THE INFLUENCE OF ABIOTIC PROCESSES,
COMPETITION AND PREDATION ON THE COMMUNITY
STRUCTURE OF RODENTS AND SHREWS

by

GWENAELLE DELCROS

Submitted in fulfilment of the academic requirenseiar the degree of

Doctor of Philosophy

in the
School of Life Sciences,
University of KwaZulu-Natal
Durban
South Africa

August 2012

As the candidate’s supervisor | have/have not amatthis thesis for submission.

Signed: Name: Date:

As the candidate’s supervisor | have/have not amatthis thesis for submission.

Signed: ‘Q/g&/\ Name: Date:



ABSTRACT

Predation and abiotic processes rather than cotigpeshould influence the community structure
of rodents and shrews with life histories charas¢el by high fecundity, short longevity and
unstable populations. | investigated the influeatabiotic processes, predation and competition
on three parameters of community structure (spemesposition, phenotypic and phylogenetic
niches) of rodents and shrews at Mkhuze and Kulm¢ ¥wo game reserves in KwaZulu-Natal,
South Africa, using null models and multivariatealyses. Rodents and shrews were sampled
between 2007 and 2009. Sample-based rarefactiamesumdicated that rodent species richness
was higher at Mkhuze than at Kube Yini, while shrepecies richness was identical at both
reserves. Species richness estimators indicatedeftamates of species richness were fairly

accurate, hence strengthening the results fromutiynodel analyses.

| found evidence that immigration and extinctiorergiing at a regional scale influenced rodent
species composition. Moreover, habitat filteringeigting at a local scale influenced rodent and
shrew species composition. These processes procuestdd assemblages: species present at
species-poor sites were subsets of species presespecies-rich sites. Habitat filtering also
influenced the phenotypic niche of rodents and webresympatric species showed similar
phenotypic adaptations (phenotypic niches were ndigfgersed), probably in response to similar
food requirements. Furthermore, shrew phenotypitstshowed a convergent evolution, and local
assemblages comprised distantly related specigtofpnetic evenness), suggesting the influence

of habitat filtering on the phylogenetic niche sture of shrews.

Predation influenced shrew phenotypes. Bullae aard #vere underdispersed and larger than
expected by chance, probably to reduce predatsinthirough increased hearing sensitivity. In

contrast, | found no evidence that predation infbezl the rodent phenotypic niche.

Competition influenced the phenotypic niches oferdd and shrews in species-rich assemblages
(phenotypic niches were overdispersed). In thesenalslages, the coexistence of species was
facilitated by dietary and microhabitat partitiogirCompetition also influenced the phylogenetic
niche of rodents: phenotypic traits showed a caymer evolution, and local assemblages

comprised closely related species (phylogenetisteiing).

In conclusion, both abiotic and biotic processdlsiamced different parameters of the community
structure of rodents and shrews. However, despitelas life-history traits, the community
structure of local assemblages differed betweermnmtsdand shrews. Comparing patterns and
processes of community structure across taxa wbelg find general trends of community

organisation.
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CHAPTER 1

COMMUNITY ECOLOGY OF RODENTS AND SHREWS

1. PATTERNS AND PROCESSES IN COMMUNITY ECOLOGY

1.1 Species assemblages result from multiple abiotiand biotic processes operating at

different spatio-temporal scales

Understanding the mechanisms involved in the ctaxte of species is still one of the main
challenges for community ecologists (Diamond 193&png et al. 1984, Weiher and Keddy
1999). However, in the face of global biodiverdags (Millennium Ecosystem Assessment 2005),
untangling the processes involved in community m&deis of crucial importance (Ricklefs 1987,
Gaston 2000). The difficulty of this task lies metcomplexity of interactions between species and
abiotic and biotic processes spanning across niltgmporal and spatial scales (Cornell and
Lawton 1992, Gaston and Blackburn 2000, Lawton 129®0). Abiotic processes represent the
interactions between species and non-living chdmaad physical components of the
environment, such as temperature, rainfall and coélracteristics (Begost al. 2005). Biotic
processes represent the interactions among spraibsas competition, predation, mutualism and
parasitism, and operate at a local scale (Befy@h 2005). Because abiotic and biotic processes
not only operate over multiple spatio-temporal esabut also overlap with each other, it can be
difficult to tease apart the influence of thesecpsses on local assemblages. One way to tackle
this issue is taking a macroecological approachcrbicology (Brown 1995, Gaston and
Blackburn 2000) considers the establishment ofl lasaemblages as a multi-layered process and
focuses on the patterns of community structureekae rather than on single species properties.
Thus, a macroecological approach compares parasradéning the community structure of local
assemblages, such as species composition or boely aross different spatio-temporal scales,
integrating biogeographic, evolutionary and ecalagjicomponents (Brown 1995, Gaston and
Blackburn 2000). Hence, general rules about comipuassembly can emerge, such as the

positive relationship between the geographic rasige of a species and the size of its populations



at a local scale (Blackbumet al. 1997, Caley and Schluter 1997, Gastba. 1997, Blackburn and
Gaston 2001).

Within a macroecological framework, the establishimef species in local assemblages
(sensu Fautkt al. 1996) is first dependent on biogeographic proceseeh as species geographic
distribution, dispersal abilities, speciation ardional extinctions operating at broad spatialexcal
and over long temporal scales. Species originata i regional pool and will colonise new areas
if they are vagile enough. For example, species)feomainland coastal area can disperse to an
oceanic island if they possess the ability to ctbesoceanic barrier. With time, colonisation of th
island by new species, emigration and extinctiosashe species, and speciation will influence the
distribution and abundance of species (MacArthur\Afison 1967).

At an intermediate spatial scale (Holt 1993, Goureiral. 2008, Matthewst al. 2009),
habitat type, size, shape and connectivity (Maofrtand Wilson 1967, Hanski 1998), and
ecological processes such as geology, size ancteliof the region (Huston 1999) operate. For
example, if the climate of the region is changindnabitats are shrinking, species lacking suitable

dispersal abilities and physiological adaptatiomshve filtered out.

Finally, abiotic and biotic processes operating aatiocal scale further influence the
composition and abundance of species assemblageexBmple, species will be eliminated if
they cannot tolerate the local chemical and physioaditions or adapt to resource availability
and variability (Schluter and Ricklefs 1993). Aethame time, species must survive interactions
with other species such as interspecific competitiredation and parasitism to persist in local

assemblages (Schluter and Ricklefs 1993).

Since the early work of Darwin on the GalapagoxHes (Darwin 1859), interspecific
competition theory has been one of the most citetickdrivers of community assembly (Connor
and Simberloff 1979, Connell 1980, Roughgarden 1$98neet al. 1996). Gause's competitive
exclusion principle asserts that when resourcediraied, two species with the same ecological
requirements, i.e. with the same niche, cannotlsimeously coexist (Gause 1932). The niche of a
species is the position along a set of dimensiank as habitat, food and time (Schoener 1974) to
which it must be adapted to survive (Hutchinson7193utchinson and MacArthur 1959). This
limit to the similarity of ecological niches shoulehd to resource partitioning among coexisting
species (Brown and Wilson 1956, Hutchinson 1957ichason and MacArthur 1959, Abrams
1983, Wilsonet al. 1987), an idea that has been supported by matfeahatodels (Lotka 1925,
Volterra 1926, MacArthur and Levins 1967, May 197y the early 1980’s, competition theory
had been challenged because of the difficulty ohalestrating that divergence among species

resource use has actually occurred, and that cdropeis responsible (Connor and Simberloff



1979, Connell 1980, Roughgarden 1983, Stetra. 1996). In addition, other abiotic and biotic
processes may be more important for community dslyetinan competition (Gotelli and Graves
1996). For example, predation is often a strongeured of community structure of animals at

lower trophic levels, such as herbivores and smalhmals, than competition (Schoener 1974).

To assess the relative influence of abiotic andidiprocesses on local assemblages,
appropriate empirical tools should be used. Thesdstshould be able to detect non-random
patterns of community structure and distinguishweeh the processes that may have produced

them.

1.2 Investigating patterns and processes of communistructure using null models

Three empirical tools traditionally used in commnynéecology are laboratory, field and
natural experiments (Diamond 1986). In laboratompesiments, variables are rigorously
controlled to test specific hypotheses. Althougholatory experiments have yielded important
insights in ecology, for instance on population vgto models (Gause 1932), they lack the
complexity of natural systems. By contrast, fiekperiments allow the investigators to manipulate
variables in the field and directly measure thdfeas. However, time and logistic constraints
often limit the replication and spatial extent mfld experiments and thus prevent generalisations
(Gotelli and Graves 1996). In natural experimenb® investigators do not manipulate any
variables but compare patterns observed in diffeassemblages to make inferences about the
processes that have produced them. However, naxmdriments cannot distinguish between
confounding processes, nor determine what pattemnde expected in the absence of interactions

between species and abiotic or biotic processetelizand Graves 1996).

Null models can address this last issue by comgadbserved patterns with patterns
expected in the absence of a particular ecologicatess (Gotelli and Graves 1996). The null
hypothesis is that patterns of community structare random with respect to the process of
interest. Expected patterns are produced by rarsliognihe columns and/or rows of data matrices
or by randomly sampling from known or imagined cegil source pools (Figure 1.1). Significant
deviation between observed patterns and expected omlicate that the process of interest
influences community structure (Figure 1.1). Nulbdels are superior to natural experiments
because they incorporate stochastic effects and &tir the possibility of no effect of the process
under investigation (e.g. competition) on the addage (Gotelli and Graves 1996). Thus, null

models are particularly valuable tools for tesfimgdictions about community assembly.
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Figure 1.1. Null modelling procedures. The observedoattern of each parameter of
community structure (e.g. species composition, phetypic niche and phylogenetic niche) is
quantified by an observed index and compared with He pattern expected by chance,
guantified by an expected index. The expected patte is obtained either by randomising
rows and/or columns of the original data matrix orby random sampling from a known or
imagined source pool. If the observed pattern deviad from more than 95% of the expected
patterns, the observed pattern is assumed to be neandom and deterministic in relation to

the process under investigation.



The choice of taxa is critical to test predicti@mut community assembly because processes
and patterns of organisation depend on taxa pliepeffor example, species that perceive their
environment as unstable (e.g. insects) should fageimced by abiotic processes rather than biotic
ones; conversely, species that perceive their enwient as stable (e.g. large mammals) should be
influenced by biotic processes rather than abioties (MacArthur and Wilson 1967, Stearns
1992).

2. RODENT AND SHREW COMMUNITY STRUCTURE

Rodents and shrews are ideal models for studyirtenpa and processes of community
structure. Firstly, because of their high taxonomnd ecological diversity (Churchfield 1990,
Wolff and Sherman 2007), interactions with biotiedaabiotic processes are diverse, offering
different perspectives to test predictions abouhmainity assembly. Secondly, because of their
worldwide distribution (Wilson and Reeder 1993)mp@risons across regions can be made to
determine whether different rodent and shrew askageb follow the same rules of organisation
(Kelt et al. 1996, Gaston and Blackburn 2000, Abu Baker anteRain 2011). Finally, because
rodents and shrews live life in the fast lane (Bgr& Harder 2004, Wolff and Sherman 2007),
investigating patterns and processes of rodentsanelv community ecology may give valuable

insights into the community assembly of fast repigialg, short-lived, small animals.

2.1 The biology of rodents and shrews

2.1.1 History and distribution

The Rodentia is the largest order of mammals imgeof abundance and distribution and
comprises 44% of all mammalsa. 2277 species (Wilson and Reeder 2005, Wolff anerri8an
2007). Five families (Muridae, Sciuridae, Echimydadieteromyidae and Dipodidae) represent
most of the rodent richness, of which the Muridegresents 66% of all taxa (Wilson and Reeder
2005). Rodents (from the family Paramyidae) firppeared in the fossil record during the
Paleocene, 55 to 60 mya (Vianey-Liaud 1985, Hadegdr 1998). Most extant families were well
established by the late Eocene, early Oligocenan®j-Liaud 1985, Jaeger 1988). Rodents
inhabit all continents except Antarctica. They adoua wide range of habitats including terrestrial

(e.g. most Muridae), subterranean (e.g. Bathyeegjdaboreal (e.g. most Sciuridae) and aquatic



(e.g. Castoridae) (Wolff and Sherman 2007). Rodaréggranivorous, herbivorous or omnivorous
(Wolff and Sherman 2007) with dentition highly sjadised for gnawing (Wolff and Sherman
2007).

Shrews are from the order Eulipotyphla, the subo&twicomorpha and the single family
Soricidae (Wilson and Reeder 2005). The earliestifoecords are known from the Eocene, 56 to
34 mya (Harris 1998). Shrews are represented broajppately 385 species (Wilson and Reeder
2005). They inhabit most continents but are ab&emh Australia, New Zealand, Antarctica,
Greenland, Iceland, the Arctic islands, the Wedlids and some of the Pacific islands
(Churchfield 1990). Shrews occupy different temiast(e.g. Crocidura sp., Myosorex sp.),
arboreal (e.gEpisoriculus sp.) and aquatic (e.gorex palustris, Neomys sp.) habitats (Churchfield
1990). They are predatory animals that feed onlsmadrtebrates (Churchfield 1990).

Rodent and shrew diversity is high in southern dsri(includes Namibia, Botswana,
Zimbabwe, Mozambique, South Africa, Swaziland arddtho). Eighty five rodent species from
36 genera and 7 families have been recorded imeouiAfrica (Bronneget al. 2003). According
to the IUCN Red List Categories and Criteria (IUC0IL1), one speciedfystromys albicaudatus)
is classed as Endangered and three spedfies fieavei, Thallomys shortridgei, Aethomys

silindensis) as Data Deficient.

Seventeen shrew species from 4 genera and 1 féwaidy been recorded in southern Africa
(Bronner et al. 2003), amongst which one species is classed asenallle Kyosorex
longicaudatus), one species as Near ThreatenklyoSorex sclateri), and one species as Data
Deficient Myosorex tenuis) by the IUCN Red List Categories and Criteria (W2011).

2.1.2 Lifein the fast lane

Body size influences the life-history traits of@esies (Western and Ssemakula 1982, Millar
and Hickling 1991, Cardillet al. 2005). Body size limits the amount of energy agaoism can
acquire and physiologically process, which in tlimits the amount of energy that can be
allocated to different components of the life higtdSmall mammals such as rodents and shrews
typically mature at an early age, have short gesiaind lactation periods, produce large litters
and die after a short life span. In contrast, largammals tend to mature late, have long gestation
and lactation periods, produce small litters andeha long life span (Millar 1977, Millar and
Zammuto 1983, Harvey and Read 1988, Promislow amddy 1990, Millar and Hickling 1991,

Dobson and Oli 2008). However, small animals do aletays live life in the fast lane. For



example, bats mature late, have long gestationlactdtion periods, produce on average one

young per year and have a long life span (Barclayagder 2004).

Despite similarities in most of their life histosi¢early and fast reproduction, short longevity
and high mortality), the main processes influending reproductive strategies of rodents and
shrews differ (Gliwicz and Taylor 2002). On the dmend, shrews are highly sensitive to cold
temperatures, so their offspring have the bestadg®af survival during warm climatic conditions.
Thus, shrews may delay their reproductive periddriperatures are too cold to ensure successful
survival. On the other hand, predation has a seoeffect on rodent reproduction than climatic
conditions: the ability for high and opportunistieproduction has been selected for in rodent

evolution in response to predation pressure (Ghwicd Taylor 2002).

The influence of environmental variability and pa&dn is reflected in population dynamics.
Small mammal population cycles have been widelyudwnted (Chitty 1960, Lidicker 1988,
Seldalet al. 1994, Krebs 1996). Density-dependent reductionseproductive rates, in relation
with increasing mortality rates, are the main derapbic causes of cyclic fluctuations in
population size (Oli and Dobson 1999, 2001). Deswsain the quality and quantity of food
resources, high population density, and presencenefies and predators act as stressors and
trigger physiological responses that reduce repribgkl rates (Gustafssoet al. 1983, Lee and
McDonald 1985, Lepri and Vandenbergh 1986, Kruceekl. 1989, Dehn 1994, Handa al.
1994, Seldalket al. 1994, Selas 1997). For example, rodent adult fesnabn release puberty
delaying pheromones when they perceive the envieomnas risky or unfavourable, which
prevents young females from reproducing and regsultswer densities (Lepri and Vandenbergh
1986, Kruczeket al. 1989). When the environment is safer and more ualde, hormone
secretion stops and reproductive rates increaspri(lamd Vandenbergh 1986, Kruczek al.
1989).

To summarise, rodents and shrews live life in #e fane (Barclay & Harder 2004). Their
life histories are characterised by early and faptoduction, short longevity and high mortality.
These life history characteristics allow them t@eavith environmental variability, disturbance
and predation (Harvey and Read 1988, Stearns 189&hermore, environmental variability and
predation produce unstable population structure, fluctuations in population size. This
instability creates substantial open niche spateisTlocal assemblages are not saturated with
species because empty niches are common (Corndl Lawton 1992). In unsaturated
assemblages, abiotic processes are more likelynftaence species composition than biotic
processes, specifically competition (MacArthur aMilson 1967, Cornell and Lawton 1992).
Therefore, abiotic processes such climate, andagiced are more likely to drive rodent and shrew

community structure than competition.



2.2 The influence of abiotic and biotic processesidhe community structure of rodents and

shrews

2.2.1 The influence of abiotic processes

Small mammal community ecology has typically bedéndied in desert habitats (e.g.
Patterson and Brown 1991, Kotlgral. 1993, Keltet al. 1999, Kotler and Brown 1999, Broven
al. 2000, Keltet al. 2004, Abu Baker and Patterson 2011). A comparisbresert rodent
assemblages across four continents showed thatspsmmposition, richness and abundance are
highly variable (Keltet al. 1996). These differences may be due to differibmptec processes
operating at broad spatio-temporal scales suchoggdgraphic origin, age of the region and time
span over which taxa have been present in thereliffedeserts. Biogeographic processes can
produce non-random patterns of species composkfonexample, the nested pattern observed in
Egyptian desert rodent assemblages e species comprising smaller assemblages rejpeesa
subset of those present on larger and richer asagedy Patterson and Atmar 1986, Atmar and
Patterson 1993) was correlated with species gebgrapstribution (Abu Baker and Patterson
2011).

Species composition and abundance of rodents amevstcan be linked to habitat features
such as vegetation structure and soil characesigRosenzweig and Winakur 1969, Price 1978a,
Rosenzweiget al. 1984, Abramskyet al. 1990, Wasserbergt al. 2005, Kearneyet al. 2007,
Stevens and Tello 2009). These features are detediy processes operating at an intermediate
spatial scale such as latitude, elevation, topdyragdaphic and precipitation characteristics
(Shenbrott al. 1994, Krasnowt al. 1996, Stevens and Tello 2009). Abiotic procespesaiing at
an intermediate spatial scale can also influencengtypic patterns. For example, sympatric
species of shrews showed similar size and shap&ulis and mandibles because of convergent

responses to the same climatic conditions (Ryahldt. 2006).

In Southern Africa, rainfall and fire have a strosffect on rodent and shrew assemblages.
Rainfall increases vegetation cover and food ressrwhich induces small mammals to
reproduce (Neal 1986, Monadjem and Perrin 1997%) eikample Steatomys pratensis populations
increased from winter (dry season) to summer (we@issn) in grasslands (Monadjem 1999a).
However, some species fluctuate in opposite dvastisuch ad¥us minutoides andLemniscomys
rosalia that are more numerous in winter than in summesbably because they are efficient
foragers when resources are scarce (Brown 1989maijem and Perrin 2003). Fire removes

vegetation cover that offers protection againstiaters and nesting sites to small mammals, and



eliminates food resources (Van Hensbergen and Magb3, Els and Kerley 1996). Thus, small
mammals avoid recently burnt areas only to retunemthe vegetation has sufficiently recovered.
Nonetheless, small mammals seem well adapted tpdtiedic occurrence of fire (Rowe-Rowe
and Lowry 1982, Rowe-Rowe and Meester 1982). Indspecies diversity and richness may be
higher in areas regularly burnt than in areas #ratnever burnt (Monadjem and Perrin 1998,
Yarnell et al. 2007). For exampleteatomys pratensis andLemniscomys rosalia were absent from
recently burnt sites but, after a few months, shibaegreference for sites where regrowth of the

vegetation had occurred (Monadjem and Perrin 18®hadjem 1999a).

At a local spatial scale, rodents and shrews oftave similar morphological adaptations
because of shared habitat or microhabitat prefeserand requirements. For example, rodent
species with hairy soles are adapted to sandy @ails 1983, Kotler and Brown 1999, Abu Baker
and Amr 2003). However, biotic processes such adgtion and competition also operate at a

local scale to influence rodent and shrew commustitycture.

2.2.2 The influence of predation on rodents and shrews

Two types of predators can be distinguished: poedatuch as raptors, small cats, snakes,
weasels and foxes that mainly hunt small mammats, predators such as wolves, otters,
marmosets and long-nosed leopard lizards thatreall snammals occasionally (Andersson and
Erlinge 1977). Predation plays an important rolenmall mammal dynamics because it increases
mortality rates and thus explains much of the ahand multiannual changes in small mammal
abundance (Hanskt al. 1993). When the densities of predators such assfox lynxes are high,
small mammal abundances decrease by delayed deegigndence, producing in turn a decrease
in the densities of predators. With time, small maah populations will recover, marking the
starting point of a new cycle (Elton and Nicholsk$12, Keith 1963, Rosenzweig and MacArthur
1963, May 1972, Gilpin 1973, Hangitial. 1993, Krebst al. 1995).

Furthermore, experimental studies suggested theetidole of predation on rodent species
richness, abundance and species composition patteraugh its influence on rodent foraging
behaviour. Rates of predation are higher on rodémt®pen microhabitats than in bushy
microhabitats because vegetation cover providesdniglaces against predators (Kotler and
Brown 1988). Therefore, in response to factorsaasing predation risk, such as presence of owls
or increased illumination, rodents foraged lesopen microhabitats and shifted their foraging
activity to bushy microhabitats (Kotlet al. 1991, Meservet al. 1996, Yungeket al. 2002, Keltet
al. 2004).
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Predation may influence the phenotypes of prey.déxample, bipedal species with inflated
auditory bullae such as kangaroo rats suffer les® foredation than quadrupedal species with
smaller auditory bullae (Kotler 1984, Brovehal. 1988, Kotler and Brown 1988, Longland and
Price 1991, Kotleet al. 1994). Bipedal species possess strong rear legpémmit better flight
capacity than quadrupedal species (Eisenberg 19i@é8vdan and Garland 1988), while inflated
auditory bullae increase hearing sensitivity (Web4962, Webster and Webster 1980). Thus, the
evolution of bipedality and inflated bullae may sevoured in situations where the risk of
predation is great. However, no study has investythe deterministic nature of predation on the
phenotypic niche structure of small mammal assegelslaising robust statistical tools such as null

models.

2.2.3 The influence of inter specific competition on rodents and shrews

There is evidence that small mammals partition esclspecifically habitat (Malmquist 1985,
Kotler and Brown 1988, Kelet al. 2004), food (Rosenzweig and Sterner 1970, Browth an
Lieberman 1973, Malmquist 1985, Churchfietdhl. 1999) and time (Castro-Arellano 2005). This
suggests that competition may simultaneously imibge different parameters that define

community structure in rodents and shrews.

Experiments showed the importance of competitioatincturing desert rodent assemblages
(Kotler et al. 1993, Kotler and Brown 1999, Browat al. 2000, Keltet al. 2004). For instance,
Valone and Brown (1995) assessed the influencehef kKangaroo rat on the other small
granivorous rodents of a North American granivorgusd. They demonstrated an increase of the
total species richness on plots where kangaroonate removed, and reasoned that kangaroo rats
competitively excluded the other species (Valond &nown 1995). Furthermore, null model
analyses on the species composition of rodent hrelvsassemblages in deserts revealed non-
random patterns consistent with predictions frompetition (Fox and Kirkland 1992, Fox and
Brown 1993, Keliet al. 1996, Keltet al. 1999, Brownet al. 2000, Brownret al. 2002), particularly
within functional groups that comprise ecologicatiynilar species (Schoener 1974). Thus, the
presence of a species in a functional group deedeti®e likelihood of another species from the
same functional group of being present (Fox andl&ind 1992, Fox and Brown 1993, Fox and
Brown 1995, Keltet al. 1995, Brownet al. 2002, McCayet al. 2004). Similarly, in Old and New
world deserts, body mass, teeth and skull sizeedbilljds and heteromyids were overdispersed,
i.e. their morphology was different enough to eemal#source partitioning through seed-size
selection (M'Closkey 1978, Bowers and Brown 1988ydh and Simberloff 1994, Ben-Moséie
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al. 2001). Although there is evidence that rodent siméw community structure is influenced by
competition, patterns and processes have mainly beestigated in desert systems. Food and
habitat availability are probably limited in thesgstems, so competition is expected to have a

strong influence (Schoener 1974).

However, results from desert systems appear cdingas-or example, competition was the
primary process driving the community structureadents in North American deserts (Fox and
Kirkland 1992, Fox and Brown 1993, Kadt al. 1999, Brownet al. 2000, Brownet al. 2002)
while abiotic processes influenced Asian and Egyptesert assemblages (Ketlal. 1999, Abu
Baker and Patterson 2011). Furthermore, theseestuaily investigated a single parameter (e.g.
species composition) and process (e.g. competibtbrgommunity structure at a time although
abiotic and biotic processes can simultaneousliuentce different species niches (Schoener
1974). Thus, a comprehensive study in non-deseéirtata that investigates multiple parameters of
community structure at multiple spatio-temporallassas needed for a full understanding of
processes and patterns involved in community adgerSlo far, there are no examples of the
influence of competition or predation on the comitwrstructure of southern African small

mammals.

3. SCOPE OF THE STUDY

In this study, | examine the influence of interdgfjeccompetition, predation and abiotic
processes on three parameters of community steudpecies composition, phenotypic and
phylogenetic niches) of rodent and shrew assemblagalifferent spatio-temporal scales in the
savanna biome using null models and multivariatelymes (Table 1.1). Given the life-history
traits of rodents and shrews, | expect local astayeb to be influenced by abiotic processes and

predation rather than competition.

In Chapter 2, | investigate patterns of specidsngss, abundance and diversity of rodent and
shrew assemblages that were sampled in two SouticaAf nature reserves, Mkhuze Game
Reserve (Mkhuze) and KubeYini Game Reserve (KubgYbetween 2007 and 2009. | use
sample-based rarefaction curves to compare speclasess at local and regional scales within
and between reserves, and | use species richnassitess to assess the completeness of species
inventories. | predict that species richness, ahood and diversity should be higher at Mkhuze
than at KubeYini because Mkhuze is much larger thabeYini and because my sampling effort

was higher at Mkhuze.
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Table 1.1. Indices used to quantify the three parasters of community structure investigated
in the thesis and the expected predictions if comfigon, predation or abiotic processes

influence community structure. Obs= observed indexexp= index expected by chance.

Parameter of Process Index Prediction

Community structure

Competition C-score Obs> Exp
Number of species Obs< exp

combinations

Number of Obs> Exp
SPECIES
checkerboards
COMPOSITION
V-ratio Obs< Exp
Biogeographic history Nestedness Positive correlations
/ Habitat filtering temperature with abiotic variables
Competition Minimum segment- Obs> Exp
length ratio
Variance of Obs< EXxp
PHENOTYPIC
segment-length
NICHE ,
ratio
Habitat filtering Minimum segment- Obs< Exp
length ratio
Predation Minimum segment- Obs< Exp+ traits are
length ratio larger than expected by
allometry
Competition NRI/NTI Negative values if traits
are conserved
Positive values if traits
PHYLOGENETIC are convergent
NICHE Habitat filtering NRI/NTI Positive values if traits

are conserved
Negative values if traits

are convergent
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In Chapter 3, | assess the influence of competgiath abiotic processes on rodent and shrew
species composition patterns. If competition drigesnmunity structure, | predict that species
should co-occur less than expected by chance aatdtiiere should be smaller variability of
species richness among assemblages than expectdthibge. Furthermore, | test if assemblages
are nested, i.e. if species present at species-gites represent subsets of species present at
species-rich sites. If biogeographic history drieesnmunity structure, | predict that nestedness
should be correlated with site isolation and siteaa If habitat filtering drives community
structure, | predict that nestedness should beeleted with macrohabitat and microhabitat

features.

In Chapter 4, | assess the influence of compefitipredation and habitat filtering on
phenotypic niche patterns of rodent and shrew dsisg®s. If competition drives community
structure, | predict a limit to the similarity ofhenotypic traits, and the differences in traits
between coexisting species should be less varibble expected by chance. If habitat filtering or
predation drives community structure, | predictt thlaenotypic traits should be more similar than
expected by chance. | distinguish between the enfte of habitat filtering and predation by
analysing the allometric relationship between bsidg and traits associated with predation (feet,
ear and bulla): if predation influenced phenotygtizicture then these traits should be larger than

predicted from the allometric relationship betwéeaar measurements and body size.

In Chapter 5, | assess the influence of competiiod habitat filtering on rodent and shrew
phylogenetic niche patterns. Because patterns glogénetic structure may change with the
degree of phylogenetic niche conservatism, | agbesdegree of phylogenetic niche conservatism
of three ecological traits (body mass and the first principal components of the skull variables
measured in Chapter 4). If competition drives comityustructure, | predict that coexisting
species should be less closely related than exgppegtehance if ecological traits are conserved, or
they should be more closely related or show a nangbylogenetic structure if ecological traits
are convergent. If habitat filtering is the drivépredict that coexisting species should be more
closely related than expected by chance if ecotbdraits are conserved, or they should be less

closely related than expected by chance if ecotbdraits are convergent.

