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Introduction

The interaction between critical life-history stages and the
environment can determine the relative success, distribu-
tion, and level of persistence of species within an
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Abstract

Variation in dormancy thresholds among species is rarely studied but may pro-
vide a basis to better understand the mechanisms controlling population persis-
tence. Incorporating dormancy-breaking temperature thresholds into existing
trait frameworks could improve predictions regarding seed bank persistence,
and subsequently species resilience in response to fire, climate change and
anthropogenic management. A key ecological strategy for many species from
fire-prone ecosystems is the possession of a long-lived seed bank, ensuring
recovery after fire. Physical dormancy is dominant in these ecosystems and
maintaining this dormancy is directly linked to seed bank persistence. We iden-
tified a suite of seed-related factors relevant to maintaining populations in fire-
prone regions for 14 co-occurring physically dormant species. We measured
variation in initial levels of dormancy and then applied experimental heating
treatments, based on current seasonal temperatures and those occurring during
fires, to seeds of all study species. Additionally, higher seasonal temperature
treatments were applied to assess response of seeds to temperatures projected
under future climate scenarios. Levels of germination response and mortality
were determined to assess how tightly germination response was bound to
either fire or seasonal cues. Six species were found to have dormancy cues
bound to temperatures that only occur during fires (80°C and above) and were
grouped as having obligate pyrogenic dormancy release. The remaining species,
classified as having facultative pyrogenic dormancy, had lower temperature dor-
mancy thresholds and committed at least 30% of seeds to germinate after sum-
mer-temperature treatments. Evidence from this study supports including
dormancy-breaking temperature thresholds as an attribute for identifying
functional types. High temperature thresholds for breaking dormancy, found in
our obligate pyrogenic group, appear to be a fire-adapted trait, while we
predict that species in the facultative group are most at risk to increased seed
bank decay resulting from elevated soil temperatures under projected climate
change.

ecosystem over time (Harper 1977; Noble and Slatyer
1980; Woodward 1987). For plant communities from fire-
prone regions, species can persist using two broad func-
tional approaches: resprouting and recruitment from seed
(Pausas et al. 2004). For the latter group in particular,
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the establishment phase after disturbance is important
due to the small window of opportunity for successful
recruitment to take place and the need to replace individ-
uals killed by fire (Whelan 1995). Thus, a critical ecologi-
cal strategy for many species from such ecosystems is the
possession of a long-lived seed bank. Seed banks permit
long-term persistence for a species when environmental
or biotic conditions are unfavorable for other life stages
(Grime 1989; Fenner and Thompson 2005), as well as a
bet-hedging capacity (Philippi 1993; Ooi et al. 2009).
Combined with germination that is triggered by fire cues,
this strategy ensures that seedlings emerge during the
postfire period into an environment with low levels of
competition and high availability of resources (Purdie
1977; Auld et al. 2000). For many species, unsuitable con-
ditions for seedling survival and growth at other times
mean that recruitment between fires is rare (Keeley 1987;
Meney et al. 1994; Herranz et al. 1999; Ooi et al. 2007).
Loss of dormancy and promotion of germination during
this interfire period results in a net loss to the seed bank
(Ooi 2012).

The majority of species in fire-prone plant communities
have soil-stored seed banks (Parker and Kelly 1989; Auld
et al. 2000; Holmes and Newton 2004). Species with can-
opy-stored seed banks usually have nondormant seeds,
and the timing of germination is controlled primarily by
the timing of seed release after fire (Baskin and Baskin
1998). For soil-stored seeds, physical dormancy, also
known as “hard-seededness,” is a dominant mechanism
controlling seed bank dynamics (Baskin and Baskin 1998;
Ferrandis et al. 1999; Keeley and Fotheringham 2000;
Merritt et al. 2007; Ooi 2007). Seeds with physical dor-
mancy have an impermeable coat that prevents water
uptake which, once broken, cannot be reversed (Baskin
et al. 2000). As such, measuring the proportion of dor-
mancy loss in physically dormant seed lots is a good proxy
for estimating seed bank decline. In fire-prone regions,
physical dormancy is often overcome by a short duration
heat shock related to the passage of fire, resulting in a
flush of germination (Auld and O’Connell 1991; Keeley
1991). Several studies have shown that temperatures
related to summer conditions or gaps in the canopy can
also break physical dormancy (Auld and Bradstock 1996;
Baeza and Roy 2008; Santana et al. 2010, 2013; Ooi et al.
2012). In a novel study by Moreira and Pausas (2012),
high-temperature fire cues and a seasonal heat treatment
were tested for six species from Europe. They concluded
that temperature thresholds necessary to break dormancy
were better explained as a response to fire, because heat
shock maximized germination. However, response to both
low- and high-temperature treatments in other studies
(e.g., Auld and O’Connell 1991; Herranz et al. 1999; Scu-
deri et al. 2010) suggests that variation between species is
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very likely. Additionally, measuring only maximal germi-
nation may not be a robust assessment because many spe-
cies respond to seasonal temperatures by committing only
a small proportion of seeds to germinate (e.g., Auld 1995;
Ooi et al. 2009). Determining the extent of variation to a
range of seasonal and fire temperatures could provide key
information for understanding how seed banks function
and how species coexist.

Grouping species by functional traits allows predictions
for large numbers of species based on the knowledge of rel-
atively few. For example, in fire-prone ecosystems, two
functional traits, resprouting capacity and type of seed
bank (canopy vs. soil), are used as a means to assess relative
resilience of populations in the face of different fire regimes
(Pausas et al. 2004; Keith et al. 2007). However, more
detailed seed traits have rarely been incorporated into iden-
tifying functional groups or understanding their response
(e.g., Paula and Pausas 2008). Assessing the variation in
threshold temperatures that leads to dormancy-breaking
and mortality across co-occurring species can identify
those species that are more tightly bound to fire and offer
insights into the relative roles that both fire and seasonal
cues have played in shaping patterns in physical dormancy
(Moreira and Pausas 2012; Santana et al. 2013). It can also
help us to identify the mechanisms behind different
responses of species that are currently classified within the
same functional group (i.e., soil seed bank species) and
inform the structure of future plant functional types for
assessing the response of groups of species to fire.

Climate projections indicate that many environmental
factors, including mean air temperatures, soil conditions,
and events such as drought and heat waves, will change
in the future (IPCC 2007; Alexander and Arblaster 2009;
Royer et al. 2011). Climate has a strong influence on seed
dormancy and germination (Walck et al. 2011), and a
small increase in mean air temperatures can increase asso-
ciated soil temperatures to much higher levels (Gut-
terman and Gozlan 1998; Ooi et al. 2009, 2012). The
potential impact on soil seed bank persistence, and subse-
quent population persistence, particularly for physically
dormant species, will depend on the resistance of seed
banks to depletion by increased germination and mortal-
ity due to higher soil temperatures (Ooi 2012). Loss of
physical dormancy is directly related to temperature, with
an increasing proportion of a seed lot losing dormancy as
temperature increases (Martin et al. 1975; Auld and
O’Connell 1991). The direct relationship between temper-
ature and seed bank persistence makes physical dormancy
an ideal candidate for studying the impact of projected
temperature increase.

