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Summary

Conservation planners use many traditional biogitaerconservation tools to help alleviate
the global biodiversity crisis. However, ongoingodiversity loss has stimulated the
development of new and improved methods for comsgrbiodiversity. One such new
conservation tool is the mesofilter approach. Miiso$ are biotic or abiotic ecosystem
elements which are critical to the well-being ofnyapecies, and therefore could help to
explain spatial heterogeneity in species acrossdskape. It is also complementary to more
traditionally used concepts such as coarse- amdfilier conservation concepts. Applying the
mesofilter approach in protected area, conservamchgnd-sparing design and management,
could optimise biodiversity conservation in a rdypideveloping world. For example, the
timber industry has been pro-active in its appro@aclessen biodiversity loss, by optimising
design and management of the plantation matrixutiincecological networks. Here, | explore
the use of mesofilters within highly threatened mamt Afro-montane grasslands in
KwaZulu-Natal, South Africa, to optimise biodivegsiconservation planning for such
landscapes. As per anecdotal evidence, | usedmeskiin the landscape as a possible driver
of species richness and species assemblage vayiabithe meso-scale, using a multi-taxon
and multi-trophic approach. In this montane langscé also examined the effect of elevation
on spatial heterogeneity of taxa. | further examinbe functional responses of taxa to
rockiness in the landscape. Rockiness in the lapdssignificantly influenced the species
richness and assemblage structure of three keyslgrak taxa: flora, butterflies, and
grasshoppers. | showed that for plants, this respomas due to growth forms such as
geophytes and perennial grasses that were morelglaessociated with rockiness, and
therefore the main contributors to observed difiees in the dispersion patterns of flora.
Grasshoppers were not necessarily responding teehigpck exposurger se but rather
towards the environmental conditions created byinsss within the landscape, such as
lower vegetation density. For butterflies, certaghavioural traits, such as resting, territorial
behaviour and/or mate-locating behaviour, were miymcal in areas of higher rock
exposure. This suggested that rocks are a defirat@tat resource to certain butterflies.
Overall, this finding where an abiotic surrogategpresentative of key taxa in an ecosystem
Is interesting, as cross-taxon surrogacy has beewrsto be stronger than surrogates based
on environmental data. Furthermore, taxa responfigdttionally to rockiness in the
landscape. This thesis therefore supports the tislgaenvironmental surrogates are indeed

useful for biodiversity conservation planning. Frtmore, ecosystems can potentially have



many attributes or features that would be of cors@n interest, and delineating a set of
mesofilters is a useful way of expressing particuddtributes to be used in wildlife

conservation evaluation. The concept of the mdsofds a practical biodiversity conservation
tool is therefore validated here. | also argue ithportance of habitat heterogeneity for
biodiversity conservation planning in this montagrassland landscape. The potential for
optimising the design of landscape configurationshsas ecological networks, through
information obtained from the mesofilter, is empbad. We can safely add another tool in

the biodiversity conservation toolbox of this Afmentane grassland ecosystem.



Samevatting

Bewaringbeplanners gebruik tans baie tradision@diversiteit-bewarings metodes om die
huidige biodiversiteits krisis te help verlig. Todje huidige voortdurende verliese in
biodiversiteit wéreldwyd, vra na nuwer en verbeterdetodes van biodiversiteit-bewaring.
Een so ‘n nuwe bewaring metode, is die mesofiliesofilters is biotiese of abiotiese
ekosisteem elemente wat kritiek is tot die welstaawl spesies, en daarom veral waardevol is
om variasie in spesies verspreiding in ‘n landskaphelp verduidelik. Daarby is die
mesofilter konsep ook komplementér tot meer tradisel gebruike bewaringskonsepte, soos
fyn-filter en breé-filter konsepte. Deur die me#efi benadering toe te pas in die ontwerp en
bestuur van beskermde areas, bewaareas, of laad-gp@atiewe, kan ons biodiversiteit-
bewaring in ‘n vining ontwikkelende wéreld optinsder. Byvoorbeeld, die bosbou industrie
is pro-aktief in hul benadering om biodiversitedérhese te verminder, deur optimalisering
van die ontwerp en bestuur van ekologiese netwierkiee plantasiematriks. In hierdie tesis,
ondersoek ek die gebruik van mesofilters in hocgrdigde oorblyfels Afrikaberg grasvelde
in KwaZulu-Natal, Suid-Afrika, om die bewaringsbaphing van dié gebiede te optimaliseer.
Vanaf anekdotiese bewyse, het ek spesifiek gelgenkaak van klipperigheid in die landskap
as ‘n moontlike drywer van spesies-rykheid en ggesamestelling variasie by ‘n meso-skaal,
deur ‘n multi-takson en multi-trofiese benaderihg.hierdie berglandskap, het ek ook die
effek van hoogte bo seevlak op ruimtelike verspngid’zan taksa bestudeer. Verder het ek
ook gekyk na die funksionele reaksie van taksa Kigpperigheid in die landskap.
Klipperigheid in die landskap het ‘n beduidendelaed gehad op spesies-rykheid en spesies-
samestelling van drie sleutel grasveld taksa: plaskoenlappers, en springkane. Ek wys dat
vir plante, hierdie reaksie as gevolg was van $p&si plantgroeivorme, soos bolplante en
meerjarige grasse, se noue verband met klippedgkei daarom, dat hierdie groepe die hoof
bydraers is tot gesiene variasie in plantspesiespveiding in die landskap. Vir springkane,
was hierdie reaksie nie noodwendig omdat hullektippe self gebruik het nie, maar meer as
gevolg van die omgewingskondisies geskep deur wgyd® klipperigheid in die landskap,
soos laer plantegroei digtheid. Vir skoenlapperss Wierdie reaksie tot klippe as gevolg van
sekere gedragskaraktereienskappe, soos rus opeklggbied beskerming en/of paarmaat
soektog, wat tipies meer gesien was in klipperiggg@wings. Dit dui daarop dat klippe ‘n
definitiewe habitat hulpbron is vir sekere skoepks. Oor die algemeen is hierdie
bevinding, waar abiotiese surrogate verteenwodsdi@gn drie sleutel taksa in ‘n ekosisteem,

baie interessant, siende dat tussen-takson suersgats gesien word as sterker as surrogate



gebaseer op omgewingsdata. Verder, taksa het fumdeali gereageer teenoor die klippe in die
landskap. Hierdie tesis ondersteun dus die ideeodajewingssurrogate wel nuttig is vir
biodiversiteit-bewaring beplanning. Ekosisteme naalg potensiele elemente van bewarings
belang bevat, maar om sulke elemente as ‘n stebfiliess te klassifiseer, is ‘n nuttige
manier om spesifieke elemente te gebruik in naewdsings evaluasie initiatiewe. Gevolglik
word die konsep van die mesofilter as ‘n praktibsmliversiteit-bewaring gereedskapstuk
hier bevestig. Ek beredeneer ook die belangrikheah habitat heterogeniteit vir
biodiversiteit-bewaring van hierdie berggrasvelddskap. Die potensiaal vir optimalisering
van ontwerp en bestuur van landskap konfigurassems ekologiese netwerke, word
beklemtoon. Ons kan met veiligheid nog ‘n gereepsk&k plaas in die biodiversiteit-
bewarings gereedskapkis van hierdie Afrikaberg\glaisekosisteem.

Vi



Acknowledgements

In deep gratitude to:

The Hans Merensky Foundation for funding this prbje

Prof. Michael Samways & Dr. James Pryke — supersisxtraordinaire— your
insight and open-door policy inspire creative fre®ad

The Department of Conservation Ecology and Entomobd the University of
Stellenbosch for infrastructure, administrativeg &echnical support, especially
Colleen Louw, Adam Johnson & Marlene Isaacks

Ezemvelo KZN Wildlife for permission to conductglstudy in KwaZulu-Natal
(Permit nr. 342/2011)

Marius Jonker, Hamish Whyle, and in memory of Lotas Zyl from Merensky
Forestry, for access to the Weza estate and lodging

Luther van der Mescht, Jannie Groenewald & Cobusnigm for field assistance
under circumstances somewhat hazardous at timesSirike City)

Corey S. Bazelet for help with identifying grasspers

Family and friends, in the words of Jack Keroud&ané day | will find the right
words, and they will be simple.

My eksentrieke Ma en Pa

The creator of coffee

“Come forth into the light of things, let nature peur teacher”
William Wordsworth

Vii



Publication Timeline and Disclaimer

Please note that Chapters 2-5 of this dissertatvene written as stand-alone papers (see

below), and therefore there is some repetitiorhanmethods and results.

Chapter 2

Crous, C.J., Samways, M.J. & Pryke, J.S. (2012)dtkpy the mesofilter as a novel
operational scale in conservation plannidgurnal of Applied EcologpOl: 10.1111/1365-
2664.12012

Chapter 3
Crous, C.J., Samways, M.J. & Pryke, J.S. Assoaiatibetween plant growth forms and

rockiness explain plant diversity patterns acrogsaasland landscape. (under review)

Chapter 4
Crous, C.J., Samways, M.J. & Pryke, J.S. Grasshaggsemblage response to the rocky

mesofilter. (under review)
Chapter 5

Crous, C.J., Samways, M.J. & Pryke, J.S. Diffeadriiehavioural responses to higher rock
exposure in a landscape can help explain buttdifiyersion patterns. (in preparation)

viii



Table of Contents

Declaration

Summary

Samevatting

Acknowledgements

Publication Timeline and Disclaimer

Chapter 1 — General Introduction
The Global Biodiversity Crisis
Remediating the biodiversity crisis
The biodiversity planning toolbox
The Mesofilter (as per Hunter 2005)
Applying the mesofilter in contemporary conservatio
The mesofilter concept in Afro-montane grasslamdnants within a forestry
matrix
The Aims and Outlines of this Dissertation
Problem statement
Rationale
Proposed mesofilter
Thesis layout

References

Chapter 2 — Exploring the mesofilter as a novel opational scale in

conservation planning
Abstract
Introduction
Methods
Study area
Flora sampling
Butterfly sampling
Grasshopper sampling

Statistical analysis

vii

viii

o A NN DN PP PP

© N N N N o

16
16
17
19
19
20
21
21
22



Results 23

Species richness and abundance across environmeriables 23
Species composition relative to measured envirotaheariables 28
Discussion 30
Conclusion 33
References 34

Chapter 3 — Associations between plant growth formand rockiness explain

plant diversity across a grassland landscape 39
Abstract 39
Introduction 40
Methods 41
Study area 41
Vegetation sampling 42
Soil analysis 43
Statistical analysis 43
Results 44
Discussion 48
Conclusion 51
References 51

Chapter 4 — Grasshopper assemblage response to tloeky mesofilter in

Afro-montane grasslands 56
Abstract 56
Introduction 57
Methods 59
Study area 59
Grasshopper sampling 59
Environmental variables 60
Statistical analysis 61
Results 62
Discussion 69
Conclusion 70

References 71



Chapter 5 — Differential behavioural responses toackiness in a landscape

can help explain butterfly dispersion patterns 77
Abstract 77
Introduction 78
Methods 79
Study area 79
Environmental variables 80
Butterfly assemblage sampling 80
Butterfly behaviour observations 81
Statistical analysis 81
Results 83
Butterfly assemblage composition 83
Butterfly behaviour observations 85
Discussion 89
Butterfly utilisation of habitat resources 89
Rocks and resting behaviour 91
Rocks, territorial behaviour, and mate-locating 92
Conclusion 95
References 96
Chapter 6 — General Conclusion 102

The Mesofilter Concept and Biodiversity Conservatia in an Afro-montane Grassland

Landscape 102
Rockiness and species community structure 102
Responses of studied taxa to the rocky mesofiltéra landscape 103

Thesis Synthesis and Application 104

References 107

APPENDIX A 109

APPENDIX B 110

APPENDIX C 111

APPENDIX D 118

APPENDIX E 120

APPENDIX F 121

Xi



Chapter 1
General Introduction

The Global Biodiversity Crisis

As no species is truly independent from anothdagcinbiodiversity is generally associated
with more stable and efficiently functioning ecasyss (Naeenet al 1994; Chapiret al
2000; Tilmanet al 2006). For example, a global positive relatiopdetween plant species
richness and ecosystem multifunction has been dedofor dryland ecosystems (Maestte
al. 2012). Yet, there is rapid and on-going fragmioraof the natural environment owing to
increased demographic pressure on natural reso(Wdesiseket al 1997; Salaet al 2000).
Dispersal dynamics of many species are negativictad, restricting or limiting their
recruitment and distribution, which could ultimagtéad to extinction of species and losses of
ecosystem function (Tilman 1997; see also Pietnal 1995). Furthermore, a decrease in
biodiversity within plant communities, for examplepuld 1) decrease GQabsorption,
thereby restricting the current crucial necessitydarbon sequestration (Naeetal 1994;
Williams et al 2008); promote losses in soil nutrients (Tilmgtnal 1996); and 3) increase
invasion potential of alien species (Fargione &nlh 2005). Essentially biodiversity
degradation limits an ecosystem’s buffer againshpral variation in environmental
conditions, e.g. drought periods (Yachi & Loreal®39Rockstromet al 2009). In addition,
socio-economic advantages, particularly sustainédsbel and water provision for human
consumption, are also strongly linked to intactdoiersity (Pearce & Moran 1994; Thrupp
2000; Chapinet al 2000; Naidooet al 2011). In essence, conserving biodiversity has
significant value for maintaining critical ecosysterocesses, as well as subsequent goods
and services (Schlapfet al 1999).

Unfortunately, current loss of biodiversity worldigi is continuing, with a missing of
the Convention on Biological Diversity’s (CBD) tatgto significantly reduce biodiversity
loss by 2010 (Walpoleet al 2009; Butchartet al 2010; Mooney 2010). The CBD has
developed a new set of targets for 2020 (The A2€H0 Biodiversity Targets). Although not
the complete answer for solving the biodiversitgisr(Perringset al 2010), these targets are
positive in that they indicate the ongoing urgeteyeduce pressures on biodiversity through
sustainable practices. These targets emphasisketedopment of new and improved methods

for conserving biodiversity. This is especiallyenent in the modern conservation context,
1



where most of the earth’s surface continues torbastormed (Elliset al 2010). The
maintenance of biodiversity, in general, is therefa critical conservation objective to ensure
sustainable provision of ecosystem goods and s=\jelooperet al 2005; Maestreet al
2012). Therefore, ecologically sound managementeofnant patches, whether natural or

semi-natural, becomes increasingly important.

Remediating the biodiversity crisis

To maintain biodiversity in a rapidly developing neh one of the first needs is to prioritise
biotic inventories so we are able to identify biasity hotspots or areas of conservation
importance (Reid 1998; Myerst al 2000). Secondly, we need to understand the fgctor
natural or anthropogenic, affecting species distidms in space and time. Indeed, the drivers
of species distributions under variable environrakobnditions are a highly relevant and an
important conservation research topic at preseiwh@®dson 2012). This originates from the
assumption that species movement is not randomiewin@ny factors play a role in either
enhancing species richness in some areas, whileibgrog it in others (Palmer 1994).
Exploring the ecological determinants of observpdtial heterogeneity in species richness
across multiple scales would greatly improve coreté@yn planning for both biodiversity
maintenance (e.g. protected area design) and theement of species under a changing
climate (Gaston 2000). Therefore, studying spedisfribution patterns at a small spatial
scale, in addition to regional biodiversity hotspotvould support protected area design by

incorporating biodiversity patterns (Rodriguetsal 2004).

The biodiversity planning toolbox

There exists a variety of popular and effectivgbplaed biodiversity conservation concepts
(reviewed by Schulteet al 2006). Of these, predominantly two focal/operadioscale
conceptual tools are often used to delineate reseetworks or protected areas (Noss 1987;
Schwartz 1999; Schulit al 2006):
* a fine-filter approach, which is more directed at creating veseraround genes,
species or populations (although often just useg@dpulation management)
« acoarse-filterapproach, which is more directed at using comnes)itandscapes or

ecosystems



Fine-filter Coarse-filter
approaches approach

Figure 1.1 A visualization of two traditional focal scale aapts for biodiversity
conservation

Fine-filter approaches usually entail the use ofagyates of biodiversity through concepts
such as umbrella species, focal species or evddsguhereas coarse-filter reserve selection
is theoretically more directed towards including ltiple habitats or a certain area of a
specific ecosystems (Fig. 1.1). For example, onddctake a conspicuous species, which is
highly threatened, and just protect its known rabiflternatively, one could take a coarse-
filter approach and conserve a highly diverse avbech should lead to higher productivity
and sustainability within that reserve, as higheesity areas and sustainability are closely
linked (sensuTilman et al 2001; 2006). However, both of these concepts hied
shortcomings. For the fine-filter approach, thegslaip or umbrella species might not be
congruent with other less conspicuous speciesgefibier excluding such species from a
protected area or conservancy. The coarse filtproggh may also be too coarse, in that it
may exclude highly specialized species which areasoclosely associated to the coarse
selection of a certain habitat or ecosystem (sewé3et al 2002; also see Chapter 2, p. 17,
for more detail on filter conservation). To addrabgese shortcomings, Hunter (2005)
developed a new operational scale for biodiversityservation — the mesofilter. Broadly, the
mesofilter can be defined as specified ecosystematts, or features, which are important to

the existence of certain species within an area&. mbsofiltercomplementshe coarse filter



by helping conservation planners delineate muligtigsical features of the landscape which
are known to be associated with, and promote, lzehigariety of species. It alsomplements
fine-filter conservation, by focusing on those g@bsm elements which are easier to survey
and map than single species. Given the complemengédure of the newer mesofilter concept
to other well studied biodiversity conservation cepts, it needs more exploration, as it
shows promise as a valuable addition as an opeedtscale in the contemporary biodiversity

and conservation planning toolbox (Schdteal 2006; Samways & Bohm 2012).

The Mesofilter (as per Hunter 2005)

The wordmesoliterally means ‘middle’ or ‘intermediate’, and gen as an intermediate
between the fine- and coarse-filter approaches. Kéweideas behind a mesofilter are as

follows:

* Most ecosystems contain certain biotic or abioosgstem elements which are
critical to the well-being of many species

* By conserving these elements in the landscapecgoserve a whole suite of species

» It therefore complements coarse- and fine-filteprapches (as mentioned above),

adding to our understanding of ecosystem scale

There are many examples of mesofilters within ansgstem, and Hunter (2005) lists
some examples: logs in a forest, hedgerows in @twial landscapes, reefs in an estuary,
streams, riparian vegetation, pools in terresg@systems and rocky outcrops. Essentially,
we may see the maxim of the mesofilter as abiaticables acting as surrogates for biota.
Many studies have shown certain ecosystem elenoeritmdscape features to be important
indicators of diversity, emphasizing that conseaorabf these elements leads to protection of
a diversity of species (Armstrorgd al 1994; Armstrong & van Hensbergen 1999; Wesskls
al. 1999; Hewittet al 2005; Overtoret al 2006; Bartoret al 2009; Overtoret al 2010).
However, if we classify these findings as mesafittenservatiorper seas posited by Hunter
(2005), we could add this practical biodiversitynservation tool to each respective

ecosystem’s conservation toolbox.



A 2-dimensional landscape. Vegetation type being equal.

Which area should have conservation priority?

!

Lets add a third layer to the landscape—mesofilters, such

as woody logs and a riverine system, for example

|

A better informed reserve design or management deci-

sion can now be made. The left panel, in this instance,
suggests higher biodiversity value.

Figure 1.2 A simplified example
of application of the mesofilter
concept in delineating reserves or
managing an area for biodiversity
where

conservation  purposes

development is taking place

rapidly



Applying the mesofilter in contemporary conservatio

Much of the earth’s surface is already transforitiedugh agriculture, urbanization etc. (Ellis
et al 2010). In that light, it becomes apparent thatnany instances, we cannot any longer
set aside whole ecosystems for conservation. Hoyelie ideal is to create a ‘win-win’
situation, e.g. in agriculture and conservation, icwh would lead to sustainable
agroecosystems in a fast developing world (Pow&0R0rhe mesofilter approach encourages
us to consider optimal biodiversity conservatiorsuth dynamic environments. For example,
the mesofilter is complementary towards coarserfiftpproaches where we cannot set aside
whole ecosystems, and complementary towards fltex-fapproaches, where many species
will not be targeted for species specific managdanferg. 1.2). Essentially, this mesofilter
approach to conservation adds another dimensidhet@-dimensional nature of landscapes
(as perSamways 1990). Not only is this important for resedesign and management, but
also for areas outside of protected areas, suchloeal conservancies (i.e. matrix

management).

