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Thesis Structure

The structure of this thesis blends elements of a traditional thesis with conventions of a
scholarly journal article. Chapter 1 consists of a literature review, aiming to offer readers a
comprehensive insight into the broader topic and concepts that informed the research.
Chapter 2 is presented as a draft manuscript targeting Annals of Botany, with abstract,
introduction, extended methods, results, discussion and conclusion sections. The manuscript
introduction contains summarised content from the literature review, with the intention that
reading Chapter 1 is not required for the reader to understand the research context. Some
conventions of the Annals of Botany journal are broken for improved readability and to
uphold scientific rigour, such as reporting significance values, standard error and results of

post hoc testing to satisfy the academic requirements of the honours programme.
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Chapter 1 — Literature Review

Introduction

The occurrence of fire in global ecosystems has shaped the diversity, traits and structure of
ecosystems since the colonisation of terrestrial flora (Puasas and Keeley, 2009; Bowman et
al., 2011; He et al., 2019; Keeley and Pausas, 2022). In fire-prone Mediterranean type
climates such as southwestern Australia (SWA), persistent fire regimes have driven fire
adaptations and shaped exaptations that increase plant fitness and therefore fire tolerance
(Byrne et al., 2011; Lamont et al., 2020; Lamont, 2021; Pausas and Lamont, 2022; Pausas et
al, 2022b). These reproductive and regenerative traits such as fire-smoke cued reproduction
(seed release, germination, flowering), vegetative resprouting (basal, epicormic, rhyzomal)
and the long-term storage of seed in arial (serotiny) or soil seed banks enhance either the
survival of parent stands (resprouting) or seedling recruitment (non-resprouting) post-fire
(Pausas and Keeley, 2014; Groom and Lamont, 2015; Causley et al., 2016; He et al., 2019;

Lamont et al., 2020; Ottaviani et al., 2026).

The SWA region currently boasts over 8000 recorded plant taxa (Brundrett, 2021), shaped by
the interaction between impoverished soils, topography, geographic isolation (semi-arid
boundary) and high pyro-diversity (Pausas and Keeley, 2014; Lamont and He, 2017a). Both
resprouting and non-resprouter species co-occur over the many vegetation types across SWA,
however some climatic conditions constrain their distribution (Lamont and Markey, 1995). In
the southern sandplains where rainfall, temperature and seasonality promote high intensity,
canopy-scorching fire, vegetation communities are dominated by serotinous non-resprouting
species (Lamont and Markey, 1995; Lamont, 2021; Ladd et al., 2022). These Proteaceae

dominated shrublands and woodlands typically display strong serotiny, relying on long-term
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seed dormancy and accumulation (average of five years) to replace stands following the onset
of fire (Cowling and Lamont, 1985; Gill and McMahon, 1986; Meehan et al., 2015).

Because reproductive processes in fire-prone flora are tied closely to landscape fire regimes,
alteration of fire attributes such as interval, seasonality and severity can change plant
community species composition (Puasas and Keeley, 2009; Bond, 2015). Climate driven
modification of natural fire regimes and reduced plant resilience has already produced
evidence of local and regional decline in short range endemic flora species in the SWA
(Foster et al., 2018; Nolan et al., 2021; Santos et al., 2023; Lamont, 2023). Therefore,
understanding requirements for maintaining reproductive processes from both a community
and species level, is required to preserve the biodiversity of SWA in the face of climatic

changes (Campbell et al., 2022; Williams et al., 2026).
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Fire as an ecological process

Fire is an ecological disturbance that has shaped global biodiversity, ecosystem composition
and distribution through time, producing regions reliant on fire for the facilitation of key
plant life stages (Puasas and Keeley, 2009; He et al., 2019; Keeley and Pausas, 2022). The
occurrence of fire itself is defined as the rapid oxidisation of carbon rich compounds,
requiring oxygen (=16% atmospheric O2), fuel and ignition (Bowman et al., 2011). In
climates where the occurrence of fire is supported, it aids fundamental geosphere and
atmospheric cycling processes, such as nutrient decomposition (recalcitrant black carbon) and
greenhouse gas release (CO») which influences climate (Bowman et al., 2011). Deposits of
recalcitrant black carbon in the paleoclimatic record can be interpreted to reconstruct historic
fire regimes that describe frequency, intensity, patchiness, seasonality and size of fire through
time (Bowman et al., 2011; He and Lamont, 2019; Keeley and Pausas, 2022; Kelly et al.,

2023).

Evidence of low intensity wildfires first appear during the Silurian period (440-420 Mya),
coinciding with the origin of terrestrial flora (Bowman et al., 2009; Puasas and Keeley, 2009;
Keeley and Pausas, 2022). The characteristics of global fire regimes during the Silurian
change persistently over the proceeding 419 — 66 Mya, heavily influenced by atmospheric
oxygen levels and fuel availability (Glasspool and Gastaldo, 2022; Keeley and Pausas, 2022).
The Carboniferous (360-300 Mya) and Permian (300-250 Mya) were particularly active fire
periods, where atmospheric oxygen of approximately 30% allowed for the ignition of moist
fuel loads (Yan et al., 2019; Keeley and Pausas, 2022). The growing influence of fuel
structure on fire regimes has been recorded for the Cretaceous (145—66 Mya), where the
spread and diversification of angiosperms (flowering flora) produced the first instance of
high-intensity crown-scorch regimes (Belcher and Hudspith, 2017). The increasing

occurrence of fire due to aridification in the Cretaceous is determined as a casual agent in the
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early diversification of angiosperms, producing primitive fire and drought tolerant plant
species (Puasas and Keeley, 2009; He and Lamont, 2018; Keeley and Pausas, 2022).
Declining atmospheric oxygen levels to current ambient conditions (20% atmospheric O2) in
the Cenozoic era (66 Mya — present) likely intensified the influence of climate and vegetation
on fire regimes (Puasas and Keeley, 2009; Bond, 2015). This is observed in the emergence of
stable Mediterranean and monsoonal type ecosystems in Australia during the Miocene period
(23-5 Mya; Puasas and Keeley, 2009; Bond, 2015; He and Lamont, 2018; Keeley and Pausas,
2022). Increasingly fire-prone climate in the Miocene is ecident in the extensive coal deposits
through south-eastern Australia, produced by recurrent fire in arid-adapted shrublands
(Keeley and Pausas, 2022). Much contention surrounds the history of plant traits allowing
flora to tolerate fire regimes in the Miocene and into the Quaternary (2.5 Mya - present), with
their alternative origin as either fire adapted or fire related (exaptations) still divisive amongst
authors (Bradshaw et al., 2011; Keeley et al., 2011; Midgley and Bond, 2013; Keeley and

Pausas, 2022).

Mutch (1970) was the first author to identify that vegetation in fire-prone regions had
developed traits to incite fire. However, the claim that these vegetation communities burn
more readily due to traits naturally selected (fire adapted) for flammability is widely
contentious (Bowman et al., 2011; Bradshaw et al., 2011; He et al., 2019; Keeley and Pausas,
2022). Fire adapted traits must be linked to an improvement in plant reproductive fitness
through natural selection, otherwise a trait is likely fire exapted (Pausas and Keely, 2009;
Keeley et al., 2011). Fire exaptations are traits that increase the fire tolerance of a species but
were developed in response to other pressuring factors, such as drought, herbivory and poor
soil nutrients (Bowman et al., 2011; Keely et al., 2011). For example, smoke cued flowering

induced by the chemical ethylene is also produced in decomposing plant matter, indicating it
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may be a trait developed under non-fire-prone conditions but has equal benefit in a fire-prone
environment (Bradshaw et al., 2011; Keely et al., 2011; Midgley and Bond, 2013; Lamont

and He, 2017Db).
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Fire driving the evolution of flora traits

The recognition of fire disturbance as a key driver of flora traits and biodiversity is a recent
occurrence, challenging a long-term belief that diversity patterns were solely associated with
climate, topography and impoverished soils (Bond and Keeley, 2005; Keely et al., 2011;
Pausas and Schwilk, 2012; Midgley and Bond, 2013; He et al., 2019; Keeley and Pausas,
2022). This evolutionary pressure has produced two broad reproductive vegetation
mechanisms promoting fitness in response to fire regime: fire-stimulated regeneration from
surviving tissue (resprouting seeders) or regeneration purely from seed (fire killed non-
resprouting seeders; Midgley and Bond, 2013; Pausas and Keeley, 2014; He et al., 2019).
Fire-prone vegetation communities dominated by resprouting are often closely associated
with frequent low-severity surface fire regimes, while non-resprouting becomes dominant in
infrequent high-severity crown fire regimes (Murphy et al., 2013; Pausas and Keeley, 2014;
He et al., 2019; Miller et al., 2024). Mixed severity and frequency fire regimes that benefit
neither resprouting nor non-resprouting species exclusively, will often producing fine scale

vegetation mosaics where they co-occur together (Miller et al., 2024).