Incorporating information on threshold temperatures
controlling physical dormancy into existing trait
frameworks would allow improved predictions of seed
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bank persistence and species resilience in response to
climate change-related temperature increases. Species with
higher dormancy-breaking temperature thresholds (more
closely bound to fire temperatures) would be less suscepti-
ble to increasing ambient temperatures compared to
co-occurring lower temperature threshold species, because
seeds would remain dormant in the seed bank during the
interfire period. In a recent study, seed bank longevity for
two species was found to be compromised by projected
summer temperature increases, due to the low threshold
temperatures required to break dormancy (Ooi et al.
2012). Auld and Denham (2006) also found a relationship
between the magnitude of the residual seed bank after fire
and depth and suggested that temperature was the main
determinant of seed bank dynamics of physically dormant
seeds because heating of the soil profile decreases with
depth.

In addition to supporting population recovery after
disturbance, by producing germination, seed banks also
stabilize population dynamics by spreading risk (Grime
1989). Seed traits therefore need to fulfill dual roles.
Firstly, they need to enable the persistence of the seed
bank, both during the interfire period and directly after
fires. Secondly, they must ensure that emergence is timed
to a period conducive to successful recruitment. In our
study, we build on previous work investigating summer
versus fire germination response (e.g., Moreira and Pausas
2012; Ooi et al. 2012; Santana et al. 2013) by widening
the focus from maximal germination response and identi-
fying a set of key seed traits and attributes required for
maintaining population persistence in a fire-prone region.
We addressed the following questions:

1 Which seed traits or attributes and their related seed
bank responses are beneficial for population persistence
in fire-driven ecosystems?

2 Do responses of seeds to both fire-related heat shock
and summer soil temperatures vary between physically
dormant species from the same climatic region and can
they be grouped on this basis?

3 If so, what are the relative consequences of climate
change-related increase in soil temperatures on seed
bank persistence for species within different dormancy
threshold groups?

In addition to our main aims, we also discuss whether
there is any evidence supporting fire or season as an evo-
lutionary force shaping physical dormancy in fire-prone
regions. We conducted this study using 14 obligate-seed-
ing species from south-eastern Australia. Selective pres-
sure of fire would be greatest on seed traits controlling
seed bank dynamics in obligate seeders, because they are
killed by fire (Paula and Pausas 2008). Compared to res-
prouting species, this places a much greater dependence
on postfire recruitment from the seed bank.
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Methods

Conceptual framework for identifying fire-
and season-related seed traits

In fire-prone regions, high levels of recruitment after fire
are necessary for species persistence. The seed bank there-
fore has to maintain a pool of seeds between fires and
deliver those seeds as seedlings at the right time. Selective
pressure on physical dormancy would impact upon seed
traits that influence both of these roles and, as outlined
by Moreira and Pausas (2012), may result from fire or
from summer temperatures, where dormancy of the seed
bank is lost gradually over each summer season and/or in
gaps (e.g., Van Assche et al. 2003; Van Assche and
Vandelook 2006; Ooi et al. 2009). To identify the key dif-
ferences between fire-adapted and gap-detecting species, a
conceptual framework was developed, outlining the
potential functional mechanisms of seed traits and attri-
butes for each group (Table 1). Seed traits were chosen in
relation to three key elements: maintenance of a persistent
soil seed bank; germination in response to fire; and risk-
spreading or bet-hedging capacity. The key attribute that
was hypothesized to distinguish fire-adapted from gap-
detecting species was the fire-related heating temperature
required to break dormancy. We then looked for the
likely strength of other traits or attributes in fire-adapted
species (denoted as F in Table 1) versus those responding
to seasonal temperatures in gaps (G). For example, we
expected no difference in initial dormancy (Trait 1i,
Table 1) because F and G species require postdisturbance
conditions for successful recruitment and would not ben-
efit from having seeds germinating immediately after dis-
persal. Conversely, differences in temperature-related
dormancy thresholds were expected in response to sea-
sonal heat treatments (Trait 1ii(b), Table 1), because G
species need to germinate into gaps, whereas F species
need to maintain seed bank persistence until fire.

Study species and seed collection

In fire-prone ecosystems, including South Africa, the
USA, the Mediterranean basin, and Australia, there are
thousands of species from families known to have physi-
cal dormancy. One such ecosystem, where fire is a natural
part of ecosystem dynamics, is the Sydney Basin in New
South Wales (NSW), south-eastern Australia (Fig. 1),
which is a temperate climate region with no dry season.
Fire-prone vegetation mainly occurs on nutrient poor
sandstone soils and consists of sclerophyllous heath and
woodland, with an open canopy of Eucalyptus, Corymbia,
and Angophora species. There is a rich shrub understorey
component, dominated by species from the Proteaceae

© 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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Table 1. Conceptual framework identifying seed bank behavior relevant for population persistence of strongly fire-adapted (F) or gap-responding
(G) species in fire-prone environments.

Seed bank behavior
promoting persistence
in fire-prone habitats

Measurable seed trait/attribute

Relative predicted strength of pattern
between fire-adapted (F) and
gap-responding (G) species

Rationale

(1) Maintain large seed
bank between fires

(2) Produce postfire
germination flush

(3) Bet-hedging capacity

(i) Highly dormant at dispersal

(i) Maintenance of dormancy
over time by:
(a) Low levels of mortality

(b) Dormancy-breaking threshold
temperatures greater than those
produced by summer
heat in gaps

(i) Dormancy thresholds related to
fire-produced temperatures

(i) Can survive fire

(i) Persistence and viability
postfire

F: high initial dormancy levels
G: high initial dormancy levels

F: Low viability loss per summer
G: Low viability loss per summer

F: Very low dormancy loss after
treatment at summer gap temperatures

G: Significant dormancy loss after
treatment at summer gap temperatures

F: Significant germination response
restricted to temperatures above
fire-related threshold (80°C)

G: Significant germination at
temperatures above gap-related
thresholds (40-60°C)

F: Little loss of viability at short duration
hot fire temperature

G: Significant loss of viability at short
duration hot fire temperature

F: significant proportion of seeds remain
dormant after fire temperatures

G: zero or limited proportion of seeds
remain dormant after fire temperatures

F and G: Recruitment ideally
restricted to postfire environment
or gaps, so no benefit would be
gained by an initial large
nondormant fraction

F and G: High levels of seed
survival needed to maintain
persistence soil seed bank
between disturbances

F: Dormancy loss and subsequent
germination into unsuitable
conditions between fires would
result in seed bank decay and
reduce the number of seeds
available for postfire regeneration

G: Dormancy broken by seasonal
temperature cues would promote
germination into gaps

F: Dormancy-breaking cues result
in a flush of postfire germination
in response to heat related to fire,
but remain dormant in response
to summer soil temperatures

G: Species adapted to respond to
summer soil temperatures
produced in gaps would have
correspondingly lower fire-related
thresholds for breaking dormancy

F: Fire-adapted seeds would have
to withstand temperature typically
related to fire to ensure a flush
of germination

G: Temperature from fires likely
to exceed viability thresholds for
species adapted to lower
dormancy-breaking cues and a
proportion seeds would
suffer mortality

F: Some seeds maintained in the
seed bank postfire would
prevent a risky all-or-nothing
recruitment strategy. Seeds
strongly adapted to fire would
employ a risk-spreading
mechanism in the case of loss of
a postfire cohort

G: Lower dormancy-breaking
threshold temperatures would
reduce capacity to bet hedge
under high fire-related
temperatures

© 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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Figure 1. A low-intensity fire burning in Heathcote National Park, in
the southern part of the fire-prone Sydney region in south-eastern
Australia. Fires are a natural occurrence in these ecosystems.

