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ABSTRACT

Seed dormancy varies greatly between species, clades, communities, and regions. We propose that fireprone ecosystems
create ideal conditions for the selection of seed dormancy as fire provides a mechanism for dormancy release and postfire
conditions are optimal for germination. Thus, fire-released seed dormancy should vary in type and abundance under
different fire regimes. To test these predictions, we compiled data from a wide range of fire-related germination exper-
iments for species in different ecosystems across the globe. We identified four dormancy syndromes: heat-released (phys-
ical) dormancy, smoke-released (physiological) dormancy, non-fire-released dormancy, and non-dormancy. In fireprone
ecosystems, fire, in the form of heat and/or chemical by-products (collectively termed ‘smoke’), are the predominant
stimuli for dormancy release and subsequent germination, with climate (cold or warm stratification) and light sometimes
playing important secondary roles. Fire (heat or smoke)-released dormancy is best expressed where woody vegetation is
dense and fires are intense, i.e. in crown-fire ecosystems. In such environments, seed dormancy allows shade-intolerant
species to take advantage of vegetation gaps created by fire and synchronize germination with optimal recruitment con-
ditions. In grassy fireprone ecosystems (e.g. savannas), where fires are less intense but more frequent, seed dormancy is less
common and dormancy release is often not directly related to fire (non-fire-released dormancy). Rates of germination,
whether controls or postfire, are twice as fast in savannas than in mediterranean ecosystems. Fire-released dormancy is
rare to absent in arid ecosystems and rainforests. The seeds of many species with fire-released dormancy also possess
elaiosomes that promote ant dispersal. Burial by ants increases insulation of seeds from fires and places them in a suitable
location for fire-released dormancy. The distribution of these dormancy syndromes across seed plants is not random —
certain dormancy types are associated with particular lineages (phylogenetic conservatism). Heat-released dormancy
can be traced back to fireprone floras in the ‘fiery’ mid-Cretaceous, followed by smoke-released dormancy, with loss
of fire-related dormancy among recent events associated with the advent of open savannas and non-fireprone habitats.
Anthropogenic influences are now modifying dormancy-release mechanisms, usually decreasing the role of fire as exap-
tive effects. We conclude that contrasting fire regimes are a key driver of the evolution and maintenance of diverse seed
dormancy types in many of the world’s natural ecosystems.
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I INTRODUCTION

Seed dormancy is an adaptive trait that prevents seeds from ini-
tiating germination under present or expected future conditions
that would lead to a low probability of germination success or
seedling survival. In such cases, germination is delayed and
seeds remain stored in the soil as a persistent seed bank that
can last from a few months to many decades, pending the
arrival of conditions that are more suitable for seedling recruit-
ment. There is an abundant literature on the taxonomy, ecol-
ogy, physiology, and biogeography of seed dormancy and the
conditions that break it (Fenner & Thompson, 2005; Finch-
Savage & Leubner-Metzger, 2006; Baskin & Baskin, 2014;
Long et al., 2015; Gioria e al., 2020). Dormant seeds are pro-
duced by many plant lineages occurring in numerous habitat
types and under contrasting climates and disturbance regimes
throughout the world.

The mechanisms for overcoming seed dormancy are
diverse and provide the basis for the classification of the main
dormancy types (Baskin & Baskin, 2014; Baskin &
Baskin, 2021): morphological dormancy (MD), physical dormancy
(PY), and physiological dormancy (PD) (see glossary in Table 1).
Some seeds may have multiple mechanisms where they com-
bine physiological and either morphological or physical dor-
mancy. Independently of how seeds are released from
dormancy, commencement of germination requires appro-
priate environmental levels of moisture, warmth and oxygen.
Thus, there may be a period (typically days or months, but
sometimes longer) between inherent (primary) dormancy
release and commencement of germination, in which seeds
are temporally under imposed (secondary) dormancy (see
Table 1; Baskin & Baskin, 2014; Thompson et al., 2003;
Brits & Manning, 2019). Unless otherwise stated, dormancy
here refers to primary dormancy.

Given the diversity of dormancy types, seed dormancy can
be viewed as an assemblage of disparate traits that have

evolved in unrelated lineages and environments (Silveira
et al., 2012; Willis et al., 2014) and can provide benefits
under multiple selective frameworks. For instance, dormancy
may confer adaptive benefits under unpredictable rainfall
regimes (Rees, 1994), under strongly seasonal climates
(Venable, 2007; Rubio de Casas et al., 2017; Collette &
Ooi, 2021), and in the presence of extended cold periods
(Wyse & Dickie, 2018); it may also enable survival of inges-
tion by vertebrate dispersers [endozoochory (Malo &
Suarez, 1996; Baes, de Viana & Siihring, 2002)]. In turn,
dormancy release may take advantage of recruitment oppor-
tunities provided by vegetation gaps (Vazquez-Yanes &
Orozco-Segovia, 1993; Figueroa, 2003), especially those cre-
ated by fire (Keeley, 1991; Keeley & Fotheringham, 2000;
Paula & Pausas, 2008). A recent review concluded that, at
the global scale, the abundance of seed banks is not related
to climate but to clades assembling in “unpredictable envi-
ronments” (Gioria et al., 2020), although fire, as a well-known
stochastic phenomenon, was not mentioned.

Here, we propose that seed dormancy is most adaptive in
ecosystems where seedling recruitment is controlled by large,
intermittently formed vegetation gaps created by periodic dis-
turbances. Thus, seed dormancy will be best expressed in highly
flammable ecosystems subject to periodic fires that create
swathes of bare ground suitable for germination and recruit-
ment (Fig. 1). Such recurring fires () create large bare, nutrient-
enriched patches suitable for germination and seedling recruit-
ment; (z2) select for seeds with strong heat tolerance or avoidance
properties; and (zz2) provide both the signal (cue) and the mecha-
nism (environmental inducer) for breaking dormancy. In addi-
tion, we propose that differences in fire regimes (e.g. in
frequency and intensity) create different selective environments
for seed dormancy and thus help to explain variability in the prev-
alence and characteristics of seed dormancy in different regions.

In a seminal paper, Keeley (1991) provided the first review on
this topic, based on the Californian mediterranean flora. During
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Table 1. Glossary

Juli G. Pausas and Byron B. Lamont

Seed dormancy and germination
Dormancy

Morphological dormancy (MD)

Physical dormancy (PY)

Physiological dormancy (PD)

Fire-released dormancy
Dormangy syndrome

Heat-stimulated germination

Smoke-stimulated germination

Imposed (secondary) dormancy

Postfire regeneration strategies
Obligate resprouters

Obligate seeders

Facultative seeders (=_facullative
resprouters)
Fire-regime types
Crown-fire regime

Surface-fire regime

That seed state when germination will not proceed even though external conditions may be favourable.
Where this is controlled internally through retarded embryo maturity or metabolic inactivity it is referred
to as primary (innate or inherent) dormancy. Dormancy may also be imposed environmentally through
the lack of suitable hydrothermal conditions when it is referred to as imposed (secondary) dormancy.
Unless otherwise stated, ‘dormancy’ refers to the primary class in this review. There are three basic types
of (primary) dormancy, depending on the mechanism of release: morphological, physical and
physiological dormancy. Some seeds may have multiple mechanisms where they combine physiological
and either morphological or physical dormancy.

Dormancy is maintained in an underdeveloped embryo that requires a period of post-dispersal maturation
(after-ripening) before the seed is ready to germinate. Metabolism occurs during dormancy but at a low
rate even in the presence of conditions suitable for germination.

Dormancy is maintained as the seed coat is impermeable to water and/or oxygen so that metabolism
cannot occur. The coat needs to be fractured, or a special pore opened, physically to enable water
and/or oxygen uptake to initiate metabolism and thus enable germination to proceed.

Dormancy is controlled by a physiological mechanism(s) that prevents the embryo from growing. It is
broken when respiration inhibitors are leached from the seed, or conversely essential cofactors are
supplied from the surroundings (e.g. karrikinolide in smoke), or physiological mechanisms are activated
by a change in the surroundings (e.g. light to produce phytochrome far-red) to enable the metabolic
initiation of germination.

A concise term for heat-released and smoke-released dormancy syndromes (Table 2).

A correlated suite of traits that is coordinated to maintain seed dormancy during storage, execute seed
dormancy release in response to a specified stimulus, and respond quickly to favourable germination
conditions when they become available. We define four dormancy syndromes in the main text and
Table 2.

Heat per se does not stimulate germination but breaks dormancy that allows germination to proceed later,
i.e. once suitable hydrothermal conditions are met. Thus, this term is equivalent to the heat-released
dormangy syndrome as described in the text and in Table 2.

In physiologically dormant seeds, specific smoke chemicals break dormancy and allow germination to
proceed. These chemicals may be absorbed by dry seeds but, once the wet season begins, they are more
likely to be absorbed dissolved in the soil solution during imbibition so that germination proceeds
without further delay. Thus, this term is equivalent to the smoke-released dormancy syndrome as described in
the text and in Table 2. Smoke chemicals may also hasten the rate of germination of non-dormant seeds
among some species.

That state following primary-dormancy release where metabolic activity continues to be suppressed as
external conditions remain unsuitable for germination. In species with heat-responsive seeds, this state is
maintained between the fire event and the first substantial postfire rains but may be minimal among
smoke-responsive seeds if the chemicals are only absorbed once the seeds have imbibed.

Plants that are long lived and rely on resprouting to regenerate after fire. These plants do not produce
seedlings after fire because they lack a seed bank. Obligate resprouters may reproduce from seeds late in
the fire-free interval, but the terminology for seeders and resprouters refers to postfire conditions. Seed
dormancy is rare in these species. Obligate resprouters have a polypyric life cycle (Pausas &

Keeley, 2014).

Plants that are killed by fire and rely on seedlings from a persistent seed bank to regenerate after fire. Seeds
that are soil stored have fire-released dormancy. Thus, they recruit massively after fire and either complete
their lifespan before the next fire (and only exist as a soil seed bank thereafter) or are fire killed
(monopyric life cycle).

Plants that are able to both resprout and recruit from dormant seeds after fire (polypyric life cycle).

Fires in woody-plant-dominated ecosystems that burn all vegetation components including crowns of the
dominant species (woody-plant-fuelled fires). Fires are typically of high intensity (foliage of all species is
incinerated) and moderate frequency (>20-year intervals). Fires in most mediterranean-type forests,
woodlands and shrublands, and closed-cone pine forests, are of this type.

