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Abstract

The savanna biome is of great extent and a largigoption of the human population
depends on its ecological services for a livelihdadsavannas the ratio between the
woody (tree) and herbaceous (grass) componentselyargetermine animal
productivity, the shape of herbivore assemblageb earth-atmosphere feed backs.
This thesis aimed to fill a current gap in the ustending of the role of soil nutrients
as determinant of the tree-grass ratio. Apart fiodying vegetation responses to
added nutrients, we also looked at responses teentg added at different scales of
nutrient patchiness. Spatial scale is potentiathpartant where differently sized
organisms share heterogeneously distributed respure., fine-grained vs. coarse-
grained fertile patches. We also studied the ptefded back effects that scale of
nutrient heterogeneity might have for the largeblvare assemblage in a series of
field fertilization experiments situated in a sesnid, intact savanna in South Africa.
Plant and animal responses that were recorded ded|utree shoot growth,
herbaceous biomass, leaf N, P and condensed tére®s) concentrations and grazer
and browser impact intensities on local vegetativesults showed that tree seedlings
competing with grasses were increasingly suppressedsoil fertility increased,
apparently because of intensified competition foatew by fertilized grasses.
Established trees benefitted from fertilizationpexsally when fertilized with N and
the scale of nutrient patchiness altered the pariitg of resources by favouring trees
in coarse-grained and grasses in fine-grained enitrpatches. In turn, the large
herbivore assemblage responded to the scale aémupatchiness as grazer impact
on the vegetation increased at finer grain sizas throwser impact. These findings
have important consequences for the managemeavahsas, which were discussed.
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Chapter 1

Introduction

Cornelis van der Waal
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Background

A striking and defining peculiarity of savannaghat contrasting life forms, namely,
tall woody plants (hereafter trees) and herbacquaasts (hereafter grasses), co-
dominate (Scholes & Archer 1997). In forests orsglands, either trees or grasses
dominate, respectively. Savannas are extensivee Mhamn half the surface area of the
African and Australian continents, about 45% of tBodmerica and 10% of India and
Southeast Asia are covered by tropical (and suizpsavannas (Scholes & Archer
1997). Savannas therefore cover about one eightlihefearth’s land surface
(1 600 million ha). Tropical savannas occupy a Memyad rainfall range from 200
mm to 3 000 mm mean annual precipitation, but a@Vasnas experience a
pronounced dry season (Sarmiento 1992; Scholesc&ekrl997). Partly due to their
extent, savannas are of great socio-economical riaupce, as most of the earth’s
rangelands and livestock are found here. Partiguiararid and semi-arid (hereafter
dry) savannas where the low and variable rainfatt@urages crop production, a large
human population depends on the ecological servarmsered by savannas (Scholes
& Archer 1997). Moreover, parts of African savanraso support exceptionally
abundant and diverse assemblages of wild herbi@esoles & Archer 1997; Bond
2008). In regions such as east and southern Affiese diverse assemblages are
mayor attractions driving the fast growing tourisrdustry (Prins 2000). However, an
increasing human population places more and moreadds on the ecological
services of savannas, which compromises its prodiyctand threatens its
biodiversity. Improving our knowledge about the dtianing of savannas is therefore
vital so as to be able to face and mitigate thesdenges.

The importance of the structure of savanna vegetation and its control

An important characteristic of savannas, which msatproductivity, shapes animal
assemblages and influences earth-atmosphere féexgligthe ratio between the tree
and grass components (Scholes & Archer 1997; Sankaal. 2005; Prins & Gordon
2008; Archeret al. 2000). This ratio (hereafter savanna structurejvdver, may be
highly unstable with considerable variation in spand time (Bond 2008). A clear
reminder of the inherent structural instability sdivanna vegetation is the global
problem of bush encroachment, i.e., the rapid as®ein tree dominance at the
expense of grass production (Scholes & Archer 198f&rences in Kraaij & Ward
2006). Bush encroachment has strong negative coesegs for grazer-based
production systems (Scholes & Archer 1997; Sankataal. 2005; Sankararet al.
2008). The realization that human activity inadeetly contributes to or causes shifts
in savanna structure (Gunderson & Holling 2002% $s@awned a productive research
interest in tree-grass interactions, as refleatethé reviews that have since appeared
(e.g., Scholes & Archer 1997; Houstal. 2003; Sankaraet al. 2004; Bond 2008).
Although our understanding of the factors and cima controlling savanna
structure has increased dramatically, the wide gaoigenvironmental, faunal and
anthropogenic conditions among savannas havedtadtattempts to reach consensus
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on the relative importance of these factors and hbe vegetation structure of
savannas are controlled (Bond 2008). Nevertheléns,availability of water and
nutrients (as well as Care considered prime resources controlling thecsire of
savannas, while fire and herbivory modify the dfeof resource availability
(Sankaranet al. 2004). Arguably less research effort has been tidednto
understanding the roles of soil nutrient and hertgvcontrol of savanna vegetation
structure, compared to that of water availabilitg dire. For example, assuming that
review articles reflect research efforts, the asialpf papers cited in four prominent
reviews (i.e., Scholes & Archer 1997; Houweteal. 2003; Sankaraet al. 2004; Bond
2008) with regards to the factors controlling tggass co-existence in savannas
revealed interesting results. Of the 445 non-oppileg papers cited, 172 dealt with
the determinats of vegetation structure: Waterrientls, CQ, herbivores or fire. A
breakdown of these papers, classified accordingppec as inferred from the titles,
revealed that only 17% dealt with soil nutrientsl amly 18% with herbivores (Fig.
1.1). This contrasts sharply with the 33% and 26%oorces dealing with water and
fire, respectively (Fig. 1.1). Moreover, of the 17&6il nutrient-related sources the
majority of articles studied the effects toéeson the availability and distribution of
nutrients and does not contribute directly to ooderstanding of the role olutrients

in determining savanna vegetation structure. Rgcenome advances were made with
regards to the role of soil nutrients. For examplemeta-analysis of the factors
controlling the tree cover in African savannas edeé that tree cover is negatively
related to soil nitrogen (N) availability (Sankarginal. 2008). Experiments with tree
seedlings also showed negative effects of fertibraunder certain conditions (e.qg.,
Cohnet al. 1989; Kraaij & Ward 2006), suggesting that treerugment, a crucial
demographic phase for trees in dry savannas (Hsggfiral. 2000; Sankarart al.
2004), might be affected by soil nutrient availapil

Water
33%
Soil
nutrients
Fire 17%
26% %
COo2
- 6%
Herbivores

18%

Figure 1.1 The composition of 172 papers cited in four promineviews dealing with the
factors controlling the ratio between the tree graks components in savannas.
More articles dealt with water availability andefirwhile soil nutrients and
herbivores received less attention.
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Improving our understanding of how vegetation dgtrieee and large herbivore
assemblages respond to changes in nutrient avayadialso important in the light of
global change. An estimated three- to fourfold @éase in N deposition in the Kruger
National Park (KNP), South Africa, has recentlyeeported (Scholest al. 2003).
Increased atmospheric N deposition has been showsighificantly affect plant
species composition and structure in a wide rarigeegetation types from forests to
upland heaths and may also drive changes in sasduaa der Waét al. 2003; Arens
et al. 2008). Overall, predictions of savanna vegetatiesponses to changes in
atmospheric N deposition are typically uncertaioh@eset al. 2003; Denteneet al.
2006; McKeoret al 2009).

Savannas as heterogeneous systems
Savanna landscapes are heterogeneous systemssandces such as soil nutrients
vary widely in space and time (du Teit al 2003; Jacobst al. 2007). Soil fertility
varies among geomorphological units such as fopéslmidslope and crest locations,
even within the same underlying geological formmati@and, at smaller scales,
underneath large trees and associated with termitmmpared to the open spaces
between them (Treydet al. 2007; Ludwiget al. 2001; Grant & Scholes 2006; Jacobs
et al 2007). Management of rangelands may stronglyuémite local nutrient
availability and distribution patterns, e.g., exthg large herbivores significantly
decreases N availability (Augustine & McNaughtorO@0and providing artificial
water to large herbivores may result in the horiabtransport of nutrients such as
phosphorous (P) from grazing areas toward watepoigts (Tolsmaet al. 1987).
Considering that N and P are generally the mostiignelements for terrestrial plant
growth (Reich & Oleksyn 2004; Elsast al. 2007) and vertebrates (Prins & van
Langevelde 2008), changes in the availability @sthelements may have ecological
cascading effects. However, it remains uncertainv hgavanna vegetation and
subsequently herbivores may respond to changesutnent availability (Tolsma
1987; Augustine 2003). While it is agreed that sagagrass production is strongly
co-limited by both N and P (Penning de Vries & By# 1982; Donaldsoet al. 1984;
Fynn & O'Connor 2005), the general state of knoggedbout savanna tree nutrition,
let alone specific N vs. P limitation, is scant (i802008). As a consequence savanna
structural responses to perturbations in nutrieatlability caused by, for example,
increased atmospheric N deposition (Schakal. 2003; Denteneet al. 2006) and
management interventions (Augustine 2003; Tolstral. 1987) are likewise unclear.
Savanna trees and grasses are expected to ditfegirmutrient responses, because of
inherent differences in resource allocation pagiepmotosynthetic pathway followed,
and root architecture (Bond 2008). Improving oudenstanding of the ecological
consequences of changes in nutrient availability raia in mitigating ecological
threats to savannas.

In this regard, it is increasingly realised thatenegeneity is an important
independent factor to take into account when maigagavanna systems (du Tett
al. 2003). However, operationalizing the concept ofetmeneity in ecological
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management is challenging and requires a mind. dhdt example, conventional
wisdom may be unable to link a loss of large treesTarangire National Park,
Tanzania, with a loss in wildebeest habitat. At#y wildebeest are grazers. Spatial
heterogeneity, however, may be the key here. Ludtigl. (2008) calculated that
maintaining scattered large trees, which creatéiadpaeterogeneity in soil nutrient
availability hence differences in grazing qualitpjght be critical for wildebeest
nutrition. All nutritional requirements can only katisfied when combining grazing
from underneath trees with that of other sub-h&bifaudwiget al. 2008). If trees are
increasingly lost, as they are in Tarangire, thes $patial homogenization of soil
nutrients might eventually marginalize the habitat wildebeest. In a sense,
heterogeneity in time and space can be viewedeasilttmate source of biodiversity
(Pickett 1998). Accepting this, however, requitest we also see heterogeneity as the
ultimate focus of ecological management and restorgPickettet al. 2003). This
provides a strong impetus to improve our understandf the role of heterogeneity in
ecosystems such as savannas.

It is increasingly realised that not only the oVWeewvailability of resources
(i.e., soil nutrients), but alshow resources become locally available in time and
space, explains resource partitioning between ¢siieg organisms (Ritchie & OIff
1999; Hutchingset al. 2003; Cromsigt & OIff 2006). For example, plantaryw
nutrient uptake, biomass accumulation and rooshsot allocation patterns when the
same amount of nutrients is supplied, but in padfedifferent sizes (Hutchingst
al. 2003; Kumeet al. 2006). Likewise, large herbivore species in a lsewrt African
savanna preferred different grain sizes of heteregesly distributed high-quality
grazing resources (Cromsigt & OIff 2006), whichulésd in resource partitioning
within a grazer assemblage. In this regard, scaliegpry predicts that organisms
respond to different scales of resource patchimesslation to their own size: Large
organisms respond to larger scales of resourcenipags and small organisms to
smaller scales of patchiness (Ritchie & OIff 19%9jtchingset al. 2003). Scale
related responses to heterogeneity may be pamigukelevant in savanna systems
where large trees and (small) grasses co-exist,ie.gontrolling resource partitioning
between the growth forms. Differential nutrient al@ and expression by trees and
grasses may, in turn, propagate to influence atibn and impact patterns of large
herbivore assemblages. Selective large herbivogacdinon either the tree or grass
layer can result in significant structural changesavanna vegetation (Asnet al.
2009; Sankaraet al. 2008). For example, in a meta-analysis Sankataal. (2008)
found a trend of increasing tree cover with risgngzer pressure, but a decreasing tree
cover trend as browser biomass increases (espethat of elephant). Moreover,
apart from responding to nutrient heterogeneitygdaherbivores may also create
nutrient heterogeneity in savanna systems. For pbkamniivestock redistributes
nutrients from grazing areas to holding pen arews impala from grazing to open
overnight patches (Blackmoet al. 1990; Augustine 2003). In fact, it is likely that
biotic factors such as termites and large herbs/@e currently underestimated in
this regard (Jacolet al.2007).
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Study objectives and approach

The overarching focus of this thesis is on howigpaind temporal heterogeneity of
soil nutrients modulate the partitioning of res@sr®detween trees and grasses, as this
is likely to feed back to influence the ratio beémetree and grass components. We
address the questions of how co-existing treesgaasises respond to an increase in
nutrient availability and respond to differences time scale of local nutrient
patchiness. We expect grasses to be more respdonsaveudden increase in nutrient
availability than trees (Bond 2008). In terms ofatsgl heterogeneity we expect
grasses to respond more to small scales of nutpatthiness and trees to larger
scales of nutrient patchiness (Hutchings al. 2003). We also consider the
consequences of soil-nutrient heterogeneity fagddnerbivores, which, themselves,
can be important agents of vegetation change iarsav systems (Sankarah al.
2008).

To study these concepts in a natural context,x@erenental approach was
adopted and nutrient availability in the field wasanipulated using fertilizers.
Manipulating soil nutrient availability using fdiier in savannas has greatly
increased our understanding of other nutrient-edlaspects in savannas, e.g., how
trees modify resource availability for co-existiggasses (Belskgt al. 1993; Ludwig
et al. 2001) and how resource heterogeneity leads to resquartitioning between
large herbivore species (Cromsigt & OIff 2006). #&ddition, by adopting an
experimental approach, thus controlling how muctrients were supplied, we have
circumvented some of the difficulties in quantityirsoil fertility in the field, and
avoided the problem of soil texture co-varying wathl fertility along natural fertility
gradients (Walker & Langridge 1997). Soil textuteosgly modulates soil water
availability, thus confounds nutrient effepisr se(Walker & Langridge 1997).

The study area

The study was carried out in the Associated Prilkdiure Reserves (APNR), which
is situated in the northeastern Lowveld of Southio&f The APNR includes the
Timbavati, Klaserie and Umbabat Private Nature Rese(latitude 24°03"— 24°33’S;
longitude 31°02°— 31°29°E; Fig. 1.2). Combined thserves (including the Balule
Nature Reserve) cover an area of about 2 008 Hihe APNR abuts the Kruger
National Park (KNP) (Fig. 1.2, insert). Land in tABNR is privately or corporately
owned, but is managed jointly in close collabomatiwith the Scientific Services
section of the KNP.

Soils in the APNR and western parts of the KNP ragnly derived from
granite (Venteret al. 2003) with occasional gabbro extrusions. Soils waetifrom
granite tend to be coarse textured and nutrient @, low availability of N and P)
on crests and mid-slopes (Treydteal. 2007), but may be locally elevated in bottom
positions in the landscape, areas associated withitaria and underneath large
Acaciatrees (Grant & Scholes 2006; Treydteal. 2007). In the study area (APNR),
the mean annual precipitation ranges between 45@rmiim the northeast to 600 mm
yr' in the southwest. About 80% of the rainfall is eiged in summer between
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October and the end of March. The mean maximum ¢eatpre for the Satara
weather station (50 km E of the APNR) during Japaottest month) is 33.7 °C and
the mean minimum temperature for June (coolest moist 9.4 °C (Venteet al.
2003).

A

| —

KLASERIE UMBABAT

Kruger National Park

South Africa

&

TIMBAVATI

(\/\/\J

Figure 1.2 A map indicating the location of the study aredhi@ northeastern parts of South
Africa, abutting the Kruger National Park. The irisghows the layout of the
three private nature reserves (Klaserie PrivateidaReserve, Umbabat PNR and
Timbavati PNR), where the various experiments wayeducted. Most of the
work was carried out in the northern parts of tihreBavati PNR.

The study area falls within the savanna biome (Bditind & Westfall 1994) and
varies structurally from open savanna in the cérdral southern parts to closed
woodland in the northern and western parts. Thedleoa in the northern, drier
parts, where the experiments were located, contprasewell-developed woody
stratum dominated by closéZblophospermum mopar{&irk ex Benth.) Kirk ex J.
Léonard trees (<8 m height). Other trees occadippaturring includedsclerocarya
birrea (A. Rich.) Hochst. Acacia nigrescen®liv. and Combretum apiculaturBond.
The continuous herbaceous layer was of medium hé&@h8 m) and featured species
such adJrochloa mosambicensidiack.) Dandy Bothriochloa radicangLehm.) A.
Camus Digitaria eriantha Steud, Panicum maximundacq and a variety of non-
graminoid herbaceous species. Annual species ssitheagras®rachiaria deflexa
(Schumach.) Robyns only established during favdaratinfall years.

In this study,Colophospermum mopan®lopane) was chosen as the focal
tree species, because it is a locally importamt $peciesC. mopaneurrently covers
more than 500,000 Kmof southern African lowlands where livestock protion,
game ranching and conservation are the main foringared use (Smit 2001;
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MacGregor & O’Connor 2002). Mopane is an importtodd source for browsing
herbivores such as African elephamixodonta africanaCaughley 1976; Pretorius
2009), as well as for ungulates such as Klichgelaphus strepsiceraturing the dry
season (Hooijmeyaest al.2005).

Mopane has also been implicated as a bush encroanbeits proliferation,
resulting in dense monotypic stands, occurs aeitpense of herbaceous production,
thereby negatively affecting grazer populations i(S2801; MacGregor & O’Connor
2002). Indications suggest that tree cover receetlganded in the study area. |
analysed a time series of aerial photographs ofgedom sites (one hectare each) in
a Mopane dominated area (northeastern Timbavati)RN& found that the tree cover
increased (ANOVA, Fk»>5=4.1, P<0.05) on average with 43% from 1944 to 2(0g.
1.3a).

(a) (b)
60 - 2000 . y = 2771.280431x
2 _

50 | 3 R*=0.65
S £ 1500 |
% 40 //"”- g F.'g ©
g e n <
g3 | .- o =1000 - O
8 2 ¢ o NS
— r ®© 4 O

o <

= S 500

10 | T

0 0

1944 1974 2000 0.0 100 20.0 30.0 40.0
Year Tree cover (%)

Figure 1.3 (a) The increase in tree cover from 1944 to 2000 irod@-hectare plots in the
northern parts of the Timbavati Private Nature Rese Tree cover was
determined from a series of aerial photographs. ndeand 95% confidence
intervals are shown. (b) The relationship betweee ttover and herbaceous
aboveground biomass for nine 50 x 50 ha plots éatéd) in the northern parts
of the Timbavati Private Nature Reserve (ChapterA3fonvex (logarithmic)
relationship was used following Scholes (2003). hleebaceous aboveground
biomass values are the means of three consecugtes@asons (2005/2006,
2006/2007 and 2007/2008). Tree cover was deternmimtte 2006/2007 season,
also from aerial photographs.

Assuming that the relationship between tree coved aboveground herbaceous
biomass, established in the same area but differe# (Fig. 1.3b), also holds for the
change in tree cover over time, it suggests thatrige increase over time resulted in
a 50% decline in aboveground herbaceous biomass.
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In the APNR, commercial livestock farming (mainlgtite) was widely practiced
during the first half of the Dcentury, but proved uneconomical due to poor ntarke
access, predator problems (mainly lion) and theh higevalence of tick borne
diseases. Around 1970, livestock ranching waslfiredandoned and wildlife related
enterprises, i.e., eco-tourism, became the domilaat use form. The game fences
separating the individual reserves and the KNP werally removed by 1993,
enabling wildlife to move freely between the comnsgiobn areas (Bigalke 2000).
Prominent large herbivore species occurring inARAR include: African elephant,
giraffe Giraffa camelopardalis African buffalo Syncerus caffer zebra Equus
burchelli and impala Aepyceros melampusThe numbers of blue wildebeest
Connochaetes taurinusas recently declined, while buffalo and elephamtnbers
increased. Predators include liBanthera leg leopardPanthera pardusand spotted
hyenaCrocuta crocuta

Fires in the APNR are controlled and generally exca fire return period of
three years. No fires occurred during the studiopeait any of the experimental sites.
The high density and evenly distributed artificimhter provision in the APNR,
assures that drinking water is not limiting largenaal numbergper se(Walkeret al.
1987). Limited trophy hunting is practised in theserves to fund management
activities.

L ayout of thesis

Resource partitioning between trees and grassedrynsavannas is complexly
controlled by the interplay of water, large herbe® and nutrients. In the following
chapters, examples of either direct effects ofients on resource partitioning or
interactions involving nutrients are presentedytined in Fig. 1.4.

Chapter 2 describes a competition experiment wihereompetitive effects of
year-old C. mopaneseedlings and naturally established grasses dm @her were
determined under different nutrient and water anlity conditions. The main aim of
this experiment was to better understand how tteangth of competition is affected
by different resource availability regimes, as tismportant to understand how tree
seedling establishment success is influenced bygasin resource availability. The
success of tree seedling establishment exercigge leontrol over the relative
dominance of trees in dry savannas (Higghal.2000; Sankaraat al.2008).

Chapter 3 describes a large field fertilizatiompp@xment. Using fertilizer, a
gradient in the scale of soil nutrient patchings®0 x 50 m plots was created (i.e.,
fertilization of either 25 2 x 2 m patches, five 40 m patches or evenly distributed
over the whole 50 x 50 m plot) in such a way tha tithin-patch nutrient
concentration varied independently from the scdleaichiness. The design allows
the analyses of the effects of scale of patchingken within-patch nutrient
concentrations are controlled, as well as the eféédocal nutrient concentration.
Over a three-year period local tree, grass andeldrgrbivore responses were
monitored. The main aims of this experiment weréegt the notion that the scale of
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resource heterogeneity controls resource partitgpbetween trees and grasses and to
explore how scale related resource partitioningc$f large herbivore assemblages.

In the experiment described in Chapter 3 the elésnéh and P were
simultaneously supplied, thus any differential etfecould not be accounted for. In
Chapter 4, a field experiment specifically desigtedest for N vs. P effects on tree-
grass resource partitioning is described. This expnt also varied the scale of

nutrient patchiness, but at finer scales of pa&tsrthan the scales tested in Chapter
3.

----------------------------
o

Tree vs. grass

i  Herbivore i
SN fommommmmmommo > response
. : effects B
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Figure 1.4 An outline of the study showing what aspects ofieats were studied in each
chapter. Chapters dealing with the interplay ofieats and other factors shaping
savanna vegetation, such as water availabilitylamg herbivore effects, are also
indicated. Solid arrows indicate direct effectg.esoil nutrient availability on
leaf N concentrations of trees and grasses, whie dashed arrows indicate
indirect effects, e.g., soil nutrient availabilitpodulates the effect of large
herbivores on tree and grass biomass. Chaptep5Smislves the effect that large
herbivores have on soil nutrient availability areddrogeneity.

Chapter 5 involves a field study where nine fornieestock holding pen areas

(kraals) were contrasted with nearby control sitesated in the surrounding
landscape. The kraals, formerly enriched by livestalung and urine, were
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abandoned around 1970 and wildlife utilization thecame the predominant form of
land use. Soil nutrient status, tree and grass dssmpatterns and large herbivore use
were contrasted. The aim of this study is to gasight into how management-related
nutrient imprints on savanna landscapes influeheevegetation structure and large
herbivore assemblages afterwards. Therefore not th@ effects of nutrients on
savannas were considered (Chapters 2-4), but atstbécks of large herbivores on
soil nutrient availability (Chapter 5).

Finally, in Chapter 6, | synthesised what was leabout the control of
nutrient heterogeneity on savanna vegetation streich an intact semi-arid savanna.
Referring to related published work, | have attesdpin this chapter to place the
findings of this study in the broader context ofaana ecology in general. Lastly, the
implications for the management of savannas weseudsed.

11
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Chapter 2

Water and nutrients alter herbaceous competitive effects on
tree seedlings in a semi-arid savanna
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Abstract

1.

14

Globally, both climatic patterns and nitrogempastion rates show directional
changes over time. It is uncertain how woody seedli which co-exist with
herbaceous plants in savannas, respond to contuinanges in water and
nutrient availability.

We investigated competition effects between &ezbus vegetation and tree
seedlings Colophospermum mopaneunder changed water and nutrient
(fertilized) conditions in a garden experiment afad in a semi-arid savanna.
Herbaceous competition significantly suppresseddy seedling growth. The
effect of herbaceous competition on woody seediirogvth remained constant
with both increasing water and nutrient availapilidowever, during a wet-
season drought, herbaceous competition appareathged premature leaf
senescence in non-irrigated treatments. Fertibpatexacerbated negative
competition effects during the drought, while iaign prevented leaf loss of
tree seedlings in spite of herbaceous competithohfertilization.

Based on a conceptual model, we propose thatvith@ous response of
herbaceous plants to increased nutrient availpldddds to faster depletion of
soil water, which increasingly causes water stieswoody seedlings if the
interval between watering events is prolonged,, edyring wet-season
droughts.

Our data support the notion that changes in drotrglquency are of greater
importance to woody recruitment success than clamgeannual rainfall
amount. Based on the water and nutrient interastiobserved in our
experiment, we suggest that the effect of increasgdgen deposition on
woody seedling recruitment is contingent on wateilability.
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I ntroduction

The rapid increase in dominance of woody species berbaceous plants observed in
many savannas around the globe (bush encroachmigiijghts the sensitivity of
woody-herbaceous biomass ratios to changed enventahconditions (Scholes &
Archer 1997; Sankaragt al. 2005; Sankaraet al.2008). The ratio between tree and
grass biomass is important, because it affects anproduction, shapes animal
assemblages and determines carbon sequestratiaciteagp (Scholes & Archer 1997;
Sankararet al.2005; Prins & Gordon 2008). The current understagds that water
availability primarily affects the relative propam of woody to herbaceous
vegetation of an area, and that soil factors (s@l,texture and fertility) and factors
usch as fire and herbivory are of secondary impeggvan Langeveldet al. 2003;
Sankararet al.2005; de Kneget al.2008; Groeret al. 2008; Sankaraet al.2008).
Moreover, resource availability in savannas is wugoi@g directional changes. For
instance, in an analysis of changes in soil maesamd drought between 1950 and
2000, Sheffield & Wood (2008) found a drying treadcompanied by an increase in
spatial extent of droughts in Africa, while soil istoire increased in Australia over the
same period. In addition, artificially enhancedragen deposition, e.g., a three- to
fourfold increase in nitrogen deposition in parfssouthern Africa (Scholest al.
2003), is also occurring (Bouwmaeat al. 2002; Denteneet al. 2006). These trends
are likely to continue into the future (Dentemgral. 2006; Sheffield & Wood 2008),
but the responses of woodlg. herbaceous plants to these changes are still tancer
(Scholes & Archer 1997; Housst al. 2003; Sankaramt al. 2004; Sankarart al.
2005). Here we aim to contribute to the understamdof woody recruitment
responses to changed water and nutrient availabilit

In savannas, woody cover generally increases imitheasing mean annual
precipitation (Scholest al. 2002; Sankararet al. 2005; Sankararet al. 2008),
therefore woody cover is expected to track chanigesnnual rainfall patterns
(Sankaranet al. 2008). In arid and semi-arid (dry) savannas, segdiecruitment
apparently regulates woody cover (Higgatsal. 2000; van Wijk & Rodriguez-lturbe
2002; Sankararet al. 2004), although not in all species (Seymour 2008dody
seedlings are intolerant of wet season droughts sunctessful recruitment is
dependent on a continuous water supply (Harring@®81; O'Connor 1995; Wilson &
Witkowski 1998; Higginset al. 2000; Kraaij & Ward 2006), which tends to occur
more frequently as mean annual precipitation irsgea In addition, herbaceous
plants, which coexist with woody plants in savanmasnpete for water, nutrients and
light and can pose an important hurdle to estaibigsivoody seedlings (Scholes &
Archer 1997; Houseet al. 2003). However, it is not clear how the strength of
competition between herbaceous plants and woodjlisge changes with increasing
water availability. We propose two scenarios foplaiing the positive water-
availability — woody-recruitment pattern: (1) thdfeet of herbaceous-species
competition remains constant (additive effect) owerwater-availability gradient
although the net supply of water for plant useeases (Fig. 2.1a) or (2) herbaceous
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plants — seedling competition relaxes with incnegsivater availability (Fig. 2.1b).
Distinguishing between these competition scenah@s direct implications for the
management of dry savannas, where disturbancesasuoliergrazing, which lowers
the competitiveness of the herbaceous layer, hes imeplicated as a cause of bush
encroachment (Harrington 1991; Jeltstlal. 1997; Scholes & Archer 1997).
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Figure 2.1 Hypothetical relationships between the performarafetarget plants growing in
the absence (solid lines) or presence (dashed)linescompetition under
increasing resource availability. The differencepgrformance between plants
with and without competition represents the effe€tcompetition on target
plants. In (a) the effect of competition on targénts remains constant with
increasing resource availability, in (b) the effe€tcompetition diminishes with
increasing resource availability, while in (c) te#ect of competition increases
with increasing resource availability.

In contrast to the positive water availability —ady cover relationship, woody cover
Is negatively related to nutrient (e.g., nitrogemgilability in savannas (Sankaran
al. 2008), apparently because performance of woodylisgedn herbaceous swards
is adversely affected by soil fertility (Colat al. 1989; Kraaij & Ward 2006). Woody
cover is therefore predicted to be negatively affiédy enhanced nitrogen deposition
(Sankaranet al. 2008). Furthermore, Cohet al. (1989) and Debairet al. (2005)
demonstrated in competition experiments that thgatee effect of fertilization on
seedling performance is caused by the intensifinatif herbaceous competition on
seedlings under fertile conditions (Fig. 2.1c) awd by direct effects of high nutrient
availability on seedlings. Little is known, howeyabout the interactions between
water and nutrient availability on the competitieea of herbaceous swards and
establishing woody seedlings. This knowledge gamgwas predictions of woody

16



Chapter 2

cover responses to concurrent changes in watenainignt availability. A possibility

is that the increased herbaceous competitivenedey dertile conditions is not caused
by the direct pre-empting of nutrients by herbasgolants, but indirectly by lowering
the availability of an intermediary resource, whichturn limits the growth and
survival of seedlings (Cohat al. 1989). As water is a likely intermediary resource
(Davis et al. 1998; Debairet al. 2005), it follows that dry conditions are expected
exacerbate negative fertilizer effects, by intgnsg competition between herbaceous
plants and woody seedlings.

In this paper we report on the findings of an expent conducted in a semi-
arid savanna where we studied the effect of heduemceompetition on establishing
woody seedlings in relation to manipulated wated antrient conditions. For this
purpose we used the model tree speciedpphospermum moparfKirk ex Benth.)
Kirk ex J. Léonard.Colophospermum mopan@opane) was chosen because it
currently covers more than 500 000%ofi southern African lowlands where livestock
production, game ranching and conservation arenthm forms of land use (Smit
2001; MacGregor & O’Connor 2002). Mopane has alsenbimplicated as a bush
encroacher, forming dense monotypic stands, andortdiferation occurs at the
expense of herbaceous production and dry seasodywobage retention, thereby
negatively affecting both grazer (Smit 2001; Magjare & O’Connor 2002) and
browser populations (Smit 2001), with potential at@ége impacts on biodiversity.

We expressed competition in terms of the absoldiecteof competitors
(herbaceous plants) on target plant (woody seedfiagformance, because the size of
seedlings at the end of the growing season is ipelsit correlated with their
subsequent survival chances during the dry seaBoorter 2005). We tested the
following hypotheses: (1) competition between heedwmas vegetation and woody
seedlings relaxes with increasing water availabilifig. 2.1b), (2) competition
between herbaceous vegetation and woody seedlmgssifies with increasing
nutrient availability (Cohnet al. 1989; Kraaij & Ward 2006) (Fig. 2.1c), (3)
competition effects of herbaceous plants on estaiblgy woody seedlings are greatest
under low water-availability and high nutrient-deadility conditions (Daviset al.
1998).

Material and methods

Study site
The study was conducted in the Timbavati PrivateuidaReserve in South Africa in
a fenced area (24°15'02"S, 31°23'36"E) from whdaege herbivores (>5kg) were
excluded. The experiment was laid out in an op&n, non-wooded, flat area on a
crest. The area had been annually mowed in the gadthad to our knowledge not
been fertilized before.

The solil at the study site is derived from graitenteret al. 2003). Topsoill
samples (0-15 cm depth) of the study site were gerihe Agricultural Research
Council’s laboratory in Nelspruit, South Africa,rfgtandard analyses according to
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procedures in the Handbook of Standard Soil Tesdethods for Advisory Purposes
(Anonymous 1990). The soil is coarsely textured488and: 2% silt: 10% clay) and
poor in macro nutrients (e.g., 4.4-6.4 mg P (Brakdl soil, 457 mg Ca K§soil, 131
mg K kg* soil). The topsoil contained total nitrogen amasuotf 0.55-0.65 g N K§
and total carbon values of 5.8-7.0 g Cllapil (C/N ratio = 10.4-10.7).

The long term mean rainfall (1983-2004) is abou #%m (Ingwalala rainfall
station 10 km N), of which 78% is received betw&miober and end of March. The
mean maximum temperature for the Satara weathgorst®0 km E) during January
(hottest month) is 33.7 °C and the mean minimumpggature for June (coolest
month) is 9.4 °C (Ventast al.2003).

Experimental setup

We compared the growth response of the focal spdCiemopangin isolation with

its response in the presence of herbaceous coorgetiThe competition series
consisted of a single Mopane seedling, herbacelmmsponly and a mixture of the
two, which allowed us to deduce effects of herbaseaegetation on seedlings and,
conversely, seedling effects on herbaceous swatds, Cahillet al. (2005). In the
single-Mopane-seedling treatment, plots were kdearcof herbaceous plants by
monthly hoeing, although more frequent hoeing wasessary to keep herbaceous
plants out at the start of the experiment. The hiceeing was done in December 2006.
The cleared material was removed from the plots.

Experimental plots (n=120) were 1.5 x 1.5 m iresiZreatments followed a
two-way factorial design with two water availabyjlievels and two fertilizer levels in
a split-plot layout. The experiment was spatialiyided into five blocks (7 x 10 m
per block), each split in quarters. A buffer ardaableast 0.5 m width separated
blocks and block quarters. The four water- andientstreatment combinations were
randomly allocated among the block quarters with phovision that the two water
addition treatments (irrigated-fertilized and iaigd-non-fertilized) were placed
adjacent to each other to facilitate the irrigawocess. Two singl€. mopaneplots,
two herbaceous monoculture plots and two mixturesewandomly allocated to block
quarters, which means that all competition-seriesatinent combinations were
replicated ten times.

Pre-treatment

The study site was ploughed (about 20 cm deepl}ited in the 2006 dry season to
homogenize the soil and to give all treatments game starting conditions. The
natural establishment of herbaceous species imainegrowing season was allowed,
but as a precaution against poor herbaceous estatdnt, locally collected seeds of
Urochloa mosambicensisa locally dominant grass species, were sown into
herbaceous-only and mixture plots (n=80) in Noven2t®6 and supplied with 3 mm
(7 L plot?) water by hand. By December 2006 the herbaceoes, laomprising of
different species (see result section), reachedtald® cm height and densely covered
all plots. In December 2006, a single, year@ldnopaneseedling was planted in the
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centre of plots (n=80). During December 2006 anitadthl 38 mm (85 L plot)
water was supplied by hand to all plots (h=120¥amlitate the establishment of both
herbaceous and. mopaneseedlings.

