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Abstract

1.

Many internal (inherent) and environmental (imposed) factors control seed dor-
mancy and germination that we divide into three basic dormancy-release path-
ways: Maternal structures and embryo physiology control inherent dormancy
that is broken by various types of scarification and physiological changes, fol-
lowed by imposed-dormancy release when the prevailing environment is replaced
by certain ‘standard’ conditions that stimulate germination (Pathway 1); imposed
dormancy prevails even if inherent dormancy is broken or not applicable that
is released when replaced by certain ‘standard’ environmental conditions which
stimulate germination (Pathway 2); and release from inherent dormancy by light/
dark or cold stratification is contingent on the pre-existence of certain environ-

mental conditions that stimulate germination (Pathway 3).

. On-plant seed storage (serotiny) and frugivorous seeds are recognized here as

representing special types of physical dormancy, as their properties are consist-
ent with those of hard diaspores. Warm stratification does not require seeds to be
moist as it is just a physical response. Heat may promote germination of non-hard,

as well as hard, seeds as it may increase their permeability further.

. Levels of germination gauge the net effect of inherent- and imposed-dormancy

release so that it is only possible to identify the extent of inherent-dormancy re-
lease when conditions for germination are optimal (imposed dormancy has been
annulled). While imposed dormancy may be protracted after inherent dormancy
is broken by heat or chilling during the dry or cold seasons, release from both
states may effectively coincide if smoke chemicals or light are received during the
(wet) growing season.

We suggest reserving the term secondary dormancy for seeds that return to (in-
herent or imposed) dormancy due to changed environmental conditions. Under
seasonal climates, fluctuations in environmental conditions can lead to secondary
dormancy and even dormancy cycling.

We recognize four types of functional interactions between any two environ-
mental factors that induce inherent-dormancy release: binary interactions are

ineffective, only one stimulus is effective, both are effective but non-additive, or

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
© 2023 The Authors. Functional Ecology published by John Wiley & Sons Ltd on behalf of British Ecological Society.

1106 wileyonlinelibrary.com/journal/fec Functional Ecology. 2023;37:1106-1125.


www.wileyonlinelibrary.com/journal/fec
mailto:
mailto:
https://orcid.org/0000-0001-9279-7149
https://orcid.org/0000-0003-3533-5786
http://creativecommons.org/licenses/by/4.0/
mailto:protea2@hotmail.com
mailto:b.lamont@curtin.edu.au
mailto:b.lamont@curtin.edu.au
http://crossmark.crossref.org/dialog/?doi=10.1111%2F1365-2435.14269&domain=pdf&date_stamp=2023-01-30

LAMONT anp PAUSAS

Functional Ecology 1107

KEYWORDS

1 | INTRODUCTION

Seeds can be assigned to two basic dormancy classes: inherent (an
inherited property of the organism) and imposed (controlled by
properties of the surrounding environment) (Baskin & Baskin, 2021;
Considine & Considine, 2016). However, recent reviews do not
differentiate between these two classes of dormancy nor discuss
the mechanisms by which seed dormancy is overcome (Baskin &
Baskin, 2021; Cartaetal.,2022; Gioriaetal.,2020; Zhang et al.,2022).
Distinguishing these two dormancy classes should provide greater
insights into the factors that enable a plant's life cycle to begin. Thus,
our aim here is to outline the different types of dormancy in the con-
text of physicochemical processes responsible for maintaining dor-
mancy followed by environmentally controlled release of dormancy
that allows germination to proceed. While we note that climate
(mean total and seasonal temperatures and rainfall) is usually held
to be the key to the evolution of seed dormancy (Gioria et al., 2020;
Zhang et al., 2022), regular fluctuations in growing conditions on an
intra-annual scale can only explain the evolution of imposed (envi-
ronmentally delayed) dormancy. In association with extended seed
longevity, inherent dormancy (internally delayed) more likely arose
because of inter-annual variations in conditions suitable for seed-
ling recruitment, on the expectation of infrequent but guaranteed
events in some years that can serve to both break dormancy and be
taken advantage of by stored seeds for germination. These include
exposing seeds to light through soil disturbance or tree-fall, unusu-
ally wet seasons that wash out inhibitors, extended bouts of cold or
warmth, or fire with its heat pulses and novel chemicals in smoke
that align with optimal (postfire) recruitment conditions. It is the op-
eration and relationship of these mechanisms that we examine here.

While reviewing the literature, we became aware of limitations
in current terminology and disparities in the scope of the concept
of seed dormancy and conditions that enable seeds to germinate.
Sometimes, seeds can return to their original state that has been
called secondary dormancy, but imposed dormancy is also often de-
scribed as secondary. Logic suggests that any seed that will not ger-
minate under standard conditions of moisture, temperature and air

both are additive/synergistic. Two environmental stimuli that individually break
dormancy but have no additive effect must be affecting the same process; this
was demonstrated here for some interactions between heat and smoke.

6. The three dormancy-release pathways, together with internal, seasonal and sto-
chastic interactions, are coordinated by the non-dormant seed to ensure maxi-
mum germination under optimal conditions. To ignore any aspect outlined here
leads to an impoverished understanding of the disparate seed ecology of species

adapted to different stressful and disturbance-prone habitats.

cold/warm stratification, heat and smoke, karrikin, photoperiod, phytochrome, primary seed
dormancy, scarification, seasonality

should be regarded as inherently dormant, not just those yet to re-
ceive certain temperature treatments as envisaged by some authors
(Walck et al., 2011). We also realized that three dormancy-release
pathways, rather than the usual two, can arise from different combi-
nations of the two dormancy classes. Since seed dormancy is usually
considered as just under climate control, non-soil-stored seeds sub-
ject to frugivory or fire-caused heat release (serotiny) have been ig-
nored in global syntheses, but there is a case for considering them as
examples of physical dormancy (Pausas et al., 2022). Understanding
their functional relationship is challenging when two or more envi-
ronmental factors interact to break dormancy. Special attention is
therefore given to how moisture, cold, light, summer warmth, and
fire-type heat and smoke interact with each other to coordinate
dormancy release. Research on mechanisms of seed-dormancy re-
lease has been especially well studied in fire-prone ecosystems, as
it is here that dormancy is most adaptive and widespread (Pausas &
Lamont, 2022); thus, many of our examples relate to the role of heat
and smoke. We finish by placing the various dormancy-release types
in an interseasonal context and suggest relevant topics for future
research.

2 | DORMANCY CLASSES AND RELEASE
PATHWAYS

Seed dormancy is a state of metabolic inactivity that prevents the em-
bryo from growing and thus the seed from germinating (Considine &
Considine, 2016). This fits within the general concept of suspension
of activity (quiescence) without needing to outline the cause (Rohde
& Bhalerao, 2007). When seed dormancy is examined in more de-
tail, we see that two distinct classes can be identified, inherent and
environmentally imposed (Pausas & Lamont, 2022). First, we out-
line these two seed-dormancy classes explaining how dormancy is
maintained and then describe mechanisms of dormancy release that
allow germination to proceed. These classes exist independently of
each other but can relate in different chronological order to produce
three pathways that we describe in the second half of this section.
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Morphological dormancy due to immature embryos is not specifi-
cally examined in this review as it is neither environmentally con-
trolled nor metabolically inactive and might be better considered
as post-release embryo maturation and only apparently dormant
(‘pseudodormancy’).

The embryo is surrounded by various layers of tissues and
structures that support and protect it and thus maintain its via-
bility over an extended time that has allowed seed dormancy to
evolve (Figure 1). All seeds are exposed to periods of dry air or soil
(low water potentials), low or high temperatures and sometimes
anoxia, all of which impose environmental dormancy on the seeds.
The supra-embryonic layers insulate them from the deleterious
effects of these adverse conditions (Lamont & Milberg, 1997). On
the other hand, these layers prevent germination even when the
external conditions are otherwise suitable, whereas non-dormant
seeds germinate once the embryo is moist, aerated and exposed
to mild temperatures. The layers wrapped around the embryo
represent the biotic maternal environment and are responsible for
maintaining inherent dormancy via their physical or physiological
properties that are distinct from embryo control (Adkins et al.,
2002). The embryo (+ endosperm) itself forms the biotic internal
environment and may possess physiological properties that also
control dormancy. Thus, dormancy release requires the break-
ing of both inherent and environmentally imposed dormancy
(Figure 1). A detailed description of these two dormancy classes

is as follows.