and Myrtaceae, which maintain canopy-stored seed banks
with no seed dormancy, and Ericaceae, which maintain
soil seed banks via seeds with physiological dormancy
mechanisms (Ooi et al. 2006, 2007). The Fabaceae are the
most dominant family representing physically dormant
species. Over 40% of all shrub species displaying seed
dormancy in the Sydney region have physical dormancy
(Ooi 2007).The main physically dormant families repre-
sented are the Fabaceae, Rhamnaceae, and Sapindaceae.
The Fabaceae are the most numerous, with 230 native
species across 33 genera in the Sydney region. They repre-
sent approximately 10% of the total vascular flora (Auld
1996) and 20% of the shrub component (Ooi 2007). We
conducted experiments on 12 common and widespread
shrub species, all in the Fabaceae except Dodonaea trique-
tra (Sapindaceae) and Pomaderris discolor (Rhamnaceae)
(Table 2). We included data for two additional species,

M. K. J. Ooi et al.

Bossiaea obcordata and B. rhombifolia (Fabaceae), from
previous experiments conducted within the same study
region (Santana et al. 2010). Nomenclature follows
Harden (1990, 1991). All species are obligate seeders, so
above-ground plants are killed by fire, and the population
depends on regeneration from a long-lived soil-stored
seed bank for recovery and persistence. Seeds of each spe-
cies were collected by hand in late 2009 at Heathcote
(34°07'S, 150°58'E) and the adjacent Royal (34°03'S,
151°03'E) National Parks (NP), and Garigal NP (33°34'S,
151°11'E), all within the Sydney Basin. They were stored
at room temperature for less than four weeks prior to use
in germination experiments. For all species, completely
ripe open fruits were removed from at least 30 plants per
site. For each species and site, seeds were pooled across
individual plants to maximize seed numbers for subse-
quent germination trials.

Experiment 1: Initial seed viability and
dormancy levels

Initial viability and germinability and seed weight were
tested for fresh seeds within four weeks of collection for
all species. Three replicates of between 15 and 30 seeds
were placed into three 9-cm-diameter petri dishes on fil-
ter paper moistened with distilled water. Dishes were
incubated at 25/18°C on 12 h/12 h light/dark and maxi-
mum/minimum temperature cycles. Incubation tempera-
tures were set to mimic germination during the summer,
which is the time of seed release and the season during
which the majority of natural wild fires occur in this
region (McLoughlin 1998). Three incubators were used
during germination trials, all set to the same tempera-
ture regime, to allow replication at the cabinet level.

Table 2. Mean seed weight, initial viability, and time to germination of seeds which have had their dormancy broken for all study species.

Mean seed Initial mean Time to onset Time to 50%
Species weight (mg) viability (%) germination (T,,) (Days) germination (Tso) (Days)
Acacia terminalis 28.51 £ 0.84 92.3 + 4.26 4.71 £ 0.36 871+ 1.48
Acacia ulicifolia 9.92 + 0.27 100.0 + 0.00 16.8 £ 1.32 29.40 + 1.50
Acacia suaveolens 36.35 £ 0.78 989 + 1.12 8.60 + 0.97 16.60 + 2.71
Acacia linifolia 29.10 £+ 0.95 853 + 7.11 17.30 + 3.66 25.00 £+ 1.26
Dodonaea triquetra 3.38 £ 0.14 91.7 £ 1.67 9.50 + 1.63 14.50 + 0.50
Pomaderris discolor 0.79 + 0.03 93.1 £ 1.62 10.67 + 0.70 14.00 + 1.15
Dillwynia retorta 5.63 £ 0.10 93.3 + 3.45 18.43 + 1.81 27.86 £ 1.78
Gompholobium grandiflorum 3.84 + 0.34 90.6 + 3.67 13.56 + 0.52 20.94 + 1.57
Bossiaea rhombifolia 11.86 + 0.30 86.7 + 7.26 6.71 +£0.18 7.86 + 0.83
Gompholobium latifolium 6.10 £ 0.19 94.2 +2.39 11.43 +£ 0.95 16.29 + 1.46
Dillwynia floribunda 1.86 + 0.05 95.3 + 1.01 11.89 + 0.73 14.95 + 0.80
Bossiaea heterophylla 21.94 £ 0.48 100.0 &+ 0.00 13.50 £+ 0.67 15.00 + 0.00
Bossiaea obcordata 2.46 + 0.07 833 + 4.4 12.00 £ 1.29 15.50 £ 1.44
Pultenaea stipularis 9.75 + 0.32 93.3 + 1.67 26.56 + 3.51 42.11 + 3.35
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Germination was scored on emergence of the radicle. At
the end of 10 weeks, remaining ungerminated seeds were
scarified and germination was followed for a further
4 weeks to assess viability, followed by a final inspection
via a cut test (Ooi et al. 2004).

Experiment 2: Seed viability and
germinability in response to summer-
related heating

In Experiment 2, prior to germinability trials, dry unim-
bibed seeds were treated by exposure to current soil temper-
atures in gaps and elevated soil temperatures resulting from
increased air temperatures projected from three climate
change models (BCM2.0, CSIRO MK3.5, and MIROC-H).
We selected an air temperature increase of 4°C to estimate
future mean soil temperatures in summer. A 4°C air
temperature increase for summer corresponds to the upper
bound of the A1FI scenario range for 2070 and the lower
bound range for the A1B scenario for 2100 (IPCC 2007).
This experiment was designed to assess the variation in
mortality, dormancy, and germination response between
co-occurring species to current temperatures and pro-
jected increased mean and heat wave temperatures. To
determine these treatment temperatures, data for air and
soil temperatures experienced by seeds in summer in gaps
under current climate conditions were collected from
Royal NP in summer 2009. Temperatures applied repre-
senting current mean summer soil conditions in gaps
were 40/20°C, and those for future mean conditions were
estimated at 47/20°C. These were applied for durations of
7, 14, and 30 days. In addition to representing a mean
temperature increase, multiple-day durations of soil tem-
peratures of 47/20°C already occur under the current cli-
mate. The 7-day duration of this treatment therefore also
represents current heat wave events. Future heat wave
conditions in the soil were estimated at 55/20°C. Excep-
tional heat waves of five days or more duration have been
recorded five times in the study region (over 153 years of
observations), and a recent record-breaking duration of
seven days occurred in 2011 (Ooi et al. 2012). Long rain-
free periods, and hence maximum soil warming condi-
tions, are also projected to increase in the future (Mpela-
soka et al. 2008).We used summer temperatures in
canopy gaps for all treatments because summer is the per-
iod of seed release, when seeds in the soil would experi-
ence the highest temperatures, and to highlight the
influence of gaps versus fire on seed response. We used
temperatures reached in the upper part of the soil profile
because seeds of all the study species are released from
the parent plants onto the soil surface during summer.
While some seeds are taken into ant nests and are likely
to be lost due to being too deeply buried (Auld 1986), a

© 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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large proportion have their elaiosomes eaten in situ and
remain on the surface, or are ejected back out of the nests
and likely to remain uncovered or buried only within the
very top of the soil profile for significant periods (Auld
1986; Tozer 1998; Marthews et al. 2008). See Ooi et al.
(2012) for a fuller explanation of the global climate mod-
els selected and how future soil temperature and treat-
ment temperatures were estimated.