The Mopane seedlings were earlier propagated freeuss collected in the
study area and grown in a nursery in nursery bidlgd fvith a mixture of coarse river
sand and commercial potting soil. Seedlings wecaiged into five size classes and
randomly allocated to the five experimental blocksthe start of the experiment the
seedlings were 0.75 £ 0.02 m tall and had 39 ia%ds per seedling (mean + SE).

Irrigation and fertilizer treatments

A drip irrigation system was installed using pressself-regulating drippers with an
inline spacing of 300 mm and a supply rate of I'ldnippef*. Three parallel dripper
lines per plot ensured an even distribution of wate the irrigated plots. Low
retaining walls surrounded each plot to prevenbfuwater spilling over on adjacent
plots. In total 13 irrigation events, each suppyabout 15 mm, were supplied from
the end of January to early May 2007. A locally eleped water budget model
(Sapwat; www.sapwat.org.za) was used to determihenwo irrigate. The model
predicts the soil water status over time from galmzd evapotranspiration data and
current rainfall and irrigation data and indicatésen to irrigate to avoid water stress
in plants. The scheduling of irrigation events ur experiment simulated an increase
in the frequency of rainfall events, by irrigatibgtween rainfall events, rather than
increasing the intensity of rainfall events. A caripon of dry and wet rainfall
seasons (seasons that deviated by more than 1@ batl above, respectively, from
the long-term mean) for the nearby Satara weathéos in the Kruger National Park
revealed that the frequency of rainfall events miyinvet years (52.3 + 9.6, mean *
SD) was significantly higher than during dry yedP8.5 + 5.3; t=7.402, d.f.=20,
P<0.001), while the median rainfall amount per ¢weas not significantly different
between dry and wet years (Mann-Whitney U test,0&8#, P>0.05). This suggests
that our manipulation of the frequency of rainfallents is more realistic than the
manipulation of rainfall intensity would be.

We used a commercial NPK fertilizer. The fertitiagas evenly spread by
hand and a total of 22.5 g N4n15 g P nf and 7.5 g K nif was supplied on two
occasions, two thirds on 21 December 2006 and e¢heinder on 12-14 February
2007. Our nitrogen fertilizer amount was comparablehat used by Ludwigt al.
(2001), and is in line with local fertilizer recorendations for commercial, irrigated
summer pastures (Dickinsogt al. 1990). In the Kruger National Park the annual
amount of nitrogen mineralized at a site comparablour study site, was estimated
at 5.8 g N rif yr' (Scholeset al. 2003), suggesting that we increased local nitrogen
availability about 4 times above background lewsigertilization.

Measurements

After the seasonal senescence of the herbaceosrs &ythe end of May 2007, plots
were harvested with shears, once the species cdimpokad been assessed. The
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aerial cover of each individual herbaceous spgétebs as a group), was assessed in
the inner 1 M plot area according to the Braun-Blanquet scakn(& Coker 1994).
We clipped the herbaceous material of plants rowigin the inner 1 rhplot area at

a height of approximately 8 cm above ground level the total biomass per plot was
weighed in the field. The moisture content of sabples (h=20) was determined
after drying sub-samples at 70 °C for 48 hours dnying oven. Field biomass values
were adjusted accordingly. The nomenclature ofsgsaecies follows Gibbs Russ|

al. (1990).

On 5 March 2007 all leaves on Mopane seedlings wetmted, the plant
height measured and the diameter of stems measuitiectallipers. Stem diameter
was measured about 2 cm above ground level. Bethesemature leaves that were
still folded might not have matured, immature leawere omitted from leaf counts.
Following a wet season drought during February-Ma&607 (Fig. 2.2a), senescing
leaves were counted on 30 March 2007. Senescingdeaere defined as leaves
where more than half the leaf area was necrotiowbrand crisp). Studies in both
semi-arid grassland (Harrington 1991) and tropfoa¢sts (Engelbrechet al. 2006;
Engelbrechet al.2007; Slot & Poorter 2007) showed that visual siginwater stress
are good predictors of actual water stress andesuiesit survival in woody seedlings.
New growing season shoot length was measured oprid 2007. InC. mopanea
distinctive dry season scar indicates the startes¥ season growth. We summed the
length of all new shoots per seedling.

Statistical analysis

The fixed effects of competition, fertilization aidgation were analyzed using a full
factorial, three-way ANOVA for herbaceous producti@nd a full factorial, three-
way MANOVA for C. mopaneshoot growth, leaf number, plant height and stem
diameter in a full-factorial design. Competitionrgpent, absent), water (irrigated,
non-irrigated) and nutrients (fertilized, non-fezeed) were treated as fixed factors.
Block was included as a random factor. Untransfarrherbaceous biomass data
followed a normal distribution (Kolmogorov-SmirnowR>0.05) and had equal
variances (Levene’s test of equality of error vaces, P>0.05). AlIC. mopane
variables were logarithmically transformed to mds ANOVA assumptions. A
significant competition x resource interaction ireplthat the competition effect of
the one growth form on the other was affected yamount of resources (e.g., either
Fig. 2.1b or Fig. 2.1c); an insignificant compeititix resource interaction is depicted
in Fig. 2.1a. Tukey's multiple comparison tests eversed to detect differences
between subgroups.

The proportion of leaves surviving the drought watculated from the total
number of leaves before the drought occurred, mgarsesced leaves per seedling.
Leaf proportion data were arcsine-transformed arnjlested to a full factorial, three-
way ANOVA similar to the procedures described ferbdaceous production.

All tests were carried out in SPSS version 12,

20



Chapter 2

(a)
600 r

500 ¢
400
300 ¢
200
100 r

0

Accumulative water availability (mm)

Nov Dec Jan Feb Mar Apr May Jun
Month

(®) 1000 [

800

600 | Wet

400 p———-2 ———r

Rainfall (mm)
]

200 F

Ranked seasonal rainfall

Figure 2.2 (a) Accumulative water availability (mm) for irriged (wet) and not irrigated
(dry) treatments from November 2006 to end May 20%Tows indicate the
timing of fertilization. (b) The water received icontrols and irrigation
treatments in relation to the ranked seasonal ati(November to end May;
1983 to 2004) for the Ingwalala rainfall station0(km N), showing that
treatment values are realistic for this system.

Results

Water availability

Non-irrigated plots received a total of 390 mm wd&¥8 L plot') during the study
period (November 2006 to end May 2007), of whicts 38m (754 L plot) was
received as rain. The difference was supplied dutire establishing phase in 2006
(about 40 mm) and in March 2007 (15 mm or 34 L'plad avert seedling mortalities
after extremely dry conditions during February &mtarch 2007 (Fig. 2.2a). Irrigated
treatments received in total 575 mm water (1 29ldt"). Compared to long-term
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data for the study area, the water treatments wealkistic and represented average
and above-average rainfall conditions, respectiély. 2.2b).

Herbaceous species compaosition

The herbaceous cover of plots was dominatedlfmchloa mosambicensi@nedian
cover class = ‘26-50%’), while forbs as a group draa = ‘6-25%"),Melinis repens
(median = ‘6-25%’) andrachiaria deflexgmedian = ‘6-25%’) were also important.

Herbaceous production
Above-ground herbaceous biomass significantly meee with fertilization (P<0.001)
and irrigation (P<0.001) (Table 2.1, Fig. 2.3), aheése two factors significantly
interacted (P<0.05) (Table 2.1, Fig. 2.3). Irrightanly plots had on average 44%
higher herbaceous biomass than controls and fexdionly plots 64% higher biomass
than controls, but differences between irrigated #&ertilized biomass were not
significant (Tukey, P>0.05). The mean biomass ofpboth irrigated and fertilized
was significantly (Tukey, P<0.001) higher than gated-only and fertilized-only
treatments and the mean biomass was increasedby tefative to controls.
Interestingly, the presence of a sing@&. mopane seedling per plot
significantly suppressed herbaceous above-grounishdss (P<0.01; Table 2.1). The
herbaceous biomass in the mixed plots was on aa&@&¥% lower than the biomass of
herbaceous plants alone (Fig. 2.3). The nutrientoxmpetition and water x
competition interaction effects were not significandicating that neither fertilization
nor irrigation modified the competition effect tHat mopaneseedlings exercised on
herbaceous biomass (Table 2.1).
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Table 2.1. Analysis of variance tests for herbaceous abovargtdiomass an@. mopaneshoot growth, number of leaves, plant height dachsliameter as
affected by nutrients (two levels), water (two lsyeand competition (presence-absence). Absenamwipetition refers to situations where
herbaceous vegetation and seedlings occurred ascutures or singly, respectively. Presence of aafitipn refers to mixtures of herbaceous
vegetation and seedlings. Block was included amdam factor. Herbaceous above-ground biomassmespavere tested with an ANOVA a@d

mopaneresponses with a MANOVA. The degrees of freedovalbe and significance are indicated per factar factor interactions.

ANOVA MANOVA
Her baceous

Source biomass Multivariate test Shoot length L eaf number Plant height Stem diameter

d.f. F-value F-value d.f. F-value F-value F-value F-value
Corrected Model 11 8.635 **x 8.240 **% 5,181 *** 5,640 *hk
I nter cept 1 281.558 *** 30523.339(4) ** 1 26770.254 *** 8879.738 *** 118188.866 *** 15919.821 ***
Nutrient (N) 1 55.335 Fhx 1.472(4) ns 1 2.068 ns 4.574 * 0.853 ns 0.035 ns
Water (W) 1 34.131 Fhx 6.251(4) ] 6.110 * 3.399 ns 9.755 ** 25337 Fhx
Competition (C) 1 9.444 *x 17.987(4) e ] 62.491 *** 58,991 k6,117 * 12.212 *x
N xW 1 6.849 * 2.351(4) ns 1 0.001 ns 0.034 ns 9.043 *2.047 ns
NxC 1 1.795 ns 1.694(4) ns 1 0.643 ns 0.198 ns 1784 s 611 ns
WxC 1 0.254 ns 0.951(4) ns 1 2.113 ns 0.013 ns 0129 s 10.003 ns
NxWxC 1 1.798 ns 0.625(4) ns 1 0.751 ns 0.040 ns 0354 s 10.593 ns
Block 4 2.609 * 2.561(16) ** 4 3.972 *»* 4,026 ** 5880 **  3.343 *
Error 61 59
R*(adjusted) 0.55 0.53 0.40 0.42

Significance level; ***, P<0.001; **, P<0.01; *, B05; ns, not significant

®Values in brackets are degrees of freedom for Maltiite test
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Figure 2.3 The responses of target plants growing in the afesexi competition (solid
circles) and competing plants (open circles) agcafid by (a) irrigation, (b)
fertilization and (c) irrigation plus fertilizationThe first column depicts
herbaceous above-ground production (dry mass)nttdle column leaf number
per C. mopaneseedling and the last column the proportion oldsaperC.
mopaneseedling that survived a mid-season drought. Tdwe' values (x-axis) in
columns represent the same control values, andh i response to resource
enrichment. Means + SE are given. Statistics a® given for the main effects of
irrigation (W), fertilization (N) and their interions with competition (C).
Superscripts denote: ***, P<0.001; **, P<0.01; *P€B; ns, not significant.

24



Chapter 2

Colophospermum mopane seedling growth

The above-ground growth @. mopaneseedlings (represented by shoot length, leaf
number, stem diameter and plant height) was saanfly increased by irrigation
(MANOVA, Wilk's Lambda, P<0.001) and decreased bgridaceous competition
(Wilk's Lambda, P<0.001), but not significantly efted by fertilization (Table 2.1).
Compared to the non-irrigated seedlings, irrigateddlings had on average more
leaves (+21%, P<0.1), longer shoot lengths (+35%).®5), thicker stems (+21%,
P<0.05) and were taller (+16%, P<0.05) (Table 2Hgrtilization significantly
increased seedling leaf number (+23%, P<0.05),th&tincreases in shoot length
(+21%) and stem diameter (+1%) were not statigyicadnificant. A significant water

X nutrient interaction effect on seedling heighk@®1) indicated that nutrients
mediated the effect of water on seedling heighbl@&.1). Seedlings, both fertilized
and irrigated, were taller than seedlings that wanmly fertilized (Tukey, P<0.05),
which in turn could not be statistically distingoesl from either controls or watered-
only seedlings (Tukey,®.05).

Herbaceous swards suppressed mopanegrowth. Seedling shoot growth
(-51%), leaf number (-53%; Fig 2.3), plant heigtitl¢6) and stem diameter (-12%)
were all consistently suppressed by the presendesidifaceous vegetation (P<0.01;
Table 2.1). The insignificant competition x watendacompetition X nutrients
interaction terms (Table 2.1) indicate that neitmeater nor nutrient availability
altered the suppressing effect of herbaceous visgetan seedling growth. Thus we
fail to reject the null hypotheses 1 and 2.

Colophospermum mopane drought response

The proportion ofC. mopaneleaves that survived the mid-season drought, an
indicator of water stress (Engelbreatit al. 2007), varied significantly among the
different combinations of competition, water andtrimt treatments (Fig. 2.3).
Considering first the main effects; the survivingafl proportion was highly
significantly affected by herbaceous competitions108.1, P<0.001) and irrigation
(F16:=223.9, P<0.001), but not fertilization. Block (cmm factor) was also not
significant (P>0.05). Significant two-way interawis were found for competition x
water (F 6:=110.9, P<0.001) and competition x nutrientgs(F9.9, P<0.01), but not
for the water x nutrient interaction (P>0.05). Ayrsficant (R ¢:=6.4, P<0.05) three-
way interaction was found for competition x waternutrients. Treatments that
received water had the highest proportion of sumgvleaves and were not
significantly different from each other (Tukey, P8%). Leaf survival of single-
control seedlings was lower (Tukey, P<0.05) thaat tf single seedlings receiving
both irrigation and fertilizer, but was higher thenthe two dry-mixture treatments
(Tukey, P<0.001; Fig. 2.3). In turn, fertilized emixture seedlings had lower
surviving leaf proportions than unfertilized, dryxture seedlings (Tukey, P<0.01;
Fig. 2.3b). We therefore conclude that: (1) Wetssealeaf senescence was largely
prevented either by irrigating mixtures or by ehaiing grass competition (Fig. 2.3a).
(2) Under dry conditions, more leaves died wkiermopaneseedlings were fertilized
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(Fig. 2.3b). (3) This negative effect of fertilikat was reversed when water was
supplied in addition to fertilizer (Fig. 2.3c). Thuhe C. mopaneseedling drought
response supports hypothesis 3.

Discussion

Response differences to water and nutrient addition between herbaceous swards
and woody seedlings

Herbaceous above-ground biomass was highly sigmifig affected by both
fertilization and irrigation, which confirms thatefbaceous production in African
savannas is strongly co-limited by water and notsgPenning de Vries & Djiteye
1982; Donaldsoret al. 1984; Snyman 2002; Fynn & O'Connor 2005). The large
response of the herbaceous layer to fertilizatiooeatuates that the low natural
concentrations of the nutrients added, N, P andpHt severe constraints on
herbaceous production in the study area. The ictierabetween water and nutrients,
where the relative effect of nutrients on herbasdmomass production was amplified
when irrigated (Fig. 2.3c), is in agreement witthest studies in semi-arid areas
(Penning de Vries & Djiteye 1982; Snyman 2002),vghg that the magnitude of a
fertilizer response increases as water availabiifgroves. The above-ground growth
response o€. mopaneseedlings to increasing resource availability mase subdued
than the marked response of the herbaceous lapesed to similar resource levels.
Moreover, the responses of the two growth formeesmurce additions were th@t
mopanegrowth was relatively more affected by water tmanrients (leaf number is
an exception), while the herbaceous vegetationoredgd relatively stronger to
fertilization compared to irrigation. Grasses intvashigher fraction of biomass to
nutrient-demanding resource-capturing tissue (eotosynthetic active leaves),
which feeds back to faster relative growth rateso(er & Nagel 2000), while trees
allocate more biomass towards woody structure, kvigccarbon rich, but nutrient
poor (Bondet al. 2003). In addition, the C-4 photosynthetic pathvi@jowed by
grasses in the study area offers higher water @&nayan use efficiencies, compared
to the less efficient C-3 photosynthetic pathwdipofeed byC. mopangEhleringer &
Monson 1993; Turekiaet al. 1998). Thus for a unit increase in a limiting rasey
more biomass is produced in C-4 plants than in @kdhts, which presents a
competitive advantage for C-4 grasses.

Competition effects of woody seedlings on herbaceous plants

The significant suppression of the herbaceous mtomiu associated with single
juvenile C. mopaneseedlings is surprising and demonstrates the cttmmpeability of
C. mopane,even at a young stage. 8. mopanethinning experiment, involving
mostly mature trees, showed a strong negative latioe betweerC. mopanealensity
and herbaceous production in an arid savanna (&nfitethman 2000), apparently
because the shallow rooting patterrCoimopangabout 60% ofC. mopaneoot mass
was found in the top 40 cm soil layer) increasepoojpinities for below-ground
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interaction with herbaceous roots (Smit & Rethm&98). The tendency of.
mopaneto form dense monotypic stands (MacGregor & O’GonB002), where
grasses are largely excluded (Smit 2001, 2004 gesig thaC. mopandacilitate the
establishment of its own seedlings by suppressimg ¢ompeting herbaceous
vegetation in a positive feedback loop.

Our results further suggest that seedlings alreeahytribute to this process by
suppressing neighbouring herbaceous plants. Theresgon of herbaceous
production by mature woody plants are widely repatior other systems (references
in Scholes & Archer 1997; Smit 2004), but we areaware of other studies
demonstrating self facilitation by juvenile woodgmts.

Herbaceous competition effect on woody seedlings as affected by water and nutrient
availability

On account of the growth data, hypothesis 1, whstdtes that the competition
between herbaceous vegetation and woody seedlelgses with increasing water
availability, was not supported (Fig. 2.3a). Inste#e found that the effect of water
availability on competition was additive. Howevese have to qualify this statement.
First, we only explored average and above-averaggerwavailability levels
characteristic of the study area (390 vs. 575 mm). it therefore remains uncertain
whether the effect of herbaceous competition weithain additive if a larger range in
water availability is explored, especially towattie lower end in water availability.
For example, the low availability of water duringnaid-season drought strongly
increased the competitiveness of swards as indexede premature leaf senescence
of the C. mopaneseedlings, which might have resulted in mortaitiethe drought
had persisted for a few more days. As it was, edldiings recovered. Wet season
droughts of more than 30 days, which can occur eveaverage years, can lead to
woody seedling mortality (references in Higgies al. 2000). To summarize, the
strength of herbaceous competition on woody segsllappears to remain constant
with increasing water availability under non-drotuglonditions, but may intensify
under drought conditions. For woody seedlings distahg in herbaceous swards this
implies that the temporal distribution of wateriegents is more important than
changes in the total amount received (Wilson & \Giitkki 1998).

Moreover, although th€. mopanegrowth data suggest an additive effect of
herbaceous competition with increasing nutrient ilalgdity (not supporting
hypothesis 2; Fig. 2.1a), the leaf senescence rpattdserved in our study
contradictorily supports hypothesis 2, i.e., thatbaceous competition effects on
seedlings increase under fertile conditions. Alsosupport of hypothesis 2, the
density of live C. mopanegerminants (cotyledons still present), which dsthbd
naturally in herbaceous swards in a concurrent gglperiment during November and
December 2007, was negatively affected by fertilira in spite of similar seed
densities (C. van der Waal, unpublished data).example, areas fertilized at 6 g N
m? and 30 g N i had on average 1.9 and @C3 mopanegerminants per 100 n
respectively, compared to the 9.8 germinants perm¥mf controls. This supports the
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notion that woody recruitment in fertile areas asstrained by intensified herbaceous
competition (Sankararet al. 2008). Daviset al. (1998) hypothesized that the
suppressing effect of fertilization on establishgggdlings operates indirectly through
the pre-empting of soil water resources by vigoreerbaceous growth. However, the
nutrient x competition interaction effect in ouudy only emerged during a wet-
season drought, suggesting that the effect of entgion the competitiveness of the
herbaceous layer is contingent on background wseply rates. This is clearly
illustrated in our study by the reversal of the ategp fertilizer effect (premature leaf
senescence) when additional water was supplied FBp & b). We propose the
following mechanism to explain these phenomenadasea conceptual model (Fig.
2.4). Herbaceous growth in fertile conditions igorous (e.g., Fig. 2.3b), which
results in increased transpiration rates and thstef depletion of soil water reserves

—— Fertilized PAW
---------- Control PAW

Plant available water (PAW)

I 77;;777 _ ___ Seedling water stress
threshold

Time (days)

Figure 2.4. A conceptual model of the influence of fertilizati of herbaceous plants —
woody seedling mixtures on plant available watehA\iB over a wet-season
drought period, illustrating the water stress couneamces for establishing
woody seedlings. The solid line indicates PAW fextifized mixtures and the
dotted line PAW for non-fertilized mixtures. Vemicarrows indicate the timing
of rainfall events (under higher rainfall conditsomore rainfall events would
occur over the same time period). The horizontahdd line shows the water
stress threshold for woody seedlings, below whieddfings experience water
stress. The illustration shows that seedlings tiliized mixtures experience
water stress for a longer period (distance a-c)raock intensely (lower PAW)
than seedlings in non-fertilized mixtures (distabeg higher PAW).
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after a watering event relative to water use ireriie soils (Fig. 2.4). Fertilized
swards wilted at an earlier date than controls uddgng conditions (Snyman 2002)
and soils of fertilized swards were significantlgied one day and 10 days after a
watering event (Kraaij & Ward 2006). This, in tuincreases the period (period a-c
vs. b-c in Fig. 2.4) and severity of water stressdéings are exposed to (Wilson &
Witkowski 1998; Poorter 2005). In our conceptuald®omore frequent watering
shortens the period that seedlings experiencearitvater stress and thus facilitates
woody seedling establishment.

Comparison of the response of C. mopane and other African woody species to
herbaceous competition and resource availability

In agreement with our results f&. mopaneseedlings, other studies also found
suppressing effects of herbaceous vegetation omgrbwwth and survival of various
Acacia species (Knoop & Walker 1985; Crametr al. 2007) andEuclea divinorum
(Sharamet al. 2006), although O’Connor (1995) showed thatkarroo seedlings
were not negatively affected by herbaceous coniqedtit his study.

In terms of resource availability, most studieseagiwith our results that
savanna woody seedlings benefit from an increagbdrfrequency of watering and
are negatively affected by wet-season droughtss@mil& Witkowski 1998; Higgins
et al. 2000; Kraaij & Ward 2006; but see Seymour 2008)weler, Kraaij & Ward
(2006) showed tha#. mellifera seedling growth in herbaceous swards was lower
when fertilized with nitrogen, even when frequentiatered. This contradicts our
growth data where we found additive effects of wated nutrients orC. mopane
growth, but agrees with the leaf-loss patterns ifeseduring the wet-season drought
for fertilized C. mopaneseedlings competing with herbaceous plants.

Implications for woody recruitment in dry savannas under changed water and nutrient
regimes

Recently, Sankaraet al. (2008) predicted that woody cover will track change
mean annual precipitation and that woody cover Ww#l negatively affected by
increased nitrogen deposition. Our study, and etfeeg., Harrington 1991; Wilson &
Witkowski 1998; Higginset al. 2000), emphasized the importance of droughts as an
obstacle for woody recruitment in arid and semg-anieas, suggesting that changes in
drought frequency, intensity and duration mightrbere important than changes in
mean annual rainfall. Therefore predictions of uéanent responses of woody plants
to climate change should include drought as a faaspecially because drought
characteristics (frequency, intensity and duratiam® anticipated to change relatively
more than total rainfall amount (Trenbeghal.2003). Furthermore, our data suggest
that the effect of increased nitrogen depositionestablishment of woody plants is
dependent on water availability; under low wateaikability (e.g., frequent droughts)
recruitment of woody plants will be constrained,iletunder high, continuous water
availability recruitment might be enhanced. If th@ds for larger systems as well, we
expect that the negative soil fertility — woody eovrelationship described by
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Sankararet al. (2008), is modified by water availability; woodywar declines faster
along a decreasing rainfall gradient in fertileagreompared to infertile ones.

Lastly, we found that competition effects of herdsaes vegetation on woody
seedlings intensified during a wet-season droughiich occurs frequently in dry
systems, even during average rainfall years (WilgonNitkowski 1998). This
suggests that disturbances (e.g., overgrazing)réuatce the competitiveness of the
herbaceous layer, might lower wet-season droughtstcaints on seedling
establishment of woody plants.
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Appendix

The responses &&. mopaneseedlings growing in the absence of competitiahids
circles) and competing with herbaceous plants (opiecles) as affected by (a)
additional water, (b) additional nutrients and #&dditional water plus nutrients. The
first column depicts the height, the middle coluthe total length of shoots produced
and the last column the stem diameter respons€s onfopaneseedlings. The ‘low’
values (x-axis) in columns represent the same cbwélues, and ‘high’ the response
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Herbivores forage for plants, which forage for nutrients:
Scale-dependent bi-trophic interactions in a semi-arid
savanna

Cornelis van der Waal, Hans de Kroon, Frank vangerelde, Ignas M.A. Heitkonig
and Herbert H.T. Prins
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Abstract

1.

34

In savannas, resource partitioning between teeb grasses controls the
structure of plant communities. The scale of reselreterogeneity (e.g., fine-
grained vs. coarse-grained resource patchiness)imiagnce how resources
are locally partitioned between co-existing largel amall organisms such as
trees and grasses in savannas. In turn, both gramérbrowsers may respond
to these differences, resulting in altered impattgons on the vegetation.

In a large field experiment in an intact Soufnidan savanna, fertilizer (NPK)
was used to create different scales of nutrierghpaé¢ss (patch sizes 2 x 2 m,
10 x 10 m or whole-plot 50 x 50 m). Within-patchtilizer concentration and
the total fertilizer load per plot were also varidgeaf quality, tree shoot
growth and herbaceous biomass were monitored fe@etlears as well as
estimates of the grazing and browsing impact orvéyetation.

For the same local fertilizer concentration,e¢rein patches were more
responsive to patch-size differences than graf3etside a two-meter patch
buffer, neither trees nor grasses responded tdiZation. Browser impact
severity was positively related to the local f&zél concentration and was
strongly affected by the scale of nutrient patceksmd3rowser impact increased
in the 10 x 10 m patches, which resulted in reducedl tree cover at the end
of the experiment, but was unresponsive to fediion of the 2 x 2 m scale of
patchiness treatment. Grazer impact increased wdabal fertilizer
concentration regardless of patch size, and heoogcbiomass was at times
reduced below control values at the highest logilizer concentration.

At plot level, calculations suggest that thaltderbaceous off-take by grazers
peaked where the same fertilizer amount (15 kgdt'pwas spread over the
whole plot surface rather than concentrated in 100xm patches in this
treatment.

In conclusion, the scale of local nutrient pateks strongly influenced how
nutrients were partitioned and locally expressdibya-ground) in trees and
grasses. In turn, scale related variation in notrigartitioning controlled
where the grazers and browsers concentrated thpadt, which may result in
local changes in vegetation structure. The consempse for savanna
management were discussed.
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I ntroduction

In savannas contrasting life forms, trees and ggs-dominate (Scholes & Archer
1997; Sankaraet al. 2005). In turn, the tree and grass layers suppdiverse large-
herbivore assemblage, reaching a high biomassacepl (Scholes & Archer 1997,
Olff et al. 2002; Bond 2008). However, how resources are aréitl between co-
existing trees and grasses vary widely in spacetiamel and is complexly governed
by trait differences (e.g., within-plant resourdéo@ation, photosynthetic pathway,
root architecture; Bond 2008) between the growthmf) limitations imposed by
resource availability (e.g., water and nutrients) she strength of disturbances (e.qg.,
herbivory and fire; Scholes & Archer 1997; Sankaetral. 2004; Sankaramt al.
2008). The relative importance of these factorstaednteractions between them, are
poorly understood, particularly those involving Isoutrients (Houseet al. 2003;
Sankaranet al. 2004). Improving our understanding in this regadmportant, as
directional changes in nutrient availability suchircreased atmospheric nitrogen (N)
deposition (Scholest al. 2003; Denteneet al. 2006) and local soil nutrient changes
due to large herbivore management interventiong@&tineet al. 2003; Augustine &
McNaughton 2004) are taking place. How savanngsoresto these perturbations is
uncertain, but is likely to affect resource paotiing between the tree and grass
layers, hence may impact on the ecological servieedered by savannas upon which
a large human population relies for their livelidogScholes & Archer 1997;
Sankararet al.2004).

In the study of ecology it is increasingly realisédt not only the overall
availability of resources, but alsbhow resources become spatially available is
important in explaining resource partitioning bedéweorganisms (Ritchie & OIff
1999; Hutchingset al. 2003; Cromsigt & OIff 2006). Consider for exampglee
scenario where nutrients become available at isorgascales of patchiness in
similarly vegetated savannas; from scales wheneemiitpatch sizes are much smaller
than the root system size of adult trees, but coaiypa to individual grass root system
sizes (i.e., fine-grained), to scales where pate@mE®mpass entire tree root systems
(i.e., coarse-grained; Fig. 3.1). It follows, thatfine-grained nutrient environments,
trees rooted in patches ‘perceive’ only a smalfease in nutrient availability, while
grasses, whose root system match the size of matgterceive’ a relatively much
higher nutrient availability. As the scale of patdss increases, trees rooted in
patches ‘perceive’ increasingly more nutrients, levhgrasses mostly experience
homogeneous high (within-patch) or low (outsidespat nutrient availability
(Hutchings et al. 2003). Therefore, the scale of resource heterdtye(eg., fine-
grained vs. coarse-grained patchiness) may infeiemow resources are locally
partitioned between co-existing large and smalapigms such as trees and grasses in
savannas. In addition, many plant species exhiltibng physiological or
morphological responses, e.g., root proliferationnutrient-rich patches, to patchy
soil nutrient environments (Hutchings al. 2003; Kembel & Cahill 2005; de Kroon
& Mommer 2006), which may depend on the scale aérogeneity. Consequently,
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differential responses to scale of soil nutrientehegeneity by different species in a
plant community can result in species compositi@mal structural changes (Fransen
& De Kroon 2001; Wijesinghet al. 2005). Similarly, scale differences in grazing
resource patchiness were shown to result in resopartitioning in a grazer
assemblage (Cromsight & OIff 2006). Scaling thgamgdicts that organisms respond
to the scale of resource heterogeneity in relatidnody size: Large organisms tend to
respond to relatively coarse scales of resourcehpedss and small organisms to fine
scales of resource patchiness (Ritchie & OIff 1999)a savanna vegetation context,
where large trees and small grasses co-exist, vpothgsise that trees acquire
relatively more resources at a coarse scale ofuresqe.g., nutrient) patchiness and
grasses more resources at fine scales of resoatchimess. Such scale-mediated
shifts in resource partitioning between co-existimnges and grasses may have
consequences for the structure and functioningzdusnas.

#4 - Grass root system |:| Nutrient poor
%- Tree root system |:| Nutrient rich
. ) Homogeneous
Scale of nutrient patchiness Nutrient poor
A
B A A B
B

Figure 3.1 An aerial view illustrating different scales of riaht patchiness in different areas
(panels). The first two panels indicate fine- anoarse-grained scales of
patchiness, respectively, while the third and fourpanels represents
homogeneous nutrient rich and poor environmentpegtively. The symbol A
indicates the position of plants in nutrient-eneidhpatches and symbol B of
plants in nutrient-poor environments. The poinirigde that plants differing in
root system sizes, such as trees and grassesdnreesy are likely to ‘perceive’
different nutrient environments in position A amdthe case of the larger trees,
potentially also in position B. These differencegerceived nutrient availability
may influence how resources are locally partitiobhetiveen co-existing trees and
grasses.
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The availability of soil nutrients can be a straregulator of where large herbivores
concentrate their impact on savanna vegetationekample, large herbivore use and
subsequently their impact on the vegetation, oftesrease in nutrient-rich areas
(Augustineet al. 2003; Grant & Scholes 2006; Fornara & du Toit, 08sneret al.
2009). Differential disturbances on the tree arakgiayers, respectively, potentially
can result in shifts in the dominance of either tilee or grass layer (Sankaranal.
2008). Suppression of the herbaceous layer, fompla by grazers (mainly forage
from the grass layer), may result in increased weawth, while tree biomass
removal, for example by browsers (mainly foragarfrthe tree layer), may increase
grass growth (Roquest al. 2001; van Langeveldet al. 2003; Riginos 2009). If the
scale of nutrient patchiness does control the tparing of nutrients between co-
existing trees and grasses as hypothesized, breasdrgrazers may track subsequent
forage quality changes in the vegetation on offerturn, differential browser vs.
grazer responses may feed back to influence thetste of the vegetation. We
hypothesize that grazers will respond selectively fine-grained nutrient
environments, advancing tree dominance, and brewserespond to coarse-grained
nutrient environments, advancing grass dominandeesd& ideas have to our
knowledge not yet been studied in a savanna caontext

In this paper we report on a large field experitmehere the effects of scale
differences in nutrient patchiness on the vegatatiod its use by the large herbivore
assemblage were followed. Improving our knowledythis regard is relevant, as it is
increasingly realised that heterogeneity and saedeimportant ecological properties
to take into account when managing complex, hetsregus systems such as
savannas (du Todt al.2003; Cromsiget al.2009).

The experiment was conducted in a nutrient-pcemi<arid savanna open to
an intact large herbivore assemblage. Using feetiJia gradient in the scale of soill
nutrient patchiness in 50 x 50 m plots was createslich a way that the within-patch
nutrient concentration and the total nutrient Idhdt plots received were varied
independently from the scale of patchiness (TablB. 3This design allows the
analyses of the effects of scale of patchiness whtmnn-patch nutrient concentration
is controlled (within-row comparisons, Table 3.hyavhen the total nutrient load per
plot is controlled (diagonal comparisons, Table).3We predict that (1) in terms of
nutrient partitioning (e.g., leaf nutrient concaions) that grasses profit more at fine
scales and trees at coarse scales of nutrientipassh(Fig. 3.2); (2) the impact of the
grazer guild increases at fine scales of nutrieattlpness and the impact of the
browser guild at coarse scales of nutrient patdsing-ig. 3.2); and (3) that the
respective browser and grazer responses to scalarférees at fine scales, because
grass competition is reduced by grazers, and fagragses at coarse scales of nutrient
patchiness, because tree competition is reducéddwysers (Fig. 3.2).
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Table 3.1 The fertilization treatments applied in a fieldrtiigzation experiment. The
experiment involved the treatment of 50 x 50 m $I¢t=30). The treatments
consisted of three different scales of fertilizatghiness (columns), four different
within-patch fertilizer concentrations (rows) anree fertilizer loads per plot
(diagonals). Two treatment combinations were nefcated in the experiment due
to either very low or very high within-patch ferzér concentrations.

Local N concentration Scale of patchiness (patch size & number per plot)

” 2x2m 10x10m 50x50m
(gNm™)
n=25 n=5 n=1
Control Plot fertilizer 0 0 0
1.2gm? load - 0.6 kg N plott 3 kg N plot*
6gm? (kg N plot™) 0.6 kg N plot 3kg N plott 15 kg N plot
30gm? 3 kg N plot! 15 kg N plot* -

Material and methods

Study area
The experiment was conducted in the Timbavati Reivdature Reserve (TPNR),
which is situated in northeastern South Africa. ThENR borders the Kruger
National Park’s western boundary and fences betwihengame sanctuaries were
removed by 1993, which enabled wildlife unhinderswvement between the
sanctuaries (Bigalke 2000). The woodland in thetmeastern part of the TPNR,
where the experiment was conducted (24°14'12"S2382"E), comprised a well
developed woody stratum dominated by sl@wstophospermum mopanees (<8 m
height) and a continuous herbaceous layer of metheight (<1 m) featuring species
such as Urochloa mosambicensis, Bothriochloa radicans, Biga eriantha,
Brachiaria deflexa, Panicum maximuiim order of dominance) and a variety of non-
graminoid herbaceous species.