2.1 | Inherent dormancy

Inherent refers to that class of dormancy where germination can-
not commence even if external conditions are otherwise suitable.
Physicochemical reasons include (a) the seed is either imperme-
able to water and/or oxygen; (b) necessary metabolic cofactors
are not available, either needing to be provided from the sur-
roundings, such as exudates produced by potential host roots,
or internally synthesized in response to external stimuli, such as

phytochrome red in response to sunlight; or (c) these cofactors

are prevented from acting by inhibitory chemicals within or sur-
rounding the seed, such as salt in Atriplex bracteoles (all described
in detail below). It is a genetically based property of the seed (in-
nate/inherited) that requires special conditions to be met before
dormancy is broken (Table 1). In the past, this type of dormancy
has often been referred to as primary, or simply dormancy with
no prefix, but we prefer the more descriptive term, inherent dor-
mancy, to distinguish it from the imposed dormancy class, and use
this term routinely here.

Inherent dormancy has both direct (proximate) and indirect (ul-
timate) components: direct as properties of the diaspore serve to
maintain dormancy in the present, and indirect in anticipation of rare,
but certain, future conditions when (1) a suitable agent for breaking
dormancy will become available and (2) successful germination and
seedling establishment are more likely. Dormancy is futile unless it
is also coupled with a way of breaking it that increases the seed's
fitness. The word ‘cue’ is often used to describe the agent of release,
for example, fire cue, but it is more than just a signal of dormancy
change that is the usual meaning of the word, as it also creates the
conditions suitable for germination so that ‘stimulus’ is more apt. The
stimuli for inherent dormancy release are varied and are examined
further in later sections. Here, we note that they cover periods of
extreme diurnal temperatures, momentary fire-type heat and other
forms of scarification such as stomach acids, light/dark (photope-
riod), smoke chemicals, removal from anoxia and leaching out of
chemical inhibitors that prevent germination even when ambient
conditions are otherwise suitable. These are specific requirements
and their absence or deficiency is responsible for the maintenance
of inherent dormancy at the species, and even population, level.
We now consider the two types of inherent dormancy, physical and
physiological.

2.1.1 | Physical dormancy
Physical dormancy is that type of inherent dormancy where the seed
coat is impermeable to water and/or oxygen such that metabolism

cannot occur and the seed cannot germinate even if hydrothermal

ABIOTIC EXTERNAL
ENVIRONMENT
Controls imposed

dormancy

pericarp, aril

Embryo
(+ endosperm)
BIOTIC INTERNAL
ENVIRONMENT
Controls inherent
dormancy - soft
(physiological)

BIOTIC MATERNAL

Hard Soft, fleshy
(physical) (physiological)

FIGURE 1 Relationship between seed
structure and environmental control of
dormancy and germination. Note that
sometimes mature seeds may remain
embedded within the surrounding
pericarp, bracts or scales that may prevent
interaction with the external environment
and thus maintain inherent dormancy. The
layers covering the embryo may be hard
and impermeable, maintaining physical
dormancy, or semipermeable or even
fleshy and maintain dormancy through
physiological mechanisms.

ENVIRONMENT
Controls inherent
dormancy
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TABLE 1 Descriptions of the two classes of seed dormancy based on dormancy-maintenance and environmental-release mechanisms.
Serotiny is treated as conforming to the inherent-dormancy class. The need for embryo maturation (‘morphological dormancy’) is excluded
from this scheme as its apparent dormancy release is not stimulus dependent.

Dormancy class

Basis of dormancy

Mechanism of dormancy control

Duration of dormancy

Stimuli that can break dormancy

Mechanism of dormancy release

Seed-coat permeability

Type of dormancy to be broken

Inherent

Internal/endogenous—genetic control (structural, physiological)

Hard, impermeable/weakly permeable seed coat or cone,
embryo bone dry, presence of respiratory inhibitors, need
for (activated) cofactors for enzyme production, or inhibitory
chemicals stored in the seed, fruit or infructescence, need for
host root exudates for endoparasites, need for mycorrhizal
fungi (orchids, ericas)

Indefinite (equal to seed longevity) or gradually lost over time
(years)

Heat, warm stratification (dry), dry conditions—branch death
(serotiny), smoke/charate chemicals (karrikins, cyanoglycerile,
syringaldehyde, NO,, ethylene), light/dark, rain (leaching),
frugivory, seed coat decay agents, moist soil, mild
temperatures, aeration, anaerobosis, leaching out of chemical
inhibitors, presence of host root exudates for endoparasites,
presence of mycorrhizal fungi

Seed-coat fractured or water gap opened, pericarp ruptured/
cone opens to release seeds, cofactor links to proteins to
produce hydrolytic enzymes (hydrolases), inhibitors removed

Impermeable to moderately permeable

Inherent followed by imposed if prevailing at the time (inherent

Imposed

External/exogenous—abiotic
(environmental)

Drought (low water potential), extreme

diurnal temperatures, anoxia
(waterlogging)

Depends on weather, climate
seasonality and substrate

Moist soil (not required by mistletoes),
mild temperatures, aeration, light
(mistletoes only)

Respiration and other metabolic
processes now enabled as
hydrolases activated

Moderate to high

Imposed (inherent already broken or

and imposed sometimes broken in rapid succession)

conditions are otherwise suitable (Figure 1). Physical dormancy ap-
pears to have preceded physiological dormancy historically (Pausas
& Lamont, 2022) and there is a high probability that hard seeds
were already present in the Rhamnaceae as far back as its esti-
mated crown age of 260 million years ago (He & Lamont, 2022). The
sources of physical-dormancy release can be categorized as heat and

other stimuli (hon-heat).

Heat

The best-known causes of inherent dormancy are hard, imperme-
able seed coats, usually the testa but sometimes including the dry
pericarp fused to the testa (Figure 1). Dormancy is broken when the
coat is fractured (scarified) or a special pore is opened (water gap)
to enable water and oxygen uptake. It is clear for two widespread
clades with physical dormancy (Figure 2) that (a) the water gap is
associated with hard seeds consistent with its function and (b) both
are a feature of fire-prone biomes in particular, with their relative
abundance in surface-fire (savanna) systems somewhat less than in
crown-fire (warm temperate) systems, consistent with other aspects
of their fire-released dormancy (Pausas & Lamont, 2022). The dis-
placement of the plug (variably corresponding to the pleurogram/
lens/oculus) is a response to heat, although all anatomical studies to
date have been based on wet heat as fracturing is stronger than with
dry heat for study purposes (Burrows et al., 2018; Erickson, 2015;
Gama-Arachchige et al., 2013; Nandi, 1998). Burrows et al. (2018)
noted the absence of lens ‘popping’ among two non-fire-prone aca-
cias when heated, but the structure was retained among another

seed lacks inherent dormancy)
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Hard seed Water gap Hard seed Water gap

Fabaceae (105 spp.) Malvales (98 spp.)
FIGURE 2 Percentage of hard seeds (vs. non-hard seeds) and
water-gap-forming structures (vs. their absence) among Fabaceae
and Malvales from species in non-fire-prone (usually rainforests
with some deserts; n = 100 species), surface-fire (grasslands,
savannas; n = 56) and crown-fire (shrublands, woodlands, forests;
n = 47) habitats. The association between having hard seeds and
a water gap is highly significant (p <0.0001; Chi sq test) for both
clades. See Lamont and Pausas (2023) and Data Sources for data
and references.
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three acacias in desert environments. Perhaps the lens is displaced
here in response to summer heat and might still have a function
in ensuring rapid response to bouts of rain in deserts (imposed-
dormancy release).