Post-burn conditions produced from fire regimes are fundamental for seedling recruitment,
providing reduced competition for nutrients, water and light (Keeley and Pausas, 2022;
Lambers et al., 2022). However, success of post-fire recruitment is determined by plant traits
either enhancing adult survivorship or seed bank accumulation (Miller et al., 2024). Traits
such as insulating bark and storage of non-structural carbohydrates (via lignotubers and
epicormic bunds) in resprouting species are vital to maintain existing stands due to typically
low seed production (Groom and Lamont, 2015; Ottaviani et al., 2026). However, the long-
term dormancy traits protecting seed banks in non-resprouters and resprouters from the
properties of fire are most crucial for the persistence of species post-burn (Keely, 2012;

Midgley and Bond, 2013; Lamont et al., 2019; He et al., 2019).
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Fire-prone species enhance post-fire recruitment through either canopy or soil seed bank
storage, dependant on the attributes of fire regime to which they are adapted (Lamont and
Enright, 2000; Enright et al., 2007; Maikano et al., 2018; Pausas and Lamont, 2022a). Low
severity, high frequency regimes will favour species with soil seed banks, where the heat
properties of fire or chemicals released by smoke will break seed dormancy and allow
germination (Makino et al., 2018; Pausas and Lamont, 2022b). Inversely, canopy stored seed
banks often require fire at a less frequent, higher intensity for seed release en masse,
tolerating temperatures of up to 500°C in some Banksia species as fruits are exposed to
directly to fire (Lamont and Enright, 2000; Enright et al., 2007; Pausas and Lamont, 2022b).
The subsequent germination of surviving seed will be cued by the first favourable period of
rainfall, often after years of enforced dormancy in seed banks (Enright et al., 1996). Time
spent in dormancy is dependent on individual plant traits and fire regime, with some species
retaining seed for a minimum of one year, or up to 30 years observed in some Pinus genera

(Lamont and Enright, 2000; Enright et al., 2007).



17

Fire and serotiny

Serotiny refers to the long-term enforced dormancy of seeds in canopy-held fruits or cones in
woody plant taxa (Causley et al., 2016; Lamont et al., 2020; Lamont, 2021). This
reproductive syndrome is generally recognised as a fire-adapted trait and is widespread in
fire-prone Mediterranean ecosystems, particularly southwestern Australia (SWA) and to a
lesser extent the Cape Floristic Region in South Africa (Causley et al., 2016; Lamont, 2021).
Environmental conditions prone to Mediterranean climate such as fire, drought and prolonged
weathering can cue seed release en masse or slowly over time from cones and fruits (Groom
and Lamont, 2015; Causley et al., 2016; Lamont et al., 2020; Lamont, 2021). The central
benefit of serotiny is the overlap of annual reproductive events, producing an accumulative
seed bank beyond what is required for stand recovery (Groom and Lamont, 1997; Lamont et

al., 2019; Lamont et al., 2020).

Serotiny is measured either non-temporally or temporally, quantifying the state of all
cones/fruits as open or closed at a particular plant age (apparent serotiny or bulk assessment)
or at the rate of which they open over time if fruit/cones can be aged (inherent, annual
assessment; Lamont 1985; Lamont, 2021). Species range between the extremes of weakly
and strongly serotinous, reflective of the fire regime to which they are adapted (Lamont,
2021; Ladd et al., 2022). Weakly serotinous species are widely regarded as ‘bet-hedging’,
releasing low volumes of their annual seed crop to buffer against stand decline if fire
intervals exceed plant longevity (Ladd et al., 2022; Pausas et al., 2022b). Although, success
of inter-fire recruitment in bet-hedging species is reliant on high annual rainfall and
opportunistic vegetation clearings at the time of seed release (Pausas et al., 2022b). Strongly
serotinous species will slowly release seed from aging follicles or cones, although post-fire
recruitment in these species is reportedly low due to high competition for resources in older

fuel ages (Gill and McMahon, 1986; Cowling et al., 1987; Meehan et al., 2015).
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Serotiny in species with large geographic distributions have been shown to display plasticity
across their range, particularly when spanning climatic gradients or variable growing
conditions (Cowling and Lamont, 1985; Gauthier et al., 1996; Lamont, 2021; Ladd et al.,
2022). This was observed in three co-occuring Banksia species persisting along a 500 km
climatic gradient in SWA, with degree/level of serotiny increasing with aridity (Cowling and
Lamont, 1985). In these strongly serotinous species, seeds must be protected from
environmental factors until the onset of fire (Lamont, 2021; Heyes et al., 2023). However, as
seed housing structures age, the impact of predation (e.g. moths, weevils, beetles, cockatoos),
fungal decay and spontaneous rupture increases (Witkowski et al., 1991b; Enright et al.,
1996; Heyes et al., 2023). Many serotinous species display strategies to minimise seed loss
through hiding or obscuring fruit in persistent flower structures or using seed decoys,
although follicles and fruit escaping predation and fungal decay may remain closed for longer
than seed is viable (Enright et al., 1996; Lamont, 2021; Heyes et al., 2023). This is evident in
the seed bank dynamics of Banksia cuneata, where seed viability from cones one year old

degraded from 97% to 50% after nine years of in-canopy aging (Lamont et al., 1991a).

In SWA four plant families are known to store their seed in canopy-held seed banks
(Cupressaceae, Casuarinaceae, Myrtaceae and Proteaceae), with particularly high
representation in the Proteaceae family (Lamont et al., 1991b; Groom and Lamont, 2015).
Strongly serotinous Proteaceae genera typically retain their fruits from 5 to 15 years,
releasing seed spontaneously from a combination of increasing fruit/cone age, extended
exposure to sunlight, drought, repeated wet and dry cycles, limb senescence and fire (Lamont

et al., 1991b; Enright et al., 1996; Groom and Lamont, 2015; Lamont, 2021)
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Flora of southwestern Australia

Climatic and floristic evolutionary history

Southwestern Australia (SWA) is one of two globally recognised biodiversity hotspots in
Australia, renowned for its exceptional species richness and endemism linked to infertile
soils, complex habitats, stable climatic history and geographic isolation (Groom and Lamont,
2015; Brundrett, 2021; Gosper et al., 2021). Evidence of fire adaptions in SWA flora span
back to the Petrophile clade (Proteaceae, 73.5 Mya), where fire prone climate persisted
during a period when the Australian continent was dominated by temperate rain forest
(Groom and Lamont, 2015). Key genera observed in contemporary SWA ecosystems such as
Banksia (61 Mya) and Eucalyptus (62 Mya) first appear after the abrupt end to the Mesozoic
era (66 Mya), marking the beginning of intensified speciation in SWA (Lamont and He,
2012; Groom and Lamont, 2015). Pollen records from the early-mid Eocene (45-56 Mya)
indicate that SWA contained a mixture of temperate/sub-tropical rainforest (now mostly
extinct) and sclerophyllous woodland and shrublands, dominated by the Proteaceae family

(Groom and Lamont, 2015).

Between the Eocene period (56 Mya) and the beginning of the Miocene (23 Mya) the
dominant genera Nuytsia floribunda (45 Mya), Melaleuca (34 Mya), Allocasuarina (27 Mya)
and Acacia (26 Mya) emerge, indicating parts of SWA were under increasingly fire-prone
Mediterranean-type climate. Although, the exact timing of this climatic change is highly
debated (Christophel and Greenwood, 1989; Dodson et al., 2004; Hopper and Gioia, 2004;
Byrne et al., 2011; Lamont and He, 2012). With the transition from the Miocene into the
Pliocene (23-2.5 Mya), records indicate temperate woodlands and shrublands in SWA again
underwent high speciation due to a major climatic drying period, with the evolution of

serotiny and other fire-adapted traits at their peak (Byrne et al., 2011; Groom and Lamont,
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2015; He et al., 2019). This is observed in the emergence of the fire-tolerant genera Davesia
(21 Mya), Hakea (18 Mya), Anigozanthos (14 Mya) and Grevillea (11 Mya; Groom and
Lamont, 2015). Approaching contemporary climate, the distribution of mesic zone
ecosystems in the SWA retreat even further, replaced with Myrtaceous and Casuarinaceae

dominated vegetation communities (Byrne et al., 2011; Groom and Lamont, 2015).

The SWA currently lists over 7000 flora taxa (52% endemic) as occurring within its
boundary, split between 9 unique geographic bioregions bounded by a semi-arid zone
(Brundrett, 2021; Lamont and He., 2017a). This entire region is considered under
Mediterranean type climate, experiencing summer/autumn drought with low rainfall, and
reliable annual winter rainfall with mild temperatures (Lamont and He., 2017a). The
variability and interaction of these factors across the SWA supports a range of vegetation
types, such as eucalypt woodlands and forests, mixed kwongan shrublands and coastal
heathlands, of which all occasionally burn (Gosper et al., 2022). Serotinous species,
particularly non-resprouters are strongly represented in the SWA, with the genera Eucalyptus,
Banksia and Hakea dominating (Beard et al., 2000; Lamont and He., 2017). Threats to SWA
floral biodiversity currently include modified fire regimes, vegetation clearing/fragmentation,
long term decline in rainfall, weed invasion, feral fauna and Phytophthora dieback

(Brundrett, 2021; Gosper et al., 2022).

