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* Background and Aims Fire-released seed dormancy (SD) is a key trait for successful germination and plant
persistence in many fire-prone ecosystems. Many local studies have shown that fire-released SD depends on heat
and exposure time, dose of smoke-derived compounds, SD class, plant lineage and the fire regime. However, a
global quantitative analysis of fire-released SD is lacking. We hypothesized that fire-released SD is more preva-
lent in fire-prone than in non-fire-prone ecosystems, and in crown fire compared with surface fire ecosystems.
Additionally, we expected to uncover patterns in the relationship between fire cues and SD classes at the global
scale that mirror those identified in local or regional studies.

* Methods In total, 246 published germination studies from 1970 to 2022, encompassing 1782 species from 128
families, were used in our meta-analysis. Meta-analysis moderators included different fire cues, smoke applica-
tion methods, smoke exposure duration and concentration, smoke compounds, fire-proneness, fire regimes and

ecosystem types.

* Key Results Heat released physical, and smoke released physiological and morphophysiological dormancies.
For SD release, heat and smoke acted synergistically, and karrikinolide (KAR ) was the most effective smoke com-
pound. Fire-released SD was more prevalent in fire-prone than in non-fire-prone regions, particularly under crown
fire regimes. Fire-released SD occurred mainly in Mediterranean ecosystems, temperate dry forests and temperate
warm ecosystems, whereas species from savannas and tropical grasslands, temperate grasslands and tropical rain-

forests generally responded negatively to fire.

* Conclusions Fire-released SD is strongly influenced by fire regimes, the latter having a significant role in
shaping SD and germination patterns on a global scale. The synergistic effect of heat and smoke in dormancy
release reveals more intricate interactions between fire cues than previously understood. Understanding these
patterns is crucial in the context of shifting fire regimes driven by climate change, as they may disrupt plant life
cycles, alter ecosystem functions, biodiversity and community composition, and provide key insights for biodiver-
sity conservation and ecological restoration in fire-prone ecosystems.

Key words: Ecosystem responses to fire, fire regime, fire-released seed dormancy, germination, heat-shock,

karrikinolide, seed dormancy, smoke.

INTRODUCTION

Fire is a major driver in shaping many ecosystems on Earth,
and thus the present persistence and stability of many ecosys-
tems are dependent on wildfires (Pausas and Keeley, 2009; He
and Lamont, 2018; McLauchlan et al., 2020). By introducing

spatial and temporal variability, wildfires fundamentally con-
tribute to enhancing global biodiversity (He et al., 2019).
However, at more localized scales, the impact of fire on bio-
diversity depends on the spatial heterogeneity of habitats, char-
acteristics of fire regimes (including frequency and intensity)
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and type of ecosystem in question (Pausas and Ribeiro, 2017;
Moritz et al., 2023).

Wildfires in fire-prone ecosystems significantly influence the
evolution of adaptive mechanisms in plant species, ensuring
their survival during a fire or stimulating post-fire recruitment
(Gémez-Gonzélez et al., 2011; Keeley et al., 2011). The diver-
sity of these adaptations is influenced by the fire regime, since
the prevalence of fire-adaptive traits varies across different eco-
systems (Keeley and Pausas, 2022). For example, fire-released
dormancy and the consequent post-fire stimulation of germin-
ation is a common adaptation in several Mediterranean-type
ecosystems subjected to recurrent crown fires (Keeley et al.,
2012), yet it is less frequently observed in tropical savannas
where surface fires are dominant (Dayamba et al., 2008;
Fichino et al., 2016).