Fires that spread in the herbaceous (grass-fuelled fires) or litter (litter-fuelled fires) layer and rarely reach the
crowns of the overstorey (if present). Fires are typically of low intensity but high frequency (<5-year
intervals). Fires in the understorey of some forests and woodlands (understorey fires), and in savannas and
grasslands, are of this type.
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Fig. 1. Photographs of seedlings establishing after fire. (A) Malva cretica (Malvaceae) 1 year postfire, plants in flower ~15 cm tall. (B) Clump
of seedlings of Stachystemon axillaris (Euphorbiaceae; smoke-released) arising from an ant nest 8 months after a summer fire; largest seedling
8 cm tall. Interfire recruitment is negligible in this species. Inset is their semi-hard seed with an elaiosome beside the hilum that attracts ants
(mainly Camponotus cf claripes) that use the appendage to carry the seed when transporting it to their nests. Seed 3 mm long. (C) Cistus cf albidus
(Cistaceae; hard-seeded), 3.5 months postfire, ~ 2 cm tall. (D) Ulex parviflorus (Fabaceae; hard-seeded) 1 year postfire, ~ 25 cm tall. (E)
Paraserianthes lophantha (Fabaceae; hard-seeded) 1 year postfire, showing germination restricted to parts of the soil receiving moderate fire
temperatures (foreground too hot, background too cool). (F) Adenostoma_fasciculatum (Rhamnaceae), largest 10 cm tall. A is from E Spain
(E. Laguna); B from SW Australia (B. Lamont, inset A. Tinker); C and D from E Spain (J. Pausas); E from SW Australia [B. Dell, from
Groom & Lamont (2015) with permission] and I from California (J. Keeley).

the following 30-year period, seed ecology in the context of fire has
expanded to all corners of the globe; heat and smoke germination
experiments have been performed on many species; and phyloge-
netic analyses have greatly improved our understanding of the
evolution of key plant traits. It is now time to review and integrate

the lessonslearned across ecosystems and lineages. We first review
the mechanisms by which seeds are released from dormancy in
fireprone ecosystems, and under what conditions these mecha-
nisms have been selected. We have compiled examples from a
wide range of germination experiments that show the fitness
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Table 2. Dormancy syndromes present in fireprone ecosystems, and their main ecological characteristics (for more details see the
main text and Table S1)

Dormancy syndromes

Heat-released

Smoke-released dormancy

Non-fire-released

Non-dormancy

dormancy dormancy
Benefit Environmental Environmental matching Bet-hedging Quick establishment,
matching granivory avoidance

Selection driver
Response trait
Seed properties

Basic dormancy
type

Dormancy release
mechanism

Ancillary
promoters

Annual response

Dormancy release

Imposed
dormancy

Peak in seedling
numbers

Fire response

Environments”

Fire regime

Heat and smoke
responses”

Prominent
examples

Postfire vegetation gaps

Fire-stimulated
germination
Long-lived,
impermeable, hard
Physical

Fire heat
Smoke, scarification

No germination
(dormant)

Abrupt

Strong

Postfire

High germination
Mediterranean, warm
temperate

Moderately frequent
crown fires

H+S+, H+S*

Most Fabaceae,
Cistaceae, Malvaceae

Postfire vegetation gaps

Fire-stimulated germination

Long-lived, permeable

Physiological

Chemicals from combustion

Ash, scarification, heat, light/
dark

No germination (dormant)

Abrupt
Weak

Postfire

High germination
Mediterranean, warm
temperate

Moderately frequent crown
fires
H+S+, H*S+

Many Lamiaceae, Rutaceae,
Ericaceae, Poaceae

Fire-independent
vegetation gaps
Heat tolerance, seed

longevity
Long-lived

Variable
Moisture, warmth

Seed decay, temperature
stratification

Germinates or remains
dormant

Gradual

Variable

Postfire, any time

Low germination
Savannas, cool temperate
(non-fireprone)

Rare or frequent surface
fires
H*S*

Some Fabaceae, Poaceae,
Polygalaceae

Reliable environmental
conditions

Short-lived

Germination or seed
mortality

Weak
Unrelated to fire

Seed mortality
Rainforests, deserts,
saline/
rocky habitats
Rarely burns

H-S*, H*S—, H-S—

Obligate resprouters,
fleshy-fruited, shade-

tolerant species

—, does not apply.

See Fig. S11 for details.

benefits of seed dormancy (via enhanced germination) in various
ecosystems around the world. Then, based on published molecu-
lar phylogenies, we trace the origin and evolutionary dynamics of
seed dormancy in different lineages. Finally, we review alternative
drivers to fire for promoting seed dormancy, noting that cold or
warm stratification and light are also known to have alternative
or supplementary roles in breaking dormancy.

II FIRE AS A DORMANCY-RELEASE
MECHANISM

(1) Dormancy syndromes

Three factors determine under what circumstances seed
dormancy is adaptive (Donohue et al., 2010): () dormancy (spe-
cifically as a property of long-lived seeds) can be an optimal

“Environments where the type is most prominent; species with non-dormant seeds may occur under any environment and fire regime, includ-
ng fireprone ecosystems (Ie).g. obligate resprouters in mediterranean or savanna ecosystems).
ormancy released (+), inhibited (—) or unaffected (¥) by heat (H

or smoke (S).

strategy when aboveground environments are unpredictable
for recruitment (bet-hedging); (:2) dormancy (specifically
dormancy release) can be a mechanism to detect suitable con-
ditions for recruitment (environmental matching); and (i)
non-dormancy (rapid germination) can allow escape from
pending threats to recruitment (e.g. short growing season, seed
predation). All three factors operate in fireprone ecosystems
(Table 2). However, postfire conditions are especially optimal
for germination and establishment of many species
(i.e. environmental matching is favoured) because fires create
extensive vegetation gaps that have high resource availability,
minimal competition, and low pathogen load. Thus, they offer
a unique window of opportunity for recruitment, especially
among weakly competitive, shade-intolerant plants. To benefit
from these conditions, germination needs to proceed as soon
as conditions are suitable after fire. Thus, seeds are required
to both survive the passage of fire and also to detect the fire
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gap created to start germinating. Seeds possess two ways to
sense a fire event and enable germination to occur as soon as
postfire conditions are suitable: they use the two properties
of fire, heat and/or smoke, to release dormancy and prime
the seeds to germinate. On the basis of these fire properties
and the associated dormancy-release types we define four dor-
mancy syndromes (Table 1) that account for the different types
of dormancy release and germination and their associated
properties in fireprone ecosystems (Table 2; see online Sup-
porting Information, Table S1).

(a) Heat-released dormancy syndrome

The best-known mechanism for detecting a vegetation gap
created by fire is the presence of a high temperature thresh-
old for breaking physical dormancy that exceeds soil temper-
atures experienced during summer and is compatible with
fire heat. By raising the dormancy-breaking temperature
threshold, seeds remain dormant in the soil seed bank until
fire simultaneously creates swathes of bare ground and
breaks physical dormancy. Seeds will then germinate as soon
as the appropriate hydrothermal conditions arise
(e.g. following the first substantial postfire rains). These seeds
are ‘hard’, with a thick, impermeable seed coat that () pre-
vents the uptake of water (sometimes oxygen; Brits &
Manning, 2019) that would otherwise induce germination if
temperatures were moderate; (i) maintains low internal
moisture levels that increase longevity and heat tolerance
without reducing protein integrity (Considine &
Considine, 2016); and (zz) inhibits pathogen invasion and
agents of decay. The heat from fire fractures, or dislodges
special heat-sensitive tissues in, the seed coat to create a
‘water gap’ (Nandi, 1998; Gama-Arachchige et al., 2013;
Brits & Manning, 2019). This renders the seed permeable
to water and oxygen and enables germination to proceed.
Germination occurs later, once the hydrothermal require-
ments for germination are met. Thus, there may be a pro-
longed interval (imposed dormancy) between the breaking
of dormancy (when fire occurs) and germination (when the
levels of moisture and temperature are adequate). We call
this suite of traits, that covers primary dormancy mainte-
nance and release, followed by imposed dormancy mainte-
nance and release, then germination, the /feat-released
(physical) dormancy syndrome (Tables 2, S1). Note that ‘heat-
stimulated germination’ is often used as an equivalent
short-hand term (see Table 1). Well-known examples of spe-
cies with this syndrome include most Cistaceae (an essentially
Mediterranean family; Thanos ez al., 1992) and most legumes
(Fabaceae) (Fig. 2), and it has been identified in another
12 angiosperm families, including Malvaceae, Rhamnaceae
and Convolvulaceae (Baskin, Baskin & Li, 2000;
Appendix S1, Fig. S1).

Heat tolerance may be critical for seed survival; viability
may be retained even under treatments of 150°C (Fig. 2A).
Perhaps the record is 20% survival of seeds of a
South African legume at 215°C for 1 min (Virgilia oroboides;
Jeftery, Holmes & Rebelo, 1988). Sunlight is incapable of

1617

heating soil to these temperatures but such levels of heat
can be received from intense fires (Brits, 1986; Auld &
Bradstock, 1996; Merritt et al., 2007). The mechanism of seed
heat tolerance seems to be associated with the fact that the tis-
sues are highly desiccated (Tangney et al., 2019). The heat
dose needed for breaking dormancy and the magnitude
and shape of the heat response may depend on characteristics
of the seed coat (thickness and structure of the cuticle, epider-
mis, palisade and parenchyma, and type of water gap;
Nandi, 1998; Hradilova et al., 2019), seed size (smaller seeds
may be more heat tolerant and have lower thresholds; Tavsa-
noglu & Catav, 2012), seed age (Downes et al., 2015), and
whether it is wet or dry heat (van Klinken, Flack &
Pettit, 2006; Erickson, 2015; Liyanage & Ooi, 2017). A few
non-dormant seeds are often present even among species
with high heat responses/tolerances (e.g. 10% germination
among the controls in category A3 of Fig. S2). Both heat tol-
erances and temperature thresholds for dormancy release
should be subject to selection and can be expected to vary
with the intensity of recurrent fires but the topic has received
little study (Tangney et al., 2019).

In regions with especially cold winters (uplands, high
latitudes) that are also fireprone in the warm part of the year,
seeds may require a cold pretreatment in addition to fire to
yield maximum levels of dormancy release (Keeley, 1991).
This has been confirmed for a few species where fire (heat)
and cold stratification treatments have been applied sepa-
rately and together, with the combined treatment often being
most effective (Figs S3, S4).