Scarification is only relevant to hard seeds that lack the seed-
coat structures to produce a water gap and its necessity under natu-
ral conditions is usually speculative as comparative empirical studies
are few (Baes et al., 2002). Most studies have involved scratching
the surface of the seed or applying sulfuric acid and it is seldom as
effective in breaking dormancy as dislodgement of the water gap by
heat (Bell et al., 1993). While it may be a convenient tool for breaking
dormancy in horticulture, we question the ecological significance of
studies that use artificial scarification as if it were equivalent to pro-
cesses that occur in nature without examining any role for fire-type
heat (Carta et al., 2022; Wyse & Dickie, 2018; Zhang et al., 2022;
Figure 2). Equally, the use of boiling water to simulate fire is also of
dubious ecological value as it overestimates its efficacy, although it
is a convenient method for showing the operation of the water gap
(Burrows et al., 2018).

About 1% of the world's seed-bearing flora is estimated to
store mature seeds on the mother plant, called serotiny (Lamont
et al., 2020). Its dormancy is usually regarded as environmentally
imposed but there is a strong case for treating all cases of seeds
stored within their fruits or bracts/scales as inherently dormant. For
example, the mother plant has genetic control over the structure of
the scale-complex, pericarp and/or testa, which may be hard and im-
permeable to water and/or air, and thus creates physical dormancy
in the woody pericarp of flowering plants or cone of conifers among
plant-stored seeds in much the same way as soil-stored seeds (il-
lustrated in Figure S2). No matter how moist, mild or aerated the
surrounding conditions are, the seed remains insulated and will not
germinate. Serotinous seeds are air dry but whether anoxia also
plays a role in maintaining dormancy, as it does in Leucospermum
(Brits & Manning, 2019), is unknown. Fire-type heat is effective
in dormancy release in all cases of hard caryopsis, hard-testa and
woody-pericarp/cone-imposed dormancy as the seeds can now
absorb water (Figure S2). In the first case, the seed coat fractures
(Brits & Manning, 2019); in the second, special tissues are dislodged
to form a water gap (Burrows et al., 2018); and in the third, the peri-
carp splits along special suture lines or the bracts reflex to release
the seeds whose entire testa is highly water permeable (Lamont
et al., 2020; Lamont, Gomez Barreiro, et al., 2022). However, envi-
ronmental dormancy may still be imposed as dispersed serotinous
seeds usually join the first two in dry soil and all must await the first
substantial wet-season rains at mild-cool temperatures before they

can begin to germinate.

Other stimuli

Scarification through scratching the surface of the seed coat
was noted under ‘Heat’ above. It is more likely that the seed coat
decays over time through physical processes, for example, diur-
nal temperature fluctuations or saprophytic microbial processes,
rather than scratching by sharp soil particles (Zalamea et al., 2015).

More important are ingestion and defecation of dry seeds
(Manzano et al., 2005) or fleshy fruits (Cochrane et al., 2005) that
are ingested by birds, mammals or reptiles that may break physical
dormancy (Renison et al., 2010; Traveset et al., 2001). Digestion
appears to scarify certain seeds via acid conditions in the gut, as
inorganic acids may be effective in dormancy release among hard
seeds by increasing their permeability in several families (Tibugari
et al., 2013; Traveset & Verdu, 2002). This raises another possible
function of seed dormancy not discussed here: dispersal of dor-
mant seeds away from the parent to potentially more favourable
recruitment microsites, which is a form of bet-hedging (Pausas
etal., 2022).

2.1.2 | Physiological dormancy

Physiological dormancy is that type of inherent dormancy in which
metabolic requirements have yet to be met and germination can-
not proceed even if there is no environmentally imposed dor-
mancy. Since the embryo must be capable of metabolic activity
for physiological-dormancy release the seed coat must be at least
semipermeable to water and, in some cases, to oxygen. It is broken
when respiration inhibitors are leached out of the seed, or essential
cofactors are received from the surrounds (e.g. strigolactone exuded
by the roots of a potential host of the holoparasite, Striga; Yoneyama
et al., 2010), or their synthesis is induced by a change in the sur-
rounding environment.

Smoke-released dormancy is a type of physiological dormancy
that is maintained until chemical byproducts in smoke or ash from
the combustion of plant matter combine with specific stored pro-
teins. The protein complex breaks dormancy by catalysing produc-
tion of hydrolytic enzymes required for initiating metabolic activity
(Figure 3)—this dormancy type is somewhat complex and is discussed
further under ‘Smoke-released dormancy’ (below). Inhibitor-released
dormancy includes chemical inhibitors/osmotica in the berry matrix
surrounding tomato-related (Solanaceae) seeds that are annulled
once the seed is removed from the fruit (Berry & Bewley, 1992).
Sodium chloride, osmotica and/or saponins must be washed from
the supporting bracteoles of saltbushes, especially Atriplex species
(Chenopodiaceae), before release from dormancy is possible (Khan
& Ungar, 2000; Muiioz-Rodriguez et al., 2012). The naked embryos
(seed coats are absent) in mistletoe (Loranthaceae) berries are em-
bedded in mucilage bearing high levels of dissolved carbon dioxide
that enforce dormancy until the seed is removed by frugivorous
birds when germination begins immediately in the presence of light
(Lamont, 1982).

2.2 | Imposed dormancy
The second class of dormancy is a response to conditions im-

posed by the external environment that must be annulled and
replaced by suitable conditions for the initiation of germination.
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FIGURE 3 Flow diagrams for examples of dormancy-release pathways in response to three environmental stimuli. Text in blue refers

to the process involved, the four coloured columns refer to the sequence of events under each heading to the column. (1) shows how
radiant heat is produced via plant-based combustion or sometimes via high summer temperatures (warm stratification) to rupture the

seed coat or dislodge the water gap tissues. Once suitable hydrothermal conditions arise, imposed dormancy is broken, gibberellins are
produced to catalyse the activation of hydrolytic enzymes to initiate germination. Note that many semipermeable seeds are also heat
responsive and inherent dormancy may be broken when they are dry or, among some savanna species, when they have already imbibed.
perm. = permeability. This is an example of Pathway 1. (2) shows production of karrikins from the combustion of plant matter, their linkage
to other compounds to produce hydrolytic enzymes, possibly via production of gibberellins (inherent-dormancy release), that are activated
once hydrothermal conditions are suitable to produce respiratory substrates and initiate cell elongation (imposed-dormancy release). Note
that only the first phase is completed if aerosol smoke is applied and the second phase may be delayed for months before the wet seasons
starts (Pathway 1), but that the smoke chemicals may only act once they are absorbed in soil water at the start of the wet season (Pathway
3). Adapted from Lamont et al. (2019). (3) shows a species that requires long days to receive sufficient red light to convert phytochrome red
to phytochrome far-red to break inherent dormancy in the presence of other cofactors. Note that this is only possible when the seeds are
moist and usually under mild temperatures, that is, it depends on prior release from imposed dormancy (Pathway 3).

We refer to this class as imposed dormancy as we consider the
usual word, secondary, is inappropriate. For example, it may be
the only form of dormancy preventing germination among many
(otherwise non-dormant) seeds, while it must already be broken
before seeds can respond to light, and so cannot be considered
secondary in a temporal sense nor minor in a functional sense
(Figure 3). Instead, we suggest that the term secondary dormancy
be reserved for return to the dormant state following the intro-
duction of earlier or new inhibitory conditions that re-impose
seed dormancy.

In defining imposed dormancy, it is necessary for there to be
agreement on what (standard) conditions are required for dor-
mancy release. It is generally accepted that these cover (1) a supply
of sufficient water to ensure full imbibition, (2) moderate tempera-
tures that can maximize embryo growth rate and (3) sufficient ox-
ygen for maximum embryo growth rate (Table 1; see Figure S3 for
a field example). In the absence of any of these, dormancy is main-
tained. The minimum, optimum and maximum levels of these (usu-
ally temperature) will also be genetically based, and in that sense
creates a link with inherent dormancy. Since these ‘cardinal’ re-
quirements vary genotypically and phenotypically, there cannot be
a general quantitative definition of their levels, only agreement on
what the relevant factors are; they are determined by the species
and population under consideration (Ghebrehiwot et al., 2009).
Dormancy cycling may occur when seeds that have previously bro-
ken inherent or imposed dormancy return to that state (secondary
inherent/imposed dormancy) following conditions that annul the
current dormancy-release state (Baskin & Baskin, 1985). An ex-
ample is the seasonal cycling of temperatures suitable for germi-
nation that cause seeds to drift in and out of imposed dormancy
(Mackenzie et al., 2016).