Changing fire regimes
The occurrence of fire in contemporary SWA has been variable since geographic isolation
from Antarctica approximately 85 Mya, with flora species modifying key reproductive
processes to tolerate changing fire patterns (Causley et al., 2016; Lamont, 2021; Gosper et al.,
2022; Kelly et al., 2023). Despite these regimes being a product of climate and vegetation
dynamics, it’s debated whether anthropic burning permanently modified natural fire regimes

by changing species composition and habitat structure (Bowman, 2003; Mooney et al., 2011;
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Morgan et al., 2020; Kelly et al., 2023). Late-Pleistocene colonization of SWA by humans
produced fine scale fire-succession (mosaics) for subsistence, artificially modifying natural
landscape fire regimes (Bowman, 2003; Enright and Thomas, 2008; Morgan et al., 2020;
Adeleye et al., 2023). However, after mass indigenous displacement in SWA, the region
experienced a return of high- intensity, homogenous wildfire regimes and associated changes
in species composition and habitat structure (Bowman, 2003; Burrows et al., 2008; Mooney

etal., 2011).

Prescribed burning was eventually developed in SWA in the 1960’s, with the intention of
managing fuel loads that were leading to frequent high-severity wildfire (Burrows et al.,
2008; Boer et al., 2009; Bradshaw et al., 2018). Since its integration, prescribed burning has
been hailed as one of few tools effective in suppressing wildfire risk on private and public
assets, while also facilitating ecological fire requirements (Burrows, 2008; Boer et al., 2009;
Bradshaw et al., 2018). Although, burns are typically prescribed as large homogenous
landscape fires, occurring most frequently in peri-urban zones to reduce biomass between
large blocks of remnant vegetation and human settlement (Penman et al., 2011; Lange and
Gillespie, 2023). Ecological burns do occur on smaller scales, often with tangible outcomes
such as facilitating germination of an at-risk species or assisting cultural burning for

traditional owners (Penman et al., 2011).

While prescribed burning cannot stop the occurrence of wildfire, it’s reported that burning
fuel loads at short intervals can suppress the severity (Burrows et al., 2008; Bradshaw et al.,
2018; Lange and Gillespie, 2023). However, the efficacy of prescribed burning is widely
contentious, with many critics concerned that biodiversity outcomes are ill-informed and
often secondary to fuel reduction (Burrows, 2008; Penman et al., 2011; Bradshaw et al.,

2018; Tangney et al., 2019). Evidence shows modifying fire regimes on a regional scale has
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the potential to change ecological composition in SWA, with short intervals decreasing the
representation of non-resprouting species and replacing them with resprouting herbaceous
communities (Lamont et al., 1991b; Lamont and Markey, 1995; Wooler et al., 2002; Penman
et al., 2011; Muir et al., 2024). Similarly, long periods of fire absence favour mid-story
shrubs, leading to the exclusion of understory species and exhausting the seed banks of short-

lived serotinous species (Foster et al., 2018).

Land management in southwestern Australia

Current management of remnant vegetation by the Department of Biodiversity, Conservation
and Attractions (DBCA) in SWA is based on the Boer et al. (2009) longitudinal fuel
reduction study in SWA Eucalyptus Forest. This research implemented the concept of
leverage into prescribed burning, which refers to the “unit’ of area protected from wildfire for
every ‘unit’ treated by prescribed fire (Boer et al., 2009; Cannon and Clement, 2025). This
ratio of 1:4 is now a feature of DBCA prescribed burning, translating to a burning target of
approximately 200,000 ha annually (Boer et al., 2009; Burrows and McCaw, 2013; Campbell
et al., 2022; Cannon and Clement, 2025). The locality, size and severity of fire prescribed by
land managers to reach this target is dependent on the management zones of which they occur
(Burrows and McCaw, 2013). These consist of a community protection zone (4-year fire
interval), bushfire modification zone (5—7-year fire interval) and biodiversity management
zone (heterogeneity of young, intermediate and old fuels; Burrows and McCaw, 2013).
Specialised burning plans are implemented in vegetated regions of high value, such as the
Fitzgerald River National Park (FRNP), although the broad scale burning programme for
majority of SWA has been described as a disturbance regime driving biodiversity loss

(Moore et al., 1991; Cannon and Clement, 2025).

Increasingly severe and recurrent wildfire from climate driven aridification, lengthening fire

seasons and fire weather severity has sparked debate as to the changing balance of benefit
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and risk in prescribed burning (Nolan et al., 2021; Santos et al., 2023; Lamont, 2023). The
maintenance of short-interval PB regimes to combat wildfire risk is predicted by continue
while vegetation is increasingly subject to climate stressors (Nolan et al., 2021). This scenario
is projected to have devastating impacts on the resilience of post-fire recruitment in
serotinous vegetation communities, particularly genera such as Banksia (Henzler et al.,

2018). This is evident in the non-resprouting SWA species Banksia hookerina, which reports
reduced seed production in years of below average rainfall (Henzler et al., 2018; Nolan et al.,
2021). Species under climate stress subjected to short interval prescribed burning may result
in local decline or extinction, bringing into question the environmental sustainability of the
Boer et al. (2009) research that currently informs SWA prescribed burning (Wooller et al.,

2002; Henzler et al., 2018; Nolan et al., 2021; Campbell et al., 2022).
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Banksia media (Southern Plains Banksia, Golden Stalk Banksia)

Banksia media is a non-resprouting serotinous tree/shrub between 0.5-5 m tall, requiring fire
to facilitate the dispersal of seed from reproductive follicles (Taylor and Hopper, 1998;
Wooler & Wooler, 2002; Millar et al., 2020). The species occurs naturally along the fire-
prone Esperance sandplains of SWA, from the eastern boundary of the Stirling Ranges to
Israelite Bay, extending inland as far as 150 km north of the coast (Taylor and Hopper, 1998;
Wooller and Wooller, 2002a; Millar et al., 2020). Soil substrate records indicate a preference
for white infertile sand/loam and red clay/loam over limestone in Kwongan shrubland,
heathland and open woodlands (Taylor and Hopper, 1998; Cochrane et al., 2014b; Millar et
al., 2020). Its distribution spans a rainfall gradient between 300-600 mm year, with stands
persisting in the eastern xeric range (300 mm) displaying drought tolerant traits (Cochrane et

al., 2014b).

Flowering occurs in mature individuals between March — December, presenting as
red/yellow/brown compound inflorescences between 6-16 cm high and 7-9 cm wide (Taylor
and Hopper, 1998; Wooller and Wooller, 2002a; Millar et al., 2020;). B. media is self-
compatible (selfing), however fruit set and outcrossing are enhanced by visits from
invertebrate and vertebrate pollinators (Wooller and Wooller, 2002a; Millar et al., 2020).
Successfully fertilised inflorescences develop into canopy-held cones, which produce woody
seed-bearing follicles housing between one or two seeds (Wooller and Wooller, 2002a; Millar
et al., 2020). Follicle opening in the absence of fire is reported as strongly serotinous,
although this data comes from a single stand in the west of its distribution and is likely to
display plasticity across its range (Wooller and Wooller, 2002a). Plasticity is observed in
other plant demographics across B. media’s distribution, with seed mass, leaf size and

germination success increasing with aridity (Cochrane, 2014a; Cochrane et al., 2014b).
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B. media is currently listed as not threatened under the Biodiversity Conservation Act (2016),
however there is no literature describing the optimal fire regime for B. media (Florabase,
2026). The FRNP is currently under the management of the DBCA, which prescribes burns at
an interval considering minimum fire requirements for the parks vegetation communities
(Moore et al. 1991; Rathbone, 2013). As B. media persists in the park under current burning
practises, they are deemed appropriate for stand maintenance. Although investigation into the
optimal burning window (highest seed volume and viability) is important to aid in the

continued conservation of B. media in the face of climate challenges (Williams et al., 2026).
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ABSTRACT

o Background and Aims Prescribed burning aims to reduce the risk of high-severity
wildfire in Mediterranean-type ecosystems such as south-western Australia (SWA), through
modifying fuel loads with short-interval burning. Landscapes in SWA dominated by long-lived
serotinous non-resprouting plants such as Banksia media, require long inter-fire periods, which
if undermined by short interval-fire can prevent canopy seed bank maturation. This study aimed
to determine when B. media reaches a seed bank size sufficient for post-fire stand regeneration
by investigating critical life events: juvenile period and the dynamics of seed production,
storage, loss and viability over time and with plant size.

J Methods B. media cones from three age classes were collected from 50 plants over the
chrono-sequence: 13, 19, 26, 35/36 and 50 years since last fire. Seeds were extracted, tested
for viability and the relationship with time since last fire (TSLF), plant height, stem width and
canopy volume analysed to determine the best predictor of seed volume. Height (winning

predictor) data from 1,550 individuals in density plots across 13, 17, 26, 36 and 50 years since


mailto:mattpm99@gmail.com

27

last fire were allocated a seed volume using this seed predictor to determine time until optimal
seed bank size.

o Key Results Juvenile period was estimated to end between 4-18 years, variable
dependent on burn season and post-fire rainfall. Cone, follicle and seed accumulation generally
increased between 13 to 50 years since last fire, however seed viability significantly reduced
to 82% at 50 years since last fire regardless of seed age. TSLF was a poor predictor of optimal
seed bank size due to plant variability at sites burnt the same year. Instead, height was the
winning predictor of optimal seed bank size, occurring in plants between 2.6 and 3.2 meters
tall.

J Conclusion Optimal fire interval for B. media is determined as any plant age where

mean stand plant height is between 2.6 and 3.2 m tall.