(b) Smoke-released dormancy syndrome

Another major mechanism by which species can take
advantage of fire-induced gaps (postfire germination) is
through certain chemicals present in smoke, ash, or charred
wood (collectively termed ‘smoke’ here, although they
may have different effects). These compounds are organic
[e.g. karrikin (a pyranobutenolide), glyceronitrile] or inor-
ganic (e.g. nitrogen oxides) by-products of the pyrolysis of
biomass that diffuse in a volatile state or percolate through
the soil profile after rain to reach the seeds (Roche, Koch &
Dixon, 1997; Stevens et al., 2007; Ghebrehiwot et al., 2013).
In physiologically dormant seeds, these cofactors link to
specific proteins to catalyse the production of hydrolytic
enzymes that enable respiration to commence and thus break
dormancy (Keeley & Fotheringham, 1997, 2000; van Staden
et al., 2004; Waters et al., 2013; Keeley & Pausas, 2018;
Lamont, He & Yan, 2019a). In addition, there is some
evidence that karrikins may increase the rate of water uptake
via aquaporins in meristematic cells (Jain, Kulkarni & van
Staden, 2006; Ghebrehiwot ez al., 2008).

Seeds of this syndrome may bypass a period of imposed
dormancy because smoke compounds usually reach the seed
dissolved in rainwater, and this water often creates suitable
germination conditions (seeds with this syndrome are water
permeable). Thus, dormancy release and germination are
likely to occur contemporaneously in the field unless rain
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Fig. 2. Percentage of seeds germinating under different treatments among species of Cistaceaec and Fabaceae. (A) For
32 Mediterranean Basin Cistaceae species (340 germination tests), treatments are: control (light green), winter temperatures (cold
stratification; blue), summer temperatures (warm stratification; red), and heat treatments simulating fire (orange) at different
temperatures (70°C to 150°C) and exposure times (1 to 10 min). Note that even at relatively high heat pulses (e.g. 120°C for
10 min), germination is higher than for the control. Data collated from Herranz, Ferrandis & Martinez-Sdanchez (1999),
Luna (2020), Luna et al. (2007, 2008); Luna, Chamorro & Pérez (2019), Moreira & Pausas (2012), Moreira et al. (2010), Navarro-
Cano, Rivera & Barbera (2009), Pérez-Garcia & Gonzélez-Benito (2006), Scuderi e al. (2010) and Thanos et al. (1992). (B) For
55 species of Western Australian Fabaceae, treatments are control (cont., green) mechanical scarification (Scar., grey), and
application of boiling water for 0.5, 1, 2 or 5 min (data from Bell, Plummer & Taylor, 1993). Note that all heat pulses stimulate
germination more than scarification. (C) Fabaceae, comparison of germination between the control and after a heat pulse (100°C
for 1 min) for species from the Brazilian Cerrado savanna (Sav, yellow; 46 species; Daibes ¢t al., 2017, 2019) and a SE Australian
shrubland (WT = warm temperate, pink; 38 species; Auld & O’Connell, 1991). Note the different response between shrublands
(crown fires) and savannas (surface fires; no response). Boxplots represent the median (horizontal thick line), the first and third
quartiles (box), and the 1.5 interquartile range (whiskers). Asterisks refer to significant differences in relation to the control
treatment (¥, P < 0.05; **, P < 0.01; *** P < 0.001).

occurs during periods of unsuitable temperatures (as is also
the case for heat-released seeds; MacKenzie e al., 2016).
We call this syndrome smoke-released (physiological) dormancy
(Table 2). Note that ‘smoke-stimulated germination’ can be
used as an equivalent short-hand term (Table 1).

This dormancy syndrome is phylogenetically widespread,
with many examples among Lamiaceae, Ericaceae, Rutaceae,

Asteraceae, Poaceae, Proteaceae, Euphorbiaceae and Restio-
naceae (Keeley & Pausas, 2018; Carthey e al., 2018; Fig. 3;
Tables S2-S4, Appendix S1). It is unambiguously tied to fire
but species rarely have an absolute requirement for smoke.
Typically, there is an increase in germination with increasing
smoke dosage until an optimum is reached beyond which ger-
mination rates gradually fall (Fig. S5A, B). Germination of
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species with little seed dormancy are either unaffected by smoke et al., 2015; Newton et al., 2021). Variability in smoke

or germination gradually decreases as smoke concentration responses is observed at both the individual seed level
increases (Fig. S5C). There are no records of viability loss in ~ within batches and among plants, even within a given pop-
the presence of smoke although it is rarely examined on the  ulation, possibly as an inverse function of seed mass (smal-
assumption that it does not occur. ler seeds are more smoke-responsive; Ma, Wu &

Smoke is more likely to break dormancy and stimulate Ooi, 2018). Assuming such variation to have a genetic

germination the higher the initial level of dormancy, and  basis, this must provide abundant opportunities for adap-
the older the seed is if an after-ripening period is required  tation to changing climate and fire regimes but has
for embryos to reach maturity (Merritt et al., 2006; Downes received little study.
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Fig. 3. Smoke-released dormancy. (A) Changes in germination percentage (relative to the control) after treatments with fire-derived
compounds (charred wood or nitrogen-containing compounds) for 60 species in three families (V= 99 records) widespread in the
Mediterranean Basin (collated from Moreira & Pausas, 2018). Values within each box are number of records/number of species.
(B) Proportion of species in Poaceae (boxplot and coloured symbols) and Lamiaceae (asterisks) with germination stimulated by
smoke in different ecosystems with woody-fuelled crown-fire or grass-fuelled surface-fire regimes under warm (red) and cool (blue)
climates. (C) Percentage of species that show a significant positive response to smoke for eight ecosystem types. The ecosystems are
ordered in increasing abundance of smoke-responsive species, from tropical rainforest and cool temperate shrublands to the
greatest dependence among mediterranean ecosystems. The colour of the labels indicates the main fire regime: no fires (black),
surface fires (blue), crown fires (red); dry shrublands may also show some low-intensity crown fires. Boxplots represent the median
(horizontal thick line), the first and third quartiles (box), and the 1.5 interquartile range (whiskers). Red points are the raw data.
For further details of the data plotted in B see Tables S2 and S3; for C, including full names of the ecosystems, see Table S4.
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The positive effect of smoke is observed for germination (¢) Non-fire-released dormancy syndrome
experiments in the dark as well as in light: under dark condi-
tions, germination enhanced by smoke is similar to that
enhanced by light; however, maximum germination is usually
attained in the presence of both light and smoke (Fig. S6).
The latter is consistent with experimental evidence indicating
that smoke compounds increase the sensitivity of seeds to light
(Nelson ¢ al., 2010). Smoke may also enhance the germination
rate of grasses (Hodges et al., 2021), which might give them a
temporal advantage during establishment. Seedling growth
rates may also be enhanced (Blank & Young, 1998; Moreira
et al., 2010; Ghebrehiwot et al., 2012), including root growth
(Moreira et al., 2010), which further increases fitness benefits at
this critical life stage.

Heat-released physical dormancy is typically tested by
heat treatments under laboratory conditions (Fig. 2).
Smoke-released physiological dormancy is also tested in
the laboratory (Fig. 3), but unlike heat, smoke effects
can also be tested easily in field plots by spraying with
smoke water (Tormo, Moreira & Pausas, 2014). Thus,
it is possible to evaluate responses of the whole seed bank
to smoke (community-scale approach). Studies that have
tested the effects of smoke on the soil seed bank under
crown-fire ecosystems consistently show an overall
increase in seedling density, species richness, and seed-
ling biomass (Fig. S7).

The two fire-released dormancy syndromes described above
are prominent, if not dominant, in many fireprone ecosys-
tems (e.g. Fig. 3C). In some of these ecosystems, there may
be species with soil-stored seed banks that do not respond
to either heat or smoke, although the seeds can withstand fire
as well as those with fire-released dormancy. We call this syn-
drome non-fire-released dormancy (Tables 2, S1). Here, dor-
mancy release does not follow abruptly after fire, but is
induced by a variety of environmental stimuli that sometimes
include an indirect role for fire or any other disturbance that
opens the vegetation. For example, the postfire decrease in
albedo (due to blackening of the landscape) may enhance
cool/warm or wet/dry cycles and thus promote dormancy
release among hard seeds (Baskin & Baskin, 1984; Brits &
Manning, 2019). Some mediterranean annuals have a strictly
photoblastic response and are unaffected by smoke (Merritt
et al., 2006). In subtropical savannas, some species require
wet, hot-summer stratification (van Klinken et al., 2006;
Zhang et al., 2020).

In other cases, germination starts as soon as the seed coat
decays sufficiently, i.e. permeability increases over time
(Lonsdale, 1993; Brits & Manning, 2019). The need to satisfy
an after-ripening requirement is another possibility for ger-
mination that is out of phase with fire (Downes et al., 2015).
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Fig. 4. Examples of postfire biotic responses through the soil profile in fireprone Australian ecosystems. (A) Percentage germination
of seeds sown at increasing depths based on laboratory experiments using a range of fire-type surface temperatures for 39 legume
species. Boxplots indicate variability among species. From Auld & O’Connell (1991). (B) Number of species (V) out of 39 with
germination levels exceeding 5% at that depth for the same experiment as A. (C) Percentage of germinable seeds present in three
soil layers from three eucalypt woodland samples (68 species identified; Read et al., 2000). (D) Ability of germinants to reach the
surface (emergence capacity, %) at different sown depths for 17 species (boxplot; Tangney et al., 2020) and for Grevillea speciosa (red
dots; Auld & Denham, 2005). (E) Field observations of percentage of seedlings emerging relative to total seeds present for Grevillea
speciosa and Acacia suaveolens (from Auld & Denham, 2005). As these two species have seeds with elaiosomes the low emergence
levels in the top layers compared with D could be due to a combination of high fire intensity (seed mortality, as in A) and deeper
burial of seeds by ants (compared with C). Boxplots represent the median (horizontal thick line), the first and third quartiles (box),
and the 1.5 interquartile range (whiskers).
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Examples occur not just in fireprone ecosystems such as
(Daibes et al, 2017, 2019; Ibafiez Moro
et al., 2021) but also in many non-fireprone ecosystems
(Figueroa, 2003). Among typically hard-seeded families, a
few Fabaceae and Cistaceae may also show non-fire-released
dormancy in non-fireprone habitats (Pérez-Garcia &
Gonzélez-Benito, 2006; Sautu et al., 2006). While fire-
released dormancy allows the detection of vegetation gaps
for matching germination to optimal conditions, non-fire-
released dormancy takes advantage of the longevity of seeds
that ensures the efficacy of this bet-hedging strategy when
suitable (non-fire) conditions arise (T'able 2).

savannas

(d) Non-dormancy syndrome

Finally, many species in fireprone ecosystems do not have
dormant seeds and thus lack a soil seed bank (Non-dormancy
syndrome; Tables 2, S1). Their adaptive advantages centre
around rapid germination, thus avoiding seed predation,
time-based viability loss, or conditions unsuitable for germi-
nation, especially seasonal drought. The germination of
some species with little dormancy, even among species in
non-fireprone ecosystems (including cultivars), can be exper-
imentally stimulated by fire properties (heat or smoke). This
has caused some researchers to question the role of fire in
shaping dormancy; however, relevant explanations may still
include a role for fire (see Section V.5).