The effects of fire on seed germination vary. For simplicity,
we use the term ‘fire cues’ to refer to the various fire-related
properties that release dormancy and stimulate germination.
However, fire (through heat and smoke) not only provides the
signal (cue) but also the mechanism for seed dormancy release
as well as the optimal conditions for germination of shade-
intolerant plants (Pausas and Lamont, 2022). Furthermore, dif-
ferent compounds produced during a wildfire may have either
positive or negative impacts on seed germination, depending
on the history of the lineage and the fire regime (Keeley and
Fotheringham, 2000; Gémez-Gonzalez et al., 2008; Jefferson
et al., 2014). Heat- and smoke-induced dormancy release of
seeds is particularly pronounced in Mediterranean ecosystems,
where many species rely on seedling recruitment after fire from
the existing soil seed bank (Keeley, 1991; Moreira et al., 2010;
Tormo et al., 2014; Pausas and Lamont, 2022). Historically,
various seed traits, especially those related to dormancy and
germination, are expected to have been subject to selective evo-
lutionary pressures imposed by fire, given their pivotal roles
in the survival and reproduction of seeder plants in different
fire-prone ecosystems (Keeley 1991, Gémez-Gonzilez et al.,
2011; Willis et al., 2014; Pausas and Lamont, 2022; Lamont
and Pausas, 2023). Indeed, the widespread occurrence of fire-
released seed dormancy across certain plant lineages supports
this theory, underscoring the evolutionary interplay between
fire regimes and plant reproductive strategies (Lamont et al.,
2019).

Most spermatophytes (50-90 %) produce seeds that are dor-
mant at maturity and after dispersal, germination does not occur
even under seemingly appropriate environmental conditions
(Baskin and Baskin, 2014; Kildisheva et al., 2020). For dor-
mancy release and subsequent germination, seeds in different
dormancy classes [physical (PY), physiological (PD), morpho-
logical (MD), morpho-physiological (MPD) and combinational
(PY + PD); Baskin and Baskin, 2004] require exposure to spe-
cific environmental cues such as the heat or the smoke produced
by fires (Keeley, 1991; Baskin and Baskin, 2014).

Early studies on fire focused on the role of heat in breaking
dormancy in seeds with a water-impermeable seed or fruit coat
i.e. seeds with physical dormancy (PY), also known as heat-
released dormancy (Gill, 1975; Keeley and Keeley, 1987; Thanos
et al., 1992; Keeley and Fotheringham, 2000). Seeds with PY
have specialized anatomical features (water gaps) evolved to
be dislodged or ruptured by the intense heat, thereby allowing
water absorption and germination (Moreira and Pausas, 2012,

2018; Liyanage and Ooi, 2018). Furthermore, smoke (i.e. an-
other fire cue) may have either stimulatory (Keeley and Pausas,
2018) or inhibitory effects (Gémez-Gonzdlez et al., 2008) on
seed germination, suggesting that such dichotomous outcomes
may be attributed to the specific identities of smoke-derived
compounds. Indeed, smoke contains several compounds, such
as karrikinolide (KAR ) (Flematti ez al., 2004; van Staden et al.,
2004) and its analogues (KAR, to KAR ), collectively known
as karrikins (Flematti ez al., 2009), which have been proven to
enhance seed germination in many plant species. Other com-
pounds, including cyanohydrin glyceronitrile, hydroquinone
and the brassinosteroid precursor ergosterol, have also been
found to break seed dormancy and stimulate seed germination
(Flematti et al., 2011; Villedieu-Percheron et al., 2014; Kamran
et al., 2017; Shayanfar et al., 2020). Additionally, some other
gaseous chemicals in smoke, such as nitrogen oxides, nitric
oxides, ethylene, carbon monoxide and carbon dioxide, can
affect seed germination (Keeley and Fotheringham, 1998).
Conversely, smoke also contains germination-inhibitory com-
pounds, most notably a butenolide called 3,4,5-trimethylfuran-
2(5H)-one (TMB) (Light ef al., 2010). Smoke released from
burning vegetation contains compounds that act as environ-
mental signals, either independently or in conjunction with
heat, leading to the breaking of seed dormancy and germin-
ation across a spectrum of species in both fire-prone and
non-fire-prone ecosystems (Pierce et al., 1995; Keeley and
Fotheringham, 1998; Moreira et al., 2010; Ferraz et al., 2013;
Catav et al., 2014, 2024; Abedi et al., 2018; Li et al., 2021). The
occurrence of smoke-released seed dormancy in non-fire-prone
ecosystems is only adaptive if the seeds also survive the heat of
the fire, and may occur in lineages that experienced varied fire
regimes in their evolutionary history (Lamont and He, 2017,
Pausas and Lamont, 2022).

