to collect ground truth data for
classification of grass communities in tBelerocarya birreaAcacia nigrescensee savanna

region of Kruger National Park as defined by Gertenbach (1983). This land system

annroximatelv1400 k2 and cover 7% of Kriiner Natinnal Park Samnlina of 35 trar

3.2 Rainfall

The 20 year mean annual rainfall for this area NPKs 502 mm.yedrwith the majority (78%)

of rainfall falling in the austral summer (Novemigoril) and grasses becoming dormant during
dry winter months (Venter, Scholes and Eckhardd320The last major drought event in KNP
occurred during the early 1990s after which rairtiak been consistently high up until the 2014
— 2015 season when rainfall was 58% of the longrt@ean, with only 28% of the long term
average rainfall falling during the 2015 — 2016sssrbefore recovering with above average
rainfall in 2016 — 2017 (Figure 5.2).
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Figure 5.2.Deviation from the long-term (1980 — 2017) precipitation of the south-eastern area
of Kruger National Park for the wet seasons of the five focal years otulig Rainfall data
was accessed from the South African National Parks’ Satara, Crocadidge BX'wanetsi,

Tshokwane, and Lower Sabie weather stations.

3.3  Satellite vegetation data

We used cloudless georeferenced Landsat-8 imag#s 168, band 77) from the U.S.
Geological Survey for March (end of the wet seasonjive years (2013-2017). Previous
studies have shown that at this point in the seasmmbination of a higher green reflectance at
the end of the wet season and greater exposuml oiakes grazing lawns (short grass) appear
distinct from bunch grasslands (tall grass) in 8@itican savannas (Archibakt al, 2005).
Images were cropped to the outline of 8werocarya birreaAcacia nigrescengee savanna as
defined by Gertenbach (1983) which covers an afreald00 kn? (~7% of KNP). Prior to any
analyses we excluded areas where tree cover wategthan 40% using tree cover products

developed by Bucini and Hanan (2007).
3.4  Field data

To collect information on grass communities we wdll85 transects distributed across the study
area during March of 2017 (Figure 5.1a). Due toldlgestics of working in KNP where
movement is restricted due to current rhino manageprotocols, transects were restricted to
areas where major road networks were availablespaded at set distances of 5 km apart
(Figure 5.1a). Transects started 200 m from roadsan perpendicular to the nearest road to
avoid confounding effects of road verges. We fokowthe methods of Cromsigt and te Beest
(2014) and walked 750 m transects. Along each &&nge measured standing grass height
every 2 m using a disc pasture meter (DPM) caldatédr KNP (Zambatist al, 2006). We then
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estimated percentage grass cover under the DPMaddscecorded ground cover. We defined
bare ground as 2 m segments of transects wherg grasr was below 30%. Short-grass and
tall-grass segments were defined where grass hemhbelow and above 15 cm respectively.
We defined grazing lawns as areas where grasstheagghmaintained below 5 cm and
dominated by the grass speditsmosambicensigd. berteronianusk. cilianensisC. virgata
andB. eruciformiscommonly associated with grazing lawns in the KRPofsigt and te Beest,
2014).

Data on grass height for all other years (2013162@ere sourced from long term grass
measurements that matched the resolution of déiectad in 2017 collected for the

experimental fire project described@mapter 2. These data are from fixed 50 m transects along
which grass height has been measured using a DENMrass cover estimated under the DPM
disc every 2m during March of every year since 2018s work gave us a total of 78 Landsat

scale ground truth points for each year.
3.5 Classification

We performed a supervisetassification in ENVI 5.4Exelis Visual Information Solutions,
Boulder, Colorad using 70% of our ground-truth points to definedpal signatures.
Following a priori successful classification of gireg lawns and bunch grasslands in another
South African savanna (Archibadd al, 2005), cells were classified using the maximum
likelihood decision rule with prior probabilities€lver and Friedl, 2002). We performed a
comprehensive test of the output map using the irenga30% of the ground truth points
(Congalton, 2001). The classification of spectrgihatures defined for 2017 were then used to
create similar maps for the previous four yeard 820 2016) and tested using ground truth data
collected in those years (78 test points). Analydasitial maps showed poor results for
defining differences between lawns and short gie$s cm) vegetation as both had high green
reflectance and bare ground. We therefore did eygdisite these two vegetation classes and
grouped them under a single short-grass classditathis resulted in maps of south-eastern
KNP for each of the five years classified into sfgrass (<15 cm), tall-grass (>15 cm), bare
ground or undefined:( 10%) where rocky cover or low shrub cover wasraobgnised as any
of the defined fields.
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For each year we defined the length of time thgtsdnort grass cell had existed as the number of
consecutive years that a cell had remained shbis. Meant that from 2014 we could define
lawns as two-year-lawns or lawns present longer theee years and we used this to calculate

the proportion of the landscape that was coveredifiigrent lawn age groups for each year.

It is possible that areas where grass was kept &lrdonger than one season were the result of
low productivity during the 2016 - 2017 rainfalles®n and not purely the result of grazers
removing biomass. However, previous studies i tbgion of KNP have shown repeatedly that
grass biomass on burned areas responds quickigialisence of grazing and recovers to
previous levels even after long-term simulated dhbevents (Knappt al, 2012; Koerner and
Collins, 2014). Moreover, grass biomass accumuldtiche 2016/2017 wet season was
vigorous even on lawns that were completely batbenMarch 2016 with grass height well
above 20 cm in areas free of herbivory when thevong season conclude@lfapter 4). We
therefore made the assumption that grass whichinehahort (<15 cm) after a full season of
rainfall would primarily be the result of grazemsuming biomass and cropping grass height

rather than limited productivity in the growing sea.
3.6  Environmental data

We assembled spatially explicit datasets for emvirental factors that have previously been
associated with grazing lawn formation or identifeess major drivers of vegetation dynamics in
savannas. We selected long term (20 year) mearabranafall, rainfall of the previous growing
season, distance to closest permanent water séoingeterm fire frequency (20 years), area
burnt the previous dry season, percentage sarmgibG cm of the soil layer, and landscape slope

as potential drivers of vegetation dynamics.

Rainfall is a key driver of grassland productiignapp and Smith, 2001) and has been shown
to impact the distribution of grazing and fire st at the continental (Archibald and Hempson,
2016) and landscape scale (Archibald, 2008). Liengy patterns are important for identifying
established vegetation structure, while rainfalimiyi the previous growing season is useful for
identifying short-term changes as it impacts thmediate distribution of landscape productivity
with implications for local herbivore movements (Maughton, 1985). Following the methods
of Smitet al (2013) we used monthly records of rainfall froma South African National Parks

(SANParks) weather stations in the study regiorr tive past 20 years and interpolated them

110



using thin plate smoothing splines (Hutchinson,8)38 get spatially explicit layers at 50¢ m

resolution.

The distance from perennial rivers is an imporfaator in both fire and herbivore dynamics
within KNP (Smitet al, 2013). We generated maps of distance from peaieriners at 500

resolution to match those for rainfall.

Fire was a key focus of this study and we wanteakg®ess the long-term impact of fire on
established grass communities and how it interaictéae short-term during the 2015-2016
drought. We accessed burn scar maps for KNP oegpdkt 20 years from SANParks at a
resolution of 500 rhand calculated the median burn frequency. Sepgrate designated cells
as burnt/not-burnt for each focal year of this gt(2013-2016).