The mesofilter concept in Afro-montane grasslamdnants within a forestry matrix

Plantation forestry is known to negatively impadbdiversity (Armstronget al 1998;
Richardson 1998; Lindenmayet al 2003). The production of timber causes both lasel-
change and, in many instances, biotic introductiavisich is why the timber industry has
received so much attention from conservation agsndihe grassland biome in South Africa
occupy ca. 13.3% of the country’s area (Cowleigal 1989), and plantation forestry is seen
as a significant driver of the critically endangkstatus of vegetation types within this biome
(Neke & Du Plessis 2004; Mucina & Rutherford 20a8pwever, plantation forestry in South
Africa contributes to a great deal of the produti@ndscape, and is an essential part of South
Africa’s economy. Fortunately, commercial operasiorsuch as plantation forestry, are
required to be environmentally sensitive. In thght, the timber industry has proved to be
proactive in its approach to lessen its impacthneanvironment through research pertaining
to protecting the remnant natural or semi-naturahsiin the forestry matrix (see also Hartley
2002; Lindenmayeet al 2003). More specifically, most of the industryivats to optimise
the design and management of the plantation métrough ecological networks (Samways

et al 2010). As simplified in Fig. 1.2, delineating @@n mesofilters within a landscape can



thus significantly contribute in our design and @mg@ment of landscape configurations such

as ecological networks (Schukéal 2006).

The Aims and Outlines of this Dissertation

Problem statement

In this brief introduction, we can see that perieys on agricultural production are changing
considerably, with an emphasis on a sustainabl@lgughain, from producer through to
consumer. Indeed, these changes are being regoyredurope and other markets under
pressure from consumers requiring South Africancatjural products to be produced in a
way that is healthy and environmentally sensiti®&n for these industries to remain
competitive, they have to adequately conserve bavdity. These companies need the tools to

help make rapid biodiversity management decisions.

Rationale

Stellenbosch University, and the Designing Futuaedscapes Initiative, has developed a set
of principles to improve the sustainability of teepply chain, with particular emphasis on
biodiversity conservation and ecosystem processe®iping to production of agricultural
and forestry products that are being demanded Hhification processes (Samways 2007).
Here, | explore an additional operational scale,rttesofilter, which could improve the direct
linkages between research and the corporate piodwszctor. This thesis aims to investigate
the practical application of the mesofilter conceppotential design and management of the

landscape for optimal production without compromgsbiodiversity.

Proposed mesofilter

A conservation evaluation of afforestable montaresgjands in South Africa by Armstrong
et al (1994) indicated that a level of rock exposurthimia landscape probably influences the
species richness of both flora and butterflies. oy, their study was merely descriptive

with no statistical power of the assumptions mddpon further investigation in another



montane grassland area, it was apparent thattkdsdape is a matrix of rocky and less rocky
areas (Fig. 1.3). From personal observation, | aB® some apparent differences in plant
species richness of the rocky areas. Given thesmpnary findings, and seeing as these
rocks are key ecosystem elements which are relatdhgable through geological time, the

guestion arose: could these rocks be a major imfleien structuring key grassland taxa, and

thus be classified as a mesofilter for this Afrontame grassland?

/

Figure 1.3 An example of the greatly rocky and lesser rochture of sites in my study area
Thesis layout

GENERAL THEME:

Exploring mesofilters (abiotic ecosystem elemeras)indicators of species richness and
species assemblage variability at a landscape,sesileg a multi-taxon and multi-trophic
approach, to aid in conservation planning. Spedific | aim to establishif specific
ecosystem elements contribute to species commesimitgture (existence of a mesofilter), and



thenwhy these elements are potentially good indicatorspefties richness and communities

(function and behaviour).

The if’ part of the study will be explored @hapter 2 where | specifically ask:

1. If a mesofilter, in this instance percentage rocipasure across a landscape
(juxtaposed to elevation as a proxy for microclimatements), can predict patterns of
varying species richness across a landscape ssialg aimulti-taxon approach.

2. If, in addition to just analysing species richne#isis ecosystem element also
influences species assemblage composition acresspace.

3. If rockiness in a landscape could add another démwanor layer to the design and
management of biodiversity conservation plans withe landscape

4. If there is relevance in implementing this approamnsidering other currently
implemented conservation strategies such as coansefine-filter approaches

Building on from Chapter 2, | ask thehy’ part of the study irChapters3, 4, and5

In Chapter 3
1. Why is higher plant species richness associated gther rockiness in this
landscape?
2. Is this a plant functional response to habitat togfeneity caused by various levels of

rockiness?

In Chapter 4
1. Why do grasshopper assemblages respond to a roesgfitter?
2. Do they respond to the rockingssr s&

3. Is this response limited to certain families orfantulies?

In Chapter 5
1. Why do higher levels of rock exposure in a landscapucture different butterfly
assemblages?
2. Is this pattern consistent with differential belmawal responses to rocks in a

landscape?



The conclusions of the study will be discusse@Ivapter 6 where | specifically discuss:
1. Whether the mesofilter is a viable method for datemg micro-biodiversity hotspots
within an agricultural landscape, across multipbeat
2. How we can apply the mesofilters tested in resdesign and management, as well as

for conservancies outside of formally protectedhare
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Chapter 2
Exploring the mesofilter as a novel operational sda in

conservation planning

Abstract

Increased emphasis is being placed on developiegtefe biodiversity conservation tools for
practical conservation planning. The mesofiltelsiech a biodiversity planning tool, but has
yet to be fully explored to appreciate its effemiess. The key premise of the mesofilter is that
ecosystems contain certain physical elements whieh specifically associated with a
diversity of species. ldentifying such mesofiltemuld therefore complement existing
conservation planning tools such as coarse- ané-fiters. To explore the value of the
mesofilter as an operational scale in conservagtenning, | studied 18 remnant patches of
endangered montane grassland in KwaZulu-Natal, Iséifitica, using the physical landscape
feature of patch rockiness as an abiotic surroggte biodiversity. The objective was to
determine whether the mesofilter of rockiness aadlipt variation in species richness and
composition for three dominant grassland taxa (fgatutterflies and grasshoppers) at the
landscape scale. Variable levels of rockiness hgdificant interactions with all three focal
taxa. Higher species richness of all taxa was dlosessociated with higher levels of
rockiness in a patch. The rocky mesofilter onlydpred significant differences in species
composition for butterflies. Elevation was also artgnt, possibly another mesofilter for
plants and grasshoppers in this landscape. Theltesndicate that the use of an abiotic
surrogate such as rockiness can predict biodiversialue across multiple taxa. The
mesofilter is therefore a valuable surrogacy aneaigroency tool for practical biodiversity
conservation across this landscape, and would ylikeave similar value if explored

elsewhere. It also has value in the design and mament of protected areas.
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Introduction

One of the main goals of systematic conservatianphg is to encapsulate the complexity of
biodiversity across different spatial scales andggaphical regions when delineating a
protected area (Margules & Pressey 2000; Press@y 2007). To address this complexity,
many biodiversity conservation tools have been kbpesl. These focus on designating a
protected area using different species and hatetarogeneity concepts (Schudtieal 2006).

Of these, fine- and coarse-filter operational scaee often used to delineate networks of
protected areas (Noss 1987; Schwartz 1999). Peateateas are either designated for a
specific species, usually a flagship one, or aroarwmbrtain set geographical area, e.g. 1000
km? of a certain ecosystem (Noss 1987). However, hb#se fine- and coarse-filter
operational scales have their shortcomings.

Fine-filter approaches usually entail the use affcgates of biodiversity through
concepts such as umbrella species, focal specieveasr guilds (Marcot & Flather 2007).
However, congruency issues arise when these sueoda not adequately represent targeted
taxa or overall biodiversity (van Jaarsvetdal 1998; Lindenmayeet al 2002). This means
that using focal species as a proxy to protectradeea could be problematic, since species-
specific requirements towards habitat conditions] s@heir response towards threats, are
highly variable in space and time (Lindenmageral 2002). Also, areas which are poorly
surveyed might lead to false-absence of a spearesconsequently be mistakenly excluded
from protected areas (Ferrier 2002). Therefore, ntany circumstances, fine-filter
conservation is not the appropriate approach, sk is needed is to select surrogates (and
subsequently protected areas) in such a way thatl ialso ensure that spatial autecological
requirements of most species are met (Margulese&gery 2000).

In contrast, coarse-filter reserve selection isotbgcally more directed towards
including multiple ecosystem types or cover tygdswever, the problem with coarse-filter
approaches is that in most cases a lack of knowledgy lead to protected areas not being
truly representative of natural ecosystems (Magyde al 1988) and in doing so fail
systematic conservation planning. Therefore, fonynarotected areas to persist, they often
need to be expanded into the surrounding matriencompass these spatial autecological
deficiencies. This can be problematic due to ongdwiman infrastructure development
(Maioranoet al 2008).
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To address this disparity in conservation plannidgnter (2005) developed a new
operational scale for biodiversity conservatiome- tesofilter. Broadly, the mesofilter can be
defined as specified ecosystem elements, or fegtwi@ch are important for the maintenance
of certain species within an area. The mesofilmnglements the coarse-filter by helping
conservation planners to delineate those physezufes of the landscape which are known
to be associated with, and promote, a higher diyersf species (Hunteet al 1988).
Furthermore, the conservation significance of usthgs complementary approach to
conservation planning is highlighted, since manysaofiters could also endure over long
periods, despite climate change (Hurngéeral 1988). Therefore, this mesofilter approach at
least partly overcomes the flaw in fine-filter cengtion, by focusing on those ecosystem
elements which are easier to survey and map timgtesspecies. Conversely, instead of using
biotic components as surrogates for other biota,emphasis here is on the use of abiotic
elements as surrogates for biota (Carroll 1998k resofilter ensures that protected area
selection, as well as selecting conservancies amitgrotected areas, incorporates multiple
environmental elements within the geographical ateaensure more comprehensive
conservation of biodiversity, compared to an ardmaent or nearby which lacks these
elements.

However, the mesofilter concept has not to dateived much attention as an
operational scale in conservation planning. Mauogists have shown certain habitat elements
or landscape features to be important indicatodivarsity, emphasizing that conservation of
these elements leads to protection of a diverdigpecies (Armstrongt al 1994; Armstrong
& van Hensbergen 1999; Wessetsal 1999; Hewittet al 2005; Overtoret al 2006; Barton
et al 2009; Overtoret al 2010). Bartoret al (2009) for example showed that woody logs in
a reserve area had specific associations with rhaeyle species. These logs increased the
biodiversity of the area, so delineating beetledhersity hotspots. This is important for
protected area design and management, as incarptiése logs as part of the conservation
planning will increase biodiversity at the landsedgvel. Therefore, the mesofilter provides a
practical approach to inventorying landscape festunf increased biodiversity value, to
which subsequent management could be directed dbhmadyeret al 2008). Similarly, should
a new protected area network be designed, idemgfjhabitat elements that provide a
characteristic assemblage of species would prowstah addition to the design of the
conservation network. The efficacy of using a samicomplementary approach when

designating biodiversity hotspots within a protecéegea has been shown (Na&tsal 2002).
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Recognizing mesofilter conservatiger se as posited by Hunter (2005), therefore needs to
be explored, particularly as it shows promise agakable new operational scale in the
biodiversity and conservation planning toolbox (Bthet al 2006; Samwayst al 2010).

In South African montane grasslands, Armstroety al (1994) provided some
evidence that rockier landscapes had higher plachbatterfly species richness. Here | assess
the value of mesofilters for conservation plannimglooking at this rocky mesofilter. To
achieve this, | explore whether percentage rockimeshis case (juxtaposed to elevation as a
proxy for microclimatic variation) can predict patts of varying plant, butterfly and
grasshopper species richness at the landscape sraein addition to species richness,
determine the influence of these habitat charatiesi on the similarity of species
assemblages across this landscape. These three¢axahosen as they are among the most
dominant in the area, can be sampled in fairlydangmbers, and finally, represent three
trophic types (primary producer, herbivore and aecore).

Methods

Study area

The study was conducted within the 16 000 ha Mdnerforestry estate at Weza, near
Kokstad, KwaZulu-Natal, South Africa (S 3%.855, E 029%14.726; Fig. 2.1). Around 4 200
ha are semi-natural open spaces, the remaindeg bemmercial forestry. The open spaces
lie mostly within the endangered Midlands Mistb@ltassland vegetation type (Mucina &
Rutherford 2006). The endangered status of thietadign type is mainly driven by large
forestry plantations and activities in the areae Wominant grass in the areaTikemeda
triandra Forssk. All selected sites are classified as satural, as all were annually burned
by forestry management over six decades. Moreogeazing is limited within these
remnants, and fire is consequently seen as the aihivore’ (Bond & Keeley 2005). To
avoid pseudoreplication, sites of higher rockinesse interspersed with those of lower
rockiness across the study area, with the minimistance between similar sites being 400
m. In addition, all sampling was done >30 m awaynfrthe pine forest edge, to reduce
sampling bias due to edge effects (Samways & M&O&L; Bieringer & Zulka 2003; Pryke
& Samways 2012).
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Flora sampling

Eighteen flora sampling sites were selected. SamgpWas done between January and
February 2011 (Armstrongt al 1994), through a fixed grid sampling design, vehsampling

Is taken at fixed intervals along a determined gratd(\Whalley & Hardy 2000). This design
is relatively easy to perform in the field, and haen shown to obtain data rapidly on species
distribution and abundance within a study area K€uet al 2005). Within this design, | used
point intercept line transects, as this method been shown as relevant and insightful for
biodiversity studies in these grasslands (Evers@iake 1987; Armstrongt al 1994).

Figure 2.1 Location of the Merensky Forestry estate at WKzeaZulu-Natal province,
South Africa. Indicated numerically are the sampbites, all within the open semi-natural

grassland areas
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Field methods were similar to Hayes and Holl (200&)ere a measuring tape, 50 m
long, was used to record all plant species thardept a 1.8 mm-diameter pin every 1 m (51
points per transect). For grasslands, a dense ategetype, transects of 50 m are seen as
adequate (Riclet al 2005). A total of four 50 m transects were plagathin each of the
eighteen sites, each transect being 15 m away &mother, effectively having 204 points per
site. Percentage rockiness was obtained by addegiamber of times a rock (any rocky
surface greater than 10 cm in diameter) touchegithéexposed rock rather than soil covered
rock), divided by the total number of pin hits geansect. Also, a metal stake (36 cm in
length) was inserted in the ground every 5 m o é@mnsect, giving 40 depth measurements
per site, which serves as a composite indicatosuoface rockiness (Stohlgren & Bachand
1997). | then correlated the soil depth with petaga rockiness to ensure correct
classification of the site as rocky, and not jusbe@ky outcrop within a non-rocky matrix.

In addition, a one meter belt, perpendicular tolthe transect, was time-searched for
15 minutes after each transect measurement, asasni@r recording a more comprehensive
species list that could include short lived anmlahts (Hayes & Holl 2003).

Butterfly sampling

Butterfly sampling was at the same 18 sites adltina sampling. Butterflies were sampled

twice, in January and April 2011, to encompass @edsdifferences. They were sampled
within a 50 m radius from the middle point of eagite, by two observers facing opposite
directions. Each observation unit was 30 min, apudicated over three different days, at three
different times of the day, making 90 min searchetiper person per site (3 hr total per site).
Sampling was between 09h00 and 15h00, on warm brdags (average temperature of
30.2C for January counts, and 24C7 for April counts) with <5% cloud cover. To obtain

butterfly species richness per site, observatioms fall replicates were pooled.

Grasshopper sampling

Grasshopper sampling was at the same 18 siteg d®th and butterfly sampling. Sampling
was twice, January and April 2011, to cover sedstiffarences. Grasshoppers were sampled
by sweep netting, which for short dense vegetatimes such as grasslands, is adequate
(Gardineret al 2005). Two 100 m transects were laid out. Pdrétleeach side of each
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transect, one hundred 180° sweeps were made witiesh net (diameter 40 cm). This

rendered 200 sweeps per transect, and ultimat€ys@@eps per site across the study period.

Statistical analysis

To ensure adequate taxon representation, sampliag @onducted until the species
accumulation curve nearly flattened (Gotelli & Celn2001) (Appendix B). Data were then
divided into two sets: continuous data for regm@ssanalysis and generalised linear
modelling, and categorical data for analysis ofiarmme (ANOVA) and permutational
multivariate analysis of variance (PERMANOVA) sséits. Pertaining to categorical data,
both the rockiness and elevation values were tdsiedormality and their variances tested
for homogeneity using a Shapiro-Wilk test (StatstRelease 10, StatSoft, Inc.). In both
instances the points were normally distributed adothe means. As such, there were no
distinct groups, and percentage rockiness was mieseas a binary classification based on
areas having more or less than 10% rockiness,igasvis close to the average percentage
rockiness measured across the 18 study sites (ddtshown). Similarly, elevation was
presented as a binary classification establishddghier or lower than 1280 m a.s.l., as this
was the average measured elevation across thedy stes (data not shown). The data were
also categorised in this instance to have a paatxample of possible implementation in the
field.

To examine the overall relationships between risera all recorded species per site
and the measured environmental variables, scattsrpéporting r-values were constructed
(Statistica Release 10, StatSoft, Inc.). Similatty,observe the relationship between each
taxon and the measured environmental variablesttesgits reporting r-values were
constructed. To further explore the contributiontleé environmental variables on species
richness and abundance, | made use of generalizear Imodels (GLZ) (McCulloclet al
2008) in Statistica Release 10 (StatSoft, Inc.). fira and grasshopper species richness,
each GLZ had a normal distribution and an ideriirtlg- function. For butterfly species
richness a Poisson distribution with a log-link ¢tion was used. For abundance data, all tests
were done with a Poisson distribution and a log-fumction.

To examine the possible combination of factorsidgwifferences in species richness
in space, the dataset was then divided into foougs with regards to habitat rockiness and

elevation. These groups were: high (elevations 818&.s.1.) with >10 (areas with more than
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10% habitat rockiness), high (elevations >1280 sd.awith <10 (areas with less than 10%
habitat rockiness), low (areas <1280 m a.s.l.) witl® (areas with more than 10% habitat
rockiness) and low (areas <1280 m a.s.l.) with €afeas with less than 10% habitat
rockiness). Species richness for all measured &ot@ss these groups was compared
statistically using a factorial ANOVA followed by Bisher LSD post-hoc test (Statistica
Release 10, StatSoft) to identify any between guitfprences. Data were transformed where
necessary to adhere to statistical models.

Finally, to explore whether differences in speaesposition across study sites (if
any) could be a function of habitat rockiness @vation, | used CANOCO 4.5 (ter Braak &
Smilauer 2002) and PERMANOVA (Anderson 2001) in MER 6 (PRIMER-E 2008). In
CANOCO | made use of canonical correspondence sisa(CA) to explore the overall
effect of percentage rockiness and elevation oa tesemblage composition. | also overlaid
species richness as a descriptive supplementargbl@ron each CCA. Forward selection
during the CCA analysis was used to rank the muogiortant environmental variables that
structure species distribution within each taxonséd PERMANOVA to study whether there
were differences in species assemblage compostorss our experimental rockiness and
elevation categories. For this statistical methogséd an overall test, comparing species
composition across each factor (rockiness and wbteya and pairwise tests (comparing
species composition within different levels of bddlstors combined, with categories parallel
to the ones used for the species richness ANOV# ttERMANOVA results are reported as
P-values (e.g. McNattyet al 2009), where a significarf?-value indicates a significant
difference between two levels (groups) of a studaedor. Analyses were performed using
Bray-Curtis similarity measures where data for etoton was fourth-root transformed to

reduce the weight of the common species (Ander61 2

Results

Species richness and abundance across environmeriables

A total of 317 plant species (6 574 individualsj, Butterfly species (551 individuals) and 48
grasshopper species (864 adult individuals) waspkain Overall, percentage rockiness

showed a strong positive correlation with totalcsge richness per site (three taxa combined)
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(r =0.84,P < 0.001) whereas elevation showed no significantetation (r = -0.38P = 0.12)

(Fig. 2.2). Percentage rockiness also had no oslstiip with elevation (r = -0.08 = 0.76)

(Fig. 2.2). More specifically, percentage rockinegplained a significant part of the variance
observed in both flora (r = 0.80€, < 0.05) and butterfly (r = 0.79F < 0.05) species
richness across the study sites (Fig. 2.3). Elenatad a statistically significant relationship
only with grasshoppers (r = -0.51#< 0.05) (Fig. 2.3).
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Figure 2.3 The relationships between plant, butterfly andsginapper species richness, and

elevation and % rockiness in a patch. n =18

Furthermore, results from the generalised lineadetimg (GLZ's) showed the
significant influence of both percentage rockinassl elevation on the species richness of

flora and grasshoppers (Table 2.1). However, forafl percentage rockiness had a stronger
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effect than elevation, whereas for grasshopperspipesite was true. In contrast, percentage

rockiness was the only variable which significanitfluenced butterfly species richness

(Table 2.1). Grasshopper abundance was significanfluenced by both elevation and

percentage rockiness (Table 2.1). As with spedidmess, butterfly abundance was only

significantly influenced by percentage rockinesalf€ 2.1). None of the two tested variables

significantly influenced floral abundance.