For Fabaceae in a Brazilian Cerrado savanna, 30% of
48 species examined were non-dormant (Fig. S8, Table S5).
Surprisingly, all but one of these retained some viability after
pretreatment at 200°C for 1 min, and 48% were unaffected
by less-intense heat. Such a high level of heat tolerance
among non-dormant seeds is consistent with the inevitability
of fire in these savannas. Almost all perennial species rely on
resprouting for persistence under such frequent fire regimes.
Among some woody species, lack of dormancy is notable
among obligate resprouters with their fleshy fruits dispersed
over long distances by vertebrates; they do not take advan-
tage of postfire conditions for recruitment, which can occur
several to many years after fire (Pausas & Keeley, 2014).
Some species with fire-released dormancy may show no dor-
mancy in populations that inhabit non-flammable habitats.
For example, populations of Erica coccinea (Ericaceae) that
occur among non-fireprone rocky outcrops in South Africa
show 86% germination in the presence or absence of smoke
(i.e. they are essentially non-dormant) (Leonard, West &
Ojeda, 2018). By contrast, populations in the surrounding
flammable shrubland show 16% germination in controls
compared with 82% in the presence of smoke.

(2) Spatial and temporal components of
germination

Germination experiments provide information on the
expression of the various dormancy syndromes by different
taxa and ecosystems (Figs 2, 3), but seedling recruitment
under field conditions is a more complex process. First, the

1621

vertical distribution of seeds is important. Successful emer-
gence in the field will depend on the extent to which the heat
pulse (as a function of fire intensity) or smoke reaches the seed
and 1s capable of breaking dormancy and stimulating germi-
nation at a given soil depth. Seeds on the soil surface or
beneath highly combustible litter may be charred or inciner-
ated whereas seeds located deep in the soil may not receive
enough heat or smoke to release dormancy (Fig. 4A, B;
Fig. S9). In addition, germinants must be able to reach the
surface before their metabolic reserves are exhausted. In fact,
most germinable seeds are located just beneath the surface
and gradually diminish to negligible levels by a depth of
8 cm (Fig. 4C). The ability of germinants to reach the surface
falls linearly to be negligible once this same depth is reached
(Fig. 4D, E), and is usually negatively related to seed size
(Fontenele e al., 2020; Tangney et al., 2020). The depth to
which species are buried is a function of time, seed character-
istics (size, surface texture, shape), soil properties (litter thick-
ness, soil texture and density, which also affect heat transfer),
and the extent to which seeds are buried by dispersal agents
(Saatkamp, Pochlod & Lawrence, 2014; Fig. 4).

Furthermore, there is much patchiness in fire intensity,
seed density, and species distribution at the microscale, due
to the scattered distribution of vegetation and fuel loads.
Local variation in soil properties (e.g. texture) is also expected
to control the extent to which heat and soil water can reach
the seeds. These vertical X horizontal interactions produce
complex spatial patterns of seedling emergence in the field
(Fig. S10; Lamont, Witkowski & Enright, 1993; Odion &
Davis, 2000). To complicate the picture further, there is
inherent variability in seed size and fire-released dormancy
within and among plants (as with any other trait) that also
contributes to the spatial variability of recruitment. Once
emerged (Fig. 4D, E), the fate of seedlings will depend on
additional constraints such as rainfall, nutrient availability,
herbivory, and shade.

(3) Ant dispersal of dormant seeds: a fire-
persistence trait

Some seeds with dormancy have an aril attractive to ants,
called an elaiosome. In these cases, ants act as dispersal
agents without harming the seeds, and bury them in their
nests (myrmecochory). Myrmecochory promotes short-
distance dispersal (including uphill, in contrast to passive dis-
persal), protection from granivores, placement of the seed at
a suitable depth for germination and emergence, and access
to the extra nutrients associated with ant nests. If these are
its primary functions then myrmecochory should be best
represented in vegetation types where ants are active, as in
all but the coldest parts of the Earth. Berg (1975), followed
by others (Hughes & Westoby, 1992; Auld, 1996;
Giladi, 2006; Lengyel et al., 2010), suggested that ant dis-
persal and burial could also serve both to insulate seeds from
intense fires and to place them at a depth where the heat
pulse/smoke concentration is conducive to breaking dor-
mancy and stimulating germination. If these are its primary
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Table 3. Association between binary traits (Yes/No) for clades possessing many species but varying in seed dormancy. Association
between traits is given as number of species possessing (Y) or not possessing (N) each trait (YY: have both; YN: only trait 1; NY: only
trait 2; NN: neither trait present). Acacia and Rutaceae refer to Australian species only. Traits include heat- and smoke-released
dormancy (Heat, Smoke; from germination experiments), hard-seededness, fireproneness of the habitat (including crown and surface
fires), presence of an elaiosome, and a thick seed coat (>150 pm). Data are from Data S1, except for Leucadendron (from Newton et
al., 2021). Emboldened numbers are the highest in each foursome. P-values refer to Pearson’s Chi-squared test (of the contingency
table of the two traits) with simulated P-values. In all cases, the residuals are positive for YY or NN (species over-represented) and
negative for YN or NY (species under-represented)

Clade Trait 1 Trait 2 YY/YN, NY/NN P-value
Cistaceae Heat Hard seeds 35/0,8/5 0.0008
Heat Fireprone 36/0,5/13 <0.0001
Fireprone Hard seeds 49/2,5/4 0.0020
Acacia® Heat Hard seeds 98/0,0/11 <0.0001
Heat Fireprone 90/0,1/11 <0.0001
Heat Elaiosome 87/4,4/9 <0.0001
Fireprone Elaiosome 83/1,3/8 <0.0001
Fireprone Hard seeds 91/1,0/11 <0.0001
Lupinus Heat Hard seeds 17/0,0/5 <0.0001
Heat Fireprone 18/0,1/5 <0.0001
Fireprone Hard seeds 18/1,0/5 0.0001
Leucadendron® Heat/smoke Thick seed coat 10/2%, 5%/22* 0.0005
Rhamnaceae (dry fruited only)" Heat Hard seeds 47/0,3/3 0.001
Heat Fireprone 46/0,3/2 0.010
Fireprone Hard seeds 49/2,1/1 -
Fireprone Elaiosome 36/15,1/1 -
Polygalaceae® Fireprone Elaiosome 6/8,0/14 0.010
Rutaceae Fireprone Elaiosome 113/13,6/81 <0.0001
Smoke Fireprone 37/0,14/29 <0.0001
Smoke Elaiosome 36/1,10/33 <0.0001

“For Acacia, we assumed that all species with heat (100°C)-stimulated germination are hard seeded as all 45 examined to date have this trait
{Burrows, Alden & Robinson, 2018).

All Leucadendron species occur in fireprone ecosystems; *serotinous species have thin seed coats. Seeds with a thick seed coat (>150 pm) are not
necessarily impermeable but they absorb water at a much slower rate and show smoke- and/or heat-stimulated germination (Lamont, Gémez

Barreiro & Newton, 2021; Newton et al., 2021).

“We considered only Rhamnaceae with dry fruits; the same statistics for those with fleshy fruits were not significant (P > 0.10) essentially

because they lack all these traits. Data for both dry and fleshy-f
Insufficient variabili?l to perform statistics.

ruited species are providec?/ in Data S1.

“Chi-squared test performed at iglenus level, weighted by the number of species in each 1%enus, and considering the genus Polygala, the largest

genus by far (~700 species), as
emained significant (P = 0.011).

ve lineages, one on each continent. On merging the

ve lineages as a single large genus, the relationship

Rainforest species that are non-dormant are assumed not to require smoke to break dormancy even though the relevant experiments have

not been conducted (e.g. Hopkins & Graham, 1987) (see Data S1).

functions, then myrmecochory should be expressed most
often in fireprone habitats with high ant activity.

We noted that many genera with elaiosomes are especially
species-rich in crown-fire ecosystems with high ant diversity,
such as some Proteaceae [Grevillea (350 species), Leucospermum]
and Fabaceae [Acacia (1100 species), Daviesia, Ulex]
(Auld, 1996; Lengyel ¢t al., 2010). Further, there is a strong
correlation between species occurring in fireprone habitats
and possession of elaiosomes, with the reverse in non-
fireprone habitats (e.g. Acacia and Rutaceae in Australia,
and worldwide Polygalaceae; Table 3). Thus, most Acacia
species with heat-released dormancy possess elaiosomes,
but the few species not subject to fire heat (i.e. those in
deserts) lack elaiosomes. Among Rutaceae, most species with
smoke-responsive seeds in highly fireprone sclerophyll vege-
tation have elaiosomes (e.g. Boroma, Phebalium). The few citrus
species in rainforests (non-fireprone) have non-dormant

seeds with colourful arils that attract bird dispersers
(Table 3). Polygalaceae is ant-dispersed in fireprone ecosys-
tems (mediterranean and warm temperate climates), whereas
in other ecosystems (rainforest, cold deserts) its species are
vertebrate-dispersed with fleshy seeds or fruits (Table 3).
Most fireprone Rhamnaceae (tribe Pomaderreae) bear elaio-
somes and have heat-released dormancy, with

Ceanothus the notable exception in California, whose fire-
prone flora possesses few ant-dispersed species (Rundel
et al., 2018). Mimosoid legumes bear an elaiosome in sclero-
phyll shrublands to forests in Australia [Lengyel e al. (2010)
for Acacia] but not in rarely burnt deserts (Burrows
et al., 2018), nor in the frequently burnt savannas of Africa
(Vachellia; Garner & Witkowski, 1997) and South America
(Mimosa; Gunn, 1984), nor in rainforests [Albizia (Diabate
et al., 2005); Adenanthera, Castanosperumum (Hopkins &
Graham, 1987)]. Only two elaiosome-bearing species are
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listed among 52 rainforest species that we compiled (see
Section V.5) and neither is endemic.

