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Abstract

Seed germination is a critical stage in the life cycle of most plants. Previous studies
suggest that widespread species tend to germinate over a broader range of
temperatures, whereas short-range taxa are more likely to be restricted to a narrower
germination window. Within Western Australia, rocky outcrop habitats host unique
plant communities that are floristically distinct from the deep-soil vegetation of the
surrounding habitats. These geographically isolated, island-like, shallow-soil
ecosystems harbour well over 100 unique range-restricted species, many of which are
classified as threatened, as well as many other taxa that are broadly distributed across
the larger landscape. The ecological filters behind these patterns of plant diversity are
unclear at present. The objective of this thesis was to assess the thermal stress and
water stress responses of seeds of a broad range of species associated with outcrop
habitats. This was undertaken in order to better understand the role of these
environmental variables in shaping the germination niche of outcrop endemic taxa,
and investigate the ecological and evolutionary implications of these interactions as a

way to inform future conservation actions.

As the first step of this project the responses of two key traits, maximum germination
(Gmax), and time required to reach 50 % germination (¢50) in response to thermal stress
(5 — 35 °C) and water stress (-1.5 — 0 MPa) were assessed in two range-restricted non-
dormant Eucalyptus species (Eucalyptus caesia subsp. caesia and E. ornata)
associated with granite outcrop habitats, and two widely distributed and congeneric
species (E. salmonophloia and E. salubris). A non-linear model fitting approach based
on established theories was used to quantify germination responses. In terms of 59, the
germination response of the two range restricted species were constrained to a
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narrower temperature range, but they were more tolerant of water stress compared to
the two widely distributed taxa. There was no consistent pattern in the response of
Gnax. This experiment revealed that the two range-restricted taxa are adapted to
germinate rapidly during irregular rainfall episodes on shallow-soil outcrop habitats.
Conversely, the two broadly distributed taxa are adapted to synchronize germination
with the rainfall season, a strategy followed by many taxa living in deeper-soils

surrounding outcrops.

For the next step of this project, the germination responses in of five physically
dormant Acacia species of varying distributional ranges were assessed in order to
investigate whether range-restricted taxa (Acacia woodmaniorum and A. karina)
associated with Banded Ironstone Formations (BIFs) are more tolerant of
hydrothermal stress compared to widely distributed congeneric species (4. assimilis,
A. exocarpoides and A. ramulosa). The modelling approach used in the previous
experiment was further developed to quantify germination responses (in terms of Giax
and #50) to a range of hydrothermal regimes (10 — 30 °C and -0.8 — 0 MPa). The seeds
of range-restricted taxa were more tolerant of hydrothermal stress compared to their
widely distributed congenerics. This experiment revealed that higher levels of
hydrothermal stress in the two range-restricted species is likely to facilitate rapid
seedling establishment during irregular rainfall events, and enable those species to
access uncontested niche space on outcrops. Complex interactions between thermal
stress and water stress were revealed, suggesting that in order to gain a comprehensive
understanding of niche dynamics on outcrop habitats, interactions between these niche

axes must be quantified.

As the final step of this study, the hydrothermal performance niche of seeds (in terms

of Gumax and ts9) of three threatened physiologically dormant Tetratheca species
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endemic to BIF outcrops were compared with their edaphic occurrence niches, to
assess the role of hydrothermal stress in shaping their germination niche. The
modelling approach developed in the previous steps were utilized to quantify
germination responses to a range of hydrothermal regimes (10 — 25 °C and -1.2 - 0
MPa). Compared to the outcrop endemic Eucalyptus and Acacia species that were
studied, BIF specialist Tetratheca species were slow to germinate and their
germination responses were constrained to narrow niches at cooler temperatures.
These observations suggest that outcrop specialist Tetrathecas may have evolved
under more mesic conditions, and due to aridfication of the broader landscape, their
distribution may have become constrained to microhabitats on outcrops that can

facilitate their persistence.

This study highlights the significant role of hydrothermal stress in shaping the
germination niche of flora in Mediterranean climatic ecosystem, and demonstrates
how mechanistic models based on a sound theoretical context can be used to identify
critical stress tolerance thresholds of rare and range-restricted taxa. The methods used
in this study can be employed to generate research data that is critical for the seed-

based conservation of threatened flora.
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Chapter 1

General introduction and literature review

1.1 Introduction

1.1.1 Niche dynamics

According to niche theory proposed by Hutchinson (1978), the fundamental niche
of species refers to the entire range of conditions in which it can potentially survive
and reproduce. The fundamental niche comprises multiple biotic and abiotic variables
(i.e., it is n dimensional; Fig. 1.1), such as climatic variables like temperature or rainfall
patterns, the availability of a particular essential mineral in the soil habitat of a plant,
or the rate of pollen dispersal which may depend on the availability of pollination
vectors and the conditions that support pollen tube growth (Hutchinson 1978, Soberén
and Nakamura 2009). In contrast, the realised niche/occurrence niche refers to the set
of conditions under which a species currently exists (Elith and Leathwick 2009). The
fundamental niche of a species is rarely fully realized (Fig. 1.1), largely as a result of
ecological and spatial filters (Soberon and Nakamura 2009), and therefore the
occurrence niche of a species usually constitutes a subset of its fundamental niche
(Pironon, Villellas et al. 2018). Measurements of species’ performance across various
environmental gradients/dimensions (e.g. metabolic rate and resource consumption
rate at different stages of the life cycle) constitute the species performance niche,
which is also a subset of the fundamental niche (Tomlinson, Dixon et al. 2015). There
is usually a high level of overlap between the occurrence niche and performance niches

of species, meaning that species can only occur in environments that can facilitate their



development, survival and reproduction (Martinez-Meyer, Diaz-Porras et al. 2013,

Van Couwenberghe, Collet et al. 2013, Pironon, Villellas et al. 2018).

Fig. 1.1. Schematic depiction of the fundamental niche and the realised niche of a hypothetical species
in an n dimensional hypervolume. Each axis represents an environmental gradient that defines a limiting
factor on the species’ population. The dark green cloud represents the fundamental niche, consisting of
conditions that the species can tolerate, while the brighter green cloud indicates the realised niche,

consisting of niche space where the species actually occurs.

Of the two filters identified by Soberén and Nakamura (2009), ecological filters are
probably the most pervasive, because very few species live in isolation. In diverse
ecosystems, the interactions between different species can be drivers to constrain the

realised niche, either through competition, or through the absence of critical



commensal species (Phillips, Peakall et al. 2014). In natural systems, co-occurring
species usually exhibit a high degree of overlap along several niche axes (Fig. 1.2),

while the level of overlap is minimal for other niche axes (Lasky, Bachelot et al. 2015,

Guderle, Bachmann et al. 2018). This phenomenon is referred to as niche partitioning

(Fig. 1.2), and it contributes to diffuse competition (Monterroso, Rebelo et al. 2016,

Pereira, Aratjo et al. 2019).

Mori, Ferretti et al. 2019). In natural systems, interactions between niche axes are
common, but research data on the implications of such interactions are scarce (Costa-

n'\(.“e a‘!:'.S 2

Fig. 1.2. Three dimensional occurrence niche of two hypothetical congeneric and co-occurring species

depicted by blue and red points respectively. Purple points indicate the space in which the species co-

time of day for optimal foraging).

occur, while red and blue points indicate regions of niche separation. The niche axes along which the
species separate could be microclimatic (e.g. number of degree days), or they could be ecological (e.g.



In order to gain a comprehensive knowledge of the niche dynamics of a species, it is
essential to investigate the performance response of species along different
environmental gradients during different stages of the life cycle (Warren, Wright et al.
2011, Merow, Latimer et al. 2014). However, all stages of the life cycle do not
contribute equally to overall population dynamics (de Kroon, Plaisier et al. 1986,
Pironon, Villellas et al. 2018), and species’ population growth rates are primarily
determined by the performance rates of several vital stages of the life cycle (Butterfield
and Briggs 2011, Del Vecchio, Fantinato et al. 2020). For animals, these life stages
may include fertilization of eggs and early developmental stages (Olson 1996, Kimirei,
Nagelkerken et al. 2013, Lima, Angeles-Gonzalez et al. 2020). For plants, the most
important life history stages may include pollination (Fig. 1.3), seed germination and
seed dispersal (Yates and Ladd 2004, James, Sheley et al. 2013, Fernandez-Pascual,
Pérez-Arcoiza et al. 2017, Ladd, Yates et al. 2019). There is a general shortage of
research in the literature that has assessed the performance niches of the critical life
stages of taxa such as seed germination and the implications for overall population

dynamics (Ehrlén and Morris 2015, Pironon, Villellas et al. 2018).

A core population consists of individuals that exhibit the highest rates of physiological
performance (reflects optimum environmental conditions) along a given
environmental gradient (Abeli, Ghitti et al. 2020). Conversely, a marginal population
comprises of organisms that exist under extreme environmental conditions (close to
one end of an environmental gradient), and therefore such individuals exhibit the
lowest vital performance rates (Abeli, Ghitti et al. 2020). At a given life history stage,
an individual may be part of a core population with regards to performance along one
environmental axis, and represent a marginal population with regards to performance

along another environmental gradient (Pironon, Villellas et al. 2018). During different



stages of the life cycle, the physiological performance rates that are critical for overall
population growth rate may vary (Sexton, Mclntyre et al. 2009). Therefore, individuals
of a population may exhibit optimum physiological performance along one
environmental axis at a given life history stage to compensate for low performance
rates across another environmental gradient at a different life history stage (Pironon,
Villellas et al. 2015). Variability in vital performance rates at population level is
referred to as demographic compensation, a strategy by which stable populations can
be sustained (niche conservatism) via buffering against extreme changes in the

environment (Pironon, Villellas et al. 2018).
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Fig. 1.3. Vital stages of the life cycle of a plant. Following pollination, an embryo develops inside the
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fertilized egg. Seeds containing embryos are dispersed. Seedlings emerge from germinated seeds and

subsequently become mature plants.



1.1.2 Characterizing performance niches of species

The breadth of the performance niche of a species along any environmental gradient
is limited to the range of environmental conditions that are conductive (tolerance
thresholds) to its metabolic activities (Tomlinson 2019). Rates of chemical reactions
generally increase with increasing temperature (Gates 2016). However, metabolic
reactions in the tissues of organisms are catalysed by enzymes (Huang, Ran et al.
2020). Since enzymes are proteins, they have a specific thermal threshold beyond
which they rapidly denature and cease to function (Peterson, Daniel et al. 2007). The
combination of these two processes causes a rapid increase in physiological
performance of organisms up to a critical thermal threshold (Fig. 1.4), beyond which
performance declines rapidly as a result of enzyme denaturation (Angilletta Jr 2006).
In the past, there have been attempts to quantify physiological tolerance thresholds of
organisms using linear regression approaches (Bradford 2002). However, linear
regression models tend to compress the natural variability pattern of the performance
of organisms (Ashford and Sowden 1970, Yates, Hobbs et al. 1996). Furthermore, the
physiological underpinnings of these models are unclear, and the symmetrical hump-
shaped curves that have been employed to describe thermal performance of organisms
do not conform to established principles of thermal biology that suggest thermal
performance curves of ectotherms should be unimodal and asymmetric (Angilletta Jr
2006, Peterson, Daniel et al. 2007). As well, linear regression models do not account
for interspecific variability in responses among taxa that may have ecological and
evolutionary implications (Huey and Kingsolver 1989, Tomlinson, Dixon et al. 2015,
Tomlinson 2019). Thus the parameters derived from these models may be inaccurate
and difficult to interpret in a biological context (Angilletta Jr and Angilletta 2009).

Recently, non-linear performance models based on a sound theoretical context have



been employed to characterize physiological responses of various ectothermic species
of animals and plants including germinating seeds (Lewandrowski, Erickson et al.
2017, Onofri, Benincasa et al. 2018, Turner, Lewandrowski et al. 2018, Tomlinson
2019). The main advantage of this non-linear model fitting approach is that it only fits
parameters that define the model, which in turn can be interpreted in a biological
context (Yan and Hunt 1999, Tomlinson, Dixon et al. 2015). This method minimizes
overfitting of data and the parameters derived from the model can be directly compared
to gain insights into interspecific variability in the germination response when applied

to seeds (Tomlinson 2019).
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Fig. 1.4. Thermal performance of an enzyme; Dotted green line depicts reaction rate of any chemical
reaction, the dotted red line represents the decline of reaction rate from a specific threshold due to
thermal denaturation of the enzyme, and the black hump-shaped curve represents the resulting thermal

performance model.

Seed germination is one of the critical stages of the life cycle of plants during which

they are potentially highly vulnerable to environmental stresses as they transition from



quiescent drought resistant seed to metabolically active drought sensitive seedling
(Baskin and Baskin 2003). Consequently, the germination niche represents a vital
demographic stage of the fundamental niche of plants as it cannot be reversed once
seeds commit to the germination process (Donohue, Rubio de Casas et al. 2010,
Fernandez-Pascual, Pérez-Arcoiza et al. 2017). Therefore, quantifying the
performance niche of seeds is essential to gain a comprehensive understanding of

population dynamics (Cochrane 2018, Del Vecchio, Fantinato et al. 2020).

1.1.3 Seed germination

Seeds possess adaptations to germinate during windows of opportunity when
environmental conditions align with their innate requirements and are likely to
maximize seedling recruitment success (Fig. 1.5, Merritt, Turner et al. 2007). Seed
germination generally occurs as a response to specific environmental cues such as
changes in soil temperature and moisture content, and exposure to light or smoke
(Merritt, Turner et al. 2007, Kildisheva, Erickson et al. 2019). Therefore, performance
rates of seeds across multiple environmental gradients constitute the performance

niche of seed germination (Bell, Rokich et al. 1995).
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Fig. 1.5. Critical factors and main germination pathways that regulate seed dormancy, and germination
as seeds transition from seed to seedling. Seeds at the time of dispersal can be either dormant or non-
dormant, and may cycle (i.e. dormancy cycling) between both states over different seasons as they enter
and transit the optimal recruitment period if conditions are not completely suitable to promote and
sustain germination. To germinate, dormant seeds need to lose dormancy first via exposure to various
species-specific combinations of moisture, and temperature. Once seeds are non-dormant, these can
either germinate/emerge when the right conditions are present, or at this point may require a stimulant
(i.e. smoke, light or ethylene) to promote germination. Stimulants act as a secondary layer of ecological
filters signalling to the seed that it may be an appropriate time to germinate, i.e. after a fire (smoke),
near the soil surface (light), or in waterlogged (ethylene) soil (adapted from Turner, Lewandrowski et

al. 2018).

Seed dormancy is a mechanism that optimizes germination with the window of
opportunity that is most suitable for seedling establishment (Baskin and Baskin 2003).
Seed dormancy traits are diverse and mainly determined by phylogenetic and/or
ecological factors with five main classes currently recognised based on a set of seed

attributes (Wang, Baskin et al. 2009, Dayrell, Garcia et al. 2017). Non-dormant seeds



germinate to > 70 % within 28 days under favourable environmental conditions
without any treatment (Baskin and Baskin 2004). Physically dormant seeds (PY) are
characterized by the presence of a water impermeable seed coat thus cannot imbibe
water. (Baskin, Baskin et al. 2000). Under natural conditions, alleviation of PY may
occur with disturbance events such as brief exposure to high (> 60 °C) soil
temperatures during seasonal fires or extreme heat wave events, or more gradually in
response to alternating temperatures or high humidity (Bell, Plummer et al. 1993,
Hudson, Ayre et al. 2015). Physiological seed dormancy (PD) is characterized by a
physiological inhibition within the embryo that supresses and prevents the emergence
of the radicle until an appropriate stimulus is applied that overcomes dormancy
(Baskin and Baskin 2003). According to previous studies on physiologically dormant
species, regulation of seed dormancy and germination are two processes that occur in
response to the interplay between soil temperature, moisture content and time
(hydrothermal time) during different parts of the year (Baskin and Baskin 2003,
Steadman and Pritchard 2004). Essentially, ‘hydrothermal time’ is a temporally
informed version of the hydrothermal germination niche discussed above. However,
the interplay between soil temperature, moisture content and time is a dynamic
continuum, and shifts in hydrothermal time can cause seeds of some species to
continually shift between dormant and non-dormant states (Finch-Savage and Footitt
2017, Miller, Symons et al. 2019). Compared to PY, dormancy alleviation
requirements of physiologically dormant seeds tend to be more complex and gradual,
and may include several steps such as after-ripening, stratification, cycles of wetting
and drying, or dry heat that are aligned with various soil based environmental
processes that seeds are exposed to (Fig. 1.5) while in the soil seed bank (Merritt,

Turner et al. 2007, Hoyle, Steadman et al. 2008, Long, Gorecki et al. 2015). In order
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to gain a comprehensive knowledge of the dynamics of the germination niche, it is
essential to identify the key environmental variables that affect seed dormancy
regulation and germination (Fig. 1.5), and also quantify performance of seeds across

each environmental gradient (Cochrane 2018, Del Vecchio, Fantinato et al. 2020).

1.1.4 The impact of thermal stress and water stress on the seed germination niche

Thermal stress and water stress have been identified as two critical environmental
variables that affect the germination response of seeds, especially in arid ecosystems,
as moisture in particular is a very limited and ephemeral resource (Bell, Plummer et
al. 1993, Merino-Martin, Courtauld et al. 2017, Cochrane 2020). Since the metabolic
processes central to seed germination are mediated by enzymes, thermal performance
of seeds (during germination) as a consequence should resemble a unimodal,
asymmetric hump-shaped curve (Fig. 1.4) characteristic of all enzyme mediated
reactions seen right across biology (Yan and Hunt 1999, Angilletta Jr 2006). In most
plant species, absorption of water from the external environment is essential to initiate
the incipient metabolic processes of seed germination (Tweddle, Dickie et al. 2003,
Kaya, Okg¢u et al. 2006). Therefore, metabolic reactions associated with seed
germination should be impeded by reduced water availability (Muscolo, Sidari et al.
2014, Huang, Ran et al. 2020). Numerous studies have investigated the role of thermal
stress and water stress in shaping the germination niche of plants, as well as ecological
and evolutionary implications of these responses (Carta, Bedini et al. 2013, Walder
and Erschbamer 2015, Ferndndez-Pascual, Pérez-Arcoiza et al. 2017, Del Vecchio,
Fantinato et al. 2020). However, there is a shortage of studies that have incorporated
established principles of chemical kinetics to quantify how thermal stress and water

stress affects seed germination, particularly for species with distributions restricted to
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specific habitats (Turner, Lewandrowski et al. 2018). The concept of ‘hydrothermal
germination niche’ is well established in the field of agriculture (Onofri, Benincasa et
al. 2018). Howeyver, as a result of artificial selection over the last 12,000 years (Baskin
and Baskin 2003), germination responses of crop species are likely to be much less
variable compared to wild species, but there remains a shortage of studies assessing
the thermal and hydrological responses of seeds of wild species on a theoretical basis
(Duncan, Schultz et al. 2019). The role of these two environmental gradients in shaping
patterns of plant distribution based on seed ecology are not well understood (Luna,
Pérez et al. 2012, Robinson, Di Virgilio et al. 2019). Quantifying thermal and
hydrological stress responses of seeds in an established theoretical context is essential
to gain a comprehensive understanding of niche dynamics (Turner, Lewandrowski et
al. 2018). Non-linear germination models have already been used to describe and
explore the effects of environmental factors on germination success (Tarszisz,
Tomlinson et al. 2017, Lewandrowski, Erickson et al. 2018), and could potentially be
used to quantify germination responses of seeds in response to water and temperature
stress (Yan and Hunt 1999). Employing a non-linear model fitting approach to quantify
thermal and hydrological germination responses could lead to a comprehensive
understanding of how these environmental gradients affect the germination niche as

well as ecological and evolutionary implications.

1.1.5 Inselberg environnents

Specialised environments tend to result in unique communities with species and
adaptations that are distinct from surrounding, more widespread, habitats (MacArthur
and Wilson 2016). Among other adaptations that plants make to isolated or specialised

habitats, the germination niche is likely to be strongly adapted to local environmental
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conditions (Cross, Turner et al. 2015). Inselberg such as granite outcrops (Fig. 1.6A)
and Banded Ironstone Formations (BIFs; Fig. 1.6B) comprise of fine-scale mosaics of
niche habitats that are characterised by unique and highly localised environmental
conditions (Porembski and Barthlott 2000, Jacobi and Fonseca do Carmo 2008,
Gibson, Yates et al. 2010). Inselbergs harbour edaphically isolated island-like shallow-
soil plant communities that are floristically distinct from the vegetation in the deeper-
soil low-lying plains surrounding these outcrops (Withers 2000, Jacobi, Do Carmo et
al. 2007). Inselbergs are found in a wide range of ecosystems, and their distribution
reflect underlying geological features and weathering processes (Byrne and Hopper
2008, Porembski and Barthlott 2012). Opportunities for evolution in rocky outcrop
habitats are largely driven by edaphic isolation from the surrounding vegetation
matrices, local topographic elements and climatic variables (Jacobi, Do Carmo et al.
2007, Gibson, Yates et al. 2010, Porembski and Barthlott 2012, Do Carmo and Jacobi
2016). Consequently, plant communities on outcrop habitats host combinations of taxa
that are regionally broadly distributed, as well as range-restricted species that are
highly adapted to localised microhabitats (Gibson, Yates et al. 2010, Porembski and
Barthlott 2012, Do Carmo and Jacobi 2016). Therefore, inselberg communities tend to
be high in species richness compared to deeper-soil habitats in the low-lying
environments surrounding outcrops (Main 1997, Mares 1997, Withers 2000, Yates,
Hopper et al. 2003, Schut, Wardell-Johnson et al. 2014), yet the mechanisms driving
this species turnover, such as adaptations to specific germination niches (among

others), aren’t fully understood.
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Fig. 1.6. Images of representative inselberg habitats from Western Australia. A) The summit of Castle
Rock, a granite emergent in the Porogurups range near the south coast; B) The Banded Iron Formations

of the Juna Range in the Pilbara Region of the northwest. Images both provided by S. Tomlinson

In Western Australia Granite outcrops and BIFs are primarily located in low to
moderate rainfall zones (Fig. 1.7A, Fig. 1.8) such as the Yilgarn region (Main 1997,
Withers 2000, Gibson, Yates et al. 2010). The climate of southern parts of Western
Australia is Mediterranean (Hopper and Gioia 2004). In this region rainfall mainly
occurs from late autumn to early spring (Fig. 1.8), and aridity increases in a north-
easterly direction due to low frequency and intensity of rainfall episodes (Bell,
Plummer et al. 1993, Gibson, Coates et al. 2007, Ladd, Yates et al. 2019). Compared
to vegetation matrices in the surrounding low-lying environments, outcrop habitats in
Western Australia are generally water-limited due to high soil water evaporation
associated with the lack of vegetation cover, generation of high surface temperatures
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on rocky surfaces (especially in summer) and low water retention capacity of shallow-
soils (Elliott, Lewandrowski et al. 2019). However, weathering of outcrops has
produced various shaded microhabitats such as slopes, gullies, cracks and fissures that
can concentrate and retain water for long periods much of which can seep and pool
within the underlying porous subsurface rock strata (Yates, Gibson et al. 2011, Di
Virgilio, Wardell-Johnson et al. 2018, Miller, Symons et al. 2019). Flora that utilize
these diverse niche habitats include range-restricted outcrop specialist (Fig. 1.7B) as
well as taxa that are broadly distributed in surrounding deep-soil habitats often across

large ranges (Withers 2000, Byrne 2019).

A) Locations of rock formations B) locations of rock specialist species
1125 115.0 17.5 1200 1225 125 115.0 17.5 1200 1225

I +-250

5T

3001

325+

35.0¢

} | L § + 4
12.5 115.0 17.5 120.0 1225 128 150 nrs 1200 125

Fig. 1.7. A) Distribution of banded ironstone formations (red dots) and other rocky outcrops (black dots)
in the south west of Western Australia. B) Distributional records of a rare rock outcrop specialist species
(Acacia woodmaniorum; red dots) and a widespread dominant congeneric species (Acacia assimilis;

green dots) in Western Australia based on Atlas of Living Australia (2021).
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Fig. 1.8. Long term climatic data for four outcrop habitats in different regions of Western Australia,
encompassing mean monthly maximum (red line), mean minimum temperatures (blue line) and mean

monthly rainfall represented by grey bars (Bureau of Meteorology 2018).

1.1.6 Narrow range endemic species and unique ecological communities on outcrops

Granite and BIF outcrop habitats of Western Australia harbour significant regional
biodiversity (Table. 1.1, Hopper and Gioia 2004, Gibson, Yates et al. 2010). Species
that are restricted to outcrop habitats constitute about 10 % of all threatened flora
species native to Western Australia, yet rock outcrops occupy only a fraction (< 1 %)
of the total land area (Western Australian Herbarium, 1998). Many species of plants
confined to granite outcrops are endangered because of activities related to agricultural
development such as the introduction of invasive species, altered fire regimes,
livestock grazing, dieback and salinity as a large number of these outcrops are found
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across the highly modified and developed Western Australia wheatbelt region
(Hopper, Brown et al. 1997, Porembski 2000, Yates, Hopper et al. 2003). In
comparison, BIF specialists are largely concentrated within landscapes that are very
prospective for iron ore mining (Gibson, Meissner et al. 2012). A recent study on 25
BIF outcrops that have high iron ore content and potential targets for mining has
identified 44 BIF specialist taxa (Table. 1.1) of which 36 are of conservation concern,
including nine species of declared rare flora (Gibson, Yates et al. 2010, Wege, Thiele
etal. 2015). In order to implement cost-efficient sustainable management protocols for
outcrop endemics, it is essential to gain a comprehensive knowledge of their ecology
(Yates and Ladd 2004, Yates, Gibson et al. 2011). Since seed-based restoration
represents a major component of in-situ and ex-situ conservation approaches for range-
restricted taxa, is it important to understand how various environmental factors affect
the niche dynamics of germination (Clemente, Miiller et al. 2017, Cochrane 2018,
Cochrane 2020). Even though thermal stress and water stress are two major
environmental variables that drive niche dynamics in outcrop ecosystems (Turner,
Lewandrowski et al. 2018, Elliott, Lewandrowski et al. 2019), there is a general
shortage of research data on how outcrop endemic species respond to these stress
factors (Robinson, Di Virgilio et al. 2019). Given that seed germination is largely
underpinned by metabolic processes, it should be possible to quantify physiological
niches of germination following general principles of thermal performance (Yan and
Hunt 1999, Angilletta Jr 2006). Quantifying thermal and hydrological tolerance
thresholds of seeds is essential to construct conservation strategies for range-restricted
taxa associated with outcrops (Paul, Dixon et al. 2014, Turner, Lewandrowski et al.
2018). It could also provide important insights into the role of thermal stress and water

stress in shaping the patterns of rarity and endemism observed on outcrop ecosystems
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and perhaps provides some guidance as to which taxa may be more prone to drought
and climate changes and direct the selection of suitable habitat for establishing new
translocated populations in future (Di Virgilio, Wardell-Johnson et al. 2018, Duncan,

Schultz et al. 2019, Robinson, Di Virgilio et al. 2019).

