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Chapter 1 - General Introduction 1

1 General Introduction

The dynamics of populations depends on the fourodgaphic processes of birth, death,
immigration and emigration. This 'fact of life' deds - in the words of Begon, Harper and
Townsend (1996) - 'the main aim of ecology: to dbs¢ explain and understand the
distribution and abundance of organisms'. Dispetstdrmines two of the four demographic
processes, namely immigration and emigration. Cuunesatly, it is difficult to imagine an

ecological or evolutionary problem that is not ughced by dispersal (Dieckmann et al.
1999). It is less obvious, however, how strong ithifuence of dispersal is for a given
ecological question in a given study system. I, fadiens (2001) claimed that 'dispersal is
one of the most important, yet least understocatufes of ecology, population biology and

evolution'.

With this thesis, | aim to contribute to the undensling of seed dispersal and range dynamics
of plant species. In this first Chapter, | reviexiséing information on the importance of seed
dispersal for the large-scale dynamics of plantigse discuss methods for measuring and
modelling seed dispersal, and introduce the stydtem of this thesis: Proteaceae from the
South African Cape Floristic Region. In Chapterl 2levelop and validate a model for a
particular dispersal process (secondary seed dipby wind). In Chapter 3, | test whether
the biogeographical distribution of Proteaceae lmarexplained by combining data on their
abundance, life history and evolutionary age witbhcpss-based models for seed dispersal. In
Chapter 4, | forecast the ability of Proteaceaenigrate in response to climate change and
quantify the uncertainty in these forecasts. Fndlhapter 5 summarizes the findings of this

thesis with respect to ecology and conservatiod,saiggests directions for further research.

1.1 Seed dispersal and large-scale dynamics of plan  ts

Seed dispersal is the premier spatial demograpbregs of plants (Nathan & Muller-Landau
2000) and therefore influences many different aspetplant biology. Several authors have
recently reviewed the consequences of seed digderdelds such as population dynamics
and population genetics (Levin et al. 2003), evohdary dynamics (Barton 2001), the
structure and dynamics of communities (Zobel 130hbell 2001, Levin et al. 2003, Levine
& Murrell 2003, Poschlod et al. 2004), or the caomag&on, restoration and management of
natural systems (Bakker et al. 1996, Bonn & PostHl®98, Poschlod & Bonn 1998). |
restrict the following overview to the main focus this thesis: the consequences of seed

dispersal for the migration and large-scale diatidn of plant species. Some of the relevant
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terms are defined in Table 1.1. Note that | ambeeétely not using a fixed definition of long-
distance dispersal: which distances are 'long' l#gen the objective of a study (Higgins et
al. 2003a).

Table 1.1. Definitions of terms relevant for seespdrsal and the spatial dynamics of plant species.

Term Definition

Seed A general expression for the reproductive dispeusdlof a plant (Levin et al. 2003). This
definition follows the common use of the term 'séedhe ecological literature (Bonn &
Poschlod 1998), but differs from the morphologidafinition of a seed as the fertilized
ovule of the spermatophytes that consists of embeyaosperm, and testa (Wagenitz
1996). The ecological definition of a seed thus cases a variety of structures that are
morphologically referred to as seeds, fruits, infescences or spores (compare Poschlod et
al. 2004).

Seed shadow The spatial distribution of seeds dispersed fronngle plant (Nathan & Muller-Landau
2000).

Dispersal kernel A two-dimensional probability density function diet location of seed deposition with
respect to the seed source (Fig. 1.1, Nathan &evHidandau 2000).

Distance A one-dimensional frequency distribution of seespdrsal distances (Nathan & Muller-
distribution Landau 2000).
Colonization The foundation of a new population as a consequehdee dispersal of offspring to an

unoccupied site, and the subsequent establishrhaqpapulation in this site.

Migration The spread of a species into a region that prewionas not part of its range.

Seed dispersal and plant migration

The occurrence of one and the same plant spectesobacontinental mainlands and oceanic
islands seemed to provide an argument for the emldgnt creation of species at several
distant points. To counter this argument, Darwi85d) conducted an early quantitative study
of seed dispersal. He measured the germinabilitgesfds after prolonged soaking in sea
water, combined this information with the velocd§ ocean currents, and concluded that a
number of plant species had the ability to colommote islands. Darwin also referred to
shifting plant distributions in response to glaagtles, but he regarded these shifts as limited
by climatic conditions rather than the migrationligbof species. A different view was taken
by Reid (1899, cited in Skellam 1951) when he fdated what was later termed 'Reid's
paradox' (Clark et al. 1998). Reid wondered howntsldike oaks that 'merely scatter their
seeds' could have migrated to northern Britainiwithfew thousand years after the end of the
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last glaciation. Reid's paradox was one of the vatibns for Skellam (1951) to develop a
formal model for population spread. In his treattmehthe problem, he integrated the life
history of a species (reproductive rate and geiwgrdaime) with a statistical description of
dispersal distances (a 'dispersal kernel’, Taldle Ekellam assumed that dispersal follows a
diffusion process that is equivalent to a Gausdiapersal kernel (Fig. 1.1). However, under
this assumption, Reid's paradox could not be resblthe rapid post-glacial spread of oaks
was only possible if either mean dispersal distamcdecundity was unrealistically high.
Skellam (as Reid before him) concluded that thedrgost-glacial spread of plants into
northern Europe could only be explained by raregidistance dispersal events. However,
there were few data on the frequency of these své&mwen 25 years after Skellam, Harper
(1977) remarked on the 'desperate poverty of haahtitative information' about both short-

and long-distance seed dispersal.
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Fig. 1.1. Examples of Gaussian, exponential antbfbtd seed dispersal kernels. The graph showshaege in
expected seed density as a function of the disténoce a mother plant that produces® H@eds. A Gaussian
dispersal kernel is assumed in diffusion modelg. (Ekellam 1951). For fat-tailed dispersal kern#ig, seed
density decreases less rapidly with distance thaarf exponential kernel. The fat-tailed kernelvgids Clark's
2Dt (Clark et al. 1999). Note that seed densigldgted on a log scale.

In recent years, the rapid spread of invasive pigpeicies and forecasts of global warming

have revived the interest in plant migration andglalistance seed dispersal (Pitelka et al.
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1997). Empirical studies found that many plant sgggebave ‘fat-tailed’ dispersal kernels (Fig.
1.1): most of their seeds are deposited near tithenplant but a few are dispersed over long
distances (Portnoy & Willson 1993, Clark et al. 999The incorporation of empirically
estimated fat-tailed dispersal kernels into modi@gplant migration seems to resolve Reid's
paradox: rare long-distance dispersal producesatnogr rates that can be reconciled with the
palaeo-record (Cain et al. 1998, Clark 1998, Cktrkl. 1998, 2001a, Higgins & Richardson
1999). However, the apparent resolution of Reidigagox highlighted a problem for the
prediction of future plant migrations (Clark et 2D03): the migration rates of species with
fat-tailed dispersal kernels strongly depend omeemé dispersal events (Clark et al. 2001a).
Even if the dispersal kernel is known exactly, tiegnitude of these extreme dispersal events
is subject to strong stochasticity. Therefore,gretdicted migration rates involve a substantial
proportion of inherent uncertainty that cannot bduced by better quantification of long-
distance dispersal (Clark et al. 2003). From thig might conclude that predictions of future
migration are futile. On the other hand, theresaréar no studies that predict the future range
of a species by combining estimates of its migratidility with the predicted shift of its
climatically determined potential range (Higginsaet2003Db). It is therefore not clear to what
extent forecasts of future ranges will be affedbydthe uncertainty in predicted migration
rates. In Chapter 4, | derive forecasts of thertutange sizes of plant species under climate

change and quantify the uncertainty in these fatsca
Seed dispersal and the spatial distribution of ppecies

The importance of dispersal for the spatial distitn of species was emphasized by the
theories of island biogeography and metapopulatemology. The theory of island
biogeography (MacArthur & Wilson 1967) predicts thpecies richness of islands by
assuming a dynamic equilibrium between colonizafjarfunction of the island's distance
from the mainland) and extinction (a function daml size). A similar view was taken by
Levins (1969, 1970) when he formulated the conoépt metapopulation as a 'population of
populations' that occupies discrete habitat patdinelsevins' model, each population may go
extinct and the metapopulation can only persishéf colonization of empty habitat patches
compensates for the extinction of local populations

The development of island biogeography and metdptipn biology coincided with an
increasing awareness amongst conservationiststlieadestruction and fragmentation of
habitat could cause the extinction of speciesntsla@iogeography was applied to conservation
biology under the premise that a reserve conssitatéhabitat island’ (Hanski & Simberloff
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1997). This resulted in an extensive literaturgaserve design, such as the SLOSS debate on
the superiority of single large or several smadkerges (Soulé & Simberloff 1986). In the late
1980s, the metapopulation concept replaced therytheb island biogeography as the
dominant conservation paradigm (Hanski & Simberld07). This paradigm shift has been
explained by a shift from an equilibrium to a noaiigrium view of ecological dynamics
(Hanski & Simberloff 1997). However, the two paus also differ in an important
conservation message: in contrast to island bioggdy, the Levins model suggests that
conservation of small and unoccupied habitat patdeenecessary to ensure the regional
persistence of a species (Hanski & Simberloff 1997)

Until recently, most empirical and theoretical s&sd of island biogeography and
metapopulations dynamics have focussed on anirmalsontrast, there was little empirical
evidence for island or metapopulation effects ianpg (Husband & Barrett 1996, Poschlod
1996, Hanski 1999, for exceptions see Bond et2881Menges 1990). Over the last decade,
however, there has been an increase in studieyiagplhe metapopulation concept to
regional dynamics of plants (Freckleton & Watkins@@02). In response, it has been
criticized that most of these studies claimed tkistence of plant metapopulations without
providing conclusive evidence (Bullock et al. 20@2eckleton & Watkinson 2002). One
argument against the usefulness of metapopuldieory for plants is that many plant species
face a very low risk of local extinction becauseytthave persistent life history stages, e.g.
soil seed banks (Poschlod 1996, Bullock et al. 2002ckleton & Watkinson 2002). Such
species may form 'regional ensembles’ of uncondeldeal populations (Freckleton &
Watkinson 2002). Freckleton and Watkinson (20089 airiticize that metapopulation theory
had been applied inadequately to 'spatially exténpepulations', that is to continuous
populations that occur on a large area of suitdidbitat. Metapopulations, regional
ensembles and spatially extended populations driifére relative importance of regional and
local processes, with important consequences fosawation (Freckleton & Watkinson
2002). If regional processes are important (as eétapopulations), then conservation efforts
should be directed towards the regional availgbuit suitable habitat; if regional processes
are weak then effort should be directed at the ewasion of existing populations (Hanski
1999, Freckleton & Watkinson 2002).

There are at least three reasons why plant contgarvaquires a good understanding of long-
distance seed dispersal: (1) estimates of longuulist dispersal are necessary to assess
whether a species shows metapopulation-like dyrekiceckleton & Watkinson 2002); (2)

the dynamics of those species that form metapdpukatdepends on long-distance seed
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dispersal rather than mean dispersal distance (g8 Cain 2002); (3) anthropogenic
influences can strongly affect seed dispersal badbility of plant species to colonize habitat
patches (Poschlod 1996, Pitelka et al. 1997, BonRo&chlod 1998). Currently, however,
long-distance seed dispersal is a major unknownast studies of the regional dynamics of
plant species (Poschlod 1996, Cain et al. 2000ckigmn & Watkinson 2002, Higgins &
Cain 2002; but see Tackenberg 2001).

While the estimation of dispersal is already difftcat the regional scale, it is even more
difficult at the large spatial scales relevant bowgeography. It is therefore largely untested
whether metapopulation theory can explain biogguycal processes, although a number of
theoretical studies have used metapopulation mademsddress biogeographical questions
(e.g. Hanski & Gyllenberg 1997, Holt & Keitt 2000n Chapter 3, | test whether the

biogeographical distribution of plant species carpbedicted by metapopulation models that
are parameterized with estimates of long distaned slispersal.

1.2 Measuring and modelling seed dispersal

As shown above, predictions of the migration anatigpdistribution of plant species require
guantitative descriptions of demographic processegeneral and of long-distance seed
dispersal in particular. Terrestrial plants argiimciple well suited for demographic studies:
for most of their lives ‘plants stand still and tvai be counted’ (Harper 1977). The seeds of
many plant species, however, are small, mobiledsffidult to track. Due to the difficulties of
measuring seed dispersal, classical plant ecol@gy rhostly used morphological traits to
classify plant species into dispersal syndromeas. (dildebrand 1873, Ridley 1938, van der
Pijl 1982; for a discussion of this approach seggitis et al. 2003a, Tackenberg et al. 2003).
Nevertheless, there is a large (and growing) nuroberethods for measuring and modelling
seed dispersal (Cain et al. 2000, Nathan et aB)200

Measuring seed dispersal

A direct method of measuring seed dispersal isrézkt the dispersal trajectories of
experimentally released seeds. However, the sdedwst plant species cannot be tracked
during dispersal because of their small size arté@mnature of their dispersal vector (Nathan
et al. 2003). Most studies have therefore infersedd dispersal from the post-dispersal
location of seeds or seedlings (Nathan et al. 208Bjce this is straightforward when the
source of all seeds is known, many studies hawmaigtd the seed shadows of isolated plants

(e.g. examples in Harper 1977, Bullock & Clarke @00ret, isolated plants may disperse
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their seeds under conditions that are very diffefeom those in closed populations, where
most seeds are dispersed (e.g. Nathan et al. 2002pdpulations of several mother plants,
labels such as radioisotopes or dye can be usdédetify the source from which a seed
originated (e.g. Watkinson 1978, Winn 1989, Fiso#teal. 1996). An elegant method is the
use of the maternal genotype as a 'natural laBelloy and Jordano (2001) genotyped all
trees in a stand dPrunus mahaleband used the genotype of the endocarp (which is of

maternal origin) to assign diaspores to their mogants.

All these approaches face the problem that thecdmeeasurement of long-distance seed
dispersal requires extensive sampling (Bullock &r€é 2000). This is because long-distance
dispersal events are rare, so that they can ontletexted and quantified if sampling effort is

high. For most practical applications, the diregasurement of long-distance seed dispersal

will therefore be too labour-intensive (Greene 8ldge@ropoulos 2002).

In principle, it is possible to indirectly estimalkeng-distance seed dispersal from genetic
variation within and between populations (so calledg-term genetic analyses’, Cain et al.
2000). However, these analyses cannot estimate dispdrsal independent from the past
dynamics of the studied populations, which are rofp@orly known (Ouborg et al. 1999,
Rousset 2001a,b, Nathan et al. 2003). Since lamg-genetic analyses are sensitive to
assumptions about past population dynamics, thepfimited use for obtaining quantitative

estimates of long-distance seed dispersal (Ro@88dta,b Nathan et al. 2003).
Modelling seed dispersal

Any quantitative interpretation of empirical datquires a model - be it a statistical, an
analytical or a simulation model (Wissel 1989). §&@uantitative models can be classified
into two broad categories: phenomenological modeld process-based (or mechanistic)
models. Phenomenological models aim at describbggrwved data without considering the
underlying processes. In contrast, process-baseltlsyaim at predicting a phenomenon by
describing some of the processes that generale this thesis, | develop and use process-
based models for seed dispersal, habitat colonizaplant migration and range dynamics.
The following overview of seed dispersal modelgdf@e focuses on process-based models
and how they can be parameterized, validated arichpotated. For the purpose of

comparison, | briefly also discuss phenomenologicgbersal models.

The most widely used phenomenological models of séspersal are exponential, lognormal,
and 2Dt kernels (Clark et al. 1999, Stoyan & Wagge01, Fig. 1.1). A simple way of
parameterising these models is to fit them to feeqy distributions of observed dispersal
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distances. However, phenomenological dispersal lmade also be fitted in situations where
the sources of individual seeds are not known. Ehone by searching the dispersal kernel
for which the observed distribution of seed soutw@sthe highest likelihood of producing the
observed distribution of seeds (Ribbens et al. 1994

While phenomenological models describe the jointcame of all dispersal processes,
process-based models focus on a particular didpprseess. This process is described by
combining information on a dispersal vector witformation on dispersal-relevant traits of
the seed and its mother plant. Potentially, probesed models may also describe the effect
of environmental variables that interact with pnties of the seed, the mother plant or the

dispersal vector.

In principle, process-based models can be develfiexhy dispersal process; but in practice,
they exist only for a limited set of processes. iRstance, | am not aware of a process-based
model for seed dispersal by wataydrochory, apart from the early work by Darwin (1859,
see above) and others (Schimper 1908). Processd-basdels for seed dispersal by animals
(epi- andendozoochoryare rare and have mostly been developed for fipstiidy systems
(e.g. Sun et al. 1997, Hickey et al. 1999, Holbr&&mith 2000, Westcott & Graham 2000).
Some recently formulated models, however, are rgereric and can therefore be applied to
a wider range of systems (Higgins et al. 2003c,i.et al. 2003, Powell & Zimmermann
2004, O. Tackenberg, S. Kahmen & P. Poschigaublished data

The vast majority of process-based models for sksgersal describe seed movement by
wind (anemochory Virtually all of these models describe only anbe seed movement and
ignore seed dispersal along the ground (see Ch&pteMost of the earlier models for
airborne wind dispersal have a closed analyticahfée.g. Schmidt 1918, Greene & Johnson
1989, Okubo & Levin 1989). These models generattyvigdle a good description of short-
distance dispersal but underestimate long-distalsgersal (for reviews see Nathan et al.
2001, Tackenberg 2003). Long-distance seed didp#rsaugh the air is predicted more
reliably by two recently developed models that npowate temporal and spatial heterogeneity
in wind conditions (in particular turbulence; Nathat al. 2002a, Tackenberg 2003). A
disadvantage of these advanced models is thatgheameterization requires extensive wind

measurements and that their simulation is compatensive.

The parameters of process-based dispersal modedsahlaiological or physical meaning. For
instance, models of airborne seed dispersal by tyipidally have a parameter describing the
terminal falling velocity of seeds. Thus, while pbenenological models can only be
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parameterized by fitting to observed dispersal ,ddta parameters of process-based models

can be measured independent of dispersal data.

The validity of dispersal models can be assessetbbparing their predictions to empirical
patterns of seed distribution observed in naturgirenments (e.g. Nathan et al. 2001, 2002a)
or experimental seed releases (e.g. Tackenberg).28b®e the direct measurement of long-
distance seed dispersal is usually impossiblegbege), dispersal models typically cannot be
validated at large spatial scales (but see Nathah. €002a and Chapter 2). Predictions of
long-distance seed dispersal therefore requireeitiapolation of dispersal models beyond
the relatively small spatial scales at which védlmais possible.

Process-based and phenomenological models diffdr mespect to such extrapolation. A
process-based model seeks to understand a pattézrms of the processes that produce it.
This understanding is the scientific basis for gxtiation of the model to other systems in
which the same processes are acting (Levin 1998).irfstance, a process-based dispersal
model that has been validated in a certain systey Ine extrapolated to other systems in
which the modelled processes dominate dispersasdlother systems may comprise other
species, other environmental conditions, or largpatial and temporal scales. The
extrapolation of phenomenological models is morebf@matic: since phenomenological
models are 'blind' to the underlying processesaitnot be judged whether these processes
also operate in a system for which the model waditted. It is therefore impossible to assess
whether the extrapolation of a phenomenologicgletisal model is permissible (Nathan et al.
2003).

The assumptions of process-based models can ke statirly and can therefore be compared
to independent information on the conditions ineaain system. Such a comparison can be
used to assess whether a process-based dispersi@l mdl tend to overestimate or
underestimate seed dispersal in a given systethelmodel simulations presented in Chapter
3 and 4, | make use of this property of procesgtasodels. The objective of Chapter 3 is to
explain observed biogeographical distributions lainp species. The model simulations for
this chapter are therefore based on assumptionsdbkan realistic. For the forecasts presented
in Chapter 4, however, | make assumptions that teraerestimate the migration ability of
plants. The resulting forecasts can therefore erpreted as upper limits of true migration

abilities.

The understanding of seed dispersal ultimately ireguhe development of process-based
models that can explain observed patterns (Leval.2003). So far, however, process-based
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models exist only for a limited set of dispersadqasses (see above). In Chapter 2, | extend
the domain of process-based dispersal models bgla@ng and validating a model for

secondary seed dispersal by wind.

