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Abstract 

Soil formation is one of the fundamental processes shaping the development of natural 

ecosystems; however, it proceeds slowly, over time courses of hundreds to thousands of years. 

Substitution of space for time, as happens in studies of soil chronosequences, is one way to 

investigate these long-term processes. Soil chronosequences are series of soil derived from the 

same parent material and exhibit gradients in both soil age and soil fertility. Soil 

chronosequences thus provide “natural experiments”, which allow ecologists to investigate 

fundamental processes of ecosystem development driven by the soil. 

This thesis presents four main studies, three published or submitted and one yet to be submitted 

for publication. The first three studies used floristic and soil data from the Jurien Bay dune 

chronosequence, which spans up to two million years of soil development and is located in the 

Southwest Australian Global Biodiversity Hotspot. The final study used data from the Jurien 

Bay chronosequence, along with vegetation and soil data from nutrient-poor, sandy soil sites in 

the Brazilian campos rupestres. The aim of the final study was to expand upon the insights 

gained from Southwest Australia, particularly with respect to plant nutrient acquisition, to other 

ecosystems with phosphorus-impoverished soils. In both of the main study systems, flora 

surveys were combined with root and soil analyses to quantify species richness and abundance, 

the soil drivers of community composition and the nutrient-acquisition strategies employed 

across these communities. 

The first (co-authored) study (Chapter 2) used the vegetation and soil data from the Jurien Bay 

chronosequence to simultaneously assess multiple, competing hypotheses that seek to explain 

plant species diversity in relation to environmental gradients. Structural equation models 

showed that environmental filtering of the regional species pool by soil pH best explained the 

local species diversity, and that this effect was principally mediated by its effect on the local 

species pool.  

The plant community ecology of the Jurien Bay chronosequence was the focus of the second 

study (Chapter 3). The main hypothesis of increasing plant species diversity with decreasing 

soil fertility was well supported. Other studies on soil chronosequences had shown increasing 

species diversity despite declining productivity; however, the large increases in diversity and the 

extreme species turnover in the Jurien Bay chronosequence were very large in comparison, and 

likely due, in part, to the hyper-diverse regional flora. Beta diversity within individual 

chronosequence stages increased with declining soil fertility and there was complete turnover of 

woody species across the chronosequence. 

The third study (Chapter 4) provided the first systematic test of a recent hypothesis suggesting 

that the community-wide suite of plant nutrient-acquisition strategies should increase in 
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diversity with increasing soil age. The richness and diversity of nutrient-acquisition strategies in 

the Jurien Bay chronosequence did indeed increase substantially with increasing soil age. 

Mycorrhizal plant species declined in relative abundance by >30% with decreasing soil fertility, 

although the decline was compensated by an increase in non-mycorrhizal, carboxylate-exuding 

species that ‘mine’ phosphorus from the soil using different strategies. Plant species richness 

within individual nutrient-acquisition strategies also increased dramatically, with the species 

richness of many strategies more than doubling between the youngest and oldest soils. 

The study of white-sand campos rupestres communities (Chapter 5) showed that despite a 

contrasting evolutionary history and species pool, the communities occupying nutrient-

impoverished soils in the campos rupestres also have a high prevalence (48% by relative cover) 

of non-mycorrhizal species. Furthermore, using the Jurien Bay chronosequence as a model 

system, the proportion of mycorrhizal species in the campos rupestres could be successfully 

predicted based on soil total phosphorus concentrations. 

In combination, the studies of this thesis have helped reveal the key role of long-term soil 

development in shaping natural plant communities and the range of nutrient-acquisition 

strategies they employ, particularly in nutrient-impoverished landscapes. 
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Resumo 

A formação do solo é um dos processos fundamentais que moldam o desenvolvimento dos 

ecossistemas naturais; contudo, esse é um processo lento que ocorre em períodos de centenas a 

milhares de anos. A substituição do espaço por tempo, comum em estudos de cronossequências 

de solo, é uma maneira para investigar esses processos de longo prazo. As cronossequências de 

solo são séries de solo derivadas do mesmo material de origem e exibem gradientes tanto em 

fertilidade de solo quanto em idade do solo. Assim, as cronossequências de solo constituem 

“experimentos naturais” que permitem aos ecólogos investigar os processos fundamentais do 

desenvolvimento de ecossistemas que são determinados pelo solo. 

Essa tese apresenta quatro estudos, três publicados ou submetidos e um que ainda será 

submetido para publicação. Os primeiros três estudos usaram dados florísticos e do solo da 

cronossequência de dunas em Jurien Bay, que abrange até dois milhões anos de 

desenvolvimento do solo, e está localizado no “hotspot” de biodiversidade do sudoeste da 

Austrália. O estudo final usou dados da cronossequência de Jurien Bay, juntamente com dados 

de vegetação e solo de sítios com solos arenosos e pobres em nutrientes localizados nos campos 

rupestres brasileiros. O objetivo do estudo final foi expandir os conhecimentos adquiridos no 

sudoeste da Austrália sobre aquisição de nutrientes das plantas, para outros ecossistemas com 

solos muito pobres em fósforo. Em ambos sistemas de estudos, levantamentos da flora foram 

combinados com análises das raízes e solos para quantificar a riqueza e abundância de espécies, 

os principais determinantes da composição das comunidades e as estratégias de aquisição de 

nutrientes nessas comunidades. 

O primerio estudo (em co-autoria, Capítulo 2) usou dados vegetais e do solo da cronossequência 

de Jurien Bay para avaliar simultaneamente várias hipóteses concorrentes que tentam explicar a 

diversidade das espécies em relação aos gradientes ambientais. Modelos de equações estruturais 

mostraram que filtragem ambiental do pool regional de espécies por pH do solo explicava 

melhor a diversidade local de espécies, e que esse efeito foi mediado principalmente por seu 

efeito no pool local de espécies. 

O foco do segundo estudo (Capítulo 3) foi a ecologia da comunidade de plantas da 

cronossequência de Jurien Bay. A hipótese principal, que postulava um aumento da diversidade 

das espécies de plantas com a diminuição da fertilidade do solo, foi bem apoiada. Outros 

estudos nas cronossequências de solo mostraram um aumento da diversidade de espécies apesar 

da diminuição de produtividade; entretanto, o grande aumento na diversidade e o turnover 

extremo na cronossequência de Jurien Bay foram muito grandes em comparação, e 

provavelmente devido, em parte, à flora regional hiper-diversa. A beta-diversidade dentro dos 

estágios de cronossequência aumentou com a diminuição da fertilidade do solo e o turnover das 

espécies lenhosas foi completo ao longo da cronossequência. 
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O terceiro estudo (Capítulo 4) forneceu o primeiro teste sistemático de uma hipótese recente que 

sugere que a diversidade das estratégias de aquisição de nutrientes em comunidades devia 

aumentar com ao aumento da idade do solo. A riqueza e diversidade das estratégias de aquisição 

de nutrientes na cronossequência de Jurien Bay, de fato, aumentaram substancialmente com o 

aumento da idade do solo. A abundância relativa de espécies de plantas micorrízicas reduziu 

>30% com a diminuição da fertilidade do solo, e essa redução foi compensada por um aumento 

em espécies não micorrízicas que exsudam carboxilatos e “minam” fósforo do solo pelo uso de 

diferentes estratégias. A riqueza das espécies de plantas de cada estratégia de aquisição de 

nutrientes tambem aumentou dramaticamente, sendo que a riqueza de espécies de muitas 

estratégias foi mais que o dobro em solos antigos em relação aos mais novos. 

O estudo das comunidades de areia branca dos campos rupestres (Capítulo 5) mostrou que, 

apesar da historia evolutiva e pool de espécies contrastantes, essas comunidades que ocupam 

solos muito pobres em nutrientes tambem têm uma prevalência alta (48% da cobertura relativa) 

de espécies não micorrízicas. Além disso, mediante o uso da cronossequência de Jurien Bay 

como um sistema modelo, a proporção das espécies micorrízicas nos campos rupestres pode ser 

predita pelas concentrações de fósforo total no solo. 

Em conjunto, os estudos desta tese ajudaram a revelar a função chave que o desenvolvimento do 

solo em longo prazo exerce na estruturação de comunidades naturais de plantas e na variação 

das estratégias de aquisição de nutrientes, particularmente em paisagens empobrecidas em 

nutrientes. 
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1. General Introduction 

Plant communities and soil nutrients 

Plants, in common with all other living organisms, need nutrients in order to survive, grow and 

reproduce. Being sessile has meant that plants have evolved an astonishing array of strategies 

and partnerships that allow them to obtain those very nutrients. Specialised rooting 

morphologies, the release of chemicals into the soil to mobilise particular nutrients, and 

symbiotic associations with fungi and soil bacteria are the means by which the vast majority of 

all plant species obtain their nutrients (Pate, 1994, Aerts and Chapin, 2000). Some species, 

instead, derive many of their nutrients from animals (usually invertebrates), either from their 

waste products or their consumption (Chase et al., 2009). A further specialisation for nutrient 

acquisition is parasitism of other plants (Stewart and Press, 1990, Pennings and Callaway, 

2002). What is becoming increasingly clear, however, is that across ecosystems the suite of 

strategies employed by plants changes with soil nutrient status; and soil nutrients, in turn, 

change with soil age (Walker and Syers, 1976, Lambers et al., 2008b). 

The broad thrust of this thesis is the investigation and quantification of the relative importance 

of these nutrient-acquisition strategies across soils of varying fertility and how that relates to 

plant species diversity. What are the main soil drivers of strategy change across an ecosystem? 

What blend of strategies promote the existence of plant species in the poorest of soils? Are the 

strategies found in the poorest of soils unique from one system to the next, or are there global 

similarities? These questions will all be addressed. 

To provide a background for the main topics of the thesis, I first provide a brief overview of the 

role of soil formation in ecosystem development. Then, the study’s field sites are introduced. 

The range of plant nutrient-acquisition strategies and the associated activities and symbioses of 

soil microbial life are then overviewed. Finally, the main studies and aims of the thesis will be 

presented, along with the layout of the remaining thesis. 

Ecosystem and soil development 

Plant communities and ecosystems, in general, change over time. Over shorter timescales, 

disturbances such as tree fall or fire alter parts of the community, sometimes in small patches 

but also over large areas (Grime, 2001, Elmqvist et al., 2003). A longer-term process affecting 

plant communities is soil development. Soil develops over hundreds to thousands of years, 

beginning with bare parent material, for example, beach sand or basalt from a lava flow (Walker 

and Syers, 1976, Crews et al., 1995, Laliberté et al., 2012). Parent material can be from a 

variety of origins and have many forms and textures, but even when the parent material consists 

of hard rock, various physical and chemical processes lead to the parent material being broken 
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down (Walker and Del Moral, 2003). Plants colonising the available ground, together with 

subsequent generations of plants and immigrants, form the foundations of ecological succession 

and contribute to the process of soil development (Grime, 2001, Walker and Del Moral, 2003). 

In addition to plants, their microbial soil symbionts are key agents in soil development (Walker 

and Del Moral, 2003). Plant species diversity tends to increase over time and with it the soil 

continues to develop (Odum, 1969). 

The chemical composition of soils is understood to change in predictable ways as soils age 

(Walker and Syers, 1976, Crews et al., 1995, Laliberté et al., 2012, Lambers et al., 2008b). In 

terms of the key plant macronutrients nitrogen (N) and phosphorus (P), soil parent materials are 

generally depleted in nitrogen (N) but have relatively high levels of P. Nitrogen, most of which 

originates in the atmosphere, accumulates rapidly as soils develop by biological fixation, and 

also more slowly by atmospheric deposition (Vitousek et al., 2010, Walker and Syers, 1976), 

although in modern times those deposition rates have increased some fourfold globally in 

comparison to pre-industrial times (Phoenix et al., 2006). As soils become very old N 

concentrations typically decline (Walker and Syers, 1976, Crews et al., 1995, Laliberté et al., 

2012). Phosphorus concentrations, on the other hand, tend to decline consistently over time due 

to erosion and leaching, and much of the inorganic P that remains is tightly bound (sorbed or 

occluded) in the soil. These tightly-bound forms of inorganic P, together with organic forms of 

P, are generally poorly for uptake by plants in the absence of various specialised P-acquisition 

strategies employed either by plants or soil microbial life (Lambers et al., 2008b, Richardson et 

al., 2009). 

Soil chronosequences 

Ecosystem development can be studied experimentally over short timescales; however, the large 

timescales of soil development mean that direct experimental studies investigating the links 

between soil and plant community development would extend to well beyond a human lifespan. 

In certain situations where all the factors associated with soil development, apart from time, 

have remained relatively constant, studies of spatial series of soils can allow those long-term 

processes to be directly observed. A soil chronosequence is such a spatial soil series (Jenny, 

1946): each stage in the sequence represents a different stage in soil development. Examples of 

soil chronosequences are glacial retreat, periodically exposing new parent material (e.g., Franz 

Josef, New Zealand, Stevens and Walker, 1970, Walker and Syers, 1976, Richardson et al., 

2004), the successive creation of new basaltic substrate from volcanic lava flows (e.g., Hawaii, 

Crews et al., 1995) and series of sand dunes, each formed one after the other and sometimes 

thousands of years apart (e.g., Jurien Bay, Australia, Laliberté et al., 2012). 

The studies of this thesis use a soil chronosequence located in the Southwest Australian 

biodiversity hotspot (Jurien Bay, Laliberté et al., 2012) to assess how plant species diversity is 
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affected by soil nutrient gradients, how plant communities change with long-term soil 

development and how the suite of nutrient-acquisition strategies changes in the plant 

community with ecosystem development. To place the patterns of nutrient-acquisition strategies 

in a wider context, a companion study in a campos rupestres system, part of the Brazilian 

Cerrado biodiversity hotspot, was conducted using similar methodology to the studies in 

Australia. In the next main section of the introduction, these two study systems are introduced; 

further details of the systems are given in later chapters of the thesis. 

Study systems 

Dune systems of the Swan Coastal Plain 

Extending over 400 km from around Jurien Bay (30° 18' S 115° 2' E) in the north to Busselton 

(33° 39' S 115° 21' E) in the south, and between 15 and 30 km in width, the Swan Coastal Plain 

is a system predominately of sand dunes running approximately parallel to the coast (McArthur, 

2004). It is also the westernmost extent of the global biodiversity hotspot of Southwest Australia 

(Myers et al., 2000, Mittermeier et al., 2004). The entire region experiences a Mediterranean 

climate, with hot, dry summers and cool, wet winters (Hopper and Gioia, 2004). 

The geology underlying the sand plain is of sedimentary origin, with up to 15 km of 

sedimentary rock originating from erosion of the adjacent Darling Plateau to the east, mainly 

within the Permian and Mesozoic eras (Playford et al., 1975). In the northern extremities of the 

plain, around Jurien Bay, this sedimentary rock layer is relatively thin but still is over one km 

thick, with mainly Triassic, Jurassic, and some Cretaceous sandstones (Playford et al., 1975). 

The sand dunes that overlay these older sedimentary rocks began being deposited in the early 

Pleistocene (or perhaps the late Pliocene) with deposition continuing to the present day in some 

areas (Kendrick et al., 1991). Three main dune systems, corresponding to different periods of 

formation, have been identified – the Bassendean, the Spearwood and the Quindalup – and all 

are thought to have marine origins (Bastian, 1996, Tapsell et al., 2003, McArthur, 2004, Turner 

and Laliberté, 2015). Topography in the dune systems is subdued, with elevations rarely 

exceeding 150 m above sea level. 

Dune formation 

Formation of the dunes of the Swan Coastal Plain is a consequence of repeated glaciations, 

which altered the global sea level (Kendrick et al., 1991). The beginning of the Pleistocene, 

some 2.6 million years ago, saw the Earth begin a cycle of repeated glaciations, the most intense 

of these occurring within the last 900 thousand years (Lambeck et al., 2002, Ehlers and 

Gibbard, 2007). During these glacials global sea levels fell due to water being locked up 

predominantly in vast northern hemisphere ice sheets, and in the intervening interglacials sea 

levels rose once again, in some cases resulting in a sea level change of 140 m (Lambeck et al., 
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2002). Measurement of the magnitude of the sea level changes largely relies on proxies, 

especially marine oxygen isotopes (Shackleton, 1987, Lambeck et al., 2002, Molodkov and 

Bolikhovskaya, 2002). Marine oxygen isotope stages (MIS) can be used as shorthand for the 

prior glacial and interglacial periods, with even-numbered stages, from MIS 6 onwards, 

equating to glacial periods from the penultimate glacial, and odd-numbered stages, from MIS 5 

onwards, corresponding to interglacials beginning with the last interglacial. With respect to 

global sea levels, prior sea level high stands were around the same as the present-day sea level 

during MIS 5e (between approximately 116-128 kya), MIS 7 (variously between approximately 

195-245 kya), MIS 9 (between approximately 315-335 kya), and MIS 11 (between 

approximately 390-410 kya), in addition to periods within at least the four interglacials prior to 

MIS 11 (Molodkov and Bolikhovskaya, 2002, Robinson et al., 2002, Siddall et al., 2007). At a 

regional level, however, past sea levels do not necessarily match the global averages due to 

deformation of the Earth’s surface under the ice sheets, changes in gravitation, variations in 

ocean currents, temperature and salinity, and tectonic shifts (Lambeck and Chappell, 2001, 

Lambeck et al., 2002). In vicinity of the Swan Coastal Plain, there is evidence suggesting 

tectonic activity in the Holocene and Pleistocene; however, broadly the past sea levels 

correspond to global averages (Semeniuk and Searle, 1986, Kendrick et al., 1991). 

Along the southwest Western Australian coast, these changes in sea levels brought successive 

waves of dune formation and marine deposits, with the present-day dune systems being 

deposited during those periods of relatively high sea level (Kendrick et al., 1991). That is, 

whilst coastal dunes producing eolianites have most likely been produced continually during 

glacial and interglacial periods alike, only those around the level of the present-day sea level are 

now exposed; the dune systems produced at times of lower sea levels (during glacials) have 

either been reworked or are now submerged, off the present-day coastline (Collins, 1988, 

Semeniuk and Glassford, 1988, Hearty and O’Leary, 2008, Brooke et al., 2014). 

Jurien Bay dune chronosequence 
The Jurien Bay dune chronosequence encompasses the three main dune systems of the Swan 

Coastal Plain: the Bassendean, Spearwood and Quindalup dunes. The vegetation mainly 

comprises kwongan shrublands – species-rich sandplain shrublands, characteristic of Southwest 

Australia (Hopper, 2014) – and open Banksia woodlands. 

The oldest of the chronosequence dunes, the Bassendean dunes, are located furthest from the 

coast and are interpreted as the product of local weathering and reworking of the underlying 

Ascot Formation, dated to the early Pleistocene and perhaps the late Pliocene (Kendrick et al., 

1991). The soil is sandy, characteristically grey in colour and is the most nutrient-impoverished 

of the system, particularly with respect to P (Bolland, 1998, Laliberté et al., 2012, Turner and 

Laliberté, 2015).  
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The younger Spearwood system is often synonymous with the underlying limestone, the Tamala 

limestone (Semeniuk and Glassford, 1988, Kendrick et al., 1991). Dating of the Tamala 

limestone on the Swan Coastal Plain has generally given increasing ages from west to east, with 

the sequence of ages typically following the interglacials back from the last interglacial, MIS 5e, 

through to probably MIS 13 – more than 480 kya (Kendrick et al., 1991, Price et al., 2001, 

Hearty and O’Leary, 2008). Stacking of dunes (younger on top of older) and surface reworking 

also appears to have occurred in many places (Brooke et al., 2014). As is the case with many 

coastal eolianites throughout the world, the limestones themselves are the product of calcium 

carbonate cementation with calcareous marine sand providing the source of the calcium 

carbonate (Bastian, 1996, Brooke, 2001, McArthur, 2004, McLaren, 2007, Hearty and O’Leary, 

2008). Near Jurien Bay, limestone under (Holocene) Quindalup dunes close to their eastern 

extremity were dated to MIS 4 or 6 (Hearty and O’Leary 2008). Thus, at least the western edge 

of the currently exposed Spearwood system would likely date from the last interglacial 

(probably MIS 5e). Large quantities of quartz sand also can be found throughout the Spearwood 

system. These sands can be brown at their most westerly extent, but generally have a distinctive 

yellow colour, most likely produced from hydrated iron oxide within the source limestone 

(Bastian, 1996, Bolland, 1998). The origin of this quartz sand has been interpreted as a leached 

residual remaining after formation of an initially calcareous dune (Wyrwoll and King, 1984, 

Bastian, 1996, Bastian, 2010). An alternative hypothesis for the origin of the Spearwood sand 

(the desert extension hypothesis) suggests a glacial-period desert origin for the quartz sand, but 

this hypothesis has been refuted on several grounds (Wyrwoll and King, 1984, Bastian, 2010, 

Uren and Parsons, 2013, Laliberté et al., 2013). 

Between the coastline and the Spearwood system lies the Quindalup dunes, a Holocene dune 

system, which began forming at the time sea levels reached present levels, around 6500 to 6700 

years ago (Searle and Woods, 1986, Lambeck and Nakada, 1990). Dunes in the Quindalup are 

still forming at the coast and some further inland continue to be mobile, with little vegetation 

cover (Shepherd and Eliot, 1995). In general, however, the dunes are well vegetated, with their 

white, lime and quartz sand being the least infertile of the Swan Coastal Plain system, although 

still being impoverished by world standards (Playford et al., 1975, Bolland, 1998, Lambers et 

al., 2010, Laliberté et al., 2012). Studies of some Quindalup systems have confirmed the 

sequential chronology of dune system, with the youngest dunes being closest to the coast and 

then becoming progressively older the further inland they lie (Searle and Woods, 1986); 

however, parabolic dunes can disrupt this pattern in some areas (Laliberté et al., 2013). As in 

the Spearwood system, the Quindalup sand dunes also frequently overlay limestone, some of 

Holocene and others of Pleistocene origin (Semeniuk and Glassford, 1988, Hearty and O’Leary, 

2008). 
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Regional plant species richness 
The regional flora of the Swan Coastal Plain is exceptionally rich. In total, over 2800 taxa have 

been described for the Swan Coastal Plain and this number continues to increase, as further 

studies discover new, or redefine poorly defined, taxa (Western Australian Herbarium, 1998-, 

Hopper and Gioia, 2004). The Jurien Bay dune chronosequence, in particular, abuts a region 

with extremely high regional diversity (around Mt Lesueur), thus increasing the regional species 

pool (Griffin et al., 1990, Hopper and Gioia, 2004, Laliberté et al., 2014). Likewise, a great 

diversity of plant nutrient-acquisition strategies is present in the Jurien Bay dune 

chronosequence; the large soil nutrient gradient across the differing dune systems (Laliberté et 

al. 2012) lends the chronosequence well to detailed investigations seeking to explore 

fundamental ecological questions relating to soil nutrient gradients in biodiverse ecosystems. 

Campos rupestres 

One of the vegetation systems within the Brazilian Cerrado biodiversity hotspot (Myers et al., 

2000) is campo rupestre. Campos rupestres are low montane communities, of altitudes 

generally between 900 m and 2000 m above sea level and, in the broadest sense, cover about 

66000 km2 from latitudes spanning 10° to 21° S (Silveira et al., 2016, Alves et al., 2014, Alves 

and Kolbek, 2009). All are at least 100 km from the Atlantic coast and are within a subtropical 

climatic zone, but due to their altitudes experience cooler average temperatures and greater daily 

temperature ranges (Alves et al., 2014). Average annual temperatures are less than 20° C and 

frosts occasionally occur in areas of relatively high altitude (in excess of 1000 m) (Eiten, 1972, 

Conceição and Pirani, 2007). Yearly rainfall generally averages between about 800 and 1500 

mm, with a marked winter dry season of two to five months; however, Alves et al. (2014) note 

that significant amounts of horizontal precipitation, of which little would be registered in rain 

gauges, also provides the vegetation with a greater water supply than would be indicated by the 

annual average. 