Various forms of smoke (aerosol smoke, smoke water and
charred straw solution) at different concentrations and exposure
times are used in germination experiments (Montalvo et al., 2002;
Govindaraj et al., 2016; Abedi et al., 2018). However, care must
be taken as different methods of making smoke and/or smoke so-
lutions may lead to the underestimation of this process (Moreira
and Pausas, 2018). The germination response to smoke can vary
significantly among species, indicating species-specific sensi-
tivities to different smoke concentrations (Moreira et al., 2010;
Catav et al., 2014). A critical unresolved question is whether there
are global patterns in germination responses to various smoke ap-
plication methods. Moreover, while regional research has begun
to explore the interaction between seed dormancy classes and fire
cues like heat and smoke (Moreira et al., 2010; Ferraz et al., 2013;
Kazanci and Tavsanoglu, 2019; Fernandes et al., 2021), a com-
prehensive global assessment is still lacking.

The individual or combined effects of different fire cues on
seed germination vary (Keith, 1997; Tieu et al., 2001; Lamont
and Pausas, 2023). Some studies have shown that the syner-
gistic effects of heat and smoke on germination surpass their
individual influences (Keith, 1997; Morris, 2000; Tavsanoglu
et al., 2017). While Lamont and Pausas (2023) recently sum-
marized the combined effects of heat and smoke in fire-prone
environments, a comprehensive quantitative analysis to assess
the extent of these effects globally remains unexplored.

The majority of data on fire-released seed dormancy is
derived from Mediterranean-type ecosystems, which are
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characterized by moderately frequent intense crown fires and
specific plant families adapted to such fire regimes (Keeley
and Fotheringham, 2000; Moreira and Pausas, 2018; Pausas
and Lamont, 2022). In contrast, ecosystems like savannas and
temperate grasslands under less intense but more frequent sur-
face fires show a weaker germination response to fire (Pausas
and Lamont, 2022). Limited studies in non-fire-prone envir-
onments, such as saline—alkaline grasslands (Li er al., 2021),
tropical rainforests (Ferraz et al., 2013) and arid deserts (Pierce
et al., 1995), also indicate the positive role of fire cues in dor-
mancy release. However, a quantitative comparison of seed
germination responses to fire across fire-prone and non-fire-
prone areas, and across crown and surface fire ecosystems has
yet to be explored in detail (Pausas and Lamont, 2022; Lamont
and Pausas, 2023). The diversity of ecosystems, each with its
unique fire regime, suggests potential variability in germination
responses to fire-related cues, a hypothesis that has not yet been
fully examined on a global scale.

Here, we performed a global systematic review and meta-
analysis to reveal the effects of fire on seed germination and
their relationship with seed dormancy on the global scale, while
also deciphering the different germination response patterns to
fire cues across different ecosystems. Specifically, we have re-
viewed experiments that applied putative dormancy release
treatments (heat, smoke, specific smoke compounds) to seeds
and evaluated their effects by comparing germination between
the treated and control seeds. We hypothesized that fire-released
seed dormancy is more prevalent in fire-prone ecosystems than
in non-fire-prone ones, and in crown fire ecosystems than in
surface fire ecosystems, and that the specific effects of fire cues
on dormancy release depend on the type and combination of
fire cues and the class of seed dormancy. Additionally, we ex-
pected to uncover global patterns in the relationship between
germination and smoke treatment and smoke components that
may provide insights for application in restoration and conser-
vation projects.

MATERIAL AND METHODS

Data collection

A database of published articles from 1970 to 2022 on the
effects of fire cues on seed dormancy and germination was
constructed through a search in the ISI Web of Science;
with the steps documented in a PRISMA chart provided in
Supplementary Data Fig. S1 (O’Dea et al., 2021). The key
words used in this survey included ‘aerosol smoke + dormancy
+ germination’, ‘charred wood/straw + dormancy + germin-
ation’, ‘smoke water + dormancy + germination’, ‘ash + dor-
mancy + germination’, ‘burning + dormancy + germination’,
‘smoke-derived compounds + dormancy + germination’, ‘fire
+ dormancy + germination’, ‘wildfire + dormancy + germin-
ation’, ‘heat shock + smoke + dormancy + germination’, ‘Kar
+ Karrikin + Karrikinolide + Karrikinolide and cyanohydrin +
dormancy + germination’, and ‘Butenolide + dormancy + ger-
mination’. We also used information from two comprehensive
surveys (Baskin and Baskin, 2014; Jefferson et al., 2014). We
only included published studies (journal articles and books);
unpublished doctoral dissertations, conference abstracts and
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non-peer-reviewed literature (e.g. reports) were excluded. In
total, 701 publications were extracted through a comprehensive
literature search on the subject.