1.3 The study system

Study region

The study area of this thesis is the Cape FlorRégion (CFR), an area of ca. 90000°kah

the south-west tip of Africa that is also knowntlas Capensis Floral Kingdom (see also Fig
3.1). Topographically, the CFR is a mosaic of @aand rugged mountainous areas; it ranges
in elevation from sea level to more than 2000 ntualé (Linder 2003). The two main soil
types are nutrient-poor sands, and clays of intdrae nutrient status (Goldblatt & Manning
2002). The western part of the CFR has a meditearattype climate with cool, wet winters
and hot, dry summers; the eastern part has a smaalteial temperature range and a bimodal
rainfall regime with precipitation peaking in spgimnd autumn (Deacon et al. 1992). Mean
annual rainfall ranges from 200 mm/yr on the leelslopes of interior ranges to 2000 mm/yr

on high coastal mountains (Goldblatt & Manning 2002

The Cape has an extremely species-rich flora whigh level of endemism: it hosts ca. 9030
species of vascular plants, 69% of which are endd@bldblatt & Manning 2002). The
species richness of the Cape Flora matches thabpical regions, whereas the degree of
endemism is comparable to oceanic islands (Lin@®32 Due to its exceptional flora, the
CFR has been listed as one of the 25 global biosityehotspots (Myers et al. 2000). The
species richness of the CFR is under threat frontw@gire, urbanization and the spread of
alien plants (Rouget et al. 2003, Latimer et a04)0as well as from climate change (Midgley
et al. 2002a, 2003, Thomas et al. 2004). A systensanservation strategy, the Cape Action
Plan for the Environment, has recently been dewseldp counter these threats (Cowling et al.
2001, 2003).

Most of the CFR's plant diversity is concentratedhie Fynbos Biome. Fynbos is a fire-prone
sclerophyllous shrubland that is dominated by Eee&, Restionaceae, and by the family

studied in this thesis - the Proteaceae.



Chapter 1 - General Introduction 11

Study species

The CFR hosts ca. 330 species of Proteaceae (R2b6lH). As Proteaceae dominate the
overstorey of fynbos vegetation, they play an inguatr role for the functioning of this
ecosystem (Stock & Allsopp 1992), and for the cosmpan of its communities (Cowling &
Gxaba 1990). Proteaceae also have aesthetic vahre; species produce large and attractive
inflorescences, and one of these spedistéa cynaroidéshas been designated as South
Africa's National Flower. Moreover, fynbos Protemeeare of considerable economic
importance: in 1999 the fynbos flower industry gamed a gross income of 149.3 million
South African Rands, and most of this income wadized through the sale of Proteaceae

inflorescences (Turpie et al. 2003).

The 41 Proteaceae species studied in this thekiadeo three gener&ulax Leucadendron
and Protea Their life history and demography is closely kak to fire, a recurrent
phenomenon in fynbos (Fig. 1.2). All study spe@es serotinous: they form woody cones in
which the seeds are stored for a prolonged peridione. The period of seed storage ranges
from one year in weakly serotinous species to affoyéars in strongly serotinous species
(Bond & van Wilgen 1996, Rebelo 2001). The cones fae-safe and release their seeds
when the water supply to them stops (Rebelo 200y occurs when the branch carrying the
cone is killed by fire, so that the seeds are sgldanto the post-fire landscape. After being
released, the seeds germinate readily when conditie suitable (Bond 1985). Serotinous
Proteaceae therefore have a 'canopy seed bankioandt seem to form persistent soil seed
banks (Le Maitre & Midgley 1992, Bond & van Wilg&é896).

Seed dispersal and successful establishment dirssre Proteaceae are discrete events that
are largely restricted to the first year afterra {Fig. 1.2, Rebelo 2001). This has four reasons
(Bond & van Wilgen 1996): (1) fire triggers seedeese; (2) fire decreases rodent densities
and hence seed predation; (3) fire increases lafdight, water and nutrients; and (4) fire
reduces the competition from established plant$ ginacludes seedling establishment in
unburnt vegetation. Although serotinous Cape Pos@a show density-dependent
establishment (Bond et al. 1984, 1995), seedlirmgsnsto suffer little mortality once they
have survived their first summer drought (Le Ma&reMidgley 1992, Bond & van Wilgen
1996). The density and spatial structure of Pra&aactands is thus largely determined during
the relatively short period of seed dispersal astdl@dishment (Bond et al. 1984).
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Fig. 1.2. The life cycle of serotinous Proteaceamesponse to a typical fire cycle. Serotinous igsestore their
seeds in cones (black ovals) which open after tlthen plant has burnt. Seed dispersal and suctessfu
establishment are largely restricted to the fiesiryafter a fire. Upon establishment, saplings reefmlv years to
become reproductively mature. In sprouting spe¢mstom), both seeds and adults can survive fihes.
nonsprouting species (top), only seeds can sufirwewhereas adults are killed by fire. Therefoomsprouters
can go locally extinct if fire intervals are shartkan the time they need to become reproductinelture. (Note
that the periods indicated on the time scale apgcaiimate and may vary between species and envieotah

conditions.)

Wind is the predominant dispersal vector in thet{iios landscapes in which serotinous
Proteaceae disperse their seeds (Bond 1988, Ledv&iMidgley 1992, Rebelo 2001). The
wind dispersal of Proteaceae seeds is a two-phasegss in which primary seed dispersal

through the air is followed by secondary seed d&gealong the ground surface (Bond 1988).
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Secondary seed dispersal by wind has the potetatimhove Proteaceae seeds over long
distances (Bond 1988). This is because high intefgnbos fires create extensive obstacle-
poor surfaces. In these environments, ants andhtedthe other main dispersal vectors of
Fynbos Proteaceae, appear to be of minor importgobably because their densities are
drastically reduced by fire (Bond & van Wilgen 199Bloreover, no seed movement further
than a dozen metres was detected in field measuatsré Proteaceae seed dispersal by ants
(Slingsby & Bond 1985) and rodents (Midgley et24l02b).

The study species can be grouped into sproutersnansprouters, two distinct life history
strategies that differ in the fire susceptibility adult plants (Fig. 12 The adults of
nonsprouting species are killed by fire, whereas #ldults of sprouting species have an
underground rootstock or a thick bark that allolasn to survive fires (Bond & van Wilgen
1996, Bond & Midgley 2001, 2003). Sprouters andspoauters have markedly different life
histories (Bond & van Wilgen 1996, Bond & Midgley0@3): sprouters are long-lived,
iteroparous, and have overlapping generations. ptonsers are short-lived, effectively
semelparous, and have non-overlapping generatddoszover, populations of nonsprouters
can go locally extinct if fire intervals are shorthan the time they need to become
reproductively mature (ca. 3 years for most of sitedy species, Fig. 1.2, Le Maitre &
Midgley 1992, Rebelo 2001).

The fynbos Proteaceae are exceptionally well-studi@ot only with respect to their life
history and demography (summarized above for seo$ species) but also with respect to
their spatial distribution, local abundance and lpggny. Species-level molecular
phylogenies includd’rotea and Aulax, as well as some species lafucadendronReeves
2001, Gail Reevesinpublished dafa Spatial distributions and local abundances of al
Southern African Proteaceae species were recongételProtea Atlas Project (Rebelo 2001).
This massive mapping effort resulted in what Gealfan al. (2005) identified as one of the
largest and highest quality datasets in the woold studying biodiversity. Midgley et al.
(2002a, 2003) used the Protea Atlas Database telaegtatistical models that describe the
current distribution of Proteaceae from climaticiables. They combined these bioclimatic
models with scenarios of climate change to pratietiocation of potential ranges in the year
2050. Williams et al.if pres$ developed a method that uses these predictiomdetdify
'migration corridors': networks of conservationamalesigned to facilitate the migration of
Proteaceae in response to climate change. Howtheeyse of this method in conservation
planning requires better estimates of the migradioitity of species (Williams et ah press.
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In the following chapters, | seek to quantify tleed dispersal of serotinous Proteaceae and its
consequences for the biogeographical distributimhtae migration ability of these species. |
measured traits relevant for anemochorous see@rgespin a total of 41 species. However,
each of the subsequent chapters uses only a sufibetse species. For the validation of the
dispersal model presented in Chapter 2, | selettggecies that span the range of seed sizes
and morphologies typical of serotinous fynbos Rro¢ae. For the comparative study of
biogeographical distributions (Chapter 3), | udeel 37 species that are included in molecular
phylogenies (Table A2.1). Finally, the migrationmdoasts in Chapter 4 are restricted to 26
species of nonsprouters (Table A3.1) since forghisip there are data on reproductive rates.
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2 A process-based model for secondary seed

dispersal by wind and its experimental validation

Abstract

Secondary seed dispersal by wind, the wind-driveavement of seeds along the ground
surface, is an important dispersal mechanism fantpspecies in a range of environments. |
formulate a process-based model that describesseoandary dispersal by wind is affected
by seed traits, wind conditions and obstacles & seovement. The model simulates the
movement paths of individual seeds and can be fydfcified using independently measured
parameters. | develop an explicit version of thedetothat uses a spatially explicit
representation of obstacle patterns, and also @meggted version that uses probability
distributions to model seed retention at obstaates seed movement between obstacles. The
aggregated version is computationally efficient dretefore suited to large-scale simulations.
It provides a very good approximation of the explicersion &>0.99) if initial seed

positions vary randomly relative to the obstacligra.

To validate the model, | conducted a field experitn@ which | released seeds of seven
South African Proteaceae species that differ ird s@ee and morphology into an arena in
which | systematically varied obstacle patterns. eWwhparameterised with maximum
likelihood estimates obtained from independent mmeasents, the explicit model version
explained 70-77% of the observed variation in thgpprtion of seeds dispersed over 25 m
and 67-69% of the observed variation in the dicgctf seed dispersal. The model tended to
underestimate dispersal rates, possibly due toothission of turbulence from the model,
although this could also be explained by impre&stmation of one model parameter (the

aerodynamic roughness length).

The analysis of the aggregated model predicts machal relationship between the distance of
secondary dispersal by wind and seed size. The Intatlealso be used to identify species
with the potential for long-distance seed transpgrsecondary wind dispersal. The validated
model expands the domain of process-based dispersdéls, contributes to a functional

understanding of seed dispersal, and provides lafaogredicting the distances that seeds

move.
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2.1 Introduction

Seed dispersal by wind consists of two phases (M&ik 1978). Following primary seed
dispersal (the airborne movement of seeds fromnibther plant to the ground surface), a
seed may be blown along the surface until it geatai®, until it is permanently entrapped, or
until its dispersal structure has deterioratedidoh & Fryer 1992, Greene & Johnson 1997).
This wind-driven movement along the ground surfézeoften termed secondary wind
dispersal (e.g. Greene & Johnson 1997) but it kexs l@een referred to as phase Il dispersal
(Watkinson 1978) or tumble dispersal (e.g. Bond3)98

Secondary dispersal by wind is effective when seedsin mobile for sufficient periods of
time, when the ground surface is smooth, when fbestazles impede seed movement, and
when the vertical wind velocity profile (Monteith &nsworth 1990) results in high wind
velocities close to the ground. Such conditionsfawad in various environments (Chambers
& MacMahon 1994). Indeed, wind-driven seed dispeakang the ground has been observed
in temperate grasslands (van Tooren 1988), coastatonments (Watkinson 1978, Redbo-
Torstensson & Telenius 1995), tundra (Glaser 198pjne habitats (Chambers et al. 1991),
arid and semiarid environments (Reichman 1984,0vilt995, Aguiar & Sala 1997), on snow
(Matlack 1989, Greene & Johnson 1997), as welhaanvironments disturbed by fire (Bond
1988, Hammill et al. 1998), human activities (Chansbet al. 1991, Campbell et al. 2003) or

volcanic eruptions (e.g. Fuller & del Moral 2003).

Secondary wind dispersal can markedly alter thed s#®adows resulting from primary
dispersal (Harper 1977, Chambers & MacMahon 19%th&h & Muller-Landau 2000) and
may be more important than primary dispersal wipect to the spatial patterning of plant
populations (Chambers & MacMahon 1994) and the -distance movement of seeds
(Higgins et al. 2003a). Consequently, secondarydvdispersal is considered important for
processes as diverse as plant migration in respgong@nate change (Midgley et al. 2002a),
species persistence in fragmented landscapes (BO&8), succession after natural or
anthropogenic disturbances (Chambers et al. 198mpBell et al. 2003, Fuller & del Moral
2003), and ecosystem functioning (Wiegand et @5]1@qguiar & Sala 1997).

To understand and forecast these processes, weangeantitative description of secondary
wind dispersal (Chambers & MacMahon 1994). The gtaive study of other seed dispersal
mechanisms has been advanced by the developmagmboéss-based models (Chapter 1,
Nathan & Muller-Landau 2000). Such models describe processes underlying seed

movement and predict seed dispersal from propediespecies and their dispersal agents.
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Many process-based models have been developedstuiltke primary wind dispersal (e.g.

Greene & Johnson 1989, 1996, Okubo & Levin 1989dekeen 1991), and some of them
(Nathan et al. 2002a, Tackenberg 2003) reliablyliptehe airborne long-distance dispersal
of seeds. In contrast, few authors have studiedrtdehanisms determining secondary wind
dispersal, although Greene & Johnson (1997) deedl@pmodel for secondary wind dispersal
over snow, based on Johnson & Fryer’s (1992) amtaileatment of the physics of secondary
seed movement by wind. However, this model has do chlibrated with data from

experimental seed releases.

Here | develop a process-based model for secondarg dispersal that builds on the
principles outlined by Johnson & Fryer (1992) butlike Greene & Johnson (1997),
describes the effects of both obstacles and thécakwind velocity profile and can be fully
specified with independently measured parametergorinulate the model, derive an
aggregated model version suitable for large-sceteilations and describe a protocol for
estimating model parameters. In addition, | showat tthe model reliably describes seed
movement in field experiments and explore modelabitur through extensive parameter
variation. Finally, | explore the implications dfet model for long-distance seed dispersal and
for the relationship between seed size and dispeisance.

2.2 Model description

Physical background

The physical forces considered in the model aregy dnad friction, with friction being a
function of lift and gravity (Johnson & Fryer 1992he wind drag on a seef( acts in the
direction of the horizontal wind vector experiendsdthe seed( ). The strength of this drag

force is

5] :%CD,OA(U v (Eq.2.),

whereCp is the seed's coefficient of dragjs air densityA is the planform area of the seed,
and v is the seed velocity vector (Monteith & UnswortB90, Johnson & Fryer 1992).
Opposed to the drag force is frictiofr, whose maximum absolute value depends on the

balance of seed weight\{) and lift (L)

Fl<uw|-[E])  (Eq.2.2),
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wherep is the seed's coefficient of friction on the saegfgJohnson & Fryer 1992). When the
seed is stationaryl = Ys (coefficient of static friction), and when it isaving g = pk

(coefficient of kinetic friction). The strength tife weight force acting on the seed is

’VV‘ =mg (Eq. 2.3),
where m is seed mass angl is gravitational acceleration. The strength of tifie force

experienced by the seed is
-1 -\
\qzacdm@—ﬂ (Eq. 2.4),
whereC, is the seed's coefficient of lift (Landau & Lif$th1991, Johnson & Fryer 1992).

The wind vector experienced by a se&d, depends on the vertical wind velocity profile.

This profile describes how wind velocity decreasath the height above ground. On open

ground, the horizontal wind velocit'yT(z)‘ at heightz above the ground typically follows a
logarithmic profile:

U. z
In— z>z,

‘U(z)(= Kz ,

0 z< 2,

where z, is the aerodynamic roughness lendth, is the friction velocity anK the von

Karman constant (Monteith & Unsworth 1990). Thigddthmic wind velocity profile can be

expressed as a function Mmf , the wind velocity measured at a reference hemght

(Monteith & Unsworth 1990)

- 1 Inz=Ingz, 2> 7,
Nz, -Inz (Eq. 2.5).

ref

b ()=

0 Z< Z,
The wind velocity experienced by a se@\, is calculated asp(z)( averaged over the

vertical seed projectiom,

‘U‘ :%T‘U(z)( dz=U|p (Eq. 2.6)
0

wherep is the 'wind interception parameter’, a dimengsslratio between the wind velocity

experienced by the seed and the wind velocityfateace heightp summarises the effects of
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the vertical seed projection and the wind velo@tyfile. For a logarithmic profile, the

interception parameter is

h(nh-Inz)-h+z hs 2,
D= h(inz, ~Inz) (Eq. 2.7).

0 h<z,

Explicit model version

The above equations are used to formulate a prdisesssd model for secondary wind
dispersal that represents obstacles in a spataibyficit fashion. This explicit version was
implemented in Pascal (using Borland Delphi 5, Bod Software Co., Scotts Valley, USA).
For a given timd, the model first determines whether seed movemgmbssible. If it is, the

seed position at timeA4t is calculated from
S(t +At) = S(t) +v(t)at,
where S(t) and V(t)are the position and the velocity of the seed'streeat timet,

respectively. IfT is the period of secondary wind dispersal (the amhaf time for which a

seed remains mobile) the seed's post-dispersaldada S(T).
Conditions for seed movement

A stationary seed=0) that is not retained by an obstacle starts moifidgag overcomes

friction, that is if‘f)‘ >‘If‘. Using Egs. 2.1-2.4 and Eq. 2.6 one can write ddwncondition

for the start of seed movement in the absence sfacles in terms of a threshold lift-off

velocity, Uy (Johnson & Fryer 1992)

2mg
pA{CL +CD]
Hs

Uiz is thus an aggregated parameter that summarises sggettes (the wing loadingvA,

(Eq. 2.8).

p‘Uref :‘U‘ >Ujq =

Norberg 1973), seed-surface interactigns Cp, C.), and physical constantg, (0). Note that

| define Ui in terms of the wind velocity experienced by tleed;QU‘), whereas Johnson &

)

The definition used here allows a separation offfects of a seed's lift-off velocity from the

ref

Fryer (1992) express it in terms of a wind velo@tysome arbitrary reference heigﬂhi

effects of its wind interceptiomp. | assume that is constant for a given seed on a given
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surface. Ignoring seed momentum, | furthermorerassilnat seed movement stops as soon as

the condition for the start of movement is no lanfgéfilled.

Speed of seed movement

Kinetic friction experienced by a moving seed isuased to be small and | therefore ignore it

in the model £ =0 for a moving seed). Moreover, | assume that sesdelerate and
decelerate instantaneously. Under these assumpiidokows from Eq. 2.1 that at any time a

moving seed has the same speed as the wind itierpes,

v=U=puU (Eq. 2.9).

ref

This assumption is in agreement with field obseorati 25Protea repenseeds released on a
50 m long section of a sandy, obstacle free beamlethat 96% (standard deviation 15%) of
the estimated wind velocity they experienced (FausG unpublished data

Interaction with obstacles

| assume that the horizontal cross-sections ofssasgl circular (with diamete) and that the
horizontal cross-sections of obstacles are ellp{with diametera andb). The centre(é) of

a seed situated at an obstacle then approximaéslhyh an ellips& with diametersa+s and
b+s (Fig. 2.1A). IfE intersects the movement vector of a seed, theisesther stopped or it
changes its direction of movement. In the mode,dbtcome of this seed-obstacle interaction
depends on the effects of the obstacle on winditiond in its neighbourhood. While such

effects are complex, | describe them with a simple: a seed situated at an obstacle
experiences a wind vector that is the projectiorlJofon the tangent on ellipse in seed

location S(Fig. 2.1A). If wis the angle betweeld and this obstacle tangent, the wind

velocity experienced by the seeo(Lﬂ;cosa). At an obstacle, the condition for seed movement

is thus

U

U,
> It (Eq. 2.10).
COSw

P

ref

If this condition is met, the seed moves alongadbstacle tangent with velocity

U.lcosw (Eq. 2.11).

v=p
Once the seed has moved 'past’ the obstacle (ge2.EB), seed velocity is again calculated
from Eq. 2.9.
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Obstacle

(a+s)/2

Seed trajectory

]
/Q‘~

B

Fig. 2.1. Representation of seed-obstacle intenagtin the model. A) The centr&S, of a circular seed
(diameters), that is situated at an elliptical obstacle (cééensa andb), lies approximately on an ellip&with
diametersa+s andb+s. The wind vector experienced by the seed is cdkedlas the projection of the ambient
wind vectorU on the tangent o in S. This projection depends on the angléetweenU and the tangent.
B) The seed moves along this tangent until it rea¢he tangent ol on E. Thereafter the seed is assumed to

have moved 'past' the obstacle and its movemenfais determined directly by .

Aggregated model version

The model version described above is not suitablsifoulating the dispersal of many seeds
over extended periods because the explicit reptaisem of obstacles makes simulations very
time-consuming. Thus, | derived an aggregated wversibthe process-based model that
enables large-scale simulations of secondary wispkdsal (see Appendix 1). The aggregated
model version was implemented in R 1.8.1 (R Devalept Core Team 2004) with computer-

intensive subroutines coded in C.
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The model aggregation is based on the idea thandacp wind dispersal consists of an
alternating series of periods in which seeds mosvéen obstacles, and periods of seed
retention at obstacles. The final position of adseethen a function of the sum of individual
movement periods within the dispersal perigdand of the wind the seed experiences while
moving. In Appendix 1, | derive probability distations for retention and movement times
that can be used in dispersal simulations. | show émpirical distributions of retention time
can be calculated under the assumption that olkstdeve a circular basal area. For a wide
range of wind measurementg;;x and p values, | found these empirical retention time
distributions to be well approximated by Gammardistions. Movement times follow an
exponential distribution if (1) seeds moving betwedstacles follow a straight line, (2) the
spatial distribution of obstacle centres is comglletandom, and (3) obstacle diameters are
substantially smaller than typical distances betwedstacles. The parameter of this
exponential distribution is the obstacle encouragg A, which specifies the mean number of
obstacles a seed encounters per unit distance n{@d the mean free path between two

obstacles). The obstacle encounter rate can belatdd as

A=d(o+s)  (Eq.2.12),
whered is the density of obstacle centres abdis the mean diameter of obstacles (see

Appendix 1).
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2.3 Model parameterisation and validation

To validate the model, | conducted a field experimefth seeds of seven species of
Proteaceae native to the Cape Floristic Region. sthdy species cover the range of seed
sizes and the main seed morphologies found in wisgersed fynbos Proteaceae (Fig. 2.2,
Table 2.1, Rebelo 2001): plumed seeBsof{ea repens, P. lorifolia, P. neriifolja winged
seeds l(eucadendron laureolumL. xanthoconus, L. saligngmand parachute seedk. (
rubrum nomenclature follows Rebelo 2001). All study spscare serotinous, that is they
store their seeds in cones that open after theanpiant has burnt. The high intensity fires in
fynbos create a vegetation-free environment in tisiecondary wind dispersal is promoted
(Bond 1988).