Keywords: serotiny, non-resprouter, seed bank, Banksia media

INTRODUCTION

Since the establishment of terrestrial flora, fire has been a natural driver of plant diversity and
endemism in fire-prone regions (Puasas and Keeley, 2009; He et al., 2019; He and Lamont,
2019; Keeley and Pausas, 2022). In these regions, the attributes describing fire regime such as
severity, interval, size, patchiness and season, influence the dominant plant traits observed in
vegetation communities (Bowman et al., 2011; Keely et al., 2011 He and Lamont, 2019; Keeley
and Pausas, 2022). Plant species adapted to different fire regimes will observe contrasting traits
that either enhance survival of adult plants (resprouters) or seedling-recruitment in post-fire
conditions (non-resprouters) (Midgley and Bond, 2013; Pausas and Keeley, 2014; He et al.,
2019). Traits associated with non-resprouting seeders can be linked to infrequent, high-severity
crown fire regimes, and resprouting seeders with frequent, low-severity surface regimes
(Murphy et al., 2013; Pausas and Keeley, 2014; He et al., 2019; Miller et al., 2024). However,

fundamental to the persistence of species in fire prone climate is the survival of seeds from the
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properties of fire itself, through in-canopy (serotiny) or soil-stored seed banks (Causley et al.,

2016; Lamont et al., 2020; Lamont, 2021).

Serotinous non-resprouting seeders are reliant on the overlap of reproductive events for the
accumulation of a seed bank large enough to replace parent stands post-burn (Enright et al.,
1996; Groom and Lamont, 1997; Lamont et al., 2019; Lamont et al., 2020). However, seed
bearing cones and fruits can spontaneously rupture in the absence of fire from in-canopy aging
factors, such as prolonged environmental weathering. The probability of successful seedling
recruitment due to inter-fire seed dispersal is dependent on timing of seed release coinciding
with vegetation clearings and high moisture availability (Pausas et al., 2022). The degree or
level of serotiny in plant species ranges from weak (bet-hedging), where plants release low
volumes of their annual seed crop to buffer against stand decline (Ladd et al., 2022; Pausas et
al., 2022), to strongly serotinous, where seeds are retained for many years, sometimes
remaining closed for longer than seed is viable (Enright et al., 1996; Lamont, 2021; Heyes et
al., 2023). Although, degree of serotiny is not always consistent within a species; for example,
serotiny is reported to increase in strength with aridity (Cowling and Lamont, 1985; Gauthier

etal., 1996; Lamont, 2021; Ladd et al., 2022).

The dynamics of seed production, storage and loss in relation to seed and plant age determines
the interval in which serotinous non-respouting species can tolerate fire (Enright et al., 1996
Lamont, 2021; Heyes et al., 2023). If the minimum tolerable period (juvenile period) or time
until sufficient seed bank accumulation is undermined by fire, serotinous species may be at risk
of decline or local extinction (Lamont et al., 1991; Lamont and Markey, 1995; Wooler et al.,
2002; Penman et al., 2011; Muir et al., 2024). However, seed banks may also perish in
prolonged periods of fire absence (Enright et al., 1996; Foster et al., 2017). In genera of

serotinous Proteaceae, species will typically reach maturity between 4-9 years (under optimal
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climatic and growing conditions) and on average retain their fruits for five or more years
(Lamont et al., 1991; Cowling and Lamont, 1985; Enright et al., 1996; Groom and Lamont,

2015; Lamont, 2021).

In Mediterranean-type ecosystems, serotinous non-resprouters are particularly well represented
where high-severity crown fire regimes prevail (Beard et al., 2000; Causley et al., 2016;
Lamont and He., 2017; Lamont, 2021). Due to the hazard of high-severity wildfire to human
health and assets, prescribed burning — the deliberate modification of the fire regime — is
implemented to suppress wildfire and facilitate ecological requirements (Boer et al., 2009).
Prescribed burning is effective in reducing the intensity and impact of wildfires in peri-urban
areas, where risk to human health and assets is greatest (Burrows, 2008; Boer et al., 2009;
Bradshaw et al., 2018). Although, the efficacy of prescribed burning to facilitate ecological
requirements at modified fire intervals is contentious (Burrows, 2008; Penman et al., 2011;
Bradshaw et al., 2018; Tagney et al., 2018). Shortening fire-interval in vegetation types adapted
to long-unburnt periods is known to modify vegetation structure and species composition,
limiting the representation of serotinous non-resprouter species and increasing the
representation of herbaceous resprouters (Lamont et al., 1991; Lamont and Markey, 1995;

Wooler et al., 2002b; Penman et al., 2011; Muir et al., 2024).

In the Mediterranean-type climate of southwestern Australia (SWA), the frequency of
dangerous fire weather and therefore wildfire risk is increasing due to climate-driven changes
(Nolan et al., 2021). Prescribed burning is anticipated to continue as a tool for reducing wildfire
under these conditions, projected to cause the potential loss of approximately 2000 SWA flora
species in the coming century (Wooller et al., 2002b; Henzler et al., 2018; Nolan et al., 2021;
Campbell et al., 2022). Due to this, local stakeholders and government departments are

researching high value serotinous non-resprouting genera, such as Eucalyptus and Banksia, to
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ensure reproductive processes can be facilitated when prescribing fire (e.g. Friends of the
Fitzgerald River National Park, 2024; Department of Biodiversity, Conservation and
Attractions, 2026). Current burning regimes prescribed by land managers for fuel reduction are
dependent on the management zones of which they occur, collectively aiming to retain 45% of
remnant vegetation in SWA at a fuel age of < 6 years (Burrows and McCaw, 2013; Department
of Biodiversity, Conservation and Attractions, 2023). Specialised burning plans are
implemented in regions of high ecological value such as the Fitzgerald River National Park
(FRNP), although investigation into the optimal burning window (highest seed volume and
viability) of individual species such as Banksia media is important to aid in species-level
conservation in the face of climate-driven challenges (Moore et al., 1991; Williams et al., 2026;

Cannon and Clement, 2025).

B. media (Proteaceae) is a serotinous non-resprouting tree/shrub widely distributed along the
Esperance sandplains of SWA, ranging between the eastern boundary of the Stirling Ranges to
Israelite Bay (Taylor and Hopper, 1988; Wooler and Wooler, 2002a; Millar et al., 2020).
Flowering occurs in mature individuals between March and December, presenting as
red/yellow/brown compound inflorescences with a mixed mating strategy of selfing and
outcrossing from invertebrate and vertebrate pollinators (Taylor and Hopper, 1988; Wooller
and Wooller, 2002a). Successfully pollinated inflorescences develop into woody cones with
seed bearing follicles (two seeds per follicle), of which infrequent high intensity crown
scorches typically facilitate their opening (Wooller and Wooller, 2002a). Although, climate
variability is modifying the interval at which these fires occur, as well as the growing
conditions (e.g. temperature and rainfall) in which they develop (Supplementary Fig S1,
Appendix S1; Cochrane et al., 2014a; Cochrane et al., 2014b). Little is published on the

development of seed banks in B. media, particularly time until maximum size and viability



31

(Wooller and Wooller, 2002 Cochrane et al., 2014a; Cochrane et al., 2014b). Therefore, an
understanding of the species key reproductive and life stages are crucial to inform current risk

and future conservation in the face of climatic challenges.

This research aimed to investigate the critical reproductive stages of B. media, with the ultimate
goal of determining when optimal seed bank size is achieved during its lifecycle. This aim was
driven by questions focusing on fruit production (1, 2 and 3), seed viability (3 and 5) and stand

density (4 and 5):

1. At what plant age does B. media reach reproductive maturity?

2. How does the production and accumulation of cones and follicles change with plant
age?

3. How does seed availability, viability and vigour change with both seed and plant age?

4. How does inter-fire recruitment and plant mortality impact stand density and stand
structure with time since fire?

5. Are plant size measures or time since last fire the best predictor of optimal seed bank
size?

MATERIALS AND METHODS
Study site

The research was conducted within the Fitzgerald River National Park (FRNP) and nearby
outskirts on the south coast of SWA between Bremer Bay (119° E) and Hopetoun (120° E)
(Rathbone, 2013; Fig. 1). Climate in the FRNP is seasonally dry Mediterranean with mild
winters and hot summers, with a mean minimum and maximum temperature between 8°C
(July) and 26°C (February; Moore et al, 1991; Gill, 2010; Rathbone, 2013). Average annual
rainfall for the park ranges between 500 — 400 mm, typically depreciating with distance from

the coast (Gill, 2010; Rathbone, 2013). Majority of rainfall occurs between May-October;
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however, occasional rains and thunderstorms (a natural source of ignition) occur in summer

(Moore et al, 1991; Gill, 2010; Rathbone, 2013; Bureau of Meteorology, 2025).

The unique geological composition of the FRNP supports an array of vegetation types high in
biodiversity and endemism, with approximately 1,693 flora taxa persisting in the park alone
(Rathbone, 2013). In the FRNP, B. media is found in either aeolian sands overlying phyllitic
schist or shallow sand over spongolite bedrock throughout open-mallee woodland and
kowangan heath/shrubland (Rathbone, 2013). These vegetation communities supporting B.
media stands are dominated by serotinous non-resprouting Myrtaceous and Proteaceous
genera, of which fire is the main reproductive facilitator through lightning strikes or
prescribed burning (Moore et al., 1991). However, local stakeholders have identified the
potential risk of decline in these serotinous communities due to impacts of changing fire

regime under increasing aridification (Gill, 2010; Rathbone, 2013).
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FIG 1. Site map for the Fitzgerald River National Park (FRNP) and the surrounding
biosphere. Red dots and associated numbers represent the location of sites visited for cone

sampling, density surveying or both. Red outline describes the boundary of the FRNP.