2.3 | Dormancy-release pathways

After examining the sequences under which the two dormancy
classes are usually broken we see that they fall into three distinct,
but related, dormancy-release pathways (Figure 4). These are now
discussed in turn here.

2.3.1 | Inherent-imposed-dormancy-release
pathway (1)

Numerous groups of internal and external factors serve to main-
tain inherent dormancy, whether or not the surrounding environ-
ment is moist, aerated and at mild temperatures (Table 1). Inherent
dormancy is usually broken while the seed is still in a state of im-
posed dormancy, for example, fire-type heat (inherent-dormancy
release) acting on dry seeds (imposed dormancy maintained)
(Figures 1 and 2, Figure S1). But for germination to proceed, im-
posed dormancy must also be broken at some (later) stage (see
Section 2.2). Seeds remain under environmentally-imposed dor-
mancy after inherent-dormancy release but will germinate as
soon as suitable hydrothermal conditions prevail. Thus, inherent-
dormancy release followed by imposed-dormancy release be-
comes the inherent-imposed-dormancy-release pathway (Pathway 1
in Figure 4).

2.3.2 | Imposed-dormancy-release pathway (2)

Alternatively, many seeds are produced that lack inherent dormancy
(non-dormant) but encounter an environment that does not meet
their germination requirements on release from the mother plant so
that they remain under imposed dormancy (see Section 2.2). Thus,
the second pathway involves imposed-dormancy release with no
further barriers to germination and defines the imposed-dormancy-
release pathway (Pathway 2 in Figure 4). [A reviewer suggested that
it might be termed pathway 1B as distinct from 1A, but it is simply
part B of a possible pathway (A + B). We refer to B as Pathway 2 since
it may also apply to inherently non-dormant seeds that do not need

to pass through part A].
2.3.3 | Imposed-inherent-dormancy-release
pathway (3)

Certain stimuli are only effective in breaking inherent dormancy
once imposed dormancy is broken, especially requiring the seed to
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FIGURE 4 Interms of a time sequence, usually (Pathway 1, pink arrows) inherent dormancy is broken first by certain environmental
stimuli (pink panels) followed by imposed-dormancy release by a different set of ‘standard’ stimuli (green panels) and then germination

(grey panel). If seeds lack inherent dormancy then only imposed-dormancy release applies (Pathway 2, green arrows). Also common are
partial or complete imposed-dormancy release that is required before inherent-dormancy release by quite different environmental stimuli
(pale blue panels) is possible (Pathway 3, pale blue arrows). Note how the blue arrows arise from the imposed dormancy panel, move to the
inherent dormancy panel, then bypass the imposed dormancy panel to the germination panel, provided prior imposed dormancy-release was
complete. Should certain conditions arise before germination has commenced, such as extreme dryness, then seeds may become secondarily

dormant (dark blue arrows).

be imbibed and aerated, and sometimes at mild temperatures as well
(Table 1; Figure 3). That is, the sequence is critical: in this case, im-
posed dormancy must be broken before inherent-dormancy release
is possible. Thus, there is a need to recognize a further category, the
imposed-inherent-dormancy-release pathway (Pathway 3 in Figure 4).
It is that pathway where release from inherent (physiological) dor-
mancy is contingent on prior complete or partial release from im-
posed dormancy before the seed can germinate.

This pathway applies to light/dark-released, cold-released and
host-chemical-released dormancy types in particular. In the past,
photoperiod-controlled dormancy has been variously placed under
imposed dormancy or considered unrelated to dormancy as it only
serves to ‘promote’ germination of non-dormant seeds (Baskin &
Baskin, 2021; Walck et al., 2011). The former interpretation (break-
ing imposed dormancy) is inappropriate as light is not universally re-
quired by seeds to germinate, unlike moisture, mild temperatures and
oxygen. For example, light is only beneficial for species with small
seeds that signals the seed is near the soil surface (Smith, 2000).
In fact, light/dark-released dormancy involves the highly special-
ized phytochrome-pigment system that oscillates between the red
and far-red forms and requires seeds to be imbibed before the pig-
ments are photoreceptive. Inherent dormancy is maintained until
the imbibed seed is exposed to a threshold period of dark/light to
convert phytochrome FR/R to phytochrome R/FR respectively as
a cofactor for initiating metabolic activity via gibberellins (Figure 3;
Vleeshouwers et al., 1995). And the latter interpretation (that the
seed is non-dormant) is not applicable either, as, even if phyto-
chrome conversion has resulted in production of active gibberellins,

germination may still not occur if imposed-dormancy release was not
complete, such as seasonal temperatures are still too low for germi-
nation to occur.

Cold-released dormancy is a type of physiological dormancy that
is maintained until the seed is exposed to periods of cold (e.g. ~5°C
for 2 months) that promotes production of cofactors, such as hydro-
gen cyanide from cyanoglycosides, required for initiating metabolic
activity (Dziewanowska et al., 1979). Since the seed must already be
imbibed and aerated for this to occur (i.e. imposed dormancy must
be released first) it fits into the third pathway. Other dormancy-
release types following this pathway include seeds of endoparasites
or spores of mycorrhizal fungi that require certain host-root exu-
dates, such as strigolactones, to break dormancy but must already
be under suitable conditions for germination before they can re-
spond (Al-Babili & Bouwmeester, 2015). Since smoke chemicals may
be absorbed by both dry and moist seeds, it is unclear at present if
the relevant pathway is 1 or 3, but it is certainly not 2 (see Section 3)
(Figure 3).

3 | SMOKE-RELEASED DORMANCY

The above considerations lead to the concept of dormancy syn-
drome (Pausas & Lamont, 2022): a correlated suite of traits that is
coordinated to maintain (inherent) seed dormancy during storage,
execute seed-dormancy release in response to specified environ-
mental stimuli and respond quickly once (imposed) dormancy condi-
tions are removed. Relevant sequences are given in Figures 3 and
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5 and Figure S1. In fire-prone ecosystems, there are two dominant
syndromes: heat-released dormancy and smoke-released dormancy.
Although the significance of smoke-released dormancy was only
recognized 30years ago (de Lange & Boucher, 1990), much is now
known about the role of smoke chemicals in promoting germination.
It has often been regarded as ‘just’ a germination cue (Thompson &
Ooi, 2013) but Figure 3 shows that it is intimately involved in the bio-
chemistry of dormancy release. Early research was based on aerosol
smoke, and some researchers continue to use free smoke, whereas
it is now routine to use agueous smoke (smoke-water). Dry seeds in
petri dishes exposed to smoke for a few minutes to hours can ab-
sorb chemicals in smoke that promote germination of imbibed seeds
later (Keeley & Fotheringham, 1998; Mackenzie et al., 2016; Roche
etal.,, 1997; Figure S3). Smoke-water is often more effective but this
may be due to the greater likelihood of seeds absorbing the chemi-
cals as they are taken up with the water solvent during imbibition
(Montalvo et al., 2002).

It is possible that inherent dormancy is broken even when the
seed is dry as it must be asked how else could the smoke chemi-
cals be retained? Cao et al. (2021) showed that the poorly water-
soluble, smoke-derived, dormancy-breaking syringaldehyde was
readily adsorbed by seeds of the fire ephemeral, Nicotiana atten-
uata (Solanaceae), and noted that its ‘seeds may rapidly sense the
smoke cue shortly after wildfires [i.e. break inherent dormancy?]
and commence germination immediately when the abiotic...con-
ditions are suitable [i.e. break imposed dormancy]’. Thus, there
is a clear two-step process in the action of smoke chemicals
(Figure 3.2) but to what extent stage 1 can be undertaken by
non-imbibed seeds has yet to be demonstrated (i.e. what exactly
does ‘seeds...rapidly sense the smoke cue’ mean biochemically?).