Fig. 2.2 The three basic morphologies of Proteaseads that were used for experimental model \taiatad)
plumed seed Protea repensB) winged seed Leucadendron salignunt) parachute seedl= rubrum Scale

bars mark a length of approximately 1 cm.
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Table 2.1 Seed traits of seven species of Proteaswhsummary statistics of their seed movementténfield
experiment. The table gives means and standardtubmga(in brackets) of quantitative seed trait raates.h
and s, respectively, are the mean vertical projectiod #mwe mean horizontal diameter of a seed. Lognormal
distributions of lift-off velocity,U;s, are characterized by the mean and the standaidtida (the standard
deviations associated with estimates of these tvarpeters were determined by nonparametric boppsitrg).
Experimental results are summarized as the meanrgage) of the proportion of seeds collected afitsetrap

check after seed release (Fig. 2.3).

Ui (M/S) .

) Proportion
Species Seed type h(cm) s(cm)

trapped (%)

mean sd

Protea repens plumed 21(0.3) 46(0.8 27(0.1) 09(0.1) 73B100)

P. lorifolia plumed 05(.1) 31(.2 301 1.0(.1 40-88)

P. neriifolia plumed 09(0.2) 39(0.4) 37(0.1 1.2(0.1) 3BI1)

Leucadendron laureolum winged 0.3(0.1) 0.9(0.1) 4.0(0.3) 1.8 (0.3) 1@B2)

L. xanthoconus winged 0.2(0.1) 05(0.03) 34(0.2) 1.6(0.2 @4L6)
L. salignum winged 0.3(0.1) 0.8 (0.1) 3.1 (0.2) 1.2 (0.1) 1®815)
L. rubrum parachute 1.9(0.4) 3.1(0.3) 2.6(0.4) 1.1 (0.6) 4.869-94)

Field validation experiment

For the validation experiment, a semicircular areha5 m radius (Fig. 2.3A) was set up on a
sandy, level and obstacle-free section of NoordhBekch, Cape Peninsula, South Africa
(34°8' S, 18°21' E). The arena was delimited by d &g, a 50 cm high strip of 40% shade
cloth that was attached to the surface so thatsseeing along the ground could not slip
underneath. | repeatedly released batches of l€fssat the arena centre and subsequently
determined the number of seeds caught in the sepdSeeds released at different times were
stained with fluorescent powder of different col(Magruder Color Company, New Jersey,
USA). To quantify the direction of seed movemeng titap was divided into four sectors of
equal length (Fig. 2.3A). As artificial obstaclesised sand-filled paper bags that had an
elliptical basal area (diameters 64 cm and 32.5 Ging¢se obstacles were introduced into the
arena at four different densities (0, 60, 120 aB@d dbstacles resulting in densities from 0 to
0.18 obstacles/f They were arranged in spatially completely randuatterns with their
larger diameter parallel to the base line of trenar(i.e. the diameter of the semicircle). The

randomized co-ordinates of the obstacles were sitedlprior to the experiment. At each
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obstacle density, seeds of each study speciesrele@sed at two different times (Fig. 2.3B).
To validate the model, | used data from the tragkfiémmediately following each of the 56
seed releases (4 obstacle densities x 2 releasssuxly species). The dispersal perTogdp to
this first check ranged from 22 to 58 minutes. Aiddially, | considered data from the second
trap check after seed release if the obstacle tyehad not changed since the release (Fig.
2.3B). This was the case for 28 seed releases tdabdensities x 1 release x 7 species).

Dispersal period up to the second check ranged from 52 to 93 min.

A
Seed trap —

X<—anemometer

X\
I I Release point
25m
B
Obstacles 0 ' 60 ' 120 @ 180
1 1 1
RCR C | RCRC|RCRC|RCR C
Checkl —H +—— | HH | | —+—
1 1 1
Check 2 . i) i
0 100 200 300

Time (min)

Fig. 2.3. Setup of the field experiment used tadedé the seed dispersal model. A) Setup of therxental
arena on a sandy beach. Seeds were releasedratethge point and the number of seeds collecteliffarent
sectors of the semi-circular trap was determinethd¢onditions during the experiment were measwitd a
sonic anemometer. B) Temporal sequence of seedesl€R) and trap checks (C). At each of the fostaute
densities (0, 60, 120 and 180 obstacles withirettperimental arena), seeds of each study speciesreleased
at two different times. For model validation | cmesed all seeds that were found at the first tapck after
their release. Seeds found at the second trap @ftmrkrelease were only considered if the obstdetesity had

not changed since their release.

Wind measurements

During the experiment, time series of horizontahdvivelocity components (at reference
heightz.s = 145 cm) were recorded with a triaxial sonic aosmater (Model USA-1, Metek
GmbH, Elmshorn, Germany) at a frequency of 10 Herffore4dt = 0.1 s in the model

simulations). Summary statistics of the wind caodi are given in Table 2.2. To determine
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the vertical wind velocity profile | took additioheup anemometer measurements (WatchDog
700, Spectrum Technologies, Inc., lllinois, USAB&tcm, 47 cm and 103 cm above ground.
By fitting Eq. 2.5 to the mean velocities per minutgerval with a nonlinear least squares
model (R package NLS) | estimated the roughnesgtheasz, = 0.018 cm. The 95%
confidence interval around this estimate is brda@d5 cm — 0.052 cm) but falls within the

range of values reported for a similar beach (Jatl996).

Table 2.2 Summary statistics of wind conditiokk.§ during the field experiment at Noordhoek Beache T
table shows the ranges observed for each staitistite eight periods between seed release andriierap
check (Fig. 2.3B). Wind measurements were takencid@bove the ground with a sonic anemometer at a

temporal resolution of 0.1 s.

Variable Mean Median Variance Minimum Maximum

Wind velocity (m/s) 4.20-7.37 4.18-7.35 1.08-1.72 .33t3.05 8.69-12.69

Wind direction (radians from E) 1.10-1.53 1.11-1.53 0.03-0.06 0.37-0.53 1.84-2.68

Estimation of seed parameters

The vertical seed projection of a specids, was calculated by averaging calliper
measurements of 100 seeds placed randomly on atlsrhoard (Table 2.1). To determine
horizontal seed extent, | scanned > 50 seeds df species with a digital scanner, and
measured maximum and minimum seed extent with t8e3B0 Imaging System 3.0 (Carl
Zeiss Vision GmbH, Oberkochen, Germany). The horedoseed diameters, was then

calculated as the mean diameter of an ellipse diimeters equal to the maximum and

minimum seed extent (Table 2.1).

Lift-off velocities, Ui, were measured with the methodology of Johnsom&H1992) in a
wind tunnel of the open jet return circuit typetta¢ Department of Mechanical Engineering,
University of Cape Town. In the wind tunnel, seedsravplaced on sandpaper (mesh 40,
average grain size ca. 4Q@n), a surface similar to the surface of sandy fyndmits. Starting

at 2 m/s, | then increased the free stream veladitthe wind tunnel in steps of 1 m/s and
recorded the velocity at which each seed startedngan=72 seeds per species). This free
stream velocity was translated irtly, the threshold wind velocity experienced by thedse
by assuming that the velocity profile in the winkhhel is logarithmic (Eq. 2.5). From the free
stream velocity and Pitot tube measurements atdibiarent heights (0.1 cm, 0.6 cm, 1.1 cm,
and 2.1 cm), | estimated the roughness length f telocity profile asz=0.0024 cm
(R?=0.98). To estimate the probability distributionldj for each species, | fitted lognormal
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density functions to the distributions of measutkgd values (R-function fitdistr, Venables &
Ripley 2002, Table 2.1).

Model validation

| used the explicit model to simulate the dispeasdl0000 seeds for each of the experimental
seed releases. In these simulations, the positindsorientations of obstacles were identical
to those in the experiment. The release time oWiddal seeds was selected randomly within
the first minute of the respective dispersal peraad initial seed positions were distributed
randomly within a square metre centred at the selgmint. | compared model predictions to
the experimental results both in terms of the dV@raportion of seeds trapped, and in terms
of the proportion of seeds trapped in each trapsethe amount of variation in the observed
data that is explained by the model was calculaedthe generalized coefficient of
determination (adjustel?, Nagelkerke 1991). In the calculation of this at§aR? | assumed
binomial errors for the overall number of trappeskds, and multinomial errors for the
number of seeds per trap sector. In cases wheseads were simulated to reach a trap sector,
the predicted proportion of trapped seeds wasos@t5x10°. This is the per-sector trapping
probability of a multinomial distribution for whictine probability of trapping none of 10000

seeds is 5%.

2.4 Results

Model validation against experimental data

The proportion of seeds trapped in the field expeninranged from O to 100% per seed
batch. Seed distribution was variable in space wa&&ds being trapped in three of the four
trap sectors. Additionally, seed distribution vdrie time - in the seed batches undergoing
two checks, 0 to 100% of the trapped seeds wenedfau the second check. Moreover, the
mean proportion of seeds trapped up to the firsckhdiffered between obstacle densities
(ranging from 11.9% at 180 obstacles to 61.7% abs$tacles) as well as between species
(ranging from 9.4% fot.. xanthoconugo 72.8% forP. repeny Plumed and parachute seeds

were markedly more mobile than the smaller wingsetls (Table 2.1).



28 Chapter 2 - Modelling secondary seed dispénsalind

All trapped seeds Seeds per sector

100 100
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60 60

40 T

First check
Observed (%)
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Fig. 2.4. Observed vs. predicted proportions ofdsedispersed over a distance of 25 m in seed eeleas
experiments on Noordhoek beach. Figures show tleeabbvproportion of seeds found in the seed traft (I
column) and the proportion of seeds found in eaap sector (right column) for the first trap chdtdp row)

and the second trap check (bottom row) after seldise. Symbols represent different species (fiigdbols:
plumed seeds - squarerotea repensdiamond®P. lorifolia, triangle:P. neriifolia; empty symbols: winged seeds

- squarelLeucadendron laureolundiamond:L. xanthoconustriangle:L. salignum stars: parachute seeds.-
rubrum). Also shown are lines of agreement between piiedis and observations.

The explicit version of the process-based model atds to explain most of the variation in
the experimental data from independently measuaednpeters. The model provided a good
explanation both of the overall proportion of seéust covered 25 m up to the first check
(Fig. 2.4A, adjusted?®®=0.77, n = 56 releases) and of the distributiorthese seeds to the
different trap sectors (Fig. 2.4B, adjust®¥=0.69). The model also performed well at
explaining the overall proportion of seeds trapppdo the second check (Fig. 2.4C, adjusted
R’=0.70, n = 28 releases) and the spatial distributib these seeds (Fig. 2.4D, adjusted
R*=0.67).
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Model bias, the mean difference between model ptiedi and experimental observation, was
-7.7% for the proportion of seeds trapped up tofitst check. The model thus tended to
underestimate seed dispersal at the maximum ld@tihparameter estimates. Since the
estimate of the aerodynamic roughness leggtilas uncertain, | varied this parameter within
the 95% confidence interval of the estimate. Thimpeter variation showed that the model
is sensitive tazy and that the underestimation of seed dispersalpdears ag, becomes
smaller (Fig. 2.5). For instance, 8t=0.012 cm (a value within the 50% confidence wdér
of thez, estimate), model bias is reduced to -2.2% anathested?’ is 0.86. Similar results
were found when analyzing data from the secondic(results not shown).

15 1 e e e

Model bias (%)

10 F .

-15 -

000 001 002 003 004 005
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Fig. 2.5. The effect of the aerodynamic roughnesgtle @) on the bias of the explicit model version. Model
bias is the mean difference between the propodfoseeds predicted to disperse over 25 m and #pectve
experimental data (only data from the first tragatwere considered). The solid line indicates tlagimum
likelihood estimate of,. Bold hatched lines show the 50% confidence irtleo¥ this estimate and thin hatched

lines the 95% confidence interval.

Comparison of explicit and aggregated model version

Predictions of the aggregated and the explicit rhetdewed some deviation if the explicit
model was run with the exact distributions and rtagons of obstacles used in the beach
experiment (Fig. 2.6R°=0.96, bias=3.7%). This difference may arise bec#iusaggregated

model assumes that seeds start at random locattatsre to a random obstacle pattern. In
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contrast, in simulations of the experimental sgttinth the explicit model, the initial position
of seeds relative to the obstacle pattern variglg.liin these simulations, seed trajectories
were thus more strongly correlated than in the egmped model. To introduce variation in the
relative location of initial seed positions and talotes, | generated 100 random obstacle
patterns for each obstacle density. These patteens created by assigning random positions
and orientations to individual obstacles. For ealostacle pattern | simulated the dispersal of
100 seeds with the explicit model version. The aggted model provided an excellent
prediction of the proportion of seeds dispersedr @&m in these simulations (Fig. 2.6,
R*>0.99, bias= -0.7%).
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Fig. 2.6 Comparison of explicit and aggregated rhedesion in terms of the proportion of seeds predl to
disperse over 25 m. Empty symbols represent siionkgbf the explicit model for the configuration ioftial
seed positions and obstacles in the field expetir(Ri+0.96, bias=3.7%, explicit = 1.05 x aggregated 4).2%
Filled symbols represent simulations of the expliedodel for 100 random configurations of initiaksepositions
and obstaclesR¢>0.99, bias= -0.7%, explicit = 0.99 x aggregat€d4%).

Sensitivity analysis

To explore the behaviour of the process-based miodelformed an extensive sensitivity
analysis. The aim of this analysis was to deterrthieeeffect of model parameters on typical
dispersal distances of seeds released in randatidos relative to a random obstacle pattern.
Hence, | used the aggregated model version for ahaysis. In the sensitivity analysis |

independently varied the lift-off velocity;, the obstacle encounter rate and the wind
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interception parametqy. For each combination of these parameters, | sitedlthe dispersal
of 100 seeds using wind data measured during onedidhe field experiment and calculated

the median dispersal distance.

In the absence of obstacles$ 0 cm®), the sensitivity analysis reveals a sigmoidadtieh
betweenU;i and dispersal distance (Fig. 2.7A): seeds with lhighare not dispersed along
the surface whereas for loWw dispersal distance approaches an upper bound.uplpisr
bound reflects the fact that no seed can travéhéarthan the wind it experiences within the
dispersal period. Note that in this respect my rhaliféers from that of Greene & Johnson
(1997) - the latter predicts an inverse relatiopshetween distance of secondary wind
dispersal and wing loading, implying that dispeidistance becomes infinitely large as wing
loading (and thudJ;; - see Eqg. 2.8) approaches 0. My model furthermeneals an
interaction between lift-off velocity and obstadacounter rate: higher obstacle encounter
rates (e.gA = 0.1 cnt) keep all seeds from realizing the maximum dismledistance and

allow substantial dispersal only for seeds with ldw (Fig. 2.7A).

The sensitivity analysis also demonstrates the itapoe of the wind interception parameter
p. The three curves in Fig. 2.7B show that differencep can result in different median
dispersal distances even if the lift-off velocityeasured at reference heighti{/p) is
identical. This is because higher values pfincrease seed velocity (Eg. 2.9) thereby
decreasing the travel time between obstacles anmdqimg dispersal distanc¥d,; andp thus
affect secondary wind dispersal independently aadnot be aggregated into a single

parameter.

Figure 2.7C shows the joint effect of obstacles amdd interception on the distance of
secondary wind dispersal. Far= 0 cni', dispersal distance attains an upper bound that is
defined byp andUj (see Fig. 2.7A and B). At low values pfdispersal distance decreases
steeply withA, whereas the rate of decrease is less pronouncédrferp. This effect arises
because an increase pnreduces the importance of individual obstaclesdbgreasing the
travel time between obstacles and the retentioa trobstacles. Finally, for large valuesiof
(when obstacle encounters are frequent), mediapeidial distance is approximately

correlated with the inverse df(that is with the mean obstacle-free path).
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Fig. 2.7 The joint effects of a seed's lift-off eeity (U;x), the wind interception parametqa) @nd the obstacle
encounter rateA) on the median distance of secondary wind dispgnedicted by the aggregated model

version. For model simulations | used one hour iofdvdata measured during the field experiment.
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2.5 Discussion

Model evaluation

In the field experiment, | observed large variationthe wind-driven movement of seeds
along the ground. The explicit version of the prgeleased model, when parameterised with
independent measurements, explains most of thiatiar (Fig. 2.4). The aggregated model
version seems to be an excellent approximatiome@kekplicit version if initial seed positions
vary randomly relative to the obstacle pattern (Ri@). This condition will be met in most

cases where the large-scale simulation of secorvdiay dispersal is of interest.

The good agreement between model predictions areriexgntal data is remarkable since the
model makes a number of simplifying assumptiongl1)tignores turbulence, (2) assumes
spatially homogeneous wind conditions away fromadiss, (3) ignores seed momentum, (4)
uses a simple rule for seed-obstacle interactiéigs @.1), and (5) describes complex seed
morphologies (Fig. 2.2) using three easy to meagsarameters (lift-off velocity, vertical seed
projection and horizontal seed diameter). Of thessumptions, the omission of turbulence
seems particularly important. Turbulence may sigaiiily increase distances of primary seed
dispersal by wind (Nathan et al. 2002a, Tackenb&@BP, and it evidently can also affect
secondary dispersal by wind. First, turbulent wilndtuations close to the ground may move
seeds smaller than the roughness leggti$econd, the turbulence created by obstacles may
affect seed retention at obstacles. Finally, twbuleddies may pick up seeds, thereby
terminating secondary seed movement and initiadimgw (tertiary) phase of airborne seed
dispersal. The importance of turbulence for second@spersal by wind will thus increase
with decreasing seed size and increasing rougheagsh. Moreover, it will vary with the

size and shape of obstacles.

Although the presented model ignores turbulencesasonably described seed movement in
the field experiment, in which seed size was vabgdmore than one order of magnitude
(Table 2.1). While the model's slight underestinratdd seed movement might be due to the
omission of turbulence, it can probably be attéouto the imprecise estimation of roughness
length, zp (Fig. 2.5). In summary, the model seems to captiieeessential processes that
determined secondary seed movement in the fieldrexrpnt. The simplicity of the presented
model is in fact one of its advantages: in compari® a more complex model, it is easier to
parameterize and less sensitive to parameter anugr{Burnham & Anderson 1998, Clark et
al. 2003, Higgins et al. 2003b). Nevertheless,dbmain for which the model makes valid
predictions is obviously limited. It will be inteseng to assess these limits by releasing an
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even wider range of seed sizes into environmeriishtave differences in obstacle shape and

the amount of turbulence.

The measurement of seed movement in the experimenetad cannot directly validate model
predictions with respect to long-distance disperBalfact, dispersal models can hardly be
validated at large spatial scales, because the riemipiquantification of long-distance
dispersal requires a prohibitive sampling efforh&Bter 1, Greene & Calogeropoulos 2002,
Nathan et al. 2003). Instead, the validation otcpss-based dispersal models has to focus on
aspects of seed movement that are both measunathleskevant for long-distance dispersal,
such as (for primary wind dispersal) the proportairseeds that are uplifted and therefore
likely to be dispersed over long distan¢Blathan et al. 2002a, Tackenberg 2003). The field
experiment similarly quantified the proportion tdst' seeds: a seed that travelled the 25 m
extent of the experimental arena within 22 min {maeimum time up to the first check, Fig.
2.3B) may disperse over 1.6 km in a 24 h period. fidld experiment thus validated model
predictions at scales relevant for long-distan@pelisal. The experimental validation gives
confidence in applying the model to a range of \®eand environmental settings (Nathan &
Muller-Landau 2000).