The proportional makeup of clay and sand in thessoface influences the formation of grazing
lawns under heavy grazing with clayey soils moegjfirently associated with grazing lawns than
sandy soils (Hempsaet al, 2015). We accessed 258 rasolution maps of percentage soil
content within the top 50 cm of the soil layer fr@®0mSoilGrids (Hengtt al, 2017). These
areas were then aggregated to match the 308f other environmental layers.

Landscape slope is important for both the spredateo{Smit, 2011) and landscape utilization by
mammalian grazers (Andersenal, 2010). We calculated the slope of 39aalls as the
difference in altitude and distance between ceitres using the Shuttle Radar Topography
Mission (SRTM) spatial elevation data layer (Fetral, 2007). These elevation models are
provided at 30 rhresolution and we therefore aggregated maps tsaime resolution (5003n

as all other environmental layers.
3.7 Data analysis

To limit the effects of auto-correlation we createlkm grid over the study area and used the
intersections of each grid line as a sampling pestilting in 262 data points. Using this data,

we assessed the impact of burns from the previpusehson, percentage sand content, prior wet
season rainfall, and distance to water on majoetatipn changes each year (2013-2017).
Specifically, we used generalized linear modelsNIS)L.with binomial distributions (Crawley
2012) to test the effects of these variables orpthbability that grazing lawns remained grazing

lawns or tall-grass communities remained tall betwgears. This resulted in three GLMs for
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changes in lawns between years and four for changa#i grass communities (Table 5.1). All
GLMs were processed using the stats package iatRtgtal software (version 3.3.1 R Core
Team, 2016).

To try and develop a clear understanding of thg kenm environmental drivers of temporally
stable lawns we defined long-term lawns as thossgmt in 2017 that had remained stable for
the duration of the study (5 years). We then grehassification tree in package rpart (Therneau
and Atkinson, 2018) with mean annual rainfall, pndmn sand content, mean fire return time
and mean slope angle representing environmentdigioes of grazing lawn presence and

absence and tested its ability to predict lawngmes and absence in a set of 100 test data points.

Table 5.1. Generalized linear models used to assess the relationships between grass
community changes and environmental drivers. In cases where no fixed effects showed
any relationship to the response variable, null models were selected, and more complex

models are only shown to indicate effects tested

Selected model DF 1> P
Lawn change 2014 — 2016 ~ previous years rainfall + 3 0.45 0.79
distance to water + sand content %

Lawn change 2015 —2016 ~. 3 5.19 0.16
Lawn change 2016 —2017 ~. 3 3.02 0.39
Tall to short grass 2013 - 2014 ~ previous years rainfall 1 5.56 0.02
Tall to short grass 2014 - 2015 ~ burnt previous season 1 22.72  <0.0001
Tall to short grass 2015 - 2016 ~ burnt previous season 1 13.63  <0.001
Tall to short grass 2016 - 2017 ~ previous years rainfall + 3 0.69 0.41

distance to water + burnt previous season

4 | Results
4.1  Classification performance

Supervised classification of grass communitiegHeryear 2017 indicated strong matches with
test data with the overall accuracy 86.36% (Tal?@. 3 his accuracy level is high for
classification of grass communities (Congalton,208chibaldet al, 2005), which is likely
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due to the simple differentiation of tall-grass art-grass that meant exposed ground and

green reflectance were strong differentiating fesgu

Table 5.2.Error matrix for classification of grass communities in the south+gaste
region of Kruger National Park

Actual grass Predicted grass community

community Tall-grass Short-grass Bareground  Undefined  Sum
Tall-grass 33 3 0 2 35
Short-grass 0 30 1 4 35
Bareground 0 0 13 2 11
Sum 33 33 10 9 88

Note: Overall accuracy for the classification was 86.36%

The accuracy for other years was reasonable (2003% 2014 = 81%, 2015 = 78%) except in
the second year of drought (2016) when accuragypdd to (72.5%). The complete absence of
good rainfall by March meant the spectral signafegreen grasses calibrated for 2017 could
not be used to clearly identify dry grass during@@nd thus some areas remained undefined
(Figure 5.3).

4.2  Grazing lawns and drought

Classification tree analysis failed to identify asfythe selected environmental variables as major
predictors of grazing lawn presence. The clasgibodree that was defined performed poorly
when predicting test data with an accuracy sconbf 34%. Similarly, GLMs of lawn change
failed to provide evidence of any relationshipsa@stn lawn change over 2014-2015, 2015-2016
or 2016-2017 and the previous seasons rainfaliandce to perennial rivers or sand content
(Table 5.1.).

There were clear changes in landscape lawn covkeainset of the drought. During 2014 two-
year-lawns covered 7.8% (Figure 5.4) of the lanplsaaith the largest contiguous area kept
short for two consecutive seasons ~ 0.74 Khable 5.3). At the onset of the drought (2015 th
increased and two-year-lawns expanded to covedathest area (113.8 Knrecorded during the
entire study (Figure 5.4.). Moreover, contiguous-year- and three-year-lawns reached their
maximum sizes of the study (Table 5.3) indicatimat tow rainfall conditions enabled grazers to
keep larger areas short through the 2014-2015alasdason and driving an expansion of
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established grazing lawns. Despite this, total laawver was still only 10.9% of the landscape
and 95% of three-year-lawns were smaller than $490rable 5.3) highlighting the dominance
of the landscape by tall-grass communities. Atpbak of the drought (2016) all lawn cover
decreased substantially to the lowest recordedstayme cover (5.5%) as 59% of lawns changed
to bare-ground (Figure 5.3). Ultimately, lawns nem@d over the 2016-2017 rainfall season and
grazers maintained two-year-lawn cover in the laads at 7.8% of the landscape, almost the
exact same area as pre-drought conditions andgemnis lawn size of individual lawns was
notably similar to 2014 (Table 5.3).

Table 5.3 Overview of total grazing lawn cover and area of individual grazing lawns over the

four years where grazing lawns were identifiable in the south-eastah &ails of the Kruger

National Park¢. 1340 krr%)

Lawns older than 2 years Lawns older than 3 years

Total landscape 95th percentile ~ Largest lawn Total landscape 95th percentile Largest lawn

Year  cover (km?)  lawnsize (km? (km?) cover (km?) lawn size (km?) (km?)
2014 90.7 0.0063 0.74 NA NA NA
2015 113.8 0.0081 L2 337 0.0054 0.31
2016 543 0.0054 0.31 2.1 0.0027 0.01
2017 88.6 0.0063 0.61 443 0.0027 0.2