If an external source of water is required and smoke chemicals
only enter with the soil water at the start of the wet season then
the two steps may occur in rapid succession, effectively concur-
rent. If conditions remain unsuitable for germination after smoke-
chemical absorption, then dormancy may be further imposed for
some months, for example, when winter temperatures are too low
(Mackenzie et al., 2016).

Once moist and temperatures are mild, the synthesized enzymes
catalyse the degradation of large, stored molecules (starch, fats,
proteins) into their monomers that act as substrates for respiration
and other metabolic activities. Cell elongation begins in response to
the now activated GA; and the radicle expands. This is consistent
with studies that show karrikins may replace the role of gibberellins
in promoting germination (radicle elongation) of seeds once moist
(Gardner et al., 2001). These processes need to be separated from
the ability of smoke chemicals to hasten the rate of germination
in some species, just as it may enhance seedling growth (Hodges
et al., 2021; Moreira et al., 2010). Here, smoke chemicals simply
serve to supplement the embryo's supply of hydrolytic enzymes and
total germination may not be affected.

Part of the dilemma with terminology in this field of research
is that dormancy release is usually regarded as synonymous with
germination. The level of germination is used as a surrogate for the
extent of dormancy release as direct evidence is only possible if op-
timal (complete) germination conditions can be created. Even frac-
tures in the seed coat may only be superficial and no guarantee that
physical dormancy has been broken (Tran & Cavanagh, 1980). The
problem is highlighted in Figure 5. Here, the incubation temperature
dictates the extent to which germination reflects actual dormancy
release. Since all seeds were previously subjected to karrikin (Merritt

FIGURE 5 Two studies that highlight the potential disparity between level of inherent-dormancy release and level of germination as

an index of it, using a range of temperatures for germination following treatment with 0.1 mg/kg karrikin [a, for three daisies (Asteraceae),
collated from Merritt et al., 2006] or smoke-water [b, for five smoke-responsive grasses (Poaceae), collated from Ghebrehiwot et al., 2009].
Thus, while inherent dormancy is broken in all treatments to some extent, dormancy imposed by the different temperature regimes dictates
the extent to which germination reflects this. Seasonal switching from one temperature regime to another leads to the concept of (imposed)
dormancy cycling. Note that the fraction of non-dormant seeds will also appear to differ between the temperature treatments so the actual
level of inherent dormancy that can be broken by smoke chemicals is best estimated by subtracting the highest level of non-dormancy
(controls) from the highest level of germination (smoke response). Estimates of inherent dormancy levels will therefore improve the more
temperature regimes that are used per experimental treatment. Boxplots represent the median (horizontal thick line), the first and third
quartiles (box), and the 1.5 interquartile range (whiskers). See Lamont and Pausas (2023) and Data Sources for data and references.
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et al., 2006) or smoke-water (Ghebrehiwot et al., 2009) all have bro-
ken inherent dormancy, but this can only be detected under optimal
germination conditions (moderate temperatures).

This is another example where the two steps of smoke-chemical
action are clearly separated when conditions do not promote ger-
mination (high or low temperatures) but they do coincide under op-
timal conditions (moderate temperatures). Hence, studies need to
have taken measures (e.g. using a range of incubation-temperature
treatments) to ensure that imposed dormancy has been completely
broken when germination is used to quantify inherent dormancy
release. As an aside, the same optimal conditions are required to
correctly state the initial level of non-dormancy (Figure 5). When
the actual (experimentally highest) level of non-dormancy is taken
into account, a substantial fraction of dormant seeds is still shown
to have been released from inherent dormancy by smoke chemicals.
Of course, it is essential that initial seed viability is also considered
(Lamont, 2022).

4 | INTERACTIONS BETWEEN
DORMANCY-RELEASE STIMULI

We now consider interaction effects between two environmental
factors as they control inherent-dormancy release.

4.1 | Heatand smoke interactions

During a fire, seeds are subjected to both heat and smoke so it is
of interest to see if, and how, they might interact. There are four
types of interactions that should apply to all binary interactions
between all environmental stimuli (Table 2). Type 1: some seeds

lack inherent dormancy and germinate as soon as conditions are

suitable. Soil-stored seeds not responsive to either fire property
are by far the minority in fire-prone ecosystems, falling to <5% in
some Mediterranean-type regions (Carthey et al., 2018; Enright
et al., 2007). By contrast, lack of responses to heat or smoke is a
notable feature of serotinous seeds, especially if they are winged,
since they are released from their supporting structures after fire
(He et al., 2016; Lamont et al., 2020; Newton et al., 2021). We list
nine taxa among soil-stored species that germinate in the absence
of smoke or heat, including the succulent-fruited Asparagaceae,
that resulted from our brief review of worldwide, fire-prone floras
(Table S1).

Type 2A: exclusively smoke-responsive seeds have weakly to mod-
erately permeable seed coats (Lamont, Gomez Barreiro, et al., 2022;
Moreira et al., 2010). Smoke-released dormancy has been recorded
widely among the world's fire-prone floras, especially among gram-
inoids, forbs and woody shrubs (Pausas & Lamont, 2022, Table S1).
Here, it is clearly an alternative to fire-type heat in dormancy release
that does not enhance germination any further when applied with
smoke among the 10 examples given in Table S1. The reverse is true
for seeds that are only heat-responsive (Type 2B). They appear im-
permeable initially as there is no smoke response. Alternatively, they
may simply not be smoke sensitive as, even when rendered perme-
able by heat, there is still no smoke response. While the Fabaceae is
well known for its abundant species with hard, thick, impermeable
seed coats, the presence of the grass, Bromus berteroanus, is unex-
pected (Figueroa et al., 2009; Table S1). The few taxa observed in
this category compared with the others probably reflect researchers
considering it pointless to test for smoke responses among hard-
seeded species.

That seeds are not always either smoke- or heat-responsive
which is indicated by the next dormancy-release type where the
presence of heat and smoke has an additive, even synergistic, effect

(Type 3). This may reflect the interplay between smoke absorption

TABLE 2 Four dormancy-release types based on individual effects of fire-type heat (H), smoke (S) and additive effects (H+S) on
germination compared with the control (C) that can be applied to all fire-prone species. Type 2A/B covers each environmental stimulus
interacting with the other to produce different outcomes but they represent the same category (single effect). Notes within parentheses
refer to the likely mechanism of dormancy release as supported by relevant literature cited in the text. Seeds whose germination is inhibited
by fire-type heat or smoke are excluded from this scheme. Species examples with supporting references are given in Table S1.

Type Pattern

1 C=H=S=(H+9)

2A C=H<S=(H+9)

2B C=S<H=(H+9)

3 C<max(H,
S)<(H+S)

4 C<(H,S)=(H+S)

Description

No effect. Neither H nor S required for promoting dormancy release (thin

seed coat, already highly permeable)

Single effect. S, but not H, promotes dormancy release (moderately thick,

permeable seed coat—smoke chemical adsorption enables enzyme
synthesis, possibly increases permeability)

Single effect. H, but not S, promotes dormancy release (thick,

impermeable seed coat—now rendered permeable)

Additive (or synergic) effect. H and S promote different dormancy-release

processes, or contribute to different parts of the same process
(moderately thick seed coat—increased permeability to smoke and
water, smoke chemical absorption enables enzyme synthesis)

Replacement/non-additive effect. H and S promote dormancy release

with no additive effect so must contribute to the same process (both
increase permeability to water? See main text)
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requiring permeable seed coats, and heat increasing permeability
generally. This will promote smoke-chemical absorption, and possi-
bly promote their physiological effect on dormancy release, so en-
hancing different steps in the germination process. Thus, among 30
species that were smoke and/or heat-responsive, Clarke et al. (2000)
recorded seven that were both heat- and smoke-responsive. Since
seeds must already be permeable to be smoke-responsive, this
means that seeds do not need to be strictly impermeable to respond
to heat—presumably heat here serves to make them even more per-
meable. Six possible relationship types exist between the control,
heat and smoke categories that yield lower dormancy release than
the combined effect of heat and smoke. Our brief literature search
identified examples of all six scenarios (Table S1). In six of the 11
cases documented, the seeds appear to have been impermeable ini-
tially such that heat rendered them permeable and this then facili-
tated later uptake of smoke chemicals. In five cases, smoke (alone)
was more effective than heat (alone), indicating that they were al-
ready permeable while heat may have increased their permeability,
explaining their additive effect when applied together.