Study design and site selection

A space-for-time approach (landscape chrono-sequence; Walker et al., 2010) was used to
sample cones (to estimate cones, follicles and seed per plant) and conduct density surveying
(changes in stand density and age structure) over different life stages in B. media. As B.
media is a fire-killed non-resporuter, it was assumed stands could be aged using the year of
the last known fire. Therefore, historic fire data for the FRNP and surrounding biosphere
produced by the Department of Biodiversity, Conservation and Attractions (DBCA) was
investigated and mapped beneath the distribution of B. media to determine a desired target

chrono-sequence (Atlas of living Australia, 2025; DataWA, 2025; QGIS, 2025). For site
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selection, accessibility by 2WD, proximity to tracks/roads and dieback restrictions were
considered, and any landscapes with potentially modified plant density from short-interval
fire (i.e. one or two fire-intervals <15 yrs) were removed (Supplementary Fig S1, Appendix
S1). Using this approach, 16 sites were identified over the following fire chrono-sequence:

13, 17/19, 26, 35/36 and 50 years since last fire (Fig 1; Table 1).

Data was collected for closely aged sites (B. media stands) 35/36 and 17/19 years since last
fire, as large stands could not be located for the target ages of 36 and 19 years exclusively.
Therefore, data for these plant ages were combined as they were deemed close enough not to
introduce significant within-age variability. When possible, replicate sampling of cone and
stand density at time since last fire (TSLF) was conducted between independent fire scars
separated by 21- 80 km. The placement of density plots and selection of plants for cone
sampling was randomised with a number generator, giving the location for stand entry point
(parallel to the access road) and the perpendicular interior distance to travel. Density plots
were established at the exact final coordinate, or if cone sampling, the nearest neighbour
method was used to identify the closest individual. This process was repeated when
establishing the location of the next plot or plant with the addition of a random compass

bearing for direction.

We sampled 50 B. media plants between the 181-22"4 of September 2025 and surveyed stand
density using 30 plots between the 5-10% of January 2026. During field work we collected
cones, measured plant size metrics, vegetation dynamics and topographical features of the

surrounding landscape. Seed was extracted from collected cones and germinated between

November 2025 and February 2026.



TABLE 1. Site description of fuel age, location, topographical features, sampling (cone harvesting or density sampling) and population height
conducted on B. media in the FRNP. Fire history (TSLF) accurate as of January 10th 2026.

TSLF Plot Plot size Elevation Mean height

(years) Site Location Sampling type (n) (m?) (m) Aspect/slope (m) Latitude Longitude
13 7 Doubtful Island Rd. Cone/Density 3 400 54 Flat 09/0.7 -34.29748 119.280643
13 8 Doubtful Island Rd. Cone/Density 3 400 69 Flat 0.8/0.7 -34.296691 119.276573
17 14 Twertup track Density 2 400 45 NE, gentle slope 0.8 -34.019901 119.307824
17 15 Twertup track Density 2 400 47 SE, medium slope 0.8 -34.0191 119.315059
17 16 Twertup track Density 2 400 49 N, gentle slope 0.8 -34.015093 119.33265
19 3 Desmond Rd. Cone - - 265 SW, gentle slope 1.7 -33.6442 120.045241
19 4 Desmond Rd. Cone - - 237 SW, gentle slope 1.7 -33.644107 120.045221
26 9 Gairdner Rd. Cone/Density 6 400 45 Flat 1.6/1 -34.27455 119.40306
26 10 Gairdner Rd. Cone - - 47 Flat 1.4 -34.279901 119.40019
35 1 No Tree Hill Cone - - 143 E, gentle slope 22 -33.770349 120.031619
36 2 West Beach Rd. Cone - - 46 N, gentle slope 2.2 -33.945112 119.933961
36 12 Pabelup Rd south Density 6 400 36 N, gentle slope 1.2 -34.148612 119.43831
50 5 South coast Highway  Cone - - 323 Flat 3.6 -33.661288 119.785454
50 6 Gairdner Rd. Cone/Density 2 2904, 866 83 S, gentle slope 32/23 -34.214765 119.341818
50 11 Pabelup Rd south Density 1 929 35 W, gentle slope 3.2 -34.090985 119.410425
50 13 Pebelup Rd north Density 3 929-7698 40 S, gentle slope 3.2 -34.19582 119.373665

Mean height (m) of plants sampled for cones from different sites were averaged together when reported. The symbol ‘/’ separates mean height

between plants sampled for cones or density when both types of sampling were conducted at the same site.
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Estimating plant age

The use of TSLF as a surrogate for plant age was the appropriate measure due to project time
constraints (Jenkins et al., 2005). However, to confirm B. media stands germinated after the
previous fire, annual growth nodes (years) from the apex of the plant to the lowest
distinguishable increment were counted (Lamont, 1985). As nodes are absorbed by secondary
thickening in older stems, stem diameter (mm) was also recorded as a second indicator of
plant age. These measures were effective in excluding any potential inter-fire recruits from
plants selected for cone sampling or identifying older individuals that had escaped the last
fire (Jenkins et al., 2005). For density plots, stem diameter was the single plant age identifier,
as node counting was too time-consuming for the high number of B. media plants in each plot

(Jenkins et al., 2005).

Estimating cone age

The aging of B. media cones could not be determined purely by stem node counting, as
current season inflorescences were observed on both new stems and within the crown on old
stems (Lamont, 1985). Consequently, a visual assessment of follicle/cone colour and
condition was also used to separate cones into the categories; young, < 3 years (follicles
purple, floral remnants brown); moderate, 4-6 years (follicles purple/brown, floral remnants
grey with many persistent) and old, > 7 years (exposed follicles brown/grey, floral remnants
grey with few persistent, cones showing signs of weathering; Fig 2; Crawford et al., 2011).
As some individuals had a large seed bank of old (> 7 years) qualifying cones, a range was

selected at varying degrees of weathering.



FIG 2. Division of B. media cones into the three age categories based on node counting and

visual condition (from top to bottom); young (< 3 years), moderate (4-6 years) and old (> 7
years). Cones in the image were sampled from a plant 36 years since last fire in east FRNP.

The code on the bags from left to right describes site, plant ID and cone age category.

Density and plant size surveying

Changes in B. media stand density and age structure over time were measured from six plots
per TSLF (30 total), established across the chrono-sequence 13, 17, 26, 36 and 50 years old
(Figure 1, Table 1). Plot size ranged from 400-7695 m?, with plot shape (square, circle or
semi-circle) modified and size increased when less than eight B. media plants were present in
the plot area (Environmental Protection Authority, 2016). As previously mentioned, when
possible, plots were used to sample independent stands and fire scars to better account for

between-stand differences. Otherwise, separation of plots in the same fire scar and stand
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ranged from 41 m to 14 km. Each plot received a 20 m minimum buffer from tracks and
roads to avoid edge effects and were consistently no closer than 2.8 km from the coast.
Reducing the potential influence of abiotic coastal factors (e.g. high wind speed, salt spray)

on some stands and not others.

Plot data included size metrics of B. media, topographical features and vegetation community
type, condition and structure. Canopy volume (m?) per plant was calculated using plant height
(h; subtracting ground to canopy height) and two perpendicular measurements of width (w/

and w?2) in the following ellipsoid form (e.g. as used by Miller et al., 2024):

Cone sampling

To estimate cone, follicle and canopy seed bank size and describe changes through time,
cones were collected from ten sites 13, 19, 26, 35, 36 and 50 years since last fire (Fig, 1;
Table 1). A total of 50 individuals were sampled, with five plants sampled per site (Table 1).
Young, moderate and old cones were harvested until each age class was represented by a
minimum of 25 intact follicles (approximately 50 seeds). For reproductive plants unable to
reach the follicle minimum, all cones were harvested (Crawford et al., 2011). To estimate
cone density per plant, a cone sub-sample (young, moderate and old) from one main limb was
recorded and multiplied by a main limb count (n). This measure also allowed for follicle and
seed per plant to be estimated. Plant size metrics such as height, stem width and canopy

dimensions were also recorded.
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Seed processing and germination trials

Prior to seed extraction, cones were stored at 15% relative humidity (RH) and 15°C for nine
days at the Western Australian Herbarium. During this period, persistent styles were removed
with a wire brush, exposing follicles for counting and scoring as either open, closed or
predated. Seed was removed from follicles by rupturing them with a gas flame, soaking in
water for 24 hours then drying (15% RH and 15°C) for 28 days (Crawford, 2011). Due to
inexperience in working with B. media, some harvested young cones had immature follicles
that failed to rupture from burning. Seeds from ruptured follicles were cleaned from ejected
reproductive material (i.e. divider and chaf¥) in a seed aspirator, then counted as predated,
aborted and full before packaging for storage (15% RH and 15°C) for three months (Nov-

Jan).