Long-distance dispersal by secondary seed movement

The distance of secondary wind dispersal depends @otthe way in which seeds move
along the ground, and on the length of the disp@esaod () during which seeds can move.
While the presented model provides, for a giera good description of wind-driven seed
movement along the ground (Fig. 2.4), it is not ieamately clear which factors influende

Secondary wind dispersal can be terminated by ¢nmigation of seeds, by their permanent
entrapment (e.g. through burial under litter oromporation into the soil) or by the
deterioration of the seed's dispersal structunecesSthe factors determining these processes
vary substantially between environments (ChambeMatMahon 1994), it is not surprising
that literature estimates df range from a few hours (Greene & Johnson 199%eteral
months (Watkinson 1978). In South African fynbasnfall appears to trigger all three causes
of termination of secondary wind dispersal (A. Reb®. Holmes, J. Vlok, D. LeMaitre, B.
van Wilgen,personal communicatignSince serotinous Proteaceae release their sdtis
the mother plant has burni, can be estimated as the time between a fire aaditst
significant rainfall event. By combining seasonia¢ ffrequencies for fynbos (Brown et al.
1991, Richardson et al. 1994) with seasonal rdidfatributions (Zucchini et al. 1992), one
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obtains values off that range from a few days to one year, with aiaredf 73 days
(Appendix 2).

If T is long, interspecific differences in seed traitsn strongly affect the distance of
secondary wind dispersal. This is illustrated by elcgimulations forL. salignumand P.
repens in which | used long-term wind measurements aar@dupeter values typical of fynbos
conditions T = 73 daysz = 0.1 cm,A = 0.098 crit for P. repensandA = 0.060 crit for L.
salignum see Appendix 2). Although roughness length anstambe encounter rates were
higher than in the beach experiment% 0.018 cm and = 0.001 crit for both species), the
maximum of 10000 simulated seed dispersal distawass59 km folP. repensbut only 3 m
for L. salignum These results support the notion that secondand vdispersal is a
mechanism by which seeds can move long distanaasd(B988, Higgins et al. 2003a). They
also agree with the empirical finding that seratimd’roteaceae differ substantially in their

potential for long-distance dispersal by secondagd movement (Bond 1988).

It should be noted that these simulations probalirestimate the long-distance dispersal of
P. repensbecause they assume that environmental condifjeextical wind profile and
obstacle pattern) are spatially homogeneous. lfityedowever, a seed dispersing over
several kilometres will enter areas where high aiset encounter rates and/or low wind
interception effectively prevent secondary windpéisal. Such impermeable areas may be
boulder fields, steep slopes, rivers and roadsthmitltimate spatial limit to secondary wind
dispersal in fynbos is the dense vegetation charatt of unburnt patches (Bond 1988).
Typical fynbos fires burn areas greater than  grorne 1981). Hence, fire extent may well
limit the secondary wind dispersal & repens whereas it is less likely to do so In
salignum The finding that large fires promote the spreadajd secondary wind dispersers,
whereas fire size may be irrelevant for poorer @isers has important implications for

conservation management in fynbos (see Chapter 5).
Seed size and the distance of secondary wind dialper

Secondary wind dispersal in a given environmenpnsmoted by a decrease in lift-off
velocity Uji¢), a decrease in the obstacle encounter Ater(an increase in wind interception
(p) (Fig. 2.7).A andp increase with horizontal seed diameter (Eq. 2.11) \ertical seed
projection (Eq. 2.7), respectively. Becaudg scales with the square root of wing loading
(Eqg. 2.8), allometric considerations suggest thatincreases with the square root of a linear
measure of seed size (Johnson & Fryer 1992). lgorea seed morphology, a change in seed

size should thus affett;s, p, andA simultaneously.
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The relationship between seed size and the distahsecondary wind dispersal has been
discussed by Greene & Johnson (1997) who suggéss¢dlispersal distance is maximized
for small seeds becausky, decreases with seed size. Small seeds also haee abstacle
encounter rates which should further promote thiespersal (Fig. 2.7). According to the
model, however, there is an overwhelming disadgmntaf small seed size: seeds with a
vertical projection below the roughness lengthwill not be moved at all (because for them
p =0, Eq. 2.7). Therefore, the distance of secondanyg dispersal is predicted to be maximal

for some intermediate seed size.

Turbulence may promote the secondary wind disperfssinall seeds, and thus decrease the
difference in dispersal distance between small iatefrmediate seed sizes. However, seed
size did increase dispersability in the field expent: for example, the seedsRf neriifolia

are larger and better dispersed than thosk. glalignum although their lift-off velocity is
higher (Table 2.1). In addition, Bond (1988) trackegéds of 6 Proteaceae species (4 of which
were not included in this study) and observed thatdistance of secondary wind dispersal
increased with seed size, and Chambers et al. J18i9dwed that for eight species in a
disturbed alpine environment, the probability ofrihontal seed movement increased with
seed size on each of five surface types. Thus, f@nge of seed sizes (vertical projection
between ca. 1 mm and several cm) and environmeotaditions, the secondary dispersal

distance does appear to increase with seed size.

The unimodal relationship between dispersal distamzk seed size predicted by my model
differs from the negative correlation predicted fnpcess-based models for primary wind
dispersal (e.g. Greene & Johnson 1996). Such atimegeorrelation is assumed in many
ecological and evolutionary models (Ezoe 1998, Letial. 2003), and is often regarded as
mediating a competition-colonization trade-off (eGrawley 1997). However, this negative
correlation does not seem to hold for animal-dispérplants (e.g. Coomes & Grubb 2003).
The presented model predicts that it also will noldhfor wind-dispersed plants if seed

movement along the ground is important, and thecefif turbulence is small.
Conclusions

Process-based models present the only realistiorofdr predicting the dispersal of large
groups of species. This is for the simple reasohwacannot hope to empirically measure
dispersal distances for large numbers of speciege@tly, primary seed dispersal by wind is

probably the only dispersal syndrome where probasgd models can be applied with any
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confidence (Nathan et al. 2002a, Tackenberg 2008)e®eloping and validating a model for

secondary wind dispersal, | expand the domain eégss-based seed dispersal models.
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3 Can evolutionary age, colonization and
persistence ability explain to which extent species

fill their potential range?

Abstract

How species traits and environmental conditioneafbiogeographical dynamics is poorly
understood. Here | test whether estimates of aiegeevolutionary age, colonization and
persistence ability can explain its ‘'range fillifiiye ratio between realized and potential range
size). For 37 species of woody plants (Proteacéasjimate range filling using atlas data and
bioclimatic models, evolutionary age using molecylhylogenies, persistence ability using
field-based estimates of longevity, and colonizaability using process-based seed dispersal
models, the arrangement of potential habitat, amdia don local abundance. | find
phylogenetically independent increases of randendilwith colonization and persistence
ability, but detect no effect of species age. Thumdonization and local extinction seem to
shape Proteaceae range dynamics on ecologicalctibess Although these dynamics cannot
be described by the simple metapopulation modeksins, the results of this study provide a
new line of evidence for a metapopulation basiaglafndance—range size relationships.

3.1 Introduction

How the range size of a species is determined gy ititerplay of species traits and
environmental conditions has interested biologfetswell over a century (Darwin 1859,
Schimper 1888). Range size has been postulatedrtelate with various properties of
species and their environments, but the best doctadepattern is the positive relationship
between local abundance and range size (Brown. €986, Gaston 2003). However, the
mechanisms generating this relationship and otht#eqms of range size variation are poorly
understood (Gaston 2003). A mechanistic understgnoli range dynamics has to encompass
the three proximate determinants of range sizeatheunt of potentially suitable habitat, the
species' ability to colonize this habitat and th&rat which it goes extinct from already
colonized patches (Brown et al. 1996). This intgrmé habitat suitability, colonization and
local extinction is the central focus of metapogiola ecology (Levins 1969, Hanski 1999).

Hence, metapopulation theory provides a framewark dnderstanding biogeographical
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dynamics (e.g. Carter & Prince 1981, Hanski 1994nski & Gyllenberg 1997, Holt & Keitt
2000).

The biogeographical analogue of metapopulation caocy (the proportion of occupied
habitat patches) is the ratio between realizedpmtential range size (the latter is the area a
species would occupy if it was not limited by disgad). This ratio has been termed ‘range
filling' (Svenning & Skov 2004). Metapopulation tivg predicts that range filling (and patch
occupancy) increases with colonization ability aledreases with rates of local extinction or
patch destruction (Levins 1969, Gyllenberg & Harls¥®7). Moreover, if range filling is low

at the time of speciation, it should initially iease with the evolutionary age of a species,
albeit this initial expansion phase may be shompgared to a species’ evolutionary lifespan
(Webb & Gaston 2000, Gaston 2003).

One way of testing these predictions is a compagatiudy of interspecific variation in range
filling. Such a comparative test requires quantiginformation on realized and potential
ranges, on rates of colonization and local extom;tiand on evolutionary ages. However,
various factors make it difficult to compile thimroprehensive information for a larger
number of species. Data on global geographic digions are available only for certain
groups of species and estimates of potential rangeevolutionary age exist only for a small
subset of these species. Colonization rates afieulifto quantify because they critically
depend on the frequency of long-distance dispeesants, which is hard to measure
(Chapter 1, Nathan et al. 2003). Thus, even exterdispersal data may not be sufficient for
detecting a relationship between dispersal aldlitg range size (Gaston & Blackburn 2003).
Rates of local extinction are difficult to quantifyecause their empirical estimation requires
censuses encompassing long time periods or manylgiagms (Hanski 1999). Besides, in
many plant species it is difficult to determine Wiex a population is extinct or persists in the
soil seed bank (Freckleton & Watkinson 2002). Du¢hese methodological problems, there
is so far no study that tests how range fillingaféected by interspecific differences in

evolutionary age, colonization and local extinction

In the comparative study presented here, | useesteeptional knowledge available for a
group of woody plants to test some biogeographpcadictions of metapopulation theory.
The 37 study species belong to the Proteaceae famdyare endemic to the South African
Cape Floristic Region (see Chapter 1). Their glapebgraphic distribution is known in

exceptional detail (Rebelo 2001), and bioclimatiodels estimate their potential ranges
(Midgley et al. 2002a). | assess the age of thedysspecies from molecular phylogenies
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(Reeves 2001), use field-based estimates of lotygedwi classify the species into two
persistence types that differ in local extinctiorolmbility (Bond & Midgley 2001), and
estimate colonization ability from process-base@dselispersal models, data on local
abundance, and the distribution of potential halfithapter 2, Rebelo 2001, Midgley et al.
2002a, Tackenberg 2003).

Based on this information, | test whether the rafijmmg of a species increases with

evolutionary age, colonization and persistenceitgbilThe results of this test suggest that
colonization and local extinction shape the rangeadics of the study species on ecological
timescales. Moreover, they provide a new line atlemnce for a metapopulation basis of

abundance-range size relationships.

3.2 Methods

To relate interspecific variation in range filling tevolutionary age, colonization and
persistence ability, | use two complementary mageés: the classic metapopulation model
of Levins (1969) and standard linear models. The Llsewimodel is process-based and
therefore represents a specific hypothesis on #ghanisms determining range filling. Linear
models are phenomenological, but have a more fiestoucture and allow testing for effects
of additional variables (local abundance and disglerability). Moreover, established
statistical methods can be used to correct lineatats for phylogenetic dependence between

species.

In the following paragraphs, | first expand the lrevimodel to a form that can be
parameterised with empirical information, and ekplaow | obtained this information for the
study species. | then describe the consideredoressif the Levins model and the considered

linear models, as well as the statistical methaggiuo fit and compare these models.
Applying the Levins model to range dynamics

The Levins model describes the dynamics of the ptapoof occupied habitat patchgs,a
measure of a species’ range filling. Changgsdepend on the colonization parameke@and

the ratem at which local populations go extinct

dp
P _ o1 - p)-mp.
" p1- p)-mp

Fork >mthe Levins model has a non-zero equilibrium
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p=1-1 (Eq. 3.1).
k

In order to apply the Levins model to range dynaroa macroevolutionary timescales, |
make two simplifying assumptions: (1) a species &aa®tential range dfl suitable patches
that is constant over evolutionary agand (2) at the time of speciation each specieapes
one patch, so thagi(t=0) = 1N. With this initial condition, the time dependerdyfamic’)
solution of the Levins model is:

k-m
kN — k — mN) g ™

t) = Eqg. 3.2).
p(t) o (Eq. 3.2)
This dynamic version of the Levins model results pattern of range transformation that has
been postulated by various authors: range sizeeases after speciation before entering a
period of stasis (see Webb & Gaston 2000, Gast08)20

The Levins model is time-continuous, whereas prosessatributing to colonization and
local extinction are typically measured in discréitee intervals. | therefore briefly discuss
how the colonization and extinction term of the ltesvimodel can be parameterised from
time-discrete data. The extinction term of the Levimsdel describes an exponential decline
with ratem. This rate can be estimated from the probabilitjool extinction M, measured
over time intervalit (I chooseAt as the interval between two subsequent dispeveaite of a

population):
m=-In(1-M)/At (Eq. 3.3).

For small values op, the colonization term of the Levins model des@il@ exponential
increase with rat& This rate can therefore be estimated by consigeisingle occupied
patch in an otherwise empty habitat networkKIfis the expected number of additional

patches that the occupied patch can colonize gpedial event, the ratas approximately
k=In(1+K)/At (Eq. 3.4).

Note thatAt cancels out in the equilibrium solution of the Levimodel (Eqg. 3.1) but is

retained in the dynamic solution (Eg. 3.2).

K is modelled aK = X S D E whereX is local abundance (in individuals per patch), Snsl
offspring production (defined as the expected nunatbeeproductive offspring an individual
produces per dispersal everid).is dispersal ability (in patches per individuat)easured as

the expected number of suitable patches reachedffsgring produced in a patck.is the
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probability that a population establishes in an gngouitable patch that is reached by one or
more offspring. Subsequently | refer to the dimenkdss product of local abundance and
dispersal ability as the 'colonization ability'of a speciesG = X D). Since for the study

system there are no species-level estimateS afd E, | combine these two dimensionless

parameters into a ‘demography param&€G =S B. Thus,
K=GC (Eq. 3.5).
Study system

The 37 study species belong to three genArdag Leucadendrorand Proteg within the
Proteaceae. The Proteaceae are a species-rich faimilgody plants that is characteristic of
the Cape Floristic Region (CFR), and all study smeare endemic to the CFR (Rebelo
2001). Their demography and life history are clodieliged to fires, which periodically occur
in the CFR (Chapter 1). The study species are seni(Rebelo 2001): they store their seeds
in cones, which open after fire. Effective seed elispl and recruitment of serotinous
Proteaceae only occurs after fires, and the muytafi adult plants in inter-fire intervals is
low (Chapter 1, Bond 1988, Bond & van Wilgen 1998)erefore, the population dynamics
of the study species essentially proceeds in ds¢mme steps, with step length equal to the
return interval of fires (Bond & van Wilgen 199@)jwentieth-century fire data suggest that
the mean fire interval is 28.6 years (Polakow & Berl999). However, since there are no
data on past fire regimes, | treat the time intetMaas a free parameter when fitting the

dynamic prediction of the Levins model (Eqg. 3.2).

The study species can be grouped into two distiecsigtence types: sprouters can survive
fires as adult plants, whereas adult nonsprouterskiéled by fire (Fig. 1.2, Bond & van
Wilgen 1996, Bond & Midgley 2001, 2003, Rebelo 2DMprouters and nonsprouters show
pronounced differences in the extinction risk ofdbpopulations and appear to differ in
offspring production (Bond & van Wilgen 1996, Bo&dVidgley 2001, 2003).

Realized and potential range size

The distribution of Proteaceae in the CFR has beapped extensively by the Protea Atlas
Project (Rebelo 2001). From these data | calcula¢adized range sizes as the number of
1 min x 1 min (ca. 1.55 km x 1.85 km) grid cellsvihich a species was recorded (Fig. 3.1).
Since all study species are endemic to the CFR,isha measure of the global range size of
these species.
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The size and spatial distribution of potential rang@ave been estimated using bioclimatic
models (Midgley et al. 2002a). These models prddietdistribution of suitable habitat (Fig.
3.1) from observed occurrences of a species amd finge temperature and water availability-
related parameters that are assumed to be criiticalant survival (Midgley et al. 2002a). |
calculated the potential range size of each spesdbhe number of suitable cells in the CFR.
In accordance with Midgley et al. (2002a), | assuh# each suitable cell is a patch that can

hold one population.

Fig. 3.1 A map of the Cape Floristic Region, Soiiica, showing the 1 min x 1min grid cells thatarccupied
by Protea scolopendrifoligblack triangles), and the grid cells that areeptiilly suitable for this species (grey
areas). The realized range is derived from recordbe Protea Atlas Database (Rebelo 2001), thengiatly
suitable range from a bioclimatic model (Midgleya&t2002a).

Local abundance and demography

The Protea Atlas Database (Rebelo 2001) containsnaets of the size of 110959

populations of the study species. Population siasger than 10 are subdivided into three
abundance categories: ‘frequent’ (11-100 indivEjyaommon' (101-10000 individuals) and
‘abundant’ (>10000 individuals). To estimate the miemal abundance of each species, |
assumed an average population size of 55, 505018000 individuals for these three

categories.

In general, the offspring productiorf)( of sprouters seems to be lower than that of
nonsprouters (Bond & Midgley 2003), and the twospstence types may also differ in the
probability of population establishmeri)( An upper limit of the demography paramegr
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(= S B is defined by empirical estimates®{Bond et al. 1984 repo8< 18, so thaG < 18),
but it seems likely tha lies two orders of magnitude lower (a value@®f 0.18 implies
E>0.01). In statistical fits of the Levins model, hexer, | treatG as a free parameter that

may differ between persistence types.
Dispersal

Wind is the predominant vector of long-distancedse®vement in serotinous Proteaceae
(Chapters 1 and 2, Bond 1988). It transports séeds two-phased process: primary seed
dispersal through the air is followed by secondhspersal along the ground surface (Chapter
2, Bond 1988). To estimate dispersal ability, | &éfere combined two process-based models
for airborne seed movement (Tackenberg 2003) ansesulent movement along the ground
surface (Chapter 2). The species-specific parameatentained in these dispersal models
describe properties of the mother plant (the distion of seed release height) and properties
of seeds (horizontal seed radius, vertical seepegiion and distributions of terminal falling

velocity and lift-off velocity). Environmental cortéins during dispersal are characterized by
the length of the dispersal period, the time seoiethree-dimensional wind velocities, the

aerodynamic roughness length, and by the mean bedials and mean density of obstacles
impeding seed movement along the ground. The methseld to parameterize the dispersal

models and estimates of species traits and enveatahconditions are given in Appendix 2.

To estimate dispersal abilityD], | used extensive model simulations that incoeipent the
effect of environmental variability on seed dispérd=or each species, | simulated the
dispersal of 10000 seeds in each of 10000 enviratsnésee Appendix 2). In these
simulations | assumed that seeds start from randoations within a source cell. For each
environment | determined the number of neighbouralls in which at least one seed was
deposited (Fig. 3.2A). Since seed dispersal oftesenes Proteaceae is largely limited by fire
extent (Chapter 2, Bond 1988), | only considereddsedeposited within the 24 cells
surrounding a source cell (Fig. 3.2A). This is ealént to a fire extent of ca. 72 kma
typical size of large fynbos fires (Horne 1981). @xerlaying the resulting seed shadow to the
spatial distribution of potential habitat, | obteththe expected number of suitable cells
reached by 10000 seeds starting in a suitablglegll 3.2B). Averaging these numbers over
the 10000 environments and dividing by seed nun{b@000), yields an estimate of the
expected number of suitable cells reached per rfigpD. In this way, | aggregate the
spatially explicit information on seed dispersatl drabitat configuration into a parameter of
the spatially implicit Levins model. Note, howevitat some of the spatial information is lost
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in the aggregation, since the Levins model assuhasall patches are equally connected to

other patches (Hanski 1999).
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Fig. 3.2 Estimation of a species' dispersal abllitfrom a process-based seed dispersal model anspdiel
distribution of potentially suitable habitat. (AbFeach dispersal environment, the dispersal msidallated the
post-dispersal locations of 10000 seeds (blacK) dtdsting from the central source cell. The nemhing cells
reached by at least one seed (hatched cells) veteentined from this seed shadow. To represent khfite
extent (see text), only the 5x5 cell neighbourhdddlimited by the bold line) was considered. (B)eTh
distribution of reached cells (hatched) was ovdrkai the distribution of suitable habitat (greyjelgting the
number of suitable cells that can be reached frogivan suitable cell (black circle). This procedwvas

repeated for all suitable cells and all 10000 disgleenvironments.