Each article was carefully reviewed, and 358 papers were
excluded from the database due to improper definition of treat-
ments and/or lack of relevant information, such as percentage
of germination or ambiguity in the data numerical values. Also,
69 articles without primary data (such as reviews), 13 articles
with data that were not retrievable, and 15 unpublished doctoral
dissertations and conference abstracts were not included in our
meta-analysis. In total, 246 publications were finalized for
meta-analysis. All included studies met the following criteria:
(1) an experimental design in which manipulated treatments
were compared with a control, allowing for a comprehensive
comparison across multiple studies, and (2) specified infor-
mation regarding means and the number of replicates for each
treatment was provided (Soltani et al., 2018).

For germination percentage, the final database included
14 106 observations from 1782 plant species belonging to 128
plant families. The effects of fire-related cues on seed dor-
mancy release across various plant families and lineages were
determined based on the Angiosperm Phylogeny Group (APG
1V, 2016; Jin and Qian, 2022).

Data extraction

In the first step, a standard spreadsheet was created to com-
pile the necessary information from each study, including the
journal and article titles, author(s), year of publication, country
of seed origin, plant species and family, and germination per-
centage. Information from papers and Baskin and Baskin
(2014) was used to categorize seed dormancy for each species
and/or family. When information on seed dormancy was un-
available at the species level, the genus level was used based on
available literature. If no information was available at both the
species and genus levels, seed dormancy was reported in the
‘unknown’ group.

Meta-analysis procedures and calculations were performed
using the ‘metafor’ package with the ‘rma’ function in R soft-
ware (Viechtbauer, 2010; R Core Team, 2021). After extracting
the necessary information, we calculated the actual effect
size for each individual study (Gurevitch and Hedges, 1999;
Osenberg et al., 1999) to evaluate the effect of each treatment
across different studies on a common scale of effect size in the
meta-analysis. Quantifying the effect size for a treatment re-
quires consistent interpretation and application of controls and
treatments across relevant studies (Hedges et al., 1999; Soltani
etal.,2018).

Since most studies did not report any measure of variance,
a non-parametric method was used to weight the effect sizes
based on the number of replications (Hedges et al., 1999;
Hoeksema and Forde, 2008).

The confidence interval (CI) was calculated using a boot-
strapping procedure with the ‘boot’ package (Adams et al.,
1997). To facilitate interpretation, the results of the analyses
on the effect size and CI were back-transformed and reported
as the percentage change with treatment relative to the control.
That is, positive and negative values indicate an increase and de-
crease in germination percentages after fire cues, respectively.
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The effect size was considered significant when the 95 % CI
did not overlap with zero. Likewise, differences between treat-
ment categories were considered significant if their 95 % Cls
did not overlap (Gurevitch and Hedges, 1999; Linquist et al.,
2013).

Before building the meta-analysis models, a heterogeneity
test was conducted to determine whether a fixed effects model
or a random effects model was appropriate, based on the in-
dices of heterogeneity (Cochran’s Q, I and T?). Since most
treatments (datasets) were not homogeneous (Philibert ef al.,
2012; Nakagawa et al., 2017), arandom effects model was used
to analyse the data.

Sensitivity analyses were conducted on the weighted mean
effect sizes of each observation in the dataset using leave-one-
out meta-analysis (Philibert ef al., 2012). In this procedure,
each individual observation was removed from the dataset, and
the models were re-fitted to the remaining data. Based on the
changes in weighted mean effect sizes and the impact of re-
moving each observation on the results, 24 observations were
eliminated from the meta-analysis.

The data in this study displayed high variation; therefore, we
examined the characteristics that may have influenced the re-
sults using the meta-analytic moderators (Supplementary Data
Table S1). The moderators included fire cue components (heat,
smoke, heat + smoke), different smoke application methods
(aerosol smoke, smoke water and charred straw solution),
various exposure times to smoke (0-5, 5-10, 10-30, 30-60 and
60-180 min), different smoke concentrations (1:1, 1:1-1:10,
1:10-1:100 and 1:100-1:1000, v/v), different smoke-derived
compounds (KAR , butenolide, cyanohydrin glyceronitrile and
nitrogenous components), different ecosystems (Mediterranean
ecosystems, savannas and tropical grasslands, temperate dry
forests, temperate grasslands, temperate warm ecosystems,
temperate humid ecosystems, tropical and subtropical dry for-
ests, and tropical rainforests), fire-proneness of these ecosys-
tems (fire-prone or non-fire-prone) and fire regimes (surface
and crown fire regimes).