Table. 1.1. The proportional representation of inselberg species of the ten largest plant families of the
South Western Australian Floristic Region (SWAFR), and the proportion of undescribed species or
species of conservation concern associated with inselbergs in the SWAFR. Granite outcrops are home
to between 8 and 35 % of plant species in the SWAFR (adapted from Hopper, Fiedler et al. 2021), while
BIF ranges harbour 10 % of the known, but undescribed plants species, and nearly 6 % of all plants of
conservation concern (adapted from Gibson, Coates et al. 2007). BIF ranges represent approximately

1.4 % of the land area in the SWAFR (adapted from Gibson, Coates et al. 2007).

Granite Inselburgs

Total species Inselburg species % of total
Fabaceae 1156 154 13
Myrtaceae 1436 149 10
Stylidiaceae 227 33 15
Goodeniaceae 231 38 16
Cyperaceae 262 42 16
Asteraceae 330 117 35
Ericaceae 362 42 12
Orchidaceae 422 120 28
Proteaceae 914 75 8
TOTAL 5340 770 14
Ironstone Inselburgs

Total species Inselburg species % of total
Total flora 13089 1703 13
Undescribed species 1743 172 10
conservation significant
species 3142 181 6
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1.2 Research objectives

1.2.1 General objective

The aim of this thesis was to quantify the thermal and hydrological germination
responses of a broad range of species associated with outcrop habitats of Western
Australia and to compare them to closely related, widespread species in order to
understand the role and relative importance of environmental variables in shaping the
germination niche of outcrop endemic taxa, and assess the ecological and evolutionary

implications as a consequence of these interactions.

1.2.2 Specific objectives

1. Thermal stress and water stress tolerance in seeds of non-dormant species
(Eucalyptus species) endemic to granite outcrops

To investigate whether the thermal stress and water stress response of seeds

of several non-dormant species associated with outcrops conform to

established theoretical principles, assess whether broadly distributed taxa

have broader thermal and hydrological performance niches compared to

range-restricted species, and identify ecological and evolutionary

implications.

2. Hydrothermal stress tolerance in seeds of physically dormant species (4Acacia
species) endemic to BIF outcrops

To assess the thermal stress and water stress responses of seeds of several

physically dormant species associated with BIF outcrops, quantify

potential interactions between these two environmental variables,

investigates whether broadly distributed taxa have broader hydrothermal
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performance niches compared to range-restricted species, and identify
ecological and evolutionary implications.

3. Hydrothermal stress tolerance in seeds of physiologically dormant species
(Tetratheca species) endemic to BIF outcrops

To quantify hydrothermal germination responses of seeds of several

physiologically dormant species restricted to BIF outcrops, assess potential

interactions between these two environmental variables, compare

hydrothermal occurrence niches and performance niches of test species

during the stage of germination, and identify ecological and evolutionary

implications.
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Chapter 2

Hydrological and thermal responses of seeds from four co-

occurring tree species from southwest Western Australia

2.1 Abstract

Seed germination is a critical stage in the life cycle of most plants, and is defined by
specific tolerance thresholds beyond which rates and success of germination rapidly
decline. Previous studies have demonstrated that widespread plant species commonly
germinate over a broad range of temperatures and water stress levels, whereas range-
restricted species often exhibit a narrower germination window in terms of temperature
and moisture. We investigated the relationships of the key germination traits of
maximum germination (Gma), and time to 50 % germination (Z50) in response to
temperature (5 - 35 °C) and water stress (-1.5 - 0 MPa) in four co-occurring Western
Australian native Eucalyptus species with widely varying biogeography. Eucalyptus
caesia subsp. caesia and E. ornata exhibit a highly localised distribution and a narrow
geographical range, being restricted either to granite outcrops or the upper slopes and
tops of lateritic rises, respectively. These two species were compared with the two
widespread and dominant congenerics E. salmonophloia and E. salubris. There was a
distinctive hump-shaped response of 759 to temperature and an exponential response to
water stress, characteristic of rate- and threshold-limited processes, but no consistent
pattern in the response of Guax. The four species were significantly different in their
thermal performance of ¢s59, with E. caesia and E. ornata displaying narrower thermal

tolerance ranges than the two widespread species. In terms of mean final germination
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percentage, the two range-restricted endemic taxa exhibited higher lability in their
response to thermal stress and drought stress compared to the two broadly distributed
congenerics. These findings indicate a link between distributional extent, temperature
and water stress tolerance and may have implications for identifying ecological filters

of rarity and endemism.

2.2 Introduction

High levels of biodiversity and endemism are often harboured in range-restricted niche
habitats on rocky outcrops such as Banded Ironstone Formations (BIFs) and granite
outcrops (Porembski and Barthlott 2000, Jacobi and Fonseca do Carmo 2008, Gibson,
Yates et al. 2010). Opportunities for evolution in these habitats largely result from
edaphic isolation from the surrounding vegetation matrices and the unique and highly
localised environmental conditions commonly found in these niche landscapes
(Porembski and Barthlott 2000, Withers 2000, Jacobi and Fonseca do Carmo 2008,
Gibson, Yates et al. 2010). Consequently, the plant communities of rock outcrop
habitats are often unique, and comprise combinations of taxa that are regionally widely
distributed as well as range-restricted ecological specialists that are highly adapted to
various local microhabitats (Gibson, Yates et al. 2010, Porembski and Barthlott 2012,
Do Carmo and Jacobi 2016). The result is that rock outcrop communities are generally
speciose compared to adjacent vegetation on deeper soils (Main 1997, Mares 1997,
Withers 2000, Yates, Hopper et al. 2003, Schut, Wardell-Johnson et al. 2014), and
contribute significantly to regional biodiversity (Hopper and Gioia 2004, Safford,
Viers et al. 2005, Jacobi and Fonseca do Carmo 2008). For example, the granite
outcrops of Western Australia host 17 % of the flora native to the South Western

Australian Floristic Region (SWAFR; Hopper and Gioia 2004), including many range-
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restricted plant taxa that are threatened yet granite outcrops occupy less than 1 % of
the land area in SWAFR (Byrne and Hopper 2008, Wege, Thiele et al. 2015).

Previous studies have highlighted topographic factors, edaphic isolation and climatic
variables as major factors determining the distributional extent of narrow-range
endemics (Yates and Ladd 2004, Carta, Bedini et al. 2013, Tapper, Byrne et al. 2014,
Cross, Turner et al. 2015). For example, recent studies on the germination ecology of
ephemeral taxa have revealed that hydrology regimes and hydroperiod are major
ecological filters that determine species distributional range in temporary wetland
habitats (Carta, Bedini et al. 2013, Cross, Turner et al. 2015, Cross, Turner et al. 2015,
Cross, Barrett et al. 2018). Widely distributed species in Mediterranean climatic
regions commonly germinate over a relatively wide range of temperatures and water
stress levels (Cochrane 2017, Cochrane 2018), whereas the germination response of
range-restricted taxa has been shown in several species to be limited to a narrower
window (Luna, Pérez et al. 2012, Turner, Lewandrowski et al. 2018). Edaphic isolation
and local topographic elements have been identified as driving forces of the patterns
of plant diversity observed in rocky outcrop habitats such as BIFs and inselbergs
(Jacobi, Do Carmo et al. 2007, Gibson, Yates et al. 2010, Porembski and Barthlott
2012, Do Carmo and Jacobi 2016). Granite outcrops (and their immediate
surroundings) represent a fine-scale mosaic of habitats, and where the ecophysiology
of different elements of the floristic community might vary substantially (Withers
2000, Byrne and Hopper 2008, Tapper, Byrne et al. 2014). Microhabitats in granite
outcrop environments often harbour range-restricted and highly specialized species, as
well as taxa that are widespread across different parts of the landscape (Hopper, Brown
et al. 1997, Withers 2000). Exposed granite surfaces are characterised by high

temperatures (particularly during summer) and low moisture availability due to high
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water runoff and limited capacity for moisture to soak into the subsurface environment
(Withers 2000, Porembski and Barthlott 2012). However, following rainfall events,
weathering of granite produces various highly localised shaded, mesic microhabitats
that retain water for periods of time including rock pools, crevices, gullies, talus and
exfoliating sheets of granite where water collects and losses via evaporation and soil
percolation are reduced (Wyatt 1997, Withers 2000, Liu, Yu et al. 2007). The
ecological filters underlying patterns of plant diversity in outcrop habitats are yet to be
clearly identified and understood (Byrne and Hopper 2008). However, the substantial
proportion of range-restricted plant species endemic to rock outcrops suggests that the
traits enabling these plant taxa to persist and flourish in their rocky niche may
consequently reduce their competitiveness in other environments (Byrne and Hopper
2008, Anacker, Whittall et al. 2011, Tapper, Byrne et al. 2014), and these warrant

further investigation.

The transition from seed to seedling represents one of the most critical stages of the
plant life cycle (Lloret, Pefiuelas et al. 2004, James, Sheley et al. 2013). Seeds are
therefore highly adapted to their habitat in order to maximize recruitment success, as
essentially seeds have only one attempt at successfully transitioning from a seed to a
viable and healthy seedling (Walck, Baskin et al. 1997, Tweddle, Dickie et al. 2003,
Luna, Pérez et al. 2012). Consequently, the environmental requirements for dormancy
alleviation and seed germination are usually both definable, highly nuanced and
species-specific (Turner, Lewandrowski et al. 2018). Seed germination occurs in
response to specific combinations of environmental cues above critical thresholds with
two of the most important being temperature and soil moisture (Bell 1994, Bell,
Rokich et al. 1995, Merritt, Turner et al. 2007). It is reasonable to expect that range-

restricted species, and particularly species occurring only in specific microhabitats
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such as rocky outcrops, may have narrow germination niches as the habitats provide
environments that are likely to differ markedly from other parts of the landscape
(Turner, Lewandrowski et al. 2018, Elliott, Lewandrowski et al. 2019). Consequently,
investigation of the germination ecology of seeds from range-restricted and
ecologically specialised flora should be a principle area of research to better
understand their demographic limitations which may assist with their ongoing
conservation and management (Luna, Pérez et al. 2012, Clemente, Miiller et al. 2017).
Furthermore, identifying some unifying theoretical constraints to seed germination is
essential for constructing a priori, mechanistic hypotheses underpinning these

demographic limitations.

There have been efforts made to develop models of seed germination in relation to
temperature and water stress (Bradford 2002), but these have been heavily data-
referential, and have not been consistent with the theoretical underpinnings of the
wider thermal performance literature (Angilletta Jr and Angilletta 2009). As such, the
statistical fitting is potentially over-simplified, and the resulting parameters may be
inaccurate and difficult to place in a broad theoretical context. According to the
collision theory of chemical kinetics, reaction rates increase exponentially with
increasing temperature (Gates 2016). However, metabolic reactions are catalysed by
enzymes that have a specific thermal threshold beyond which they denature (Peterson,
Daniel et al. 2007). The interaction of these two processes implies a rapid increase in
physiological performance up to a critical threshold, beyond which performance
rapidly declines as chemical reactions cease to be catalysed by the denaturing
enzymes. Therefore thermal performance curves of enzymes are hump shaped and
distinctly asymmetrical (Angilletta Jr 2006, Tomlinson 2019), which is an important

trait conspicuously absent in published early models (e.g. Bradford, 2002). There is
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also variability in the breadth of these responses that has evolutionary and ecological
value (Huey and Kingsolver 1989). Seeds of widely distributed flora are expected to
have broad thermal tolerance ranges (eurythermy) to match the breadth of climatic
conditions across their distributions, while range-restricted congenerics are expected
to be thermally specialised (stenothermy; Debat and David 2001, Ghalambor, McKay
et al. 2007). In this manner, seed germination is consistent with general models of
stenothermy and eurythermy (Seebacher and Franklin 2005). However, there is a
shortage of studies that have incorporated these well-established principles of
chemical kinetics to quantify the impact of thermal stress on germination response in
the literature. Further, there is a major shortage of research data on how species
distributional range affects germination response to water stress. Given that rocky
outcrop habitats comprise highly variable microclimates, and that these landscapes can
be very hot and dry for much of the year, especially in the lower rainfall regions of
Western Australia, the optimal performance windows might reflect highly specific
local adaptations and thus provide some insight concerning in situ recruitment
processes (Byrne and Hopper 2008, Tapper, Byrne et al. 2014). This study aimed to
compare the germination responses of two range-restricted granite outcrop specialist
species with those of two widely distributed co-occurring taxa to address the following
two research questions: (1) Are seeds of non-dormant range-restricted species more
sensitive to incubation temperature compared to common congeneric taxa? And (2)
Are seeds of non-dormant range-restricted species more sensitive to water stress

compared to common congeneric taxa?
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2.3 Materials and methods

2.3.1 Species selection and sourcing

We conducted this study using four readily-germinable, non-dormant species of
Eucalyptus endemic to southwest Western Australia. Species were selected to
eliminate the potential confounding effect of seed dormancy on examining seed
germination response. We selected seeds of two range-restricted species native to
either granite outcrop habitats (E. caesia Benth. subsp. caesia) or laterite ridges (E.
ornata Crisp) and two widely distributed congeneric species (E. salmonophloia
F.Muell. and E. salubris F.Muell., Appendix. 1.1). Seeds were either freshly harvested
from wild populations (E. caesia) or obtained from a commercial seed supplier (E.
ornata, E. salmonophloia and E. salubris - Nindethana Seed Company, King River,
Western Australia) with known collection locations and dates of collection (Table.
2.1). Eucalyptus caesia Benth. subsp. caesia and E. ornata are range-restricted mallees
that are gazetted as priority 3 and 4 respectively (Western Auastralian Herbarium
2018) so are of some conservation concern (Coates and Atkins 2001). Eucalyptus.
caesia subsp. ceasia 1s distributed across 25 populations in the Avon Wheatbelt,
Coolgardie and Mallee (Bezemer, Krauss et al. 2019), whereas the range of E. ornata
is limited to five populations in the Avon Wheatbelt and the Mallee IBRA (Interim
Biogeographic Regionalisation for Australia) Regions (Thackway and Cresswell
1997). In contrast, E. salmonophloia and E. salubris are common widely distributed
dominant mallees native to south west Western Australia (Yates, Hobbs et al. 1994).
Their habitats are diverse and include undulating low hills, plains and slopes
surrounding granite outcrops. The distributional range of E. salmonophloia and E.
salubris extends from the relatively mesic Mediterranean SWAFR (South West

Australia Floristic Region) to the semi-arid IBRA regions such as Coolgardie (Yates,
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Hobbs et al. 1994). Seed accessions used in this experiment were collected in 2008 (E.
ornata), 2016 (E. salubris), 2017 (E. salmonophloia) and 2018 (E. caesia) from
locations within ~ 50 km of each other (Table. 2.1). Seeds from all species were stored

under cool, dry conditions until utilised in this study.

Table. 2.1. Seed traits of selected Eucalyptus species used in this study. E. caesia subsp. caesia is the
most tightly-distributed species, occurring in only 3 IBRA regions*, followed by E. ornata (2 IBRA

regions), E. salmonophloia (8 IBRA regions) and E. salubris (9 IBRA regions).

Species Collection Collection 1000-Seed X-Ray Viability Germinability
location date Weight Fill (%; (%:;n=20) (%) of viable
(mg) n=100) (Tetrazoliu seeds®*
m Test)
(n=25)
Eucalyptus Kuendet, 01/2018 2552 96 90 93
caesia subsp. WA
caesia
Eucalyptus Kondinin, 11/2008 1843 100 100 100
ornata WA
Eucalyptus Kondinin, 09/2017 209 93 100 100
salmonophloia WA
Eucalyptus Kondinin, 03/2016 574 100 90 100
salubris WA

*Interim Biogeographic Regionalisation for Australia (Thackway and Cresswell 1997) **Initial
germination success of filled seeds was assessed by incubating 25 seeds of each species on moist
germination paper in Petri dishes under constant darkness at 10, 15, 20, 25, 30, and 35°C followed by

daily scoring of germination rate.
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2.3.2 Seed quality

Prior to experimentation, seeds were stored in a controlled environment (15 °C and 15
% relative humidity) at the Biodiversity Conservation Centre, Kings Park, Western
Australia. We used a vacuum aspirator (SELECTA BV Gravity Seed Separator, the
Netherlands) to separate seeds from chaff. For each test species percentage seed fill
was determined by X-ray analysis of 100 seeds (MX-20 digital X-Ray cabinet,
Faxitron, USA). A seed containing a fully developed embryo and endosperm can be
identified by uniform white/grey coloration (filled tissue), whereas the absence of

these tissues indicates a lack of seed fill (Erickson and Merritt 2016).

For seeds that were filled, seed viability was also investigated using Tetrazolium
staining (Lakon 1949). Reduction of 2, 3, 5 triphenyltetrazolium chloride
(C19H15N4Cl) by dehydrogenase enzymes present in live tissues produces an intense
pink colour, indicating that a seed is metabolically active and, thus, viable (Lakon
1949, Jeremiah and Mohler 2002). Samples of 20 seeds per species were horizontally
dissected and exposed to 1 % tetrazolium for a period of four hours at 25 °C. We used

stained seeds to calculate percentage viability of seed lots (Table. 2.1).

2.3.3 Temperature tolerance

To assess the germination response of seeds to temperature, we placed eight replicates
of 25 seeds for each species on moist (9 ml of distilled water per petri dish) 84 mm
germination paper (Advantec, Dublin, CA, USA) in 90 mm plastic Petri dishes and
incubated at 5, 10, 15, 20, 25, 30 and 35 °C (1,400 total seeds per species). These
conditions encompass a broad range of the temperatures reported for the location of
the test species for all seasons (Bureau of Meteorology 2018; Fig. 2.1). Seeds were
surface sterilized with 2 % (w/v) calcium hypochlorite (Ca[OCl]>) under vacuum (-70

kPa) for 30 minutes and washed with sterile deionized water three times for several
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minutes per wash prior to plating. We conducted seed plating under sterile conditions
in a laminar flow cabinet. Petri dishes were sealed with plastic wrap to prevent
moisture loss during the incubation period. Petri dishes were also covered with
aluminium foil to eliminate the potential confounding effect of light on germination
(Bell 1994, Ruiz-Talonia, Carr et al. 2018). The temperature inside the incubators was
recorded once an hour using iButton data loggers (Maxim Integrated™, San Jose,
USA) placed in the middle of each stack of eight petri dishes (Appendix. 1.2). We
scored germination as radicle emergence greater than 2 mm, and plates were scored

four days a week for a period of 28 days.
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Fig. 2.1. Long-term climatic data for the Kondinin meteorological station, encompassing average
monthly maximum (red line) and minimum (blue line) temperatures, and average monthly rainfall (grey
bars).The temperature range of the experimental trials conducted here span the full temperature range

in the region, from 5 °C to 35 °C.
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2.3.4 Water stress tolerance

To test the effect of water stress on germination, we placed seeds in 90 mm plastic
Petri dishes on seed germination papers as previously described infused with different
concentrations of polyethylene glycol 8000 (PEG) solution (9 ml of PEG per petri
dish) following Michel (1983). Plates were incubated at a constant favourable
incubation temperature (20 °C), determined from temperature tolerance experiments.
We exposed eight replicates of 25 seeds for each species to water stress levels of 0, -
0.10, -0.20, -0.40, -0.70, -1.00 and -1.50 MPa (1,400 total seeds per species). Seeds
were surface sterilized as previously described prior to plating, and Petri dishes were
tightly sealed with plastic wrap and incubated in constant darkness with iButtons
(Maxim Integrated™, San Jose, CA, USA) placed on the middle of each Petri dish
stack to measure incubation temperature as previously described. We scored
germination as radicle emergence greater than 2 mm, and plates were scored four days

a week for a period of 28 days.

2.4 Statistical analysis

2.4.1 Germination modelling

Traditional attempts to identify critical thresholds of seed germination utilize
binominal logistic regression to linearize the relationship between treatments and
germination response (Ashford and Sowden 1970, Bradford 2002). We adapted a non-
linear regression approach (Ritz and Streibig 2008) that is not yet common in studies
of seed biology to assess the effect of incubation temperature and water stress on
germination response. The main advantage of the non-linear curve-fitting approach we
have used is that it does not compress the natural variance structure of the data in the

way that linearization does, and only fits the number of parameters that define the
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model. Therefore, since the risk of overfitting to the data is substantially reduced, non-
linear regression is more objective and parsimonious than generalised additive
modelling (GAM) approaches (Tomlinson 2019). First, we assessed the relationship
describing the germination response over time for each experimental temperature
using curvilinear log-logistic germination models (Lewandrowski, Erickson et al.
2017, Tarszisz, Tomlinson et al. 2017). The drc package (Ritz and Streibig 2012) was
used to fit a three-parameter log-logistic function to germination data in the R

statistical environment (R Core Team 2013);

. G
germination = —/=— (D
1+flm€

t50

where, Guax is the upper limit for the germination rate, and the lower limit of
germination rate is assumed to be 0 (Lewandrowski, Erickson et al. 2017). The
function also calculates a point around which the equation is symmetrical, 59, which
is an estimate of the time required for 50 % of the seeds (as a percentage of Guax) to
germinate and b indicates the slope of the germination function at #59. First, we resolved
a convergent common curve for the number of germinants over the number of seeds
incubated for all of species under all temperature regimes. By grouping this function
by species and incubation temperature, unique values were fitted to the parameters of
the function to produce several permutations of the basic model. We utilized the
AICcmodavg package (Mazerolle 2013) to assess the explanatory power of ‘species’
and ‘incubation temperature’ as factors contributing to variability in germination
response (in terms of #50 and Gax) by comparing each permutation with the common
curve using the Akaike Information Criterion (Burnham and Anderson 2002). The log-
logistic model grouped into unique species and temperature categories was utilized to

estimate ¢50 and Gnax values for each replicate of all species incubated under different
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treatment regimes. We used model estimates for b, Gmax, and ¢so to calculate time (in
days) to reach Gua and 10 % of Guax (f10) for all replicates exposed to different

treatment regimes.

2.4.2 Temperature tolerance

The precision of curvilinear modelling is dependent upon assumptions related to the
shape of the curve (Tomlinson 2019). Although thermal performance generally shows
an asymmetrical increase with a single peak (Angilletta Jr 2006, Peterson, Daniel et
al. 2007), appropriate non-linear thermal performance functions are yet to be described
for seeds (Yan and Hunt 1999). Therefore, we estimated unimodal asymmetrical
model fits for the 1/tso estimates for our thermal response data wusing a thermal
performance function which has been described by Yan and Hunt (1999) for the

temperature response of maximum rate of growth in plants;

Topt

Tmax—T T \Tmax—To
Tmax = Rmax <—>< ) Pt (2)

Tmax - Topt Topt

where 7qx 1s the maximum germination rate at any temperature (7), 7, is the optimum
temperature for germination at the peak of the performance function, Tina is the limit
of thermal tolerance, where germination ceases and Ry 1s the asymptotic maximum
germination rate at 7,,.. Henceforth, 1/¢50 will be referred to as the thermal performance
of maximum germination rate, 7max, as a proxy for the speed of germination across a
temperature gradient. The thermal performance of maximum germination rate at the
optimum temperature is characterised as Ruqax. A major advantage in this approach is
that each parameter of the above equation can be directly translated into a factor that
has biological meaning. Therefore, these parameters can be readily compared across

taxa to gain insights into patterns of variability in germination response.
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2.4.3 Water stress tolerance

In the same way that seed germination should be inhibited by the thermal performance
of enzyme function at specific thermal thresholds, it should be impeded by reduced
water availability as well, and #50 for seeds should escalate exponentially with
increasing water stress up to a species specific threshold at which the low water
potential of the external environment prevents imbibition (Bradford 2002). A pattern
of exponential increase in ¢s59 in response to increasing water stress is consistent with
previous studies on multiple taxa native to the SWAFR (Cochrane 2018).
Consequently, we selected an exponential function with the minimal number of
parameters required to simulate the water stress response of non-dormant seeds to fit

the #50 estimates for our water stress response data;

tso = go + exwiwel (3)

where 50 1s the time required to reach 50 % germination under any water stress level,
go 1s the base value of #5 prior to the beginning of its exponential increase, & is a scaling
exponent and w. is the critical water stress level at which 759 begins to escalate

exponentially.

2.4.4 Unique parametrisation

We fitted the appropriate physiological functions (thermal performance or
hydrological performance) to the log-logistic model estimates using the thermPerf
package (Bruneaux 2017) in the R statistical environment (R Core Team, 2013) to
identify a global model. Subsequent to this we employed the nls function to fit unique

values to the parameters of the performance function on the basis of species, following
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(Ritz and Streibig 2008) to parameterise unique values of Ruax, Topss Tmax, €0 and w, for

each species in terms of 59 and Gax.