4.3  Tall grass communities and drought

Tall grass was the dominant vegetation type adrestandscape during normal rainfall years
covering over 51% and 66% of the landscape in 2082014 respectively (Figure 5.3 and 5.4).
Thus, prior to the drought the majority of tall ggacommunities present in 2013 remained tall
into the 2014 season. The GLM for change fromdediss to short-grass from 2013 to 2014
indicated that only rainfall influenced the prodapithat this change occurred (ES = -0.51, SE
= 0.19). The probability of tall-grass changingtwmrt-grass at the mean rainfall for 2013 of 506
mm was 0.11 with this probability decreasing ta30a the highest recorded rainfall of 687 mm

and increasing to 0.19 at the lowest recorded ali(@14 mm).
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Figure 5.3.The position of fires from 2012 to 2017 (a) and tall-grass, short-grass and bare-
ground for 2013 — 2017 (b) in the south-eastern section of Kruger National Park. Burnt area
maps were accessed from the South African National Parks official anmnaldawm layers.
Grass distribution maps were created using Landsat 8 images and perforapegveéssd
classification in ENVI 5.4Kxelis Visual Information Solutions, Boulder, Caddn). These
maps indicate the strong link between burnt area in the dry-season and shatisgribssion at
the end of the following rainfall season due to pyric-herbivory.
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The onset of drought changed the relationship betwall-grass communities and rainfall with
GLMs indicating that fire (ES = 0.27, SE = 0.05)swthe only fixed effect that changed the
probability of tall-grass changing to short-grassyf 2014-2015 (Figure 5.5). Thus, tall-grass
areas that burned in 2014 had a high probabilif§5)0of changing to short-grass in 2015. This
effect had a strong impact on the landscape asotevas 43% of the entire study system burnt in
2014 (Figure 5.3) resulting in a decline of ~ 418 kmtall grass cover in the landscape by 2015
(Figure 5.4). The impact of burning observed in20&ntinued into 2016, fire once again
increased the probability (ES = 0.35, SE = 0.13) tall-grass areas in 2015 changed to short-
grass or bare ground in 2016 (Figure 5.5). Thisnsified an already high probability (0.58) that
tall-grass changed to short-grass during the drioenggn in the absence of fire. The effect of fire
in combination with drought culminated in tall-gsasvering the lowest percentage (15%) of
the landscape during the course of the study (Ei§ut).
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Figure 5.4.Proportional breakdown of tall-grass, bare ground, short-grass and twaigear a
three-year grazing lawns within the south-eastern section of Kruger Bla@ark from 2013-

2017. Proportions were calculated from maps of grass community distributions génerat

using Landsat 8 images (3(? nesolution) and classified in ENVI 5.EXelis Visual

Information Solutions, Boulder, Colorajlo
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At the end of the drought when rainfall returnedl;grass communities quickly recovered to
become the dominant landscape cover (53%). Thidiluelg aided by the complete absence of
fire in 2016 with areas that burnt in 2015 havigctear impact on the probability that tall-grass
areas changed between 2016 and 2017 (Figure 5.5).
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Figure 5.5 Probability (mean £SE) that tall-grass areas (>15 cm) that are barktgiety)
or not burnt (light grey) change to short-grass (<15 cm) and bare-ground (<30% grags cover

the following season (j < 0.001).

5 | Discussion

We know that both grazers and fire establish pasigedbacks within grass communities that
stabilize grazing-lawns and fire-prone bunch grsamunities both spatially and temporally
(Archibaldet al, 2005; Hempsoet al, 2015). It is important to develop an understagdih

how these established feedbacks are impacted lighkirand whether drought can shift
ecosystems from dominance by one consumer to teg.d®ecent work has provided evidence
that drought impacts grazer-grass community feddbdaring drought events with implications
for system productivityGhapter 4). Our results align with these findings and intkcthat the
dynamics structuring vegetation in normal rainj@ars changes at the onset of drought events
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when productivity is reduced and pyric-herbivoryer on large burn-scars, limits the regrowth
of tall-grass communities. However, no two drougirssthe same and in this fire-dominated
savanna we see little evidence of this drought egewving long term shifts in the dynamics of
fire and grazers, with grazing-lawns and tall-gre@m®munities returning abruptly to pre-drought
proportions. Thus, our results stand contrary totwo original predictions with key

implications for our understanding of consumer-gif@gdbacks and for managers attempting to

cope with increased drought events in wildlife pobéd areas.

We were unable to identify environmental driverdanin persistence and presence within the
study region. Previous studies have shown thaptégence, area covered and persistence of
lawns is the result of biological processes rathan the underlying environmental conditions
(Cromsigt and Olff, 2008; Waldram, Bond and St&®08; Cromsigt and te Beest, 2014).
Lawns in the Serengeti are a product of predatordavnce and feedbacks between the grass
community and grazers rather than soil or rair{fdit Naughton, 1988; Anderson, Dong and Mc
Naughton, 2006). Similarly, the cover of grazingha in KNP is strongly linked to the densities
of white rhino and Cromsigt and OIff ( 2008) fouma observable differences in the cover of
lawns across a strong soil nutrient gradient whiitearhino were present and similar results
have been shown across a strong rainfall gradiatdram, Bond and Stock, 2008). All of these
studies focused on systems with significantly laegevironmental gradients than this region of
KNP and our lack of links between environmentaldibans and lawns in this area is not
completely unexpected. However, this should nahistaken as an unimportant finding and
supports previous research showing that grazingdaamd fire-adapted grass communities can
occupy the same environmental space and are ofihedédn the landscape by the biological and

physical processes that govern them.
5.1 Influence of drought on grazing lawns

This study clearly shows that drought did not haneverwhelming negative impact on the
feedbacks between grazing-lawns and grazers aswgaested in our first prediction. Certainly,
we did not find evidence of a loss of establistetl communities through the drought and
lawns present in 2014 were generally present asthofar size in 2017. This suggests that the
drivers of established feedbacks between grazergi@zing-lawns are strong enough to

withstand the dispersal of grazers (Riginos, 2@wen-Smith and Traill, 2017) away from
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grazing-lawns during droughts. The strength oféHegdbacks (even during the drought) in this
area of the KNP suggests that grazing-lawns afgreessa high resource value by grazers.
Cromsigt and Te Beest (2014) found very similarrsgoass cover (10.7%) in this area of KNP
and estimated even lower established lawn caxdr-2%) than we found in 201¢€.(4%). It is
clear that large fires burning through this langgchave shifted grass communities
overwhelmingly in favour of repeat burning, evensmils and at rainfall conditions (<700 mm
MAP) that would be expected to favour grazing layhhibald and Hempson 2016; Venter,
Cramer and Hawkins 2017). Thus, whatever feedbaksnaintaining grazing pressure on
lawns are clearly strong enough to withstand regiipersal of grazers into the broader
landscape and onto fire-scars. Considering howilyeatlized grazing-lawns are by grazers in
other savanna landscapes where lawns are more aftinedources (Mc Naughton, 1984;
Kleynhanset al, 2010), the attraction of grazers to the small beinof long-term lawns in
south-eastern KNP should be very strong and sugigesinderrepresentation of grazing-lawn
systems in the landscape, an issue raised in ateas of KNP (Yoganand and Owen-Smith,

2014) and in managed savannas more broadly (Vetevkins and Cramer, 2017).

The expansion of lawns both in size and landscaperauring 2015 is likely to be the effect of
grazers using lawns as areas of safety from p@uatd moving into the surrounding tall-grass
to feed during the day (Owen-Smith and Traill, 20IThis would increase lawn size as grazers
balance food requirements and predation risk (Rgi2015; Owen-Smith and Traill, 2017) and
increasing short grass at the edge of lawns. Tdhecten in their size during the second season
of drought is unsurprising as grazing-lawns wowdelpected to have limited or no cover when
rainfall fails as they generally do even in normiaj-seasons (Bonnet al, 2010). The reason
that lawns did not increase back to the size andrcof 2015 when rainfall returned in 2017 is
less intuitive. One potential explanation is thigtalff of grazers during the drought meant the
standing grazer biomass in 2017 was too low to taaimpressure on larger lawns. This
combined with large areas of the landscape expangriresh regrowth would have reduced the
need for grazers to intensively graze on lawn edpleis is an important observation for grazer-
fire feedbacks as, in non-migratory systems, gralawns are unlikely to increase in landscape
cover in response to drought as long as rainfalins to previous conditions within a relatively

short time span. In such situations grazer poparatare unlikely to be large enough nor able to
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recruit fast enough in the immediate aftermathrotiregrowth of areas grazed short during the

drought event itself and fire, which can respondhediately, will return.
5.2  Influence of drought on tall grass communities