A special case of category 3 is where both heat and smoke can
release dormancy but the net effect of heat and smoke together is
no greater than either of them individually (Type 4). This appears un-
common in nature as we recorded only four species conforming to
this category (Table S1). Nevertheless, when a sample of 20 species
of Leucadendron (Proteaceae) was assessed for its heat and smoke
effects, there was a small heat response and a large smoke response
that was negligibly increased by heat plus smoke as seed-coat thick-

ness increased (Figure 6). These trends were the opposite of that for
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FIGURE 6 Relationship between seed-coat thickness of 20
Leucadendron species (Proteaceae) and effect of smoke water,
heat (80°C for 20min) and (smoke plus heat) on germination levels
(inherent-dormancy release) compared with the controls, and %
imbibition after 24 h. This is an example of type 4 in Table 2. Note
the marked enhancing effect of smoke with increasing seed-

coat thickness in contrast to heat with no additive effect when
both were applied (implying that they contribute to the same
process) and that even the thickest seeds (600 um) were still (semi)
permeable. Data available in Newton et al. (2021) and Lamont,
Gomez Barreiro, et al. (2022).

imbibitional uptake with increase in seed-coat thickness, although
even the seeds with maximum heat response showed limited water
permeability. All three treatments had a negligible effect on the thin-
walled serotinous seeds (as germination was already ~100%). There
was no difference between smoke and heat plus smoke among the
thickest-walled nutlets, bringing their germination levels almost up
to that of the serotinous species.

The only logical explanation for the lack of an additive effect by
heat plus smoke among Type 4 must be that they affect the same
dormancy-release process. Since heat is only known to increase
seed-coat permeability, it implies that smoke chemicals can (here,
must) also be involved in permeability control. In this regard, there
is some evidence that karrikins can act as ‘aquaporins’, increasing
the ability of cells to absorb water (Footitt et al., 2019; Ghebrehiwot
et al., 2008; Jain et al., 2008). This warrants further investigation
as Table S1 and Figure 6 now provide independent support for the
existence of such a dormancy-breaking mechanism among smoke
chemicals. This is a completely different function than its generally
accepted role as a cofactor in the synthesis of catalytic enzymes
(Figure 3).

Six other heat-smoke scenarios are given in Table S1 (types 5-10)
that we identified in the literature but are rare. For four, the individ-
ual effect of heat or smoke is greater than when they are combined
that is no greater than the control. This appears maladaptive as the
norm in nature is heat plus smoke. Seeds of three appear imperme-
able as there is only a heat effect that must be inhibited by smoke
when they are applied together (as smoke can now be absorbed) to
explain how these treatments fall back to the level of the control. For
the remaining two, the inhibitory effect of heat or smoke is cancelled
by the presence of the other that therefore appears adaptive. But it
means that fire does not promote dormancy-release in these spe-
cies. It may be telling that most examples in the last six categories are
associated with savanna and Chilean floras where the seeds of most

species are not fire-responsive (Pausas & Lamont, 2022).

4.2 | Interactions between light/dark and smoke

Light sensitivity may be important among seeds of herbs and shrubs
in fire-prone woodlands (44%; Clarke et al., 2000), shrublands that
rarely burn (36%; Tsuyuzaki & Miyoshi, 2009), weed-dominated
herblands (89%; Milberg et al., 2000) and rainforests (49%;
Figueroa, 2003) but not among fire-prone trees (5%,; Clifford, 1953).
Light sensitivity is especially adaptive among small seeds, which is
a cue that they are near the soil surface or now exposed to sun-
light (Milberg et al., 2000). Here, phytochrome R is gradually con-
verted to phytochrome FR such that daylength becomes critical in
breaking inherent dormancy (Vleeshouwers et al., 1995; Figure 3).
Some seeds are dark sensitive, which acts as a cue that the seeds
are buried. Here, phytochrome FR is converted to the active phy-
tochrome R form to break dormancy, possibly leading to the produc-
tion of GA;. Other seeds from a population might be smoke or heat
responsive that leads to an additive effect when they are kept in the
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dark as well (Keith, 1997 found Epacris stuartii germination is great-
est with dark+smoke + heat, Table S1). Note that the phytochrome
system requires moist, mild conditions to operate (i.e. prior imposed-
dormancy release), placing it in Pathway 3 (Figure 4).

For nine studies on the possible interaction between light and
smoke (Figure S4), the median germination of the controls was 18%,
tripling in the presence of smoke or light, and five times greater in
the presence of light plus smoke. Thus, light and smoke have sim-
ilar effects in promoting germination: smoke can replace the role
of light in breaking dormancy but via different dormancy-release
mechanisms and without any synergistic effects. Since fire increases
light availability, especially in fire-prone forests, the additive effect
of smoke and light is clearly adaptive as cues to the onset of suitable
conditions for recruitment. Among the myriad of reasons suggested
for why seeds in grassland savannas are less fire-responsive than
crown-fire-prone vegetation is that light availability is less variable
pre- and post-fire in savannas (Pausas & Lamont, 2022). However,
some savanna studies cited here show marked light, as well as smoke,
responses, indicating that low light may still be limiting recruitment
(Leperlier et al., 2018; Lépez-Marsico et al., 2019).

4.3 | Interactions between cold/warm
stratification and fire

4.3.1 | Cold stratification

For regions with freezing winters that are also fire-prone in the
warm part of the year, seeds might be expected to require both
chilling and fire-related pretreatments to yield maximum levels of
dormancy release. A strong bout of cold that heralds the onset of
warmer growing conditions can be considered a driver of dormancy

release via cold stratification, while fire maximizes the opportunities
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for recruitment. The five hard-seeded species assessed in Figure 7a
occur in uplands subject to low winter temperatures as well as fire
but they showed little individual response to fire-type heat followed
by cold. However, heat followed by stratification increased germina-
tion by a mean of seven times over heat alone. Since cold stratifi-
cation is a metabolic process, it requires that seeds be kept moist
(Section 2.3.2), whereas hard seeds are impermeable so that the
synergistic outcome can be explained by heat fracturing the seed
coat first, allowing water to enter and thus cold-stimulated respira-
tion to commence (dormancy-release Pathway 1 followed by 3).
The Californian poppy, Eschscholzia californica, shows great vari-
ation in the elevation of its habitats but they are generally fire-prone.
Across the 8 populations studied, smoke is more effective than cold
and there is a marked additive effect such that the net germination
on average is five times that of the controls (Figure 7b). This implies
two processes, with smoke chemicals and cold promoting respiration
but in contrasting ways with different seeds in the batch responding
to one or the other. As most regions with severe winters rarely burn,
few species will have fire-responsive seeds. Thus, Tsuyuzaki and
Miyoshi (2009), working in the extreme north of the north island of
Japan, recorded 6 species out of 44 that benefitted from cold strat-
ification, none benefitted from heat, the germination of 11 was in-
hibited by smoke and the rest were non-dormant. In contrast, Clarke
et al. (2000) examined 10 species of Fabaceae in fire-prone, upland
grassy woodland of northern NSW, Australia, for which germination
of eight responded significantly to heat (80°C for 15 min) compared
with the controls while all showed no, or an inhibitory, response to
chilling (5°C for 1week). Tavsanoglu (2011) recorded no effect of
cold stratification on Cistus creticus in Mediterranean-climate Turkey
compared with the nine times greater germination after heat and
smoke. Similarly, Huffman (2006) showed that cold stratification
did not promote germination of Ceanothus fendleri in California in