Fire-prone ecosystems are those whose persistence and func-
tioning are dependent on regular wildfires, whereas non-fire-
proneness refers to natural ecosystems that rarely experience
any wildfire. In the dataset, fire-proneness and fire regime were
assigned to each ecosystem type based on available informa-
tion about the fire regimes and climate types of the ecosystems
where the seeds of the tested species were collected, using in-
sights from various global and regional studies (Supplementary
Data Table S2; Stern et al., 2000; Peel et al., 2007; Keeley et
al., 2012; Murphy et al., 2013; Harrison et al., 2021; Pausas,
2022; Pausas and Lamont, 2022). Specifically, savannas and
tropical grasslands, Mediterranean ecosystems (except Chile),
temperate dry forests, temperate grasslands, temperate warm
ecosystems, and tropical and subtropical dry forests were con-
sidered fire-prone ecosystems (Table S2). Tropical rainforests,
temperate humid ecosystems and Mediterranean-type ecosys-
tems in Chile were classified as non-fire-prone (Table S2). Fire
regime analysis was conducted only on fire-prone ecosystems,
with savannas and grasslands (temperate or tropical) classi-
fied as surface fire ecosystems, and Mediterranean ecosystems,
temperate warm ecosystems and temperate dry forests as crown
fire ecosystems (Table S2).

The 246 articles used in our meta-analysis (Supplementary
Data Table S3) span from 1970 to 2022, and mostly (61 %)
come from Australia, Spain, USA and South Africa (Fig. 1).

RESULTS

Family-level response of seed germination to fire-derived cues

Our examination of 128 plant families revealed that Fabaceae,
Poaceae and Asteraceae were the most frequently studied,
representing 13.1, 9.2 and 9.4 % of the studies, respectively
(Supplementary Data Table S4). Seed germination in 36 plant
families responded positively to heat, with Solanaceae and
Geraniaceae showing the highest increases in germination, by
39 and 37 %, respectively. In contrast, members of 58 families
responded negatively to heat treatments. Moreover, seeds from
78 plant families responded positively to smoke treatments,
while those of 31 families exhibited a negative germination
response to smoke, highlighting distinctions between smoke-
responsive and smoke-non-responsive families. Also, seeds
from 25 and 13 plant families responded positively and nega-
tively, respectively, to both heat and smoke.

Heat, smoke and their combined effects

Overall, fire-derived cues significantly increased germination
percentage by 37.7 %, demonstrating the considerable stimula-
tory effect of fire cues on seed germination across a broad spec-
trum of plant families (Fig. 2A).

The analysis of 6400 observations across 100 families sug-
gest that heat alone (considering all temperatures and exposure
times tested) led to a 35.4 % reduction in seed germination
compared to controls, whereas smoke alone (n =7028) sig-
nificantly increased germination by 156.0 %. Interestingly, the
combination of heat and smoke yielded a synergistic increase
in germination of 161.2 % (n=678), surpassing the effects
observed with either cue alone (Fig. 2B). To address potential
bias due to the low number of observations for heat plus smoke
compared to either cue alone, an additional analysis was con-
ducted exclusively on studies that considered both individual
and combined effects of heat and smoke (H, S, H + S) on seed
germination and it was found that differences were significant
(mean for H, S and H+ S was —5.92, 139.41 and 169.40 %,
respectively).

Effects of smoke type, concentration and exposure time

Different forms of smoke applications, such as aerosol
smoke, smoke water and charred straw solution, had positive
effects on seed germination (Fig. 2C). Aerosol smoke led to the
most significant increase in germination (206.4 %; n = 2035),
surpassing the effects of smoke water (146.3 %; n =2400)
and charred straw solution (99.3 %; n = 550). The efficacy of
charred straw solution in enhancing seed germination across
different families was generally lower than that of aerosol
smoke or smoke water.