2.5 Results

2.5.1 Germination modelling

The two range-restricted species displayed higher final germination percentages over
a wider range of temperatures than the two broadly distributed taxa (Fig. 2.2a). Both
Eucalyptus caesia subsp. caesia and E. ornata exhibited relatively constant high final
germination percentages (> 80 %) from 10 - 30 °C, while final germination percentages
of E. salmonophloia and E. salubris decreased from 98 % to < 76 % at 25 °C (Fig.
2.2a). For the two range-restricted taxa, the minimum final germination percentage
was observed at 10 °C, whereas for the two widely distributed taxa minimum final
germination occurred at 5 °C (Fig. 2.2a). For all taxa except E. caesia subsp. caesia
the maximum temperature at which germination occurred was 35 °C (Fig. 2.2a).
Within the range of 15 - 25 °C, estimated time to reach Guax Was < 30 days for most
replicates of the four species (Fig. 2.3a). For E. caesia subsp. caesia and E. ornata,
deviation from favourable temperatures increased variability in Gue and lengthened
the time required to reach G (Fig. 2.3a2). However, for E. salubris the time to reach

Gmax Was relatively consistent across 10 - 30 °C (Fig. 2.3a).
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Fig. 2.2. Mean cumulative germination percentage for replicates of seeds of four Western Australian

Eucalyptus species following exposure to an increasing range of temperatures (a) and water stress levels

(b) incubated in constant darkness for 28 days. Eight replicates of 25 seeds were used for each treatment.

Error bars depicting standard error of the mean have been omitted for clarity.
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Fig. 2.3. Estimates for maximum germination (Gu.) and time to reach Gu.x predicted by a three-
parameter log-logistic function for the germination responses of four Western Australian Eucalyptus
species following incubation in constant darkness at varying temperature regimes (a) and water stress
levels (b). Black dots depict Giuax estimates and non-shaded dots represent time to reach Gy for each
replicate of seeds following exposure to different treatment regimens. Eight replicates of 25 seeds were

used for each treatment.
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The range-restricted E. caesia subsp. caesia and E. ornata were more tolerant of water
stress than the two widely distributed taxa, in terms of final germination percentage.
The final germination percentage of the two range restricted taxa exceeded 90 % even
at -0.4 MPa (Fig. 2.2b). Conversely, the final germination of E. salmonophloia and E.
salubris seeds decreased to < 80 % at -0.1 MPa and -0.4 MPa, respectively (Fig. 2.2b).
For E. caesia subsp. caesia and E. salmonophloia the highest stress level at which
germination occurred was -1 MPa, whereas for E. ornata and E. salubris germination
was not observed below -0.7 MPa (Fig. 2.2b). For all tested species estimates for time
to reach Gnax and variability of these estimates increased with rising water stress (Fig.

2.3b).

2.5.2 Temperature tolerance

The log-logistic curve incorporating both species and temperature regime was the best
model to fit our thermal response data (AICc =25106.87, df = 76, residual deviance =
2.608; Appendix. 1.3) indicating that both ‘species’ and ‘incubation temperature’ were
factors that contributed to variability in germination response (Appendix. 1.3). The
log-logistic curve could not be fitted to the germination response data for 5 °C and 35
°C since final germination percentages were very low (< 31 %) at these temperatures
(Fig. 2.2a). The distribution of the 7. values estimated by the log-logistic model for
each species-by-temperature grouping across 10 - 30 °C was hump shaped, increased
exponentially with increasing temperature up to a peak, beyond which it decreased
rapidly (Fig. 2.4a). The most parsimonious model resolved unique Ruax, Topr and Tpax
values defining the thermal performance of 7. for each species (Eqn. 2, Fig. 2.4a).
For E. caesia subsp. caesia and E. ornata estimated T,y values were 25.4 + 0.25 °C
and 23.0 = 0.37 °C respectively, whereas for E. salmonophloia and E. salubris

estimates for 7oy, were 17.7 £1.94 °C and 20.1 = 0.97 °C respectively (Fig. 2.4a). The
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two widely distributed species had broader thermal tolerance ranges than the two
range-restricted taxa, apparently reflecting a higher level of physiological plasticity
(Fig. 2.4a). For all tested species estimated 7. was within the range of 30.5 - 32 °C.
A thermal performance function could not be resolved for the G estimates of the
log-logistic model (Fig. 2.3a) because they were highly conserved across all

experimental temperatures.
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Fig. 2.4. Thermal performance and water stress tolerance in four Western Australian Eucalyptus species

in terms of time to reach 50% germination (#50); (a) Dots represent 1/¢59 estimates for each replicate of

seeds after exposure to different temperature regimes and the smooth lines represent the permutations

of the thermal performance curve fitted to the 1/¢59 estimates (7..4x) of each species. Coefficients for the

permutations of the most parsimonious thermal performance function resolved on the basis of species

are displayed. (b) Dots represent ¢s59 estimates for each replicate of seeds after exposure to different

water stress regimes and the smooth lines represent the exponential models fitted to the #5p estimates of

each species. Coefficients for the most parsimonious water stress tolerance model fitted to the

germination response data of each species are displayed. Eight replicates of 25 seeds were used for each

treatment.
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2.5.3 Water stress tolerance

The best log-logistic function to fit our water stress response data was the permutation
incorporating both species and water stress regime (the lowest AICc value = 18869.09,
df = 61, residual deviance = 6.503; Appendix 1.3). For E. caesia subsp. caesia, E.
ornata and E. salubris the tso values estimated by the log- logistic model were
relatively constant up to a threshold water stress level, which was followed by an
exponential rise in 50 with increasing water stress (Fig. 2.4b). The exponential function
fitted to the 750 estimates resolved gy, k and w. estimates for the global model. However,
the exponential model failed to resolve water stress response profiles on the basis of
species. Therefore, unique values were fitted to the function parameters for each
species-by-water stress regime separately (Fig. 2.4b). For E. caesia subsp. caesia, E.
ornata and E. salubris estimated w,. values were -0.266 £+ 0.098, -0.149 + 0.049 and -
0.057 = 0.250 MPa respectively (Fig. 2.4b). However, this exponential model could
not be fitted to the ¢s50 estimates for E. salmonophloia since final germination
percentage declined to < 10 % for water stress regimes lower than -0.2 MPa (Fig. 2b,
Fig. 2.4b). Furthermore, the exponential function could not be fitted to the G

estimates of the log-logistic model (Fig. 2.3b).

2.6 Discussion

The results of this study demonstrates that the thermal performance of the four selected
taxa in terms of #s9 is hump-shaped, in accordance with established principles of
thermal biology that germination response to temperature should resemble thermal
performance curves of enzymes. The key elements captured by applying the Yan and
Hunt (1999) model are the asymmetrical nature of the curves, and the ability to directly

compare differences in the shape of these functions between different taxa. For
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example, our observations conform to the general models of stenothermy and
eurythermy in that the two range-restricted endemic taxa exhibited narrower thermal
tolerance ranges than their co-occurring congenerics in terms of z50. However, in terms
of final germination percentage, the narrow-range endemics were more tolerant of
thermal stress than the two widely distributed taxa. Our second hypothesis, that the
range-restricted endemic taxa would be more sensitive to water stress was not
supported in terms of final germination percentage. However, it is not clear to what

extent the four species differ in water stress tolerance in terms of 5.

2.6.1 Temperature and water stress tolerance

The high seed viability that we observed is consistent with previous reports of high
germination success in Eucalyptus species (a non dormant group; Baskin and Baskin
2003) from across Australia when incubated under favourable thermal conditions
(Bell, Rokich et al. 1995, Ruiz-Talonia, Carr et al. 2018). According to the seed
dormancy classification system proposed by (Baskin and Baskin 2003) non-dormant
species usually germinate within a period of 30 days under favourable environmental
conditions. However, seed germination is a physiological process that is limited to a
temperature range suitable for normal metabolic activity (Bell, Rokich et al. 1995,
Jiménez-Alfaro, Silveira et al. 2016). Bell, Rokich et al. (1995) reported that in six
species of Eucalyptus native to Western Australia final germination percentage was
highly variable, and Cochrane (2017) has reported that many Eucalyptus species native
to southwestern Australia exhibit high plasticity to thermal stress in terms of final
germination percentage. Our data did not provide strong support for these statements,
in that, while temperature regimes beyond 10 - 20 °C reduced mean final germination
percentage in all species tested (Fig. 2.2a), more substantial influences could be seen

on germination rate (¢50). Deviations from favourable temperature ranges for
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germination increased time to reach G.qx and variability in estimates for time to reach
Gnax 1n all four taxa (Fig. 2.3a). It is possible that, at least insofar as understanding
thermal constraints, maximum germination is a less informative functional trait
(Saatkamp, Cochrane et al. 2019) than aspects of germination rate, and that, given a
long enough window of opportunity, most non-dormant seeds will obtain high
germination rates across a range of “sub-optimal” conditions, and it is the length of
this window of opportunity that represents the selection pressure for thermal and

drought tolerance in germination.

The T, estimates for all four species were within a range of 17 - 26 °C, and Tinax values
were between 29 - 32 °C (Fig. 2.4a). Locations from which seeds for this study were
collected are in a Mediterranean climate, characterized by hot dry summers and mild
wet winters (Bell, Plummer et al. 1993; Fig. 2.1). Consequently it has been postulated
that persistence of high soil moisture availability due to frequent rainfall events from
late autumn through to early spring combined with low temperatures is likely to
facilitate germination and seedling establishment of most local native species at this
time of year (Bell, Plummer et al. 1993). The 75, and Tyax estimates for the four taxa
clearly reflect a preference for synchronizing germination between late autumn to early
spring (Fig. 2.4a), and are consistent with previous reports that many Eucalyptus
species from southwest Western Australia, including short-range endemic taxa, exhibit
a low thermal optimum for germination (Bell 1994, Bell, Rokich et al. 1995). The
coincidence of germination with periods of highest rainfall among species from
Mediterranean climates is widely regarded as an adaptive mechanism for summer
drought avoidance when conditions are far less favourable for supporting seedling
growth and establishment (Luna, Pérez et al. 2012, Clemente, Miiller et al. 2017), and

the data that we present here indicate that it can be parameterised according to the
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principles of thermal biology, at least insofar as rate-related germination traits are

concerned.

Exposure to water stress reduced mean final germination percentage in all species
tested in this study (Fig. 2.2b), consistent with previous studies of Eucalyptus species
(Pearce, Van Der Moezel et al. 1990), and the broader Western Australia flora

(Cochrane 2018, Turner, Lewandrowski et al. 2018).

2.6.2 Patterns of distribution size and endemism

In terms of final germination percentage, the two range-restricted endemic taxa were
more tolerant of both thermal stress, represented by higher 7., and water stress,
represented by lower w., compared to their widespread congenerics (Fig. 2.2), but had
narrower ranges of thermal tolerance in terms of 7. (Fig. 2.4a). Of the four species,
the broadly-distributed E. salmonophloia and E. salubris were the most drought-
sensitive, with critical thresholds at -0.1 MPa and -0.4 MPa respectively, compared to
the critical threshold for E. caesia subsp. caesia and E. ornata at -0.7MPa (Fig. 2.3b).
We suggest that these adaptations to water stress relate to the below-ground
environments that characterise the species preferred habitats: skeletal and shallow soils
typical of rocky outcrops which retain water poorly, especially compared to the loamy
soils that often surround these outcrops in Western Australia (Main 1997, Mares 1997).
As well as generating extremely hot surface temperatures (Withers 2000, Porembski
and Barthlott 2012), the water retention capacity of many habitats in outcrop
environments are generally lower than the surrounding environment because the soils
in these habitats are shallower compared to that of the surrounding matrix (Main 1997,
Mares 1997). Furthermore, increased levels of evaporation due to high temperatures
(especially in summer) can rapidly reduce the soil moisture availability of such

microhabitats (Merritt, Turner et al. 2007) because outcrops are less shaded than the
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neighbouring vegetation matrix (Withers 2000). In addition, summer rainfall events in
southwest Western Australia are sporadic and therefore insufficient to increase and
maintain soil water potential at levels favourable for seed germination and persistence
of seedlings of most taxa (Cochrane 2018). These elements of the physical
environment conspire to limit the window of opportunity for germination on rocky
outcrops, a constraint that we did not impose in our experimental germinations.
Limitation of germination response to a narrow tolerance range in terms of 7max,
combined with high drought tolerance in terms of Gax, time to reach G.ax and ;0 could
be an adaptive strategy in range-restricted taxa such as E. caesia subsp. caesia and E.
ornata to optimize recruitment success within a short period of opportunity in terms
of high soil moisture availability following episodic rainfall events (Debat and David
2001, Korner 2003, Cochrane 2018). Eucalyptus salmonophloia and E. salubris
inhabit the relatively deep-soil environments surrounding granite outcrops (Yates,
Hobbs et al. 1994). Low thermal and drought tolerance in terms of final germination
percentage and the relatively low 7.4 estimates that are consistent across a wide range
of temperatures observed in E. salmonophloia and E. salubris may reflect a strategy
for synchronizing seed germination with consistent rainfall during the cooler winter
months under high and persistent soil moisture availability (Fig. 2.2, Fig. 2.4a).
Outside of the specific microhabitats of rocky outcrops, avoiding germination in
summer is a strategy common among many species native to the deeper-soil
environments surrounding granite outcrop habitats (Bell, Plummer et al. 1993, Byrne

and Hopper 2008, Cochrane 2017).

Our findings are in line with previous reports that the optimum temperature range for
germination of widespread FEucalyptus species (in terms of final germination

percentage) reflects the soil water regime of the habitat of each species (Bell, Plummer
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et al. 1993). Moreover, the results of our study are consistent with the findings of
previous studies that seeds of range-restricted taxa that are limited by a narrow window
of opportunity to germinate (in terms of soil moisture availability) exhibit high
physiological plasticity for thermal and drought stress tolerance whereas, the
germination response of broadly distributed congenerics living in less restrictive
habitats is less plastic (Graves and Taylor 1988, Giménez-Benavides, Escudero et al.
2005, Giménez-Benavides and Milla 2013). In this sense, the data reported in our study
suggest that the seed germination traits of species from restricted distributions are
consistent with general theories of stenothermic specialisation in other taxa (Seebacher

and Franklin 2005).

2.6.3 Limitations to interpretation

The experimental approach employed in this study can be utilized to identify optimum
conditions and critical thresholds for germination in other species of threatened flora
(Clemente, Miiller et al. 2017). However, in order to get deeper insights in to the role
of temperature and water stress as drivers of rarity and endemism, the above
hypotheses require testing at the level of populations and individuals and the responses
of a wider range of species should be compared (Mooney and Billings 1961,
Felsenstein 1985, Luna, Pérez et al. 2012). Nevertheless, our findings are broadly
consistent with results reported on the basis of larger numbers of species (Cochrane

2017, Ruiz-Talonia, Carr et al. 2018).

While a phylogenetic perspective is critical in making comparative interpretations of
this kind, it is also important to understand the trait in question. We characterised seed
germination in terms of temperature at zero water stress, and water stress at optimal
temperature, as have other authors faced with limited numbers of seed available from

rare or range-restricted taxa (Turner, Lewandrowski et al. 2018). More correctly, seed
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germination responds to a dynamic hydro-thermal niche (Hardegree, Walters et al.
2015), where the two factors interact. Characterising this interactive response may be
more informative in a comparative sense, both within and between species. While
eucalypts are canonically non-dormant, it is also important to assess the role of seed
dormancy in determining variability in germination responses of other floral groups to
thermal stress and drought stress as over 70 % of native species possess seeds with
some form of seed dormancy (Merritt, Turner et al. 2007). Indeed, seed dormancy in
most cases is also regulated by critical moisture and temperature thresholds working
as another layer of environmental filters rendering seeds non dormant in response to

specific soil conditions (Baskin and Baskin 2003, Turner, Lewandrowski et al. 2018).

2.6.4 Conclusions

We have established that in non-dormant taxa germination response to thermal stress
is hump-shaped in terms of time to reach 50 % germination (#50), and that at least some
seed germination traits are consistent with broader theories of thermal biology. Water
stress, however, caused an exponential increase in #s50,and the theoretical bases of this
remain to be clarified. The four species differed significantly in terms of thermal
performance and the two range-restricted endemic taxa had narrower thermal tolerance
ranges, implying adaptive stenothermy, than their widespread, eurythermic
congenerics. The two-short range-endemics exhibited higher lability to temperature
and drought stress compared to the two widespread species in terms of final
germination percentage. The insights gained in this study could be beneficial for
identifying thresholds for temperature and water stress tolerance in seeds of other flora

of conservation concern.
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Chapter 3

The impact of hydrothermal stress on germination; a study
on five Acacia species associated with Banded Ironstone

Formations of Western Australia

3.1 Abstract

Seeds are highly adapted to germination windows focussed upon specific
hydrothermal thresholds in the external environment, which maximize the likelihood
of seedling survival, where, according to niche theory, generalist species should have
broader hydrothermal performance niches than specialist taxa. To test this assumption
the impact of hydrothermal stress (10 - 30 °C and -0.8 - 0 MPa) on the time to 50 %
germination (¢50) and on maximum germination (Gma) Was assessed in two narrow-
range species (Acacia woodmaniorum and A. karina) restricted to Banded Ironstone
Formations and three broadly distributed and dominant congenerics A. assimilis, A.
exocarpoides and A. ramulosa. The hydrothermal germination niches of the study
species were broadly congruent with hydrothermal conditions of their habitats. The
two range-restricted taxa were more tolerant of hydrothermal stress (in terms of Gax
and #50) compared to the three widely distributed taxa, suggesting that tolerance of
greater hydrothermal stress by both range-restricted Acacia species is likely to be
adaptive to establishment in uncontested niche space. Additionally, complex
interactions between thermal stress and water stress were identified, signifying the role
of these environmental gradients in shaping the germination niche as well as patterns

of plant diversity in BIF ecosystems. This study highlights the importance of
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quantifying interactions between niche dimensions and their implications for species
performance which will aid future restoration efforts for micro-endemic species

impacted by mining.

3.2 Introduction

The occurrence niche is defined as the set of conditions under which a species currently
exists, and it constitutes a subset of the fundamental niche (Elith and Leathwick 2009).
The performance niche of a species refers to its performance rates across various
environmental gradients (Sanchez-Gomez, Valladares et al. 2006, Rosbakh, Pacini et
al. 2018). Niche theory predicts that generalist species usually (but not always) have
broader niches compared to specialist species (Carboni, Zeleny et al. 2016, Ainsworth
and Drake 2020), thus perform moderately well in many conditions (the “jack of all
trades” strategy; Huey and Hertz 1984). Specialist taxa by comparison, generally
outperform generalists in their uncontested niche space (Wilson, Burgess et al. 2008,

Boulangeat, Lavergne et al. 2012, Peers, Thornton et al. 2012).

There is often a good concordance between species occurrence niche and performance
niches (Martinez-Meyer, Diaz-Porras et al. 2013, Van Couwenberghe, Collet et al.
2013, Pironon, Villellas et al. 2018). In order to fully understand the niche dynamics
of a species, it is important to assess the impact of various environmental variables on
species performance during all stages of its life cycle (Warren, Wright et al. 2011,
Merow, Latimer et al. 2014). However, not all life stages contribute equally to overall
population growth rate (de Kroon, Plaisier et al. 1986, Pironon, Villellas et al. 2018);
species’ niche structures are often determined by the performance of critical
demographic stages (Sanchez-Gémez, Valladares et al. 2006, Fernandez-Pascual,
Pérez-Arcoiza et al. 2017, Del Vecchio, Fantinato et al. 2020). There is a shortage of

studies in the literature that have accounted for the niches of vital demographic stages
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of taxa as organisms transition from juvenility to reproductively active adults (Pironon,

Villellas et al. 2018).

Several past studies have highlighted the significance of the regeneration niche of
plants and its pivotal role in shaping the overall niche structure of species (Donohue,
Rubio de Casas et al. 2010, Fernandez-Pascual, Pérez-Arcoiza et al. 2017, Del
Vecchio, Fantinato et al. 2020). Investigation of the impact of various environmental
factors on germination response is essential to identify the ecological constrains that
limit the distribution of range-restricted taxa (Jiménez-Alfaro, Silveira et al. 2016,
Cochrane 2018, Cochrane 2020), yet the influence and interaction of various
environmental factors on the vital performance rates of seeds and the geographic range
of plants is poorly quantified (Pironon, Villellas et al. 2018). Temperature and water
stress have been identified as critical environmental dimensions that determine the
success of seed germination, especially in arid ecosystems (Cochrane, Hoyle et al.
2014, Krichen, Vilagrosa et al. 2017, Zogas, Kosman et al. 2020). The concept of the
“hydrothermal” niche is now a well-established concept defining seed germination
(Bradford 2002, Hardegree, Roundy et al. 2018, Onofri, Benincasa et al. 2018).
However, studies that have quantified hydrothermal responses of seeds within a
broader theoretical context are scare in the restoration space (Lewandrowski, Erickson
et al. 2017, Turner, Lewandrowski et al. 2018). Investigating the impact of various
environmental axes on vital performance rates of closely related sympatric species
with varying niche breadths may provide important insights into the role of the
hydrothermal niche in structuring populations and distributions of narrow-range

endemic plants.

Inselbergs such as Banded Ironstone Formations (BIFs) and granite outcrops harbour

unique shallow-soil ecosystems across the earth (Byrne and Hopper 2008, Porembski
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and Barthlott 2012, Do Carmo and Jacobi 2016). Plant communities on rocky outcrops
tend to be highly biodiverse and floristically distinct from surrounding deep-soil flora
(Porembski and Barthlott 2000, Jacobi, Do Carmo et al. 2007, Poot, Hopper et al.
2012), often hosting both range-restricted, edaphically specialised taxa and those that
are regionally widely distributed (Wyatt 1997, Withers 2000, Gibson, Yates et al.
2010). While the regional biodiversity values of these flora are well established,
(Porembski 2007, Jacobi and Fonseca do Carmo 2008, Gibson, Meissner et al. 2012),
the ecological filters responsible for these distinctive patterns are yet to be fully
investigated and explained (Gibson, Yates et al. 2010, Poot, Hopper et al. 2012,

Tapper, Byrne et al. 2014, Di Virgilio, Wardell-Johnson et al. 2018).

Banded Ironstone Formations are found in different regions throughout the world and
are particularly prevalent in Western Australia with many distributed across the arid
to semi-arid Yilgarn craton (Gibson, Meissner et al. 2012). The exposed, skeletal soils
of BIF outcrops (Yates, Gibson et al. 2011) tend to be generally water-limited
compared to those of neighbouring deep-soil vegetation matrices (Elliott,
Lewandrowski et al. 2019), but they are also highly spatially heterogeneous, where
weathering has produced shaded slopes, crevices and gullies that can retain rain water
for longer periods (Yates, Gibson et al. 2011, Di Virgilio, Wardell-Johnson et al.
2018). These diverse niche environments are utilized by plant assemblages that exhibit
high species richness and endemism. Over 90 % of Western Australian BIF specialist
taxa are of conservation concern (Gibson, Meissner et al. 2012), and many BIF
specialist species are restricted to small numbers of ranges (or parts thereof), or even
a single outcrop (Gibson, Meissner et al. 2012). According to recent molecular
phylogenetic studies, these outcrops function as refugia during periods of

environmental stochasticity for both BIF specialists and their widely distributed co-
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occurring congenerics (Byrne, Krauss et al. 2019). However, there is a major shortage
of research data on how environmental variables affect the patterns of plant diversity

in BIF habitats (Yates, Gibson et al. 2011, Di Virgilio, Wardell-Johnson et al. 2018).

Western Australian BIF ranges are located in moderate to low rainfall zones (Gibson,
Meissner et al. 2012), and are further characterised by rapid evaporation from the
skeletal BIF soils due to high surface temperatures, low water-retention capacity of
soil and lack of vegetation cover (Elliott, Lewandrowski et al. 2019). Thus the
combined effect of thermal and water stresses represents a major selective force in
these habitats (Yates, Gibson et al. 2011), yet the extent to which thermal stress and
water stress affect the germination niche of BIF associated species and their impact on
patterns of species distribution is yet to be broadly investigated (Turner,
Lewandrowski et al. 2018). The major objective of this study was to compare the
germination responses of two range-restricted BIF specialist taxa with those of three

widely distributed co-occurring species to address the following research questions;

1. Does hydrothermal performance of physically dormant seeds conform to
established mechanistic principles?
2. What are the ecological and evolutionary implications of the hydrothermal
germination response of BIF associated congeneric flora?
3. Does hydrothermal performance of seeds of BIF associated congeneric species
conform to niche theory?
3.3 Materials and methods
3.3.1 Species selection and sourcing
Five co-occurring species of Acacia (Fabaceae) found within the same vegetation
communities with physical-seed dormancy (PY) that are endemic to Western Australia
(Western Australian Herbarium 1998), but with widely differing area of occupancy
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(AOO) and extent of occurrence were used for this study (EOO; Appendix. 2.1; Fig.
3.1). Seeds of two range-restricted species restricted to BIF habitats
(4. woodmaniorum Maslin & Buscumb and A. karina Maslin & Buscumb) and three
broadly distributed congeneric species were tested (A. assimilis S. Moore, A.
exocarpoides W. Fitzg. and A. ramulosa W .Fitzg. Pedley). Seeds of the two range-
restricted species were freshly harvested from wild populations, and seeds of the
widely distributed taxa were purchased from a commercial seed supplier (Nindethana
Seed Company, King River, Western Australia). The two range-restricted species
Acacia woodmaniorum, and A. karina are gazetted as Priority 1 and Declared Rare
Flora (DRF) under Western Australian conservation legislation respectively (Western
Australian Herbarium 1998), so are of major conservation concern (Nevill, Anthony
et al. 2010, Millar, Coates et al. 2013). Populations of 4. woodmaniorum are limited
to several adjacent BIFs in the Mungada/Mt Karara area of the arid to semi-arid Yalgoo
IBRA (Interim Biogeographic Regionalisation for Australia) region (AOO ~ 12 km?2;
Thackway and Cresswell 1997). The habitats of this species include gullies, crevices
and BIF slopes (Millar, Coates et al. 2013). Acacia. karina is restricted the Blue Hills
range of the Yalgoo region (AOO ~ 44 km?). Scattered populations of A. karina occur
on BIFs, BIF slopes and adjacent flat plains of Mt Karara and Mt Jackson (Byrne
2019). Conversely, 4. assimilis, A. exocarpoides and A. ramulosa are common broadly
distributed dominant shrub or tree species native to southern parts of Western Australia
(Meissner and Caruso 2008), though 4. ramulosa is also widely distributed across
other Australian states as well (Atlas of Living Australia 2020). The habitats of A.
assimilis include granite outcrops, sandplains and slopes of rocky hills, whereas, A.
exocarpoides inhabits rocky sites and hills (Western Australian Herbarium 1998,

Meissner and Caruso 2008). Acacia ramulosa mostly occur on dunes and sandplains
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(Ward, Bragg et al. 2018). Acacia assimilis is widely distributed across the more mesic
Mediterranean SWAFR (South West Australia Floristic Region; Hopper and Gioia
2004) and to a lesser extent in the semi-arid Coolgardie region (Meissner and Caruso
2008). In contrast, the distributional ranges of A. exocarpoides and A. ramulosa extend
from these semi-arid regions to arid IBRA regions, such as Murchison and Great
Victoria Desert (Western Australian Herbarium 1998). The AOO of all three common

species ranges from 560 to > 2,000 km? (Appendix. 2.1).