contrast to a pretreatment at 90°C for 10 min. Taylorson (1975)
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FIGURE 8 Relationship between warm stratification (bout

of summer-type temperatures) and fire (heat or smoke) on
germination. (a) Germination of 12 shrub species in South Africa
(Leucadendron), Spain (Ulex), Australia (Dianella) and New Zealand
(Pomaderris) receiving fire-type heat (80-100°C for 10-20 min)
and/or warmth [35-40°C (day)/20-40°C (night) for 1-2 months].
Collated from Haines et al. (2007), Zupo et al. (2016), Hodges

et al. (2019) and Newton et al. (2021). (b) 12 species of Cistaceae
native to the Iberian Peninsula, Spain, following 50/20°C daily for
2months simulating bare soil after fire (that would require unlikely
postfire arrival of the seeds), fire-type heat (100°C for 10 min)
without summer heat (equivalent to a late autumn fire just prior to
substantial rains), fire-type heat followed by extended summer heat
(equivalent to early summer fire), summer heat associated with bare
soil (rare) followed by late autumn fire just prior to substantial rains.
Collated from Luna (2020) and Lamont, Burrows, et al. (2022). (c)
Germination of 21 species of mainly Mediterranean-climate origin
in South Africa and Australia following smoke-water treatment,
bouts of warmth [35-40°C (day)/20-40°C (night) for 1-2 months]
applied to moist seeds (late autumn), smoke plus warmth with seeds
moist, bouts of warmth applied to dry seeds (summer) or smoke
plus warmth with seeds dry. Note that different species were used
for the wet and dry experiments preventing direct comparison.

See Lamont and Pausas (2023) and Data Sources for data and
references.

reported the imposition of secondary inherent dormancy by light
in sorghum following its release by cold stratification perhaps as an
adaptive response to the need to be buried in addition to passing

through a cold winter.

4.3.2 | Warm stratification

Heat

The exposed surface soil heats up considerably following fire
(Lamont, Burrows, et al., 2022). Therefore, if there is a protracted
period of imposed dormancy before conditions are suitable for ger-
mination, it can be expected that this might have a supplementary
role in seed-dormancy release. Four studies that examined the in-
teraction between fire-type heat and warm stratification among 12
species showed minor effects of each but with a marked additive
effect on germination, three times that of the control (Figure 8a).
However, most studies show little interaction between summer-
type and fire-type heat, with collation of 68 taxa germinating at
~10% with summer warmth but ~80% with fire-type heat (Pausas
& Lamont, 2022)—here, there was little scope for an additive ef-
fect as the heat pulse was so effective (we prefer the term ‘heat
pulse’ to the personified synonym, ‘heat shock’). Interestingly, the
few savanna species examined did not show a positive heat-pulse
response. Unlike most of the other interactions we have outlined
here (Table 2), these two stimuli appear to have affected the same
process—increasing seed-coat permeability (via scarification) that is
the only role for heat that has ever been documented. In that case,
it seems to be the sum of the two heat sources that is important in
promoting dormancy release. It is worth noting that the fire-type

(@) ! !
o _ ! !
o) ' '
_ o | 1
S .
S g |
< .
2 '
= _ '
@ . '
= o _| . .
IS 1
— '
[0 : T
o '
o _| T '
N . |
o -
T T T T
Control Warmth Heat Heat+Warmth
(b)
o
o - —_—
- 1 ° ‘f
8 -
@
< - |
2 : s
c Q4 ' '
S “ : !
= '
© ! !
£ . : o
E 2
-
[0}
O]
- °
o | '
Q) '
o — Be=
T T T T T
Control Warmth Heat Heat Warmth
+ Warmth + Heat
(c)
o
s
- ° : -
o) —_— :
o | ' .
@ '
= .
< B 1
c 8 .
s ° ! *
- e '
[ o] ' '
k= ‘ ‘
E 9 1 ! ‘ ‘
- ' ' i
[0 ! '
O I ! !
o _| ' . .
139 ' : .
o : — .
T T T T T T
Control  Smoke Dry Wet Dry Wet
Warmth Smoke+Warmth

temperature threshold for dormancy release among two Cistus spe-
cies is greater the warmer the dry season in which it occurs (Zomer
et al., 2022). Thus, the minimum heat requirement tracks summer
temperatures to maintain a critical interval between the two, con-
firming that heat release is a specific adaptation to a fire-prone
environment.

Warm stratification is not always beneficial in promoting dor-
mancy release. Luna (2020) undertook a novel pair of experiments
that involved alternating the order of warmth and fire-type heat
(Figure 8b). In all, 12 species of Cistaceae (Cistus, Helianthemum), na-
tive to the Iberian Peninsula, were subjected to 50/20°C daily for
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2months simulating bare soil after fire although, in the field, this
would require the unlikely arrival of seeds from an unburnt area that
had no effect. The fire-type heat treatment (100°C for 10 min) sim-
ulated conditions in late autumn fire just prior to substantial rains
resulted in ~80% germination. Seeds were subjected to 50/20°C
daily (such a high maximum is only likely to be associated with bare,
postfire soil; Lamont, Gémez Barreiro, et al., 2022) before the heat
treatment, possibly equivalent to a late autumn fire just prior to
substantial rains, that resulted in a similar high level of germination
to the heat treatment only. However, when these treatments were
reversed, simulating an early summer fire followed by 2months of
warm bare soil, germination fell sharply (Figure 8b). Luna (2020)
interpreted this as a type of dormancy cycling, although the con-
cept is usually reserved for seasonal variation in imposed dormancy
(Figure 5), with the dormancy-release mechanism involving contact
with water. A more likely interpretation is that the seeds returned to
dormancy with the ongoing shrinkage of the seeds as they contin-
ued to dehydrate (Lamont, Gdmez Barreiro, et al., 2022). There is a
precedent for such secondary dormancy among other hard-seeded
species (Hagon & Ballard, 1970) but it relies on the plug of the water
gap returning to its original position, which is not always possible

with some hard seeds (Lamont, Gémez Barreiro, et al., 2022).

Smoke

Species whose germination is promoted by smoke are usually omit-
ted from any discussion on the role of summer heat in breaking dor-
mancy, but the six studies undertaken so far show a marked response
to both may occur in the same species (Figure 8c). Responses among
species treated with smoke and/or summer-type heat varied from
essentially due to warm stratification (85% vs. 0% for the control) to
essentially due to smoke (95% vs. 2%) but there is usually a marked
interaction that is additive (‘wet’ seeds in Figure 8c) if not synergistic
(‘dry’ seeds in Figure 8c). Under highly seasonal climates, a bout of
warmth (summer-autumn) might herald the onset of cool, moist con-
ditions (winter) suitable for germination. In the absence of fire, such
annual dormancy-breaking activity (Merritt et al., 2007) would likely
be maladaptive if it leads to marked germination in the interfire pe-
riod when recruitment is unlikely; in practice the effect is not strong.
However, the warm conditions used are more likely to prevail only
after fire rather than before (Lamont, Burrows, et al., 2022), even
though the sequence used in these experiments was to apply the
smoke (water) after warm stratification. Either way, in association
with fire (smoke), this dual environmental stimulus might prove to
be a ‘fail-safe’ mechanism for promoting successful germination and
recruitment.

These studies make it clear that summer warmth and smoke
applied individually may alleviate inherent dormancy among some
seeds in the batch and many more when applied together. This addi-
tive/synergistic effect can be envisaged as summer heat increasing
seed-coat permeability and allowing greater smoke-chemical ab-
sorption following the first substantial rains and causing more seeds
to break inherent dormancy. If that is so, then there should be no
need for the seeds to be imbibed for successful warm stratification

since dry seeds will be adequate, as shown here (Figure 8c). However,
Ma et al. (2020) noted that Anigozanthos flavidus (Haemodoraceae),
included here, is considered to have morphophysiological dormancy.
Their overall results show that the smoke chemical, glyceronitrile, is
as effective as an extended period of wet warmth in breaking dor-
mancy and that there is no additive effect (all averaging 85%-88%).
This means that both stimuli must have affected the same process
(Table 2) and the most likely explanation is that glyceronitrile pro-
moted respiration of the non-dormant embryo and thus embryo
growth equivalent to that occurring during warm stratification. This
is then a case of a smoke chemical hastening the rate of growth of
non-dormant embryos, rather than breaking dormancy as such, a

phenomenon now well established (Hodges et al., 2019).