The underlying geologies of campos rupestres are generally metamorphic, Precambrian 

quartzites, although many regions have independent origins (Alves et al., 2014, Silveira et al., 

2016). Soils in campos rupestres are derived from weathering of the underlying parent material, 

which, when it is quartzite or sandstone, results in shallow white sandy soil no more than 3 m 

thick (Alves et al., 2014, Silveira et al., 2016). A variety of other soil types and habitat niches 

exist (Silveira et al., 2016); however, the study sites included in the research of this thesis were 

only from those environments with white sandy soil. The sandy soils are acidic, leached of most 

nutrients and have low water-holding capacities (Silveira et al., 2016, Oliveira et al., 2015). 

Species richness in campos rupestres is very high, with over 5000 native vascular plant species, 

equivalent to about 15% of the Brazilian flora, but in only 0.8% of the country’s land surface 

(Silveira et al., 2016). Species endemism is also high in campos rupestres systems, most likely 
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due to their geographical separation from other campos rupestres systems, as well as possibly 

due to their role as refugia during climatic fluctuations (Alves and Kolbek, 1994, Romero and 

Nakajima, 1999, Alves et al., 2014). Indeed, plant communities in geographically separated 

campos rupestres systems show greater similarities to one another than to neighbouring lowland 

communities (Alves et al., 2007, Conceição and Pirani, 2007). Plant communities growing in 

areas of sandy soil are often exclusively herbaceous, although both woody and herbaceous 

vegetation grow on rocky outcrops (Eiten, 1978, Conceição and Pirani, 2007, Lima et al., 2010). 

Species from the families Eriocaulaceae, Velloziaceae and Xyridaceae not only typify campos 

rupestres but are also exceptionally species rich within these systems (Alves et al., 2014, 

Silveira et al., 2016); the cosmopolitan families Asteraceae and Fabaceae are, however, the 

most species rich (Silveira et al., 2016). 

Nutrient-impoverished soils occur in both of the study systems of this thesis. The campos 

rupestres study sites (detailed in Chapter 5) were in areas of white sandy soils that were 

considered a priori to be approximately equivalent in nutrient status. The study sites of the 

Jurien Bay chronosequence, however, had soils representing a large nutrient (and especially P) 

gradient. Nutrient-impoverished sandy soils were the common feature of both study systems, 

however. For plants, nutrient-impoverished soils present a challenge to attain sufficient mineral 

nutrition; a wide range of nutrient-acquisition strategies exist to potentially meet that challenge, 

and these strategies are overviewed in the following sections. 

 

Nutrient acquisition in plants 

The uptake of adequate quantities of nutrients is essential for plant growth, survival and 

reproduction. Plants not only use their roots to acquire nutrients but also rely on other 

organisms, such as bacteria and fungi, often in symbiotic relationships (Aerts and Chapin, 2000, 

Brundrett, 2009). Indeed, a range of nutrient-acquisition strategies exist, with differing 

strategies often being employed side-by-side in the same community or even in the same plant 

(Lambers et al., 2010). 

The great majority of terrestrial vascular plants take up their nutrients through their roots, either 

directly from the soil or via symbioses with mycorrhizal fungi or bacteria (Aerts and Chapin, 

2000, van der Heijden et al., 2008). Most of the remainder (around 2%) use an alternative 

strategy of either parasitising other plants or consuming animals (usually small invertebrates) to 

supply, or heavily supplement, their mineral nutritional requirements (Pate, 1994, Brundrett, 

2009). Uptake of nutrients exclusively via the shoots is relatively rare in terrestrial plants 

(although common in aquatic plants); however, many plants, especially fast-growing species 

with high specific leaf areas (leaf area per unit mass), can obtain substantial amounts of N 
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through their leaves (Raven, 1988, Aerts and Chapin, 2000). In the following sections these 

strategies, especially those found in old nutrient-impoverished soils, are briefly reviewed. First 

described are the various types of mycorrhizal associations. Following that, the strategies that 

non-mycorrhizal plants employ are reviewed. Symbiotic nitrogen fixation is then introduced, 

and finally, the variations in the mixtures of strategies that are commonly found are described. 

Mycorrhizal associations 

Mycorrhizas are structures based on symbiotic associations between plants and soil fungi, 

whereby the fungus supplies soil-derived nutrients to the plant and the plant supplies the fungus 

carbon compounds derived from photosynthesis (Brundrett, 1991, Smith and Read, 2008). 

Mycorrhizal associations are by far the most common nutrient-acquisition strategy used by 

terrestrial plants, typically making up over 80% and sometimes more than 90% of all species in 

an ecosystem (Brundrett, 2009). Mycorrhizas can enhance nutrient uptake in two main ways: 

first, by expansion of the surface area available to extract nutrients; and second, some types of 

mycorrhiza also release organic, or tightly sorbed, forms of phosphorus (P) and nitrogen (N) 

from the soil (Read and Perez-Moreno, 2003, Lambers et al., 2008b). 

At least five different forms of mycorrhizal associations exist: arbuscular (formerly called 

vesicular-arbuscular) mycorrhizal, ectomycorrhizal, ericoid mycorrhizal, orchidaceous 

mycorrhizal, and Thysanotus mycorrhizal (Brundrett, 2009). Of these, ericoid and orchidaceous 

mycorrhizal associations only occur in single plant families (Ericaceae and Orchidaceae, 

respectively), whilst Thysanotus mycorrhizal associations only occur in the Australian/New 

Guinean Thysanotus plant genus (Brundrett, 2009, Sirisena et al., 2009). These different 

mycorrhizal types are reviewed in the following subsections. 

Arbuscular mycorrhizas 
Arbuscular mycorrhizas (AM) are the most prevalent mycorrhizal association, with more than 

70% globally of all mycorrhizal associations being arbuscular (Brundrett, 2009). They take their 

name from the characteristic ramifications they make inside root cortical cells – arbuscules - 

which often resemble the branching pattern of trees (Smith and Read, 2008). Relatively few 

species of fungi are known to form AM associations, with approximately 250 species presently 

classified (Schüßler and Walker, 2010, Schüßler, 2013), although many new types yet to be 

formally described are observed in natural plant communities (e.g., Krüger et al., 2015). All 

described species of AM fungi are generally considered to be obligatorily symbiotic and belong 

to the phyla Glomeromycota (Schüβler et al., 2001, Schüßler and Walker, 2010). They 

generally exhibit very low specificity for partner plant species, with any given fungal species 

being able to form symbioses with many plant species (Smith and Read, 2008). 

AM fungi enhance plant uptake of nutrients by vastly increasing the surface area of soil that can 

be explored via their networks of hyphae, in comparison with what would be possible by plant 
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roots (Smith and Smith, 2011). Exploration of the soil for nutrients can also effectively target 

richer patches of soil (Cui and Caldwell 1996). Arbuscular mycorrhizas enhance uptake of P, 

especially inorganic forms of P; some fungal species can also access organic P (Tarafdar and 

Marschner, 1994, Koide and Kabir, 2000), although whether significant amounts are accessed 

remains equivocal (Smith et al., 2015). Nitrogen uptake is also enhanced but only for inorganic 

forms of N (Smith and Smith 2011). 

Ectomycorrhizas 
Approximately 6000 species of plants (approximately 2% of described plant species) are 

ectomycorrhizal (ECM) (Brundrett, 2009). The main defining feature of the ECM association is 

the dense, labyrinthine network of hyphae – the Hartig net – in between root epidermal or 

cortical cells (Brundrett, 2004). In addition, the fungal tissue forms a sheath (or mantle) 

enclosing colonised roots and its hyphae form an outwardly growing network (the extraradical 

or external mycelium) in the soil (Smith and Read, 2008). Specificity of fungi for partner plant 

species is much higher than for AM symbioses, with some fungal genera being restricted to 

forming a symbiosis with only a single plant genus, although it is common for many ECM 

fungal species to form associations with a single plant species (Allen et al., 1995). On the other 

hand, plant specificity for fungal partners is generally much lower than fungal specificity for 

plant partners (Smith and Read, 2008). Relative to AM species, the diversity of ECM fungal 

species is very high, with over 7700 known species and possibly as many as 25000 (Rinaldi et 

al., 2008). ECM fungal hyphae tend to concentrate near the soil surface, indicative of their role 

in extracting nutrients from organic matter in generally infertile soils (Read, 1991). 

A suite of enzymes that allow access to organic forms of carbon (C), N and P are released by 

ECM hyphae (Smith and Read, 2008). In addition, the production of phosphatases and phytases 

facilitate the conversion of inaccessible forms of P into orthophosphate (Perez-Moreno and 

Read, 2000, Smith and Read, 2008). The release of organic acids may also promote weathering 

of rock, thus promoting soil development (Smith and Read, 2008, Marschner, 2012). 

Two other forms of mycorrhizal association, arbutoid and monotropoid mycorrhizas, originally 

thought to be a separate type of mycorrhizal association, have been shown by phylogenetic 

studies to be a type of ECM (Brundrett, 2004). Indeed, within ECM associations the 

morphology of the fungal root sheath, and the thickness and degree of colonisation often vary 

widely between plant species (Smith and Read, 2008). 

Ericoid mycorrhizas 
Ericoid mycorrhizal associations are specific to species of the family Ericaceae, which in the 

Australian context include those species formerly in the family Epacridaceae (Read, 1996). The 

roots of ericaceous plants have reduced vascular and cortical tissues and swollen epidermal cells 

heavily colonised by fungal hyphae (Read, 1996). Ericaceous roots generally lack hairs (Read, 
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1996), although some Australian taxa still produce root hairs, which are colonised by fungal 

hyphae (Hutton et al., 1994). In contrast to AM and ECM, ericoid mycorrhizal hyphae extend 

into the soil only a few millimetres from the roots of the plant (Read, 1991). 

Ericoid mycorrhizas increase uptake of minerals from organic compounds by the release of 

enzymes such as proteases and phosphatases (Bajwa et al., 1985, Kerley and Read, 1997, Read 

and Perez-Moreno, 2003) and also aid in the breakdown of chitin, lignin and tannin, all common 

in poor quality litter (Read, 1991, Kerley and Read, 1997). 

Some species of ericoid mycorrhizal fungi also act as ectomycorrhizas in some plant taxa 

(Bergero et al., 2000, Cairney and Meharg, 2003). Likewise, some ericaceous plant species can 

form ectomycorrhizal associations, for example arbutoid ectomycorrhizas in Comarostaphylis 

arbutoides (Osmundson et al., 2007). 

Orchid mycorrhizas 
Orchids depend on mycorrhizas for their nutrition to varying degrees depending on the species 

and stage in their life cycle. The orchid family, Orchidaceae, is one of the world’s largest plant 

families, currently estimated to contain about 8% of all seed plant species (The Plant List, 

2013), and all in the family form orchid mycorrhizal associations (Smith and Read, 2008). 

Due to their small seed size, which lack sufficient reserves, all orchids rely on their fungal 

partner for their nutrient and carbohydrate supply as young seedlings (Smith and Read 2008). 

Many species fully develop the capacity for photosynthesis as mature plants, whilst a small 

minority are myco-heterotrophic – relying solely on the fungi for nutrition (Dearnaley 2007). In 

many respects, the relationship between orchid and fungi can be viewed as parasitism by the 

orchid (Rasmussen 2009); however, there is some evidence of carbohydrate transfer from the 

orchid to the fungi (Cameron 2006), thus potentially conferring benefit to the fungus, albeit only 

once the orchid has reached the adult stage (Smith and Read 2008). 

Orchid mycorrhizas form coils, termed pelotons, in the host’s root cells, and like other 

mycorrhizal fungi they do not penetrate through the plant’s cell membrane (Rasmussen and 

Rasmussen, 2009). Pelotons are short-lived – some only last a day or so - and products from 

their degradation provide nutrients in many orchid species; however, transfer of sugars from 

fungus to plant also likely occurs whilst fungal membranes are fully intact (Smith and Read, 

2008, Rasmussen and Rasmussen, 2009). 

Specificity for fungal partners by orchids varies, with green (autotrophic) orchids generally 

having low specificity for their symbionts (Taylor and Bruns, 1997). Within Australia, many 

orchid species have high fidelity for their fungal partner, and indeed this is being increasingly 

found to be the case for orchids in the rest of the world (Perkins et al., 1995, Rasmussen and 

Rasmussen, 2009). 
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Thysanotus mycorrhizas 
The genus Thysanotus has a form of mycorrhizal association sufficiently distinct from all other 

main categories to warrant its own classification (Brundrett, 2004). Characterised by hyphal 

coils in cavities underneath epidermal root cells, hyphae generally only remain between cells,  

as opposed to AM and ericoid mycorrhizal hyphae, which also penetrate the cell walls (McGee, 

1988, Read, 1996, Smith and Read, 2008); nor do the hyphae form the Hartig net structures or 

encasing hyphal sheath characteristic of ECM (McGee, 1988, Brundrett, 2004). Growth of 

Thysanotus plants in low soil P conditions is enhanced when roots have formed their 

mycorrhizal association, suggesting P acquisition as a role of their mycorrhizas (McGee, 1988). 

Non-mycorrhizal plants 

Some plants species, typically ruderal or “weedy” species, grow on disturbed or especially 

fertile soil without any mycorrhizal symbioses or morphological root specialisations other than 

root hairs (Brundrett, 2009). In contrast, in many natural ecosystems with soil of low P 

availability, non-mycorrhizal plants exhibit root specialisations for P acquisition that allow them 

to obtain all their nutrients (especially P) without the need for mycorrhizal symbioses (Lambers 

et al., 2008b). The principal forms of these specialisations are discussed below. 

Specialised root structures 
Some non-mycorrhizal plants produce specialised root structures – complex, dense clusters of 

roots and root hairs. These specialised roots substantially enhance nutrient uptake by releasing 

bursts of exudates (carboxylates, phenolics and enzymes), which mobilise soil nutrients, 

principally P (Lambers et al., 2006). The vast surface area of these specialised roots both 

facilitates these exudative bursts and then allows for efficient uptake of the mobilised nutrients. 

A consequence of the release of large quantities of carboxylates is thought to be the uptake of 

manganese (Mn) resulting in elevated concentrations of Mn in the leaves (Lambers et al., 2015). 

Data to test this hypothesis were also collected in the research of this thesis. 

Occurring predominantly in eight dicotyledonous and two monocotyledonous families (Lambers 

et al., 2006), three main morphological types of specialised cluster roots have been identified 

and these are outlined first in the following sections. 

Proteoid or cluster roots 
Although recognised as early as the nineteenth century, the term proteoid root was first coined 

by Purnell (1960) in reference to the cluster roots formed on species from the Proteaceae family. 

Whilst often synonymous with “cluster roots” (Watt and Evans, 1999, Vance, 2008), with 

further investigation into other specialised root forms, the term proteoid roots now generally 

refers only to those specialised roots from dicotyledonous species (Lambers et al., 2006). 

Proteoid roots may be dense, compoundly-branched “Christmas-tree-like” structures in Banksia 
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(Proteaceae), “bottlebrush-like” structures, common in most Proteaceae, or less densely 

branched clusters as produced by genera such as Lupinus (e.g., Gilbert et al., 2000). 

Dauciform roots 
Originally coined by Lamont (1974) due to their shape resembling that of carrots (Daucus 

carota), dauciform roots have been observed only in many genera from the Cyperaceae 

(Lamont, 1982, Shane et al., 2005). Each dauciform root is a swollen lateral rootlet with dense 

clusters of long root hairs (Lamont, 1982, Shane et al., 2005). Typically, the rootlet is attached 

to the parent root by a shorter, hairless section – the top of the “carrot” – thus enhancing the 

rootlet’s carrot-like appearance; dauciform roots usually occur in clusters beading off the parent 

root axis (Davies et al., 1973, Lamont, 1974). Physiologically, they are analogous to proteoid 

roots and are induced to form by conditions of low soil P (Shane et al., 2006). 

Capillaroid roots 

Rushes, of the family Restionaceae, common in southwest Australia, South Africa and New 

Zealand, often produce clusters with long root hairs (Lamont, 1982). These clusters of root hairs 

not only tend to retain considerable amounts of soil, but also moisture due to capillary action, 

thus leading to the name capillaroid roots (Lamont, 1982). The structure of capillaroid roots is 

strongly suggestive of physiological activity similar to that of proteoid roots; however, further 

investigation is required to confirm this hypothesis (Lambers et al., 2006). 

Sand-binding roots 
Worldwide, many monocotyledonous species, especially grasses, inhabiting arid and semi-arid 

zones produce roots that tightly bind sand around the exterior of the roots (Price, 1911, Buckley, 

1982). Within the Mediterranean regions of the southern hemisphere many non-mycorrhizal 

species of the Haemodoraceae, Cyperaceae and Restionaceae produce similar roots – these are 

typically called sand-binding roots (Shane et al., 2011, Smith et al., 2011). Sand grains are 

bound tightly around the root by dense root hairs resulting in an effective doubling of the 

diameter of the root (Shane et al., 2011). The exact function of these sand sheaths is not fully 

understood but it is believed that they help accumulate and retain moisture and nutrients, 

provide a protective environment for soil bacteria - which in turn may provide the plant with 

nutrients, especially N - and provide additional strength, and protection from herbivory and high 

soil temperatures (Shane et al., 2011). Solubilisation of soil phosphate can also be facilitated by 

sand-binding roots in some species. For example, in sandy campos rupestres soils, sand-binding 

roots of Discocactus placentiformis (Cactaceae) have long root hairs that produce large 

quantities of carboxylates (Abrahão et al., 2014). The function of this form of sand-binding 

roots is thought to be analogous to the P-mining strategy of plants with cluster roots (Lambers et 

al., 2008b, Abrahão et al., 2014).  
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Parasitism 
Parasites tap into the vascular system of host plants in order to obtain nutrients, water and, in 

some cases, assimilates of photosynthesis (Shen et al., 2006, Lambers et al., 2008a). Some 

make attachments to the roots, whilst others attach to stems, of their hosts via specialised, 

typically rounded structures called haustoria (Shen et al., 2006). 

Over 4500 species (less than 2% of all angiosperms) are parasites (Brundrett, 2009). Growth 

forms range from small herbaceous, ground-dwelling plants, to aerial, rootless plants, all the 

way through to small trees (Pennings and Callaway, 2002). The range of host plants is very 

large and whilst preferences for certain host species may exist, in some cases host selection 

lacks such specificity that even inanimate and man-made structures, such as communication 

cabling, can be attacked by the parasite (Calladine and Pate, 2000, Pennings and Callaway, 

2002, Shen et al., 2006). 

Some parasites, hemiparasites, have some capacity for photosynthesis; others, holoparasites, 

effectively have none and so must source all their nutritional and carbon requirements from the 

phloem of the host plant (Shen et al., 2006, Lambers et al., 2008a). All holoparasites, and the 

great majority of hemiparasites, are strictly non-mycorrhizal (Brundrett, 2009). A small 

minority, such as some species of the Santalaceae, do form mycorrhizal associations, but the 

extent to which the mycorrhizas contribute to nutrition is unclear (Lesica and Antibus, 1986, 

Brundrett, 2009). 

Carnivory 

Carnivory is an adaptation to nutrient-poor environments that has evolved independently at least 

seven times in several different plant lineages (Ellison and Gotelli, 2009, Pereira et al., 2011). 

Even so, it is relatively rare in the plant kingdom, representing less than 0.25% of all flowering 

plant species (Brundrett, 2009). Carnivorous plants are herbaceous, generally small and attract, 

capture and digest their prey - usually small invertebrates. By far the most common method for 

entrapment is the “flypaper trap” - sticky glands on modified leaves and stems that constrain 

and consume their victims (Chase et al., 2009). Many other entrapment specialisations exist, 

undoubtedly the most famous of these being the toothed leaves of the Venus flytrap, Dionaea 

muscipula, which close in a tenth of a second to imprison its prey (Forterre et al., 2005). Leaves 

may also trap beneath the soil surface: in nutrient-impoverished soils of campos rupestres, 

Philcoxia minensis entraps and digests nematodes using leaves that are usually buried beneath 

the sandy soil surface (Pereira et al., 2011). 

Carnivorous plants are generally non-mycorrhizal and some, such as Utricularia, are completely 

rootless (Sirová et al., 2010). Not surprisingly, they gain a substantial proportion of their 

nutritional requirements from their prey (Ellison and Gotelli, 2001, Ellison, 2006, Brundrett, 

2009, Pereira et al., 2011). 
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Symbiotic nitrogen fixation 

Eight families of plants have developed symbioses with bacteria that can convert atmospheric N 

into forms readily assimilated by plants. Principal among these are the legumes, members of the 

Fabaceae, although much N-fixation in woodland ecosystems occurs within other families, such 

as the Casuarinaceae and Betulaceae (Aerts and Chapin, 2000, Cooper and Scherer, 2012). 

Atmospheric nitrogen is converted into other forms of N, principally ammonia, by nitrogenase 

enzymes produced by the symbionts; but they only do so effectively under anaerobic conditions, 

because nitrogenase is highly sensitive to oxygen (Cooper and Scherer 2012). Hence, nitrogen-

fixing plants or their symbionts form structures (e.g., nodules in legumes) in which to limit the 

free supply of oxygen to the nitrogenase. Oxygen is still needed by the bacteria for metabolic 

function and it is transported to the bacteria in oxygen transport proteins, leghaemoglobin or 

haemoglobin (Mylona et al., 1995). 

Legumes form symbioses with bacteria of several genera, principally from the rhizobia group, 

and whilst the bacteria may reside in other regions of the plant or rhizosphere, typically, N 

fixation only occurs within the root (or stem) nodules (Cocking, 2003, Vessey, 2003). In a 

similar manner to legumes, the filamentous bacteria, Frankia, cause nodulation in actinorhizal 

plants (plants that form symbioses with Frankia), for example, members of the Casuarinaceae 

(Chaia et al., 2010). In cycads, Nostoc cyanobacteria are also compartmentalised, but not inside 

nodules. Rather, they are housed in elongated structures, somewhat akin to coral in appearance 

– hence their name, coralloid roots (Halliday and Pate, 1976). Unlike rhizobia, Nostoc provides 

N to cycads in the form of various amino compounds (Pate et al., 1988). There are, however, 

notable exceptions to N fixed within specialised root structures; for example, free-living 

Acetobacter within sugarcane (Sevilla et al., 2001, Boddey et al., 2003). In many such cases, 

bacteria living freely in either the rhizosphere or endophytic within the plant can benefit the 

plant not only by fixing atmospheric N, but also by increasing the availability of other nutrients 

or causing changes in root growth and morphology (Vessey, 2003). 

Other soil microorganisms 

As overviewed above, mycorrhizal fungi are one major component of the soil microbial 

community that strongly affects the plant community. However, mycorrhizal fungi are by no 

means the only microorganism present in soils; soil bacteria are ubiquitous and have many key 

roles in nutrient cycling and, ultimately, nutrient acquisition by plants (van der Heijden et al., 

2008). 

Soil bacteria 
The bacterial population in the rhizosphere may be two orders of magnitude greater than that in 

the surrounding bulk soil (Spaepen et al., 2009). This is due to low-molecular weight exudates, 
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mucilage and other carbon compounds lost from the roots into the rhizosphere - collectively 

known as rhizodeposition - providing the energy needed for bacterial proliferation (Jones et al., 

2004, Lambers et al., 2009). Mineralisation of these carbon compounds by rhizosphere bacteria 

typically proceeds rapidly (Jones et al., 2004). However, some plants, such as cluster rooting 

plants, release exudates in a burst, which lowers the soil pH and which, in turn, inhibits the 

bacterial activity that would otherwise consume those same compounds (Lambers et al., 2009). 