In Chapter 6, | synthesise the results and corarissaind identify future research directions.
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CHAPTER 2

RODENT AND SHREW SPECIES RICHNESS,
ABUNDANCE AND DIVERSITY

SUMMARY

| studied patterns of species richness, abundamteligersity of South African rodents and
shrews sampled at Mkhuze and Kube Yini Game Resehused sample-based rarefaction curves
to compare species richness between reserves aodgastudy sites. | used species richness
estimators to assess the accuracy of species onentThe rodent inventory was between 64%
and 70% complete at Mkhuze and between 83% and Ififfplete at Kube Yini. The shrew
inventory was 100% complete at both reserves. Adttrolling for sampling effort, rodent
species richness at Mkhuze (n = 9 species) wasshitfian at Kube Yini (n = 6 species), and
shrew species richness was identical at both resgrv = 4 species). However, after controlling
for reserve size, rodent and shrew species richmasdower at Mkhuze than at Kube Yini. At a
local scale, the highest rodent species richnessnat Mkhuze and 5 at Kube Yini. The highest
shrew species richness was 3 at both reserves. Kauké, 215 rodents and 96 shrews were
caught. At Kube Yini, 63 rodents and 21 shrews weaaght. Rodent and shrew abundance
exhibited seasonal and inter-annual variationsnddnce was higher in winter than in summer.
Rodent diversity, quantified by the Shannon diwgrsidex, was 1.9 at Mkhuze and 1.4 at Kube
Yini. Shrew diversity was 1.1 at Mkhuze and 1.Xabe Yini. Differences in species richness,
abundance and diversity between Mkhuze and Kubé vay be due to the presence of large

herbivores at Mkhuze.

1. INTRODUCTION

Interpreting results from null models that test thibuence of environmental processes on
community structure (Chapters 3, 4 and 5) is onblogically meaningful when the sampling

effort at different study sites is standardised astimates of the species richness at local and
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regional scales are fairly accurate (Gotelli andves 1996). It can be challenging to accurately
estimate the species richness of rodents and shbmgause they are taxonomically and
ecologically diverse (Taylor 1998, Wolff and Shem007) and require a variety of different

capturing techniques (Wilsat al. 1996).

Rarefaction can be used to standardise samplimgt eff different study sites (Gotelli and
Graves 1996, Gotelli and Colwell 2001). Rarefactaamves are created by randomly drawing
from the pooled species richness of the full setasfiples to the expected richness of a subset of
those samples (Colwelt al. 2004). The rarefaction algorithm is run many tinaesl rarefaction
curves are plotted with the number of individuaissamples on the x-axis and the number of
species on the y-axis. Thus, the species richrfediferent study sites can be compared based on

the same number of individuals or samples.

Species richness estimators can be used to assessduracy of species inventories by
extrapolating the total number of species expeatedn assemblage if enough individuals are
sampled (Bunge and Fitzpatrick 1993, Colwell anddlogton 1994). By comparing the expected
species richness with the observed richness, theepiage completeness of a species inventory
can be calculated (Maasal. 2009, Schoeman and Jacobs 2011).

Vegetation is a critical component for small manmsn@dearneyet al. 2007, Stevens and
Tello 2009). For example, a dense and high vegetatbver provides protection against predators
(Brown et al. 1988). Vegetation also provides nesting sitesafidit al. 2001, Wellset al. 2006a)
and represents a source of food (Reichman and Rob884, Veech 2000). Large herbivores
severely impact on the vegetation through grazimgwsing and trampling (Cumming and
Cumming 2003, Augustine and McNaughton 2004). Titeeljuce cover, height and complexity of
the vegetation (Goheeat al. 2004, Danelkt al. 2006). This in turn may negatively affect small
mammals by reducing the number of microhabitatragad by increasing exposure to predation
(Monadjem 1999b, Flowerdew and Ellwood 2001, Damtllal. 2006, Hagenah 2006). For
example, in temperate forests and grasslands, aiguldensity and species richness of small
mammals were higher in the absence of large hedsvihhan when they were present (Gt .
1982, Putmaret al. 1989, Hazebroelet al. 1994, Haywardet al. 1997, Beever and Brussard
2000). Similarly, rodent abundances increased Isecatian augmentation in food availability and
vegetation cover following the exclusion of larg&igan herbivores from certain sections of a
South African National Park (Hagenah 2006). Moreptampling reduces the amount of litter
and leads to soil compaction, disturbing litter-tlimg shrews and small burrowing mammals
such ashethomys sp. (Grantet al. 1982, Haywardt al. 1997, Keesing 1998, Beever and Brussard
2000). However, in disturbed habitats, species déce of opportunistic and adaptable species

such adMastomys sp. typically increases (Avenant and Kuyler 2002, Mijeen and Perrin 2003,
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Avenant and Cavallini 2007, Avenagital. 2008). By impacting on small mammal abundance and

species richness, the presence of large herbiwaagsalso affect community structure.

In this chapter, | compared the local-scale andoregdrscale patterns of species richness,
abundance and diversity of the South African rodemd shrew assemblages at two protected
nature reserves that have different large herbiessemblages, Mkhuze and Kube Yini Game
Reserves. | used sample-based rarefaction curvesnipare species richness between reserves
and among study sites. | used two species richestamators, Chao 2 (Chao 1984, 1987) and
Jackknife 2 (Burnham and Overton 1978, 1979, Palt8ér), to assess the accuracy of species
inventories. | predicted that species richnessndhnce and diversity should be higher at Mkhuze
than at Kube Yini because Mkhuze is much largen thabe Yini (40 000 ha versus 1415 ha) and
sampling effort was higher at Mkhuze than at Kubei.YOn the other hand, species richness,
abundance and diversity might be lower at Mkhuzeabse the reserve hosts a variety of large
herbivores including elephantsakodonta africana), white rhinos Ceratotherium simum), black
rhinos Qiceros bicornis) and buffalos $yncerus caffer). The only large herbivores present at

Kube Yini are white rhinos.

2. METHODS

2.1 Study area and sites

2.1.1 Sudy area

Mkhuze Game Reserve (Mkhuze) and Kube Yini GameReqKube Yini) (Figure 2.1) are
situated at the south of the Mozambique coastah plaere different climate types contribute to a
high heterogeneity of habitats (Bruton and Coo@880}). Mkhuze and Kube Yini are included in
the Maputaland Centre of Endemism, which forms pdrthe Maputaland-Pondoland-Albany
hotspot, one of the world's richest floristic araifistic regions that comprises a high number of
endemic species (Combrinck and Kyle 2006, Srtid. 2006). This region is incorporated in the
savanna biome which is the most widespread bion#drina (it represents almost 33% of South
Africa) (Mucina and Rutherford 2006) and is chaeased by the richest large mammal fauna on
earth (Mucina and Rutherford 2006).
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The climate is warm to hot, humid and sub-trop{&ihulze 1965). The area is characterised
by two distinct seasons: a warm and arid wintemfulpril to September (dry season) and a hot
and humid summer from October to March (wet seasbh@ mean annual temperatures vary
between 16.4°C during the dry season and 25.5°@hgluhe wet season, and the absolute
minimum and maximum temperatures range from 0.448€C (Van Rooyen and Morgan 2007).
The mean annual rainfall is 600 mm with a monthiyjpimum of 10 - 30 mm during the dry
season, and a monthly maximum of 50 - 90 mm dutiegwet season (Van Rooyen and Morgan
2007). The air humidity is relatively high througlidhe year. The monthly relative air humidity
ranges between 79% - 88% in the morning and 68%% ih the afternoon (Van Rooyen and
Morgan 2007). The geological formations and assedigoils contribute to the high diversity of
habitat types in the reserves (Figure 2.2). Theobdimd Mountains were formed by erosion-
resistant rhyolites. The weathering of the Cretasatyolite and basalt sediments at the base of
the mountains resulted in fertile soils with higayccontents (Van Rooyen and Morgan 2007).

§Swaziland B

Figure 2.1. Maps of Southern Africa showing the laation of Mkhuze (M) and Kube Yini (K)
Game Reserves in the province of KwaZulu-Natal in &ith Africa (red circle). Phinda Game
Reserve (P) borders Mkhuze. The three game reservese surrounded by disturbed areas

(crop fields, livestock farming and human settlemets).



I - =cis borlese (sticky thorm) shrublands

I ~=cis orandicornuta {homed therm) woadiands

B -=cis lusderitzii [fake umbrells thom) woodlsnds
[P 4= cia nigres cens {kncb thom| woodlands

[ Accis tortilis {umbrella thorn) woodlands

B Combretummelie {vehvet bustwillow) woodiands on red ssnds
I Flocdplsin grasslands

[ Letombe aquatics

[ Lebombo thickets, woodlands, forests and rock faces
Lebombo wooded grass land

[ | Lodges, houses, sir fields, mine st

[ | Mixed Amacia/roadlesved shrublands and woodlands
[ | Okfieds

[ | Pamvele

[ | Pieleopsis myrtfolis (stink bushwillow) closed woodlands
[ ] Reedbeds

[ | Rivesine bishlands, woodlands and forests

[ riverine thides

- Sand Forest

B sciostschys sficans {amboti) woodlands

I sittropical freshwater wetiands

- Subtropical salt pars

B 7= rinslis serices (sitver cluster-leaf) woodlends on palid sand
B Voo grasslands onsand

I zciohis mucronats (buffalo thorn) bushiands on slopes

Kube Yini

5 km

Figure 2.2. Map of the habitat types of Mkhuze andube Yini Game Reserves (After Van Rooyen and Morga 2007). Black dots indicate local

study sites.
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2.1.2 Mkhuze Game Reserve

Mkhuze is situated in the province of KwaZulu-NaitalSouth Africa (Figure 2.1). It was
proclaimed in 1912 and covers 40 000 ha (Goodm&Q)19t is situated 40 km inland, between
the Mkuze River in the north and Phinda Game Resaruhe south. The Lebombo Mountains
forms the western border. It is located betweerB2'F and 27° 44’S latitudes, and 32°08’E and
32°25’E longitudes. Mkhuze is one of the proteceeas included in the iSimangaliso Wetland
Park which was declared a World Heritage Site ey WtNESCO in 1999 (Combrinck and Kyle
2006).

Surveys of rodents and shrews at Mkhuze were fedidy the “Rare, Threatened and
Endemic Species of the iSimangaliso Wetland Par&jegt that aimed at documenting the spatial
distribution and abundance of invertebrates antelbeates in the Park between 2003 and 2010
(Combrinck and Kyle 2006). Rodents and shrews wsergeyed during the winter and summer
months of 2007 and 2008.

2.1.3 Kube Yini Game Reserve

| sampled rodents and shrews at Kube Yini durirgwinter and summer months of 2009.
Kube Yini was established in 1989 and covers 144%Macdonald, pers. comm., Van Rooyen
and Morgan 2007). It is adjacent to Mkhuze (FigRr®). It is located between 27°42'S and 27°
45'S latitudes, and 32°15’E and 32°16’E longitudes.

2.2 Sampling methods

| used both pitfall traps and live traps to capturgents and shrews. Pitfall traps catch small
mammal species that are not easily caught in ligpst such as shrews (McCorabal. 1991,
Nicolas and Colyn 2006, Gambalemadteal. 2008). Live traps consisted of Scientific Supa Kil
CC traps and home-made plastic traps (Tagi@. 2007). Pitfall traps consisted of 20L buckets
that were buried in the ground with the rim of thecket at ground level. Pitfall traps were 3.5 m
apart from each other and arranged at a 120° doggleeen each line (Figure 2.3). At each local
study site, live traps were arranged in one trans@an apart from each other and at least 10 m

away from the pitfall traps. Live traps were chetlkad baited every morning (i.e. they were left
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open for 24 hours) with a mixture of peanut budtied oats (McCombt al. 1991). These sampling
techniques have a low probablity of catching smedi®mm the following rodent families:
Bathyergidae, Hystricidae, Thryonomyidae, Petrodagi Pedetidae, Sciuridae and Myoxidae
(Hickman 1979, Rish and Brady 1996, Spirdtsal. 2000). Therefore, only members of the

Muridae family were considered in this study.

At Mkhuze, eco-volunteers assisted in data colbecthence enabling a large sampling effort.
Ten local study sites were surveyed in 2007 andveyed ten study sites in 2008. These 20 local
study sites represent the major habitat types dildk (Figure 2.2, Table 2.1). At each local study
site, | set up 15 live traps and 25 drift-fenceifigfiitraps. The same local study sites were sathple

in winter and summer.

At Kube Yini, | surveyed eight local study sitepmesenting the major habitat types of the
reserve (Figure 2.2, Table 2.2). At each local s&ite, | set up 15 live traps and four drift-fedce

pitfall traps. The same local study sites were dachim winter and summer.

Local study sites were selected to represent therrhabitat types of each reserve, hence
selected sites were homogenous in terms of vegetafharacteristics that define a particular

habitat type.

Each study site at a local scale is defined asr@ecof 500 m radius from the GPS
coordinates taken at the centre of the array ofpitfall traps; this distance is based on small
mammal average daily movements (Figure 2.3) (Tag@98, Skinner and Chimimba 2005). |
defined the trapping effort at each study sitehasproduct of the number of traps used X the time
over which those traps were monitored (Rudran asddr 1996). | defined the trapping success as
the number of animals caught X 100 / trapping ¢ff8hure 1970). Abundance is calculated as the

number of individuals of a species.
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Figure 2.3.

Array of the drift-fenced pitfall traps.
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Table 2.1. Habitat types surveyed at Mkhuze.

Local study site #

Habitat

10

11

12

13

14

15

16

17

18

19

20

Acacia woodland

Acacia woodland

Acacia woodland

Acacia woodland

Lebombo thicket

Sand forest

Sand forest

Combretum molle woodland on red sand
Acacia woodland

Sand forest

Acacia woodland

Sand forest

Combretum molle woodland on red sand
Combretum molle woodland on red sand
Acacia woodland

Floodplain grassland

Floodplain grassland

Acacia woodland

Riverine woodland

Acacia woodland
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Table 2.2. Habitat types surveyed at Kube Yini.

Local study site # Habitat

1 Lebombo wooded grassland
2 Lebombo wooded grassland
3 ZiZiphus mucronata bushland

4 Riverine woodland

5 Spirostachys africana woodland
6 Ziziphus mucronata bushland

7 Riverine woodland

8 Spirostachys africana woodland

2.3 Species identification

| identified rodents in the field by the followirexternal characters: total length, tail length,
ear length, shape of the body and position of {es €De Graaff 1981, Taylor 1998, in litt.). In
addition, | took voucher specimens (at least ondtadale and one adult female) of each species
and of individuals that could not be identifiedtlir field. To reduce the probability of overlooking
cryptic species, | took voucher specimens of epgtiss at each study site. Voucher specimens
are hosted in the Durban Natural Science MuseumaZu-Natal, South Africa. Prof. P. J.
Taylor confirmed the identification of rodent andresw species by analysing the cranial and

external measurements and other diagnostic chesaxfteoucher specimens.

2.4 Diversity index

| calculated the Shannon diversity index of smadimmal assemblages at local and regional
scales using EstimateS (version 8.2, Colwell 2009jsed this index because, rather than just

taking into account presence or absence, it weighth species according to their frequencies
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(Jost 2006). In addition, the Shannon diversityeithas been widely used, hence allowing for

comparisons between different studies (Magurrar8188Iwell 2009).

2.5 Species richness estimators

Using EstimateS (version 8.2, Colwell 2009), | c#éted two non-parametric richness
estimators of rodent and shrew assemblages, Cli@bdb 1987) and Jackknife 2 (Palmer 1991).
Colwell and Coddington (1994) evaluated the peréoroe of several non-parametric species
richness estimators and found that the Chao 2 aokkdife 2 were the least biased for small
numbers of samples. | assessed the completenei®e ahventories by calculating the ratio
between the observed richness and the expecteatesstbased on the richness estimators (aas
al. 2009, Schoeman and Jacobs 2011).

2.6 Sample-based rarefaction curves

To compare the number of species at regional andl Iscales, | plotted sample-based
rarefaction curves using the software EstimateSsioe 8.2, Colwell 2009). Individual and
sample-based rarefactions make different assungptetout the patchiness among samples
(Gotelli and Colwell 2001, Colwelét al. 2004). Individual-based rarefaction accounts for t
relative abundance of species and does not takbipass into consideration (Colwetlal. 2004).
Conversely, sample-based rarefaction is based enintidence of species, and thus reflects
aggregation of individuals (Colwedt al. 2004). Assemblages are commonly aggregated irespac
and time (Colwelkt al. 2004). Therefore, estimates of expected speabaass based on sample-

based rarefaction is often more realistic thamess based on individual-based rarefaction.

| created input matrices for each local study sited for each reserve. The columns
represented the number of trapping days (one tgpgay is a 24-hour period) and the rows

represented the species. Each entry representeditiizer of individuals caught per site.
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3. RESULTS

3.1 Species richness and abundance at the regiosahle

Rodent species richness was higher at Mkhuze (A4 spkcies) than at Kube Yini (n = 6
species) (Figure 2.4). At identical sampling eBorte. cumulative trapping days = 20 (Figure 2.4),
species richness was 9 at Mkhuze and 6 at Kube Miftér controlling for reserve size, the
species richness at Mkhuze was lower (9 / 40 00M602) than at Kube Yini (6 / 1415 = 0.004).
Rodent abundance was higher at Mkhuze (215 indagjuhan at Kube Yini (63 individuals)
(Figures 2.5, 2.6 and 2.7). After controlling foagping effort (Table 2.3), the abundance at
Mkhuze was lower (215 / 36 600 = 0.005) than at&K¥ni (63 / 3040 = 0.02).

Shrew species richness was similar at Mkhuze arieKdini (n = 4 species) (Figure 2.4). At
identical sampling efforts, i.e. cumulative trappidays = 20 (Figure 2.4), species richness at
Mkhuze and at Kube Yini was 4. After controlling f@serve size, the species richness at Mkhuze
was lower (4 / 40 000 = 0.0001) than at Kube Y#i/ (1415 = 0.003). Shrew abundance was
higher at Mkhuze (96 individuals) than at Kube Y{8L individuals) (Figures 2.5, 2.6 and 2.7).
After controlling for trapping effort (Table 2.3he abundance at Mkhuze was lower (96 / 36 600
= 0.002) than at Kube Yini (21 / 3040 = 0.006).
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Table 2.3. Trapping effort (number of traps X time) and total trapping success (number of

animals caught X 100 / trapping effort) for live traps and pitfall traps at Mkhuze (2007 +

2008) and Kube Yini (2009).

Live traps Pitfalls Total
Mkhuze winter 11 700 19 500 31 200
] summer 3525 1875 5400
Trapping effort
total 15 225 21 375 36 600
Kube Yini winter 1200 320 1520
summer 1200 320 1520
total 2400 640 3040
Mkhuze winter 1.6% 1.4% 1.8%
Trapping summer 1% 2.7% 1.1%
success total 0.8% 1% 0.9%
Kube Yini winter 2.7% 5.3% 3.3%
summer 0.8% 7.5% 2.2%
total 1.8% 6.4% 2.8%
[7)]
§ - — Mkhuze Rodents
< — Mkhuze Shrews
= Kube Yini Rodents
3 104 Kube Yini Shrews
g
n
2 5l |
© /
=
e |
O 0 ] L)
0 50 100

Cumulative trapping days

Figure 2.4. Sample-based rarefaction curves and stdard deviations (bars) of the species

richness of rodents and shrews at the regional seal(i.e. Mkhuze or Kube Yini). Species

richness of rodents was notably higher at Mkhuze #in at Kube Yini.
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Figure 2.5. Abundance of rodent and shrew species winter and summer at Mkhuze in

2007.
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Figure 2.6. Species richness of rodents in wintend summer at Mkhuze in 2007 at each local

study site.
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Figure 2.7. Abundance of rodents in winter and summr at Mkhuze in 2007 at each local

study site.
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Figure 2.8. Species richness of shrews in winter dsummer at Mkhuze in 2007 at each local

study site.
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Figure 2.9. Abundance of shrews in winter and summieat Mkhuze in 2007 at each local

study site.
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Figure 2.11. Species richness of rodents in winteamd summer at Mkhuze in 2008 at each

local study site (sites 4, 5, 6, 7 and 9 were naspled in summer).
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Figure 2.12. Abundance of rodents in winter and sumer at Mkhuze in 2008 at each local

study site (sites 4, 5, 6, 7 and 9 were not sampledsummer).



31

3 -

w

2 2 -

=1

=

=

E B Winter

]

& 1 - B Summer
0 .

1 2 3 4 5 6 7 8 9 10

Study site number

Figure 2.13. Species richness of shrews in wintené summer at Mkhuze in 2008 at each

local study site (sites 4, 5, 6, 7 and 9 were naspled in summer).
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Figure 2.14. Abundance of shrews in winter and sumer at Mkhuze in 2008 at each local

study site (sites 4, 5, 6, 7 and 9 were not sampledsummer).
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Figure 2.15. Abundance of rodent and shrew speci@s winter and summer at Kube Yini in
20009.
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Figure 2.16. Species richness of rodents in wintend summer at Kube Yini in 2009 at each

local study site.
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Figure 2.17. Abundance of rodents in winter and sumer at Kube Yini in 2009 at each local
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Figure 2.18. Species richness of shrews in winten& summer at Kube Yini in 2009 at each

local study site.
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Figure 2.19.Abundance of shrews in winter and summer at Kube Yii in 2009 at each local

study site.

3.2 Trapping success of rodents and shrews at Mkhezand Kube Yini

Although total trapping effort was higher at Mkhuban at Kube Yini, total trapping success
was higher at Kube Yini (Table 2.3). Total trappBwgcess of pitfall traps was higher than that of
live traps at both reserves. Trapping successttdllpiraps was higher than that of live traps at
Mkhuze in summer and at Kube Yini in both seasdiable 2.3).

3.3 Rodent assemblages at Mkhuze

3.3.1 Species richness, abundance and diversity of rodents

Only five sites (11, 12, 13, 18 and 20) were sachpmhesummer 2008 because a fire swept
through sites 14, 15, 16, 17 and 19 just beforestimmer survey and the vegetation had not yet

recovered.

A total of 14 rodent species representing ten genand four sub-families (Gerbillinae,

Cricetomyinae, Dendromurinae and Murinae) from fameily (Muridae) were captured over 102
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trapping nights (Figures 2.4, 2.5 and 2.10; Apper&dl). The two most common rodent species
caught wereMus minutoides (72 individuals) andMastomys natalensis (57 individuals),
representing 59% of all the captures. The leashddmi species wergeatomys krebsii, Mus cf.
neavei andM. cf.indutus, which were represented by only one individbdls cf. neavel andM.
cf.indutus are new to KwaZulu-Natal. Analyses of DNA sequanfrem cytochroméb showed
that they are distinct frovlus minutoides (S. Downs, unpublished data). Species abundarices o
rodents were higher in winter than in summer at dMieh(Figures 2.5 and 2.10), exc&uatomys
pratensis that was more abundant in summer. Rodent abungavee lower in 2008 than in 2007
exceptDendromus mystacalis and Aethomys ineptus that were more abundant in 2008 (Figures 2.5
and 2.10). After controlling for the number of sfugltes, rodent abundances were lower in 2008
(46/10 + 7/5 = 6) than in 2007 (119/10 + 43/10 216

At a local scale, the Shannon diversity indiceshef rodent assemblages varied between O
and 1.3 (Table 2.4). In 2007, rodent species risbweas higher in winter than in summer except
for site 3 where species richness was higher imsmand sites 2 and 10 where species richness
was equal in both seasons (Figure 2.6). Furthermodent abundance was higher in winter than
in summer (Figure 2.7). In 2008, rodent specids@ss and abundance were higher in winter than

in summer (Figures 2.11 and 2.12).
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Table 2.4. Shannon diversity index of rodent and skhw assemblages at local and regional

scales at Mkhuze.

Rodents Shrews

Local scale: study sites #

1 0.5 0.4
2 1.6 0.9
3 1 0.7
4 13 0.8
5 11 0.3
6 1.3 0
7 11 0.4
8 1 0.8
9 11 0
10 0.9 0
11 0.9 0.9
12 0.5 0.5
13 0.6 0.6
14 0 0
15 0.7 0.7
16 1.6 1
17 0.6 0.6
18 1 1
19 1.3 1
20 11 1

Regional scale 1.9 1.1
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3.3.2 Sampl e-based rarefaction curves and species richness estimators

Sample-based rarefaction curves indicated thaiepéchness of rodents at a local scale was
the highest at thécacia woodland sites (#2 and #4) and the lowest at &amel $orest sites (#10,
#12 and #14) (Figures 2.20 and 2.21).

The Chao 2 richness estimator indicated that speoigentories of rodents at a local scale
were more than 70% complete for 14 sites (Tablg. ZBe inventories of the other sites were
between 41% (#9) and 66% (#20) complete. The Jéfekighrichness estimator indicated that
seven sites were more than 70% complete. The sites were between 40% (#13) and 66%
complete (#4, 17 and 20). At the regional scale sgpecies inventory of rodents was between 64%
(Chao 2) and 70% (Jackknife 2) complete (Table.2.5)
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Table 2.5. Observed (Obs spp) and expected spediehness based on Chao 2 and Jackknife

2 richness estimators of rodent assemblages at lbcand regional scales at Mkhuze.

Percentage completeness of sampling effort (%)ocabsilated as:

% Completeness = Obs spp x 100 / value of the epeitihness estimator.

Obs spp Chao 2

%

Jackknife 2 %

Local scale: study site #

1 4 3 100 4 75
2 9 13 70 14 64
3 4 4.5 89 5 80
4 6 7 90 9 66
5 4 4 100 5 80
6 5 6 84 8 63
7 6 11 46 12 42
8 4 7 58 9 45
9 6 10 41 11 36
10 5 3 100 3 100
11 3 3 100 4 75
12 2 2 100 4 75
13 2 3 66 5 40
14 1 1 100 2 50
15 2 2 100 2 50
16 5 7 64 11 45
17 4 2 100 3 66
18 3 3.5 86 5 60
19 4 4 100 4 100
20 4 6 66 6 66
Regional scale 14 22 64 20 70
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Figure 2.20. Sample-based rarefaction curves andastdard deviations (bars) of the rodent

species richness at the local scale at Mkhuze, sité to 10.
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Figure 2.21. Sample-based rarefaction curves andastdard deviations (bars) of the rodent

species richness at the local scale at Mkhuze, sitél to 20.
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3.4 Shrew assemblages at Mkhuze

3.4.1 Species richness, abundance and diversity of shrews

A total of four shrew species representing two gerend one sub-family (Crocidurinae)
from one family (Soricidae) were captured over 1@dping nights (Figures 2.4, 2.5 and 2.10;
Appendix 2.1). The two most commonly species cawgdre Crocidura fuscomurina (n=45) and
C. hirta (n=37), representing 73% of all capturBsncus lixus (n=18) andC. silacea (n=11) were
the least abundant species caught. Abundancesreiv s$pecies were higher in winter than in
summer (Figures 2.5 and 2.10) exc€ptcidura hirta that showed a higher abundance in summer.
Shrew species were less abundant in 2008 than(id 8ceptCrocidura fuscomurina that was
more abundant in 2008 (Figures 2.5 and 2.10). Adtartrolling for the number of study sites,
shrew abundances were lower in 2008 (28/10 + B2 ythan in 2007 (31/10 + 35/10 = 6.6).

At a local scale, the Shannon diversity indiceshef shrew assemblages varied between O
and 1.1 (Table 2.4). In 2007, shrew species richmes higher in winter than in summer at sites
2, 4,5, 7 and 8; higher in summer than in wintesiges 1, 6, 9 and 10; equal in both seasons at
site 3 (Figure 2.8). In addition, shrew abundanes higher in winter than in summer at sites 4, 5,
7 and 8; higher in summer than in winter at site®,13, 6, 9 and 10 (Figure 2.9). In 2008, shrew
species richness and abundance were higher inmim@ in summer except at sites 1 and 10

where species richness and abundance were eduathiseasons (Figures 2.13 and 2.14).

3.4.2 Sampl e-based rarefaction curves and species richness estimators

Sample-based rarefaction curves indicated thaiepechness of shrews at a local scale was
the highest at thécacia woodland sites (#3 and 4) and the lowest at timel $arest site #12
(Figures 2.22 and 2.23). The Chao 2 richness esinradicated that species inventories of shrews
at a local scale were 100% complete for 16 sitebl@2.6). The other sites were more than 66%
complete. The Jackknife 2 richness estimator inditethat nine sites were more than 75%
complete. The other sites were between 40% (#1d)6&%0 (#17, 18 and 19) complete. At the
regional scale, both estimators indicated thatsgiecies inventory of shrews was 100% complete
(Table 2.6).
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Table 2.6. Observed (Obs spp) and expected spediehness based on Chao 2 and Jackknife
2 richness estimators of shrew assemblages at locahd regional scales at Mkhuze.

Percentage completeness of sampling effort (%) waslculated as:

% Completeness = Obs spp x 100 / value of the specirichness estimator.

Obsspp Chao2 % Jackknife 2 %

Local scale: study site #

1 2 2 100 2 100
2 3 3 100 4 75
3 3 3 100 4 75
4 3 3 100 3 100
5 2 3 66 5 40
6 1 1 100 2 50
7 2 2 100 2 50
8 3 3 100 4 75
9 1 1 100 2 50
10 0 - - - -
11 2 3 66 5 40
12 1 1 100 2 50
13 0 - - - -
14 1 1 100 1 100
15 2 2 100 2 100
16 1 1 100 1 100
17 2 2 100 3 66
18 2 2 100 3 66
19 2 2 100 3 66
20 1 1 100 1 100

Regional scale 4 4 100 4 100
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Figure 2.22. Sample-based rarefaction curves andastdard deviations (bars) of the shrew

species richness at the local scale at Mkhuze, siteto 9 (no shrew captured on site 10).
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Figure 2.23. Sample-based rarefaction curves andastdard deviations (bars) of the shrew
species richness at the local scale at Mkhuze, sitél to 20 (no shrew captured on site 13).
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3.5 Rodent assemblages at Kube Yini

3.5.1 Species richness, abundance and diversity of rodents

A total of six rodent species representing six garand three sub-families (Cricetomyinae,
Dendromurinae and Murinae) from one family (Muridaesre captured over 20 trapping nights
(Figures 2.4 and 2.15; Appendix 2.2). The two nmamshmon species weldus minutoides (21
individuals) and Aethomys ineptus (17 individuals), representing 70% of all captures
Lemniscomys rosalia andMastomys natalensis were represented by only one and two individuals
respectively. Species abundances of rodents wgreehin winter than in summer (Figure 2.15),
exceptLemniscomys rosalia and Dendromus melanotis that were more abundant in summer than

in winter.