Table 2.1Generalized linear modelling (GLZ) for speciediness and abundance of taxa,

showing their relationship with measured environtakvariables

Taxon Variable Wald Statistic P-value

Species Richness

Flora Elevation 6.70 0.010
% Rockiness 42.74 <0.001

Butterflies Elevation 0.20 0.659
% Rockiness 10.81 0.001

Grasshoppers Elevation 7.37 0.007
% Rockiness 542 0.020

Abundance

Flora Elevation 2.11 0.146
% Rockiness 2.62 0.106

Butterflies Elevation 0.04 0.841
% Rockiness 69.78 <0.001

Grasshoppers Elevation 46.24 <0.001
% Rockiness 29.90 <0.001

Values in bold are significant at the 5% level.

For flora, mean species richness differed signifiljabetween categories (Fig. 2.4a),

and was mainly driven by the significant decreasspecies richness observed for areas that
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had <10% rockiness. In particular, the categoryghhielevation with <10% rockiness

(High<10)' had on average lower species richnean #il other categories, and significantly
lower species richness than both areas of highereptage rockiness. This result for flora
was the same for grasshoppers (Fig. 2.4b). In asthitbutterfly species richness did not differ
significantly across any of the categories (Figb2. However, butterfly species richness was

on average the highest in areas with higher pesgentockiness.
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Figure 2.4 Mean (xSE) for (a) flora and (b) butterflies (liglrey) and grasshoppers (dark
grey) relative to measured environmental varialitegh represents sites >1 280 m a.s.l., and
low <1 280 m a.s.l. >10 represents areas thatraaay than 10% rocky, and <10 areas lower
than 10% rocky. Within taxa, means with differelghabetical letters differ significantlyP(
<0.05).
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Table 2.2 Permutational multivariate analysis of variancERRMANOVA) results on the

effect of elevation and percentage rockiness pleitdtaon species composition for three taxa

Taxon
Factor Flora Butterflies Grasshoppers
Overall Test P-value P-value P-value
Rockiness 0.0532 0.0024 0.1318
Elevation <0.001 0.2822 0.0101
Rockiness x Elevation 0.1359 0.8201 0.3157
Pairwise Test P-value P-value P-value
>10High, <10High 0.008 0.3253 0.1089
>10High, <10Low 0.5612 0.0073 0.2533
>10High, >10Low 0.8257 0.8554 0.1715
<10High, <10Low 0.0084 0.295 0.0338
<10High, >10Low 0.0068 0.2922 0.0168
<10Low, >10Low 0.8099 0.0082 0.4635

High represents sites >1 280 m a.s.l., and low8d.r a.s.l. >10 represents areas that were >10Rg,rand
<10 areas <10% rocky.

Values in bold are significant at the 5% level.

Species composition relative to measured envirotaheariables

Canonical correspondence analyses (CCA) revealatl desemblages of both flora and
grasshoppers were more strongly structured in spmceslevation than by percentage
rockiness P = 0.004 andP = 0.287, respectively) (Fig. 2.5a, c). In contrasatterfly
assemblage composition was more strongly influetgeolercentage rockinesB € 0.089) as
opposed to elevatiorP(= 0.256) (Fig. 2.5b).

Similar to the CANOCO results, but with using oxperimental categories, the only
significant interaction between percentage roclsnasd focal taxa composition was for
butterflies (PERMANOVA,P = 0.002; Table 2.2). In turn, flora and grasshoppeere the
only taxa which showed significant differences iss@mblages relative to elevation
(PERMANOVA, P = <0.001 and® = 0.010 respectively; Table 2.2). Pairwise tesiswsed
that for flora, the combined group of high elevatigites with <10% rockiness was
consistently driving the differences in species position across sites (Table 2.2). Similar

results were obtained for grasshoppers, althouighréisult was not as pronounced as that of
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flora. In contrast, the butterfly assemblage wasatall influenced by this combination of

environmental variables. Instead, they were mamngty influenced by lower elevation areas
with <10% rockiness (Table 2.2).

1.0

-1.0

1.2

-0.6

% Rock

w» 10

13

Elevation

17

-0.6 1.0

Elevation 17 b

18
5 2
13
4
15
9 12 13
BSR
% Rock 6 y
10 16
14 8
-15 1.0
C
% Rock
10
GSR Elevation
16 s
5
14 s
711 17
13 4 2
8
-0.6 1.0

Figure 25 Canonical correspondence
analysis (CCA) for (a) flora, (b) butterflies
and (c) grasshoppers across sites, the two
measured environmental variables, and a
descriptive supplementary variable. Forward
selection results showed that for flora,
elevation had was a more significant
influence than % rockiness (ElevatioR, =
0.004; % RockP = 0.287); for butterflies, %
rockiness was a stronger influence that
elevation (ElevationP = 0.256; % RockP =
0.089); and for grasshoppers, elevation was
more significant than percentage rockiness
(Elevation,P = 0.001; % RockP = 0.881).
FSR, floral species richness; BSR, butterfly
species richness; GSR, grasshopper species

richness.
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Discussion

Since the inception of the mesofilter concept (ldur005), little research has been done to
explore this as a practical field tool. Moreovétld has been done to explore the relationship
between physical ecosystem features and specibeess and composition for practical
conservation planning. Here, | tested the use okiness as a mesofilter as described by
Hunter (2005). This physical landscape featuredigwificant interactions in species richness
and composition with all three focal taxa. Thisenaiction illustrates how we can apply
environmental data using a mesofilter to help opEndesign of conservation plans, and thus
management of biodiversity, at a landscape scale.

Overall, the percentage of rockiness is an imporgaver of the variation observed
here for species richness across all studied fales. result was true whether using either
continuous data or our experimental categorie¢adt)y using a specific delineation of higher
or lower than 10% rockiness, it was sites with <1@8¢kiness where all taxa had lower
species richness. Moreover, it is clear that ptard grasshopper species richness were also
influenced by elevation. We could thus infer thatkiness and elevation are important
variables in delineating biodiversity hotspots fdant and grasshoppers. However, species
richness alone is a poor indicator of biodiversisya whole (Purvis & Hector, 2000). For
example, if one area had ten species and anotldetwnty, by using only species richness
one might argue that the area with twenty specsesnore important to conservation.
However, if the ten species found in the otherwitee significantly dissimilar in composition
to the other area, both areas are indeed impddabiodiversity conservation. In that sense, |
also measured similarity/dissimilarity in speciesmposition, and whether this difference
could be a function of the rockiness/elevation rfikeg and what this would mean for
biodiversity planning. Both flora and grasshoppsh®wed significantly different species
composition for elevation, but not rockiness. Speally, for both taxa, it was the
combination of >1 280 m a.s.l. and <10% habitakireess which influenced this observed
assemblage difference. Essentially, for flora arasghoppers at a landscape scale, we can
more readily predict biodiversity ‘micro-hotspo{§&rant & Samways 2011) as the rockiness
mesofilter was strong enough to delineate biodityel®tspots across two taxa. Furthermore,
these results also emphasise the significancetbfrogkiness and elevation as mesofilters for
delineating areas of conservation concern for plamd grasshoppers within this montane

landscape.

30



The real question underlying these results is wigsé¢ taxa would respond to the
rocky mesofilter. Within grasslands, variable levef fire disturbance are known to structure
plant communities (Bond & Keeley 2005). Rocks witha landscape are implicated in
lessening the severity of fires, and are thus trgatfugia for certain fire sensitive species
(Signell & Abrams 2006). Furthermore, rocks mayoafgovide barriers against ground-
dwelling herbivores that eat bulbous plants, agaomoting the longevity of certain plants in
rocky landscapes (Thomsat al 1996). In grasshoppers, rocks are important tres that
aid in thermoregulatory processes (Chappell 19&3sentially, processes such as fire,
predation, and thermoregulation, which occur acroagsy ecosystems, could all be seen as
confounding variables in the response of taxa tkiness. However, since this was not
explicitly tested here, it remains to be fully ex@d for this grassland landscape.

Interestingly, in this montane landscape, elevatiad no significant influence on
butterfly species richness. Gr#it al (2005) also found moderate elevation differentoes
have no relationship with butterfly species rictsjeand suggested that increased butterfly
richness is in response to variation in favourdlolel composition and structure. In contrast,
variation in butterfly species richness has beeowshto be a function of elevation and
topographical heterogeneity (Mac Nakly al 2003; Gutiérrez lllaret al 2010). Overall, it
seems that the factors influencing butterfly speeciehness might be a complex interaction
between land cover heterogeneity, climate and t@mity (Kerret al 2001; Gutiérrez lllart
al. 2010). This means that diversity in land coverdésured at the large spatial scale)
influences species composition in space, owing ifferént species inherently being
associated with specific conditions (Fleishmainal 2001). This would then ultimately
explain the variation in species richness when orealsat a small scale (Keet al 2001).
Consequently, butterfly species richness is a wemasure for delineating biodiversity
hotspots at a small spatial scale, owing to higacEs turnover across a heterogeneous
landscape.

The result from the butterfy PERMANOVA analysispports the view that species
richness alone is not an accurate indicator of iberdity as a whole when measured at a
small spatial scale. Percentage rockiness showsttbag influence in structuring dissimilar
butterfly assemblages across this space. Thugrfytbiodiversity micro-hotspots could not
be predicted using the mesofilter. Neverthelesss, dipproach predicted whether a certain
butterfly species is present or not. In other wpedsertain assemblage of butterflies would be

strongly associated with rocks, while another asdage would be absent from such areas.
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The reason for this behaviour in butterflies reraam be fully explored. Still, this result has
important conservation planning implications at ¢ipatial scale of the landscape, as changes
in species composition for butterflies are strongljuenced by rockiness (see Hewatt al
2005). This then enables a planning approach wlwemtain landscape features and
characteristics, as preferred by different taxajl&ddoe incorporated into the systematic
conservation planning process (Margules & Presf€92l indenmayeet al 2008).

Subsequently, the biotic surrogacy issues, asddgd.indenmayeet al (2002) and
Ferrier (2002), could also be addressed throughgutiis rocky mesofilter. Here the focus
was on using abiotic surrogates. Lindenmasteal (2002) argued the probable failure of a
focal species approach towards surrogacy, as hatmtaditions are mostly variable and
therefore species-specific requirements may algg. videre, | kept the focal mesofilter
constant. When more than one taxon is significaatigociated with this mesofilter across
space, whether through species richness or congsiis | show here, conservation planners
can be more precise in knowing that species-spa@tjuirements are kept constant across an
area.

A further point is the importance of developing servation planning tools, such as
surrogates, which are likely to persist acrossed#fit management regimes or environmental
conditions (Hunteret al 1988; Sarkawet al 2006). In other words, surrogates need to be
robust and designed so that they are consistessigceéated with their target species or taxa
irrespective of habitat conditions due to variechagement (e.g. between protected areas and
unprotected remnant patches). Armstren@l (1994), studying natural habitats, showed that
plant species richness within montane grasslan@outh Africa was higher in rocky areas. |
have also provided significant evidence for thsodbeing the case in semi-natural montane
grassland remnants. In essence, the mesofilterepbnas proposed through this rockiness
proxy, fits this recommendation for more accuratecgates (Sarkagt al 2006). Moreover,
rocks are physical ecosystem features that pergest long periods, despite climate change,
again emphasising the mesofilter concept as a nowelplementary approach to modern
conservation planningsénsuHunter et al 1988). This highlights the value of a rockiness
mesofilter as a conservation tool for this critiga@ndangered habitat type in South Africa,
and would likely have similar value if exploredelgere.

An important question remaining is whether abiddictors are generally important to
conservation. The mesofilters of rockiness andatlem studied here suggest that it is, but are

not the ‘be all and end all’ for conservation plengy as many other features might also exist
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within a landscape, which would be as valuableate tinto account. For example, different
soil types were shown to be an important abiotitalde to take into account for conservation
planning in prairie ecosystems in the United StgW¥gsey et al 2005). Similarly, logs in
Yellow Box-Red Gum grassy woodlands in Australiareaveshown to have high beetle
diversity, which was particularly important towardsnservation planning for this taxon
(Bartonet al 2009). The importance of abiotic variables inaguatic environment has also
been reported, where piles of shell debris canifsigntly enhance diversity (Hewittt al.
2005). Solil type, logs and shell debris are theesfmesofilters within their respective
landscapes. Essentially, any ecosystem can behhobtigheoretically having many attributes
or features that would be of conservation interast] mesofilters are therefore a way of
expressing this attribute to be used in wildlifenservation evaluation (Usher 1986). A
particular mesofilter we delineate is thereforeimportant departure point from which we
start conservation planning within a landscape riapédly changing environment.

Conclusion

There is an increasing need to understand thendiet@nts of observed spatial heterogeneity
in species richness and composition (whether argelor small spatial scales), as this will
greatly optimize conservation planning for bothdwersity maintenance and the movement
of species under a changing climate (Gaston 20003. study presents a mesofilter approach
which adds to our current understanding of spegigsibution pertaining to certain landscape
elements across a small spatial scale. Ultimatilg, novelty arose by using an abiotic
indicator approach, based on landscape elemerttarth@asy to quantify and map and which
are associated with multiple taxa. This would dasé-use decision making in similar areas
where species inventories are currently lacking] development is taking place rapidly
(Carroll 1998; Fleishmaet al 2001; Mac Nallyet al 2003). | strongly argue the value and
relevance of this mesofilter operational scale éoused alongside currently implemented
conservation planning operational scales such res fand coarse-filter approache®r{su
Hunter 2005; Schultet al 2006).
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Chapter 3
Associations between plant growth forms and rockinss

explain plant diversity across a grassland landscap

Abstract

A complex set of variables may explain biodiverpiigterns both locally and regionally.
Evidence exist that greater plant species richnesms be associated with localized areas
containing a greater percentage of rock exposureret| test whether this is the case at the
landscape scale, using semi-natural montane grassl@m southern Africa. Plants were
inventoried, and percentage rock exposure calcdlatend each site graded according to
three levels of rockiness. Soil samples from edaehngere then analysed for particle size, as
well as for levels of carbon, nitrogen, and avai&lphosphorus. Species richness and the
compositional similarity of assemblages were coragabetween the three rockiness
categories. Plants were then categorised into thiespective growth forms, and species
richness within each group also compared acrossrtiokiness categories. Greater species
richness in rockier landscapes was driven by twdigalar plant growth forms, geophytes
and perennial grasses. However, no overall plardeashlage compositional changes were
recorded between the various rockiness categomescating that only very few species are
not associated with rocky areas in some way inldmsglscape. This shows that plant species
within certain life-form groups are naturally moresponsive to certain abiotic ecosystem
elements than others across a landscape. In tums, highlights the significance of high
habitat heterogeneity in structuring plant commigsit Consequently, when an abiotic feature
such as rockiness is observed across a landscap®pvides a surrogate for the spatial

heterogeneity of certain plant communities.
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Introduction

Distribution patterns of species are typically ufhced by eco-physiological constraints,
environmental disturbances such as droughts otdtdbagmentation, and resources such as
nutrients (reviewed in Guisan & Thuiller 2005). tirn, abiotic factors often have a great
influence on community dynamics, including speeibandance, as opposed to compensatory
interactions such as competition (Houlahetnal 2007). However, competitive exclusion
within communities is a major principle for expleig why some areas naturally display
higher species richness than others (Palmer 19B4¢. competitive exclusion principle
suggests that greater competition within a comnyuwibuld mostly lead to lower species
richness. Theoretically then, at a smaller spatiale, areas of higher species richness could
therefore indicate higher habitat heterogeneityyasable microsite conditions often exhibit
more complex resource differentiation and speaéln (Auerbach & Shmida 1987). For
example, there is an important positive relatiopshetween plant species richness and
variable environmental conditions at the local ogsmscale (tens to hundreds of meters)
(Bruunet al 2003; Dufouret al 2006). This highlights the use of environmentaldictors at
a landscape scale to describe biodiversity patteansl could be of value in wildlife
conservation evaluation.

Greater percentage rockiness (i.e. exposed ro¢acgurather than soil covered rock),
can be associated with higher plant species richmesnontane grasslands (Chapter 2).
Furthermore, higher abundance of geophytic orcigdalso linked to more rocky patches
within grassland habitats (Laneli al 2009). However, the reason why more plant speuies
specifically associated with high levels of roclgsestill remains to be explained. Certainly,
rocky habitats influence vegetation patterns byvigliag habitats with less moisture
availability (rendering plants more adapted to phiggjically drier conditions), through fire
protection (Kirkpatrick et al 1988), and through greater structural complexfy the
landscape (greater microhabitat heterogeneity) fraros et al 2006). In essence, there
seems to be a strong link between physical habiéments, specialised plant growth forms,
and plant biodiversity patterns across the landscap

In addition, soil nutrient levels of elements sueh carbon and nitrogen explain
variable levels of species richness among grasslasggtation, in addition to rockiness
(Maccherini 2006), indicating a probable link beémerockiness and nutrients. Available

phosphorus in soils also influences the proportdnplant growth forms (Durrough &
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Scroggie 2008). There is also evidence that pattarrgrassland species richness could be
explained by differences in soil types (a meastiteabitat heterogeneity) (Bruun 2000).

In view of insufficient information explaining whigigher plant species richness is
associated with higher rockiness, | investigate ltee reasons for this in a montane grassland
landscape, specifically at the meso-scale. By otlintg for elevation §¢ensuChapter 2, Fig.
2.4a, where sites in category High<10 were remqveeyplore whether species distribution
variation at this scale is an artefact of the iehgrindirect, ecological association of different
specialist plant growth forms to heterogeneous asite conditions, as generated by variable
levels of rockinesssensuAuerbach & Shmida 1987; Thomsehal 1997; Lambrino%t al
2006). | also determine whether there exist edaptirelates of rockier patches at the meso-
scale, such as soil texture (soil hydraulic chamstics) and soil nutrients, and whether such
relationships can help explain the rockiness-pthwersity interaction. By addressing these
issues, we can view the landscape not simply as@om assortment of species, but as a way
of understanding the role of certain functional up® and their abiotic correlates in

structuring plant biodiversity patterns (Purvis &ctor 2000).

Methods

Study area

The study was undertaken within the 16 000 ha Mskeriorestry estate at Weza, near
Kokstad, KwaZulu-Natal, South Africa (S 3&.855, E 02914.726). Around 4 200 ha semi-
natural open spaces are on the estate, the remdmndey commercial plantation forestry.
These remnants are classified mostly in the endeadg&lidlands Mistbelt Grassland
vegetation type (Mucina and Rutherford 2006). Theéamgered status of this vegetation type
is driven mainly by the threat of landscape tramsfgion by forestry plantations in the area.
These grasslands are dominated by the grlasmeda triandrdorssk. All selected sites were
classified as semi-natural, as all were annuallyjnéd by forestry management for >6
decades. Moreover, grazing is minimal within thesmnants, and consequently fire is the
main ‘herbivore’ in this landscape (Bond & Keele08). All sampling was done >30 m
away from the commercial plantation edge so agdoice sampling bias due to edge effects
(Bieringer & Zulka 2003; Pryke & Samways 2012).
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The geology is sand and siltstones from the EcoapmrWeathered resistant dolerite
dykes are also present. The maximum height of tbantains is 2 200 m a.s.l., above an
undulating landscape with minimum elevation of 9@0a.s.|. This is a summer rainfall
region, where most precipitation is between Novemdoed March. Annual precipitation
varies ~1000 mm per annum in the low lying area4500 mm on the mountain peaks. Mean
daily maximum temperature ranges from 17.6°C ineJtm 26°C in January. Mean daily

minimum temperature range from 0.1°C in June td°T3in January.

Vegetation sampling

Thirteen vegetation sampling sites were selectehinvthe remnant semi-natural open spaces
(sensuChapter 2 (elevation effect), sites 2, 4, 5, 1d &8 were excluded; see Fig. 2.1 &
2.4a). Sampling was between January and Februaty Bfrough a fixed grid sampling
design, where sampling is taken at fixed intenadts1g a determined gradient (Whalley &
Hardy 2000). This sampling method is relativelyyets perform in the field, and leads to
rapid yet accurate acquisition of data on specissiloltion and abundance within a study
area (Tuckeret al 2005). Within this design, | used point intercéipe transects, as this
method has been shown to be relevant and insigifdtulbiodiversity studies in these
grasslands (Everson & Clarke 1987; Armstreh@l 1994).