We conclude that ant dispersal of dormant seeds is preva-
lent in fireprone ecosystems, and especially crown-fire ecosys-
tems. Among alternative explanations, crypsis from
granivorous vertebrates cannot be dismissed (Christian &
Stanton, 2004), but it is hard to explain why this is not equally
important in rainforests or arid ecosystems. More compara-
tive studies are needed to determine the generality of our
findings, and to explain the relative absence of ant seed dis-
persal in the highly fireprone Californian flora (Rundel
et al., 2018). It would be of interest to know the extent to
which abundances of aril-consuming ants are affected by
these contrasting environments. At present, we suggest that
ant seed dispersal is an under-rated fire-persistence trait
and exposure of seeds to milder levels of heat via burial is
likely to be its primary function. Experimental research com-
paring burial depth with optimal conditions for dormancy
release of species with or without elaiosomes remains to be
undertaken.

(4) Consequences of seed dormancy for stand
structure

As a consequence of delaying germination to postfire condi-
tions, recruitment of species with fire-released dormancy is
restricted to these conditions (i.e. to the first wet period after
fire), and thus populations of these species tend to form single
cohorts of the same postfire age (Pate e al, 1985;
Keeley, 1991; Fig. 1). This is especially notable among non-
resprouting species (obligate seeders; Table 1). Postfire facul-
tative species (T'able 1) are characterized by stands of mixed
ages as recruitment after each fire coexists with postfire
resprouting (Lamont & Witkowski, 2021). Mixed-age stands
are even more prominent among obligate resprouters as their
recruitment is independent of fire (seed production and ger-
mination occur long after the passage of fire) and is related
more to environmental fluctuations. Among the obligate
seeders with fire-released dormancy that form single postfire
cohorts within each fire cycle (monopyric species; Pausas &
Keeley, 2014), we find (z) those that survive during the entire
inter-fire period, store seeds throughout this period, and are
killed by each fire; and (i) those that are short-lived and com-
plete their life cycles in a few years (before the next fire), and
their seeds remain dormant in the soil until the next fire (fire
ephemerals; Pate ¢f al., 1985). A special case of the latter are
postfire annuals (pyroendemics; Keeley & Pausas, 2018). No
other disturbance creates these types of habitat-defined spe-
cies, highlighting the role of fire as a selective agent in a
plant’s reproductive cycle (He, Lamont & Pausas, 2019).

IIT SELECTIVE ENVIRONMENTS

Our collation of data for 586 species in the various fireprone
environments shows that germination of 42% of the species
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was stimulated by heat and/or smoke, 49% were unaffected
by both (i.e. were both heat and smoke tolerant), and 9%
were inhibited by heat and/or smoke (Fig. S11). The overall
importance of fire-released dormancy is highest in crown fire
ecosystems (mediterranean ecosystems excluding central
Chile, followed by other warm temperate ecosystems), lower
in surface fire savanna ecosystems (especially the Cerrado),
and negligible in rainforests (Figs 2, 3, 5, S11, Tables S2—
S5). In this section, we further generalize the patterns of
fire-related dormancy syndromes by contrasting the world’s
two major vegetation—climate—fire-regime complexes:
crown-fire regimes in mediterranean and warm temperate
ecosystems and surface fire regimes in savannas and grass-
lands (see Tables S2 and S6 for the regions included in each
subcategory).

(1) Woody ecosystems with crown-fire regimes

Fire spreads readily where vegetation is dry and continuous.
Thus, ecosystems with both dense woody vegetation and a sca-
sonal climate (with a dry, highly flammable period) are typically
subject to crown fires. This includes forests, woodlands and
shrublands that burn at relatively high intensity (the whole shoot
mass burns) in mediterranean environments (with summer
drought) as well as other warm temperate environments with
a drier warm season in summer (c.g. southeastern Australia)
(Table S6). In such crown-fire ecosystems, the dense canopy of
woody vegetation prevents successful recruitment of shade-
intolerant plants, and thus seed dormancy allows them to avoid
germinating in deep shade. In these environments, the main
creators of gaps suitable for seedling recruitment are wildfires
(Keeley et al., 2012). Thus, many mediterranean species have
seeds that respond to heat and/or smoke that take advantage
of vegetation gaps for postfire germination when recruitment
conditions are optimal. Thus, crown-fire ecosystems are the
paradigm for fire-released dormancy syndromes, including dor-
mancy released by heat (e.g. many legumes, Figs 2C, S2), smoke
(e.g. many Poaceae, Iig. 3B), or by both. Fire thus promotes
germination in 80% of Fabaceae species in mediterranean
regions and 100% in other warm temperate regions
(Fig. S8B). In these ecosystems, seed dormancy is especially
prevalent among high-light-requiring, shade-intolerant plants,
and dormancy-breaking thresholds act as a mechanism for
detecting vegetation gaps created by fire.

Consistent with these results, most species in the Restiona-
ceae, a sister family to Poaceac common in South African
shrublands (with high-intensity fires), have smoke-released dor-
mancy (85%j; Table S2; He, Lamont & Manning, 2016). Med-
iterranean ecosystems show an even spread among the
dormancy-release mechanisms (heat, smoke, or both, each
accounting for 20-25%) than other warm temperate ecosys-
tems (Fig. S11), and are the regions with the greatest represen-
tation of fire-released dormancy (Figs 3, SII). Most
mediterranean shade-intolerant species can resist the heat of a
fire (even where the heat does not break dormancy; see H*S+
and H*S* i Fig. S11). Central Chile has a mediterranean cli-
mate but, historically experiences fewer fires compared with the
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other mediterranean regions (Keeley et al., 2012); interestingly,
fire-released dormancy is less prominent here with only 27%
of species responding to fire (H+S+, H+S*, H*S+; Fig. S11),
although heat resistance remains high.

(2) Grassy ecosystems with surface-fire regimes

(Sub)tropical savannas and grasslands are the world’s most
extensive fireprone ecosystems, with more frequent but less-
intense fires than crown-fire ecosystems. Postfire germination
in these vegetation types has only been studied in depth
recently, and given their broad distribution and variability,
our understanding of seed ecology in this biome is more
restricted. In savannas and grasslands, light is not a strong
limiting factor, and thus pressure to evolve mechanisms for
gap detection is less intense than in crown-fire ecosystems.
Yet seed tolerance to heat should still provide a fitness bene-
fit, as fires are frequent and may still signal an improvement
in recruitment conditions.

In savannas, seeds tolerate fires but species with fire-
released dormancy (by heat, smoke, or both) average only
23% (Fig. S11; Daibes et al., 2017, 2019; Ibafiez Moro
et al, 2021). For the hard-seeded legume family, 42%
(of 144 species) studied in six savannas (Fig. S8) showed
heat-released dormancy, while this figure was 86% (of 128
species) in four crown-fire ecosystems (Fig. S8B). Smoke
appears more effective than heat in savannas, especially in
South America (Zirondi e al., 2019a; Zirondi, Silveira &
Fidelis, 2019b). Smoke also tends to be more important in
crown-fire than surface-fire ecosystems at the community
level (Fig. 3C) and family scale (Poaceae, Lamiaceac;
Fig. 3B). The few studies on the role of fire in the germination
of the Florida scrub with a subtropical savanna climate also
show some species with smoke-released seed dormancy
(King & Menges, 2018).

We have identified nine possible reasons for limited fire-
released dormancy in grassy savanna environments com-
pared with crown-fire systems: (z) the absence of a continuous
woody cover suggests that light may not be a strong limiting
factor, such that a fire may not be required to create optimal
conditions for germination; (i) the shorter inter-fire interval
in savannas prevents most non-resprouting plants (for which
a seed bank is essential) from reaching maturity, and thus
they are excluded; (i) the fact that almost all perennials in
savanna ecosystems are resprouters (they become fire-
tolerant before reaching maturity) reduces the selective pres-
sure for efficient postfire seedling recruitment; (i) the fact
that most grasses quickly resprout and cover the soil provides
a selective pressure for rapid postfire germination; () short
inter-fire intervals reduce the likelihood of seeds getting bur-
ied deeply; (uz) low fire intensity and warm climates limit the
ability to identify temperature thresholds substantially differ-
ent from seasonal temperatures; (vz) more generally, the high
frequency of fire (<5 year intervals, often 1-2 years) results in
limited differences in recruitment conditions for the inter-fire
and postfire periods, so that other factors, such as unusually
wet years, become more important for recruitment; (vi) the
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unique availability of wet summer heat as a possible
dormancy-release mechanism that may or may not be associ-
ated with a recent fire (van Klinken et al., 2006); and (ix) fire-
stimulated flowering (for which savannas are renowned;
Lamont & Downes, 2011; Pausas, 2017) may result in rapid
production of non-dormant seeds that can take advantage
of improved conditions for germination immediately
postfire.

At present, we cannot dismiss any of these non-exclusive
possibilities. However, it is important to recognize the limited
research performed on the seed ecology of these ecosystems,
especially regarding possible smoke effects on non-woody
species (Carthey et al., 2018). The information currently
available indicates that savannas have more species with
non-dormant seeds and less with fire-released dormancy than
crown-fire ecosystems, and this is especially clear in the
Brazilian Cerrado (Fig. S8A). Nevertheless, most seeds show
high heat tolerance (Fig. S8B) that confirms a long evolution-
ary history associated with fire, and ensures that viability is
maintained until conditions are suitable for germination,
whether or not this follows a fire.

Another trait yet to receive attention is the relative rate of
germination. Savannas have an extremely short fire cycle and
the soil is soon re-covered by resprouting grasses. Thus, there
1s a strong pressure for seeds to germinate rapidly postfire.
Consistent with this expectation, germination rates are, on
average, twice as fast for the seeds of savanna plants (lower
_y-axis values, Fig. 5), coupled with their lower seed dormancy
levels (high % germination; x-axis, Fig. 5) and reduced
responses to fire. In general, heat has a greater positive effect
on breaking dormancy than smoke (+test: P = 0.005), espe-
cially in crown-fire ecosystems (Fig. 5). In mediterranean eco-
systems, higher total germination is correlated with a more
rapid germination rate, slow-germinating seeds tending to
be the untreated controls; for species in savannas the rapid
germination rate is independent of treatment (total germina-
tion). Since the correlation between percentage germination
and germination rate is strong for mediterranean ecosystems
(Fig. 5, inset), determining total germination could be
regarded as a higher priority for these ecosystems than deter-
mining germination rate. Germination rate may deserve
more attention in grassy ecosystems as this is more likely to
be independent of total germination (Hodges et al., 2021).