At a local scale, the Shannon diversity indiceshef rodent assemblages varied between O
and 1.3 (Table 2.7). Rodent species richness vgdsehin winter than in summer at sites 1, 2, 6
and 7; higher in summer than in winter at sitesid % and equal in both seasons at site 8 (Figure
2.16). Rodent abundance was higher in winter thasummer at sites 1, 2, 6 and 7, but higher in

summer than in winter at sites 4, 5 and 8 (Figut&)2
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Table 2.7. Shannon diversity index of rodent and skhw assemblages at local and regional

scales at Kube Yini.

Rodents Shrews

Local scale: study site #

1 1.2 0.9
2 1.3 0.6
3 - 0
4 0 -
5 0.6 0
6 1.3 0
7 0.6 0
8 0 0.6
Regional scale 1.4 1.3

3.5.2 Sampl e-based rarefaction curves and species richness estimators

Sample-based rarefaction curves indicated thatepechness of rodents was the highest at
the Lebombo wooded grassland sites (#1 and 2) ewdskt at the riverine woodland site #4
(Figures 2.24). The Chao 2 richness estimator atdd that species inventories of rodents at a
local scale were all 100% complete except for 8i{g4%) (Table 2.8). The Jackknife 2 richness
estimator indicated that four sites were more t8@% complete. The other sites were between
50% (#6) and 66% (#5 and 7). At the regional sc@lego 2 indicated a completeness of 100%

whereas Jackknife 2 indicated 83%.
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Table 2.8. Observed (Obs spp) and expected spediehness based on Chao 2 and Jackknife

2 richness estimators of rodent assemblages at lbcand regional scales at Kube Yini.

Percentage completeness of sampling effort (%) waslculated as:

% Completeness = Obs spp x 100 / value of the specirichness estimator.

Obsspp Chao2 %

Jackknife 2 %

Local scale: study site #

1 5 5 100 5 100
2 4 4 100 5 80
3 0 - - - -
4 1 1 100 1 100
5 2 2 100 3 66
6 4 5 74 8 50
7 2 2 100 3 66
8 1 1 100 1 100
Regional 5 5 100 6 83
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Figure 2.24. Sample-based rarefaction curves andastdard deviations (bars) of the rodent

species richness at the local scale at Kube Yinigmodent captured on site 3).

3.6 Shrew assemblages at Kube Yini

3.6.1 Species richness, abundance and diversity of shrews

A total of four shrew species representing two gerend one sub-family (Crocidurinae)
from one family (Soricidae) were captured (Figu2e$ and 2.15; Appendix 2.2Frocidura hirta
(6 individuals), Suncus lixus (6 individuals),S infinitesimus (5 individuals) andC. silacea (4
individuals). Species abundances of shrews wereehimn winter than in summer at Kube Yini
(Figure 2.15), excefduncus lixus andCrocidura silacea that were more abundant in summer than

in winter.

At a local scale, the Shannon diversity indiceshef shrew assemblages varied between O
and 0.9 (Table 2.7). Species richness was higheiriter than in summer at sites 2 and 6; higher
in summer than in winter at sites 3, 5, 7 and &aédn both seasons at site 1 (Figure 2.18).
Furthermore, abundance was higher in winter thasummer at sites 1, 2 and 6, but higher in
summer than in winter at sites 3, 5, 7 and 8 (ligui9).
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3.6.2 Sampl e-based rarefaction curves and species richness estimators

Sample-based rarefaction curves indicated thatispeichness of shrews was the highest at
the Lebombo wooded grassland site #1 and the loatebeZiziphus mucronata bushland site #6
(Figure 2.25). The Chao 2 richness estimator indttdhat species inventories at a local scale
were 100% complete except for site 8 (68%) (Tab®.ZThe Jackknife 2 richness estimator
indicated that the inventories of the sites wertsvben 40% (#8) and 100% (#7) complete. At the

regional scale, both estimators indicated thasfiexies inventory of shrews was 100% complete.

Table 2.9. Observed (Obs spp) and expected spediefiness based on Chao 2 and Jackknife
2 richness estimators of shrew assemblages at locahd regional scales at Kube Yini.

Percentage completeness of sampling effort (%) waslculated as:

% Completeness = Obs spp x 100 / value of the spesrichness estimator.

Obsspp Chao2 % Jackknife 2 %

Local scale: study site #

1 3 3 100 4 75
2 2 2 100 3 66
3 1 1 100 2 50
4 0 - - - -
5 1 1 100 2 50
6 1 1 100 2 50
7 1 1 100 1 100
8 2 29 68 5 40

Regional 4 4 100 4 100
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Figure 2.25. Sample-based rarefaction curves andastdard deviations (bars) of the shrew

species richness at the local scale at Kube Yiniqrshrew captured on site 4).

4. DISCUSSION

4.1 Species richness, diversity and completenessrofentories of rodent assemblages

A total of 14 rodent species belonging to the fgrMluridae were captured at Mkhuze and
Kube Yini. This is the largest mammal family worlide and it is represented in southern Africa
(Namibia, Botswana, Zimbabwe, southern Mozambi@aeith Africa, Swaziland, Lesotho) by 64
species from 25 genera (Skinner and Chimimba 206 waZulu-Natal, 30 species of Muridae
from 15 genera have been recorded (Taylor 1998% Jjtecies that were missing from my
inventories were those whose distributions do netrlap with Mkhuze and Kube Yini (Skinner
and Chimimba 2005). Three rodent species represembst of the captures at Mkhuze and Kube
Yini: Mastomys natalensis (at Mkhuze),Mus minutoides and Aethomys ineptus. These three
species often dominate rodent assemblages in sautkfeca (Monadjem 1997, Avenant and
Kuyler 2002). They are widely distributed in southéfrica and have a broad habitat tolerance
(Taylor 1998).

Based on the two species richness estimators, wgniary of the regional species pool at
Mkhuze was between 64 and 70% complete and bet@@¥nand 100% complete at Kube Yini.
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The lower estimate for Mkhuze can be attributethtohigh number of singletons and doubletons
(n = 5 species) because the richness estimatanlatidms are strongly influenced by the number

of rare species in the assemblages (Gotelli ana/€io2001).

Although voucher specimens of each species at gtady site were taken, cryptic taxa may
still have been overlooked. Consequently, spedidsiess may be underestimated. Future studies

should do DNA analyses of each specimen caughieifi¢ld to uncover cryptic species.

As | predicted, rodent species richness and abwadainthe regional scale was higher at the
larger reserve, Mkhuze, than at the smaller resdfube Yini. Eight rodent species captured at
Mkhuze were not captured at Kube Yini. At identisampling effort, rodent species richness was
9 at Mkhuze and 6 at Kube Yini. However, when Itcolled the observed species richness with
reserve size, the relative species richness ofntedat Kube Yini was higher than the relative
species richness at Mkhuze. This supports the epacea relationship that predicts a positive
correlation between the size of an area and itsispgichness (Connor and McCoy 1979). Two
hypotheses have been advanced to account for peisies-area relationship. Firstly, habitat
diversity is higher in large areas, so they harbmore species with different ecological
requirements (Connor and McCoy 1979, Gaston andkBlan 2000). Secondly, the equilibrium
theory of island biogeography states that speahsess results from a dynamic balance between
colonisation and extinction rates, which vary wighand size (MacArthur and Wilson 1967).
Colonisation rates should be higher and extinctaips lower on larger islands (MacArthur and
Wilson 1967) hence the higher species richness avget islands than on smaller ones.
Furthermore, species richness increases with sagpdiffort because the probability of
encountering new species is higher (Samu and L&96b). Moreover, the presence of large
herbivores at Mkhuze may have influenced speciebnéss. For example, small mammal
abundance and species richness were significamtiglated with vegetation features such as grass
height and ground cover (Chapter 3). Large herbiwoirample vegetation thereby reducing
vegetation height and ground cover (Goheeal. 2004, Danelkt al. 2006). This in turn could
negatively influence abundance and species richihesgertheless, the species richness at Mkhuze
was high compared to other African rodent asseralslaghich range from 3 to 14 species
(Cheeseman and Delany 1979, Gliwicz 1987, Happaoldl ldappold 1990, Linzey and Kesner
1997a, Caro 1999, 2001). Similarly, the diversityMkhuze was higher than the diversity of
rodents at other sites which range from 0 to 1.br{d#llem 1997, Avenant 2000, Avenant and
Cavallini 2007, Whittington-Jonegt al. 2008), probably because the higher sampling etiort
Mkhuze enabled the capture of rare species suGrammomys dolichurus, Seatomys pratensis,

S krebsii, Mus cf. indutus andM. cf. neavel.
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At a local scale, species richness patterns vameahg sites. Species richness ranged from 1
to 9 at Mkhuze, and from 0 to 5 at Kube Yini. Thelferences may be due to differences in
microhabitat features among sites. Rodent spedtmass was significantly correlated with
vegetation features such as grass height and groavet (Chapter 3). Thus, habitats with high
grass and sufficient ground cover harboured a greatmber of species probably because they
provide more food (Monadjem and Perrin 1997, Keaeatal. 2007) and better protection against
predators (Kotleet al. 1991, Yungekt al. 2002, Keltet al. 2004) than open habitats.

4.2 Species richness, diversity and completenessrofentories of shrew assemblages

Five species from two genera were captured at Mkharml Kube Yini. Seventeen shrew
species representing four genera from the familyciiae are listed in southern Africa (Skinner
and Chimimba 2005). Thirteen of those species filor@e genera are present in KwaZulu-Natal
(Taylor 1998). The species that were missing froynimeentories were those whose distributions
do not overlap with Mkhuze and Kube Yini (SkinnedaChimimba 2005). Three shrew species
represented most of the captures at Mkhuze and Kirbe Crocidura hirta, C. fuscomurina and
Suncus lixus. These species occur in a wide range of habitadsase common in KwaZulu-Natal
(Taylor 1998). Conversely, species suchCiscidura cyanea often dominate other southern
African assemblages (Els and Kerley 1996, Monadjg®®7, Avenant and Kuyler 2002),
suggesting that historical, environmental and/atibiprocesses prevented their establishment in
local assemblages at Mkhuze and at Kube Yini. Uiniikely that other shrew species occurred at
Mkhuze and Kube Yini because the richness estimataticated that shrew inventories were

100% complete.

As | expected, shrew abundance was higher at Mkthae at Kube Yini, but both reserves
had the same shrew species richness. However, @itdrolling for reserve size, the species
richness at Mkhuze was lower than at Kube Yini. presence of large herbivores at Mkhuze may
have negatively affected shrew species richneseci&p identities differed between the two
reserves uncus infinitessmus was collected at Kube Yini but not at Mkhuze, whilrocidura
fuscomurina was collected at Mkhuze but not at Kube Yini. Hoer these patterns are difficult
to explain because little data are available on mhguirements of these species, such as
microhabitat preferences (Skinner and Chimimba 208&rew diversity of both reserves was

higher than in other southern African areas whastge from 0 to 0.89 (Monadjem 1997).

At a local scale, species richness patterns vameohg sites, ranging from 0 to 3 at Mkhuze

and at Kube Yini. These differences may be dueifferdnces in microhabitat features among
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sites. Shrew species richness was significantlyetatied with vegetation features such as tree
density, grass height and ground cover (ChapteFt8)s, species richness was higher at sites with
a high density of trees, high grass and sufficigatind cover that provide better protection against
predators (Kotleet al. 1991, Yungeket al. 2002, Keltet al. 2004) and more food (Monadjem and
Perrin 1997, Kearnest al. 2007) than at sites with open habitats.

4.3 Seasonal and inter-annual variations of roderdnd shrew assemblages

Rodent and shrew abundance was higher in wintarithaummer. This is surprising because
food supply and plant cover increase in the wes@@aSimilar seasonal patterns have been
recorded in South America (O'Connell 1989, Viei@7) and southern Africa (de Moor 1969,
Cheeseman and Delany 1979, Gliwicz 1985, Mahlalzh Rerrin 2003, Monadjem and Perrin
2003, Schradin and Pillay 2006). One reason mayabeelayed response in the temporal
availability of resources (Pucett al. 1993, Mununa 1996, Vieira 1997, Hansgnal. 1999,
Herndndezt al. 2005). Additionally, the higher food availabilitpay have rendered the bait in
traps less attractive to the rodents during the seeson than during the dry season when food
abundance is low (Monadjem 1999b, dos Santos-[etlab 2006). This is supported by the higher
catching rates in pitfall traps during the wet seathan during the dry season. Similarly, in South
American tropical forests, species richness anch@dmce were higher in winter than in summer
and pitfall traps were more effective at catchinggd mammals in summer than in winter (Hice
and Schmidly 2002, dos Santos-Fikial. 2006).

Furthermore, rodent abundance and species riclarebshrew abundance were higher in
2007 than in 2008 at Mkhuze. This may be due tddabethat large areas of Mkhuze were burnt
during 2008. Although there is no long-term datailable on the response of rodents and shrews
to the fire regime at Mkhuze, there is evidence gnaall mammal populations fluctuate after fire
(Kern 1981, Bowland and Perrin 1988, Monadjem awedrif® 1998, 2003). For example, in
Swaziland, the populations dflastomys natalens's, Mus minutoides and Lemniscomys rosalia
decreased after fire events (Monadjem and Perr@8,12003), probably to avoid the open areas
created by fire where predation risk is high (K881, Bowland and Perrin 1988). However, after
controlling for the number of study sites, abundaand species richness remained higher in 2007
than in 2008.

The observed inter-annual fluctuations in abundamzkespecies richness may also be due to
climatic variations (Linzey and Kesner 1997a, bnston 1999, Limat al. 1999a, Limaet al.

1999b, Aars and Ims 2002, Thibault and Brown 2088). example, increased rainfall is usually
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positively correlated with increased abundanceraohess of small mammal species (Leirsl.
1996, Morrisoret al. 2002). Rainfall at Mkhuze was lower in 2008 thar2007 (389 mm versus
479 mm; D. Kelly, unpublished data). It is perhayogable that rainfall was 569 mm in 2009 at
Kube Yini (D. Kelly, unpublished data) hence thghrelative species richness. Rainfall increases
vegetation cover and food resources, which enatesll mammals to reproduce and offers

protection against predators (Neal 1986, MonadjedhRerrin 1997).

In many systems, species richness and abundaneagecas resource abundance increases
(Rosenzweig 1995). However, species richness anddaimce may decrease at high levels of
productivity because of superior competitors exicigdother species or when another resource
becomes limiting (Tilman 1982, Abramsky and Rosexignwl984). This relationship has been
showeed in European rodent and shrew assemblagasiog in forests (Niedziatlkowsket al.
2010) and in several North American rodent andvghassemblages occurring in deserts and
grasslands (Abramsky and Rosenzweig 1984, Reald 2006). In the latter study, increased litter
density associated with increased productivity ceduthe ability of rodents to find seeds, thus
leading to a decrease in rodent species richnéddkAuze and Kube Yini, differences in primary

productivity among sites and years may explainvdréations in abundance and species richness.

4.4 Conclusion

The species inventories were fairly complete at dehand Kube Yini, hence strengthening
the results from my null model analyses (Chapters &nd 5) that test the influence of biotic and
abiotic processes on local assemblages (GotelliGnages 1996). After controlling for sampling
effort, rodent species richness was higher at M&hthan at Kube Yini, whereas shrew species
richness was identical. However, rodent and shpmeiss richness were lower at Mkhuze than at
Kube Yini after controlling for reserve size. Nethealess, rodent and shrew assemblages of both
reserves were characterised by high species ristarab high diversity. Rodent and shrew species
richness and abundance showed seasonal and imieataftuctuations. Differences in species
richness and abundance between Mkhuze and Kubenyayi be due to the presence of large
herbivores at Mkhuze. Therefore, it is necessatgsorelationships between species richness and

abundance, and habitat features (Chapter 3).
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CHAPTER 3

SPECIES COMPOSITION PATTERNS OF RODENTS AND
SHREWS

SUMMARY

| studied the species composition of rodents amevahto evaluate non-random patterns of
co-occurrence and nestedness. | assessed thenc#lud competition on species co-occurrence
patterns, and the influence of biogeographic pseeaind habitat filtering on nested patterns,
using null models. | investigated the relationshiptween species richness, abundance and
species composition and principal components ofnfi¢rohabitat features. | predicted that
biogeographic processes and habitat filtering aneenmportant than competition in influencing
rodent and shrew species composition. Microhab#aitures such as ground cover, canopy cover
and vertical structure of the vegetation were dareel with rodent abundance and rodent and
shrew species richness, and influenced the speciaposition of rodent and shrew assemblages.
Furthermore, | found non-random patterns of nestssinin rodent and shrew assemblages.
Immigration, extinction, and habitat filtering opéing at microhabitat scale influenced nestedness
in rodents, whereas nestedness in shrews was ofilyeced by habitat filtering operating at
microhabitat scale. Conversely, there was no stexigence for the influence of competition on
the species composition of rodents and shrews Beaaatoccurrence patterns did not significantly
differ from random expectations. Sound knowledgespécies resource use, and examinations of
processes operating at multiple scales, shouldvahrthe mechanisms structuring species

composition patterns.
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1. INTRODUCTION

Biotic processes such as competition, predationcaedolution, and abiotic processes such
as resource availability, may regulate species conityn assembly and lead to distinctive, non-
random species composition patterns in local askgab (Weither and Keddy 1995, Gotelli and
Graves 1996). The role of competition in shapingc#gs co-occurrence patterns was emphasised
with the work of Diamond (1975) on the bird spectésthe Bismarck Archipelago. Diamond
argued that competition may have led some speoie®iccur less than expected by chance,
which created checkerboard distributions (some §peties never co-occurred at the same site) or
patterns of forbidden species combinations (oftlal possible combinations of bird species
present in the regional pool, only certain comboreg were actually observed in local
assemblages) (Diamond 1975, Gotelli and Graves )1%éilar co-occurrence patterns were
described in a wide range of taxa including micgamisms, invertebrates and vertebrates (e.qg.
Gotelli and McCabe 2002, Luiselli 2006, Adams 208ibrner-Devineet al. 2007, Ward and
Beggs 2007), suggesting the pervasive role of ctitigreon species composition patterns (Gilpin
and Diamond 1984, Graves and Gotelli 1993). Howetrezse non-random patterns often only
arose when species were assigned into functiormalpgr defined by shared resource utilisation
(e.g. shared habitat, diet and foraging techniqgiibgse findings are consistent with interspecific
competition and limiting similarity theory: specidsom the same functional group are too

ecologically similar to coexist.

1.1 The influence of competition on species comptish patterns

Various predictions of competition theory can beestigated with indices quantifying co-
occurrence patterns. For example, to test the gtiedithat, if competition structured species
composition patterns, there should be more spgu@s that never co-occur (i.e. checkerboard
species pairs) than expected by chance, the C-¢écmasures the mean number of checkerboard
species pairs of all possible pairs of speciesné&tand Roberts 1990) and the number of species
pairs that form perfect checkerboards (measuresuh#er of species pairs that never coexist at
any site; Diamond 1975) can be used. To test theigtion that, if competition influenced species
composition patterns, there should be fewer spameshinations than expected by chance, the
number of unique species combinations observed iassemblage (Pielou and Pielou 1968) can
be used. Finally, to test the prediction that thdgance of species richness among sites should be

smaller than expected by chance if competitioncstined species composition, because niche
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limitation constrains the number of coexisting spe¢MacArthur and Levins 1967, Wilsehal.
1987, Gotelli and Entsminger 2001), the V-ratio &sures the variability of the number of species
among sites; Robson 1972, Schluter 1984) can kb use

Non-random patterns of species co-occurrences eaadbed with null models (Gotelli and
Graves 1996). Null models compare observed co-oecce patterns with patterns expected by
chance that are generated by randomising origimakgmce-absence matrices (Gotelli and
Entsminger 2001). Randomisation procedures aredbase different assumptions about the
distribution of species within and across sites.@&@mple, species may have the same probability
to be drawn, species placement may be proporttonle observed species composition patterns,
or mirror the observed patterns (Gotelli 2000). ¢é&erandomisation procedures may incorporate
different degrees of randomness. Exploring co-agetume patterns with multiple null models is

essential to uncover which processes govern contynstnucture.

Non-random co-occurrence patterns consistent viiéhdompetition hypothesis have been
found in rodent assemblages in South and North Amerdeserts and in Egypt (Brown and
Kurzius 1987, Keltet al. 1995, Keltet al. 1999, Brownet al. 2000, Abu Baker and Patterson
2011), and in shrew assemblages in Australian aodhNAmerican temperate forests (Fox and
Kirkland 1992, McCayet al. 2004). Competition structured the composition péges within
functional groups: there were less species conibmatmore checkerboard distributions and less
species from the same functional group than exgeoyechance because competition is higher
among ecologically similar species (Fox and Kirkd®92, Fox and Brown 1993, 1995, Kadmon
1995). However, co-occurrence patterns were andigger large geographic scales that may have
included heterogeneous environmental conditiong. (¢éopography, geology, microclimate,
disturbance history). Integrating heterogeneoues sit co-occurrence analyses might lead to false
conclusions about community assembly because feetefof competition and habitat filtering
cannot be disentangled: species may segregate deechicompetitive interactions or because of
divergent habitat preferences (Weither and Kedd9519Gotelli and Graves 1996). Strong
evidence of competition among species is usualiyndoat smaller spatial scales encompassing
homogeneous environments (Huston 1999, Rosenzw®@5)1 Therefore, randomisation
procedures that test for the influence of biotiogesses should include sites with similar

environmental conditions and biogeographic history.
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1.2 The influence of biogeographic processes and bitt filtering on species composition

patterns

The species composition of local assemblages chibieyatterns of nestedness in which
species present at species-poor sites represeaétsubf species present at species-rich sites
(Patterson and Atmar 1986, Atmar and Patterson,1988jht et al. 1998, Ulrichet al. 2009).
Historically, nestedness has been described inansssemblages (Patterson and Atmar 1986),
but the concept has also gained popularity in aeasien biology because it explains species
richness patterns in fragmented habitats (BoecHl®@7, Honnayet al. 1999, Fischer and
Lindenmayer 2005, Meyer and Kalko 2008a). Furtheenthe concept of nestedness has been
useful in interpreting networks of interacting sips¢where a core group of generalist species all
interact with each other and specialist speciesract only with generalist species (Bascongbte
al. 2003, Burgost al. 2007).

Nestedness can be produced by biogeographic pesctss operate at a regional scale, such
as immigration and extinction, or by habitat filtey that operates at a local scale. Following the
theory of island biogeography, the probability etarrence of a species at a site depends on two
biogeographic functions (MacArthur and Wilson 196@molino 1999). Firstly, the immigration-
isolation relationship predicts that immigrationeralecreases as the distance from the regional
source pool to the site increases. Species withitifeest dispersal abilities should be able tolieac
the most remote sites, while species with the mtatiespersal abilities should only be found at
sites close from the original source pool. Secantiig extinction-area relationship predicts that
extinction rate decreases as site area increapesieS with large minimum area requirements
should only be found in the largest sites, becaundg these are able to support population sizes
large enough to safeguard against extinction rigkenversely, species with small area
requirements should be found in both large and Isanabs. Moreover, species occupy sites that
are congruent with their habitat requirements imeof, for instance, vegetation structure and soil
characteristics (Ricklefs 1991, Gaston and Blackl2000). Measuring nestedness along gradients
of, for example, site isolation, site area and fadbieatures should uncover the underlying
mechanism(s) leading to nested subsets (Cutler,1981olino 1996, Hylandest al. 2005).

Significant nested patterns have been detecteddent assemblages in North American and
Asian deserts (Patterson and Brown 1991, Ke#l. 1999), in Egypt (Abu Baker and Patterson
2011), and in Finnish shrew assemblages (Pattek860). In these studies, local assemblages
were encompassed within a landscape of continuab#ats. However, none of these studies

evaluated the relationships between immigratiotinetton, habitat characteristics and nestedness
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to assess the role of biogeographic processes abitah filtering in structuring species

composition patterns.

1.3 Ouitline of the chapter

In this chapter, | test the influence of competitidiogeographic processes and habitat
filtering on the species composition patterns alert and shrew assemblages of Mkhuze and
Kube Yini Game Reserves (Chapter 2). Based on toded shrew life history traits that are
characterised by early maturity, high reproductat and unstable population structure (Chapter
1), | predicted that biogeographic processes anuitdiafiltering are more important than

competition in influencing rodent and shrew spec@sposition.

For competition, | quantified species co-occurrena¢h four indices: the number of
checkerboards (Stone and Roberts 1990), the nurobespecies pairs forming perfect
checkerboards (Diamond 1975), the number of ungpexies combinations (Pielou and Pielou
1968) and the V-ratio (Robson 1972, Schluter 19B4ndom co-occurrence patterns were created
using nine randomising algorithms incorporatingetént degrees of randomness. If competition
influenced the species composition of small mamasakemblages, there should be more species
pairs that never co-occur, there should be fewaguenspecies combinations, and the variance of
species richness among sites should be smalleretkpected by chance (Gotelli and Entsminger
2001).

| assessed the relationships between 17 microhafiteables and rodent and shrew species
richness, abundance and species composition. Magets a critical component for small
mammals (Kearneyt al. 2007, Stevens and Tello 2009). For example, a edemsl high
vegetation cover provides protection against pardatBrown et al. 1988). Vegetation also
provides nesting sites (Briaet al. 2001, Wellset al. 2006a) and represents a source of food
(Reichman and Roberts 1994, Veech 2000). | testesbdent and shrew species richness,
abundance and species composition were correlateanicrohabitat features, specifically ground
cover, vertical heterogeneity of the vegetation togbgraphy. | predicted positive relationships
with microhabitat features such as high canopyrasgcover that provide food and/or protection
against predators, and negative relationships tatbitat features such as low canopy or grass

cover that characterise open habitats.

To test the influence of biogeographic processeks habitat filtering on rodent and shrew

assemblages, | used a nestedness temperatureat@ic(Rodriguez-Gironés and Santamaria
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2006). To evaluate the role of biogeographic preegeson nestedness patterns, | assessed the
relationships between nestedness and site isolatidnsite area. To evaluate the role of habitat
filtering on nestedness patterns, | assessed loreships between nestedness and macrohabitat

and microhabitat features.

2. METHODS

2.1 Sampling rodents and shrews

Rodent and shrew assemblages were sampled at Mihdzat Kube Yini between 2007 and
2009 (Chapter 2). The sampling methods and themddages are described in more detail in
Chapter 2. The completeness of the rodent and sime@ntories was verified with species

richness estimators (Chapter 2).

2.2Testing the competition predictions on rodent ath shrew assemblages

2.2.1 Indices of co-occurrence

| quantified co-occurrence patterns with the follogvfour indices (Gotelli 2000, Gotelli and
Entsminger 2001):

The C-score (Stone and Roberts 1990) - two species form akeltboard unit when their
occurrences are mutually exclusive; in other woifdsyo species compete for a limiting resource,

they will not coexist at the same site. Therefdhey will constitute checkerboard units of the

form
10
01
or
01
10

where 1 = present and 0 = absent.



59

The number of checkerboard units per species Galj (s
CU= (ri-S)(rj - S)

where S is the number of sites shared by both egediis the row total of species i and rj is the
row total of species j. The C-score is the meanbmmof checkerboard units of all possible pairs
of species. In a competitively structured assenghltge C-score should be larger than expected by

chance.

The number of species pairs forming perfect checkerboards (Diamond 1975) - this index
measures the number of species pairs that nevecao- It is more stringent than the C-score
(Gotelli and McCabe 2002) because it calculatesitireber of species pairs that never co-exist at
any site. In a competitively structured assembldgere should be more species pairs that never

co-occur than expected by chance.

The number of unique species combinations (Pielou and Pielou 1968) - among all the
possible combinations of species present in amdsage, only a few combinations are actually
found in nature. For an assemblageno$pecies, there arenZossible species combinations,
including the possibility of no species present.altompetitively structured assemblage, there
should be fewer unique species combinations thapea&d by chance because competition leads

to "forbidden" combinations that will not be fou(diamond 1975).

TheV-ratio (Robson 1972, Schluter 1984) - this index measinesariability of the number

of species per site. It is dependent on the row @idmn totals, unlike the other indices that
reflect patterns of species distribution amongssfitherefore it cannot be tested with the null
model algorithm SIM9 which keeps the marginal ®téked — see below, Table 3.1). It is
calculated as the ratio of the variance of themolsums (variance in species richness) to the sum
of the row variances (variance in species occuggndf there is a negative covariance between
species pairs, the V-ratio is <1. If there is aifps covariance between species pairs, the V-ratio
is >1. If there is no variation in the number oktsies per site, the V-ratio = 1. If competition
limits the number of species per site then the fiGrshould be smaller than expected by chance
(Wilsonet al. 1987).

2.2.2 Null modd analyses

Observed co-occurrence patterns were comparedpaiterns obtained by chance created by
randomising the original presence-absence matticesill models of species co-occurrence, three

different constraints can be applied on the rowe¢ss occurrences across sites) and column
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(species richness per site) sums. The sums canab@ained to reflect observed differences in
species richness among sites and differences inrmeece frequencies among species. The
probability of species placement during randomisatian be proportional to the observed sums.
Finally, the probability of species placement caneguiprobable so that all sites have the same
average number of species and the occurrence freiggeof each species are the same (Gotelli
2000). Therefore, nine null model tests (SIM 1 th9), differing in the way rows and columns
are treated, could be developed (Table 3.1) (G&@lO0, Gotelli and Entsminger 2001).