Hence, the roots of these species have sufficient time to take up the nutrients mobilised by those 

exudates. 

Soil bacteria can have many positive effects on plants. Bacteria in the rhizosphere can convert 

atmospheric N to plant-available forms (Cooper and Scherer, 2012) and improve the availability 

of various nutrients (Vessey, 2003). Some bacteria mineralise (convert to an inorganic form) N 

and P, thus providing forms of these essential nutrients to plants that can be readily taken up by 

roots (Clarholm, 1985, Jorquera et al., 2008). Depolymerisation - the conversion of polymers to 

monomers, such as amino acids – by soil bacteria is an additional step in N mineralisation that 

gives both plants and microbes access to an otherwise inaccessible form of soil N (Schimel and 

Bennett, 2004). Plant growth can also benefit from bacteria, which solubilise immobile forms of 

inorganic P, especially in alkaline soils, thus making it available for plant uptake (Richardson, 

2001, Gyaneshwar et al., 2002). Indirect benefit to plants can also be provided by the 

production of phytohormones, which stimulate growth (Rodríguez and Fraga, 1999). 

Soil bacteria can also protect plants against fungal infection, whilst others can protect against 

soil bacterial pathogens, either directly by attacking pathogens or competition for nutrients, or 

indirectly by triggering plant defence mechanisms (Glick, 1995, van Loon et al., 1998). 

Bacterial species may also have synergistic effects on one another resulting in greater plant 

protection (Mendes et al., 2011). On the other hand, soil bacteria can negatively impact plants 

and plant communities. Many soil pathogens are bacterial (e.g., von Bodman et al., 2003) and 

soil microbes, often bacteria, can compete with plants for soil nutrients (van der Heijden et al., 

2008). 

Plant nutrition can also be indirectly affected by bacterial denitrification – the release of N back 

into the atmosphere (van der Heijden et al., 2008). Nitrification, the conversion of ammonia into 

nitrate, can also lead to a removal of N from the soils by the conversion of this less mobile form 

of N into highly mobile nitrate, thus allowing it to be rapidly leached from the soil (van der 

Heijden et al., 2008). 

Bacterial interactions with mycorrhizal associations 

Some soil bacteria, collectively known as mycorrhization helper bacteria, facilitate the 

formation of mycorrhizal associations. Their primary actions are to stimulate hyphal extension 

and root branching, increase fungal colonisation and root contacts, and make the soil 
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environment more conducive for the mycorrhizal fungus (Frey‐Klett et al., 2007). Similarly, 

other bacteria aid mycorrhizal functioning once the mycorrhizal association has been 

established (Frey‐Klett et al., 2007). Such helper bacteria have much greater specificity for the 

mycorrhizal fungi than the host plant (Bonfante and Anca, 2009). Trophic interactions also exist 

between mycorrhizal fungi and bacteria; some fungi can consume bacteria and vice versa 

(Bonfante and Anca, 2009). Some bacteria form symbioses with AM fungal species, living 

within the fungi. These endobacteria are passed from one fungal generation to the next and seem 

to have an important role in optimal fungal development (Bonfante and Anca, 2009). 

With respect to plants with an ECM association, it has long been known that the physical 

barrier, which is the fungal hyphae that envelope the plant’s roots, provides considerable 

protection from root pathogens (Marx, 1972, Marschner, 2012). Many of these pathogens are 

not only bacterial, but may also be fungal, or may be root herbivores such as nematodes; 

mycorrhizal fungi may be targeted by nematodes (Brussaard et al., 2001). 

Many studies have shown that different species of plants tend to have different bacterial 

communities in their rhizosphere (e.g., Garbeva et al., 2008, Berg and Smalla, 2009). These 

contrasting community compositions reflect differing bacterial preferences for both plants and 

mycorrhizal fungi and that is one way in which plant-soil feedback may be established (De 

Deyn and Van der Putten 2005, Bonfante and Anca 2009). 

Mixtures of strategies 

Many mycorrhizal fungal species can form differing types of associations depending on the 

plant species being colonised. For example, Bergero (2000) showed that the ECM fungus 

colonising holm oak (Quercus ilex) also simultaneously forms ericoid mycorrhizal associations 

with a heath species, Erica arborea. In the Australian context, fungal species that ordinarily 

form AM or ECM associations also form Thysanotus mycorrhizal associations with plants of 

that genus (McGee, 1988). Similarly, many plant species can form both AM and ECM 

associations (Smith and Read, 2008) and some, such as Eucalyptus, initiate the association at 

different growth stages, AM initially and subsequently ECM (Chilvers et al., 1987). 

Due to the flexibility in their specificity for plant partners, one mycorrhizal fungus may form 

associations with several plants. Similarly, each plant may have associations with more than one 

fungus. The resultant mycorrhizal network thus allows for indirect interactions between plants, 

the effects of which may be positive or negative (van der Heijden and Horton, 2009), although 

the partnerships in these networks are not simply random (Montesinos‐Navarro et al., 2012). 

Seedlings are thought to benefit most strongly from existing mycorrhizal networks, primarily 

due to rapid access to substantial nutrient resources supplied by the network (van der Heijden 

and Horton, 2009). 
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Some plant species on infertile soils can also utilise more than one nutrient-acquisition strategy. 

For example, due to its leguminous heritage, Viminaria form N-fixing nodules; they 

additionally also produce cluster roots and form an AM symbiosis (Brundrett, 2009, de Campos 

et al., 2013). Similarly, some actinorhizal species, such as many Casuarinaceae species, can fix 

N via their symbiosis with Frankia, form both AM and ECM associations, and additionally 

produce cluster roots; however, the exact degree of mycorrhizal colonisation and cluster-root 

formation depends upon soil fertility and symbiont availability (Reddell et al., 1997, Diem et 

al., 2000). Seasonal arbuscular mycorrhizal associations have also been reported from plant 

species in otherwise non-mycorrhizal groups (e.g., Meney et al., 1993), although the 

contribution of those associations to mineral nutrition remains to be demonstrated. 

Changes in strategies with soil age and fertility 

Nitrogen (N) and phosphorus (P) are the two macronutrients that most often limit or co-limit 

plant growth (Aerts and Chapin, 2000, Elser et al., 2007, Harpole et al., 2011). With differing 

soil ages, concentrations and availability of these soil nutrients generally change in a predictable 

way (Walker and Syers, 1976, Turner and Laliberté, 2015). Observations linking different soil 

types to different nutrient-acquisition strategies initially focussed on different mycorrhizal types 

(Read, 1991); however, recently a hypothesis presenting both mycorrhizal and non-mycorrhizal 

strategies, together with soil N and P (Figure 1), was proposed by Lambers et al. (2008b). 

 

Figure 1. Generalised relationship between the changes in total soil P and N and the associated changes in 

the suite of nutrient-acquisition strategies in plant communities. The width of each wedge corresponds to 

the relative abundance of the strategy. Adapted from Lambers et al. (2008b). 
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The model by Lambers et al. (2008b) links the relative proportions of the main forms of 

mycorrhizal and non-mycorrhizal strategies to soil age and, hence, soil N and P availability. 

Plants with symbiotic bacteria that fix atmospheric N tend to be especially common in young 

soils with low N availability. With increasing soil age, a greater number of acquisition strategies 

is employed. As soils age and weather, and hence become poorer in nutrients, those strategies 

that allow the uptake of those remaining nutrients, especially P, become favoured. Mycorrhizal 

strategies are the most common of these; AM tend to be more prevalent in younger, fertile soils, 

whilst ECM and ericoid mycorrhizas become more so on older, poorer soils. In the poorest of 

soils, mycorrhizal plants, although still prevalent, have been observed to be less abundant, and 

indeed those observations were supported by the research of this thesis. In nutrient-

impoverished soils, plants that can release strongly sorbed P from soils without mycorrhizas, for 

example cluster-root species such as Banksia (in the Australian context), are at their most 

abundant (Lambers et al., 2008b, Lambers et al., 2010). Exudate-releasing non-mycorrhizal 

plant species become more abundant in impoverished soils than in any other soil fertility type 

(Lambers et al., 2008b). This is particularly so in South Africa and southwest Australia where 

the families Proteaceae, Restionaceae and Cyperaceae are notably conspicuous (Lamont, 1982, 

Shane et al., 2005, Lambers et al., 2008b, Lambers et al., 2010). 

Measures of species diversity 

Species richness, the number of species in a community (or, more generally, the number of 

species per sampling unit), depends on the sample size and area – larger areas usually have 

greater numbers of species (MacArthur and Wilson, 1967, Connor and McCoy, 1979). To 

enable the richness of different communities to be compared, indices independent of both 

sampling effort and area have long been sought. In the first mathematical description of 

diversity, Fisher (1943) incorporated a component, α (alpha), now generally referred to a 

Fisher’s α, which theoretically would remain constant irrespective of the sample size. Many 

subsequent observations of the changes in community composition over distances (and scale) 

led to many other formulations of diversity that attempted to account for these changes (see 

Peet, 1974). However, the inability of many of these new indices to be a universally applicable 

measure of diversity even led to a call to abandon the very term “diversity” (Hurlbert, 1971). 

Nevertheless, the concept of diversity persisted and, in a general sense, three measures of 

diversity, applicable at different spatial scales, are generally used: alpha (α, small-scale diversity 

within a local community), beta (β, variation in community composition between communities 

within a region), gamma (γ, broad-scale regional diversity). Intuitively, β diversity has been 

viewed as a way to link γ and α diversity, with Whittaker’s (1960) “simplest” formulation (γ / α) 

being the first to state it mathematically. Defined in this way, however, β diversity had the 

undesirable property of increasing with increased sampling effort (at regional scales) and so 

many alternatives have subsequently been proposed (Anderson et al., 2011), although some 



 Chapter 1 19 

 

(e.g., Jost, 2007, Tuomisto, 2010) maintain that a single formulation of β diversity can be 

achieved. Further still, many indices of diversity that utilise relative abundances (proportions) of 

species, rather than counts of abundance, are widely used; arguably, Simpson’s (1949) and the 

Shannon’s (Shannon and Weaver, 1949) are the most popular. 

Thesis format, research aims and hypotheses 

Three studies of this thesis focussed on the Jurien Bay dune chronosequence. The first (co-

authored) study, presented in Chapter 2, tested several prominent, competing hypotheses that 

attempt to explain local species diversity in response to resource gradients. The study used an 

analysis technique called structural equation modelling to simultaneously evaluate these 

hypotheses, using vegetation and soil data from the Jurien Bay chronosequence. 

The study of Chapter 3 characterised the vegetation communities of the Jurien Bay 

chronosequence in order to investigate how changing soil properties associated with long-term 

soil development affect plant species diversity and turnover.  Based on prior observations of the 

Jurien Bay chronosequence and research in other chronosequences that exhibit ecosystem 

retrogression – the decline in productivity, decomposition and nutrient cycling due to depletion 

of soil nutrients (Peltzer et al., 2010) - it was hypothesised that plant species diversity and 

turnover would increase with increasing soil age (and decreasing soil fertility). 

The hypothesis relating changes in plant nutrient-acquisition strategies with soil age, proposed 

by Lambers et al. (2008b) and presented above, was tested in the research of Chapter 4. The 

Jurien Bay chronosequence was particularly well suited to be used as a model system to test this 

hypothesis due to its wide range of soil ages (and the associated large fertility gradient), as well 

as exhibiting most of the nutrient-acquisition strategies currently known. A further aim of the 

study was to determine which soil variables were the most important drivers of any observed 

changes in nutrient-acquisition strategies. 

The nutrient-acquisition strategies of white-sand campos rupestres plant communities were 

quantified in the study detailed in Chapter 5. By comparing the prevalence of mycorrhizal and 

non-mycorrhizal plant species in the campos rupestres, the patterns observed in the Jurien Bay 

chronosequence were put in a wider context. In addition, concentrations of leaf Mn and 

rhizosphere carboxylates, from a selection of campos rupestres species, were also used to test 

the hypothesis linking leaf Mn concentrations to a carboxylate-releasing nutrient-acquisition 

strategy (Lambers et al., 2015). 

The final chapter, the General Discussion, synthesises the research of this thesis, reviews 

limitations and highlights areas requiring future research. 
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2. Environmental filtering explains variation in plant 
diversity along resource gradients 

This chapter was published in Science (26 September 2014, volume 345, issue 6204). The study 

was led by Etienne Laliberté, using vegetation data from the Jurien Bay dune chronosequence 

collected in the research of this thesis. The inclusion of this paper in the thesis allows the 

diversity of the vegetation communities of the Jurien Bay chronosequence to be put in the 

context of prominent ecological theories relating to species diversity. The large soil fertility 

gradient of the Jurien Bay chronosequence, coupled to its large regional species diversity, 

provided an ideal model system to evaluate these theories that provide explanations for plant 

species diversity in response to environmental gradients. 

The paper has been reformatted for the thesis, but both the main paper and supplementary 

material are presented separately, in a similar manner to the journal, with the supplementary 

material beginning with the Materials and Methods section. 
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Environmental filtering explains 
variation in plant diversity along 
resource gradients 
Etienne Laliberté,1* Graham Zemunik,1 Benjamin L. Turner2 

The mechanisms that shape plant diversity along resource gradients remain unresolved because 
competing theories have been evaluated in isolation. By testing multiple theories simultaneously 
across a >2-million-year dune chronosequence in an Australian biodiversity hotspot, we show that 
variation in plant diversity is not explained by local resource heterogeneity, resource partitioning, 
nutrient stoichiometry, or soil fertility along this strong resource gradient. Rather, our results 
suggest that diversity is determined by environmental filtering from the regional flora, driven by 
soil acidification during long-term pedogenesis.  This finding challenges the prevailing view that 
resource competition controls local plant diversity along resource gradients, and instead reflects 
processes shaping species pools over evolutionary time scales.

or decades, ecologists have sought to 
understand patterns in terrestrial plant 
diversity along environmental 
gradients (1). Prominent theories 
emphasize resource competition as a 
key driver of diversity (2–4). 

Alternatively, it has been proposed that 
variation in local plant diversity along 
gradients reflects the filtering of species that 
are poorly adapted to local environmental 
conditions (5–7), highlighting the impor-
tance of long-term evolutionary processes in 
shaping species pools and present-day 
patterns of plant diversity. These competing 
hypotheses have been considered in 
isolation, and further progress can be made 
only by considering the multivariate links 
between resource supply, species pools, and 
local plant diversity (8). 

To disentangle how resource supply and 
species pools interact to control local plant 
diversity, we studied a >2-million-year 
coastal dune chronosequence near Jurien 
Bay in southwestern Australia (30°01′ to 
30°24′S; 114°57′ to 115°11′E) (9) (also see 
supplementary materials and methods). The 
chronosequence provides a distinctive 
opportunity to explore controls over local 
plant diversity for several reasons (10). First, 
the broad range in soil age leads to an 
exceptionally strong natural gradient in  
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nutrient availability and stoichiometry while 
minimizing variation in other important 
ecosystem factors such as climate, 
topography, and parent material (9, 11). 
Additionally, the fact that all 
chronosequence stages are found within a 
short (~10-km) distance ensures that 
differences in species pool sizes among 
stages can be due to environmental filters 
only, thus ruling out dispersal limitation as a 
causal factor. Further, previous studies 
showed that nutrient availability strongly 
constrains plant growth along the 
chronosequence (9, 11), whereas the open 
canopy of the shrubland vegetation (average 
leaf area index <0.5) rules out light as a 
limiting resource. Finally, the chrono-
sequence is located in one of the most 
floristically diverse regions on Earth (12), 
enabling us to further our understanding of 
the controls over plant diversity in species-
rich ecosystems. 

We evaluated prominent hypotheses 
about how local soil resources might drive 
local plant diversity along this resource 
gradient (10) (Fig.1). First, spatial hetero-
geneity in soil properties might allow more 
niches for species with different resource 
requirements to coexist locally (13, 14). 
Second, plant diversity might show a 
unimodal (“hump-shaped”) response to soil 
fertility, declining under higher fertility due 
to competitive exclusion (2, 4). Third, plant 
diversity might be greatest where no single 
soil nutrient strongly limits plant growth 
(i.e., colimitation) if species show trade-offs 
in their ability to acquire different nutrients 
(15). Here, we focus on nitrogen (N) and 
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phosphorus (P) because these are the two 
nutrients that most strongly limit or colimit 
plant growth along this chronosequence (9, 
11). Fourth, a greater diversity in the forms 
of N or P present in soils might promote 
plant diversity through resource partitioning, 
if species differ in their preference for 
different forms of these nutrients (16, 17). 
Finally, variation in plant diversity along 
resource gradients might simply reflect 
environmental filtering from the regional 
flora due to key abiotic properties (e.g., soil 
pH or total [P]),  thus leading to species 
pools of varying sizes, with no need to 
invoke factors that might influence resource 
competition (5–7, 18) (Fig. 1). 

To test these hypotheses, we studied 
vegetation and soils from 60 permanent 10-
by-10–m plots encompassing six 
chronosequence stages (i.e., 10 replicate 
plots per stage) for which soils ranged in age 
from the present day (stage 1) to >2 million 
years old (stage 6) (9). In each plot, we 
measured species composition, density, and 
canopy cover of all vascular plants. We use 
rarefied plant species richness as our 
measure of local plant diversity, thus 
controlling for differences in plant density 
(fig. S1) or sampling effort (19). We 
collected seven surface (0 to 20 cm) soil 
samples per plot and determined pH and a 
range of soil nutrients. We also collected leaf 

samples and analyzed them for nutrients 
(11). Finally, we grew canola (Brassica 
napus) in soils collected from each plot to 
derive a plant-based index of soil fertility. 

To determine the relative importance of 
soil resource factors and species pool effects 
on local plant species richness, we translated 
our conceptual causal model (Fig. 1) into one 
that could be evaluated quantitatively (10). 
The resulting structural equation model (Fig. 
2A) was well supported by the data (χ2= 
40.1, df = 42, P = 0.555), and none of the 
independence claims implied by the model 
were statistically significant (P > 0.05), 
suggesting that all of the important 
relationships were specified in the model. As 
expected from previous results (9, 11), long-
term pedogenesis led to strong shifts in the 
local soil resource factors that have been 
hypothesized to influence plant species 
richness, either directly or indirectly via 
declines in soil total P and pH (Figs. 2 and 
3A). However, despite the marked changes 
in soil resources along the chronosequence, 
variation in local plant species richness was 
explained almost entirely by soil pH (Figs. 
2A and 3C). By contrast, there were no 
significant effects on local plant species 
richness of soil spatial heterogeneity, N:P 
stoichiometry, or diversity of N and P forms 
(Fig. 2A), although species richness showed 
a weak but statistically significant hump-

Fig. 1. General conceptual model representing how long-term soil and ecosystem development can 
drive changes in local plant diversity. Long-term soil and ecosystem development (here represented by 
“chronosequence stage”) can lead to changes in the local soil resource factors that prominent theories 
emphasize as key drivers of local plant diversity along resource gradients (10). In addition, pedogenesis 
leads to changes in abiotic conditions such as soil P concentrations and pH, which can also affect those 
local soil resource factors (10). Finally, abiotic conditions such as pH can lead to environmental filtering 
from the regional flora to give rise to stage-specific species pools of varying sizes, which can influence 
local plant diversity through proportional sampling (6). 
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shaped relationship with soil fertility after 
accounting for all other factors (fig. S2). 
Still, adding local soil resource factors as 
predictors to a model that considered only 
soil pH provided a worse fit to the data 
[model with only soil pH as predictor: 

Akaike’s information criterion (AIC) = 353; 
model with soil pH and all local resource 
factors presented in Fig. 2A as predictors: 
AIC = 360; likelihood-ratio test: L = 10.1, df 
= 9, P = 0.344], reinforcing the importance 
of soil pH as a causal factor. 

 
Fig. 2. Generalized multilevel path models showing the direct and indirect pathways through which 
long-term soil and ecosystem development drives variation in local plant species richness. (A) 
Model with direct link from soil pH to local plant species richness. (B) Model with effect of soil pH on local 
plant species richness mediated via changes in the size of each stage-specific species pool. Rarefaction 
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was used to remove effects of plant density on species richness. Arrows represent the flow of causality. 
Arrows pointing to other arrows represent interactive effects, whereby one variable is expected to influence 
the strength and direction of the relationship between two other variables. Both models were well 
supported by our data [(A): χ2 = 40.1, df = 42, P = 0.555; (B): χ2 = 48.6, df = 58, P = 0.804],and none of the 
independence claims implied by the model were statistically significant at α = 0.05. Path coefficients (i.e., 
numbers associated with each arrow) are unstandardized regression coefficients. Arrow width is 
proportional to the standardized path coefficient and can be interpreted as the relative importance of each 
factor. For nonlinear relationships involving polynomial terms, path coefficients for second-order 
polynomials are shown in parentheses, whereas those for third-order polynomials are in shown in square 
brackets. Standardized path coefficients for nonlinear relationships involving polynomial terms were 
computed using composite variables. Statistical significance for nonlinear relationships was tested using 
likelihood-ratio tests. Gray dashed arrows represent nonsignificant (P > 0.05) relationships. †Total 
phosphorus (P) was log-transformed in these analyses. ‡0.05 < P ≤ 0.1; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 
0.001; ****P ≤ 0.0001. N, nitrogen. R2, coefficient of determination. 

 
 
To determine whether the effect of soil 

pH on local species richness was the result of 
environmental filtering from the regional 
flora, we estimated the species pool size for 
each chronosequence stage (fig. S3) using 
the second-order jackknife estimator (20) 
and included this variable in a second model 
(Fig. 2B). This model was well supported by 
our data (χ2

 = 48.6, df = 58, P = 0.804) and 
showed that the negative effect of soil pH on 
local plant diversity could be explained by 
environmental filtering from the regional 
flora (Figs. 2A and 3, C to E). 

Our results thus reveal that environmental 
filtering from the regional flora is the 
dominant factor explaining variation in local 
plant diversity along this strong resource 
gradient, overriding factors associated with 
local resource competition that have been the 
focus of several prominent theories. A 
negative effect of high soil pH on local plant 
diversity is expected in regions where acidic 
soils have been common throughout 
evolutionary history (18). Accordingly, the 
species-rich flora of southwestern Australia 
has evolved predominantly on ancient, 
strongly weathered and, therefore, acidic 
soils (12). One explanation underlying the 
negative effect of high pH on plant diversity 
is a poor capacity of many plant species to 
acquire micronutrients or P from calcareous 
soils (21). However, although pH best 
explained variation in the size of species 
pools along this gradient (Fig. 2B), we note 
that pH and soil total [P] are strongly 
correlated (correlation coefficient r = 0.97, P 
< 0.0001) (fig. S4). As such, it is possible 
that environmental filtering from the regional 
flora along this gradient reflects P toxicity on 
P-rich soils in species adapted to infertile 
conditions (21) and, conversely, inefficient 

use of P on P-impoverished soils in species 
adapted to fertile conditions (11). 

For completeness, we also tested the 
effect of individual soil resource factors on 
local plant diversity separately to explore 
whether some of these effects could have 
been deemed significant had the influence of 
pH and species pools not been appropriately 
considered (i.e., not included in the models). 
When tested independently, both the 
diversity of P forms and leaf N:P ratio 
showed positive and significant (P < 0.05) 
effects on local plant diversity (table S1), 
which could have been interpreted as a role 
for P partitioning (17) or greater plant 
diversity under P limitation (22). However, 
both of these effects disappeared once 
variation in soil pH and species pool sizes 
among chronosequence stages were taken 
into account (Fig. 2). 