For germination, full seeds were treated in Plant Preservative Mixture (Plant Cell
Technology, AUSTRATEC) at a 10% dilution for 15 minutes before being plated directly
onto agar (90 mm diameter plates). Number of seeds per agar plate ranged from 2- 30 and
were incubated at 15°C on a 12 hour/12 hour day and night cycle in air-tight containers to
prevent moisture loss (Cochrane, 2014a). Germination scoring of plates was repeated every
seven days for 35 days; some seeds may have germinated beyond 35 days, however time
constraints prevented continued incubation. Successful germination was classified when
radical length had reached 3 mm, and any seed failing to germinate were subjected to a cut
test and determined as; full non-viable (seed hard with white interior), predated (empty seed

casing), or aborted (soft with discoloured interior; Crawford et al., 2011).

Statistical analysis

Non-linear relationships for over-dispersed count data were analysed using both Generalized
Linear Models (GLMs; log link) and negative binomial (NB) Generalised Additive Models

(GAMs; log link), using the mgcv and ggplot2 packages in R (Wickham, 2016; Wood, 2017;
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R Core Team, 2025). Any data sets dealing with proportions were fitted with quasi binomial
GLMs (logit link), and data with continuous time variables (e.g. mean time until germination)
with gamma GAMs (log link) with the R packages previously mentioned. For each GAM, k
(wigglyness) was set at three (k = 3) to prevent overfitting and ensure environmental logic
(Miller et al., 2025). After fitting either a GAM or GLM, assumptions were checked using
residuals, Quantile-Quantile plots, effective degrees of freedom (EDF) and if numerous
models were viable, Akaike’s Information Criterion (AICc) to rank best fit (Miller et al.,

2025).

Significance between the relationship of count, proportion and continuous data over TSLF
and reproductive age (cone, follicle and seed) was determined in R with Shapiro-Wilks
testing for normality, one-way ANOVA testing (post-hoc pairwise comparisons with Turkey
HSD) for parametric data and Kruskal-Wallis (post-hoc pairwise comparisons with Dunn’s
test) for non-parametric data. Two-way testing for non-parametric data was conducted using

Aligned Rank Transform (ART) ANOVA.

The seed ages young and moderate were combined into a single group (“young”) for viability
and vigour testing, as sample size in the original young category was too small for two-way
ART ANOVA testing. Changes in plant size with time (canopy volume, stem diameter and
height), for each TSLF over the chrono-sequence, was separated into a three-panel histogram.
All response variables remained at their original scale except canopy volume, which was
square-root transformed to improve the interpretation of data in stands (Miller et al., 2025).
The Gini coefficient (a measure of evenness) was determined for each size metric over TSLF
to identify possible inter-fire recruitment. The Gini coefficient ranges from 0 and 1, with 0

indicating all plant sizes occur at the same frequency and a value of 1 indicating every
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individual falls within the same size class. Mulitcohort stands (inter-fire recruiting) are

evident when the Gini coefficient score starts high and depreciates over time (e.g. 1 to 0).

RESULTS

Juvenile period

Juvenile period (time until 50% fruiting) for B. media could not be established because of
constraints imposed on site availability. However, plants 13-years since last fire were
consistent with early-stage maturity. From the 10 individuals sampled, 80% had flowered and
60% averaged 1.5 0.4 (mean + SE) cones and 15 + 7 follicles per plant (Fig 3, Fig 4). The
condition of cones sampled were assessed as moderate in age (4-6 years) and old (<7 years),
suggesting first fruiting may have occurred as early as 6-years since last fire. At the time of

sampling there were no inflorescences from the current season.

Cone and follicle production

Total cones per plant increased non-linearly from 13 (1.5 &+ 0.4; mean + SE) to 50 (352 + 73)

years since last fire (p <0.01, Kruskal-Wallis, Fig 3).
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FIG 3. Cones per plant (n = 5-10 per fire age) over TSLF (13, 19, 26, 35, 36 and 50 years).

Grey shaded ribbon represents 95% confidence intervals.

Despite an apparent increasing trend in mean B. media cone production across sites 13-26 years
since fire, there was no significant difference between them (13-19 TSLF p = 0.08 and 19-26
TSLF p =0.91, Dunn’s test). From 26 to 36 years, cone production increased significantly (20
+ 5 to 220 + 36 cones per plant; p = 0.04, Dunn’s test; Fig 3) then remained constant from 36
to 50 years since fire despite an exponential trend (p = 1, Dunn’s test, Fig 3). The large
confidence intervals at 50 years since last fire reflects variability between plants sampled in the
east (n = 5) and west (n = 5) FRNP, with B. media in the east on average 32% taller with 67%

more cones (Fig 3, Table 1).
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Intact follicles per plant were tied closely to cone production, although 13-year-old plants were
significantly less productive than all other plant ages (i.e. p <0.05, pairwise testing, Dunn’s
test). Follicle variability between 19-26 years since last fire was again not significant (p = 1,
Dunn'’s test), although the intensification of follicles per plant from 26 (367 + 86 ) to 36 (7001
+ 1162) years since last fire marked a significant increase and peak follicle accumulation (p
<0.01, Dunn’s test; Fig 4). No difference in follicles per plant occurred between 36-50 years;

however, an average decrease of 19% was observed (p = 1, Dunn’s test, Fig 4).
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FIG 4. Intact follicles per plant (n = 5-10 per age class) over TSLF (13, 19, 26, 35, 36 and 50

years). Grey shaded ribbon represents 95% confidence intervals.
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Follicle production per cone increased significantly between plants from sites 13 (14 + 2; mean
+ SE; Fig 5) and 36 (29 + 3; Fig 5) years since last fire (p = 0.03, one-way ANOVA; p =0.01,
Turkey HSD). However, for all other plant ages between 19-50 years since last fire, follicle

production per cone was constant (i.e. p >0.07, pairwise testing, Turkey HSD).
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FIG 5. A measure of current (in the last 6 years) follicle production vigour over TSLF (13, 19,
26, 35, 36 and 50 years). Data are follicles per cone (irrespective of condition, i.e. intact,
predated and damaged) from cones <6 years old (n = 74). Grey shaded ribbon represents 95%

confidence intervals.
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Seed loss, viability and vigour

Full seeds per plant for B. media (young, moderate and old cone ages combined) follows the
non-linear relationship with TSLF as seen in follicle counts (p <0.01, Kruskal Wallis; Fig 6).
Production peaks significantly between 26 to 36 years since last fire (p <0.01, Dunn’s test)
before reducing by 68% between 36 and 50 years since last fire, although this change in follicle

counts was only significant at the level of p = 0.1 (Dunn’s test; Fig 6).
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FIG 6. Full seeds per plant (n = 5-10 per age class) for all seed age classes over TSLF (13, 19,

26, 35, 36, and 50 years). Grey shaded ribbon represents 95% confidence intervals.

The number of aborted and predated seeds per plant appears to increase continuously with
TSLF (p <0.01 respectively, Kruskal-Wallis; Fig 7), although significance is only reported in
comparison with 13-year-old B. media plants (i.e. p >0.04, pairwise testing, Dunns test; Fig 7).

Changes in both seed abortion and predation were therefore non-significant across the chrono-
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sequence, despite the highest levels being observed for B. media at sites 50 years since last fire,

translating to averages of 617 + 362 and 1451 + 362 for aborted and predated seeds,

respectively (Fig 7).
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FIG 7. Aborted (blue) and predated (red) seeds per plant (n = 5-10 per age class and category)
over TSLF (13, 19, 26, 35, 36, and 50 years). Blue and red shading represents 95% confidence

intervals.

Viability of seed (measured through germination) from all age classes was high across the
chrono-sequence (Fig 8). However, because the youngest cone age class produced few ripe
follicles, statistical testing against other age classes was not possible. Consequently, to test for

a seed age effect on viability, the two youngest categories of seed (i.e. <3 years and 4-6 years)
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were combined. Viability for the combined “young” age class (<6 years; blue) decreased by

11% and old seed (> 7 years; red) by 21% across the TSLF chrono-sequence (Fig 8).
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FIG 8. Viability of young (< 6 years; blue) and old (>7 years; red) B. media seeds over TSLF
(13, 19, 26, 35, 36, and 50 years). Each data point represents the percentage germination of a
subsample of full seeds (young, n = 4-129; old, n = 3-75) from individual plants (n = 44). Blue

and red shading represents 95% confidence intervals.

However, because there was no difference in seed viability between seed ages (young and old)
over TSLF (marginal, p = 0.6, ART ANOVA; Fig 8), seed age cohorts were combined to test
for change in viability with TSLF. This revealed a period of high viability (93 + 1%) occurring

in B. media between 13-36 years since last fire (i.e. p >0.1, pairwise testing, Dunn’s test; Fig
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9) which then significantly reduced by 11% (82 + 4%) at 50 years since last fire (36-50 TSLF,

p <0.01, Dunn’s test; Fig 9).
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FIG 9. Viability of B. media seeds over TSLF (13, 19, 26, 35, 36, and 50 years; all seed age
removed). Each data point represents the percentage germination of a subsample of full seeds

(n = 3-129) from individual plants (n = 44, labelled means %). Grey shading represents 95%

confidence intervals.

Mean time until germination (MTG), measuring the delay in germination across B. media
stands revealed no significance between young and old seed over TSLF, as shown in seed

viability (marginal, p = 0.6, ART ANOVA; Table 2).
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TABLE 2. Mean time until germination (MTG) reported in days for B. media over TSLF (13,

19, 26, 35, 36, and 50 years).