However, not all null models are valid for a giveataset. The validity of null model tests
depends on the size, i.e. the maximum rate at whiemull hypothesis is rejected when it is true
(type | error rate); power, i.e. the rate at whicé null hypothesis is rejected when it is falypét
Il error rate); robustness, which is a measure hef lependence of a test's error rates on
assumptions; and bias, which is a measure of hoeshmmuore likely the null hypothesis is to be
rejected when it is false than when it is true (2889). The size, power, robustness and bias
depend on the sample size, the null hypothesigliested and the assumptions of the test (Ladau
and Ryan 2010). Consequently, to determine whidhmadel tests were appropriate to my data
sets, | used the software MPower (Ladau and Rydm®)2@vhich runs in conjunction with the
Ecosim program. Species were assumed to have aiff@robabilities of occurring at different
sites and different species were assumed to hdferedit probabilities of occurring at the same
site (Ladau and Ryan 2010). MPower assessed thgpgiwver, robustness and bias associated with
each co-occurrence index and null model algorittimizination and indicated whether the test
was valid. For valid tests, | ran Ecosim (versiof, Gotelli & Entsminger 2001) to test the null
hypothesis of no effects of competition on roderd ahrew assemblages. The input of each valid
null model test was a presence-absence matrix thiithrows representing the species and the
columns representing the study sites. The presabsence matrix was first randomised 5000
times with Monte Carlo randomisations to remove pattern in the data (Gotelli and Entsminger
2001). Then, expected co-occurrence indices wdcellated for 1000 simulations. Co-occurrence
patterns were non-random with respect to the catigetpredictions if the observed co-
occurrence indices (C-score, number of checkerlspamgmber of species combinations, V-ratio)
were significantly different from 95% of the expedtvalues obtained for the 1000 simulated

assemblages (Gotelli and Entsminger 2001).
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Table 3.1. Nine null model algorithms for speciesococcurrence analyses (Gotelli 2000).

Constraint
Constraint Columns equiprobable Columns proportionaColumn sums maintained
Rows SIM1 SIM6 SIM3
equiprobable All species and sites ar¢e All species are All species are

equiprobable: all matrix equiprobable. The | equiprobable. The specigs

rearrangements are probabilities of richness per site is
equally likely. occurrence in the sites maintained.

are proportional to the

observed species

richness per site.

Rows SIM7 SIM 8 SIM5
proportional All sites are The probabilities of The species richness per
equiprobable. The occurrence of species| site is maintained. The
probabilities of are dependent on both probabilities of occurrence

occurrence of species afesite and species marginabf species are proportiona
proportional to the totals. to the observed species

observed species occurrence frequencies.
occurrence frequencies.

Row sums SIM2 SIM4 SIM9
maintained The species occurrencé The species occurrence Row and column sums are
totals are maintained. All  totals are maintained. simultaneously
sites are equiprobable.|  The probabilities of maintained.

occurrence in sites arg
proportional to the
observed species

richness per site.
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2.3Testing for the influence of microhabitat on ro@ént and shrew assemblages

2.3.1 Microhabitat variables

| measured 17 microhabitat variables at each Istaly site at Mkhuze and Kube Yini in
winter and in summer. | quantified ground coverngsthe line-intercept method (Mueller-
Dombois and Ellenberg 1974). At each local studly, $iset up three 30 m long transects using a
rope along the pitfall trap lines (Chapter 2). Bv&0 cm along each transect, | recorded the
following six ground cover variables: percentageelsoil, percentage plant cover, percentage rock
cover, percentage shrub cover, percentage log caveérpercentage litter cover. In addition, |
measured grass height to obtain a measure of akhiterogeneity. | used these data to classify
grass into seven height classes: % grass 0-5 cgra%s 6-10 cm, % grass 11-20 cm, % grass 21-
30 cm, % grass 31-40 cm, % grass 41-50 cm, anda%s gr50 cm. | assessed the density of trees
and the density of shrubs using the point quartethod (Bonham 1989) at each of the three tips
of the pitfall trap lines and at the centre of th#fall trap array. | took the mean of these four
points to obtain tree density and shrub densityaddition, | obtained an indirect measure of
canopy cover at those four points by measuringatheunt of light coming through the vegetation
at ground level using a photoelectric meter ESfRAdssman 1955). | took the mean of these four
points to obtain a value of canopy cover per |latatly site. Finally, from the centre of the pitfall

trap array, | visually assigned a value of slopdimation: 1 = flat; 2 = intermediate; 3 = steep.

2.3.2 Satistical analyses

| analysed the winter and summer seasons separ@telgduce the number of variables and
remove correlations between the microhabitat véeggbl conducted a principal component
analysis (PCA, SPSS version 15, LEAD Technologies,., 2006). | used the principal
components as new microhabitat parameters in theesuent general linear models (Schoeman
and Jacobs 2008). | investigated the relationdgween microhabitat parameters and rodent and
shrew species richness and abundance using géinesl models (General Linear Model, SPSS
version 15, LEAD Technologies, Inc., 2006). Rodamd shrew abundances and species richness

were log10 transformed to enhance normality.

| also examined which aspects of microhabitat bgptained similarities in rodent and shrew

composition using BIOENV in Primer (version 5, PRER-E Ltd, 2000) on a species composition
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similarity matrix and a microhabitat variables diste matrix comprising the original microhabitat
variables (Seymour and Dean 2010). BIOENV maximie3pearman rank correlation between

the two matrices.

2.4 Testing for patterns of nestedness on rodent drshrew assemblages

2.4.1 Nestedness temperature

Nestedness is quantified by indices measuring ttenpgerature” (by analogy with
thermodynamic systems) of a maximally nested peEsabsence matrix of species versus sites, in
which species are ordered from the most to leadéspread, and sites are ordered from the most
to least species rich. In a perfectly nested mathigre are no unexpected presences or absences,

S0 species occurrences (1) are all concentratédeirupper left corner of the presence-absence
matrix:

111111
111100
111000
110000
100000

The temperature quantifies whether the observeahgement of 1's and 0's deviates from
the arrangement given by an isocline that sepathted’s and 0’s in a perfectly nested matrix
(Atmar and Patterson 1993). To determine if asseg#d are significantly nested, observed
temperatures are compared with the temperaturanoform matrices in which the 1's and 0’s are
randomly arranged (Patterson and Atmar 1986). Randwtrices are created by randomising
species presences across the original matrix (BeelziGironés and Santamaria 2006). A system

is nested if its temperature is significantly lowlean the temperature of the random matrices.

To test if rodent and shrew assemblages were hhacally structured, | quantified
nestedness in three steps (Atmar and Patterson).1898tly, the isocline of perfect order,
describing a perfectly nested matrix, was computgecondly, the rows and columns of the
original presence-absence matrix were permutedyayathat maximizes its nestedness, i.e. where

species occurrences were concentrated in the upftecorner of the matrix, to create the
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maximally nested matrix. Finally, the sum of squafeuclidian distances of the unexpected
absences above the isocline and the unexpectednpess below it was calculated. The
temperature corresponded to this value, normalisesdich a way that it ranged between 0 for a
perfectly nested matrix and 100 for a maximallynasted matrix. To test the null hypothesis that
assemblages were not nested, expected temperatrresalculated for 1000 simulations. Rodent
and shrew assemblages were nested if the obserwgzbtature of the maximally nested matrix
was significantly different from 95% of the temptewra values obtained for the 1000 simulated
assemblages (Atmar and Patterson 1995, GotelliEaridminger 2001, Rodriguez-Gironés and
Santamaria 2006).

Originally, researchers used the Nestedness Temper&alculator (NTC) (Atmar and
Patterson 1993, 1995) to quantify nestedness pattelowever, the NTC has flaws related to the
definition of the isoclines of perfect order, thatnx reorganisation process and the robustness of
the algorithms (Brualdi and Sanderson 1999, FiseherLindenmayer 2002, Rodriguez-Gironés
and Santamaria 2006, Ulrich and Gotelli 2007). Tweary matrix nestedness temperature
calculator (BINMATNEST) (Rodriguez-Gironés and Saméaria 2006) corrects these flaws by
calculating unique isoclines of perfect order. Rarinore, the matrix is reorganised with robust
genetic algorithms that find the best-performedmeation of rows and columns that leads to
maximum nestedness: for 2000 iterations (“numbegearferations”), the genetic algorithms start
with 30 “individuals” (matrices obtained from theput data permuting rows and columns), and
choose at random a subset of 7 “individuals” frotricl the ones with the lowest temperature (i.e.
maximum nestedness) are selected to produce “moféspring” that will be used in the next
iteration. Finally, BINMATNEST calculates a p-valusing a null model algorithm in which the
probability of each cell being filled is the aveeagf the probabilities of occupancy of its row and
column. That means that the probability of drawandy is proportional to both species occurrences
across sites and species richness per site (Baseoghml. 2003, Rodriguez-Gironés and
Santamaria 2006). Hence, | used BINMATNEST to dateuthe nestedness temperature of rodent

and shrew assemblages.

2.4.2 Mechanisms of nestedness

| examined the role of biogeographic processes laaoitat filtering in producing the
observed nested patterns. | used Spearman randatamns (Patterson and Atmar 2000, Meyer
and Kalko 2008b, Frickt al. 2009) to assess the rank correlations of the d#égsrmined by the
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matrix reorganisation vectors (i.e. the site rantteo in the maximally packed matrix) with site

isolation, site area and habitat heterogeneitytéPatn and Atmar 2000).

Each local study site was encompassed within airags landscape composed of three
adjacent natural reserves (Mkhuze, Kube Yini andnd®h Game Reserves) surrounded by
disturbed areas (crop fields, livestock farming dmunan settlements) (Chapter 2, Figure 2.1).
Disturbed areas may negatively impact on small malmmFor example, trampling and
overgrazing by livestock and the use of pesticldad to a lower species richness in agricultural
habitats than in natural areas and to differencespiecies composition (Horvagh al. 2001,
Hoffmann and Zeller 2005, Datilat al. 2007, Heroldové&t al. 2007, Pocock and Jennings 2008).
Thus, | considered the unit formed by the three @aeserves as a closed system that represents
the regional species pool, and assumed that biogpbig processes such as immigration and
extinction occurred mainly within its boundarieshefefore, | quantified site isolation with the
following five indices: distance from the local djusite to the nearest and the farthest borders of
the unit formed by the three reserves (to accoomspecies dispersal within the boundaries of the
three reserves); distance from the local studytsitine edge of the habitat patch where the local
study site is found, and distance from the loaadgtsite to the nearest patch of the same halsitat a
the one where the local study site is found (tooant for species habitat affinities and their
dispersals within and between these habitats)santdof the pairwise distances between sites (to
account for migrations across sites) (Cullinghetral. 2008). Furthermore, | quantified site area
with two indices: size of the habitat patch whdne tocal study site is found and size of this
habitat in the unit formed by the three reservdg hdices of immigration and extinction were
measured with ArcMap (version 9.3, ESRI Inc., 2008ng the “Measure” tool (see Figure 2.2,
Chapter 2). Finally, to test the influence of hablifiitering on nestedness, | quantified habitat
heterogeneity with six indices measured at macritdtabnd microhabitat scales: macrohabitat
heterogeneity, i.e. number of habitats adjacerthéohabitat patch where the local study site is

found, and the five principal components (PC1 t& P& the microhabitat variables.

3. RESULTS

3.1 Patterns of competition in rodent assemblages

Based on assessments of type | and type |l ertes ridnat were associated with the null

model tests, the influence of competition on rodassemblages was tested with four co-
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occurrence indices, C-score, number of checkerlpamamber of species combinations and V-
ratio, and five algorithms, SIM1, SIM2, SIM3, SIMd SIM7 (Table 3.2).

| found non-random patterns consistent with contipetitheory with SIM1 in combination
with the number of checkerboards: there were mpeziss pairs that never co-occurred than
expected by chance (p<0.05) (Table 3.3). In coftthere was no evidence of competition with

any of the other tests (p>0.05).

Table 3.2. Tests of error rates associated with nenalgorithms (SIM1 to 9) linked to four co-
occurrence indices, used to test the competition pgthesis on the rodent assemblage at
Mkhuze + Kube Yini. The sign A indicates that the error rate is acceptable (powéul and
unbiased test); * indicates a high type | error rag; ** indicates a high type Il error rate. *,

** indicates high type | and Il error rates.

SIM1 SIM2 SIM3 SIM4 SIM5 SIM6  SIM7 SIM8  SIM9

C-Score A A *% * k% * k% * k% * * k% *
Number of A A *k * kk ok kk Kk Kk A * Kk *
checkerboards

Number of species * ok A ok * wE ok Rk ok *

combinations

V_ratlo *% *%* A *%* A *%* *’ *%* *%* *




67

Table 3.3. Tests of the competition hypothesis omdent and shrew assemblages at Mkhuze +
Kube Yini. If competition influenced rodent and shrew assemblages, then Obs C-score > Sim
C-score, Obs No of checkerboards > Sim No of checkeards, Obs No of sp combinations <
Sim No of sp combinations, and Obs V-ratio < Sim Vatio. p-values in bold indicate

significant patterns consistent with competition pedictions.

Index Randomising Obs index Simindex p-value
algorithm

Rodents C-score SIM1 10.1 24.9 <0.0001
No of checkerboards SIM1 43 19.8 <0.0001
C-score SIM2 10.1 12.9 0.002
No of checkerboards SIM2 43 46.8 0.2
No of sp combinations SIM3 27.7 24 <0.0001
V-ratio SIM3 1.8 1.3 <0.0001
V-ratio SIM5 1.8 1.6 0.002
No of checkerboards SIM7 43 32.2 0.1

Shrews No of checkerboards SIM1 2 0.1 0.005
C-score SIM2 32 321 0.5
C-score SIM3 32 41.8 0.001
C-score SIM5 32 32.6 0.4
No of checkerboards SIM5 2 11 0.3
C-score SIM7 32 33.6 0.4
No of checkerboards SIM7 2.1 11 0.3
C-score SIM9 32 30.7 0.06
No of checkerboards SIM9 2 1.2 0.2

3.2 Relationships between microhabitat and rodentssemblages

3.2.1 Winter season

The microhabitat variables were normally distriltbi(€olmogorov-Smirnov test, p>0.2). The
principal component analysis of the 17 microhahitaiables extracted five principal components
that accounted for 79.48% of the total varianceb(@®.4). PC1 was a measure of differences in

the vertical height of grass: local study siteshvdthigh % grass height 31-40 cm and 41-50 cm
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loaded high on the axis. PC2 was a measure ofréiftes in tree density and % litter: local study
sites with a high density of trees and high %/itteded high on the axis. PC3 was a measure of
differences in canopy cover and % grass heightcedOocal study sites with a high canopy cover
loaded high on the axis and sites with a high %sgtaeight >50 cm loaded low. PC4 was a
measure of differences in the percentage of rdokai study sites with a high percentage of rocks
loaded high on the axis. Finally, PC5 was a meastdifferences in the percentage of bare soil:

local study sites with a high percentage of baildaaded low.

Table 3.4. Contribution, eigenvalues and percent vation of the first five principal
components (PC1 to PC5) obtained from the principalcomponents analysis of the

microhabitat variables of the winter season.

Microhabitat variables PC1 PC2 PC3 PC4 PC5
% bare soil -0.600 -0.190 0.412 0.131 -0.419
% plants 0.772 -0.1240.155 -0.488 0.079
% rocks 0.420 0.215 -0.2960.576 -0.093
% shrubs -0.215-0.559 -0.377 0.301 0.530
% logs -0.457 0.636 -0.211 -0.360 0.010
% litter -0.312 0.762 -0.182 -0.055 0.356
Grass 0-5cm -0.8990.149 -0.006 0.041 -0.28
Grass 6-10cm 0.235 0.667 0.260 0.007 0.361
Grass 11-20cm 0.406 0.438 0.641 0.050 0.335
Grass 21-30cm 0.723 -0.0240.522 0.072 0.049
Grass 31-40cm 0.808 -0.2450.050 0.211 -0.112
Grass 41-50cm 0.834 -0.2640.229 0.086 -0.062
Grass >50cm 0.214 -0.5260.645 -0.243 0.146

Canopy cover
Tree density
Shrub density
Slope

Eigenvalue

-0.331-0.438 0.658 0.169 0.045
0.228 0.771 -0.239.222 -0.139
-0.623-0.155 0.040 0.418 0.430
0.430 0.519 -0.2350.316 -0.294

5.16 3.54 2.26 1.28 1.25

Total variance explained (%) 30.37 20.85 13.35 7.54 7.36

Cumulative variance (%)

30.37 51.22 6457 7212 79.48
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In winter, rodent species richness was signifigantrrelated with PC1 (E4.42, p<0.05)
and PC4 (F=9.38, p<0.05) (Table 3.5). The model explained®9.of the variation. Rodent
abundance was significantly correlated with PC1=88, p<0.05) (Table 3.5). The model
explained 37.8% of the variation. The percentagditir covering the ground best explained

similarities between rodent assemblages (BIOENY tes-0.192).

Table 3.5. Test of the relationships between the BQf microhabitat variables with rodent

species richness and abundance in the winter season

df. MS F p
Speciesrichness
Intercept 1 371.57132.75 0.001
PC1 1 1238 4.42 0.040
PC2 1 0.15 0.05 0.810
PC3 1 1.32 0.47 0.490
PC4 1 26.27 9.38 0.010
PC5 1 0.71 0.25 0.620
Error 22 279
Abundance
Intercept 1 10.23 104.6 0.001
PC1 1 0.67 6.88 0.020
PC2 1 0.21 2.17 0.150
PC3 1 0 0.01 0.940
PC4 1 0.04 0.41 0.530
PC5 1 0.16 1.69 0.210

Error 19 0.09
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3.2.2 SUummer season

The microhabitat variables were normally distrilsuf€olmogorov-Smirnov test, p>0.2). The
principal component analysis of the 17 microhahitaiables extracted five principal components
that accounted for 77.11% of the total varianceb(@®.6). PC1 was a measure of differences in
the vertical height of grass: local study siteshvdthigh % grass height 31-40 cm and 41-50 cm
loaded high on the axis. PC2 was a measure ofréiftes in % logs and % litter: local study sites
with a high % logs and high % litter loaded hightba axis. PC3 was a measure of differences in
canopy cover and % grass height >50 cm: local ssitgg with a high canopy cover loaded high
on the axis and sites with a high % grass heiglt ¢ loaded low. PC4 was a measure of
differences in the percentage of shrubs and % draight 6-10 cm: local study sites with a high
percentage of shrubs loaded high on the axis @es with a high % grass height 6-10 cm loaded
low. Finally, PC5 was a measure of differencesee tdensity and % grass height 11-20 cm: local
study sites with a high tree density loaded highhenaxis and sites with a high % grass height 11-

20 cm loaded low.
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Table 3.6. Contribution, eigenvalues and percent vation of the first five principal

components (PC1 to PC5) obtained from the principalcomponents analysis of the

microhabitat variables of the summer season.

Microhabitat variables PC1 PC2 PC3 PC4 PC5
% bare soil -0.463 -0.515 0.495 0.123 0.292
% plants 0.773 -0.457-0.201 -0.134 -0.167
% rocks 0.580 0.211 0.029 -0.064 -0.035
% shrubs -0.524 0.290 -0.150 0.468 -0.295
% logs -0.523 0.668 0.011 -0.280 0.203
% litter -0.347 0.759 -0.064 -0.156 0.263
Grass 0-5cm -0.801-0.192 0.125 -0.069 0.394
Grass 6-10cm -0.422-0.178 -0.325 -0.544 -0.226
Grass 11-20cm -0.0750.007 0.452 -0.425 -0.565
Grass 21-30cm 0.593 0.308 0.487 0.229 -0.323
Grass 31-40cm 0.798 0.157 0.383 0.309 0.015
Grass 41-50cm 0.873 0.182 -0.128.177 0.229
Grass >50cm 0.312 0.028 -0.68D.425 0.233
Canopy cover -0.325-0.366 0.576 0.354 0.226
Tree density 0.545 0.157 0.350 -0.404 0.403
Shrub density -0.5710.519 0.270 0.351 -0.214
Slope -0.639 0.227 0.231 -0.327 0.224
Eigenvalue 5.62 2.32 2.08 1.71 1.36
Total variance explained (%) 33.08 13.68 12.24 10.10 7.99
Cumulative variance (%) 00.08 46.77 59.01 69.11 77.11

| did not find any relationships between the PCd mndent species richness or abundance

(Table 3.7). The percentage of bare soil, rocks slwmdbs covering the ground and the vertical
structure of the vegetation (percentage of grasghhet 11-20cm and >50cm) best explained

similarities between rodent assemblages (BIOENY, tes0.3).
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Table 3.7. Test of the relationships between the BQf microhabitat variables with rodent

species richness and abundance in the summer season

df. MS F p
Foecies richness
Intercept 1 09 1787 0.01
PC1 1 019 3.67 0.07
PC2 1 011 210 0.17
PC3 1 0.04 084 0.37
PC4 1 006 1.14 0.30
PC5 1 001 0.13 0.72
Error 14 0.05
Abundance
Intercept 1 423 3939 0.01
PC1 1 0.06 0.55 0.47
PC2 1 036 334 0.08
PC3 1 001 0.05 0.81
PC4 1 004 0.38 0.54
PC5 1 0.03 0.26 0.61
Error 14 0.11

3.3 Patterns of nestedness in rodent assemblages

Rodent assemblages were significantly nested (b5x@Table 3.8). The site rank order in the

maximally packed matrix was significantly correthigith the distance from the local study site to
the nearest {= 0.4, p<0.05) and the farthest {r 0.4, p<0.05) borders of the unit formed by the

three reserves, the distance from the local study® the nearest patch of the same habitat as the

one where the local study site is found £r 0.5, p<0.05), the sum of the pairwise distances

between sites {= 0.4, p<0.05), the size of the habitat patch wlibe local study site is found (r
= 0.4, p<0.05), the size of this habitat in thet doimed by the three reserves £r0.4, p<0.05),
the PC2 (¢= 0.5, p<0.05) and the PC4 & 0.4, p<0.05) of the microhabitat variables meadin

winter (Table 3.9). In contrast, there were no @ations between the ranks and the other indices

(p>0.05) (Table 3.9).



Table 3.8. Summary of the nestedness analyses oflemt and shrew assemblages at Mkhuze + Kube Yini. ¥ temperature of the nested matrix.

P value T
Rodents <0.0001 9.96
Shrews 0.04 22.62

Table 3.9. Spearman rank correlation tests betweemestedness and site isolation, site area and haltiteeterogeneity, quantified by 18 indices. DN
= distance to the nearest border of the three resees forming the current species pool; DF = distanc® the farthest border of the three reserves
forming the current species pool; DH = distance tthe border of the habitat patch; DP = distance tolie nearest patch of the same habitat; SPD =
sum of the pairwise distances; SP = size of the htdi patch; SH = size of the habitat in the three eserves forming the current species pool; H =
number of habitats around the habitat patch; PC1w 6 PC5w = principal components of the microhabitat &riables measured in winter season;
PC1s to PC5s = principal components of the microhdtat variables measured in summer season (see tdgir details). p-values are in brackets

and in bold if significant.

DN DF DH DP SPD SP SH H PCiwPC2w PC3w PC4w PC5w PCls PC2s PC3s PC4s PC5w

Rodents 0.4 04 00l 05 04 04 04 03 -03 05 02 04 -01 03 01 04 02 01
(0.03) (0.04) (0.9) (0.007) (0.02) (0.01) (0.05) (0.08) (0.2) (0.007) (0.2) (0.03) (0.6) (0.1) (0.4) (0.06) (0.3) (0.4)
Shrews 09 -07 02 03 02 02 03 02 02 01 004 03 -02 -02 -03 05 -02 01
(0.6) (0.3) (0.3) (0.1) (0.2) (0.3) (0.07) (0.4) (0.1) (0.4) (0.8) (0.1) (0.3) (0.3) (0.1) (0.01) (0.3) (0.4)
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3.4 Patterns of competition in shrew assemblages

Based on assessments of type | and type Il ertes rihat were associated with the null
model tests, the influence of competition on shress tested with two co-occurrence indices, C-
score and number of checkerboards, and six algesittsIM1, SIM2, SIM3, SIM5, SIM7 and
SIM9 (Table 3.10).

| found non-random patterns consistent with contipetitheory with SIM1 in combination
with the number of checkerboards: there were mpeziss pairs that never co-occurred than
expected by chance (p<0.05) (Table 3.3). In coftthere was no evidence of competition with

any of the other tests (p>0.05).

Table 3.10. Tests of error rates associated withme algorithms (SIM1 to 9) linked to four co-
occurrence indices, used to test the competition pgthesis on the shrew assemblage at
Mkhuze + Kube Yini. The sign A indicates that the error rate is acceptable (powdul and
unbiased test); * indicates a high type | error rag; ** indicates a high type Il error rate. *,

** indicates high type | and Il error rates.

SIM1 SIM2 SIM3 SIM4 SIM5 SIM6 SIM7 SIM8 SIM9

C_Score *% A A * k% A * k% A * k% A
Number of A i Rk Hk A R A *e A
checkerboards

Number of species o b ** ok ok ok *x ok ok

combinations

V_ratlo *% ** *% *%* ** *% *% *%* *%
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3.5 Relationships between microhabitat and shrew asmblages

3.5.1 Winter season

Shrew species richness was best explained by PC2,aRd PC4 (Table 3.11). The model
explained 41.8% of the variation. None of the P@planed shrew abundance (Table 3.11).
Similarities between shrew assemblages were bettiegd by the percentage of bare soil on the
ground and the vertical heterogeneity of the vdigatat 0-5 cm (BIOENV test, r = 0.094).

Table 3.11. Test of the relationships between the(8 of microhabitat variables with shrew

species richness and abundance in the winter season

df. MS F P

Speciesrichness

Intercept 1 72.32 120.570.001
PC1 1 2.38 3.96 0.050
PC2 1 3.33 5,55 0.030
PC3 1 187E5 O 0.990
PC4 1 2.82 471 0.040
PC5 1 0.94 157 0.220
Error 22 0.60

Abundance

Intercept 1 1.890 12.08 0.004
PC1 1 0.056 0.35 0.560
PC2 1 0.008 0.05 0.820
PC3 1 0.055 0.35 0.560
PC4 1 0.027 0.17 0.680
PC5 1 0.012 0.08 0.780

Error 13 0.157
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3.5.2 SUmmer season

| did not find any relationships between the PCd ahrew species richness or abundance
(Table 3.12). Similarities between shrew assembslagere best explained by the percentage of
shrub cover, the density of trees and the slop@EBIV test, r = 0.28).

Table 3.12. Test of the relationships between the(B of microhabitat variables with shrew

species richness and abundance in the summer season

df. MS F p

Speciesrichness

Intercept 1 0.2818.581 0.014
PC1 1 0.030 0.926 0.356
PC2 1 0.004 0.926 0.726
PC3 1 0.062 1.889 0.197
PC4 1 0.0912.788 0.123
PC5 1 0.029 0.887 0.367
Error 11 0.033

Abundance

Intercept 1 0.8778.390 0.709
PC1 1 0.1331.268 0.284
PC2 1 0.044 0.424 0.528
PC3 1 0.080 0.765 0.401
PC4 1 0.089 0.853 0.376
PC5 1 0.001 0.007 0.933

Error 11 0.105
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3.6 Patterns of nestedness in shrew assemblages

Shrew assemblages were significantly nested (px@latble 3.8). The site rank order in the
maximally packed matrix was significantly corretateith the PC3 of the microhabitat variables
measured in summers & 0.5, p<0.05) (Table 3.9). In contrast, thereenso correlations between
the ranks and the other indices (p>0.05) (Tabl® 3.9

4. DISCUSSION

4.1 Competition did not influence the species compiiion of rodents and shrews

| found little evidence that the assemblages oentsl and shrews at Mkhuze and at Kube
Yini were influenced by competition. If competiti@tructured local assemblages, they should
have exhibited fewer species combinations, morek&rboard species pairs, and the variance of
species richness among sites should have beenesmniadin expected by chance (Gotelli and
Entsminger 2001). Instead, four out of five nulldebsimulations for the rodents and five out of
six simulations for the shrews produced resultsssbent with a model of random species
associations. However, the effect of competitionspecies compaosition patterns is widespread
among faunal assemblages (e.g. Graves and Gd8Ml, Gotelli and Rohde 2002, Luiselli 2006,
Adams 2007, Horner-Deviret al. 2007, Ward and Beggs 2007). For example, a methsia on
96 presence-absence matrices of vertebrate andebvate species found significant deviations
from the null model of random species associatitmwards the directions predicted by
competition hypotheses: there were fewer specigtirmtions, more checkerboard species pairs
and less co-occurrence in observed assemblagesumatted by chance (Gotelli and McCabe
2002). More specifically, non-random patterns oflerat species co-occurrence were detected
within functional groups based on differences gt dir taxonomy (genus) (Kedt al. 1995, Keltet
al. 1999, Brownet al. 2000). Similarly, shrew species co-occurred l&ss texpected by chance
when they were assigned to functional groups baseuiicrohabitat use (Fox and Kirkland 1992,
McCay et al. 2004). These results confirmed the hypothesis d¢batpetition should increase as
species become more similar in their resource uskthus should be more apparent within
functional groups (Diamond 1975, Gotelli and Grau€96). Conversely, my study did not
support these findings although rodent and shrezeiep were from the same functional groups

(omnivorous and insectivorous, respectively). Theve mentioned studies on rodents and shrews
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were done in temperate and desert regions. Pespgises inhabiting these regions are more
likely to compete because resources are more tighitian in the savanna biome where resource
availability is higher (Campbell 1996).