A. karina

A. woodmaniorum

A. assimilis

A. exocarpoides A. ramulosa

Fig. 3.1. Distribution of the five study species in Western Australia (black dots) based on Atlas of
Living Australia (2020).
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3.3.2 Seed quality

Before commencing this study, seed material was stored in a controlled environment
of 15 °C and 15 % relative humidity at the Biodiversity Conservation Centre, Kings
Park, Western Australia. Seeds were separated from chaff using a vacuum aspirator
(SELECTA BV Gravity Seed Separator, the Netherlands). Percentage seed fill of each
test species was quantified by X-ray analysis of 100 seeds (MX-20 digital X-Ray
cabinet, Faxitron, USA). A seed that contains a mature fully-formed embryo and
endosperm was considered to be a filled seed and identified by uniform white/grey
coloration, whereas the absence of these tissues signified a lack of seed fill and was

scored as non-viable (Erickson and Merritt 2016).

3.3.3 Germination requirements

Prior to experimentation, PY of the test species was alleviated by either exposure to
boiling water or acid scarification to select the most effective way to render seeds water
permeable (i.e. non dormant). For each species, samples of 20 seeds were initially
exposed to boiling water for 2 min, as this approach has been previously reported to
be highly effective in rapidly alleviating PY in multiple Acacia species (Bell 1999,
Baskin, Baskin et al. 2000). Hot water-treated seeds and control seeds (samples of 20
non-treated seeds per species) were placed on a moist (9 ml of water per Petri dish) 84
mm germination paper (Advantec, Dublin, CA, USA) in 90 mm plastic Petri dishes.
Petri dishes were sealed with plastic wrap to prevent desiccation and covered with
aluminium foil to minimise the impact of light on germination. Samples were

incubated in darkness at 20 °C for 28 days.

For species that exhibited < 80 % germination (i.e. 4. woodmaniorum, A. karina, and
A. ramulosa) following hot water treatment (Appendix. 2.1), the efficacy of acid

scarification for dormancy alleviation was subsequently tested (Rincon-Rosales,
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Culebro-Espinosa et al. 2003, Gonzélez-Castafieda, Angoa-Pérez et al. 2004). Samples
of 20 seeds each were exposed to 98 % (v/v) sulphuric acid (H2SO4) for one hour and
rinsed with distilled water. Rinsed seeds were then exposed to sodium hydrogen
carbonate (100 mM NaHCO3) solution for 10 mins to neutralize residual acid, and
rinsed again with distilled water. Acid treated seeds were incubated at 20 °C in
darkness for 28 days as previously described. Percentage germinability was calculated
at the end of the test period and used to identify the most appropriate dormancy
alleviation method for each species to obtain high (> 80 %) germination (Appendix.

2.1).

3.3.4 Hydrothermal tolerance

To quantify the germination response of seeds to hydrothermal stress, three to five
replicates of 20 seeds per species (depending on seed availability) were exposed to 30
hydrothermal stress regimes (water stress levels of 0.0, -0.2, -0.4, -0.6 and -0.8 MPa
at 10, 15, 20, 25 and 30 °C). Seeds were placed on 84 mm germination paper
(Advantec, Dublin, CA, USA) infused with either distilled water or different
concentrations of polyethylene glycol 8000 (PEG) solution to generate the range of
water potentials outlined above for each incubation temperature. Nine ml of distilled
water or PEG solution was administered per 90 mm plastic Petri dish following the
methodology described by (Michel 1983). The temperature regimes used in this study
encompass a wide range of the hydrothermal conditions reported for the locations of
the test species across different seasons (Bureau of Meteorology 2018). Prior to plating
seeds were surface sterilized using 2 % (w/v) calcium hypochlorite (Ca [OCl]2) under
vacuum (-70 kPa) for 30 minutes followed by rinsing thrice with sterile deionized
water for several minutes per wash. Seed plating was conducted in a laminar flow

cabinet under sterile conditions. Following the plating of seeds, Petri dishes were
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tightly sealed with plastic wrap to prevent desiccation during the incubation period.
Petri dishes were also wrapped with aluminium foil to minimize exposure of seeds to
light which could potentially cause a confounding effect on germination (Bell 1994,
Ruiz-Talonia, Carr et al. 2018). To accurately record the temperature that seeds were
exposed to during incubation iButton data loggers (Maxim Integrated™, San Jose,
USA) were placed in the middle of each stack of six Petri dishes (Appendix. 2.2).
Radicle emergence greater than 2 mm was scored as germination, and plates were

scored four days per week for a duration of up to 28 days.

3.4 Statistical analysis

3.4.1 Germination modelling

A non-linear regression approach was used to estimate the performance characteristics
of each species, because unlike linear regression methods it does not compress the
natural variance pattern of germination response data (Ritz and Streibig 2008).
Nonlinear regression requires a theoretically-rooted hypothetical function around
which to fit the patterns in the response parameter (in this case germination), and so
minimizes overfitting by restricting model fits only to the parameters that define the
model (Wood 2011, Tomlinson 2019). First, the relationship between time and
germination response was investigated for each hydrothermal stress regime by fitting
a non-linear log-logistic function to the germination data (Tarszisz, Tomlinson et al.
2017, Saatkamp, Cochrane et al. 2019). A three parameter logistic model was fitted to
the data using the drc package (Ritz and Streibig 2012) in the R statistical software

environment (R Core Team 2013);

o G
germination = ——— ()
1+tlme

tso
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where, Gnax 1S maximum germination, #so is the time that is required for 50 % of seeds
(as a proportion of Gmax) to germinate and b represents the slope of the equation at 5.
This equation assumes that the lower limit of germination is 0 (Lewandrowski,
Erickson et al. 2017). First, for each species a common convergent curve was fitted to
the number of germinants proportional to the number of incubated seeds for all
hydrothermal regimes. Next the data were grouped by hydrothermal stress regime and
produced multiple permutations of the primary model by fitting distinct values to the
parameters of the equation. The logistic function categorized in unique stress
categories was used to estimate ¢50and Gmax for each replicate of seeds exposed to each

hydrothermal stress regime.

3.4.2 Hydrothermal tolerance

Thermal performance of organisms generally conform to the established principals of
chemical kinetics, and thus can be characterized by a unimodal asymmetric curve
(Angilletta Jr 2006). The thermal performance function which has been described by
Yan and Hunt (1999) to assess the thermal performance of plants is based on these
principles, and therefore is appropriate to describe the thermal stress responses of seeds

in terms of #59 (Rajapakshe, Turner et al. 2020);

Topt

Tmax—T T \Tmax—To
Tmax = Rmax <—>< ) P (2)

Tmax - Topt Topt

where 7max (1/t50) 1s the maximum germination rate at a given temperature (7), Top 18
the optimum temperature for germination where germination is at its most rapid, Tinax
is the upper limit of thermal stress tolerance, at which germination ceases and Ryax 18

the upper limit of the germination response curve at 7o
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In terms of Guna, germination response to temperature should begin at the lowest
temperature that is conductive to metabolic reactions of seed germination, increase
with rising temperature up to a point, and decrease with escalating heat stress, until
germination ceases at Ty due to thermal denaturation of enzymes (Peterson, Daniel
etal. 2007, Rosental, Nonogaki et al. 2014, Singh, Singh et al. 2019). Thus, a unimodal
symmetrical quadratic function was selected to characterize the germination response

of seeds in terms of (Gmax) to thermal stress;

Gmax = hT* +iT +j (3)
where (Gnax) represents maximum germination, 7' is any temperature, 4 and i are

numerical coefficients and j is the Y-intercept.

In the same way that thermal stress impedes germination, water stress is also
detrimental to the seed germination process (Kaya, Okgu et al. 2006, Muscolo, Sidari
et al. 2014, Turner, Lewandrowski et al. 2018). Water stress in the external
environment reduces water availability which is essential to initiate the metabolic
reactions of seed germination (Huang, Ran et al. 2020). Increasing water stress in the
external environment of a seed causes a logistic decrease in Gax (Mesgaran, Onofti et

al. 2017, Turner, Lewandrowski et al. 2018, Duncan, Schultz et al. 2019).

On the basis of the above principles, a hydrothermal model that synchronously defines
the two dimensional hydrothermal germination niche of a given species, that is

characterized by thermal stress and water stress was constructed,

g 4)

Gmax = 1+elax[logw)-log(t50)]}

where Gnae 1s the predicted maximum germination for a test species at any
hydrothermal regime, p is maximum germination at any hydrothermal regime as

estimated by Eqn. 3 (by fitting Eqn. 3 to the final germination percentages of a species
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at a given water stress regime at different temperatures), ¢ is a germination constant,
w 1s the water stress level and 759 1s time required for 50 % of the seeds at a specific

hydrothermal regime (as estimated by 1/Eqn. 2; Fig. 3.2).
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Fig. 3.2. Schematic representation of the hydrothermal germination model described by Eqn. 4; a) Blue
lines depict the parameter p of Eqn. 4; G..x estimates predicted by fitting a quadratic function (Eqn. 3)
to the final germination percentages of a taxon at 0.0, -0.2, -0.4, -0.6 and -0.8 MPa across a thermal
spectrum of 0 — 25 °C. b) Green lines depict the logistic function fitted to the final germination
percentages of the taxon at 5, 10, 15, 20 and 25 °C across a water stress spectrum of -0.8 — 0 MPa. ¢)
Red dots depict estimates for G, as predicted by Eqn. 4 at 5, 10, 15, 20 °C and -0.30, -0.50, -0.57, -

0.48 MPa respectively.

62



3.4.3 Unique parametrisation

The nls function was used to fit distinct values to the parameters of Eqn. 2 and 3 to
parametrise unique Rmar, Top, Tmax, and Guax estimates across a wide range of
temperatures at each different water stress regime (Ritz and Streibig 2008). In order to
construct a hydrothermal germination niche for each test species, Eqn. 4 was fitted to
the observed final germination percentage values (p). The hydrothermal germination
niche for each species was constructed in an R software environment using the

packages ggplot and Lattice (Wickham and Wickham 2007, Sarkar 2008).

3.5 Results

3.5.1 Germination modelling

In all test species the response of 7max (1/t50) to temperature at each water stress level
was a unimodal asymmetric hump-shaped curve (Fig. 3.3a). In the absence of water
stress, time to reach 50 % germination (¢50) at T, was longest in A. assimilis (10.6
days, Table. 3.1), whereas the estimate for #5 at 7, was shortest in A. ramulosa (1.8
days). In A. exocarpoides, A. karina and A. woodmaniorum estimates for tspat T, and
0 MPa were 4.6, 3.4 and 4.6 days respectively (Table. 3.1). Increasing water stress
decreased the breadth of the thermal performance niche of 74 in all taxa (Fig. 3.3a).
In the absence of water stress the 7o, estimates for all test species except A.ramulosa
were between 17 - 23 °C (Fig. 3.3a, Table. 3.1). The Ty, estimate for A. ramulosa at 0

MPa was higher than that of any other species (39.0 + 11.9 °C; Fig. 3.3a, Table. 3.1).
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Table. 3.1. Coefficients for the thermal performance function (Eqn. 2; (£ 1 SE) of effects of thermal
stress on time to reach 50 % germination (¢50) at 0 MPa (absence of water stress) for the five Acacia
species, where T, is the optimum incubation temperature for germination, R is the upper limit of
germination response curve (in terms of 7yuax) at T, and T is the highest temperature at which

germination was observed.

Species Topt R Is50 at Tope Tonax
(°C+SE)  (1/fsp at Top + SE) (Days) (°C = SE)
Acacia woodmaniorum  18.614 0218 = 0012 4581+ 0.524  28.649+ 0.966
Acacia karina 22.569 0.292 = 0.050 3.420=1.324 30.941 = 1.459
Acacia assimilis 17.232 0.094 £+ 0.010 10.619+ 2.195  34.966 + 8.816
Acacia exocarpoides 21.562 0.220 =0.023 4.544 = 1.215 33.347 £ 1.842
Acacia ramulosa 38.979 0.569 = 0.182 1.757 = 11.887  56.085 = 20.325

At 0 MPa the estimated Tinax of 4. ramulosa was 56.1 £ 20.3 °C indicating a higher
level of thermal stress tolerance compared to the other four species (Fig. 3.3a, Table.
3.1). In contrast, T at 0 MPa was the lowest in 4. woodmaniorum (28.6 = 1.0 °C)
whereas, in A. assimilis, A. exocarpoides and A. karina Tma values at 0 MPa were
between 30 — 35 °C (Fig. 3.3a, Table. 3.1). The thermal performance function (Eqn. 2)
could not be fitted to the three widely distributed taxa at -0.6 MPa due to low

germination percentages at those treatment regimes (Fig. 3.3a).
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Fig. 3.3. Hydrothermal tolerance in five Western Australian 4Acacia species in terms of time to reach 50
% germination (¢s59) and maximum germination (Gua); a) Dots represent 1/¢59 (rmax) estimates for each
replicate of seeds following exposure to different hydrothermal regimes (as predicted by Eqn. 1), and
the smooth lines depict the thermal performance function (Eqn. 2) fitted to the 1/¢59 estimates (#4) of
each taxa. b) Dots represent Gu.. estimates for each replicate of seeds after exposure to different
hydrothermal regimes (as predicted by Eqn. 1), and the smooth lines depict the quadratic model (Eqn.
3) fits for the G estimates of each species. Three to five replicates of 20 seeds were used for each

treatment.
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Germination response of Gax Was a unimodal symmetrical hump shaped curve in all
species (Fig. 3.3b). Within favourable temperature ranges for germination and in the
absence of water stress estimates for Gnax were > 80 % in all species after 28 days of
incubation (Fig. 3.3b). Estimates for G in A. woodmaniorum were relatively high
(> 80 %) and consistent throughout a broad range of water stress regimes (0 - 0.8 MPa)
within favourable thermal conditions (~ 10 - 16 °C; Fig. 3.3b). Conversely, in all other
test species Guax at all thermal regimes declined to < 50 % at -0.8 MPa (Fig. 3.3b).
Eqn. 3 could not be fitted to germination responses of A. assimilis at -0.8 MPa due to
low final germination percentage values (Fig. 3.3b). When seed were not subjected to
water stress, a temperature range of ~ 15 - 20 °C was conductive to germination in all
taxa (Fig. 3.3b). In the absence of water stress, A. ramulosa exhibited the broadest
thermal tolerance range (~ 4 - 40 °C), whereas the narrowest thermal tolerance range
was observed in A. assimilis (~ 5 - 27 °C, Fig. 3.3b). Increasing water stress constrained
the breadth of the thermal performance niche in terms of G According to the model
predictions, the thermal response ranges of A. assimilis and 4. karina were broader at
-0.6 MPa compared to that of -0.4 MPa (Fig. 3.3b). Similarly, the thermal response
range of A. woodmaniorum was broader at -0.8 MPa than that of -0.6 MPa (Fig. 3.3b).
Furthermore, estimates of G for A. assimilis at -0.2 MPa were higher than that at 0
MPa within a range of ~ 4 — 25 °C (Fig. 3.3b). These observations could be due to
errors in the model fitting process caused by low final germination percentages and

high variability in germination response observed at high hydrothermal stress regimes.

3.5.2 Hydrothermal tolerance
In terms of Guax, germination response to temperature at any water stress level was a
unimodal symmetric and hump shaped curve in all species (Fig. 3.4). At a given

temperature Gnax decreased logistically with increasing water stress (Fig. 3.4). Under
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favourable thermal conditions and in the absence of water stress, germination response
of all taxa exceeded 80 % (Fig. 3.4). In all species increasing water stress decreased
the breadth of the thermal performance niche (Fig. 3.4). Similarly, deviation from
favourable thermal regimes constrained the breadth of the hydrological performance
niche (Fig. 3.4). The hydrothermal germination niche of each species was unique (Fig.
3.4). The hydrothermal germination niches of the two range-restricted taxa were broad
and generally comparable to those of A. exocarpoides and A. ramulosa (Fig. 3.4).
Acacia assimilis was less tolerant of hydrothermal stress than any other test species
(Fig. 3.4). In all test species except A. exocarpoides Guax declined to < 50 % at -0.6
MPa at all thermal regimes (Fig. 3.4). When exposed to low water stress conditions (0
to -0.4 MPa) the broadest thermal tolerance range was observed in 4. karina, whereas
under favourable thermal conditions A. exocarpoides was more tolerant of water stress

than any other species (Fig. 3.4).
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Fig. 3.4. Hydrothermal germination niche for five Western Australian Acacia species in terms of
maximum germination (Gna) estimated by a hydrothermal germination function following incubation
of seeds in constant darkness at different hydrothermal regimes for 28 days. The two horizontal axes
represent incubation temperature (°C) and water stress level (MPa). The vertical axis represents Gyax
(as a proportion) as estimated by Eqn. 4. Three to five replicates of 20 seeds were used for each treatment

regime.

3.6 Discussion
The expectation based on niche theory was that range-restricted species should be
defined by a narrower niche than broadly distributed species, but in the case of two-

dimensional hydrothermal germination niches, this was not the case. In terms of 59
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and Gua the two range-restricted taxa were more tolerant of hydrothermal stress
compared to the three widely distributed congenerics. Broadly speaking, the results of
this study conform with previous controlled experimental findings of seed germination
in response to univariate examination of thermal or hydrological stressors (Bell,
Rokich et al. 1995, Cochrane 2018, Turner, Lewandrowski et al. 2018). Yet despite
the general support for the mechanistic hypotheses underpinning this series of
experiments, the interaction between hydrological and thermal drivers of the
germination niche are complex, and do not conform to the initial expectations
dependent upon niche theory. Consequently, given the impact of these results this has

substantial ecological and management implications.

3.6.1 Hydrothermal tolerance

The high seed viability percentages observed in the test species are comparable to
those of many Acacia species native to Western Australia (Bell, Rokich et al. 1995).
The results of this study are in line with most previous studies reporting high final
germination percentages of Acacia seeds generally reached within 30 days when
incubated under favourable hydrothermal conditions following dormancy alleviation
(Bell 1994, Reichman, Bellairs et al. 2006, Burrows, Virgona et al. 2009, Cochrane
2020). The high final germination percentages observed in all test species within
favourable temperatures in the absence of water stress strongly suggest that seed
germination is related to metabolic processes that are optimized when the
hydrothermal conditions in the external environment are conductive to successful
establishment of seedlings (Huang, Ran et al. 2020). However, in natural environments
successful establishment of seedlings is dependent upon the duration of the window of

opportunity for germination (Elliott, Lewandrowski et al. 2019). Selection pressure in
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terms of hydrothermal stress constrains the length of that window of opportunity

(Duncan, Schultz et al. 2019).

The findings of this study support the hypothesis that the speed of germination; 7
(1/ ts0) should follow a unimodal asymmetric hump-shaped curve similar to that of all
enzyme mediated reactions (Fig. 3.3a) and, therefore is in accordance with the
established principles of thermal biology (Rajapakshe, Turner et al. 2020). In addition,
the results of this study support the hypothesis that maximum germination response of
seeds (Gmax) to temperature can be characterized by a quadratic function (Fig. 3.3b,
Fig. 3.4), in accordance with previous studies (Singh, Singh et al. 2019). Furthermore,
the experimental data are in line with previous research that suggest that at a given
temperature, estimates for Gna should decrease logistically with increasing water
stress (Lewandrowski, Erickson et al. 2017, Turner, Lewandrowski et al. 2018).
Increasing water stress constrained the breadth of the thermal performance niche, and
suboptimal thermal regimes constrained the breadth of the hydrological performance
niche (Fig. 3.4). These observations suggest that thermal stress and water stress are
inter-dependent niche dimensions, and they interact to produce a detrimental effect on
germination in terms of both 7 and Guax (Fig. 3.4). The findings of this study suggest
that not all niche dimensions can be assumed to be independent, and demonstrates the
significance of quantifying the complex interactions between niche axes and their
effect on species performance in order to gain a comprehensive understanding of

population dynamics (Huang, Zhou et al. 2020).

The findings of this research project suggest that prediction of hydrothermal
germination niche by fitting final germination percentages to Eqn. 4 may be an
efficient method to quantify and compare stress tolerance thresholds of taxa (Fig. 3.4).

However, a major limitation of this method is that time is not incorporated to Eqn. 4
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as a parameter beyond the coarse thermal performance estimates of 59, as it is in other,
more complex hydrothermal models (Onofri, Benincasa et al. 2018). Nevertheless,
simpler models have facilitated the examination of patterns of ecology and evolution
in wild species, whereas more complex models have mostly been applied to less
phylogenetically variable domestic cultivars that are often highly inbred so possess a
high level of germination uniformity (Onofri, Benincasa et al. 2018). Comparing

model performance on variable wild species is clearly a research priority.

3.6.2 Patterns of species range and endemism

According to the estimates of Guax, Acacia assimilis was less tolerant of hydrothermal
stress compared to the other four test species (Fig. 3.4). This species inhabits the
relatively deep skeletal soils on low-lying areas such as woodlands (Western
Australian Herbarium 1998), rocky plains and sand slopes extending from the more
arid region in the north east of its range to relatively more cooler mesic environments
along parts of the southern coast of Western Australia (Meissner and Caruso 2008).
Estimated 59 for Acacia assimilis at 0 MPa is similar to those of other Acacia species
native to southwest Western Australia (Cochrane 2020). At 0 MPa, thermal
performance of A. assimilis in terms of 7ua and Gumax 1s comparable to that of other
widespread species native to southwest Western Australia (Rajapakshe, Turner et al.
2020). The results of this study suggest that all test species except 4. ramulosa are
adapted to synchronise germination across the austral winter and spring, a strategy that
1s common among Acacia species as well as many other species native to this region
(Bell, Plummer et al. 1993, Bell, Rokich et al. 1995), where high soil moisture levels
persist in deep-soil environments for an extended period of time during the cooler
months of the year ensuring successful establishment of seedlings (Yates, Hobbs et al.

2000, Merritt, Turner et al. 2007). This observation is in line with previous studies that
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suggest that flora native to Mediterranean climatic regions generally follow a strategy

of summer drought avoidance (Luna, Pérez et al. 2012, Clemente, Miiller et al. 2017).

In all test species except 4. assimilis the germination speed (in terms of 50 ) was higher
at 0 MPa than those of many species native to southwest Western Australia (Yates,
Hobbs et al. 2000, Cochrane 2018, Cochrane 2020), and rapid germination persisted
for these four species across broad thermal tolerance ranges (Fig. 3.3a). The two range-
restricted taxa live on shallow stony metamorphic soils of BIF habitats in the arid to
semi-arid Yalgoo region of mid-west Western Australia (Meissner and Caruso 2008).
In contrast, the distribution range of 4. exocarpoides and A. ramulosa extend from
Yalgoo to the more arid regions of Western Australia such as Murchison and Great
Victoria Desert (Western Australia Herbarium 1998, Markey 2008). These arid
regions are characterised by high summer temperatures, and annual evaporation rates
that significantly exceed the irregular annual rainfall (Markey 2008, Markey and
Dillon 2011), such that the window of opportunity for successful establishment of
seedlings is often short, unpredictable and may occur when temperatures are high.
High thermal performance in terms of G and 7,qx at low water stress regimes suggest
that 4. exocarpoides, A. ramulosa and the two range-restricted taxa are adapted to
maximize recruitment success within shorter periods of high soil moisture availability
following sporadic rainfall events (Debat and David 2001). These observations are in
line with previous studies that have reported species living in water-stressed habitats
germinate rapidly whenever soil moisture availability is high, even if the thermal
environment is suboptimal (Mott 1974, Jurado and Westoby 1992, Rajapakshe, Turner

et al. 2020).

In terms of 7ma and Guar, the two range-restricted taxa were more tolerant of

hydrothermal stress compared to A. exocarpoides and A. ramulosa (Fig. 3.4). Acacia
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woodmaniorum generally inhabits the ridgetops of BIF outcrops (Byrne 2019), but this
species has also been recently reported from disturbed overburden of mine sites
(Western Australian Herbarium 1998). Acacia karina lives on both BIFs and the
surrounding relatively deep soil slopes and plains (Byrne 2019). The results of this
study suggest that higher levels of hydrothermal tolerance in terms of 7uax and Gpax
may have preadapted these species to persistence in the relatively harsh microclimates
of BIF outcrops (uncontested niche space), since these habitats are regularly subjected
to higher, levels of hydrothermal stress compared to the surrounding deep-soil
environments inhabited by A. exocarpoides and A. ramulosa (Hopper 2009). The
general concordance between the occurrence niches and the hydrothermal
performance niche of seeds of the study species highlight the significance of the
germination niche in shaping and filtering the overall niche structure of plants, in
accordance with previous studies (Cochrane, Hoyle et al. 2014, Marques, Atman et al.
2014). The findings of this study are also in agreement with past studies that have
reported that the overall niche structure of a species is mostly determined by species
performance rates that influence population growth rate to a large extent, such as 7max
and Gpnae (Butterfield and Briggs 2011, Pironon, Villellas et al. 2018). The link
between the distribution range of the study species and hydrothermal performance of
their seeds highlights the role of hydrothermal stress shaping the germination niche of
taxa in Mediterranean ecosystems, in accordance with the findings of past research
(Cochrane, Hoyle et al. 2014, Krichen, Vilagrosa et al. 2017, Zogas, Kosman et al.
2020). The breadth of the hydrothermal germination niche in the range-restricted
species is not consistent with niche theory, which generally predicts that such species
should have specialist, narrow niches (Hutchinson 1978, Elith and Leathwick 2009).