Aerosol smoke exposure for 60—180 min resulted in the
greatest significant increase in seed germination, with a mean
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compounds and (E) different ecosystems. Each data point represents the percentage change as compared with the control. The first number in parentheses indi-

cates the number of observations and the second represents the mean value. Symbols and bars show the mean response and 95 % confidence interval, respectively.

Open circles indicate that estimates are not statistically significantly different from zero at o = 0.05, while filled symbols indicate significant differences. KAR ,
karrikinolide (3-methyl-2H-furo[2,3-c] pyran-2-one).

increase of 542.1 % as compared to the non-treated control seeds
(Fig. 2C). For smoke water treatments, the lowest germination
(mean = -5.6 %, not significantly different from 0) was ob-
served with >1:1000 solutions (Fig. 2C). The most substantial
germination increases, 241.6 and 107.2 %, were achieved with
smoke water dilutions of 1:1-1:10 and 1:10-1:100 v/v, respect-
ively. Regarding charred straw solution, the lowest germination
occurred with dilutions of 1:100-1:1000 v/v (18.1 %) and the
undiluted aqueous stock solution (63.7 %). Conversely, dilu-
tions of 1:1-1:10 and 1:10-1:100 v/v significantly enhanced
germination by 72.1 and 263.9 %, respectively (Fig. 2C).

Effects of smoke-derived compounds

The effect of smoke-derived compounds on seed germin-
ation varied significantly (Fig. 2D). KAR, exhibited the most
significant stimulatory effect on seed germination, with an in-
crease of 161.7 % (n = 1513), closely followed by cyanohydrin
glyceronitrile at 142.6 % (n = 239) and nitrogenous compounds
at 81.5 % (n=271). The lowest germination compared to un-
treated control seeds was observed with butenolide (19.8 %;
n=24).

Responses across different ecosystems

Seed germination across various ecosystems demonstrated
distinct responses to fire cues. Seeds from fire-prone re-
gions showed the most significant increase in germination
(36.0 %; n =12 784). However, seed germination responses for

non-fire-prone regions (3.3 %; n = 596) were not as significant
as those of fire-prone regions (Fig. 2E). The significance ap-
peared when disaggregating by ecosystem type or fire regime
(Fig. 2E). Temperate warm ecosystems experienced the highest
germination boost (192.2 %; n = 641), followed by temperate
dry forest ecosystems (156.1 %; n = 136) and Mediterranean
ecosystems (94.2 %; n = 8374). Conversely, fire cues led to a
slight and non-significant increase and decrease in seed ger-
mination for species from tropical and subtropical dry forests
(12.8 %; n=555) and temperate humid ecosystems (=7.1 %;
n = 197), respectively. Notably, there was a significant decline in
germination percentages for species from savannas and tropical
grasslands (-65.9 %; n =1761), tropical rainforest (-54.4 %;
n=164) and temperate grasslands (—40.7 %; n="738) fol-
lowing exposure to fire cues. Seed germination also varied in
response to fire regimes (Fig. 2E): fire cues significantly stimu-
lated seed germination in crown fire regimes (90.6 %;n = 9719)
but not in surface fire regimes where germination was nega-
tively impacted by fire cues (—60.0 %; n = 2500).

Germination responses of seeds with different dormancy classes

The meta-analysis highlighted significant variability in
germination responses among seeds with different dor-
mancy classes when exposed to fire-derived cues (Fig. 3).
Germination of non-dormant (ND) seeds as well as those with
MD, MPD and PD decreased by 78.7, 77.8, 44.3 and 44.8 %,
respectively, after exposure to heat, whereas in the case of PY
this treatment increased germination by 18.1 % (Fig. 3). A key
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finding was a significant increase in germination for seeds with
MPD (343.6 %) and PD (204.3 %) following smoke treatment
without heat. The application of both heat and different forms
of smoke resulted in higher germination percentages in seeds
with PD and PY (291.8 and 111.0 %, respectively) compared
to the individual application of each treatment.

Different smoke application forms (aerosol smoke, smoke
water and charred straw solution) were particularly effective in
seeds with MPD (516.4, 634.9 and 400.3 % increase in aerosol,
smoke water and charred straw solution, respectively) and PD
(285.1, 161.6 and 172.5 % increase in aerosol, smoke water
and charred straw solution, respectively), exhibiting a stronger
effect than on other dormancy classes (Supplementary Data
Fig. S2). Seeds with MD and PY displayed negative responses
to these smoke forms (Fig. S2).