The importance of evolutionary or 
biogeographical history in shaping floras to 
explain global patterns of plant diversity 
(e.g., the latitudinal gradient of plant 
diversity) has long been recognized (23). 
However, species pools have received less 
attention (6) than resource competition (2, 3) 
as explanations for patterns of plant diversity 
along local resource gradients. Although 
previous studies have highlighted the 
importance of environmental filtering and 
species pools in explaining local plant 
diversity patterns (7, 24–27), our study 
provides the strongest support to date for this 
hypothesis by simultaneously evaluating 
prominent theoretical predictions about the 
role of soil resources in driving local plant 
diversity (10)—namely those associated with 
spatial re-source heterogeneity (13, 14), 
resource partitioning (16, 17), nutrient 
stoichiometry (3, 15), and soil fertility (2, 4). 
Our finding that environmental filtering from 
the regional flora is the dominant driver of 
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local plant diversity along this resource 
gradient is important because our design 
allows us to rule out dispersal filters while 
minimizing variation in ecosystem properties 
(e.g., climate, soil texture, topography, 
parent material) that can amplify species 
pool effects. That said, the relatively low 
productivity and frequent disturbance by fire, 

coupled with a species-rich flora, might 
partly explain the strong species pool effects 
over local plant diversity in this system (28). 
Further research should explore whether 
local resource factors become more 
important in more productive and less 
frequently disturbed systems, as well as in 
less species-rich systems. 

 
Fig. 3. Selected pairwise relationships between chronosequence stage, soil pH, species pool size, 
and local (rarefied) plant species richness. Increasing soil age (i.e., chronosequence stage) leads to an 
increase in plant species richness (A) and a decrease in soil pH (B). Declining soil pH leads to greater 
local plant species richness (C) and species pool sizes (D). Local plant species richness is greater with 
larger species pools (E). In (D), there are only six data points (i.e., one per chronosequence stage) 
because species pool size was estimated for each stage. 

 
 
An improved mechanistic understanding 

of the controls over terrestrial plant diversity 
is critical for predicting how diversity may 
respond to environmental change (29, 30). 
Overall, our study supports the view that 
local plant diversity patterns along resource 
gradients cannot be understood without 
considering the interaction between 
evolutionary history and local abiotic 
conditions (5, 6). Moreover, it suggests that 
the prevailing view by which mechanisms 
associated with local resource competition 
best explain pat-terns in local plant diversity 
along resource gradients should be revisited 
(6). Our results do not imply that local 
resource factors and niches are unimportant 
in promoting local plant species co-existence 

within individual communities (31); rather, 
they suggest that such factors may not 
explain variation in plant diversity among 
communities. Our finding about the 
importance of environmental filtering and 
species pools in shaping local plant diversity 
patterns along resource gradients might also 
help to explain why studies find inconsistent 
responses of plant diversity to productivity 
(8). 
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Materials and Methods 
 

Study area 

The >2-million year Jurien Bay dune chronosequence is located in south-western Australia, 

approximately 200 km north of Perth. A detailed description of the dune chronosequence is 

presented elsewhere (9). Essentially, the Jurien Bay dune chronosequence consists of a series of 

dune systems within ~15 km of the coast; the dunes were deposited during various periods of 

high sea level from the Early Pleistocene (and possibly Late Pliocene) to the present (9, 32). 

The dune systems increase in age with distance from the coast and have not been buried by 

younger sediments. As a result, they have been exposed to weathering since their deposition, 

thus creating a clear west–east soil age gradient. This soil age gradient is associated with large 

changes in soil nutrient availability and the type of nutrient limitation (9) that match 

expectations from the Walker and Syers (33) model of soil development. Indeed, a previous 

nutrient-limitation bioassay showed that plant growth is nitrogen (N)-limited on very young 

dunes [although potassium (K) or micronutrients may also play a role], co-limited by N, 

phosphorus (P) and/or other nutrients on intermediate-aged dunes, and P-limited on old dunes 

(hundreds of thousands to millions of years old). The shift from N to P limitation of plant 

growth with soil age has also been supported by patterns in leaf N:P ratio of native plants along 

the chronosequence (11). 

The Jurien Bay chronosequence is situated in the north-western portion of the Southwest 

Australian Floristic Region (SWAFR), a global biodiversity hotspot (12). Precise up-to-date 

figures for the total plant species richness of SWAFR are not available; however, prior 

inventories showed that approximately two thirds of all plant species in Western Australia occur 

in the SWAFR, suggesting that the SWAFR contains over 8000 native plant taxa (12, 34), a 

tally that likely will continue to increase much as it has done so for the last 30 years (Western 

Australian Herbarium; http://florabase.dpaw.wa.gov.au/). The SWAFR has not been glaciated 

since the Permian, and this along with long-term geological stability and relative climatic 

stability (due to oceanic buffering) are thought to have been key factors in promoting its 

exceptionally high plant biodiversity (12, 35, 36). To our knowledge, no comprehensive studies 

of the flora of the Jurien Bay chronosequence have been published. Herbarium records 

(NatureMap; http://naturemap.dec.wa.gov.au/) within the area covered by our sampling plots 

yield 540 native taxa (excluding holoparasites and wetland species); however, a number of 

common species were missing from the species list, suggesting that this is an under-estimate. In 

contrast to the coastal dunes, considerable attention has focused on the adjacent Mount Lesueur 

area, immediately to the east of the chronosequence, which is a well recognized center of plant 

species richness and endemism (12). About half of all the plant species in the SWAFR are 

endemic (12), with the regional endemism of the Mount Lesueur area (approximately 15%) 

http://florabase.dpaw.wa.gov.au/).
http://naturemap.dec.wa.gov.au/)
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being among the highest within the SWAFR (12, 37). However, it is likely that only around one 

quarter of the regional endemism occurs within the coastal dune systems (37). The flora of the 

Holocene coastal dunes (chronosequence stages 1-3) is similar to the coastal flora throughout 

southern Australia (38); further from the coast, in the Spearwood and Bassendean dune systems 

(chronosequence stages 4-6), the vegetation is typically kwongan or open Banksia woodland 

(37, 39). Dominant families of shrubs and trees along the Jurien Bay chronosequence include 

the Myrtaceae, Fabaceae, Proteaceae and Ericaceae, and many genera from the Cyperaceae, 

Haemodoraceae, Goodeniaceae, Dilleniaceae and Restionaceae form substantial components of 

the perennial understory (12, 37). 

The climate of the region is Mediterranean, with hot, dry summers and cool, wet winters. 

Mean annual rainfall (1953–2012) is 573 mm, of which ~80% falls between May and 

September. Mean annual maximum temperature (1969–2013) is 25 °C, with the warmest mean 

monthly maximum temperature being 31 °C (February) and the coolest 20 °C (July; Australian 

Bureau of Meteorology, http://www.bom.gov.au/climate/data/). Fire is the main disturbance in 

the area, with typical fire-return intervals of <30 years (40). 

Site selection 

Sixty 10 m × 10 m plots were selected for sampling. Locations for the 10 m × 10 m plots 

were selected using a random stratified sampling design. Aerial photographs, maps (i.e. soil, 

geology and topography), and on-ground verification (e.g., using soil morphological 

characteristics) were used to define six broad regions (i.e. chronosequence stages) 

corresponding to distinct dune systems and/or soil types. Details on plot selection and 

delineation of the chronosequence stages are provided elsewhere (9, 11) and are summarized 

here. We selected six chronosequence stages corresponding to distinct dune systems of 

increasing age, as indicated by the degree of soil development (41). Stages 1– 3 can easily be 

distinguished from stages 4–6 because the latter occur east of a distinct beach ridge that marks 

the transition between the Holocene and Pleistocene dunes (9). In addition, soils of stages 1–3 

are alkaline due to the presence of carbonates, whereas soils from stages 4–6 are decalcified (9, 

41). Within the Holocene dunes (stages 1–3), mobile dunes (stage 1) are easily identified due to 

their recent origin and absence of soil development (11). Dunes corresponding to stage 2 are 

located between dunes of stages 1 and 3, but are heavily vegetated, and their soils are much 

more developed (i.e. organically enriched A horizon) than those of stage 1 (9). Older Holocene 

dunes (stage 3) were selected on the basis of landscape position (i.e. just west of the Holocene–

Pleistocene transition). Soils from stages 4–5 (Spearwood dunes) are easily distinguished by 

their distinct yellow color that is due to the oxidation of iron minerals (42). Stages 4 and 5 

consist of Middle to Late Pleistocene dunes with a calcarenite core (Tamala Limestone); they 

show calcretes and karst weathering profiles in the upper parts that are overlain by decalcified 

http://www.bom.gov.au/climate/data/).
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sand, the thickness of which depends on soil age and the degree of weathering (43). In stage 4, 

calcretes are generally found within 1 m of the soil surface, whereas in stage 5 they occur at a 

depth of several meters or are possibly absent in some cases. Finally, dunes corresponding to 

stage 6 (Bassendean dunes) can be distinguished from stages 4–5 by their lack of morphological 

expression, gray (not yellow) sands, very thick (>2 m) bleached E horizons, and absence of 

calcretes (9, 32, 41). 

The six regions were spread over a ~675 km2 (i.e. approximately 45 km north-south × 15 km 

east-west) coastal area from south of Jurien Bay to Green Head. These regions were digitized as 

polygons in a geographical information system (Quantum GIS, http://qgis.org/). All vehicle-

accessible roads and tracks from the general area were digitized into the GIS. Randomly 

positioned points within each of the six distinct dune systems were generated in the GIS, 

constraining locations between 40 and 200 m from a road or track to facilitate access. Due to the 

relatively small sizes of vegetation patches within the youngest dune system (i.e. stage 1; young 

mobile dunes), locations were randomly selected without consideration to road or track 

proximity. We avoided dune swales and restricted plots to freely-draining soils on dune faces 

where dune morphology was still relatively intact (i.e., Quindalup and Spearwood dunes). In 

older dunes that had lost their dune morphology (i.e., the oldest Bassendean dunes that have lost 

much of their relief due to their considerable age), we avoided obvious low-lying areas where 

water can accumulate from the surrounding landscape during the rainy season (winter). Ten 

plots per dune system were selected for vegetation surveys, for a total of 60 plots. The average 

closest distance between two neighboring plots was 2.1 km. This was deemed large enough to 

minimize the potential for spatial autocorrelation to influence the results. 

Vegetation sampling 

Floristic surveys were conducted on the 60 permanent 10 m × 10 m plots (10 plots in each 

of six chronosequence stages). Each plot was surveyed at least once between August 2011 and 

March 2012. The majority of plant species along this chronosequence have evergreen foliage, 

but some species (e.g., geophytes, annuals) do not have persistent aboveground structures. 

Therefore, plots that were first surveyed in drier months (i.e. November to March) were re-

surveyed in September 2012, to ensure that species with non-persistent aboveground structures 

were recorded. To estimate canopy cover and number of individuals for each plant species 

within the 10 m × 10 m plots, seven randomly-located 2 m × 2 m subplots were surveyed within 

each plot. Within each subplot, all vascular plant species were identified, the corresponding 

number of individuals was counted and the vertically projected vegetation canopy cover was 

estimated. Relative cover (%) of each species per plot was then estimated as a fraction of total 

canopy cover over the seven subplots. We note that while there is low canopy overlap in these 

shrublands, there can be substantial root overlap between neighboring plants (44). 

http://qgis.org/).
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Leaf sampling and nutrient analyses 

Leaves from the most abundant species were collected over a two-month period between late 

March and early May 2012, near the end of the dry summer season (11). In each of 50 plots (ten 

plots for each of five chronosequence stage; leaves were not collected from stage 5), only 

healthy mature individuals were selected for sampling. Leaves were not collected from stage 5 

because leaf sampling was conducted as part of a previous study (11) in which this 

chronosequence stage was not considered. However, stage 5 shares most species with stages 4 

and 6, allowing us to calculate community-level foliar N:P ratios for plots in stage 5. In general, 

mature leaves were sampled from one individual plant per species in each plot, and all leaves 

were bulked per species for each of the 50 plots. A species was considered absent from a plot if 

it could not be found within ~30 m of its centre. The number of individual collections per 

species in each chronosequence stage ranged from 5 to 10. In each case, representative samples 

of mature leaves were collected using nitrile gloves to minimize sample contamination. Leaves 

were not washed prior to nutrient analyses but we consider dust contamination to be highly 

unlikely, given the sandy nature of the soils. Mature leaves were undamaged, fully expanded 

and exposed to full sunlight. 

Each leaf sample was oven-dried (70 °C, 48 h) and finely ground using a Teflon-coated 

stainless steel ball mill. A subsample was analyzed for total N concentration using a continuous-

flow system consisting of a SERCON 20-22 mass spectrometer connected with an automated N 

analyzer (Sercon, Crewe, UK). A second subsample was digested in concentrated HNO3:HClO4 

(3:1) and P concentration determined by inductively-coupled plasma optical-emission 

spectrometry (ICP-OES) on a simultaneous Varian Vista Pro (Australia) radially configured 

ICP-OES fitted with a charge-coupled device (CCD) detection system and an A.I. Scientific 

AIM-3600 auto-sampler. 

Soil sampling and determination of chemical properties 

Between 11–16 June 2012, seven soil samples (one sample per 2 m × 2 m subplot) were 

collected in each of the sixty 10 m × 10 m plots, for a total of 420 samples. Subsampling was 

done to obtain more accurate estimates of the mean and to estimate within-plot spatial variation 

in soil properties. Samples were taken at 0–20 cm depth using a 50-mm diameter sand auger, 

sieved (<2 mm) to remove roots and other large organic debris, homogenized, and air-dried 

prior to chemical analysis. 

The 0–20 cm soil sampling depth was based on the fact that this is the zone where most 

nutrients and fine roots are located in these shrublands (44). Although the surface soil layer is 

the one most likely to be influenced by plants (45), previous work along the Jurien Bay 

chronosequence (9, 11, 41) has shown that the very large shifts in soil chemical properties (e.g., 

~40-fold decline in soil total P concentration from the youngest to the oldest soils) and in the 
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strength and type of nutrient limitation are primarily driven by long-term pedogenesis. This is 

confirmed by the fact that soil P budgets over 1 m depth show a strong decline from 384 g P m-2 

in stage 1 to 6.4 g P m-2 in stage 6 (Laliberté and Turner, unpublished data). 

Total soil [P] was measured by ignition (550 °C, 1 h) and extraction in 1 M H2SO4, with 

phosphate detection by automated online neutralization and molybdate colorimetry using a 

Lachat Quikchem 8500 (Hach Ltd, Loveland, CO, USA). A soil P fractionation procedure (46) 

was performed on bulked samples from the 60 plots. Phosphate extracted by anion-exchange 

membranes (1 cm × 4 cm; manufactured by BDH, Poole, UK, and distributed by VWR 

International, West Chester, PA, USA) was desorbed from the membranes by shaking for 1 h in 

0.25 M H2SO4. All other extracts were centrifuged (8000 × g, 15 min) and an aliquot decanted 

for analysis. Each aliquot was neutralized using phenolphthalein indicator and dilute NaOH or 

H2SO4 (as appropriate) and analyzed for inorganic phosphate and total P. Extraction solutions 

were: 0.5 M NaHCO3, 0.1 M NaOH and 1 M HCl. Phosphate was determined by molybdate 

colorimetry at 880 nm with a 1-cm path length. Total P was determined by the same procedure 

following acid-persulfate digestion at 80 °C overnight in sealed glass tubes. In both cases, 

standards were prepared in the extract solution following identical neutralization and dilution 

steps. The detection limit for both procedures was approximately 0.6 mg kg-1. For each extract, 

organic P was calculated as the difference between total P and inorganic P. Residual P was 

calculated as the difference between the independent estimate of total P measured by ignition 

and the sum of all inorganic and organic P fractions measured from the sequential extractions. 

Total soil [N] was determined by combustion and gas chromatography on a Thermo Flash 

1112 analyzer (CE Elantech, Lakewood, NJ, USA). Nitrate and ammonium were determined 

colorimetrically on a Lachat Quikchem 8500 using standard procedures from the manufacturer. 

Total dissolved N was determined by combustion and gas chromatography on a Shimadzu 

TOC-TN analyzer. Dissolved organic N was calculated as the difference between total dissolved 

N and the sum of nitrate and ammonium. 

Soil pH was determined in a 1:2 soil to solution ratio in 10 mM CaCl2 using a glass 

electrode. Exchangeable cations (Al, Ca, Fe, K, Mg, Mn, Na) were determined by extraction in 

0.1 M BaCl2 with detection by ICP-OES on an Optima 7300 DV (Perkin Elmer, Inc, Shelton, 

CT). 

Soil fertility bioassay 

We grew canola (Brassica napus) in the glasshouse in soils collected from all 60 plots (0–30 

cm depth) on June 11-16, 2012. Soils were air-dried for a week after collection, then oven-dried 

for four days at 55 °C. Three canola seeds per pot were sown in August 2012 and plants were 

harvested in November 2012. Total oven-dried biomass (above- and belowground) was used as 



46 Chapter 2 

a plant-based index of soil fertility, which was used a predictor of local plant species richness in 

our statistical analyses. 

Calculations 

Local plant species richness. For each one of the sixty 10 m × 10 m plots, we summed the 

species count data from the seven 2 m × 2 m subplots. We excluded holoparasites since they can 

be considered a higher trophic level. In order to allow meaningful comparisons of plant species 

richness among plots while controlling for differences in plant density or sampling effort, we 

used individual-based rarefaction (19). Our use of individual-based rarefaction avoids the 

potential artifact of higher plant species richness at intermediate productivity due to changes in 

plant size and plant density with productivity when plot size is fixed (47). The number of 

individuals considered in the rarefaction analysis was based on the plot with the lowest number 

of individuals. Rarefaction was performed using the ‘vegan’ package in R (48). 

Species pool size. In order to estimate species pool size for each one of the six 

chronosequence stages, we used an extrapolation technique based on a nonparametric species 

richness estimator, as done elsewhere (24, 49). Nonparametric species richness estimators are 

widely recognized as the most promising avenue for estimating the minimum number of species 

in a habitat (50, 51). An alternative approach of using local floras and trait databases to define 

species pools (e.g., 6, 52) could not be used here because exhaustive habitat-specific species 

lists are not available for this region. Moreover, even if independent estimates of species pool 

sizes were available, they would likely be severely negatively-biased (51) given the highly 

diverse regional flora (12). We used the second-order Jackknife estimator (53) on the species 

count data (again, excluding holoparasites) from 70 samples corresponding to the 2 m × 2 m 

subplots for each chronosequence stage (i.e. seven subplots × 10 plots) to provide an estimate of 

the ‘true’ regional richness of each stage. Such a hierarchical sampling approach has previously 

been used to estimate species pool sizes of different habitats (49). We used the second-order 

Jackknife estimator because a previous study performed in similar species-rich shrublands from 

south-western Australia found that it approached ‘true’ species richness faster than other 

estimators (20). The second-order Jackknife estimator uses the formula: 

푆 = 푆 +
푄 (2푚− 3)

푚
−
푄 (푚− 2)
푚(푚− 1)

 

where SJack 2 = extrapolated richness, Sobs = observed richness, Q1 = number of species 

found in only one sample, Q2 = number of species found in precisely two samples, and m = 

number of samples. Nonparametric richness estimation was performed using the ‘vegan’ 

packages in R (48). 
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We assessed the reliability of our species pool size estimates by using sample-based 

rarefaction curves (19, 54) for the six chronosequence stages, with each curve depicting the 

average of 999 random permutations of subplot order (fig. S3). This analysis showed that our 

estimators, while still rising gradually (except for stage 4, which had reached a plateau), were 

converging toward asymptotes and were far from the rapidly rising section of the sample-based 

rarefaction curves (i.e. <10 samples) (fig. S3). We note that nonparametric species richness 

estimators often fail to reach an asymptote, especially in species-rich communities (e.g., 54), but 

they are still valid minimum estimates of ‘true’ richness (51). 

As an additional check, we also estimated the total number of species across the sampling 

area covered by our plots, again using the second-order Jackknife estimator but this time using 

all 420 2 m × 2 m subplots from the six chronosequence stages into a single analysis (fig. S5). 

Our sample-based rarefaction curve based on the second-order Jackknife estimator reached a 

plateau (fig. S5) and the estimated number of plant species (excluding holoparasites) across the 

different dune habitats was 416. As mentioned in the section ‘Study area’ section, herbarium 

records for the entire area covered by all our 60 plots yielded approximately 540 species 

(excluding holoparasites and wetland species); however, we note that this area is considerably 

larger than the total area covered by the six regions defined in the GIS (see ‘Site selection’ 

section). Moreover, this larger area would include much greater environmental heterogeneity 

than that considered by our sampling design, in which plots were restricted to dune faces and 

deep, freely-draining soils (see ‘Site selection’ section). Therefore, we believe that the estimate 

of 416 taxa across the different dune habitats we sampled is in accordance with existing data on 

the local flora, thus providing further support for our approach to estimate stage-specific species 

pool sizes. 

Soil spatial heterogeneity. In order to estimate the within-plot spatial heterogeneity in soil 

properties, we used data on total [N], total [P], pH, and effective cation-exchange capacity (i.e. 

sum of exchangeable Al, Ca, Fe, K, Mg, Mn, Na). Those four variables were then standardized 

to zero mean and unit variance in order to give them equal weights, and multivariate dispersion 

based on Euclidean distances (55) was calculated used as a measure of spatial heterogeneity in 

soil properties for each of the 60 plots. 

Leaf N:P stoichiometry. We used leaf N:P ratio as a measure of the relative availability of N 

and P for plants, since leaf N:P ratios are usually preferred over soil measurements (56). 

Previous studies along the Jurien Bay chronosequence using either a nutrient-addition 

experimental approach (9) or field-measured leaf N:P ratios (11) have both shown consistent 

shifts from N to P limitation of plant growth with soil age, suggesting that the leaf N:P ratio is a 

useful indicator of the relative availability of N and P in this system. Leaf N and P 
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concentrations were measured on the most abundant species, and vegetation cover estimates 

were used to calculate cover-weighted values for each plot (11). 

Diversity of P and N forms. We used data on the concentrations of different P fractions from 

the P fractionation procedure to calculate the diversity of P forms within each of the 60 plots. 

To do so, we used Simpson’s index of diversity on the different P fractions, calculated as the 

inverse of the dominance index. We used the same approach for N, using the following three 

fractions: dissolved organic N, nitrate, and ammonium. 

Statistical analyses 

We used generalized multilevel path models (57) to test different causal hypotheses 

involving pedogenesis, abiotic conditions, local soil resource factors, species pools, and local 

plant diversity (Fig. 1). Standard structural equation modeling (SEM) approaches based on 

comparisons between observed and predicted covariance matrices was not used because the 

presence of random effects (i.e., random intercepts per chronosequence stage) violated the 

assumption of independence among observations. Besides allowing us to consider random 

effects, another benefit of generalized multilevel path models is that they offer a flexible way to 

take into account nonlinear relationships and interactions among variables (57). 

Testing the validity of a generalized multilevel causal path model consists of: (i) finding the 

'basis set' BU of independence claims implied by a directed acyclic causal graph (i.e. a box-and-

arrow causal diagram that involves no feedback loops) that, together, expresses the full set of 

dependence and independence claims implied by the causal graph, (ii) obtaining the probability 

pi associated with each of the k independence claims in BU, using appropriate statistical tests (in 

our case, linear mixed models, as described above), (iii) combining the p using 퐶 =

−2∑ ln	(푝 ), and (iv) comparing the C statistic to a chi-square (χ2) distribution with 2k 

degrees of freedom (57). A causal model can be rejected if the P-value associated with its C 

statistic is smaller than the specified α-level (here, α = 0.05), since a significant P-value implies 

that the data depart significantly from what would be expected under such a causal model (57). 