The shallow soil of the study area is derived frgranite (Venteret al.
2003). Topsoil samples (0-15 cm depth) collectathatstudy site and analysed by the
Agricultural Research Council’s laboratory in Nelsp South Africa (Anonymous,
1990), revealed that the soils are nutrient poat eoarsely textured. The mean
maximum temperature for the Satara weather stafi@n km E) during January
(hottest month) is 33.7 °C and the mean minimumpgrature for June (coolest
month) is 9.4 °C (Venteat al.2003).
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Spatial scale of nutrient patchiness

— T

Fine-grained Coarse-grained
Grasses acquire relatively Trees acquire relatively more
Grass quality increases Tree quality increases
Grazers increasingly Browsers increasingly
attracted, resulting in attracted, resulting in
increased grass impact increased tree impact
Tree-grass competition Tree-grass competition
balance shifts towards balance shifts towards
increased tree dominar increased grass
dominance

Figure 3.2 A hypothetical model indicating that scale diffezes in the patchiness of soil
nutrients may influence plant-herbivore interacsiomhich feed back to influence
the structural balance between co-existing tredgyaasses in savannas.

The long term mean rainfall (1983-2004) is abou® 4%m (Ingwalala rainfall station
5 km N), of which 78% is received between Octobet the end of March. The total
annual (July to end June) rainfall over the studyiqa varied: 351 mm during the
2004/2005 season, 433 mm during the 2005/2006 sed88 mm during the
2006/2007 season and 273 mm during the 2007/2G3®se

Large herbivore species commonly found in the stadha include elephant
Loxodonta africana buffalo Syncerus cafferimpala Aepyceros melampugebra
Equus burchelliwarthogPhacochoerus aethiopicuduiker Sylvicapra grimmiaand
steenbokRaphicerus campestri§&razers like blue wildebeeStonnochaetes taurinus
and white rhinoceroLerathorium simumand browsers like kuddragelaphus
strepsicerosand giraffeGiraffa camelopardali©occurred at low densities in the study
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area. Large predators included liBanthera leg spotted hyen&rocuta crocutaand
leopardPanthera pardus

Fire in the TPNR is controlled and the last fir¢ha study site occurred before
2004.

Experimental setup

The experiment was laid out in an area of aboutyllls km. We followed a
randomized block design consisting of thirty 50 Oxm plots. A buffer area of 25 m
surrounded plots, meaning that plots were at IB@stn apart. Blocks, consisting of
ten plots each, represented different topographuoaltions in the gently undulating
landscape. Treatments followed an incomplete fadtalesign consisting of three
factors: the scale of patchiness in which fertiliaas delivered to plots (three levels,
Table 3.1), the within-patch fertilizer concentoati(four levels) and the total fertilizer
load plots received (four levels). The three sdadatments consisted of different
spatial configurations of fertilized patches: nandhe fertilizer distributed over the
whole 50 x 50 m plot area, or concentrated in eitive 10 x 10 m patches or 25, 2 x
2 m patches. Patches were randomly allocated ipltitearea, provided that a patch
width always separated adjacent patches. The wthioh fertilizer concentration
levels were: nil (control), 1.2 g N'm6.0 g N nf and 30 g N . Treatment levels
were chosen to yield similar total fertilizer loaper plot along the diagonal formed
by a scale of patchiness — within-patch fertilizencentration table. This resulted in
the following fertilizer plot loads: 0 (control€),6 kg plot', 3.0 kg N plot and 15 kg
N plot * (Table 3.1). A full factorial design would havesuéted in very low and
super-high local fertilizer concentration treatnsentTherefore these extreme
treatments were not executed (Table 3.1).

A commercial 3 N: 2 P: 1 K fertilizer was used,t dor convenience
concentrations are expressed in terms of N coret@ms in this paper. Fertilization,
spread by hand, was initiated in December 2004 taedsame within-plot areas
(patches) were re-fertilized in December 2006. Riotners and patches were
permanently marked using capped iron pegs.

Tree measurements

Because of its local dominandg@, mopanewvas chosen as focal tree species. In each
plot 20 C. mopanetrees, over one metre in height, were selectednaaudked with
aluminium tags. In controls and whole-plot fer@liztreatmentsC. mopanetrees
closest to twenty points (flags) stratified overe tiplot area were selected. In
heterogeneous treatments, 10 trees with stemsnwRhim distance of fertilized
patches were randomly selected and ten treesfisaativer the unfertilized plot area
(> 2m distance from fertilized patches). On markeeés, four shoots were randomly
selected per tree by selecting the closest shoptd tihe top-end of an iron rod (1.35 m
height) held to the canopy perimeter in the foundvdirections around the canopy.
Branches were marked with coded aluminium ringsciwviwvere positioned on shoots
to include at least the 2004/2005 season’s growtinement. A thickened growth
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girdle on C. mopaneshoots facilitated the identification of transitto between
previous growing seasons. The current season’stshare reddish or greenish in
colour, pliable and carry the new leaves, thuaslg distinguished from the previous
year’'s growth.

At the end of the experiment in 2008, all markest$ were visually assessed
for the severity of large herbivore (mainly elephampact on canopies, using the
eight-point scale of Walker (1976). This scale emffom no large herbivore impact
(score 0) to complete destruction of the tree cgrisgore 7).

In 2006 the height of marked trees was calculatad digital photographs. At
the end of the experiment in 2008, a selectiorreds was re-measured to determine
tree height changes in relation to canopy impaatesc In addition, the projected tree
cover per plot was determined from digital aerfabfographs taken from a microlight
aircraft during the 2006/2007 growing season. Tudire of tree canopies in plots
was mapped from the photographs with the aid of &iffware (ArcView 3.3) and
was expressed as the percentage tree canopy avgiop

Herbaceous aboveground biomass
The above ground biomass of the herbaceous lay¢nen30 plots was assessed
following the Dry-Weight-Rank method combined withe Comparative-Yield-
Method (Friedel 1988; Dekkeet al. 2001). The herbaceous standing crop was
assessed in quadrates, 0.25(®5 x 0.5 m) in size, in hundred quadrates pet. pl
These quadrates were stratified over nine everdgesp transects stratified over the
plot surface to cover the inner 50 x 50 m areaacheof the 30 plots. In the 10 x 10 m
and 2 x 2 m patchy treatments, 25 quadrates wkyeastd to the fertilized patches
and the remaining 75 quadrates were stratified d&etwthe fertilized patches, but
allowing for a 2 m buffer around the fertilized glags. In the 2 x 2 m and 10 x 10 m
patches, quadrates were assessed in the middhe afubplot, while in 10 x 10 m
patches four estimates were also recorded approslynh m inside of patch corners.
For calibration purposes (Comparative-Yield-Methathe herbaceous aboveground
biomass in seven quadrates per plot was clippeskdio the ground (x2 cm height)
after visually estimating aboveground biomass. dligped material was contained in
paper bags, dried to constant weight &iC7and weighed. The actual weights were
regressed against the visual scores, and the aibrcurves were used to calculate
plot biomass from the visual scores obtained irtspldhe calibration dataset per
sample year consisted of more than 200 data paitsvere separately calculated per
observer and when several days passed betweencatuwseassessments. This
resulted in nine calibration (power) functions with values ranging from 0.90-0.96.
Together these techniques yield standing crop agtsnper species per plot, and are
expressed as kg dry material per hectare per specie

During the herbaceous biomass estimations in qiesli(n=3 000 per sample
yr), the presence or absence of grazing signs eeskpce or absence of uprooted tuft
remains, a sign of elephant grazing, were recorded.
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Chemical analyses of leaves

Leaf samples were collected during the growing aeasf 2005/2006, 2006/2007
and 2007/2008 fo€. mopaneand the two most prominent grass species, nardely,
mosambicensiand B. radicans,and were analysed for N, P, and condensed tannin
concentration@. mopane)For C. mopanefive fully expanded leaves were randomly
collected from the canopies of the marked trees. B-o mosambicensigand B.
radicans sub-samples were collected from mature plantseseao 20 points
stratified over four transects dissecting the pl@a. In homogeneous treatments, two
pooled samples were analysed per species per Ipldieterogeneous treatments,
samples were pooled for leaves collected from tlaatp in and outside fertilized
patches. This resulted in sixty samples per spgmesyear, except fdB. radicans
which were absent in some plots. Leaf samples aeréried in paper bags in a well
ventilated, shaded room before analyses. Prioritingh(1 mm sieve),C. mopane
leaves were dried to constant weight al@@nd weighed. After destruction with a
mixture of HSQO,, Se and salicylic acid (Novozamsley al. 1983), the N and P
concentration of samples were measured with a Sl8da-plus autoanalyzer. The
condensed tannin concentratiorldnmopandeaf samples were determined following
the proanthocyanidin method using purified Quebsadhnnin as a standard
(Waterman & Mole 1994). The chemical analyses vperformed at the laboratory of
the Wageningen University (The Netherlands).

Exclosure experiment

The herbaceous off-take by large herbivores irticglao fertilizer concentration was
determined by using the movable cage method (Ydgn&ePrins 1981; Prins &
Beekman 1989; McNaughtaat al. 1996). This part of the experiment was carried out
within 500 m distance of the large experiment inoaparable environment. Cages
(3.0 m x 1.5 m x 0.6 m) were constructed from weldeel mesh and the tops were
covered with wire netting. Treatments consistetheffertilization of 10 x 10 m plots
in January 2006, using the same fertilizer stoaklanal fertilizer concentrations used
in the large experiment. Treatments were replicate@e times and treatments
randomly allocated to plots. Cages were first ifetiaon treatment areas in February
2006, after which the aboveground biomass was adgutletermined inside and
outside grazer cages from six readings with a st@hBisc Pasture Meter (Waldram
et al. 2008).

The calibration by Zambatist al. (2006) was used to convert disc settling
height readings to biomass (kg DM aDuring the growing season, measurements
were taken and cages subsequently moved every & weeks depending on the
growth rate of the herbaceous layer, while the tinterval between readings was
relaxed during the dry season when growth seizdidta®e was calculated from the
differences between the biomass inside and outsages per plot. In calculations,
missing values resulting from animals occasionalrgrturning cages were replaced
by same-treatment means for the corresponding magseriod.
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Statistical analysis

Mixed linear models were used to test for planpoese differences, because linear
mixed models allow the inclusion of both randomtdaes (block) and repeated
measures (yearly measurements). As a first stepested for overall effects of
within-patch fertilizer concentration and scale mdtchiness (patch size) on the
responses of focal tree or grass species in ftilipatches. Leaf quality response
variables forC. mopangU. mosambicensiandB. radicansconsisted of leaf N and P
concentrations as well as condensed tannin cortiEms forC. mopane Growth
response measures in the markedmopanetrees consisted of the average annual
shoot length increase per tree, as well as theageesinnual leaf mass produced per
marked shoot (leaf number x mean leaf mass). Aeevatues did not account for the
fact that shoots were increasingly lost as theysfjudgressed. Therefore, net shoot
length and net leaf mass per shoot were also eaéxliby totalling shoot lengths and
leaf numbers per tree divided by four (initial nienlef shoots marked). The net tree
growth measures were tested against treatmentrdastathe same way as average
growth measures. As a second step, plot-level rsgsoin herbaceous biomass and
net tree shoot growth were calculated by correcforgthe different fertilized and
non-fertilized surface areas in heterogeneousnireaiis. Subsequently, we tested for
fertilizer plot load and the scale of patchinesea$ on these tree and herbaceous
biomass parameters.

Leaf N and P concentrations were arcsine transformeor to analyses.
Condensed tannin concentrations and herbaceousabsodata were logarithmically
transformed an€. mopaneshoot data were square root transformed. In lingzaed
models, an auto-regressive co-variance structure used with yearly repeated
measurements. Separate values were calculateerfdizéd and non-fertilized areas
per plot in heterogeneous treatments. For thedat®, trees were nested under plots,
and plots under experimental blocks. In all modbleck was treated as a random
factor. To test whether tree cover affected herbagdiomass, tree cover was entered
as a covariate in the herbaceous model.

Proportion data were analyzed (untransformed dedimg Generalized Linear
Models, assuming a binomial distribution and amnidg link function. Response
variables consisted of the shoots lost per trethatend of the experiment, trees
impacted by elephant from 2006 to 2008 (logit liikaction), quadrates showing
grazing impact, and the proportion of quadrate$ wiprooted tuft remains. Within-
patch fertilizer concentration and scale of pateb:nwere treated as factors in the
models. For the estimation of the local severitgleipphant impact on tree canopies a
Poisson distribution (many trees were not impactéed) a log link function was used.
Separate tests were conducted for treated (eeps tmn fertilized patches) and
untreated trees. The proportion of trees utiliziedes 2006, was analyzed assuming a
binomial distribution. Fertilizer concentration wiasated as a fixed factor. Trees were
nested under block (random term) for the utilizatiecore analyses, but for the
binomial data (elephant impact present or absemr ®tudy period), block was
entered as a random factor without nesting. In temdithe mean percentage tree
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canopy removed by browsers were calculated per Ipfotising the midpoints of
percentage canopy removed classes of the Walkeutiézation scale, corrected for
the area fertilized and not fertilized in heterogus treatments. An ANOVA test was
used to test for the plot level canopy impact &scééd by the fertilizer plot load and
scale of patchiness variables. Experimental bloak entered as random variable.

Where significant within-subject interactions eneztgn linear mixed models,
follow-up ANOVAs were performed on yearly data,pestively. Bonferroni multiple
comparisons were used to differentiate betweenpyroeans. ANOVAs were also
used to test for fertilization effects in the exstlee experiment.

Spearman correlations were performed to descrédationships between
elephant impact scores, number of shoots lostrperand shoot growth.

All statistical analyses were performed in SPS$ov.

Results

The effect of sample year, fertilizer concentration and scale of patchiness on leaf N
concentration

The leaf N concentration d€. mopanetrees varied between the sample years and
increased with an increase in local fertilizer camtcation. Leaf N concentrations
were also affected by the size of fertilized pascha C. mopanerees in fertilized
patches|eaf N concentrations showed a steady increasetoner(Table 3.2) with on
average 6% higher concentrations in the 2006/20@h tthe 2006/2007 season
(Bonferroni, P=0.001), increasing with another 1186peak in 2008 (Bonferroni,
P<0.001). The leaf N concentration @f. mopanetrees in fertilized patches,
responded to the fertilizer concentration withintchas, as well as the scale of
patchiness (Table 3.2; Fig. 3.3). The leaf N cotragion of trees in the 30 g N'fmn
fertilizer concentration treatments was on averkf (22.8 vs. 19.5 mg N'geaf)
higher than that of control leaves (Bonferroni, ®€Q), while 10% higher (20.8 vs.
19.5 mg N d leaf) in the 6 g N A fertilizer concentration patches compared to
controls (Bonferroni, P=0.010). Trees in the 100xM patches had on average higher
(Bonferroni, P<0.001) leaf N concentrations thaae$rin either the 2 x 2 m (19.8 mg
N g leaf) or 50 x 50 m patches (20.4 mg N kpaf). For example, the leaf N
concentration of£. mopanen the 30 g N rif within-patch concentration treatments
was 20% higher in the 10 x 10 m patches (25.0 mg'Neaf) than the 2 x 2 m
patches (21.0 mg N'geaf; Fig. 3.3).

The leaf N concentration of the gratk mosambicensisaried greatly
between sampling years (Table 3.2). The leaf N eotmation of grasses in fertilized
patches also varied with fertilizer concentratimhjch also interacted with patch size
(Table 3.2). Leaf N concentrations increased orrame=from 13.8 mg N Yleaf in
the 2005/2006 season to 19.9 mg N lgaf in the 2006/2007 season (Bonferroni,
P<0.001), but decreased to their lowest conceatrati0.3 mg N g led in the
2007/2008 season (Bonferroni, P<0.001). The leaf cbhcentration of U.
mosambicensisvas strongly influenced by fertilizer concentratiand the effect of
fertilization differed between the study years (ygafertilizer concentration; Table
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3.2, Fig. 3.3). The main effect of fertilizer cont&tion was thatJ. mosambicensis
leaf N concentration in the 30 g N fertilizer concentration treatment was increased
on average by 59% (20.4 vs. 12.8 mg N gle&onferroni, P<0.001), while leaf N
concentrations in the lower fertilizer concentrativeatments did not differ from
controls (P>0.1). The year x fertilizer concentyatiinteraction was related to a
stronger leaf N concentration response in the 638nd N n¥ fertilizer concentration
treatments in the 2006/2007 than in 2005/2006 @&72D08 seasons. For example,
U. mosambicensikeaf N concentration in the 30 g N ntreatment was on average
31.6 mg N g leat in the 2006/2007 season, compared to 18.0 mgdafg and 13.4
mg N g leaf" in the 2005/2006 and 2007/2008 seasons, respigctiViee leaf N
concentration o). mosambicensiwas only affected by patch size in the highesty30
N m? fertilizer concentration treatment (patch sizeextifizer concentration, Table
3.2). Leaf N concentration &. mosambicensi@as on average 19% higher in plants
in the 10 x 10 m patches, compared to the 2 x 2atnhes fertilized at 30 g N
(Table 3.2, Fig. 3.3).

The leaf N concentration of the gra&8sradicansdiffered between years and
the leaf N concentration of plants in fertilizedgiees was affected by both fertilizer
concentration and the size of patches (Table 32,3=3). Leaf N concentrations were
higher in the 2006/2007 season (13.2 mg N g')edifan in either the 2005/2006 (11.1
mg N g leaf) or 2007/2008 seasons (11.0 N mg N g fe&onferroni, P<0.001). For
the fertilizer concentrations, leaf N concentratiwas only significantly increased in
the 30 g N nf treatment relative to control concentrations (1%710.6 mg N g leaf
1. Bonferroni, P<0.001). For the scale of patchinkssf N concentrations were higher
in the 10 x 10 m patches compared to the 50 x S8atohes (Bonferroni, P=0.021;
Fig. 3.3).

In the heterogeneous treatments, the leaf N coratem of both trees and
grasses outside fertilized patches was unrelaiedafl mixed models, P>0.05) to
fertilizer treatments.

The effect of sample year, fertilizer concentration and scale of patchiness on leaf P
concentration

The leaf P concentration @. mopandrees fertilized with the NPK fertilizer differed
between seasons and was affected by the local mwatien of fertilizer. Leaf P
concentrations of trees in patches was lower in20@5/2006 season (1.2 mg P g
leaf') than either the 2006/2007 (1.3 mg P g fafr 2007/2008 seasons (1.3 mg P g
leaf; Bonferroni, P<0.001). The leaf concentration ofes in fertilized patches
increased with fertilization (Table 3.2), but tHéeet was only significantly increased
in the 30 g N rif treatment relative to control leaf P concentrati¢h4 vs. 1.2 mg P g
leaf; Bonferroni, P<0.001; Fig. 3.3). The size of pashmodestly affected.
mopaneleaf P concentrations (Table 3.2) and concentratad trees in the 10 x 10 m
patches were higher than in the 2 x 2 m or 50 m5fatches (Fig. 3.3).
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Table 3.2 Linear Mixed Model tests for leaf N, leaf P and fleeondensed tannin
concentrations of. mopandrees, andJ. mosambicensiandB. radicansgrasses
in fertilized patches (dependent variables) asciédt by within-patch fertilizer
concentration and fertilizer patch size (fixed éas) Sampling was repeated in
2006, 2007 and 2008 (within-subjects factor).

C. mopane leaf

U. mosambicensis

B. radicansleaf N

Sourceof variation N leaf N

d.f. F d.f. F d.f. F
Leaf nitrogen(arcsine transformed)
Within subjects
Year 2,43 51.8 2,44 163.6*** 2,25  22.9%*
Year * Concentration 6,43 0.9 6,44 8.1*%* 6,24 1.0
Year * Patch size 4,43 1.5 444 0.8 425 0.6
Year * Conc. * Patch 8,43 0.5 844 1.0 7,24 1.2
Between subjects
Concentration 3,26 21.9%** 3,25 66.2*** 3,15 12.1%**
Patch size 2,25 18.1%** 225 2.2 2,16 6.0*
Conc. * Patch size 4,25 3.2% 4,25 2.9* 4,15 11
Leaf phosphorourcsine transformed)
Within subjects
Year 2,45 12.4%** 2,41 18.5*** 2,32 16.8***
Year * Concentration 6,45 0.2 6,41 5.1** 6,30 2.3
Year * Patch size 4,44 0.4 4,41 3.0* 430 1.3
Year * Conc. * Patch 8,45 0.3 8,41 2.2* 7,30 0.8
Between subjects
Concentration 3,28 Q.7%** 3,24 49.1%** 3,23  12.2%*
Patch size 2,27 3.6* 224 0.6 225 21
Conc. * Patch size 4,27 1.0 424 0.1 4,22 6.1**

Leaf condensed tannin concentrat{togarithmically transformed)

Within subjects

Year 2,42 21.2%**
Year * Concentration 6,42 0.5
Year * Patch size 4,42 0.3
Year * Conc. * Patch

size 8,42 0.3
Between subjects

Concentration 3,25 6.5**
Patch size 2,24 2.6
Conc. * Patch size 4,24 2.1

*P<0.05; *P<0.01; **P<0.001
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Colophospermum mopane Urochloa mosambicensis Bothriochloa radicans
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Figure 3.3 The leaf N and P concentration responses of tlee @remopaneandgrasseslJ.
mosambicensiand B. radicans,to different scales of nutrient patchiness (i.e.,
patch sizes 2 x 2 m, 10 x 10 m and 50 x 50 m)lizet at different within-patch
concentrations (i.e., 0, 1.2, 6, and 30 g N)nThe responses are for plants in
fertilized patches and outside patches (>2 m digtdrom patch edges). Back
transformed means and 95% confidence intervalgiaes. Asterisks above bars
indicate least square differences from control @sJur P<0.05, ** P<0.01, ***
P<0.001.

In U. mosambicensighe leaf P concentration differed between samgtes and was
highly responsive to fertilization (Table 3.2). mosambicensikaf P concentrations
was on average lower in the 2007/2008 (1.6 mg Faff)l compared to 2005/2006
(2.2 mg P g leaf) and 2006/2007 seasons (2.0 mg P g'teBbnferroni, P<0.001).
The leaf P concentrations bf. mosambicensig/as increased on average by 83% in
the 6 g N rif and, remarkably, by 300% in the 30 g N iiertilizer concentration
treatment (Bonferroni, P<0.001; Fig. 3.3).

In B. radicans the leaf P concentration also differed betweearsjebut
responses to fertilization was less pronounced thahofU. mosambicensiéTable
3.2). Leaf P concentrations were higher in the 28087 (1.1 mg P g ledf than in
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either 2005/2006 (1.3 mg P g I&afor 2006/2007 seasons (1.0 mg P g teaf
Bonferroni, P<0.01. The leaf P concentration ddterdepending on fertilizer
concentration (Table 3.2) and was 25% and 31% highe¢he 6 and 30 g N ¥
treatments, respectively (Bonferroni, P<0.001). Theetilizer rate x patch size
interaction (Table 3.2) indicated that leaf P conicgtions were affected by patch
sizes at certain within-patch fertilizer concentmatlevels. For example, in patches
fertilized at a concentration of 30 g N°"fANOVA contrast, k£ s=57.8, P=0.003)B.
radicansplants in the 10 x 10 m patches had 44% highdrRezoncentrations (0.15
vs. 0.10% P) than in the 2 x 2 m patches (Fig..3.3)

In the heterogeneous treatments, the leaf P ctiatiem of plants outside
fertilized patches was, similar to leaf N responseselated (linear mixed models,
P>0.05) to fertilizer treatments in both trees grasses (Fig. 3.3).

Condensed tannin in C. mopane trees

The condensed tannin concentration (quebracho algmits) of C. mopanetrees
differed between sample years and decreased witedsing soil fertility. Leaf
condensed tannin concentrations decreased withra®the 2005/2006 to 2006/2007
season (Bonferroni, P=0.006), but increased thereatith 17% to peak in the
2007/2008 season (Bonferroni, P=0.004; Table 3.2).

The condensed tannin concentrationCofmopanetrees in fertilized patches
responded to fertilization (Table 3.2) and was eased by 10% in the 30 g N’m
treatment (Bonferroni, P=0.010).

In the heterogeneous treatmer@is,mopanecondensed tannin concentrations
of plants outside fertilized patches were not eglab fertilization treatments (linear
mixed model, P>0.1).

The effect of sample year, fertilizer concentration and scale of patchiness on
C. mopane tree growth
The mean annual shoot length@f mopanéancreased over the study period and was
affected by fertilization (Table 3.3). The mean @anshoot length increased on
average from the 2005/2006 season (193 mm Shootthe 2007/2008 season (344
mm shoot). Mean annual shoot length increased with increpsiithin-patch
fertilizer concentration (Table 3.3) and the mehoas length in the 30 g N
fertilizer treatments was 24% longer (Bonferrons0O®29) than the average control
shoot length (236 vs. 294 mm shdpt

The mean leaf mass per shoot@f mopanetrees in fertilized patches also
increased over time (Table 3.3) and increased initheasing within-patch fertilizer
concentration (Table 3.3), as the leaf mass peotsimas 24% higher in the
30 g N n¥ fertilizer concentration treatment compared totasa (35 vs. 29 g shodt
Bonferroni, P=0.035).

An increasing number of marked shoots were lostesthe first measurements
in the 2005/2006 season and the number of shostspker tree by 2008 differed
between treatments (Wald Chi-square=25.2, n=600,d32). By 2008 the trees in
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the 10 x 10 m patches fertilized at 30 g Nf ost on average 1.8 out of four marked
shoots per tree compared to only 0.9 shoots lostawerage per control tree
(Bonferroni, P<0.001). Consequently, the net anrahaot growth per tree, which
takes shoot losses into account, showed differattieims to the average shoot growth
patterns. For example, the net annual shoot lengtlease of trees, in fertilized
patches, was affected differently by within-patahrtifizer concentration between
years (year x fertilizer concentration, Table 3.Bhe interaction effect was most
notable in the 30 g N thfertilizer concentration treatment, where net shgrowth
was increased on average by 24% in the 2005/208bsebut suppressed on average
by 10% by 2008, relative to control net shoot lan@ig. 3.4). The year x patch size
interaction (Table 3.3) was related to a relatagér increase in net shoot length in
the 50 x 50 m patches in the 2005/2006 seasongewhé net shoot length was
relatively longer in the 2 x 2 m patches in the 2Q@008 season (Fig. 3.4).

Table 3.3 Linear Mixed Model tests for mean annual shoot flerigcrease and leaf mass per
shoot of C. mopaneand herbaceous aboveground biomass in fertilizéchpa
(dependent variables) as affected by within-patettilizer concentration and
fertilizer patch size (fixed factors). Sampling wapeated in 2006, 2007 and
2008 (within-subjects factor). Tree cover (% oftpdarface) was entered as a
covariate in the herbaceous biomass model, whilekblvas entered as a random
factor in theC. mopanegyrowth models.

Sour ce of C. mopane annual C. mopane annual Her baceous
variation shoot length leaf mass per aboveground
shoot biomass

d.f. F d.f. F d.f. F

Year 2,388  109.4*** 2,391 96.6*** 2,39 39.3***

Year *

Concentration 6,388 0.8 6,392 1.0 6,39 4.4*

Year * Patch size 4,387 8.3*** 4390 1.3 439 04

Year * Conc. *

Patch 8,387 1.2 8,390 1.4 8,39 0.3

size

Between subjects

Concentration 3,297 4.2*%* 3,298 3.9* 321 1.3
Patch size 2,297 1.2 2,297 0.4 221 1.9
Conc. * Patch size 4,297 0.7 4,297 0.4 4,21 3.2*
Tree cover 1,21 18.6***

(covariate)

*P<0.05; *P<0.01; **P<0.001
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The net leaf mass changed over time (mixed lineadeh F, 395=11.5, P<0.001) and
increased on average from the 2005/2006 to 2008/288son (Bonferroni, P<0.001),
but the 2007/2008 values were not significantlyedént from the 2006/2007 season
values (Bonferroni, P>0.05; Fig. 3.4). The net lewfss of trees in fertilized patches
was not affected by within-patch fertilizer congatibn (linear mixed model,
P>0.10), but a year x fertilizer concentration xcpasize interaction emergedsdgs=
2.2, P=0.029). The interaction was strongly inficesh by growth patterns of trees in
the 10 x 10 m - 30 g N ftreatments, where the growth of trees declineh fabove-
control values in the 2005/2006 season to belowrobwvalues in the 2007/2008
season (Fig. 3.4).

In the heterogeneous treatments, both mean shagthléR 3,6=3.1, P=0.015)
and leaf mass per shoot,dz73.2, P=0.013) of trees outside fertilized patches
showed an interaction between year and the scapatohiness. These interactions
were strongly influenced by an increase in the g¢inowaf trees outside fertilized
patches in the 2 x 2 m scale of patchiness — 30rg°Nreatment in the 2005/2006
seasons, which diminished in later years. If tiss lof shoots were taken into account,
the interaction effect was only evident for neta@hlength (year x scale of patchiness
interaction; & 3272.4, P=0.050; Fig. 3.4) and not for the net leafsmper shoot
(P>0.05).

Plot level estimates of the net shoot length aad mass per shoot were not
related to the fertilizer load (mixed linear modé&>0.1) or scale of patchiness
treatments (P>0.1).

The effect of sample year, fertilizer concentration and scale of patchiness on
herbaceous aboveground biomass

The herbaceous aboveground biomass (kg DM) e unfertilized swards was
affected by the percentage tree cover of plots. akieg relationships between
herbaceous aboveground biomass and tree cover enfgthe 2005/2006 season
(biomass = 1864.2 - 26.8*tree cover;FE12.3, P=0.002) and 2006/2007 season
(biomass = 1326.3 — 17.3*tree covei 5.7, P=0.025), but not for the 2007/2008
season (linear regression; P>0.05). The negatiatiaceships mean that on average
26.8 and 17.3 kg less herbaceous aboveground somweas produced per hectare per
percentage increase in tree cover in the 2005/2808 2006/2007 seasons,
respectively.

Including tree cover as a covariate in models ah@veground biomass of the
herbaceous layer differed between years and wasteff by fertilization (Table 3.3).
The herbaceous biomass production was higher iR@@%/2006 season (1176 kg
DM ha?) than in either 2006/2007 (734 kg DM Haor 2007/2008 seasons (821 kg
DM ha'; Fig. 3.4). The effect of within-patch fertilizeoncentration on herbaceous
biomass within patches varied between years (yeaferklizer concentration
interaction; Table 3.3) and was lower in the 30 gmi¥ fertilizer concentration
treatment than in controls (486 vs. 839 kg DNMYhim the 2006/2007 season, but not
in other years (Fig. 3.4). Fertilizer concentratadso interacted with patch size (Table

50



Chapter 3

3.3) and herbaceous biomass increased in the B0onx 5 6 g N rif treatment, while
decreased in the 2 x 2 m — 30 g N treatment (Fig. 3.4).
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Figure 3.4 (a) The net shoot length and (b) leaf mass per ma€keshopaneree and (c)

aboveground herbaceous biomass responses to diffeales of nutrient
patchiness (i.e., patch sizes 2 x 2 m, 10 x 10 ch%h x 50 m) fertilized at
different within-patch concentrations (i.e., 0, ,1® and 30 g N ). The
responses for plants in fertilized patches andideitpatches (not fertilized) are
given. Back transformed means and 95% confidencervials are given.
Asterisks above bars indicate least square difterenfrom control values,
* P<0.05, ** P<0.01, *** P<0.001.
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In the heterogeneous treatments, the herbaceousabsooutside fertilized patches
was unrelated (linear mixed models, P>0.05) talis#t concentrations or scale of
patchiness, suggesting that the influence of ieatibn in heterogeneous treatments
had little influence on above ground biomass prtidacbeyond the 2 m buffer
around patches (Fig. 3.4).

Plot level estimates of the aboveground herbacbmmsass was not related to
the fertilizer load per plot (mixed linear modet>@P1) or the scale of patchiness
treatments (P>0.1), but were negatively relatethéopercentage tree cover of plots
(Fly]_g:l?.g, P<001)

Browser impact in relation to fertilizer concentration and scale of patchiness

Local fertilizer concentration and the scale ofcpatess affected the impact of
browsers on the tree layer. The proportion of méukees that showed browser (e.g.,
elephant) impact during the study period differegtween treatments (Wald Chi-
square = 293.7, n=600, P<0.001), as 87% of the edd&k mopanerees in the 10 x
10 m patches, fertilized at a rate of 30 g N, showed browser impact compared to
the 18% impact of control trees (Bonferroni, P<Q,0Big. 3.5). The proportion of
impacted trees in other treatments, including restilized trees in heterogeneous
treatments, was not different from that of cont{@enferroni, P>0.05; Fig. 3.5).

Similarly, the estimates of impact severity oreteanopies were affected by
the fertilizer-scale treatments (Wald Chi-squar@293.7, n=600, P<0.001) and was
also higher in the 10 x 10 m patch — 30 g N treatment than in controls (median
class, 1 vs. 0; Bonferroni, P<0.001), while otheratment combinations, including
non-treated trees in heterogeneous treatments, ndid differ from controls
(Bonferroni, P>0.05). In addition, 20% of the tréesthe 10 x 10 m — 30 g N 'fn
patches was estimated to have more than 25% o€dhepy volume removed by
browsers, compared to only 1% of trees in contltotsp indicating that not only the
frequency of trees impacted by browsers increased, also the intensity of
utilization.

The re-measurement @f. mopanecanopy dimensions at the end of the study
period indicated that the percentage change inheeght between 2006 and 2008 was
negatively correlated with the impact severity sso(Spearman, r=-0.49, n=44,
P=0.001). Trees not impacted or lightly impactedbbgwsers showed on average
little height change over the study period, whileet canopies with high browser
impact scores decreased in canopy height. The nuofilehoots lost per marked tree
was also positively correlated with the browser actpseverity scores (Spearman,
r=0.17, n=600, P<0.001), suggesting that browsepach was at least partially
responsible for the decline in marked shoots.

Plot level estimates of the percentage canopymeluemoved by browsers
was related to the fertilizer load plots receivedixgd linear model, §13.8,
P<0.05). According to the estimates, plots thateikeml 15 kg N plot lost
(Bonferroni, P<0.05) more canopy volume than cdrglats.
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Figure 3.5 The proportion (£ 95% confidence intervals) of G)mopandrees in fertilized
patches (and controls) impacted by elephant fro@62@® 2008 and (b) the
proportion of quadrates in fertilized patches (awhtrols) showing signs of
grazing at the end of the 2006/2007 growing seasorelation to patches of
varying size (i.e., 2 x 2 m, 10 x 10 m and 50 xrbD fertilized at different
concentrations (i.e., 0, 1.2, 6, and 30 g ﬁ).m

The mean shoot length increase and leaf mass pet glere not related (Spearman,
P>0.05) to the browser severity scores in 2008gessting that elephant impact did
not significantly affect the growth of the remaigishoots of impacted trees.

Grazer impact and utilization patterns in relation to fertilizer concentration and scale

of patchiness

The estimated intensity of grazing was only relatedthe within-patch fertilizer
concentration and was not affected by the size aithes. Grazing intensity was
related to local fertilizer concentration in allréle years, respectively (2005/2006
season, Wald Chi-square=102.0, n=1125, P<0.0016/2007 season, Wald Chi-
square=139.5, n=1125, P<0.001; 2007/2008 seasold @ha-square=76.8, n=1125,
P<0.001; Fig. 3.5). The proportion of quadratesnshg recent grazing signs in the
2005/2006 season was only higher in the 30 g Ntreatments relative to controls
(0.2 vs. 0.6; Bonferroni, P<0.001). In the 2006/2&@&ason, grazing frequency was
higher in both the 6 g N ¥ (0.6) and 30 g N i (0.7) treatments compared to
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controls (0.3; Bonferroni, P<0.001), but did notffati between each other
(Bonferroni, P>0.05). In the 2007/2008 season,gitazing frequency was increased
in both the 6 g N M (0.49) and 30 g N i (0.68) treatments (control=0.33,
Bonferroni, P<0.001), which was higher in the 30l gn? than 6 g N rif treatment
(Bonferroni, P<0.001). For the same within-patctiilfieer concentration, utilization
scores were unaffected by the different scalertreats.