Local extinction and persistence

Nonsprouting Proteaceae form single-aged populaiiBond & van Wilgen 1996) and do not
seem to have long-term persistent soil seed bamkdMaitre & Midgley 1992). Therefore
nonsprouters go locally extinct if fire occurs hefdhe onset of reproduction (Bond & van
Wilgen 1996). Since most of the nonsprouting stsjolgcies start reproducing ca. 3 years after
a fire, their per-fire probability of local extinoh (M) can be roughly estimated from the
probability of fire return intervals < 3 years. Tnteth-century fire data (Polakow & Dunne
1999) suggest that the probability of fire retuntervals shorter than 3 years is about 0.01,
and hence thaM = 0.01 for nonsprouters. Such a simple calculatomat possible for
sprouters, but | assuntkat their local extinction probability is an ordar magnitude lower
than that of nonsprouterd/(= 0.001). However, since past fire regimes are mawq, |

consideM to be an unknown parameter in statistical fitthef Levins model.
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Species age

To estimate the evolutionary age of the study sgediaused 180 equally parsimonious
phylogenies that were derived from sequence datévie non-coding regions of the plastid
and nuclear genome and from amplified fragment tlergplymorphism (AFLP) markers
(Reeves 2001, G. Reeveaspublished dafa These phylogenies were converted to
chronograms by nonparametric rate smoothing (Sandefl997). Species age was then
estimated as the length of a species' terminalchréaveraged over these 180 chronograms)
(for a discussion of this method see Webb and @&ag&t@00). Direct dating of these
chronograms is not possible, but a dated phylogenythe woody plant genuPhylica
(Rhamnaceae) indicates that diversification in @€R began ca. 7-8 million years ago,
coincident with severe climatic changes (Richardsoal. 2001). | therefore assumed that the
root of all Proteaceae chronograms has an agebSommilion years. Note, however, that
analyses with linear models are not sensitive @csttaling of evolutionary age.

Statistical models

In statistical fits of the equilibrium Levins mod&b range filling data, the explanatory
variable was colonization abilitf, and the estimated parameters were local extimctio
probability M and demographic paramet@r Fits of the dynamic Levins model additionally
included species ageas an explanatory variable, and the time intelpealveen two dispersal
events 4t) as a free parameter. Since sprouters and nonspaugy differ inM andG, |
considered four versions of both the dynamic amdettuilibrium model (with and without an
effect of persistence type @andM, respectively, see Table 3.1). These eight versbtize
Levins model were fitted with non-linear least s@sa(R 2.01, R Development Core Team
2004). To account for the fact that range fillingaigoroportional variable with non-normal
error distribution, range filling data and predicts of the Levins model were compared on
the arcsine scale (Zar 1999). For comparison oéuwdfit model versions | used Akaike's An

Information Criterion (AIC).

The maximal linear model that | considered predatsine transformed range filling as a
function of persistence type (sprouter vs. nongemuand its two-way interactions with
colonization ability C), species age)( local abundancex] and dispersallY). Starting with

this maximal model | performed stepwise backwarddehcselection based on AIC (R-
function stepAlC, Venables & Ripley 2002). The resis of the selected linear model

showed no signs of heteroscedasticity or depaftane normality.
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The phylogenetic relatedness of species means liegt dre no completely independent
observations for an interspecific comparative asialye.g. Paradis & Claude 2002). To
control for this phylogenetic dependence, | fitted selected linear model with generalized
estimating equations that consider phylogenetiormétion (Paradis & Claude 2002, Paradis
et al. 2004). | incorporated uncertainty in the Iphggnetic estimates by fitting such
generalized estimating equations for each of th@ &8ually parsimonious phylogenies

(Reeves 2001, G. Reevespublished data

3.3 Results

The degree to which the study species fill theirepbal range varies from 0.8% to 45.7%
(median: 14%). 45% of the variance in arcsine-fiansed range filling is explained by the
maximal linear model that includes the effects olonization ability C), dispersal ability
(D), local abundanceX], species aget)( and the two-way interactions between these

variables and persistence type (Table 3.1, Fig. 3.3A

Table 3.1 Comparison of metapopulation models anelali models for range filling (df: model degrees of
freedom; RSS: residual sum of squares; AIC: Akailkal Information Criterion). Lower AIC values indie
better model performance. The given metapopulatiodets are the equilibrium predictions of the Levimsdel
with and without an effect of persistence type @mdgraphy parameteG) and local extinction probability

(M). The linear models shown are the full model, tfeeleh obtained by backward model selection, anchthle

model (see text for Details).

Persistence effect

df RSS* ro AIC*
onG onM
Levins models (equilibriurt)
yes yes 5 0.70 0.28 -31.67
yes no 4 0.76 0.22 -30.69
no yes 4 0.77 0.21 -30.45
no no 3 0.79 0.19 -31.35
Linear models
full model - - 11 0.54 0.45 -29.40
selected model - - 5 0.56 0.42 -39.88
null model - - 2 0.98 0 -25.52

* Model statistics refer to arcsine transformeagefilling.

T Statistics for dynamical versions are ident@éadept that df is increased by 1 and AIC is inceddsy 2.



48 Chapter 3 - Range dynamics of plant species

A B
50 ) 100
S 20 90
o 80
E) 30 50
° 40
c 207 30
&
20
10
10
0 0
I I I I I [ I I I ]
00 02 04 06 08 00 02 04 06 08

Colonization ability, C

Fig. 3.3 Range filling vs. colonization ability f@&7 species of Proteaceae. Range fillipy i§ the ratio of
realized and potential range size, colonizatioflitgl{iC) is the dimensionless product of mean local abooela
(X) and dispersal abilityY, see Fig. 3.2). Filled points are nonsprouter (@rsistence ability); empty points
are sprouters (high persistence ability). Solicedirare model predictions for nonsprouters, hatdimed are
predictions for sprouters. (A) Predictions of tledested linear model. (B) Predictions of the bestihg model
fitted by nonlinear least squares (bold lines), ahd realistically parameterised Levins model (times). Note
that the y-axis is scaled differently in the twotgl
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Fig. 3.4 Range filling vs. evolutionary age for §¥ecies of Proteaceae. Range fillipy \Was calculated as the
ratio of realized and potential range size, evohary aget] as the mean age estimated from 180 alternative
molecular phylogenies (Reeves 2001, G. Reewmpsiblished datasee Chapter 3.2 for details). Filled points are

nonsprouters (low persistence ability); empty poare sprouters (high persistence ability).
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Species age (mean values derived from 180 chromsjrahowed no obvious relation to
range filling (Fig. 3.4). Accordingly, stepwise laard simplification of the maximal model
removed species age and its interaction with perse ability (P>0.4 for main and
interaction effect). Model simplification furtherm@removed the individual components of
colonization ability (local abundance and dispemsaility) and their two-way interactions
with persistence type (P>0.4 for all four effects).contrast, the selected model contains
colonization ability itself, and its interaction twipersistence type. This model explains 42%

of the variance in arcsine-transformed range @lifiable 3.1, Fig. 3.3A).

In analyses controlling for phylogenetic relatednes$ species, | found that the interaction
between persistence type and colonization abilg & significant effect (P<0.05) on range
filing for 174 of the 180 equally parsimonious pdgenies (97%). For 87% of the
phylogenies, colonization ability had a positivéeet on the range filling of sprouters, and for
75% of the phylogenies it had a positive effecttloa range filling of nonsprouters (Table
3.2).

Table 3.2 Results of comparative analyses testingffects of colonization ability and persistengge on range
filling. Comparative analyses were conducted bylyapg the method of Paradis & Claude (2002) to eaich80
equally parsimonious phylogenies. For the two gégace types (sprouter and nonsprouter) the taplarts the
number (proportion) of phylogenies for which theimated colonization effect is positive and negativ

respectively.

Colonization effect on range filling

Persistence type

Positive Negative
Sprouter 156 (87%) 24 (13%)
Nonsprouter 135 (75%) 45 (25%)

The effect of persistence type and colonizationitghdn range filling is also reflected in
analyses using the Levins model: amongst the eguitibversions of the Levins model, the
best model (lowest AIC) is the one that allows spgos and nonsprouters to differ in
demographic paramet&s and extinction probabilityM (Table 3.1). The dynamic Levins
models that include species age and the additimarametedt do not explain more variance
than the respective equilibrium models (Table 3The best equilibrium Levins model
provides a poorer fit to the range filling datag(F8.3B) than the selected linear model (Fig.
3.3A). Moreover, this Levins model produces paramegtimates that are far from realistic

values M > 0.999 ands > 12000 for both sprouters and nonsprouters). Wewat has to be
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noted, that at such high values ®fand M, estimates of these two parameters are highly
correlated (see Egs. 3.1, 3.3 and 3.4) and cannabtagned independent from each other. For
this reason, | additionally examined the predidioof the Levins model for realistic
parameter values. Fig. 3.3B shows that at realiskitnction probabilities NI=0.01 for
nonsprouters anill=0.001 for sprouters, see Chapter 3lcal extinctiofj the Levins model
describes an upper boundary of the observed raltigg tlata if G = 0.18 (see Chapter 3-2

Local abundance and demography

| complemented these analyses of range filling Witkar model analyses of range size. In
contrast to Webb & Gaston (2000), | found no sigaift linear effect of evolutionary age on
both realized and potential range size (regressfdng range size vs. mean age; P>0.3 for
both range types) and no evidence for a curvetioaldetween range size and age (P>0.2 for
inclusion of quadratic age terms for both rangeegypln agreement with many other studies
(reviewed by Gaston 2003) | did, however, detedtciations of a positive abundance-range
size relationship (linear regression of log realizange size vs. log abundance 6.8,
P=0.01; estimated slope=0.78). For 73% of the mgmies, the phylogenetically independent
abundance effect was significant (P<0.05), and5ft# of the phylogenies this effect was

positive.

3.4 Discussion

The studied Proteaceae differ markedly in the deggreehich they fill their potential ranges.
A substantial proportion of this variation can beplained by the interaction between
colonization ability and persistence type (Table):3tange filling increases with a species'
ability to colonize suitable habitat patches, ahdk tincrease is stronger for persistent
(sprouter) species that are less prone to locahatidn (Fig. 3.3A). For most of the 180
equally parsimonious phylogenies this interactidfead is significant independent of the
relatedness between species. However, the estimafimegative colonization effects for
some phylogenies (Table 3.2) also demonstratesithertance of incorporating phylogenetic

uncertainty into comparative analyses.

Range filling showed no consistent relation toekielutionary age of a species (Fig. 3.4): the
dynamic predictions of the Levins model did not explmore variance than their equilibrium

counterparts (Table 3.1). Furthermore, linear modksis did not detect a significant effect of
evolutionary age on range filling (although theg amore flexible than the Levins model and

do not assume a specific range filling at speaiatiplong-term constancy of potential range



Chapter 3 - Range dynamics of plant species 51

sizes). Thus, the extent to which the study spdilgbkeir potential ranges does not seem to
be limited by initial post-speciation spread pra@ess Moreover, evolutionary age did not
have a significant effect on either realized oreptial range size. In summary, the studied
Proteaceae neither provide evidence for the 'ageaaga’ hypothesis (Willis 1922), nor do

they show signs of range transitions that couldrélated to taxon cycles (Ricklefs &

Bermingham 2002) or similar dynamics (Webb & Gas2000). Instead, the presented results
suggest that the range dynamics of the study spésidetermined on ecological rather than

macroevolutionary timescales.

The usefulness of metapopulation models for desgilplant dynamics at ecological
timescales has been the subject of vigorous débajeFreckleton & Watkinson 2002, 2003,
Ehrlen & Eriksson 2003). It has been criticized thetny studies claiming the existence of
plant metapopulations failed to demonstrate tha&gmal habitat is patchily distributed, that
local populations go extinct, and that empty padclaee (re-)colonized (Freckleton &
Watkinson 2002). In contrast, there is good evidetitat the studied Proteaceae have
metapopulation dynamics. Bioclimatic models for sthespecies identify habitat that is
suitable but unoccupied, and predict that this taabs patchily distributed (Midgley et al.
2002a, Fig. 3.1). | showed that range filling irases with a species' ability to colonize these
patches (Fig. 3.3). Moreover, the study speciekgally extinct (Bond & van Wilgen 1996)
and range filling is higher for species with lowates of local extinction (Fig. 3.3). Hence,
the biogeographical dynamics of the study spe@ems to be shaped by the metapopulation

processes of patch colonization, extinction andlmegzation.

Metapopulation processes also seem to contributéhéo positive relationship between
abundance and range size of the study species.ifda Imodel analysis detected a positive
correlation between range filling and local aburagafresults not shown). Such a correlation
is predicted by the metapopulation explanationbafralance-range size relationships (Hanski
1991), but not by the alternative niche-based egilan (Brown 1995). Further evidence for
the metapopulation explanation comes from the tfzat linear model simplification retained
colonization ability but removed abundance. Hentige metapopulation process of
colonization is a better predictor of range fillitgan abundance on its own. On the whole,
these analyses of range filling provide a new bhevidence for a metapopulation basis of

abundance-range size relationships.

Despite good evidence for metapopulation dynanmdbe study species, statistical fits of the
Levins model produced unrealistic parameter estisnaf realistic parameter values, the
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Levins model predicts non-zero range filling for stihldy species, but strongly overestimates
the range filling of species with high colonizatiahbility (Fig. 3.3B). This discrepancy may in
part arise from the imprecise estimation of the sodered variables: estimates of seed
dispersal, local abundance, realized and poterarajes do involve uncertainty (e.g. Higgins
et al. 2003b, Thuiller et al. 2004). However, thecdepancy may also arise because the
metapopulation dynamics of the study species ateveti described by the simple Levins

model.

Of the large number of processes ignored by thensewiodel (Hanski 1999, Higgins & Cain
2002), two seem particularly relevant for the radgeamics of Proteaceae. Firstly, the entire
geographic range of a species is likely to compnisejust one but several metapopulations
with largely uncoupled dynamics (Holt & Keitt 2003ange filling in such a ‘population of
metapopulations', will be lower than in a singlegametapopulation, especially if some of
the component patch networks are small and thexdfave a high probability of stochastic
metapopulation extinction (e.g. Hanski et al. 1996¢condly, the distribution of suitable
patches is unlikely to remain static for extengpeeiods of time (as | have assumed so far). In
the past centuries the Cape Floristic Region hatengone severe land transformation
(Rouget et al. 2003) that resulted in the deswuctif habitat for Proteaceae (Midgley et al.
2003, Latimer et al. 2004). Such patch destructisnexpected to decrease the patch
occupancy ofsingle-species metapopulations (e.g. Hanski et18BP6). Moreover, the
potential ranges of the study species are predtotetlift as a consequence of climate change
(Midgley et al. 2002a, 2003). If such directed patarnover has already occurred in the
recent past, it will have decreased range fillingiggins et al. 2003b). Thus, habitat
destruction and climate-induced range shifts &edy\lito have lowered the range filling of the
studied Proteaceae below the levels predicted dydalistically parameterised Levins model
(Fig. 3.3B). Due to its simplicity, the Levins modalovides a good starting point for the

development of process-based models that incomptinase effects.

Finally, the results of this study highlight the portance of colonization for the future
survival of the studied Proteaceae. | showed tinat range filling increases with the ability
to colonize suitable habitat patches (as varioubaas have hypothesized for other plant
species, e.g. Honnay et al. 2002, Svenning & SKa@4p This suggests that conservation
measures should target the determinants of coltimizaability: local abundance, seed
dispersal, and the arrangement of suitable halbitgiart, this can be achieved by improving
habitat quality and optimising reserve design (Gogvlet al. 2003). To promote the
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colonization ability of the study species, it wWillithermore be important to remove dispersal
barriers created by farmland, roads, and smakl {i@hapter 2, Bond 1988). The maintenance
of colonization ability may become even more impottunder future environmental change:
if land transformation and climate change causeeased extinction of populations (Midgley
et al. 2002a, Latimer et al. 2004), the importaniceotonization will increase relative to the
importance ofin situ persistence (Higgins et al. 2003b). The speciest malserable to
increased rates of environmental change will besdghthat currently compensate low

colonization ability by high persistence ability.



54 Chapter 4 - Forecasting plant migration

4 Long-distance dispersal need not save species

threatened by climate driven range shifts

Abstract

In this study, | assess how climate change andatigyr ability will influence the range sizes
of 26 plant species in the year 2050. These foresaste made by combining process-based
models for seed dispersal and migration, and asedan an existing bioclimatic scenario.
For most of the species examined, the range siaedsts were robust, despite substantial
uncertainty in predicted migration rates. Althougiodel simulations predict some long-
distance dispersal for all study species and usenggtions that upwardly bias estimates of
migration ability, the median forecasts suggest tivae of the studied species will lose more
than half their current range and that two of thegecies have a future range size of zero.
These findings imply that climate change-integratmhservation strategies should not
exclusively rely on the intrinsic migration abiliyf plants, and that even optimal reserve

designs will not be sufficient to protect plantelisity from climate change.
4.1 Introduction

Future climate change may cause many speciesdppiar from parts, or all, of their current
ranges (Parmesan & Yohe 2003, Thomas et al. 2004|l8het al. 2005). Simultaneously,
new areas may become climatically suitable and trbighcolonized by migration (Fig. 4.1).
The fate of species facing climate change will ttutcally depend on their ability to migrate
to their future potential ranges (Thomas et al.£00huiller et al. 2005). Moreover, the
migration ability of plant species will have impant consequences for the response of the
terrestrial biosphere to global change (Pitelkaakt 1997). Despite the importance of
migration ability for projections of species lossdaclimate-vegetation feedbacks, global
models of these processes use only simplistic ghtgars of migration (Pitelka et al. 1997,
Cramer et al. 2001, Clark et al. 2003, Thomas €2@04, Thuiller et al. 2005). Here | show
that forecasts of plant migration can be improvgdcbmbining advances in process-based
models of long distance seed dispersal (Chaptdathan et al. 2002a, Tackenberg 2003) and
population-level migration (Clark et al. 2001a) eSifically, | predict the migration rates and

future range sizes that plant species can reajizadans of wind-driven seed dispersal.
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Fig. 4.1 Effects of climate change and migratiorligbon the future range size of a plant species Tap
shows range shift predictions f@rotea longifolia a species endemic to the Cape Floristic Regiabé¢l
2001, Midgley et al. 2002a). Purple areas are pdrtke current range from whidh longifoliais predicted to
go extinct by 2050 and dark green areas are panerenthe species is predicted to persist. For &dlp
migration simulation, the map furthermore showsgaf the potential range in 2050 tfatlongifoliacan reach

within 50 years (light green) and parts it canmatch (blue).

4.2 Methods

To generate range size forecasts | follow a threp-girotocol that describes processes
operating at the level of individuals, populatiomsd species, respectively (Appendix 3).
Step 1 of the protocol uses the dispersal paramefea species and parameters describing a
range of dispersal environments to simulate digpelistances of individual seeds. In step 2,
the resulting distribution of dispersal distancescombined with data on the population
dynamics of species (‘demographic parameters‘imalate population-level migration rates
(Clark et al. 2001a). In step 3, | use the obtaidisttibution of migration rates, data on the
current location of populations and a scenariothier future location of climatically suitable
areas to simulate the future range size of a spdEig. 4.1). All parameters describing the
dispersal and demography of species, as well asp#rameters describing dispersal
environments are empirically based (see Appendiced 3).
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The simulation design | used (Fig. A3.1) consideve imajor sources of uncertainty in
migration forecasts (Clark et al. 2003, Higginsakt2003b): parameter uncertainty (arising
from incomplete knowledge of species parameters) imherent uncertainty (caused by
stochasticity in the migration process). While paeter uncertainty can be reduced by
collection of additional data on species parametigiserent uncertainty is irreducible. |
included parameter uncertainty by repeatedly sitmgathe protocol described above with
species parameters sampled from their empiricalyvdd distributions. Inherent uncertainty
was incorporated in these simulations as stochiystic dispersal environments, in the
dispersal of individual seeds, the migration of ydapjons and the expansion of species. To
implement this extensive simulation design | sirteda for each species, the dispersal &f 10
seeds in 1bdispersal environments, and generated Bxbpulation-level migration rates as

well as 100 range size forecasts.

The forecasts are based on several assumptionsitialtfy model structure: (1) dispersal is
not limited by areas impermeable to seed movem@t,all sites encountered during
migration are suitable for establishment (i.e. @feof habitat fragmentation or limiting
environmental factors are ignored), (3) migratimgpylations are large, and (4) migration is
not limited by Allee effects (e.g. through pollirat failure). These assumptions cause an
upward bias in predicted migration rates (Kot etl@B6, Collingham & Huntley 2000, Clark
et al. 2001a, Higgins et al. 2003c). Consequerttlg, forecasts presented here can be
interpreted as upper limits of migration abilities.

The plant species to which | apply the forecastquuit are endemic to one of the world's
‘biodiversity hotspots’, the South African Caperistic Region (CFR) (Myers et al. 2000).
The CFR harbours an exceptional richness of vasqléarts and is predicted to undergo
substantial aridification within the next decad&stHulze & Perks 2000). For this study |
selected 26 species of nonsprouting ProteaceaeC(sapter 1) that belong to three genera
(Aulax, LeucadendronProteg. Several factors make these species well-suitesdudy plant
migration in response to climate change: (1) theirent distribution is known in exceptional
detail (the Protea Atlas Database holds 69293 dscof the study species, Rebelo 2001); (2)
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bioclimatic model$ predict their potential ranges in 2050 under tirmate change scenario
HadCM2n (Fig. 4.1, Midgley et al. 2002a); (3) trplasmt experiments with two of the study
species confirm that climate limits recruitment @edicted by these bioclimatic models
(Agenbag et al. 2004); (4) the time lag betweemate change and consequent population
extinction is likely to be short, since the stughesies have non-overlapping generations that
are linked only by recruitment from seeds (ChagteBond et al. 1995, Rebelo 2001); (5)
seeds of the study species are predominantly wispedsed (Chapter 1, Bond 1988, Rebelo
2001) and wind dispersal is well described by psedeased models (Chapter 2, Nathan et al.
2002a, Tackenberg 2003).