5 | SEASON-FIRE INTERACTIONS

Fire creates conditions that promote greatest release from inherent-
dormancy: interactions between heat, smoke, sunlight and/or tem-
perature extremes peak as the blackened soil surface increases
exposure to light and solar insolation and reradiation (Table S9 in
Pausas & Lamont, 2022). Non-fire-related environmental stimuli are
most effective in promoting germination when they work together
with fire-related stimuli, not just because they activate most seeds
but because, as we show here, they invariably have an additive ef-
fect (Figures 7, 8 and S5). Imposed dormancy is finally overcome as
rain can now reach the mineral soil where the seeds are stored and
any inhibitory compounds, such as polyphenolics, in the litter have
been volatilized (He & Lamont, 2018). Timing of germination varies
between (1) immediately after fire if the soil is moist (autumn) and
(2) delays of 3-8 months over the dry summer until autumn-winter
when the rains return and conditions are suitable for germination
and imposed dormancy is annulled. Should rain be insufficient or
temperatures above average (the ‘greenhouse’ effect), many seeds
will remain dormant, leading to secondary imposed dormancy of
15 months or more, and even dormancy cycling. Seeds with greater
drought tolerances or temperature thresholds might still germinate
(Zomer et al., 2022) but their germinants are less likely to become

recruits.

6 | RESEARCH NEEDS

The incentive for this review was the comment by a colleague that
‘smoke does not break dormancy, it only promotes germination’, a
belief that can be traced to Thompson and Ooi (2013). This immedi-
ately raises questions about the limitations of language in conveying
concepts—what do ‘break dormancy’ and ‘promote germination’ ac-
tually mean? And why would seed biologists see the need to distin-
guish what, to many, would appear to be synonyms? We show here
that, in fact, promoting germination is shorthand for breaking two
dormancy classes that involve quite different environmental stim-

uli and chemical pathways, and are therefore worth distinguishing.
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Thus, the challenges for future research on smoke-related germina-
tion include: (a) resolving whether seeds must be imbibed before
inherent dormancy can be broken by smoke chemicals (Pathway 3);
(b) if so, how is it that dry seeds exposed to aerosol smoke before im-
bibition may germinate as well as those already imbibed (Pathway 1,
Figure 4)?; and (c) corroborating the current evidence that karrikins
can act as ‘aquaporins’, increasing the ability of cells to absorb water
(Footitt et al., 2019; Ghebrehiwot et al., 2008; Jain et al., 2008;
Table S1; Figure 6), to explain how smoke and heat may sometimes
have a non-additive, replacement effect.

Other research needs cover (1) testing to what extent recogniz-
ing our third dormancy-release pathway is helpful in understanding
seed-dormancy release in relation to cold and light; (2) accepting
that only moisture, temperature and aeration are relevant to con-
trolling imposed dormancy (contrast Walck et al., 2011); and (3)
demonstrating to what extent seeds may re-enter inherent or im-
posed dormancy (and accepting that the term secondary dormancy
should be confined to this phenomenon, which also implies accept-
ing inherent and imposed terminology, or similar, rather than primary
and secondary). A better understanding of secondary dormancy will
require investigating the dynamics of the water gap among hard
seeds (Lamont, Burrows, et al., 2022).

In conducting experiments designed to identify optimal con-
ditions for breaking seed dormancy, researchers need to decide
whether their approachis as a horticulturalist or ecologist. Scratching
the seed surface, soaking in sulfuric acid (although this might simu-
late gut passage effects if that is likely) or using wet heat are relevant
to the former but are no substitute for fire-type heat as required
by the latter. When compared, their outcomes are rarely the same
(Erickson, 2015; Melo Junior & De Andrade, 2019). Among non-
fire-prone floras, it is seldom clear what environmental stimuli were
responsible for the occasional bout of germination (bet-hedging),
but it is more likely to be disturbance or exceptional climatic events
rather than predictable climatic conditions, even if strongly seasonal
(see Section 5 above, Pausas et al., 2022). Scratching and acid treat-
ments may aim to simulate decay processes during soil storage but
their effect in the soil is usually exaggerated (Zalamea et al., 2015).
On the other hand, soil-storage experiments rarely last more than
12 months (Downes et al., 2015) that inadequately simulates decay
processes. And, even then, seeking explanations for any change in
dormancy, for example, showing that storage has led to increased
permeability, are not undertaken so that a mechanistic explanation is
not possible: it is often vaguely described as ‘after-ripening’ (Merritt
et al., 2007).

Despite claims to the contrary, we question the ecological value
of studies designed using crude surrogates for stochastic natural
processes but are interpreted as satisfying them (Carta et al., 2022;
Wyse & Dickie, 2018; Zhang et al., 2022). In particular, mean sea-
sonal variation in rainfall and temperature give few reliable cues to
inter-annual variability in growing conditions (Cowling et al., 2005)
and ignore the occurrence of key dormancy-disrupting disturbances
such as floods, heat waves, plagues of frugivores or granivores, or
fire (Pausas et al., 2022). Our hope is that this review prompts new

research directed at ecologically realistic treatments and explana-
tions of the mechanisms that maintain and break seed dormancy,
and that takes into account the importance of interactive effects be-

tween environmental stimuli and the order in which they are applied.

7 | CONCLUSIONS

1. The two classes of seed dormancy can be overcome through three
dormancy-release pathways: the first is controlled by the seed or par-
ent plant (inherent dormancy) followed by the surrounding environ-
ment (imposed dormancy) both of which must be overcome before
germination is possible (Pathway 1); the second is controlled just by
the surrounding environment (imposed) that is broken by a change to
standard conditions (Pathway 2); and the third requires prior (at least
partial) imposed-dormancy release before inherent-dormancy release
by a different set of environmental conditions is possible (Pathway 3).

2. According to these definitions, sunlight, diurnal temperature
extremes (stratification), fire-type heat and other sources of scari-
fication, smoke chemicals, certain root exudates, removal of stored
metabolic inhibitors through leaching, gut passage and release from
internally caused anoxia, may break inherent dormancy, whereas
standard conditions of adequate moisture (high water potential),
cool-moderate daily temperatures and aeration break environmen-
tally imposed dormancy. Whether smoke chemicals break inherent
dormancy while dry (Pathway 1) or only once moist (Pathway 3) is
unclear at present.

3. On-plant stored (serotinous) and frugivorous seeds are rec-
ognized here as conforming with the requirements for physical dor-
mancy, as all their functional traits are consistent with those of hard
diaspores.

4. We suggest reserving the term secondary dormancy for seeds
that return to inherent or imposed dormancy following a change in
environmental conditions. Some seeds cannot return to second-
ary inherent dormancy as the physical or physiological change is
permanent.

5. Under seasonal climates, seeds may oscillate between imposed
and non-dormancy as the temperature fluctuates even though in-
herent dormancy has been broken (secondary imposed-dormancy
cycling).

6. Heat may promote germination of non-hard (as well as hard)
seeds, as it may increase their permeability further.

7. Warm stratification does not require seeds to be moist before
it can occur but, as with wet heat, it may be more effective—it can be
viewed as just a form of mild heat applied over an extended period.

8. There may be multiple co-acting stimuli for breaking inher-
ent dormancy, usually affecting different processes (additive or
synergistic effect). Two environmental stimuli that individually
break dormancy but have no additive effect must be affecting the
same process. This appears rare and was demonstrated here for
the interaction between heat and smoke—the most likely inter-
pretation is that they both served to increase seed permeability
to water.
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9. Positive interaction effects between fire-type heat and sum-
mer stratification, and between smoke and cold stratification, heat
or sunlight on inherent dormancy, and the intense expression of im-
posed dormancy, are especially notable in strongly seasonal, tem-
perate climates.
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