In heterogeneous treatments, the grazing intemsithe non-fertilized areas
only differed from control grazing frequencies het2007/2008 season (Wald Chi-
square=8.7, n=1575, P=0.034), when the grazingsitiein the non-fertilized 1.2 g
N m? treatments tended to be lower than controls. Tinilcates that fertilized
patches were selectively grazed and that grazimtgrpa beyond 2 m from patches
were little affected by grazers.

Grazer exclosures

The herbaceous off-take by large herbivores fopereod March 2006 — March 2007,
estimated with movable exclosures, was affectefetilization (ANOVA, F;¢=4.3,
P=0.044). Accordingly, the off-take was increase®ld in the 1.2 g N i, 7-fold in
the 6 g N rif and 6-fold in the 30 g N ftreatment compared to controls (Fig. 3.6).

(b)
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Figure 3.6 Results of a movable exclosure experiment showajgtl{e estimated annual
herbaceous off-take by large herbivores and (b)abeve ground biomass
measured at the end of the study (April 2007) iatien to 10 x 10 m plots
fertilized at different concentrations (i.e., 02,16, and 30 g N r’r) Back
transformed means and 95% confidence intervalgyimen. Asterisks above
bars gives least square differences from contrhbles * P<0.05, ** P<0.01,
*** P<0.001.
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In contrast to off-take amounts, the abovegrourmmbiss in March 2007 outside
exclosure cages, differed between fertilizer treatts (ANOVA, k=13, P=0.002)
and was on average 64% lower in the 30 g N teatment compared to control
biomass (Fig. 3.6). This corresponds with the bissnaatterns observed in the large
field fertilization experiment during the 2006/2088ason (Fig. 3.4).

No differences (P>0.05) between fertilizer treattsein herbaceous off-take
by large herbivores were detected in the periodl 2007 to March 2008.

Discussion

Local bi-trophic responses to spatial scale differences in nutrient heterogeneity

Our data demonstrated how local scale differengasutrient heterogeneity affected
resource partitioning between co-existing trees grasses, and, importantly, how
these effects cascaded to modulate large herbingract patterns on the structure of
savanna vegetation. As hypothesised, fine scalesitoient patchiness, i.e., nutrient-
enriched patches are smaller than tree root-sysieen resulted in grasses responding
in terms of leaf quality (N and P concentrationghile tree leaf quality was
unaffected. Where the local nutrient concentrati@s high (i.e., 30 g N /), grazer
impact on herbaceous plants increased and evettecksn the suppression of the
aboveground biomass below control biomass valuastHe tree layer in the 2 x 2 m
patches, neither tree quality nor browser impaamteased. A probable consequence of
the selective, intense grazing in 2 x 2 m patct8® ¢ N m® was that the
competiveness of the herbaceous layer was compedpigsulting in stimulated tree
growth of trees in the 2 x 2 m patches. Thus tHarnoa between trees and grasses
shifted locally in favour of trees, as predictedy(RB.2). In support, the removal of co-
existing grasses also resulted in growth stimuhatid savanna trees in other studies
(Knoop & Walker 1985; Stuart-Hill & Tainton 1989;idos 2009). Besides, a high
grazing pressure is considered one of the primangses of bush encroachment
(Scholes & Archer 1997; Roquesal.2001; Sankaraat al.2008).

Against expectations, our data suggest that tnere not more efficient in
acquiring nutrients at the coarser scale (10 x Y@fmutrient patchiness than grasses,
as both tree and grass leaves had their highesidNPaconcentrations at this scale if
the within-patch fertilizer concentration was hetdnstant. This synchronized
response in quality of both trees and grasses daogth grazers and browsers to
respond in concert to the increased forage quadity, a correspondingly high impact
on both vegetation layers. Subsequently, grassesal benefit from the increased
tree impact as grass biomass was simultaneouspyesged by an increase in grazing
pressure.

In summary, the scale of nutrient patchiness cdlattdree vs. grass quality
responses, which, in turn, controlled browser vsazer impact patterns.
Subsequently, selective grazer impact in fine soalgatchiness treatment apparently
resulted in a release of herbaceous competitiosyltieg in local tree growth
stimulation.
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Mechanisms underlying plant responses to heterogeneity

In the 10 x 10 m patches a large proportion of toe#s presumably overlapped with
fertilized patches, resulting in enhanced nutrieptake (Fig. 3.1). In the 2 x 2 m
patches, root exposure to the added nutrients wadmply not enough to elicit a leaf
guality response. It is, however, possible thagdralso responded to the scale of
patchiness, i.e., proliferation of roots or ince=as the physiological capacity to take
up nutrients (Hutchingst al.2003; Hodge 2004), in the 10 x 10 m patch treesnbt

in the 2 x 2 m patch trees, which contributed ®dbale-related responses. The strong
herbivore response to the nutrient additions, h@mnesonfounded the separation of
plant responses to scale from passive uptake mearike present study. In a
concurrent field experiment (Chapter 4), we teseatial scale effects on isolat€d
mopanetrees by supplying the same fertilizer amounhegiin a single large patch or
in 52 small patches covering the same total arghifd of a 5 m radius area). We
found in the second year after fertilization thabvgth in the large-scale fertilizer
treatments was stimulated and condensed tannirentmations decreased (indicating
increased resource availability; Bryasital. 1992; Haukiojeet al. 1998), while in the
small-scale treatments, leaf N concentration wasedsed and condensed tannin
concentrations increased (Chapter 4). These respa@wggest thaf. mopanetrees
were responding to the scale of nutrient patchinBEss might have contributed to the
observed resource partitioning patterns observégeicurrent study.

For grasses, the lower leaf nutrient concentratsponse to the same within-
patch fertilizer concentration in the small patckempared to the larger 10 x 10 m
patches does not support the idea that grassesupszior competitors under fine
scales and trees under coarse scales of nutriécttipass (Fig. 3.2). It is possible,
however, that this is largely a sampling arteféwtthe 2 x 2 m patches, a greater
proportion of the randomly sampled grass plantbginty had roots extending outside
fertilized patches, resulting in a lower nutrieptake, even if plants responded to the
nutrient heterogeneity encountered in their rosteays (along patch edges). In the 10
x 10 m patches, where the edge effect was relgtsmballer, a greater proportion of
sampled plants experienced homogeneous high nuavarability, as reflected in the
higher leaf nutrient concentrations (Hutchirgjsal. 2003). The stronger scale effect
of B. radicansthan U. mosambicensismay indicate root system size differences
between the species, with the larger size8.ofadicanspenalizing plants in small
patches, or may indicate a greater plastic nutreaguisition response, e.g., root
proliferation in nutrient-rich patches, lb. mosambicensisompared tdB. radicans
Nevertheless, scale related responses to nutrigithipess was probably not an
important factor in the study, perhaps becaus@th® m patches were large relative
to individual grass root system sizes.

We assumed that the trees in our study had mucerwaéhging root systems
than grasses. It was therefore unexpected thatCthmopanetrees outside fertilized
patches were unresponsive to the nutrient additiomsearby patches. This suggests
that the effective horizontal nutrient uptake cayaaf C. mopandrees in our system
was limited to only a few meters from stems andbphiy reflected the short stature
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of C. mopanen the study area. The only response of treegsdase in shoot length)
outside fertilized patches (i.e., stems more than &istance from patch edges) was
observed in the fine scale of patchiness treatif®hg N m?, 2005/2006 season). It is
likely that the more fragmented patch configuratadrthis treatment, which resulted
in shorter between-patch distances, resulted isethieees having on average more
access to the fertilizer than in the 10 x 10 mes¢edatment, where patches were at
least 10 m apart.

Herbivore responses to scale of resource heterogeneity

We propose that large herbivores closely trackedfdhage quality changes brought
about by tree vs. grass responses to scale diffeseim nutrient heterogeneity. The
accumulation of nutrients in excess of plant grodéimands (luxury nutrient uptake)
is probably a key process regulating local herlavdistributions and subsequent
impact patterns in the study area. Browsers infitie scale of nutrient patchiness
treatments did not respond, because tree quality weaffected by the nutrient
additions in this treatment, while grass quality déspond (increase), hence grazer
impact intensified. However, the differential impaon the tree and grass layers in
our study may also reflect scale-related differenae forage selection between
differently sized herbivore species (Ritchie & O1f#99; Cromsigt & OIff 2006). In
the study area, the structural impact on tree dasopas primarily attributed to the
feeding actions of elephant (Pretorius 2009). Adicay to scaling theory (Ritchie &
OIff 1999), browsing elephant in our study are extpd to respond to resources at
coarser resource grain sizes, because of thee laody size. The high grazer impact
in the fine scale treatment might have been calmethe relative (compared to
elephant) small-bodied grazers such as impala ebichzbeing able to respond to fine
scales of resource patchiness. However, elephaninated feeders (Pretorius 2009)
and we found comparable high densities of uprottédremnants, an indicator of
elephant grazing, in both the 2 x 2 m and 10 x 1patches fertilized at 30 g N"mn
This suggests that elephant were capable of saieligh quality resources at the fine
scale of patchiness, but chose not to responce&s tin the 2 x 2 m patches, where
tree leaf quality was unresponsive.

Large herbivore impact on the vegetation in relation to soil nutrient availability

Top down herbivore effects strongly influenced logegetation patterns in this study.
Herbivore impact intensified in nutrient-rich areasich in some instances resulted
in reduced aboveground biomass. This has also tleserved in other studies (e.g.,
Augustineet al. 2003; Loveridge & Moe 2004; Grant & Scholes 2086neret al.
2009). In the study area, the impact on trees aaslsgs peaked at the highest local
soil nutrient concentration. For example, net shtatgth of C. mopanetrees
decreased in the 10 x 10 m - 30 g N treatment and the intense browser impact that
trees in this treatment attracted, was linked tieerease in tree height over the study
period. Similarly, the herbaceous aboveground bgsmaas also locally reduced in
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fertile patches (i.e., 30 g N'fhin both the large experiment (2006/2007 seasnd) a
in the exclosure experiment.

The strong increase in top-down herbivore controthwising nutrient
availability might have been partly due to the tiedi availability of water for plant
growth in the semi-arid study area. Water limitai@n plant growth mean that plant
growth is easier to control by herbivores, becaegeowth rates following herbivory
is suppressed (Pringkd al. 2007; Guldemond & van Aarde 2008). In addition,sgra
growth is relatively less responsive to increaseswutrient availability under dry
compared to wet conditions (Penning de Vries & &t 1982; Donaldsoet al.
1984; Snyman 2002; Fynn & O'Connor 2005; van deaMgtal. 2009), which might,
in turn, reinforce herbivore control over the vegien. In trees, the lack of stimulated
growth in the remaining shoots of impacted treekcates that compensatory growth
did not take place, as was found in intensely bealvscacia nigrescensrees (Du
Toit et al. 1990). Instead, new shoots resprouted from growthtp close to branch
and stem breaks in impacté€d mopanedrees, but not vigorously so. The result was
that these trees adopted a hedged appearanceiés&n@iConnor 2000).

In addition, limitations on plant growth imposed loyited water availability
are likely to lower the threshold in soil nutriemtailability where ‘luxury’ uptake of
nutrients takes place, which subsequently accuemilat organs such as leaves,
feeding back to increased palatability (Breman & 1983). Other changes such
as relaxed defences, e.g., reduced condensed taangentrations in trees, might
reinforce these patterns. Conversely, in mesicsahesbivore top down effects may
peak in areas of intermediate fertility (van de elet al. 1996). In areas with a high
production potential, e.g., fertile mesic savanmdiicient use of nutrients by plants
may result in the dilution of absorbed nutrientsema greater biomass and fast
recovery of plants following herbivore impact (Rjlie et al. 2007). Plants in
productive environments also tend to invest morstinctural tissue, which further
lowers its attractiveness to herbivores. In conolusthe effect of herbivores on the
vegetation may not only dependent on soil nutriawntilability, but may be co-
dependent on other growth limiting factors suclvater availability.

Consequences of scale of nutrient patchiness for large herbivore assemblages and
savanna vegetation structure

How the same total amount of nutrients is spatiaistributed in an area may
significantly change the forage landscape for gsaaed browsers, both locally and
scaled-up to a landscape level. The visual grairitensity estimates suggested that
grazers were responding to the local fertilizer agortration, and not to the size of
patches. Assuming that the grazing intensity esémaorrespond with herbaceous
biomass off-take measured in the exclosure expetim&hole-plot calculations
corrected for fertilized and non-fertilized areaesiwould suggest that herbaceous off-
take by grazers in the 50 x 50 m - 6 g N treatment was three times higher than in
the 10 x 10 m — 30 g N ftreatment, in spite of receiving the same totabamh of
nutrients per plot (15 kg N pldt Table 3.4). However, in spite of the high herfoarse
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off-take in the 50 x 50 m — 6 g N'hireatment, the plot level herbaceous biomass was
not suppressed in this treatment. In fact, thers waendency towards increased
herbaceous biomass (Table 3.4). This is supporethd fact that the herbaceous
biomass at the end of the growing season was hifjaer controls in the 6 g N
treatment, while suppressed below controls in theg3N m? treatment (Fig. 3.6).
Probably the intermediate grazing quality respoinsthe 6 g N rif local fertilizer
concentration treatment prevented overgrazing, ltireguin optimal productivity,
while overgrazing caused sub-optimal herbaceousiystin in the 30 g N
fertilizer concentration treatment.

The scale of nutrient patchiness strongly influendke concentration of
nutrients in tree and grass leaves, which largetylated herbivore distribution and
impact patterns in the study area. Given the sata fertilizer load, leaf nutrient
concentrations in the 50 x 50 m treatments weraitatl, while increasingly
concentrated in the 10 x 10 m scale treatment th bbees and grasses and only in
grasses in the 2 x 2 m scale treatment. Spatiallytrient hotspots may exert a
disproportionate large influence on herbivore iatni, by providing scarce nutrients
in concentrated form to herbivore species with haglspecific nutrient requirements,
e.g., small bodied species or lactating animalaG& Scholes 2006; Prins & van
Langevelde 2008). While the estimated tree canopijme removed from the
heterogeneous — high fertilizer load treatmentX1ID m patches — 15 kg N pfot
was not significantly higher than that of the 5G& m - 15 kg N plot treatment
(although there was such a tendency, Table 3.4)qtlality of the material removed
was much higher as shown by the higher leaf nutael lower condensed tannin
concentrations, because the material was mostlpvedhfrom the high-quality 10 x
10 m patches.

In our study, we could not demonstrate that théesohpatchiness resulted in
structural vegetation changes at plot level if tedilizer load per plot was kept
constant, probably because the analyses lackedtis&tpower (increased chance of
a Type Il error). Nevertheless, the greatest bienti$erences were evident between
the 10 x 10 m and 50 x 50 m scale treatments|ifediat 15 kg N plot, for the tree
and grass layers, respectively (Table 3.4). Intaddithe impact on the tree layer in
nutrient rich patches accumulated over the studipg@ethus scale related effects on
tree biomass may become significant in futurergétstands in the 10 x 10 m patches
are continuously reduced.

In conclusion, our data demonstrated that not aelource heterogeneity
matters in a savanna system, but also the locét stavhich it occurs. Instead of
scale of nutrient patchiness determining whetherrdspective grass-grazer or tree-
browser subsystems responded (Fig. 3.2), the stalatrient patchiness rather acted
as a filter, where the tree-browser subsystem didespond at fine scales of nutrient
patchiness, while at coarser scales of patchirexb, tree-browser and grass-grazer
subsystems responded. When promoting a high spagi@rogeneity in savanna-
grassland systems, as is currently encouragedahvarsity conservation (du Todgt
al. 2003; Cromsigt & OIff 2006), managers should taki® account that subtle
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changes in the scale of local resource patchinegs, density changes in large vs.
small trees, changes in termite mound size anditgeand changes in dung midden
forming vs. randomly excreting herbivore species) tave far reaching ecological
consequences for herbivore assemblages, which rasg bascading effects on
system properties such as secondary productivity lanal changes in vegetation

structure.

Table 3.4 Summary table showing treatment averages for hetascaboveground biomass,
herbaceous biomass off take by grazers, tree leafdss per tree and the estimated
percentage of tree canopies removed by browseaedation to the total amount of
fertilizer plots received and the scale of patckiat which fertilizer were supplied.
The values in brackets indicate the percentagegehftom control values.

T
Fertilizer Scale of Average Herbaceous Treeleaf car:;(jy
patchiness  herbaceous off take by
load per plot . . mass (g volume
4 (fertilized biomass per grazers (kg
(kg N plot™) , 1 a1 DM/tree) removed
patch size) plot DM ha~yr™) oer plot
kg DM ha*
0 control 973 317 211 15
0.6 2x2m 1042 (+7) 358 (+13) 22.3 (+6) 4.8 (+224)
' 10x10m 942 (-3) 524 (+65) 20.9 (-1) 5.3 (+254)
2x2m 1097 (+13) 412 (+30) 22.8 (+8) 3.6 (+139)
3.0 10x10m 1080 (+11) 791 (+149) 22.2 (+5) 5.2 (4251
50 x50 m 978 (+1) 1354 (+327) 19.7 (-7) 4.6 (+209)
15.0 10x10m 913 (-6) 698 (+120) 21.9 (+4) 7.0 (+367)
50 x 50 m 1278 (+31) 2222 (+601) 26.4 (+25) 4.2208)
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Scale of nutrient patchiness mediates resource partitioning
between trees and grasses in a semi-arid savanna
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1.

Plants respond to nutrient heterogeneity enevedtin root zones and are
affected by the scale of patchiness at which misi@are supplied. In plant
communities made up of plants varying in size,edéhces in the scale (grain
size) of nutrient patchiness may result in specm®position and structural
changes. We tested the hypothesis that the scaseilbhutrient patchiness
mediates resource partitioning between co-exidange trees and grasses in a
semi-arid savanna.

In a crossover field experiment in a semi-aralamna, focal trees and
associated grasses were supplied with N, P or MrtHiZers at two grain sizes
of nutrient patchiness. The growth of marked tie@oss, herbaceous biomass
and leaf N and P concentrations were monitoredtiiar years following
fertilization.

Treeleaf N concentration and shoot length was incredmsedl fertilization,
especially when supplied at a large scale. Treé fteass and leaf N
concentration were negatively affected when P wigpleed in a fine-grained
configuration. Condensed tannin concentrations vgemgerally lower in the
fine-grained compared to coarse-grained treatméfndensed tannin
concentrations responded idiosyncratically to liedr type.

N fertilization increased grass leaf N conceidrg but the response of grass
leaf P concentration to P fertilization was farajez. Herbaceous aboveground
biomass in a 5 m radius around focal trees was mappressed by tree size
when fertilized by N, probably reflecting increadege competitiveness.

In conclusion, our data suggest that both the softeutrient patchiness and
type of nutrients supplied provide axes along whrelsources may be
partitioned between co-existing trees and grasssavannas.
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I ntroduction

Savanna landscapes are heterogeneous systemstipgesematchy distribution of
resources in both space and time (Levick & Rogé@82 It is now realised that not
only the overall availability of resources, butalsow resources become locally
available over time and in space, explains resopesétioning between organisms
(Ritchie & OIff 1999; Hutchingset al. 2003; Cromsigt & OIff 2006). For example,
plants vary nutrient uptake, biomass accumulatiod eoot vs. shoot allocation
patterns when the same amount of nutrients is mgypbut in patches of different
sizes (Hutchingset al. 2003; Kumeet al. 2006). Scaling theory predicts that
organisms respond to different scales of resouatehpess in relation to their own
size: Large organisms respond more to larger scdlessource patchiness and small
organisms to smaller scales of patchiness (Rit&hi®Iff 1999; Hutchingset al.
2003). However, these ideas have seldom been expatally tested under field
conditions (Cromsigt & OIff 2006). Moreover, theweéheterogeneity paradigm’ in
biodiversity conservation entails that managersukhgoromote a high spatial
heterogeneity in savanna-grassland systems to amaiathigh species richness and
herbivore biomass (du Togt al. 2003; Cromsiget al. 2009). If the scale of resource
patchiness controls resource partitioning betweerexisting trees and grasses,
managing for heterogeneity should also take thsaccount.

Savannas, which cover up to an eight of the ealéimd surface, consist of a
continuous layer of small herbaceous plants (magngsses) interspersed by large
woody plants (hereafter trees) (Scholes & Arche®971Bankararet al. 2004). The
partitioning of resources such as water and nugibatween trees and grasses affects
important ecological services such as primary awbisdary productivity and carbon
sequestration (Sankaraet al. 2005; Sankararet al. 2008). However, in spite of
considerable research effort, the factors and nmmesms governing resource
partitioning between trees and grasses are stitflpanderstood in a savanna context
(Scholes & Archer 1997; Houset al. 2003; Sankararet al. 2004; Bond 2008).
Models explaining tree-grass co-existence basedspmatial partitioning of soil
resources between trees and grasses has beendnwoltee past (Walter 1971; van
Wijk & Rodriguez-Iturbe 2002; van Langevel@e al. 2003; Sankaraet al. 2004).
However, we are unaware of studies specificallyl@xpy scale differences in
resource patchiness as a potential axis for resqaditioning in savanna vegetation.
We expect that trees will increasingly benefit framarse grained (large scale) and
grasses from fine grained (small scale) resourd¢ehpeess (Ritchie & OIff 1999).
However, savanna trees and grasses not only diffgature, but also differ in growth
strategy, investment in chemical deterrents (e.gondensed tannins) and
photosynthetic pathway, which may influence tree gress responses to scale and
how acquired resources are used. In a nutrient gaganna, we experimentally
created different scales in nutrient patchiness aubsequently monitored
aboveground responses in co-existing trees andegas
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Nitrogen (N) and phosphorus (P) are generally tlhstriimiting elements for plant
growth (Reich & Oleksyn 2004; Elset al.2007). The local availability of N and P in
soils are controlled by different factors, thusrétative availability in space and time
might vary considerably. In addition, plants vary their absolute and relative
requirements of N and P (Kerkho#t al. 2006), and changes in the relative
availability of N and P can alter vegetation compos and structure, potentially
affecting higher tropic levels (Elset al. 2007). If trees and grasses differ in N and P
requirements, the supply of different nutrient §ypeight confound responses to scale
in heterogeneity or, alternatively, may provideighs into the source of tree vs. grass
responses to scale. Grasses, thought to be mqrens#ge to increases in nutrient
availability than trees (Bond 2008), are strongtylimited by N and P in savannas
(Penning de Vries & Djiteye 1982; Donaldsen al. 1984; Snyman 2002; Fynn &
O'Connor 2005; Crainet al. 2008). In contrast, the state of knowledge of ieatr
limitation and use in savanna trees is far fronarc{&ankararet al. 2004; Bond 2008;
Sankaranet al. 2008). This limits our understanding of savannste&y responses
(both vegetation and herbivore) to perturbationsnitrient availability such as
increased atmospheric N deposition (Schaésal. 2003; Denteneret al. 2006).
Nevertheless, trees are expected to be generallydependent on P than grasses,
because the higher biomass allocation to structiisalie prohibits a fast relative
growth rate in trees. To reach the potential offeby a fast relative growth rate,
which presumably feeds back to increased competiigs against slow growing
species, a high P supply is required to sustaiidrpmtein synthesis (Elseat al.
2007). We therefore expect trees to be relativebemsitive to P additions, while
grasses respond to both N and P.

Here we report on the findings of a field experimen an open
Colophospermum moparsavanna where scale (small vs. large enrichedhest@and
nutrient type (N vs. P) availability were manipelkt In the experiment, scale
treatments differed in that the same amount ofienis were supplied in either one
large patch (large scale) or several small pat¢besll scale), which collectively
cover the same area as large patches, thus ther&ieaof fertilization was kept
constant (Fig. 4.1). We expected the following timent responses: (1) In terms of
aboveground growth and leaf nutrient concentratitrees respond stronger to soil
nutrients supplied at the large scale of patchirsesf conversely, grasses respond
stronger to nutrients supplied at a small scal@aithiness (Ritchie & OIff 1999;
Hutchingset al. 2003). (2) Grasses respond to a combination ofdNRafertilization
while trees respond mainly to N (Elssral.2007).

Study area

The study was conducted in the Klaserie PrivataifdaReserve (KPNR), situated in
the southeastern Lowveld of South Africa. The KPiNRart of the Greater Kruger
system, which includes the Kruger National Park B{NThe woody stratum at the
study site is dominated by the tree-formGaflophospermum mopanehile a mixture
of grass species includingrochloa mosambicensis, Bothriochloa radicans, Riga

66



Chapter 4

eriantha, Panicum maximumand various non-graminoid herbaceous species
dominated the continuous herbaceous layer of medieight. The woody component
at the study site was selectively thinned in 198X itting trees with chainsaws and
treating stumps with a target-selective arboricittieus, open woodland with scattered
matureC. mopanetrees was created in an attempt to improve habaatitions for
sable antelope (Colin Rowles, personal communioatidhis created a unique
opportunity to study tree-grass interactions, aspetition between trees was largely
eliminated and probably enough time lapsed for roba nutrient availability under
removed (dead) trees to dissipate (Ludetigl.2004).

The soil in the study area is derived from gragiteiss and is nutrient poor
(Venter et al. 2003). This was confirmed by chemical analysigapfsoil (0-15 cm
depth) samples analysed according to standard woetbyg the laboratory of the
Agricultural Research Council in Pretoria, Southiéd. The topsoil in the study area
contained on average (+xSE) 0.084+0.004% total Ne@)~=1.11+0.07% total C (n=20)
and 5.26+0.52 mg Kgextractable P (n=20). The C: N ratio of soils wasaverage
13.1+0.5. The topsoil pH (water) in similar vegetat(<5 km S) ranged between 6.2
and 6.3 and the aluminium availability between @ &mg Al kg soif', therefore
phosphorous immobilization by precipitation is kely (Brady & Weil 2002).

Large scale

Small scale

g
RS

Figure 4.1 An illustration of the differences between largalse (a) and small-scale (b)
nutrient heterogeneity treatments to which mat@e mopanetrees were
subjected. The fertilized areas (grey) in large sméll scales cover a third of a 5
m radius area around tree stems, respectively.|Seale patches (n=52) were
approximately 0.8 m in diameter.

The longterm (1997-2007) mean annual rainfall i $kudy area is 460 mm™¥rThe
rainfall received during the study period was; 4681 during the 2005/2006 season
(July to end June), 328 mm during the 2006/2008@eand from July 2007 to end
February 2008 (when last measurement was taker§, 3¢, which represents
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average conditions for this period. Large herbivepecies occurring in the KPNR
includes; African elepharitoxodonta africanagiraffe Giraffa camelopardisAfrican
buffalo Syncerus caffer zebra Equus burchelli blue wildebeestConnochaetes
taurinus kuduTragelaphus strepsicerpwaterbuckkobus ellipsiprymnuand impala
Aepyceros melampusierbivore densities at the study site were lawspite of the
open habitat.

M ethods

Treatments

Eighty C. mopandrees were selected in a 0.5 by 2 km area and all@eated to five
geographic blocks. The blocks corresponded to swlitierences in topography (crest
and mid slope positions) along the long axis of #shedy site. The size of tree
canopies, determined from scaled photographs, daimgeeight from 4.2 to 8.6 m and
in diameter from 2.3 to 9.2 m. The horizontal can@pver calculated from the
diameter measurements, ranged from 7 to 65¥84% of the 5 m radius treatment
area).

A three-way factorial design was followed with NdaR fertilization (present
vs. absent) and the spatial scale (small vs. laag@hich nutrients were supplied as
factors. Nutrient treatments consisted of the feifm: (1) control, (2) fertilization
with 785 g N tre&, (3) fertilization with 523 g P tréeand (4) fertilization with 785 g
N and 532 g P trée Nitrogen was supplied as a commercial ammoniutratei
fertilizer (28% N) and P as super phosphate (105%The spatial scale treatments
consisted of two different patch configurationswhich nutrients were supplied. In
both cases a third of the surface area coveredbimaradius around tree stems were
fertilized, with the difference that in the largeate treatment one pie-shaped patch
was fertilized and in the small-scale treatmene®@nly spaced circular patches with
a diameter of 80 cm were fertilized (Fig. 4.1). fidfere local N and P fertilizer
concentrations were the same in both scale treasmeamely, 30 g N thand 20 g P
m? The fertilizer was applied in December 2005 tigtouearly January 2006.
Respective controls were assigned to large- andll-sowse treatments. Two
replications were allocated per block, which yieldsotal of ten replications (total
n=80).

Measurements

At the start of the experiment, four shoots femopandree were selected in the 1.5
to 2.5 m height stratum and marked with aluminiumgs. During the mid (January to
March) growing seasons of 2006/2007 and 2007/2@068, length of all newly
produced twigs were measured and totalled per sistinctive dry season growth
scars, which mark the proximate end of new shoots the lighter colour of new
growth, facilitated clear identification. All leasg@roduced per shoot were count&d.
mopaneare deciduous and new leaves are formed on neseisesdnoots. During the
2006/2007 seasonC. mopaneflowered and trees which produced pods were
subsequently recorded.
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The herbaceous aboveground biomass was determiirtbé 5 m radius area around
focal tree species during the mid growing seasdn2006/2007 and 2007/2008.
Herbaceous biomass was determined with a standad pésture meter (DPM)
(Bransby & Tainton 1977; Zambatist al. 2006). Thirty readings were stratified
around focal tree stems. For large-scale treatmeésnsreadings were taken in the
fertilized third and twenty readings in the remamiuntreated area. The calibration
curve of Zambatigt al. (2006), determined for similar swards in the Knulyational
Park (boundary=50 km E), was used to convert average DPM readitags
aboveground herbaceous biomass (kg DM)ha

For leaf quality determination &. mopanerees, ten fully expanded leaves
were randomly plucked from the 1.5 — 2.5 m heighatsm per tree, excluding
marked shoots, during the wet seasons of 2006/20@72007/2008. Leaf samples
were contained in open paper bags and kept inhhdesin a well ventilated room
until further processing. Subsequently, samplesvagied to constant weight at 60
°C, weighed and ground through a 1 mm sieve. Fasgleaf N and P concentration
measurements, dominant grass species contributB@io or more of the total
herbaceous biomass were sampled during the 2006280 season for a subset of
trees. A random selection of tufts was clipped ellwsthe ground with shears and the
material contained in open paper bags per speEmslarge-scale treatments, the
dominants in both treated and untreated fractiomsewsampled and separately
analysed. This allowed the calculation of an a@aected response in leaf N and P
concentration for large-scale treatments. In tB@agrass samples were sampled. Both
C. mopaneand grass leaf samples were analysed at the WagsmiJniversity, The
Netherlands. After destruction with a mixture ¢f8@,, Se and salicylic acid, N and P
concentrations were measured with a Skalar Sanaltsanalyser (Novozamslet
al. 1983). Condensed tannin {D. mopaneleaves were analysed according to the
Proanthocyanidin method (Waterman & Mole 1994).€aithe problems of applying
an appropriate standard for the proanthocyanidithate(Waterman & Mole 1994),
the data are presented as final absorbance atrb50llowing du Toitet al. (1990).

Statistical analyses

Before fieldwork commenced during the 2006/200%8pafive trees selected for the
experiment were pushed over by elephants and websegquently not further
considered. For the tree data, linear mixed mowatls N-fertilization, P-fertilization
and scale as fixed factors in a full factorial deswere used with the year of
measurement as the repeated effect and trees gsctsubAn autoregressive
covariance matrix was assumed for the repeateduremasTlo test if tree responses
were related to tree size, tree cover was entesedowariate in models. Response
variables consisted of leaf N and P concentratiGmgsine transformed), leaf
condensed tannin absorbance values, annual stmgph Isncrement, number of leaves
per shoot and shoot diameter of marked shoots aahrteaf mass (logarithmically
transformed). Geographic block was entered asaorareffect in models.
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Herbaceous aboveground biomass data were sigrilfia@hated to tree cover in both
years. However, a significant N*Tree cover intei@ct (linear mixed model,
F,7+=3.7, P=0.029) indicated that the assumption of dgeneous regression slopes
were violated (Field 2005). Therefore, Pearson etation analyses were used to
describe the tree cover-grass biomass relationsbipghe different treatment groups.
Bonferroni corrections were used to detect sigaiftadifferences between groups.

A Generalized Linear Model was used to relate gpast in seed bearing
(presence-absence) @. mopanetrees to treatment factors (N, P and scale). A
binomial distribution and identity link function weused in the model.

All analyses were performed in SPSS v. 15.

Results

Chemical response of C. mopane leaves to treatments
The concentration of N i€. mopandeaves differed between the study years (linear
mixed model, Fs~=27.3, P<0.001; Table 4.1) and decreased on averidy&d% from
the 2006/2007 season to the 2007/2008 season\2.2113%). Of the main factors,
C. mopaneleaf N concentration was affected by both N femdilion (F s=6.0,
P=0.017) and the scale of patchinesgs{F4.3, P=0.042) (Table 4.1). On average N
fertilization increased leaf N concentration wittlo5while concentrations in large-
scale treatments were 4% higher than in the smalkstreatments (Fig. 4.2).
However, the leaf N concentration @. mopaneresponded to fertilizer type in
complex ways between years (Year x N x P interacétfiect; i ¢~=7.3, P=0.009)
(Table 4.1). Compared to controls, N fertilizatiocreased the leaf N concentrations
of the N-only and N + P treatments in the 2006/28€&son, but not in the 2007/2008
season, while, the leaf N concentration in the R-dreatment was on average
reduced with 10% in 2008 (Fig. 4.2).

On average the concentration of Fdnmopandeaves did not differ between
the two sample years (linear mixed model, P>0.B6),responded differently to P-
fertilization between years (Year x P interactiéiig=11.4, P=0.001) (Table 4.1).
Accordingly, P-fertilized trees had relatively hegHeaf P concentrations in 2007, but
relatively lower leaf P concentrations in 2008 timam-P treatments (Fig. 4.2).

Condensed tannin concentrations (absorbanc€) mopandeaves increased
on average with 17% from the 2006/2007 to the 2PWI3 season (fk~24.1,
P<0.001). Of the main effects only the scale otlpaess affected condensed tannin
concentrations (fs=13.0, P=0.001; Table 4.1), which tended to be drnigh small-
scale than large-scale treatments. The Year x PcaleSinteraction (Fs+~=8.3,
P=0.005) indicates that condensed tannin concerigatvere strongly affected by the
scale of P-fertilization in the 2007/2008 seasan, ot in the 2006/2007 season. In
the P-fertilized treatments in the 2007/2008 seasondensed tannin values increased
in small-scale treatments, while decreasing in dacple treatments relative to
controls (Fig. 4.2). In addition, IfC. mopaneleaves in the 2006/2007 season,
condensed tannin values were negatively correlatgti leaf P concentration
(Pearson, r=-0.28, P=0.017) and trees with greeméture) pods
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Table 4.1 Linear Mixed Model tests folC. mopaneleaf N, P and condensed tannin
concentrations, leaf number per shoot, mean leasrennual shoot length and
diameter of shoots (dependent variables) as affebjeN and P fertilization
supplied at two scales of patchiness (fixed fagt@ampling was repeated in two
consecutive years (within-subjects factor). Thejguied cover of trees was
entered as a covariate in models to test for imeeffects on variables.