IV MACRO-EVOLUTIONARY PATTERNS OF
FIRE-RELEASED SEED DORMANCY

What is the evolutionary history of fire-released seed dor-
mancy syndromes among plants? Is it consistent with dor-
mancy as a fire adaptation? We propose that fire-released
dormancy must be ancient within the evolutionary history
of flowering plants because (¢) the capacity for seced dormancy
was present among their earliest ancestors [at least 130 mil-
lion years ago (Ma); Willis ez al., 2014; Fris et al., 2015], (@)
fire is an ancient process on FEarth (from 420 Ma;
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Fig. 5. Raw data (X) and median + 25% percentiles for total
germination (%, x-axis) and rate of germination (days to 50% of
total germination or mean daily rate, y-axis, log scale) for
89 species (shrubs, forbs, grasses) from either a mediterranean
climate (moderate inter-fire interval, crown-fire regime; red
symbols) or a savanna/grassland climate (frequent fires, surface-
fire regime; black symbols). Open circle = no-smoke control;
filled circle = smoke pretreatment; open square = no-heat
control; filled square = fire-type heat pretreatment. Collated
from 293 tests undertaken in 12 studies (Jeffery et al, 1988;
Crosti et al., 2006; Travlos, Economou & Karamanos, 2007;
Reyes & Trabaud, 2009; Tavsanoglu, 2011; Chou, Cox &
Wester, 2012; Ribeiro, Pedrosa & Borghetti, 2013; Galindez
el al., 2016; Paredes e al., 2018; Lopez-Marsico et al., 2019;
Fernandes et al., 2020; Gorgone-Barbosa et al., 2020). Inset: the
best-fit curves with 95% confidence intervals (GAM,
P < 0.0001; untransformed data).

Scott, 2018), (1) fireprone ecosystems have been common at
least since the mid-Cretaceous (100 Ma) when flowering
plants first became prominent (Shi e al., 2022), (&) many
other fire-adapted traits appeared during the Cretaceous
and proliferated during the Paleogene-Neogene (Lamont
et al., 2019a), and (v) fire-released dormancy provides strong
fitness benefits to plants (as shown in previous sections).

On the basis of anatomical observations of fossil seeds,
there 1s evidence of physical dormancy in Anacardiaceae
from the middle Eocene (43 Ma; Baskin ¢ al., 2000). Extant
Anacardiaceae are mostly confined to rainforests and lack
dormancy so the significance of this record 1s unclear: it coin-
cided with the mid-Eocene Climatic Maximum (Zachos,
Dickens & Zeebe, 2008) so physical dormancy could have
been associated with abundant fires then and the family
could have moved into rainforests later. There are no fossil
records for major extant families with physical dormancy;
in addition, fossil seeds provide no clues as to the presence
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of physiological dormancy. The task is further complicated
by difficulties in locating fossil charcoal in dry (fireprone) eco-
systems [e.g. absence of peatland deposits (Keeley et al., 2012;
Lamont et al., 2019a)]. Thus, our understanding of the evolu-
tion of seed dormancy relies on ancestral trait reconstructions
using time-based phylogenies, dated from fossil records,
rather than on direct fossil evidence of dormancy.

We document three evolutionary pathways for seed dor-
mancy here: (¢) origin of fire-released dormancy from ances-
tral lineages in non-fireprone ecosystems (lacking seed
dormancy); (zz) dormancy changes from crown-fire-adapted
lineages to surface-fire regimes; and (i) loss of fire-released
dormancy (i.e. evolution of non-dormancy) by ancestral line-
ages moving from fireprone ecosystems to non-fireprone eco-
systems (Table S7).

(1) Onset of fire-released dormancy

There is no single origin of fire-released dormancy; both heat-
and smoke-released dormancy had multiple phylogenetic ori-
gins (i.e. convergent evolution; Keeley et al., 2012, Keeley &
Pausas, 2018), and are ancient traits (Fig. 6). For example, a
large number of Fabaceae species (in both subfamilies Faboi-
deae and Caesalpinioideae) has physical dormancy sensitive
to the heat of fire. It is plausible that this trait was ancestral
in Fabaceae that evolved 90 Ma (Li et al, 2015; Lamont
et al., 2019a; Fig. 6) from a Fabales rainforest parent clade,
with soft seeds that lacked dormancy (Lamont et al., 2019a).
Cistaceae, and other closely related Malvales such as Bixa-
cacae, are dominated by species with heat-released dormancy
(Figs 2, 7; Baskin et al., 2000) that in the case of Cistaceae
mostly occur in fireprone Mediterranean shrublands. They
evolved from a clade of tropical trees (that lack dormancy) in
non-fireprone ecosystems more than 70 Ma (Figs 6, 7), then
migrated to surface-fire ecosystems (in which the trees do not
get burnt) where they acquired dormancy, then to crown-fire
ecosystems (as small shrubs) where heat-released dormancy
peaked. Some terminal species now occupy non-fireprone
habitats and lack heat-released dormancy but not necessarily
dormancy (non-fire-released dormancy — hard seeds; Fig. 7).
Recent research shows that a 99-million-year-old fossil Phylica
(Rhamnaceae) from a fireprone ecosystem exhibited floral and
leaf traits identical to modern Phylica (Shi et al., 2022). Since the
modern taxa also inhabit fireprone ecosystems (fynbos) and
have hard and arillate (ant-dispersed) seeds, it indicates that
these traits have been maintained for at least 99 million years
(My) in Rhamnaceae. Such compelling fossil evidence demon-
strates the importance of the fire regime in driving the direc-
tion of evolution in this family.

The smoke-released dormancy syndrome shows a similar
general pattern of evolution to the heat-released dormancy
syndrome (Fig. 6, Table S7). It may not be as ancient in ori-
gin as heat-released dormancy, but there are no indications
of smoke sensitivity arising from heat sensitivity: both appear
separately and at multiple times from non-dormant ances-
tors. Notable clades with smoke-responsive ancestors include
the proteoid Proteaceae, from 80 Ma (Sauquet et al., 2009;
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time [x axis; million years ago (Ma)] extracted from trait assignments to dated molecular phylogenies. The base of each triangle
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leaning) indicate trait acquisition, triangles with a negative hypotenuse (left leaning) indicate trait loss. Arrows link ancestral clades
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Lamont & He, 2012) and the graminoid Restionacae, from
70 Ma (Brown & Botha, 2004; Litsios et al., 2014; He
et al., 2016; Fig. 6), both in mediterranecan South Africa;
and the small graminoid Ecdeiocoleaceae, endemic to SW
Australia (Poales), separating from its non-fireprone sisters,
Flagellaria—fomnuvillea, at a stem age of 74 Ma (Fig. 6;
Table S7). Another illuminating case is the Rutaceae
(Fig. 8): the oldest lineages occur in non-flammable rainforest
and lack dormancy (Hopkins & Graham, 1987), in contrast
to the younger lineages that inhabit sclerophyll vegetation
subject to crown fires (forest to shrublands). These separated
from Flindersia—Lunasia at 45-30 Ma which remained in rain-
forests; interestingly, Flindersia later migrated to the savannas
of N Australia where its non-dormancy has been retained. It
1s in these flammable habitats where the shrubby Boroniaeae
and Eriostemon clades acquired smoke sensitivity. Note that
the major forest genera Boronia and ieria have maintained
their smoke-released dormancy even when in savannas.

It is interesting that some of the fire-associated lineages
evolved elaiosomes about the same time as they acquired fire-
released dormancy [e.g. Pomaderreac (Rhamnaceae)] while
others were much later [e.g. Acacia (Caesalpinioideac)] (Fig. 6).
Elaiosomes appeared among two heat- and two smoke-released
clades at later dates (41-18 Ma), clearly making this trait
advanced within lineages (Fig. 6), possibly as the fire regime
became more intense over time, and supporting the primary
role of ant dispersal as a fire-persistence trait (Section I1.3). Cs
grasses evolved smoke-released dormancy in the period 73.5—
55 Ma (trait assignments have yet to be undertaken to increase
precision on these dates; Fig. 6). Triodia in semiarid Australia is a
C, grass that seems to have independently acquired smoke-
released dormancy (Erickson, 2015). The genus arose in a
savanna environment 22 Ma (Table S7); as the savanna turned
semi-arid, and thus less fireprone, seedling establishment
became more reliant on the increasingly stochastic fire regime
with greater reliance on seed dormancy.
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Fig. 7. Dated phylogeny for major clades in the New and Old
World Cistaceae together with closely related ancestral clades
(from Aparicio et al., 2017; Heckenhauer et al., 2017).
Monotoideae and Dipterocarpoideae are subfamilies in the
Dipterocarpaceae. Crocanthemum includes Hudsonia; the seed
traits of both are poorly known. Pie charts at the tips show
the fraction of species that occur in crown-fire ecosystems
(red), surface-fire ecosystems (orange), those with physical
dormancy — hard seeds (green), and those with heat-released
dormancy (blue) (from Data S1). Blank sectors mean that
the trait is absent. Letters at the tips refer to growth forms in
the clade (T, tree; S, shrub or subshrub; H, herb/annual).
Black dots indicate the crown age of diversification of the
corresponding clade. The plot below the phylogeny shows
the trend (smoothed lines) of the four variables over time
(using the midpoint between the stem and crown age of
each lineage). Note that recent lineages (mainly shrubs) tend
to be in ecosystems with crown fires, with heat-released
physical dormancy, as opposed to the oldest lineages (trees)
that lack hard seeds and are in non-fireprone (rainforest)
ecosystems or (more recently) those with surface fires
(savannas) (except the monotypic Pakairamaea in South
America savannas that is hard-seeded). Heat rel. = heat
released.
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Fig. 8. Dated molecular phylogeny of the main genera in
Rutaceae, subfamily Amyridoideae, that occur in Oceania
(plus Vepris in Africa). For each genus, symbols indicate the
current biome (sclerophyll woodlands and shrublands,
savanna, rainforest) and associated fire regime (crown, surface,
or no fires), seed dormancy, experimental evidence for smoke-
sensitive germination (at least for those species examined), and
dispersal mode (vertebrate dispersal refers mainly to birds, but
in some cases includes mammals, such as primates dispersing
Vepris). Missing symbols indicate missing information. Note
that it is unlikely that smoke-germination experiments have
been conducted on rainforest species as it is not fireprone;
nevertheless, many of these are non-dormant. Symbols with
two colours indicate species inhabiting two habitats or with
uncertainty. Undated nodes are arbitrarily located at the
midpoint of the stem. Despite some phylogenetic uncertainties,
it is clear that rainforest habitats and vertebrate dispersal are
ancestral, while crown-fire habitats and ant dispersal are
derived. Phylogeny from Paetzold et al. (2018) and Bayly
et al. (2013); smoke-released dormancy and ant dispersal from
Data S1; other dispersal modes from Lieberman et al. (1979),
Bayly et al. (2013), Gould & Gabriel (2015), Appelhans
et al. (2018) and Paetzold et al. (2018).