When analyzing experimental data under an SEM framework, ordinal variables can be dealt 

with in several ways (58). We ranked the ‘chronosequence stage’ variable, resulting in a 

continuous variable from 1 to 6. We used linear mixed models with random intercepts per 

chronosequence stage to test the k independence claims implied by each causal path model (57). 

Total soil P concentration was sometimes log-transformed to linearize relationships. All 

predictors were centered on their means (i.e. subtracting the mean) to facilitate interpretation 

and to avoid multicolinearity problems due to the inclusion of interactions and polynomials 

(59). Residuals were inspected to verify model assumptions and appropriate variance structures 
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were used in the presence of heterogeneity (60). We used polynomials of main terms to model 

nonlinear relationships (61). 

Individual path coefficients leading to endogenous variables (i.e. variables with arrows 

leading to them) were fitted using restricted maximum likelihood (REML) and tested for 

significance. Residuals were inspected to verify model assumptions, and appropriate variance 

structures were used in the presence of heterogeneity (60). Significance of individual path 

coefficients was assessed using conditional t-tests (60). Model fits for endogenous variables 

were assessed via an R2 statistic developed for linear mixed models (62). 

Because all predictors were centered, unstandardized path coefficients can be interpreted as 

the amount of change in the response variable following a unit change in the predictor when all 

other predictors are held constant at their mean values (59). However, in the presence of an 

interaction, the unstandardized path coefficient for a predictor involved in the interaction is 

interpreted as its average effect on the response variable when the conditioning variable (i.e. the 

other predictor involved in the interaction) is held at its mean value (59). The unstandardized 

path coefficient for the interaction, on the other hand, represents the amount of change in the 

slope of the regression of the response variable on one of the predictors involved in the 

interaction, following a one-unit change in the other predictor (59). 

Standardized coefficients for main terms and interactions were computed as described 

elsewhere (59), whereas those for nonlinear relationships involving polynomials were 

computed from composite variables of the polynomial terms (61). To do so, we first created a 

single composite variable from these polynomial terms by fitting a mixed model with all 

polynomials as predictors, extracting its regression coefficients (i.e. fixed effects), and then 

multiplying each polynomial by its regression coefficient and summing them together into one 

composite variable (61). REML estimation was used and pi (for calculating significance of the 

path model, see above) was taken from the P-value associated with the t-statistic for the 

regression coefficient of the composite variable. Contrary to unstandardized coefficients, 

standardized coefficients can be directly compared to each other and represent the relative 

importance of each path. These standardized coefficients are interpreted in a similar way as 

unstandardized coefficients, except that changes in both predictors and response variables are 

expressed in standard deviation units. All of the aforementioned analyzes were conducted using 

the ‘nlme’ (63) package in the R environment (64). 
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Fig. S1. Changes in plant density across six stages of the >2-million year Jurien Bay dune 

chronosequence. The central vertical bar in each box shows the median, the box represents the 

interquartile range (IQR), the whiskers show the location of the most extreme data points that 

are still within a factor of 1.5 of the upper or lower quartiles, and the black points are values that 

fall outside the whiskers. Different letters indicate significant differences (α = 0.05) in plant 

density among chronosequence stages, based on post hoc Tukey tests. 

 

 

Fig. S2 Hump-shaped relationship between soil fertility (as estimated by dry mass of canola 

plants grown in field-collected soils) and rarefied plant species richness (partial residuals after 

taking into account all other predictors in the model presented in Fig. 2B). 
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Fig. S3 Sample-based rarefaction curves for the six chronosequence stages. The second-order 

Jackknife estimator was used as it was previously shown to be the most efficient estimator in 

these species-rich shrublands (20). Each curve depicts the average of 999 random permutations 

of subplot order. The total number of species (excluding holoparasites) estimated from seventy 

2 m × 2 m subplots (i.e. seven subplots in each of 10 plots) is used as a standardized measure of 

species pool size for each chronosequence stage. 

 

 

Fig. S4 Relationship between soil total [P] and soil pH for the Jurien Bay chronosequence. The 

x-axis is on a logarithmic scale. The two variables are strongly correlated (log-transformed soil 

total [P]; r = 0.97, P < 0.0001). 
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Fig. S5 Sample-based rarefaction curves for the entire dune chronosequence. Each curve depicts 

the average of 999 random permutations of subplot order. The gray areas around the curves are 

95% confidence intervals. The observed species data (excluding holoparasites) measured from 

all 420 subplots (i.e. seven 2 m × 2 m subplots in each of 60 plots) is used to estimate the total 

number of plant species across the different dune habitats sampled. The total number of plant 

species estimated using all 420 subplots is 416. Jack-2 = second-order Jackknife estimator. 

 

Table S1. Results of linear mixed-effect model testing the effect of diversity of P forms and leaf 

N:P ratio on rarefied plant species richness, in the absence of other predictors shown in Fig. 2. β 

= unstandardized regression coefficient. Random intercepts per chronosequence stage and a 

power variance structure were specified in the model. 

 
 

Term β σ df t P 
Intercept 23.24 0.995 52 23.3525 <0.0001 
Diversity of P forms 

 

3.00 

 

0.989 

 

52 

 

3.03 

 

0.0038 

 Leaf N:P ratio 0.24 0.099 52 2.38 0.0209 
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3. Increasing plant species diversity and extreme species 
turnover accompany declining soil fertility along a long-

term dune chronosequence in a biodiversity hotspot 

Regional-scale processes affecting local plant species diversity were the focus of Chapter 2. 

Chapter 3 investigates the soil drivers of plant community composition within the Jurien Bay 

chronosequence: the changes in species richness, diversity and turnover. 

The chapter was published in Journal of Ecology (May 2016, Volume 104, Issue 3, pages 792-

805), in a revised and slightly shorter version. As with Chapter 2, the main paper is presented 

first and is followed by the Supporting Information. 
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Summary 
1. Long-term soil chronosequences provide strong natural soil fertility gradients that can be 

used to explore linkages between soils and plant community composition and diversity. Well-

studied forested soil chronosequences have revealed that plant diversity increases with greater 

soil age and declining fertility, but this diversity response has not been explored in extremely 

species-rich regions. 

2. We quantified changes in plant species diversity and community composition, and identified 

the edaphic drivers of these changes, along a >2-million year retrogressive dune 

chronosequence in the Southwest Australia biodiversity hotspot. 

3. We found greater plant species diversity across all growth forms as soil development 

proceeded and concentrations of soil nutrients, particularly phosphorus, diminished to extremely 

low levels (surface soil total P concentrations of 6 mg P kg-1). Despite the high plant alpha 

diversity on older nutrient-impoverished soils, species turnover across the chronosequence was 

exceptionally high, when all growth forms were considered, and there was complete turnover of 

woody species along the chronosequence. Such extreme species turnover across the 

chronosequence reflected large changes in soil chemical properties. In addition, beta diversity 

within individual chronosequence stages increased with declining soil fertility. Shrubs remained 

the dominant and most speciose growth form throughout the chronosequence. 

4. Synthesis. The large increase in plant alpha diversity and the extreme species turnover 

associated with declining soil fertility highlight the crucial role of soil properties in driving plant 

community assembly during long-term ecosystem development, previously only reported from 

comparatively species-poor regions. Our finding that plant beta diversity increased with 

declining soil fertility contrasts with the view that higher productivity should lead to higher beta 

diversity. Rather, this result suggests that the interaction of an extremely diverse species pool 

and nutrient-impoverished soils provides the basis for the maintenance of such high beta 

diversity at extremely low soil fertility. 
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Key-words: determinants of plant community diversity and structure, ecosystem development, 

non-mycorrhizal plant species, nutrient-impoverished soil, pedogenesis, phosphorus, 

retrogression, species richness 

Introduction 

Primary succession is associated with the initial stages of soil and ecosystem development and 

results in an increase in plant species diversity as plants gradually colonise the site (Odum, 

1969, Grime, 2001). Many of the early successional species (i.e. ‘ruderal’ species sensu Grime, 

2001) that colonise recently-exposed substrates grow quickly, are short-lived and rapidly 

produce many, readily dispersed seeds, making these early stages of succession amenable to 

study (Connell and Slatyer, 1977). Direct observational studies of soil and ecosystem 

development in the longer term, however, are impossible given that soil-forming processes 

operate over hundreds to many thousands of years. For this reason, long-term soil 

chronosequences are recognised as invaluable model systems for the study of long-term 

ecosystem development and the response of plant species diversity to pedogenic change 

(Vitousek, 2004, Peltzer et al., 2010, Walker et al., 2010, Laliberté et al., 2013). 

Soil chronosequences are space-for-time substitutions that consist of a series of soils derived 

from the same parent material but with differing periods of soil formation (Jenny, 1946, Stevens 

and Walker, 1970). Studies using soil chronosequences have shown that long-term soil 

development results in characteristic shifts in soil properties, including declining pH and 

phosphorus (P) concentrations (Walker and Syers, 1976, Crews et al., 1995, Richardson et al., 

2004, Laliberté et al., 2012, Turner and Laliberté, 2015), and corresponding shifts in plant 

communities and plant species diversity (Kitayama and Mueller-Dombois, 1995, Kitayama et 

al., 1997, Richardson et al., 2004, Wardle et al., 2004, Wardle et al., 2008, Laliberté et al., 

2013). In old soils, nutrient depletion results in ecosystems moving to a retrogressive phase 

(retrogression), in which ecosystem processes such as primary productivity and decomposition 

rates decline (Wardle et al., 2004, Vitousek, 2004, Peltzer et al., 2010, Laliberté et al., 2012), 

and where P rather than N becomes the key limiting nutrient (Vitousek and Farrington, 1997, 

Wardle et al., 2004, Laliberté et al., 2012, Newman and Hart, 2015). Whilst much has been 

learnt about ecosystem retrogression through the use of chronosequences, plant community 

responses to strongly-weathered, P-depleted soils still remain poorly understood (Peltzer et al., 

2010), particularly in very species-rich regions where no long-term soil chronosequences had 

been described until recently (Laliberté et al., 2012). 

A small number of well-studied long-term chronosequences (e.g., Thompson, 1981, Crews et 

al., 1995, Richardson et al., 2004, Wardle et al., 2008, Gundale et al., 2011) have provided 

valuable insights into the responses of forested ecosystems to long-term soil development. 

Shrubs and herbs, by contrast, are minor components of these chronosequences in terms of 
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standing biomass, but their species richness, unlike that of the trees, generally increases with 

retrogression (Wardle et al., 2008). Insights from other long-term chronosequences that contain 

a variety of additional smaller growth forms stand to complement these forest-dominated 

ecosystems, especially as many shrub-dominated communities in seasonally-dry climates (e.g., 

fynbos and kwongkan vegetation, Cowling et al., 1996a, Mucina et al., 2014) are globally 

amongst the most species rich (Cowling et al., 1996b, Hopper and Gioia, 2004). Furthermore, 

studies of long-term soil chronosequences in species-rich regions would be particularly valuable 

to understand linkages between soils and plant communities since the most species-rich regions 

on the planet are often found on old, relatively nutrient-poor soils (Huston, 2012, Laliberté et 

al., 2013). 

Southwest Australia, one of the global biodiversity hotspots (Myers et al., 2000), includes many 

shrubland regions of exceptionally high diversity at all spatial scales, known as kwongan 

(Mucina et al., 2014). One such region, near Mount Lesueur (one of three regions of 

exceptionally high plant species diversity and endemism in south-western Australia; Hopper and 

Gioia, 2004), abuts a long-term (>2,000,000 years), retrogressive coastal dune chronosequence 

(Laliberté et al., 2012, Turner and Laliberté, 2015). The Jurien Bay chronosequence (Laliberté 

et al., 2012) has developed from at least the beginning of the Pleistocene, and hosts an 

exceptionally rich regional flora (Laliberté et al., 2014). It exhibits an extremely strong soil 

nutrient and pH gradient (Laliberté et al., 2012, Hayes et al., 2014, Laliberté et al., 2014, Turner 

and Laliberté, 2015), which conforms to the model of long-term soil development originally 

proposed by Walker and Syers (1976). 

As a chronosequence that includes a retrogressive phase, the Jurien Bay system’s species-rich, 

shrub-dominated communities provide a unique opportunity to augment models of ecosystem 

development and retrogression that have largely been based on forest-dominated communities 

(Vitousek, 2004, Wardle et al., 2008, Peltzer et al., 2010). Recently, the Jurien Bay dune 

chronosequence was used as a model system to determine which factors best explained variation 

in local plant species richness along this strong resource gradient (Laliberté et al., 2014). It was 

found that environmental filtering from the regional flora, not various aspects of local soil 

resource availability, most strongly determined the local species diversity (Laliberté et al., 

2014); however, the details of the shifts in plant diversity and community composition along the 

sequence have not previously been described, and these are the focus of the present study. 

Soil chronosequences provide opportunities to study how soils influence beta (β) diversity, i.e. 

variation in community composition across sites. In particular, chronosequences, as strong 

fertility and productivity gradients, allow tests of recent hypotheses linking β diversity to 

increasing resource availability (Chase and Leibold, 2002, Harrison et al., 2006), and those 

suggesting that stochastic priority effects have a greater effect on β diversity at high 

productivity than purely deterministic processes (Chase, 2010). These hypotheses have not yet 
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been evaluated for plants along natural, strong and well-defined resource availability gradients 

such as that provided by soil chronosequences (but see Martínez-García et al., 2015, for 

arbuscular mycorrhizal fungi). 

In this study, we characterised plant communities along the Jurien Bay dune chronosequence, 

and analysed the soils for nutrients and other chemical properties to further our understanding of 

how soil development has affected the system’s plant diversity, species turnover and its 

progression into retrogression. Recent work in the system (Laliberté et al., 2014) led us to 

expect an increase in species richness and diversity across the chronosequence, consistent with 

the synthesis by Wardle et al. (2008), who found an increase in the richness of all vascular 

species along a series of contrasting long-term soil chronosequences with retrogressive phases. 

Along with the increase in species richness, prior observations led us to hypothesise that species 

turnover within each chronosequence stage would increase with declining soil fertility, and that 

there would be high plant species turnover across the entire chronosequence. Finally, given that 

the older soils of the chronosequence are P impoverished, we expected that plant groups 

specialising in efficient uptake and use of nutrients, especially P, would be most abundant in the 

older, retrogressive stages. 

Materials and methods 

Site selection 

The Jurien Bay dune chronosequence (30°01' to 30°24' S; 114°58' to 115 11' E) consists of three 

main dune systems, the Quindalup, Spearwood and Bassendean dunes, corresponding to sea-

level highstands during the Holocene (Quindalup dunes), the Middle Pleistocene (Spearwood 

dunes) and the Early Pleistocene (Bassendean dunes) (McArthur, 2004, Laliberté et al., 2012, 

Turner and Laliberté, 2015). Climate, vegetation and soils have been described elsewhere 

(Laliberté et al., 2012, Hayes et al., 2014, Laliberté et al., 2014, Turner and Laliberté, 2015). 

The study used a randomised stratified sampling design, with the three main dune systems 

delineated into six chronosequence stages (Laliberté et al., 2014, Zemunik et al., 2015). In brief, 

a geographic information system (GIS) model based on aerial imagery and ground-truthing was 

built using Quantum GIS (Quantum GIS Development Team, 2012). The stratification in the 

model, based on soil development, was recently supported by complete soil profile descriptions 

(>1 m depth), nutrient budgets and soil P fractionation (Turner and Laliberté, 2015). The 

Quindalup dune system was stratified into the first three chronosequence stages: (1) recently-

stabilised dune sand; (2) well-developed soil further inland supporting mature vegetation; and 

(3) well-developed soil of dunes within approximately 1 km west of the Quindalup-Spearwood 

transition. The Spearwood dunes were stratified into two stages (4 and 5) based on the degree of 

soil development: (4) the most-westerly extreme of the Spearwood dunes, with sand overlying 

limestone, generally with 1 m of the soil surface; (5) fully-decalcified Spearwood sand, at least 
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several metres deep. The Bassendean dunes comprised stage 6, and were not further delineated 

due to the absence of consistent topographic or soil features allowing a clear distinction to be 

made within the system. Overall, the study system spanned ~45 km north to south and ~15 km 

west to east. 

The GIS model was further augmented with existing tracks from which potential field sites 

could be accessed, together with areas for exclusion from the survey because of disturbance 

(e.g., roads and tracks). Plot locations for chronosequence stages 2 to 6 were constrained to 

regions extending between 40 and 200 m from the nearest track, to permit survey feasibility 

whilst minimising edge effects. However, plot locations for stage 1 were confined to regions 

digitised by hand in the GIS, without regard to track proximity, due to the sparse vegetation 

cover of these large mobile dunes often being some distance from tracks. 

 

Fig. 1. The Jurien Bay dune chronosequence, within the greater Swan Coastal Plain dune system, was 

stratified into six chronosequence stages or dune systems. Ten plots were randomly positioned within 

each stage, giving a total of 60 plots. The plot locations are shown along with their plot codes. The first 

component of the plot code corresponds to broader Swan Coastal Plain dune system (Q, Quindalup; S, 

Spearwood; B, Bassendean); the second component corresponds to the dune system or locality (Y, young; 

M, middle-aged; O, old; W, west; DS, deep sand; L, Lesueur; NL, north Lesueur; HR, Hill River). 
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Study plots 

Plot locations within stratified regions were randomly generated as points in the GIS; each point 

represented the centre of the 10 × 10 m plot. To allow for possible rejection of plots following 

ground-truthing (for example, due to disturbance at the site not visible from aerial imagery), an 

excess of the desired 10 plots was generated for each chronosequence stage. After on-ground 

verification, 10 plots of 1010 m were located within each of the six stages, giving a total of 60 

plots for the entire dune chronosequence (Fig. 1; Table S1). The mean distance between 

neighbouring plots was 2.1 km; we deemed this plot separation to be sufficient to minimise the 

effects of spatial auto-correlation between plots. 

Subplots 

To estimate canopy cover and abundance within each of the 1010 m plots, seven randomly-

positioned 22 m subplots were surveyed within each plot. To determine the optimal number 

of subplots (i.e. ensuring that the sample area was large enough to be representative of the entire 

community whilst also allowing survey feasibility), species accumulation curves, calculated 

with non-parametric estimators using the EstimateS software package (Colwell, 2013), were 

initially used in a particularly species-rich plot from stage 6 (oldest soils). Using these species 

accumulation curves, seven subplots were assessed as giving an accurate representation of 

community composition and diversity within the 1010 m plot area. This is consistent with a 

prior study (Chiarucci et al., 2003) in similar species-rich kwongan shrublands from this region, 

which recommended sampling an area of between 15 to 30% of the entire survey area to ensure 

adequate sampling. The 28% plot coverage given by the seven subplots fell within the upper 

end of this recommended range. 

Flora surveys 

Surveys of all vascular plants in the plots were done in August, September, October and 

November of 2011, and January, February, March and September of 2012. Plots that were 

initially surveyed outside the peak-flowering season (approximately August to November) were 

resurveyed in September 2012 to ensure that seasonal (i.e. annual or geophytic) species would 

be included. All vascular plants were recorded and identified in the field to the species (or 

subspecies) level when identification was certain. Field names were given and specimens taken 

for later reference for those for which identity was uncertain. The identity of undetermined 

species was resolved, whenever possible, at the Western Australian Herbarium. Species names 

and family associations followed the APG III classification (Bremer et al., 2009). Only species 

presence within each 1010 m plot was recorded. By contrast, within each subplot the number 

of individuals was recorded for species whose stems were either fully or partially within the 

subplot as well as the median height and width of those individuals. The number of seedlings 

was also counted. Canopy cover was visually estimated for all species with vegetation cover 



 Chapter 3 67 
 

within the subplot, irrespective of the location of their stem, as a percentage of the subplot 

covered by a vertical projection of the canopy. Consistency of visual estimation was maintained 

by the estimation being done by the same person (G. Zemunik) throughout all surveys. Species 

known to be clonal were classified as separate individuals if stems or culms were >20 cm from 

others belonging to the same species. 

Soil analyses 

Soil from each 2 × 2 m subplot was collected in June 2012, giving a total of 420 soil samples 

(seven samples from each of the 60 plots). Samples were taken at 0–20 cm depth using a 50 mm 

diameter sand auger and organic debris was removed using a 2-mm mesh sieve. Within 8 h of 

sampling, a separate set of subplot samples were homogenised in the laboratory by using 25 g 

subsamples, to give 60 plot-level bulked samples.  

Approximately 20 g of each bulked sample was weighed and kept for later analysis of 

gravimetric soil moisture. ‘Available’ N was extracted by shaking 10 g fresh soil in 50 mL 1 M 

KCl for 1 h with a rotating tube shaker. KCl extracts were then filtered using Whatman number 

40 ashless paper and immediately frozen at -20°C for later analyses. A sub-sample of the 

remaining bulked soil was incubated in sealed plastic bags in complete darkness at room 

temperature (≈20°C) for eight days, and the rest was air-dried at room temperature. At day 8, we 

repeated the KCl extraction procedure (described above) on the incubated soil as a simple N-

mineralisation assay. Subsamples (≈20 g) were again taken for estimation of gravimetric soil 

moisture. KCl extracts were again immediately frozen at -20°C. Once all extractions were 

performed, all KCl extracts were left to thaw at room temperature and stabilised by adding 50 

μL of 96% (v/v) H2SO4. Nitrate and ammonium were determined colourimetrically on a Lachat 

Quikchem 8500 (Hach Ltd, Loveland, Colorado, USA) using standard procedures. Total 

dissolved N was determined by combustion and gas chromatography on a TOC-TN analyser 

(Shimadzu Scientific Instruments, Columbia, Maryland, USA). Dissolved organic N was 

calculated as the difference between total dissolved N and the sum of nitrate and ammonium. 

Total P, calcium, potassium, magnesium and manganese were determined on all the 60 bulked 

(i.e. plot-level) samples by nitric acid digestion under pressure in PTFE vessels, with detection 

by inductively coupled plasma optical emission spectrometry (Optima 7300DV; Perkin Elmer, 

Shelton, CT, USA). Total P was also determined on all 420 subplot samples by ignition (550°C, 

1 h) and acid extraction (1 M H2SO4, 16 h). Readily-exchangeable P (resin P) was determined 

on the 60 bulked samples by extraction with anion-exchange membranes (1 cm × 4 cm; 

manufactured by BDH, Poole, UK, and distributed by VWR International, West Chester, PA, 

USA) (Turner and Romero, 2009). For both total and resin P, phosphate detection was by 

automated molybdate colourimetry on a Lachat Quikchem 8500. Total N was measured on all 

420 subplot samples on a Thermo Flash EA112 analyser (CE Elantech, New Jersey, USA). 
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Carbonate concentration was calculated on the bulked samples by mass loss following acid 

addition, under the approximating assumption that all the calcium was from carbonates, but only 

for the three Quindalup systems, because the other dune systems did not contain measurable 

levels of carbonate. Organic carbon (C) was measured as total C remaining after carbonate 

removal by automated combustion and thermal conductivity detection on a Thermo Flash 

EA112 analyser (CE Elantech, New Jersey, USA). 