MTG (Seed age and

TSLF Seed class TSLF) MTG (TSLF)
Young* 16.30
13 Old** 14 15.70*
Young 20.30
b
19 Old 21.80 20.9
Young 16.90
26 16.80?
Old 16.50
Young 18.90
36 19.60%
Old 20.70
Young 21.10
50 21.10°
Old 21.00

*Indicates three seed samples, **indicates one seed sample. The youngest cone age class (< 3
years) was combined with moderate seed (4-6 years) due to small sample size in see aged < 3
years. MTG (TSLF) values that don’t share a letter (* or ) represents significant difference

between them (p >0.05). Standard error (SE) calculated but not reported to improve readability.

Therefore, regardless of seed age, MTG across TSLF showed a significant non-linear pattern
(p >0.01, Kruskal-Wallis; Fig 10) with MTG generally increasing from 15.7 + 1 days to 21+ 1
days. However, seeds 19 years since last fire (21 + 1 days; Table 2) germinated at the same rate

as 50-year-old seeds (p = 0.8, Dunn’s test; Table 2).
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FIG 10. Mean time until germination over TSLF (13, 19, 26, 35, 36, and 50 years; n = 93). Age
of seed (young and old) has been collapsed into the same data set. Reported with 95%

Confidence interval bars.

Serotiny and inter-fire recruitment

Counts of open and closed follicles from each cone age class indicate that B. media is strongly

serotinous (Lamont, 2021), with 86 = 3% of follicles closed in cones >7 years old (Table 3).
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TABLE 3. Proportion of B. media follicles remaining closed and open for cone age categories

irrespective of plant age over TSLF (13, 19, 26, 35, 36, and 50 years).

Follicle age Follicles assessed Follicles closed (%) Follicles open (%)
(years) (n)

<3 (Young) 1684 99.5 0.5

4-6 (Moderate) 4366 98.6 1.48

>7 (0l1d) 5970 85.7 14.3

Predated and damaged follicles were removed from the serotiny assessment.

To identify changes in stand age structure in B. media, including inter-fire recruitment
associated with follicle opening, changes in evenness (Gini coefficient) for canopy volume,
stem width and height across TSLF was analysed. Sample size of the chrono-sequence was too
small (n = 5) to confidently report significance of Gini results, however trends were still

considered.
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volume (m?®) in B. media stands over TSLF (13, 17, 26, 36, and 50 years). Mean + standard
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Canopy volume values were square root transformed for clearer interpretation of data.
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The greatest decrease in evenness was observed in canopy volume across TSLF (i.e. Gini = 0.8
and 0.6, for 19 and 50 years respectively; Supplementary Fig S2, Appendix S1) and gives the
best indication of potential inter-fire recruitment. On the inverse, flat frequency distributions
are reported for stem width and height across the whole chrono-sequence (consistently flat;
Gini=0.2 and 0.3 over TSLF, respectively; Fig 11). This indicates size variability is potentially

typical of single cohort stands and not due to inter-fire recruitment.

The density of these stands significantly decreased from 13 (2067 + 401 plant/ha; mean +SD)
to 50 (113 + 36) years since last fire (p <0.01, Kruskal-Wallis; Fig 12). Although, post-hoc
comparisons show that significance was only evident at 50 years since last fire when compared

to all stands along the chrono-sequence (i.e. p <0.05, pairwise comparisons, Dunn’s test).
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FIG 12. Density of B. media (per ha) over TSLF (13, 17, 26, 36 and 50 years). Each data point
represents a surveyed density plot (six per TSLF; n = 30). Grey shaded ribbon represents 95%

confidence intervals.

Predicting optimal seed bank size: Time since last fire versus plant size

While TSLF is an obvious predictor of reproductive output for single cohort stands of non-
resprouting seeders, stands of B. media displayed considerable variation in plant height, and
reproductive output within and between sites, particularly at 36 and 50 years since last fire
(Table 1, Fig 11). To account for this variability, the use of TSLF as a factor for predicting
seeds per plant was compared with plant size measures (stem width, height and canopy volume)
to identify a better predictor. The goal therefore was to determine which plant metric best
described reproductive output: a more accurate predictor of available seed than TSLF. From
all plant size measures that were modelled, height was the best predictor of full seed per plant

(Fig 13; AAIC = 0; Supplementary Table S1, Appendix S1).
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FIG 13. Plant height as a predictor of seeds per plant (winning model). Each plant from the
sample size (n = 44) is represented by full seed results regardless of seed age. Six individuals
were not included as stem measurements were not included in data collection at the beginning

of surveying. Shaded ribbons represent 95% confidence intervals.

The relationship between height and seed shows peak reproductive output occurs at the plant
height of 2.6 m and decreases at 3.2 m (the mean height of plants 50 years since last fire) when
seed viability declines by 11% (Fig 13, Fig 9; Ranstom and Cook, 2022;). This height-seed
predictor estimated viable seed volume per ha was greatest in stands 50 years since last fire
(Fig 14). Although, viable seed volume was not significantly different between the plant ages

26-50 years since last fire (i.e. p <0.42, Dunn’s test; Fig 14).
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FIG 14. Viable B. media seeds per ha over TSLF (13, 17, 26, 36 and 50 years since last fire).
Each point represents accumulative viable seed data from density plots (z = 30) in west
FRNP. Each TSLF received six plots, which surveyed a total of 1,486 B. media individuals.

Grey shading represents 95% confidence intervals.

DISCUSSION

Juvenile period

Juvenile period in fire prone ecosystems is the measure of the minimum time before species
reach reproductive maturity, which for the purpose of this research was defined as 50% fruiting
(Gosper et al., 2022; Enright and Ange, 2025). Although the juvenile period for B. media could
not be accurately identified, it was estimated to be between 12-18 years using a regional
environmental productivity metric model developed by Gosper et al. (2022). However, this
model does not consider post-burn seasonality, which in cohorts of Banksia Baxteri and
Banksia coccinea east of the Stirling Range National Park (and close to FRNP) delayed
juvenile periods of 4 years (Autumn burn) to 7.5 years (B. Baxteri) and 12 years (B. coccinea)
when burnt in spring (McCaw, 2008). The influence of long-term moisture stress was also
influential in increasing juvenile period from 6 to 15 years in Banksia ornata between stands
burnt in 1990 (wetter) and 2017 (dry), respectively (Enright and Ange., 2025). Therefore,
juvenile period for B. media is likely to be between 4-18-years dependent on the timing of fire

and post-fire rainfall (Wooller et al., 2002; McCaw, 2008; Burrows et al., 2008).

Cone and follicle production and loss

Cones per plant over the B. media chrono-sequence was defined by a period of low (13 to 26
years since fire) and high productivity (35/36 to 50 years since fire) after reaching maturity
(Fig 3). This increase in productivity at older plant ages was also evident in the non-resprouting
Banksia nutans, Banksia baxteri and Banksia Baueri co-occurring in west FRNP (Wooller et

al., 2002b). These species report an intensification in seed production between 30 to 40 years



56

since last fire, attributed to the limitations of nutrient poor sands preventing high seed-
production until plants were established (Wooller et al., 2002b). Cones per plant peaking in B.
media at 50 years since last fire was expected due to the retention of cones in Banksia species
over time (Fig 3; Wooller et al., 2002b). However, due to in-canopy cone ageing processes,
intact follicles per plant (typically two seeds per follicle) reduced 19.4% from the plant ages
36 to 50 years since fire (Fig 4). Follicle vigour per cone (intact, predated and damaged) was
constant at 27 + 1 follicles per cone over TSLF (excluding plants 13 years since fire; 14 + 2)
indicating this reduction was not due to decreasing reproductive vigour in aging plants (Fig 5).
Wooller and Wooller (2002a) demonstrated that due to resource delivery limitation in B. media,
the only factor influencing follicle set per cone was the success of cross-pollination from Honey
possums (7Tarsipes rostratus), New Holland honeyeaters (Phylidonyris novaehollandiae) and
the White-cheeked (Phylidonyris niger) honeyeater. As larger plants generally attract more
pollinators, the reduction of intact follicles per plant at 50 years since last fire is instead likely
due to increasing predation (Fig 7) and spontaneous follicle rupture with follicle and seed age

(Table 3; Cowling et al., 1987; Middleton et al., 1996; Wooller and Wooller, 2002a).

Evidence of predation on B. media follicles and seed was found during sampling, as bore holes
and frass; however, the predatory larvae and invertebrates were not seen. Predation data from
six Banksia species published by Scott (1982) indicated invertebrates are likely from the genera
Arotrophora (Totrix moths), Xyloryctis (Rhinoceros beetles), Peraglyphis (Moths) and
Mpyositta (Weevils), typical in Banksia herbivory. Scott (1982) suggests boring only occurs
during the inflorescence stage before increasing woodiness in cone development. Although,
here we found that B. media predation was highest in the oldest plants (although not significant;
Fig 7). This is consistent with observations of predation in older cones of Banksia menziesii,
confirming predation is not exclusive to young cones (Cowling et al., 1987). Predation from

Carnaby’s Black Cockatoo (Zanda latirostris) is also expected, as FRNP is a foraging location
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during the non-breeding season (Witkowksi et al., 1991; Saunders et al., 2024). The proportion
of follicles and cones removed by Carnaby’s, and at what plant age in B. media cannot be
described, as cones are often destroyed in the process (Saunders et al., 2024). Although, as food
availability for Carnaby’s peaked on the Swan coastal plain in fuel ages between 25 and 30
years since last fire, it’s likely that bird predation may be contributing to cone and follicle loss

in older B. media stands (36 to 50 years).