Out of five null models that tested competition bifeses on rodent assemblages at Mkhuze
and Kube Yini, only SIM1 detected more checkerbogpdcies pairs than expected by chance.
This algorithm allows the number of species inta 8 vary, but all sites have the same average
number of species, and occurrence frequencies abf species vary with the same probability.
This finding provides some limited support for tgpothesis that rodent species composition is
shaped by competition. However, segregation in thahise can also create checkerboard
distributions similar to the ones produced by cotitipe interactions (Schoener and Adler 1991,
Gotelli and McCabe 2002). Segregation in habit& nsy reflect the independent evolution of
habitat affinities among species (Gotelli and Emtgar 2001, Feeley 2003). For example,
differences in habitat affinities have been foundbirds: species overlapped in geographical
ranges, but null models of niche overlap deteciguificant segregation of habitat use within the
ranges (Gotellet al. 1997). Similar patterns have been described ientsd the avoidance of long
grass byDendromus melanotis resulted in habitat segregation between this speand the closely
related, sympatric speci€3endromus mesomelas which preferred long grass (Rowe-Rowe and
Meester 1982, Taylor 1998). Other studies on radfmind similar patterns of habitat segregation
and showed that habitat use can be determineddmjesplocomotory morphologies: species with
differing adaptations to microhabitat features lilgpe of soil or presence of obstacles should be
spatially segregated (Kotlet al. 1991, Morrisonet al. 2002, Wellset al. 2006b). Only precise
data on species habitat requirements at sevetaksgaicro- and macrohabitat) (Morris 1987) and
field experiments could reveal whether competition habitat filtering structured species

composition patterns and created checkerboardalistbns at Mkhuze and Kube Yini.

4.2 The influence of microhabitat on rodent and shew assemblages

Microhabitat influenced the species composition rodent and shrew assemblages.
Specifically, ground cover and vertical structuré the vegetation influenced the species
composition of rodents, while ground cover, veltgtaucture of the vegetation, tree density and
slope influenced the species composition of shrdwsthermore, rodent species richness and
abundance were positively correlated with grasghteiShrew species richness was positively
correlated with grass height, tree density, pesgmbf litter, and percentage of rocks on the site.

Vertical structure of the vegetation, ground cosed canopy cover are important features for
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small mammals (Simonetti 1989, Rossell and Ros48®9, Orrock and Pagels 2003,
Stancampiano and Schnell 2004, Wellsl. 2006b, Stevens and Tello 2009). Specifically, ¢hes
microhabitat characteristics can mediate speciexistence (Price and Kramer 1984, Bowers
1986, Kotler and Brown 1999, Rossell and Rossed9)9For example, species adapted to sandy
substrates or open areas can coexist with spedagstedd to rocky soils or bushy areas without
competing with each other (Kotler and Brown 199@Jtket al. 2004). Moreover, habitats with
high and dense vegetation, dense ground coverlagsd canopy are favoured by small mammals
because these habitats provide better protectiamstgpredators and more food than open areas
(Longland and Price 1991, Monadjem 1997, Yurejei. 2002, Kearneyt al. 2007).

4.3 Rodent and shrew assemblages were nested

Rodents and shrews at Mkhuze and Kube Yini weneifezggntly nested. Species present at
species-poor sites were subsets of species prasspecies-rich sites. Nestedness seems to be a
common species composition pattern in which sgpscies or both are organised in a hierarchical
order. Nestedness has been documented for a bmogd of taxa including plants, invertebrates
and vertebrates (Patterson and Atmar 1986, Weght. 1998, Honnayet al. 1999, McLain and
Pratt 1999, Simkovét al. 2001, Hylandeet al. 2005, McAbendrottet al. 2005, Wethered and
Lawes 2005, Meyer and Kalko 2008b). More specificahestedness has been observed in
continental systems of North American, Asian angfEgn rodent assemblages (Ketltal. 1999,
Abu Baker and Patterson 2011), and in Finnish stassemblages composed of several islands
(Patterson 1990, Peltonen and Hanski 1991). Coeleiss lack of nestedness characterised lizards
and marsupials from fragmented forests (Fischer landenmayer 2005), and South African

rodents from a semi-arid region of Valley Thickegetation (KryStufelet al. 2008).

Three conditions are necessary for the developnoéntested structures: a common
biogeographic history, similar contemporary envinemts and a hierarchical organisation of
species ecologies (Patterson and Brown 1991). ifstetivo conditions ensure that assemblages
are assembled from the same regional species et having the same biogeographic history
sustain species coming from the same regional epepool. Sites that have the same
environmental conditions are colonised by speciéd the same ecological requirements. If
assemblages were assembled from non-overlappinmgnedgpecies pools, the differences among
sites in terms of biogeographic history or ecolapeonditions would prevent the development of
nestedness. These first two conditions should Ipticaple at Mkhuze and Kube Yini because

local assemblages were encompassed within thenagspecies pool formed by Mkhuze, Kube
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Yini and Phinda game reserves, and environmentalditons (temperature, precipitation,

elevation, topography) are similar across theserves (Bruton and Cooper 1980).

Thirdly, graded differences in immigration abilgier extinction vulnerability may lead to a
hierarchical organisation of species’ ecologies mgngpecies. Such patterns are particularly
prevalent in insular or fragmented systems which sinaped by immigration and extinction
processes operating at a regional scale and mddiateugh isolation and area effects (Patterson
and Atmar 1986, Lomolino 1996, Wrigdtal. 1998, Patterson and Atmar 2000). Area effects may
be more important than isolation effects because lditter require that local assemblages be
arranged in a series of increasingly greater disgtsufrom the source pool in order to manifest a
hierarchical organisation, a condition that doe$ aways hold (Patterson and Atmar 1986,
Wright and Reeves 1992, Patterson and Atmar 20@&ead, species loss often occurs selectively
and in a predictable order based on species’ difteal extinction vulnerability, because species
differ in area requirements. Such a mechanism asirfstance been described for bird
assemblages in Venezuelan islands (Feeley 2003yagmiented forest sites in Australia (Fischer
and Lindenmayer 2005), and bat assemblages irainant terrestrial systems of California (Frick
et al. 2009). Nevertheless, there is evidence that isolaffects produced nested subsets in bat
assemblages of land-bridge islands in Panama (MaydiKalko 2008b). For rodent assemblages
at Mkhuze and Kube Yini, there were strong corietet between nestedness and site isolation,
and site area, suggesting the influence of immigmaand extinction on species composition
patterns. Conversely, no correlation was found betwnestedness and site isolation or site area
for shrew assemblages. This discrepancy betweesntedind shrews indicate that large scale
biogeographic processes may be more importantriuttsting rodent assemblages than shrew

assemblages.

Nested hierarchies among species may also be mdduca pattern of included niches: the
niches of species with broad tolerances for enwiramal conditions, or generalist species using a
large spectrum of resources, comprise the nichesspafcies with narrow tolerances for
environmental conditions, or specialist speciesigisnore specific resources. If the specialised
species have requirements that overlap with edwoér @nd with those of generalist species, they
would occur in only some of the sites occupiedh®y generalists, which can produce nestedness.
For example, differential tolerances to elevatiansl climate conditions probably produced the
nested pattern observed in North American rodeserablages (Kekt al. 1999). In the Egyptian
rodent fauna, a nested organisation of specie@esl was suggested by the broad range of
species distributions and requirements, body sifferences, patterns of morphology and diet
(Abu Baker and Brown 2010). At Mkhuze and Kube Yithe existence of a hierarchical

organisation of ecological niches among rodent isgewas rather supported by the positive
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correlations of site rankings from the packed matrith the percentage of rocks, the percentage
of litter and tree density. For shrews, nestedmess positively correlated with canopy cover and
the percentage of tall grass. Therefore, rodent sméw assemblages were probably nested
because of habitat filtering operating at a michitaa scale. Similarly, litter-dwelling land snails
in a boreal forest exhibited a nested structureeéponse to differential requirements in terms of

pH, basal area of trees and percentage of mesindr@lylandeet al. 2005).

Alternatively, passive sampling has been showresult in nested patterns (Andrén 1994,
Cutler 1994, Fischer and Lindenmayer 2002). Passavapling is due to the unequal regional
abundances of species. Local abundances are ptsittorrelated with regional abundances
(Gaston and Blackburn 2000), so rare species sHmrilldss likely to be present at a given site
than common species (Connor and McCoy 1979). Hdacger sites should contain more rare
species than smaller sites, thereby creating nestesets. However, rare species of rodents and
shrews (<5 individuals) are not found at the largates at Mkhuze and Kube Yini, thereby

disproving the passive sampling hypothesis.

4.4 Conclusion

| found some support for the hypothesis that biggaghic processes and habitat filtering
rather than competition influence the species caitipn of rodents and shrews. Microhabitat
such as ground cover, canopy cover and verticattstre of the vegetation influenced the species
composition of rodent and shrew assemblages. Radsaimblages exhibited a significant nested
structure, probably because of processes operfitgigat a regional scale, i.e. immigration and
extinction, and at a local scale, i.e. habitaefiig. Shrew assemblages were also nested but this
pattern was only due to habitat filtering. As poded, there was no strong evidence of the
influence of competition on the species composittbmodents and shrews at Mkhuze and Kube
Yini. Nested assemblages may contain species thfdr do much in their ecology that
competition between them is unlikely (Patterson Atdar 1986). Future studies should analyse
species composition patterns at different scalegidnal and local), and focus on species
requirements such as microhabitat use, diet anibspad temporal activity patterns, to unravel
niche relationships among species, and clarifyctheses of nested or un-nested patterns. The use

of stable isotopes should be considered for futurgept® because they can mirror
microhabitat use and trophic niche segregation (Dhahnet al. 2012).
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CHAPTER 4

PHENOTYPIC NICHE PATTERNS OF RODENTS AND
SHREWS

SUMMARY

| investigated the influence of competition, préalatand habitat filtering on the phenotypic
structure of rodents and shrews. | compared obdgstienotypic patterns with patterns expected
by chance, taking phylogeny into account. | presgticthat traits should be overdispersed and
evenly spaced under competition pressure. Predptiessure should favour traits related to the
detection and avoidance of predation risk, i.edtoot, ear and bulla, to be larger than expected
by allometric relationships and underdispersechdbitat filtering influenced rodent and shrew
assemblages, then traits should be underdispérkede was evidence that competition influenced
rodent body mass, skull size and shape and dieteisidand shrew body mass, skull size and diet
index. Competition was more significant in speciek-assemblages. The coexistence of species
in these assemblages was probably facilitated étadi and microhabitat partitioning. Only shrew
bulla and ear sizes showed patterns expected ymmddation pressure, suggesting that a highly
developed sense of hearing provides an advantageshfews to detect predators. Finally, habitat
filtering influenced rodents and shrews becausg shewed convergent adaptations in response to
food requirements and habitat characteristics.i®iand abiotic processes do not act separately,

but interact at a local scale to influence smalimmaal phenotypic niche structure.

1. INTRODUCTION

Strong relationships exist between the morpholody species and their ecological
characteristics such as food resource utilisapopulation density and habitat specialisation (e.qg.
Brown and Lieberman 1973, Fisher and Dickman 1¥28/an and Simberloff 1994, Belovsky
1997, Ritchie 1998, Stevens and Willig 1999, Err&¥5). Hence, insight into the processes
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driving phenotypic niche patterns is essential twdarstand how animal assemblages are
constructed and how animals partition resourceddthiiison 1959, Hutchinson and MacArthur

1959). At least two types of processes operatirgglatal scale can be distinguished: those leading
species to be less similar than expected by chaumde as competition, and those leading species

to be more similar than expected by chance sutialisat filtering and predation.

1.1 The influence of competition on phenotypic nich patterns

If the morphologies of coexisting species are mftigently distinct, species would overlap
too much in resource use and competition woul@¥olHutchinson 1959). With enough time and
intensity, competitive exclusion might occur unleggecies become dissimilar enough (by
character displacement) to partition resources, if.¢here is a minimum separation between
species niches (Gause 1932, Brown and Wilson 198&).existence of a minimum separation
between coexisting species was first suggested wighthson (1959) who found that body size
ratios of pairs of sympatric bird and mammal speevere, on average, 1.3. Further studies either
confirmed this 1.3 ratio, described axes of niclieigntiation to explain ratios less than 1.3, or
invoked competition to explain ratios greater tiaB (Gotelli and Graves 1996). Therefore, for
systems that are under competition pressure, twdigiions can be made (Gotelli and Graves
1996). Firstly, assemblages should exhibit pattérnghich phenotypes are separated by a critical
minimum below which species cannot coexist. Thegtems can be quantified with indices such
as the minimum segment length that measures tloingpaf phenotypes between species, where a
segment represents the difference in phenotypegebatspecies (Gotelli and Entsminger 2001).
In a competitively structured assemblage, the mimimsegment length should be larger, i.e.
phenotype distances between coexisting specieddsheunore overdispersed, than expected by
chance (Brown and Wilson 1956, Simberloff and Béexwki981, Schoener 1988, Losos 1990).
Secondly, assemblages should exhibit patterns iithwvbpecies display a regular spacing of
phenotypes. The first species colonising a siteilshibe widely separated along the resource axis
in order to coexist, so subsequent invaders shexhibit intermediate phenotypes. Through time,
assemblages may exhibit patterns of constant gpawinphenotypes. These patterns can be
guantified with indices measuring the regularitytlod spacing between species phenotypes, such
as the variance in segment length (Gotelli and raimiger 2001). In a competitively structured
assemblage, the variance in segment length shoaldnmller, i.e. the phenotype distances
between coexisting species should be more everadgesl than expected by chance (Schoener
1974, Pool and Rathcke 1979, Gotelli and Entsmi2@éd, Dayan and Simberloff 2005).
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However, to cause character displacement or eidimcicompetition must be intensive
enough, affect all species in assemblages and antpall other interactions (Moulton and Pimm
1986). Intense and pervasive competition may na kemalistic expectation of ecological systems.
Instead, competition may result in a reductionhia population sizes of competitors (Volterra
1926, Lotka 1932). Assuming that competition sholokd stronger among species with similar
ecological requirements, and that morphologicalilaitity is a good surrogate of ecological
similarity, species that are morphologically disgimfrom the other species in an assemblage
should experience the least competitive pressuieeghibit the highest abundances (Stevens and
Willig 20004, b). This aspect of competition the@known as density compensation (Root 1973,
Hawkins and MacMahon 1989). Therefore, there shddda positive correlation between the
abundance and the phenotype distances of a speitiesespect to other species present in an
assemblage, and this correlation should be strotigar that produced by random processes
(Stevens and Willig 2000a, b).

Evidence that competition influenced the phenotypiche structure of coexisting rodent
species at a local scale has been demonstratedtteyns of overdispersed body sizes and dental
morphologies (Bowers and Brown 1982, Brown and Nito 1991, Millien-Parra and Loreau
2000). Furthermore, desert rodent assemblages shpateerns of density compensation because
species abundances were significantly positivelyretated with phenotype distances (Brown
1989a, Stevens and Willig 2000a), contrasting wétterns obtained within feeding guilds of New
World bat assemblages (Stevens and Willig 2000bjvéver, none of these studies tested for an
even spacing of phenotypic distances between speéaspite evidence of this pattern in other
mammals including bats (Kingstagt al. 2000, Schoeman and Jacobs 2008). Moreover, these
studies searched for competition patterns usingglesperspective and did not combine analyses
of overdispersion with analyses of density comptmsaFew studies have assessed the impact of
competition on shrew morphology using null modedsd their results were contrasting
(Malmquist 1985, Rychlilet al. 2006). Furthermore, these studies only considassg¢mblages
composed of two shrew species where biotic intemast are less complex than in richer

assemblages.

1.2 The influence of predation on phenotypic nichpatterns

Selective responses to predation may lead preyiespémz exhibit specific phenotypes. For
instance, the use of contrasting patterns sucheablack and white stripes of zebras is widespread
(e.g. Brodie 111 1989, Abrahams 1995, McCollum damimberger 1997, Brooke 1998, Pallereni
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al. 2005). Specific body sizes may also representdvardage under predation pressure. For
example, species with smaller body sizes may rematetected from predators, unlike larger
species (Longland and Price 1991). Traits favourfficient detection and avoidance from
predators should show a tendency to be larger ¢kpected by allometric relationships between
morphology and body size (Appleton and Palmer 188firdeau 2009). For example, birds with
a large body mass, more pointed wings and larges gan expected by allometry can detect and
escape threats at greater distances than birdsawsthall body mass, rounded wings and small
eyes (Blumsteimt al. 2005, Ferndndez-Juricét al. 2006, Mgller and Erritzge 2010). Moreover, if
predation pressure is high and pervasive enougdgtiesp should exhibit similar adaptations, so

these traits should be more underdispersed thaacegby chance.

In rodents, increased hearing abilities and speddicomotion strategies may reduce
predation risk (Webster and Webster 1980, Kotlé8419985, Kotlert al. 1994). For example,
the inflated auditory bullae and the bipedal locaor of North American kangaroo rats permit
better detection and evasion from predators (Brewah. 1988, Kotleret al. 1988). To the best of
my knowledge, the influence of predation on thenagpic niche structure of coexisting prey

species has not previously been assessed.

1.3 The influence of habitat filtering on phenotypt niche patterns

Habitat filtering implies that species with similacological requirements share the same
traits (Weiher and Keddy 1999, Cornwedt al. 2006). As a result, assemblages will be
homogenous with respect to these traits when cagdpiar a regional source pool. Thus, habitat
filtering leads to a reduction in the range of sssful strategies among coexisting species
(Weiher and Keddy 1999). For example, in arid emvinents, species without traits enabling them
to survive at high temperatures will be excludedlavbpecies with those traits will be successful.
Habitat filters that could affect the morphology sfnall mammals include climate, habitat
characteristics such as productivity or presenceopén versus dense areas, and resource
distribution (Price and Kramer 1984, Kotler and \Bno1988). For example, the size and shape of
molars in an European rodent lineage changed froall sand primitive to large and specialised
with long-term climatic variations, suggesting musfpgical adaptations to the new environments
and food types (Renaud and Van Dam 2002). The bzdyofSaccostomus campestris measured
across southern Africa was positively correlatethwainfall: smaller body sizes from localities
with lower rainfall may represent an adaptatioméduce energy requirements in areas with low

primary production and food availability (Ellisah al. 1993). Body and skull sizes of European
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shrews were more similar when species were synaptitein when they were allopatric because
they responded to the same climatic and habitatiymtivity conditions (Rychliket al. 2006,
Frafjord 2007). Thus, in assemblages structuretidiytat filtering, the minimum segment length
between species should be smaller, i.e. phenotigt@ndes between coexisting species should be
more underdispersed, than expected by chance (iGatdlEntsminger 2001, Rychlidt al. 2006).

1.4 Outline of the chapter

In this chapter, | tested if competition, predatiand habitat filtering influenced the
phenotypic niche structure of rodent and shrewrabkges of Mkhuze and Kube Yini Game
Reserves (Chapter 2). | quantified the phenotymhbeas with several parameters: body mass, ear
length, hind foot length, 14 rodent skull variabl&2 shrew skull variables, three rodent diet
indices and one shrew diet index. If competitiomctured the phenotypic niches of rodents and
shrews, then the phenotypic parameters should bre meerdispersed and more evenly spaced
than expected by chance. However, when competidmurs but is not intense enough to be
detected with patterns of overdispersion and regsgecing, its influence may be uncovered
through patterns of density compensation. In tliase¢c abundances and phenotypic distances
should be positively correlated, and these relatigos should be stronger than expected by
chance. Conversely, if habitat filtering or predatinfluenced the phenotype of rodent and shrew
assemblages, then the phenotypic parameters sbheutdore underdispersed than expected by
chance. | distinguished between the influence & tWwo latter processes by analysing the
allometric relationships between body size andethparameters associated with predation: if
predation influenced phenotypic structure thenabldhgth, ear length and hind foot length should

be larger than predicted from allometric relatiapsh

2. METHODS

2.1 Sampling rodents and shrews

Rodent and shrew assemblages were sampled at Mihdzat Kube Yini between 2007 and
2009 (see Chapter 2 for details on the study anelatlee sampling methods). Species richness

estimators indicated that the rodent and shrewnitovees were fairly complete (Chapter 2).
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2.2 Skull morphometrics

2.2.1 Skull measurements

| captured images of the upper skulls (dorsalrddtend ventral views) and of the mandibles
of rodents and shrews with a stereo microscope MNiRZ100 at a magnification of 1.5. |

measured the left side of the upper skulls (latanal ventral views) and the mandibles.

| measured 14 cranial variables commonly measuredodent skulls (De Graaff 1981,
Tayloret al. 2004) (Figure 4.1):

Dorsal view: greatest skull length (GSL); width across the toidsprocess (WM); width of
skull across the zygomatic process (WZ); braineadéh (BW)

Lateral view: skull height over the bulla (HOB); bulla lengBL()
Ventral view: bulla width (BW); upper tooth row length (UTR)jdth of the UTR (WUTR)

Mandible: length of the mandible (MI); lower tooth row lghg(LTR); power-level arm
length (P); resistance arm length (R); angle betwand R (a).

| measured 12 cranial measurements commonly mahsureshrew skulls (Kearney 1993,
Younget al. 2007) (Figure 4.2):

Dorsal view: condylo-incisive length (Cl); bimaxillary widthBWV); greatest skull width
(GSW)

Lateral view: bulla length (BL); skull height over the bullaQB)
Ventral view: upper tooth row length (UTR)

Mandible: mandible length (MI); distance between 13 and (iM); condylo-coronoid length
(CC); distance between condyle and the highest ofitipe first molar (COM); distance between

condyle and incisive (COI); gape angle (a).

Skulls were mounted horizontally. | measured trstagices between points with the software
NIS-Elements D (version 3.0, Nikon Instruments Jidew York, USA) after calibrating the
pictures with a ruler. The use of digital imagegngficantly enhances the precision and accuracy

of measurements since images can be zoomed irl{&tgp2007).
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I measured five males and five females of eachispeexcept foMus cf. neavei (1 female),
Mus cf. indutus (1 male) and2eatomys krebsii (2 individuals of each sex). Variables were logl10

transformed to enhance normality.

| used skull parameters that are related to thth ted the mandibles to calculate diet indices
that quantify bite force and grinding surface. Biece is a measure of the performance associated
with feeding ecology and has been correlated wifferénces in food preferences (Carraway and
Verts 1994, Aguirreet al. 2002, Williamset al. 2009). Bite force is related to the shape of the
mandible (Carrawagt al. 1996, Youngget al. 2007). In rodents, bite force has been quantifigd
two indices: the power-lever arm (P) / the resistaarm (R), and the angle “a” between P and R
(Taylor et al. 2004) (Figure 4.1). In addition, | calculated granding surface as followed (Ben-
Mosheet al. 2001):

grinding surface = width of the upper tooth-row (WR) X upper tooth-row length (UTR)

The grinding surface reflects the amount of foaat tan be ingested (Ben-Moséteal. 2001). In
shrews, bite force has been quantified with thehaeical potential of the mandible (MP) (Young
et al. 2007):

MP = CC/COM cos(90-a)

where CC is the condylo-coronoid length, COM is thstance between the condyle and the
highest cusp of the first molar, and a is the argdeveen the power-lever arm (P) and the
resistance arm (R) (Youragal. 2007) (Figure 4.2).

Measurement error is the variability of repeatecisoeements of a particular variable taken
on the same individual, relative to its variabilggnong individuals in a particular species (Bailey
and Byrnes 1990). Statistical tests on variablék wihigh measurement error may be biased and
have little biological significance (Bailey and Bywys 1990). | tested measurement error on each
variable of three rodent species and three shregissm the largest rodendethomys ineptus,
77.7g) and shrewGfocidura hirta, 11.9g), the smallest rodemls minutoides, 5.7g) and shrew
(Suncus infinitesimus, 2.1g), and an intermediately sized rodéma(lomys paedulcus, 47.9g) and
shrew @uncus lixus, 6.3g). | randomly selected five skulls of eackaes and | measured these
skulls three times at five-day intervals (Richa@B07). | assessed the repeatability of each
variable using an ANOVA (Bailey and Byrnes 199@)thle variance between groups was larger
than the variance within groups, then the variakées repeatable and was used in subsequent

analyses.
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Figure 4.1. Fourteen cranial measurements measuredn the rodent skulls. Dorsal view:

greatest skull length (GSL); width across mastoid mcess (WM); width of skull across
zygomatic process (WZ); braincase width (BRW). Ventl view: bulla width (BW); upper
tooth row length (UTR); width of UTR (WUTR). Lateral view: height of skull over bulla
(HOB); bulla length (BL). Mandible: length of the mandible (MI); lower tooth row length
(LTR); power-level arm length (P); resistance arm éngth (R) and angle between P and R (a).
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Figure 4.2. Twelve cranial measurements measured othe shrew skulls. Dorsal view:

condylo-incisive length (CI); bimaxillary width (BW); greatest skull width (GSW). Ventral
view: upper tooth row length (UTR); bulla length (BL). Lateral view: height of skull over
bulla (HOB). Mandible: mandible length (MI); distance between 13 and M1 (IM); condylo-
coronoid length (CC); distance between the condyland the highest cusp of the first molar

(COM); distance between condyle and incisive (CORnd gape angle (a).

2.2.2 Principal component analyses

Rodent and shrew skull variables were highly catesl (determinants of the correlation
matrices are 3.86E-04 for rodents and 5.27E-O4lkoews). For the rodent skull variables, the
Kaiser-Meyer-Olkin measure of sampling adequacyr(lidaet al. 1979), which compares the
magnitudes of the observed correlation coeffici¢atshe magnitudes of the partial correlation
coefficients, was 0.91, above the recommended \@fl0e6. Bartlett’s test of sphericity (Mardga
al. 1979), which tests the null hypothesis that theatées in the population correlation matrix are
uncorrelated, was significang{ (78) = 2585.5, p < 0.05). For the shrew skull abigs, the

Kaiser-Meyer-Olkin measure of sampling adequacy @&2. Bartlett's test of sphericity was
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significant §* (45) = 1235.2, p < 0.05). To remove correlatiotwisen the skull variables (Mullin

et al. 2004), | used principal component analyses (SRSSion 15, LEAD Technologies, Inc.,
2006) on 13 rodent skull variables (GSL, WM, UTRUWR, BW, HOB, BL, WZ, BRW, MI, P,

R, and LTR - | did not include the angle betweesnBE R because this value was only used as one
of the diet indices) and 11 shrew skull variable§ 8W, GSW, HOB, UTR, BL, M, IM, CC,
COM, and COI - | did not include the gape angleduse this value was only used in the
calculation of the mechanical potential). PCA efiates redundancy of highly correlated variables

while maintaining morphological distances amonggse(Mardiaet al. 1979).

2.3 Body mass, ear length and hind foot length

| measured body mass (to nearest 0.5 grams) vitsala scale. | measured ear length (from
the notch to the tip) and hind foot length (inchglithe claw) with digital callipers. These are
standard measurements taken on small mammal speifiaylor 1998). Specimens caught at
Mkhuze in 2007, at Mkhuze in 2008 and Kube Yini2@09, and specimens from the regional
source pools (see below) were measured by diffeybservers, which may have increased the
variability of the measurements. To reduce thisabglity, | minimised the number of observers
by choosing the ones who measured the most spmatesdividuals, where possible. | measured
five adult males and five adult females of eaclciEse except foMus cf. neavel (1 adult female),
Mus cf. indutus (1 adult male) an@®eatomys krebsii (2 adults of each sex). Data were log10

transformed to enhance normality.

2.4 Sexual size dimorphism test

Small mammals may exhibit sexual dimorphism in bsidg (Schulte-Hostedd al. 2001),
cranial characters (Camardediaal. 1998) and habitat use (Morris 1984). Thereforested for
sexual size dimorphism with an independent t-t88tSS version 15, LEAD Technologies, Inc.,
2006) using body mass as an indicator of sizelyl tasted for size differences because body size
directly affects all animal structures and biol@jigrocesses, from cellular metabolism to
population dynamics (Brown 1995, Wesal. 1997).
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2.5 Control for size and phylogeny

Closely related species may be similar because #i@ye a recent common ancestor
(Felsenstein 1985). Moreover, there is an allometlationship between phenotypic traits and
body size (Schmidt-Nielson 1984, Westal. 1997). Therefore, trait values cannot be treated a
independent points in statistical analyses (Feteénd985). Thus, | removed the influence of

phylogeny and body size on the phenotypic parameter

Phylogenetic trees of rodents and shrews were atedtty analysing mitochondrial
cytochromeb gene sequences that were downloaded from the KB2Bbank. The phylogenetic
trees of rodents and shrews included 37 speciesldngpecies, respectively, that occur in the
savanna biome of Southern Africa (Namibia, Botswatimbabwe, southern Mozambique, South
Africa, Swaziland, Lesotho) (Skinner and Chimimb&02). Detailed methods and the

phylogenetic trees are presented in Chapter 5.

Since body mass and the skull variables are indiéesize, | removed the influence of
phylogeny from the log10 transformed values of ¢hparameters with the software Compare
(version 4.6, Martins 2004), using the spatial aoteelation model (Cheverud and Dow 1985,
Cheverudet al. 1985). This model determines the proportion ofwhgation of a trait that is due
to phylogeny and the proportion due to speciesifipaxffects, for example natural selection or
genetic drift (Cheverud and Dow 1985, Cheveetd. 1985). This method partitions trait values
into a phylogenetic component and a “specific” comgnt free of phylogenetic influence. Thus,

“specific” components were used as phylogenetieadigtrolled trait values.

Because the diet indices, bulla length, hind feagth and ear length are not indices of size, |
removed the influence of both phylogeny and bodyg $fom the log1l0 transformed values of
these parameters as follows. First, | computeddstalised phylogenetically independent contrasts
(Felsenstein 1985) with the PDAP: PDTREE moduleri@al et al. 1999, Garland and Ives 2000)
in Mesquite (version 2.0, Maddison and Maddison 7200Standardised phylogenetically
independent contrasts are trait values that ansfsemed into statistically independent values by
comparing pairs of related species (Felsenstei®)19hen, following Blombergt al. (2003), |
used least-squares linear regressions throughrtm do compare the allometric relationships
between independent contrasts of body mass andrdtie and noted the sloge (allometric
exponent) for each regression. Finally, | compwtze and phylogenetically-controlled values
(Blomberget al. 2003) as:

size and phylogenetically-controlled trait = logjtf(siz€)]
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2.6 Testing competition, predation and habitat filering hypotheses

2.6.1 Segment-length ratio indices

To test the predictions of competition, predationd ahabitat filtering hypotheses,
morphological parameters were logl0 transformedusThanalysing phenotype differences

corresponds to an analysis of segment-lengths beg#tthe relationship
log(A/B) = log(A) — log(B)

where A and B are trait values for adjacent speiselli and Entsminger 2001). Data were
ordered from the smallest to largest. For an askgmlonfn speciesn - 1 segment lengths were

calculated.