(2) Dormancy changes under surface-fire regimes

The expansion of surface-fire regimes during the Neogene is
well established (Scheiter et al, 2012). We noted above
(Section III.2) that levels of fire-released dormancy are lower
under surface-fire regimes, and there is evidence of some lin-
cages losing fire-released dormancy when moving to surface-
fire environments. This is illustrated by the Cy grass tribes,
Andropogoneae and Paniceae, which lost smoke-released
dormancy on migrating to the summer-wet grasslands, 22—
17 Ma (Table S7). The seeds of Lupinus diffusus, arising in
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Florida pine savannas just 0.3 Ma, have remained hard, as is
typical of the genus, but are not as heat-tolerant as their fore-
bears (Campbell-Martinez et al., 2019). Mimosa (Fabaceae) is
well represented in the South American Cerrado where it
appeared only 4 Ma (Simon ¢t al., 2009). Most mimosas here
do not have heat-released dormancy (Daibes et al., 2019) but
this could be because their ancestors migrated directly from
the Amazon rainforest (Simon et al., 2009), where heat-
released dormancy is absent, rather than losing this trait.
However, this would not explain their high heat tolerances
that must then have been acquired on entering the Cerrado.
The non-smoke-released Salomonia (Polygalaceae) separated
from the soil-stored, ant-dispersed Polygala on entering the
savannas of N Australia and China from 37 Ma (Table S7).

(3) Loss of fire-released dormancy in non-fireprone
ecosystems

The absence of fire-released seed dormancy among species in
clades where dormancy is otherwise present is a derived state.
For instance, among hard-seeded Cistaceae, the speciose
Helianthemum contains examples retaining hard seeds that
evolved <2 Ma but do not respond to fire-type heat. These
occur in non-fireprone habitats, such as gypsum outcrops and
salt-lake margins, or remain fireprone but have become
annuals and germinate under appropriate hydrothermal con-
ditions independent of fire (Pérez-Garcia & Gonzalez-
Benito, 2006; Copete et al., 2009; Aparicio ¢t al., 2017; Figs 6,
7; Table S7). Within the Fabaceae, genera confined to non-
fireprone habitats may lack dormancy (in rainforest, Castanos-
permum 1s recalcitrant and Adenanthera evolved 11 Ma; in desert,
Mariwsousa evolved 7 Ma, Lupinus lexensis germination is sup-
pressed by wet heat; in saline river margins, Lupinus alba subsp.
termis evolved 0.5 Ma). Non-fire-released dormancy in non-
fireprone ecosystems must rely on other mechanisms for break-
ing dormancy that deserve further study (T'able 2). By contrast,
Acacia (Fabaceae), with 1100 species, is renowned for its hard
seeds almost completely impermeable to water but whose ger-
mination approaches 100% after immersion in boiling water
(Bell, 1999; Burrows et al., 2018), and also possesses ant-
attracting elaiosomes. However, at least 11 species are soft-
seeded and lack elaiosomes; they are associated with deserts
or open vegetation that rarely burns. Acacia originated 28 Ma
from ancestors that were already hard-seeded but lacked elaio-
somes, whereas the A. oswaldii subclade, with vestigial non-
functional or no elaiosomes, arose only 6.4 Ma as central
Australia became arid and less fireprone (Miller ez al., 2013).
The few cases of ecotypic variation are especially instructive as
they not only show evolution in action, but also confirm the func-
tional link between fire regime and fire-related traits. They indi-
cate that some cost must be involved in maintaining these traits
as they are lost readily in the absence of fire. For instance, popula-
tions of Erica coccinea (Ericaceae) occurring on rock outcrops (non-
flammable) in South Africa have non-dormant seeds while their
widespread parent populations in highly fireprone shrublands
have smoke-released dormancy (Leonard ¢ al., 2018). Similarly,
the heat-released dormant seeds of Prunella vulgars (Lamiaceae) in
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South American savanna grasslands lost their heat requirement
on entering the rainforest (Godoy et al., 2011).

V ALTERNATIVE DRIVERS

The main evolutionary pressures faced by plants can be
grouped into () environmental factors, (i) disturbance
regimes, and (u#z) biotic interactions (ecology in 3D
Pausas & Lamont, 2018). Thus, while the role of fire in seed
dormancy is key, it would be naive to suggest that it is always
the only, or even the primary, driver of seed dormancy across
the plant kingdom. At the global scale, different evolutionary
pressures contribute to shaping variability in the dominance
of a given trait (Finch-Savage & Leubner-Metzger, 2006;
Donohue ¢ al., 2010; Dalling et al., 2020). Here we consider
alternative drivers to fire in fireprone ecosystems. In non-
fireprone ecosystems, the role of these alternative drivers
may have a different ranking.

(1) Vegetation gaps of anthropogenic origin

Many fireprone landscapes are strongly urbanized, especially
in the Mediterranean Basin where human occupancy is both
high and has a long history. Under such conditions, areas
cleared of vegetation are abundant (urban margins, roads,
abandoned farmland). Within such gaps, a fraction of seeds
of species with fire-released dormancy can germinate and
recruit successfully (Baeza & Roy, 2008). The higher summer
temperatures due to a lack of tree cover or increased nutrient
content due to household-waste dumping and decomposition
of excrement can stimulate dormancy-release mechanisms.
Recruitment is never as high as under postfire conditions
(Figs 1, 2, 9, S7; Table S8) so that selection will still favour
fire-caused gaps but with an overall change towards lower
dormancy-breaking thresholds in the anthropogenic gaps.
Given that fire was common in mediterranean ecosystems
long before the humanization of these landscapes, dormancy
release and germination in anthropogenic gaps is likely an
exaptation developed from previous natural conditions
(fire-generated gaps).

Much depends on the extent of human-driven modifica-
tions relative to the lability of the trait. For instance, cultivation
reduces hard-seededness i legumes, partly because fire is
no longer present as a dormancy-release mechanism and
because soft-seededness is a preferred trait for domestication
(Maass, 2006; Huss & Gierlinger, 2021). Acacia mearnsii, native
to SE Australia, does not germinate at all unless seeds receive a
heat pulse from fire (Riveiro et al., 2020); however, it germi-
nates well without any heat treatment in South African planta-
tions (Kulkarni, Sparg & van Staden, 2007). Smoke-released
dormancy in Calluna vulgaris (N Europe) also varies with the his-
tory of anthropogenic fires in its various populations (Vandvik
et al., 2014). Hence, recruitment in anthropogenic gaps among
species otherwise considered to possess fire-released dormancy
1s likely. These cases do not provide evidence against the
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primary role of fire in trait evolution but show how fire adap-
tations can change with shifts in the fire regime. Documenting
such changing optimal conditions for dormancy release and
germination at the local scale can provide basic information
for conservation management (Baeza & Roy, 2008).

(2) Hot climates

It has been argued that temperature thresholds for heat-
released seed dormancy could have evolved as a response
to high summer temperatures in some fireprone ecosystems
(Oot et al., 2014; Luna, 2020). In these cases, fire heat is
regarded as simply an extreme form of summer heat, with
dormancy breakage by fire viewed as an exaptation. How-
ever, the overwhelming evidence among crown-fire species
of much higher levels of germination, often by an order of
magnitude, after fire-type heat compared with summer-type
heat under experimental conditions (Figs 2, 9) demonstrates
that it is a specific fire-adapted trait.

That summer heat has little role in increasing fitness in
crown-fire forest and shrublands is shown by (7)) massive
recruitment only occurring following fire (Fig. 1); (zz) in the
absence of fire, soil temperatures exceeding 70°C would
not be reached on a regular basis; (z7) high summer

temperatures only reach a small fraction of the seed bank
(the few seeds lying on top of the soil); (i) germination would
occur every year even under hostile conditions for recruit-
ment (such as a thick litter layer or strong competition from
parents); and (v) the likelihood of incineration before reach-
ing maturity would be high. By contrast, summer-type heat
in savanna ecosystems may be just as, or more, effective than
fire heat. As noted in Section III, this is associated with lower
levels of dormancy and alternative methods of breaking dor-
mancy, such as wet summer heat (van Klinken et al., 2006).
Our collation of the available data indicates a strong asso-
ciation between species presence in ecosystems with intense
crown fires, possession of hard seeds, and presence of heat-
released dormancy (Acacia, Lupinus, Cistaceae; Table 3). In
the case of Cistaceae, warm stratification before fire has no
enhancing effect on germination (Luna, 2020), and when
applied early after fire, primary dormancy is probably
restored in most seeds (Lamont, Burrows & Korczynskyj,
2022). As a consequence of the strong association between
heat-released dormancy and fire, the geographic distribution
of species with such traits and those with opposing traits
(in each clade) are quite different. For instance, Acacia species
with seed dormancy occur mainly in the thickly wooded,
highly fireprone regions within 500 km of the Australian
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coast, whereas those lacking dormancy occur in the warmer/
drier inland regions with open shrublands where fires are
rare and of low intensity (Fig. 10). In addition, species diver-
sity is much greater in the former, as fire is a strong driver of
speciation (He et al., 2019). Most Cistaceae occur in fireprone
ecosystems, but those that lack dormancy are associated with
microsites that do not burn (e.g. dry habitats with low cover
such as gypsum soils; Pérez-Garcia & Gonzilez-
Benito, 2006). Phylogenetic analysis shows that fire-released
dormancy is the ancestral condition in Cistaceae whereas
non-dormancy and non-fire-released dormancy are derived
conditions (Fig. 7).

The distribution of Aspalathus in South Africa is strongly asso-
ciated with the most highly fireprone, mediterranean parts of
the Cape (Cowling et al., 2018): its diversity peaks at the highest
values of two fire indicators for the region: Normalized Differ-
ence Vegetation Index (NDVI; i.e. greatest biomass, and thus
highest fire intensity) and rainfall seasonality (fireproneness),
and not under the hottest/driest climates. All Leucadendron spe-
cies occur in the fireprone fynbos of the Cape region and not
under the less-fireprone, hotter/drier karoo to the north-east
or the hotter/wetter forests to the east. Most species are serot-
mous; however, those that are not serotinous have relatively
thick-coated seeds with germination stimulated by smoke
(Newton et al., 2021; Table 3). Rhamnaceae is another family
with many species in the world’s mediterranean ecosystems
(Onstein & Linder, 2016). It includes species with fleshy fruits
dispersed by vertebrates, such as {iziphus and Rhamnus, and spe-
cies with dry seeds, such as Pomaderris and Ceanothus. Fleshy-
fruited plants do not form a persistent soil seed bank and their

(A) Heat-released dormancy
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germination is not tied to fire. For the dry-fruited Rhamnaceae,
there is a strong tendency for those inhabiting fireprone ecosys-
tems to have heat-released germination (Table 3). Thus, results
for all clades considered here (Table 3) are consistent with the
expectation that high-intensity fires are the principal driver of
heat-released dormancy.