Field methods were similar to Hayes and Holl (200&)ere a measuring tape, 50 m
long, was used to record all plant species thatroept a 1.8 mm-diameter pin every 1 m (51
points per transect). For grasslands, a dense ategetype, transects of 50 m are seen as
adequate (Riclet al 2005). A total of four 50 m transects were plagethin each of the
thirteen sites, each transect being 15 m away &inather, effectively having 204 points per
site. Percentage rockiness was measured in two: igayghen rocks were touched by the pin,
they were added and then divided by the total nurabkits (204) and a percentage rockiness
was then calculated; 2) a metal stake was insémtéite ground every 5 m on each transect,
giving 40 measurements per site, which serves @srgosite indicator of surface rockiness
(Stohlgren & Bachand 1997). This ensured correassification of the landscape as rocky,
and not just a rocky outcrop within a non-rocky mnxatin addition, a one meter belt,
perpendicular to the line transect, was time-seatclil5 min) after each transect
measurement, as a means for recording a more chermi®e species list that could include

short lived annual plants (Hayes & Holl 2003).
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To avoid pseudoreplication, sites of higher rockmevere interspersed with those of
intermediate and lower rockiness across the stoely, avith the minimum distance between

similar sites being 400 m.
Soil analysis

At each site, 10 soil samples (+/- 100 g each) wadten, diagonally across each site, at ~5-10
cm depth, and then bulked. Bulked samples weredié@d until a constant weight was
achieved, and passed through a 2 mm sieve. Samptesanalysed for soil texture (sand, silt
and clay particle sizes) according to the pipettthod (Gee & Baulder 1986). Plant available
phosphorus content was determined using the Brextraction method (Kuo 1996). Carbon
and nitrogen content was calculated by dry combnstising a EuroVector Elemental

Analyzer.
Statistical analysis

All plant species (n = 210) were classified intx girowth forms: Annual Graminoids
(Poaceae and Cyperaceae), Perennial Graminoideg®®and Cyperaceae), Annual Forbs
(herbaceous dicots), Perennial Forbs, Geophytebgbeous monocots), and Shrubs (woody
dicots) (classifications as per Durrough & Scrog@@®8). Ferns are also a separate growth
form, but as only one fern species was recorded, hamitted it from the analysis. The soill
texture data were classified as percentage sah@nsi clay. Soil nutrients were percentage
carbon (C) and nitrogen (N), and available phosph¢P) (mg.kd). The 13 sites were then
classified in three rockiness categories: <8% rdcky 4), intermediate rockiness (8-16%) (n
= 5), and >16% rocky (maximum of 29%) (n = 4). Tstjfy this classification, rockiness
values were tested forormality and their variances tested for homogenesing a Shapiro-
Wilk test (Statistica Release 10, StatSoft, Inthe points were normally distributed around
the mean. Percentage rockiness was presentedeseantay classification to simulate a step-
wise increase in rockiness as was measured atrisdartdscape at the meso-scale.

To explore the relationship between soil edaphicables, total species richness, and
plant growth form species richness, a Spearman carrklation table was constructed. Then,
to explore the contribution of percentage rockiness elevation on species richness and the

significant plant growth form correlates of totalesies richness, | made use of generalized
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linear models (GLZ) (McCulloclet al 2008) in Statistica Release 10 (StatSoft, Irit€gch
GLZ had a normal distribution and an identity-lifukction.

All plant and soil categories were tested mormality and their variances tested for
homogeneity using a Shapiro-Wilk test (Shapiro &IRV1i965) (Statistica Release 10,
StatSoft, Inc.). Data for nitrogen, annual gramilsoiand shrubs were not normally
distributed, thus non-parametric Kruskall-Walliseeway analysis of variance was performed
(Statistica Release 10, StatSoft, Inc.). Significdifferences between rockiness groups were
calculated using pairwise multiple comparisons efns. For all other categories, a one-way
analysis of variance (ANOVA) was used to comparecss and growth form richness, soill
classification, and nutrient groups across the irmds categories. This was followed by a
Fisher LSD post-hoc test to identify any pairwis#edences between rockiness (Statistica
Release 10, StatSoft, Inc.).

To explore whether differences in species compmsiicross study sites (if any) could
be a function of rockiness, | used permutationalltivariate analysis of variance
(PERMANOVA) (Anderson 2001) in PRIMER 6 (PRIMER-B(@B). | used an overall test,
comparing species composition across rockinessdthtion, PERMANOVA was used to
determine compositional differences within planowgth forms which differed in species
richness when compared across the rockiness IREERMANOVA results are reported Bs
values (e.g. McNattyet al 2009), where a significarR-value then indicates a significant
difference (at the 5% level) between levels (groupka studied factor. Analyses were
performed using Bray-Curtis similarity measures rghgata for each group were fourth-root

transformed to reduce the weight of the commonispdénderson 2001).

Results

Higher total species richness was shown to be etibim of specifically three plant growth
forms: perennial grass richness (r = 0.888&; 0.05), geophyte richness (r = 0.788x 0.05),
and shrub richness (r = 0.59B, < 0.05) (Table 3.1). Measured soil nutrients had n
relationship with either total plant species rickmer any plant growth form species richness
specifically (Table 3.1). Soil texture classifiaats had no significant relationships with either
total species richness or the significant plantagnoform correlates of total species richness
(Table 3.1).
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Generalized linear modelling (GLZ) showed thatcpatage rockiness across a meso-
scale has a highly significant influence on tots@es richnesd?(< 0.001), as well as on the
two strongest plant growth form drivers of totaésjes richness (perennial grass richness,
0.001; and geophyte richne$3,< 0.001) (Table 3.2). In turn, elevation had ngngicant
effect on either total species richness or theteptant growth forms (Table 3.2).

Overall, species richness was significantly highahe >16% rocky category than the
<8% rocky category (Fig. 3.B, < 0.05). Only two plant growth forms significantffered
across the rockiness classification, perennial sgasand geophytes (Fig. 3.1; see also
Appendix D, E). Within each of these plant growtrnis, there were significantly more
species at the >16% rocky sites, as opposed te8¥erocky sites, a similar result for overall
species richness (Fig. 3R ,< 0.05). In addition, within the geophyte groupe intermediate
rocky sites (8-16% rocky) also significantly diféel from the <8% rocky site® « 0.05).

Table 3.1Spearman rank correlations (r — values) for alie@ soil edaphic variables on

growth form species richness as well as total ggatthness, as measured at the meso-scale.

% %

Sand  Silt % Clay P N C AFR PFR AGR PGR GR SR TR
% Sand 1.000 0.423 -0599 0.303 0.696 0.544 0565 0.058 -0.136 0.300 0.499 0.104 0.440
% Silt 1.000 -0.940 0479 0514 0566 0457 0581 -0.262 0.050 0.031 0.318 0.077
% Clay 1.000 -0.577 -0.649 -0.665 -0.607-0.519 0.228 -0.008 -0.045 -0.245 -0.071
P 1.000 0477 0490 0462 0330 0.182 0.074 -0.182189D. 0.028
N 1.000 0.963 0.493 0.074 0.275 0.163 0.485 -0.012 0.275
C 1.000 0.389 0.114 0313 0.055 0.390 -0.070 0.143
AFR 1.000 0.373 -0.217 0.394 0.141 0502 0.272
PFR 1.000 -0.264 0.447 -0.076 0.541 0411
AGR 1.000 0.013 0.002 -0.461 -0.114
PGR 1.000 0.557 0.656 0.888
GR 1.000 0.200 0.738
SR 1.000 0.599
TR 1.000

P, phosphorus (mg.Ky; N, % nitrogen; C, % carbon; AFR, annual forthriess; PFR,
perennial forb richness; AGR, annual grass richre&dR, perennial grass richness; GR,
geophyte richness; SR, shrub richness; TR, tathhass

Values in bold are significant at the 5% level
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Table 3.2Generalized linear modelling of total speciesmiess and its significant plant

growth form correlates across percentage rockiaedslevation at the meso-scale.

Variable df Wald Statistic P - value
Total Species Richness Elevation 1 0.095 0.758
% Rockiness 1 20.702 <0.001
Perennial Grass Richness Elevation 1 0.106 0.744
% Rockiness 1 13.149 <0.001
Geophyte Richness Elevation 1 0.410 0.522
% Rockiness 1 27.401 <0.001
Shrub Richness Elevation 1 0.953 0.328
% Rockiness 1 1.780 0.182
Values in bold are significant at the 5% level
80 -
<8%
= 8-16%
B >16%

Species Richness

All Groups | Annual Forbs ~ Perennial Annual Perennial Geophytes Shrubs
Forbs Graminoids ~ Graminoids
Plant Growth Form

Figure 3.1 Mean species richness (x 1 SE) for all groups, fandeach plant growth form
individually, across three rockiness categories. éach growth form, means with different

superscripts differ significantly.
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Overall, there was no significant difference in @ps composition across all sites
when tested against a rockiness factor (Table JBjs result was consistent with the

perennial grass and geophyte plant growth form.

Table 3.3PERMANOVA analyses of the influence of a three-wagkiness factor on plant
species composition across all plant species redopracross all sites, as well as for the two
plant growth forms that were significantly diffetan species richness across the three way

rockiness factor.

df Pseudo-F P - value
Overall 2 1.33 0.065
Perennial Grass Richness 2 1.39 0.106
Geophyte Richness 2 1.01 0.454

Specified soil texture classifications did notfelif significantly between rockiness
categories (Table 3.4). Within the soil nutrierg@stéd, available phosphorus (P) was the only
element which differed across the tested rockirsegegories, with the 8-16% rocky sites

having significantly less available P than the <®ky sites.

Table 3.4 Means (x 1 SE) for soil texture and nutrient dfestions across a habitat

rockiness index. Within each classification, meamgh different superscripts differ

significantly.
Rockiness Category
Edaphic Factor Classification <8% 8-16% >16%
Soil Texture Sand (%) 15.57+6.15 17.69+2.42 191503
Silt (%) 53.1+8.39 49.29+4.27  50.31+3.43
Clay (%) 31.33+10.94 33.02+6.58 30.1+3.12

Soil Nutrients Phosphorus (mg:Kg 3.65+0.74 1.64+0.44  2.98+0.4%
Nitrogen (%) 0.33+0.04 0.36%0.06 0.37+0.01
Carbon (%) 6.94+1.10 6.87+1.16 7.26+0.10
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Discussion

A complex set of abiotic variables often explaigdb spatial plant diversity patterns. Here,
higher rockiness, and not elevation, was an acewatrogate for higher montane grassland
plant species richness across all sites. It wag prosounced when comparing the two most
extreme categories of <8% and >16% rockiness. Eurtbre, percentage rockiness is
potentially a surrogate for many other abiotic & &s biotic variables.

High rockiness, or habitat ‘structural heterogeyigihas been shown to positively
relate to desert species richness (Montafia 199 outh African montane grasslands, there
are indications that rockier areas support higHantpspecies diversity (Armstrongt al
1994; Chapter 2). However, in Argentinian montaresglands, Canteret al (2003), using
subjective classifications of rockiness, stonireass soil depth, found no relationship between
native species richness and rockiness. They didetwery find a significant positive
relationship for stoniness and a significant negatelationship for soil depth, the latter being
a proxy for rockiness (Stohlgren & Bachand 199T).cbntrast, a negative relationship
between rockiness and species richness has alsadbe®nstrated (Maccherini 2006). Here,
the sampling spatial scale is important for exphanthese inconsistencies in literature.
Maccherini (2006), for example, studied a rockirgsscies richness interaction at a small
scale (0.25 rhplots), whereas here | focussed on a larger S@41@ nf plots), with the
highest percentage rockiness measured being 29%species richness in small plots, where
a single rock could fill most of the area sampisdpgical. Subsequently, if rockiness is seen
as an abiotic legacy (Turner & Dale 1998), thistiehship between percentage rockiness and
species richness is consistent with a curvilineand. This means that at certain spatial scales,
there is likely to be low species richness assediatith either low or high rockiness, while at
intermediate rockiness species richness will petwever, homogenous areas of only rock
surface are less probable at a larger samplingsizgt This result is important for inferences
pertaining to rockiness-plant interactions within ecosystem. Overall, there seems to be an
important measurable interaction between speciesepce/absence and levels of rockiness
within a habitat.

Certain environmental factors can influence theceserichness of certain plant
growth forms (Montafia 1990). Specific plant groidhms are especially responsive, either
positively or negatively, to certain abiotic fadofDorrough & Scroggie 2008). Consistent

with the relationship in overall species richnessss the rockiness categories in our study,
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were two particular growth forms: perennial grassed geophytes. This result, where plant
growth forms responded strongly to higher rockinéssonsistent with a study of Chilean
montane plant species (Lambrines al 2006), and seen as a result of the heterogeneous
conditions created through rockiness within a laage. Specifically, rocky areas are known
to be strongly correlated with geophytes (Hadaal 1999). However, our results indicate
that perennial grasses in addition to geophytes vagiving the observed higher species
richness in rockier areas of our grassland ecosyste

There were no overall plant compositional changgs/éen the studied sites, nor for
either perennial grasses or geophytes alone. $has important result, as it shows that there
is little or no exclusion of any species when spgcichness becomes high as a result of high
percentage rockiness. Also, this implies that thegonity of species across this landscape
(perennial forbs or herbaceous dicots) are gemsé&salioccurring across many variable
microhabitats, at least in relation to rockinesst,here are specialist plant species, within
specific growth forms, which are ecologically asated with rockiness, and this explains
why rockiness determined the presence of localtgadiversity hotspots at this landscape
scale (see Appendix D, E). Indeed, communities #u&@ geographically isolated, but
environmentally similar (rockiness categories iis ttase), should have similar growth forms
or species richness (Auerbach & Schmida 1987).

Essentially, habitat specialists occur within thesentane grasslands, validating the
concept that higher habitat heterogeneity, as &tifum of various abiotic legacies, often
exhibits more complex resource differentiation apdcialization, even at small spatial scales
(Auerbach & Shmida 1987). Still, it is inadequateaidvocate abiotic legaciger seas a
cause for higher species diversity, without alsggesting how or why such a physical
ecosystem feature is possibly influencing thesatpdaversity dispersion patterns (Roxburgh
et al 2004). In other words, what confounding varialrteght exist for varying levels of rock
exposure in a landscape? This suggests that gexsphgtl perennial grasses hold the key to
explaining these patterns.

Edaphic factors, such as moisture and nutrierftectacommunity composition in
space (Frank & McNaughton 1991). Results from dudy showed that none of the soil
texture classifications, as a proxy for soil hydi@eharacteristics (see Engligt al 2005),
changed with percentage rockiness. Likewise, sairients across the three rockiness
categories did not differ significantly, except fBrin the 8-16% rocky category. Overall,

therefore, these selected edaphic variables wergereerally associated with the rockiness
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categories at this meso-scale, while plant spe@bgsess was, and strongly so. As such, the
observed species richness-rockiness interactitimsrmontane grassland ecosystem could not
be explained through attributes of certain soilrabteristics. This is in contrast to Maccherini
(2006) who suggested carbon and nitrogen levelliexpariable levels of species richness in
grassland vegetation, in addition to rockiness. elmv, this study was at a much smaller
spatial scale, and again emphasises the importafcscale and inference within an
ecosystem.

Plant biodiversity pattern across space may alsarbertefact of the ecological
association of different specialist plant growthnfis to heterogeneous microsite conditions,
as generated by ecological processes such as rfimredation (Kirkpatricket al 1988;
Thomsonet al 1997). Various levels of fire disturbance camsigantly explain variation in
vegetation structure and composition of fire-clima&cosystems such as grasslands (Bond &
Keeley 2005). Annual fires within managed Southidsin montane grassland remnants
significantly influence plant distribution (O’Connet al 2009). Differences in fire regime,
whether in intensity, severity, frequency or seaity) can select for specific plant attributes
within a burnt ecosystem (Bond & Keeley 2005). Sipeadly, the demography of some
geophyte species within rocky grasslands in Frdrasebeen described as a function of fire,
where their dispersion pattern could be explainesugh the intermediate disturbance
hypothesis (Diademat al 2007). Similarly, perennial grasses are sensitvesevere
defoliation, especially during certain phenologistlges, and variable fire disturbance could
therefore influence their presence or absence nvdhcommunity (Sarmiento 1992). Rocky
areas have been implicated in lessening the destgebfactor (by reduced fire intensity and
severity) and thereby providing refugia for manse feensitive species (Signell & Abrams
2006). In turn, this could drive the observed dédfeces in geophyte and perennial grass
species richness (and overall plant species riginkstween low and high percentage
rockiness gensuKirkpatrick et al 1988).

In addition, there is evidence that the highempdgte species richness in certain rocky
areas might also be due in part to predation. & Wnited States, Thomsaet al (1996)
showed how a burrowing gopher species was moreajeevin moist deep-soil pockets rather
than in rocky outcrops within the same landscagelewts food plant (a geophyte) was more
prevalent within the rocky outcrops, indicating fhteysical constraint on the animal in rocky
soils was to the benefit of the plant species. €aasl systems in South Africa do have

burrowing golden moles and mole-rats (Skinner &miimba 2005), both of which eat bulbs
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and could be hindered by rocky soils. Whether gredain addition to fire, also contributes
to rockiness in explaining geophyte distributiorthi this particular grassland ecosystem

remains to be explored.

Conclusion

Maintaining biodiversity is essential for promotiagstainability of an ecosystem (Tilmah

al. 2006). Furthermore, to understand and conservdivarsity patterns, we also need to
understand the drivers of species dispersion inespad time (Gaston 2000). Here, | provide
insight into a phenomenon where a physical abfatitor, amount of rockiness at the meso-
scale, helps explain variable plant biodiversitytgras across the landscape within African
montane grasslands. | propose that the higher glp@aties richness observed in areas of
higher percentage rockiness could be explained dmkimess creating higher habitat
heterogeneity which leads to localised speciesialsation. Moreover, certain plant growth
forms’ (geophytes and perennial grasses) assaciatith rockiness are the main contributors
to this observed difference in spatial dispersibrsmecies richness. Thus, when an abiotic
feature such as rockiness is observed across adael, it provides a picture of the spatial
heterogeneity of certain plant life-form types, amids in highlighting plant biodiversity
hotspots within these grasslands. This meso-s¢at¥y salso highlights the importance of
including rocky landscapes, as a surrogate fortptversity, when delineating protected
areas within this montane grassland ecosystem.héurstudies concerning ecological
processes such as fire and predation, which sedm tmnfounding variables for this plant
biodiversity-rockiness pattern at a landscape sdaknsu Thomson et al 1996), is
encouraged.
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Chapter 4
Grasshopper assemblage response to the rocky me#efi

in Afro-montane grasslands

Abstract

The distribution of physical features in a landseagten explains local species dispersion
patterns, and these features could be importantémrservation planning. Grasshoppers are
often an important functional component of an estesy, and many species show high levels
of endemism. Evidence exists that rockiness wihiandscape can predict diversity of
grasshopper species. However, why grasshopperesgpshiould respond to rocky landscapes
has not been established. Here, | explore whethassipoppers are responding to physical
rockiness per se, or rather to specific correladésigher rock exposure within a landscape. |
also determine if this response varies betweenshi@gper taxonomic groups. | sampled
grasshoppers in the semi-natural montane grasslandswaZulu-Natal, South Africa, and
recorded ten environmental variables. | explorec timfluence of these variables on
grasshopper community composition and grasshopgeiy composition. | also determined
the significant vegetation correlates of higherkimess in this landscape, and then measured
the similarity of species composition across thesmrelates. Overall, grasshopper
assemblage composition, as well as familial conjoosi responded to the significant
vegetation correlates of rockiness (vegetation igngeophyte species richness and
perennial grass species richness) rather than te tbckiness per se. This finding was
consistent across the most abundant families ofasnities. Across taxonomic groups, there
are specialist species within each group which @asociated with environmental conditions
related to rockiness and its underlying correlat®ock exposure across this grassland
landscape is therefore an important contributorgrasshopper dispersion patterns, and has

important implications for conservation planning tbis taxon.
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Introduction

Exploring the determinants of biodiversity patteatsoss multiple scales is a central tenet in
conservation ecology (Gaston 2000). Furthermome didineation of protected areas requires
an in-depth understanding of species dispersiongsscspace and time (Rodrigues al
2004). This means that for conservation to takeegylave need to identify the main drivers of
the diversity and distribution of species (Richar2012). However, studying dispersion
patterns for all taxa within an ecosystem is oftepossible, mainly due to the ongoing rapid
change in the natural environment and the consedosn of ecosystems and species (8ala
al. 2000). Consequently, optimized decision-makinglgoare required which relate to
protected area design and management (Satkalr 2006). In turn, this has stimulated use of
surrogates of biodiversity, so as to more readilgdct which areas are of conservation
concern as opposed to timeous whole inventoriegsaamultiple landscapes (Rodrigues &
Brooks 2007).