We applied dry heat treatments to seeds prior to incuba-
tion for germinability tests. The dry heat treatments were
conducted in high-temperature-rated incubators. Daily
temperature cycling in incubators was set to 9 h/15h
(max/min), based on hourly soil temperatures, which had
climbed to at least 10°C above overnight minimums by 8
aM, and by 9 am was generally within 5°C of maximum
daily temperatures. By 6 pm, soil temperatures had begun
significant declines from the daily maximum. Incubators
took approximately 30 min to cool down to minimum
temperatures during the changeover. For the full experi-
ment, we applied nine temperature x duration treatments
and used three replicate dishes per treatment (a total of 27
petri dishes per species). Each dish contained between 15
and 30 unimbibed seeds. Too few seeds were available for
the full experiment for five species. For Dillwynia flori-
bunda, all treatments except the 30-day duration at 55/
20°C were applied, while for A. linifolia and B. heterophylla,
only the 14-day duration was applied at 55/20°C. For A.
terminalis and Dillwynia retorta, the only treatments
applied were the 30-day duration at 40/20°C and 47/20°C.

Germinability trials

Dry heat treatment start dates were staggered so that sub-
sequent germinability trials could begin simultaneously.
Germinability was assessed using the methods described
above for Experiment 1. Each 9-cm petri dish contained
between 15 and 30 seeds, depending on species seed viabil-
ity and availability, placed on filter paper moistened with
distilled water. Seeds were checked every 2 to 3 days for
the first 4 weeks and then weekly up to 10 weeks. Germi-
nation was scored on emergence of the radicle. The mean
proportion of seeds that germinated was calculated at the
end of the 10-week period, based on initial levels of viabil-
ity. Mortality was estimated based on the difference
between seed viability of the control and post-treatment
seeds. Viability was assessed as described for Experiment 1.

Experiment 3: Seed viability and
germinability in response to fire-related
heating

Dry heat treatments representing a range of typical tem-
peratures experienced in the top 3 cm of the soil profile
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during fire, where the majority of seeds emerge from
(Auld and O’Connell 1991; Bradstock and Auld 1995),
were applied to seeds prior to germinability tests. We used
four temperature treatments of 40, 60, 80, and 100°C for
10 min. We also applied 120°C for 1 min to assess seed
mortality. For each species, we used three replicate dishes
per treatment temperature and each dish contained
between 15 and 30 unimbibed seeds. Three ovens were
used to replicate heat treatments, with species dishes ran-
domly assigned to a spot in the center section of the mid-
dle shelf in each oven. After application of fire-related
heat treatments, germinability and viability were assessed
as described for Experiment 1. Limited seed numbers were
available for Dillwynia retorta, G. grandiflorum, B. rhombi-
folia, and B. obcordata, so we used data compiled from
our previous work within the study region.

Assigning of groups based on response to
dormancy-breaking heat treatments

Species were divided into putative response groups based
on their germination after heating. We considered that
dormancy loss only after fire treatment above 80°C sug-
gested that fire was a strict requirement for germination,
while a loss of dormancy of 20% or more of the seed lot
after treatments at either current summer gap or heat
wave conditions represented a significant summer gap
response. This is in the range of dormancy loss for physi-
cally dormant species from habitats where fire does not
drive population dynamics (e.g., Auld 1995; Van Assche
et al. 2003; Ooi et al. 2009) and which display a gradual
seasonal loss of dormancy from the seed bank to take
advantage of sporadic rainfall events. For each species, we
compared dormancy thresholds related to summer gaps
and the corresponding fire-related thresholds to see
whether there was a relationship between the two heating
methods. We then assessed other seed-related attributes
to see whether the assigned groups were robust. This
included two measures of bet-hedging capacity, with the
proportion of dormant seeds remaining after maximum
germination (Gy,,,) and time to the onset of germination
(i.e., the first germinant) (T,,) and to 50% germination
(Tsp) identifying a postfire residual seed bank and a
mechanism for temporal spreading of germination,
respectively. We also assessed seed mortality after differ-
ent heating treatments.

Analyses

The mean proportion of viable seeds germinating, mean
viability, T,,, and Ts, were calculated for all experiments.
For each species, we used generalized linear models
(GLMs) with a binomial error structure and logit link
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function to compare final germination proportions across
treatment temperatures. When treatment effects were sig-
nificant, we used the treatment contrasts method to com-
pare means of the levels within factors. For species where
the full experimental design of three temperatures at three
durations was possible, we also used a GLM with temper-
ature and duration included as factors. The same analyses
were applied for seed viability data. Where this was not
possible, such as for A. suaveolens and Dodonaea triquetra,
where the proportion germinated for some treatments
had zero variance, we used arcsine transformed data and
linear models.

To assess the relationship between summer gap- and
fire-related temperature thresholds, we compared germi-
nation response to both current and future summer treat-
ment temperatures against germination response at each
of the fire heat treatments using linear regression. To
investigate the differences between our putative groups,
we calculated the mean minimum fire-related tempera-
tures required to produce 20% (G,j), 50% (Gsy), and
maximum germination (Gp,.,) for each group of species
and compared the means using the Wilcoxon rank-sum
test. We used the same approach assessing T, and Ts.
All analyses were conducted using the open source soft-
ware R 2.11.1 (R Development Core Team 2010).

Results

Initial seed viability and dormancy

Initial viability was high for all species (>80%, Table 2).
Initial dormancy was also very high; only B. obcordata
and G. grandiflorum had dormancy levels below 90% (but
above 80%) (Table 3). Both T,, and Ts, ranged widely
between species (Table 2), from 4.71 to 26.56 days (T,,)
and 7.86 to 42.11 days (Tsp). There was no noticeable
pattern in time to germination, with variable response
recorded between four species within the same genus
(Acacia; Table 2).

Seed viability and germinability in response
to summer gap-related heating

Response to summer gap heat treatments varied between
species (Fig. 2). For A. terminalis, A. ulicifolia and Poma-
derris discolor (Fig. 2C, D and K) application of summer
heat treatments had little or no effect on germination
response. For A. linifolia and A. suaveolens, only germina-
tion at 55/20°C (future heat wave) differed significantly
from the control (Fig. 2A, B).Germination increased sig-
nificantly above controls after treatment at 40/20°C or
47/20°C for the remaining species. For species where
duration was included as a factor, there were significant

© 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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Figure 2. Germination response of the study species (A-L) to heat treatments simulating current and projected future summer temperatures. Bar
colors represent durations of heat treatments as per the legend. Different letters above bars indicate significant differences between means. Error

bars indicate 41 SE.

main effects for both treatment temperature and dura-
tion for A. suaveolens (temperature, df = 2, )52 = 25.35,
P <0.001; duration df=2, »*=973, P <0.008)
and Dodonaea triquetra (temperature, df = 2, 5* = 8.72,
P < 0.013; duration df =2, y* = 15.60, P < 0.001), with
small increases at longer durations at 55/20°C compared
to the control. For Pultenaea stipularis, there was a signifi-
cant interaction between temperature and duration (tem-
perature, df =4, }(2 = —14.43, P <0.006) (Fig. 2L);

664

however, this appeared to be driven mainly by low germi-
nation for one replicate at the 47/20°C 14-day treatment.
Germination for this species was much higher at the two
higher temperature treatments than at the control or 40/
20°C. Data from Santana et al. (2010) showed significant
increase in germination with summer treatment tempera-
ture for B. rhombifolia and B. obcordata. There was no
significant decline of viability as temperature increased
for any of the study species.