To predict wind dispersal, | combine two of thesedsls that simulate airborne seed
movement (Tackenberg 2003) and subsequent moverueg the ground surface (Chapter
2). The species-specific parameters contained setbespersal models (Table A3.1) describe,
amongst others, distributions of seed release heaglad terminal seed falling velocity
(Tackenberg 2003). Dispersal environments (Table A& represented by parameters such
as aerodynamic roughness length and high-resoltitt@nseries of wind vectors (Tackenberg
2003).

The demographic parameters considered in the nogratiodel are generation time and net
reproductive rate (Table A3.2, Clark et al. 200IH)e empirical determination of these
parameters is facilitated by the fire-dependertdijcle of the study species (Chapter 1, Bond
et al. 1995). Their generation time is equal torétarn interval of stand replacing fires (Bond
et al. 1995), which can be estimated from long-tBrenrecords. Net reproductive rate can be
estimated as the ratio between densities of postiecruits and pre-fire adults, since
generations do not overlap and interfire mortatifyestablished plants is low (Bond et al.
1995). | used recruit:adult ratios collected in J%pulations of 25 species (Schutte-Vlok,
Bond & Cowling,unpublished dafato parameterize the migration simulations.

! Bioclimatic projections for the study species emenparatively benign (Midgley et al. 2002a): conplenge
dislocations are expected for only three of thes@écies (12%). In comparison, complete range dititmts are
predicted for one third of the total of 330 Proese species for which bioclimatic projections hbgen made
(Midgley et al. 2002a).
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4.3 Results

Population-level migration rates generated by tlwleh simulations differ largely between
species (Fig. 4.2): median predictions range fraght6 19140 m/yr. Thus, differences in
demographic and dispersal parameters can caugeMarigtion in migration rates even within
an apparently homogenous group of predominantlydwiispersed species. For all species
there is substantial uncertainty in the predictegration rates (Fig. 4.2). In most species, a
large part of this uncertainty is inherent and eirceduciblé. This suggests that there is

limited potential for improving migration rate fa@sts by collection of additional data on

species parameters (Clark et al. 2003, Higgins €083Db).
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Fig. 4.2 Predicted rates of wind-driven migrati@an 26 species of South African Proteaceae. Horadimtes
show the median predicted migration rates of a [atijom, and boxes span the range between the 5%hand

95% quantile of migration rate simulations thatorporate parameter and inherent uncertainty. Noé t

migration rates are plotted on a log scale.

% To quantify the effect of inherent uncertaintyepeated the migration simulations with speciesmaters held
constant at the respective point estimates (seewip 3). For individual species, the resulting 968afidence
intervals comprised 18% to 85% of the respectivefidence intervals generated by parameter uncéytaimd
inherent uncertainty. For 21 of the 26 study spetties ratio of confidence interval widths was gee®0%.
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Fig. 4.3 Climate driven changes in range size ptedifor 26 species of South African Proteaceaer&vbar
size represents the potential range in 2050 unéésciimatic scenario (Midgley et al. 2002a). Dayleen bars
show the proportion of this range already occupigd species, light green bars the median predjmtggortion
a species can reach by wind-driven migration wiiinyears, and blue bars the median predicted piopdhat
cannot be reached. Dark and light green bars tegétidicate median range size forecasts. Whiskzaa the
range between the 5% and the 95% quantile of rasige forecasts that are generated by simulations

incorporating parameter and inherent uncertaintiyrs3ndicate current range size.

The study species do not only differ in migratiotesabut also in the ability to cover their
future potential range. For 11 species, the mefhegcast range fills more than 95% of the
potential range in 2050 (Fig. 4.3). This suggest# tthese species possess effectively
unlimited migration ability as assumed by some dyigaglobal vegetation models (Pitelka et
al. 1997). However, this result has to be treateél waution because the model assumptions
upwardly bias migration forecasts. Despite this aglbias, the median forecasts suggest that
migration ability limits the future range size dietremaining 15 species. Eight of these are
predicted to reach less than 5% of the newly abklpotential range, which means that they
will be largely restricted to those parts of theurrent range where they can persist over the
next 50 years. The limited migration ability of tbhespecies will make them particularly
vulnerable to climate change. For several spetiesuncertainty in range size forecasts is

remarkably low (Fig. 4.3), despite the large uraiety in migration rate forecasts (Fig. 4.2).
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This is because these species either cover moshenf tuture potential range in most
simulation runs or because they mostly fail to heany new sites. Thus, for a given
bioclimatic scenario, future range sizes may batingly predictable even if migration rate

forecasts are uncertdin

When comparing median range size forecasts to muramge sizes, | predict that range size
will decline for 15 of the 26 study species and thae species will have future range sizes
that are less than 50% of their current range gizZigs 4.3). Species experiencing such severe
range reductions may be '‘committed to extinctiseahéurhomas et al. 2004) even though the
guantitative link between range reduction and exiom risk is unclear (e.g. Thuiller et al
2004). This lack of clarity appears irrelevant foe two study species that have forecast range

sizes of zero — for them extinction seems inevitabl

The predicted range reductions are little affectggpérameter and inherent uncertainty. For
10 species the 95% quantile of the forecasts oféutange size falls below the current range
size (Fig. 4.3). That is, these species experieanger losses ik 95% of all simulations.
Similarly, five species undergo severe (>50%) rarggictions irn> 95% of all simulations.
One specieslLeucadendron modestynmas a forecast range size of zero in 98% of all

simulations.
4.4 Discussion

The finding that predominantly wind-dispersed speaan have limited potential for wind-

driven migration is noteworthy with respect to et research on long-distance seed
dispersal by wind. Recent studies suggest that wardtransport seeds over long distances
even in species lacking apparent adaptations fod wispersal (Nathan et al. 2002a, Higgins
et al. 2003a). The dispersal simulations do notreglitt these earlier results, in that the
model predicts some long-distance dispersal fostaitly species (the maximum of the® 10

seed dispersal distances simulated per speciealwags greater than 1 km). Yet, these long-
distance dispersal events are often too infregteegenerate rapid range expansion in a few

generations. This means that even plant specieshathotential for occasional long-distance

% Note that bioclimatic projections are based on @®that have their own sets of uncertainty (e.gilln et al.
2004).
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dispersal by wind may migrate too slowly to keegckrwith climate driven shifts in potential

ranges.

The results of this study have important implicasidar the formulation of climate change-
integrated conservation strategies. It has beegestigd that such strategies should focus on
the establishment of 'migration corridors’, netvgodf conservation areas that facilitate the
migration of species to their future potential remgHannah et al. 2002, Cowling et al. 2003,
Araujo et al. 2004, Williams et ailh pres3. At best, such corridors will provide conditions
similar to the ones assumed in this study: contisustretches of suitable habitat without
barriers to dispersal. The protocol presented hemebe used to identify the species with high
migration potential for which migration corridorsimbe crucial. However, the results of this
study also suggest that a number of plant spediksnigrate too slowly, even in migration
corridors. These species might only be conservedatnre by assisted introduction to their
future potential ranges (Huntley 1991). The prattcal ethical challenges of such assisted

introductions need to be brought into the forefrainthe conservation-climate change debate.



62 Chapter 5 - General Discussion and Outlook

5 General Discussion and Outlook

This final chapter has three parts. First, | sumpeatihe basic methodological and ecological
findings of this thesis. | then discuss the impglmas of these results for the conservation of

Cape Proteaceae. Finally, | suggest some direcliooriarther research.

5.1 Ecological and methodological findings

Methodological findings

The studies presented in the previous chapters @paide range of scales and hierarchical
levels: from the movement of individual seeds abrsttemporal and small spatial scales
(Chapter 2) to the biogeographical dynamics of igseat large timescales (Chapters 3 and 4).

The upscaling of ecological models is a complex rpntge (Levin 1992). | therefore
proceeded in a stepwise manner: In Chapter 2, eEldped a process-based model that
describes wind-driven seed movement along the grsurface at a high spatial and temporal
resolution. This model was tested in a field experitmn which | released seeds that cover
the range of seed sizes and seed morphologiesatyfc serotinous Proteaceae. The
experiment successfully validated the model atesceglevant for long-distance dispersal. In
Chapter 3, | therefore combined this model with@lel for primary seed dispersal by wind,
data on local abundance, and a bioclimatic modetalgulate the colonization ability of
Proteaceae. This colonization variable explainetaifgcant part of the variation in range
filling, which suggests that the combined dispersatiels predict long-distance dispersal at a
scale relevant for biogeographical processes. Heinc€hapter 4, | used these dispersal
predictions together with data on population grow#tes and bioclimatic range shift

predictions to forecast the future range of Prataacspecies.

The use of process-based models enabled me to ovatepthe uncertainty that arises at
various hierarchical levels in a transparent wayg.(R3.1). Similar to Clark et al. (2003), |
found that forecasts of population-level migratiates involve a large amount of inherent
uncertainty (Fig. 4.2). However, when taking thésecasts one step further and comparing
migration rate forecasts to predictions of bioclilmaange shifts, | obtained a different result:
forecasts of future range size (Fig. 4.3) are les®rtain than predicted migration rates. Thus,
informative forecasts on the future distribution mant species can be made despite the

uncertainty inherent in migration rate forecasts.
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The results of this thesis suggest that processdbaséels can help to understand and predict
the spatial dynamics of plants at various scaldwge that the presented models for seed
dispersal, colonization and range dynamics will useful additions to the toolbox of
ecologists.

Ecological findings

Model simulations suggest that the joint actiopiary and secondary wind dispersal may
occasionally disperse the seeds of all study spemier more than 1 km (Chapter 4). This
agrees with simulations of primary wind dispersaick found that even species with traits
unfavourable for airborne seed movement may ocoabjobe dispersed over long distances
(Nathan et al. 2002a, Higgins et al. 2003a, Tackenbeal. 2003). However, ttmountof
long-distance dispersal differs strongly betweem tRAroteaceae species studied here
(Chapter 2, Table A2.1). Again, this is in accordamdth other studies that demonstrated
pronounced interspecific differences in the quardftiong-distance seed dispersal (Nathan et
al. 2002a, Tackenberg et al. 2003). These resulte maplications for the ecological and
evolutionary view of seed dispersal. Models for dwelution of dispersal distance typically
assume that dispersal kernels are completely detedrby species traits (e.g. Ezoe 1998,
Hovestadt et al. 2001, Rousset & Gandon 2002)ohtrast, parts of the ecological literature
tend to downplay the importance of species trads lbng-distance dispersal, while
emphasizing the importance of chance events (Ritetkal. 1997). Truth is likely to lie in
between these extremes points of view: species-traifect the probability that rare
environmental conditions lead to long-distance s#splersal.

Interspecific differences are also manifest in gredicted ability of the study species to
colonize suitable habitat patches (Fig. 3.3) andhigir migration ability (Fig. 4.2). The
predicted colonization ability, together with a e of persistence ability, explains
variation in the biogeographical range filling afoReaceae (Fig. 3.3). This suggests that the
study species have metapopulation-like range dycgcharacterized by the colonization of
habitat patches and the local extinction of popotest In contrast, range filling is not
influenced by a measure of the study species' @oolry age (Fig. 3.4). This might indicate
that occupation of the potential range proceeds faster pace than speciation. The forecast
migration rates of many study species are neveskelower than the rapid rates at which
their potential ranges are predicted to be shiftgclimate change (Chapter 4). The future
range size of these species is thus likely to iné@dd by their migration ability (Fig. 4.3). In
summary, the findings of this thesis suggest tlédrization and migration limit the large-
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scale distribution of Proteaceae. This lends suppmorthe revived appreciation of long-
distance dispersal as an important determinantagfelographical distributions (Mufioz et al.
2004, de Queiroz 2005).

5.2 Implications for conservation

Colonization and migration are predicted to be ingoa for the future viability of Proteaceae
in the face of habitat destruction and climate gea(Chapters 3 and 4). In the following, |
discuss how conservation strategies could target dbterminants of colonization and
migration: offspring production, generation timendi-distance seed dispersal, and the spatial
arrangement of suitable habitat. In particularrdgmse a simple conceptual model (Fig. 5.1)
that describes how the viability of the study speaepends on fire regime - the standard tool

of conservation management in fynbos.

A decrease in generation time increases the numbegenerations per unit time, thereby
increasing colonization and migration rates (Clarlal. 2001a). Since the generation time of
the study species is determined by fire intervad.(b.1A; Chapters 3 and 4), a shortening of
fire intervals could promote colonization and migra. However, fire interval also affects
reproductive rates (Fig. 5.1A): if fire intervalseavery short, populations cannot produce
canopy seed banks (Fig. 1.1). As fire interval éasies, seed reserves will build up until they
reach a saturation level. Finally, if fire intersare too long, seed reserves may collapse due
to the senescence of populations (Bond 1980). ®inse fire interval simultaneously affects
generation time and reproductive rate, its effectime viability of serotinous Proteaceae is

unlikely to be monotonous (Fig. 5.1A).

Long-distance seed dispersal can be promoted bywiaghdispersal barriers. As discussed in
Chapter 2, an increase in fire size will promote kbng-distance dispersal of at least some
serotinous Proteaceae (Fig. 5.1B). However, lairgs falso carry a risk for Proteaceae with
metapopulation-like dynamics: large fires will spingnize the dynamics of local populations
(Fig. 5.1B), which may decrease metapopulationiligife.g. Johst & Drechsler 2003). Due
to the opposing effects of fire size on long-disedispersal and population asynchrony, one
might therefore expect a unimodal relationship leetw the metapopulation viability of

Proteaceae and fire size (Fig. 5.1B).
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Fig. 5.1. A conceptual model for the effect of fiegime on the viability of serotinous Proteacdas face
habitat destruction and climate change (see texddtails). The model considers three aspects@fdigime: the
interval, size and season of fires. Each of thepedds has opposing effects on two demographic djiggnfthin
curves) that positively affect the viability of spes. The bold curves indicate the qualitative oesg of
viability to changes in these quantities. A) Effecotdire interval on reproductive rat&{) and the number of
generations per unit timeG(At) B) Effects of fire size on the scale of long-dista dispersallf) and the
asynchrony in local population dynami@y.(C) Effects of fire season on reproductive rédg and the scale of

long-distance dispersdDj.

The scale of dispersal also depends on the lengtheoperiod between fire and the first

effective rainfall (see Chapter 2). This period wilh average, be longest for fires occurring
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in late winter. Thus, long-distance seed dispersaldcbe promoted by burning in the right
season (Fig. 5.1C). However, fire season simultasigoaffects reproductive rates (Fig.
5.1C): it has been shown that local recruitmentreses with the time between fire and
rainfall (Bond 1984). This may in part result frontieased dispersal (Bond et al. 1984), but
it also seems due to rodent predation (Bond 198d)saed decay (Musil et al. 1998).

Clearly, colonization and migration ability of Peaceae can also be promoted by measures
other than fire management. For instance, the woffggroduction of sparse populations can
be enhanced by increasing population density. iitag be achieved by the clearing of alien
plants that invade the habitat of certain Proteasgeecies (Latimer et al. 2004). Moreover,
the reproductive output of Proteaceae populatiangdcbe increased by decreasing levels of
wildflower harvesting (Maze & Bond 1996). In facglonization and migration may be more
sensitive to wildflower harvesting than local ratnent. This is because the frequency of
long-distance dispersal events is expected to aserenonotonously with offspring production
(Clark et al. 2001a), whereas local recruitment megch saturation or may even decline as
offspring production increases. Thus, the relativdiyh levels of wildflower harvesting that
seem sustainable at the local scale (85% infloresceemoval foProtea neriifolia Maze &
Bond 1996), may lower colonization and migratiotesato critical levels if applied at large
scales. All measures targeting population size @fspring production should acknowledge
that the relationship between these quantitie®isiacessarily monotonous: the reproduction
of some Proteaceae species shows overcompensatisgyddependence, so that high levels
of recruitment in one generation result in low tetnent in the next generation (Bond et al.
1995).

The spatial arrangement of suitable habitat affeotenization and migration ability. The

viability of species may therefore be increasedcbgservation planning that optimizes the
amount of suitable habitat and its spatial arrareggmro facilitate migration in response to
climate change, the Cape Action Plan for the Envitent (CAPE) explicitly considers the

protection of upland-lowland and macroclimatic geats (Cowling et al. 2003). More

specifically, efforts have been made at optimiziegerve design with the aim of creating
corridors for the future migration of Proteaceasllfg¥ns et al.in press see Chapter 4).

In summary, the colonization and migration of Paoctme can be enhanced by improving
local habitat quality, and optimizing fire managetand reserve design. The use of these
conventional conservation tools may be optimizedmmans of simulation models that are
more detailed than the ones presented in thisshEswever, even under optimal conditions
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some Proteaceae species may migrate too slowlycape climate-driven extinction (Chapter
4). It seems thus necessary to develop novel ceaisen strategies. One of these strategies
would be the assisted introduction of species & filuture potential ranges (Chapter 4). Such
introductions might be feasible for the Cape Prodea that are endangered by climate
change. Still, with more than 6000 plant specietearic to the Cape Floristic Region (CFR),
it appears difficult to identify and translocaté thle species that are critically endangered by
climate change. Given these prospects, it seemsopaygte that a program is currently
underway that aims at storing parts of the CFR'®te richness in a 'DNA bank' (Savolainen
& Reeves 2004). An effective measure to presereeGhape Flora in the wild would be to

reduce rates of anthropogenic climate change (Thanhal. 2004).

5.3 Directions for further research

Here, | will sketch some directions for further e@asch that go beyond the research

perspectives proposed in the previous chapters.
Functional ecology of seed dispersal

Comparative analyses of process-based dispersalagions can be used to address a number
of questions on the functional ecology of seedatis@: (1) To what extent is the proportion
of seeds dispersed over a certain distance caedrdbly species traits as compared to
environmental conditions? (2) Does the amount aftrod exerted by species traits differ
between short- and long-distance dispersal? (3)ckVispecies traits are important for
determining different properties of the dispersafriel (such as the median and the 99%
guantile of dispersal distance)? (4) How flexibte dispersal kernels, e.g. how strong is the
interspecific correlation between different propestof the dispersal kernel? Various authors
have recently used process-based seed dispersalsiocexamine aspects of these questions
(e.g. Nathan et al. 2001, 2002a, Tackenberg 200%ehaerg et al. 2003, Higgins et al.
2003a, Soons et al. 2004). However, these stugiesally used either a limited set of species
or a limited set of environmental conditions. Resoff the extensive full-factorial simulation
design used in Chapter 3 (37 Proteaceae speci€¥80l1environmental conditions, see

Appendix 2) can be used to approach the aboveiqunesh a more comprehensive fashion.

Process-based models can also help to unravel @hetig basis of seed dispersal. They
identify phenotypic determinants of seed disperted,basis of which can then be examined
in (quantitative) genetic studies. The current kiesalge on the genetic determination of

dispersal-relevant traits is still limited: Imbg€R001) measured the narrow-sense heritability
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of the proportion ofCrepis sanctaachenes that have a pappus and are presumably well
dispersed. In a more detailed analysis, Liljegreale(2000, 2004) elucidated the molecular
regulatory networks underlying pod opening Anabidopsis thaliana By combining such
genetic and molecular biological information withganism-level dispersal models, it may
ultimately be possible to construct process-basedets that describe how a plant's genotype
affects seed dispersal. These models would foamest be useful for better understanding the

evolutionary dynamics of seed dispersal (see nasegraph).
Evolution of seed dispersal

A number of models have recently been developedesrribe the evolution of dispersal
distance as a function of life history, populatibynamics, and environmental factors (Ezoe
1998, Savill & Hogeweg 1998, Hovestadt et al. 20@drrell et al. 2002, Rousset & Gandon
2002, Muller-Landau et al. 2003). So far, the prediis of these models are largely untested.
The sprouter-nonsprouter dichotomy in serotinouseeae offers an opportunity for testing
some of these predictions by means of comparatedyses: molecular phylogenies suggest
that sprouting species have repeatedly evolved fronsprouting ancestors (Reeves 2001, G.
Reevesunpublished data and the two strategies differ in life history dapopulation
dynamics (see Chapter 1). Evolutionary models ptetat these differences should lead to
increased long-distance seed dispersal in nonsgWEirst, by spreading its offspring over a
larger area, a nonsprouter plant reduces the pildapahat all offspring are killed by a fire
before they have become reproductively mature (\'éne&995). A nonsprouter genotype
with such a spatial risk-spreading strategy shdwdde lower variance in reproductive
success, which may increase its geometric meantignate and thereby its long-term fitness
(Venable & Brown 1988). Second, higher rates ofybaion extinction should select for
increased dispersal ability in nonsprouters (Comeinal. 1980, Gandon & Michalakis 2001).
As a result of both selective pressures, the seédsonsprouters should have a higher
probability of long-distance dispersal than thedseef sprouters - given that long-distance
seed dispersal has a heritable component and £aoniee costs. This prediction can be tested
with a comparative analysis of the simulation resspresented in Chapter 3. If data were
available on the reproductive success of indivicg@écies, it could furthermore be tested

whether long-distance dispersal indeed has reptiv@uoosts.
Macroevolutionary dynamics

Quantitative descriptions of long-distance seegetisal could serve to test models on the
macroevolutionary dynamics of plants, and the ssvas Proteaceae may be a suitable
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system for such tests. Cowling & Lamont (1998) psmmb a simple model for the
macroevolutionary dynamics of Proteaceae: theyestgd that speciation occurs through the
geographical isolation of populations, so that siem rates are higher in lineages with non-
overlapping generations (nonsprouters) and limigethe flow through seed and pollen
dispersal. A simple test for the effect of seegelisal on speciation would be to compare
speciation rates (estimated from molecular phylegnbetween lineages with poorly-
dispersed (winged) seeds and lineages with wetledsed (plumed or parachute) seeds (see
Chapter 2). More sophisticated analyses could belwded with the help of statistical
methods that reconstruct ancestral character s(il@wvey & Pagel 1991): such analyses
could not only be used to test how the scale ofl skepersal affects speciation, they would
also be useful for estimating effects of persistetype and the scale of pollen dispersal (the
latter would require quantitative data on intersfi@wariation in pollen dispersal distance).
Finally, such analyses could serve to assess hewsliape of the seed dispersal kernel
influences speciation: species with exponentialpurided kernels spread as continuous
fronts, whereas species with fat-tailed kernelsnfautlying populations that remain isolated
until they eventually coalesce with the spreadirantf (e.g. Clark et al. 1998). Therefore,
lineages with fat-tailed seed dispersal kernels nb@y more likely to form isolated

populations, and may consequently have higher apegirates.
Extending the domain of models for demographic pees

Process-based models for seed dispersal and populspread have proven useful for
predicting the wind-driven migration of plant spesin response to climate change (Chapter
4). These and similar models could also be appliefitably to forecast the invasion of alien
plant species (Hastings et al. 2005) and the sprégénetically modified crops (Klein et al.
2003).