Soil pH was determined in a 1:2 soil to solution ratio for each of the 420 subplot soil samples, in 

either water or in 10 mM CaCl2, using a glass electrode. Exchangeable cations (aluminium, 

calcium, iron, potassium, magnesium, manganese and sodium) were determined by extraction in 

0.1 M BaCl2 with detection by ICP-OES on an Optima 7300 DV (Perkin Elmer, Inc, Shelton, 

CT, USA). Key micronutrients (copper, iron, manganese and zinc) were also extracted in 

Mehlich-III solution (Mehlich 1984) with detection by ICP–OES. 

Data analyses 

All data analyses used R (R Development Core Team, 2013) with the specific packages as 

stated below. Rarefaction, based on the minimum number of individual plants recorded across 

all 60 plots, was performed with the ‘rarefy’ function in the ‘vegan’ package (Oksanen et al., 

2013). Confidence intervals were calculated by the ‘effects’ package using generalised least 

squares models as implemented by the ‘nlme’ package (Pinheiro et al., 2015), with appropriate 

variance functions chosen to minimise heteroscedasticity of the residuals. Letters used to denote 

different groups, based on the Tukey HSD test, were generated by the ‘lsmeans’ package 

(Lenth, 2014). 

Diversity and evenness values were calculated using the ‘diversity’ function in the vegan 

package. Species richness at the chronosequence stage level was estimated with the ‘specpool’ 

function from vegan, using the Chao (1984) and second-order Jackknife estimators; in another 

kwongan vegetation system, the second-order Jackknife estimator has been shown to approach 

‘true’ species richness most quickly (Chiarucci et al., 2003). For the purpose of richness 

estimation, species that had cover in the subplot were counted as present (assigned a minimum 

count of one) even if there were no individuals of that species rooted in the subplot. To further 

explore the compositional change of species in differing plots, we quantified the percentage of 

species shared between pairs of plots, both within and between chronosequence stages. This 

analysis was done with the vegan ‘vegdist’ function using Jaccard similarity (i.e. 1 – 

dissimilarity) on presence/absence data. 

Unconstrained ordination of plots (sites) was performed by non-metric multidimensional scaling 

(NMDS) using the vegan ‘metaMDS’ function. Bray-Curtis dissimilarity values, calculated on 

untransformed relative cover data by the ‘vegdist’ function from the vegan package, were used 

in the NMDS; other dissimilarity methods were also tested and yielded qualitatively similar 
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results. To increase the chance of finding a global minimum in the NMDS procedure, the 

‘metaMDA’ function was executed twice, with the best result of the first being passed to the 

second instance. Only the results from ordination in two dimensions are presented, as these 

ordinations produced sufficiently low stress values and are easier to interpret. PERMANOVA 

post-hoc tests using Bray-Curtis dissimilarity with 104 permutations were performed with the 

vegan ‘adonis’ function. Pairwise comparisons on the dissimilarity between each pair of 

chronosequence stages also used the ‘adonis’ function, with adjustments for multiple 

comparisons using the ‘p.adjust’ function with the ‘holm’ method (Holm, 1979). Multivariate 

(beta) dispersions (Anderson, 2006) of the plots, for all species and woody species only, were 

calculated using the vegan ‘betadisper’ function and the Bray-Curtis, Kulczynski, Hellinger and 

Jaccard dissimilarity indices. The multivariate dispersion calculated with the Jaccard 

dissimilarity index used presence/absence data; all other dissimilarity calculations used 

untransformed relative cover values. Significance testing of the plot groupings was done with 

the vegan ‘permutest’ function, using 999 permutations. 

Constrained ordination was done using canonical redundancy analysis (RDA) (Borcard et al., 

2011), implemented by the ‘decostand’ and ‘rda’ functions from the vegan package. The RDA 

used both relative cover and abundance data (both Hellinger-transformed) as the response 

variable (Legendre and Gallagher, 2001), and a minimal set of soil elemental concentrations and 

properties as the explanatory variables. To obtain the minimal explanatory set of soil variables, 

a forward selection procedure was used, implemented by the ‘forward.sel’ function from the 

‘packfor’ package (Dray et al., 2013); the variables selected were additionally verified by a 

second forward selection procedure, using the vegan ‘ordistep’ function. The initial set of soil 

variables included only the exchangeable cations, when both total and exchangeable were 

available, due to their presumed greater bioavailability, although total and exchangeable values 

were well correlated. From that set of variables, those with concentrations deemed too low to be 

physiologically relevant (e.g., exchangeable sodium) were also excluded from the initial 

selection. Variance inflation factors (Borcard et al., 2011) were calculated on the variables from 

the RDA using the vegan ‘vif.cca’ function to identify if any of the selected variables were 

redundant; all selected variables had variance inflation factors well below the recommended 

threshold of 10. Permutation testing of the RDA model was done using the vegan ‘permutest’ 

function with 99,999 permutations. 

To obtain additional insights into the environmental drivers of plot similarities and groups, and 

to help classify the plant communities into distinct, plausible groups, multivariate regression 

trees (MRT) were constructed using the untransformed relative cover of plant species as the 

response and, as the explanatory variables, a wide range of soil variables with physiologically 

meaningful concentrations: total P, pH (CaCl2), resin P, exchangeable magnesium, organic 

carbon, total and exchangeable calcium, iron (Mehlich-III), copper (Mehlich-III), manganese 
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(Mehlich-III), zinc (Mehlich-III), exchangeable potassium and dissolved organic N. Each MRT 

was calculated using the ‘mvpart’ function from the ‘mvpart’ package (De'ath, 2014), with 150 

multiple cross validations. Several alternative trees were produced by varying the number of 

leaf nodes whilst ensuring that the cross-validated relative error (CVRE) was within the 

recommended guideline of within one standard error of the minimum CVRE  (De'ath, 2002). 

Because some splits in the decision trees were only marginally better (in terms of the variance 

explained) than other possible splits, we also tested the sensitivity of the results to small 

changes in the variables by the addition of small scaling factors to the variables. This was also 

deemed necessary as the MRT algorithm splits the tree based on the relative error (variance 

explained), which may make the tree susceptible to over-fitting of the data; by contrast, the 

CVRE counters against this over-fitting, and hence predictive accuracy is viewed as being better 

estimated from the CVRE (De'ath, 2002). Dendrogram groupings for the MRT were generated 

by the ‘dendro_data’ function from the ‘ggdendro’ package (de Vries and Ripley, 2013). 

Indicator species – species that best represent each group - for the MRT groups were calculated 

with the ‘multipatt’ function from the ‘indicspecies’ package (De Cáceres and Legendre, 2009), 

using the indicator statistic ‘IndVal.g’, as proposed by De Caceres et al. (2010). This indicator 

statistic, applicable to each species in a group and bounded by 0 and 1, is related to two 

probabilities, P(A) and P(B), by the formula 푃(퐴) ∗ 푃(퐵), where P(A) denotes the probability 

of the plot being in the group, given the presence of that species in the plot, and P(B) is the 

probability of finding that species in a plot within the group. 

Results 

Alpha diversity increases with soil age 

Plant species density and rarefied richness increased markedly with increasing soil age across 

the chronosequence (Fig. 2). In terms of plant growth forms, the increase in species density was 

greatest for perennial species (Fig. 2a). Conversely, annual species were a larger component of 

the community in the younger stages, although never comprising more than a mean of 37% of 

the species and 7% of the relative cover (in stage 2). Whilst rarefied species richness increased 

some 250% across the sequence, the mean observed α diversity increased threefold and the 

effective or ‘true’ (sensu Tuomisto, 2010) α diversity increased 3.5 times (Table 1). 
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Fig. 2. Plant species density (species per 28 m2) for the main plant growth forms (a) and the mean 

richness rarefied by the minimum of individuals for all species and growth forms (b) across the Jurien 

Bay chronosequence. Error bars represent 95% confidence intervals. Letters above each mean represent 

Tukey HSD groupings (P ≤ 0.05). 

Commonly-used metrics of α diversity, the Simpson (1/D) and Shannon diversity, also 

increased across the sequence (Fig. 3); the Simpson diversity increased more than three times. 

Species evenness did not decline; rather, the Shannon, or Pielou, evenness exhibited 

significantly-higher evenness in the final stage in comparison with that in the first (Fig. 3d). 

Highest beta diversity in the oldest soils 

Traditional measures of β diversity (multiplicative and additive β diversity) increased with 

increasing soil age (Table 1), but as β diversity can be defined to measure different aspects of 

species compositional change, the different measures that were used performed differently. The 

greatest increase in β diversity was with the additive β diversity measure, as would be expected, 

given that γ diversity increased substantially (Table 1; see also Laliberté et al., 2014). By 

contrast, the smallest increase in β diversity with increasing soil age and declining soil fertility 

was in the ‘true’  diversity of Tuomisto (2010), with all intermediate stages having lower β 

diversities than the first and last. Beta (multivariate) dispersion of the plots within each 

chronosequence stage did not show significant differences in the degree of dispersion within 

each stage, when considering all species. However, the multivariate dispersion of plots when 

considering only woody species was more distinct and marginally significant (e.g., P = 0.08, 

Bray-Curtis dissimilarity, Table S5), with chronosequence stages 2 and 3 being less dispersed 
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than all others. Multivariate dispersions for woody species, calculated using two other 

dissimilarity indices (Kulczynski and Hellinger), resulted in a slightly greater distinction 

between plot groupings, and correspondingly lower P-values (Table S5); again, chronosequence 

stages 2 and 3 had the lowest multivariate dispersions, and stages 1 and 6 had the consistently 

greatest multivariate dispersions. By contrast, multivariate dispersion values for all species were 

broadly unchanged when calculated using the other dissimilarity indices (Table S5). 

Table 1. Observed and estimated alpha (α) and gamma (γ) richness, and calculated beta () diversity. 

Symbols: γ, observed richness or gamma diversity; 1Dγ, true gamma diversity (sensu Tuomisto, 2010); 

Chao, Chao 1 species richness estimator; Jack 2, Jackknife 2 species richness estimator; 훼 , mean 

observed alpha diversity; 훼Rarefied, mean alpha diversity, rarefied to the minimum number of individuals; 
1Dα, true alpha diversity (sensu Tuomisto, 2010), or effective diversity; βγ/α, multiplicative β diversity; 

βγ-α, additive β diversity; 1Dβ, “true” β diversity (sensu Tuomisto, 2010) 

 Gamma Alpha Beta 

Stage γ 1Dγ Chao Jack 2 훼 훼Rarefied 1Dα βγ/α βγ-α 1Dβ 

1 48 16.9 81 78 15.9 13.4 6.8 3.01 32.1 2.47 

2 75 24.6 89 100 27.1 19.8 12.1 2.77 47.9 2.03 

3 75 16.7 123 121 26.6 19.1 11.2 2.82 48.4 1.49 

4 122 27.5 194 196 36.6 24.4 12.7 3.33 85.4 2.15 

5 135 34.5 213 221 41.3 29.1 18.2 3.27 93.7 1.89 

6 176 63.9 265 286 47.7 33.7 23.9 3.69 128.3 2.67 

 

Gamma diversity increases with increasing soil age 

Gamma (γ) diversity increased markedly, with the increase in γ diversity from the youngest to 

oldest soils (about 3.7 times), generally exceeding that for α diversity (Table 1). The Chao 1 and 

second order Jackknife estimators of γ diversity also increased by about the same amount as the 

observed γ diversity. There was no consistent relationship between the number (or density) of 

individual plants per plot and the chronosequence stage, and hence the diversity, for all plants, 

perennial plants as well as woody plants (Fig. S2). 
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Fig. 3. Simpson (1/D) (a) and Shannon diversity (b), along with Simpson (c) and Shannon (Pielou) 

eveness (d) for plant species across the chronosequence. Error bars represent 95% confidence intervals. 

Letters above each bar represent Tukey HSD groupings (P ≤ 0.05). 

High species turnover across the chronosequence 

Non-metric multidimensional scaling (NMDS) of the relative cover of plots (sites) produced 

groupings of plots consistent with each chronosequence stage for all species (Fig. 4) and for 

species of woody growth forms (Fig. S3). Successive stages were more similar than non-

adjacent stages and there was a gradual, directional shift in community composition (indicated 

by the arrow in Fig. 4).  PERMANOVA tests gave support for these site groups (P ≤ 10-4), and 

post-hoc tests between all pairs of stages were significantly different, except for the plots in 

stages 2 and 3 (P = 0.13, Table 2). 

Table 2. Results of a PERMANOVA test (104 permutations) on the Bray-Curtis dissimilarities of plots 

using all species 

Source df SS MS Pseudo-F R2 P 
Stage 5 11.2 2.24 10.16 0.48 <0.0001 

Residuals 54 11.9 0.22  0.51  
Total 59 23.1   1.0  
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Fig. 4. Non-metric multidimensional scaling biplot (NMDS) with the directionality of the 

chronosequence (stage 1 to 6) represented by the arrow. Bray-Curtis dissimilarity using all species was 

used in the NMDS; plot stress: 0.14. 

The percentage of species shared between pairs of plots decreased with each chronosequence 

stage, both when considering all species (Fig. 5a) or only woody species (Fig. 5b). The greatest 

percentage of shared species (mean of 41%) was between pairs of plots in the oldest Quindalup 

stage (stage 3), whilst in the final chronosequence stage (Bassendean) a mean of only 28% of 

species were shared between pairs of plots. Very few species (1 to 15%) were shared between 

the Quindalup dune stages (stages 1 to 3) and the older stages (4-6), and even fewer (0 to 8%) 

when only woody species were considered; in fact, no woody species at all were shared between 

pairs of plots from the first and last chronosequence stages (i.e. there was complete woody plant 

species turnover). The only species found throughout the chronosequence were the annual 

herbs, Trachymene pilosa Sm. (Araliaceae) and Crassula colorata var. acuminata (Reader) 

Toelken (Crassulaceae), the semi-annual herb, Opercularia vaginata Juss. (Rubiaceae), the 

geophyte Thysanotus patersonii R.Br. (Asparagaceae), and the southern rush, Desmocladus 

asper (Nees) B.G.Briggs & L.A.S.Johnson (Restionaceae). No species of woody plants 

extended throughout all stages of the chronosequence, although the N-fixing legume Acacia 

rostellifera Benth., and the myrtaceous Melaleuca systena Craven were found in five out of the 

six stages; both of these species were absent in the Bassendean dunes (stage 6). 
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Fig. 5. Mean percentage of plant species shared between pairs of plots (i.e. Jaccard dissimilarity) within 

each chronosequence stage, for (a) all species and (b) woody species only. The range is shown in 

brackets. 

Shifts in community composition linked to changes in soil properties 

Selection of variables for canonical redundancy analysis (RDA) was done by two different 

forward selection procedures; both yielded the same set of five soil variables: pH, dissolved 

organic nitrogen (DON), Mehlich-III-iron (Fe), mean carbonate and exchangeable potassium 

(K) (Fig. 6). Several variables that would be expected to be important factors (soil total P and 

N) were not selected by the forward selection algorithm, due to high correlation with the 

selected variables. For example, total soil P (or, more precisely, the logarithm of total soil P) 

was highly correlated (r = 0.97) with soil pH. The variance inflation factors, which give a 

measure of the colinearity of each variable with other variables, were low (all factors < 5.8). 

Site groupings, which in the RDA were constrained by the multidimensional soil-variable space 

(as opposed to being unconstrained in the NMDS ordination), produced a clustering of sites 

aligned closely to the chronosequence stage, as in the NMDS. The grouping of Quindalup (stage 

1-3) sites was explained by relatively high soil pH and carbonate concentrations, with only 

stages 2 and 3 having high DON and exchangeable K concentrations. Changes in plant 

community composition in Spearwood and Bassendean sites (stages 4-6) were explained by low 

concentrations of all selected variables, except Fe, which has previously been noted (Laliberté et 

al., 2014) to give the characteristic yellow colour to the sand grains in the Spearwood dunes. 

Canonical redundancy analysis using abundance, rather than relative cover data, produced 

similar site groupings, with slightly more overlap (Fig. S4). 
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Fig. 6. Canonical redundancy analysis (RDA) of the plant species (Hellinger-transformed) cover data, as 

explained by soil variables (R2 = 0.38; adjusted R2 = 0.32; P ≤ 10-5). The soil variables shown (blue) are 

the minimal set of variables that were included in the model using a forward selection procedure, with the 

supplementary soil variables (green) included to illustrate the high correlation between soil pH and soil P 

concentrations. Only the five most-abundant species (by cover) in each chronosequence stage are shown 

(red) by two-letter codes: (Acacia lasiocarpa, Al; Acacia rostellifera, Ar; Acacia spathulifolia, As; 

Acanthocarpus preissii, Ap; Banksia attenuata, Ba; Banksia leptophylla var. melletica, Bl; Banksia 

prionotes, Bp; Conostylis candicans subsp. calcicola, Cc; Desmocladus asper, Da; Hibbertia 

hypericoides, Hh; Hibbertia racemosa, Hr; Jacksonia floribunda, Jf; Lepidosperma calcicola, Lc; 

Melaleuca leuropoma, Ml; Melaleuca systena, Ms; Mesomelaena pseudostygia, Mp; Olearia axillaris, 

Oa; Scaevola crassifolia, Sc; Scholtzia umbellifera, Su; Spyridium globulosum, Sg). The plot is a type-1 

scaling plot; the first two canonical axes represent 28% of the total variation in community structure and 

74% of the environmentally-structured variation (i.e. the variation explained by the soil variables). 

 

Classification of plant communities and indicator species 

The most informative and plausible groupings of sites by the multivariate regression tree (MRT) 

procedure was with the generation of a tree with seven leaf nodes. Although the absolute lowest 

R2 value was produced using soil variables without any scaling factors (Fig. S5), the tree with 

the best cross-validated relative error (0.48) and the most plausible plot groupings used scaling 
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factors of 1.04 for the variables DON and exchangeable calcium (Fig. 7). The MRT algorithm, 

which maximises the predictive power of the tree, resulted in a different set of soil variables 

from that produced by the RDA, which maximised the explanatory power. The site groups from 

the MRT showed strong affinity to each chronosequence stage, whilst also isolating some sites 

with atypical plant community composition for a given chronosequence stage (e.g., Group 2 in 

Fig. 7). Total soil P separated the great majority of the sites in stages 4 to 6 from the sites in 

stages 1 to 3, with further selections in the decision tree arising from DON, organic carbon, Fe 

(Mehlich-III) and pH (CaCl2) (Table 3). Indicator species for each MRT group generally had 

high indicator statistics (Table 4), with the indicator species for groups corresponding to stages 

1, 5 and 6 having the highest indicator statistics (the best indicator for those groups ranged from 

0.94 to 1.0); two species, Olearia axillaris (DC.) Benth. and Scaevola crassifolia Labill., were 

perfect indicators (indicator statistic = 1) for the youngest chronosequence stage (Group 3 in 

Table 4). Pairs of groups joined by the penultimate nodes of the tree also produced high 

indicator statistics (ranging from 0.91 to 0.95) and these especially highlighted the affinities 

between stages 2 and 3 and between stages 5 and 6. 

Table 3. Values of the soil variables used in the multivariate regression tree (Fig. 7) for each 

chronosequence stage. Mean values with 95% confidence intervals (in square brackets) are shown. The 

pH was measured in CaCl2. Abbreviations: DON, dissolved organic nitrogen; P, phosphorus; Fe, iron 

Stage DON (mg N kg-1) Total P (mg-1 kg-1) Femehl (mg-1 kg-1) pH 

1 9.2 [8.4, 10.0] 370 [338, 403] 2.7 [1.4, 3.9] 8.2 [8.1, 8.2] 

2 23.7 [19.1, 28.5] 436 [409, 463] 1.0 [0.5, 1.5] 7.8 [7.8, 7.9] 

3 19.2 [16.3, 22.1] 288 [191, 385] 2.7 [1.8, 3.6] 7.7 [7.7, 7.8] 

4 10.2 [7.9, 12.5] 24 [18, 31] 38 [31, 44] 5.9 [5.6, 6.2] 

5 9.3 [8.0, 10.6] 9.1 [7.2, 11.0] 39 [32, 45] 5.4 [5.2, 5.6] 

6 9.0 [7.9, 10.0] 6.0 [4.0, 8.0] 25 [19, 32] 4.8 [4.6, 5.0] 

Major floristic patterns 

In total, 347 plant taxa from 57 families were found in the subplots of the chronosequence. By 

relative cover, the dominant families were the Myrtaceae (mean 18%), Fabaceae (16%) and 

Proteaceae (14%). However, cover throughout the chronosequence was not uniformly 

distributed (Fig. S6), with stages 4 to 6 being dominated by the Proteaceae (28%) and Fabaceae 

(24%), and the Goodeniaceae having the highest relative cover (19%) in stage 1. Although the 

relative cover of some plant groups decreased with soil age, by contrast, richness usually 

increased (Table S4). For example, mean relative cover of the five Goodeniaceae found in the 

Bassendean stage (6) was < 0.5%, but only one species contributed to the cover (mean 19%) in 

stage 1. 



78 Chapter 3 
 

 

Fig. 7. Multivariate regression tree, which groups sites (separated using Bray-Curtis dissimilarities) based 

on soil variables. The plot codes (see Fig. 1) are given for each group. Adjacent to the site groupings are 

representative photos of the vegetation for that group. A selection of indicator species for each group (up 

to the best three, see Table 4) is shown on the right. The depth of each branch is proportional to the 

amount of variance explained by that branch. In this tree a scaling factor of 1.04 was applied to the 

variables dissolved organic nitrogen (DON) and exchangeable calcium in order to minimise the cross 

validation relative error (CVRE) and fine-tune the splits. R2 = 0.73, CVRE = 0.48 (±0.05 SE). 

Of the major growth forms, shrubs had a mean relative cover of 55%, sedges 13%, trees 12% 

and perennial herbs 10%, when averaged across the chronosequence (Fig. S7). The mean 

canopy height, weighted by relative cover was lowest in stages 2 and 3, but remained <1 m 

throughout (Fig. S8a). Shrubs were the dominant growth form in each chronosequence stage, 
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ranging from twice the relative cover of the next most-abundant growth form in stage 3 to 

almost eight times the relative cover of the next in stage 4. The relative cover of shrubs 

decreased in stages 2 and 3, and this decrease was even greater when combined with tree cover: 

mean relative cover of trees and shrubs in stages 2 and 3 was about 47%, but they covered a 

mean of between 74 and 80% in all other stages. The reduction in cover by shrubs and trees in 

stages 2 and 3 was compensated by increased cover of perennial herbs, sedges and southern 

rushes (mean relative cover of about 45% in stages 2 and 3, and between 18 and 24% in all 

other stages). In absolute terms, the canopy cover and amount of bare ground varied little in 

stages 2 through to 6, with stage 1 having about twice as much bare ground as all other stages 

(Figs. S9b and S9c). Shrubs were the most speciose growth form in all chronosequence stages 

(Table S3) and the number of shrub taxa also increased fourfold. Of all the growth forms, 

sedges showed the greatest proportional increase in the number of taxa, with 12 times as many 

taxa in the last chronosequence stage than in the first. 