© 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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Figure 3. Germination response of the study species after a fire-
related heat treatment of 80°C. Error bars indicate 41 SE.

Seed viability and germinability in response
to fire-related heating

As expected, fire-related heating broke dormancy for all
species but the between-species response to temperature
varied considerably. For six species (1-6 in Table 3), the
maximum germination (Gp,.x) occurred after treatment at

0.8 1 (A)

Proportion germinated (summer)

L]

0.0 1e

0.0 0.1 0.2 0.3 0.4 0.5
Proportion germinated (fire 40°C)

Physical Dormancy and Functional Response

100°C (Table 3). Germination was less than 5% after the
40°C treatment and less than 25% after 60°C (data not
shown). For the remaining species (7-14 in Table 3),
Gmax Was reached after treatment at temperatures of 60°C
or 80°C (Table 3). For the majority of this latter group,
the 40°C fire treatment produced germination of between
7% and 46% (with the exceptions being B. rhombifolia
and D. floribunda, which did not germinate at this tem-
perature), and the 60°C treatment produced between 64%
and 100% (with the exception of B. obcordata which pro-
duced 17%). Total germination for each species after
treatment at 80°C indicated a low response of < 40%
from the four Acacia species, between 60% and 80% for
the Dodonaea and B. obcordata, and between 80% and
100% for the remainder (Fig. 3).

At 100°C, a 10-min duration produced no or very low
levels of mortality for the Acacia species, Pomaderris dis-
color and Dodonaea triquetra (1-6 in Table 3). However,
mortality at this temperature ranged from approximately
7% and 53% for seven species (Table 3), namely B. hete-
rophylla, B. obcordata, B. rhombifolia, Dillwynia floribunda,
D. retorta, G. grandiflorum, and Pultenaea stipularis. At
120°C, a 1-min treatment duration had minimal impact
on mortality (0-9%) for species 1 to 6 (Table 3), but
there was marked mortality between 15% and 100% for
species 7-14 (Table 3).

There was a positive relationship between germination
response to current summer gap temperature treatments
and response to low-temperature (40-60°C) fire-related
heat treatments (Fig. 4). A positive significant relationship
was found between germination after fire heat treatment
at 40°C and both current (#* = 0.240) and future summer
treatment germination response (¥ = 0.464) (Fig. 4A).

0.8 1(B)

Proportion germinated (summer)

0.0 0.2 04 0.6 0.8 1.0
Proportion germinated (fire 60°C)

Figure 4. Relationship between germination response at low-temperature fire-related heat treatments of (A) 40°C or (B) 60°C and summer gap
heat treatments. Current summer treatment temperature data are presented in gray (®) and projected future treatment temperature data in

black (e).

© 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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This was also significant for germination after the 60°C
fire heat treatments in relation to current (% = 0.539)
and future germination response (r* = 0.736) (Fig. 4B).
At higher fire-related temperatures, this relationship was
lost because all species germinated to high levels.

Comparison of species grouped by
dormancy-breaking temperature thresholds

Two clear groupings emerged based on the response to
fire-related heating. Summer gap temperature dormancy-
breaking treatments and the other seed attributes exam-
ined supported the classification. Six of the study species,
including the four Acacia species, Dodonaea triquetra and
Pomaderris discolor, showed no significant increase in ger-
mination response after treatment at current mean sum-
mer gap or heat wave temperatures (Table 3). This group
also had dormancy-breaking temperature thresholds that
could be produced only by fire (=80°C), displayed high
levels of initial dormancy and lower levels of mortality at
exposure to high temperatures than the other study spe-
cies. These six species are therefore considered to have
seed traits closely bound to fire and classified as having
obligate pyrogenic dormancy release. The mean dormant
seed fraction remaining after exposure to the temperature
required for G..x (Table 3) was used as an estimate of
the residual seed bank and therefore bet-hedging capabil-
ity. This indicated that species with obligate pyrogenic
dormancy also maintained between 5% and 45% of their
seed bank after fire. The remaining species displayed at
least 30% germination after current summer gap treat-
ments of 40/20°C or short duration 47/20°C. After treat-
ment at fire-related temperatures and durations, relative
to obligate pyrogenic species, they displayed higher losses
of viability, lower threshold temperatures for breaking
dormancy, and often no residual viable seeds (Table 3).
These species are classified as having facultative pyrogenic
dormancy release. The mean fire-related temperatures for
20% (W = 46.5, P <0.004), 50% (W =41, P < 0.004),
and maximum (W =39, P < 0.005) dormancy release
were significantly lower than those with obligate pyro-
genic dormancy release (Fig. 5) (Table 3).

Facultative species displayed much higher mortality
than obligate species in response to typical fire-related soil
temperatures (Fig. 6A). Increased summer gap tempera-
tures related to climate change had a much greater impact
on the facultative group than on the obligate group of
species, by increasing levels of germination (Table 3)
(Fig. 6B). Differences in the timing of germination
(Table 2) were small but significant between the two
groups for T,, (W =790.5, P =0.028) with facultative
species taking longer to germinate than the obligate
group. A similar though nonsignificant difference was also
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Figure 5. Mean fire-related temperatures required to break 20%,
50%, and maximum germination for the obligate and facultative
pyrogenic dormancy release groups of species.

found at Ts, indicating that the obligate group may have
some capacity to place seedlings more quickly into the
postfire environment.

Discussion

There is currently a lack of understanding of the full
range of seed attributes and seed bank responses that
maximize population persistence in fire-prone environ-
ments. We identified a suite of key seed traits and attri-
butes and found that response to fire-related
temperatures was the best indicator for assigning species
to putative groups. Germination responses of six of the
14 co-occurring species studied were tightly bound to
temperatures that only occur during fires. We classified
these six species as members of a group with obligate
pyrogenic dormancy release and found that associated
seed bank responses for this group included high initial
dormancy levels, resilience to decline in response to sum-
mer soil temperatures, and evidence of a postfire bet-
hedging capability. The remaining study species, while
still able to respond to fire-related temperature cues, had
lower temperature thresholds for breaking dormancy and
committed at least 30% of seeds to germinate after treat-
ments mimicking summer gap temperatures that occur
during the interfire period. These species were classified
as having facultative pyrogenic dormancy release. A
strong positive relationship between germination levels
after low-temperature fire-related treatments and summer

© 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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Figure 6. Comparisons between the obligate and facultative pyrogenic dormancy release groups for (A) mean fire-related mortality at 100°C and
120°C and (B) mean germination response to current and future summer-related temperatures.

gap treatments suggests that this group will display the
greatest response to temperatures generated during sum-
mer or in gaps. Lower limits of temperature thresholds
required to break dormancy have received little research
attention (Santana et al. 2013), but are likely to be
important in determining potential (or residual) gap-
recruiting ability and the level of response under inher-
ently variable fire intensity (Ooi et al. 2012).

The six species assigned to the obligate pyrogenic dor-
mancy class produced a flush of germination only when
treatment temperatures of between 80°C and 100°C were
reached; less than 20% germination occurred at tempera-
tures below this. Similar thresholds have been found for
species in other regions (Herranz et al. 1998; Ferrandis
et al. 1999; Williams et al. 2004), suggesting that it is heat
generated from fire, rather than other factors, that is the
main driver. Soil temperatures this high are recorded dur-
ing the passage of moderate-to-high severity fires (Brad-
stock and Auld 1995; Penman and Towerton 2008). Soil
temperatures produced in gaps in heath or woodland veg-
etation in the absence of fire do not reach these levels,
with a mean of 40°C during dry summer days and a peak
of 55°C recorded in summer in the study region (Ooi
et al. 2012), similar to those found in other studies or in
other fire-prone habitats (Raison et al. 1986; Auld and
Bradstock 1996; Baeza and Roy 2008; Santana et al.
2013).