Biodiversity surrogates can either be of bioticabrotic nature, although cross-taxon
surrogacy has been shown to be stronger than sue®dgased on environmental data
(Rodrigues & Brooks 2007). Nonetheless, environ@adergurrogates are useful for
biodiversity conservation planning, as they cancsssfully predict areas of conservation
concern at multiple spatial scales (Sar&hal 2005). Indeed, various environmental factors,
measured at the meso-scale, have been shown tedttygnfluential on species distribution
patterns across landscapes (Samways 1990; Heik&kid@®; Bruunet al 2003). Essentially,
certain ecosystem features have great potentiatieiineating or prioritizing areas of
conservation concern across various ecosystemss@iged al 1999; Oliveret al 2004;
Hewitt et al 2005; Bartoret al 2009). As such, environmental variables couldetfoze be
considered important mesofilters, and subsequémtlyalued in the design and management
of protected areas (Hunter 2005).

Grasshoppers (Orthoptera) are important organisfiesting ecological processes
within grassland landscapes, and therefore nea&ssippropriate conservation (Samways
1997), especially as these landscapes are ofteagated. Variegated landscacpes suggest
that eurytopic or cosmopolitan species are likelpérceive the landscape as a continuum of
ecosystem elements of varying suitability towartulsirt life-cycle needs, whereas stenotopic
species would have a narrower tolerance to vargagtat conditions (Mcintyre & Barrett

1992; Ingham & Samways 1996). Therefore, biodivgrmanagement within semi-natural
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environments requires identification and understamdof the key ecosystem elements
(mesofilters) that determine different grasshopgispersal responses in space. This means
identifying the necessary variety of biotopes sot@adully conserve overall grasshopper
diversity (Samways 1997; Wettstein & Schmid 1998&m%/ays & Kreuzinger 2001).

Grasshopper assemblages respond to multiple emvéotal conditions within a
landscape, and are often highly sensitive to chamgéhese conditions (Samways & Sergeev
1997). Environmental conditions that influence ghepper assemblages include regional
climatic variation (Telfer & Hassal 1999), topoghagal traits such as elevation or aspect as
proxies for microclimatic events (Samways 1990; sdso Hodkinson 2005), plant
architectural traits such as vegetation height placit community structural traits such as
vegetation density (Joern 1982; van Wingerdgnal 1991), and even plant nutrient
availability (Loaizaet al 2011). Furthermore, ecological processes, sudhieaand grazing,
are known to influence grasshopper community respsnas these disturbances, at variable
levels, not only induce plant compositional chaniget also create heterogeneity in plant
structural attributes (Chambers & Samways 1998;V&ya & Kreuzinger 2001; Joern 2004,
2005). Essentially, microhabitat heterogeneity nsimportant determinant of grasshopper
spatial dynamics (Guido & Gianelle 2001), espegialhen microhabitat heterogeneity is
correlated with microclimatic heterogeneity (Witld997).

A physical ecosystem feature, rockiness, was shdowninfluence grasshopper
communities in montane grasslands (Chapter 2),imredgrassland-karoo ecotone in South
Africa (Gebeyehu & Samways 2002). This suggests iftheve conserve rocky areas in a
landscape, we can also conserve certain orthoptpopulations (a rocky mesofilter).
However, the question of why rockiness influencessghopper dispersion patterns has not
been resolved. This leads to the question of whaths the rockinesper seinfluencing
grasshopper assemblage in some instances, or rgpeeific correlates of higher rock
exposure. Here, | explore the possible reasonsratkiness influences the local distribution
of grasshopper species. In addition, | ask howvidr@ous species respond relative to their
taxonomic groups. Through asking these questiors, gain an understanding of the
functional aspects of grasshopper dispersion acaokmndscape. | further investigate the
concept of a rocky mesofilter, to explore whetlmaré are other associated underlying filters
driving this grasshopper-rockiness observation iwithis montane grassland. These results

would then have application in biodiversity plarmend management of this and other taxa.
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Methods
Study area

The study was conducted within the 16 000 ha Mdnerforestry estate at Weza, near
Kokstad, KwaZulu-Natal, South Africa. Around 4 2B@ are semi-natural open spaces, the
remainder being commercial forestry. The open spdiee mostly within the endangered
Midlands Mistbelt Grassland vegetation type (Mucéhd&utherford 2006). The endangered
status of this vegetation type is mainly drivenlasge forestry plantations in the area. The
dominant grass in the areaTi®iemeda triandraForssk. All selected sites are classified as
semi-natural, as all were annually burned by foyestanagement over >6 decades. This
frequency produces a dense productive grasslandt¢ha& Mentis 1984), which equates to
the natural burning regime in the area of betweenand ten ground lightning flashes &yn

! (Edwards 1984). The geology is sand and siltstdne® the Ecca group. Weathered
resistant dolerite dykes are also present. The maxi height of the mountains is 2 200 m
a.s.l., above an undulating landscape with mininelemation of 900 m a.s.l.

This is a summer rainfall region, where most prigaipn occurs between November
and March. Annual precipitation varies around 1606 per annum in the low lying areas, to
1500 mm on the mountain peaks. Mean daily maximemperature ranges from 17.6°C in
June to 26°C in January. Mean daily minimum temipees range from 0.1°C in June to

13.4°C in January.

Grasshopper sampling

Grasshoppers were sampled from 18 sites (see HigChapter 2) within the semi-natural
areas across the sampling area. All sampling wae &80 m away from the plantation forest
edge to reduce sampling bias due to edge effees{@ys & Moore 1991; Bieringer &
Zulka 2003; Pryke & Samways 2012). Sampling wasdwdanuary and April 2011, to cover
the major seasons for grasshoppers. Grasshoppesssampled by sweep netting, which for
short, dense vegetation types such as grasslardadaquate (Gardinet al 2005). Two 100

m transects were laid out. Parallel to each sideawh transect, one hundred 180° sweeps
were made with a mesh net (diameter 40 cm). Tmderd 200 sweeps per transect, and

ultimately 800 sweeps per site over the study plefi@ ensure adequate taxon representation,
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sampling was conducted until the species accunounlaturve near flattened (Gotelli &
Colwell 2001) (Appendix B). Grasshoppers were idiet to family, subfamily and species
(or morphosepcies) level according to Dirsh (196%) Eadesgt al (2011).

Environmental variables

Environmental variables included in this study wetdevation, aspect (north, south and
neutral, where neutral constitutes a ridge or &yglvegetation height, vegetation density,
distance to a river, perennial grass richness, lggepichness, and percentage rocks.

To obtain values for vegetation height, vegetatiemsity, perennial grass richness,
geophyte richness and percentage rocks, | used ipténcept line transects, as this method is
relevant and insightful for biodiversity studiestirese grasslands (Everson & Clarke 1987,
Armstrong et al 1994). Field methods were similar to Hayes & H@EDO03), where a
measuring tape, 50 m long, was used to recordlatit species which intercept a 1.8 mm-
diameter pin every 1 m (51 points per transectaddition, a one meter belt, perpendicular to
the line transect, was time-searched (15 min) &feh transect measurement, as a means for
recording a more comprehensive species list thatdcmclude short lived annual plants
(Hayes & Holl 2003). A total of four 50 m transewtsre placed within each of the eighteen
sites, each transect being 15 m away from anogffilectively having 204 points per site.

Geophyte richness and perennial grass richnesssiperwas estimated through
categorizing the recorded species as either geeploytperennial grasses as these two growth
forms have a particular association with the rockesofilter (Chapter 3). Percentage
rockiness was measured as followed: when rocks veerehed by the pin in transects, they
were added and then divided by the total numbdnritef(204) and percentage rockiness was
then calculated. Vegetation height was recordedyefive meters within transects, rendering
40 height measurements per site. To obtain thdsesjaa lightweight plastic disc with a hole
in the center was dropped over the pin onto thetaign, and height subsequently measured
on the pin. Vegetation density was measured thralingting the number of plant individuals
that touched the pin per site by the total numlbgirohits per site (as per Joern 1982).

Elevation and aspect were measured on site withnalheld GPS (GPS 72, Garmin
International, Inc.). Distance to river was calteththrough surveying images of the study
area in Google Earth (Google, Inc.), and measusdtiedistance in meters from the center of

each site to the nearest river.
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Statistical analysis

To examine the possible relationships between ptage rock exposure and vegetation
variables, a non-parametric Spearman rank cormelathatrix reporting r-values was
constructed (Statistica Release 10, StatSoft,.Itc.jurn, to determine the influence of the
environmental variables on species assemblage tigpy a canonical correspondence
analysis (CCA) was performed using CANOCO 4.5 Bmaak & Smilauer 2002). A further
CCA was then performed to examine the influencéhefsame environmental variables on
the different grasshopper taxonomic groups. Fos BCA, only families or subfamilies
having more than two individuals were included. Tha rank abundance of grasshopper
family (or subfamily within Acrididae) was consttad to obtain the six most abundant
groups (Fig. 4.1). A separate CCA was then perfdriioe each of the six most abundant
groups. However, Tettigoniidae, which ranks high abundance, was not used as its
dominance was due to one species. Forward seledtiong the CCA analysis was then used
to rank the four most important environmental Valea that structure species distribution
within each of the six most abundant families dofamilies. However, within two groups,
Catantopinae and Tetrigidae, less variables wdeztsel as these groups had fewer species
than environmental variables.

Furthermore, to explore whether differences in gltapper species composition exist
across significant vegetation correlates of roclposxire within the landscape, | used
permutational multivariate analysis of variance RREANOVA) (Anderson 2001) in
PRIMER 6 (PRIMER-E 2008). PERMANOVA results are ogpd as F- ané-values (e.g.
McNatty et al 2009), where a significaft-value indicates a significant difference (at thé 5
level) between levels (groups) of a studied fachoraddition, | also performed a canonical
analysis of principal coordinates (CAP) (AndersoM\llis 2003) for each of the vegetation
correlates of rockiness in PRIMER 6 (PRIMER-E 20@3AP allows visualization of patterns
of community differences across certain treatmeatd,also whether the observed spread of a
group is by chance alone through cross validatign‘leave-one-out’ allocations (e.g.
Messmeret al 2011). For these statistics, | categorized peagenrockiness as higher or
lower than 10% rocky (>10 or <10); vegetation dgnas 128-154% as low density (LD) and
160-208% as high density (HD); perennial grassnesis as 8-12 species as low perennial
grass (LPG) and 14-19 species as high perenniat rPG); and geophyte richness as 4-9
species as low geophytes (LG) and 11-17 speciebigis geophytes (HG). All these
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categories were chosen as they represent higHewer than the mean within each dataset.
Both PERMANOVA and CAP analyses were performed gisBray-Curtis similarity
measures where data for each group were fourthtraasformed to reduce the weight of the

common species (Anderson 2001).

Results

A total of 48 species was observed across all d@ystites (Table 4.1). Within the Acrididae,
the Acridinae was by far the most abundant group. (E.1), mainly driven by the high

abundance of two specie®Qythochthasp. 1 andCoryphosima stenopteréSchaum) (Table
4.1).

Table 4.1 Recorded adult species, their abbreviations us€fiANOCO analysis, as well as

prevalence and abundance (14400 sweep-net saraptesy 18 Afro-montane grassland sites

No. sites

Species Abbreviation ) Abundance
occupied
Acanthoxia natalensi&rauss) Acnha 1 2
Acorypha ferrifeWalker) Acfe 5 9
Acridasp.1 Acsl 4 8
Anthermus granosuy$Stal) Angr 6 14
Austrodontura capensi§Valker) Auca 1 4
Calliptamicus semirosey$serville) Case 5 6
Catantops melanostictSchaum) Came 1 1
Conocephalus caudal{§Vvalker) Coca 12 43
Coryphosima stenoptel@&chaum) Cost 14 66
Dictyophorus spumandhunberg) Disp 1 2
Dirshia abbreviata(Brown) Diab 5 18
Dnopherula callosgKarsch) Dnca 14 42
Eremidium equuleu@arsch) Ereq 3
Eucoptacra turner{Miller) Eutu 5 8
Euryphiminae sp. 1 Eusl 2
Eyprepocnemis calceat&erville) Eyca 3 3
Faureia milanjica(Karsch) Fami 6 24
Gastrimargus determinatus vitripenr{S8aussure) Gadv 1 1
Gastrimargus drakensbergengRitchie) Gadr 7 10
Gastrimargus wahlbergiiStal) Gawa 4 5
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Gymnobothrus linea-albgBolivar)
Gymnobothrus temporal{Stal)
Heteracrissp. 1

Heteropternis guttifergKirby)
Humbe tenuicornigSchaum)
Lentula callani(Dirsh)

Lentula minutgDirsh)

Lentula obtusifrongStal)
Machaeridia conspersgBolivar)
Maura rubroornata(Stal)
Weenenia lineatéBrown)
Ornithacris cyanedStoll)
Orthochthasp. 1

Orthochthasp. 2

Parga xanthoptergStal)
Phaeocatantops sulphuro(#/alker)
Pnorisa squalugStal)
Pseudoarcyptera cephali¢8olivar)
Qachasia fastigatéDirsh)
Saginae sp. 1

Scintharista rosaceéKirby)
Tetrigidae sp. 1

Tetrigidae sp. 2

Tetrigidae sp. 3

Thericleidae sp. 1

Thyridotasp. 1

Vitticatantops botswan@lago)

Zuludectus modestéBéringuey)

Gyli
Gyte
Hesl
Hegu
Hute
Leca
Lemi
Leob
Maco
Maru
Weli
Orcy
Orsl
Ors2
Paxa
Phsu
Pnsq
Psce
Qafa
Sasl
Scro
Tesl
Tes2
Tes3
Thsl
Tysl
Vibo

Zumo
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15
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17

24
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51

Table 4.2 Spearman rank correlation matrix of r-values commgathe relationships among

measured vegetation traits and percentage rockiness

Vegetation Vegetation Geophyte Perennial Grass
Density % Rock Height Richness Richness
Vegetation Density 1.000000 -0.532783 -0.073271 -0.496115 -0.469160
% Rock 1.000000 0.156944 0.823123 0.674766
Vegetation Height 1.000000 0.304741 -0.120432
Geophyte Richness 1.000000 0.607930
Perennial Grass Richness 1.000000

Values in bold are significant at the 5% level
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Figure 4.1 Rank abundance of each recorded grasshopper féomilpubfamilies within the

Acrididae) across the 18 studied semi-natural mmentgassland sites

It was clear that percentage rockiness alone didnfloence the species distribution,
but rather that the significant vegetation coredabf rockiness such as vegetation density,
geophyte richness and perennial grass richnegse(abable 4.2) did (Fig. 4.2). Furthermore,
elevation and vegetation height also had a mankiakence on the distribution of grasshopper
species across the landscape (Fig. 4.2). The eliffeggrasshopper taxonomic groups followed
a similar trend in response to the environmentabbées that resulted in the species patterns
in the CCA (Fig. 4.3). Particularly, elevation atite significant vegetation correlates of
rockiness were the most important variables shaghiadocal distribution patterns of the six
most abundant grasshopper families (or subfamiiésn the Acrididae), with the exception
of the Tetrigidae (Fig. 4.4a-f). More specificallglevation and vegetation density were the
two most important variables, with the Acridinaegr@hocerinae and Lentulidae all being
greatly influenced by both these variables. In &oidj vegetation density was the most
important variable driving the Oedipodinae. Peragat rockinesper seand vegetation
density together was consistently influential om tbcal distribution of both the Acrididae
and Lentulidae (Fig. 4.4a, b).
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Figure 4.2 Canonical
correspondence analysis (CCA)
ordination for all recorded
grasshopper species and
measured environmental
variables. Aspect is labeled as
North, South or Neutral when it
constitutes a ridge or a valley.
Rock, percentage rock exposure
within a site; VegHeigh,
vegetation height; VegDens,
vegetation density; PGRich,
perennial grass richness;
GeoRich, geophyte richness;
DistRiv, distance to river.
Species abbreviations as in
Table 4.1.

Figure 4.3 Canonical

correspondence analysis (CCA)
ordination  for  grasshopper
families (or subfamilies within

the Acrididae) and measured
environmental variables. Aspect
is labeled as North, South or
Neutral. Neutral constitutes a
ridge or a valley. Rock,
percentage rock  exposure
within a site; VegHeigh,

vegetation height; VegDens,
vegetation density; PGRich,
perennial grass richness;
GeoRich, geophyte richness;
DistRiv, distance to river. Acri,
Acridinae; Calli, Calliptaminae;
Cata, Catantopinae; Copt,

Coptacridinae; Eury,
Euryphyminae; Eypr,
Eyprepocnemidae; Gomp,
Gomphocerinae; Lent,
Lentulidae; Oedi, Oedipodinae;
Oxyi, Oxyinae; Pyrg,
Pyrgomorphidae; Tett,

Tettigoniidae; Tetr, Tetrigidae;
Ther, Thericleidae
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Figure 4.4 Canonical correspondence ordination (CCA) fordixemost diverse and abundant
grasshopper families (or subfamilies within the idictae) and the environmental variables
most affecting their distribution. a) Acridinae; h)entulidae; c¢) Gomphocerinae; d)

Oedipodinae; e) Catantopinae; and f) Tetrigidage&sis North, South or Neutral. Neutral is
a ridge or a valley. Rock, percentage rock exposutkin a site; VegHeigh, vegetation

height; VegDens, vegetation density; PGRich, paedrgrass richness; GeoRich, geophyte
richness; DistRiv, distance to river. Species aliht®ns as in Table 4.1.
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Table 4.3PERMANOVA analyses of the influence of a vegetatiensity, geophyte richness

and perennial grass richness factor on grassh@peeres composition across all sites

Factor P-value
Vegetation Density 0.3292
Geophyte Richness 0.0764
Perennial Grass Richness 0.7653

Table 4.4Cross validation that the observed spread of groap per Fig. 4.5, is not by

chance alone through ‘leave-one-out’ allocatiothen CAP analysis

Group % Correct  Misclassification Error (%)

Vegetation Density*Rockiness

HD>10 0 100
LD<10 0 100
LD>10 83.333 16.667
HD<10 62.5 37.5

Geophyte Richness*Rockiness

HG>10 75 25
LG<10 44.444 55.556
HG<10 100 0

Perennial Grass Richness*Rockiness

HPG>10 57.143 42.857
LPG<10 25 75
HPG<10 33.333 66.667
LPG>10 0 100

>10 or <10, higher or lower than ten percent roeks) LD or HD; vegetation density low (128-154%hagh
(160-208%); LPG or HPG, perennial grass richnedswag8-12 species) or high (14-19 species), LPGIBG,
geophyte richness as low (4-9 species) or highl(lL $pecies)

Overall, there was no significant difference inggf@opper species composition across
all sites when tested against the significant \egg®t correlates of rockines® (> 0.05)
(Table 4.3). In turn, CAP analysis showed that wheckiness was combined with its
significant vegetation correlates, clear assembiggepings were observed across each tested
factor (Fig. 4.5a-c). Moreover, consistent with tRERMANOVA result, none of the
treatments (Fig 4.5a-c) showed significant assegebthfferencesR = 0.118,P = 0.267 and
P = 0.053 respectively). More specifically, the gat®f the groupings of >10% rockiness and

67



low vegetation density and >10% rockiness and gbphyte richness are not likely to be by

chance alone, as both factors had a low misclaatin error (Table 4.4).

CAP2

CAP2

CAP2

-0.5-1,

0.5

A HPG>10
v LPG<10
v HPG<10
A LPG>10

05

0.4

0.2

0.4}

-0.61,

CAP1

I
0.5 1.0

A HG>10
v LG<10
v HG<10

0.6

0.4+

0.2+

-0.24

041

,
02

CAP1

l .
0.2 0.4

A HD>10
v LD<10
A LD>10
v HD<10

0.2 0.4

Figure 45 Canonical analysis of
principal coordinates (CAP) ordination
plots of grasshopper assemblage data
across the rockiness correlates of a)
perennial grass richness, b) geophyte
richness and c) vegetation density. >10 or
<10, higher or lower than ten percent
rockiness; LD or HD; vegetation density
low (128-154%) or high (160-208%);
LPG or HPG, perennial grass richness as
high (14-19
species); LPG or HPG, geophyte richness

low (8-12 species) or

as low (4-9 species) or high (11-17

species)
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Discussion

Grasshoppers are particularly responsive to atyaaeenvironmental conditions, which is

why microhabitat heterogeneity is an important deteant of grasshopper spatial patterns
(Samways & Sergeev 1997; Guido & Gianelle 2001yeHeshow why grasshoppers respond
to a rocky mesofilter, directly and indirectly, whi in turn, helps explain the dispersion
patterns of this taxon across a semi-natural mengaassland landscape.