Table 4. Indicator species (up to the five best, by the indicator statistic) for each single group, and 

selected combinations of single groups, identified from the multivariate regression tree of Fig. 7. P(A) is 

the probability of the plot being in the group, given the presence of that species in the plot; P(B) is the 

probability of finding that species in a plot within the group; Stat is the indicator statistic (= 푃(퐴) ∗

푃(퐵)); P is the p-value for the indicator statistic, derived from a permutation test with 1000 permutations 

Group(s) Species Family P(A) P(B) Stat P 
1 Lepidosperma calcicola Cyperaceae 0.97 0.94 0.96 0.001 
 Scaevola thesioides subsp. thesioides Goodeniaceae 1 0.72 0.85 0.012 
 Rytidosperma occidentale Poaceae 0.82 0.72 0.77 0.013 
 Podolepis gracilis Asteraceae 0.91 0.61 0.75 0.018 
 Lomandra maritima Asparagaceae 0.91 0.61 0.74 0.017 
2 Podotheca angustifolia Asteraceae 0.52 1 0.72 0.022 
 Gastrolobium nervosum Fabaceae 1 0.50 0.71 0.037 
 Melaleuca cardiophylla Myrtaceae 1 0.50 0.71 0.031 
 Ptilotus sp. Northampton Amaranthaceae 1 0.50 0.71 0.031 
 Stylidium junceum Stylidiaceae 1 0.50 0.71 0.037 
3 Olearia axillaris Asteraceae 1 1 1.00 0.001 
 Scaevola crassifolia Goodeniaceae 1 1 1.00 0.001 
 Spyridium globulosum Rhamnaceae 0.97 1 0.99 0.001 
 Ficinia nodosa Cyperaceae 1 0.8 0.89 0.005 
 Cassytha aurea Lauraceae 1 0.7 0.84 0.005 
4 Acacia spathulifolia Fabaceae 1 0.67 0.82 0.003 
5 Labichea cassioides Fabaceae 0.85 0.71 0.78 0.007 
 Hakea costata Proteaceae 0.89 0.57 0.71 0.006 
 Isotropis cuneifolia Fabaceae 0.82 0.57 0.68 0.023 
 Petrophile brevifolia Proteaceae 0.63 0.71 0.67 0.029 
6 Banksia prionotes Proteaceae 1 0.9 0.95 0.001 

 Laxmannia sessiliflora subsp. 
drummondii Asparagaceae 0.97 0.9 0.94 0.002 

 Lepidobolus preissianus Restionaceae 0.84 1 0.91 0.001 
 Pileanthus filifolius Myrtaceae 1 0.7 0.84 0.008 
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Group(s) Species Family P(A) P(B) Stat P 
 Corynotheca micrantha Hemerocallidaceae 0.99 0.7 0.83 0.006 
7 Jacksonia floribunda Fabaceae 0.99 0.9 0.94 0.001 
 Alexgeorgea nitens Restionaceae 0.85 1 0.92 0.001 
 Conostylis aurea Haemodoraceae 0.94 0.9 0.92 0.001 
 Blancoa canescens Haemodoraceae 0.91 0.9 0.91 0.001 
 Lyginia barbata Anarthriaceae 1 0.7 0.84 0.003 

1, 2 Acanthocarpus preissii Asparagaceae 0.98 0.85 0.91 0.001 
 Calandrinia tholiformis Portulacaceae 1 0.8 0.89 0.001 
 Acacia lasiocarpa Fabaceae 0.82 0.95 0.88 0.001 
 Cassytha glabella Lauraceae 0.98 0.65 0.80 0.011 
 Santalum acuminatum Santalaceae 0.97 0.5 0.70 0.018 

4, 5 Banksia leptophylla var. melletica Proteaceae 0.94 0.9 0.92 0.001 
 Rytidosperma caespitosum Poaceae 0.94 0.7 0.81 0.006 
 Banksia sessilis var. cygnorum Proteaceae 1 0.6 0.77 0.004 
 Schoenus grandiflorus Cyperaceae 0.88 0.50 0.66 0.018 
 Lomandra sericea Asparagaceae 0.87 0.50 0.66 0.020 

6, 7 Amphipogon turbinatus Poaceae 1.00 0.90 0.95 0.001 
 Banksia attenuata Proteaceae 1.00 0.70 0.84 0.002 
 Hypocalymma xanthopetalum Myrtaceae 1.00 0.70 0.84 0.003 
 Melaleuca leuropoma Myrtaceae 0.87 0.80 0.83 0.001 
 Thysanotus patersonii Asparagaceae 0.91 0.65 0.77 0.014 

 

Discussion 

Alpha diversity of the plant community of the Jurien Bay dune chronosequence increased 

greatly with declining soil fertility, but contrary to other well-studied forested chronosequences 

(e.g. Wardle et al. 2008 Oikos), shrubs dominated throughout. This property - the constancy of 

the dominant growth form - distinguishes the Jurien Bay chronosequence from most other well-

studied chronosequences that include retrogressive stages, where increases in diversity are 

accompanied by shifts from tree-dominated communities to increasing abundance of shrubs or 

herbaceous species (Wardle et al., 2008). Alpha and  diversity increased markedly with 

declining soil fertility and, by any measure,  diversity did not decrease (most formulations of 

the metric showed an increase in  diversity with increasing soil age and declining soil fertility). 

This is opposite to the hypothesised pattern of increasing β diversity with higher resource 

availability and primary productivity, previously observed in experimental studies assessing 

aquatic life forms (Chase and Leibold, 2002) or empirical studies on a limited number of plant 

growth forms (Harrison et al., 2006). Contrary to previous studies (e.g., Wardle et al., 2008), 

our sampling design also allowed us to calculate rarefied α diversity for all growth forms, rather 

than only tree species; the finding that the rarefied α diversity increased markedly provided 

additional support for our hypothesis that the plant species diversity would increase with 

increasing soil age and declining soil fertility. Finally, plant species turnover throughout the 
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chronosequence was exceptionally high. Indeed, few species occurred in every stage of the 

chronosequence, and none of these belonged to the dominant growth form of woody shrubs. 

Increases and maintenance of alpha diversity 

A key property of the Jurien Bay dune chronosequence, which places it ideally for studies of 

plant diversity, is its hyper-diverse regional flora (Laliberté et al., 2014). In addition, the wide 

range of growth forms present increases the scope in which patterns of community change can 

be ascertained, beyond a single growth form. By contrast, most well-studied chronosequences 

that contain retrogressive stages are forest-dominated and, comparatively, are relatively species 

poor (e.g., Mark et al., 1988, Crews et al., 1995, Richardson et al., 2004, Wardle et al., 2008, 

Gundale et al., 2011). In some of these chronosequences, retrogression is also associated with 

increases in overall species diversity, leading Wardle (2008) to postulate three possibilities for 

this increase: 1) competition by trees decreases with retrogression; 2) spatial heterogeneity of 

limiting soil resources increases with declining fertility; 3) competition for light decreases (due 

to the absence of many large trees), resulting in an increase in light heterogeneity. In this 

chronosequence, tree species (or woody species, in general) did not decrease in abundance 

(canopy cover). With the assumption that the canopy cover of trees is a reasonable proxy for 

their resource use, the first possibility for increasing diversity (decreasing competition for 

resources by trees) is not supported by the results on the Jurien Bay chronosequence. 

Competition for light is unlikely to occur in any stage of the Jurien Bay chronosequence, due to 

the open nature of the canopy in all stages (leaf area index < 0.5) in combination with the 

abundant sunshine, typical for a Mediterranean climate. At the level of the subplot, none of the 

measured soil properties showed any consistent increase in variability (Fig. S9); Indeed, by 

using the multivariate dispersion of several key soil variables from the same study plots, 

Laliberté et al. (2014) found that within-plot soil spatial heterogeneity did not significantly 

affect plant species richness. Partitioning of nutrients in different compound forms, however, 

remains to be quantified in this chronosequence. In particular, partitioning of various organic 

forms of nutrients (e.g., organic P, Turner, 2008) may provide one form of ecologically-relevant 

environmental heterogeneity in the poorest soils of the chronosequence. 

At the regional scale, a recent study in the same system showed that the size of the plant species 

pool in each chronosequence stage is strongly affected by soil pH, with many more calcifuge 

species present in the species pool in the older, acidic soils (Laliberté et al., 2014). In addition to 

environmental filtering by pH, the regional flora contains an unusually large number of species 

well adapted to P-impoverished soils (Griffin et al., 1990, Lambers et al., 2014). This suggests 

that environmental filtering of the regional flora by pH does not remove many species from the 

species pool in the most P-impoverished soils. This appears to explain the increase in richness 

observed in the older, P-impoverished stages of the chronosequence (Laliberté et al., 2014). 
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Disturbance, long implicated in the maintenance of diversity (Huston, 1994, Grime, 2001), also 

likely plays a key role in the maintenance of the high diversity within the Jurien Bay 

chronosequence, although this was not explicitly assessed by our sampling design, which 

specifically excluded recently-burnt areas. The two main disturbances affecting the 

chronosequence are fire and herbivory. Fire, which in the region occurs either as targeted burns 

or wildfire, in the modern day occurs at varying frequencies of between three and 30 years 

(Department of Conservation and Land Management, 1995, DEC, 2011, unpublished data); 

historically, mean fire intervals are likely to have been at least 15 years (Miller and Dixon, 

2014). Fire may facilitate plant seed germination, as many species have smoke-dependent 

germination (Dixon et al., 1995, Flematti et al., 2004), some have seeds with dormancy regimes 

alleviated by the heat from fire (e.g., Tieu et al., 2001), whilst others are serotinous , releasing 

seeds after fire (e.g., Cowling et al., 1987). Fire also influences the nutrient status of the soil, 

potentially setting the ecosystem back to an earlier stage of development due to a temporary 

increase in soil P availability, and a loss of N through volatilisation during burning of surface 

soil, vegetation and litter; however, fire disturbance has not prevented the Jurien Bay 

chronosequence from proceeding into ecosystem retrogression, and in fact frequent fires might 

accelerate P loss through wind or water erosion of P-rich ash following a fire (Turner and 

Laliberté, 2015). Herbivory can act to prevent some species from becoming dominant (i.e. it can 

prevent competitive exclusion); throughout the chronosequence and surrounding region, the 

principal large herbivore, the western grey kangaroo (Macropus fuliginosus), is abundant. Other 

factors preventing the establishment of local dominance, for example the Janzen-Connell effect 

(Janzen, 1970, Connell, 1971) or negative density dependence mediated by soil-borne 

pathogens, as have been implicated for the high diversity of tropical forests (Wright, 2002, 

Terborgh, 2012, Bagchi et al., 2014), may also play a role in the maintenance of the high 

diversity observed (Laliberté et al., 2015), but these remain to be explored. 

Differences in beta diversity 

Beta diversity in the first chronosequence stage was relatively high, presumably due to 

colonisation being initiated with a stochastic subset of the available species, which were rather 

distinct in many plots; this is consistent with the stochastic community assembly hypothesis of 

Chase (2010, 2002). In the older Quindalup stages (2-3), the decrease in β diversity (both 

multiplicative and ‘true’ β diversity) may be the result of priority effects being reduced by low 

soil fertility (e.g., Kardol et al., 2013); despite the soils being N-limiting, N-fixing species were 

no more dominant in the first stage than in the other stages. Alternatively, initial soil 

development (including the removal of N-limitation) may have promoted more favourable 

conditions for other species or functional groups (e.g., von Gillhaussen et al., 2014), thereby 

favouring a particular community composition and reducing the β diversity. In the older, 

retrogressive stages of the sequence, where the substantial decline in soil nutrients and fertility 
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results in a decrease in productivity (Laliberté et al., 2012), most measures of β diversity 

increased and the species turnover between plots was very high. This is in contrast to a recent 

hypothesis suggesting that β diversity should increase with increasing productivity, based on 

observations of pond and herbaceous communities (Chase and Leibold, 2002, Harrison et al., 

2006). Indeed, this finding suggests that the interaction of the extremely diverse species pool 

with nutrient-impoverished soils, together with disturbance, provide the basis for substantial 

heterogeneity in the community. Since the oldest, most strongly-weathered soils all appear to be 

extremely nutrient impoverished, future studies should determine the abiotic or biotic factors 

allowing such high beta diversity to be maintained at extremely low soil fertility. 

Extreme plant species turnover across the chronosequence 

We quantified β diversity using several measures and although they performed rather 

differently, as could be expected given their different formulations (e.g., see Anderson et al., 

2011), the agreement in the change between the observed  diversity and the non-parametric 

estimators of  diversity support the interpretation of increasing β diversity across the 

chronosequence, as described by the traditional β diversity measures (i.e. multiplicative and 

additive β diversity). The use of null models of β diversity that assess whether the observed β 

diversities are higher than would be expected by chance (e.g., Chase et al., 2011, Kraft et al., 

2011) is one approach that has been used to resolve ambiguities arising from differing measures 

of β diversity. In our study, however, we included a complementary measure of investigating 

the overall species turnover, namely, assessing the number of shared species between pairs of 

plots. This measure showed substantial change between chronosequence stages – decreasing 

similarity within older stages and even fewer shared woody species (which are the dominant 

growth form in most long-term chronosequences) than for all growth forms. Within 

chronosequence stages, this general pattern of increasing turnover of species also occurred; 

species composition in older stages was not only more diverse, but also more variable between 

plots within the chronosequence stage. Direct comparison of the β diversity of the Jurien Bay 

chronosequence with other well-studied chronosequences is difficult, because β diversity values 

have not been reported. However, the commonality of species in several, or all, stages of many 

chronosequences (e.g., Hawaii, see Crews et al., 1995) suggests that, in comparison, this 

chronosequence exhibited exceptionally high β diversity and turnover. 

In tropical rain forests, soil P gradients in combination with the large regional species pool are 

thought to promote high β diversity (Kitayama, 2012). For example, in central Panama, the 

species distributions of about 60% of the abundant larger plant species are associated (both 

positively and negatively) with soil P (Condit et al., 2013); the marked soil variation (200-fold 

variation in resin P) thus contributes to the high regional β diversity. Similarly, β diversity in the 

Jurien Bay chronosequence seems to be strongly influenced by these factors, as well as by soil 

pH, despite being unlike tropical rainforests in many respects. 
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Soil drivers of the community composition 

Water availability is critical for plant survival in this Mediterranean system (Hnatiuk and 

Hopkins, 1980, Groom, 2004), but as the climate throughout the chronosequence is 

approximately the same, and because all plots were located on freely draining sand (i.e. they had 

broadly similar, sandy soil profiles), climatic and specific soil factors (e.g., flooded conditions) 

would not confound the effect of the investigated soil chemical properties. Soil N and P 

concentrations across the chronosequence follow the model proposed by Walker and Syers 

(1976), which has previously been shown to result in N-limitation in the initial stage, N-P co-

limitation in intermediate stages and increasingly severe P-limitation in the final stages 

(Laliberté et al., 2012, Hayes et al., 2014). The shifts in soil P availability, in particular, are 

greater than in all other well-studied chronosequences (Skjemstad et al., 1992, Crews et al., 

1995, Richardson et al., 2004, Selmants and Hart, 2010, Porder and Hilley, 2011), with soil total 

P concentrations dropping to some of the lowest ever measured. In this respect, this 

chronosequence offers valuable insights into community compositional change as soils become 

strongly nutrient-impoverished; many other well-studied chronosequences have initial stages 

with far higher soil P concentrations, so the insights garnered from those systems on richer 

substrates are complemented to some degree by the extremely low nutrient concentrations found 

in the final stages of this chronosequence. 

The key soil variables explaining the similarities of plots, as produced from the canonical 

redundancy analysis, were pH and (dissolved organic) N, as well as the macro- and 

micronutrients, K, magnesium and Fe. Soil P availability would have been expected to be a key 

explanatory soil variable, but this was masked, due to it being highly correlated with soil pH; 

the tight correlation between soil P availability and soil pH has also been observed in other 

chronosequences (e.g., Richardson et al., 2004). Indeed, pH plays a critical role in shaping α 

diversity by filtering out species from the regional species pool (Laliberté et al., 2014). 

Nonetheless, the strong role of soil N and P (and pH) broadly support the hypothesis of 

community change with pedogenic shifts from N to P limitation of plant productivity (Peltzer et 

al., 2010). With respect to the micronutrient explanatory variable Fe, the lack of any observable 

micronutrient deficiencies in the plants suggest that it most likely reflects correlations of soil 

properties (iron-oxide coatings on sand grains, Turner and Laliberté, 2015) rather than being a 

causal agent in its own right. The fact that plant species can survive for successive generations 

in soils severely impoverished in micronutrients, which is especially evident in the older 

chronosequence stages, is likely a consequence of their ability to take up P via its mobilisation 

by root exudates (Lambers et al., 2006); a side effect of the P mobilisation would be the uptake 

of various micronutrients (Muler et al., 2014). For example, the uptake of manganese, which is 

then concentrated in the foliage, appears to be highly indicative of carboxylate release for 

mobilising sorbed P (Lambers et al., 2015). 
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The multivariate regression tree (MRT) analysis, which maximises predictive power (as 

opposed to explanatory power), produced a sequence of bifurcations with greatest predictive 

power attributed to soil macronutrients and pH. That soil iron also separated plots in the 

Quindalup dunes (stages 1 to 3) from those in the Spearwood dunes (stages 4 and 5) can readily 

be validated in the field by the distinctive colour of the sand grains in each of these dune 

systems. Indicator species produced from the MRT plot groups agreed well with the species 

observed in the field. The indicators also spanned a range of growth forms, which would have 

been expected given the diversity of growth forms represented in the chronosequence. 

In contrast to indicator species, which have often had a high fidelity to a particular 

chronosequence stage or group of stages, several species were found in many stages of the 

chronosequence. Two species, the small tree, Acacia rostellifera, and the shrub, Melaleuca 

systena, were found in all but the Bassendean stage (6). Both of these species form dual 

mycorrhizal associations (with arbuscular and ectomycorrhizal fungi), with A. rostellifera 

additionally having the capability of fixing atmospheric N. They were also two of the most-

abundant species in several stages (Table S2 and Fig. S1), with M. systena being the most 

abundant species in the older Quindalup stages (2 and 3). Given the wide range of soil nutrients 

over which these species range, variation in the degree or type of mycorrhization could be 

expected (Lambers et al., 2008, Zemunik et al., 2015) and, indeed, preliminary studies indicate 

variation in the type of mycorrhizal symbiosis and degree of colonisation for these species in the 

different chronosequence stages (F. Teste, unpublished data). These species thus offer valuable 

model systems for exploring intraspecific changes in plant functioning across a broad soil 

fertility gradient. 

Dominant plant families 

The Fabaceae were the only plant family with substantial canopy cover throughout all stages of 

the chronosequence. Most of these leguminous plants were potentially N-fixing, and those that 

were did have substantial cover in the first, N-limited stage of the sequence; however, their 

cover was not significantly greater than in several other stages. Nevertheless, the overall 

abundance of N-fixing plants throughout the chronosequence may assist with the acquisition of 

organic P from the soil using phosphatases (e.g., Houlton et al., 2008), as organic P becomes a 

large proportion of total P in the older, P-impoverished soils (Turner and Laliberté, 2015). In the 

youngest (N-limited) chronosequence soils, plants lacking the ability to fix N were nonetheless 

often found in abundance in subplots without any co-occurring N-fixing plants, thus potentially 

indicating another source of N (e.g., via soil bacteria). These results, combined with 

observations at the peak of the winter-wet season, of a green cyanobacterial layer under the bare 

soil surface in some areas of the youngest soils, suggests additional N inputs into the earliest 

stage of soil development. Further research is warranted to identify other significant N sources. 

Other families, such as the Myrtaceae and Dilleniaceae, were key families in many of the stages, 
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whilst the Proteaceae were dominant in the final three stages, where soil pH and soil P 

availability were lowest. 

Nutrient use efficiencies 

Litter quality and decomposition were not assessed in this study; however, in a study using five 

of the stages from this chronosequence, Hayes et al. (2014) showed increasing foliar P-

remobilisation efficiencies in the latter, nutrient-poor stages. Moreover, key proteaceous genera, 

such as Banksia and Hakea, have some of the highest leaf P-remobilisation proficiencies of all 

plants (Denton et al., 2007, de Campos et al., 2013). Combined with that, the Proteaceae are a 

family in which most have specialised cluster roots; these greatly enhance the mobilisation and 

uptake of P via exudate release (Lamont, 2003, Shane and Lambers, 2005). For groups of 

plants, such as the Proteaceae, with the ability to acquire and remobilise scarce resources, their 

prominence in the older most nutrient-poor stages seems in no small part due to those 

specialisations. Other groups of plants without these specialisations, however, nonetheless make 

up significant parts of the community in the most nutrient-impoverished stages. It seems likely 

then that synergies between plants, for example, neighbouring plants benefitting from nutrients 

mobilised via the release of exudates (e.g., Muler et al., 2014), and  symbioses between soil 

microorganisms (mycorrhizal and endophytic fungi, and soil bacteria) also play key roles in the 

maintenance of these communities. 

At the other end of the soil fertility spectrum, in the Quindalup stages 2 and 3, where soil N and 

P concentrations were at their highest concentrations, species with annual life forms were more 

diverse and abundant than anywhere else along the chronosequence. Water availability in the 

surface soil during the wetter months is approximately equal throughout the chronosequence 

(because low-lying sites were avoided in the study design), thus soil nutrient availability likely 

explains the greater prevalence of these plants in those chronosequence stages. 

Concluding remarks 

The very large P availability and pH gradient across this chronosequence terminates in 

extremely P-depleted soils, likely representing the lower limit of soil P concentrations globally. 

By extending the range of documented responses of successional plant communities to 

diminishing soil fertility, the Jurien Bay chronosequence provides an invaluable contribution to 

the understanding of ecosystem progression and retrogression. Due to its hyper-diverse regional 

flora, our study, which characterised all of the many growth forms throughout this 

chronosequence, enhances our ability to generalise the observed pattern of increasing plant 

species richness and diversity with long-term pedogenesis. Our methodology, which included 

counting all individual plants, also allowed us to perform rarefaction analyses; these showed 

that the pattern of increasing diversity was not due to differences in plant densities. Whilst the 

regional flora supporting this chronosequence does contain many groups of plants especially 
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well adapted to P-impoverished soils, many groups would appear much less capable of P 

acquisition. Perhaps those less well adapted benefit from their roots growing in close proximity 

to those species better adapted. With respect to fine details such as these much awaits discovery; 

however, our study further highlights the strong linkages between plant community assembly 

and soil development. 
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Supporting Information 

Figure S1. Photographs of representative examples of plots throughout the dune 

chronosequence. 

Figure S2. Mean densities of plants for all, perennial and woody growth forms. 

Figure S3. Non-metric multidimensional scaling plot for woody plant species. 

Figures S4. Canonical redundancy analysis of the plant species abundance data. 

Figures S5. Multivariate regression tree giving site groupings based on soil variables. 

Figure S6. Mean relative cover of the seven most-dominant families in each chronosequence 

stage. 

Figure S7. Mean relative cover of the plant growth forms in each chronosequence stage. 

Figure S8. Mean canopy height, absolute cover and bare cover for plants rooted in the plots 

within each stage of the chronosequence. 

Figure S9. Variation of the standard deviation of the soil variables measured in each plot. 

Table S1. Plot codes and coordinates for all plots in the Jurien Bay dune chronosequence. 

Table S2. The most-abundant species in the Jurien Bay dune chronosequence. 

Table S3. The number of plant taxa within each of the classified growth forms found in the 

chronosequence. 

Table S4. Mean species richness of the most-abundant families, by cover, in the 

chronosequence. 

Table S5. Permuted F-statistics and the associated p-values for the beta (β) dispersions of plots 

grouped by chronosequence stage, considering either all species or woody species only. 

 

Fig. S1. Photographs of representative examples of plots throughout the dune chronosequence along with 

the two most-dominant species (by relative cover): (a) Stage 1 - Young Quindalup (QY), Scaevola 

crassifolia, Acacia rostellifera; (b) Stage 2 - Middle-aged Quindalup (QM), Melaleuca systena, 

Conostylis candicans subsp. calcicola; (c) Stage 3 - Old Quindalup (QO), Melaleuca systena, Acacia 

lasiocarpa; Stage 4 - (d) West Spearwood (SW), Banksia leptophylla var. melletica, Hibbertia 

hypericoides; (e) Stage 5 - Deep-sand Spearwood (SDS), Banksia prionotes, Banksia attenuata; (f) Stage 

6 - Bassendean (B), Jacksonia floribunda, Banksia attenuata. 
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Fig. S2. Mean densities of plants for all growth forms (a), perennial growth forms (b) and woody growth 

forms (c). The number of plants per plot is the sum of the number of plants rooted within the seven 

subplots of each plot. Error bars represent 95% confidence intervals. Letters above each bar represent 

Tukey HSD groupings (P ≤ 0.05). 