For the eight facultative species, there was a large flush
of germination at the lowest fire-related temperatures.
These lower dormancy thresholds can therefore also pro-
mote germination at temperatures produced in the soil

© 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

during the interfire period, germinating to between about
20% and 50% in response to summer gap temperature
treatments. While able to persist in a fire-prone environ-
ment, these species do not have dormancy cues as tightly
bound to fire. Several lines of evidence, in addition to
their summer gap germination response, support the fact
that seed traits of the facultative group of species are less
tightly bound to fire than their obligate counterparts. At
100°C treatments, a typical soil temperature during high
severity fire at depths of 1 to 3 cm (e.g., Shea et al. 1979;
Auld 1986; Moreno and Oechel 1991; Bradstock and Auld
1995), seed mortality of facultative species was higher
than that of the obligate species. Bet-hedging capacity was
also very low for the facultative group, with a mean resid-
ual proportion of dormant seeds of 2.0% compared to
21.0% for the obligate species. Many of the facultative
species displayed greater than 90% (and often 100%) dor-
mancy broken at low fire-related temperatures of 60°C.
Soil temperatures between 40°C and 60°C have been
recorded during low severity fires or at greater depths
during higher severity fires (recorded up to 7 cm depth;
Bradstock and Auld 1995; also Auld 1986; Raison et al.
1986; Penman and Towerton 2008). Committing all seeds
to germinate provides no bet-hedging capability and
doing this at temperatures related to low severity fires,
where recruitment success is lower (Purdie 1977; Knox
and Clarke 2006), would appear to be a less secure path
to successful population recovery after fire. A low-temper-
ature dormancy threshold would also mean that seeds
would have dormancy broken at great depths during high
severity fires and hence cause germination of seeds at
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depths from which effective germination may not be pos-
sible. This would reduce recruitment success for most
species, with the chance of successful recruitment decreas-
ing with decreasing seed size (Bond et al. 1999).

Why these two groups of species maintain such wide
variation in threshold temperatures is open to question.
Several authors have suggested that differences in dor-
mancy thresholds between species contribute to maintain-
ing species coexistence because of natural variation in fire
attributes (Trabaud and Oustric 1989; Moreno and
Oechel 1991; Tarrega et al. 1992; Herranz et al. 1998).
Soil heating can be extremely variable, both spatially and
temporally (e.g., Penman and Towerton 2008), which
could explain how species from both of our groups
currently persist. How one group of species developed
dormancy thresholds obligated to fire, while the other did
not is less clear. One hypothesis is that minimum thresh-
old temperatures that break dormancy may change over
time with burial. This is quite a simple mechanism that is
yet to be tested, because most studies of threshold
temperatures are conducted only on fresh seeds.

Because dormancy of the facultative group of species
identified is less tightly bound to fire than the obligate
species, each group is subsequently susceptible to different
types of threat. For the obligate group, high-temperature
thresholds mean that they are dependent on high severity
fires. A series of low severity fires, such as an imple-
mented hazard reduction fire regime, would exclude
recruitment from this group, making them vulnerable to
such management actions. For the facultative group, the
low-temperature thresholds mean that they can lose seeds
to failed germination events between fires, in response to
summer gap soil temperatures. Classifying species into
these groups can therefore enable better prediction of spe-
cies persistence under different scenarios, with the faculta-
tive group at higher risk to projected climatic changes.
The strong relationship between low fire-related tempera-
ture thresholds (e.g., 60°C) and response to future sum-
mer-related temperature treatments provides support for
the feasibility of assigning functional groups based on the
level of response of physically dormant seeds to low-range
experimental fire treatments.

The facultative group of species are all common and
widespread, which suggests that despite being less tightly
bound to fire, losses from the seed bank between fires are
within limits that still allow population persistence under
current climate conditions. However, this residual sum-
mer- or gap-related response appears to leave this group
of species more exposed to increased seed bank losses
under future climate scenarios. Facultative species dis-
played increased dormancy losses of between 7% and
49% above current levels under future summer gap soil
temperatures. This compares to < 2% response in four of
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the six species in the obligate group and an approximate
15% increase in dormancy losses for the remaining two,
which occurred only at the extreme 30-day future heat
wave treatment. Large increases in dormancy loss between
fires would have a negative impact on population persis-
tence by depleting the seed bank, thus reducing the num-
ber of seeds available to respond to the next fire event.
The greater the reduction of the seed bank between fires,
the more likely that there will be a significant negative
impact on subsequent recruitment success and hence
population persistence.

The scale of the impact will also depend on whether or
not dormancy temperature thresholds can change under a
warmer climate and how quickly these changes could take
place. However, there is currently little understanding of
the plasticity of dormancy temperature thresholds of
native species, or how much the parental environment
can influence subsequent thresholds of progeny. Some
evidence shows that minimum dormancy threshold tem-
peratures are related to parental environment (Ooi et al.
2012). Additionally, in a study investigating seed bank
longevity in habitats where fire has been actively excluded
for many decades and disturbance implemented via clear-
ing, dormancy loss for two of four Acacia species was
very high over a three-year period (Orscheg and Enright
2011), suggesting perhaps that there has been selection
for summer (nonpyrogenic) recruitment dormancy mech-
anisms. For now, a key challenge for assessing the level of
impact that climate change will have in fire-prone regions
is to gain an understanding of maternal effects and plas-
ticity of seed dormancy thresholds.

Dormancy that is broken by temperatures that can only
occur during fire provides strong evidence that these dor-
mancy thresholds are a fire adaptation (Keeley et al. 2011;
Moreira and Pausas 2012). Similar conclusions regarding
fire adaptations have been made about some serotinous
species, where seed release from cones in the canopy seed
bank cannot occur until the resin seal has melted during
burning (He et al. 2011; Midgley and Bond 2011). How-
ever, it is not clear whether the dormancy thresholds
within our facultative group are indicative of a residual
seasonal adaptation or are fire-adapted but have the nega-
tive effects of their lower dormancy thresholds offset by
other traits. For example, as mentioned earlier, low dor-
mancy thresholds could reduce bet-hedging ability by
exhausting the seed bank. While serotinous species gener-
ally commit all seeds to the one fire event (Keeley et al.
2011), this strategy is often offset by seeds much larger in
size than soil seed bank species (e.g., those from the
genus Banksia or postfire flowering species such as Telo-
pea speciosissima; Denham et al. 2011) or some limited
temporal bet-hedging such as by a slow release of seeds
via wet/dry cycles resulting from rainfall (Cowling and

© 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.



M. K. J. Ooi et al.

Lamont 1985; Whelan and Brown 1998). There was some
support that facultative species in our study spread germi-
nation over a slightly longer time period than the obligate
species, which could be indicative of some bet-hedging
capability. To make strong conclusions regarding dor-
mancy thresholds and offsets, further work is required,
using data for a much larger number of species than
we have used in this study. From the evidence to date,
however, it appears that low-temperature thresholds
maintained by these species are associated with higher
fire-related mortality and reduced bet-hedging ability.