At present, the application of process-based mofiglseed dispersal is limited by their
restricted domain: models exist only for seed mosainiby wind and to some extent for seed
movement by animals (see Chapters 1 and 2). Thisetindomain could be extended by
developing a model for seed dispersal by watautochory, a process similar to secondary
seed dispersal by wind. It may also be feasiblentalel some aspects of seed dispersal by
human activities Hemerochory for instance, dispersal through motor vehiclesild be
predicted by combining measures of seed retentionehicles with information on traffic

flow. Furthermore, it will be necessary to formelahodels for the joint action of several
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dispersal processes (a first step towards this lg@been taken by the integration of primary

and secondary wind dispersal in Chapters 3 and 4).

A promising direction is the combination of procéssed dispersal models that describe
immigration and emigration with process-based nmodel the two other demographic
processes: birth and death. Recently developed Isvag®e a description of fundamental
metabolic processes to predict - amongst othemtes rof individual mortality and population
growth (Brown et al. 2004). Moreover, models arevravailable that describe the local
dynamics of plant populations from a representatibphysiological processes (Reineking et
al. in presg. These models might for instance be useful foiviey process-based rather than

phenomenological descriptions of bioclimatic potmanges.

Generic process-based models for demographic meseadfer the possibility to forecast the
effects of environmental change for large numbérspecies (see Chapter 4). This requires
that measurements of the relevant traits are dlaifor many species. Some of these traits
are already included in large functional trait thaises that are currently being established
(Bonn et al. 2000, Knevel et al. 2003, Poschloale2003, Kihn et al. 2004). Ideally, the
establishment of these trait databases should gd I hand with the development of
process-based demographic models. This will guagatitat the databases provide the
optimal empirical basis for forecasting the dempgra response of species to environmental
change. To maximize the value of trait databasescémservation, it will furthermore be
important to ensure that they cover the geographegions and the species that are most
affected by environmental changes.

Conclusions

The results of this thesis add to a functional ustdeding of seed dispersal and
biogeography, help to predict the future range dyina of plants, and may prove useful for
other areas of ecology, evolutionary and consesmdiiology. In a broader context, models of
demographic processes that are based on firstiplescof biology, chemistry and physics
hold promise for the future development of ecold®@rown et al. 2004). Clearly, the
applicability of these generic models will be liedt they inevitably ignore much of the
individuality that is the 'most striking, intrinsand inspiring characteristic' of populations and
communities (Simberloff 1980). Still, to protecighdiversity in the face of environmental
change, it is important to make ecological foreza&lark et al. 2001b), and generic

demographic models may prove to be essential fertaisk.
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Summary

Seed dispersal affects the rate at which plant latipas colonize unoccupied habitat, and the
speed at which plant species migrate. In this $hdsiaim (1) to better understand seed
dispersal processes, (2) to investigate the coresegs of dispersal for the geographical range
dynamics of plants, and (3) to forecast the funanege size of plant species under climate
change. To this end, | developed process-based méateteed dispersal, colonization and
range dynamics. These models were parameterised ewmthirical data for serotinous
Proteaceae endemic to the Cape Floristic RegioutliSafrica). The study species are woody
plants with a canopy seed bank and predominantiglispersed seeds.

To better understand the seed dispersal of thesgespé formulated a process-based model
for secondary seed dispersal by wind (the windeatrimovement of seeds along the ground
surface). This model was successfully validated ifrelal experiment in which | released
seeds of 7 species that cover the range of seed aimd seed morphologies typical of the
studied Proteaceae. The model predicts a unimotiiomship between dispersal distance
and seed size. This indicates that the ecologigaaguences of secondary seed dispersal by
wind are qualitatively different from those of arbe seed movement.

To investigate the consequences of seed dispersire-scale range dynamics, | derived a
model of habitat colonization that links seed dispemodels to data on local abundance and
habitat arrangement. This model was used to estinta® colonization ability of 37
Proteaceae species. | found that the extent tohathiese species fill their potential ranges
increases with colonization ability, decreases wile extinction probability of local
populations, and is not related to a species’ ¢&oolary age. This suggests that colonization
and local extinction shape the range dynamicsesthdy species on ecological timescales.

To forecast how climate change and migration abin} influence the range sizes of 26
Proteaceae species in the year 2050, | combinaskgsebased models for seed dispersal and
migration with an existing bioclimatic scenario. s simulations indicate that informative
forecasts of future range size can be made deHmtesubstantial uncertainty inherent in
forecasts of population-level migration rates. Aligh the simulations predict some long-
distance dispersal for all study species and usangstions that upwardly bias migration
estimates, they forecast that several speciesewiérience severe range losses or go extinct.
This suggests that climate change-integrated coasenvstrategies should not exclusively
rely on the intrinsic migration ability of plantsnevertheless identify conservation measures
by which colonization and migration rates of Progse may be enhanced.

The results of this thesis add to a functional ustaeding of seed dispersal and
biogeography, help to predict the future range dyina of plants, and may prove useful for
other areas of ecology, evolutionary and consesmdiiology.



72 Zusammenfassung

Zusammenfassung

Die Ausbreitung von Diasporen beeinflusst die Rateif der Pflanzenpopulationen
unbesiedeltes Habitat kolonisieren, und die Gesuthgkeit, mit der Pflanzenarten wandern.
Ziel der vorliegenden Arbeit ist es, (1) Ausbreitspgzesse von Diasporen besser zu
verstehen, (2) die Konsequenzen von AusbreitungdférArealdynamik von Pflanzen zu
untersuchen und (3) die zukinftige Arealgrol3e vdtanRenarten unter Klimawandel
vorherzusagen. Zu diesem Zweck entwickelte ich peimeserte Modelle fur
Diasporenausbreitung, Habitatkolonisierung und Aiwsamik. Parametrisiert wurden diese
Modelle mit empirischen Daten fir serotine ProteacArten - endemische Gehdlzpflanzen
der sudafrikanischen Capensis-Region, die eine érsmmenbank haben und deren
Diasporen vorwiegend windausgebreitet sind.

Zum besseren Verstandnis der DiasporenausbreituagerdiArten entwickelte ich ein
prozessbasiertes Modell fir Chamaechorie (die vatrdghene Diasporenbewegung entlang
der Bodenoberflache). Erfolgreich validiert wurdesdis Modell in einem Freilandexperiment
mit 7 Arten, deren Diasporen die fur die untersant®roteaceen typische Variationsbreite in
DiasporengrofRe und -morphologie abdecken. Das NMaadgjt eine unimodale Beziehung
zwischen Ausbreitungsdistanz und Diasporengrof3ehevor Damit zeigt es, dass
Chamaechorie sich in ihren 6kologischen Konsequegelitativ von der windgetriebenen
Diasporenausbreitung durch die Luft unterscheidet.

Zur Untersuchung der Auswirkungen von Diasporenaihrg auf die Arealdynamik von
Proteaceen formulierte ich ein Modell fur Habitdtkosierung, das Ausbreitungsmodelle mit
Daten zur Populationsgré3e und Habitatverteilurmgnigoft. Mit diesem Modell schatzte ich
die Kolonisierungsfahigkeit von 37 Proteaceen-Arear Anteil des potentiellen Areals, den
diese Arten ausfiullen, steigt mit der Kolonisiersfédnigkeit, sinkt mit der
Aussterbewahrscheinlichkeit lokaler Populationend ugeigt keine Beziehung zum
evolutionaren Alter der Arten. Demnach scheinenok@ierung und lokales Aussterben die
Arealdynamik der untersuchten Arten auf 6kologiscBeitskalen zu pragen.

Zur Vorhersage der Effekte von Klimawandel und Wandgsfahigkeit auf die Arealgré3en
von 26 Proteaceen-Arten im Jahr 2050 entwickelte a;n prozessbasiertes Modell, das
Modelle fur Diasporenausbreitung und Populationglgamng mit einem existierenden
bioklimatischen Szenario kombiniert. Die Modellsiationen zeigen, dass - trotz erheblicher
Unsicherheit in den vorhergesagten Wanderungsratem Populationen - informative
Vorhersagen uber zukinftige Arealgrof3en madglicld.sidas Modell simuliert fur alle Arten
Fernausbreitung und trifit Annahmen, die Wanderusigs tberschatzen. Trotzdem sagt es
vorher, dass mehrere Arten starke Arealverlusedah oder gar aussterben werden. Dieses
Ergebnis legt nahe, dass Strategien zum Naturscimiéz Klimawandel nicht ausschlief3lich
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auf das intrinsische Wanderungsvermogen von Pftarssdzen sollten. Ich zeige dennoch
Schutzmassnahmen auf, mit denen Kolonisierungs- Wiadderungsraten von Proteaceen
erhoht werden kénnen.

Die Ergebnisse dieser Arbeit tragen zum funktiomelferstdndnis von Diasporenausbreitung
und Biogeographie bei, helfen die zukinftige Argaltmik von Pflanzen vorherzusagen und
konnten sich als nitzlich fir andere Gebiete derol@ke, Evolutions- und
Naturschutzbiologie erweisen.
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Appendix 1 - Aggregation of the process-based model for

secondary seed dispersal by wind

The aggregated model version describes secondany dvepersal as a process alternating
between periods of seed movement between obstadésperiods of seed retention at
obstacles. Probability distributions are used tecdbe the length of movement periods) (
and retention period<j. In the following | derive distributions ¥l andR, and show how
they can be used to efficiently simulate seconaangd dispersal. In deriving distributions of
movement and retention periods, | assume that dbestdave a circular basal area and are
arranged randomly. Note, however, that for arbjt@stacle shapes and patterns, empirical

density functions oM andR can be generated by means of simulations.
Distribution of movement times

For a seed with lift-off velocity, | consider only those intervals in which the wiredocity

is high enough to move the seed in the absencbstadesT,,;, the total time in which seed

movement is possible, is the sum of these intenafsl U the set of wind vectors

pot ?

considered, is

U ={00)] [00)20,.

The duration of an individual movement periag,can be approximated by

m= (Eg. A1.1),

< |—

) andl is

whereV is the average speed of seed movement (approxiraatdte mean qﬂ oot

the free path between two consecutively encountetestacles. To derive a parametric
distribution ofl, | assume that (i) while moving between two obstathe seed follows a
straight line, (ii) obstacles have circular bagsalaa with diameteo, (iii) | is typically much
larger thano, and (iv) the obstacle centres have a complefedyialy random distribution
with densityd. Under these assumptions, the number of obstacte®d encounters per unit
distance is described by a Poisson prodessthus equivalent to the waiting time between
two successive events of a Poisson process whitdw an exponential distribution. The
rate of this exponentialj, is the obstacle encounter rate, that is the dégdecumber of
obstacles a seed encounters while moving alongeaoli unit length. A seed with diameter
can interfere with those obstacles that have cetss thand + s)/2 away from either side of

the seed centre's trajectoryplb) is the PDF ob, the obstacle encounter rate is
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A :dT(o+s)p(o)do:d(5+s),

whereO is the mean diameter of obstacles.
Distribution of retention times

Imagine seeds positioned randomly relative to eutar obstacle. Those seeds that encounter
the obstacle at tim& are deposited along the windward half of the atstperimeter. |
describe the location of a seed on this semicbigléhe anglewbetween the obstacle tangent
in that location and the wind directiar{to) (0 < w< 77, compare Fig. 2.1A). The cumulative

density function (CDF) of initial seed locationstla¢ obstacle is then

O(a)) :%—%cos(w) forO <w<m (Eq. A1.2).
According to Eqg. 2.10, a seed situated at an olestatnoved if

‘U (t +t)(2 Ui _ Ui
00T eodw+ aft,)—alt, +1)]  foodw-aalt L))’

whereAa(t, to)=a( to+t)-a(to) is the change in wind direction betwegrandty+t. It follows,

that in any time step, a seed is retained by tistacke if its locatiorw fulfils whin < W< @Whax

with

T . Uliﬁ
w. . \t,t.)=Aalt,t, )+——arcsin ——— | and
mln( 0) ( O) 2 {‘Upot(t0+t)d

w,.(tt)=Aalt,t,)+ IET + arcsir{u—'“} .

‘U pot (tO +t)‘
From time series ot (t.t,) and ;. (t.t,) one can calculaté,, (t.t,) and 8, (t.t,). the

lower and the upper limit of the locations of theseds deposited inthat are still retained at
tott. Gnin is the cumulative maximum athin, and Gnax is the cumulative minimum odunax.
With Eq. A1.2 one can calculate the probabilitytthaeed deposited at an obstacle at tyme

is still retained after a period of length
R, (r 2t)= 0(6a,{t.to)) - O (t.t))-
The empirical CDF of retention time is thus

P.(r<t)=1-P,(r 2t).
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| estimate a CDF oR that is representative &f;x and U__ by averaging these empirical

pot
CDFs for a larger number of start timgs(l used 100 equally spaced start times). In the
presented simulations, this average CDF was typicidtted very well by a Gamma
distribution (fitting was done by nonlinear leasjuares, R package NLS). | used this
parametric description to simulataf Tp:> 10 S. Otherwise, was simulated directly from

the average CDF.
Simulating secondary wind dispersal

Let Taun(K) be the time elapsed aft&rpairs of movement and retention periods, and let

TmovdK) be the sum of these movement periods:

T,k +1) =T, (k)+m+r (Eq. A1.3), and

sum

Tmove(k + 1) = Tmove(k) + m (Eq A14)1
wherem andr are random numbers drawn fravh and R, Tsyn{0) = O, Tmovd0) = 0. The
number of complete pairs of movement and retergenods the seed undergoes in the period

Tpot |S.

Tsum(k) < Tpot}

and the total movement tinlg, is calculated as

m
TM = Tmove(n) + m (Tpot - Tsum(n)) )

n:ma>{k

To simulate seed position after secondary windetisg, | assume th&f , has a bivariate

pot

normal distribution Upot =N?(@,), and that temporal autocorrelation W , can be

pot

ignored. 7 and & are vectors describing the means and standaratdas of thex- andy-

components obJ__,. A seed's post-dispersal location can then belatetiby taking the sum

pot *

of Tw / At samples fromN?(f,5):

S=at Y N2(1,6)= N2(T, 2, /BtT, 6).

Implementation of the aggregated model version

While the model aggregation developed above maykedtreases simulation speed,
simulations can still be time-consuming Wi varies between seeds and if the expected
number of obstacle encountersng€ Tyoi/ [E(M)+E(R)], is large. To increase simulation

efficiency, | use two approximations. The first eppmation is that seeds with variallg
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are divided into discrete categories and the midesof these categories are used for model

simulation (for the presented simulations | seeégaty width to 10 cm/s).

The second approximation efficiently estimalesnand Ty by considering the sums ak
movement and retention periodsy (Ak) and r*(Ak), rather than the individual periods.

From Egs. A1.3 and Al.4 it follows that
T, (k+2K) =T, (k)+ m(ak)+r (ak) and
Trowd K + 8K) =T, (k) + m (k).
Under the parametric descriptions of seed movemeaiseed retention derived above,

m'(Ak) andr’(Ak) are themselves described by parametric distribstiEq. A1.1 leads to
m’'(ak) =1"(ak)/ v, wherel " (Ak) is the movement distance betwednobstacles. If obstacle

encounters are described by a Poisson process| i) follows a Gamma distribution
with rateA and shape parametg&k. Moreover, if retention period, is Gamma distributed
with ratea and shapé, thenm'(Ak) follows a Gamma distribution with rageand shape

Zkb.
To efficiently simulaten for a large number of seeds, | use the followilgg@athm: Initially,
(k+2')<T

kis set to Ok is then increased by Br i=imax imacLl,...,0 if T, for all seeds

sum pot
(imaxis calculated as the smallest integer greaterd¢m). Subsequently is increased for

each seed by a constards long as'l'sum(k+c)<Tpm. kiinal, the final value ok, is then used to

approximate the total movement time of each seed as

Ty = Tmove(kfinal ) + #(Cr)(c) (Tpot - Tsum(kfinal )) '
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Appendix 2 - Simulation of seed dispersal by wind a nd
estimates of parameters relevant for the range dyna  mics of

serotinous Proteaceae

This appendix describes the design used to simgkee dispersal by wind for serotinous
Proteaceae and the methods used to obtain parantetseribing dispersal-relevant species
traits and dispersal environments. For the 37 sgesfudied in Chapter 3, Table A2.1 gives
dispersal traits and predicted dispersal abilitses] summarizes the available information on
persistence type, local abundance, evolutionaryragéized and potential range size.

Simulation design

The two-phased wind dispersal of Proteaceae s@&eut&l(1988) was simulated by combining
a process-based model for airborne seed dispéfraakénberg 2003) with a process-based
model for seed movement along the ground (Chaptdfr®ironmental conditions considered
in both models are the vertical wind velocity pi®fidescribed by a logarithmic profile with
aerodynamic roughness lengtk), and high-resolution time series of wind vectdrise model

for seed movement along the ground furthermorertescthe effects of obstacles to seed
movement (characterized by mean density and mesad bedius of obstacles) and the effect
of processes terminating seed movement (charaeteby the length of the dispersal period).
Dispersal parameters considered for airborne momedescribe distributions of seed release
height and terminal seed falling velocity (Tackengp@003); parameters affecting seed
dispersal along the ground are vertical seed piiojec horizontal seed radius and the
distribution of seed lift-off velocity (Chapter 2All dispersal simulations assumed that
topography is level. To incorporate variation isplrsal environments, | generated 10000
random sets of dispersal parameters. In each dpenvironment | simulated the dispersal
distances of 10seeds that are released at random times durinfirshelay of the dispersal

period.
Species-specific dispersal parameters

Species parameters relevant for the dispersal mddeble A2.1) describe properties of the
mother plant (the distribution of seed release Hi@ignd properties of seeds (horizontal seed
radius, vertical seed projection and distributiamfsterminal falling velocity and lift-off

velocity) (Tackenberg 2003, Chapter 2). All seedap®eters used in Chapters 3 and 4 were

determined for 50 filled (presumably fertile) sequs species. Note that seed parameters
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reported in Table 2.1 are based on measuremebtsitofertile and infertile seeds. | measured
terminal seed falling velocities with a laser-teggd system (Askew et al. 1997). Lift-off
velocity was measured in a low-speed wind tunnethat University of Cape Town (see
Chapter 2). To describe between-seed variatioreiimibal velocity and lift-off velocity |
fitted lognormal distributions to the respectivaadfor each species. Vertical seed projection
was measured with a digital calliper and horizostsd radius with a digital scanner and the
KS 300 Imaging System 3.0 (Carl Zeiss Vision GmBerkochen, Germany) (see Chapter
2). Seed release height was modelled with a tri@nglistribution with constant minimum
hmin @and maximumhma. hmax Was taken to be the maximum plant height given @bdo
(2001), andhyin was determined as the minimum seed release heigasured for 5

individuals per species. The modal release helghte was taken as 0Max
Dispersal environments

Environmental conditions during dispersal are cti@rized by the length of the dispersal
period, the time series of three-dimensional wiredogities, the aerodynamic roughness
length, and by the mean basal radius and meantgerfisibstacles impeding seed movement
along the ground (Table A2.2, Tackenberg 2003, @md}). Dispersal period was estimated
as the time between a fire (which stimulates setzhse) and the first rainfall event sufficient
for germination (assumed to be >25 mm rain withwo days, Chapter 2). Fire dates were
drawn from a joint empirical frequency distributiof area burnt per month in four regions
within the CFR (Brown et al. 1991, Richardson etl@94). Rainfall sequences of 1000 years
were generated with a rainfall model (Zucchiniletl@92) for 12 locations distributed across
the CFR. For each fire date | randomly selectecear yrom these rainfall sequences and
determined the dispersal period as the number y$ datil the next rainfall event sufficient
for germination. Time series of 10 Hz three-dimenal wind velocity components were
measured with triaxial sonic anemometers (USA-1,THE GmbH, EImshorn, Germany) at
two sites (Grootbos: 34°35'S, 19°20'E; Jonaskop5@$, 19°31'E) for a total of 206 days.
For a dispersal period of days, | selected wind data by samplingmes with replacement
from the daily wind data sets recorded in the repe season. Season was defined as the
months that include the dispersal period plus theceding and the following month. |
ordered the sampled wind data according to the Imohtecording. Roughness length values
were sampled from data compiled by Garratt (1962ppen soil and sparse vegetation. Mean
densities and mean basal radii of obstacles wenpled from empirical data for eight types
of obstacle patterns (F. Schunpublished data



Table A2.1 Range sizes (realized and potentialjgedilling, persistence type (S: sprouter, N: rposter),

mean local abundance, dispersal-relevant trangylated dispersal ability, and evolutionary ageJarspecies

of Proteaceae.