L eaves Shoots
Number Annual
_ Phosph- Condensed Mean shoot Shoot

Source Nitrogen . per .

orous tannin mass length diameter

shoot

Within subjects
Year 27.3%** 2.4 24, 1%** 0.6 0.0 77.8%**  75.0%**
Year * N 2.3 0.3 0.0 0.0 14 1.3 0.0
Year * P 5.6* 11.4** 0.0 0.1 1.3 0.6 1.7
Year * Scale 0.3 15 0.4 1.1 0.4 5.7* 2.7
Year*N* P 7.3** 3.1 1.3 0.1 1.6 0.1 3.6
Year * N * Scale 2.2 0.9 0.8 0.0 0.6 0.2 0.8
Year * P * Scale 0.5 0.7 8.3** 0.8 4.1* 0.8 0.7
Year * N * P *
Scale 1.6 1.0 0.0 2.7 0.0 0.5 0.1
Between subjects
N 6.0* 0.5 3.2 1.3 1.1 3.4 0.4
P 0.0 0.9 1.0 0.0 1.9 0.0 0.2
Scale 4.3* 0.8 13.0** 0.7 0.9 3.6 0.4
N * Scale 2.8 0.0 0.6 11 0.2 0.6 0.0
P * Scale 1.0 1.0 1.6 0.0 1.8 0.0 0.6
N*P 1.3 1.0 2.0 0.5 14 0.1 0.1
N * P * Scale 0.4 0.2 2.4 0.3 0.0 14 0.2
Covariate
Canopy cover 1.6 0.4 2.9 0.3 0.2 0.4 0.8

*P<0.05; *P<0.01; **P<0.001
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Figure 4.2 Responses of. mopanedrees not fertilized (C) or fertilized in Deceml605
with N, P or a combination of N and P (NP). Fezxéli was supplied either in a
single patch (large scale) or distributed over BH2als patches (small scale).
Response variables, measured in two consecutivs {2306/2007 and 2007/2008)
during the wet season, consisted of: Leaf N andrieentrations, condensed tannin
concentration (absorbance values), annual shogtHancrement per tree and the
mean leaf mass per tree. Back transformed mean®%¥dconfidence limits are
given. The variation attributed to a random bloaktér has been accounted for
(marginal means). Asterisks above bars indicatenifsignt Least Square
Differences from control values: * P<0.05, ** P<0,6** P<0.001.
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present had on average 9% higher (t-test, t=-2{278, P=0.031) condensed tannin
levels relative to trees without pods. In the 2Q008 season, when no pods were
produced, leaf condensed tannin values were nefdatieorrelated with leaf N
concentration (Pearson, r=-0.36, P=0.001) and ayoued herbaceous biomass (r=-
0.23, P=0.049). In neither year were leaf condertiaadin concentration correlated
with branch-level tree growth measurements suanasal shoot length increase, leaf
number per shoot or mean leaf mass produced pet sloo by the height (size) of
trees (Pearson, P>0.10).

To summarize, the concentrations of the nutrienen P, and the deterrent,
condensed tannin €. mopaneleaves mostly showed inter-annual variation and
responded in complex ways to the scale and fertiligpe treatments. Generally, scale
responses followed predictions with higher nutriesdncentrations and lower
condensed tannin concentrations in the large- cozdp small-scale of patchiness
treatments, although these responses only emergedydhe 2008 season. There was
also a tendency for P fertilization, especially Bhenly treatment, to negatively affect
foliar quality, e.g., lower leaf N and higher conded tannin concentrations,
particularly when supplied in a fine-grained configtion.

Mopane growth and reproduction response

Growth of C. mopanerees at a shoot level was affected by the feetiliand scale
treatments. The annual shoot length incrementsaat treatments, differed between
years (linear mixed model;;k=77.8, P<0.001) and strongly increased from the
2006/2007 to the 2007/2008 season (333 vs. 570 hwotY(Fig. 4.2) . While not
significantly related to either N or P fertilizatiger se the significant year x scale
interaction (free=5.7, P=0.020) indicated that shoot growth wascedfi by the scale
of nutrient patchiness (Table 4.1). The interactiaticate that the annual shoot length
per shoot in large scale treatments were 35% lothger shoot lengths in small scale
treatments, while no scale-related differences weduduring the 2006/2007 season
(Fig. 4.2).

The mean leaf mass &. mopanetrees did not differ between the sample
years (P>0.05) or between the main fertilizer tgpescale treatments. However, the
significant Year x P x Scale interaction g=4.1, P=0.047) means that the leaf mass
in P-fertilized, small-scale treatments were lowaan the leaf mass of P-fertilized,
large scale treatments in the 2006/2007 seasolie vaoinversely, in non-P treatments
the mean leaf mass was increased in the small setdéve to the large scale
treatment (Fig. 4.2). This pattern disappeared he 2007/2008 season when
treatments were indistinguishable (Fig. 4.2).

Neither the number of leaves per shoot nor thendiar of shoots differed
between the study years or between treatments IR*dicating that these measures
were unresponsive to fertilization and the spat@ahfiguration of nutrients (Table
4.1). Only during the 2006/2007 season werenopanedrees reproducing. Fewer
trees produced pods in N-fertilized trees (Wald-€&fuare=4.5, n=75, P=0.034) than
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control or P-fertilized trees. Tree reproductiorswmaffected by P-fertilization or the
scale of fertilization (P>0.1).

Herbaceous chemical response

The concentration of N and P in grass leaves wastafl by the treatments. The leaf
N concentration of grasses responded to N fertibma(Anova, k 1;=10.2, P=0.009;
Table 4.2) and was on average increased by 23% ar@ahfgo grasses not fertilized
with N (1.89 vs. 1.53%; Fig. 4.3). Grass leaf Paairation was highly responsive to
P fertilization (F 1;=57.2, P<0.001; Table 4.2) and was on averageasertby 120%

in P-fertilized grasses compared to grasses nuliZed with P (0.31 vs. 0.14; Fig.
4.3). In addition, the P x Scale interaction {E5.2, P=0.042; Table 4.2) indicate that
the leaf P concentration of grasses growing withrge-scale fertilized patches were
relatively more increased by P fertilization thaattof grasses in the small-scale — P
fertilizer treatment (Fig. 4.3). However, if resges are scaled up to the whole 5 m
radius study area (by correcting the leaf P comagah values from grasses in large
scale patches and those in paired non-fertilizedsafor the relative area covered), the
interaction effect of scale and P fertilization wast significant (f£1:=0.5, P>0.2).
This suggests that the high leaf P response of@sas large patches covering only a
third of the focal area did not offset the loweunt videspread response of grasses in
small-scale treatments. The leaf P concentratiorgrabses was decreased by N
fertilization (R,1:=4.8, P=0.051).

To summarize, grasses appeared to be highly megmoto P fertilization but
only moderately responsive to N fertilization. Fietmore, N fertilization resulted in
decreased leaf P concentrations. The scale ofentitpatchiness had strong local
effects, especially with regards to leaf P conediuns, but appears to have little
influence on whole-plot responses in leaf N andifng) the 2006/2007 season.

Table 4.2 ANOVA tests for mean leaf N and P concentrationdarhinant grasses associated
with C. mopandrees (dependent variables) as affected by diitdype of fertilizer
(N, P or N+P) supplied at two spatial scales ofcipiaiess (fixed factors). The
projected tree cover of trees was included as arce in the analyses.

L eaf concentration

Source Nitrogen  Phosphorous
N 10.2** 4.8

P 0.0 57.2%%*
Scale 0.3 0.2

N * Scale 2.3 1.2

P * Scale 0.4 5.2*
N*P 0.4 4.2

N * P * Scale 0.4 0.0
Canopy cover (covariate) 4.7 1.1

*P<0.05; *P<0.01; **P<0.001
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Herbaceous biomass response

The aboveground herbaceous biomass was negatioefglated withC. mopane
canopy cover for both the 2006/2007 (Pearson, 29;0n=74, P=0.014) and
2007/2008 (r=-0.30, n=74, P=0.010) seasons, medhaigower herbaceous biomass
was associated with larger trees. However, thdioekship between tree cover and
herbaceous biomass was influenced by N fertilipatio both seasons herbaceous
biomass was negatively correlated with tree cowverthie N fertilizer treatments
(2006/2007, r=-48, n=37, P=0.003; 2007/2008, r=-A836, P=0.003) and not
significantly correlated in non-N treatments (P>O0Flg. 4.4). This suggests that
herbaceous biomass was increasingly suppressedeasize increase, but only when
fertilized with N. If the data was split according scale, negative relationships
between herbaceous biomass and tree cover emangbdth years in large-scale
treatments (2006/2007, r=-0.34, n=38, P=0.034; 268®.35, n=38, P=0.034), but
not in small-scale treatments (P>0.1). This suggésat herbaceous biomass was
more suppressed with increasing tree size if ieetl at a large scale, although this
effect was not strong (Fig. 4.4).

3.0
25}
20+
1.5}

Leaf N (%)

1.0
0.5+

0.0

Figure 4.3 Responses of (a) leaf N concentration and (b)Feadncentration of grass
swards associated with single mopanetrees in relation to fertilization
with nitrogen (N) or phosphorous (P), which werg@ied either in a
single patch (large scale) or distributed over 2l patches (small scale).
The leaf N and P concentrations represent mearevadi the dominant
grass species sampled per tree. In large-scalengats, values represent
only grasses within fertilized patches, while ad@am sample was taken in
the small-scale treatments. Back transformed (malfgimeans and 95%
confidence limits are given. Means were evaluated taee cover of 14.6
m?. Asterisks above bars indicate significant LeagtigBe Differences
from control values: * P<0.05, *P<0.01, P<0.001.
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Figure 4.4 The relationships betwedd. mopanetree canopy cover and the aboveground
biomass of herbaceous plants in a 5 m radius acema tree stems for trees not
fertilized and fertilized with nitrogen (N) for th2006/2007 and 2007/2008
seasons. The data show that herbaceous biomasseasingly suppressed when
trees (and swards) are fertilized with N.

Discussion

Spatial scale influences nutrient expression in savanna plants

Our data support the predictions by Ritchie & @1f©99) and Hutchingst al. (2003)
that the scale of resource patchiness has impokansequences for resource
partitioning between co-existing organisms encaumgepatchy resources at different
scales. Accordingly, trees responded more to theesamount of nutrients added in a
single large patch than supplied in many small hEcduring the second year after
fertilization, when average rainfall conditions yaded. Drought in the first sample
year probably obscured the scale effects. In tlversk year scale effects emerged:
Leaf N concentrations were higher, shoot lengtiheiased more and condensed tannin
concentrations were lower in large-cale vs. smal-dreatments. In woody plants,
condensed tannin concentrations typically decreasth increasing nutrient
availability (Haukiojaet al. 1998; but see Ferwerda al. 2005). In the large-cale
treatment receiving both N and P, trees were tpersar competitors, which resulted
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in stimulated growth and subsequently lower investmin condensed tannin
production (cf. Bryantet al. 1992; Herms & Mattson 1992). Therefore the lower
condensed tannin concentration in large-scale weasborates the notion that trees
benefited more if the same amount of nutrientsuigpied at a relative large scale
than at a small scale.

Different explanations, acting alone or in concerly account for the scale-
mediated response observed Gn mopanetrees. First, several experiments have
demonstrated that individual plants benefit mommfrthe same amount of nutrients
supplied in appropriately scaled (usually largeajches, rather than scattered over
many small patches (Hutching$ al. 2003) or homogeneously distributed (Birch &
Hutchings 1994; Fransest al. 1998). Decreased performance in small-scale (velat
to plant root system size) nutrient environments rba related to the inability of
plant root responses to accurately match the fratgdespatial configuration of
nutrient-rich patches, with subsequent additionsts involved for responding plants
(Hutchingset al.2003; Kumeet al.2006).

Second, in the small-scale treatments more gragsasably experienced
heterogeneous soil nutrient conditions, comparddrge-scale treatments where most
grasses experienced either a high or a low homaogesneoil nutrient supply. It
follows that if grasses responded (enhanced nttrptake) to soil heterogeneity,
which is expected in fast growing plants with higgsue turn-over rates (Fransen &
De Kroon 2001; Kembel & Cahill 2005; de Kroon & Mamer 2006), then total
nutrient uptake should be higher in the small-scalative to large-scale treatments
(Birch & Hutchings 1994; Hutchingst al. 2003). If so, increased resource acquisition
by grasses in the small-scale treatments resulessiresources available for trees in
small-scale relative to large-scale treatments. él@n, the herbaceous data failed to
show a significant response to the scale of nutpetchiness, at least in aboveground
parts.

Indirect evidence suggests that the effect of gragspetition in the small-
scale treatments intensified relative to largeescéileatments under specific
conditions. During the first year after fertilizai, the mean leaf mass Gf mopane
trees decreased and, in the second year, leaf msedletannin concentration
dramatically increased in the small-scale, P-fedd treatment, which might be an
indication of decreased resource availability fazes (Bryantet al. 1992; Stamp
2003). As grasses were shown to be highly resperisiV fertilization in our study, a
possibility is that the competitiveness of gragsethis treatment interfered with the
resource supply (e.g., water and nutrients) test(E@oop & Walker 1985; Stuart-Hill
& Tainton 1989; Riginos 2009), resulting in stuntedf development and increased
leaf tannin concentrations i€. mopane In the large scale treatment, herbaceous
competitiveness probably intensified locally in tedilized portion (1/3 of area) with
trees able to acquire resources through other reedunlthe remainder unchallenged
(de Kroonet al.2005).

To summarize, our data suggest that not only sedurce heterogeneity in the
vertical dimension can have important implicatidoisresource partitioning between
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trees and grasses (Knoop & Walker 1985; Scholesrénhéx 1997; Sankaraet al.
2004), but also heterogeneity in the horizontal efision (see also Jeltsat al.
1998).

Differential responses of trees and grasses to N and P additions

Co-existing grasses and trees appeared to beedfddterently by N and P additions.
The data suggest that trees were positively affiebte N addition, but not by P
addition alone. The negative relationship betwaea tover and herbaceous biomass
when fertilized with N, suggests that the competitiess of trees increased with N
fertilization, but that the magnitude of this etfeepended on tree size (Stuart-Hill &
Tainton 1989). In the N-only treatment, the delageduppressed reproduction@n
mopanetrees probably reinforced the positive N growtbpense, as more resources
were available for growth in non-reproducing treesiile resources were shared
between growth and pod production in reproducireggrWhile C. mopanetrees
responded positively to N additions, trees tendedespond negatively to P-only
additions, apart from an increase in leaf P comaéohs during the 2006/2007
season. In the P-only, small-scale of patchinesatrtrent,C. mopanetrees had
reduced individual leaf mass and decreased leaf oNcentrations during the
2007/2008 season, indicating negative responsesatiditions.

In contrast to trees, grasses showed a remarkapacity to take up P as
inferred from the strong leaf P response, Ithouglbiomass response was observed.
The classical interpretation of nutrient limitatitbcuses on biomass responses only.
Two lines of evidence, however, suggest that PiliEation intensified the
competiveness of grasses, thereby negatively aftedrees. First, tree leaf N
concentrations were reduced in the P-only fertilibeatment, especially where
supplied in a small-scale configuration (2007/2868son). Coincidently, grass leaf P
concentrations peaked in this treatment. Secor@ntban leaf mass &. mopane
decreased in the P-only fertilized (small-scaleptment in the 2006/2007 season.
Ludwig et al. (2001) demonstrated that grasses are relativehg fdimited under the
canopies of large trees, where soil N accumulateyfife et al. 2008), while
relatively more N limited in open sub-habitats. SEuggests that grass nutrition
mediates competitive effects on adult trees (Kn&oalker 1985; Riginos 2009)
and that soil P availability play an important ratethis process. Taken together, we
propose that th€. mopanehad relatively greater N than P requirements unier
prevailing study conditions, which increased itsmpetitiveness with grasses,
especially where N was supplied in a single largielp In agreement, Ferwerdgal.
(2005) found in a pot experiment tli&at mopaneseedling growth was unresponsive to
P fertilization, in spite of very low P backgroutevels in the growth medium (i.e.,
2.1 g P ri?Y). These seedlings were responsive to N additiénaversely, co-existing
grasses in our experiment were more limited by Rilavility and P additions
apparently increased their competitiveness witlandsg) to trees, especially where P
was supplied in a small-scale configuration.
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It is possible that savanna trees generally hawend® requirements than grasses. In
savannas, grasses are known to be strongly ccelinny both N and P. Data across
marine, freshwater and terrestrial systems sugtpdt rapidly growing organisms
commonly have relatively high P requirements totaunsrapid protein synthesis
(Elseret al.2007). Grasses generally have higher relative tir@otentials than trees.
Trees allocate substantial biomass towards woodyctste instead of resource-
capturing tissue (Bondt al. 2003; Bond 2008). In addition, the grasses instiely
area follow the C-4 photosynthetic pathway, whle mopanefollows the C-3
pathway (Turekiaret al. 1998). The nitrogen-use efficiency of C-4 plantdigher
than that of C-3 plants (Ehleringer & Monson 19G8aineet al.2008). This lowers a
plant’s relative dependency on N. Mantlagtaal (2008), for instance, found closer
correlations between photosynthetic rates andRdafin with leaf N in herbaceous C-
4 plants in Botswana. Lastly, that P is particylaluable for savanna (C-4) grasses
is also suggested by the higher leaf P resorpfifaciescy, relative to broadleaf (non-
N, fixing) trees in the KNP (Ratnarat al. 2008). However, b fixing trees (e.g.,
members of Fabaceae) might have high P requiremesntg fixation demands a high
P supply. It should also be borne in mind that §yig=ecies vary substantially in their
absolute and relative requirements for N and P rf8my 2002; Fynn & O'Connor
2005), which might well be the case for trees all. i@r example, in forestry P
fertilization increases the growth rateEdcalyptusspecies (e.g., Campion & Scholes
2007).

Lack of herbaceous biomass response to fertilization

Fertilization did not increase herbaceous abovegtdniomass in the nutrient-poor
study area. In related studies Belsky (1994) didfind a fertilizer effect below large-
tree crowns, and Ludwi@t al. (2001) found only a modest herbaceous biomass
response to P fertilization below crowns. In oup@rxment a substantial proportion of
the 5 m radius area, in which biomass was estimateclrred below tree crowns.
This may partly account for the insignificant respe to fertilization. In addition, the
low mean rainfall in the study area probably preégdra strong herbaceous response
to nutrient additions (Penning de Vries & Djitey®82; Donaldsonet al. 1984;
Snyman 2002; Fynn & O'Connor 2005; van der Waal. 2009). Lastly, we did not
guantify the impact of herbivores on the herbacelaysr, and it is possible that
grazer effects confounded herbaceous biomass respdo fertilization. In fact, in
semi-arid savannas herbaceous biomass can be deduaeutrient hotspot areas
frequented by grazers (Augustieeal.2003; Grant & Scholes 2006).

Implications for savanna systems

Our results suggest that the scale of nutrienthpaéss provides an additional axis for
resource partitioning between co-existing trees gnaksses. This, in turn, may
influence various ecological services. First, tleeamposition rate of leaf litter is

largely influenced by litter quality, which, in turdepends on leaf N concentrations
(closely correlated with C: N ratio) and condentathin concentrations. Condensed
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tannin immobilise N, hence slows down decompositiates. Nutrient cycling
through tree leaf litterG. mopaneis deciduous) might have been enhanced by a
presumably higher leaf litter quality in the larggale, N fertilized treatments. In the
small-scale, P-only fertilized treatment, nutriesyicling was probably decreased.
Second, leaf N, P and condensed tannin concemtsatiargely determined the
nutritional quality of forage for large herbivoreBifferential changes in the leaf
quality of trees and grasses may influence thecgsetepatterns of the browsing and
grazing guilds, respectively. Lastly, the ultimaggulatory role of scale of nutrient
heterogeneity on the ratio of the tree and grasspoments in semi-arid savannas
probably also depend on interactions with othertofgc such as fire and water
availability, which were not considered in thisdstu

If trees indeed benefit from a high soil N availi&y as the data suggest, we
would expect trees to dominate N-rich savannass Ticlearly not the case. In a
recent meta-analysis, Sankagtral. (2008) showed that tree cover in savannas across
Africa declined with increasing soil N availabilitfReconciling these ideas, we
propose that mature trees benefit from N additi@specially if supplied at scales of
patchiness relevant to trees), but that recruitrdenig the establishment phase may
be increasingly constrained under fertile (e.gghhN) conditions, which, over time,
might feed back to reduce tree cover (Kraaij & Wa@d6; Sankaraet al. 2008; van
der Waalet al. 2009). If correct this suggests that establishedst benefit from
increased atmospheric N deposition in the shomn,telbut tree cover may be
negatively affected over the long term as recruitimtails to offset adult tree
mortality, resulting in a more open state. Atmosmh& deposition has increased
over the last decades in South Africa due to |age power generation from coal
(Scholeset al. 2003).

In conclusion, our data provide field support fiee notion that local changes
in resource heterogeneity influence resource paniitg between different sized
plants (Hutchingset al. 2003). This study and the recent studies by Crgin&iOlff
(2006, 2008) and Cromsigt al. (2009) suggest that local differences in resource
heterogeneity may be an important factor mediategpurce partitioning between
plants and animals in savanna systems. This stlsdy proposes that the scale of
resource patchiness should be considered when pirapahigh spatial heterogeneity
to conserve biodiversity (du Toat al. 2003; Cromsiget al. 2009). Small changes in
the scale of resource patchiness can have far ingachpercussions for savanna
processes, which may influence its functioning.
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Abstract

84

1.

In savannas, the tree-grass balance largely rgevelant and animal
productivity. In this paper we show how herbivoreay indirectly influence
vegetation structure through soil nutrient mediatio

We studied the current soil nutrient status &red grass biomass patterns and
large herbivore use of nine former livestock hoddpen areas (kraals) in a
semi-arid, nutrient-poor savanna and contrasteskthwath nearby control sites
located in the surrounding landscape. The kraalsmdrly enriched by
livestock dung and urine, were abandoned aroun@ a8d wildlife utilization
became the predominant form of land use since.

We found that around 40 years later, kraal st qualified as nutrient
hotspots, with high concentrations of inorganiceXjractable P, K, Ca and
Mg in the soil. The high nutrient availability waglated to high plant
production potential and high quality forage. Ir#ergrazing and high large
herbivore dung and urine rates apparently accelériical nutrient cycling
rates in kraal sites.

Structurally, kraal sites had very low tree diies compared to control sites.
Experimental evidence suggests that the tree sgediecruitment was
increasingly constrained when competing with grasseler fertile conditions,
which might explain the low tree recruitment in&raites.

The improved visibility offered by structurallppen patches, such as
abandoned kraal sites, probably offer improved gi@ddetection for large
herbivores. By spending non-foraging time on kigitds, more nutrients are
deposited as dung and urine than taken up and texiyavhich might explain
the persistence of high concentrations of mobikeients in kraal soils.

Large herbivores may indirectly keep nutrientspot areas structurally open
by maintaining high local soil fertility, which cetrains woody recruitment in
a positive feedback loop. In turn the maintenarfoeutrient hotspots by large
herbivores may have important consequences for hifgitat quality of
herbivores in nutrient-poor savannas.
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I ntroduction

An important theme in savanna ecology is how ressjrsuch as water and
nutrients, as well as disturbances, such as figehanbivory, determine the balance
between woody and herbaceous components (Schokesi&er 1997; Sankaragst
al. 2004, 2005, 2008). Variation in the tree-grassamed largely determines
savanna functioning, because it affects animal ywtdn, shapes animal
assemblages and determines carbon sequestrati@citeagp (Scholes & Archer
1997; Sankaraet al. 2004, 2005). Direct effects of herbivores on sa@astructure
(e.g., browsers reducing woody cover) are well doented (Scholes & Archer
1997; van Langeveldet al. 2003). However, indirect effects of herbivores;isas
herbivory reducing grass fuel loads which in tuapgesses the impact of fire on
the tree layer (van Langevel@e al. 2003; Holdoet al. 2007; but see Hanaat al.
2008), are less well studied in spite of their pa#dly large impact on savanna
structure (e.g., Waldranet al. 2008). Potentially herbivores can change the
availability of soil nutrients in an area which,turn, alters the competitive balance
between functionally different growth forms (Wilsda Tilman 1993; Bokdam
2001). Such an indirect effect has to our knowledgeyet been demonstrated for
trees and grasses in savanna-grassland systemspiten of reports of strong
herbivore effects on local soil nutrient availalyiliBardgett & Wardle 2003;
Augustineet al. 2003).

In this paper we address the question whetheeffeets of large herbivores
on soil nutrient availability have consequencesthier tree-grass balance in a semi-
arid savanna. To test this we propose that twoireeuents should be met: (1) it
should be shown that large herbivores significamhange local soil nutrient
availability and (2) that the vegetation structyire., tree-grass biomass ratio) is
significantly altered by local nutrient availabylit

First, large herbivores alter soil nutrient avaiifp for plants through
changes in soil nutrient cycling rates and spatalistribution of soil nutrients
(Ritchieet al. 1998; Bardgett & Wardle 2003). In a comprehensaxeew, Bardgett
& Wardle (2003) concluded that differences in geitility determine the direction
of nutrient-mediated herbivore effects on nutriengcling rates and plant
productivity; positive net effects occur under ifersoil conditions and negative net
effects under infertile soil conditions. Enhancedal nutrient cycling by large
herbivores has been invoked as a mechanism exmaithe formation and
maintenance of grazing lawns in African savannasN&ughtonet al. 1997). In
addition, animals spatially redistribute nutrieiitghey take in nutrients in one area,
but excrete nutrients in resting or sleeping a{&asger & Schoenecker 2003; Moe
& Wegge 2008). Substantial amounts of nutrients banredistributed by large
herbivores in this way (Jewedt al. 2007). In a modelling study, de Mazancoeifrt
al. (1998) showed that although enhanced nutrienirgydontributes to short-term
positive herbivore-soil nutrient feedbacks, a ngbart of nutrients is crucial for the
long-term maintenance of locally nutrient-rich, gueative grazing areas. However,
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apart from East African studies (e.g., McNaugh&tnal. 1997; Augustineet al.
2003), information about the mechanisms underl\gog nutrient-large herbivore
feedbacks in an African savanna context is scabfet al. 2007).

Second, Sankaraet al. (2008) found that tree cover in African savannas w
negatively correlated with N availability. A mechsm proposed to explain the
nutrient-woody cover relationship is that the casBrg grasses increasingly
outcompete woody seedlings under fertile conditiavisich results in a more open
vegetation structure (Sankarat al. 2008). In arid and semi-arid savannas tree
cover is presumably determined by tree seedlingbéshment success (Higgies
al. 2000). Therefore, if herbivores change local switrient availability and tree
seedling establishment is affected by these chanlgesstructure of savanans may
be indirectly altered.

To address these issues we studied a ‘naturakrgwpnt in a semi-arid
savanna, where commercial livestock (mainly cattéjching was practiced from
the early 1900’s until about 1970. Since then widhas been the dominant land
use form. During the livestock era, livestock waptkin enclosures (locally known
as ‘kraals’) at night to safeguard the animals rgjapredators and theft. The
outcome was that nutrients accumulated in kraabs @sult of the high deposition
of nutrients (taken up while grazing during the Jdiythe form of dung and urine
(Blackmoreet al. 1990; Augustine 2003). After the change in land;uke former
kraal sites remained as nutrient hotspots in thddeape (see also Augustine 2003).
In this paper we compare the current soil nutregatus and vegetation structure of
kraal sites with control sites located in the sumaing landscape. The main
objectives were to test (1) whether the effectswatrient enrichment created by
large herbivores (managed livestock) were stiled&tble in the soil and vegetation
decades after abandonment, (2) if wild large (k&,kg) herbivores accelerate local
soil nutrient availability in abandoned kraal sjt€8) if wild large herbivores
maintain a high local soil nutrient status by intpay nutrients into abandoned kraal
sites, (4) if woody plant have invaded kraal sidter the kraals were abandoned
and (5) if tree seedling recruitment in grass swasd constrained under fertile
conditions (Sankaragt al. 2008).

M ethods

Study area and selection of study sites

The study was carried out in the Associated Privdédure Reserve (APNR),
consisting of the Timbavati, Klaserie, and Umbdbatate Nature Reserves and the
Balule Nature Reserve (latitude 24°03'- 24°33 Sigiude 31°02°- 31°29°E),
which combined covers an area of more than 1 700 Kime APNR is situated in
the South African Lowveld and abuts the Kruger diai Park (KNP) in the east. In
the APNR, commercial livestock farming (mainly &attwas widely practiced
during the first half of the 20 century, but proved uneconomical due to limited
market access, predator problems (mainly lion) #rel high prevalence of tick
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borne diseases. Around 1970, livestock ranchingfimaly abandoned and wildlife
related enterprises became the dominant landuse. fGame fences separating
individual reserves and the KNP were removed by31@8aabling wildlife to move
freely between the conservation areas (Bigalke R000

Soils in the APNR are predominantly derived froreathered granite and
gneiss (Venteet al. 2003) and the availability of nutrients such asat P are
generally low (Treydtet al. 2007), but heterogeneously distributed in the $aage
(Grant & Scholes 2006; Treydet al. 2007). In the study area, the mean annual
precipitation ranges between 450 mm and 600 mmesFin the APNR are
controlled and generally exceed a fire return mkabthree years

A well developed woody layer includes species sag8clerocarya birrea,
Acacia nigrescens, Combretum apiculat@and Colophospermum mopandhe
herbaceous layer includes grass species suchUraghloa mosambicensis
Bothriochloa radicans, Digitaria eriantha, Panicurmaximum, Heteropogon
contortusand a wide variety of forb species. Plant nomeaaatafollows Gibbs-
Russel (1990) for grasses and Coates Palgriaak (2002) for trees.

Large herbivore species occurring in the APNR idek1 African elephant
Loxodonta africana giraffe Giraffa camelopardalis African buffalo Syncerus
caffer, zebra Equus burchelli blue wildebeestConnochaetes taurinuskudu
Tragelaphus strepsicerpsvaterbuckKobus ellipsiprymnusand impalaAepyceros
melampus Predators include lioPanthera le¢ leopard Panthera pardusand
spotted hyen&rocuta crocutaMammal nomenclature follows Kingdon (1997).

Nine deserted kraal sites with paired controls wsslected in the APNR.
Kraal sites (range, 10-30 m diameter) were idesdiin the field by residents with
knowledge of the layout of former farming infrasttures. The presence of old
fencing material such as posts and wire, confirtedlocations of kraal sites. The
midpoints of control sites were located at a 20@istance from kraal midpoints
and were chosen at the same topographical positithre landscape as kraal sites to
minimize the confounding effect of topography omdrcontrol comparisons. The
study was conducted during the wet season from ibee 2006 to March 2007.

Soil collection and analysis
To contrast the fertility of kraal soils with that the surrounding soils, we analyzed
soils sampled in kraal and control sites. At edtdy about 30 kg topsoil (0-15 cm
depth) was collected at six random locations pet piooled, sieved and thoroughly
mixed. Sub-samples were chemically analyzed by Aggicultural Research
Council in Nelspruit, using standard procedures o@ymous 1990). For the
analyses, cations were extracted with ammoniumatgealuminium was extracted
with KCL and available P was determined accordmthe Bray 1 method. The pH
of soils was measured according to the water mefAndnymous 1990).

The soil nitrogen mineralization rates were deteeu in only eight kraal—
control pairs over a 28 day period in the wet sea¥de used a field incubation
method to quantify thén situ net N mineralization rate (Robertsem al. 1999;
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Grant & Scholes 2006; Coetsee al. 2008). For this purpose, six stainless steel
pipes (length 15 cm; diameter 5 cm) were implarged site so that 10 cm pipe
length was buried. The pipe tops were covered asideahole aboveground allowed
gas exchange. Net mineralization rates were cdeullas the difference between
nitrate and ammonium concentrations at the stattesnd of the incubation period,
after correcting for soil moisture (Robertseinal. 1999; Coetseet al. 2008). Start-
incubation soil samples were taken within 30 cmiusdf implanted incubation
pipes. Soil samples were pooled per site and libgsamples, contained in plastic
bags, were kept on ice until extraction with KCLofertsonet al. 1999; Grant &
Scholes 2006; Coetseet al. 2008). Extracts were analyzed for nitrate and
ammonium concentration by the Institute for Soiljm@te and Water of the
Agricultural Research Council in Pretoria, Southiéd (Coetseet al. 2008). The
texture of soil sub samples was determined follgvammis (1996).

A bio-assay with maiz€ea maysvas carried out to validate the findings of
the soil chemical analysis. Soil sub-samples of dudlected in kraal and control
sites (n=18) were contained in nursery bags, amel finaize seeds (commercial
supply) were planted per bag. The maize plants wept in a nursery and rainfall
was supplemented with frequent watering. After tmonths the above ground
phytomass was harvested, dried (70 °C) to constass and weighed. Plant mass
was taken as an indicator of soil nutrient status.

Vegetation biomass and forage quality

The aboveground herbaceous biomass of kraal aniot@ites was estimated by
taking 100 readings per site with a standard Digsti#e Meter during February
2007 (Bransby & Tainton 1977; Waldraet al. 2008). We used the disc settling
height — herbaceous biomass calibration curveyeerfor swards in the KNP, of
Zambatiset al. (2006). Herbaceous swards in the study area haherr similar
species composition and biomass as swards in the {860 km E).

The woody layer was assessed in 200 m? plots, threicase of smaller kraal
sites the largest plot area that fitted into ksids (minimum, 60 A). Live woody
plants rooted within survey areas were countedcamdpies measured according to
the BECVOL method (Smit 1989a, 1989b). Canopy nremseants consisted of tree
height, maximum canopy diameter, height of maxineanopy diameter, height of
lowest leaves and canopy diameter at lowest ledVescalculated the dry leaf mass
of tree canopies by using the allometric regressiogtween canopy measurements
and leaf biomass calibrated for individual specpsvided in the BECVOL
software (Smit 1996).

To determine if forage quality was higher in kra@és than in control sites,
we analyzed leaf samples of the common gtdsschloa mosambicensisvhich
occurred on all sites except one control site. lmaferial from a random selection
of U. mosambicensitifts were collected per site, pooled, dried tastant weight
at 70°C and milled through a 1 mm sieve. N, P, Ca, Mg,aNd K content were
measured with a Skalar San-plus autoanalyzer dabwatory of the Wageningen
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University (the Netherlands) after destruction wahmixture of HSO,, Se and
salicylic acid (Novozamskegt al. 1983).

Herbivore use of kraal sites

The use of kraal and control sites by large hemegisowas assessed by (1)
calculating dung accumulation rates in marked p(dtsgustine 2003), (2) using
exclosure cages to assess consumption (Ydenbergn& P981; McNaughtoat al.
1996) and (3) assessing the frequency of herbacedusise (Grant & Scholes
2006). First, dung piles were counted in rectangplats. For kraal sites, the
maximum area that fitted within kraal sites weredjswhile a default of 20 x 50 m
plot size was used for control sites. Dung pilesemmarked with small painted
stones at the beginning of the study period (Deezr2b06). After a 33 to 45 day
period, new dung piles (unmarked) were countedspecies. The identification of
dung was aided by experienced field rangers. Seapader exclosures (n = 16), 1
m x 1.5 m in size (wire netted cage), were insthiiteDecember 2006. After eight
weeks the herbaceous vegetation in two 0.5 m xrOcuadrates were clipped close
to the ground inside the grazer protected cagetandquadrates alongside cages
(controls). The cuttings from cages and controlsewseparately pooled, dried and
weighed. Third, at each site we assessed the tlosdsaceous plant to 100 points
spaced 1 m apart for presence or absence of rginhg signs following Grant &
Scholes (2006). Plant utilization was expressethagercentage of tufts that was
utilized per site.