Acknowledgments

Funding for this project was provided by the Australian
Research  Council under Linkage Project grant
LP110100527. We thank Jessica Meade, who provided
assistance with analysis and figures, and also thank two
anonymous reviewers who provided comments on a pre-
vious version of this manuscript.

Conflict of Interest

None declared.

References

Alexander, L. V., and J. M. Arblaster. 2009. Assessing trends in
observed and modelled climate extremes over Australia in
relation to future projections. Int. J. Climatol. 29:417-435.

Auld, T. D. 1986. Population dynamics of the shrub Acacia
suaveolens (Sm.) Willd.: dispersal and the dynamics of the
soil seed bank. Aust. J. Ecol. 11:235-254.

Auld, T. D. 1995. Soil seedbank patterns of four trees and
shrubs from arid Australia. J. Arid Environ. 29:33-45.

Auld, T. D. 1996. Ecology of the Fabaceae in the Sydney region:
fire, ants and the soil seed bank. Cunninghamia 4:531-551.

Auld, T. D., and R. A. Bradstock. 1996. Do post-fire soil
temperatures influence seed germination? Aust. J. Ecol.
21:106—-109.

Auld, T. D., and A. J. Denham. 2006. How much seed remains
in the soil after a fire? Plant Ecol. 187:15-24.

Auld, T. D., and M. A. O’Connell. 1991. Predicting patterns of
post-fire seed germination in 35 eastern Australian Fabaceae.
Aust. J. Ecol. 16:53-70.

Auld, T. D, D. A. Keith, and R. A. Bradstock. 2000. Patterns
in longevity of soil seedbanks in fire-prone communities of
south-eastern Australia. Aust. J. Bot. 48:539-548.

Baeza, M. J. and J. Roy. 2008. Germination of an obligate
seeder (Ulex parviflorus) and consequences for wildfire
management. For. Ecol. Manage. 256:685-693.

Baskin, C. C,, and J. M. Baskin. 1998. Seeds: Ecology,
biogeography, and evolution of dormancy and germination.
Academic Press, San Diego.

© 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Physical Dormancy and Functional Response

Baskin, J. M., C. C. Baskin, and X. Li. 2000. Taxonomy,
anatomy and evolution of physical dormancy in seeds. Plant
Spec. Biol. 15:139-152.

Bond, W. J., M. Honig, and K. E. Maze. 1999. Seed size and
seedling emergence: an allometric relationship and some
ecological applications. Oecologia 120:132—-136.

Bradstock, R. A., and T. D. Auld. 1995. Soil temperatures
during experimental bushfires in relation to fire intensity:
consequences for legume germination and fire management
in south-eastern Australia. J. Appl. Ecol. 32:76-84.

Cowling, R. M., and B. B. Lamont. 1985. Seed release in
Banksia: the role of wet-dry cycles. Austral Ecol. 10:169-171.

Denham, A. J., R. J. Whelan, T. D. Auld, and R. J. Denham.
2011. The coupling of recruitment and disturbance by fire
in two resprouting Proteaceae species. Plant Ecol. 212:
471-481.

Fenner, M., and K. Thompson. 2005. The ecology of seeds.
Cambridge Univ. Press, Cambridge, U.K.

Ferrandis, P., J. M. Herranz, and J. J. Martinez-Sdnchez. 1999.
Effect of fire on hard-coated Cistaceae seed banks and its
influence on techniques for quantifying seed banks. Plant
Ecol. 144:103-114.

Grime, J. P. 1989. Seed banks in ecological perspective. Pp.
15-22 in M. A. Leck, V. T. Parker, and R. L. Simpson, eds
Ecology of soil seed banks. Academic Press, San Diego.

Gutterman, Y., and S. Gozlan. 1998. Amounts of winter or
summer rain triggering germination and ‘the point of no
return’ of seedling desiccation tolerance, of some Hordeum
spontaneum local ecotypes in Israel. Plant Soil 204:223-234.

Harden, G. J., ed. 1990. Flora of New South Wales Vol. 1.
New South Wales Univ. Press, Kensington.

Harden, G. J., ed. 1991. Flora of New South Wales Vol. 2.
New South Wales Univ. Press, Kensington.

Harper, J. L. 1977. Population biology of plants. Academic
Press, London.

He, T., B. B. Lamont, and K. S. Downes. 2011. Banksia born
to burn. New Phytol. 191:184-196.

Herranz, J. M., P. Ferrandis, and J. J. Martinez-Sanchez. 1998.
Influence of heat on seed germination of seven
Mediterranean Leguminosae species. Plant Ecol. 136:95-103.

Herranz, J. M., P. Ferrandis, and J. J. Martinez-Sdnchez. 1999.
Influence of heat on seed germination of nine woody
Cistaceae species. Int. J. Wild. Fire 9:173-182.

Holmes, P. M., and R. J. Newton. 2004. Patterns of persistence
in South African fynbos. Plant Ecol. 172:143—158.

IPCC. 2007. Climate change 2007 synthesis report. An
assessment of the Intergovernmental Panel on Climate
Change, Geneva.

Keeley, J. E. 1987. Role of fire in seed germination of woody
taxa in California chaparral. Ecology 68:434-443.

Keeley, J. E. 1991. Seed germination and life history syndromes
in the California chaparral. Bot. Rev. 57:81-116.

Keeley, J. E., and C. J. Fotheringham. 2000. Role of fire in
regeneration from seed. Pp. 311-330 in M. Fenner, ed.

669



Physical Dormancy and Functional Response

Seeds: The ecology of regeneration in plant communities.
CABI, Oxford, U.K.

Keeley, J. E., J. G. Pausas, P. W. Rundel, W. J. Bond, and R.
A. Bradstock. 2011. Fire as an evolutionary pressure shaping
plant traits. Trends Plant Sci. 16:406—411.

Keith, D. A., L. Holman, S. Rodoreda, J. Lemmon, and M.
Bedward. 2007. Plant functional types can predict
decade-scale changes in fire-prone vegetation. J. Ecol.
95:1324-1337.

Knox, K. J. E., and P. J. Clarke. 2006. Fire season and intensity
affect shrub recruitment in temperate sclerophyllous
woodlands. Oecologia 149:730-739.

Marthews, T. R., C. E. Mullins, J. W. Dalling, and D. F. R. P.
Burslem. 2008. Burial and secondary seed dispersal of small
seeds in a tropical forest. J. Trop. Ecol. 24:595-605.

Martin, R. E., R. L. Miller, and C. T. Cushwa. 1975.
Germination response of legume seeds subjected to moist
and dry heat. Ecology 56:1441-1445.

McLoughlin, L. C. 1998. Season of burning in the Sydney
region: the historical records compared with recent
prescribed burning. Aust. J. Ecol. 23:393-404.

Meney, K. A., G. M. Nielssen, and K. W. Dixon. 1994. Seed
bank patterns in Restionaceae and Epacridaceae after
wildfire in kwongan in southwestern Australia. J. Veg. Sci.
5:5-12.

Merritt, D. J., S. R. Turner, S. Clarke, and K. W. Dixon. 2007.
Seed dormancy and germination stimulation syndromes for
Australian temperate species. Aust. J. Bot. 55:336-344.

Midgley, J. J. and W. J. Bond. 2011. Pushing back in time: the
role of fire in plant evolution. New Phytol. 191:5-7.