Species Range size Range Persist  AbundanceX Seed release height Terminal velocity Lift-off velocity Vertical seed  Horizontal  Dispersal ability ~ Species
(min x min cells) filling, p ence (ind./cell)* (cm)f (m/s)§ (m/s)§ projection seed radius D aget
realized*  potentialt (%) Amode  Pmin imax mean sd mean sd (em) (cm) (10 cellsfind.) (1 ynf
Aulax pallasia 326 3046 11 S 408 210 39 300 2.4 0.3 2.6 0.7 0.8 7 0. 25 0.02
A. umbellata 525 1712 31 N 2473 175 7 250 2.8 0.3 3.4 0.9 0.6 5 0. 2.2 0.02
Leucadendron laureolum 423 2788 15 N 2778 140 15 200 2.6 0.3 4.8 3.0 0.3 4 0 21 0.27
L. rubrum 1461 7094 21 N 1591 175 9 250 1.1 0.2 2.0 0.5 2.1 6 1 4.1 1.53
L. salignum 5617 13484 42 S 1855 140 24 200 25 0.3 4.9 31 0.3 0.4 2.2 0.5
L. xanthoconus 851 1862 46 N 4029 140 108 200 3.6 0.3 5.5 2.0 0.2 0.3 2.1 0.92
Protea acaulos 837 3525 24 S 817 2 1 4 2.8 0.3 4.1 1.9 0.7 0.8 0.8 0.19
P. amplexicaulis 362 2628 14 N 1019 28 0 40 25 0.3 3.6 1.2 1.1 1.0 15 0.3
P. angustata 33 792 4 S 81 24 1 35 3.3 0.6 6.6 3.3 0.8 0.7 0.9 .840
P. aspera 206 2411 9 S 772 5 0 7 2.9 0.3 3.6 1.3 0.7 1.6 0.7 0.02
P. coronata 263 5540 5 N 2624 350 82 500 3.3 0.4 6.6 2.6 0.9 8 0. 2.4 0.27
P. compacta 278 987 28 N 2761 245 16 350 3.4 0.6 4.6 2.4 1.0 7 1 2.9 0.03
P. eximia 688 4550 15 N 1419 175 45 250 3.2 0.5 4.6 2.1 0.6 4 1 2.1 0.1
P. grandiceps 210 3198 7 N 927 140 19 200 2.1 0.3 2.7 1.2 1.2 0.8 2.6 0.19
P. humiflora 159 6881 2 N 1133 70 0 100 1.9 0.2 2.5 11 11 1.0 2.9 0.76
P. inopina 4 92 4 S 568 70 27 100 4.6 0.2 7.3 2.6 1.0 2.3 0.5 3.35
P. intonsa 90 1423 6 S 817 21 0 30 1.8 0.2 17 0.4 1.0 0.7 1.8 0.48
P. laevis 240 1937 12 N 1059 4 3 6 25 0.5 3.8 2.3 0.9 1.0 8 1 0.86
P. lanceolata 126 1908 7 N 1401 280 25 400 3.4 0.5 6.1 3.6 0.7 6 0. 25 0.39
P. laurifolia 2592 7137 36 N 1747 560 80 800 2.7 0.4 3.9 2.0 0.8 21 3.5 3.74
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Table A2.1 (cont.)

Species Range size Range Persist  AbundanceX Seed release height Terminal velocity Lift-off velocity Vertical seed  Horizontal Dispersal ability Species
(min x min cells) filling, p ence (ind./cell)* (cm)¥ (m/s)§ (m/s)8§ projection seed radius D age,t
realized*  potentialt (%) Nmode  Nmin Nimax mean sd mean sd (cm) (cm) (10* cells/ind.) acynt
P. lepidocarpodendron 184 1060 17 N 2508 210 8 300 31 0.6 4.9 34 11 1 2 3 0.59
P. longifolia 425 1597 27 N 1613 105 22 150 3.6 0.4 4.6 2.6 0.8 3 2 2.3 0.54
P. lorea 30 3956 1 S 1349 7 2 10 2.3 0.1 3.0 0.8 11 2.6 0.9 0.76
P. lorifolia 1284 7341 17 N 1325 350 1 500 2.6 0.3 4.4 2.5 0.6 71 3 0.21
P. magnifica 378 3207 12 N 1531 175 0 250 4.8 0.3 5.6 21 0.8 0 2 1.6 2.99
P. nana 63 1067 6 N 2156 91 50 130 1.6 0.3 1.9 0.6 0.9 0.9 2.5 1.18
P. neriifolia 1609 7242 22 N 2218 210 11 300 2.8 0.4 4.1 2.0 0.6 2.2 2.5 0.1
P. nitida 2560 8244 31 S 1329 700 100 1000 3.4 0.3 6.8 2.5 2 1 1.2 2.6 0.19
P. obtusifolia 435 1837 24 N 2160 280 24 400 2.7 0.4 2.8 11 0.8 0 2 3.2 0.54
P. pityphylla 19 413 5 N 1021 70 20 100 1.7 0.3 2.2 1.0 0.8 0.6 3 2 0.27
P. punctata 635 3918 16 N 1661 280 30 400 3.0 0.4 5.6 2.4 0.7 9 0 2.2 0.15
P. repens 3835 8783 44 N 1822 315 24 450 2.4 0.3 4.4 1.9 2.0 2.5 3.3 0.15
P. scabra 459 2069 22 S 1105 3 1 4 3.0 0.7 5.3 25 1.1 1.0 1 4.57
P. scorzonerifolia 96 1441 7 S 625 7 2 10 29 0.5 4.3 2.0 0.7 2.3 0.9 0.24
P. speciosa 320 2429 13 S 107 84 14 120 2.6 0.5 3.3 0.9 1.2 2.4 1.8 0.21
P. scolopendrifolia 456 3165 14 S 968 7 0 10 29 0.3 4.0 25 0.9 1.3 2 2 0.47
P. stokoei 30 398 8 N 613 140 43 200 2.5 0.4 4.2 2.4 1.0 2.4 5 2 0.15

* from the Protea Atlas Database (Rebelo 2001)

T from Midgley et al. 2002a

T described by triangular distributions

§ described by lognormal distributions

1 mean age estimated from 180 equally parsimorpbytogenies (Reeves 2001, G. Reewrpublished dafa
age of root assumed to be 7.5 X $0

Z Xlpuaddy
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Table A2.2 Environmental parameters used for sesgktsal simulations. The table reports
medians and ranges (in brackets) of 10000 setswdfommental parameters that describe
variation between dispersal environments. No stadisare displayed for the time series of
wind velocities because this parameter is high-dsianal.

Parameter

Aerodynamic roughness lengtf,(cm) 1.0 (0.1-3.9)
Length of dispersal period (d) 73 (1-362)
Mean basal obstacle radius (cm) 2.6 (2.4-3.3)

Mean obstacle density (i 108 (59-127)
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Appendix 3 - Simulating population-level migration rates

and future range sizes of serotinous Proteaceae

Fig. A3.1 depicts the three-step protocol to fostgdant migration and the simulation design
used to quantify the effect of parameter and intterencertainty. To quantify effects of
inherent uncertainty, | used the same simulatiaigiebut held species parameters constant
at their point estimates (cf. Clark et al. 2003)l. gimulations and statistical analyses were
carried out in R 1.8.1 (R Development Core Team4200th computer-intensive subroutines
coded in C. In the following, | first explain howirhplemented the individual steps of the
protocol. Subsequently, | describe how the distiims of species parameters and
environmental conditions used in the simulationsangbtained from empirical data for the 26
Proteaceae species studied in Chapter 4.

Step 1: Simulating dispersal distance

To simulate seed dispersal of Proteaceae, | ugedittiulation design described in Appendix
2. However, in simulations incorporating the effe€tparameter uncertainty | first selected
100 sets of dispersal parameters, and then selg@6tedispersal environments for each set of
dispersal parameters (Fig. A3.1). | used thesedif)iersal environments to represent a range
of dispersal environments to which populationshaf $study species could be exposed during
migration. In each dispersal environment | simudatee dispersal distances of*ieds that
are released at random times during the first dath® dispersal period. For each set of
dispersal parameters these dispersal simulations Wen combined into one composite
distribution that represents dispersal distances wariety of environments (Fig. A3.1). The
method applied in Step 2 simulates migration réttesy marginal distributions of dispersal
distance in one direction (Clark et al. 2001a). Eaomposite dispersal distribution was
therefore transformed into a marginal distributioy first assigning a random dispersal
direction to each dispersal distance and then gtioge the obtained two-dimensional co-

ordinates to a randomly orientated axis.
Step 2: Simulating population-level migration rate

| used the furthest-forward method (Clark et aD24) to simulate population-level migration
rates from marginal distributions of dispersal aliste and from demographic parameters. To
this end | first derivedp(x), an empirical probability density function of tlkstance a
population can move in one generation (followingiagpns 1-4 in Clark et al. 20018)(x)

can be calculated from the composite dispersalilbiigion, the net reproductive rat, and
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from the size and density of a population. | assuina each population consists of 10000

individuals spaced at 0.1 m.

The distance over which a population migrates wittiie forecast period (50 years) was
simulated as the sum ofrandom samples frop(x). n is the number of dispersal events a
population experiences within 50 years. To obtaindom values of, | generated random

sequences of dispersal events by drawing interkatsveen successive events from the
distribution of generation time (se&kpecies parametérsThe simulated migration distance

was then divided by 50 years to calculate the mimgmnaate.

In summary, the demographic parameters affectirggation rates ar®, and the distribution

of generation time. | incorporated uncertainty stireates of these parameters by combining
each of the 100 composite dispersal distributionth va different set of demographic
parameters (Fig. A3.1). For each of these 100 coatioins | simulated 5000 migration rates
to include inherent uncertainty (Fig. A3.1).

Step 3: Simulating future range size

| simulated future range sizes of a species usheg distributions of population-level
migration rates, data on the species' currentiloigion and a scenario for the location of its
potential range in 2050. Potential ranges of thdysspecies are predicted at a resolution of 1
min x 1 min, i.e. each cell covers approximately Bm x 1.8 km (Midgley et al. 2002a). |
determined the current distribution of a speciesabguming that each cell, for which the
Protea Atlas Database (Rebelo 2001) holds at teestecord, contains a population of 10000
individuals (compare Step 2 above). This is anmgtic estimate of actual population

densities, especially for rarer species and foufamns at range margins (Rebelo 2001).

For each of the 100 distributions of populationelemigration rates | simulated one future
range size (Fig. A3.1). These simulations incorfemtanherent uncertainty by assigning a
randomly sampled migration rate to each currenufan. A species' future range size was
then calculated as the sum of all cells that a@reatically suitable in 2050 and can be reached

within 50 years by at least one population.
Species parameters

The species parameters relevant for the dispersdels and the methods used to estimate
these parameters are described in Appendix 2.d tls® maximum likelihood estimates of
seed parameters as the point estimates for eaciespgdable A3.1). Distributions of seed

parameters about these point estimates (Table ABere generated by nonparametric
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bootstrapping. The modal release heidiMs,se Was assumed to follow a uniform random
distribution ranging from 0.6ymax to 0.8 hnax and the point estimate was taken as th
(Table A3.1).

The demographic parameters considered are meaapretiuctive rate and the distribution of
generation time (Table A3.2). | estimated meanraptoductive rateR,, from recruit:adult
ratios (Bond et al. 1984) determined in 509 popotest of 25 wind-dispersedulax
Leucadendroror Protea species with non-overlapping generations (Schvibé; Bond &
Cowling, unpublished data Since recruit:adult ratios differed significgnbetween the three
genera studied (Kruskal-Wallis rank sum tgétgr = 11.2, P < 0.01), | used the genus means
as point estimates &%. Distributions ofR, for each genus were generated by nonparametric
bootstrapping. The distribution of generation twees sampled from six Weibull distributions
of fire return intervals parameterized for differeagions within the CFR (LeMaitre 1998,
Polakow & Dunne 1999). Point estimates of paramsewgscribing the distribution of
generation time were determined as the parameté¢ng &Veibull distribution that minimizes

the summed Kullback-Leibler distance to these skitutions.
Dispersal environments

The estimation of parameters describing dispersgirenments and the protocol used to
obtain distributions of these parameters are desdnn Appendix 2 (see Table A2.2).
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Table A3.1 Dispersal parameters of 26 Proteaceagiespendemic to the Cape Floristic Region. The table

reports point estimates and ranges (in brackets)O6f sets of dispersal parameters representingnedea

uncertainty.

Species Seed release height (cm)* Terminal velocity (m/s)t Lift-off velocity (m/s) T Vertical seed  Horizontal
projection seed radius
(cm) (cm)
mode min Max mean sd mean sd

Aulax umbellata 175 (150-200) 7 250 28(2.6-29) 03(03-04) (3.239) 09(0.7-12) 0.6(0.6-0.7) 0.5(0.50.5
;ﬁ)‘tﬁde”d"’” 140 (121-159) 25 200 25(2.426) 0.3(0.3-04) 3(2:2.6) 0.8(0.6-09) 1.1(11-12) 0.7 (0.6-0.7)
L. laureolum 140 (120-160) 15 200 2.6(25-2.7) 0.3(0.2-04) 8(8.8-5.6) 3(2.3-39) 0.3(0.3-0.3) 0.4(0.4-0.5)
L. modestum 42 (36-48) 11 60 25(2.4-26) 0.2(0.1-0.2) 3.3{85) 1.8(1.3-23) 0.2(0.2-0.2) 0.3(0.3-0.3)
L. muirii 140 (121-160) 2 200 1.9(1.8-21) 0.3(0.2-0.4) (28-43) 22(1527) 0.2(0.2-0.2) 0.3(0.3)0.4
L. nervosum 105 (90-120) 81 150 29(2.8-31) 04(0305 4536.7) 26(1.9-32) 1.1(1.1-1.2) 0.4 (0.4-0.5)
L. rubrum 175 (150-200) 9 250 11(1-1.2) 0.2 (0.1-0.3) 3.2) 05(0.3-0.7) 21(2-22)  1.6(1516)
L. xanthoconus 140 (120-159) 108 200 3.6(3.5-3.7) 0.3(0.2-0.3) .5(8.8-6.1) 2(1.5-2.5)  0.2(0.2-0.2) 0.3(0.3)0.3
E;ﬁ}ga amplexi- 55 9439 0 40 2.5(2.426) 0.3(0.2-0.4) 3.68) 12(09-15)  1.1(1-1.2) 1(0.9-1)
P. coronata 350 (300-400) 82 500 3.3(3.2-34) 0.4 (0.3-05) 6 (6:7.2) 26(1.9-3.3) 09091  0.8(0.7-0.8)
P. compacta 245 (211-279) 16 350 34(3.2-36) 0.6(0.4-0.7) 6 (8.7-5.5) 2.4 (1.6-3.6) 1(0.9-1) 1.7 (1.4-1.9)
P. eximia 175 (150-199) 45 250 3.2(3-3.3)  0.5(0.3-0.6) 4:6.6) 2.1(1.6-3) 0.6(0.5-0.6) 1.4(1.1-1.6)
P. grandiceps 140 (120-159) 19 200 21(2.1-2.2) 03(0.2-04) 7(2.3-32) 12(0.6-1.8) 1.2(1.2-1.3) 0.8 (0.8)0.
P. humiflora 70 (60-80) 0 100 1.9(1.9-2) 02(0203) 2529  1.1(08-1.6) 1.1(1-1.2) 1(1-1.1)
P. laevis 4 (4-5) 3 6 2.5(2.3-26) 0.5(0.4-0.6) 3.8(3-49) 23(1.2-3.7) 0.9(0.8-1) 1(0.9-1)
P. laurifolia 560 (481-638) 80 800 272528 04(0.305) 9(3.2-5.3) 2(14-38) 08(0.7-08) 2.1(2-2.3)
P. lepidocarpo-

210 (181-239) 8 300 3.1(2.9-33) 0.6(050.7) (88-6.1) 3.4 (2.4-46) 11(1-1.2) 2.1(1.8-2.2)
dendron
P. longifolia 105 (91-120) 22 150 3.6(3.4-3.7) 0.4(0.3-04) (86-5.56) 2.6(1.6-37) 0.8(0.8-09) 23(2.3)2.4
P. lorifolia 350 (303-398) 1 500 26(26-27) 0.3(0.2-04) (84-5.1) 25(1.7-32) 0.6(0506) 1.7 (1.7)1.8
P. nana 91 (79-104) 50 130 16 (1517 03(0.2-03) (19-22) 06(0.4-09) 09(0.8-1)  0.9(0.8-0.9)
P. neriifolia 210 (180-239) 11 300 2.8(2.6-3)  0.4(0.3-06) (38.8-4.8) 2(1.5-2.6) 0.6 (0.5-0.6) 2.2 (2-2.3)
P. obtusifolia 280 (241-320) 24 400 2.7(2.6-2.9) 040305 8(24-32)  1.1(0.8-16) 0.8(0.7-0.9) 2(1.9-2)
P. pityphylla 70 (60-80) 20 100 1.7(1.6-1.8) 0.3 (0.2-0.4) 19.6) 1(0.6-1.3)  0.8(0.7-0.9) 0.6 (0.6-0.6)
P. punctata 280 (241-320) 30 400 3(2.8-31)  0.4(0.3-0.4) (5:6.5) 24(1.8-29) 0.7(06-0.8) 0.9(0.81)
P. repens 315 (271-359) 24 450 2.4(23-25) 0.3(0.2-04) 4(8.9-5) 1.9(1.3-27) 2(1.6-2.5) 2.5 (2.3-2.6)
P. stokoei 140 (121-160) 43 200 25(2.3-2.6) 0.4(0.3-05) 2(8.55) 24(1.6-35) 1(0.9-12)  2.4(2.4-2.4)

* described by triangular distributions with vargimode; minimum and maximum were not varied

T described by lognormal distributions
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Table A3.2. Demographic parameters of three geneRraieaceae from the Cape Floristic Region. Théeta
reports point estimates and ranges (in bracket§00fsets of demographic parameters representirsgneser

uncertainty. Generation time is equal to fire img¢rand does thus not differ between genera.

Genus Mean net reproductive raig, Generation time (yr)*
mean sd
Aulax 5.0 (1.7-12.0)
Leucadendron 13.1 (7.8-21.1) 17.8 (10.4-28.6) 11.4 (4.7-15.5)
Protea 7.2 (5.2-9.6)

* described by Weibull distributions (Le Maitre 193lakow & Dunne 1999)

Fig. A3.1 (on following page). The three-step proldo forecast plant migration and the simulati@sign used

to quantify effects of parameter and inherent uadsly. The individual steps of the protocol genera)
distributions of dispersal distance, 2) distribofoof population-level migration rate and 3) dimitions of
future range size. Parameter uncertainty was iecludy using 100 randomly sampled sets of dispersal
parameters (Table A3.1) in Step 1 and 100 randoarypsed sets of demographic parameters (Table AB.2) i
Step 2. To incorporate inherent uncertainty in Stégombined each set of dispersal parametersaniifferent
set of 100 dispersal environments (Table A2.2) amilated the dispersal of 18eeds in each environment. In
the remaining two steps | included inherent unaetteby simulating, for each set of species paranset5000
population-level migration rates (Step 2) and antare range size (Step 3). For each species Isihugated the
dispersal of 19 seeds (=100 sets of dispersal parameters x 1Qrdil environments x iGeeds) and
generated 5xfomigration rates (= 100 sets of species param&t&600 migration rates) as well as 100 range

size forecasts.
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