Prior to the drought there were limited impactgwific-herbivory on the grass height over the
majority of the landscape with the few areas tiainged from tall to short related to low rainfall
rather than burning. This supports the theory ldrgie fires do not result in pyric-herbivory
intense enough to limit grass re-growing and bugmepeatedly (Archibaldt al, 2005). Indeed,
certain areas of the landscape regained enoughasmatfter burns to carry fires for three
consecutive seasons. At the onset of drought tiaaged considerably and a strong pattern of
pyric-herbivory severely limiting regrowth in 20tbntinued into 2016, indicating a shift in the
functioning of the system as grasses on largertipatches could be kept short for a full season.
Moreover, the proportion of grass communities tirate maintained in a short-grass cropped
state for longer than a single season increas2@lb and the size of contiguous also patches
increased in a predictable fashion when consideriage arid savannas are dominated by grazer
processes (Archibald and Hempson, 2016). Whileapparently effective during short periods
of drought, pyric-herbivory is a process by whialhge savanna areas could shift quickly from
fire to grazer dominated, if a long-term climatiertd towards declining rainfall becomes
established. However, in the case of short-termigitbevents our results indicate that when
rainfall returns the system is likely to return ckly to a fire dominated landscape due to fires
ability to respond immediately to an increase sorgces when compared to biologically limited

grazers.
53 Conclusion

It is evident from our study that areas burnt arazgd during the drought recovered biomass
readily when rainfall returned and are able toycére in the following dry season. This
supports previous recent research that found iseseim grazing by herbivores within intact tall-
grass communities during drought does little toactgheir productivity following drought
(Chapter 4). Clearly grazers that were unable to maintaigdareas of the landscape in a short
state beyond a single season prior to the droughtdaot maintain the large lawns created
during the drought after rainfall returned. Theddrrm effects of this drought on consumer-

grass feedbacks seems relatively minor at ledbeagtructural level. Thus, established
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feedbacks appear to give the system some levekdfance to drought events as long as they do
not represent a more permanent, chronic changaver Irainfall conditions in which case pyric-

herbivory will drive an accelerated change to Zgralominated state.
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Chapter 6 | General discussion and synthesis
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1 | General overview

In his concluding remarks Bond (2005) stated “Triteriaction between fire and herbivory as
shapers of vegetation has received remarkablg httiention.” Over the past decade there have
been numerous studies addressing this short &aticplarly in grassland and savanna systems
where both consumers are well represented (Arathitadl, 2005; Fuhlendorét al, 2009;

Holdo et al, 2009; Archibald and Hempson, 2016; Burkepil@l, 2016). My thesis has been
inspired by this growing body of literature andtfised on further developing theory around
grazer-fire interactions and the feedbacks thatsire savanna grass communitiesChapters

2 - 5my results add support to several already estaddifieories on the role of consumer-grass
feedbacks in maintaining distinct grazer-dominated fire-dominated grass communities in
savanna systems. Beyond the support of previouk,Wbave also tested (in a free roaming wild
herbivore system) key concepts regarding the rotraught events in changing consumer-grass
feedbacks and how this changes ecosystem funatithnab the local and landscape scale. Here |
underline how my results have supported past ideedgheory and where | have added novel

insights.
1.1  Fire — inferior competitor but dominant consumer

The effect of fire on savannas is constrained oyplitysical limitations with fires only able to
burn when fuel quantity is high, continuous in spand dry enough to combust (Archibatd

al., 2009). In contrast, herbivores can consume bisrttasughout the season and feed
continuously through time, if grazer densities laigh enough they can limit the extent of fires in
the landscape (Holdet al, 2009). Thus, Archibald and Hempson (2017) suggkttat fire is

the “inferior competitor” as it only has accesdiomass left behind by grazing herds. Despite
this, of the two consumers, fire has a greatercafia vegetation structure at the global scale
(Bond, Woodward and Midgley, 2005) and under curcemditions consumes more biomass
across Africa (Archibald and Hempson, 2016). Athleigrainfalls (>800 mm) this may be
expected as grass biomass builds up too fast &aregs to remove and there is sufficient fuel to
support repeat burning on a regular time scales frend is exacerbated by the high carbon, low
protein grasses that grow in high rainfall areas @nstrain the majority of medium and small
herbivores which cannot survive on the plentiful poor quality forage (Owen-Smith and

Novellie, 1982). In contrast, at lower rainfall9(4— 800 mm) in areas where abiotic conditions
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do not predispose grasslands to burning or grattieguld be expected that grazers outcompete
fires, but this is not what has been observedeattimtinental scale (Archibald and Hempson,
2016).Chapter 5 of my thesis highlights the absence of this trahd more local scale as |
found burning dominated the dynamics of south-ead€euger National Park (KNP) with only
~ 4% of the landscape appearing to be driven byegr@dmamics while up to 40% of the
landscape burnt within a single season, with &tenn times of ~ 3 years experienced by the
majority of landscape. This amount of grazing lasemer agrees with past estimates made for
KNP (Cromsigt and te Beest, 2014) and highlightsraarkably low grazing-lawn cover when
compared to other wildlife managed African savanmiasre large scale migrations are still
present (Mc Naughton, 1988), or white rhino deasitnore contiguous ( Archibald, 2008).
Thus, maps of grass communities prior to the droug@hapter 5 supports suggestions by
Venter, Hawkins and Cramer (2017) that fire adagteds communities are currently over

represented in certain managed savannas (Figure 6.1

The clear landscape domination by fire in KNP raise closely related questions: (1) how is a
supposedly inferior competitor dominating savanresg community processes? And (2) why do
grazers not limit fire by consuming more biomastaitigrass communities during the wet
season? My thesis in combination with several pevistudies (Burkepilet al, 2013, 2016;
Yoganand and Owen-Smith, 2014; Owen-Smith and [Te4IL7) indicate that strong barriers
exist in tall, fire-prone grass communities thatititheir value to smaller-bodied grazers and in
doing so make large areas of the landscape sutmalgtiabitat for many herbivores that would
otherwise directly compete with fire for biomassese negative feedbacks to medium-sized-
grazers manifest as positive feedbacks for firasltkirn repeatedly in the largely unfrequented
areas of the landscape. The process that estabtisbee feedbacks in the landscape is linked to
fire size (Archibalcet al, 2005) and my thesis has further developed thamynd the specific
mechanisms that enhance positive fire feedbackequently burnt savannas. We know that
large fires disperse grazing animals over broadsaas they respond to the high quality graze
available on burn scars in what has been termad-pgrbivory (Archibald and Bond, 2004;
Fuhlendorfet al, 2009). The “thinning” of large mammal herds owgde ranges after a fire
decreases concentrated grazing and allows grasxtonulate biomass and ultimately
encourages repeat burning (Archibetdal, 2005). Importantly, the post-fire environment on