Moreira, B., and J. G. Pausas. 2012. Tanned or burned: the
role of fire in shaping physical dormancy. PLoS ONE 7(12):
e51523.

Moreno, J. M., and W. C. Oechel. 1991. Fire intensity effects
on germination of shrubs and herbs in southern California
chaparral. Ecology 72:1993-2004.

Mpelasoka, F., K. Hennessy, R. Jones, and B. Bates. 2008.
Comparison of suitable drought indices for climate change
impacts assessment over Australia towards resource
management. Int. J. Climatol. 28:1283-1292.

Noble, I. R, and R. O. Slatyer. 1980. The use of vital attributes
to predict successional changes in plant communities subject
to recurrent disturbances. Vegetatio 43:5-21.

Ooi, M. K. J. 2007. Dormancy classification and potential
dormancy-breaking cues for shrub species from fire-prone
south-eastern Australia. Pp. 205-216 in S. W. Adkins, S.
Ashmore, and S. C. Navie, eds. Seeds: Biology, development
and ecology. CABI, Wallingford.

Ooi, M. K. J. 2012. Seed bank persistence and climate change.
Seed Sci. Res. 22:553-S60.

Ooi, M. K. J., T. D. Auld, and R. J. Whelan. 2004.
Comparison of the cut and tetrazolium tests for assessing
seed viability: a study using Australian native Leucopogon
species. Ecol. Manag. Rest. 5:141-143.

670

M. K. J. Ooi et al.

Ooi, M. K. J., T. D. Auld, and R. J. Whelan. 2006. Dormancy
and the fire-centric focus: germination of three Leucopogon
species (Ericaceae) from south-eastern Australia. Ann. Bot.
98:421-430.

Ooi, M. K. J., T. D. Auld, and R. J. Whelan. 2007.
Distinguishing between persistence and dormancy in soil
seed banks of three shrub species from fire-prone
southeastern Australia. J. Veg. Sci. 18:405-412.

Qoi, M. K. J., T. D. Auld, and A. J. Denham. 2009. Climate
change and bet-hedging: interactions between increased soil
temperatures and seed bank persistence. Glob. Change Biol.
15:2375-2386.

Qoi, M. K. J., T. D. Auld, and A. J. Denham. 2012.
Projected soil temperature increase and seed dormancy
response along an altitudinal gradient: implications for
seed bank persistence under climate change. Plant Soil
353:289-303.

Orscheg, C. K., and N. J. Enright. 2011. Patterns of seed
longevity and dormancy in obligate seeding legumes of
box-ironbark forests, south-eastern Australia. Austral Ecol.
36:185-194.

Parker, V.T., and V.R. Kelly. 1989. Seed banks in California
chaparral and other mediterranean climate shrublands. Pp.
231-255 in M. A. Leck, V. T. Parker and R. L. Simpson,
eds. Ecology of soil seed banks. Academic Press, San Diego.

Paula, S. and J. G. Pausas. 2008. Burning seeds: germinative
response to heat treatments in relation to resprouting
ability. J. Ecol. 96:543-552.

Pausas, J. G., R. A. Bradstock, D. A. Keith, J. E. Keeley, and
the GCTE (Global Change of Terrestrial Ecosystems) Fire
Network, . 2004. Plant functional traits in relation to fire in
crown-fire ecosystems. Ecology 85:1085-1100.

Penman, T. D., and A. L. Towerton. 2008. Soil temperatures
during autumn prescribed burning: implications for the
germination of fire responsive species. Int. J. Wild. Fire
17:572-578.

Philippi, T. 1993. Bet-hedging germination of desert annuals:
beyond the first year. Am. Nat. 142:474-487.

Purdie, R. W. 1977. Early stages of regeneration after burning
in dry sclerophyll vegetation. IT Regeneration by seed
germination. Aust. J. Bot. 25:35-46.

R Development Core Team. 2010. R: A Language and
Environment for Statistical Computing. R Foundation for
Statistical Computing, Vienna, Austria. Available at http://
www.R-project.org.

Raison, R. J., P. V. Woods, B. F. Jakobsen, and G. A. V. Bary.
1986. Soil temperatures during and following low-intensity
prescribed burning in a Eucalyptus pauciflora forest. Aust.
J. Soil Res. 24:33—47.

Royer, P. D., N. S. Cobb, M. J. Clifford, C.-Y. Huang, D. D.
Breshears, H. D. Adams, et al. 2011. Extreme climatic
event-triggered overstorey vegetation loss increases
understorey solar input regionally: primary and secondary
ecological implications. J. Ecol. 99:714-723.

© 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.



M. K. J. Ooi et al.

Santana, V. M., R. A. Bradstock, M. K. J. Ooi, A. J. Denham,
T. D. Auld, and M. J. Baeza. 2010. Effects of soil
temperature regimes after fire on seed dormancy and
germination in six Australian Fabaceae species. Aust. J. Bot.
58:539-545.

Santana, V. M., M. J. Baeza, and M. C. Blanes. 2013.
Clarifying the role of fire heat and daily temperature
fluctuations as germination cues for Mediterranean Basin
obligate seeders. Ann. Bot. 111:127-134.

Scuderi, D., R. Di Gregorio, S. Toscano, C. Cassaniti, and D.
Romano. 2010. Germination behaviour of four
Mediterranean Cistus L. species in relation to high
temperature. Ecol. Quest. 12:171-180.

Shea, S. R., J. McCormick, and C. C. Portlock. 1979. The
effect of fires on the regeneration of leguminous species in
the northern jarrah (Eucalyptus marginata Sm) forest of
Western Australia. Aust. J. Ecol. 4:195-205.

Tarrega, R., L. Calvo, and L. Trabaud. 1992. Effect of high
temperatures on seed germination of two woody
Leguminosae. Vegetatio 102:139-147.

Tozer, M. G. 1998. Distribution of the soil seed bank and
influence of fire on seedling emergence in Acacia saligna
growing on the Central Coast of New South Wales. Aust.
J. Bot. 46:743-755.

© 2014 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Physical Dormancy and Functional Response

Trabaud, L., and J. Oustric. 1989. Heat requirements for seed
germination of three Cistus species in the garrigue of
southern France. Flora 183:321-325.

Van Assche, J. A., and F. E. A. Vandelook. 2006. Germination
ecology of eleven species of Geraniaceae and Malvaceae,
with special reference to the effects of drying seeds. Seed Sci.
Res. 16:283-290.

Van Assche, J. A., K. L. A. Debucquoy, and W. A. F. Rommens.
2003. Seasonal cycles in the germination capacity of buried seeds
of some Leguminosae (Fabaceae). New Phytol. 158:315-323.

Walck, J. L., S. N. Hidayati, K. W. Dixon, K. Thompson, and
P. Poschlod. 2011. Climate change and plant regeneration
from seed. Glob. Change Biol. 17:2145-2161.

Whelan, R. J. 1995. The ecology of fire. Cambridge Univ.
Press, London.

Whelan, R. J., and C. Brown. 1998. The role of Callisternon
fruits and infructescences in protecting seeds from heat in
fires. Aust. J. Bot. 46:235-239.

Williams, P. R, R. A. Condon, A. C. Grice, and P. J. Clarke.
2004. Soil temperature and depth of legume germination
during early and late dry season fires in a tropical eucalypt
savanna of north-eastern Australia. Austral Ecol. 29:258-263.

Woodward, F. I. 1987. Climate and plant distribution.
Cambridge Univ. Press, Cambridge, U.K.

671