Two segment-length indices were computed (Gotalli Entsminger 2001). The first index,
minimum segment length (MSL) ratio, quantifies thenimum spacing between adjacent species
(Gotelli and Entsminger 2001). This index tests piediction that minimum spacing between
species should be significantly larger than exmkedig chance if competition influenced the
phenotypic niche structure of rodent and shrewrabkges. If the observed MSL ratio was larger
than 95% of the simulated MSL ratios, | assumetidbmpetition influenced the phenotypic niche
structure. Conversely, if predation or habitatfilhg structured the phenotypic niche of rodent and
shrew assemblages, then minimum spacing shouldniadles than expected by chance (Gotelli
and Entsminger 2001). Thus, if the observed MSloratas smaller than 95% of the simulated
MSL ratios, | assumed that predation or habitérihg influenced the phenotypic niche structure.
The second index, the variance in segment leng&Rj\ratio, tested the prediction that species
should be evenly spaced if competition influenclee phenotypic niche structure (Gotelli and
Entsminger 2001). Therefore, if the observed VARsw@nificantly smaller than 95% of the
simulated indices, | assumed that competition @rfted the phenotypic structure of rodent and

shrew assemblages.

2.6.2 Regional source pools

To demonstrate unusual patterns of phenotypicriists the probability of obtaining similar
patterns by chance should be assessed (GotelliGaades 1996, Stevens and Willig 1999).

Chance patterns can be created by randomising &rdmown or imagined regional source pool
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using null models (Gotelli and Graves 1996, Gotlld Entsminger 2001). However, appropriate
regional source pools are often difficult to coustrbecause they require information on the
history of the species involved (Gotelli and Entsgeir 2001). Such information is necessary
because some aspects of the history of a partital@m may lead to a particular phenotypic
pattern within a clade, and randomly sampling fithie clade would reflect this pattern (Stevens
and Willig 1999). Furthermore, regional source poshould only include species that have a
reasonable probability of occurring in a local asiskage, i.e. species with sufficient dispersal
abilities, or with environmental tolerances for dbconditions (Gotelli and Graves 1996). To
overcome these difficulties, patterns expected hgnce should be created by sampling from
multiple biologically and geographically realistiegional source pools of different spatial scales
(Harvey and Pagel 1991, Brown 1995, Gotelli andv€s&l996).

| compared values of the segment-length ratio eslicalculated for the observed

assemblages with values calculated for simulatexraSlages created at random from two
regional source pools: KZN and Savanna pools. Basespecies distribution maps (Taylor 1998,
Skinner and Chimimba 2005), | listed species oatgrnn the province of KwaZulu-Natal, South
Africa, to create the KZN pool, and species ocagrin the savanna biome of southern Africa, to
create the Savanna pool (species are listed int€hap Thus, 30 rodent species from the Muridae
family and 13 shrew species from the Soricidae fiamére included in the KZN pools; 37 species
from the Muridae family and 14 species from thei@dae family were included in the Savanna
pools. | restricted the rodent pool to Muridae huseathe sampling techniques that | used were not

suitable for catching species from other rodentlfas(Chapter 2).

| obtained data on the species from the KZN anda®a& pools from the Durban Natural
Science Museum, KwaZulu-Natal, South Africa. | uskecke specimens per species. | measured
their skulls and used the Durban Natural Scienceévn database to obtain data on their body

mass, ear length and hind foot length.

2.6.3 Log-uniform source pools

To test if results from the above null models wapecific to the regional source pool used, |
compared the segment-length values obtained fronpléag from the regional pools with those
sampled randomly from a log-uniform null distritorti (Gotelli and Entsminger 2001). The log-
uniform source pools were also used to analysenattat the regional scale (KZN and Savanna
species pools). The log-uniform null distributioroyides an equal number of species in each of

the segment-length ratio classes. The upper lifrtthe log-uniform null distribution is 10% more



95

than the value of the largest species in the ddtavhile the lower limit is 10% less than the alu

of the smallest species in the data set (GotelliEamsminger 2001).

2.6.4 Randomi sation procedures

| used Ecosim (version 7.0, Gotelli and Entsmirg@d1) to compare the values of segment-
length indices of observed assemblages with theegabf simulated assemblages, at a local scale
(i.e. 20 sites for Mkhuze and 8 sites for Kube Yiaind at a regional scale (Mkhuze, Kube Yini,
KZN and Savanna species pools). | created a miatrigach phenotypic parameter in which each
row represented a species and each column a sielssed assemblages were assembled at
random from the regional and the log uniform soupoels by drawing the same number of
species present in the observed assemblages. Spemie drawn with equal probability. Once
drawn, species could not be drawn again for thatiqodar assemblage. MSL and VAR were

calculated for every simulated assemblage.

For each assemblage and each regional source Ipoalculated the number of possible

simulated assemblages that could be assembledhgitiollowing formula:
C = S!/[NI(S-N)]

where C was the number of possible simulationshéNnumber of species in the assemblage, and
S the number of species in the regional source (#ioeman and Jacobs 2008). When C was >
1000, | set the number of simulations to 1000. @tise, the actual number of possible

simulations was used. For the log uniform souradqd set the number of simulations to 1000.

2.6.5 Meta-analysis

To assess the degree of morphological overlap ich eassemblage, | calculated a
standardised effect size (SES) for each data $ietbgpphenotypic parameter (body mass, PC1,
PC2, diet indices, bulla, hind foot, ear), souro®ldKZN, Savanna, log-uniform) and index of
segment length ratios (MSL and VAR) (Gurevathal. 1992, Gotelli and Ellison 2002). The SES
measures the number of standard deviations thatliberved index is above or below the mean
index of the simulated assemblages. Thus, meaniogfuparisons among different datasets are
possible because results are scaled in units oflatd deviations (Gotelli and Entsminger 2001).

The SES is calculated as:
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SES = observed index - mean(simulated indiceg\ntdstrd deviation(simulated indices)

| used simple t-tests to test the null hypothdsi# thean SES values differed from zero (SPSS,
version 15, LEAD Technologies, Inc., 2006). Fortalits, p-values were corrected by Bonferroni
adjustments (Rice 1989). Values of SES larger #eaa calculated in relation with MSL indicated
an overdispersion of traits while values of SESIEn#han zero calculated in relation with MSL
indicated an underdispersion of traits. Values BSSmaller than zero calculated in relation with

VAR indicated that traits were evenly spaced.

Furthermore, competition is expected to be morensg among a large number of sympatric
similar species than among a small number of singifeecies (Hutchinson 1957, Palmer 1994,
Daviset al. 1998). Therefore, | tested if competition was miatense in species-rich sites than in
species-poor sites with linear regressions betw®ES and species richness when the meta-
analyses revealed significant competition patt¢8fSS, version 15, LEAD Technologies, Inc.,
2006) (Maltez-Moureet al. 2010).

2.6.6 Testing the predation hypothesis

If predation influenced the phenotypic niche of entd and shrews, traits related to the
detection and avoidance of predators such as bioidléngth, ear length and bulla length, should
be larger than expected by allometric relationshigsveen linear measurements and body mass
(Webster 1962, Webster and Webster 1980, Kotled 188ownet al. 1988, Kotleret al. 1994,
Yunger et al. 2002). In animals, the model of allometry predittat the relationship between

linear measurements and body mass is defined as:
Loo M7

where L is the linear measurement under consideratnd M is the body mass (Huxley 1932,
Huxley and Teissier 1936, McMahon 1975). Thus, ghedation predictions would hold if the
regression slopes of foot length, ear length otabldngth versus body mass are higher than
expected, i.e. higher than 0.33. | plotted tenviials of each species caught during the study
using linear regressions between log10 body mas$ogiO hind foot length, log10 ear length and
log10 bulla length (SPSS, version 15, LEAD Techgus, Inc., 2006). If the observed regression
lines were above the expected line, and if an uhsleersion pattern was detected by the null

model analyses, then | assumed that predatioreindled hind foot, ear or bulla sizes.
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2.7 Relationships between abundance and morphology

Species with high morphological similarity shouldeusimilar resources and experience
reduced abundances as a result of competition (R8@8, Hawkins and MacMahon 1989,
Stevens and Willig 2000a, b). Therefore, there khdue a positive relationship between the
abundance and the phenotypic distances of a speittesespect to other species. | quantified the
degree of correlation between abundances and phmootiistances using Spearman Rank
correlation tests (Stevens and Willig 2000a, b)erRitypic distances among species were
estimated as Euclidian distances based on logfaned phenotypic parameters, before and after
controlling for phylogeny. Body mass and the finsb principal components of the principal
component analyses of the skull variables were asedhenotypic characters. These characters
are indices of body size and skull shape (see teesiil the PCA below), so they are good
predictors of species ecological attributes (Brda®85, Couranét al. 1997, Westt al. 1997).

Competitive interactions can take various formagnag from pairwise interactions to those
involving all coexisting species. Thus phenotypistahces can be measured in different ways,
corresponding to the types of competitive inteawdi prevalent in assemblages. For example, if
competition is diffuse then the abundance of a isgedepends on the phenotypic distances
between this species and all other species. Byastntvhen only a few species of an assemblage
overlap in their resource use, competition amonty dhese species should influence their
abundances. | evaluated four competitive scenaoia@xamine relationships between abundance
and phenotypic distances. The first scenario (S&mined diffuse competitive interactions: the
abundance of a species was determined by its pypaotlationships with all other species in the
assemblage; this scenario calculates the sum gihalhotypic distances. In the second scenario
(S2), phenotypic distances were calculated betwaerspecies and all except the most
morphologically dissimilar species; this scenar@cualates the sum of all distances without
including the largest phenotypic distance. In thiedtand fourth scenarios (S3 and S4), | assumed
that the abundance of a species resulted fromntésactions with the most similar species, hence
only the two most similar species and the mostlamsipecies, respectively, were included in the
calculations of phenotypic distances. To test thié8erent scenarios, a simulation program was
developed in Matlab (version 7.9.0, The MathWoiks,, 2009) by Dr. Katrin Tirok from the
University of KwaZulu-Natal (Appendix 4.1).

If competition influenced rodent and shrew assegésathe correlation coefficients between
abundance and phenotypic distances should be ismmiify greater than expected by chance. The

observed correlation coefficients, calculated farcte local study site, were compared with
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coefficients calculated for 1000 random assemblages produce random assemblages,
abundances were assigned at random, but the giteabtypic distances among species were
preserved. Factors such as differential responseesources and disturbance, mutualism,
parasitism or predation may influence species ahnicels, thereby diminishing positive
relationships between abundances and phenotyptandiss. To take these possibilities into
consideration and prevent Type | statistical es@nificance level was set at p<0.10 (Stevens and
Willig 2000a, b). If the observed correlation cagfint was significantly larger than 90% of the
simulated coefficients and positive, | concludedttthe relationship between abundance and

phenotypic distances was non-random and that catmopanfluenced assemblages.

| calculated a standardised effect size (SES) &mhdocal assemblage. A mean SES was
calculated for each competitive scenario. ValueSB$ greater than zero indicated a significant

positive relationship between abundance and phpiwotystances.

3. RESULTS

3.1 Repeatability and sexual size dimorphism

Because skull measurements of rodents (Table #ad)shrews (Table 4.3) were repeatable

(Appendix 4.2) they were all included in the pripalicomponent analyses.

Four out of 19 tests indicated significant sexuaé slimorphism: three rodent species and
one shrew species were significantly sexually dphar in terms of body mass (Table 4.4).
Therefore, | created two morphospecies for eachiabxdimorphic species and analysed them
separately:Dendromus mystacalissM and Dendromus mystacalis-F, Grammomys dolichurus-M
and Grammomys dolichurus-F, Mastomys natalensissM and Mastomys natalensis-F, Crocidura

silacea-M andCraocidura silacea-F (Tables 4.1, 4.2 and 4.3).



Table 4.1. Mean values (xSD) of the skull measuremis and the diet indices of 11 rodent species antk snorphospecies caught at Mkhuze and

Kube Yini. See Figure 4.1 for abbreviations of skillmeasurements. GS = grinding surface.

Species GSL WM UTR WUTR BW HSOB BL WZ  BRW MI P R RT GS a P/R

A. ineptus 373 122 59 16 67 123 49 16.7 149 232 51 32 56 9.5 671 16
(2.5) (20.8) (20.3) (20.3) (20.7) (#1.1) (20.4) (20.7) (*0.7) (¢1.2) (20.5) (#0.5) (+0.3) (¢1.9) (¢5.8) (20.2)

D. mystacalisM 219 83 35 09 47 91 28 97 107 122 38 1.8 3.1 3.2 571 21
(+1.3) (20.6) (20.3) (20.1) (20.4) (20.6) (20.2) (20.5) (+0.9) (#0.7) (20.5) (#0.1) (0.3) (#0.5) (+1.9) (20.3)

D. mystacalisF 201 7.6 3.1 08 44 84 27 94 95 114 32 17 2.8 2.9 502 1.9
(1.7) (20.4) (20.4) (20.2) (20.6) (20.3) (20.3) (20.6) (*0.7) (#0.5) (20.2) (#0.1) (0.4) (£0.5) (¢2.3) (20.4)

D. melanatis 225 8.4 4 1 47 84 33 10 10 124 37 17 3 4.2 582 2.2
(:0.8) (20.6) (x1.9) (20.1) (20.5) (¢2.6) (20.6) (¥2.3) (¥2.3) (¢0.8) (20.4) (:0.2) (£0.3) (£2.6) (¢2.8) (20.4)

G.dolichurusM 344 115 52 15 61 122 42 148 145 201 54 21 51 8.1 716 27
(#2.3) (21) (20.4) (20.2) (20.5) (20.9) (20.5) (20.3) (+0.8) (+1.8) (20.6) (£0.4) (+0.4) (£1.6) (¢85) (20.7)

G.dolichurusF 317 121 46 13 57 112 36 127 137 176 48 24 45 6.1 654 2.1
(1.9) (¢1.3) (20.5) (20.5) (20.7) (x1.1) (20.7) (20.6) (*0.9) (#2.1) (20.9) (20.6) (£0.9) (¢1.4) (¥6.2) (0.4)

L. rosalia 351 125 6.4 18 66 127 46 151 149 224 49 25 6.1 12 754 1.9
(+1.7) (20.8) (20.3) (20.2) (20.8) (20.5) (20.5) (20.7) (*0.9) (¢1.2) (20.5) (#0.4) (+0.3) (¢1.9) (¢8.1) (20.3)

M.natalenssM  30.9 109 4.9 13 52 103 37 138 127 199 38 23 46 6.8 704 16
(#3) (20.7) (20.3) (20.1) (20.6) (20.8) (20.1) (¢1.4) (x0.9) (#2.4) (20.3) (20.3) (£0.2) (¢1.2) (:9.9) (20.2)

M.natalenssF ~ 26.9 103 47 13 46 98 37 119 117 163 34 21 45 64 69.2 16
(+1.6) (20.9) (20.5) (20.2) (20.8) (20.7) (20.2) (21.1) (¥1.2) (#1.7) (20.5) (#0.1) (0.2) (£1.7) (¢7.9) (20.1)

M. cf. indutus 19.9 8 3.4 11 4 7 2.3 9.2 9.2 12.4 3.7 1.8 2.7 3.7 49 2.1
M. cf. neavel 20.7 8.1 3.4 1 4.1 7.1 2.5 9.4 8.8 12.4 3.7 1.8 28 34 48.4 2.1




Species GSL WM UTR WUTR BW HSOB BL WZ BRW M P R BT  GS a P/R
M. minutoides 175 7.1 2.9 07 38 64 23 79 82 111 28 15 24 2.1 581 1.0
(30.7) (20.4) (20.1) (20.1) (20.3) (20.3) (20.2) (x0.4) (x0.1) (#0.5) (+0.08) (#0.3) (0.1) (x0.4) (¥6.1) (x0.4)

S campestris 351 118 54 14 72 121 54 161 133 213 57 23 4.9 8.1 835 25
(#1.7) (¢1.1) (20.3) (20.2) (20.5) (20.8) (20.4) (20.6) (+0.9) (¢1.2) (20.6) (#0.4) (£0.3) (¢1.9) (+1.9) (0.6)

S krebsii 257 109 4.2 13 58 97 35 106 125 15 4 14 3.8 5.5 66.6 2.7
(:0.3) (20.4) (20.07) (20.02) (20.4) (20.9) (20.2) (20.7) (*0.1) (#0.8) (20.02) (#0.2) (0.07) (x0.09) (x0.07) (20.4)

S pratensis 279 115 45 13 62 86 44 122 109 172 42 1.8 41 6.1 771 23
(+1.1) (20.4) (20.1) (20.1) (¥1) (¢3.8) (20.9) (+1.1) (¥3.6) (#0.7) (20.3) (#0.3) (#0.2) (#0.5) (¥4.5) (x0.4)

T. leucogaster 411 148 6.1 21 11 172 79 165 176 255 55 43 62 131 519 1.3
(#2.7) (#1.7) (20.3) (20.3) (20.7) (¥1.4) (20.9) (+1.1) (¢1) (#1.3) (20.6) (20.4) (£0.4) (¥2.6) (¥4.5) (0.2)

T. paedulcus 341 123 5 14 72 126 57 152 148 211 43 24 47 7.2 708 1.9
(#3.1) (20.9) (20.3) (20.1) (20.4) (20.8) (20.6) (¥1.3) (¥0.9) (#2.1) (20.7) (#0.4) (£0.3) (¢1.3) (¢7.8) (0.4)




Table 4.2. Mean values (£SD) of body mass, hind foand ear lengths of 11 rodent species

and six morphospecies caught at Mkhuze and Kube Yin

Species Body mass  Hind foot Ear
A. ineptus 777 (9.1) 29.1 (+1.7) 16.7 (¢5.2)
D. mystacalisM 8.4 (+2.0)  18.8 (¥1.7) 11.1 (+1.9)
D. mystacalisF 5.4 (+1.8) 16.2 (+1.4) 11.2 (+1.5)
D. melanotis 7.9 (#3.7) 17.4(x1.5) 12.3(+1.7)
G.dolichurusM  38.6 (+7.2) 23.3 (x0.9) 16.2 (+6.7)
G. dolichurussF  25.6 (£5.2) 23.1(x0.8) 16.2 (£5.7)
L. rosalia 56.6 (+10.1) 25.9 (+2.3) 15.7 (#2.3)
M. natalensisM  42.6 (+7.3) 22.8 (+1.6) 17.9 (+5.6)
M. natalensisF  23.6 (£9.3) 22.3 (+1.1) 16.4 (+4.4)
M. cf. indutus 6 13 7
M. cf. neavel 11.5 11.6 9.1
M. minutoides 5.7 (x1.1) 12.3(¥2.9) 9.7 (+3.2)
S campestris 50 (x6.8) 17.9 (£1.8) 14.5(%£2.6)
S krebsii 12 (+4.2) 149 (¢1.4) 13.7 (¥1.7)
S pratensis 25.6 (+2.0) 15.3 (+1.3) 13.2 (+x1.2)
T.leucogaster ~ 68.1 (+9.0) 33.4 (+1.2) 19.9 (+1.1)

T. paedulcus

47.9 (+13.0) 22.2 (+0.6) 19.3 (+1.4)
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Table 4.3. Mean values (xSD) of the skull measuremts, the diet index, body mass, hind foot and eaehgths of the four shrew species and two

morphospecies caught at Mkhuze and Kube Yini. Seeidure 4.2 for abbreviations of skull measurements.

Species Cl BW GSW HOB UTR Ml IM CcC COM COl  Mechaalic Body Hind Ear
Potential mass foot

C. fuscomurina 16 4.7 7.1 4.1 6.7 9.8 4.3 2.9 5.4 9 -0.7 (#4.0) 2.7 8.8 6.7
(x0.2) (#0.1) (#0.2) (#0.1) (x0.1) (x0.2) (%0.1) (#0.1) (x0.1) (x0.2) (x0.4) (0.6) (x1.1)

C. hirta 24.1 7.6 10.1 6.3 10.2 148 6.3 5.1 8.6 13.9 0.004 119 129 9.6
(x1.1) (#0.4) (#0.4) (x0.4) (x0.7) (x0.7) (x0.9) (#0.8) (x0.5) (x0.8) (x1.0) (3.2) (£1.1) (x1.6)

C. silacea-M 21.2 6.3 9.4 6.1 9.1 13.3 6.2 3.8 7.4 12.1 0.4 (x1.3) 49 133 8.1
(x1.2) (£0.4) (#0.6) (+0.4) (x0.5) (£0.7) (x0.4) (£0.2) (x0.5) (x0.7) (#1.2) (x0.8) (x1.4)

C. silacea-F 20.8 6.3 9.2 5.7 8.9 13.1 6.1 3.9 7.2 11.8 -0.2 (x1.3) 6.5 128 8.1
(x1.1) (£0.3) (#0.7) (#0.3) (x0.3) (#0.6) (x0.6) (£0.3) (x0.7) (x0.4) (#1.2) (x0.7) (¢1.2)

S infinitesimus 15.1 4.5 6.5 4.2 6.1 8.7 4.5 3.2 5.2 8.2 1.1 (x4.2) 2.1 7.5 6.3
(x1.1) (0.3) (#0.4) (#0.3) (x0.5) (*¥2.2) (¥1.5) (#0.4) (x0.8) (%1.3) (x0.4) (x2.1) (¥1.1)

S. lixus 20.5 6.2 8.8 6.4 8.7 13.1 5.9 4.8 7.2 11.7 -05(3.00 6.3 114 12

(1.3) (£0.4) (20.5) (#2.1) (20.4) (20.8) (£0.4) (¢2.2) (x0.8) (20.4) (£1.2) (£1.0) (£3.7)
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Table 4.4. Sexual dimorphism test (Student’s t-tepperformed on body mass. Significant p-

values are in bold and indicate sexual dimorphism.

Species Body mass

A. ineptus tg = -0.54, p>0.05
D. mystacalis  tg = 3.30,p<0.0%

D. melanotis  tg = -2.05, p>0.05
G. dolichurus  tg = 8.00,p<0.0¢

L. rosalia tg = 0.72, p>0.05
M. natalensis  tg = 3.90,p<0.0¢

M. minutoides  tg = -0.52, p>0.05
S campestris  tg =0.71, p>0.05
S pratensis tg =-0.90, p>0.05
T. leucogaster  tg = 1.80, p>0.05
T. paedulcus  tg = -0.74, p>0.05
C. hirta tg = 0.80, p>0.05
C. fuscomurina  tg = 1.60, p>0.05
C. silacea te = 2.40,p<0.0%

S infinitesimus  tg = -1.01, p>0.05

S lixus tg = -0.40, p>0.05

3.2 Skull morphometrics

3.2.1 Principal component analysis of rodent skull parameters

The first two principal components accounted for886 of the total variance of the skull
parameters among the 11 species and the six mqrgties of rodents (Table 4.5). PC1 was a

measure of size because all the skull variabledelddnigh on this axis (Table 4.5). Large species
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such asTatera leucogaster loaded high on PC1 and small species sudiussminutoides loaded
low (Figure 4.3). PC2 was a measure of the shapkeoback of the skulls because the height of
the skull measured over the bulla (HOB) and thénbese width (BRW) loaded the highest on the
axis (Table 4.5). Species with an inflated shaph s.sThallomys paedulcus loaded high on PC2

and species with a flat shape sucvas minutoides loaded low (Figure 4.3).

Table 4.5. Contribution, eigenvalues and percent vation of the first two principal
components (PC1 and PC2) obtained from the princidacomponents analysis of the log10-

transformed skull parameters of the rodents. See Bure 4.1 for abbreviations of skull

measurements.

PC1 PC2
Skull parameters:
GSL 0.985 -0.068
WM 0.949 -0.062
UTR 0.881 -0.314
WUTR 0.916 -0.121
BW 0.905 0.124
HOB 0.687 0.682
BL 0.836 -0.354
Wz 0.959 -0.006
BRW 0.777 0.580
MI 0.973 -0.059
P 0.852 0.011
R 0.774 -0.129
LTR 0.963 -0.071
Eigenvalue 10.201 1.089

Total variance explained (%) 78.4 8.3

Cumulative variance (%) 78.4 86.8
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@ Aethomysineptus

A Dendromus melanotis

K Lemniscomys rosalia

-+ Mus indutus

=Mus neavej

= Mus minutoides

% Saccostomus campestris

B Steatomys krebsii

A Steatomys pratensis
Tatera leucogaster
Thallomys paedulcus

M Dendromus mystacalis-M

> Dendromus mystacalis-F

® Grammomys dolichurus-M
Grammomysdolichurus-F

- Mastomys natalensis-M

Mastomys natalensis-F

Figure 4.3. Plot of component scores of the 11 spes and six morphospecies of rodents on

the first two principal components (PC1 and PC2).
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3.2.2 Principal component analysis of shrew skull parameters

The first two principal components accounted for492 of the total variance of the skull
parameters among the four species and the two rogpglies of shrews (Table 4.6). PC1 was a
measure of size because all the skull variabledelddigh on the axis (Table 4.6). Large species,
such aLCrocidura hirta loaded high on PC1 and small species sucBuiasus infinitesimus loaded
low (Figure 4.4). PC2 was a measure of the lowetht@ow size in relation to the shape of the
mandible because the distance between 13 and Mhdjivla) and the condylo-coronoid length
loaded the highest on the axis while the mandiahgth loaded the lowest on the axis (Table 4.6).
Species with a large lower tooth row size assodiat&th an elongated mandible such as
Crocidura hirta loaded high on PC2 and species with a small Ide@th row size associated with

a flat mandible such &rocidura fuscomurina loaded low (Figure 4.4).
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Table 4.6. Contribution, eigenvalues and percent vation of the first two principal
components (PC1 and PC2) obtained from the princidacomponents analysis of the log10-

transformed skull parameters of the shrews. See Rige 4.2 for abbreviations of skull

measurements.

PC1 PC2
Skull parameters:
Cl 0.990 -0.004
BW 0.980 0.010
GSW 0.982 -0.014
HOB 0.867 0.307
UTR 0.987 0.023
Ml 0.855 -0.436
IM 0.748 0.517
CcC 0.774 0.449
COM 0.927 -0.345
COl 0.934 -0.347
Eigenvalue 8.254 0.994

Total variance explained (%) 82.5 9.9

Cumulative variance (%) 825 924
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Figure 4.4. Plot of component scores of the four spies and two morphospecies of shrews on

the first two principal components (PC1 and PC2).

3.3 Competition and habitat filtering in rodent as&€mblages

At Mkhuze, before controlling for phylogeny, the tm@nalysis revealed patterns of
overdispersion and/or regular spacing consistetiit priedictions from competition theory on hind
foot length and ear length (however, the patterrerewnot significant after Bonferroni
adjustments), PC1, PC2, the angle “a” and P/R (Agpe4.3). There were significant positive
relationships (p<0.05) between species richnesstl@dBES of the following parameters: PC1
(VAR and the log-uniform null model, r = 0.514), PG/AR and the KZN source pool, r = 0.846;
VAR and the Savanna source pool, r = 0.827), aRd(PAR and the KZN source pool, r = 0.514;
VAR and the Savanna source pool, r = 0.646).



109

Patterns of underdispersion consistent with halfil&ring or predation predictions were

detected on P/R and grinding surface (Appendix 4.3)

After controlling for phylogeny, patterns of ovesgersion or regular spacing consistent with
predictions from competition theory were detectachind foot length, body mass, PC2, the angle
“a”, P/IR and bulla length (although some patterisappeared after Bonferroni adjustments)
(Appendix 4.4). There were significant positiveatenships (p<0.05) between species richness
and the SES of body mass (VAR and the Savannaeqaal, r = 0.646), PC2 (VAR and the
KZN source pool, r = 0.776; VAR and the Savannas®pool, r = 0.538), and bulla length (VAR
and the KZN source pool, r = 0.552; VAR and theg®aa source pool, r = 0.766).

Patterns of underdispersion consistent with halfi@ring or predation predictions were
detected on PC2 (although the patterns becameigwoificant after Bonferroni adjustments), PC1

and the grinding surface (Appendix 4.4).

At Kube Yini, no pattern of competition was detectsy the meta-analyses (Appendices 4.5
and 4.6). Before controlling for phylogeny, a pattef underdispersion consistent with habitat
filtering or predation predictions was detectedRIR. After controlling for phylogeny significant

patterns of underdispersion were detected on P@balfa length (Appendix 4.6).

No significant pattern was detected at the regimuale (Mkhuze, Kube Yini, KZN and

Savanna species pools) (Appendix 4.17).

3.4 Competition and habitat filtering in shrew assmblages

At Mkhuze, before controlling for phylogeny, the ta@nalysis revealed patterns of
overdispersion or regular spacing consistent wiedjgtions from competition theory on body
mass, PC1, MP, hind foot length, and ear lengtipéhpix 4.7). However, some patterns became
non significant after Bonferroni adjustments. Theees a significant positive relationship between
species richness and the SES of MP (MSL and the EK&iNce pool, r = 0.600, p<0.05). Patterns
of underdispersion consistent with habitat filtgrior predation predictions were detected on body
mass and PC2 (although the patterns became noificgigh after Bonferroni adjustments)
(Appendix 4.7).

After controlling for phylogeny, patterns of ovesgersion and/or regular spacing consistent
with predictions from competition theory were dé¢eicon body mass, MP, PC1, hind foot length
and ear length (although some patterns became igoifiGcant after Bonferroni adjustments)

(Appendix 4.8). There were significant positiveat@nships between species richness and the
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SES of the following parameters (p<0.05): PC1 (V& the log-uniform null model, r = 0.577),
hind foot length (MSL and the log-uniform null méde= 0.622) and ear length (VAR and the
log-uniform null model, r = 0.566). Patterns of endispersion consistent with habitat filtering or
predation predictions were detected on PC2 andadaligth (Appendix 4.8). However, some

patterns became non significant after Bonferropistthents.