 

 

 

Fig. S3. Non-metric multidimensional scaling plot for woody species only, with the directionality of the 

chronosequence (stage 1 to 6) represented by the arrow. Bray-Curtis dissimilarity was used in the NMDS; 

plot stress: 0.10. 
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Fig. S4. Canonical redundancy analysis (RDA) of the plant species (Hellinger-transformed) abundance 

data, as explained by soil variables (R2 = 0.36; adjusted R2 = 0.30; P ≤ 10-5). The soil variables shown 

(blue) are the minimal set of variables that were included in the model using a forward selection 

procedure, along with the supplementary soil variables (green) included to illustrate the high correlation 

between soil pH and soil P concentrations. Only the five most-abundant species (by cover) in each 

chronosequence stage are shown (red) by two-letter codes (Acacia lasiocarpa, Al; Acacia rostellifera, Ar; 

Acacia spathulifolia, As; Acanthocarpus preissii, Ap; Banksia attenuata, Ba; Banksia leptophylla var. 

melletica, Bl; Banksia prionotes, Bp; Conostylis candicans subsp. calcicola, Cc; Desmocladus asper, Da; 

Hibbertia hypericoides, Hh; Hibbertia racemosa, Hr; Jacksonia floribunda, Jf; Lepidosperma calcicola, 

Lc; Melaleuca leuropoma, Ml; Melaleuca systena, Ms; Mesomelaena pseudostygia, Mp; Olearia 

axillaris, Oa; Scaevola crassifolia, Sc; Scholtzia umbellifera, Su; Spyridium globulosum, Sg). The plot is 

a type-1 scaling plot; the first two canonical axes represent 27% of the total variation in community 

structure and 75% of the environmentally-structured variation (i.e. the variation explained by the soil 

variables). 
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Fig. S5. Multivariate regression tree (MRT), which groups sites (separated using Bray-Curtis 

dissimilarities) based on soil variables. This tree was obtained without adding scaling factors to any soil 

variables and this resulted in the absolute lowest relative error, in comparison to the other trees tested; 

however, the cross validated relative error (CVRE) was higher than when small scaling factors were 

applied to the variables DON and exchangeable Ca. The plot codes (see Table S1) are given for each 

group. The depth of each branch is proportional to the amount of variance explained by that branch. R2 = 

0.74, CVRE = 0.49 (±0.05 SE). 
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Fig. S6. Mean relative cover of the seven most-dominant families in each chronosequence stage. 

 

 

 

Fig. S7. Mean relative cover of the plant growth forms in each chronosequence stage. 
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Fig. S8. (a) Mean canopy height, weighted by relative cover, for plants rooted in the plots within each 

stage of the Jurien Bay chronosequence. (b) Mean absolute cover for the plots of each stage. (c) Mean 

bare cover for the plots of each stage. In the figures, the box spans the interquartile range, while the 

whiskers extend to values at most 1.5 times the interquartile range; extreme values beyond that range are 

represented as dots. Note that the methodologies used to assess canopy cover and bare cover were 

different and not complementary; combined percentages may not necessarily sum to 100. 
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Fig. S9. Variation of the standard deviation of the soil variables measured in each plot. No soil variables 

showed consistently greater variability from the first to the last chronosequence stage. The standard 

deviations were normalised by the maximum subplot standard deviation of each soil variable, on a plot 

basis. In the figure, the box spans the interquartile range, while the whiskers extend to values at most 1.5 

times the interquartile range; extreme values beyond that range are represented as dots. 
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Table S1. Plot codes and coordinates (latitude and longitude) for all plots in the Jurien Bay 

chronosequence. The plot codes were derived from the randomly-generated point locations from the 

QGIS program and serve purely as unique identifiers; no order, or sequence was implied from their 

numerical components 

Chronosequence stage (Dune system) Plot code Location 
Latitude Longitude 

1 (Young Quindalup) Q.Y.1 30° 24' 21.0" S 115° 5' 41.2" E 
 Q.Y.3 30° 15' 11.5" S 115° 2' 22.7" E 
 Q.Y.7 30° 5' 37.7" S 114° 59' 23.4" E 
 Q.Y.8 30° 6' 24.0" S 114° 59' 47.6" E 
 Q.Y.12 30° 10' 51.7" S 115° 0' 13.6" E 
 Q.Y.15 30° 24' 24.8" S 115° 4' 55.2" E 
 Q.Y.16 30° 6' 54.4" S 115° 0' 23.3" E 
 Q.Y.17 30° 2' 43.2" S 114° 57' 45.2" E 
 Q.Y.18 30° 13' 25.0" S 115° 0' 29.4" E 
 Q.Y.20 30° 14' 54.1" S 115° 2' 53.8" E 
2 (Middle-aged Quindalup) Q.M.7 30° 16' 27.6" S 115° 2' 49.2" E 
 Q.M.8 30° 13' 34.8" S 115° 1' 6.2" E 
 Q.M.18 30° 3' 35.0" S 114° 58' 58.4" E 
 Q.M.23 30° 10' 13.2" S 115° 0' 43.0" E 
 Q.M.25 30° 13' 27.3" S 115° 0' 38.4" E 
 Q.M.26 30° 12' 50.6" S 115° 0' 37.3" E 
 Q.M.30 30° 16' 35.9" S 115° 2' 43.2" E 
 Q.M.31 30° 4' 23.0" S 114° 58' 57.1" E 
 Q.M.32 30° 9' 52.7" S 115° 0' 27.0" E 
 Q.M.33 30° 5' 25.8" S 114° 59' 55.0" E 

3 (Old Quindalup) Q.O.3 30° 3' 46.8" S 115° 0' 43.4" E 
 Q.O.4 30° 2' 7.5" S 115° 0' 19.9" E 
 Q.O.5 30° 13' 32.4" S 115° 3' 53.6" E 
 Q.O.11 30° 11' 28.2" S 115° 3' 33.6" E 
 Q.O.14 30° 14' 26.2" S 115° 4' 0.9" E 
 Q.O.15 30° 14' 26.2" S 115° 3' 51.5" E 
 Q.O.17 30° 12' 49.2" S 115° 3' 50.0" E 
 Q.O.20 30° 18' 56.6" S 115° 3' 59.7" E 
 Q.O.22 30° 16' 35.7" S 115° 3' 42.7" E 
 Q.O.24 30° 16' 15.2" S 115° 4' 14.9" E 
4 (West Spearwood) S.W.3 30° 8' 35.6" S 115° 3' 43.6" E 
 S.W.6 30° 5' 52.9" S 115° 3' 28.7" E 
 S.W.8 30° 14' 7.0" S 115° 4' 14.4" E 
 S.W.11 30° 11' 31.5" S 115° 3' 46.9" E 
 S.W.14 30° 4' 57.5" S 115° 3' 8.9" E 
 S.W.17 30° 13' 43.1" S 115° 4' 6.6" E 
 S.W.26 30° 14' 25.4" S 115° 4' 9.5" E 
 S.W.34 30° 1' 39.3" S 115° 2' 20.0" E 
 S.W.35 30° 11' 52.4" S 115° 4' 25.9" E 
 S.W.36 30° 11' 29.3" S 115° 4' 27.4" E 

5 (Deep-sand Spearwood) S.DS.2 30° 11' 34.1" S 115° 6' 28.7" E 
 S.DS.3 30° 15' 32.1" S 115° 6' 25.7" E 
 S.DS.4 30° 10' 45.0" S 115° 5' 48.7" E 
 S.DS.6 30° 6' 25.6" S 115° 5' 10.4" E 
 S.DS.9 30° 15' 50.6" S 115° 6' 2.2" E 
 S.DS.10 30° 14' 54.7" S 115° 6' 0.4" E 
 S.DS.11 30° 11' 11.2" S 115° 4' 55.8" E 
 S.DS.17 30° 17' 47.7" S 115° 9' 44.4" E 
 S.DS.23 30° 17' 58.3" S 115° 7' 10.7" E 
 S.DS.25 30° 12' 29.6" S 115° 4' 1.4" E 

6 (Bassendean) B.HR.2 30° 17' 42.3" S 115° 11' 15.5" E 
 B.HR.5 30° 17' 39.2" S 115° 11' 5.7" E 
 B.L.4 30° 11' 12.3" S 115° 6' 32.6" E 
 B.L.5 30° 9' 51.6" S 115° 7' 21.5" E 
 B.L.6 30° 10' 17.1" S 115° 6' 32.6" E 
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Chronosequence stage (Dune system) Plot code Location 
Latitude Longitude 

 B.L.9 30° 10' 5.5" S 115° 6' 20.5" E 
 B.L.10 30° 9' 36.0" S 115° 7' 14.0" E 
 B.L.14 30° 10' 51.1" S 115° 7' 43.5" E 
 B.NL.1 30° 7' 46.5" S 115° 6' 26.8" E 
 B.NL.3 30° 7' 36.0" S 115° 6' 22.7" E 

 

Table S2. The most-abundant species in the Jurien Bay dune chronosequence. Species with relative 

covers of at least 1% are shown 

Stage Species 
Rel. 

cover 
(%) 

Family Growth form 

1 Scaevola crassifolia Labill. 19 Goodeniaceae Shrub 
 Acacia rostellifera Benth. 14 Fabaceae Tree 
 Olearia axillaris (DC.) Benth. 12 Asteraceae Shrub 
 Hibbertia racemosa (Endl.) Gilg 7 Dilleniaceae Shrub 
 Spyridium globulosum (Labill.) Benth. 6 Rhamnaceae Shrub 
 Acacia lasiocarpa Benth. 5 Fabaceae Shrub 
 Cassytha aurea J.Z.Weber 4 Lauraceae Perennial herb 
 Conostylis candicans subsp. calcicola Hopper 4 Haemodoraceae Sedge 
 Cassytha racemosa Nees forma racemosa 3 Lauraceae Perennial herb 
 Acacia truncata (Burm.f.) Hoffmanns. 3 Fabaceae Shrub 
 Leptomeria preissiana (Miq.) A.DC.  3 Santalaceae Shrub 
 Senecio pinnatifolius var. latilobus (Steetz) I.Thomps. 2 Asteraceae Perennial herb 
 Angianthus cunninghamii (DC.) Benth.  2 Asteraceae Shrub 
 Ficinia nodosa (Rottb.) Goetgh., Muasya & D.A.Simpson 2 Cyperaceae Sedge 
 Hardenbergia comptoniana (Andrews) Benth.  2 Fabaceae Shrub 
 Carpobrotus virescens (Haw.) Schwantes 1 Aizoaceae Perennial herb 
 Allocasuarina lehmanniana (Miq.) L.A.S.Johnson  1 Casuarinaceae Shrub 
 Anthocercis littorea Labill. 1 Solanaceae Shrub 
2 Melaleuca systena Craven 19 Myrtaceae Shrub 
 Conostylis candicans subsp. calcicola Hopper 10 Haemodoraceae Sedge 
 Acacia lasiocarpa Benth. 10 Fabaceae Shrub 
 Desmocladus asper (Nees) B.G.Briggs & L.A.S.Johnson 9 Restionaceae Rush 
 Acanthocarpus preissii Lehm. 7 Asparagaceae Perennial herb 
 Acacia rostellifera Benth. 5 Fabaceae Tree 
 Thryptomene baeckeacea  F.Muell. 5 Myrtaceae Shrub 
 Lepidosperma calcicola R.L.Barrett & K.L.Wilson  4 Cyperaceae Sedge 
 Santalum acuminatum (R.Br.) A.DC.  3 Santalaceae Shrub 
 Cassytha flava Nees 3 Lauraceae Perennial herb 
 Carpobrotus virescens (Haw.) Schwantes 2 Aizoaceae Perennial herb 
 Rhagodia baccata (Labill.) Moq.  2 Chenopodiaceae Shrub 
 Cassytha glabella R.Br. 2 Lauraceae Perennial herb 

 
 Gahnia sp. South West (K.L. Wilson & K. Frank KLW 

9266) 2 Cyperaceae Sedge 
 Opercularia spermacocea Juss. 2 Rubiaceae Perennial herb 
 Trachymene pilosa Sm. 2 Araliaceae Annual herb 
 Poa porphyroclados Nees 2 Poaceae Annual grass 
 Senecio pinnatifolius var. latilobus (Steetz) I.Thomps. 1 Asteraceae Perennial herb 
3 Melaleuca systena Craven 23 Myrtaceae Shrub 
 Acacia lasiocarpa Benth. 10 Fabaceae Shrub 
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cover 
(%) 

Family Growth form 

 Lepidosperma calcicola R.L.Barrett & K.L.Wilson  9 Cyperaceae Sedge 
 Conostylis candicans subsp. calcicola Hopper 9 Haemodoraceae Sedge 
 Desmocladus asper (Nees) B.G.Briggs & L.A.S.Johnson 9 Restionaceae Rush 
 Acacia rostellifera Benth. 6 Fabaceae Tree 
 Opercularia spermacocea Juss. 5 Rubiaceae Perennial herb 
 Threlkeldia diffusa R.Br. 3 Chenopodiaceae Shrub 
 Cassytha pomiformis Nees 3 Lauraceae Perennial herb 
 Austrostipa compressa (R.Br.) S.W.L.Jacobs & J.Everett 3 Poaceae Annual grass 
 Stenanthemum notiale Rye subsp. notiale 2 Rhamnaceae Perennial herb 
 Acanthocarpus preissii Lehm. 2 Asparagaceae Perennial herb 
 Lomandra maritime T.S.Choo  2 Asparagaceae Sedge 
 Trachymene pilosa Sm. 2 Araliaceae Annual herb 
 Santalum acuminatum (R.Br.) A.DC.  2 Santalaceae Shrub 
 Melaleuca cardiophylla F.Muell. 1 Myrtaceae Shrub 
 Cassytha glabella R.Br. 1 Lauraceae Perennial herb 
 Scaevola thesioides Benth. subsp. thesioides 1 Goodeniaceae Perennial herb 
4 Banksia leptophylla A.S.George var. melletica 21 Proteaceae Shrub 
 Hibbertia hypericoides (DC.) Benth. 15 Dilleniaceae Shrub 
 Desmocladus asper (Nees) B.G.Briggs & L.A.S.Johnson 7 Restionaceae Rush 
 Acacia rostellifera Benth. 6 Fabaceae Tree 
 Acacia spathulifolia Maslin  5 Fabaceae Shrub 
 Scholtzia umbellifera F.Muell. 5 Myrtaceae Shrub 
 Melaleuca systena Craven 4 Myrtaceae Shrub 

 
Banksia sessilis var. cygnorum (Knight) A.R.Mast & 

K.R.Thiele 4 Proteaceae Shrub 
 Calothamnus quadrifidus R.Br. subsp. quadrifidus 2 Myrtaceae Shrub 
 Stenanthemum notiale subsp. notiale 2 Rhamnaceae Perennial herb 
 Acacia xanthina Benth. 2 Fabaceae Tree 
 Scaevola canescens Benth. 2 Goodeniaceae Perennial herb 
 Labichea cassioides DC. 2 Fabaceae Shrub 
 Bossiaea eriocarpa Benth. 2 Fabaceae Shrub 
 Opercularia spermacocea Juss. 1 Rubiaceae Perennial herb 
5 Banksia prionotes Lindl. 12 Proteaceae Tree 
 Banksia attenuata R.Br. 11 Proteaceae Tree 
 Mesomelaena pseudostygia (Kuek.) K.L.Wilson 11 Cyperaceae Sedge 
 Hibbertia hypericoides (DC.) Benth. 9 Dilleniaceae Shrub 
 Scholtzia umbellifera F.Muell. 7 Myrtaceae Shrub 
 Eremaea pauciflora (Endl.) Druce  5 Myrtaceae Shrub 
 Melaleuca leuropoma Craven 5 Myrtaceae Shrub 
 Pileanthus filifolius Meisn. 4 Myrtaceae Shrub 
 Petrophile macrostachya R.Br. 3 Proteaceae Shrub 
 Lepidobolus preissianus Nees 2 Restionaceae Rush 
 Conostylis candicans Endl. subsp. candicans 2 Haemodoraceae Sedge 
 Conospermum stoechadis Endl. 2 Proteaceae Shrub 
 Hypocalymma xanthopetalum F.Muell.  2 Myrtaceae Shrub 
 Jacksonia hakeoides Meisn.  2 Fabaceae Shrub 
 Calytrix strigosa A.Cunn. 2 Myrtaceae Shrub 
 Allocasuarina humilis (Otto & F.Dietr.) L.A.S.Johnson  2 Casuarinaceae Shrub 
 Schoenus brevisetis (R.Br.) Roem. & Schult. 1 Cyperaceae Sedge 
 Hakea incrassata R.Br. 1 Proteaceae Shrub 
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Stage Species 
Rel. 

cover 
(%) 

Family Growth form 

 Banksia leptophylla A.S.George var. melletica 1 Proteaceae Shrub 
6 Banksia attenuata R.Br. 11 Proteaceae Tree 
 Jacksonia floribunda Endl. 11 Fabaceae Shrub 
 Hibbertia hypericoides (DC.) Benth. 7 Dilleniaceae Shrub 
 Mesomelaena pseudostygia (Kuek.) K.L.Wilson 4 Cyperaceae Sedge 
 Melaleuca leuropoma Craven 4 Myrtaceae Shrub 
 Eremaea asterocarpa Hnatiuk subsp. asterocarpa 4 Myrtaceae Shrub 
 Banksia menziesii R.Br. 3 Proteaceae Tree 
 Acacia pulchella var. glaberrima Meisn. 3 Fabaceae Shrub 
 Dasypogon obliquifolius Nees 3 Dasypogonaceae Shrub 
 Stirlingia latifolia (R.Br.) Steud. 2 Proteaceae Shrub 
 Melaleuca psammophila Diels 2 Myrtaceae Shrub 
 Conospermum stoechadis Endl. 2 Proteaceae Shrub 
 Kingia australis R.Br. 2 Dasypogonaceae Shrub 
 Astroloma xerophyllum (DC.) Sond. 2 Ericaceae Shrub 
 Blancoa canescens Lindl.  1 Haemodoraceae Sedge 
 Conostylis aurea Lindl.  1 Haemodoraceae Sedge 
 Conospermum canaliculatum Meisn.  1 Proteaceae Shrub 
 Banksia leptophylla A.S.George var. melletica 1 Proteaceae Shrub 
 Phlebocarya filifolia (F.Muell.) Benth.  1 Haemodoraceae Sedge 
 Hypocalymma xanthopetalum F.Muell. 1 Myrtaceae Shrub 
 Amphipogon turbinatus R.Br. 1 Poaceae Grass 
 Xanthorrhoea preissii Endl.  1 Xanthorrhoeaceae Shrub 

 

 

Table S3. The number of plant taxa within each of the classified growth forms found in the Jurien Bay 

dune chronosequence 

Stage 
Growth form 

Annual 
grass 

Annual 
herb 

Annual 
sedge 

Geophytic 
herb 

Perennial 
grass 

Perennial 
herb 

Rush Sedge Shrub Tree 

1 3 10 1 3 - 6 1 2 20 2 

2 3 22 1 4 1 13 1 5 23 2 
3 4 19 - 9 2 15 1 4 20 1 

4 6 13 1 16 3 20 2 12 46 3 
5 3 12 - 20 2 19 5 16 53 5 

6 2 8 1 23 2 20 10 24 83 3 
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Table S4. Mean species richness (±95% CI) of the most-abundant families, by cover, in the Jurien Bay 

dune chronosequence 

 Stage 
Family 1 2 3 4 5 6 

Asparagaceae 0.2 [0, 0.7] 1.3 [1, 1.6] 2.1 [1.6, 2.6] 1.7 [1.2, 2.2] 3.3 [2.5, 4.1] 3.1 [1.9, 4.3] 
Asteraceae 3.4 [2.6, 4.2] 3.5 [2.3, 4.7] 4.1 [3, 5.2] 1.5 [0.7, 2.3] 0.6 [0, 1.2] - 

Cyperaceae 0.9 [0.5, 1.3] 1.2 [0.6, 1.8] 1 [0.7, 1.3] 3.2 [2.3, 4.1] 2.2 [1.9, 2.5] 3.7 [2.7, 4.7] 
Dasypogonaceae - - - - 0.1 [0, 0.3] 0.5 [0, 1] 

Dilleniaceae 0.5 [0.1, 0.9] - - 0.9 [0.5, 1.3] 1.1 [0.9, 1.3] 1.6 [1, 2.2] 
Fabaceae 1.5 [0.8, 2.2] 1.9 [1.4, 2.4] 1.6 [1.1, 2.1] 3.9 [3.2, 4.6] 2.1 [1.2, 3] 3.3 [1.8, 4.8] 

Goodeniaceae 1 [1, 1] 0.4 [0, 0.8] 1 [0.7, 1.3] 1.2 [0.6, 1.8] 1.3 [0.6, 2] 0.9 [0.5, 1.3] 
Haemodoraceae 0.8 [0.5, 1.1] 1 [1, 1] 0.9 [0.7, 1.1] 1.8 [1.5, 2.1] 2.8 [1.9, 3.7] 4.2 [3.6, 4.8] 

Lauraceae 0.8 [0.5, 1.1] 1.2 [0.7, 1.7] 1.4 [0.9, 1.9] 0.3 [0, 0.6] 0.7 [0.4, 1] 1 [0.5, 1.5] 
Myrtaceae 0.3 [0, 0.6] 1.4 [0.9, 1.9] 1 [1, 1] 3.4 [2.3, 4.5] 5.4 [4.5, 6.3] 5.7 [4.3, 7.1] 

Proteaceae - - - 4.2 [2.9, 5.5] 3.8 [2.9, 4.7] 5.2 [3.9, 6.5] 
Restionaceae 0.1 [0, 0.3] 0.8 [0.5, 1.1] 0.9 [0.7, 1.1] 1.4 [1, 1.8] 2.4 [1.9, 2.9] 2.1 [1.5, 2.7] 

Rhamnaceae 1 [1, 1] 0.9 [0.4, 1.4] 1.2 [0.7, 1.7] 0.9 [0.7, 1.1] 0.7 [0.4, 1] 0.4 [0, 0.9] 
Rubiaceae 0.5 [0.1, 0.9] 0.9 [0.7, 1.1] 1 [0.5, 1.5] 1 [0.5, 1.5] 0.7 [0.4, 1] 0.2 [0, 0.5] 

 

Table S5. Permuted F-statistics and the associated p-values for the multivariate (beta) dispersions of plots 

grouped by chronosequence stage, considering either all species or woody species only. Four dissimilarity 

indices (Method) were used in the calculation of the β dispersions. All methods, except Jaccard, used 

untransformed relative cover data; the Jaccard method used species presence/absence data. For all 

significance tests, the degrees of freedom was 5 and 999 permutations were used 

Growth form Method F P(>F) 

All Bray-Curtis 1.5909 0.17 
Woody Bray-Curtis 2.0332 0.077 

All Kulczynski 1.5909 0.175 
Woody Kulczynski 2.2191 0.06 

All Hellinger 1.9476 0.094 
Woody Hellinger 2.5629 0.033 

All Jaccard 1.949 0.089 
Woody Jaccard 2.1001 0.085 

 

 