large burn scars with low grazing pressure resulgsshort period where resources are high for
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grasses and results in an environment that fawvesmirce competitive grass species that can
grow fast and accumulate biomass quickly (Simpstaad., 2016).Grasses associated with
frequently burnt systems resprout vigorously angehtagh stem to leaf ratios, high leaf C : N
ratios and accumulate biomass that does not br@ak deadily (Andersomet al, 2007; Simpson
et al, 2016). Ultimately this means the quality of foedg repeatedly burnt systems decreases in
the long term as grass community composition swi&di favour species with minimal
nutritional gain for grazing species. Moreover, li@gght of these grasses and their continued
accumulation of moribund material results in a tetlthat conceals predators (Burkemteal,
2013). Thus, low quality, tall-grass systems arer pabitat for small bodied grazing mammals
that need high protein forage to survive and repced Owen-Smith and Novellie, 1982; Owen-
Smith and Ogutu, 2013) and are susceptible to poed@Owen-Smith and Mills, 2008).
Previous research has shown that smaller bodiexigr£<1000 kg) avoid tall-grass areas in
favour of grazing lawns where higher nutrition doedter predator detection provide more
adequate habitat (Andersenal, 2010; Yoganand and Owen-Smith, 2014; Owen-Snmith a
Traill, 2017). In my study | found evidence of bakiese processes limiting grazer utilization of
tall-grass areas. I@hapter 3, tall grass communities in areas with low grazespnce were
dominated by low nutrient grass species (high §. Mdreover, mesoherbivores remained on
lawns in high numbers even after two seasons @daainfall when forage was almost
completely absent and the only benefit could haaenltstructural with higher predator detection
on open patches when compared to tall-grass atdepler 3 and 4. This finding is contrary

to previous work done in East-Africa where grazefisgrazing lawns and moved into high-risk
tall grass systems during drought and sacrificad fier food (Riginos, 2015). My results suggest
that in systems where predator numbers are higitefaraging in tall-grass carries a higher risk
of mortality grazers will continue to use open pato avoid predators even when there is no
nutritional gain (Owen-Smith and Traill, 2017). Tkey finding from this set of results is that
the well documented positive feedbacks between &ral fast growing, resource competitive
grass species manifests itself in savanna landseegpa strong barrier to grazing in tall grass
areas by mesoherbivores that cannot cope withotheuality, high risk fire adapted habitat.
Ultimately, these fire adapted grass communitiedangely protected from continuous intensive

grazing by barriers to mesoherbivores that arisystems where large fires persist (Figure 6.1).
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In Chapter 5 of my thesis | found that large areas of south-
eastern Kruger National Park are governed by positive fire-
grass community feedbacks that were likely established during
periods when large-intense fires burnt through this region of
KNP.

High predation risk and low quality forage in tall-grass fire-
prone grass communities act as barriers to intense
mesoherbivore grazing in these areas (Chapter 3 and 4). These
barriers promote the maintenance of alternate grass
community states in the landscape once feedbacks are
established and are likely key drivers in the temporal stability
of grass communities.

In Chapter 2 and 3 | found unlike large-fires that disperse
grazing across broad areas, small-fires concentrate grazing and
can drive a local area to shift towards a grazer driven savanna
state. This in turn leads to the establishment of positive grazer-
grass community feedbacks in the form of improved predator
detection and higher quality graze. The exact fire size that
results in this response will be unique to the grazing population
and rainfall of each system with smaller-fires required in lower
herbivore or higher rainfall areas. Moreover, drought impacts
this relationship by increasing the size of fires that can be kept
short by the existing grazing population (Chapter 5).

| found that droughts result in a convergence of grass
community trait space as grazers feed more intensively in fire-
adapted communities allowing for invasion by annual species
(Chapter 3). Grazers can also be forced to completely leave
grazing lawns and if they do not return when droughts end this
can result in grazing lawns growing tall and there is the
potential that these areas burn over longer periods. | did not
find evidence for long-term changes in grass community
distribution within the landscape as positive consumer
feedbacks appear to result in some resistance to the effects of
drought (Chapter 5). However, it is clear that drought events
that do have long-term impacts will do so by affecting the
feedbacks maintaining consumer-grass feedbacks in savanna
systems.

Figure 6.1. Schematic diagram summarizing key findings of the chapters in this thesis.



It is worth noting that larger bodied grazers ia thrm of buffalo did not favour grazing-lawns
on my experimental sites and prior studies haveshotvn them to select lawns (Kleynhaats

al., 2010). It is possible that buffalo and the tHergely predator free mega-herbivores elephant,
hippopotamus and white rhino could “invade” fireapted grass communities and drive a switch
to a more grazer-controlled system. However, baféadd elephant have not been linked to the
formation of lawns (Hempsaet al, 2015), and in the context of KNP the current eArtiino
population in this area do not appear to be higiugh to increase the proportion of lawn-cover
(Cromsigt and te Beest, 2014). Hippopotamus forazigg lawns readily (Verwegt al, 2006),

but are restricted by their life strategies to anipact areas close to rivers where fire is already
limited. Thus, the past fire management of KNP #itter allowed or implemented large burns
on the eastern basalts (Govender, Trollope andWitgen, 2006) appear to have promoted
positive feedbacks that encourage repeat burninig.répresents a clear mechanism for fire
dominance in large savanna landscapes where filgypeeds to account for the practicality of
managing fires over substantial areas. In areasedaege mammal migrations are absent and
white rhino populations limited, the implementatwifire regimes will have severe
repercussions on the long-term dynamics of grazamymunities. If large fires are burnt
regularly in these systems, tall frequently-bumatsglands will become a barrier to local
mesoherbivores and established feedbacks are ynidkbe reversed without external

intervention.
1.2  Switching states — grazing in fire driven savannas

In Chapter 2 of this thesis | found it was possible to changerttajor consumer of local grass
communities from fire to grazing by burning smapeated fires and concentrating pyric-
herbivory pressure in an otherwise tall-grassdweninated landscape. Initially this manifested
as a structural response with concentrated gramngurn scars maintaining the previously tall
grass sward in a cropped state. Once the strudiaraers of tall-grass communities were
broken down grazers continued to use these patsitethe consistent defoliation drove changes
in the grass community composition that resultea more generally palatable grass sward than
had originally occurred@hapter 3). The process of grazing lawn formation and pesiti
feedbacks linked to higher grass quality on gratamqs has been tested previously in African
savannas (Cromsigt and OIff, 2008). However, henegperimentally linked changes in herbivory

pressure at the landscape scale to a shift inuthetibnal trait space of grass communities that
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would directly and positively benefit the local gireg community. This is unique to this study as
previous experimental work on grazing lawn formatio free-roaming systems has either
required the addition of nutrients to attract grad€romsigt and OIff, 2008) or not directly
tested changes in the trait space related to gpesses compositional shifts (Archibadal,
2005). Moreover, this experiment managed to idgmitiése processes at larger scales (up to 25
ha) than has been achieved in previous studiesdiféetional shift to higher graze quality on
patches in response to grazing over areas ofitésdlemonstrates a clear positive feedback
between grazers and grasses that can drive tHdisstaent and maintenance of lawns across
African savannas even in the absence of obviousatic and edaphic controls (Mc Naughton,
1984; Waldram, Bond and Stock, 2008).