Woody seedling recruitment

To test the hypothesis that herbaceous competititamsifies to the detriment of
tree seedling establishment, we conducted two @rpets using the tree speciés
mopane It was chosen because it dominates large partseoftudy area and has
been implicated as a bush encroacher (Smit 200tGvggor & O’Connor 2002).
We therefore expecte@. mopaneto be a likely candidate to invade abandoned
kraal sites within its distribution range. In suppare-measurement of woody
transects originally conducted in 1980 in the stadya (Witkowski & O'Connor
1996) revealed thaC. mopaneincreased in density and expanded its distribution
range in the study area (G. Roux, unpublished data)

In the first experiment we tested the effects af &tility and seedling
predation by large herbivores on the survival mtaee seedlings co-existing with
herbaceous vegetation in the field. Increased swpgdredation by large herbivores
might also cause reduced tree recruitment in asehgh herbivore densities, such
as found on nutrient hotspots (Grant & Scholes 20T6is might also explain
lower tree recruitment in fertile areas. The expent was conducted in the
Timbavati Pivate Nature Reserve in an area opemilthife. In this experiment we
transplanted pre-grow@. mopaneseedlings (van der Waat al. 2009) into field
plots (size =5 x 10 m) that were fertilized atrggsing rates: O (control), 1.2 g N m
2 6 g N nm?and 30 g N m. The fertilizer was spread by hand in Decembei6200
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using a commercial NPK fertilizer (element rati@#N: 2 P: 1 K). The experiment
was replicated three times (total n = 12). In Deleen006, two groups, consisting
of six C. mopaneseedlings each, were transplanted into each faiatl ((=144). Per
plot, one seedling group of six seedlings was ptetkagainst large herbivore use
in wire exclosures, while the second group of sigdlings was not protected. The
exclosures (4 m in diameter) were constructed fepamdard fence poles, with 1.8
m high wire netting and effectively excluded hedras the size of hares and larger.
Seedlings were transplanted after 54 mm of rain neesived. No extra water was
given during the experiment. Four months aftergpdantation, the seedlings were
scored as ‘alive’ (green leaves or buds presentiiead’ (green leaves and buds
absent).

The second experiment tested the hypothesis teatffiect of herbaceous
competition on tree seedlings intensifies with @asing soil fertility (Sankaraet
al. 2008). For this purpose a pot experiment withttpsoil collected in kraal and
control sites, for which the inorganic N and extaite P concentrations were
determined as described above, was conducted. débr & the kraal and control
sites (n=2 x 9), three pots were filled with thé sollected from kraal and control
sites (see soil collection and analyses sectioe).dite, one pot was allocated a
single grass seedlindJ( mosambicensi®r U. panicoides,which could not be
distinguished at the seedling stage), the secohtdamba singl€. mopaneseedling
and in the third pot a mixture of a grass an@.amopaneseedling was planted.
Grass seedlings were grown in seedling trays bdfaresplantation into pots. The
C. mopaneseedlings were obtained from a site where rurwafter from buildings
collected after rains and where a large numbereefddngs germinated, which
probably originated from the same nearby t@emopaneseedlings were allowed
to establish in pots before grasses were plantediive mixture treatment®uring
the experiment, rainfall was supplemented withgation. After three months,
seedling height, number of leaves, stem diametdradoveground dry mass Gf
mopane seedlings and above ground grass biomass (drietD% to constant
weight) were measured per pot. For tlle mopaneseedlings, the relative
competition index (RCI) was calculated for seedlimgight, leaf number, stem
diameter and above ground biomass following Datisl. (1998):

Performancg,ge— Performancgxwure

RCI =
X

Where X is the larger value of either single-plpetformance (Performangg or
mixture-plant performance (Performanggre). A RCI value of zero indicates that
competitors had no effect on target plant perforeaand a RCI value of one
indicates maximum competition intensity (compe#texclusion).
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Data analyses

Paired t-tests were used for kraal-control compagsof soil properties, the bio-
assay and herbaceous biomass. Because of theeeoltyn between soil texture
classes, only differences between the sand fractvare tested. All percentage and
concentration data were arcsine transformed toomgthe distribution of data. The
herbaceous biomass and the bio-assay data wereithogaally transformed,
except for the exclosure cage biomass data thatheagansformed. The pH data
was exponentially transformed. Wilcoxon signed-rae&ts were used to test for
differences in woody density and leaf mass.

The difference between kraal and control sitesdiang pile densities was
tested with a generalized linear model. Since rapsties data were over dispersed
(variance>mean), a negative binomial distributicesvassumed. A logarithmic link
function was used and transect size was enterad affset-variable to account for
the smaller transect sizes in some kraal sites.

A logistic regression analysis was used to testthdrefertilizer (4 levels)
and herbivore exclusion (open vs. protected) treatmn affectedC. mopane
seedling survival patterns in a full factorial mbde a control plot and a 1.2 g N'm
2 fertilizer treatment plot, four and five seedlingspectively, were dug out within
weeks after transplantation, presumably by honeggées Mellivora capensis
These data were omitted from the analysis.

All statistical analyses were done in SPSS (v. 15)

Results

Soil characteristics
All sites had sandy top soils (Table 5.1). There wa difference in the percentage
sand (§ = -1.551, P>0.05) between controls and kraals (8792%; Table 5.1).
Given that paired control sites were selectedastime topographical positions, the
similar sand fractions between kraals and contsalggest that the soils of kraals
and the nearby controls were subjected to the sgomorphologic processes. This
implies that differences between kraal and consitds were caused by cattle
management and subsequent environmental and Infitiences.

The concentrations of the following elements weneaverage higher in
kraal top soils compared to control top soils: gaic N (8.1 vs. 2.6 mg N kg sojl
t; = -3.268, P < 0,05; Table 5.1), extractable P @44. 5.6 mg P kg sdi| tg =
-7.225, P<0.001), Ca (2794 vs. 847 mg Ca kg'sil= -5.423, P < 0.01), K (643
vs. 290 mg K kg sofl; ts = -3.799, P < 0.01) and Mg (498 vs. 226 mg Mg &i’s
tg = -3.284, P < 0.05; Table 5.1). Na and Al conaiins were not statistically
different (paired t-test, P > 0.05) between kraal aontrol soils (Table 5.1). The
mean pH of kraal soils was higher than the mearmfptbntrol soils (7.6 vs. 6.3; t =
-7.43, df =8, P < 0.001; Table 5.1).
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Table 5.1 A comparison of the textural and chemical properté the top soil (0-15 cm
depth) of abandoned kraal sites and nearby cosited in a semi-arid savanna. The
results of a bio-assay with standard maize are ialdizated. Back transformed

means and 95% confidence limits are given.

Trait n Units Mean (95% CL) P
Control Kraal
Sand 87 92
Texture . 18 % ns
fraction (80-92) (85-97)
. . 2.6 8.1
Chemical Inorganic N 16 mg Kg *
(0.7-5.7) (2.5-16.9)
N
N min. 6 k"_‘lgda_ 0.21 0.33 i,
(all sites) 9% (005037 (-0.08-0.73)
N min. (d N
n;lirt]es( ’ 12 kgr; 1gday 0.18 0.55 *
-0.02-0.38 0.26-0.84
excluded) ! ( ) ( )
5 8 mgkd 5.6 144.9 N
g (2.2-10.5) (79.2-230.2)
847 2794
Ca 18  mgkd -
(616-1115) (1935-3810)
" 8 mgkd 226 498 .
g g (143-328) (365-651)
290 643
K 18 kg *x
mg kg (217-374) (462-854)
11 16
Na 18 mg kg ns
(7-15) (10-26)
Al 18 mg kg 7 79 ns
9xd (7.1-8.0) (6.4-9.5)
6.3 7.6
H t 18 K il
PH (water) mg kg (6.2-6.4) (7.3-7.9)
3.9 9.5
Bio- 16 t *
lo-assay zea may gpo (2.7-5.8) (6.7-13.5)

Significance level: ** < 0.001, ** < 0.01, * <0.0%1s> 0.05

Differences in the net nitrogen mineralization ratgween kraal and control sites
were not significant (0.33 vs. 0.21 mg N kg gail’; P>0.05; Table 5.1). However,
two sites received less than 38 mm rain during d@atyr &incubation period),
compared to 80 to 121 mm rain received at the nemgisites (n=6). If the two dry
sites are omitted, the net N mineralization rat&raml sites was on average higher
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than for control sites (0.55 vs. 0.18 mg N kg $aif'; ts = 3.794, P < 0.05; Table
5.1).

Maize grown in kraal soils produced on average @.per pot, which is
significantly more @ =3.14, P < 0.05) than the 3.9 g per pot of platsvn in
control soils (Table 5.1).

Plant quality and quantity

Concentrations ifJ. mosambicensikaves were higher in kraal sites compared to
control sites for N (2.89 vs. 1.6%; £ 4.733, P < 0.01), P (0.46 vs. 0.13%x=t
5.292, P < 0.01) and K (3.6 vs. 2.2%=t3.608, < 0.01; Table 5.2). Differences
in Ca, Mg and Na concentrations between kraal aodtral sites were not
significant.

The woody density of kraal sites was much lowenttiee density of control
sites (Z = -3.684, P < 0.001). Only three woodyhtdavere encountered in the nine
kraal transects with the result that the mediandyogensity of kraal sites was 0
trees ha (range, 0-100 plants fa which contrasts sharply with the median density
of 1700 plants ha (range, 200 — 3000 plants Haof control sites. Similarly, the
median woody leaf biomass was lower (Z = -3.6865 P.001) on kraal sites
(median = 0 kg DM hg range, O - 2 kg DM h§ than control sites (median = 734
kg DM ha'; range, 107 - 1553 kg DM Ha The above ground herbaceous biomass
on kraal sites was not significantly different frahe control site biomass (781 vs.
928 kg DM hd; ts = 1.007, P > 0.05, Table 5.2). Consequently, toedy leaf-
herbaceous biomass ratios in kraal sites (ran@®00. 0.006) were much lower
than ratios of control sites (range, 0.106 - 3.107)

Herbivory

The mean herbaceous biomass inside grazer cageseafht weeks was 1108 kg
DM ha*, which is significantly higher than the 621 kg DM* measured outside
cages at kraal sites; @& 4.31, P < 0.01). At control sites the differefetween the
herbaceous biomasses inside and outside of grapesavas not significant (P >
0.05), indicating that grazers significantly redidicvards at kraal sites but not at
control sites. The frequency of herbaceous plathtation was also higher on kraal
sites than control sites (45 vs. 12%+t6.409, P<0.01; Table 5.2).

Dung accumulation and herbivore species composition

The density of all large herbivore dung piles camebii was higher in kraal sites than
control sites (Wald Chi Square = 22.9, P < 0.00hdividual species with
significantly higher average dung accumulation gat@ kraal sites were impala
(24.7 vs. 1.2 piles ad®; Wald Chi Square = 28.6, P < 0.001), duistvicapra
grimmia (4.4 vs. 0.2 piles Fad™®; Wald Chi Square = 18.9, €0.001), waterbuck
(1.9 vs. 0.1 piles had® Wald Chi Square = 12.7, P < 0.001) and steenbok
Raphicerus campestr{®.9 vs. 0.1 piles kad™; Wald Chi Square = 5.5, P = 0.019).
The densities of buffalo, elephant, giraffe and thvag Phacochoerus africanus
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were not higher (P>0.05) on kraals compared torots{Table 5.3). No dung of

kudu or wildebeest were found in control transétable 5.3).

Table 5.2 A comparison between control and kraal sites im$eof the leaf chemistry of
Urochloa mosambicensideaves sampled in control and kraal sites, the
herbaceous above ground biomass and the perceotagerbaceous plants
grazed. The sampling and measurements were dofelkruary 2007. Back
transformed means, 95% confidence limits and tgeifstance level of group
differences are given.

Characteristic n Unit Mean (95% CL) P
Control Kraal
Leaf N 17 % 1.6 2.8 b
° (0.8-2.6) (2.2-3.3)
. 0.13 0.46
chemistry P 17 % *x
(0.06-0.23) (0.33-0.61)
K 17 % 2.15 3.58 -
0
(1.1-3.6) (2.96-4.27)
0.57 0.73
Ca 17 % ns
(0.28-0.95) (0.67-0.79)
0.26 0.39
Mg 17 % ns
(0.13-0.44) (0.29-0.49)
Na 17 % 0.24 0.20 ns
° (0.11-0.42) (0.12-0.31)
ki
. g 928 781
Biomass Herbaceous 18 DM ns
) (562-1532) (494-1233)
hat
o Herbaceous 12 45
Utilization 18 % **
plants (6-21) (29-62)

Significance level: ** < 0.001, ** < 0.01, * <0.0%1s> 0.05

Using mean dung pile dry mass (C.C. Grant, unphétisdata; Table 5.3) and the
mean faecal N and P content values (Getnal. 1995, 2000), the N inputs by
individual species were calculated (Table 5.3). Nhdeposition rate through large
herbivore dung at kraal sites was calculated ag Naf yr*, compared to only 0.1
g N nt yr’ for control sites. At kraal sites, impala depasitee most N via dung
(on average 40% of all species), followed by eleplial%) and giraffe (8%; Table
5.3). Conversely, at control sites elephants dépdsihe most N in dung (on
average 53% of all species), followed by giraff8%dof total) and impala (16% of

total; Table 5.3).
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Saoil fertility, herbivory and C. mopane recruitment

In the field fertilization and exclosure experimenhe establishment success
(survival rate) of transplante@. mopane,after four months in the field, was
significantly related to fertilizer treatments (Wat 13.981, d.f. = 3, P < 0.01; Fig.
5.1), but was not related to herbivore exclusioral\= 0.448, d.f. = 1, P > 0.05).
The fertilizer x exclosure interaction was also mggnificant (Wald statistic =
5.104, d.f. = 3, P 0.05). In the fertilizer treatments, the estdbhent success was
lower in the 6 g N M (Wald = 5.320, d.f. = 1, R 0.05) and 30 g N h(Wald =
10.607, d.f. = 1, P < 0.01) treatments comparedoturols, but the establishment
success of seedlings in the 1.2 g N treatments was not different from controls
(Wald = 0.002, d.f. =1, P > 0.05; Fig. 5.1).

Table 5.3 A comparison of control (n=9) and kraal sites (h=f dung pile and N
deposition rates of large-herbivore species ocegrimn the study area. Dung N
deposition was calculated from mean dung pile wsigind mean dung N
concentrations. Animal census numbers for a tottitbpter count in 2006 of
the Klaserie PNR, where most study sites were éa;atre also depicted. Means
+ SE are given.

Species Num Dung pile deposition Mean % N Dung N deposition
bers rate dung in rate (g N ha d?)
(piles ha d*) pile dung
mass

Control Kraal (9) Control Kraal

Impala 7649 1.2+15 24.7 + 28.8 1.73 0.61 12.36
20.1
Steenbok na* 0.1+0.1 09+1.2 6.6 2.27 0.01 0.14
Duiker na 0.2+0.1 44+32 9.6 2.30 0.04 0.97
Kudu 385 0.0 0.1+0.2 172.9 1.84 0.00 0.35
Giraffe 320 0.1+0.1 04+0.6 289.5 2.08 0.68 62.6
Warthog 163 <0.1+ <0.1%0.1 116.3 1.66 0.05 0.09
0.1

Elephant 569 05+0.3 22+1.9 384.0 1.17 2.01 8109.
Buffalo 1657 0.1+0.1 0.3+0.5 221.2 1.15 0.21 670.
Wildebeest 102 0.0 <0.1+0.1 186.0 1.24 0.00 0.10
Waterbuck 95 0.1+0.1 1.9+2.2 199.8 1.16 0.18  394.

* na - data not available
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Figure 5.1 The proportion oColophospermum mopasaplings that survived four months
after transplantation into the field in areas fexdid at 0, 1.2, 6.0 and 30.0g N m
2 respectively. The seedlings (n=144) were plaraidr 58 mm rain fell in
December 2006. Mortalities occurred during a midssa drought in January
2007, when only 28 mm was recorded. The error alisate 95% confidence
limits following Wonnacott & Wonnacott (1990).

The pot experiment data suggest that herbaceougaettion intensified with
increasing soil N and P availability. The relate@mpetition index, RCI, for leaf
number per seedling was positively correlated wiibrganic soil N (r=0.61, P <
0.05; Fig. 5.2) and P concentration (r=0.55, PG5)).indicating that tree seedlings
competing with grasses grew less under fertile tmms. Likewise, stem diameter
RCI increased with increasing inorganic N (r=0.%9< 0.05; Fig. 5.2) and P
concentrations (r=0.56, P < 0.05). The RCI values $eedling height and
aboveground biomass showed positive trends (Fig), Sut these were not
statistically significant (P > 0.05).

Discussion

Our data provide evidence that large herbivoresrwlly influence the structure of
savanna vegetation indirectly via control over switrient availability, which alters

the establishment success of tree seedlings. Ajthot limited spatial extent, these
nutrient hotspots may have disproportionately laagd long-lasting effects on the
ecological services rendered by savannas (Grantt®I8s 2006). For example, in
nutrient poor savannas, fertile patches, e.g., dbnkrge trees, termite mounds,
sodic patches and abandoned livestock managemess, anay provide important
sources of scarce nutrients to herbivores (Augesiral. 2003; Grant & Scholes

2006; Mouriket al. 2007; Treydteet al. 2007; Ludwiget al. 2008; Treydteet al.
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2008). In fact, Ludwiget al. (2008) calculated that wildebeest nutrition in the
Tarangire National Park depends on the inclusiothefhigh quality grazing found
underneath large trees. If the heterogeneity iziggaresource quality created by
large trees is lost, e.g., trees increasingly dgstt, then wildebeest nutrition may
fall below maintenance levels. Our data indicatev hh@source heterogeneity is
created and maintained and how this affects savamm@ioning in the study area
(du Toitet al.2003).

Herbivore control over local nutrient availability

While P is relatively immobile and therefore hadoag residence time in soils
(Blackmore et al. 1990; Augustine 2003), which might explain its Hig
concentrations in kraal soils, inorganic N is patdly rapidly lost from topsoil
through volatilization, denitrification, fire an@dching (Augustine 2003; Hejcman
et al. 2007). Thus the high inorganic N concentrationkraal soils after almost half
a century suggest that nutrient attrition by thesleiotic processes were
counteracted, presumably by biotic ones.

(a) Leaf number (b) Stem diameter (c)  Seedling height (d) Seedling biomass
1.0 1.0
0.8 r=0.59, P<0.05 0.8
— _ 06 _ 06 _
£ £ 04 S 0480 e B
0.2
0.0
-0. -0.2 -0.2 -0.2
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
mg N kg soil"! mg N kg soil"! mg N kg soil”! mg N kg soil"!
(e) Leaf number ) Stem diameter (9) Seedling height (h) Seedling biomass
1.0 1.0 1.0 1.0 [
0.8 0.8 r=0.56, P<0.05 0.8 0.8 A
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o ® o0
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Figure 5.2 Relative Competition Index (RCI) values ©f mopaneseedling leaf number,
stem diameter, seedling height and biomass (abowend) in relation to
inorganic soil N concentration (a-d) and extraaadwil P concentration (e-h).
RCI values greater than O indicate tkiat mopaneseedlings were relatively
suppressed if grown with grasses. Values below dicate facilitation of
seedlings by grasses. The soils used in the expetinvere collected from
abandoned kraal and control sites in the study. area

97



Nutrients and savannas

Large herbivores probably accelerated nutrientimgcin kraal sites. Our data for
the kraal sites thus fits the accelerated nutrgoling scenario originally proposed
by Ritchie et al. (1998), which appears to be characteristic ofiléersystems
(Bardgett & Wardle 2003). We found that herbivoteasumed substantial amounts
of the above ground biomass, while depositing lag®unts of nutrients through
dung (and urine) at kraals sites, probably becdusals offered high quality
grazing. For example, P concentrationdJinmosambicensikeaves found in kraals
(0.46%) were on average more than 3.5 times high@n the P in controU.
mosambicensikaves (0.13%; Table 5.2), and in the foliagerofnse species such
as Acacia nigresceng0.10%), Combretum apiculatun{0.09%) andC. mopane
(0.12%) in the study area (Kot al, submitted). Through these actions, large
herbivores provide a shortcut to the slow nutrieiase from plant litter through
decomposition, by rapidly processing vegetation degdositing nutrients in plant-
available forms (Bardgett & Wardle 2003). In adufiti the higher mineralization
rates of kraal sites (provided that enough rail), felight be due to the stimulation
of soil biota by animal excreta, as well as thehbiglitter quality (Bardgett &
Wardle 2003) suggested by the high leaf nutrienthceatrations of U.
mosambicensig our study. In the absence of herbivory, nutrieycling rates at
kraal sites are likely to slow down as a greateopprtion of nutrients is
immobilized in plant and organic tissue and thusdezed temporarily unavailable
for plant uptake.

It seems likely that wild large herbivores in thady area subsidized kraal
nutrient pools by importing nutrients from the swmding landscape (Blackmoe¢
al. 1990; Augustine 2003, 2004). De Mazancoeirtal. (1998) showed that a
continuous nutrient influx is required for the letegm maintenance of fertile areas
in infertile grazing systems. Large herbivores hde=n shown to redistribute
substantial amounts of nutrients if daily behavabuactivities are spatially
separated, e.g., feeding vs. resting or beddingepldBokdam 2001; Juchnowicz-
Bierbasz & Rakusa-Suszczewski 2002; Singer & Sobder 2003; Augustine
2004; Moe & Wegge 2008). It is important to notattherbivore responses to high
forage quality alone is unlikely to create strongtrient redistribution effects,
because the high nutrient intake will be largelisef by nutrient excretion while
grazing. Spending non-foraging time in an areaeduired for significant nutrient
redistribution to occur.

Predator mediated herbivore soil nutrient distribution

In our study area, a likely cause for the redistidn of nutrients by large
herbivores to kraal sites may be anti-predator Wehba displayed by savanna
ungulate species (Augustine 2004; Riginos & Gra@@B82. Riginos & Grace (2008)
recently found that savanna herbivores (exceptispammune to wild predators,
e.g., elephants) prefer open areas with unobsttwesgbility, apparently to improve
predator detection (Riginos & Grace 2008). In Lpai&j Kenya, impala prefer to
spend time in structurally open boma sites, eveinduhe dry season when forage
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resources were depleted (Augustine 2004). As dtriespala imported substantial
amounts of nutrients from the surrounding bushlanelas into the boma sites
(Augustine 2003, 2004). In our study area, itkelly that abundant species such as
impala, played similar roles in maintaining therrarit status of the open kraal sites.
Preliminary data of a habitat manipulation expenmim the general study area
indicate that impala visitation (track density posr plots and dung accumulation)
increased in two out of three patches (30 m diarhetbere woody plants were
removed, relative to undisturbed, nearby contrilsKohi, unpublished data). This
implies that impala were attracted to the openioétke habitat, a preference also
noted by Estes (1992), which subsequently resutteah influx of nutrients. Bush
encroachment, which affects large parts of the ystaika, might inadvertently
facilitate this process by decreasing overall viigyh thus reducing the number of
areas of perceived safety. The point is that insdemoodland areas, such as the
study area, patches offering good visibility stand as safe havens for herbivores
dependent on vigilance to avoid predation. In ttine,increasing proportion of non-
foraging time spent in open areas causes an invilard of nutrients, which
influences the resources available to plants.

Soil fertility effects on tree recruitment

Our data clearly showed that woody recruitment mase constrained under fertile
conditions than infertile ones, if competing witarbaceous plants. Woody plants
failed to re-colonize kraal sites since their alwamdent, while evidence of bush
encroachment in the general study area prevailedR@@siX, unpublished data), a
trend also observed for woody cover in the nearbygkr National Park’s granitic
areas (Eckhardtt al. 2000). The results of our experiments suggestttieeffect
of herbaceous competition on tree seedlings irfiessinder fertile conditions. This
was also found in other experiments with tree segslland grasses (Colat al.
1989; Debainet al. 2005; Kraaij & Ward 2006; van der Waat al. 2009) and
suggests that the openness of kraal sites might least partially explained by the
suppressing effects of herbaceous competition e riecruitment (Sankaraat al.
2008).

An alternative explanation for the low tree estslininent success in fertile
patches might be that fertile areas attract morbivieres, which may cause higher
woody seedling predation (and trampling) rates (#stime & McNaughton 2004).
For example, our dung data suggest that impalapsedikraal sites on average 20
times more often than the control sites. Since lmpae known seedling predators
(Prins & van der Jeugd 1993; Sharamal. 2006) their increased presence could
translate into higher seedling predation ratesemilé areas. However, the data of
the exclosure experiment, conducted in an areaenhgrala were common, did not
support this although we acknowledge that the shtutly period prevent firm
conclusions in this regard. Nevertheless, August®éaeMcNaughton (2004)
concluded after a two year herbivore exclusion erpmt, that tree seedling
predation by large herbivores was not higher ortildebomas, in spite of
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significantly higher herbivore densities (espegidhiat of impala) on boma sites
(Augustineet al. 2003; Augustine & McNaughton 2004). In fact, Gahex al.
(2004) found that large herbivores facilitated tssedling survival in a Kenyan
savanna by suppressing rodent and invertebratejwadof seedlings, which were
not considered in our study. Likewise, Fornara & Thit (2008) found higher
Acaciasapling densities in a high-herbivory area comghdéoea low-herbivory area
in the KNP, suggesting that tree seedling recruitmeas at least not suppressed in
areas frequented by large herbivores. However, ewliile interplay between
seedling predation by large herbivores and soiltiliftgr on tree seedling
establishment appears to be unimportant, herbivocesirring at high densities,
such as in fertile areas, can have strong dirdettsfon tree cover by suppressing
the recruitment of saplings into larger size claggeg., Augustine & McNaughton
2004; Fornara & du Toit 2008).

In conclusion, we propose that two linked largebh@re—soil-nutrient
feedback loops explain the observed patterns imcdreed kraal sites. First, the
structurally open kraal sites were preferred bydater-avoiding large herbivores,
which caused a net influx of nutrients into thesesyFig. 5.3, feedback loop A).

Predators

\‘ Structurally open
patches preferred

by herbivores

<

Constrained woody Nutrient
recruitment influx
x Increased /
nutrient
f availability \
High forage Accelerated
quality and nutrient
production cycling
\\ Increased j

herbivory

Figure 5.3 A hypothetical model showing how anti-predator hédar of herbivore species
may drive a positive feedback loop (A) by incregsithe soil nutrient
availability through nutrient importation, whichn iturn, constrains woody
recruitment thus keeping patches in a structurafign state. Simultaneously
the higher nutrient availability attracts herbiver@lso those participating in
A), which speed up nutrient cycling, thus reinfogi high soil nutrient
availability (feedback loop B).
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In turn the high soil nutrient availability constrad woody recruitment, which was
feeding back to keep these sites structurally offég. 5.3, feedback loop A).
Simultaneously, the high local soil nutrient availidy, resulting in suppressed
woody establishment, was reinforced as the highlitguand productivity of
herbaceous swards attracted intense grazing, wdwcklerated nutrient cycling
rates, thus increased nutrient availability (Fig, 3eedback loop B). If correct this
is an example of a top-down cascading effect wipeeelators affect consumers,
which feed back to primary producers via contrao& limiting soil resource.
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I ntroduction

In savannas, the ratio between the tree and gmaepanents controls productivity,
shapes animal assemblages and influences eartlsatere feedbacks. Augmenting
what we know about the factors that govern savaegatation structure is important.
The vegetation structure of many savannas is inflgrenstable and easily disturbed,
e.g., bush encroachment (Scholes & Archer 1997k&anet al. 2004). Land-use
changes and predicted changes in resource avayaglg., nutrients) require that
both scientists and managers improve their undedsig: Not only of the direct
effects of nutrient availability on co-existingéeand grasses, but also the interaction
of nutrients with other factors such as water amlity and disturbances caused by
large herbivores (Prins & Gordon 2008). The laiteof great importance, as large
herbivores, both domestic and wild, play importahés in local economies.

Central to this thesis is how nutrient heterogemnait time and in space,
influence savanna vegetation structure and itstiomag. | have asked the questions:
How nutrients are partitioned between trees andsgsafollowing an increase in soil
nutrient availability? What are the consequencethigffor the tree-grass and grazer-
browser sub-systems? And, how is the structurbefegetation and large herbivore
assemblages affected by patchily distributed nutisi2

This thesis reveals new empirical information onvhen increase in nutrient
availability and differences in its spatial distriton influence the structure of the
vegetation, as well as the consequences this mag Har large herbivore
assemblages. | synthesize here what was learnt$emaral field experiments where
the soil nutrient status was manipulated usingilifast or in previously managed
areas where nutrients were redistributed by laggbitores. Throughout | attempt to
place it in the broader context of dry savannageneral, although the focus remains
in Africa.

First, | examine the ecological consequences aafdalen increase in nutrient
availability (heterogeneity in time) for the vegeta structure. Second, | focus on the
effect that differences in the local scale of raritipatchiness (heterogeneity in space)
has on savanna vegetation structure and its coesegsi for large herbivores. Using
the outline presented in Fig. 6.1 (introduced iragtr 1), the following subsections
focus either on the direct consequences of nutriggterogeneity for savanna
vegetation structure or focus on the interactirfgat$ of nutrients with other factors
such as water availability or large herbivore distunces in shaping the structure of
savanna vegetation. Lastly, some practical appbicatfor dry savanna management
are discussed.

| anticipate that the work presented here will ifudt least two important
functions: (1) drawing attention to the currentgapour understanding of the role of
nutrients in savanna systems and (2) generateentitelated working hypotheses, to
stimulate further research.
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Figure 6.1 An outline of the study showing what aspects ofieats were studied in each
chapter. Chapters dealing with the interplay ofieats and other factors shaping
savanna vegetation, such as water availabilityamg herbivore effects, are also
indicated. Solid arrows indicate direct effectg.esoil nutrient availability on
leaf N concentrations of trees and grasses, whiee dashed arrows indicate

indirect effects, e.g., soil nutrient availabilitpodulates the effect of large
herbivores on tree and grass biomass.

Nutrient heterogeneity in time

Tree recruitment and increased soil nutrient availability in dry savannas

The success of tree seedling recruitment is belidgeexercise large control over
the relative dominance of trees in dry savannasreMsuccessful establishment
feeds back to a higher tree cover ammk versgSankararet al. 2004; Bond 2008).
My data unambiguously indicate that an increassoaih fertility, as indexed by N
and P availability, leads to more constrained segdistablishment of the focal tree
speciesC. mopanejn the study area (Chapters 2 & 5). For exampiehe large
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field experiment (Chapter 3) the density of l@e mopanegerminants (cotyledons
still present), which established naturally in ledous swards, was negatively
affected by fertilization. Older seedling (<0.5 might) densities were also reduced
in the 6 and 30 g N tfertilizer concentration treatments, suggestirag tiot only
the current season’s seedlings are affected, bot@ter seedlings. In Chapter 5 |
showed that woody plants failed to re-colonize ieuatrrich kraal sites that had not
been used for almost half a century. Furthermaregantrolled experiments the
fertilization of grass-tree seedling mixtures résdil in poorer tree seedling
performance compared to unfertilized controls (GhiEp2 & 5). Studies conducted
elsewhere corroborate this: more constrained tesllmg establishment when
competing with grasses under fertile conditionsh(Cet al. 1989; Kraaij & Ward
2006), suggesting that it may be a widespread phenon. In fact, adding nutrients
to Pinusinvader seedlings in grasslands in southern Fralstecaused a shift from
facilitation to competition by grasses with regatd$’inus seedling establishment
(Debainet al. 2005). In savannas, poorer tree seedling estahdishin fertile, dry
savannas may therefore be a contributing factolagxpg the relatively more open
vegetation structure often observed in dry, fersl@vannas in comparison to
nutrient-poor counterparts, e.g., basalt vs. geatdrived soils in the KNP (Scholes
1990).

What might be the mechanism underlying constrainexe seedling
recruitment in fertile environments? Sankarah al. (2008) proposed that
intensification of grass competition may reduce tseedling recruitment in fertile
environments. This hypothesis was tested in sewxpériments withC. mopane
seedlings (Chapters 2 & 5). In the field experimgescribed in Chapter 2, | found
that while grasses strongly suppressed year-oldlisgegrowth, adding nutrients
did not result in a greater suppression of seesllindnich counters the expectations.
However, using recently germinated seedlings iotaepperiment (Chapter 5), we
found that grass competition intensified with ireg®g nutrient availability,
perhaps because the growth of smaller seedlingsweas reduced by competition
than larger seedlings with more developed rootesyst Moreover, in the garden
experiment (Chapter 2) pre-mature leaf senesceméegda mid-season drought, a
sign of severe water stress, was most intenseeutliags in fertilized tree seedling-
grass plant mixtures. Tree seedlings in a simiktient, but receiving additional
water, were unaffected by the mid-season droughis Tesult indicates that the
suppressing effect of increased nutrient availgbdin seedlings operates indirectly
through the pre-empting of soil water resourcesvigprous herbaceous growth
under fertile conditions. Since woody seedlingsvaedl known to be vulnerable to
water stress during midseason droughts (Higeginal. 2000), increased nutrient-
induced water stress probably translates into highartality rates and suppressed
growth of tree seedlings in fertile swards proneséasonal droughts. This was
clearly demonstrated in Chapter 5 where transplie@tenopaneseedling mortality
increased during a mid-season drought as localiZertconcentration increased. In
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conclusion, increased grass competition following iacrease in soil nutrient
availability reduces tree seedling recruitment sgsdn savannas.

Several other factors may, however, interact wih fertility to reduce, or
help reduce, tree recruitment under fertile sofldibons. Examples include reduced
tree seed production and increased seed and sp@dédation in fertile areas. For
example, | found in a field experiment that fewdulaC. mopandrees reproduced
when fertilized with N (Chapter 4). For specieshaghort-lived seeds such &s
mopane(personal communication, D. Wessels) this can lieniéing factor. Tree
seedling predation by herbivores can also havagtregulatory effects on the tree
dominance (and species composition) of an areg @igs & van der Jeugd 1993).
In Chapter 5 | described that impala visitationréased on average 20-fold in the
fertile kraal sites compared to the nutrient-poamreunding study area. Impala in
particular have been shown to be important tredlseppredators elsewhere (Prins
& van der Jeugd 1993; Sharaet al. 2006; Moeet al. 2009), thus intensified
seedling predation would be expected in fertileaaravhere impala tend to
congregate (Augustine & McNaughton 2004). | did fiotl evidence of this in a
short-term (one year) field experiment with traaspéd C. mopaneseedlings
(Chapter 5), nor did Augustine & McNaughton (200Wa two-year exclosure study
in East Africa. This raises doubts that increassstibng predation (and trampling)
Is the primary cause of poor tree seedling recreminin highly fertile soils. Put into
perspective, multiple factors may cause reduces geedling recruitment in fertile
areas. Intensified herbaceous competition appeateta good candidate in areas
experiencing frequent mid-season droughts, and teeems an important
mechanism explaining poor tree seedling recruitmender fertile soil conditions.

Tree seedling establishment and the interplay between soil nutrient and water
availability in dry savannas

In Chapter 2, the data suggest that the effecutient availability on establishment
of woody plants co-depends on water availabilityg(F6.1): Under low water
availability (e.g., frequent droughts) recruitmehtvoody plants is constrained, while
frequent watering may enhance recruitment. As risgleénce of droughts is expected
to increase with decreasing average annual rai(&leffield & Wood 2008), one
consequence would be that woody cover declinegrfadbng a decreasing rainfall
gradient in fertile areas compared to infertile ©ifEig. 6.1). These patterns, while
proposed for dry savannas, may not hold for mesiasnas (e.g., rainfall >650 mm
yr'). In mesic savannas, seedling recruitment is oftenthe limiting demographic
phase. Instead, a high grass production in fedias may sustain intense, tree-
damaging fires, which primarily control tree coyean Langeveldet al. 2003).