Percentage rock exposure is known to strongly emibe grasshopper dispersion
patterns in South Africa (Chapter 2; Gebeyehu & Wawys 2002). However, here the
canonical correspondence analyses for both spaciégamilies (or subfamilies within the
Acrididae), showed that although some specieseasigand to increased rockiness, it was not
so much rockinesper sedriving grasshopper dispersion patterns acrosslémdscape, but
rather the underlying vegetation correlates of hguiigher rock exposure within a patch.
Specifically, this was attributed to vegetation slgn which influenced and predicted the
presence/absence of both certain grasshopper spediidually, and certain grasshopper
taxonomic groups across the landscape. Furthern@fd? analysis confirmed that the
combination of higher rockiness and low vegetati@msity delineated a specific group of
species associated with these environmental congitiThis finding was also strong for high
rockiness and high geophyte richness. Essentigiigsshoppers respond to the rocky
mesofilter through partially responding to the roelss itself, but mostly indirectly, by
responding to the vegetation structural correlatdsgh rock exposure within an ecosystem.

In addition, vegetation height, albeit not a sigriht correlate of rockiness, was also
an important variable. However, the effect of vileavegetation density and height on
grasshopper dispersion patterns is well reporteddrature (Joern 1982; van Wingerden
al. 1991, 1992; Wettstein & Schmid 1999). Furthermeggiation in vegetation structure is
strongly linked to temperature heterogeneity, whecelittle light exposure negatively affects
some grasshopper species relating to egg and nylapblopment (van Wingerdest al
1991, 1992). In turn, such species avoid such ight Iconditions, and hence certain areas
within a landscape. Indeed, a relationship betwgwmrmoregulatory ability and habitat
partitioning is a known phenomenon in grasshopp®vdlot 1997). In South African
montane grasslands, Samways (1990) showed themt#uof temperature, as a function of
varying topography, on the local distribution ofagshoppers across the landscape.

Essentially, higher levels of rockiness indicatghleir habitat heterogeneity, and consequently
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more variable microsite conditions which suggestsentomplex resource differentiation and
species specialization (as per Auerbach & Shmi@&x)L9

The use of an abiotic surrogate, such as a roagpofilter, has received some critique.
Biotic surrogates are often seen as performingebethan environmental surrogates
(Rodrigues & Brooks 2007). However, here | showt tkavironmental variables such as
rockiness and its vegetation correlates of dengjggphyte richness, and perennial grass
richness, are influential on the distribution ot tmost abundant families (or subfamilies
within Acrididae). Specifically, the rocky mesoétt ranked high in structuring the
assemblages of Acridinae (which was the most dévarsl abundant group), Gomphocerinae,
Lentulidae and Oedipodinae. Thus, the rocky mdsofivas important in predicting the
presence/absence of species across multiple taxorgoups. This environmental surrogate
could therefore be seen as an important consideratn grasshopper biodiversity
conservationgensuSarkaret al 2005).

However, apart from the rocky mesofilter, and itelerlying correlates, it was clear
that elevation is also an important factor explagngrasshopper assemblage compositional
changes across this montane landscape. Furtherelev@tion and the rockiness correlates,
when combined, explained most of the spread ofrtbst abundant families. Elevation is seen
as a proxy for microclimatic heterogeneity, and igell-known determinant of grasshopper
dispersion patterns in space (Samways 1990; Ketrgd 1990; Wettstein & Schmid 1999;
Gebeyehu & Samways 2006). Thus, grasshopper asagesbican respond to multiple
environmental conditions within a landscape (Samsn&ysergeev 1997). It seems reasonable
then, that because so many environmental variaidds explain grasshopper dispersion
patterns, multiple mesofilters could be delinedidthis taxon which would contribute to
grasshopper conservation. In particular, elevatso qualifies as a mesofilter in these
montane grasslands (although an extension of #esicl definition of a mesofilter), which is
consistent with elevation explaining arthropod cosipjonal changes across a mountain

landscape (Pryke & Samways 2010).

Conclusion

The determinants of biodiversity patterns in spem@ain a top priority in conservation

planning (Gaston 2000). Afro-montane grasshopparsparticular have high levels of

70



endemism, which emphasizes their conservationipyi@foordet al 2002). Here, | explored
why variable levels of rock exposure within a lacagse (the rocky mesofilter) influences the
local distribution of grasshopper species. Fundaatign grasshoppers might not be strongly
responding to higher rock exposyser se but more towards the heterogeneous conditions
created by rockiness within an ecosystem: spetlificdhe plant community structure
(vegetation density) and the higher species richradscertain growth forms which are
associated with higher rockiness, such as geoplaytdsperennial grasses. The grasshopper
dispersion patterns observed in this Afro-montarssgland landscape is thus a function of
specialist species which are strongly associated sypecific microsite conditions, which in
this case, are related to the correlates of thkyroeesofilter. In addition, the response of
grasshoppers to the rocky mesofilter was also sterdi across multiple taxonomic groups,
and indicates the use of such a mesofilter as #&ctefe surrogate for grasshopper
biodiversity as it represents the majority of speciMoreover, elevation was also as
important as the rocky mesofilter in explaining spf@opper dispersion patterns across this
montane landscape. Rockiness and elevation areefther seen as two important
environmental parameters pertaining to biodiverspglanning and management of
grasshoppers for the studied semi-natural Afro-moat grasslands. As such, using
mesofilters, as surrogates, could be importanthe design and management of protected

areas or conservancies (Hunter 2005).
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Chapter 5
Differential behavioural responses to rockiness ia

landscape can help explain butterfly dispersion pa¢rns

Abstract

Community patterns can be partially explained byfinileg the influential ecological
parameters. Understanding how and why various gseciespond to various habitat
resources, in turn, can optimise our conservatitrategies. Furthermore, behaviour can
contribute significantly to predicting the presenge absence of a species under certain
habitat conditions. Evidence suggests a measureattieraction between higher rock
exposure in a landscape and butterfly species asenand composition in Afro-montane
grasslands. Here | set out to explain this intei@ttoy measuring the behavioural responses
of an Afro-montane butterfly assemblage towardksot sampled the butterfly assemblage
across three levels of rockiness in the landscapewell as the different behavioural traits
exercised at sites within each of these rocky categ. | then analysed the influence of
rockiness on assemblage composition, and whethee tivere significant differences in
behavioural traits of this assemblage to the roekms categories. | also explored which
species are responsible for driving differentialhbeioural responses in each rockiness
category. Rockiness had a great influence on Hiittassemblage composition, especially
between the extreme rockiness categories of high law rockiness. Furthermore, high
rockiness areas had significantly more behaviowatnts, and were more often associated
with behaviours associated with physical utilisatiaf rocks and agonistic interaction. These
behaviours were also species-specific, where aairersub-assemblage of species were
specialised for such rocky conditions. | then arthe the butterfly assemblage differentially
responded to rockiness in the landscape as therdift species use these rocks as a utility
habitat resource. Collectively, the different belaval responses of species to these rocky
areas determine the dispersion patterns observeditis butterfly assemblage across a
grassland landscape. These results emphasise tise@tion importance of including rocky

areas in local protected area and conservancy desig
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Introduction

Ecological parameters can help explain communityepas (Gilbert & Singer 1975), with
insect assemblages, for example, often respondirgg ariety of environmental conditions
(Jeannereet al 2003). These variables include elevation and domghical heterogeneity
(Mac Nally et al 2003; Gutiérrez lllaret al 2010), land cover heterogeneity (Ketr al
2001), higher plant species richness (Jeanneteal 2003; Casacciet al 2011), and
vegetation composition and structure (Gatl al 2005). Some species are often inherently
associated with specific environmental conditiondiich is why they are typically not
uniformly distributed across a heterogeneous enuiient (Knapton 1985; Dailgt al 1991,
Fleishman & Murphy 1999; Fleishmaet al 2001; Doveret al 201l1a). This makes
predicting the composition of assemblages acrotndscape all the more complex. For
example, butterflies are known to have differentiesource-based life history strategies,
which mean that theoretically butterfly species mespond to multiple consumable and non-
consumable resources, which are often unevenlyilwiséd across a landscape (Dennis
2010). Thus, at a local scale, some species are lncalized to certain biotopes (specialists),
with others being more vagile (generalists) (Do e&ettele 2009; Dennis 2010).

The differential response of butterflies to langsc@onfiguration has consequences
for the conservation of this taxon (Wood & Samwd@®91; Dover & Settele 2009). For
example, Steffan-Dewenter & Tscharntke (2000) slibwew certain specialist butterfly
species negatively responded to habitat fragmemtatinus stressing the importance of having
large tracks of calcareous grasslands protectékmmany. This means that there is value in
knowing which resources within a landscape arecatsnl with a butterfly assemblage, so as
to include such variables in conservation plannimgjatives (Shreeve & Dennis 2011).
Indeed, delineating ecosystem features which aseceéged with a diversity of species, or
mesofilters (Hunter 2005), would set important d&pa points in configuring a landscape
design for optimal butterfly conservation in a chizug world (Dover & Fry 2001; Doveet
al. 2011b; Shreeve & Dennis 2011).

The study of butterfly behaviour in particular hesntributed to predicting the
presence or absence of a species under certaitathabnditions (Shreeve 1984; Thomas
1984; New 1991, see also Stamgisal 2005). For example, Shreeve (1984) showed tleat th
presence of a butterfly within a certain microhabwas congruent with its thermoregulatory

needs. Therefore, to include studies of how buisrbehaviourally respond to differential
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resource conditions in a landscape would provd ntanderstanding assemblage dispersion
patterns across space and time (Shreeve & Dendig)2(h fact, behavioural studies can
contribute significantly towards conservation bmp since it can reveal the specific habitat
requirements needed for a species, and subsequemilyto optimally select a reserve
(Sutherland 1998; Turluret al 2011).

There is a measureable interaction between higiekiness within a landscape and
butterfly species richness and composition in Afrontane grasslands (Chapter 2). In turn,
this suggests that we can use rockiness within hpas a possible mesofilter for
conservation of this taxon. However, the reason Wwhiferflies would respond to such an
abiotic variable in this grassland landscape i$ tstibe explored. Dennis & Sparks (2005)
showed how an ecosystem element, molehills, caatlgrénfluence territorial butterfly
behaviour in a landscape. Their study specificallgphasised the significance of micro-
landform complexity as an important, and often taaked, non-consumable or utility habitat
resource for some butterflies (see Dennis 2010grdftbre, | hypothesise that certain butterfly
species are responding to rocks in a landscapeiiscal utility resource of their habitat, and
that this response will be evident in their behavitowards this physical ecosystem feature.
In view of this, | examine the composition and bebar of a butterfly community within a
grassland landscape which differs in percentage emposure, and how observed behavioural

traits might influence species dispersion pattatrthe meso-scale.

Methods

Study area

The study was conducted within the 16 000 ha Méneriorestry estate at Weza, near
Kokstad, KwaZulu-Natal, South Africa. Around 4 2B@ are semi-natural open spaces, the
remainder being commercial forestry. The open spdiee mostly within the endangered
Midlands Mistbelt Grassland vegetation type (Mucéhd&utherford 2006). The endangered
status of this vegetation type is mainly drivenlasge forestry plantations in the area. The
dominant grass i$hemeda triandrdorssk. All selected sites are classified as setural,

as all were annually burned by forestry managenwmmr >6 decades. This frequency

produces a dense productive grassland (Tainton &tis1€¢984), which equates to the natural
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burning regime in the area of between one and teangl lightning flashes kifyr* (Edwards
1984). The geology is sand and siltstones fromBtea group. Weathered resistant dolerite
dykes are also present. The maximum height of tbantains is 2 200 m a.s.l., above an
undulating landscape with minimum elevation of 90@.s.I.

This is a summer rainfall region, where most prigaipn occurs between November
and March. Annual precipitation varies around 1606 per annum in the low lying areas, to
1500 mm on the mountain peaks. Mean daily maximemperature ranges from 17.6°C in
June to 26°C in January. Mean daily minimum temipees range from 0.1°C in June to
13.4°C in January.

Environmental variables

Eighteen sites were selected (see Fig. 2.1, Ch&ptefo calculate percentage rockiness of
each site, a total of four 50 m transects weregalatithin each site, each transect being 15 m
away from another (204 points per site). Percentagkiness was then measured in two
ways: 1) when rocks were touched by the pin (arck greater than 10 cm in diameter), they
were added and then divided by the total numbdrtsf 2) a metal stake was inserted in the
ground every 5 m on each transect, giving 40 measemts per site, which serves as a
composite indicator of surface rockiness (Stohlg€emBachand 1997). This was done to
ensure correct classification of the habitat akypand not just a rocky outcrop within a non-
rocky matrix. Elevation and aspect were measuregitanwith a handheld GPS (GPS 72,

Garmin International, Inc.).

Butterfly assemblage sampling

Butterflies were sampled twice, in January and IAp@11, to encompass the peak flight
season. They were sampled within a 50 m radius freammiddle point of each of the 18 sites
used for the environmental variables measuremdihis. was conducted by two observers
facing opposite directions. Each observation urgisvB0 min, and replicated over three
different days, at three different times of the ,danaking 90 min search time per person per
site (3 hr total per site). In total, 96 hours wgaent collecting these butterfly data. Sampling
was between 09h00 and 15h00, on warm or hot daysrg@e temperature of 30@ for

January counts, and 24 for April counts) with <5% cloud cover. Buttegi not
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recognised on the wing were caught with a net, mhtified in the field. To avoid

pseudoreplication, sites of higher rockiness watergspersed with those of lower rockiness
across the study area, with the minimum distandsvden similar sites being 400 m.
Nomenclature is according to Woodhall (2005). Alirgpling was done >30 m away from the

pine forest edge, to reduce sampling bias duede etfects (Pryke & Samways 2012).

Butterfly behaviour observations

Behaviour was observed for each of the eighte@s &y two observers, between 09h00 and
15h00, on warm or hot days in February 2012 (awetagperature of 283 (x2.4£C SD)
with <5% cloud cover. A total of three hours wa®r#pobserving behaviour at each site,
rendering a total of six hours of observation tipee site. Behaviour recording started as soon
as a butterfly entered a 50-m radius circle fromn itiiddle of each site, and ended when the
butterfly left the circle. The following behaviolir@bservations were recorded where
possible: 1) patrolling, where a butterfly is flgilow over the area, at slow speed, as if
investigating or searching; 2) touring, the butieis flying high, and at high speed, over the
area, without showing any tendency of searchingegstigating; 3) resting, the butterfly is
settled, with wings closed; 4) perching, the btifes settled with its wings exposed to the
sun, actively responding to other flying insects dhiasing them and then returning to the
same spot or another spot in the near vicinityiedling, a butterfly is settled on a flowering
plant with proboscis extended into the flower; 6)iting, a male chasing after a disinterested
female across the whole sampling site, or when Hiogim alight to mate; 7) intra-specific
aggression, a male chases a conspecific male Intaizofor a couple of seconds, or chases
another male in a vertical upward swirl; 8) intpesific aggression, a male chases another
species (butterflies or other flying insects) hontally, or chases them in a vertical upward

swirl.

Statistical analysis

To ensure adequate taxon representation, sampliag @onducted until the species
accumulation curve near flattened (Gotelli & Coln2001) (Appendix B). To determine the
influence of the measured environmental variablesspecies assemblage composition, a

canonical correspondence analysis (CCA) was peddrasing CANOCO 4.5 (ter Braak &

81



Smilauer 2002). Furthermore, to experiment whaeatfivariable levels of rock exposure
within a patch have on butterfly species compasitio the habitat, | used permutational
multivariate analysis of variance (PERMANOVA) (Anden 2001) in PRIMER 6 (PRIMER-
E 2008). PERMANOVA results are reported as F- Badilues, where a significant p-value
indicates a significant difference (at the 5% I¢\mgtween levels (groups) of a studied factor.
In addition, | also performed a canonical analysiprincipal coordinates (CAP) (Anderson
& Willis 2003) for each of the vegetation correktef rockiness in PRIMER 6 (PRIMER-E
2008). CAP allows visualization of patterns of coomity differences across certain
treatments, and also whether the observed spreadya@fup is by chance alone through cross
validation by ‘leave-one-out’ allocations (e.g. Meweret al 2011). For these statistics, |
categorized percentage rockiness as high rockii#’¥ (n = 6), medium rockiness (MR) (n
= 6) and low rockiness (LR) (n = 6). All these caires were chosen as they represent a
gradual increase in the rockiness values measumdssa the eighteen sites. Both
PERMANOVA and CAP analyses were performed usingy®artis similarity measures
where data for each group were fourth-root tramséat to reduce the weight of the common
species (Anderson 2001).

To explore the butterfly behaviour associated #wmiable levels of rock exposure
within a patch, | calculated the mean percentagielémce of each behavioural group per site.
| then pooled percentage behavioural events fotmsixalsites according to the three rocky
categories used for the PERMANOVA and CAP analy@d¢R, MR and LR). Then, to
explore the contribution of these rocky categoolesnean percentage behavioural events in a
group, | made use of generalized linear models (GQMECullochet al 2008) followed by a
post-hoc test in SAS Enterprise Guide 5.1 (SASitliiet Inc.). Beforehand, the values for
every behavioural group were testedriormality and their variances tested for homoggneit
using a Shapiro-Wilk test, and tested for Poisgetridution through a Chi-squared goodness
of fit test (Statistica Release 10, StatSoft, InA3 such, for the patrolling, touring, resting
and feeding behaviour groups, each GLZ had a nodistfibution and an identity-link
function. Whereas for the perching, courting, irgpecific and inter-specific behaviour
groups, GLZ’s with a Poisson distribution and lagklfunction were used.

Furthermore, to examine which butterfly speciesemitie main contributors to the
different behavioural patterns observed across saaitiness category (according to the GLZ
results), | constructed summary tables which indicahich species were more physically

active within each rockiness category.
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Results

Butterfly assemblage composition

A total of 47 butterfly species were observed. ®hble levels of rockiness were influential in

structuring this grassland butterfly community (Fegl). Specifically, rocky north-faces and

rocky ridges had a unique assemblage as opposddssorocky south facing slopes.

Furthermore, there was a significant differencéutterfly assemblage composition across a

three-way rockiness classification (F = 1.P5= 0.012) (Table 5.1). Specifically, the high

rocky areas had a significantly different assemblegmposition than the low rocky areas (t =
1.59,P = 0.005) (Table 5.1). Consistent with the PERMAN®Opairwise test, was the CAP
analysis which visualised this difference in butyeassemblage composition between the two

extreme rockiness sites (Fig. 5.2). CAP analysiggssted that a unique assemblage of

species was especially associated with high rodeasa as this category had a low

misclassification error in ordination space (16.4%y. 5.2).
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Table 5.1 PERMANOVA analysis of the influence of rockiness dutterfly species
composition across all sites, as well as pairwese of differences in assemblage composition

between rockiness groups. HR, high rockiness; M&Jiom rockiness; LR, low rockiness

df Pseudo-Fort P-value
Overall test 2 1.75 0.012
Pairwise
tests
HR*MR 1.11 0.264
HR*LR 1.59 0.005
MR*LR 1.22 0.127

Values in bold are significant at the 5% level
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Figure 5.2 Canonical analysis of principal coordinates (CAfPdination plot of butterfly
assemblage data across the rockiness categoriesigtRrockiness; MR, medium rockiness;
LR, low rockiness. Misclassification error for rackss classes: HR = 16.7%; MR = 50.0%;
LR = 33.3%
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Butterfly behaviour observations

The behavioural events of 43 butterfly species vadrgerved. Behavioural events were not
equally distributed between the rockiness categottéigh rocky sites (HR) had the most
recorded behaviour events (761 events), followednbgium rocky sites (MR) (623 events),
and low rocky sites (LR) (437 events). This wadiplly driven by abundance.

The mean percentage behavioural events within eaxrded behaviour significantly
differed across the rocky categories for touringa(tivi8.95P <0.001), resting (Wald 11.48,
P = 0.003), perching (Wald 23.3R,<0.001), courting (Wald 7.3% = 0.025), intra-species
aggression (Wald 10.6® = 0.005) and inter-species aggression (Wald 9235, 0.009)
(Table 5.2). There were no significant differenoghe percentage feeding (Wald 1.P35+
0.568) and patrolling (Wald 0.82,= 0.640) observations across the rockiness clg3sdxte
5.2).

Post-hoc results showed that high rocky areas (sig)ificantly differed in mean
percentage behavioural observations from both mediod low rocky areas for resting and
perching behaviour <0.05) (Table 5.3). High rocky areas also showedenintra-specific
aggression behaviour than low rocky areas, butmetium rocky areas (Table 5.3). In turn,
both high and medium rocky areas had significantlyre behavioural events recorded for
perching and inter-specific aggression than lovkyaareas. There was a significantly higher
percentage touring behaviour in low rocky areagpmosed to high and medium rocky areas
(P <0.05) (Table 5.3).