It was assumed that the germination niche of the species would be strongly indicative
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of the biogeographical patterns because germination is an important demographic filter
in plants (Fernandez-Pascual, Pérez-Arcoiza et al. 2017, Del Vecchio, Fantinato et al.
2020). However, the hydrothermal stresses imposed on germination in these habitats
actually select for a broad tolerance, suggesting that there must be other filters post-
germination that substantially narrow and define the niche of the range restricted
species. Quantifying the impact of various environmental dimensions on the vital
performance rates of A. karina and A. woodmaniorum during other life stages may
provide important insights into the niche shifts that may have caused these two species

to become range-restricted (Pironon, Villellas et al. 2018).

3.6.3 Limitations to interpretation

The research method utilized in this study can be employed to characterize the
dynamic hydrothermal germination niche in other threatened plant species (Turner,
Lewandrowski et al. 2018). A limitation of this method is that it predicts the
hydrothermal germination niche of taxa only on the basis of final germination
percentage (p) and therefore time is not incorporated to the equation (Onofti,
Benincasa et al. 2018). However previous hydrothermal time models simplify the
performance functions in ways that overlook important parameters such as T,
(Bradford 2002, Onofri, Benincasa et al. 2018). The results of this study are generally
consistent with the findings of previous studies on many other taxa (Bell, Rokich et al.
1995, Elliott, Lewandrowski et al. 2019, Cochrane 2020). Hydrothermal performance
rates of seeds of the selected taxa were only compared at species level for this study.
Vital performance rates of taxa may vary among populations depending on genetic and
environmental factors (Sexton, Mclntyre et al. 2009, Tudela-Isanta, Ladouceur et al.
2018). The modelling approach utilized in this study can potentially be used to

compare rates of hydrothermal performance at population level. The above hypotheses
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should be tested at population level and a broader range of species should be compared
in order to get more insights in to how hydrothermal stress on germination response
affects patterns of rarity and endemism (Byrne 2019, Funnekotter, Millar et al. 2019).
The impact other environmental variables (e.g. salinity stress, soil acidity) on critical
performance rates of the seed germination niche should also be investigated (Seal,

Barwell et al. 2018, Tudela-Isanta, Ladouceur et al. 2018).

Since the study species are physically dormant, seed dormancy was readily overcome
by simple mechanical means, but dormancy also has a critical role in synchronising
germination in many species with optimal soil conditions that promote PY dormancy
loss that is not reflected by the methods utilized in this study i.e. hot water and acid
treatment (Bell, Plummer et al. 1993). Under natural conditions, dormancy alleviation
of PY species generally occurs following brief exposure to high temperatures
associated with seasonal fires, soil disturbance or extreme summer temperatures (Bell,
Plummer et al. 1993, Bell, Rokich et al. 1995). Nevertheless, unlike many
physiologically dormant seeds which can gradually cycle in and out of dormancy in
response to changing soil conditions driven in large part by shifts in temperature and
moisture, the loss of PY is largely irreversible, thus seeds will readily germinate once
provided with suitable conditions. Consequently, for species that exhibit physiological
seed dormancy, hydrothermal thresholds for dormancy alleviation and germination
may be more dynamic and complex, and therefore likely to be more challenging to

characterize (Baskin and Baskin 2003).

3.6.4 Conclusions
The results of this experiment suggest that thermal and hydrological performance of
the seeds of physically dormant species adhere to established mechanistic models. This

study demonstrates that thermal stress and water stress are inter-dependent
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environmental dimensions that interact to produce a negative effect on the germination
niche of seeds in terms of both the time required to reach 50 % germination (z50) and
maximum germination (Gma). The experimental data do not conform to a simple
interpretation of niche theory where specialist taxa have a narrowly defined niche in
which they outperform generalist species. Instead, the hydrothermal stresses of these
specialised habitats select for a broad germination niche that facilitates rapid
germination under a range of conditions, and it can be speculated that the two range
restricted species outperform more widespread species and gain access to uncontested
niche space. In other habitats it can be speculated that that the two range restricted
species must be outcompeted by some other aspects of demographic filtering or niche
partitioning, but this remains untested. Reaching this conclusion was only possible by
integrating hydrological and thermal stressors to characterise the germination niche,
demonstrating that not all environmental dimensions can be assumed to be
independent. Quantifying complex interactions between niche axes as well as their
impact on species performance is essential to gain a comprehensive understanding of

population dynamics.
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Chapter 4

The impact of hydrothermal stress on germination; a study
on three endangered Tetratheca species restricted to Banded

Ironstone Formations of Western Australia
4.1 Abstract

In semi-arid ecosystems, water availability and variable and extreme temperatures
constitute major selection pressures on seedling recruitment. Seeds are adapted to
synchronize germination with optimal environmental conditions through specific
tolerance thresholds of thermal and hydrological stress, which maximize the
probability of seedling survival. The extent to which hydrothermal stress affects
germination in species with complex dormancy traits and its role in shaping the
patterns of rarity and endemism in semi-arid ecosystems, are poorly understood. To
explore the interplay between germinating seeds and their environment we studied the
impact of thermal and hydrological stress (10 — 25 °C and -1.2 — 0 MPa) on
germination performance by assessing germination speed quantified through time to
50 % germination (Z50), and on maximum germination (Gnma) in three threatened
physiologically dormant species (Tetratheca erubescens, T. harperi and T. paynterae
subsp. paynterae) that are restricted to Banded Ironstone Formations of Western
Australia. All test species were slow to germinate (¢50< 18 days). Complex interactions
between thermal stress and water stress were identified, highlighting the importance
of quantifying interactions between niche axes and their implications for species

performance. Their hydrothermal niches were narrow and constrained to cooler
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temperatures that reflect the hydrothermal conditions in the soil during their
germination period in the field. These observations suggest that Tetratheca species
endemic to outcrop habitats are likely to be susceptible to effects of climate change.
The findings of this research suggest that the study species are likely to be allopatric,
and they may have been broadly distributed in the wider geographic region in the past

under wetter and cooler conditions.

4.2 Introduction

The fundamental niche of a species refers to the total set of conditions under which it
can potentially survive and reproduce, whereas the occurrence niche, or the realised
niche, refers to the conditions under which that species currently exists (Hutchinson
1978, Elith and Leathwick 2009). The fundamental niche of a species is rarely fully
realised, and therefore the occurrence niche of a species is usually a subset of its
fundamental niche (Pironon, Villellas et al. 2018). While the fundamental niche is
theoretically characterised by a number of different parameters (Hutchinson 1978), it
can be estimated in a small number of key axes by measuring species performance
(e.g. metabolic rate, locomotory capacity or germination rate) across various
environmental gradients (Tomlinson, Dixon et al. 2015, Onofti, Benincasa et al. 2018).
In order to gain a comprehensive understanding of population dynamics, it is important
to assess the impact of different environmental gradients on species performance for
all stages of the life cycle (Warren, Wright et al. 2011, Merow, Latimer et al. 2014).
However, the relative contribution of different species performance niches to overall
population growth rate may be variable (de Kroon, Plaisier et al. 1986, Pironon,
Villellas et al. 2018). Therefore, overall population growth rate is primarily determined
by the performance niches of several critically important demographic stages of the

life cycle (Bykova, Chuine et al. 2012, Liu, Chang et al. 2018). Investigating the link
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between the occurrence niches and the critical performance niches of taxa could reveal
important insights to population dynamics of rare and range-restricted species

(Pironon, Villellas et al. 2018).

Seeds germination is a critical stage of the life cycle of plants during which they are
most susceptible to environmental stressors (Baskin and Baskin 2003). Therefore, the
germination niche represents one of the main components of the overall niche of plants
(Donohue, Rubio de Casas et al. 2010, Fernandez-Pascual, Pérez-Arcoiza et al. 2017,
Del Vecchio, Fantinato et al. 2020). Several studies have highlighted the necessity of
assessing the role of different environmental variables on the germination response of
range-restricted taxa and the implications for their distributional extent (Vincent,
Barrett et al. 2015, Jiménez-Alfaro, Silveira et al. 2016, Cochrane 2018, Cochrane

2020).

Thermal stress and water stress are the two major environmental gradients that
determine the success of seed germination in water-limited ecosystems (Cochrane,
Hoyle et al. 2014, Krichen, Vilagrosa et al. 2017, Zogas, Kosman et al. 2020). Since
seed germination is underpinned by metabolic processes that are mediated by enzymes
(Huang, Ran et al. 2020), the germination performance of seeds across a thermal
gradient should resemble a unimodal asymmetric hump-shaped curve characteristic of
all enzyme mediated reactions (Yan and Hunt 1999, Angilletta Jr 2006, Tomlinson,
Dixon et al. 2015). Increasing temperature should increase the thermal performance of
seeds up to a critical threshold, beyond which performance should decrease rapidly
due to enzyme denaturation (Tomlinson, Dixon et al. 2015). Water stress is also
detrimental to seed germination because water stress in the external environment
impedes the metabolic reactions of seed germination (Kaya, Okgu et al. 2006,

Muscolo, Sidari et al. 2014, Turner, Lewandrowski et al. 2018). Therefore, increasing
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water stress in the external environment of a seed should cause an exponential increase
in time to reach 50 % germination (¢s9; Bradford 2002, Cochrane 2018, Rajapakshe,
Turner et al. 2020) and a logistic decrease in maximum germination (Gnax;
Lewandrowski, Erickson et al. 2017, Turner, Lewandrowski et al. 2018, Rajapakshe,

Turner et al. 2020).

Theoretically, both water stress and thermal stress interact to define a multivariate
space within which seeds can germinate (Bradford 2002, Onofri, Benincasa et al.
2018). Such hydrothermal stress tolerance thresholds of seeds are determined by both
genetic factors and ecological variables (Giménez-Benavides, Escudero et al. 2005,
Giménez-Benavides and Milla 2013, Murru, Santo et al. 2017). There is a general
shortage of studies that have assessed thermal stress and water stress responses of
seeds in an established theoretical context, and accounted for potential interactions
between these two niche axes (Hardegree, Roundy et al. 2018, Frischie, Fernandez-
Pascual et al. 2019, Huang, Zhou et al. 2020). The concept of ‘hydrothermal
germination niche’ is well-established in the literature (Hardegree, Roundy et al. 2018,
Onofri, Benincasa et al. 2018), but studies that have incorporated these principles are
scarce in the context of restoration (Larson, Sheley et al. 2015, Huang, Liu et al. 2016,
Turner, Lewandrowski et al. 2018). Quantifying hydrothermal germination responses
of seeds on a sound theoretical basis may provide important insights into the roles of
these environmental variables in structuring populations and shaping patterns of rarity
and endemism (Clemente, Miiller et al. 2017, Duncan, Schultz et al. 2019, Rajapakshe,

Turner et al. 2020).

Rocky outcrop habitats such as Banded Ironstone Formations (BIFs) and granite
outcrops, host geographically isolated, unique, shallow-soil plant communities in

“islands” surrounded by a matrix of contrasting deep soil ecosystems (Byrne and
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Hopper 2008, Porembski and Barthlott 2012, Do Carmo and Jacobi 2016). Rocky
outcrops harbour a significant component of regional biodiversity, but the
environmental variables that have shaped these patterns of plant diversity are not well
understood (Gibson, Yates et al. 2010, Poot, Hopper et al. 2012, Tapper, Byrne et al.
2014, Di Virgilio, Wardell-Johnson et al. 2018). Banded Ironstone Formations are
widely distributed in the arid to semi-arid Yilgarn region of Western Australia
(Gibson, Meissner et al. 2012), and are generally considered to impose greater water
stress on plants compared to the low-lying deep-soil habitats surrounding these
outcrops (Elliott, Lewandrowski et al. 2019). However, BIFs are also characterised by
highly heterogenous habitats such as fissures, gullies and slopes that can store water
for long periods following rainfall (Yates, Gibson et al. 2011). Research quantifying
the effects of various environmental gradients on distribution patterns as well as the
soil germination environment on BIF habitats is scarce (Yates, Gibson et al. 2011, Di

Virgilio, Wardell-Johnson et al. 2018).

The seeds of range-restricted taxa living on shallow-soil habitats such as outcrop
surfaces tend to have broader hydrothermal performance niches compared to their
generalist competitors (Rajapakshe, Turner et al. 2020). Consequently, they have
adapted to germinate rapidly when soil moisture content increases for short periods
above critical thresholds during irregular rainfall episodes (Rajapakshe, Turner et al.
2020). However, there is a shortage of data on how closely related short-range endemic
species vary in their adaptation to hydrothermal stress, especially in the Western
Australian context, where non-overlapping distributions can be quite close together
though are separated by different landforms and vegetation communities (Gibson et

al. 2010; Yates et al. 2011).
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Germination performance is, however, also moderated by seed dormancy regulation,
which synchronizes germination with the window of opportunity that is optimum for
seedling establishment (Baskin and Baskin 2003). BIF endemic taxa are quite diverse
in terms of their seed dormancy traits and germination requirements (Elliott,
Lewandrowski et al. 2019, Miller, Symons et al. 2019) and there is very little data
reporting how hydrothermal stress affects the germination response of range-restricted
BIF endemics with complex seed dormancy traits. One of the most complex patterns
of seed dormancy is physiological dormancy (PD), which is characterized by a
physiological block within the embryo that prevents radicle emergence until dormancy
is overcome (Baskin and Baskin 2004). Thermal stress, water stress and exposure to
smoke have been identified as abiotic factors that influence dormancy regulation and
the germination response of several physiologically dormant species restricted to BIF
outcrops of Western Australia (Turner, Lewandrowski et al. 2018, Elliott,
Lewandrowski et al. 2019). This raises interesting questions around whether the
presence of complex seed dormancy can optimise germination to such specific
conditions that the performance of the germination process is not heavily selected, and
that interspecific variation in the germination performance niche might be minimal.
The major objective of this study was to compare the germination responses of four
closely related, but distributionally isolated, physiologically dormant BIF specialist

taxa to address the following research questions;

1. Does the hydrothermal germination response of physiologically dormant seeds
adhere to established mechanistic principles?

2. Do the hydrothermal performance niches of seeds of BIF specialist taxa reflect
their occurrence niches, and what are the ecological and evolutionary

implications?
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3. Does the hydrothermal germination response of seeds of BIF specialists
conform to niche theory?

4.3 Materials and methods

4.3.1 Species selection and sourcing

The distributions of Tetratheca species in the semi-arid and arid regions of Western
Australia represents an intriguing display of short-range endemism and diversification,
where a number of unique species are confined to rocky habitats for reasons that aren’t
obvious (Di Virgilio, Wardell-Johnson et al. 2018, Byrne, Krauss et al. 2019).
Furthermore, they very rarely inhabit more than one outcrop, and neighbouring
outcrops often support unique species of Tetratheca that have apparently been
separated for substantial periods of time (Butcher, Byrne et al. 2007). I used four
species of Tetratheca (Elaeocarpaceae) that are geographically restricted to BIF
habitats in the Yilgarn region of Western Australia in this study (Fig. 4.1, Appendix.
3.1). The distribution of each species is restricted to one of four adjacent BIF ranges
(Fig. 4.1) that are approximately within 100 km of each other (Butcher, Byrne et al.
2007, Gibson, Yates et al. 2010). Tetratheca aphylla F.Muell. subsp. aphylla inhabits
the relatively deep skeletal soils of lower slopes, hill crests and cliffs of the Helena and
Aurora Range (Yates, Gibson et al. 2011). Tetratheca erubescens J.P.Bull is found in
rock fissures and crevices associated with cliffs, hill crests and steep slopes of the
Koolyanobbing range (Krauss and Anthony 2019). Tetratheca harperi F.Muell.
inhabits hill crests, cliffs and cliff slopes of the Mt. Jackson Range (Yates, Gibson et
al. 2011). Tetratheca paynterae Alford subsp. paynterae is restricted to fissures on
steep cliffs and tors of the Windarling Range (Ladd, Yates et al. 2019). All four species

are of high conservation concern as they have been gazetted as Declared Rare Flora
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(Western Australian Herbarium 1998). Seeds were harvested from wild populations of

these species in 2019 and once collected were cleaned and processed (Appendix. 3.2).

b) Study Area

~ .
-
a) Regional Location Windarling Range
) 9 T. paynterae
@ T. paynterae
e harpan’. . T. aphylla
T. erubescens @ -
Mount Jackson
T. harperi -
.;r‘:elena Aurora Range
T. aphylia
25 km Koolyanobbing Range
T. erubescens

Fig. 4.1. Location of the only known populations of the four study species; a) in the arid region of
Western Australia, ~ 400 km north east of Perth. b) A region defined by four unique ironstone ridges.
While each of these ridges is only separated by relatively short distances (25 - 50 km), the intervening
habitat is characterized by sandplains between 300 and 450 m elevation above sea level (white to
yellow), while the ranges are characterized by emergent banded ironstone ranging between 500 m

elevation (Koolyanobbing) to 675 m elevation (Helena Aurora), indicated in red.

4.3.2 Seed quality

Prior to starting the experiments, seed material was stored at 15 °C and 15 % relative
humidity (controlled environment room) at the Kings Park Science laboratories,
Western Australia for 15 months. For each species, the percentage of seed fill was
assessed by X-ray analysis of five replicates of 50 seeds (MX-20 digital X-Ray cabinet,
Faxitron, USA). Seeds containing fully-formed embryos and endosperm were

regarded as filled seeds and identified by uniform white shading of these tissues in the
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X-Ray images. Seeds without these internal features were scored as non-viable

(Erickson and Merritt 2016).

4.3.3 Mapping the hydrothermal occurrence niche

The average monthly hydrothermal occurrence niche of each study species was
mapped using unpublished survey data. The known locations were intersected with
spatial data describing elevation, aspect and slope, extracted from (Gallant, Wilson et
al. 2011, Gallant and Austin 2012, Gallant and Austin 2012), respectively, and edaphic
data describing clay, sand and silt percentage composition, extracted from (Viscarra
Rossel, Chen et al. 2014, Viscarra Rossel, Chen et al. 2014, Viscarra Rossel, Chen et
al. 2014). Soil depth was interpolated from national soil data provided by the
Australian Collaborative Land Evaluation Program (ACLEP), endorsed through the

National Committee on Soil and Terrain (NCST; www.clw.csiro.au/aclep).

Incorporating all of these details to categorise the landscape into different soil types
using a soil textural triangle allowed me to apply the “micro global” algorithm in the
“NicheMapR” package (Kearney and Porter 2017) to estimate microclimatic details
that are most relevant to seed germination at the precise locations where each species
is known to occur, following methods described by Tomlinson, Lewandrowski et al.
(2020). Daily soil temperature and water stress level at midday (11.30 a.m.) were
estimated for the GPS location of each recorded plant of the four test species for 2.5
cm and 15 cm soil depth. These two soil depths were selected for the experiment
because seedling establishment of the study species are generally constrained to this
zone of the soil profile (Yates, Gibson et al. 2011). Estimated average monthly soil
hydrothermal conditions at the location of each plant were then used to map the

occurrence niches of the four taxa (Fig. 4.2). The seeds of the test species were exposed
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to a range of hydrothermal treatment regimes based on their occurrence niches during

the rainfall season.
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b) Soil temperature at 15 ecm depth (°C )
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Fig. 4.2. Average monthly hydrothermal conditions of the soil environment (occurrence niche) for all
recorded individuals (depicted by coloured dots) of the four Tetratheca species used in this study at; a)
2.5 cm soil depth and (b) 15 cm soil depth, estimated using the “micro_global” algorithm of the

NicheMapR package (Kearney and Porter 2017) .
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4.3.4 Germination requirements

Prior to incubation, seeds were surface sterilized with a solution of 2 % (w/v) calcium
hypochlorite (Ca[OCl]») infused with a few drops of a detergent (Tween 80) under
vacuum (-70 kPa) for 30 minutes followed by rinsing with sterile deionized water three
times for several minutes per wash. Seeds were placed inside 90 mm plastic Petri
dishes that were lined with moist (9 ml of water per Petri dish) 84 mm germination
papers (Advantec, Dublin, CA, USA). The Petri dishes were sealed with plastic wrap
to prevent desiccation and covered with aluminium foil to minimise the impact of light,
which is a potential confounding effect on germination (Bell 1994, Ruiz-Talonia, Carr
et al. 2018). Before commencing germination experiments, seeds were initially
exposed to a warm stratification treatment that, based on previous research, was
assumed to be appropriate for dormancy alleviation in all test species (Elliott,
Lewandrowski et al. 2019). Seeds were initially stratified at 30 °C for 28 days followed
by drying at 15 °C and 15 % RH (cool dry storage) for one week, prior to starting
experiments. As well, a random subsample of seeds were also immediately moved
from 30 °C to 15 °C while maintaining their hydration status to confirm the
effectiveness of the stratification approach used and maintained for four weeks at 15°C
to assess their overall germination capacity once physiological dormancy has been

alleviated (Appendix. 3.2).

4.3.5 Hydrothermal tolerance

To assess the germination response of seeds to hydrothermal stress, three replicates of
15 seeds per species were incubated on one of 30 hydrothermal stress regimes (water
stress levels of 0.0, -0.2, -0.4, -0.6, -0.8 and -1.2 MPa at temperatures of 10, 15, 20, 22
and 25 °C). The hydrothermal regimes used in this experiment encompass a broad

range of the hydrothermal conditions reported for the habitats of the test species from
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autumn to spring (Fig. 4.2). Seeds were placed on 84 mm germination paper
(Advantec, Dublin, CA, USA) moistened with either distilled water or polyethylene
glycol 8000 (PEG) solution (of different concentrations) to generate the range of water
potentials described above for each incubation temperature. Nine ml of distilled
water/PEG solution was added per 90 mm Petri dish according the methodology
described by (Michel 1983). The Petri dishes were supplemented with 2 % PPM (Plant
Preservation Mixture, Austratec Pty Ltd, Bayswater, Vic) to minimize microbial
contamination during stratification and incubation treatments. All Petri dishes
containing seeds of 7. aphylla subsp. aphylla were irrigated with 1uM karrikinolide
(KAR)) for the duration of the incubation period as an earlier pilot study found an
improved germination response for this species following the application of KAR;
(Appendix. 3.2). The Petri dishes were covered with plastic wrap and aluminium foil
as described above. During the incubation period, iButton data loggers (Maxim
Integrated™, San Jose, USA) were placed in the middle of each set of Petri dishes that
were subjected to the same treatment regime to record the temperature that seeds were
exposed to while the germination trial was underway (Appendix. 3.3). Germination
was defined as when the radicle emerged out of the testa of > 2 mm was scored three
days per week for 56 days. For each test species the soil hydrothermal occurrence niche
(generated using the “micro global” algorithm as described above) was compared to

the hydrothermal performance niche of seeds.

4.4 Statistical analysis

4.4.1 Mapping the occurrence niches

The ‘micro global’ algorithm in the NicheMapR R package (Kearney and Porter 2017)
was employed to estimate the average monthly soil temperature and water stress level

at 2.5 cm and 15 cm soil depths for the GPS locations for all recorded individuals of
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the four test species (based on unpublished survey data). The “micro global” algorithm
uses a quasi-mechanistic downscaling approach to estimate microclimatic conditions
for every hour of the day (Kearney and Porter 2017, Tomlinson, Lewandrowski et al.
2020). These were initially averaged between sunrise and sunset at each location to
generate daily temperatures and water stress levels (at 11.30 a.m.) at the GPS locations
of all individuals of the test species at the selected soil depth levels. The estimates for
daily soil temperature and water stress levels were then used to calculate average
monthly values for soil temperature and water stress for the GPS location of each

individual plant.

4.4.2 Germination modelling

The germination response of each study species was characterised using a non-linear
regression method. As the first step, the relationship between time and cumulative
germination rate for each hydrothermal stress regime was assessed by fitting a non-
linear log-logistic function to the germination data (Ritz and Streibig 2012). The drm
function of the drc package (Ritz and Streibig 2012) was utilized to fit a three
parameter logistic model in the R statistical software environment (R Core Team

2013);

o G
germination = ——— ()
1+tlme

tso

where, G represents maximum germination, ¢so represents the time required for 50
% of seeds (as a fraction of Gax) to germinate and b is the slope of the function at #5o.
For each study species, a common convergent curve was fitted to the number of
germinants as a proportion of the number of incubated seeds for all hydrothermal stress
regimes. Next, the data were grouped on the basis of hydrothermal regime by fitting

distinct values to the parameters of the model in order to produce multiple
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permutations of the primary model. The #50 and Gax values for each replicate of seeds
exposed to each hydrothermal stress regime were estimated by fitting permutations of

the logistic function to the data (Tomlinson 2019, Rajapakshe, Turner et al. 2020).

4.4.3 Hydrothermal tolerance

Thermal performance characteristics of organisms generally adhere to the established
theories of chemical kinetics and thus can be described by unimodal asymmetric
curves (Angilletta Jr 2006). The thermal performance model developed by Yan and
Hunt (1999) has previously been found to be the most broadly appropriate to describe
whole-organism thermal performance (Tomlinson 2019), and therefore is appropriate
to characterize the thermal responses of seeds in terms of germination speed (1/¢50) and

Gm axs

Topt

Tmax—T T \Tmax—To
Tmax» Gmax = Rmax (—) ( ) Pt (2)

Tmax - Topt Topt

where rnax (1/t50) represents the speed of germination as quantified by germination rate
at any temperature for 50 % of seeds to germinate over time through Eqn. 1, Gy is
maximum germination response at any temperature (7), Tax represents the maximum
temperature threshold for germination, 75, represents the optimum temperature for
germination where germination is most rapid or when germination is maximised, and
Rumax 1s the upper limit of the germination response curve (in terms of 7max O Gmax) at
Topr. The nls function was used to fit distinct values to the parameters of Eqn. 2 to
parametrise unique Rumax, Topt, Tmax, and Gmax estimates across the hydrothermal stress

regimes described above (Ritz and Streibig 2008).
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4.5 Results

4.5.1 Mapping the occurrence niches

The estimates of the soil hydrothermal conditions in the habitats of the four Tetratheca
species were generally more variable at 2.5 cm soil depth compared to 15 cm depth.
From February to April, there was considerable overlap between the occurrence
niches of the four taxa across the different ranges (Fig. 4.2). The highest concordance
between the occurrence niches, however, was observed during the cooler months of
the years (May to September). During this period, the water pressure deficit of the
habitat (at 2.5 and 15 cm soil depth), indicative of water stress to the plant, ranged
from 0 MPa to -3.25 MPa, whereas soil thermal regimes varied between 8 and 16 °C
(Fig. 4.2). At 2.5 cm soil depth, the water pressure deficit remained higher than -1.5
MPa (theoretical permanent wilting point of most plants) from May to August in the
habitats of all test species (Fig. 4.2). However, at 15 cm soil depth, the soil water
pressure deficit in the occurrence niches of all four species remained higher than -1.5
MPa from April to October (Fig. 4.2). From November to January, the level of overlap

between the occurrence niches of the four-study species decreased (Fig. 4.2).