The effect of increased soil nutrient availability on established trees

Unlike establishing tree seedlingstablishedrees in dry savannas may benefit from
increased nutrient availability. Established treegh larger reserves for bridging
unfavourable periods induced by a competitive gtagsr, are expected to be less
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vulnerable to short-term water shortages, whichaegqly harms establishing
seedlings (Chapters 2 & 5). In the study ateanopandrees fertilized with N (large
scale treatment; Chapter 4) showed stimulated shr@etth. Shoot growth was also
initially stimulated in the large field experimertefore browser impact intensified
(Chapter 3). Nutrient additions to diverse planmaoaunities elsewhere typically
result in vegetation dominance by taller speciebjciv out-shade shorter plants
(Wilson & Tilman 1993; Fynn & O'Connor 2005), esiadly if the taller species have
dense foliage and extended leaf retention oveyéhe (Aertset al. 1990).C. mopane
trees display both these traits in the study awdach might explain the growth
increase following fertilization.
- Fertile

_______ Nutrien-poor

Tree cover

Rainfall

Figure 6.2 Hypothetical relationships between tree cover aretame annual rainfall in dry
savannas for fertile (solid line) and nutrient p¢iatermitted line) soils.

Taken together, we predict, in the absence ofdiré herbivory, that tree cover may
initially expand following nutrient enrichment. the long-term, however, tree cover
is expected to decline to below pre-enrichment esllbecause of constrained tree
recruitment (see discussion above).

N: P stoichiometry and vegetation structure of savannas

In the emerging field of element stoichiometryisitbecoming increasingly clear that
system properties such as species composition eatlgivity are determined not

only by the absolute availability of growth limignnutrients, such as N and P, but
also by the relative availability of these nutrgentith respect to each other. What
constitutes ideal concentrations and proportionsleients in a growth medium for

one plant may be sub-optimal for another. Datausised in Chapter 4 suggest that
trees appear to benefit more from N-rich and gsagsem P-rich environments. For

example C. mopandrees were positively affected by N (and N + Rjiaoins, but not
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by P supplied alone (Chapter 4). This accords wigfot experiment witlC. mopange
where it was shown that above-ground growth wagoresive to N fertilization, but
unresponsive to P fertilization, in spite of veowlP background levels in the growth
medium (i.e., 2.1 g P th Ferwerdaet al. 2005). This suggests th& mopanehas
relatively low P requirements. Conversely, in Cleapt, in the small-scale, P-only
treatment, grass leaf P concentrations peakedgwhiimopanedrees had decreased
leaf mass and leaf N concentrations compared tralenThese decreases may have
been caused by the intensification of grass corigetiunder P-rich conditions,
thereby interfering with resource uptake of co-emgstrees. That P is valuable for
savanna C-4 grasses (the most common photosyngiatieay) relative to C-3 trees
is also suggested by the higher leaf P resorpfiociency relative to broadleaf (non-
N> fixing) trees found in the KNP (Ratnast al.2008). N fixing trees (e.g., members
of Fabaceae such as acacias), however, may hateFhigequirements (Aerts &
Chapin 2000). Moreover, Mantlare al (2008) found a closer correlation between
photosynthetic rate and leaf P, than with leaf Menbaceous C-4 plants in dystrophic
soils in Botswana, suggesting that P limits phattsgsis more than N in their study
system. Most studies involving C-3 plants repomorsg correlations between
photosynthetic rate and leaf N, not leaf P conegioins (Aerts & Chapin 2000).
Taken together, the relative availability of N @Adnay therefore offer an additional
axis governing resource partitioning between traed grasses in savanna systems
(Fig. 6.1).

Growth strategy differences, which affect the meiatgrowth rate of plants,
may account for the differences in N vs. P requésts observed between trees and
grasses. Data across marine, freshwater and taleststems suggest that rapidly
growing organisms commonly have relatively higheguirements to sustain rapid
protein synthesis (Elset al. 2007). Since grasses tend to have higher relgtimeth
potentials than trees, which allocate substantiainbss towards woody structure
instead of resource-capturing tissue (Bahdl. 2003; Bond 2008), we would expect
grasses to have relatively high P requirementstig®s to be relatively more limited
by N availability. In tropical savannas, this dmstion may be reinforced as most
grasses follow the C-4 photosynthetic pathway, Wwhi@s a higher nitrogen-use
efficiency than C-3 plants (e.g., most trees inasaas includingC. mopang
(Ehleringer & Monson 1993; Crairet al. 2008). High nitrogen-use efficiency lowers
a plant’s relative dependency on N, which means ghasses will be relatively less
dependent on N compared to P than trees, as wasveldsin Chapter 4. If correct,
changes in the ratio of N to P availability in sawa systems potentially can drive
structural vegetation shifts in savannas (Fig..6.1)

Increased nutrient availability modulates the impact of large herbivores on the
vegetation in conservation areas

Even in large conservation areas such as the KeGtidnal (man-made) changes in
nutrient availability have been reported. This b#gs question how large herbivore
impact patterns respond to changes in nutrientlaibiy. In the study area, the
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availability of soil nutrients strongly mediates @vh large herbivores concentrate
their impact: herbivore impact intensified as tbeal nutrient availability increased
(Chapter 3 & 5). These responses were surprisioiglgise and grazing intensity, for
example, accurately (within decimetres) matchetillifed patch boundaries (personal
observation). | also observed that grazers respbqdiker to nutrient additions than
browsers such as elephants, whose impact progegssitensified over the study
period. Furthermore, in some instances the abouegroegetation biomass in fertile
patches, e.g., tree canopies and herbaceous biomadse high local fertilizer
concentration treatment (Chapter 3), was reductmhbealues of controls, indicating
that top-down herbivore effects potentially canrode bottom-up nutrient effects. In
both the tree and grass layers, top-down contran{ass reduced below control
values) was only realised in the highest fertilieencentration treatments (Chapter 3).
For example, the exclosure experiment demonstthtddhe aboveground biomass in
the 6 g N rif fertilizer concentration treatment was increaseapite of substantial
herbaceous off-take by grazers, while, at the lghg0 g N nf fertilizer
concentration, grazers suppressed the vegetataailyyod Chapter 3). Other changes
such as relaxed defenses, e.g., reduced condeasath tconcentrations in trees
(Chapter 3), may reinforce these patterns. Incteémge herbivore use in nutrient-
hotspots, which in some cases resulted in shorteparser vegetation, has also been
observed in other savanna studies (e.g., Augugtinal. 2003; Loveridge & Moe
2004; Grant & Scholes 2006; Asradral.2009).

The relative increase of top-down herbivore effatttigh nutrient availability
levels in dry savannas probably has its origin he fact that aboveground grass
growth is relatively unresponsive to increasesutriant availability under low water
availability (Chapter 2 and references thereinndirient rich areas this has the effect
that (i) nutrients accumulate in organs such agele@luxury uptake), which raises its
palatability, feeding back to increased herbivong &ii) the recovery rate following
herbivory is slower, and the vegetation therefasier controlled by herbivores. In
areas where the climate allows high vegetation yptydty, such as in fertile, mesic
savannas, efficient use of nutrients by plants megylt in the dilution of absorbed
nutrients over a greater biomass, lowering itsaativeness for herbivores (OFKt al.
2002). Also, fast recovery of plants following hiedre impact reduces the net impact
of herbivores on the vegetation (Pringkt al. 2007). Consequently, increased
herbivore impact on the vegetation in mesic areay lme greatest in areas of
intermediate productivity, i.e., areas of interna€i nutrient availability (van de
Koppel et al. 1996) or strongly dependent on the facilitativiees of, for instance,
mega-herbivores to maintain plants in a short eitra state, i.e., grazing lawns (e.g.,
Verweij et al 2006; Waldranet al 2008).

Lastly, because tree growth may not show the gtromeraction effect
between nutrients and water as was found in savgresses, tree leaf quality in
fertile areas may decline less with increasing watailability compared to grasses.
Therefore trees in fertile areas may remain redfifiimore palatable along a rising
water availability gradient. In support, tree |&i&and P concentrations showed little
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variation between dry and wet years relative topoesive grasses such &b
mosambicensi¢Chapter 3). The recent finding that tree covewuotidns by mega-
herbivores in the KNP was more closely correlatét goil nutrient status than either
long-term annual rainfall amount or vegetation piitrity (Asneret al 2009), points
also in this direction.

In summary, nutrient availability in dry savannastegmtially exerts large
control over where in the landscape large herba@@ncentrate their impact. This
appears to be true for both grass-grazer and teegsler systems. In dry savannas, the
relative control of large herbivores over abovegplant biomass appears to
monotonically increase along a rising soil nutrigradient (Fig. 6.1).

Scale of nutrient heter ogeneity and savanna vegetation structure

In the foregoing section the effects of an increaseutrient availability on savanna
vegetation structure was discussed: Both direccedf of nutrientper seand the
interacting effects of nutrients with water andglherbivores on the tree and grass
layers, respectively (Fig. 6.1). Here | synthesideat was learned about the effects of
differences in the scale of nutrient heterogenéltye subsections to follow either
focus on the direct consequences of scale diffeeme nutrient heterogeneity for
resource partitioning between trees and grassedpaus on how scale effects
modulate larger herbivore impact patterns on veigeiatructure, i.e., indirect effects
on vegetation structure (Fig. 6.1). Both local efffe i.e., within patches, and scaled
up effects, i.e., at a plot level, are discussed.

Local responses of trees and grasses to scale differences in nutrient patchiness

It is increasingly realized that it is not only theailability of nutrients, but alslbow
nutrients become spatially available that mattersntividual plants and plants in
communities. In natural systems, resources are apigbalways heterogeneously
distributed. Different responses to nutrient hajerwity (Franseret al. 2001),
resulting in varied resource partitioning betweeregisting plants, subsequently lead
to structural shifts in the vegetation (Hutchingisal. 2003). This is of particular
importance in savannas where the vegetation steicttrongly controls important
ecological services (Chapter 1). One aspect ofbgemeity that has recently attracted
attention is how differences in the scale (gra@e)sibf resource patchiness influence
co-existing organisms differing in size. Scalingedly predicts that organisms
‘perceive’ their resource environment in relatiantheir own size (Richie & OIff
1999). As trees and grasses require the samereasiarces, but differ largely in size,
scale differences in resource heterogeneity may uhatel resource partitioning
between them, both locally and at larger scalesedd, the data showed that the scale
of nutrient heterogeneity importantly affects tlatgioning of resources between co-
existing trees and grasses (see also Box 1). Ipt€h&, where both the scale of
patchiness (2 x 2 m, 10 x 10 m and 50 x 50 m paizds) and the local fertilizer
concentration were varied, we found that treeheibtermediate 10 x 10 m patches
had much higher leaf nutrient concentrations thaast in the small 2 x 2 m patches
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enriched to the same local nutrient concentratignasses within patches showed the
same trend, but the magnitude of the effect wasresrked than in trees (Chapter 3).
In other words, locally trees were more sensitigevariation in patch size than
grasses. The implication is that given the samehimfpatch soil nutrient
concentration, the size of patches (i.e., scaleetérogeneity) regulates in part how
nutrients are locally expressed in co-existingdraad grasses. Smaller plants, e.g.,
grasses, appear to gain relatively more nutriemtdeu fine scales of nutrient
patchiness (patch sizes <<< tree root system s$im#) trees. This potentially has
important repercussions for savanna functioning stndcture, e.g., large herbivore
use and impact, which are discussed in more dstiolv (Box 1).

The mechanisms underlying the local responseseafstand grasses with
regard to scale in patchiness is unclear. Intutivene would expect that nutrient
uptake would be a function of the degree of exposifia plant’s roots to nutrients. A
large plant associated with a relatively small @med patch is not expected to show
the same magnitude of response to the added rnstasra small plant where the root
range matches the patch. In the study area sudivpasutrient uptake differences
between (large) trees and (small) grasses may iaxthla local response differences
between local trees and grasses with varying psimd. However, plants are well
known to respond (take up more nutrients than jeeted from solely passive means)
to heterogeneous nutrient supplies, e.g., by @maliing roots or by increasing the
nutrient uptake capacity per unit root length irtriemt-rich patches (Fransest al.
1999; Hodge 2004). Experimentation with single tdamas revealed that plants often
benefit more where nutrients are supplied in aelgsgtch relative to a plant’'s root
system, rather than the same amount of nutriestslmited over many small patches
(e.g., Hutching®t al. 2003; Hodge 2004; Kumet al. 2006). Therefore the increased
nutrient accumulation in trees in the intermedgted patches described in Chapter 3
might be partly due to the increased nutrient aitjon of responding trees in large
compared to non-responding trees in small patchdsvige versafor grasses (Fig.
6.1). Some evidence suggests that the scale ohipats may regulate nutrient
partitioning between co-existing trees and grass#ise study system. In a concurrent
field experiment (Chapter 4), the same amount dfients was supplied to sing@.
mopanetrees and grasses in a 5 m radius area aroundtfeeastems. The nutrients
were either supplied in a single large patch ds2rsmall patches in such a way that
the same total area (one-third) was fertilizedtpe. In this experiment, nutrient type
(N, P or N+P) was also varied (see below). We fotlrad trees benefited where N
was supplied at a large scale. For example, tweosyatter fertilization large-scale
fertilized trees showed increased shoot growth iaoteased leaf N concentrations
compared to small-scale fertilized trees, receivimg same N amount. Conversely,
trees fertilized in amall-scaleconfiguration with P alone showed negative respsns
compared to large-scale counterparts. A possibifityhat the co-existing grasses,
which showed a very high P uptake capability, wex@st competitive under these
conditions (Chapter 4). Apart from possibly diffietial N vs. P use, which will be
discussed in more detail below, these results suglyat differences in the local scale
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Box _1: Do sorting machines and scaling theory in ecology have
anything in common?

Sorting machines are commonly used to separateréliffly sized objects. In a fruit
processing plant, for example, oranges are soaexparate small ones from bigger
counterparts, which may reach different marketsar@ed gravel may be filtered of
sifted according to grain size, because the sizecafte of these objects influenge
subsequent use in the construction industry. Tireipte is that assorted objects are
partitioned with the aid of a filtering system. time illustration, the container below
the small-diameter chute fills up when small olgeate supplied, which tips the
balance in that direction. Conversely, if largefjests are supplied, the small-chute
opening is bypassed and the other container fifls tipping the balance in the
opposite direction.
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Similarly, in a savanna context the size of patéheshich resources such as nutrierts
are supplied may influence how resources are jwaditl between competing tregs
and grasses. The evidence presented in Chapteggésia that nutrients supplied i
patches much smaller than the area covered by estmot system, may b
increasingly shunted towards grasses, while nugisopplied in large patches, far
example, corresponding with the area covered bgeist root system, may shift th
balance of resource uptake in favor of larger tré:esurn, these scale dependent
partitioning of resources between co-existing trard grasses may influence treg-
grass competition and may modulate browser vsegrazpact patterns, feeding bagk
to structural vegetation changes (Chapter 3).
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of nutrient patchiness (and nutrient type) mayui@fice how nutrients are partitioned
between co-existing trees and grasses. This iy likke affect the biomass balance
between trees and grasses, although this could@atlearly demonstrated in the
current experimental setup.

Scale of nutrient patchiness regulates local grazer-browser impact patterns

In the foregoing section we showed that the scéleutrient patchiness modulated
how nutrients were locally expressed in trees arabsgs. Grasses for example
showed increased leaf nutrient concentrationsnat fscales of patchiness than trees.
These responses to scale can have repercussiomdbayere plant-to-plant
competition. For example, we found that the scélautrient patchiness influenced
browser vs. grazer impact patterns. In fact, théa dauggest that the scale of
patchiness modulated the impact patterns of thgge laerbivore community in such a
way that trees, paradoxically, were favored at inales of patchiness. In Chapter 3
we found that browser impact on trees only inteadiin the larger 10 x 10 m (30 g N
m?) patches, while the impact of grazers on the huertias layer was evident in both
the smaller 2 x 2 m and larger 10 x 10 m patch8sg(3 m?). In other words, the
scaleof nutrient patchiness modulated the relative aasps of the browser or grazer
guilds, and hence their differential impact on \tagjen structure. Local grazer impact
on the vegetation was elicited at finer grain site@n browser impact responses,
while both grazers and browsers responded to cgmeseed nutrient patchiness.
Experiments elsewhere have established that thectse removal of grasses in
savannas can result in growth stimulation of theai@ing trees (Knoop & Walker
1985; Stuart-Hill & Tainton 1989; Riginos 2009).sAl over-grazing, which reduces
the competitiveness of grasses, is considered énéeoprimary causes of bush
encroachment (Scholes & Archer 1997; Rogeteal. 2001; Sankaraet al. 2008). In
Chapter 3 it was shown that tree shoot length lp@atreased in the heavily grazed 2
X 2 m patches, while it decreased in 10 x 10 mhestcwhich were both heavily
grazed and browsed. One possibility is that tresvtr was stimulated in the 2 x 2 m
patches, because grazers selectively impacted ¢ngadeous layer, lowering its
competitiveness, while trees were only lightlyiagd (similar to control trees). If so,
scale differences in nutrient patchiness interaati¢l the large herbivore assemblage,
thereby influencing the ratio between the tree gnads components. In the absence of
an intact large herbivore assemblage, the smdkiksmmfiguration of nutrient supply
benefits grasses more than trees as suggestedapieCh. In the presence of large
herbivores, however, grasses in a fine-grainedrenment are suppressed by grazers,
releasing trees from herbaceous competition.

The most likely explanation for the browser vs.zgraresponse to scale is that
the scale of nutrient patchiness determined théitgud local trees and grasses and
that grazers and browsers tracked these changesbthdifferentially impacting trees
and grasses. An opposing explanation, howevergesstdtat the browser guild,
dominated by large elephants, respond themselviggtscale of resource patchiness.
Being large, elephants avoided fine grained ressyrevhile the grazing guild,
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dominated by smaller species such as impala anc,zedsponded to the fine-scale
treatment. | found, however, clear signs (upro@eaks tuft remains) that elephants,
which are mixed feeders, responded to the hightgugahzing of both 2 x 2 m and 10
x 10 m patches, while avoiding low quality browssaciated with the small patches.
Cromsigt & OIff (2006) also found that although fdrent resource grain sizes
resulted in resource partitioning between grazecigs, this was unrelated to body
size. The idea that resource partitioning betwedric#n large herbivore species
scales with herbivore body size, therefore is ngipsrted (Chapter 3; Cromsigt &
OlIff 2006).

Our findings support the new idea that the scdleesource heterogeneity
influence resource partitioning within large hedoe assemblages (Cromsigpt al
2006, 2008), although this appear to be unrelatdobtly size. While Cromsigt & OIff
(2006) showed resource partitioning between gragmgcies, the current study
illustrates, using fertilizer, that resource grasize differences affect resource
partitioning between large herbivore guilds; namefyazers vs. browsers. In
conclusion, this study provides an example of hdw scale of soil nutrient
heterogeneity modulates the interplay between teojgvels (plants and herbivores)
to affect the structure of savanna vegetation GFlg.

Scaled-up responses: Plant and large herbivore community responses to scale of
nutrient patchiness

So far | have discussed the local responses wiflardeto differences in the scale of
nutrient patchiness. But what are the consequentescale of patchiness at the
community, i.e., whole-plot, level? In Chapter 3viis shown that how the same total
amount of nutrients is spatially distributed in area may significantly change the
forage landscape for grazers and browsers. Wholegalculations corrected for
fertilized and non-fertilized area size, suggestt therbaceous off-take by grazers in
the 50 x 50 m — 15 kg N plbtreatment was three times higher than in the 10 m

— 15 kg N plot treatment, in spite of receiving the same totabamt of nutrients per
plot. In spite of the high suggested herbaceousas in the 50 x 50 m — 15 kg N
plot® treatment, the herbaceous biomass was not supfrésshis treatment, but
locally suppressed below control values in the 100xm — 15 kg plét treatment.
Apparently, the intermediate grazing quality in foemer treatment (in response to
the intermediate local fertilizer concentratiomeyented overgrazing, which, in turn,
optimized productivity. In the latter, local oveaging in response to the high quality
forage on offer here, resulted in sub-optimal hegbas production in the 10 x 10 m
patches.

In Chapter 3 the scale of nutrient patchiness gtyonnfluenced the
concentration of nutrients in tree and grass leawégch largely regulated herbivore
distribution and impact patterns in the study at&aen the same total fertilizer load,
leaf nutrient concentrations in the 50 x 50 m tresits were diluted, while
increasingly concentrated in the 10 x 10 m scaattnent in both trees and grasses
and only in grasses in the 2 x 2 m scale treatntgpatially, nutrient hotspots may
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exert a disproportionate large influence on hen@wvoutrition, by providing scarce
nutrients in concentrated form to herbivore speeigth high or specific nutrient
requirements, e.g., small bodied species or lagianimals (Grant & Scholes 2006;
Prins & van Langevelde 2008). For the tree layeg, éstimated tree canopy volume
removed from the heterogeneous — high fertilizadltreatment (10 x 10 m patches —
15 kg N plot') was not significantly higher than that of thex580 m - 15 kg N plot
treatment (although there was such a tendencyeTaB). The quality of the material
removed from 10 x 10 m patches, however, was higier material removed from
the 50 x 50 m treatment plots, because browsersectrated their feeding in the
high-quality 10 x 10 m patches.

In our study, we could not demonstrate that théesohpatchiness resulted in
structural vegetation changes at plot level if tedilizer load per plot was kept
constant, probably because the analyses lackedtis&tpower (increased chance of
a Type Il error). Nevertheless, the greatest bientil$erences were evident between
the 10 x 10 m and 50 x 50 m scale treatments|ifediat 15 kg N plot, for the tree
and grass layers, respectively (Table 3.4). Intamdithe effects of browser impact
on the tree layer in nutrient rich patches progvebgincreased over the study period,
thus scale related effects on tree biomass maynfeagnificant in future, if this
trend continues.

Predicted responses of tree recruitment to increased atmospheric
nitrogen deposition

Increased atmospheric N deposition has broughttabamatic changes in vegetation
species composition and structure in other biomas (ler Walet al. 2003). In these
systems graminoids tend to increasingly dominatbe Tesponse of savanna
vegetation to increased atmospheric N depositignh®wvever, uncertain. How
savannas respond to increased N availability ipasficular relevance in the case of
the Kruger National Park, where elevated atmosphbkideposition rates were
recorded (Scholest al. 2003). The increased atmospheric N deposition hasebeen
linked to the concentration of coal-burning elastyi generators to the west of the
Kruger National Park (Scholest al. 2003). Nonetheless, Sankarah al. (2008)
predicted that woody cover would be negatively @#d by increased atmospheric
nitrogen deposition and, presumably, that grassksenefit in savannas (see also
Prins & Gordon 2008). This study, where nitrogendedilizer was supplied to
natural savanna vegetation, can make some congnmisuin this regard. First, the data
suggest that the cover establishedrees may initially expand with an increase in N
availability, while, in the long-term, may decliras tree seedlingstablishmenis
increasingly constrained. However, the growth stanon effect of the established
trees was only significant at the highest fertililmvel (30 g N rif biannually), which

is more than an order of magnitude larger tharmikasured N deposition rate (2.1 g
N myr) reported for the Kruger system (Schod¢sil 2003). Thus the effect size of
increased atmospheric N deposition may be insigamiti if compared to, for instance,
changes in Cg climate and land use. Second, in contrast tobbksied tree
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responses to increase N deposition, the possilhldy tree seedlings competing with
grasses are negatively affected by N depositiormseenore probable. Field
fertilization (NPK) data (Chapter 3) suggest tGatimopaneseedling densities, which
established after favourable rains, were signitigareduced at biannual fertilization
supply rates as low as 6 g N?malthough not at 1.2 g N fn This indicates that
significant seedling reductions were initiated senere between 1.2 and 6 g N°’m
which is within reach of the reported N depositrate for the KNP in 2000 (Scholes
et al. 2003) and well within range of N deposition hotpat areas of the northern
hemisphere (Dentenet al. 2006). However, a confounding factor might haverbe
the addition of P (and K) in this experiment, whids indicated in Chapter 4, may
influence the competitiveness of the grass layesvetheless, other experiments
using only N, found suppressing effects on treedlsggs competing with grasses,
suggesting that N is a prime actor with regardsde seedling establishment (Catn
al. 1989; Kraaij & Ward 2006). Third, our data suggemit the effect of increased
nitrogen deposition on the establishment of woothngs may depend on water
availability; under dry conditions (e.g., frequeditoughts) recruitment of woody
plants may be constrained, while under high, uniopted water availability,
recruitment may be enhanced. Thus, concomitantggdsam climate (e.g., changed
drought frequency) may either dampen or enhanceased N deposition effects. For
Africa, which is predicted to become more drougiune (Sheffield & Wood 2008),
increased atmospheric N effects may therefore bareed, resulting in poorer tree
establishment.

In summary, it seems plausible that increased gihwyg N deposition in dry
savannas may lead to shifts in favour of grasseiseériong run. Nevertheless, further
experimentation simulating different N depositia@esarios is, for example, urgently
required to establishow sensitive savanna systems are to increased aterosh
deposition and to further explore the hypothes# tesponses co-depend on water
availability.

Implicationsfor the management of savanna systems

This thesis provides new information on nutrierartherbivore interactions (Fig.
6.1) in a dry savanna setting, which have potdptiadportant implications for the
management of savannas.

(i) Large herbivore management can drasticallyr alte nutrient landscape,
both in time and space, thus may indirectly affestanna functioning and structure as
highlighted in this thesis. Artificial water provasing (Tolsmaet al. 1987; Thrastlet
al. 1995; Turner 1998; du Toket al. 2003) and livestock management practises
(Chapter 5) tend to concentrate nutrients in pataifdimited extent. Tolsmat al.
(1987) estimated, for example, that the horizotreaisport of P by livestock towards
watering points has led to an average decline iof duter-area topsoil by as much as
17%, which caused P deficiency in cattle. Proxintatevatering points, high local
soil P concentrations accumulated, but the higharhgere probably prevent P
becoming available to animals via the grazing.akt,fapart from water provisioning,
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probably all the limited tools available to ecolma)i managers, i.e., fire, animal
population control, fencing and fertilization, ingban one way or another on an
area’s temporal and spatial nutrient availabilily. my experience, managers of
rangelands and conservation areas in African sagsmseldom if ever, incorporate
nutrient dynamicger sein management or monitoring plans. It is perhape tto
heed to calls to include the quantification of #gx including that of soil nutrients,
into ecological monitoring plans (Rogers 2003).

(i) Historically, savanna management has been dated by stable state
concepts with little regard for scale (Rogers 2003)s study, and recently that of
Cromsigt et al. (2009), clearly illustrated that the scale of rese patchiness
potentially have significant local effects on resmupartitioning among members of
plant communities and animal assemblages. It &ylithat management interventions
alter the scale of heterogeneity. For example, elaibgees and termites create
landscapes where nutrients are patchily distribaedpecific scales of patchiness.
Changes in the density of large trees or termitamds, which have been shown to be
functionally of great importance in savanna systdmg., Grant & Scholes 2006;
Treydte et al. 2007, 2008; Ludwiget al. 2001, 2004, 2008), and large herbivore
management interventions changing the relative gtagn of dung-midden forming
(e.g., territorial white rhino and impala) vs. randy excreting large herbivore
species (Cromsigt & Olff 2006) may in time chanige scale of nutrient patchiness. It
follows that scale should be explicitly incorpohi®@ management processes when,
for example, resource heterogeneity is promotedaasneans of biodiversity
conservation (du To#t al. 2003; Cromsigéet al. 2009).

(i) The suppression of competing tree seedlingdertile conditions raises
guestions about the reverse process: Where soienuawvailability decreases such as
in the grazing ranges away from drinking water sesrin the Tolsmat al. (1987)
example. If an increase in nutrient availabilitygagvely influences tree seedling
establishment, then a decline in nutrient availgbiinay facilitate tree seedling
establishment. To my knowledge this has rarelyever, been considered as a
contributing factor in the bush encroachment pnoble

(iv) Lastly, can fertilizer be used as a managenteol, e.g., to manage large
herbivores for tourism purposes (E. Mwakiwa, un@itdd manuscript)? This study
certainly demonstrated that in a semi-arid savaradged nutrients powerfully
transformed the quality of the vegetation on offghich significantly altered large
herbivore use and impact patterns. Neverthelessmportant message (Chapter 5)
was that nutrient effects could have long-lastsggmingly irreversible effects on the
soil, vegetation and herbivore assemblages, cditingreat caution in its use.

In conclusion, my data provide field support foe hotion that local change in
resource heterogeneity influence resource partitgobetween different sized plants.
It shows that both increases in soil nutrient alality and differences in the scale of
nutrient patchiness potentially modulate resoureeitpning between co-existing
trees and grasses and, subsequently, grazers @nddos in savanna systems. Lastly,
when promoting a high spatial heterogeneity in citmally diverse systems to
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conserve biodiversity (du To#t al. 2003; Cromsigtet al. 2009), managers should
take cognizance of the possibility that small cleen@ the local scale of resource
patchiness can have far reaching consequences dosystem processes and
functioning. Considering the large potential roleatt nutrients play in savanna
systems, savanna managers and scientists are torgacbrporate nutrients as factor
in their thinking when studying or managing savanrma this regard it is important to
not only consider direct nutrient effects, but alse indirect, interacting effects of soil
nutrients with factors such as water and herbiv{ffes 6.1).
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In savannas leef bome en grasse saam en deel tmtgbrsoos water en
voedingstowwe. Die verhouding tussen die boom- mskgpmponente (plantegroei-
struktuur) speel ‘n belangrike rol in die beheen yaoduktiwiteit, dieresamestelling
en land-atmosfeer koppeling. Omrede die struktaur savannaplantegroei inherent
onstabiel en maklik versteurbaar is, is dit vanogrbelang om uit te vind hoe
plantegroeistruktuur beheer word vir veldbestuarbewaringsdoeleindes. Tans word
aanvaar dat vier faktore die plantegroeistruktiam savannas beheer, naamlik: water,
voedinsgstowwe, beweiding en vuur. Alhoewel die esaten vuurfaktore intense
studie geniet het, is die rolle van voedingstowwebeweiding minder bekend. Die
uitbreiding van ons kennis oor die rol van voediogsve in savannas is relevant,
aangesien daar toenemend verstaan word dat globatandering ook die
beskikbaarheid van voedingstowwe beinvioed, bvhaggde stikstofdeponering. Hoe
savannas reageer op voedingstof-skommelinge, ier egiseker. Veranderinge in
grond-voedingstofbeskikbaarheid sal ook moontlikaneleringe in weidingskwalitetit
te weeg bring, wat grootherbivoor benutting en ikgadarone op plantegroei kan
beinvioed en daardeur indirek die plantegroeistuktverander. Dit word ook
toenemend aanvaar dat nie net die beskikbaarhaigo@dingstowwe die plantegroei,
en gevolglik herbivore beinvioed nie, maar ook hamedingstowwe ruimtelik
beskikbaar raak. Om die waarheid te sé, nuwe idaggereer dat verskille in die
skaal van ruimtelike hulpbronheterogeniteit, diededing van hulpbronne tussen
saamwonende organismes beheer. Byvoorbeeld, gmoe bvat saam met klein
grasse bestaan in savannasisteme. Om te toets leyanderinge in
voedingstofbeskikbaarheid en die ruimtelike konfegie daarvan savanna sisteme
beinvioed, is verskeie veldeksperimente uitgevoéenisemi-ariede savanna in Suid-
Afrika.

In die studiegebied het ons m.b.v. bemestingsekspete gevind dat
voedingstofbeskikbaarheid (N, P en K), boomsaaili@glophospermum mopane
vestiging negatief beinvioed. Ook het bome nie idageslaag om vrugbare
beeskraal-gebiede, wat omtrent ‘n half eeu geledenbruik geraak het, te her-
koloniseer nie. Dit word nou aanvaar dat die sukses boomsaailing-vestiging ‘n
groot invloed uitoefen op die relatiewe dominansa@ bome in droé savannas. Dus
kan ‘n toename in voedingstowwe aanleiding ge€rtatper plantegroei-struktuur.
Verskillende verklarings kan vir die beperkte gSagwWestiging onder vrugbare
grondtoestande geformuleer word. Ons het die higogetoets dat ‘n verhoging van
graskompetisie in vrugbare omgewings die vestigiag boomsaailinge beperk. In
gekontroleerde kompetisie-eksperimente is aangetisin negatiewe voedingstof-
effekte op boomsaailinge slegs voorkom wanneetisgaimet grasse in kompetisie
was. Voorts het ons ook gevind dat die voorsienvan beide water en
voedingstowwe aan mengsels van boomsaailinge erss@radie negatiewe
voedingstof-effekte op boomsaailinge omgekeer Heus blyk dit dat die
onderdrukkende effek van hoér voedingstof-beskiitimd op boomsaailinge indirek
veroorsaak word deurdat grondwater deur die stedignde grasse voortydig
opgebruik word. Aangesien boomsaailinge kwesbaatirislroogtestres, beteken ‘n
toename in voedingstof-geinduseerde droogte ‘noganiy in die mortaliteite en
onderdrukte groei van boomsaailinge in vrugbardaegieb Ter ondersteuning het die
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mortaliteitstempo van uitgeplante boomsaailinge ugede ‘n midseisoendroogte
verhoog soos lokale kunsmiskonsentrasie verhoogDietvoorgestelde meganisme
dat graskompetisie verhoog onder hoé voedingstodstatot nadeel van

boomsaailinge, blyk daarom ‘n lewensvatbare hipoteswees wat die onderdrukte
boomsaailing-aanwas onder vrugbare grondtoestagritéaar.

Terwyl vestigende boomsaailinge swaarkry onder glvame toestande,
suggereer ons data dat gevestigde (volwasse) booreleel trek uit ‘n verhoogde
voedingstofbeskikbaarheid in terme van groei, vaslN-beskikbaarheid verhoog.
Met betrekking tot verhoogde N-deponering voorspe$ dat boomuitgestrektheid
aanvanklik sal uitbrei met ‘n verhoging in voeditajbesikbaarheid in droé savannas,
alhoewel boombedekking onsensitief mag wees viigaivliakke van N-deponering.
Ons verwag egter dat boomuitgestrektheid in dig lEmmyn sal afneem as gevolg
van onderdrukte boomaanwassing, wat meer sendibdf te wees vir klein N
beskikbaarheidsveranderinge.

Die relatiewe beskikbaarheid van voedingstowwe ddasn P kan ook die
verdeling van hulpbronne tussen saamlewende bomegrasse beinvioed. In ‘n
veldeksperiment is bewyse gevind dat bome relatnefer beperk is deur N-
beskikbaarheid as P-beskikbaarheid. ‘n Studie is-®ika het getoon dat grasse
onder boomkruine meer P- as N-beperk is en onswesdr gevind dat die
kompeteervermoé van onderkruin-grasse verhoog rindlegs P voorsien word.
Daarom is dit moontlik dat die relatiewe beskiklmesd van N teenoor P ‘n
addisionele verklaring bied vir hulpbronverdelingsgen bome (nie-N-bindend) en
grasse in savannasisteme. Dit ondersteun die id¢eodanismes met ‘n hoé
groeipotensiaal, ooglopend grasse in savannalatiewe hoé P-behoefte het om
vinnige proteinsintese vol te hou, terwyl stadigeveiende organismes soos bome
meer beperk word deur N-beskikbaarheid.

Die beskikbaarheid van grondvoedingstowwe het ‘nsenlike invioed op
die lokaliteite in die landskap waar groot herbevdrul impak konsentreer. Beide
gras- en blaarvreters het positief reageer op bmgesvaarskynlik deur die beheer
wat grondvoeding uitoefen op weidingskwaliteit. Booen grasblare se N- en P-
konsentrasies het toegeneem en gekondenseerdenannibome het afgeneem met
bemesting. In vrugbare lokaliteite is die plantegommassa in sommige gevalle tot
benede kontrole-biomassa verlaag deur herbivoredliaan dat top-bodem (“top-
down”) herbivoor-effekte potensieél bodem-na-ba{tom-up”) effekte kan oorskrei
onder vrugbare toestande.