Serotiny, stand density and structure

Proportion of follicles remaining closed in B. media was high (Table 3; strongly serotinous),
with 86 £+ 3% of follicles remaining closed on >7-year-old cones over the chrono-sequence
(excluding predated or damaged follicles). This is higher than, but generally consistent with,
Wooller and Wooller’s (2002a) findings for a 28-year-old B. media stand, where 73% of
follicles aged 6-10 years remained closed. The proportion of follicles open on B. media cones
were likely facilitated by the persistence of weathering processes, drought and random limb
senescence over plant age (Gill and McMahon, 1986; Wooller et al., 2002b; Lamont, 2020;
Morgan et al., 2021). The rate at which these processes occur has been shown by Lamont
(2020) to be highly variable both within and between stands, dependent on follicle exposure to

the sun, microclimate (arid sites supporting longer follicle closure) and fire regime.

Despite little evidence for inter- fire recruitment (Fig 11), conversion of spontaneous follicle
rupture into seedling recruits is most evident in stands 50 years since last fire (Fig 11).
Demographic measurements at these sites were indicative of a multi-cohort stand, although its
unknown if smaller individuals were new recruits or slow growing plants from the original
post-fire cohort constrained by microsite factors (i.e. moisture, nutrients and competition).
Anecdotal evidence from Wooller and Wooller (2002a) reports that no successful recruits had
been observed in B. media stands during 20-years of research in the FRNP, other than after

fire. However, gradual increase in seed release as stands age may represent an opportunity for
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successful recruitment if a vegetation clearing coincides with high moisture availability
(Wooller and Wooller, 2002a). If smaller B. media individuals in stands 50 years since last fire
are inter-fire recruits (Fig 11), the decrease in plants per hectare between 36 and 50 years (Fig

12) indicates that inter-fire recruitment is not sufficient to replace stands in the absence of fire.

Canopy seed bank development over time

In non-resprouting Banksia species, optimal canopy seed bank size at the time of fire is crucial
for ensuring maximum recruitment (Lamont and Markey, 1995; Muir et al., 2024). Full seed
(i.e. excluding damaged and aborted seeds) estimates determined this occurs at approximately
36 years since last fire in B. media (Fig 6). Beyond this plant age, increasing seed predation,
abortion and reducing plant density begins to offset the annual accumulation of new seed (Fig
7). This was comparable to B. ornata in Australia’s south-east, which reports the largest viable
seed bank at 34-39 years since last fire despite plants living beyond 50 years of age (Gill and

McMahon, 1986; McCarthy et al., 2001; Morgan et al., 2021).

Differences in viability between young (<6 years) and old (> 7 years) seed ages were variable
in B. media over TSLF, although these differences were ultimately insignificant (Fig 8). This
is also reported in the obligate seeding Banksia hookerina, with the age of a seed having no
impact on its ability to germinate (Enright et al., 1996). Seed viability in B. media instead
decreased between < 36 and 50 years since last fire (no seed age), reducing from an average of
94% to 82% respectively (Fig 9). Seeds were also impacted by a five-day increase in mean
time until germination (MTG) over TSLF (Table 2). However, germination trails conducted by
Cochrane et al. (2014b) on B. media determined a MTG of less than 23 days was quick when
incubated at 15°C. Therefore, as all plant ages were below this, differences in MTG over TSLF
were considered negligible (Table 3). Consequently, despite seed viability declining to 82% at
50 years since last fire, viability of intact seed at this plant age remains highly viable in

comparisons to other long-lived Banksia sp in the FRNP such as Banksia speciosa;, which



59

observed a seed viability reduction from 47 % to 35 % between stands 10 and 21 years since

last fire (Witowski et al., 1991).

Predicting optimal seed bank size: Plant height as a reproductive predictor

The use of plant size metrics to predict reproductive output has been deemed a more accurate
measure over TSLF for some species persisting in fire-prone climate (von Takach Dukai et al.,
2018; Andruset et al., 2020; Miller et al., 2025). This is evident in stands of Allocasuriana
humilis, Banksia prionotes and Banksia attenuata on the Swan Coastal Plain (Western
Australia), where within-site size variability led to diameter at breast height (DBH) and canopy
volume being the best predictors of cone counts (Miller et al., 2025). While TSLF was a good
indicator of seeds per plant in B. media, plant height was deemed a stronger measure (Fig 13,
Table S1, Appendix S1). This was likely due to variability in environmental site conditions
causing plants to mature at different rates despite being burnt in the same year. This was evident
in mean plant height between B. media stands 36 years since last fire, where site 1 and 2 (Table

1) were on average 50% taller the same aged stand at site 12 (Table 1, Fig 11).

Allocating seed volume based on plant height (Fig 13) was therefore able to accurately allocate
seed volume per plant, with the minimum mean burn height determined at 1.4 m (100 viable
seeds per plant) and optimal reproductive height window between 2.6 — 3.2 m (Fig 13). As we
could not determine an appropriate minimum burn period from our data, the 100 viable seeds
estimated for parent replacement in B. ornata and B. hookerina was applied to the height —
seed predictor (Gill and McMahon, 1986; Enright et al., 1996). Seeds per hectare over TSLF
(calculated using the height — seed predictor) peaked at sites 50 years since last fire (Fig 14),
despite plants of this age having less viable seed and a lower plant density than B. media at 36
years since last fire (Fig 6, Fig 9, Fig 12). The stands <36 years since last fire implicated in
density surveying were all yet to reach a mean height of > 1.4 m, where at cone sampling sites

mean plant height had reached > 1.4 m at 19 years, 36 years and 50 years since last fire (Table
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1). The role of micro-climate and soil nutrient in producing these differences across our sites
burnt in the same year (and sometimes the same wildfire) is important, although variability
between fire interval at each site may also be a contributor (Agne et al., 2022). It’s reported
that burning plants with underdeveloped seed banks could undermine genetic diversity and
therefore tolerance for sub-optimal climatic and soil conditions in the following plant
generations (Ayre, et al 2010; Cochrane et al., 2014; Agne et al., 2022). Although, the extent
to which this contributed to the 50% height reduction between stands 36 year since last fire is
uncertain due to limitations in accessing fire data beyond 1972 (DataWA, 2025). With the
current fire history data available, the inter-fire period for all sites 36 years since last fire (1989

wildfires) was determined as 17 years (Table 1, Fig S1, Appendix S1; DataWA, 2025)

CONCLUSIONS

Although B. media is listed as a ‘non-threatened’ species, the current gaps in understanding of
the species seed bank development puts it at risk of short-interval fire causing long-term stand
decline (Wooller et al., 2002b). It is also projected that changing post-fire rainfall patterns and
narrowing germination windows (shortening winter) due to progressive aridification in SWA
will increase post-burn seedling mortality (Henzler et al., 2018). It’s likely that B. media may
maintain pre-fire stand numbers when burnt at a mean stand height of 1.4 m (approx. 100 seed
per plant). However, to account for potential delays in canopy seed bank maturation and
changes in post-burn weather conditions, it’s recommended that B. media stands in the FRNP
are burnt when seed banks are largest and seeds most viable at a mean stand height between
2.6 and 3.2 m. As a word of caution, it’s unknown if the time taken to reach this optimal plant
height may cause seed bank exhaustion in co-occurring species, such as Banksia cirsiodes.
Although, as B. media was the largest and likely slowest maturing non-respouter within its
vegetation community, the time interval taken to reach 1.4 m may be a suitable fire interval for

its vegetation community (Gosper et al., 2022). Future research opportunities may include
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studying the role of soil nutrients and micro-climate on the development of B. media mean
stand height and canopy seed banks to the optimal size, or quantifying the pre- and post-
seedling density after the first summer at the recently burnt density plots at site 12, 13, 14, 15
and 16. Assuming that seedlings surviving the first summer will reach maturity, this would
help determine the conversion rate of seed to mature plants, and close our understanding of the

B. media life cycle.
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APPENDIX S1

Western
Australia
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FIG S1. Short fire interval (<15 years) in the Fitzgerald River National Park (FRNP), orange
scars represent where one or more fires have occurred at an interval of <15 years since 1972
(fire history accurate as of September 2025). Red dots and site numbers describe the locations
of cone and density sampling. Fire interval history for sites outside the FRNP was not
determined as they were improvised due to dieback restrictions in place at the first field trip.

Produced following the methodology from Wittkuhn & Hamilton (2010).
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FIG S2. Gini coefficient values for (a) canopy volume, (b) stem width and (c) height.

Permutation index (PI) not reported as values were identical to Gini. P values are reported

within plots and sample size for each plotis n =5.
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TABLE S1. Top-ranking negative binomial generalised additive models (GAMs) for predicting

viable seed volume per plant with height, stem diameter, time since last fire (TSLF) and canopy

volume).

Size metric AlIC Dev EDF P AAIC Rank
Height 559 0.46 1.94 >0.01 0 1
Stem 566 0.38 1.99 >0.01 7 2
TSLF 578 0.21 1.99 >0.01 19 3
Canopy volume 582 0.15 1.99 >0.01 23 4