The change towards a more palatable grass commuamggponse to grazing on experimental
patches was the result of both an increase indftierof more palatable grass species and a
decrease in less palatable speciasapter 5). The trend of a general improvement of grass
community graze quality has obvious positive fee#tbdo wild grazers that can select palatable
patches to graze rather than seeking out indivigakdtable plants (Ben-Shahar and Coe, 1992).
However, if grazing lawns are to become resistatime to changes and fluctuations of grazer
numbers in the system it is the decline of lesatphle high C : N species that is important. The
most notable declines in species cover under hgeaging was foBothriochloa radicansand
Themeda triandravith the latter known to respond similarly to inased grazing in other
systems. Both of these species are associatedredthent burning within KNP (Trollope,
Potgieter and Zambatis, 1989) and have poor |eisilemi and low leaf moisture content when
mature, while resprouting vigorously after fire @mdlding up dead biomass over time. These
species thus represent high quality fuel for faed their local extinction should create similar
barriers to fire on grazing lawns to those expe&gehby mesoherbivores in unpalatable fire-
dominated grasslands i.e. in grazing systems wirazng results in the local extinction of good
fire fuel species, it may take several growing saaswithout grazers before fire can spread
through these systems. Waldratral (2008) showed that lawns grew tall in the absaice

white rhinos under high rainfall but not low raitifeonditions. Further, work in the Serengeti
has shown that lawns grow tall in the absence afigg (Mc Naughton, Banyikwa and Mc
Naughton, 1997). However, considering these feddband the potential effects of grass

community traits on fire spread, it appears thattitne taken for grazing lawns to burn after
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grazers are removed will have important repercuassior the resilience of grazing systems to

external perturbations that impact grazer poputatio

Changes in consumer dominance between grazingrand savannas have well documented
cascading impacts on ecosystem function (Heldal, 2009). It is therefore pertinent that we
identify how long it takes for barriers betweereatiate consumer-dominated states to be
overcome and for novel feedbacks to establishvarsaa systems. My thesis has demonstrated
that a strong concentrating agent which changepltiiigical structure of grass communities can
enable mesoherbivores to overcome barriers of pogdask and low-quality forage generally
found in tall-grass savannaSHapter 2). Positive feedbacks between grazers and grass
communities in the form of short grass struct@bgpter 2) and improved grass community
palatability Chapter 3) can establish within only a few rainfall seasonse barriers are
overcome and grazing remains high. However, nestigldished grazing lawns will be at risk of
repeat burning if intense grazing is removed unigass communities have switched to a state
where species that represent good fuel for firesime locally extinct. Our understanding of
when grazing lawns switch to fire adapted grassmanities requires more understanding and
specifically the development of datasets that show long it takes for different grazing systems
to burn after grazers are removed. If this is aakde it will go some way in solidifying the

elusive definition of an “established” grazing lamnrAfrican savannas.
1.3 Drought

Grazers changed their foraging behaviour throug2i5 - 2016 drought and the feedbacks
that governed the grazer-grass community relatipnste-drought changed as animals were
forced initially to feed in tall-grass communitiesfore having to leave the area completely
(Chapter 4). This changed the post-drought relationship betwgrazers and grass communities
with negative repercussions for grazing-lawn praghtg. Ultimately, grazer responses to
drought in free-roaming grazing systems will beategent on a unique set of drought conditions
that drive grazer behaviour. This limits the vatdieletailed experimental work on drought and
productivity in savanna ecosystems, which haveelgrgssumed uniform grazing during and
after drought events (Koerner and Collins, 2014ther, understanding the potential impacts of
droughts on savanna productivity and function rexpufurther development of theory on what

triggers grazers to feed on different grass comtrasnat different periods in a drought. If we
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can better understand at what body condition diffegrazer species risk predation to feed in
tall-grass communities and what drives the longadise relocation of herds of grazers during
droughts — then we could more accurately predicgmibarriers between grass communities will
be crossed, and when established feedbacks wiklitewn leading to changes in savanna

function during droughts.

Prior to drought there were limited impacts of pyhmierbivory on the inter-seasonal grass height
and productivity within the KNP study syste@h@apter 5). However, this changed considerably
at the onset of drought with a strong pattern aigalgerbivory severely limiting regrowth in
2015 Chapter 5), which continued into 201&hapter 4). Thus, there was a clear shift in
system function as grasses on larger burn scatd bewkept short for a full season after burning
due to lower grass productivit¢hapter 4 and 5. Moreover, the effect of pyric-herbivory that
removed all available foliage on burnt bunch gass$$ during the most intense period of
drought (2016) resulted in a more severe redudtidhe basal cover of tussocks on burnt
patches compared to unburnt bunch grassla@dagter 4). This in turn appears to have
negatively affected grass productivity on burntdugrasslands the following season when
rainfall returned. In cases where rainfall takeggker to return than in the studied drought event,
higher basal cover die-off on burnt patches wodakpected (O’Connor, 1995). Although not
observed in my study, a longer drought may shifideburnt areas towards states where
productivity is kept low for several seasons aftenfall returns. Moreover, in savanna systems
where the long-term rainfall trend is expectedédolishe, pyric-herbivory has the potential to
suddenly shift large areas from fire-dominated gjeads to grazer dominated states as
productivity declines@Ghapter 5). Thus, rather than a gradual change in savannandigs that
may be expected from a transition to a lower praditg scenario, my results imply that
changes to savanna function may happen over sboods as grasses on larger burn scars are
kept short by grazing mammals and repeat burnifighited. Both increasing drought frequency
and intensity as well as a shift in rainfall patteto fewer but larger rainfall events is predicted
for much of southern Africa under current trendgnafeasing atmospheric GQAll of these
predictions will negatively affect grass produdiviBriggs and Knapp, 1995; Fay al, 2003;
Buiset al, 2009). Land managers should be aware that a sudatesition from fire- to grazer-
dominated savanna dynamics will likely occur at edhreshold productivity, where pyric-

herbivory by the standing grazer population managé&eep large fires short enough to exclude
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repeat burning. In my case study of KNP this chamgg initiated at a 50% decrease in year on
year rainfall Chapter 5) at which point grazers were able to keep grasg $br a full season on

burn scars from landscape scale fires.
1.4  Management implications

Chapter 2 and 3demonstrated that ecological theory on the feedbddking grass community
structure and function could be practically impleneel to shift the dominant consumer from fire
to grazing and in doing so exclude fire locallyplontantly, this is the first study that | am aware
of that actively sought to test whether large andlkfires impact grazer-grass feedbacks in a
divergent manner and broadened our understandihgwffiire management policies can
influence savanna ecosystem functions. It is diean this work that fires of different sizes have
very different impacts on grazer communities anel finanagement implemented for specific
wildlife management goals should incorporate aresstdnding that large fires disperse grazers
while small fires concentrate them and both caluarfce governing savanna dynamics. Across
African savannas, fire represents a key tool fodlmanagers looking to control bush
encroachment (Roques, O’Connor and Watkinson, 200dnage graze for livestock and reduce
tick loads (Tainton, 1999; Butz, 2009), and to ofsrdscapes and manipulate the movement of
wild herds for tourism (Eriksen, 2007) — it is inmant in these situations that the feedbacks to
grazing communities are considered, especiallyaasgawhere migratory herds and white-rhino
are absent. In such situations the repeated ignitidarge fires in the landscape will likely drive
grass communities towards a state that favoursatdpening with negative repercussions for
mesoherbivores. Once a fire dominated state hablested my results indicate that it is difficult

to reverse without direct management intervention.
2 | Conclusion

The main aim of this study was to investigate tteegsses involved in the establishment and
break-down of grass-consumer feedbacks and unddretav these dictate the balance of fire
and grazer driven grass communities in an Africaraana. Throug&hapter 2-51 have added

to existing theory on how grazers and fire intetactructure grass communities with feedbacks
that spatially and temporally stabilize savannasaapes (Figure 6.1). Clearly, fire and
herbivory need to be considered in conjunction amderstanding the state of a given grass

community can only be done by assessing the gawggriass-consumer relationship. Drought
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represents a good example of this, changes inibre-erm abiotic conditions within a savanna
appear to have little impact on savanna functiahsructure unless it drives changes in the
positive feedback loops that govern the distributsd grazer-driven and fire-driven grass
communities within the landscape. Fires remainafrte only major management tools in large
protected savannas and my thesis underlines tlietaeesanage them by considering how fire
influences grass-grazer dynamics and not simplyfitsas a ubiquitous method for improving

graze quality in the short-term.
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Appendix A
An overview of fire management in Kruger Nationatk®