At Kube Yini, no pattern of competition was detectey the meta-analyses (Appendices 4.9
and 4.10). Before and after controlling for phylogepatterns of underdispersion consistent with

habitat filtering or predation predictions wereead#téed on ear length.

No significant pattern was detected at the regiauale (Mkhuze, Kube Yini, KZN and

Savanna species pools) (Appendix 4.17).

3.5 Predation in rodent and shrew assemblages

All species had enlarged bulla length, hind fooigkh and ear length (Figures 4.5 and 4.6).
No pattern of underdispersion was detected on lrrigth, hind foot length or ear length in rodent
assemblages at Mkhuze and Kube Yini (Appendicedc4436). Bulla length was underdispersed
in shrew assemblages at Mkhuze after controllimgpfylogeny, when species were drawn from
the KZN and Savanna regional source pools (Appedd®. At Kube Yini, ear length was
underdispersed in shrew assemblages when species dswvn from the KZN and Savanna
regional source pools before controlling for phyoyg, and when species were drawn from the

Savanna regional source pool after controllingofoylogeny (Appendices 4.9 and 4.10).
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3.6 Relationships between abundance and morphology rodent assemblages

At Mkhuze, the meta-analysis revealed positiveti@iahips between the abundance and the
phenotypic distances of a species with respectiter species with S1, S2 and S3, but not with S4
(Appendices 4.11 and 4.12). However, the resultsS2 and S3 became insignificant after

Bonferroni adjustments. Moreover, these pattersapgieared after controlling for phylogeny.

At Kube Yini, no simulation produced significantgikive relationship between abundance

and phenotypic distances (Appendices 4.11 and 4.12)

Details of the Spearman Rank correlation tests éatmabundance and phenotypic distances

are presented in Appendices 4.13 and 4.14.

3.7 Relationships between abundance and morphology shrew assemblages

No significant positive relationship between aburma and phenotypic distances was
detected at Mkhuze or Kube Yini (Appendices 4.1d 4ri2). See Appendices 4.15 and 4.16 for

details.

4. DISCUSSION

4.1 Competition influenced rodent and shrew assemdjes

| found evidence that competition influenced themiitypic niches of rodent and shrew
assemblages at Mkhuze, specifically rodent andwstiedy mass, skull size, diet indices, and
rodent skull shape. Conversely, no evidence of etitipn was detected at Kube Yini.
Competitive interactions tend to prevent specieth \8imilar morphologies from coexisting in
local assemblages because they have similar resoeqcirements. However, species can coexist
in local assemblages if they exhibit non-overlagpphenotypic features to partition resources.
Niche partitioning commonly occurs along the fomace and time axes (Schoener 1974).
Temporal niche partitioning was not investigatedtlims study, but non-random patterns of

temporal activity have been found in tropical radessemblages (Castro-Arellano 2005). At
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Mkhuze, the coexistence of rodents and shrewsdal lassemblages was probably facilitated by

dietary and microhabitat partitioning.

At Mkhuze, rodent and shrew body mass displayetepet consistent with competition
theory: the segment-length ratios were both ovpedised and evenly spaced. However, this was
only apparent after removing the influence of plgglay, implying that phylogeny constrains body
mass. This demonstrates the importance of usingogémetically independent data when
assessing ecological patterns. Similar phenotypitems were detected in North America where
terrestrial mammals (including rodents) of simikady size co-occurred less than expected by
chance, suggesting the influence of competitiorm{@&s and Brown 1982, Brown and Nicoletto
1991). Differences in body mass may facilitate deexistence of rodent and shrew species
through dietary and microhabitat partitioning (Ruseeig and Sterner 1970, Schoener 1974). For
example, species may selectively forage on clunigeandl providing net energy returns that are
positively correlated with their body size (Browinal. 1979). Experiments showed that larger and
more mobile rodent species forage on the mostlgeadailable, clumped seeds over a large area,
while smaller species harvest the less detectatuatitered seeds that are energetically too
demanding for the larger species to harvest (HL&@8, Price 1978b). Patches of clumped seeds
are created by shrubs and depressions that aapssfor the seeds distributed by the wind (Price
1978a, Reichman 1984, Price and Reichman 1987¢ekKeithl. 1993). At Mkhuze, most rodent
species are omnivorous and seeds represent antamppart of their diet (Taylor 1998, Skinner
and Chimimba 2005). It is therefore possible thatlargest species, suchAsthomys ineptus or
Tatera leucogaster, preferentially forage in areas where seeds amnmdd, i.e. areas with high
densities of shrubs and depressions, whereas thiéestrspecies such s minutoides forage in

areas where seeds are scattered and less accessitddargest species.

Further support for dietary partitioning was indéxh by patterns of overdispersion and
regular spacing in the diet indices: P/R, the afigleof rodents, and the mechanical potential of
shrews. These indices are indicative of trophihaicse (Aguirrest al. 2002, Williamset al.
2009). P/R and the angle “a” measure bite forcedfian and Lemen 2008b). Bite force is linked
to the ability of a species to process hard foétegman and Lemen 2008a, Williastsal. 2009,
Santanaet al. 2010). For example, positive correlations betweien force and food hardness were
found in lacertid lizards (Verwaijed al. 2002), Darwin’s finches (Herret al. 2005) and bats
(Aguirre et al. 2003, Nogueirat al. 2009). The mechanical potential of shrews is atsovelated
with the food hardness of prey: it is greater iresls specialised on hard-bodied prey and smaller

in shrews specialised on soft-bodied prey (Yoetrs. 2007).
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Although not investigated in this study, differemce gut morphology have also been
proposed as an indirect evidence of dietary paniitig. For example, South African rodent
species are organised along a gradient ranging fr@mivory to folivory which enables them to
partition food resources (Perrin and Curtis 198hakan and Pillay 2008). Thus, some species
caught at Mkhuze such &accostomus campestris and Aethomys ineptus have a gut morphology
more adapted to folivory comparedNtastomys natalensis and Steatomys sp. that are more prone
to granivory, whereas the gut morphology Tdtera leucogaster shows adaptations to both
folivory and granivory (Kinahan and Pillay 2008)hig suggests that a relationship may exist
between body mass, the diet indices and gut mooglgcdince all these characters mediate dietary

partitioning.

Moreover, rodent skull size and shape and shrew skae showed significant patterns of
both overdispersion and regular spacing, suggedtigg influence of competition on skull
morphology. Similarly, competition probably influssd rodents in New Zealand and European
shrews because their skull morphology was moreindilss in sympatry than in allopatry
(Malmquist 1985, Yom-Towet al. 1999). Skull shape has been associated with gelséhaviour,
with burrowing species having an angular skull pepfand above-ground species having an
elongated skull shape (Couraatal. 1997). At Mkhuze].emnicomys rosalia, Mus sp., Aethomys
ineptus, Tatera leucogaster, Saccostomus campestris, Dendromus sp. and Steatomys sp. are
burrowing species, where& ammomys dolichurus and Thallomys paedulcus build their nests in
grass, hollow trunks and branch&sastomys natalensis can nest in burrows or under logs, rocks
or debris (Skinner and Chimimba 2005). It is therefpossible that coexisting species at Mkhuze

may have differential nesting behaviour to redummpetition for nesting sites.

Regressions between species richness and the sitest of skull size and shape, the diet
index P/R and bulla length of rodents, and with dffect sizes of skull size, the mechanical
potential, hind foot and ear lengths of shrewsjcaigd that competition was the strongest in
species-rich assemblages. These findings confiempthdiction that competition should be more
intense among a large number of coexisting sinsigcies than among a small number of similar
species (Hutchinson 1957, Palmer 1994, Dewvad. 1998). Similarly, insectivorous bats exhibited
patterns consistent with predictions from compatitiheory in species-rich ensembles rather than

in species-poor ensembles (Schoeman and Jacobs 2008

Simulations of the effects of density compensagawe further insights into the processes of
competitive interactions. Density compensation cacur even if competition pressures are low
(Stevens and Willig 2000a, b). There were significpositive correlations between rodent

abundance and phenotypic distances at Mkhuze wndeenario of diffuse competition, although
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the correlations were not significant after coringl for phylogeny. Density compensation was
also detected with the scenario S2 where all batlélast similar species were included in the
simulation and with S3 where only the two most Emspecies were included. However, patterns
obtained with S2 and S3 became insignificant afBanferroni adjustments. Therefore,
competitive interactions were diffuse, i.e. invalvevery rodent species coexisting in local
assemblages. Evidence for density compensatioralsafound in desert rodent assemblages that
were significantly structured by diffuse competitieffects (Stevens and Willig 2000a). Diffuse
competition can operate in two ways. First, if $pecrequirements are very similar and
overlapping, then species may compete on a sieglaurce axis. Second, species may overlap and
compete on several resource axes and the identitie®mpeting species differ for each axis
(Stevens and Willig 2000a). If, as suggested aboompetition influenced diet and microhabitat
use, then each species should compete most intgnsith its most similar species along both
axes. However, the positions of species along eachmay not be identical, so the identities of
competing species may vary, resulting in diffusampetition. Conversely, no significant
relationship between abundance and phenotypicndissawas detected in the rodent assemblages
at Kube Yini or in the shrew assemblages at Mkharz@ Kube Yini. This confirms the lack of
evidence for the influence of competition on rodant shrew phenotypes at Kube Yini, but
contradicts patterns of overdispersion and reggfacing consistent with competition theory
found in shrews at Mkhuze. The reason for thisrdigancy is unclear. Nevertheless, my results
highlight the importance of using abundance datgaiom details on how competition influences

local assemblages.

4.2 The influence of predation on rodent and shrevassemblages

As predicted by the predation hypothesis, bullagtlenear length and foot length were
enlarged for all rodent species. However, theststweere not significantly underdispersed, which
would indicate the influence of predation. In fabe opposite pattern was detected since hind foot
length and ear length were overdispersed at Mkladnike bulla length was overdispersed at Kube
Yini. These results are surprising because thase thaits are associated with predator detection
and avoidance in rodents (Webster 1962, Websteiakter 1980, Kotler 1984, 1985, Browan
al. 1988, Kotler and Brown 1988, Kotlet al. 1994). For example, the auditory bullar volume of
desert rodents was positively correlated with tbe of open microhabitats where predation risk is
the highest (Kotler 1984). Nevertheless, rodenty hmave developed other strategies to detect

predators. For example, large and dorsally plaged give a better chance to the prey to detect an
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upcoming attack from a predator (Kotler 1984, Mdled Erritzge 2010). Moreover, the effects of
predation on prey phenotype may be difficult tcedebecause of the heterogeneity of predation in
time and space (Kotle#t al. 1994). Specifically, in multiple-predators envinoents, prey may
display intermediate phenotypes to detect a widege of predators (Bourdeau 2009). This might
be the case for rodents which face a risk of preddtom multiple terrestrial and aerial predators
(Andersson and Erling 1977).

Shrew bulla and ear sizes were fairly large andewarderdispersed, indicating that these
traits may be under predation pressure. In contrtdst foot were also enlarged but was not
underdispersed. It is not surprising that bullagtenand ear length were larger than expected
because hearing is highly sensitive in shrews @4eitt1985, Churchfield 1990). Shrews have poor
eyesight so they rely on olfaction to move and dergLarochelle and Baron 1989, Churchfield
1990, Jonest al. 2007). Therefore, acute sense of hearing and snalireduce predation risk in

shrews.

4.3 The influence of habitat filtering on rodent am shrew assemblages

| found evidence that habitat filtering influencte size of the grinding surface in rodents
and the mandible size in shrews because thesectdraavere underdispersed at Mkhuze. At Kube
Yini, rodent skull size and shrew ear size wereendidpersed. The grinding surface gives an
indication of the amount of food that can be ingdsdtnd may be correlated with the energetic
needs of small mammal species (Gould 1975, Ben-Blashal. 2001). Similarly, the shrew
mandible is closely associated with shrew troptiolagy (Carraway and Verts 1994). Shrew
mandibles can be influenced by climatic and gedgrafactors (Neet and Hausser 1990, Rychlik
et al. 2006). For example, previous results found thaewhmandibles were larger at higher
latitude and altitude, and wetter and warmer a(Bgshlik et al. 2006). Thus, coexisting rodents
and shrews at Mkhuze exhibited underdispersed pyee® in response to similarities in food

requirements and habitat characteristics.

4.4 Conclusion

Because rodents and shrews possess life-histoitg twharacterised by early and high
reproduction, low longevity and high mortality, abelcause their population structure is unstable,

habitat filtering and predation rather than contetishould influence their community structure
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(Chapter 1). Contrary to my predictions, competitiofluenced the phenotypic niche structure of
rodents and shrews at Mkhuze. Competition infludnmelent and shrew body mass, skull size,
diet indices (P/R, a, mechanical potential) andemvdkull shape. The coexistence of species in
local assemblages was probably facilitated by diegad microhabitat partitioning. The influence
of predation was detected in shrews but not in mtsdePredation influenced shrew bulla and ear
sizes. Thus, a highly developed sense of hearinghrage been selected for in shrews in response
to predation pressure. Perhaps predation influemagédbles linked to vision and sense of smell in
rodents, but this was not tested in this studyurfeustudies should consider the influence of
predation on a variety of morphological featureshsas size and position of the eyes, nose length
or structure of the vomeronasal organ (Kotler 198dndeliket al. 2003, Goodenougét al. 2010,
Mgller and Erritzge 2010, Papes al. 2010), to better understand how predation afféogs
community structure of prey. Habitat filtering iméinced rodent grinding surface and shrew
mandible sizes. Similarities in terms of food arabitat requirements may have led to similar
morphological adaptations among species. My reshitsved that both competition and habitat
filtering influenced traits related to diet in rode and shrews, although each process did not
influenced the same traits. This suggests thaichéoid abiotic processes do not act separately, but

in concert, to influence local assemblages.
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CHAPTER 5

PHYLOGENETIC NICHE PATTERNS OF RODENTS AND
SHREWS

SUMMARY

Local assemblages can exhibit significant phylogerstructuring because of the interaction
between ecological and evolutionary processesveésiigated the influence of competition and
habitat filtering on rodent and shrew assemblageadsessing patterns of phylogenetic structure
in relation to the degree of niche conservatisrithode phenotypic traits. | quantified the degree of
niche conservatism with the K statistic reflectihg observed degree of similarity among close
relatives compared with expectations derived fronBrawnian motion evolution model. |
quantified the phylogenetic structure of rodentsl ahrews with two indices, NRI and NTI,
measuring the phylogenetic distance between speniecal assemblages. Traits showed
convergent evolution in both rodents and shrewgsaBse rodent assemblages comprised closely
related species, competition probably drove thelqganetic clustering of rodent assemblages.
Conversely, shrew assemblages comprised distagidyed species, suggesting the influence of
habitat filtering on their phylogenetic structuFaiture research should analyse the evolution of a
high variety of traits in studies of phylogenetichre structure to disentangle the processes driving

community assembly.

1. INTRODUCTION

Darwin (1859) predicted that the structure of spe@ssemblages should be influenced by
the phylogenetic relatedness, or phylogenetic dsspe, of species (i.e. the amount of similarity
among species compared to a common ancestor).pidukction was based on the premise that
closely related species share many ecological ctarstics because they are derived from a

common ancestor and thus should compete more §trilra;m more distantly related species. This
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idea was examined quantitatively through analydespecies—genus ratios that showed that, in
local assemblages, most animal and plant genera wely represented by a single species,
suggesting that competition precluded the coextsteri several species in the same genus (Elton
1946, Simberloff 1970, Grant and Abbott 1980).

1.1 The phylogenetic structure of assemblages

Phylogenetic structure is the pattern of phylogenetlatedness within and among
assemblages (Webb 2000, Wedibal. 2002, 2006, Cavender-Baresal. 2009). Phylogenetic
structure can be assessed by comparing the phybgelispersion of observed local assemblages
with that of random species assemblages drawn &tnoader regional phylogeny pool of species
(Gotelli and Graves 1996, Webb 2000, Cavender-Barals 2009). Phylogenetic structure can be
guantified with indices such as the net relatediredsx (NRI) and the nearest taxon index (NTI)
that estimate the overall phylogenetic relatedrefsan assemblage (Webb 2000, Wedtlal.
2002). NRI and NTI are both measures of the phylege distance between taxa in an
assemblage, where phylogenetic distance is dehsetthe sum of all intervening branch lengths
between two taxa. High indices of relatedness dedissemblages with many species in the same
terminal clade (e.g. genus), i.e. phylogenetictehisg, whereas low indices of relatedness define

assemblages with species from different termireedes$, i.e. phylogenetic evenness (Webb 2000).

Patterns of phylogenetic structure may be scalewm#gnt (Cavender-Barest al. 2006,
Slingsby and Verboom 2006, Swensaral. 2006, Emerson and Gillespie 2008). For example,
phylogenetic structure of tropical trees became emolustered when drawn from regional
phylogeny pools of increasing spatial scales, sstijyug that, at larger scales, the influence of
habitat filtering became more pronounced thantfaence of competition (Swensehal. 2006).
Furthermore, phylogenetic structure is sensitivéhtaxonomic scale of local assemblages: the
more taxa an assemblage includes, the more likelyili show phylogenetic clustering. For
instance, assemblages of tropical trees shiftecridsvphylogenetic clustering as the taxonomic
delineation of local assemblages increased (CaveBaieset al. 2006, Swensost al. 2006). As
the spatial scale increases, greater habitat lyseeity is encompassed, and closely related
species with shared habitat requirements are a$séndwross contrasting environments. In
contrast, phylogenetic evenness should be prevatemaller scales where competition should be
more intense because lower habitat heterogeneibvides fewer opportunities for niche
partitioning (Weiher and Keddy 1999, Cavender-Bagesal. 2004a, Ackerlyet al. 2006).

Therefore, comparing the phylogenetic structurelomfal assemblages with the phylogenetic
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structure of random species assemblages drawn glghegeny pools of different spatial scales,
and with the phylogenetic structure of regionaleasslages, should provide more information

about community processes than an analysis abfjgsscale.

1.2 The influence of competition and habitat filteing on phylogenetic structure

At a local scale, two opposite patterns may be egoe(Table 5.1). Firstly, because close
relatives share similar ecological niches, comjpetitamong close relatives should lead to
phylogenetic evenness, i.e. co-occurring speciesnaore distantly related than expected by
chance (Webb 2000, Welebal. 2002, Weblet al. 2006). Secondly, habitat filtering, where close
relatives coexist through shared habitat prefergrsteould lead to phylogenetic clustering, i.e. co-
occurring species are more closely related thareaed by chance (Webb 2000, Wedibal.
2002, Weblet al. 2006).

However, phylogenetic structure depends not onleowological processes, i.e. competition
or habitat filtering, but also on evolutionary ones. niche conservatism or convergence. The
niche is the set of biotic and abiotic conditionsahich a species is able to survive and maintain
stable population sizes (Hutchinson 1957). Nichated traits may evolve rapidly (Schluter 2000)
or they may change very slowly (Petersral. 1999, Wiens and Graham 2005). The tendency
among closely related species to retain their dradesches and related ecological traits over time
(and thus resemble each other) is called phylogemiéthe conservatism (Harvey and Pagel
1991). Thus, phylogenetic niche conservatism iatsem, but it can also be defined as a process
(Wiens 2008). Phylogenetic niche conservatism heenthypothesised as the factor producing
latitudinal and elevational gradients in diversityd species richness, i.e. highest diversity and
species richness in the tropics and at intermeaiateations (Wienst al. 2006, Mittelbackhet al.
2007, Donoghue 2008, Wiergs al. 2009, Buckleyet al. 2010, Kozak and Wiens 2010). For
instance, the latitudinal diversity gradient indgsois related to their longer time in the tropiosl a
more recent dispersal to temperate habitats, stiggdbat niche conservatism in environmental
tolerances is driving richness patterns (Wiehsl. 2006, 2009). North American salamanders
show a mid-elevation peak in species richness Isechabitats at intermediate elevations have
been inhabited the longest and accumulated mo@esp@and species have retained their climatic
niches, thereby constraining dispersal to envirartmat lower and higher elevations (Kozak and
Wiens 2010). Thus, if niche-related traits are pbghetically conserved (closely related species
show similar adaptations), competition should l¢éadphylogenetic evenness (species in local

assemblages are less closely related than expegigdthnce) while habitat filtering, which filters
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Table 5.1. Phylogenetic structure depends on the pcess affecting assemblages (random,
competition, habitat filtering processes) and on th degree of niche conservatism (traits

conserved or convergent)Adapted from Coopest al. 2008.

Phylogenetic Random phylogenetic Phylogenetic evenness  Phylogenetic clustering

structure structure

Process Random Competition Habitat filtering

Traits Traits conserved or Traits conserved; if Traits conserved; if
convergent traits are convergent, traits are convergent,

the patterns are similar the patterns are similar
to those shown for to those shown for
habitat filtering or competition

random processes

species according to their environmental toleransbsuld produce a pattern of phylogenetic
clustering (species in local assemblages are moselyg related than expected by chance) (Webb
et al. 2002, Cavender-Baregt al. 2004a, Kraftet al. 2007) (Table 5.1). Conversely, if niche-
related traits are phylogenetically convergentdely related species show different adaptations),
habitat filtering should result in phylogenetic aaess and competition should lead to random
phylogenetic structure, or phylogenetic clustevebbet al. 2002, Cavender-Baresal. 20044,
Kraft et al. 2007) (Table 5.1).

Because patterns of phylogenetic structure maygehaith the degree of phylogenetic niche
conservatism (Weblet al. 2002, Cavender-Bares al. 2004a, Kraftet al. 2007) (Table 5.1),

analyses of the degree of niche conservatism asengal to determine which process is
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responsible for the observed phylogenetic structOree way of quantifying the degree of niche
conservatism is through the measurement of theogeyletic signal (Blombergt al. 2003,
Ingram and Shurin 2009, Buckleyal. 2010, Gome=zt al. 2010, Jenkins and Keller 2010, Verdu
et al. 2010, Greeret al. 2011). The phylogenetic signal indicates the iahship between the
degree of phylogenetic relatedness and ecologirébsity (Losos 2008, Ackerly 2009). This can
be quantified with metrics such as the K statiéBlomberget al. 2003). The K statistic reflects
the observed degree of similarity among close ixglatcompared with the expected degree of
similarity derived from a Brownian motion evolutiomodel, i.e. in which the amount of
evolutionary change is small and random in direc{ldarvey and Pagel 1991, Losos 2008). High
K values indicate that the ecological traits unclemsideration are conserved while low K values

indicate that they are convergent.

Relatively few studies have investigated the phgtagic structure of mammal assemblages
(Emerson & Gillespie 2008). However, analysis ot tphylogenetic structure of species
assemblages has been an important research foasnimunity ecology (Emerson & Gillespie
2008, Vamoskt al. 2009). In a global analysis on island mammals,|qd®enetic evenness was
detected in ungulates, primates and fruit batsdilaret al. 2008). Phylogenetic evenness also
characterised New World monkeys, Australasian passiNorth American ground squirrels and
African carnivores (Coopest al. 2008, Cardillo 2011). Conversely, phylogeneticstdting was
prevalent in carnivores, insectivorous bats, fhits and rodents (Cardillet al. 2008, Cardillo
2011). However, these studies assumed that nidhedetraits were conserved and did not
evaluate their evolution. Therefore, they could distriminate between the roles of competition

or habitat filtering on the phylogenetic patterhserved in these assemblages.

1.3 Ouitline of the chapter

In this chapter, | investigate the influence of patition and habitat filtering on the
phylogenetic niche structure of South African rademd shrew assemblages of Mkhuze and Kube
Yini Game Reserves (Chapter 2). | quantified thgrele of phylogenetic niche conservatism of
three phenotypic traits (body mass, the PC1 andPG2 of the skull variables measured in
Chapter 4) using the K statistic. | quantified migdnetic relatedness among co-occurring species
with two indices, NRI and NTI (Webb 2000, Weld al. 2002). | compared observed
phylogenetic niche patterns with simulated pattedtesived from random sampling from the
observed phylogeny pool or from regional phyloggowpls. Assuming that the phenotypic traits

are conserved, | predicted that the phylogenetitbenpatterns of assemblages should be even if
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competition influenced community structure, andyttsould be clustered if habitat filtering
influenced community structure (Table 5.1). Assugrinat the phenotypic traits are convergent, |
predicted that the phylogenetic niche patternsssemblages should be random or clustered if
competition influenced community structure, andythghould be even if habitat filtering

influenced community structure (Table 5.1).

2. METHODS

2.1 Sampling rodents and shrews

Rodent and shrew assemblages were sampled at Mihdzat Kube Yini between 2007 and
2009 (see Chapter 2 for details). The completenése inventories was verified with species

richness estimators (Chapter 2).

2.2 Phylogenetic tree building

Phylogenetic trees of rodents and shrews wereattdat use in phylogenetic structure and
trait evolution analyses (Figures 5.1 and 5.2) rtfJtseven species of rodents and 14 species of
shrews present in the savanna biome of southeina®AfNamibia, Botswana, Zimbabwe, southern
Mozambique, South Africa, Swaziland, Lesotho) (8kinand Chimimba 2005) were included.
Mitochondrial cytochromeb gene sequences were downloaded from the NCBI Gé&nbad
aligned using the Clustal W option (Thompsetnal. 1994) of the BioEdit program (version
7.0.5.3, Hall 1999) and by visual inspection. Tvepresentative samples of each species were
incorporated except foDasymus incomtus, Lemniscomys rosalia, Thallomys nigricauda,
Desmodillus auricularis, Myosorex cafer andCrocidura silacea for which only one cytochromie
gene sequence was available (Appendix 5.1). Thechyomeb genes ofMus minutoides, Mus
neavel andMus indutus caught at Mkhuze were extracted and sequenced BpWns from the
University of KwaZulu-Natal and included in the &s@s. Furthermore, | used four outgroup
species for each tree (Appendix 5.1). Outgroup ispewere chosen based on their distant
relationship with rodents and shrews caught at Mkhand Kube Yini and with species included
in the regional phylogeny pools (see below); tliegtochromeb gene sequences were downloaded

from the NCBI Genbank. Rodent sequences were trimime@ common length of 370 nucleotides
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and shrew sequences to 344 nucleotides. No cyteehlogene sequence was available for
Seatomys krebsii, Seatomys pratensis, Dendromus melanotis, Dendromus mesomelas,
Dendromus mystacalis, Tatera inclusa, Crocidura maquassiensis, Crocidura cyanea and Suncus
lixus, so | completed the phylogenetic trees by addiagidhes based on extrapolations from sister
species of these species from published rodenslargiv phylogenies (Michatet al. 2001, Jansa
and Weksler 2004, Steppaial. 2004, Steppast al. 2005, Lecomptet al. 2008, Willows-Munro
2008). Therefore, because data on branch lengtie méssing, | set branch lengths to 1 in
subsequent phylogenetic structure and trait evaludinalyses. Although real branch lengths can
enhance the biological relevance of phylogenetialyses, fixed branch lengths allow valid
biological interpretations (Garland 1992, Cloletral. 1998).

| created the phylogenetic trees using Bayesiaighbeur-joining and maximum parsimony
analyses. The Bayesian analysis was implement®biBayes (version 3.0b4, Huelsenbeck 2000).
MrBayes searches for the best set of phylogensastthat maximize the probability of the trees.
MrBayes uses a Markov Chain Monte Carlo methodetwrch for trees, where trees are sampled
according to their posterior probabilities, whiaie &ased on the data and a pre-defined model of
evolution. Sampling started with a random tree fn chains were used. The analysis ran for 5
million generations and sampling occurred evergégerations. Neighbour-joining and maximum
parsimony analyses were implemented in PAUP (ver4i6b10, Swofford 2002). The neighbour-
joining method converted the aligned sequences antlistance matrix of pairwise differences
between the sequences, and calculated distancagetmal nodes (Hall 2004). Distances to
internal nodes were used to create the phylogenet&s. The maximum parsimony method
selected trees that minimized the number of evahatiy steps, i.e. mutations, required to explain
the observed aligned sequences (Hall 2004). | askeeluristic approach that chose at random an
initial three-taxon tree, added branches to malsh ed the three possible four-taxon trees, and
selected the most parsimonious tree to make thsilpedive-taxon trees that could be derived
from it. This process was repeated until all taxaevincluded. In all analyses where it was
applicable, | used the GTR+I+G model of evolutiendetermined in jModeltest (version 0.1.1,
Guindon and Gascuel 2003, Posada 2008). jModels=st log likelihood scores to establish the
model of DNA evolution that best fits the datastimated the reliability of the groupings (i.e. the
probability that the members of a given clade d&nepgs members of that clade) using bootstrap
values and Bayesian probabilities. Bootstrapping waplemented in PAUP (version 4.0b10,
Swofford 2002). This method takes subsamples osities in an alignment and creates trees based
on those subsamples, repeating this process 19@8.tiThe Bayesian analysis directly counts the
fraction of times a clade occurs among the treespksd. However, no bootstrap values or

Bayesian probabilities could be calculated for eélkrapolated clades since | arbitrarily added the
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species on the phylogenetic trees. Trees createBalgsian, neighbour-joining and maximum
parsimony analyses were similar. Thus, | only pneex the trees derived from the neighbour-

joining analyses (Figures 5.1 and 5.2).
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Figure 5.1. Phylogeny of rodents including speciesaught in local assemblages at Mkhuze
and Kube Yini (L), species present in the KZN reginal phylogeny pool (K) and species
present in the SAV regional phylogeny pool (S). Nubers at the nodes are the neighbour-
joining bootstrap values >70% / maximum parsimony lpotstrap values >70% / Bayesian

probabilities <0.95 shown as percentages.
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Figure 5.2. Phylogeny of shrews including specieawght in local assemblages at Mkhuze and
Kube Yini (L), species present in the KZN regionaphylogeny pool (K) and species present in
the SAV regional phylogeny pool (S). Numbers at thewodes are the neighbour-joining
bootstrap values >70% / maximum parsimony bootstrap values >70% / Bayesian

probabilities <0.95 shown as percentages.