In ekologie word dit toenemend aanvaar dat ditngiedie beskikbaarheid van
voedingstowwe is wat ‘n rol speel nie, maar dode voedingstowwe ruimtelik
beskikbaar raak. In ‘n groot veldeksperiment is gradiént in die skaal van
voedingstof- kolverspreidheid geskep (bv. bemestaytein-groottes wissel van 2 x 2
m, 10 x 10 m tot 50 x 50 m). Data van hierdie ekispent dui daarop dat die skaal
van voedingstof-kolverspreidheid (“patchiness”) dexdeling van hulpbronne tussen
saamlewende bome en grasse beheer. Vir diesekdéelbemestingkonsentrasie het
die kwaliteit van boomblare nie reageer in kleill&avat bemes is nie, maar wel in
groot kolle. Grasblaarkwaliteit het egter verbetesoos die lokale
bemestingkonsentrasie verhoog het, ongeag dietgreah die kolle wat bemes is.
Die verskillende reaksies van bome en grasse ogl-skaskille het gevolglik die
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onderskeie reaksies van blaar- en grasvretergtosipeloed. Vir dieselfde hoé lokale
bemestingkonsentrasie het grasvreters op beidefytieen growwe skaal van

voedingstof-kolverspreidheid reageer, terwyl blagiers slegs op die growwe skaal
van voedingstof-kolverspreidheid reageer het. Op bsyrt het die selektiewe

beweiding in die fyn skaalbehandeling waarskynldoimgroei bevorder. Dus beheer
die skaal van voedingstof-kolverspreidheid die wyae voedingstofverdeling tussen
bome en grasse. Dié verskille word dan deur dietgeybivoorgemeenskap gevolg,
wat kan lei tot verskillende lokale impakte op d@om- en graslae.

Behalwe lokale effekte, kan die skaal van voedwfgstrspreidheid ook die
benutting en kwaliteit van weidingshulpbronne bgtgr (bv. landskap) skale beheer.
In die groot veldbemestingseksperiment toon beleken aan dat die totale
grasbenutting deur grasvreters hoér was waar fleseémestingshoeveelheid (15 kg
N perseet) versprei is oor die hele proefperseeloppervie&noor gekonsentreerd in
10 x 10 m kolle. Dus beheer die wyse van voedirgstepreiding in ‘n gebied
sekondére produksie, asook waar herbivore se irgpk&nsentreer word. Die skaal-
verwante patrone wat waargeneem is in die grooeléngseksperiment kan versterk
word deur plastiese reaksies op heterogene voddfbgskikbaarheid (bv. fyn-wortel
vermeerdering in vrugbare kolle). Hiervolgens kommie op die growwe-
skaalbehandelings en grasse op die fyn-skaalbelagslplasties reageer het. Om dit
te toets is dieselfde hoeveelheid bemesting versikafbome en geassosiéerde grasse
by twee skale van voedingstof-kolverspreidheid. @waar na bemesting het die
growwe-skaal-bemeste bome verhoogde lootgroei é&m hlaar-N konsentrasies in
vergelyking met klein-skaal-bome wat dieselfde lotd hoeveelheid ontvang het,
vertoon. In teenstelling hiermee het bome bemesRriat'n klein-skaal konfigurasie
negatief reageer in vergelyking met groot-skaal &ohtierdie resultate toon aan dat
verskille in die lokale skaal van voedingstof-kakederlikheid ook die verdeling van
voedingstowwe tussen bome en gras kan beinvloed.

Herbivore reageer nie net op grondvrugbaarheidsrbgeniteit nie, maar kan
ook ruimtelike heterogeniteit in voedingstof-verding skep. Op sy beurt kan dit
die struktuur van plantegoei dan verander. In misg&iede, onvrugbare savanna het
ons die huidige grondvrugbaarheidsstatus, boom- geasbiomassa-patrone en
benutting deur grootherbivore in nege verlate valekrestudeer. Die krale is
vergelyk met nabygeleé kontrolepersele in die ogamde landskap. Die krale, wat
aanvanklik verryk is deur veemis en -uriene, hejemeer sedert 1970 in onbruik
verval toe vee deur wild vervang is in die studieid. Na ongeveer 40 jaar het ons
gevind dat kraalgrond steeds verhoogde konserdgrasierganiese N, ekstraheerbare
P, K, Ca en Mg bevat vergeleke met die kontrolegersDit het verhoogde
weidingskwaliteit in krale tot gevolg. Bome het ooie daarin geslaag om die krale
binne te dring nie, sodat krale as strukturele kalfe in die andersins digte savanna
vertoon. Wilde grootherbivore onderhou skynbaar looé& vrugbaarheidstatus van
krale deur voedingstowwe in krale in te voer, emrdmkaal die sirkulasie van
voedingstowwe te bespoedig. Op sy beurt verhoed/glieoogde gondvrugbaarheid
dat boomsaailinge vestig onder die vrugbare todstan

Ten slotte, hierdie studie voorsien bewyset daranderinge in die
beskikbaarheid van voedingstowwe die sukses vambaailingvestiging beinvioed,
wat veranderinge in die relatiewe proporsies vamdéen grasse in droé savannas kan
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bewerkstellig. Verder ondersteun hierdie studie eutees wat stel dat die skaal van
hulpbronheterogeniteit die wyse van hulpbronverndgetussen saamwonende bome en
grasse beinvioed. Op sy beurt bepaal dit die patrean blaarvreter- teenoor
grasvreterbenutting asook die impak van diere epptintegroei. Gevolglik voorsien
hierdie studie nuwe inligting oor voedingstof-plu@rbivoor wisselwerking in ‘n
droé savanna en het potensiéel vérrykende impékasir die bestuur van droé
savannas in die algemeen.
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In savannes komen bomen en grassen samen vootesnhdgpbronnen zoals water
en nutriénten. De verhouding tussen bomen en grgdgse.z. de vegetatiestructuur),
heeft een belangrijke invioed op productiviteit,erdgemeenschappen en aard-
atmosfeer terugkoppelingen. Omdat de structuur samannevegetatie inherent
onstabiel en gemakkelijk te verstoren is, is hairveet beheren en beschermen van
weidegebieden van groot belang te begrijpen hoevelgetatiestructuur wordt
beinvioed. Momenteel worden vier factoren als lgigngezien bij het reguleren van
de vegetatiestructuur van savannes, namelijk: watdriénten, herbivoren en vuur.
Terwijl de factoren water en vuur al intensief belgterd zijn, is de invlioed van
nutriénten en herbivoren minder bekend. Omdat meilmeénemende mate beseft dat
klimaatverandering ook de beschikbaarheid van éniien verandert, bv. een
verhoogde stikstofdepositie, is het relevant omiamight in de rol van nutriénten in
savannes te vergroten. Hoe savannesystemen reagpr&en verstoring van de
nutriéntenbeschikbaarheid is onduidelijk. Veranugen in de beschikbaarheid van
bodemnutriénten zullen waarschijnlijk ook verbanouden met veranderingen in
voedselkwaliteit. Dit kan de foerageerpatronen geste herbivoren, en dus indirect
de vegetatiestructuur, beinvioeden. Bovendien sealt men zich in toenemende
mate dat niet alleen veranderingen in nutriéntectbklbaarheid de planten en
daarmee herbivoren beinviloeden, maar ook de matgirwautriénten ruimtelijk
beschikbaar komen. Nieuwe ideeén suggereren ire fdat een verschil in
schaalniveau van de ruimtelijke heterogeniteit kalpbronnen kan bepalen hoe deze
hulpbronnen worden verdeeld tussen samenlevendteso@n verschillende grootte,
bv. grote bomen die in savannesystemen samenlegekl@ine grassen. Om te testen
hoe veranderingen in de beschikbaarheid en rujkealangschikking van nutriénten
savannesystemen beinvioeden, zijn verscheidenexmddmenten uitgevoerd in een
halfdroge savanne in Zuid Afrika.

In het studiegebied vonden wij dat de nutriéntbiébearheid (N, P en K) een
negatieve invioed heeft op de vestiging van booihirgan (Colophospermum
mopang in bemestingsexperimenten. Bovendien faalden bom@ het
herkolonialiseren van nutriéntrijke kralen die bijeen halve eeuw geleden verlaten
zijn. In droge savannes denkt men tegenwoordighdasucces van de vestiging van
boomzaailingen van grote invioed is op de relatieverheersing van bomen. Een
verhoging van de nutriéntenbeschikbaarheid karedugen voor een structureel meer
open vegetatie. Verschillende redeneringen kunregklaren waarom de vestiging
van boomzaailingen wordt beperkt op vruchtbare dranij testten de hypothese dat
een toename van grasconcurrentie in een vruchtirageving de boomverjonging
verminderd. In gecontroleerde concurrentie-expeniere werd aangetoond dat de
negatieve effecten van nutriénten op boomzaailirajleen voorkomen wanneer deze
zaailingen in concurrentie zijn met grassen. Bow@mndonden wij dat het toevoegen
van zowel water en voedingsstoffen aan bomen essgnade negatieve effecten van
het toevoegen van voedingsstoffen op zaailingemetoet. Het onderdrukkende
effect van een toegenomen nutriéntenbeschikbaarbpidzaailingen blijkt een
indirecte werking te hebben via de afname van demmaorraden door de sterke groei
van grassen onder vruchtbare omstandigheden. Vanwvdeg gevoeligheid van
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zaailingen voor watertekorten vertaalt een dooriénten veroorzaakte verhoging van
het watertekort zich in een hogere mortaliteit enderdrukte groei van

boomzaailingen in vruchtbare gebieden. De mortalka@n verplante boomzaailingen
werd hoger gedurende een droge periode in het sgiaeen als lokaal de
bemestingsconcentratie werd verhoogd. Een verhogamgde grasconcurrentie op
een vruchtbare bodem lijkt dus een reéel mechanisvaarmee een slechte
boomverjonging op een vruchtbare bodem kan woreekiaard.

Hoewel vestigende boomzaailingen lijden onder vifbte omstandigheden
suggereren onze gegevens dat de groei van al ggleegbude) bomen hoger is bij
een toename van de nutriéntenbeschikbaarheid, Ivbgraen stijging van de N-
beschikbaarheid. Met betrekking tot een verhoogmeosferische stikstofdepositie
voorspellen wij dat de boombedekking in eersteaimts zal toenemen na verrijking
met voedingsstoffen in droge savannes, hoewelsp®rs van bomen ongevoelig kan
zijn voor het huidige niveau van stikstofdepositiechter, op de lange termijn
verwachten wij dat de boombedekking afneemt al®igevan een beperking van de
boomverjonging welke gevoeliger lijkt te zijn voddeine stijgingen in de N-
beschikbaarheid.

De relatieve beschikbaarheid van nutriénten zoaésn R kan ook van invioed
zijn op de mannier waarop voedselbronnen wordedeeadd tussen de naast elkaar
levende bomen en grassen. In een veldexperimentevonvij aanwijzingen dat
bomen relatief meer beperkt worden door de N- aaR-tbeschikbaarheid. Een studie
in oost Afrika heeft aangetoond dat grassen ondgr lBoom meer N- dan P-
gelimiteerd zijn. Wij vonden bewijs dat het con@mtievermogen van grassen onder
bomen verhoogd wordt wanneer alleen P wordt toegglo De relatieve
beschikbaarheid van N vs. P kan daarom een extnardgiie zijn voor de verdeling
van hulpbronnen tussen bomen (niet N- fixerendyrassen in savannesystemen. Dit
ondersteunt het idee dat organismen met een hampgtentieel, blijkbaar grassen
in savannes, een relatief hoge P-behoefte hebberearsnelle eiwitsynthese in stand
te houden, terwijl trager groeiende organismenl|szbamen, meer beperkt zijn door
de beschikbaarheid van N.

De beschikbaarheid van de bodemnutriénten heefstegke invioed op waar
grote grazers hun impact in het landschap conadiea. Zowel grazers en browsers
reageerden positief op bemesting, waarschijnlijka vde inviloed die de
nutriéntenbeschikbaarheid in de bodem heeft opadditeit van voedsel. De N- en P-
concentraties in de bladeren van bomen en gragseq,sen de gecondenseerde
tannineconcentratie in bomen verminderde als gewag bemesting. Bij hoge
plaatselijke bodemnutriéntenconcentraties werd dgetatiebiomassa in sommige
gevallen door herbivoren verlaagd tot onder de tatgdbiomassa in controle plots,
wat aangeeft dat herbivoor effecten (top-down) mMpgeutriént effecten (bottom-up)
kunnen opheffen onder gunstige omstandigheden.

In de ecologie beseft men steeds meer dat nietratle beschikbaarheid van
voedingsstoffen, maar ook de wijze waaragze voedingsstoffen ruimtelijk
beschikbaar komen van belang is. Gegevens uit e geldexperiment waarbij een
gradiént in de schaal van nutriéntenpatchiness.Zdpatches van 2 x 2 m, 10 x 10 m
of 50 x 50 m) werd opgericht, suggereren dat daachan nutriéntenpatchiness de
verdeling van hulpbronnen tussen samenlevende banegrassen stuurt. Bij een
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gelijke lokale nutriéntenconcentratie was de kwdlivan boomblad ongevoelig voor
bemesting in kleine patches, maar gevoelig voordstimg in de grotere patches. De
kwaliteit van het blad van grassen werd verhoogar dtlukale bemesting ongeacht de
ruimtelijke schaal van bemesting. Het verschil éaatie van bomen en grassen op
verschillen in de schaal van nutriéntpatchinessdwdgevolgen voor de browser- en
grazer- gemeenschappen. Bij dezelfde hoge lokatecerdratie van meststoffen
reageerden grazers zowel op een fijne en groveakclsn nutriéntenpatchiness,
terwijl browsers alleen op de grove schaal vaniéntenpatchiness reageerden. De
selectieve begrazing in fijnschalige nutriéntencpas stimuleerde kennelijk de
boomgroei. Bij een grovere schaal van nutriéntlpatss werd de impact van zowel
browsers als grazers lokaal versterkt. De schaahu#riéntenpatchiness bepaalde dus
de verdeling van nutriénten tussen bomen en grabségeen blijkbaar gevolgd werd
door de grote herbivoren, wat resulteerde in gedifitieerde lokale effecten op
bomen en grassen. Naast de lokale effecten karcthdealsvan nutriéntenpatchiness
ook het gebruik en de kwaliteit van voedsel op emt(landschap-) schalen
beinvioeden. In het grote bemestingveldexperimagygareren berekeningen dat de
totale grasconsumptie door grazers het hoogste waer dezelfde hoeveelheid
meststof (15 kg N per perceel) werd uitgespreidr alee oppervliakte van het gehele
perceel in plaats van geconcentreerd in 10 x 10atchps. Hoe voedingsstoffen
worden verdeeld in een gebied heeft daarom invlgede secundaire productiviteit
en de locaties waar herbivoren hun impact conceantre

De schaalgerelateerde verbanden die zijn waargemoime het grote
bemestingexperiment kunnen versterkt zijn doortigelse reacties (bv. de proliferatie
van fijne wortels in een voedselrijke bodem) opehsjene nutriéntenlevering aan
respectievelijk bomen op een grove schaal en graggesen fijne schaal. Om dit te
testen werd dezelfde hoeveelheid nutriénten toeggelioop twee verschillende
schalen van patchiness aan specifieke bomen mafoddorende grassen. Twee jaar
na de bemesting lieten de op grote schaal bemesterbeen toename van de groei
van scheuten zien en een toegenomen N-concentnabéad ten opzichte van de
kleinschalige maar met een zelfde hoeveelheid Nelseanbomen. Omgekeerd lieten
bomen in een kleinschalige met P bemeste configuretgatieve reacties zien in
vergelijking met grootschalige tegenhangers. Deresultaten suggereren dat
verschillen in de lokale schaal van nutriéntenpatss ook invloed heeft op de wijze
waarop voedingsstoffen worden verdeeld tussen dawede bomen en grassen.

Herbivoren reageren niet alleen op heterogeniteitvoedingsstoffen, ze
kunnen ook ruimtelijke heterogeniteit in de besbhirheid van voedingsstoffen
creéren, wat weer de structuur van de vegetatigawannes kan beinvioeden. Wij
bestudeerden de huidige status van bodemnutriérgatronen in boom- en
grasbiomassa en het gebruik van vegetatie dooe dretbivoren in 9 voormalige
kralen in een halfdroge en voedselarme savannee Delkieden werden vergeleken
met nabijgelegen controlegebieden in het omringéa@schap. De kralen, voorheen
verrijkt door dierlijke mest en urine, werden véglarond 1970 en sindsdien gebruikt
door wilde dieren. Wij vonden dat de bodem van &l ongeveer 40 jaar na dato,
verhoogde concentraties van anorganische N, exrbhar P, K, Ca en Mg heeft in
vergelijking met de controlegebieden, hetgeen testde in een hoge
voedselkwaliteit in kraalgebieden. Bomen faalden mith te vestigen in deze
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gebieden, waardoor de kralen structureel open plekk de overigens dichte savanne
bleven. Blijkbaar onderhielden de grote grazershdge nutriéntenbeschikbaarheid
van kraalgebieden, waarschijnlijk door het impatervan voedingsstoffen in deze
sites en door de versnelling van de lokale nuteiéeycli. De toegenomen lokale

beschikbaarheid van voedingsstoffen verhindert vdeevestiging van zaailingen in

deze vruchtbare omstandigheden.

Deze studie levert dus bewijs dat een verandering de
nutriéntenbeschikbaarheid invioed heeft op het esicean zaailingen om zich
vestigingen, wat terug kan koppelen naar verandenrin het relatieve aandeel van
bomen en grassen in droge savannes. Bovendienstewier deze studie het idee dat
de schaal van heterogeniteit in voedselbronnero@wvlheeft op de wijze waarop
voedselbronnen worden verdeeld tussen de samedieveomen en grassen, wat
weer het gebruik en de impact van browsers vsegsaazp de vegetatie beinvloedt.

Concluderend levert dit onderzoek nieuwe informater voedingsstoffen-
plant-herbivoor interacties in een droge savanne putentieel belangrijke gevolgen
voor het beheer van de droge savannen in het aigeme
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Summary

In savannas, trees and grasses co-exist and sbsoerces such as water and
nutrients. The ratio between the tree and grasgooents (i.e., vegetation structure)
importantly controls productivity, animal assemlgag and earth-atmosphere
feedbacks. As the structure of savanna vegetatanherently unstable and easily
disturbed, finding out how the vegetation structigreontrolled is of great importance
for rangeland management and conservation. Cuyrémtir factors are believed to
control the vegetation structure in savannas; ngnweter, nutrients, herbivory and
fire. While the water and fire factors have bedensely studied, the roles of nutrients
and herbivores as factors are less well known. dwipg our understanding of the
role of nutrients in savannas is relevant, bec#useancreasingly realised that global
change also alter the availability of nutrients}, eincreased nitrogen deposition. How
savanna systems respond to nutrient perturbatisnancertain. Changes in soil
nutrient availability are also likely to feed battk changes in forage quality, which
may influence large herbivore use and vegetatiopach patterns, thus indirectly
influencing vegetation structure. Moreover, it icreasingly realised that not only
changes in the availability of nutrients influerglants and subsequently herbivores,
but also how nutrients become spatially availabdefact, new ideas suggest that
differences in the scale of spatial resource hgtareity may control how resources
are partitioned between co-existing species diffgrin size, e.g., large trees co-
existing with small grasses in savanna systemstegb how changes in nutrient
availability and spatial configurations influencavanna systems, several field
experiments were conducted in a semi-arid savanB8auth Africa.

In the study area we found that nutrient (N, P Ehavailability negatively
affected tree Qolophospermum mopaneseedling establishment in fertilization
experiments. Also, trees failed to re-colonize ieuatrrich kraal sites that were
abandoned almost half a century ago. In dry sawwanns currently believed that the
success of tree seedling establishment exercigge leontrol over the relative
dominance of trees, thus an increase in nutrieailahility may feed back to a
structurally more open vegetation state. Differemplanations may account for
constrained tree seedling establishment undelefestil conditions. We tested the
hypothesis that the intensification of grass coitipat reduces tree seedling
recruitment in fertile environments. In controlledmpetition experiments it was
shown that negative nutrient effects on tree segslonly occur when seedlings were
competing with grasses in mixtures. Furthermore,fouend that adding both water
and nutrients to tree seedling-grass plant mixtgsscelled the negative effects of
added nutrients on tree seedlings. Thus the sugpgeeffect of increased nutrient
availability on seedlings appears to operate intlye¢hrough the pre-empting of soil
water resources by vigorous herbaceous growth uedde conditions. Since woody
seedlings are vulnerable to water stress, increasgdent-induced water stress
translates into higher mortality rates and supgegsowth of tree seedlings in fertile
areas. In support, transplanted tree seedling fitgrilacreased during a mid-season
drought as local fertilizer concentration increasdd conclusion, intensified
herbaceous competition under fertile soil condgioappears to be a viable
mechanism explaining poor tree seedling recruitmexer fertile soil conditions.
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While establishing tree seedlings suffer underiléertonditions, our data
suggest that established (mature) tree growth lisgtefrom an increase in nutrient
availability, especially following an increase in &bvailability. With regards to
increased atmospheric N deposition, we predict tifegt cover may initially expand
following nutrient enrichment in dry savannas, aitgh tree cover responses may be
insensitive to current levels of N deposition. Hoe in the long-term tree cover is
expected to decline, because of constrained t@eit@ment that appears to be more
sensitive to small increases in N availability.

The relative availability of nutrients such as Ndd may also influence how
resources are partitioned between co-existing taeesgrasses. In a field experiment
we found evidence that trees were relatively mionged by N than P availability. An
East African study has shown that grasses undérmesgs are more P than N limited
and we found evidence that the competiveness ofcanbpy grasses in our study
increased when only P was supplied. The relatiadability of N vs. P may therefore
offer an additional axis governing resource panithg between trees (non N-fixing)
and grasses in savanna systems. This supportsl¢hethat organisms with a high
growth potential, apparently grasses in savanreas: relatively high P requirements
to sustain rapid protein synthesis, while slowewgng organisms such as trees are
more limited by the availability of N.

The availability of soil nutrients strongly medidtevhere large herbivores
concentrated their impact in the landscape. Botrzeaps and browsers responded
positively to fertilization, apparently via the d¢osl that soil nutrient availability has
on forage quality. Tree and grass leaf N and P eanations increased and
condensed tannin concentrations in trees decrdabeding fertilization. Under high
local soil nutrient concentrations the vegetatidontass was in some instances
reduced below control biomass by herbivores, irnaigathat top-down herbivore
effects potentially override bottom-up nutrienteets under fertile conditions.

In ecology, it is increasingly realized that it n®t only the availability of
nutrients, but alstiow nutrients become spatially available that mattBega from a
large field experiment where a gradient in the escdlnutrient patchiness (i.e., patch
grains sizes 2 x 2 m, 10 x 10 m or 50 x 50 m) wasted, suggested that the scale of
nutrient patchiness controlled the partitioningresources between co-existing trees
and grasses. For the same local fertilizer conaBotr, tree leaf quality was
unresponsive to fertilization in small patches, begponded in the larger patches.
Grass leaf quality increased with local fertilioencentration regardless of patch size.
The differential responses of trees and grassescaéde differences subsequently
modulated the responses of the browser and gragkisgFor the same high local
fertilizer concentration, grazers responded to ot and coarse scales of nutrient
patchiness, while browsers responded only to tlaeseoscale of nutrient patchiness.
In turn, the selective grazing in the fine scale noftrient patchiness treatment,
apparently stimulated tree growth. In the coarsatesof patchiness treatment both
browsers and grazer impact intensified locally. §iiwe scale of nutrient patchiness
controlled nutrient partitioning between trees agrdsses, which was apparently
closely tracked by the large herbivore assemblagsulting in differential local
impacts on the tree and grass layers. Apart froralleffects, the scale of nutrient
patchiness may also regulate the use and qualifgrafe resources at larger (e.qg.,
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landscape) scales. In the large field fertilizgpexxment, calculations suggest that the
total herbaceous off-take by grazers peaked wihersame fertilizer amount (15 kg N

plot?) was spread over the whole plot surface arear#the concentrated in 10 x 10

m patches. Thus, how nutrients are distributed 1in amea controls secondary

productivity and where herbivores concentrate timepact.

The scale related patterns observed in the larjézZier experiment may have
been reinforced by plastic responses (e.g., fioe pooliferation in nutrient-rich soil)
to heterogeneous nutrient supplies of trees irctase scale treatments and grasses
in the fine scale treatments, respectively. To teist the same nutrient amount was
supplied at two different scales of patchiness dcaf trees with their associated
grasses. Two years after fertilization, large-sdaltilized trees showed increased
shoot growth and increased leaf N concentratiomspewmed to small-scale fertilized
trees receiving the same N amount. Converselys tie@ small-scale configuration
fertilized with P showed negative responses contpamelarge-scale counterparts.
These results suggest that differences in the lscale of nutrient patchiness also
influence how nutrients are partitioned betweerexisting trees and grasses.

Herbivores not only respond to nutrient heteroggndiut may also create
spatial heterogeneity in nutrient availability, wj in turn, may influence the
vegetation structure of savannas. We studied themusoil nutrient status, tree and
grass biomass patterns and large herbivore useeffarmer livestock holding pen
areas (kraals) in a semi-arid, nutrient poor samanrhese were contrasted with
nearby control sites located in the surroundingd$aape. The kraals, formerly
enriched by livestock dung and urine, were abandlareund 1970 and since then
wildlife replaced livestock in these parts. We fduhat around 40 years later, kraal
soil had elevated concentrations of inorganic Nirastable P, K, Ca and Mg
compared to control sites, which resulted in higlaliy forage in kraal sites. Trees
also failed to invade these sites, thus kraals iredaas structurally open patches in
the otherwise dense savanna. Evidently, wild langebivores maintain the high
nutrient status of kraal sites, probably by impatnutrients into these sites and by
accelerating local nutrient cycling. In turn, thecreased local nutrient availability
prevents tree seedlings from establishing undesetlfertile conditions.

Finally, this study provided evidence that changesthe availability of
nutrients influenced the success of woody seedbsigblishment, which may feed
back to changes in the relative proportions ofdraad grasses in dry savannas.
Furthermore, this study supports the new ideatti@scale of resource heterogeneity
influences how resources are partitioned betweesxiing trees and grasses, which,
in turn, modulated browser vs. grazer use and impatterns on the vegetation.
In conclusion, this study provides new informatiom nutrient-plant-herbivore
interactions in a dry savanna with potentially intpat implications for the
management of dry savannas in general.

145



Affiliation of co-authors

ADA KOOL, Resource Ecology Group, Wageningen Ursityr P.O. Box 47, 6700AA
Wageningen, The Netherlands

ANDREW K. SKIDMORE, International Institute for Géoformation Science and Earth
Observation, P.O. Box 6, 7500 AA Enschede, The &t&dhds

BRUCE R. PAGE, Biological and Conservation Sciend¥estville Campus, University of
KwaZulu-Natal, Private Bag X54001, Durban 4000, tBcAfrica

EDWARD M. KOHI, Resource Ecology Group, Wageningégniversity, P.O. Box 47,
6700AA Wageningen, The Netherlands

EMMANUEL MWAKIWA, Resource Ecology Group, Wageningé&niversity, P.O. Box 47,
6700AA Wageningen, The Netherlands

FRANK VAN LANGEVELDE, Resource Ecology Group, Wagegen University, P.O. Box
47, 6700AA Wageningen, The Netherlands

HANS DE KROON, Department of Experimental Plant IBgy, Radboud University
Nijmegen, P.O. Box 9010, 6500 GL Nijmegen, The Mddnds

HENRIK J. DE KNEGT, Resource Ecology Group, Waggem University, P.O. Box 47,
6700AA Wageningen, The Netherlands

HERBERT H.T. PRINS, Resource Ecology Group, WagggrinUniversity, P.O. Box 47,
6700AA Wageningen, The Netherlands

IGNAS M.A. HEITKONIG, Resource Ecology Group, Wageningen Univer$ttf). Box 47,
6700AA Wageningen, The Netherlands

MIKE J.S. PEEL, Agricultural Research Council - Banand Forage Institute, PO Box
13054, Nelspruit 1200, South Africa

RINA C. GRANT, Scientific Services, Kruger NationBhrk, Private Bag X402, Skukuza
1350, South Africa

ROB SLOTOW, Biological and Conservation SciencessWille Campus, University of
KwaZulu-Natal, Private Bag X54001, Durban 4000, tBou Africa

SELINE S. MEIJER, Resource Ecology Group, Wagemngniversity, P.O. Box 47,
6700AA Wageningen, The Netherlands

146



Co-authors

SIPKE E. VAN WIEREN, Resource Ecology Group, Wageein University, P.O. Box 47,
6700AA Wageningen, The Netherlands

WILLEM F. DE BOER, Resource Ecology Group, WageeimdJniversity, P.O. Box 47,
6700AA Wageningen, The Netherlands

YOLANDA PRETORIUS, Resource Ecology Group, WagemimdJniversity, P.O. Box 47,
6700AA Wageningen, The Netherlands

147



Curriculum Vitae

Cornelis van der Waal was born on 1 August 1978aath

. Africa, and grew up in South Africa and Namibia.tekf

high school he joined the national service of ScAitica
where he qualified as a horse-riding instructor.gdeolled
for a pasture science degree at the Universityrefoda,
which was completed in 1994. Before starting veitBSc
honours course in Wildlife Management, he workedaas
farm manager for a year. As part of the wildlife
management course he contributed to the formulaifoa
rehabilitation plan for the Quissama National Pank
Angola, which subsequently resulted in the re-ihiciion
of game animals into a section of the former pater

' completing the honours programme he worked as a

rangeland scientist for the Department of Agriadtun
South Africa, where his work included research and
advising farmers on best rangeland managementiggact

Durlng thls period he also enrolled for a part-tiM8c. For his MSc he quantified the
forage resources on several game ranches and nmatee/es and related these to
demographic and nutritional characteristics of tgmeakudu {ragelaphus
strepsicerospopulations. The aim of the study was to identiy forage components
that avert kudu population crashes during droughts2005, Cornelis joined the
TEMBO (The Elephant Movement and Bio-Optimizatioogramme as one of six
PhD candidates. The TEMBO programme is a multigis@ary endeavour that aims
to contribute to wise elephant management, and timee&ruger system in southern
Africa as a case study. The results of his reseacciducted within the TEMBO
programme culminated in this thesis.

Cornelis is married to Lizelle and currently théyel in Namibia with their

son, Benjamin.

148



List of publications

Knox NM, Skidmore AK, Schlerf M, de Boer WF, van &kn SE, van der Waal C,
Prins HHT & Slotow R (2010) Nitrogen prediction grasses:. Effect of
bandwidth and plant material state on absorptioatufe selection.
International Journal of Remote SensBiy691-704

de Knegt HJ, van Langevelde F, Coughenour M, SkiedmdK, de Boer, WF,
Heitkbnig IMA, Knox N, Slotow R, van der Waal C &iRs HHT (2010)
Spatial autocorrelation and the scaling of speemgronment relationships.
Ecology91(8): 2455-2465

Kohi EM, de Boer WF, Slot M, van Wieren SE, Fervetls, Grant RC, Heitkdnig
IM, de Knegt HJ, Knox N, van Langevelde F, PeelQlbtow R, van der Waal
C & Prins HHT (2009) Effects of simulated browsing growth and leaf
chemical properties i€olophospermum moparsaplings. African Journal of
Ecology48:190-196

van der Waal C, de Kroon H, de Boer, WF, HeitkdMg\, Skidmore AK, de Knegt
HJ, van Langevelde F, van Wieren SE, Grant RC, B&jeSlotow R, Kohl
EM, Mwakiwa E & Prins HHT (2009) Water and nutrigrdlter herbaceous
competitive effects on tree seedlings in a send-a@vanna.Journal of
Ecology97:430-439

Wessels DCJ, van der Waal C & de Boer WF (2007uded chemical defences in
Colophospermum mopamees African Journal of Range and Forage Science
24:141-147

du Plessis |, van der Waal C, van Wyk RR, Webb K@zinger B & van den Berg J
(2006) Regional differences in growth parametersween two impala
populationsSouth African Journal of Animal Scien@&%90-94

van der Waal C (2005) Kudu foraging behavior: ieflaed by animal density?
African Journal of Range and Forage Scie@2el1-16

Hooimeijer JF, Jansen FA, de Boer FW, Wessels D,dex Waal C, de Jong CB,
Otto ND & Knoop L (2005) The diet of kudus in a name dominated area,
South Africa.Koedoe48:93-102

du Plessis |, van der Waal C & Webb EC (2004) A parison of plant form and
browsing height selection of four small stock bieedPreliminary results.
South African Journal of Animal Scien@%&31-34

van der Waal C, Smit GN & Grant CC (2003) Faectiogen as an indicator of the
nutritional status of kudu in a semi-arid savanBauth African Journal of
Wildlife Researcl33:33-41

van der Waal C & Dekker B (2000) Game ranchindhm lorthern Province of South
Africa. South African Journal of Wildlife Researg@:151-156

149



The C.T. De Wit JPRODUCTION

Graduate School
PESRC ECOLOGY

PE& RC PhD Education Certificate

With the educational activities listed below theDRtandidate has
complied with the educational requirements sehieyG@.T. de Wit
Graduate School for Production Ecology and ResoUQmeservation
(PE&RC) which comprises of a minimum total of 32T EC(= 22

weeks of activities) 'C

& RESOURCE
ONSERVATION

Review of Literature (5.6 ECTS)
0 The effect of differential nutrient acquirement aagies in savanna grass-tree
dynamics (2005)

Post-Graduate Courses (7.5 ECTYS)
o Survival statistics (2005)
Plant ecophysiology (2005)
Art of modeling (2006)
Introduction for R for statistics (2008)
Principles of Remote Sensing (2010)

O O 0O

Laboratory training and working visits (0.9)
o Sample processing, ARC lab., South Africa (20060872

Deficiency, Refresh, Brush-up Courses (2.8 ECTS)
o Ecological methods (2005)

Competence Strengthening / Skills Courses (3.1 ECTYS)
o Art of writing (2005)
o0 Scientific writing (2008)
o0 Interpersonal communication for PhD students (2008)

Discussion Groups/ Local Seminarsand Other Scientific Meetings (6.2 ECTYS)
o Forest and conservation (2005 & 2008)
o APNR joined management meetings: research sesxi® ( 2008)
o Lowveld Ecological Research Group meetings (2007)
o Experimental Plant Ecology Group, Radboud Univedijmegen (2005 &
2008)

PE& RC Annual Meetings, Seminars and the PE& RC Weekend (2.1 ECTYS)
0 PE&RC Introduction weekend (2005)

PE&RC one-day symposium (2005)

Multiple views on scales and scaling (2007)

PE&RC day (2008)

O OO

Inter national Symposia, Workshops and Conferences (6.8 ECTYS)
0 SANPARKS Network meeting, Skukuza, South Africad2p
o Elephant management and owner’s association (EMO#)en, South Africa
(2008)
0 Sustainable Land Management in the Dry Lands ofhewo Africa: the
practicalities, Windhoek, Namibia (2009)

150



Sketches: Lizelle van der Waal
Cover design: Cornelis van der Waal

The research described in this thesis was findgcapported by WOTRO (Foundation
for the Advancement of Tropical Research, The Né&hds) grant AV01.65.216.

Financial support from WOTRO and Wageningen Uniwgfsr printing this thesis is
gratefully acknowledged.

151