Kruger National Park management in South Africadas/ely managed fire for at least the past
90 years (Van Wilgen and Govender, 2004). Overbkabd several different fire management
policies were attempted to achieve management godially (1926 — 1947) fire management
was largely informal with fires used mainly to prota fresh grass growth for grazing. During
the next phase (1948 — 1956) managers attempteditohe frequency of fires within the same
area and applied prescribed burns at regular ialei¥an Wilgeret al, 2000). Importantly, this
management practice led to the setup of large ‘blocks’ ~ 4000 ha in size that was separated
by a network of fire breaks (Van Wilgen al, 2000; Govender, Trollope and Van Wilgen, 2006).
Although fire management practices within KNP haki#ted these burn blocks remain a key
feature of fire management within the landscapevesi@ used to limit the impact of fire on the
experiment described @hapter 2 and3 (Van Wilgen and Govender, 2004).

A major change in KNP fire management policy ocedrirom 1981 to 1991 when burning was
carried out based on rainfall, fuel loads and tgmee last fire (Govender, Trollope and Van
Wilgen, 2006). Season of fire ignition was altetedlievelop variation in burn intensity, but the
area burnt across the park was largely determiggddan annual rainfall. Again this policy was
changed in 1991 and only fires ignited by lightngtgkes were allowed to burn until 2001. Fires
ignited by lighting were allowed to burn freely aaided in crossing firebreaks while those
resulting from human ignitions were extinguishecewlpossible. While the annual area burned
within KNP during this period did not change, th@icy resulted in larger, more intense fires

burning during the late dry-season (Govender, dpaland Van Wilgen, 2006).

The fire policy within KNP since 2002 has returrtedgniting fires in areas where fuel loads and
management goals dictate the fires should be applith an upper limit of annual area burned
defined by rainfall during the past two wet seagdfasa Wilgen and Govender, 2004; Govender,
Trollope and Van Wilgen, 2006). Lightning fires aleowed to burn while unplanned fires are
extinguished in areas where fire does not form phttie management plan (Van Wilgen,
Govender and Macfadyen, 2008). This plan has béepted in an attempt to create landscape

level heterogeneity across the KNP as differemt firactices result in variable tree/grass
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densities with variation in ecosystem functionixgected to follow (Van Wilgen, Govender and
Macfadyen, 2008).

Fires within the Satara land system 2012 - 2017

The experiment described in detail in Chaptersd®23awas setup in the Satara land system after
consultation with fire management in the KNP. Dgrihis period it was decided that the
experiment should be setup within a single burrllweith the four neighboring burn blocks
used to buffer it from fires during the courselu§tstudy (Figure S2.1). Considering each burn
block is ~ 4000 ha and that these areas span tvewatedand management units, keeping fire
out of this area for several years during the drpamt was a considerable request. Any further
buffer was therefore unrealistic and would havessardtially impacted fire management policies

within the Satara and N'wanetsi management units.

Fires were kept out of the experimental burn blac#l all adjacent buffer burn blocks in 2012,
2013 and 2014 (Figure S2.1). Despite this, twoddngs burnt in 2014 within two-burn blocks
of the experimental burn block (Figure S2.1). THresshly burned areas were present 2.5 km to
the north-west of the most northerly positionedeskpental plots and 5 km to the south of the
most southerly positioned plots during the 2015fedi season (Figure S2.1). These distances
are traversable by the key mammalian herbivoreiepdéacused on during this study and thus
the potential impact of these fires in reducingzgrgpopulations in the area of our experiment
cannot be discounted. However, there were littleeolmble differences in dung counts between
2013 and 2014 and animals only appeared to migrgtef the study system in late 2016 when

food resources were severely limited.

The low rainfall during the 2015/2016 rainfall seagesulted in high fire risk across the KNP
and several lightning fire ignitions during latet@wer 2015 burnt fires within the experimental
burn block and two of the adjacent buffer burn ko hese fires burnt two of the no-burn 5 ha
plots and two of the 0.25 ha plots effectively ladvthe sample size of this treatment. While
none of the burn treatment plots had enough fueatoy the fire, exactly half of all burn-
treatments were positioned within the fire scar mmglcted by the proximity to alternative fresh
regrowth. It is worth noting that these fire scaeye extremely limited in their green-up after
burning due to the very low rainfall through the@sen. No further fires burned in the study

system during the remainder of the experiment.
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Figure S2.1. Fires burnt in the Satara land system in Kruger National Park during@012 (
2013 (b), 2014 (c) and 2015 (d). Black squares represent plots used for data collection in the
fire experiment described @hapter 2, 3and4. Attempts were made to limit all non-
experimental fires (light grey) from the experimental burn block (blackna)tind adjacent

buffer burn blocks (hatched). This was successful until a lightning fire bhumigh the main
experimental burn block in October 2015. No non-experimental fires burnt during 2016 and

thus no map is presented here. Data provided by South African National Parks.
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Figure S2.2. Semivariograms indicating no spatieorrelation is inherent in raw dung (a) and
grass height data (b) or the residuals of seletiedels. Residual semivariograms labelled by the
response variable: wildebeest dung (c); impala ddiygzebra dung (e); buffalo dung (f); grass
height on unburned plots (g); all dung on earlyrAsuior the year 2013 (h); grass height on early-
burns (i); all dung on late-burns for the year 2Q).3grass height in late-burns (k); grass height
on all plots for the year 2015 (]).
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Table S2.1. Extant grazers of African savannaséisetl by Hempson, Archibald & Bond

(2015)
Latin name Common name Short Evidence of Reference
grass (=3 active short
cm) grass selection
specialist
Aepyeeros melampus Impala No Yes Eleynhans et al. 2010
Aleelaphus buselaphus  Fed hartebeest No No
Amntidorcus marsupialus  Springbok No No
Ceratotherium simum  White thinoceros Yes Yes Kleynhans et al. 2010
Connochaetes gnou Black wildebeest Yes Yes Von Ricther 1971
Connochaetes taurinus  Blue wildebeest Yes Yes Kleynhans et al. 2010
Damaliscus lunatus Tsessebe No No
Damaliscus pygargus Bontebok Yes Yes Luyt 2005
Eguus africanus African wild ass No No
Egquus grevyi Grevy's zebra No No
Eguus quagga Cotmunon zebra No Yes Burkepile et al. 2016
Equus zebra Cape mountain zebra No No
Eudorcas albonotata Mongalla gazelle No No
Eudorcas thomsonii Thompson's gazelle No No
Hippopotamus
antphibius Hippopotamus Yes Yes Lock 1972
Hippotragus equinus Roan No No
Hippotragus niger Sable No No
Kobus ellipsiprynunus Waterbuck No No
Kobus kob Kob No No
Kobus leche Lechwe No No
Kobus megaceros Nile lachwe No No
Kobus vardonii Puku No No
Nanger granti Grant's gazelle No No
Oryx beisa East African orvx No No
Oryx gazella Gemsbok No No
Ourebia ourebi Oribn No No
Phacochoeris
aethiopicus Desert warthog No No
Phacachoerus
africanus Common warthog No Yes Kleynhans et al. 2010
Redunca arundinum Reedbuck No No
Redunca fulvorufula Mountain reedbuck No No
Redunca redunca Bohor reedbuck No No
Syncerus caffer Cape buffalo No No
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Figure S2.3. Dung deposition per month (mean tI8Hpcal grazer species (wildebeest,
impala, zebra, and buffalo) on early-burn (a) atd-burn treatments (b) plots during 2013 and
early 2014. Data was sampled on early-burn plats po fire application in May and after burn
treatments in June and December. Similarly, late+plots were sampled before fire application
in October and after fire in November and January.
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Figure S2.4. Cumulative total dung deposition faryeburn (black) and no-burn (hatched)
treatments by focal species: wildebeest (a), imfi@lazebra (c) and buffalo (d) over a three-year
period. Data are only presented from months whéleatmn was synchronised on both early-
burn and no-burn plots. Data for December 2015rara only two 5ha and two 0.25 ha plots