Separation of the hydrothermal occurrence niches of the four taxa was most
pronounced during the warmer months of the year (November to March). During
summer (December to February) the thermal conditions of the soil environment (at 2.5
and 15 cm soil depth) of the study species ranged from 25.5 to 33 °C, whereas soil
water pressure deficits remained lower than -1.5 MPa (Fig. 4.2). The occurrence niches
of T. aphylla subsp. aphylla and T. erubescens were constrained to a thermal regime
of 25.5 to 32.5 °C during summer (Fig. 4.2), whereas the thermal niche of 7. harperi
was between 26.5 to 33.0 °C. There was a high degree of overlap between the thermal

occurrence niches of these three species (Fig. 4.2). Conversely, the occurrence niche
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of T. paynterae subsp. paynterae was constrained to the upper end of the above
temperature spectrum (27.5 to 33.0 °C), and exhibited comparatively low levels of

overlap with those of the other three taxa during summer (Fig. 4.2).

4.5.2 Germination modelling

The response of 7ax (1/£50) to thermal stress at each water stress regime was a unimodal
asymmetric hump-shaped curve for all species, except 7. aphylla subsp. aphylla (Fig.
4.3a). In T. aphylla subsp. aphylla seeds, germination following stratification were <
20 %, and therefore this species was excluded in further experimentation. In terms of
Fmax, the Top values (at 0 MPa) for the remaining three species were between 15.2 to
19.9 °C, whereas Tax estimates were between 23.9 to 38.2 °C (Table. 4.1). In the
absence of water stress, time required to reach 50 % germination (¢50) at 7, was
longest in 7. harperi seeds (24.9 days; Table. 4.1), whereas estimated #s59 at 7oy was
shortest in 7. erubescens seeds (18.5 days). In terms of 7y, the seeds of 7. erubescens
were more tolerant of hydrothermal stress compared to the two other species (Fig. 4.3).
In T. erubescens and T. harperi, the performance curve of 7,4 became narrower with
increasing water stress (Fig. 4.3a). This thermal performance function could not be
fitted to the germination data at some hydrothermal regimes due to low germination

percentages (Fig. 4.3a).
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Fig. 4.3. Hydrothermal tolerance in three Western Australian Tetratheca species in terms of the time to
reach 50% germination (¢50) and maximum germination (Gay); @) Dots depict rua (1/t50) estimates for
each replicate of seeds following incubation under different hydrothermal regimes. The lines represent
the thermal performance function fitted to the 1/¢s59 (rmax) estimates of each species. b) Dots depict Gyax
estimates for each replicate of seeds following exposure to different hydrothermal stress regimes. The
lines represent the thermal performance function fitted to the G, estimates of each taxa. Three

replicates of 15 seeds were used for each treatment combination.
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Table. 4.1. Coefficients for the thermal performance model (Eqn. 2; + SE) of time to reach 50 %
germination (#59) and maximum germination (Guay) in the absence of water stress (0 MPa) for three
Tetratheca species, where T, is the optimum temperature for germination, R is the upper limit of
the germination response curve (in terms of 7yax Or Guax) at Toprand T is the highest temperature at

which germination occurred.

Species Germination speed, Fmax(1/ts0) Maximum germination, Gmax

T, apt Rinax tso at T, opt Tonax T, opt Rynax Tonex

(°C = SE) (L/tsg at Tops + SE) (Days) (*C£SE) | (°C£SE)  (Giarat Topt =+ SE)  (°C£SE)

Tetratheca 15.9+0.7 0.054 = 0.004 18.5 25.0+1.1 | 16.3=0.8 10.2£ 1.0 246+1.2
erubescens
Tetratheca 16.6+0.5 0.040 = 0.001 24.9 307+7.5 | 18.6=0.6 12.0+ 0.9 259+0.5
harperi
Tetratheca 17.4+2.5 0.041 = 0.004 24.2 28.2+8.8 | 204=02 7.5£0.5 22.8+0.2
paynterae
subsp.

paynterae

In terms of Guax, the T, estimates for the three taxa at 0 MPa were between 15.5 to
20.6 °C, whereas T values ranged from 22.6 to 26.4 °C (Table. 4.1). In all study
species estimated Guax at Tops and 0 MPa were lower than the final germination rates
of the samples that were directly incubated following stratification at 30 °C during the
initial pilot study (Appendix. 3.2, Table. 4.1). However, Guax estimates at 7,,,and 0
MPa were higher than the final germination of the samples that were incubated at 15
°C for eight weeks without exposure to 1 pM KAR| during the pilot study (Appendix.

3.2, Table. 4.1).

In all test species the curve representing the thermal performance of Guax became
narrower with increasing water stress (Fig. 4.3b). For T. erubescens and T. harperi,
the estimates of Gax were > 60 % at -0.8 MPa under favourable thermal conditions,
whereas for 7. paynterae subsp. paynterae Guax declined to <20 % at -0.4 MPa. In the
absence of water stress 7. harperi seeds exhibited the broadest thermal tolerance range

(Fig. 4.3, Table. 4.1).
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A pattern could not be identified for the response of #50 (1/rmax) to water stress (at a
given temperature regime) for any of the study species. In all test species estimates for

tsowere > 15 days for all hydrothermal regimes that were tested (Fig. 4.4a).
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Fig. 4.4. Hydrothermal tolerance in three Western Australian Tetratheca species in terms of the time to
reach 50% germination (#50) and maximum germination (Guax); a) Dots depict #59 estimates for each
replicate of seeds following incubation under different hydrothermal regimes. b) Dots depict Guax
estimates for each replicate of seeds following exposure to different hydrothermal stress regimes. The
lines represent the logistic function fitted to the Guqx estimates of each taxa. Three replicates of 15 seeds

were used for each treatment combination.

The response of Gmax (at a given thermal regime) decreased logistically with increasing

water stress for all species (Fig. 4.4b). In all test species the curve representing the
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hydrological performance of G..x Wwas narrower at suboptimal thermal regimes (Fig.
4.4b). For T. erubescens and T. harperi, the estimates of Guax were > 40 % at -0.4 MPa
under favourable thermal regimes, whereas for 7. paynterae subsp. paynterae Gumax
declined to < 20 % at -0.2 MPa for all thermal regimes (Fig. 4.4b). For T. erubescens
and 7. harperi, the hydrological performance niche (in terms of G.ax) was broadest at
15 °C, whereas for T. paynterae subsp. paynterae, the hydrological performance niche

was broadest at 20 °C.

The thermal performance function and the logistic function could not be fitted to the
Gnax data at some treatment regimes due to low final germination (Fig. 4.3b, Fig. 4.4b).
According to the model predictions, the estimates of Guax for T. erubescens at -0.8
MPa were higher than that of -0.4 MPa within a range of ~ 15-20 °C (Fig. 4.3b). This
observation could be due to errors in the model fitting process caused by low final
germination and high variability in germination response observed at high

hydrothermal stress regimes.

4.6 Discussion

Our expectation that the germination response (upon dormancy alleviation) of species
with physiological seed dormancy to thermal and water stresses should conform to
general mechanistic principles was supported by the results of this study. However,
the findings of this series of experiments suggest that the germination niche is defined
by complex interactions between thermal stress and water stress. As well, our second
expectation that, based on the similarity of the occurrence niches of the three Tetrathca
species, there should be a high degree of overlap between the hydrothermal
performance niches of seeds (in terms of #50 and Gnax) Was also supported by our data.
The study species were generally slow to germinate, and their hydrothermal responses

were constrained to narrow niches at cooler temperatures. These observations suggest
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that outcrop specialist Tetratheca species are likely to be allopatric congenerics that
may have evolved under more mesic conditions, and, due to aridification of the broader
geographic region, their distribution has become constrained to microhabitats on BIF

outcrops.

4.6.1 Hydrothermal tolerance

In all test species, high germination responses were observed within favourable
temperatures in the absence of water stress, compared to suboptimal conditions. This
observation indicated that seed germination is optimized when the hydrothermal
conditions in the external environment are suitable to promote the metabolic process
of seed germination, which in turn facilitates the establishment of seedlings (Huang,
Ran et al. 2020). The findings of this study are consistent with current literature
showing that thermal performance of seeds in terms of both maximum germination
rate (7max) and maximum germination (Gmax) conform to unimodal asymmetric hump-
shaped curves (Fig. 4.2) that are characteristic of all enzyme mediated reactions
(Peterson, Daniel et al. 2007, Abeli, Ghitti et al. 2020, Rajapakshe, Turner et al. 2020).
Furthermore, our results are in accordance with previous studies that suggest that at a
given temperature, increasing water stress should cause a logistic decrease in the
performance of Guax (Lewandrowski, Erickson et al. 2017, Mesgaran, Onofri et al.
2017, Turner, Lewandrowski et al. 2018, Duncan, Schultz et al. 2019). It was expected
that the performance of #50 would increase exponentially with increasing water stress
at a given temperature (Rajapakshe, Turner et al. 2020), but an exponential function
could not be fitted to the germination response data (Fig. 4.4a). This could be due to
the fact that (due to the low number of seeds available for the experiments due to
extreme rarity of the study species) the number of replicates used within the

germination response range of the study species (along the selected environmental
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gradients) was insufficient. In all species, increasing water stress constrained the
breadth of the thermal performance niche of 7 and Guax. Similarly, incubation of
seeds at suboptimal thermal regimes constrained the breadth of the hydrological
performance niche in terms of Gax (Fig. 4.4b). In this way, both temperature and water
stress work together to limit the germination niche to a two-dimensional optimum. For
all the species of Tetratheca studied here, that optimum is generally cool (15.2 to 19.9
°C), with relatively high water pressure deficits (Fig. 4.4). Furthermore, although there
were subtle differences in the estimates of germination speed and tolerance thresholds,
the errors of estimation associated with the non-linear model fits all overlapped, which
is strongly suggestive that they models are statistically indistinguishable between

species.

The results of this study are consistent with previous research, and suggest that
interactions between niche axes, and the implications for species performance must be
quantified (Chapter 3, Mesgaran, Onofri et al. 2017, Huang, Zhou et al. 2020). The
results of this study suggest that exposure of seeds to suboptimal hydrothermal regimes
during the stage of germination could constrain the breadth of the hydrothermal
performance niche. Since species performance during the stage of germination is
fundamental to shaping the overall niche of plants, this could reduce population growth
rate (Giménez-Benavides, Escudero et al. 2005, Cochrane 2017). Given the high
concordance between the Tetratheca species that we studied, and their apparent
preference for cool and moist germination niches, it would be interesting to test these
responses in a broader range of taxa, especially those from other rock types (such as
T. deltoidia from the granite inselberg at Mt Caroline or 7. spenceri from the sandstone
ridges of the Simpson Desert), and BIF specialists from other climate regions (such as

T. fordiana and T. butcheri) should be tested (Western Australian Herbarium 1998),
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and the implication of genetic factors on germination response should be assessed

(Dayrell, Garcia et al. 2017, Dayrell, Fuzessy et al. 2021).

4.6.2 Patterns of species range and endemism

In natural environments, successful seedling establishment is dependent on the
duration of the window of opportunity for germination (Yates, Hobbs et al. 1996,
Vincent, Barrett et al. 2015, Miller, Symons et al. 2019). Hydrothermal stress, which
1s a major selective pressure in semi-arid ecosystems, limits the length of that window
of opportunity (Cochrane, Hoyle et al. 2014, Cochrane 2017, Elliott, Lewandrowski et
al. 2019). There was a high concordance between the soil occurrence niches of the test
species (during the rainfall season) and their hydrothermal performance niches (Fig.
4.2, Fig. 4.3, Fig. 4.4) For example, according to the occurrence niche of the study
species, soil water pressure deficits remain higher than -1.2 MPa at 15 cm soil depth
from April to November (spring to late autumn) in the habitats of 7. erubescens, T.
harperi and T. paynterae subsp. paynterae, and soil temperature ranges from 5 to 25.5
°C (Fig. 4.2). Basically, these locations are minimally stressful during that time,
remaining both cool and moist. The 75, estimates for the seeds of the three species at
0 MPa are within this temperature range (Table. 4.1). The high concordance between
the occurrence and hydrothermal performance niches of the study species reflect the
role of hydrothermal stress in shaping the overall niche of these range-restricted flora
in semi-arid ecosystems. Even though the geographical distribution of each study
species is restricted to one of several neighbouring BIF outcrops, there was a high level
of overlap between their hydrothermal performance niches (Fig. 4.3, Fig. 4.4). This
observation provides support to suggestions that the common ancestor of the study
species may have been subjected to allopatric speciation (Butcher, Byrne et al. 2007,

Byrne, Krauss et al. 2019).
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Following stratification at 30 °C for four weeks, the time required to reach 50 %
germination under favourable hydrothermal conditions was longer than 18 days for 7.
erubescens, T. harperi and T. paynterae subsp. paynterae (Table. 4.1). Compared to
Eucalyptus and Acacia species restricted to outcrop habitats of Western Australia, the
three Tetratheca species required longer periods of high soil moisture availability to
germinate (in terms of #s59), and the hydrothermal performance niches were narrower
and constrained to cooler temperatures (Chapter 2, Chapter 3). These observations
suggest that outcrop endemic Tetratheca species may have evolved under cooler and
wetter conditions in the past (Crayn, Rossetto et al. 2006), and further suggests that
there has been little selection on the species to diversify their germination niche since
that speciation event. It can be speculated that, due to the subsequent aridification of
the broader landscape, the geographical distribution of the study species may have
become limited to microhabitats on outcrops that can retain high soil moisture levels
for long periods (Byrne, Yeates et al. 2008). Essentially, all three Tetratheca species
are apparently restricted to microclimates that closely match their ancestral
germination niches. This claim is supported by the observation that, the average
monthly soil water pressure deficits of the occurrence niches of the four taxa remained
higher than -1.5 MPa for at least four months at 2.5 - 15 cm soil depth (Fig. 4.2). Slow
germination has been reported in several taxa endemic to various mesic habitats of
Western Australia (Vincent, Barrett et al. 2015, Cochrane 2017, Cochrane 2020), and
it could potentially increase seedling survival rates in microhabitats on outcrops that
can retain rainwater for several days/weeks following rainfall episodes (Vincent,
Barrett et al. 2015, Turner, Lewandrowski et al. 2018, Elliott, Lewandrowski et al.
2019). However, the implications of slow germination in terms of species persistence

on BIF outcrops requires further study.
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Physiological dormancy is also likely to be due to the evolutionary heritage of the
study species (Dayrell, Garcia et al. 2017, Byrne, Krauss et al. 2019). Previous studies
on several BIF endemic species suggest that in physiologically dormant range-
restricted species, such as Tetratheca, the seedling recruitment rate is likely to increase
in pulses during the wettest winters, and therefore windows of opportunity for seedling
establishment are rare and unpredictable (Yates, Gibson et al. 2011). Groups with other
dormancy patterns may not be so specifically optimised in their germination windows,
since non-dormant canopy seed banks, and physically dormant species gradually
release non-dormant seeds almost continuously throughout the year. As a result, other
groups that have become restricted to shallow soil environments seem to bet-hedge,
with broad germination niches (Chapters 2, Chapter 3). The physiologically dormant
Tetratheca species appear to be sheltered from such pressures by a potentially more
explicit set of dormancy release requirements, allowing them to retain a slow
germination pattern in cool moist conditions (Vincent, Barrett et al. 2015). Slow
germination and having comparatively narrow hydrothermal performance niches that
restricted to cooler thermal regimes, is likely to make BIF endemic Tetratheca species
vulnerable to environmental stochasticity, especially in the context of climate change

(Cochrane 2017, Elliott, Lewandrowski et al. 2019, Cochrane 2020).

The results of this study suggest that dormancy regulation and germination of the three
Tetratheca species are complex processes that occur in response to the interplay
between thermal stress, water stress and time, during different parts of the year, in line
with previous studies (Vincent, Barrett et al. 2015, Turner, Lewandrowski et al. 2018,
Elliott, Lewandrowski et al. 2019, Miller, Symons et al. 2019). Physiological
dormancy and slow germination speed could potentially facilitate the persistence of a

soil seed bank consisting of seeds at different stages of dormancy and germination; so
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that any given hydrothermal window stimulates the germination of just a fraction of
the soil seed bank; a strategy of bet-hedging that facilitates species persistence (Miller,
Symons et al. 2019). However, the potential of a population to withstand
environmental stochasticity via maintaining a soil seed bank depends on how long the
seeds can remain viable in the soil (Baskin and Baskin 2003), as well as the seasonal
addition of fresh seeds into the soil seed bank, but there’s a shortage of research data

on how long the seeds of the test species can persist in the soil .

Compared to the seed samples that were directly incubated at 20 °C (as opposed to
drying seeds at 15 °C and 15 % RH for a week) following stratification at 30 °C for
four weeks (pilot study; Appendix. 3.2), the Guax estimates for the seeds incubated
under favourable hydrothermal regimes were lower in all test species (Fig. 4.3). This
observation suggests that drying of seeds (at 15 °C and 15% RH for seven days) after
stratification treatment, which differed to the process taken for the pilot study, may
have induced dormancy or reduced viability in a portion of the seed samples. However,
the potential role of hydrothermal stress in regulating dormancy in BIF specialist

Tetratheca species is yet to be investigated (Miller, Symons et al. 2019).

4.6.3 Limitations to model interpretations

The results of this study are generally in accordance with the findings of previous
research on physiologically dormant species associated with BIF outcrops of Western
Australia (Elliott, Lewandrowski et al. 2019). During the pilot test, exposure to KAR;
enhanced the response of Guax in T. aphylla subsp. aphylla and T. paynterae subsp.
paynterae, potentially indicating a critical environmental gradient (smoke response)
that shapes the dormancy alleviation niche of those taxa, particularly under conditions
where disturbance events (eg: fire) may occur (Turner, Lewandrowski et al. 2018).

The results of this experiment suggest that in order to gain a comprehensive
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understanding of the germination niche of physiologically dormant species, the critical
performance rates of both the dormancy alleviation niche and the germination niche
must be quantified. Furthermore, in order to implement effective management and
translocation protocols for range-restricted taxa, interactions between critical niche
dimensions and the implications for the population demographics must be assessed
(Pironon, Villellas et al. 2018). The extent to which climate change can affect the
germination niche of range-restricted taxa and the implications for population growth
rate must also be quantified (Cochrane, Hoyle et al. 2014, Cochrane 2017). However,
a wider range of species should be compared in order to get more insights in to how
hydrothermal stress on germination affects patterns of plant distribution in rocky

outcrop habitats (Byrne 2019).

4.6.4 Conclusions

This study highlights the significant role of hydrothermal stress on germination in
driving population dynamics and distribution patterns of BIF specialist Tetratheca
species. The results of this experiment suggest that thermal stress and water stress are
inter-dependent niche axes, and highlights the importance of quantifying the
interactions between niche axes and implications for species performance. The high
level of overlap between the hydrothermal germination niches of the study species
suggest that they are likely to be allopatric. The slow germination speed of the three
Tetratheca species, and the observation that their hydrothermal niches are restricted to
narrow niches at cooler thermal regimes, indicate that they may have evolved under
more mesic conditions, but due to subsequent acidification of the broader geographic
region, their distribution may have become restricted to microhabitats on outcrops.
The findings of this study suggest that Tetratheca species endemic to BIFs are likely

to be susceptible to environmental changes.
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Chapter 5

General Discussion

5.1 Introduction

Throughout my PhD, I sought to quantify the germination responses of species
associated with, and restricted to, rocky outcrops in Western Australia to thermal and
hydrological stress. Through comparative study, I aimed to understand the role and
relative importance of environmental variables in shaping the germination niche of

outcrop endemic taxa. The objectives of my PhD were

1. To investigate whether the thermal stress and water stress response of seeds of
several non-dormant, physically dormant, and physiologically dormant species
associated with outcrops conform to established theoretical principles;

2. To assess whether broadly distributed taxa of comparable dormancy types have
broader thermal and hydrological performance niches compared to range-
restricted species, and identify ecological and evolutionary implications;

3. To assess potential interactions between thermal and hydrological stressors to
explore the compare hydrothermal occurrence niches and performance niches
of closely related outcrop specialist species during the stage of germination,

and identify ecological and evolutionary implications.

The findings of this project highlight the role of hydrothermal stress in shaping the
germination niches of outcrop plant communities, especially in the unique ways that
species endemic to these habitats differ to broadly distributed conspecifics, and to each

other. Throughout this study I explored how emerging techniques in non-linear model
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fitting can be utilized to parameterise germination responses of seeds in an established
theoretical context, and also compare stress tolerance thresholds of different taxa. This
approach revealed important ecological and evolutionary implications with regards to
patterns of plant diversity observed on these habitats. The results of this study suggest
that in order to gain a comprehensive understanding of niche dynamics, species
performance niches that underpin population growth rates must be quantified.
Furthermore, interactions between niche axes and the implications for species
performance must be accounted for. Here, I explore the wider implications of my
research along four themes: Germination modelling, Patterns of rarity and endemism,
Seed dormancy and persistence, and Implications for management and restoration of

native flora.

5.2 Germination modelling

5.2.1 Responses to thermal stress

A persistent pattern that emerged in all of my data was that the germination response
of 1/t59 to thermal stress (at a given water stress level) conforms to an asymmetric

hump-shaped curve. This observation is in line with theoretical expectations
concerning thermal performance (Yan and Hunt 1999, Angilletta Jr 2006), and lends
substantial support to the contention that seed germination is a metabolic process that
is mediated by enzymes, and therefore the germination response of seeds is constrained
to specific thermal thresholds that are conducive to enzyme activity (Galland, Huguet
et al. 2014, Huang, Ran et al. 2020). I also found that an asymmetric hump-shaped
model was appropriate to characterize the thermal performance of G for the three

Tetratheca species that were tested (Chapter 4 Fig. 3). However, my evidence for this
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relationship remains equivocal, because an asymmetric hump-shaped curve could not
be fitted to the data for the thermal stress response of G.ax for the five Acacia species
that were studied. Therefore, a quadratic model was fitted to the data for the thermal
performance of Guax in the Acacia species (Chapter 3 Fig. 3b). As the breadth of the
thermal performance niche increased, the shape of an asymmetric hump-shaped model
became increasingly similar to the shape of a quadratic model. Therefore, for species
that exhibit comparatively broad thermal performance niches, such as the five Acacia
species that were studied, a quadratic model is likely to be appropriate to characterize
the natural variance pattern of Gax. The argument could be made that the quadratic is
merely an approximation of the hump shaped curve that may have emerged with to
advent of a larger or more nuanced data set. However, resolving a consistent pattern
in the thermal performance of G proved to also be impossible for the Eucalyptus
species that were tested (Chapter 2 Fig. 3), further limiting my general interpretations
around this trait. It may be that the selected incubation regimes applied to the
Eucalyptus species that were tested did not encompass the entire thermal tolerance
range of the test species, and that the lack of consistent pattern relates more to the naive
experimental design that I developed early in my doctoral research. Given recent
interest in developing functional trait libraries applicable to seed biology (Saatkamp,

Cochrane et al. 2019), this particular trait may require greater research focus.

5.2.2 Responses to water stress

In three of the Eucalyptus species that were studied, estimates for 50 increased
exponentially with increasing water stress, in line with the theoretical expectation that
the germination response of #s59 should increase exponentially with increasing water

stress (Rajapakshe, Turner et al. 2020). However, in E. salmonophloia and the three
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Tetratheca species that were tested, there was no consistent pattern in the response of
tso to water stress (Chapter 2 Fig. 4b, Chapter 4 Fig. 4a), and therefore an exponential
model could not be fitted to the data. It was observed that mechanistic models could
not be fitted to the germination data when final germination percentages were low,
and/or the variability in germination responses was high due to incubation of seed at
suboptimal hydrothermal regimes. Increasing the number of replicates used for
germination experiments could potentially increase the precision of the model fitting
process. However, the methods used in this thesis may not be suitable to characterise
the performance of taxa that exhibit low final germination percentages across the entire

thermal stress gradient and water stress gradient.

In all Acacia and Tetratheca species that were tested, the germination response of Giax
(at a given temperature regime) decreased logistically with increasing water stress
(Chapter 3 Fig. 4, Chapter 4 Fig. 4). This was generally in accordance with the
theoretical expectation that the response of Guax should decrease logistically with
increasing water stress (Lewandrowski, Erickson et al. 2017, Turner, Lewandrowski
et al. 2018). In the four Eucalyptus species that were tested, there was no consistent
pattern in the response of Guax (Chapter 2 Fig. 3), but the variability in the estimates
for Gnax increased with increasing water stress. It may be that the number of replicates
that were used for this experiment (Chapter 2) were insufficient to encompass the
entire germination response range of the four Eucalyptus species across the thermal

stress gradient and water stress gradient.

The greater difficulty in identifying patterns of response to water stress may relate to
the second-hand nature of the influence of water stress of germination. If water stress
inhibits germination by inhibiting imbibition (Baskin and Baskin 2003), then there is

not only a degree of variability in how the population responses to the stressor, there
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is also a degree of variability in the susceptibility of the population to the stressor that
is less apparent in the direct influence of temperature on chemical kinetics and
metabolic processes. Nevertheless, responses to water stress are critical to seed
germination (Bradford 2002, Onofri, Benincasa et al. 2018, Lewandrowski, Stevens et
al. 2021), and greater focus should be made in quantifying the variability of these

responses in natural populations.