2.3 Trait evolution

| assessed the degree of niche conservatism a# ffirenotypic traits: PC1 and PC2 of the
skull variables, and body mass (Chapter 4). Thea#stare important in determining co-
occurrence among rodents and shrews (Chapter 4s3ess the degree of niche conservatism of
each trait, | calculated the K statistic with thatb program PHYSIG.m (Blombeggal. 2003),
using the phylogenies of rodents and shrews (Fsgbré and 5.2). The K statistic reflects the

observed degree of similarity among close relatc@®mpared with expectations derived from a
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Brownian motion evolution model, i.e. assuming skamd stochastic character evolution (Harvey
and Pagel 1991, Blombeetal. 2003). The K statistic is calculated as:

K = (observed MSEMSE) / (expected MSEEMSE)

where MSE is the mean squared error of the obsdraédralues, and MSHs the mean squared
error of the phylogenetically corrected trait vauélrait values of related species are not
independent to each other because related spdw@es a common ancestor (Felsenstein 1985,
Harvey and Pagel 1991), hence MSias calculated with a generalised least-squaresefdure
that removed the phylogenetic correlation of traitues (Garlandet al. 1999, Blomberggt al.
2003). The ratio “observed MGIMSE” is calculated from the observed data. Thm ratxpected
MSE/MSE” is calculated with a randomisation proceddinat simulates Brownian motion
evolution by permutating the values 1000 times sgtbe tips of the phylogenetic tree (Garland
al. 1999, Blomberget al. 2003). K values of 1 indicate a Brownian motioroletion in which
closely related species exhibit a low degree ohphgpic similarity due to shared ancestry. Values
of K > 1 indicate that closely related species m@e similar than expected under Brownian
motion evolution: the degree of niche conservatisrhigh, the trait is conserved. Conversely,
values of K < 1 indicate that closely related specire less similar than expected under Brownian

motion evolution: the degree of niche conservaistaw, the trait is convergent.

2.4 Phylogenetic structure of rodent and shrew asslages

2.4.1 Indices of phylogenetic structure

| assessed the phylogenetic structure of rodentstmew assemblages with the program
Phylocom (version 4.1, Webd al. 2008). | used two indices, the mean phylogenestadce
(MPD) and the mean nearest phylogenetic taxonrist@MNTD), where phylogenetic distance is
defined as the number of nodes separating two (Raaris 1969, Gittleman and Kot 1990).
Abundance data provide more information on ecoklgmatterns than presence-absence data
(Vamosi et al. 2009). For example, a large population of speéiemay drive species B to
extinction but the presence of a single individobspecies A may have no effect on species B.
Therefore, incorporating abundance data into plenegic analyses is important to unravel the
mechanisms structuring assemblages. Accordingleighted phylogenetic distances by species
abundances using the “-a” option in Phylocom (Wettdd. 2002, Weblet al. 2008). MPD reflects

phylogenetic structure across the whole of the qusty because it represents the mean
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phylogenetic distance among two random individualah from the assemblage independently of
their relatedness. MNTD reflects phylogenetic sticee near the tips of the phylogeny because it
represents the mean phylogenetic distance to thsest non-conspecific relative for each
individual in the assemblage. To test if assemidagere significantly clustered or even, |
compared the observed MPD and MNTD values withdhgenerated by 1000 simulations. If the
observed MPD or MNTD values were significantly sieathan 95% of the simulated MPD or
MNTD, | assumed that the phylogenetic niches otmrddages were clustered. If the observed
MPD/MNTD values were significantly larger than 9586 the simulated MPD or MNTD, |
assumed that the phylogenetic niches of assemblegreseven.

To allow comparisons among assemblages, | calcutate measures of standardised effect
size (SES), the net relatedness index (NRI) anchélaeest taxon index (NTI) (Webb 2000, Webb
et al. 2002). The SES measures the number of standaratides that the observed index is above

or below the mean index of the simulated assembléage expected by chance):
NRI = -1 X [(MPDobs — MPDexp) / sdMPDexp]
NTI= -1 X [[MNTDobs — MNTDexp) / sSAMNTDexp]

where MPDobs is the mean phylogenetic distance, BIdbE is the mean nearest phylogenetic
taxon distance observed in the assemblage, MPDBe#tgeimean phylogenetic distance expected
by chance, MNTDexp is the mean nearest phylogertation distance expected by chance,
sdMPDexp is the standard deviation of the expecateglan phylogenetic distance, and

sdMNTDexp is the standard deviation of the expentedn nearest phylogenetic taxon distance.

Hence, NRI reflects patterns of phylogenetic stiteethroughout the phylogeny, while NTI
reflects patterns near the tips. | used simplatstéo test the null hypothesis that mean NRI and
mean NTI values differed from zero (SPSS, versionLEAD Technologies, Inc., 2006). For all
tests, p-values were corrected by Bonferroni adjasts (Rice 1989). Positive values of NRI and
NTI indicated phylogenetic clustering while negetivalues indicated phylogenetic evenness. |
calculated the mean NRI and the mean NTI acrosadl study sites for the rodent and shrew

assemblages at Mkhuze and Kube Yini.

2.4.2 Randomisation procedures

The phylogenetic structure of local assemblages eesmspared with patterns expected by
chance (Gotelli and Graves 1996). However, chaateeqms may differ depending on the spatial
scale of the regional phylogeny pools (Swensbal. 2006). Thus, to randomise phylogenetic
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distances, | used four different null models diffgrin the way randomisation is conducted and/or
in the identity of the species that are includesingl geographically realistic species pools of
different scales, as defined in Chapter 4 (Wetldd. 2002, Weblet al. 2008):

MO: species identities are shuffled across thereemqghylogeny, randomising phylogenetic

relationships among species.

M1: species richness is maintained but speciegiienare randomised. For each local study
site, species are drawn randomly without replacérnem the list of all species actually occurring

in at least one local study site.

KZN: species richness is maintained but speciestitiks are randomised. For each local
study site, species are drawn randomly withoutaeghent from the list of all species present in
the KZN regional phylogeny pool that includes theedes present in KwaZulu-Natal, South

Africa.

SAV: species richness is maintained but speciestitées are randomised. For each local
study site, species are drawn randomly withouta@ghent from the list of all species present in

the SAV regional phylogeny pool that includes thees present in the savanna biome.

Because phylogenetic structure may depend on tRendanic scale defining local
assemblages (Cavender-Baetsl. 2006, Swensoset al. 2006), | investigated the phylogenetic
structure of the KZN regional pool. The phylogeaedtructure of the KZN regional pool was
compared with patterns expected by chance usingiuhemodel SAV. | did not investigate the
phylogenetic structure of the SAV regional pool dgse phylogenetic analyses require that
random sampling occurs from a larger phylogeny féétbbet al. 2002), and | did not have data

for species present at larger scales than the §\mal pool.

3. RESULTS

3.1 Analyses of trait evolution

Body mass, PC1 and PC2 of the skull variables tkholde convergent in rodent and shrew
assemblages at Mkhuze and Kube Yini because the@ed niche conservatism was low (K<1)
(Tables 5.2 and 5.3).
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Table 5.2. Analyses of the evolution of rodent bodsynass, PC1 and PC2, quantified by the K
statistic. The K statistic reflects the observed dgee of similarity among close relatives
compared with expectations derived from a Browniarmotion evolution model. K values of 1
indicate a Brownian motion evolution. Values of K >1 indicate that the degree of niche
conservatism is high, the trait is conserved. Valigeof K < 1 indicate that the degree of niche

conservatism is low, the trait is convergent.

Traits K  Trait evolution

Body mass 0.47 Convergent
PC1 0.59 Convergent

PC2 0.58 Convergent

Table 5.3. Analyses of the evolution of shrew bodyass, PC1 and PC2, quantified by the K
statistic. The K statistic reflects the observed dgee of similarity among close relatives
compared with expectations derived from a Browniarmotion evolution model. K values of 1
indicate a Brownian motion evolution. Values of K >1 indicate that the degree of niche
conservatism is high, the trait is conserved. Valigeof K < 1 indicate that the degree of niche

conservatism is low, the trait is convergent.

Traits K  Trait evolution

Body mass 0.86 Convergent
PC1 0.98 Convergent

PC2 0.87 Convergent

3.2 Phylogenetic structure of rodent assemblages

At Mkhuze, rodent phylogenetic structure was chetewith NRI and NTI in association

with all four null models (Figure 5.3). Values oRNin association with M1 and KZN were
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significantly different from zero, although thisstdt did not hold for the former after Bonferroni
adjustments (Appendices 5.2 and 5.3). The remainadges of NRI and NTI did not differ

significantly from zero.

At Kube Yini, rodent phylogenetic structure was mewgth NRI and NTI in association with
null models MO and M1, and clustered with NRI an@l M association with null models KZN
and SAV (Figure 5.3). Values of NTI in associatisith KZN and SAV were significantly
different from zero (Appendices 5.2 and 5.4). Thenaining values of NRI and NTI did not

significantly differ from zero.

Therefore, local assemblages at Mkhuze and Kube t¥ided to comprise closely related
species. Because traits were convergent, this stgygleat competition could be the driver of

species coexistence (Table 5.1).

At the scale of the KZN regional pool, phylogeneticucture was clustered (Figure 5.4,
Appendix 5.7).
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Figure 5.3. Mean and SD for NRI (black) and NTI (gay) of (a) rodents at Mkhuze, (b)

rodents at Kube Yini, (c) shrews at Mkhuze and (dshrews at Kube Yini compared with

those expected from random sampling from four reginal pools. MO and M1 (species are

drawn from the list of species present in the locahssemblages), KZN (species are drawn

from the list of species present in the KZN regiongphylogeny pool that includes the species

present in KwaZulu-Natal, South Africa), and SAV (pecies are drawn from the list of

species present in the SAV regional phylogeny pothat includes the species present in the

savanna biome). Positive values of NRI and NTI indate phylogenetic clustering, negative

values indicate phylogenetic evenness. * and ** =alues of NRI and NTI are significantly

different from zero, before and after Bonferroni agustments, respectively (p<0.05).
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Figure 5.4. NRI (black) and NTI (grey) of rodents §quares) and shrews (circles) at the KZN
regional pool compared with those expected from rasom sampling from the list of species
present in the SAV regional phylogeny pool that inlcides the species present in the savanna

biome. The positive values of NRI and NTI indicatghylogenetic clustering.

3.3 Phylogenetic structure of shrew assemblages

At Mkhuze, shrew phylogenetic structu@s even with NRI and NTI in association with the
four null models (Figure 5.3). Values of NTI in asmtion with KZN and SAV were significantly
different from zero, except after Bonferroni adjnents (Appendices 5.2 and 5.5). The remaining

values of NRI and NTI did not differ significantfsom zero.

At Kube Yini, shrew phylogenetic structuneas even with NRI and NTI in association with
the four null models (Figure 5.3). However, valwésNRI and NTI did not significantly differ
from zero (Appendices 5.2 and 5.6).

Therefore, local assemblages tended to comprisendis related species. This suggests that

habitat filtering may be driving species coexistebecause traits were convergent (Table 5.1).

At the scale of the KZN regional pool, phylogeneiicucture was clustered (Figure 5.4,
Appendix 5.7).
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4. DISCUSSION

4.1 Rodent and shrew phylogenies

The phylogenetic trees of rodents and shrews weilke resolved as indicated by bootstrap
values and Bayesian probabilities. The rodent meihy supports previous phylogenetic studies
(Michauxet al. 2001, Jansa and Weksler 2004, Stempah 2004, Steppast al. 2005), including
a recently published phylogeny on African roderitscompteet al. 2008). The phylogenetic
relationships among African rodent species haven liBfficult to establish (Jansa and Weksler
2004, Steppamt al. 2004, Colangel@t al. 2007) because some taxa are not monophyletic (i.e.
including all the descendants of a common ancesty)yesults confirmed the paraphyly (i.e. one
or more descendants of a common ancestor are extfunim a group) ofMastomys (Lecompteet
al. 2008) but not that oDtomys (Maree 2002). The shrew phylogeny did not suppogvious
findings from phylogenetic analyses on African sfsgQuérouil 2001, Willows-Munro 2008).
However, my results conformed to results showiregghraphyly ofCrocidura (Motokawaet al.
2000) andSuncus (Motokawaet al. 2000, Dubeyet al. 2007). Analysis of a larger set of genes is

necessary to clarify relationships among Africatherat and shrew species.

4.2 Convergent evolution of phenotypic traits

My trait evolution analyses revealed that body neas$ PC1 and PC2 of the skull variables
showed convergent evolution in both rodents andvetir These traits are related to resource (diet
and microhabitat) utilisation (Chapter 4). This gests that assemblages should comprise a high
number of distantly related species if habitaefilhg was the driver of phylogenetic structure, and
a high number of closely related species if contipetinfluenced phylogenetic structure (Wedib
al. 2002, Kraftet al. 2007). Similarly, because local assemblages dbi@hspecies from the
Neotropics comprised closely related species, eaitstinvolved in species coexistence such as
wing and bill length, song parameters (frequen@ndwidth, duration, number of notes) and
microhabitat use showed a convergent evolution, padition was the most likely mechanism
responsible for antbird species coexistence (Gomteal. 2010). Moreover, because local
assemblages of North American ground squirrels whydogenetically even (Coopetral. 2008),
and a range of morphological traits were converg@&udth 1996), habitat filtering probably

influenced their phylogenetic structure (Coogteal. 2008).
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4.3 Competition and habitat filtering influenced rodent and shrew phylogenetic structure,

respectively

| found evidence that the rodent assemblages atuktkltomprised species more closely
related than expected by chance. Phylogeneticetlogt was detected irrespective of the spatial
scale of the regional phylogeny pool. Significaatterns were found specifically with NRI in
association with M1 and KZN, suggesting that mas&icges displayed phylogenetic structure. By
comparison, the rodent assemblages at Kube Yiniatigignificant phylogenetic clustering with
NTI in association with KZN and SAV. Therefore, qoatition probably influenced all rodent
species at Mkhuze and certain species at Kube Yiniecent meta-analysis on phylogenetic
community structure demonstrated that assemblagespased of closely related species are
widespread (Vamosit al. 2009). For example, phylogenetic clustering wamébin flatworms
(Mouillot et al. 2005), spiders (Gillespie 2004), dytiscid beefsmosi and Vamosi 2007), fishes
(Helmuset al. 2007a, Helmust al. 2007b), antbirds (Gomet al. 2010), hummingbirds (Graham
et al. 2009), and insular assemblages of carnivoresciinseous bats, fruit bats and rodents
(Cardillo et al. 2008). Conversely, the shrew assemblages at MkhodeKube Yini comprised
species more distantly related than expected byoghaAt Mkhuze, significant patterns were
detected irrespective of the spatial scale of #ggonal phylogeny pool and with both NRI and
NTI. No significant patterns were detected at Kofimi. Therefore, habitat filtering probably
drove the phylogenetic structure of shrew assemaslagsimilarly, phylogenetic evenness
characterised assemblages of fishes (Helrausal. 2007b), wood warblers (Lovette and
Hochachka 2006), antbirds (Gometzal. 2010), monkeys, possums, ground squirrels (Coeper
al. 2008), and insular primates and fruit bats (Chrdil al. 2008).

Patterns of phylogenetic structure may depend erspiatial extent of the regional phylogeny
pool to which local assemblages are compared innmadiel analyses (Kembel and Hubbell 2006,
Swensoret al. 2006). Phylogenetic structure of local assemblatesild become more clustered
as the regional phylogeny pool becomes larger. Mae patterns of phylogenetic structure may
also depend on the taxonomic scale defining spessemblages. Larger regional pools include
more species and higher environmental heterogetigdy smaller pools (Cavender-Baetsal.
2006, Swensost al. 2006). Habitat filtering operating at large splasigales should result in non-
random patterns of phylogenetic clustering in loeasemblages. At smaller spatial scales,
competitive interactions should predominate andisgepools should encompass distantly related
species showing different adaptations that perneiir tcoexistence, hence leading to phylogenetic

evenness in local assemblages (Webhal. 2002). Rodent assemblages at Kube Yini and shrew
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assemblages at both reserves were more phylogalhetitustered when local assemblages were
compared to larger regional phylogeny pools. SiryiJgoatterns of phylogenetic structure were
strongly dependent on the size of the regional gdethy pool in assemblages of tropical woody
plants: phylogenetic clustering became more evidentspecies were drawn from increasing
regional phylogeny pools (Swenseral. 2006). Furthermore, rodent and shrew assemblages w
phylogenetically clustered at the scale of the Ki&gional pool. Thus, phylogenetic clustering
increased with the taxonomic scale of assemblafas. is congruent with patterns observed in
tropical tree assemblages: phylogenetic clusteimogeased as the assemblages included more
species (Cavender-Bares al. 2006, Swensomt al. 2006). Conversely, rodent assemblages at
Mkhuze were consistently clustered, suggestinggimailar processes were involved at both local

and regional scales.

4.4 Can alternative hypotheses explain the non-ramn phylogenetic structure?

Are there processes other than competition andtdtabitering that may structure the
phylogenetic niches of coexisting species? Oneraltve process is mutualism (Cavender-Bares
et al. 2009, Vamoskt al. 2009). For example, phylogenetic clustering of e@fant species can
occur because of the benefits accrued to congeheosigh shared pollinators (Sargent and
Ackerly 2008). Plants can also display phylogenetienness if early resident species facilitate the
establishment of distantly related species by orgatuitable microhabitats (Valiente-Banuet and
Verdu 2007). Mutualism between rodents and plants fiairly common phenomenon (Wolff and
Sherman 2007). For example, in the South Africatbbgs, the spiny mouscomys disperses the
large nut-like seeds dfeucadendron sessile by burying the extra seeds that they cannot eat to
presumably consume them at a later stage (Midglal, 2002). In the savannAgthomys ineptus
often leaves uneaten seedsZadiphus mucronata or Acacia sp. near their burrows (Skinner and
Chimimba 2005).

Stochastic disturbance can also produce patternzhygibgenetic clustering and evenness
(Verdu and Pausas 2007). For example, in Meditearsystems, frequent fire regimes drive the
phylogenetic clustering of woody plant assembldgesause traits related to fire protection are
conserved (Emerson and Gillespie 2008). Convergglydients in water availability and fire
frequency drive the phylogenetic evenness of oakrablages in Florida because traits related to
fire and drought resistance are convergent (CaveBaeset al. 2004a, Cavender-Bares al.
2004b). Rodents and shrews at Mkhuze and Kube &fmiaffected by environmental variability,

such as variations in rainfall (Chapter 2). Thusalgsing traits associated with the abilities of
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rodents and shrews to adapt to resource fluctugtsuch as variability in rainfall, may reveal the

influence of stochastic disturbance on their phglagic structure.

4.5 Conclusion

Phenotypic traits associated with resource utibgatin rodents and shrews showed
convergent evolution. | found evidence that contipetiinfluenced the phylogenetic structure of
rodents: local assemblages comprised closely telspecies. At the same time habitat filtering
influenced the phylogenetic structure of shrewsaloassemblages comprised distantly related
species. However, alternative processes such asafimmh and stochastic disturbance may have
produced these non-random phylogenetic niche pattdfuture studies should combine field
experiments with analyses of the evolution of sraihd phylogenetic structure to disentangle the

processes driving phylogenetic niche structure.
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CHAPTER 6

CONCLUSION

| investigated the influence of abiotic procesg@edation and interspecific competition on
three different parameters of community structuspeies composition, phenotypic and
phylogenetic niches) of South African rodents ahtews at different spatio-temporal scales. |
predicted that abiotic processes and predationerathan competition should influence the
community structure of rodents and shrews with hfstories characterised by early and high
reproduction, low longevity, high mortality and titinstable population structure (Harvey and
Read 1988, Oli and Dobson 1999). My results shaswever, that the establishment of local
assemblages is a complex process involving abaoit biotic processes operating on different

parameters at multiple spatial and temporal scales.

1. INFLUENCE OF BIOGEOGRAPHIC PROCESSES

Non-random patterns of rodent species compositidikduze and Kube Yini suggest that
abiotic processes influenced community structureaategional scale (Chapter 3). Rodent
assemblages were nested, i.e. species preserdcaspoor sites were subsets of species present
at species-rich sites (Patterson and Brown 199ithérmore, nestedness was correlated with site
isolation and site area, indicating the influendeiromigration and extinction on nestedness
patterns (Cutler 1991, Lomolino 1996). The prohigbibf occurrence of a species at a site
depends on the immigration-isolation relationshig ¢he extinction-area relationship (MacArthur
and Wilson 1967, Lomolino 1999). For example, speavith high dispersal abilities should be
able to reach sites far away from the original seyvool, and species with large minimum area
requirements should only be found in the largestssihat are able to support population sizes
large enough to safeguard against extinction rigkenversely, shrew assemblages were also
nested but nestedness was not correlated withisatation or site area. This indicates that
biogeographic processes may be more importantruttsting rodent assemblages than shrew
assemblages. Alternatively, nestedness can belatedevith other biogeographic processes such

as species geographic distribution (Abu Baker aattePson 2011).
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2. INFLUENCE OF HABITAT FILTERING

At a local scale, habitat filtering favours spedieat have similar ecological requirements in
terms of, for example, vegetation type and stra;tand therefore share the same phenotypic traits
(Ricklefs 1991, Weiher and Keddy 1999, Gaston alad¢iurn 2000, Cornwett al. 2006). Non-
random patterns in species composition (Chaptean®) morphology (Chapter 4) of rodents at
Mkhuze and Kube Yini suggest the influence of hatbfiltering at a local scale. Rodent
assemblages were nested, i.e. species preserdcaspoor sites were subsets of species present
at species-rich sites (Patterson and Brown 199 n@stedness was significantly correlated with
ground cover and tree density, indicating the erfice of habitat filters (Hylandet al. 2005). In
addition, traits associated with rodent trophiclegg were more similar, i.e. phenotype distances
between species were more underdispersed, tharctegpby chance (Gotelli and Entsminger
2001, Rychliket al. 2006) suggesting the influence of habitat filtgrin

Non-random patterns in species composition (Chapjermorphology (Chapter 4) and
phylogenetic patterns (Chapter 5) of shrews at Mkhand Kube Yini suggest the influence of
habitat filtering. Similar to those of rodents, slrassemblages were nested, and nestedness was
correlated with canopy cover and vertical structfréhe vegetation. In addition, traits associated
with shrew trophic ecology were more underdisperdeth expected by chance. Furthermore,
resource utilisation traits were phylogeneticalbyeergent (closely related species show different
adaptations), and assemblages exhibited phylogergtnness (i.e. comprise distantly related
species), suggesting the influence of habitatriiite (Webb et al. 2002, Kraftet al. 2007).

However, biotic processes also influenced rodedtsdmew community structure at a local scale.

3. INFLUENCE OF PREDATION

Under predation risk, small mammals forage morebiushier microhabitats with high
vegetation, ground and canopy cover, than in opes ¢Kotleret al. 1991, Yungelet al. 2002,
Kelt et al. 2004). | found positive correlations between rddsvundance and rodent and shrew
species richness, and microhabitat features sugbrtisal structure of the vegetation and ground
cover (Chapter 3) suggesting the influence of giedaHowever, these correlations can also
suggest that the animals are selecting these \egetzharacteristics because they provide more
food (Monadjem and Perrin 1997, Kearregwl. 2007).
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Predation should favour traits associated withaiete and avoidance from predators. Bulla
and ear sizes of shrews were larger than expected &llometric relationships, and more
underdispersed than expected by chance (Chaptearje bulla and ear sizes may facilitate better
detection of predators (Webster 1962, Webster aalsfér 1980, Kotler 1984, 1985, Kotktral.
1994) hence reducing predation risk. If predatioespure is high and pervasive enough,
coexisting species should exhibit similar adaptetjo so these traits should be more

underdispersed than expected by chance (Gotellcateminger 2001).

4. INFLUENCE OF COMPETITION

Competition should be stronger among species withiles ecological requirements
(Schoener 1974) and may result in a reduction énpgbpulation sizes of competitors (Volterra
1926, Lotka 1932). The density compensation hymih@root 1973, Hawkins and MacMahon
1989) proposes that species morphologically disasinfiiom the other species in an assemblage
should experience the least competitive pressuck therefore exhibit the highest abundance
(Stevens and Willig 2000a, b). In support of thigpdthesis, South African rodent species
morphologically dissimilar from the other coexigfispecies had the highest abundance under a
scenario of diffuse competition, i.e. competitiondlved many coexisting rodent species (Stevens
and Willig 2000a, b) (Chapter 4).

Non-random patterns in morphology (Chapter 4) ahgdquenetic patterns (Chapter 5) of
rodents at Mkhuze and Kube Yini suggest the infbgeof competition. At Mkhuze, rodent traits
associated with trophic ecology and microhabita, u®. body mass, skull size, skull shape and
diet indices, were more overdispersed and moreadgispaced than expected by chance. These
non-random patterns are consistent with the piriediétom competition theory that species should
not have similar phenotypes in order to avoid amlih resource use and compete (Hutchinson
1959). It is notable that these non-random pattengse more prevalent in species-rich
assemblages. This is consistent with the predi¢hahcompetition should be more intense among
a large number of sympatric similar species thamrgma small number of similar species
(Hutchinson 1957, Palmer 1994, Dawetsal. 1998). Furthermore, resource utilisation traitseve
convergent (closely related species show differagaptations), and assemblages exhibited
phylogenetic clustering (i.e. comprise closely texa species), suggesting the influence of
competition (Weblet al. 2002, Kraftet al. 2007).

Only the phenotypic niche structure of shrews slibwen-random patterns consistent with

competition theory. At Mkhuze, traits associatethvghrew trophic ecology and microhabitat use,
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i.e. body mass, skull size and diet indices, weogenoverdispersed and more regularly spaced
than expected by chance (Chapter 4). Moreoverethes-random phenotypic patterns were more

prevalent in species-rich assemblages.

5. CAVEATS OF THE STUDY

In community ecology studies, the ecological unitgler investigation must include species
that can potentially interact at a local scale ifodd et al. 2004). Thus, the ecological units
analysed in this study were assemblages, i.e. grotigpecies that are phylogenetically closely
related (same family) (Fautd al. 1996). However, because competitive interactiomsray
species are more intense if species have simiBouree requirements (Hutchinson 1959), the
influence of competition on community structure mag more apparent within ensembles or
guilds, i.e. groups of species that are phylogeaby closely related and exploit the same
resources in a similar way (Fauthal. 1996). Such groupings require detailed knowledy¢he
ecology of coexisting species, including foragintegies (functional groups, Fox and Brown
1993; prey hardness, Churchfield 1990), activititgyas (nocturnal vs. diurnal, Wasserbetrgl.
2006), and microhabitat use (fossorial vs. epigdalCayet al. 2004; sandy vs. rocky substrates,
Kotler and Brown 1999).

Although my sampling effort was high, particuladyy Mkhuze, and my species inventories
were fairly complete (Chapter 2), study sites wastevenly spaced and they did not represent all
the habitat types of the reserves. In addition, llsmammals were sampled for two years at
Mkhuze and one year at Kube Yini. Thus, the obskpatterns represent snapshots in spatial and
temporal dimensions of rodent and shrew assembldgey) term studies on small mammal
community ecology are limited (Vickest al. 1989, Brownet al. 2000, Brownet al. 2002, Krebs
et al. 2002, Morris 2005) but may be necessary to unaledsthe processes that drive deterministic
structure (Vickenyet al. 1989, Browret al. 2000, Browret al. 2002, Morris 2005).

6. CONCLUSION

Both abiotic and biotic processes influence difféngarameters of the community structure
of rodents and shrews at Mkhuze and Kube Yini. €h@ecesses operated at different spatial and
temporal scales (Figure 6.1). Moreover, despiteilaiities in life history characteristics, the

community structure of local assemblages diffetsvben rodents and shrews. There was strong
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Figure 6.1. Influence of the abiotic and biotic preesses investigated in this study on the
community structure of South African rodents and shews. Species in local assemblages
come from a continental species pool and a regionapecies pool that are filtered out by
processes operating at multiple spatio-temporal s@ss. Immigration and extinction (grey
arrow) operating at a regional spatio-temporal sca influenced rodent species composition.
At a local spatio-temporal scale, habitat filtering (black arrow) influenced rodent species
composition and diet indices, and shrew species cpuosition, diet indices and phylogenetic
niche; competition (red arrow) influenced rodent baly size, body (skull) shape, diet indices,
abundance and phylogenetic niche, and shrew bodyzsi and diet indices; predation (blue

arrow) influenced shrew bulla and ear sizes.



145

evidence for predictions from competition hypottsese rodent assemblages, and from habitat
filtering hypotheses in shrew assemblages. Furthexni found no evidence for the influence of
predation on rodent community structure whereadatien influenced predator detection traits in

shrews.

It has been hypothesised that competition is m&edylto influence community structure of
organisms living life in the slow lane (e.g. langammals, bats) than those living life in the fast
lane (e.g. rodents, shrews) because the formerdaueated assemblages (MacArthur and Wilson
1967, Cornell and Lawton 1992). However, | founaisg) evidence that competition structured
the local assemblages of rodents and shrews. fudg shows that although community assembly
is a complex process, it is possible to predictciwhparameters are likely to be influenced by
abiotic and biotic processes. Habitat filteringlilely to influence species composition and
phenotypic traits associated with resource usedd®imn favours traits associated with hearing to
be allometrically larger than expected by chancel eompetition favours morphological traits
associated with resource use to be more differetwtden closely related species than expected by
chance. With the increasingly rapid rate of halddgas and climate change (Millennium Ecosystem
Assessment 2005), the influence of abiotic processeh as habitat size, shape and connectivity
(MacArthur and Wilson 1967, Hanski 1998), or locdimatic conditions, may become more
predominant in structuring assemblages of taxatdvad to have fluctuating populations. Long
term, broad-scale data on patterns and processasrofnunity structure are necessary to
understand how to mitigate potential sudden changdke environment. The results from this
study provide the ideal platform to test such higpses on the community structure of mammals

living life in the fast lane.
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