per treatment due to November 2015 lightning fires.
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Figure S2.5. Cumulative total dung deposition &eilburn (black) and no-burn (hatched)
treatments by focal species: wildebeest (a), imfi@lazebra (c) and buffalo (d) over a three-year
period. Data are only presented from months whéeamn was synchronised on both late-burn
and no-burn plots. Data for January 2016 are fraig tvo 5ha and two 0.25 ha plots per
treatment due to November 2015 lightning fires.
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Appendix B

Analyses of leaf carbon and nitrogen content fbgiass species were done on a Flash HT Plus
elemental analyser coupled to a Delta V Advantagwpe ratio mass spectrometer by ConFlo
IV interface (all equipment supplied by ThermoFistigremen, Germany). Carbon and nitrogen
isotope values were corrected against in-houselatdriMerck Gel) and a Urea Working
Standard (IVA Analysentechnik e.K., Meerbusch, Gamg). Laboratory standards and blaks

were run after every 24 unknown samples.
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Figure S3.1. Semivariograms indicating no spatibeorrelation is inherent in the residuals
from the generalized linear mixed model for allsgréussocks basal area @dthriochloa

radicanstussock basal areas (b), and proportion of plittsrofrom different treatments (c).
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Table 3.1. Gras: species traits for allpecies identified at the experimental plots describéChapter 3. Stolons refers to the preser

of stolons on any plants assessed throughout the study. Life historyfinasl by Van Outsdoorn (1991). Grazing columns refer to
plants measured in the presence of grazing while no grazing refers vompkadured in exclosures. For all measured values three
individual plants were measured. Flowering height refers to height ddwrest flower. Methods for measuring C : N are described in
detail inChapter 3. Culm orientation is the mean angle of 3 culms per plant. Internode length is thentagaode length of 3 internodes
on 3 culms per plant. Mean leaf length is the mean leaf length of five leavplsapt.

Culm orientation (cm)  Internode length (cm) Leaf length (cm)
Flowering Leaf Table
Height  Height

Species Life history  Stolons  (cm) (cm) C:Nratio No grazing Grazing  No grazing Grazing  No grazing Grazing
Aristida congesta congesta (Roem. & Schult) Perrenial Absent 79.44 50.88 34.45 80.00 39.17 11.62 348 19.44 822
Brachiaria eruciformis (Sm.) Annual Absent 32.11 25.80 16.93 51.78 1.50 5.39 3.19 11.12 4.06
Bothriochloa radicans (Lehm.) Perrenial Present 100.33 80.12 33.23 84.67 73.56 9.73 3.70 19.50 7.84
Cenchrus ciliaris (L.) Perrenial Present 77.90 85.02 33.64 7717 No value 2.94 No value 28.15 No value
Chloris virgata (SW.) Perrenial Present 93.20 68.71 30.68 71.56 26.00 9.49 4.17 14.46 5.76
Digitaria eriantha (Steud.) Perrenial Present 98.79 45.77 39.03 83.11 26.11 14.12 8.46 38.22 25812
Eragrostis cilianensis (All.) Annual Absent 53.49 40.90 31.69 78.22 59.11 6.31 5.56 15.09 7.26
Eragrostis superba (Pehr.) Perrenial Absent 81.22 63.45 30.65 77.00 4.00 12.63 3.78 28.12 5.81
Heteropogon contortus (L.) Perrenial Absent 74.09 49.85 45.34 83.05 54.89 15.42 3.83 14.46 342
Panicum coloratum (L.) Perrenial Present 106.36 90.85 27.82 79.33 23.28 10.92 4.84 29.46 791
Panicum maximum (Jacq.) Perrenial Present 103.09 78.30 20.54 85.44 56.89 10.08 7.59 3591 17.93
Schmidtia pappophoroides (Steud.) Perrenial Present 60.03 41.13 32.77 86.78 No value 8.27 No value 17.62 No value
Setaria incrassata (Hochst.) Perrenial Absent 106.16 75.29 33.64 81.00 80.00 11.96 7.29 49.03 26.74
Sorghum versicolor (Anderss.) Annual Absent 120.81 92.61 2537 85.00 80.33 12.39 6.01 28.66 14.44
Themeda triandra (Forssk.) Perrenial Absent 113.11 88.95 37.36 48.11 1433 3.50 221 337 243
Tragus berteronianus (Schult) Annual Present 23.70 14.79 20.46 79.00 57.50 14.38 6.57 24.29 8.98

Urochloa mosambicensis (Hack.) Perrenial Present 96.85 74.53 21.81 80.89 1:75 7.12 4.04 27.70 3.75




distance to water

Axis 2

tree density

Axis 1
Figure S3.2. Correlation biplots based on RDA aation of the grass species aerial cover on no-
burn (black), early-burn (dark-grey) and late-b(light-grey) treatment plots for 2013
constrained by the environmental variables. Envirental factors shown with arrows did not
show any significant structuring of plots by treatihp = 0.189). A. con Aristida congesta

B. eru =Brachiaria eruciformis B. rad =Bothriochloa radicansC. cil =Cenchrus ciliaris Ch.

vir = Chloris virgate D. eri =Digitaria eriantha, E. cil =Eragrostis cilianensisk. sup =

Eragrostis superbaH. con =Heteropogon contortys?. col =Panicum coloratumP. max =
Panicum maximuns. inc =Setaria incrassataSc. pap =Schmidtia pappophoroideSo. ver =
Sorghum versicolQIT. tri = Themeda triandraTr. ber =Tragus berteronianygdJ. mos =

Urochloa mosambicensis
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Figure S3.3. Results of the first two axes of R-mbiked to Q-mode (RLQ) analysis for 2017:
the RLQ space maximizes the relationships betwests and environments. The positions of
species in the RLQ space are shown in (a), envieoah factors in (b) and species traits in (c).
The ‘d’ values give the grid size for scale comgami across the three figures. C : N ratio and
leaf moisture content (LMC) appear to be negatiaglgt positively associated with heavily
grazed late-burn plots respectively, but this watsstatistically supported by permutation tests

(p=.09).
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Appendix C
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Figure S4.1. Semivariograms indicating no spatibeorrelation is inherent in all grazers dung
(a); wildebeest dung (b); impala dung (c); zebragl(d); buffalo dung (e); bites per subplot (f);
dry-grass growth (g); and established tussock drdinx
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Figure S4.2. Dung deposition (mean + SE) for wikekti (clear), impala (dark grey), zebra (light
grey), and buffalo (black) on grazing lawns (all;gaass patches (b) and burnt areas (c) over the
entire study period (2015-2017).
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