5.2.3 Responses to combined hydrothermal stress

In all Acacia and Tetratheca species that were tested, increasing water stress
constrained the breadth of the thermal performance niche of seeds (Chapter 3 Fig. 3,
Chapter 4 Fig. 3). Similarly, incubation of seeds of these species at suboptimal
temperatures constrained the breadth of their hydrological performance niche (Chapter
3 Fig. 4, Chapter 4 Fig. 4). Therefore, the findings of my research demonstrate that
thermal stress and water stress are inter-dependent niche axes, and interactions
between these niche axes produce a detrimental effect on germination in terms of both
tso and Gpax at suboptimal hydrothermal regimes (Chapter 3 Fig. 4, Chapter 4 Fig. 3,
Chapter 4 Fig. 4). The results of this study demonstrate that quantifying the
interactions between thermal stress and water stress, provide an avenue to assess the
impact of these stress factors on the germination niche of taxa and, by extension, their
overall population growth rate. This is especially valuable, as will be discussed later,

in the conservation management of unique species.

Understanding the hydrothermal niche of seed germination has a long-recognised
importance (Bradford 2002, Onofti, Benincasa et al. 2018), but an intuitive way to
represent and interrogate these patterns hasn’t been forthcoming. The three-

dimensional plots of the germination hyperspace developed for the Acacia species
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demonstrate that a non-linear model fitting approach based on a sound theoretical
context can be employed to quantify and compare stress tolerance thresholds of seeds.
The experimental approach used in this study can be utilized to identify stress tolerance
thresholds of other rare and range-restricted taxa. Furthermore, there are ecological
insights to be gained from this that show that the hydrothermal fitness of a species
doesn’t necessarily follow the theoretical expectations driven by temperature or water
stressors alone. However, a limitation of this model fitting approach is that it does not
incorporate time as a variable. Recently, hydrothermal time models have been
developed to characterize the performance of seeds in the field of agriculture (Onofti,
Benincasa et al. 2018). However, models that do not compress the natural variance

pattern of germination data are currently unavailable.

The 3D germination landscapes that were used to predict the performance of the seeds
of the five Acacia species could not be fitted to the germination data for the three
Tetratheca species (Chapter 3 Fig. 3). Several factors may have contributed to this,
such as comparatively low final germination percentages across a broad range of
treatment regimes and the high a level of variability in germination responses was
observed at suboptimal hydrothermal regimes (Chapter 4 Fig. 3). However, it should
be recognised that physiological dormancy, which characterises Tetratheca species, is
complicated to alleviate, and may itself be differently hydrothermally optimised in
different, closely related species (Vincent, Barrett et al. 2015, Elliott, Lewandrowski
et al. 2019). This is somewhat evident in my data, given that my standardised
dormancy alleviation protocol failed to release dormancy in 7. aphylla. Furthermore,
due to the limited supply of Tetratheca seeds, the number of replicates that were
exposed to each treatment regime was low, and may not have offset this innate

population-level variability. Increasing the number of replicates used for germination
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experiments (especially at suboptimal hydrothermal regimes) to encompass the entire
response of seeds across the thermal stress gradient and water stress gradient could
potentially increase the accuracy of the model fitting process. However, it is also
broadly recognised that increased focus on the ecological and evolutionary drivers of
complex dormancy states is required to further a conservation agenda in seed biology

(Saatkamp, Cochrane et al. 2019).

5.3 Patterns of rarity and endemism

A major objective of my doctoral research was to investigate the role of thermal stress
and water stress in shaping the germination niche in a diverse assemblage of plant
species associated with outcrop habitats of Western Australia. By developing and
applying a consistent analysis protocol using non-linear regressions of germination
performance to a wide range of species, my research highlighted the role of
hydrothermal stress in shaping the germination niche of taxa native to arid and semi-
arid habitats of Western Australia. This revealed important ecological and
evolutionary implications with regards to the unique patterns of plant diversity
endemic to outcrop habitats in the region. The data for thermal stress and water stress
tolerance thresholds of the study species (in terms of G and #50) were generally in
line with previous research (Yates, Hobbs et al. 1996, Cochrane 2017, Elliott,

Lewandrowski et al. 2019, Cochrane 2020).

Seeds of E. salubris, E. salmonophloia and A. assimilis, all of which are predominantly
found on the deeper-soil habitats species surrounding rocky outcrops and occurring in
comparatively higher-rainfall regions (Western Australian Herbarium 1998), were less
tolerant of thermal stress and water stress compared to their congenerics living on

shallower-soil environments (Chapter 2. Fig. 4, Chapter 3 Fig. 4). Eucalyptus.
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salubris, E. salmonophloia and A. assimilis exhibit summer drought avoidance, similar
to many other flora native to the deeper-soil habitats of South Western Australia (Bell,
Plummer et al. 1993). Slow germination speed and restriction of germination response
to cooler temperature regimes may enable E. salubris, E. salmonophloia and A.
assimilis to synchronize seedling emergence with the persistently high soil moisture
levels and cooler environmental temperatures associated with the rainfall season (early

spring to late autumn) in this region (Bell, Rokich et al. 1995).

Conversely, the four Acacia species that are native to shallow-soil habitats of Western
Australia had comparatively broad hydrothermal performance niches (Chapter 3 Fig.
3). These results suggest that, similar to many other species native to the Western
Australian arid zone, these four Acacia species have adapted to opportunistically
germinate rapidly across a broad range of temperatures when soil moisture content
increases for short periods during irregular rainfall episodes (Jurado and Westoby
1992, Cross, Turner et al. 2015, Erickson, Barrett et al. 2016). The two Eucalyptus
species associated with shallow-soil rock outcrop habitats exhibited similar
adaptations (Chapter 2 Fig. 4). It can be speculated that, since outcrop habitats are
subjected to higher levels of hydrothermal stress compared to surrounding deeper-soil
habitats, these species (E. ornata and E. caesia) likely also benefit from a strategy of

rapid germination in response to soil moisture pulses (Main 1997).

The experimental data for the performance of seeds of Eucalyptus and Acacia species
did not conform to the expectation based on niche theory that broadly distributed
species should have broader thermal and hydrological stress tolerance ranges
compared to range-restricted taxa (Hutchinson 1978). The experimental data for the
Eucalyptus and Acacia species suggested that range-restricted taxa associated with

shallow-soil outcrop habitats (E. ornata, E. caesia subsp. caesia, A. karina, A.
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woodmaniorum) had broader thermal tolerance ranges compared to their congenerics
occurring on deeper-soil (less water stressed) environments surrounding outcrops (e.g.
E. salubris, E. salmonophloia, A. assimillis). Furthermore, seeds of range-restricted
outcrop endemic taxa germinated rapidly under low water stress levels. Adaptations
for rapid germination during short periods of high soil moisture availability, even
under suboptimal temperatures, is likely to be a bet-hedging strategy by which range-
restricted taxa gain access to uncontested niche space on the shallow, skeletal soils
typical of rock outcrops (inaccessible to their congenerics inhabiting deeper-soil
environments due to comparatively lower levels of hydrothermal stress tolerance)

during short and unpredictable rainfall events (Cross, Barrett et al. 2018).

Compared to the Eucalyptus and Acacia species that were tested, the three Tetratheca
species were slow to germinate (in terms of ts9), their performance niches were
narrower and were constrained to cooler thermal regimes (Chapter 4 Fig. 3, Fig. 4).
These observations suggest that outcrop specialist Tetratheca species are may have
been regionally broadly distributed under cooler and wetter climatic conditions in the
past (Crayn, Rossetto et al. 2006). It can be speculated that, due to aridification of the
broader geographical landscape (White 1994), the distribution of these species may
have become constrained to microhabitats on outcrops that can retain rainwater for
long periods of time (Byrne, Yeates et al. 2008). This claim is supported by the fact
that according to the climatic model used in this study, the average monthly soil water
pressure deficits at the GPS locations of the four Tetratheca species remained higher
than -1.5 MPa for at least four months at 2.5 - 15 c¢m soil depth (Chapter 4 Fig. 2).
There was a high level of overlap between the hydrothermal germination niches of the
three Tetratheca species, which lends support to suggestions that they may have been

subjected to allopatric speciation in the past (Butcher, Byrne et al. 2007).

113



Physiological dormancy may also be a part of the evolutionary heritage of these
species, as other Tetratheca such as T. juncea and T. hirsuta are also reportedly
physiologically dormant (Roche, Dixon et al. 1997, Bellairs, Bartier et al. 2006, Byrne,
Krauss et al. 2019). Although my research suggests that Tetratheca species may
largely conform to a pleisiomorphic germination niche, the interspecific differences in
dormancy alleviation cues suggested in my data raise the possibility that selection has
not operated at the level of the germination niche, but more at the level of the dormancy
alleviation niche. However, my data are far from conclusive on the matter, and I
suggest that further research into this prospect will be valuable, potentially across a

range of speciose, physiologically dormant genera such as Tetratheca and Stylidium.

Slow germination has been observed in numerous species native to various mesic
habitats of southwest Western Australia (Kullmann 1981, Vincent, Barrett et al. 2015,
Cochrane 2020). Slow germination could potentially increase seedling survival rates
in environments where high moisture levels occur consistently at certain times (i.e.,
winter) of the year, and where soil moisture persists for several days/weeks between
intermittent rainfall episodes due to the seasonally low temperatures and rates of
evaporation (Turner, Lewandrowski et al. 2018). Slow germination rates observed for
the three Tetratheca species may reflect adaptation to cooler and wetter environmental
conditions in the past (Crayn, Rossetto et al. 2006). The role of slow germination in
facilitating species persistence on outcrops, or whether outcrops in fact provide refugia

for species with this slow germination syndrome, requires further investigation.

Previous studies on several BIF endemic taxa suggest physiologically dormant range-
restricted species exhibit pulse recruitment during winters that experience the highest
levels of rainfall, and therefore windows of opportunity for plant establishment are

scarce and unpredictable (Yates, Gibson et al. 2011). Taxa with other dormancy types
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(e.g. non-dormant and physically dormant taxa) may not be similarly constrained in
their germination windows, and their seed banks generally release non-dormant seeds
throughout the year (Bell, Rokich et al. 1995, Yates, Hobbs et al. 1996, Booth 2017).
The findings of this study suggest that range-restricted Eucalyptus and Acacia species
follow a strategy of bet-hedging, which is facilitated by broad performance niches of
seeds across thermal stress and water stress gradients (Chapters 2, Chapter 3).
Conversely, germination windows of physiologically dormant Tetratheca species are
apparently constrained by narrower set of germination requirements, which is
facilitated by a pattern of slow germination under cooler and wetter conditions
(Vincent, Barrett et al. 2015). The findings of this thesis suggest that spatial
heterogeneity in outcrop habitats has produced hydrothermally diverse microhabitats
that can facilitate the persistence of a diverse assemblage of plants that are specially
segregated, and depending on phylogenetic factors, various strategies may be viable,
and that this may be substantially responsible for their high levels of alpha and beta
diversity (Gibson, Yates et al. 2010). This observation is in accordance with previous

studies on similar habitats (Dayrell, Garcia et al. 2017, Dayrell, Fuzessy et al. 2021).

Slow germination and the possession of comparatively narrow hydrothermal
performance niches is likely to make BIF-specialist Tetratheca species potentially
more vulnerable to future environmental changes, particularly as a consequence of
climatic change. As context, southwest Western Australia is predicted to experience a
further marked reduction in rainfall on top of the 10 — 20 % reduction already observed
since the 1970’s (Elliott, Lewandrowski et al. 2019, Cochrane 2020, Scanlon and

Doncon 2020).
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5.4 Seed dormancy and persistence

The four Eucalyptus species that were studied do not form persistent soil seed banks
in their natural environment, similar to many other bradysporous Myrtaceae species
native to Western Australia (Groom 2015, Booth 2017). Seeds of the Eucalyptus
species that were studied are retained inside capsules in canopy seed banks (rather than
being released into the soil), and seed dispersal can occur throughout the year in
response to various environmental factors (Bell, Plummer et al. 1993). According to
previous studies on Australian Eucalyptus species, rates of seed release from the
canopy seed bank decrease during wet periods (Booth 2017). However, seed release
rates significantly increase in response to disturbance events such as fires, droughts
and heatwaves in Eucalyptus forests and woodlands which result in the elimination of
large parts of the above ground vegetation (Bell, Plummer et al. 1993). Increased
resource availability following disturbance events such as fire has been found to result
in increased seedling recruitment success in multiple Eucalyptus species native to
Western Australia, because the increase in resource availability allows for greater
investment in fruit development and improved seed set (Bell 1994). Absence of seed
dormancy in the four Eucalyptus species may increase the rates of seedling
establishment during episodes of high resource availability once the seeds have been
released into the soil and favourable hydrothermal conditions that support germination

occur (Yates, Hobbs et al. 1996).

In A. assimilis and A. exocarpoides, PY was alleviated by exposure to boiling water
for 2 mins. However, the two range-restricted Acacia species and A. ramulosa did not
respond well to the initial hot water treatment (< 37 % germination), and therefore
required acid scarification for dormancy alleviation in order to achieve high

germination (> 80 %). This observation indicates, that under natural conditions, the
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dormancy alleviation requirements for these five species are likely different. This
observation is in line with previous studies that suggest dormancy alleviation
requirements of Acacia species can be species-specific, with many species requiring
quite different dormancy alleviating treatments (Bell, Plummer et al. 1993, Bell,
Rokich et al. 1995, Steadman 2004, Steadman and Pritchard 2004, Turner, Steadman

etal. 2013).

Unlike the Eucalyptus and Acacia species previously described, the results for the
three Tetratheca species suggest that dormancy regulation and germination are likely
to occur in response to the complex interplay between thermal stress, water stress and
time (Vincent, Barrett et al. 2015). Recent research on several BIF associated species
suggest that both physiological dormancy and slow germination in the three Tetratheca
species could potentially contribute towards species persistence via a strategy of bet-
hedging which allows some (but not all) seeds to germinate in response to favourable
soil conditions as these cycle in and out of physiological seed dormancy (Miller,
Symons et al. 2019). However, the persistence of a soil seed bank ultimately depends
on how long seeds can survive in the soil (Baskin and Baskin 2003), and currently
there is no research data available as to the likely longevity of seeds of the three
Tetratheca species within the soil seed bank. Nevertheless, preliminary evidence
suggests that some Tetratheca seeds can persist and remain viable for longer than 12

months, though this remains to be verified (S. Turner personal communication).

The percentage of seeds that responded to the selected dormancy alleviation treatment
differed among the three Tetratheca species. These observations suggest that, in order
gain a comprehensive understanding of population dynamics, all performance niches

that are critical for population growth rate, such as the germination niche as well as
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the dormancy alleviation niche, must be adequately characterized (Pironon, Villellas

et al. 2018).

5.5 Implications for management and restoration of native flora

My research suggests that local extinction of species that are range-restricted to rocky
outcrops may lead to the global extinction of these taxa. This is especially the case
where some outcrops (such as BIF) represent high economic value as mineral
resources (Yates, Gibson et al. 2011, Krauss and Anthony 2019). Mitigation
translocations and introductions are often proposed as a way to resolve this implied
threat, although the success of such translocations, at best, is highly variable (Silcock,
Simmons et al. 2019). Recently it has been suggested that high resolution spatial
modelling could identify suitable recipient landscapes to increase the likelihood of
translocation success (Lannuzel, Balmot et al. 2021), and it has been noted that such
models often identify large areas of vacant potential habitat (Tomlinson,
Lewandrowski et al. 2020). These vacant spaces have previously been put down to
stochastic extinction events, followed by a lack of recruitment or reinvasion
(Tomlinson, Lewandrowski et al. 2020). My research suggests that a deeper
knowledge of the germination niche, coupled with highly resolved microclimatic data,
could indicate that this “vacant” habitat may not be as suitable as the modelling
processes suggest. | strongly suggest that more mechanistic aspects of the seed
germination niche be incorporated into the management of rare and range restricted
species, especially in the identification of prospective recipient landscapes to

translocation or introduction.

My doctoral research sought to assess the role of hydrothermal stress in shaping the

germination niche of a diverse set of plant species associated with outcrop habitats of
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Western Australia. The findings of my research suggest that the special heterogeneity
of outcrop surfaces has produced hydrothermally diverse microhabitats that facilitate
special segregation of occurrence niches. These microhabitats are utilized by a
phylogenetically diverse assemblage of plants, which suggests that a wide array of
strategies may be viable in outcrop ecosystems. The germination responses of the test
species were generally in accordance with theoretical expectations and previous
research. However, the results of this research demonstrate that in order to gain a
comprehensive understanding of the dynamics interactions between thermal stress and

water stress should be quantified.
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Appendix 1 Supplementary data for Chapter 2

Appendix. 1.1 Distributional extent of the study species according to Australian

Virtual Herbarium (https://avh.chah.org.au).

Species Area of occupancy in Extent of occurrence

Western Australia (km?) in Western Australia
(km?)

Eucalyptus 176 67,607

caesia subsp.

caesia

Eucalyptus 68 7,420

ornata

Eucalyptus — — ggg 332,027

salmonophloia

Eucalyptus 2,072 436,090

salubris

Appendix. 1.2 Mean temperatures (= SE in parentheses) inside seed incubators for

the duration of experiments.

Experiment Species Treatment  No. of replicates Temperature (°C)
regime
Thermal performance oC

E. caesia subsp. caesia 5 3 5.339 (0.042)

10 8 10.925 (0.001)

15 8 14.935 (0.027)

20 8 18.665 (0.019)

25 8 25.197 (0.007)

30 8 30.197 (0.02)

35 8 34.102 (0.036)

E. ornata 5 8 5.302 (0.042)

10 8 11.011 (0.044)

15 8 14.788 (0.021)

20 8 18.817 (0.019)

25 8 25.054 (0.01)

30 8 30.131 (0.023)

35 8 34.209 (0.033)
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E. salmonophloia 5 8 6.267 (0.099)
10 8 11.180 (0.044)
15 8 15.673 (0.026)
20 8 18.508 (0.039)
25 8 24.895 (0.007)
30 8 30.116 (0.026)
35 8 33.783 (0.041)
E. salubris 5 8 6.237 (0.094)
10 8 10.975 (0.037)
15 8 15.576 (0.029)
20 8 18.089 (0.029)
25 8 24.934 (0.007)
30 8 30.137 (0.019)
35 8 34.064 (0.028)
Water stress tolerance MPa
at207c E. caesia subsp. caesia 0 8 18.427 (0.018)
-0.1 8 18.549 (0.02)
-0.2 8 18.559 (0.018)
-0.4 8 18.334 (0.033)
-0.7 8 18.290 (0.03)
E. ornata 0 8 18.354 (0.024)
-0.1 8 18.523 (0.009)
-0.2 8 18.424 (0.024)
-0.4 8 18.521 (0.009)
-0.7 8 18.532 (0.032)
E. salmonophloia 0 8 18.424 (0.014)
-0.1 8 18.532 (0.009)
-0.2 8 18.426 (0.009)
-0.4 8 18.537 (0.006)
-0.7 8 18.243 (0.028)
E. salubris 0 8 18.437 (0.01)
-0.1 8 18.386 (0.028)
-0.2 8 18.267 (0.024)
-0.4 8 18.236 (0.014)
-0.7 8 18.752 (0.032)
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Appendix. 1.3 Akaike information criterion comparison (AICc) of the unique

parameter permutations of the curvilinear log-logistic model for the number of days

since incubation and daily cumulative germination rate of four native western

Australian Eucalyptus species at all temperature regimes (a) and water stress regimes

(b) assessed as part of this study.

Model Residual Deviance AlICc df Weight
Convergent common curve 8.894 37950.87 4 0
Species 7.635 36352.77 13 0
Temperature regime 5.630 33154.56 22 0
Species + temperature regime 2.608 25106.87 76 1
Convergent common curve 9.273 28589.64 4 0
Species 7.981 2742231 13 0
Water stress regime 2.664 25819.59 16 0
Species + water stress regime 6.503 18869.09 61 1

Appendix. 1.4 Preparation of PEG solutions of different concentrations in order to

subject seeds of the test species to different water stress regimes. Following the method

described by Michel (1983) for each treatment regime, the mass (g) of PEG (solute)

required to be dissolved in a known volume of distilled water (ml) in order to induce

a known level of water stress (at the selected temperature regime; 20 °C) was

calculated as follows:

Required water stress level at 20 °C

Mass of PEG (g/ml H20)

(MPa)

0 0
-0.1 0.7777
-0.2 0.1160
-0.4 0.1705
-0.7 0.2307
-1.0 0.2789
-1.5 0.3453
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Appendix. 2 Supplementary data for Chapter 3

Appendix. 2.1 Distributional extent (Based on Atlas of living Australia) and seed traits of the Acacia species used in this study. Shading indicates
the two range-restricted species of conservation concern, classified as either Priority 1 (P1) or declared rare flora (DRF) in Western Australia,

found in close association with BIF habitats (Western Australian Herbarium 1998).

Species Area of occupancy  Extent of occurrence 100-Seed Seed fill (%) Viability (%) of filled seeds Germinability (%) of viable seeds**
in Western in Western Australia  Weight (g) (n=100) (n=10)
Australia (km?) (km?) (n=20)
Uncut Cut Non-treated Heat Acid
treated** scarified***
Acacia karina 44 1,515 2.873 90 0 100 0 10 95
Acacia woodmaniorum 12 380 1.662 93 30 100 0 10 90
Acacia assimilis 1,200 435,903 0.245 99 10 100 0 85 -
Acacia exocarpoides 564 343,950 3.508 98 0 100 0 100 -
Acacia ramulosa 1,128 984,371 9.910 77 0 80 20 36 100

*Initial germination success of filled seeds was quantified by incubating 20 seeds of each taxa on moist germination paper in Petri dishes under constant darkness at 20 °C

followed by regular scoring of germination rate.
**Exposed to hot water (> 90 °C) for 2 mins.

***Exposed to 98 % (v/v) HoSO4 for 60 minutes prior to rinsing in running water and washing in 100 mM sodium bicarbonate neutralising solution.
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Appendix. 2.2 Mean temperatures (= SE in parentheses) inside seed incubators for

the duration of experiments.

Water Thermal regime Temperature (°C)

stress regime

(MPa) (4]

0,-0.4,-0.8 10 10.620 (0.018)
15 14.844 (0.015)

20 17.766 (0.014)

25 25.297 (0.006)

30 30.491 (0.012)

-0.2,-0.6,-1.0 10 10.415 (0.33)
15 15.125 (0.015)

20 17.671 (0.042)

25 25.532 (0.006)

30 29.789 (0.009)
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Appendix. 3 Supplementary data for Chapter 4

Appendix. 3.1 Distributional extent of the study species according to Australian

Virtual Herbarium (https://avh.chah.org.aw).

Species Area of occupancy in Western Extent of occurrence in
Australia (km?) Western Australia (km?2)

Tetratheca aphylla subsp. 16 107
F.Muell. aphylla
Tetratheca erubescens
J.P.Bull 0.035 <2
Tetratheca harperi
F.Muell. 12 2,412
Tetratheca paynterae 40 9473

Alford subsp. paynterae
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Appendix. 3.2 Collection details (location and date), seed traits (mass, fill and viability) and initial germination following the application of

several dormancy alleviation treatments of the four Tetratheca species used in this study.

Species Collection Collection Seed Seed fill Viability Germinability (%) of filled seeds* following dormancy alleviation treatments** (n = 15)
location date Weight (%) (%) of
(mg) filled seeds Incubation on Incubation on Stratification at Stratification at Stratification at
(n=15) H20 for 8 weeks ~ I1pM KARifor  30°C for 4 weeks 30°C for 4 weeks 30°C for 4 weeks
at 15°C. 8 weeks at followed by followed by followed by
15°C. incubation at incubation at 15°C  incubation at 20°C
15°C on 1luM KAR; for4  on 1puM KAR; for
on HxO for 4 weeks 4 weeks
weeks
Tetratheca Helena and Feb. 2019 3.0 79.8 £0.1 93.3 0.0 20.0 7.1 26.7 6.5
aphylia Aurora Range
subsp.
F.Muell.
aphylia
Tetratheca Koolyanobbin ~ Feb. 2019 5.1 883+1.2 100.0 57.1 46.2 92.9 92.9 80.0
erubescens g Range
J.P.Bull
Tetratheca Mt Jackson Feb. 2019 3.3 96.4+1.7 93.3 57.1 66.7 100.0 78.6 93.3
harperi Range
F.Muell.
Tetratheca Windarling Feb. 2019 1.6 83.9+0.2 933 429 53.8 76.9 92.9 73.3
paynterae Range
Alford
subsp.
paynterae

*Initial germination success of filled seeds was quantified by incubating 15 treated seeds of each taxa on moist germination paper in Petri dishes followed by regular scoring of

germination.

**Treatments imposed to alleviate seed dormancy and promote germination (warm stratification and karrikinolide (KAR)).
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Appendix. 3.3 Mean temperatures (= SE in parentheses) inside seed incubators for

the duration of experiments.

Thermal regime Temperature (°C)
(49
10 9.4 (0.02)
15 13.8 (0.01)
20 20.7 (0.03)
22 21.1(0.02)
25 25.5 (0.01)
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Appendix. 4 The publication that has resulted from this

research
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Comsarvation Phynislogy « volumae § 7000

Introduction

MM‘L i, -'._j demenm are often hark I
i rangestestrcted niche habitats on rocky oencrops sxch
as handed woastone formations (BFs) and granse outcrops
(Poreminks and Barthlon, 2000; Jacobi of af, 2008; (abson
ot &, 2010). Opp wthes o evols 0 these habataty
Lirgely result from edaphas isolaown from the serrounds
g veprtatem matres and the wmgoe and haghly bxalued
eovwonmental conditwns found i thee niche

apecialieed species, as wiell an taxa that are widespeead across
Mpuudhwubmnd..lm;m

avadabaliey doe 1o high water resolf and hmited capacity foe
moesture to sk mto the sobmurtace cavirconment (Withens,
2000, Porembsks and Barthloer, 2012). However, followwng
ramfall cvenes, weathenng of granie prods highly
localized, shaded, mew microbabitats that retam water
for perniods of time including rock pools, crevices, pallies,
talus and rufoluting sheets of granite where water collects
and lovses vus evaporation and sl percolation are redoced
(Wyae, 1997; Withers, 2000; Liu ot al, 2007). The evologscal
filsers wnderdying pamerss of plant divervity In owicrop

etats |
ot al, 2010, Porembaki and Barthloer, 2012; Do Carmo and
Jacobs, 2016). The result i that rock outcrop communities
are proceally d 10 ahy epraton on

restricted plant taxa that are th d, yet gramine P
occupy bews than 1% of the land ares in the SWAFR (Byrne
and Hoppee, 2008; Wege of o, 2015)

ko
31
it

i

habetats are yet to be hearly sdentafied and underseood (Byrme
and Hopper, 2008), However, the substantial peoportion
of rangeseestrcted plant species eademic 1o rock oulirops
suggests that the traes cnabling these plant tan to perunt and
flournd in thew rocky nuche may comequently rduce thor
i n other eavircnments (Byme and Hopper,
2008; Anacker of al., 2011; Tapper ot al., 2014b), and these
warrant further mvestigatson.