The fact that hot climates are not the prime driver of fire-
released dormancy does not mean that temperature has no
role in dormancy release. Summer temperatures are likely
to be a driver for increasing dormancy-breaking heat
thresholds at temperatures higher than the historical sum-
mer temperatures (Zomer ¢t al., 2022), so they are relevant
in an evolutionary sense. In hot arid ecosystems, physical
seed dormancy may be adaptive to survive the hot, dry
periods but with germination cued instead by sporadic rains
following physical deterioration of the seed coat (Daws
et al., 2007); here, heat-released dormancy would be a clear
disadvantage.

Species whose germination is promoted by smoke are usu-
ally excluded from any discussion on the role of summer heat
in breaking dormancy. However, under highly seasonal cli-
mates, a bout of warmth (summer—autumn) might herald
the onset of cool, moist conditions (winter) suitable for germi-
nation (Appendix S2, Table S9). In the absence of fire, such
annual dormancy-breaking occurrences would be maladapa-
tive (except for annuals; Baker e al., 2005). But, in association
with fire, this dual environmental stimulus might prove to be
a ‘fail-safe’ mechanism for promoting successful recruitment
in fire-generated gaps. Thus, for fire ephemeral shrubs,
Baker et al. (2005) only obtained significant germination for

(B) Non-heat-released dormancy

Fig. 10. Distribution of Acacia species in Australia (A) with heat-released dormancy with elaiosomes and (B) without heat-released
dormancy and lacking elaiosomes. Darker colours indicate a higher number of Acacia species. These maps show markedly different
distributions, with the former species typically associated with forests and shrublands that burn with high fire intensity (SW and
SE), and the latter associated with arid ecosystems and coastal dunes that rarely burn, and savannas that burn frequently at low
intensity. This pattern would not be expected if high summer temperature was the driver of heat-released dormancy. Species
trait data from Data S1 (species with contradictory data among sources are omitted); species distribution from GBIF (doi:

10.15468/dl.vzyh;8).
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seeds soil-stored over summer and treated later with smoke
water. Warm stratification responses of dormant seeds in
association with smoke or heat, including additive effects,
have also been reported among other species in Australia
(Merritt et al., 2007; Hodges et al., 2019).

(3) Cold winters

Many fireprone ecosystems may experience near-freezing
temperatures at some point during the year. Since attempts
to germinate at low temperatures are likely to lead to frost
damage and death, cold stratification that heralds the end
of winter and the onset of warmer growing conditions could
be a driver of dormancy release. Most mediterranean species
do not show any significant effect of cold stratification [Cista-
ceae (Luna et al., 2008; Tavsanoglu, 2011); some Ceanothus
(Huffman, 2006)]. Since cold stratification is a metabolic pro-
cess, it requires seeds to be kept moist; since hard seeds are
impermeable it might explain why these two traits are rarely
coupled. However, in some regions with cold winters that are
also fireprone in the warm part of the year, some species can
be expected to benefit from cold stratification to yield maxi-
mum levels of dormancy release following fire. Such additive
benefits were observed among the 10 species we collated that
received both heat and cold stratification treatments

(Figs S3, S4).

(4) Plant-animal relations

Biotic interactions are a major evolutionary pressure on
plants, with the seeds of many species consumed by insects,
birds, or mammals. We argue herein that ant-attracting
elaiosomes are likely to be an adaptation for heat protection
of the seed. For vertebrates, physical dormancy may be adap-
tive for resisting gut passage [endozoochory (Malo &
Suarez, 1996; Jaganathan, Yule & Liu, 2016)], which may
have contributed to its evolution in some species. But this
seems unlikely to have had a key role in fireprone ecosystems,
as the great advantages provided by large postfire gaps that
enable massive recruitment are unmatched as the prime
selective agent. In addition, plants dispersed via endozoo-
chores tend to have fleshy fruits with weakly dormant seeds
(especially in non-fireprone habitats, such as rainforests),
whereas most plants with strong dormancy have small dry
fruits/seeds that are not dispersed by vertebrates and are
characteristic of fireprone habitats (Table 3).

Counter-intuitively, it may be the case that endozoochory
1s the derived condition in some clades, having evolved from
fireprone ancestors. Thus, bird dispersal associated with
large, brightly coloured arils is a recent development among
fireprone ancestors in Acacia (A. ¢yclops, with hard seeds in
rarely burnt coastal dunes), Polygalaceae (Polygala arllata,
confined to Asian rainforests, is terminal among polygalas)
and in Rutaceae (Acronychia/Melicope in Pacific rainfor-
ests; I'ig. 8).

1631

(5) Fire-released dormancy in non-fireprone
ecosystems

When we examine traits related to fire-released seed dor-
mancy across different ecosystems worldwide, rainforests
and deserts rank by far the lowest (Fig. 3C). However, there
are cases of a positive effect of fire (heat or smoke) on germi-
nation in species that are not subject to fire under natural
conditions. This has raised questions about the critical role
of fire in shaping dormancy. Despite such experiments lack-
ing ecological realism, they do not negate the arguments for
a primary role for fire in promoting seed dormancy in other
contexts. Iire may break dormancy in some seeds that have
evolved dormancy under evolutionary frameworks unrelated
to fire. For instance, cold non-fireprone environments may
possess some species with hard seeds whose dormancy can
also be experimentally broken by heat [northern Japan
(Tsuyuzaki & Miyoshi, 2009); central Asia cold desert
(Long et al., 2012)]. This 1s because the mechanisms for
breaking dormancy by cold or heat are much the same (fire
mimicking; Lamont & He, 2017a) — any extreme tempera-
tures can cause fracture of seed coat tissues and opening of
water gaps (Brits & Manning, 2019). Dormancy under such
inhospitable environments is foremost a way of maximizing
seed longevity (bet-hedging; Table 2), and dormancy release
can also be induced by seed coats deteriorating over time or
from natural scarification (Long ¢ al., 2012).

In addition, some species currently in non-fireprone eco-
systems have descended from ancestors that inhabited fire-
prone ecosystems (Figs 7, 8; Lamont & He, 2017a), and
may simply have retained their fire-adapted traits (stabiliza-
tion sensu Lamont et al., 2019a). For instance, we reviewed
smoke responses for 52 rainforest species (Fig. 3C,
Table S10), and found only one (Jacaranda copaia, Bignonia-
ceae) in the Amazon Basin that shows smoke-released dor-
mancy (we dismissed positive records for three hard-seeded
species that were scarified first by the researchers). This spe-
cies has wide environmental tolerances and is also common
in the fireprone monsoon forests of Central America
(Scotti-Saintagne et al., 2013). Since the authors (Ferraz,
Arruda & Van Staden, 2013) did not state where their seeds
were collected, it is possible that even this positive record may
not be accurate. In addition, rainforests and savannas have
waxed and waned in extent over the last 10 million years at
least, so that this kind of ecological mismatch is not unex-
pected (Simon et al., 2009; Pausas & Bond, 2020). Of the
52 species in 36 families present in rainforests for which we
have data on seed smoke pretreatments, at least 28 families
contain species outside these rainforests that possess smoke-
released seed dormancy (the others are hard-seeded or are
unexamined; Table S10). While this does not guarantee that
rainforest species have a genetic predisposition to adopt
smoke-released dormancy, it greatly increases the likelthood
that they could do so.

Overall, examples of fire-released dormancy in non-
fireprone ecosystems are rare, with germination occurring
in response to other stimuli, or are for species that may not
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be confined to non-fireprone habitats, and/or are likely to
have evolved relatively recently from fireprone ancestors.
Thus we consider that they contribute little to understanding
the ecology of fire-related seed dormancy.

VI CONCLUSIONS

(1) Seed dormancy is most adaptive in fireprone ecosys-
tems where fire acts as a mechanism for releasing dor-
mancy and heralding the creation of a postfire
environment that is optimal for germination and seed-
ling survival.

(2) In fireprone ecosystems, four dormancy syndromes
can be recognized: heat-released physical dormancy,
smoke-released physiological dormancy, non-fire-
released dormancy, and non-dormancy. The first two
(fire-released dormancy) are adaptive to match germi-
nation with the optimal conditions for establishment;
the third is a bet-hedging strategy; and the fourth is a
strategy for rapid germination (e.g. granivore avoid-
ance). The distribution of these different dormancy
syndromes across the ‘tree of life’ is not random — cer-
tain dormancy types are linked to particular lineages
(phylogenetic conservatism), as well as vegetation
types, climates, and fire regimes.

(3) Species with fire-released dormancy tend to be shade-
mntolerant and favoured by vegetation gaps, have dry
seeds/fruits that are small and dispersed over short dis-
tances, and are most prominent among evergreen
shrubs (especially non-resprouters), herbs and grasses
in fireprone ecosystems.

(4) Dormancy syndromes vary with the fire regime. Fire-
released dormancy is especially prominent where
woody vegetation is dense and fires are intense,
1.e. crown-fire regimes. In such environments, fire-
released dormancy allows shade-intolerant species to
detect vegetation gaps and to match germination with
the optimal recruitment conditions created by fire. In
grassy fireprone ecosystems (savannas, surface-fire
regimes), where fires are less intense but more fre-
quent, seed heat tolerance may be maintained but dor-
mancy is less common and dormancy release is often
unrelated to fire (non-fire-released dormancy). Ecosys-
tems where fires are uncommon (rainforest, deserts)
may also have species with dormant seeds, but fire-
released dormancy is irrelevant.

(5) In many lineages, there is a close association between
species possessing elaiosomes and inhabiting a fire-
prone ecosystem. Elaiosomes provide a mechanism
for seed burial that protects the seed from the full heat
of a fire and optimizes the chances of dormancy
release. However, more research is needed to under-
stand this trait fully and its relationship with other evo-
lutionary pressures, such as seed predation.

Juli G. Pausas and Byron B. Lamont

(6) Heat- and smoke-released dormancy syndromes origi-
nated many tens of millions of years ago when lineages
first became subject to fires, and the subsequent gains
and losses of fire-released dormancy can be traced
to changes in the fire regime from more intense,
then more frequent but less intense, and finally to
fire-free.

(7) There are numerous lines of evidence that support fire
regimes as the key driver of the evolution of seed dor-
mancy and its release. Climate (hot summers, cold win-
ters), plant-animal interactions, and more recently,
anthropogenic intervention, have at best played mod-
ifying roles in these fireprone ecosystems.
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