Table 5.2Generalized linear modelling (GLZ) of the behavaevents recorded within each

behaviour group across a three-way rockiness Glzsson

Behaviour df Wald Statistic P-value
Patrol 2 1.13 0.568
Tour 2 18.95 <0.001
Rest 2 11.48 0.003
Perch 2 23.34 <0.001
Feed 2 0.89 0.640
Court 2 7.39 0.025
Intra-species Aggression 2 10.60 0.005
Inter-species Aggression 2 9.35 0.009

Values in bold are significant at the 5% level

n==6
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Table 5.3Mean percentage behavioural events (xSE) for babhviour group in high (HR), medium (MR) and ldvR] rocky sites

Behaviour

Patrol Tour Rest Perch Feed Court Intra Inter

HR 33.71(4.40) 8.27(2.19) 13.85(1.81) 15.28(2.40) 18.00 (4.24) 3.641.65) 3.03(1.55) 4.21(2.36)
MR 38.94 (3.15) 17.64(5.05) 6.97(1.76) 9.48(4.46) 20.24 (5.65) 1.8%0.84) 1.3%°(1.15) 4.16(2.89)

LR 33.57(5.48) 36.6U7.00) 6.04(2.24) 6.21(3.43) 14.08(5.34) 1.79(0.59) 0.48°(0.29) 1.28(0.83)

Within each behaviour group, different superscripthcate significant differences of the meansat% level
n==6
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Table 5.4Summary of species directly utilising rocks ormpga(number of recorded events)

in habitats with varying levels of rockiness

Resting Perching
Species Rock  Plant Rock Plant Total
High Rockiness (HR)
Precis octavia sesamiisnatalensis 24
Stygionympha wichgrafi 25
Stygionympha curlei
Actizera lucida
Lampides boeticus
Papilio demodocus demodocus
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A total of eight species physically utilised thecke to either rest or perch in high
rocky areas, whereas in the medium rocky area® twere only four species utilising the
rocks, and in the low rocky areas only two spedaidssing rocks. Two nymphalid butterfly
speciesPrecis octavia sesamus natalensisand Stygionympha wichgrafivere responsible
for driving the observed higher perching and rgsbehavioural events in higher and medium
rocky areas (Table 5.4). In general, this was bezdhese two species, as well as another
nymphalid, Stygionympha curleiwere physically utilising the rocks to eithertres perch,
more so than on plants. It was also clear, thattbst active species in the low rocky areas
differed from the ones in the higher and mediunkyoareas, and, they used plants to either
perch or rest. Also, there was more activity in geFching and resting behaviour groups
under higher levels of rockiness.

Consistent with the resting and perching behavpaitern, increased activity froR
octavia sesamuk natalensiswas also responsible for the higher percentage-imind inter-
specific agonistic behaviour observed at high aretliom rocky sites, as opposed to low
rocky sites (Table 5.5). This aggressive interactiorocky areas is congruent with increased
courting activity of this species. Overall, highreckiness is more associated with agonistic
species, as there was more agonistic interactamnm & higher number of species at the higher
rocky sites (Table 5.5).

Table 5.5Summary of species interactive behaviour in h&bi@mber of recorded events)

featuring varying levels of rockiness

Aggressive Interaction
Species Courting Intraspecific  Interspecific  Total
High Rockiness (HR)

Precis octavia sesamiisnatalensis 24 27 35 86
Stygionympha wichgrafi 0 4 5 9
Papilio demodocus demodocus 6 1 2 9
Lampides boeticus 1 3 3 7
Leptotes pirithous pirithous 2 1 2 5
Gegenes niso niso 2 0 0 2
Danaus chrysippus aegyptius 0 0 1 1
Catopsilia florella 1 0 0 1
Leptotes pirithous pirithous 0 0 1 1
Total 36 36 49
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Medium Rockiness (MR)

Precis octavia sesamtisnatalensis 6 6 11 23
Aloeides aranda 0 0 9 9
Stygionympha wichgrafi 1 2 3 6
Catopsilia florella 1 1 2 4
Catacroptera cloanthe cloanthe 0 0 2 2
Total 8 9 27

Low Rockiness (LR)

Gegenes niso niso 4 0 3 7
Pseudonympha poetula 0 1 2 3
Precis octavia sesamtisnatalensis 0 0 2 2
Catopsilia florella 1 0 0 1
Papilio demodocus demodocus 0 1 0 1
Aeropetes tulbaghia 1 0 0 1
Total 6 2 7

Discussion

Utility resources in a habitat (non-consumable ueses), such as substrate exposure, where a
butterfly can rest or perch upon, can have a sgmf impact on how butterflies respond to a
landscape (Dennis 2010). Furthermore, this respansssources will also be evident in their
behaviour (Dover 1997; Dover & Fry 2001; Dennis @0IHowever, very few studies have
specifically studied butterfly behavioural resporisesubstrates, and how this can aid in
butterfly conservation strategies (Denmas al 2006). Here, | showed there are specific
behavioural responses of butterflies to varyingls\wf rock exposure in a habitat, and that
this differential behavioural response can helplarpthe dispersion patterns of butterflies

across an Afro-montane grassland landscape.

Butterfly utilisation of habitat resources

Overall, there was a strong trend for certain bfiftespecies to be highly associated to sites
of higher rock exposure as measured at this mesle-sthere is a known association of some
butterfly species to rock features, e.g. rocky mps, as well as being present in high
densities at such rocky features (Gutiérrez 1987)s often suggested that such a rock-
butterfly association exists as there is congrudmesveen rocky landscape features and
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certain vegetation that might include butterflydiggy plants (Gutiérrez 1997; Terblancke

al. 2003). For example, Terblanclee al (2003) suggested that the reason why a lycaenid
speciesChrysoritis aureuswas associated with rocks in a South African geasl, was that
the host plant of this butterfly could be assocdatath greater rock exposure in the patch. Of
course, utility resources can be closely associai#dd consumable resources (Dennis 2010).
Furthermore, we know that rocky areas coincide Wwigher plant species richness in certain
Afro-montane grasslands (Chapter 2). This meant féva plant species in this grassland
landscape are not associated with rocky areasppssed to less rocky areas (Chapter 3).
This suggests that a higher diversity of host glan&ay be present at these rocky sites, and in
turn can, at least in part, explain the observdtelily assemblage compositional differences
across this landscape. In other words, there ctaldmore specialist butterfly species
selecting nectar sources from the wider varietglahts present in the rocky patches, whereas
the less rocky and less plant diverse areas have gemeralist species. However, although
some butterfly species will only be present whéreirt specific host plant is present (e.g.
Krausset al 2004), the distribution of specific butterfly hgdants do not necessarily limit
the distribution of the majority of butterflies ass a landscape (Dennis & Shreeve 1991).
Also, plant diversity does not necessarily diredtlffluence butterfly diversity across space,
however, their distribution is likely to be drivey a similar environmental variable (Hawkins
& Porter 2003). Here, | argue that a high levekatk exposure in a landscape is such an
environmental variable.

There was more behavioural activity recorded inhiflgh rocky areas than the low
rocky areas. There were also two distinct asserablagsociated with high and low rocky
areas. Thus, the butterfly assemblage in the fogkyrareas was overall more active in some
aspects of their behaviour. However, here | shat tiiis manifestation was not a function of
a higher percentage of feeding events in highdaraceas, where there was higher host plant
diversity. On the other hand, | found that meancgetage behavioural events specifically
associated with physical utilisation of rocks festing and perching, was significantly higher
in the rockier areas. The differential responsehm higher number of behaviour events in
rockier areas is therefore an artefact of this comsumable resource as opposed to the
consumable resource (flora) associated with it.edwer, this response was species specific,
where a higher diversity of species was directljisiig rocks in the rockier landscape,
whereas others did not utilise the rocks at alltulm, this suggests a specialist response of

species to rocks in the landscape. This suggeatsttie dispersion pattern for the butterfly
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assemblage observed in rockier areas is likelyassbciated to a plant-rockiness interaction,
but rather that the rockinepger sewas used as a particular resource by a certairpaoemt

of the assemblage (used as a utility resousa)quDennis 2010).

Rocks and resting behaviour

In this study, three Nymphalidae species were pradantly driving the observation of
increased resting behaviour on rocksecis octavia sesamus natalensis Stygionympha
wichgrafi and S. curlei Firstly, this indicates a familial response tstieg on rocks, and
secondly, a further sub-familial response, where tlosely related satyrineS, wichgrafi
andS. curlej showed a close association to using rocks ingtassland. These two satyrines
were responsible for 45 out of 74 rock resting lvehaal events recorded in the high rocky
areas. The question remains why these closelyecklaitterflies would select this particular
substrate to rest upon. Woodhall (2005) observatigatyrines are usually weak fliers, which
is why they settle often. Furthermore, Brakefiefl &Reitsma (1991) showed how another
satyrine genus in AfricaBicyclus avoids visually-hunting predators through restmg
objects with a brown coloured background. Buttesgflcan discern colours, and, they use this
ability to cue a certain behavioural response perg to their life-history strategy (Vaidya
1969). The rocks in this grassland provide a broaioured background (see Fig. 5.3). This
suggests that thesgtygionymphaspecies show a positive cryptic response to raskthey
move across the landscape.

Resting behaviour on rocks is also closely linked butterfly thermoregulation
(Clench 1966; Masterst al 1988). Indeed, butterflies are heliotherms, ailbdselect certain
substrates to aid in their thermoregulatory ne@isfis 2010). Clench (1966) suggested that
butterflies may use rocks for thermoregulation tigto direct body contact, especially so
earlier and later in the day, when the ambient &xatpre is lower than the temperature of the
rocky surface. In contrast, Mastaersal (1988) showed that a Nymphalidae spedimaus
plexippus can also use rocky surfaces for sun-minimizingabeour, i.e. to help prevent the
butterfly form overheating under warm ambient ctinds.P. octavia sesamusnatalensisa
bright orange Nymphalidae species, which also ®etjy rested on rocks, could be showing
a positive sun-minimizing response to rocks atatertimes of the day. Although this was not
explicitly tested here, this explanation for theiwck resting behaviour in summer

temperatures is more likely than them responding¢&s for crypsis.
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Essentially, we know that certain species utiliserebrock for a variety of
thermoregulatory behaviours. The significantly ghesting behavioural events recorded in
higher rocky areas strengthens this assumptiors. i$ta highly specialised behaviour towards

rocks in landscape, and emphasises the significaheecky areas in influencing species

dispersion patterns.

Figure 5.3 A Stygionympha curlendividual resting on a rock
Rocks, territorial behaviour, and mate-locating

Territorial behaviour or ‘site defense’ is known lte associated with specific behavioural
events such as patrolling and perching (Baker 1D&2nis & Shreeve 1988; Rutowski 1991,
Fischer & Fiedler 2001). In addition, butterfliekem behaviourally respond to visual cues in

their territory, such as rocks, stony soils andebgnound, which helps them exercise such
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territorial behaviour activities (Bitzer & Shaw 1®7Knapton 1985; Dailet al 1991). This
can also be a familial response, for example, Tgileal (2010) reported how perching
behaviour in the Nymphalidae, and hence territdsethaviour, was closely associated with
rock faces. Here, | also show how the NymphalidcegseP. octavia sesamus natalensis
and S. wichgrafj positively responded to perching specifically rmcks in areas of higher
rockiness. In additiorR. octavia sesamus natalensishad by far more agonistic behavioural
events towards conspecifics and other butterflyciggein this rockiness category. This
species even chased other flying insect specied) asg dragonflies (CJ Crous, personal
observation). Moreover, males &f. octavia sesamu& natalensisshowed the highest
incidence of courting behaviour. For another nyntiplea Hypolimnas bolina it was
suggested that an optimised strategy to find skeittdmales, was to perch for an extended
time of the day, and then inspect every bypasdyigd butterfly individual (Kemp 2001).
Collectively, this all points to males d?. octavia sesamuf natalensisbeing highly
territorial at rockier sites as a result of seangthor potential female mates.

Figure 5.4 A Precis octavia sesamus
f. natalensisndividual perching on a
rock as a vantage point to attack
another butterfly individual.
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The CCA ordination indicated that landscape lands)asuch as ridges, could be a
confounding factor in this result of higher matedting behaviour at high rocky sites due to
possible hilltopping behaviour. However, here |whbatP. octavia sesamus natalensis
which can be quite common across the landscapspesifically exercising more courting
behaviour in the presence of higher rock expodbady et al (1991) attributed the usage of
certain landmarks in a landscape, such as road=n(apeas devoid of vegetation), to be
optimal vantage points fad@neis chryxugo find passing females. Thus, althoughoctavia
sesamug. natalensisdo aggregate on hilltops, the rocky nature of éhleiitops is of great
importance for males of this species as a vantag# o help exert agonistic and courting
behaviour $¢ensuDennis & Shreeve 1988; see also Lawrence & Samia¢R) (see Fig.
5.4).

An important principle in mate-locating is that teutlies often select sites in a habitat
that ensure optimal flight conditions and therefopimised mate location (Dennis 2010).
The duality of rocks as a utility or non-consumabésource forP. octavia sesamub
natalensisbecomes apparent. Not only do they use rocksraaga points for either attacking
other males or courting with females, but they alse the rocks for ensuring optimal
thermoregulation. This use of a micro-landform datllerefore aid in their flight performance
(Dennis & Sparks 2005), and has an added advaritegidis species pertaining to hours
spent mate-locating and territory defence. This &atas found for dragonflies in South Africa
(McGeoch & Samways 1991).

Modelling invertebrate populations, Scott (197 fared on the significant effect that
mate-locating territorial behaviour can have onl@diog other competitive species in a
habitat. He specifically found that two specieshwitissimilar mate-locating efficiencies
would not be able to occupy the same niche. Furtbex, Pinheiro (1990) found that inter-
specific aggressive interaction between two Papiiae species lead to non-overlapping
territories between the two species. Bearing indrhmat most agonistic behaviour recorded
was at the high rocky sites, specifically by the@esP. octavia sesamus natalensis |
believe that the significantly different assembkdeund between the two extreme rocky
categories (low and high) may bdunction of competitive exclusion.

The ability of Nymphalid species to protect theiritory from intrusion by other male
butterflies is well known (Baker 1972). Kunte (20C&iso showed how the removal of
nymphalines in thénartia genus from the community significantly increaskd butterfly

diversity of the area. He attributed this diversitgrease toAnartia species outcompeting
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other members of the community for nectar, and ugom®xclusion, other butterfly species
could utilise this resource more readily. HelPe,octavia sesamuls natalensiswas mostly
active in the rockier sites, specifically exercgsterritorial behaviour. However, other species
also exerted similar agonistic behaviour at theses,salthough markedly less so. This
suggests that not all species were excluded byetingorial behaviour oP. octavia sesamus

f. natalensisIndeed, where an area has a dominant speciesdiedets territory and another
species alights in the area, the territory resicgeay not see the intruder or is engaged with
courting a female (Baker 1972). The newly settlpdcges then starts defending its ‘new’
territory, but could eventually lose against thendwant resident species and leave the area
(Baker 1972; Davies 1978). This is also known as tesident wins, intruder retreats’
principle, but exceptions do exist (Davies 1978pll€ttively, it seems that the more
aggressive species are associated with rockinessirstudy as they probably have similar
territorial behavioural efficiencies thaR. octavia sesamu§ natalensis whereas other
species which have low site tenacity, and no sfertsive behaviour, are excluded from these
sites through inter-specific agonistic behaviowensu Scott 1977, Rutowski 1991).
Essentially, the specialised territorial adaptatmnP. octavia sesamug natalensisin
utilising rocks as a vantage point for inter-specifgonistic behaviour can therefore be seen

as influencing the dispersion patterns in thisdatlit assemblage across this landscape.

Conclusion

Butterflies exploit finer-scale landscape structdeatures to help execute specific behaviour
traits (Dennis & Sparks 2005). Indeed, the stridtwomponents of a habitat, or non-
consumable resources, are of great importance tterthies in fulfilling critical life-history
strategies (Dennis 2004). In this study, | hypoess that certain butterfly species are
responding to rocks in the landscape as a criticatconsumable resource of their habitat,
and that this response will be evident in theirdwbur towards this physical ecosystem
feature. | have shown that this Afro-montane geasslbutterfly assemblage does indeed
behaviourally respond to rockiness in the landscapth rocks therefore being a crucial
utility resource in this landscape, which will ba @nportant tool for conservation of
butterflies (Denniset al 2006; Dennis 2010). This is also an importandifig pertaining to

understanding butterfly biology (Dennis 2004), lais tesult shows the direct exploitation of
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rocks by certain butterflies. It also emphasises #h butterfly species can be present in a
landscape for more reasons than just feeding. Mereat was clear that this response to
rocks is highly species-specific. This differenti@havioural response of species to rocky
areas can be seen as a major contribution to fpeidiion patterns observed for this butterfly
assemblage across this grassland landscape. Whether factors, such as roosting
underneath rocks, are also influencing speciesepoesunder such rocky conditions, needs
further exploration. Therefore, to conserve a dieearray of butterfly species, we need to
pursue a resource-based conservation strategy ©&010). Consequently, for Afro-
montane grasslands, it is critical to include roekgas in protected areas or in conservancy
designs. In fact, rocky areas are an important fileesoin this grassland type (Chapter 2).
However, it is clear from the assemblage differentieat the less rocky matrix must also be

included. Thus, for butterflies, we need to consexvocky gradient within a landscape.
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Chapter 6
General Conclusion

The Mesofilter Concept and Biodiversity Conservatia in an Afro-montane Grassland

Landscape

Increased emphasis is being placed on understandengleterminants of observed spatial
heterogeneity in species richness and composiigrhis will greatly optimize conservation
planning for both biodiversity maintenance and nmoget of species under changing climate
(Gaston 2000). Indeed, maintaining biodiversityessential for promoting sustainability of
ecosystems into the future (Tilmaet al 2006). Following on from this outlook, the
mesofilter is a concept that can help explain spatterogeneity of species in the landscape
(Hunter 2005). Moreover, it is a valuable additasan operational scale in the contemporary
biodiversity and conservation planning toolbox (dtdhet al 2006; Samways & Bohm
2012).

Mountainous areas in South Africa are often arédsgh endemism, but also highly
threatened, which is why conservation researchinviffiese areas is a priority (Claek al
2011). Here, | set out to explore possible mesuéltfor a highly threatened Afro-montane
grassland landscape in KwaZulu-Natal, South Afrigs,part of the conservation planning
(design and management) associated with such lapesc Specifically, |1 explored the
influence of percentage rock exposure across tiestape as a potential indicator of species
richness and species assemblage variability, usimgilti-taxon and multi-trophic approach.
As this is a montane landscape, | also used etevats a proxy for microclimatic events
(Hodkinson 2005). The study had two basic partsif Iockiness contributes to species
community structure (the existence of a mesofiltéhen 2) exactlywhy rockiness is
potentially such a good indicator of species ridsnand communities, by exploring the

functional or behavioural response of the seletagd to rockiness in the landscape.

Rockiness and species community structure

In Chapter 2 | showed the influence of a physical ecosysteemeht, rockiness, on the
species richness and assemblage structure of kiesegrassland taxa: flora, butterflies and

grasshoppers. This finding, where an abiotic s@t®gs representative of three key taxa in an
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ecosystem, is interesting, as cross-taxon surrogasybeen shown to be generally stronger
than surrogates based on environmental data (Rexrigk Brooks 2007). From a
philosophical point of view, | therefore supporetidea that environmental surrogates are
indeed useful for biodiversity conservation plamyias they can successfully predict areas of
conservation concern (Sarketral. 2005), at least across this studied ecosystenhdimore,
the concept of the mesofilter as a practical biediity conservation tool is validated here, as
1) the rockiness mesofilter adds considerably to owrrent understanding of species
distribution pertaining to certain landscape eletsiest a small spatial scale, and 2) the
rockiness mesofilter is readily quantifiable andye#& map, which would ease land-use
decision making in similar areas where species rntorees are currently lacking, and
development is taking place rapidly. The mesofiltess studied here, is therefore
complementary to fine-filter approaches as it engasses easily quantifiable variables which
are associated with a variety of species. It almmplements coarse-filter approaches, as it
enables us to establish which broad areas areotdqgtion priority in and among areas set out
for potential development. Consequently, | argus the mesofilter operational scale can be
used effectively alongside currently implementedisssvation planning operational scales
such as fine- and coarse-filter approaches (H#@@5; Schulteet al 2006).