The trassation from seed 1o seedng represents one of the
mast criescal stages of the plant I cycle (Lloret of o, 2004;
James ot al, 201 3). Sonds are therebore haghly adapeed to thor
habatat in order t0 MAXIMIAE FCTUIOMENE MNOPM, 33 CVOT-
tually seeds huve cnly one attempt at sosoradelly tranutsnsyg
from a seed 10 a vable and healthy seedling (Wakk or ol
1997, Tweddle o al, 2005 Lana ot o, 2012), Comequently,
the ] e for dormancy alleviaton and
weed germasation are wsually defimaNe, highly nussced and
specierpecific (Tumer of al,, 2015). Seed prrmsaation ocven
0 fesposse to spedifx comben of eavironmental <ues
above crieical thresholds with two of the most importase
bewng temp and sodd (Bell, 15794 Bell or ol
1995; Memint ot &, 2007). bt i ressonable to expest that

!
;
!
it

al, 2018k Cara ot &, 2013 Crow

over a wely wade 1.
of temperatures and water strews bevels (Cocheane, 2017,

d speces, and g

Ao partcularly specan
¢ only m specfic microbabseats sach as rocky outorops, may

have narrow peemsnatson akhes as these habwtats peovide
envircnments that are bkely 1o differ markedly from other
parts of the landscape (Turmer of o, 2018, Elloet o1 al,, 2019).
2 & siarhn o de - Rt of
Mi-'“ ld l- L" ' ‘M
should be & prnciple area of A o betrer und d
oagong cosservation and management (Luna of o, 2012
Clemante of o, 2017). Furthermore, identilymyg wome sy
ing th \ ity 10 eed prrmanitaon n I for
Bypotheuns walerpunng

_.v‘m &
these demographe hmatations,

There have boen efforn made to develop modehs of woed
prrmanatson in relaton to temperature and waser serew (Beade
fond, 2002), but these have been heavily datasecterential, and
have not been consntert with the theoretn al usderpennssgy
of the wider thermal pert & (Anpliceta Jr

-
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Comarvation Phyvsiogy « vohoe § 000 Researh article
et al, 2009, A sach, the | feting & p By wadely dienbuted g tand to addrens the folkow g
difud, and the -y be inace mmﬂmmhuﬂdﬂ“w
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tent. According to the collmson theory of o J k
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rates ally weh g teme
perature (Gates, mtul'lwtwt.-nﬁ-kmm
catalyzed by enrymes that huve 3 spocfic thermal theedhold
beyond which they desuture (Peteron o of, 2007), The
maerstron of thew (wo peovevses implacs 3 rapad murease o
phywolopal performance up 1o 2 ool threshold, heyoad
which perf rapully declines an oh

hutionary and ecologacal value (Hecy of al, 1959). Seods of
widely detrduted floes are d to have broad ther

agr J spevees more 1o waser
stress compared fo > tanal
Materials and methods

Species selection and sourcing

W conducted thes stady wng four readily gormnable, non-
mﬂdm“umm

Austraba. Spvoses weree sebected 1o o the |
Mdﬁadﬁm’ﬂmﬁ”
: We selentod sords of two rangesrestrated

speces native to owher grante outcrop habaats (F. cansa
Benth, vubsp. canas) or Laterste ndpns (F. ormats Crisp) and
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ch d & "0 fy the impact of thermal stress  some conservanons conoern (Costes of al, 2001). Escalypows.
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dry for moch of the year, expecially n krwer ramball  Repons (Thak and Crewwell, 1997) In contrass, E.
o of Western A b, the op 1t wine  sabmomopbions and b sdebrs are common, widdy dis
dows meght reflect haghly spevifc kocal adspeansons and thas  tnbuted dommant mallees native 1o wouth west Wiestern
provade wome inught conuorming ov sl A b (Yores or al, 1994). Their hubstats are dverse
(Byree and Hoppes, 2008, Tapper of ol Ml‘b&l\--ﬂy and inclode wadaanmg low i, plams and dopes sun
aimed 10 compare the =) of two ranges J anite e The duanb I vange of E

J pranite P specialng spocies with those of two  sabwomopdions and F. saledvn extends from the relativedy

K-ray it [
LRl -

wrephel |y

[ - [
- et 0 10, YA, 20 20, 300t 15°C Gty ey
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mev Medatorrancan SWAFR (Sowth Wese Australis Florm
Regun) to the d IBRA repeoes wah v Condigands
(Yates et al, 199%4), Seed acoessons uned i thay experiment
were collected in 200K (E. ormats), 2016 (£ salwbeis), 2007
(K sulmonophiow) and 2018 (E. caras) from bocatsons
withan  $0 km of each ather (Table. 1) Sevds from all specrs.
were sored wnder cool, &y condstsomn untl wtdiaed = the
eady.

Seed quality
Prioe 1o seeds were stored = dled

LI
=)

<
¥
8

expenmentatan,
covieonment {15°C and 15% relagive hamaday) ot the Beodie
vervty Comservation Centre, Kings Park, Wistern Asstralia,
We wwed 2 vacwsm aspurastor (SELECTA BV Geavity Seed
&“M*Wuuwmmﬁﬁuﬂ.&t

°
den Pt Ner Mr Viay A 34 Mg feg Ox hew Dec

Figwe 1 Long: i

“]HM

e — —

each test specaes percentage seed fill was & d by X-

lqmdlﬂuﬂmmmmm-

MU‘L\IAM . lﬂy loped and
eam b illan a8 M

tﬂbd_l.thmﬁrd-mdm—\.h-'u
Lack of soed fill (Erschocn o ol 2016).

For soods that were filled, seed viabdiry was abo mvests
M“Tmunh_(m-slﬂnma
2.3, $«aniph chlonde (CraHisNaQl) by deby-
dropemane emaymes present i bive tnaoes prodoces an inteme
pomk codoue, indacsting that 2 wed n metabolaally sonve, and
thus vuable (Lakon, 1949, Jeremash or o, 2002) Samples of

20 seeds et specwes wiere horuontally dissected and exposed
to 1S setrazolum for & period of 4 b a1 2 5°C. W used stained
sonds to cakoul baliry of sood bots (Table 1)

Temperature tolerance

To s the grrmunation respomse of serds to temper ature,
M*Mdl!ﬂhmﬁmum
(¥ mld of Snailled water per petn dish) §4 mm germenanon
paper (Advastec, Dullan, CA, USA) in %0umen plast Peen
dnbes snd mcubated 2 5, 10, 15, .‘A'-'J.”ld!!"cllm
total soeds per spesses). These pans & beoad
range of the temg d for the & of the temt
mhdmhd%”lhi’; n
Seods wrre serface stenlued wieh 2% (wiv) cakomm by poshlo-
nite (CafOCH) under vacuum (=70 LPa) for 30 men and
wahed with wende devomped water three bmes for several
menctes por wah posor to plateg. We condated seed pliting
e stenbe condstaons i s Liminar (low ¢ abenrt. Petn Sobaes.
wre waled with plastic wrap to prevent monture boss dunng
&mwmdﬂmhmﬂﬂ
foul o el the p . % cffect
dhhu-r—-—(ﬁl.lﬂﬁlu‘hl—n«d 201%).
The semg imade the anub wan ded cnwr am
howr sang i data loggers (Maxim Integrated ™, San
Jone, USA) placed n the maddle of each sack of oght petn
dinhes (wew Suppek ¥ M 1), We soored ge

m-t;ﬂ..-:--,.hﬂni—’h“

Water stress tolerance

To test the effect of mater srew on germenaton, we plaoed
wods i 90-mm plastic Petrt Snbes on seed grrmination
papers o peeviously dewnbed mbused with different coodens
trations of polyethylene ghyvod 8000 (FEG) soluton (9 mi
dﬁﬁmmmmmunnl!mm
based st 2

(20°C), & 3 trom teme ‘ o

We exponed onghe repcates of 25 sends for each speces
to water strows kevels of 0, =010, =020, «0.40, =0.70,
=100 snd =150 MPs (1400 total seds per specan). Seads
were surface stenhned as previoudy deswinbed pesor 1o plate
qﬂhﬂn‘meﬂ,_ﬁdﬂﬂm wrap

- e “- AL

¥

I-ynl“‘ San fose, Ca.lﬁuuﬁmdu‘t-lltd
each Petn dosdy sk 1o mp
Jy dewnbed. We sooeed gy nuﬁtﬁm

"ﬂmhi—.nﬂhmwﬂi—ﬁnl
week for 2 persod of 28 days.

Statistical analysis

Germination modelling

Tradawnal arempes to shennty crmm al thresbolds of wed gees
silline binominal o b e

ows
1 A A

¥ and g )
(Ashdond ot ol 1970; Bradiond, 2002). We adapted & noo-
lincar regrevscn appeoach (Ritx and Sercibug. 2008) that i
not yet comemon i wadies of sood buodogy 1o avew the effect
dﬁﬂmﬂmmum
The main ad the Curvestuttng
mﬁwh\v-ﬁuﬁ o oy rcot g ompress the natural
of the data m the way that bacaruzation

utﬂ*mm‘ulnﬂmm
soored fowr days 4 woek for & persod of 28 days.

dory and only fats the nember of paramctons that Sefine the
madel. Therebore, since the rmk of overfitting to the dats
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Reraarih artele

MMWW--«M—

-upudammr_.uu

m;mnﬂmnm« § the

here gremanstion ceanes, and Ko,y n

v-'——--'“-h

each 2 ) semperse Togrbognex:
'I—n-—ﬁllllnrm ot o, 2007 Tarawa ot
&3lnmhmllﬂd-‘u‘0!nm-ﬁd&ﬁ

ath data s

u-u'l‘q. Hences

ﬂn.ﬂh ferred 10 as the th i of

-_-mm.r_.uamht&m

dw—uma T The o
of

r-unh

the K seatistical caviconment (R Coee Team, 2013k
G"

._..-....ﬁ-, m

where Guse s the hh*muﬂ.
and the lower bamst of gr ane n deobe 0
(Lewandrowski of of , 2017), The function also caloulates 2
poust around which the equation n symmetrxal, £y, whch
»oan estimate of the time required bor $0% of the weds

is characsorized a3 Ko Amdu-l.lh
thn appeasch i that each parsmeter of the above equation
can be drectly lnllni—almuﬂluw

™ these can be readdy come
Mm-uuu.——dnmm-dm
N POTERSNIN FOMpOne.

Water stress tolerance

hlhu-rurdu-nd should be mbabeerd

D,th‘ 1 perts dc-y-" a1 specids
1 4k [y ‘lh A l'-"

(s & percentage of Gy, 1o ge and b ind the
sope of the permenatsn funtsn 31 fu. Firt, we resolved
a sonvergent common surve for the number of prrmenanes
over the oumber of soods incubated for all of species wmder

it should be
Mnﬂllﬂl.hmﬁumM
neneally with increaung =t s up 1o 5 speces speyi
MIMHMMMJ*M

all temperatune segimes. By grouping this function by speces ¥ I ition (Beadbond, 2002). A pastern
- Fap im rOWp o g waler
:mw.-riihtmhﬂb . priy s e s
tations of the basic model. We weilised the AlComoduy O¥ive 10 the SWAFR (Cochrane, 2015). Cor we
""‘"’,.;.. O e e ot e s st 0 sk ;':".‘?.'.......'.....;.3
. .‘:‘._ - “lIlll'-df- and m-ﬂ.nﬁhf.mhﬂmm
G-.Ih‘ enparing esch p ton with the commscn  FOPonse data
m“hmmmﬂ-ﬂ-ddn l'n-b*““ . W »

mumwﬂm-ww
wan wtilaed 10 Isy and
G_rﬂ-nhnduﬂnm&d‘w-‘“-lu
Afferont oreatment repemes. We used moded esnmates for b,
C—-dmnahlmn-l-dmlumc_hnl
wponed 1o ditherent

Temperature tolerance

The previson of cumilinear modelbng n depeadest speon
assumptions relsted 10 the shape of the curve (Tom

where fys n the time required to rexch $0% gormination
-dn-ymmlﬂd.“nhhnvﬁcdt.w

to the begnang of s exp ks s waleng

wdw‘hﬁm'mmhdn“lp

begimn to ew alite exponenully.

Unique parameterization

Utﬁnllhv,,_.' physiclogical f o 1
Lol o 3 b0 the logh

2019). Although th lly shows aa
uy—mnlmudnnﬂmnumkm
Pevervon ot o, 2007), appeop

model estmmates “hm package (Beuscaux,
mnn-hummummmm

1 pere
mmmmhhwhnﬁw-
and Hunt, 1999). Therefore, we I asyme

ooty a global model. Subsequent 1o this we ompl
&dhﬂunh—wdmh*mdh

mdudllhhhllumluww
which

rospunne Jats wung
hh—mn‘n--lﬂ-umphhm
ture revpomse of mavsmmsn rate of growth in planty;

=30 ()=

-.q.

n—--l—-( (H]

Ma_-&-_mmm-mm

fun on the bases of specaes, followmg Rz
-lkvﬁ-.!&ﬂllhpnm-ﬂqwnh‘dl-u
Toger Tonsns 0 a0d wr, foe each species in terms of fip and
[

Results
Germination modelling

The rwo range spesaes o d hogher final gee
o ,m--ﬂnwdmm

atwre (T), Toge is the op i e g
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a) Temperautre by Water Stress
E eavei subsp, coeika E. eowica sulrap. cearice
1 3 - .
e £ AR R R ] |H|IITIHIIIT TELE]
i) I liissssasasnatasnasnna .
® ] l.lll' v
0
. R e .
& L
Bl LE:
alt s ol .
E amate
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B n i -
e s -
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ot » I
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E safwhris E salwbris
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n ate i . 2" a
a uu.l-u-lu.u:u-:--t"?-l' LTSS S, SR : ! ;
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I_}a}'s Davs
Figure l Mean ! ge oo replicries ol seeds Mhmlmmmﬂwlnﬂumw
o o ransgw ol L u|mmmum-u ! Aarkrais for 1 clays. Sigl replicatin af 25 st s
waed fow 2ach. Ermrk ting dard eror of the mean have been omitied for dpsisy

than the two brosdly disribeed oy (Tigo 110, Boch Escas
lypers vaesis subsp. caesis and E. ormeta exbihized relss
tively comstant bigh final permnaton percencages {= %)
from 10 e WA, while final geememarion perceatages of F.
saimaniphing aed E. sailmlvis decreased from 98 % vo < TE8%

ar 23 (Fig. 2a), Tor the ™wo raogesreuricred raxa, the
minismiem final germination percestage was observed ar 10PC,
wherean. for the two widely distmibuted txe minmam fimad
germmmstsan ovowrred at 290 (Fag 2a) For all maxa excepr
L caesta sushsp. coeaia. the maximum iemgperazure ar wisich
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permination occurned was 35°C (Fag 2a). Within the range
of 15=25C, estimated time to reach Gy, was < 30 days
hmnﬁm-dhhwm;mfnf_w
-#m:ﬂt’.m‘ won trom I

water strew repme (the lowest AICe value s 1886909,
df 5 61, revidual deviance s 6.503; Maserual).
For E. carsia subng. carsia, E. ormats and E. salubris, the 1y

3 vanability i G ay, and lenghoned the
-uwumdcu(ﬁ; Ja) Howevee, for F. salulrs
the time 10 reach Gomen win relatively content across 10=
30°C (Fig. Ja).

The ramgesrestracted b corsas subsp. carsis and | ormats
mm“d““‘nﬁmuﬂl’

valoes d by the boglopax modd were relatrvely
constant up to & theeshold water stress level, which was
Mh-mﬂm-lnﬂm'ﬂﬂ
mtr;aumw fimved 1o the 1y

disenbuted taxa, in terms of faal
m“w—ﬂmdhmwm
s excoeded 0% even at =04 MPa (Fig. 2b). Conversely,
the fimal geemination of E. salmonophl a-l[.ulim
Mk“btmn-ﬂlﬂ-ﬂ‘m

ﬁ;m’«zmﬂ*uﬂ!_m
the highest stress bevel 2t whach germination ocosrred was
=1 MPa, whereas for E. ormsts and F. salubry germsination
wan not observed below =07 MPa (Fag 2b). For a8 sested
specars, evimates bor e to resch G,y and vanabdiey of
thew estumates o reased with neeg water wrew (b 3h)

Temperature tolerance

The log-lopaex curve imorporating both spevses and temper
atwre tepene was the bewt model to fe our thermal roponse
d-u m.mu.n d.?ﬂ. rewdual devisece » 2 60K
PP y g thae boh “specws” and
S ubutem wemperature’ wore facton that contnbseed 1o

Discussion

The resules of this study & that the thermal pee
i of the four sclected taxa in sormm of s s hump-
Saped. in 2 Sshed priacie g
Isology e 5 w0 emp ol

Y in g sponss (Sepp Y
The logogintic curve could not be fitted to the p
response data for § and 35°C wece final poresnation
mmmhlqll%)uh_mﬂn

(Fig. 2a). The detnd of the #uy, values d by the
log-logintic moded for cach speces-by-temperature grovpeng

across 10=30°C was hump dhaped, i exp

-ﬂmmw»apﬁ.w-ﬁui

}";.nl.h!‘.uu-hpwﬂ-dl;mw

& percentage, the
were more tolerant of thermal serews than the two widely dese
tnbuted tava. Ovt sevond hypothesn, that the range 4
demn tans woshd be more 1O WALET MTERL, Wah Mt

Toge valoes were 25.4 2 0.25 and 23,02 037C
h for E. salmonophioss and F. slebrn n—nn
for Ty were 17.72 194 and 20,1 2 0.9™C, rovpectively
(Fig 4a). The two widdly dnenbuted species had broader
thermal tolerane ranges thas the two rangesrestrated tava,
Mm.wwdwm
(Fag 43). For all tested spwors, extimaned

range of 30 5=12*C. A th d perts ‘
ot be revohied for the G estimases of the bt
model (Fug. 3a) because they wore highly comserved across all
expermmental semperstures.

Water stress tolerance

The best hog=bopnta: functson 1o f our water strew respunse
dats was the pormutstss moorporsting both peowrs and

stress tolerasce in torms of .

Temperature and water stress tol o

The hagh wed visbualary that we obsrved is conustent with
previous reports of high gormmanon sooess @ Facalypius
mh—u_pqu--umzm;
from acrom A S when escuhated under 1. Me thers
mal conditions (Bell o o, I”kl-n-‘l’iunad 201%),

—*m-ﬁaawﬂdﬂ‘mﬁm
"na
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a) temperature b) water stress
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Figure 3 [ > o) 10 000 G . Togrogtc P
errrararae Mg of ko Wrters bt skan fushta o) PN i) ol
() aned mpter strens beveh (bl Black S0ty Sepect e 3 rerrenh it oty O G, Yo# 0000 rephcate of et
ooy » dftereet e Lt o 35 vewch mare vned ox
tempetature tange  (1017) has reponted that mamy Facabpims speows nstive

physschogn al provess that i bemseed 10 8
hle for '] bolic actwiey (Bell of al, 1995,

JumdaczeAlbaro ot ol 2016). Bell ot 21 (1995) reporaed that
i an speses of Eacalypess satve 1o Western Australia, sl
permnaton peroontage was highly

e, and Coch

1o sosuthwrstern Australas exhabar high plastwaty 1o thermal
srevs i terma of final germenation peroentage. Owr dats

- that,

&d not g
whde

e stromg seppaont bor thew
b d 10=20°C redoved mcan

" L L
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a) temperature b) water stress
ed E coevia caetia
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L H
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“
u]  E salmoncphloia oy S0imoncphiole
0] o )™ s
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o,
. L
w] E salubris E salubris
:: ros nn-r x 'ij-- E i Uil ogieanmnton
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Incubation temperature ("C) Water stress (MPa)
htwmu——mnht—: s [ " of teva e
1 it " anerent

ol &

frrs b mmudﬁ“:‘n-hu

ey ol anaade olhon

0 e
Aeted 10 the g extimates of sach ipecws. Cont for th

of I3 seeth

- ——

final perasnation percentage in all specses tested (Fig. 24),
“MMMhmum
rate (£30). De firom & ranges for
--m-mmdu-hmﬂc...nd varubduy =
evtimases for time 10 reach G, in o four taxa (Fig 1)
It i posuble that, at least mnofar av endertandng thermal

i 8 lews i funce
_icml(mnd 2019) than aspects of germinas
teom rate, and that, gres & kng enough window of opguortes
miry, most non=dormant seeds will obeam high germinanon
rates srons & range of “sebeoptimal” (onditses, and ot n
the lengih of this window of opportusicy that rep

160

Gy ey

OO0 iy 40 w0 el k3 i L2 200Dy |



Rasaarah astile Conservation Phypvisbigy - voborme 8 200
the i r o thermal and drosght tok o habutats are shalk pared to those of the sarfousdeg
peTmnaton. matrix (Masn, 1997; Mares, 1997). Forthermore, increased

bevels of evap due to hugh temyp fespesnally 0

The T g extimates for all fosur species were within 3 rasge
of 17=26°C, and Tous vadoos were bevwoen 29 and 32 *C
(Fig. 4a). Locations from which seods for this stedy wiore

flected are w3 Meds <limate, ch rued
hot dry semeners and mabd wet winters (Bell or ol 199
uum-umwum
of high v datel

sumener) can capadly reduce the sod mosture av adabiliey of
such macrohabieats (Merrer of o, 2007) because outcrops

bY  (Wichers, 20000, In addion, sumemer rainfall events in southe

west Western A la are sporadic and therebore insulfe
ent to and i woud water p d at bevels
1 ble for soed ge won and p of seodiangs

m&—hn—“umﬁ“uﬂ-ﬂ
with kow semperatures i bhely to tails and

al- uul(?o:hr-r aom.ma--dnm

*Md-ﬂlﬂiwwnh
timne of year (Bell ot &, l”ll.'lhf...-l'l’_.t—-t

wpere to bemat the window of opportunity

hhhmcﬁnﬂyuﬁun e
-«;“lr“ﬂllﬂ

mm-ﬁmﬁ-mhm

species from southwest Wessern Australia, inclading short

range endems tana, exhabut o low thermal optimem h

permination (Bell, 1994, Bell ot al, 1995). The dene of

for germination oa racky . 8 that we dd
B0t MRpOLe W O €Xp ! g L of
range n Lot

dr....wﬂ-d -ﬁhhw toleranae m terms of
Gogns 30d time 10 reach Gy could be an adupeve strategy
n range=restrntod tans vk as Focanig subsp. corsa and F.
ofmits to oplmate recrutment socoess withan 2 shaort period

permunatron with persods of haghewt ramfall among speces
from Medtorrancan demates 8 widely regarded o an
l- A h ‘_'l A, -h
muhbm&hm*
growth and establishment (Luna o ol, 2012 Clomente
etal, xom-m-mu-mm dacate that

of opp ity mn serms of high sod moture avadabsly
MMMMlMﬂﬂmwtmu
Kiener, 200%; Coxheane, 201%), Escalyp
-l!'.ad-l--hhh Lanve by derpesnl

op (Yates et al, 1994), Low ther
dﬂwm-m—dwm

it can be ding to the prmcaples of thermal .md" ey o e eryiy-
bep ” -ﬂzwdmﬂum E.

Sqlw.uluum:um”“wmm Smeomirp ..‘f_ sl myuﬂnnamlw:v
:lli““ s 2 -ﬂr “ i alall
Expunure 10 water strew redeced mean funal ge the couler wanter manths under bagh and peruntent sl mon

percentages in all specaes tested in this study (Fig. 2b), consise -"”Mhzﬂm ofihesy

tenn with previous studses of Fascalypo speses (Pearae of ol

1990}, and the broader Wirstern A s floea (Coch aw_“-mmmbﬁhp

2008; Terner ot & 2018).

Patterns of distribution size and endemism
In serms of final germination Peieneipr. the two ranges

ol habutats (il

aad, I”),l,-nndlluu«. ‘MC«&M.NI?L
Our findngs are 10 bse with pecvious repoens ﬁ- ir
T oy range for pe ol

Facaly mh“dumml

rostrnned endeme TANa wiere maone of both th i

E. nalabrs were the

Awseralis (Main, 1997; Mares, 1997). As well 45 ponerating

ely hot surface (Withers, 2000; Porems
ﬂlﬂmmlahmmmd
many h " L w proerally bower
than the J b the soils in these

reflects the wosl water reme of the habatar of cach species

(Bell ot al, 1993) Morcover, the revales of our wady are

with the findings of previous seadues that seods of

rangeerernied tana that are bemted by 2 narrow wmdow

dw-mmmduﬂ-—-«n-&

al-llﬂnhhhd., logacal pl y for thermal and
L the pr

dromaght stress

of broadly distribosed 1 . Ring sautel
m-hmm-mud_lnw
ot al, 2008, CaminersBenavades ot al, 201 5). In this snse, the
Mmﬂhunﬁmhhuﬂm

m-sdlnnnh- are

with paaevel thoodt T takisasion in
m(!nhuhudh—lhmn

Lumlations to interpretation

The exp | approach employed nhﬂymh

"
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Conservatoon Phpsislogy « vobume 8 000 Ravoarih prtate
$or permanateon i other spevaes of thecatened flors (Clemente . Western A L hr" dromw ok n-dc.hlbmm-
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