Responses of studied taxa to the rocky mesofiltéra landscape

From Chapter 2 a key question still remains: why would florattedflies and grasshoppers
respond to rockiness in the landscape? As brieftliired in Chapter 1 rocks are sedentary
and durable ecosystem elements, and we can redg@asabme that species could be adapted
to such elements and conditions associated witi.tiowever, there is little information on
whythis should be so.

For flora Chapter 3, this response to rockiness was explained agvist|
» Species within certaiplant growth formsuch as geophytes and perennial grasses had
higher association with rockiness and were theeetble main contributors to the
observed differences in spatial dispersion of gseGchness.
* Rockiness creates higher habitat heterogeneity hwiheads to localised species
specialisation through possible confounding facteteh as fire and predation
(ecological processes).
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Details fromChapter 3suggest that when there is an abiotic feature asatockiness in the
landscape, it leads to spatial heterogeneity ofamemplant functional types, and, from a
practical conservation perspective, aids in hidttligg plant biodiversity hotspots within

these montane grasslands.

For grasshopper€hapter 4, the response to rockiness was explained asaisilo

e Grasshoppers are not necessarily responding t@higlck exposureer se but more
towards the environmental conditions created bkinass within the ecosystem.

* In essence, grasshoppers responded to the plamnhwoity structure (vegetation
density) and the higher species richness of cegiawth forms, especially geophytes
and perennial grasses, which are in turn assocratbchigher rockiness.

The grasshopper dispersion patterns observed snAfio-montane grassland landscape is
thus a function of specialist species which arergjty associated with specific microsite

conditions, which in this case, are related todbwelates of the rocky mesofilter.

For butterflies Chapter 3, the response to rockiness was explained asisilo

« Certain behavioural traits are more typical in areé higher rock exposure, which
suggests that rocks are definite visual cues t@aicebutterflies.

* The physical exploitation of rocks by certain brfties was distinctive, which
emphasise that this response to rocks is highlgispepecific.

e Specifically, behaviour associated with thermorajah, mate-locating, and/or
territorial behaviour were the main influences peges being more active in rockier
areas.

Consequently, for Afro-montane grasslands the gtraccomponent of this habitat is of great
importance to butterflies in fulfilling some of iheritical life-history strategies, and therefore
helps explain their dispersion patterns.

Thesis Synthesis and Application

Collectively, optimized decision-making tools arequired that relate to protected area,
conservancy, or land-sparing design and managef8ariaret al 2006). Here | propose that

the rocky mesofilter is an important complementapproach to conservation decision-

104



making in montane grassland ecosystems. Howeverpbthe most critical messages in this
thesis, is that although it is important to conselivese rocky areas, as they form an inherent
part of the ecology of many taxa, we must alsoudel the lesser rocky areas. This is
especially true for butterflies, where the constovaof the entire rocky gradient would
conserve most species. In addition, it was cleat #hevation in this montane landscape is
also an important mesofilter for flora and grasgierp. Overall these findings suggest that the
concept of habitat heterogeneity in biodiversitynservation planning is important.
Agricultural intensification is seen as a majorvdri of spatial heterogeneity loss in
ecosystems, with reduced biodiversity for many targuiring the promotion of initiatives
which strive to restore habitat heterogeneity atired areas in agricultural landscapes so as to
promote biodiversity conservation (Bentehal 2003). My study was on remnant patches of
critically endangered grassland in an afforestetriryahe threatened status of which is in
part due to timber production. However, as brieflglined inChapter 1 there is good reason
to reduce the impact of timber production in masiaa through the design and management
of ecological networks (Samwayt al 2010a). My findings for this grassland ecosystem,
where good patch quality for many key taxa is gjtprassociated with rockiness and
elevation, supports the argument of Bengbral (2003) to promote habitat heterogeneity in
the agricultural landscape, which in this instangeuld involve optimised design of
ecological networks through information obtainednir the mesofilter concept (see also
Samway<=t al. 2010b). Figure 6.1 is a depiction of a possildsigh strategy of an ecological
network in this Afro-montane landscape accordinmasofilters studied here.

Essentially, rockiness is an important departuri@tgioom where we can delineate a
design or management recommendation for Afro-mantgasslands. In this light, we strive
towards a more complete biodiversity conservataoibox for an ecosystens€nsuSchulte
et al 2006). As mentioned i€hapter 2 any ecosystem can be thought of as having many
attributes or features that would be of conservaiinberest, and mesofilters are only a way of
expressing a particular attribute to be used inllféd conservation evaluation (Usher 1986). |
accept that many other mesofilters might also arishis landscape, the riparian areas being
another important one in this instance (Hunter 20¥e Fig. 6.1). Also, many other taxa
which also occur in these montane areas, which wetestudied here, may not even be
associated with rockiness at all. However, foreast the three studied taxa here, we can

safely add another tool in the conservation toolbithis Afro-montane grassland ecosystem.
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In addition, this rockiness mesofilter also indthecindicates the potential for
restoration of such montane grassland landscapeas agricultural system, as is the case with
engineering complex habitat structures in restonainitiatives (Ewing 2002; Hough-Sneé
al. 2011). Lastly, as rockiness in a landscape isngegral structural component of many
ecosystems worldwide, this measurable interactietwéen rockiness and certain taxa,
especially since the studied taxa here showed etifural response to rockiness, is likely to

have similar value as a mesofilter in such othesgstems.

Rockiness Gradient

Figure 6.1 A simplified ecological network design for the died Afro-montane grasslands,

within a forestry matrix, according to the rockiseand elevation mesofilters, and another

mesofilter, such as the riparian zone
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Appendix A

Global positioning co-ordinates and topographyashgled sites at Weza,

KwaZulu-Natal, South Africa

Site Latitude Longitude Elevation Aspect
1 30°34.453 S 029°38.887 E 1431 m a.s.l. South
2 30°34.537 S 029°39.067 E 1420 m a.s.l. South
3 30°34.488 S 029°39.182 E 1423 m a.s.l. North
4 30°34.569 S 029°39.867 E 1351 m a.s.l. South
5 30°34.521 S 029°39.101 E 1422 m a.s.l. Ridge
6 30°33.942 S 029°41.293 E 1134 m a.s.l. North
7 30°34.316 S 029°41.596 E 1123 m a.s.l. Ridge
8 30°32.917 S 029°44.869 E 1049 m a.s.l. South
9 30°35.314 S 029°40.030 E 1290 m a.s.l. Ridge
10 30°35.343 S 029°40.301 E 1173 m a.s.l. North
11 30°35.433 S 029°40.467 E 1135 m a.s.l. South
12 30°34.945 S 029°40.579 E 1257 m a.s.l. Ridge
13 30°35.089 S 029°41.342 E 1214 m a.s.l. South
14 30°34.855 S 029°44.746 E 1102 m a.s.l. Ridge
15 30°35.996 S 029°39.895 E 1300 m a.s.l. North
16 30°35.511 S 029°41.547 E 1072 m a.s.l. North
17 30°37.039 S 029°38.037 E 1610 m a.s.l. North
18 30°37.313 S 029°37.313 E 1595 m a.s.l. Ridge
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Appendix B

Species accumulation curves for sampled taxa
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Appendix C

Species list of recorded flora in this study, cdegbiby family and scientific

names

Family

Scientific Name

ACANTHACEAE

ADIANTACEAE

AGAPANTHACEAE
AMARYLLIDACEAE
ANACARDIACEAE

APIACEAE

APOCYNACEAE

ASPARAGACEAE
ASPHODELACEAE

ASTERACEAE

Crabbea sp. 1

Barleria monticola
Thunbergia atriplicifolia
Cheilanthes eckloniana
Cheilanthes quadripinnata
Pellaea calomelanos
Agapanthus campulatus
Brunsvigia grandiflora
Rhus sp. 1

Rhus dentata

Rhus montana

Rhus pondoensis
Alepidea natalensis
Alepidea peduncularis
Apiaceae sp. 1
Apiaceae sp. 2
Centella glabrata
Centella sp. 1
Apiaceae sp. 3
Asclepiacea sp. 1
Asclepias sp. 1
Asclepias sp. 2
Asclepias vicaria
Brachystelma sp. 1
Pachycarpus appendiculatus
Pachycarpus sp. 1
Schizoglossum bidens
Asparagus sp. 1

Aloe kraussii

Aloe maculata

Bulbine abyssinica
Kniphofia parviflora
Kniphofia sp. 1

Aster bakerianus
Athrixia phylicoides
Athrixia sp. 1

Berkheya erysithales
Berkheya rhapontica
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Berkheya setifera
Berkheya speciosa
Brachylaena elliptica
Cotula hispida

Denekia capensis
Euryops sp. 1

Gebera sp. 1

Gerbera ambigua
Gerbera piloselloides
Helichrysum acutatum
Helichrysum acutatum
Helichrysum acutatum
Helichrysum alliodes
Helichrysum appendiculatum
Helichrysum auriceps
Helichrysum coriaceum
Helichrysum dasymallum
Helichrysum ecklonis
Helichrysum herbaceum
Helichrysum krebsianum
Helichrysum nudifolium
Helichrysum pilosellum
Helichrysum ruderale
Helichrysum rugulosum
Helichrysum sp. 1
Helichrysum sutherlandii
Helichrysum tenax var. Tenax
Hypochaeris radicata
Osteospermum herbaceum
Osteospermum sp. 1
Othonna natalensis
Senecio sp. 1

Senecio bupleuroides
Senecio coronatus
Senecio decurrens
Senecio erubescens
Senecio glanduloso-pilosus
Senecio inornatus
Senecio othonniflorus
Senecio oxyriifolius
Senecio scitus

Senecio sp. 2

Senecio venosus

Tolpis capensis
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CAMPANULACEAE

CARYOPHYLLACEAE
COMMELINACEAE

CONVOLVULACEAE
CRASSULACEAE

CYPERACEAE

DENNSTAEDTIACEAE
DIPSACACEAE
DROSERACEAE
ERIOSPERMACEAE

EUPHORBIACEAE

FABACEAE

Vernonia capensis
Vernonia galpinii
Vernonia hirsuta
Vernonia natalensis
Vernonia sutherlandii
Vernonia thodei
Craterocapsa tarsodes
Wahlenbergia huttonii
Wabhlenbergia sp. 1
Wabhlenbergia sp. 1
Dianthus sp. 1

Silene burchellii
Commelina africana
I[pomoea crassipes
Crassula natalensis
Crassula setulosa
Crassula vaginata

Carex zuluensis

Cyperus dives

Cyperus obtusiflorus
Cyperus semitrifidus
Cyperus sp. 1

Cyperus sphaerocephalus
Ficinia cinnamomea
Scirpus ficinioides
Pteridium aquilinum
Scabiosa columbaria
Drosera natalensis
Eriospermum mackenii
Eriospermum ornithogaloides
Acalypha peduncularis
Acalypha punctata

Clutia cordata

Euphorbia franksiae
Phyllanthus parvulus
Argyrolobium sericosemium
Argyrolobium stipulaceum
Argyrolobium tuberosum
Aspalathus chortophila
Aspalathus spinosa
Chamaecrista mimosoides
Crotalaria dura

Crotalaria dura

Crotalaria globifera
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GENTIANACEAE

GERANIACEAE

GESNERIACEAE
HYACINTHACEAE

HYPOXIDACEAE

IRIDACEAE

Eriosema kraussianum
Eriosema squarrosum

Hoffmannseggia sandersonii

Indigofera hedyantha
Indigofera hilaris
Indigofera sp. 1
Indigofera suffruticosa
Indigofera tristis
Lotononis corymbosa
Lotononis pulchra
Lotononis sp. 1
Psoralea abbottii
Rhynchosia sordida
Rhynchosia sp. 1
Rhynchosia sp. 2
Rhynchosia villosa
Tephrosia macropoda
Tephrosia sp. 1
Tephrosia sp. 2
Vigna unguiculata
Zornia capensis
Chironia krebsii
Sebaea natalensis
Monsonia grandifolia
Pelargonium bowkeri
Streptocarpus sp. 1
Albuca fastigiata
Eucomis autumnalis
Galtonia sp. 1
Ledebouria ovatifolia

Ornithogalum graminifolium

Scilla dracomontana
Scilla krausii

Scilla natalensis
Scilla nervosa
Hypoxis sp.1
Hypoxis acuminata
Hypoxis argentea
Hypoxis costata
Hypoxis hemerocallidea
Hypoxis rigidula
Hypoxis sp. 2
Rhodohypoxis baurii
Aristea abyssinica
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LAMIACEAE

LINACEAE
LOBELIACEAE

MALVACEAE
OPHIOGLOSSACEAE
ORCHIDACEAE

OXALIDACEAE

POACEAE

Dierama igneum
Dierama latifolium
Dierama luteoalbidum
Gladiolus dalenii
Gladiolus longicollis
Hesperantha baurii
Hesperantha lactea
Moraea brevistyla
Moraea inclinata
Moraea sp. 1

Moraea spathulata
Watsonia gladioloides
Watsonia lepida
Watsonia densiflora
Leonotis intermedia
Plectranthus colycina
Stachys natalensis
Stachys nigricans
Linum thunbergii
Lobelia flaccida

Lobelia flaccida subsp. Mossiana

Hibiscus aethiopicus
Mobhria vestita
Corycium nigrescens
Disa stachyoides
Disperis renibractea
Eulophia clavicornis
Eulophia foliosa
Eulophia ovalis
Eulophia sp. 1
Eulophia tenella
Eulophia zeyheriana
Habenaria ciliosa
Habenaria clavata
Satyrium cristatum
Satyrium hallackii
Satyrium longicauda
Satyrium sphaerocarpum
Oxalis depressa
Oxalis obliquifolia
Oxalis smithiana
Oxalis semiloba
Alloteropsis semialata
Andropogon schirensis
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POLYGALACEAE

PROTEACEAE

ROSACEAE

Aristida congesta subsp. barbicollis
Aristida transvaalensis
Bothriochloa insculpta
Brachiaria deflexa
Brachiaria serrata
Cenchrus ciliaris
Cymbopogon excavatus
Cymbopogon validus
Digitaria eriantha
Echinochloa pyramidalis
Ellonurus muticus
Eragrostis capensis
Eragrostis curvula
Eragrostis lamaniana
Eragrostis racemosa
Harpochloa falx
Helictotrichon natalense
Heteropogon contortus
Hyparrhenia hirta
Hyparrhenia cymbaria
Loudetia simplex
Melinis nerviglumis
Melinis repens
Microchloa caffra
Panicum ecklonii
Panicum natalense
Panicum schinzii
Paspalum dilatatum
Paspalum notatum
Pentaschistis natalensis
Rendlia altera

Setaria nigrirostris
Sorghum bicolor
Sporobolus fimbriatus
Themeda triandra
Trachypogon spicatus
Tricholaena monachne
Muraltia lancifolia
Polygala confusa
Polygala hottentotta
Polygala rehmannii
Protea dracomontana
Protea welwitschii
Rubus ludwigii
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RUBIACEAE

SANTALACEAE
SCROPHULARIACEAE

THYMELAEACEAE

VERBENACEAE

Anthospermum herbaceum
Pentanisia prunelloides
Thesium pallidum
Buchnera simplex
Buchnera sp. 1

Cycnium racemosum
Jamesbrittenia breviflora
Sopubia cana

Striga bilabiata

Gnidia baurii

Gnidia kraussiana
Gnidia sp. 1

Verbena sp. 1
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Appendix D

Geophyte presence-absence species list across thod@ess categories.

Shaded blocks indicate presence of a species vathategory. Indicated in bold

are the geophyte species which did not occur in<8® rockiness category.
Nomenclature follows Pooley (20H2005).

Rockiness Category (%)

<8 <8 <8 <8

8-16

8-16 8-16

8-16

8-16

>16 >16 >16 6>1

Agapanthus campulatus
Albuca fastigiata
Brunsvigia grandiflora
Bulbine abyssinica
Cheilanthes eckloniana
Cheilanthes quadripinnata
Corycium nigrescens
Dierama igneum
Dierama latifolium
Dierama luteoalbidum
Eriospermum mackenii
Eriospermum ornithogal oides
Eucomis autumnalis
Eulophia clavicornis
Eulophia foliosa
Eulophia ovalis
Eulophia tenella
Eulophia zeyheriana
Gladiolus dalenii
Gladiolus longicollis
Habenaria ciliosa
Habenaria clavata
Hesperantha baurii
Hesperantha lactea
Hypoxis acuminata
Hypoxis argentea
Hypoxis costata
Hypoxis hemerocallidea
Hypoxis rigidula
Ledebouria ovatifolia
Mohria vestita

! Pooley, E. (2003) Mountain flowers: a field guidethe flora of the Drakensberg and Lesotho. TheaFlo
Publications Trust, Durban, South Africa
2 Pooley, E. (2005) A field guide to wildflowers: Ksulu-Natal and the eastern region. The Flora Paiiins
Trust, Durban, South Africa
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Satyrium cristatum

Satyrium hallackii -
Satyrium longicauda
Satyrium sphaerocarpum -

Scilla dracomontana
Scilla krausii

Scilla natalensis -
Scilla nervosa -

Watsonia densiflora
Watsonia gladiol oides

Ornithogalum graminifolium _
Oxalis depressa -
Oxalis obliquifolia
Oxalis semiloba
Oxalis smithiana -
Pelargonium bowkeri
Pelargonium luridum -
Pellaea calomelanos - -
Rhodohypoxis baurii
]
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Appendix E

Perennial grass presence-absence species lissatme® rockiness categories. Shaded blocks

indicate presence of a species within a categapynéhclature follows van Oudtshoorn (2009)

Rockiness Category (%)
<8 <8 <8 <8 | 816 8-16 8-16 8-16 8-16 >16 >16 >1816

Alloteropsis semialata
Andropogon schirensis
Bothriochloa insculpta
Brachiaria serrata
Cenchrus ciliaris
Cymbopogon excavatus
Cymbopogon validus
Cyperus dives

Cyperus obtusiflorus
Cyperus semitrifidus
Cyperus sphaerocephalus
Digitaria eriantha
Echinochloa pyramidalis
Elionurus muticus
Eragrostis capensis
Eragrostis curvula
Eragrostislehmanniana
Eragrostis racemosa
Ficinia cinnamomea
Harpochloa falx
Helictotrichon natalense
Heteropogon contortus
Hyparrhenia cymbaria
Hyparrhenia hirta
Loudetia simplex
Mélinis nerviglumis
Microchloa caffra
Panicum ecklonii
Panicum natalense
Paspalum dilatatum
Paspalum notatum
Rendlia altera

Scirpus ficinioides
Setaria nigrirostris
Sporobolus fimbriatus
Themeda triandra
Tricholaena monachne

% Van Oudtshoorn, F. (2009) Guide to grasses ohswntAfrica. Briza Publications, Pretoria, Southiéd
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Appendix F

Butterfly species list and abbreviations used fANOCO analysis

Species Name Abbreviation
Acrea horta Acho
Acrea neobule neobule Acnn
Acrea violarum Acvi
Actizera lucida Aclu
Aeropetes tulbaghia Aetu
Alaena amazoula amazoula Alaa
Aloeides aranda Alar
Aloeides oreas Alor
Belenois aurota aurota Beaa
Belenois creona severina Becs
Belenois zochalia zochalia Bezz
Byblia ilithyia Byil
Cassionympha cassius Caca
Catacroptera cloanthe cloanthe Cacc
Catopsilia florella Cafl
Cupidopsis cissus cissus Cucc
Cupidopsis jobates jobates Cujj
Danaus chrysippus aegyptius Daca
Dixeia charina charina Dicc
Eretis umbra umbra Eruu
Eurema brigitta brigitta Eubb
Eurema hecabe solifera Euhs
Eurytela hiarbas angustata Euha
Gegenes niso niso Genn
Hyalites esebria esebria Hyee
Junonia hierta cebrene Juhc
Junonia orithya madagascariensis Juom
Kedestes chaca Kech
Lampides boeticus Labo
Leptomyrina gorgias gorgias Legg
Leptotes pirithous pirithous Lepp
Metisella metis Meme
Papilio demodocus demodocus Padd
Papilio nireus lyaeus Panl
Paralethe dendrophilus Pade
Pardopsis punctatissima Papu
Precis archesia archesia Praa
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Precis octavia sesamtisnatalensis Pron

Precis octavia sesamiissesamus Pros
Pseudonympha poetula Pspo
Sevenia natalensis Sena
Spialia diomus ferax Spdf
Stygionympha curlei Stcu
Thestor basutus Thba
Tsitana tsita Tsts
Unknown spp Unkn
Vanessa cardui Vaca

* | kept the twcPrecisforms separate, as they show considerable morgiwaladifferences in both colour and
pattern, and according to my observations in télel fiare also reproductively separate. Howeves,itiade no
difference to the key findings of this study.

122