Differential responses were also noted in how seed dor-
mancy classes interacted with exposure times to aerosol smoke
and concentrations of smoke water and charred straw solution
(Supplementary Data Figs S3, S4 and S5). For MPD and PD,
the highest germination responses to aerosol smoke were ob-
served with exposure times of 60—180 min (Fig. S3). Among
the different dormancy classes, MPD displayed in general the
highest response to different concentrations of smoke water,
with the 1:1-1:10 v/v dilution being the most effective in stimu-
lating seed germination (Fig. S4). This response was similar
in seeds with PD, where germination was most stimulated by
1:1-1:10 v/v dilutions. Seeds with PD also showed the greatest
increase in germination when treated with more diluted charred
straw solutions (Fig. S5).

Analysis of the effects of smoke-derived compounds on
the germination of seeds with various dormancy classes re-
vealed inhibitory impacts of butenolide on PD seeds, whereas
other compounds increased germination of seeds with PD by
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156.0-191.7 %. KAR, (191.7 %), nitrogenous compounds
(187.8 %) and cyanohydrin glyceronitrile (156.0 %) had posi-
tive effects on germination of PD seeds. MPD seeds treated
with these compounds also showed a positive germination
response, although the effect was relatively less pronounced
than in PD seeds. Meta-analysis revealed weak to no effects
of smoke-derived compounds on seeds with other dormancy
classes (Fig. 4).

Fire-related germination across ecosystems and seed dormancy
classes

The germination response of seeds from different regions
to heat and smoke varied and was influenced by seed dor-
mancy classes (Fig. 5). In fire-prone regions, heat decreased
the germination of ND seeds as well as those with MD, MPD
and PD; the only exception was seeds with PY, which showed
increased germination (Fig. 5). In non-fire-prone regions,
however, heat increased germination of seeds with PD and
PY.

Heat negatively impacted germination of PD seeds across
several ecosystems including Mediterranean, savannas
and tropical grasslands, and temperate grasslands, but its
effect was positive in temperate warm ecosystems and trop-
ical and subtropical dry forests (Fig. 6). ND, MD and MPD
seeds generally showed negative responses to heat across
all ecosystems. Among the ecosystem types with enough
sample size (n > 100) for an objective evaluation, PY seeds
from Mediterranean ecosystems (52.2 %; n = 1688), tem-
perate warm ecosystems (162.2 %; n =158), and tropical
and subtropical dry forests (243.1 %; n = 130) showed posi-
tive germination responses to heat, but this fire cue reduced
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FiG. 3. Relative germination responses of non-dormant (ND) seeds and seeds with different classes of dormancy (MPD, PD, MD, PY) to fire cues (heat, smoke and

heat + smoke). Each data point represents the percentage change compared with the control. The first number in parentheses indicates the number of observations

and the second represents the mean value. Symbols and bars show the mean response and 95 % confidence interval, respectively. Open circles indicate that esti-

mates are not statistically significantly different from zero at o = 0.05, while filled symbols indicate significant differences. ND, non-dormant; PD, physiological
dormancy; PY, physical dormancy; MD/MPD, morphological dormancy/morphophysiological dormancy.
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Fi1G. 4. Relative germination responses of non-dormant (ND) seeds and seeds with different classes of dormancy (MPD, PD, MD, PY) to smoke-derived com-

pounds. Each data point represents the percentage change compared to the control. The first number in parentheses indicates the number of observations and the

second represents the mean value. Symbols and bars show the mean response and 95 % confidence interval, respectively. Open circles indicate that estimates are

not statistically significantly different from zero at o = 0.05, while filled symbols indicate significant differences. ND, non-dormant; PD, physiological dormancy;
PY, physical dormancy; MD/MPD, morphological dormancy/morphophysiological dormancy.

germination of PY seeds in savannas and tropical grasslands
(—66.8 %; n =375).

Heat decreased the germination of ND, MD, MPD and PD
seeds of species in regions with both crown and surface fire re-
gimes (Fig. 7). Heat increased PY seed germination by 71.4 %
(n =2077) in regions under crown fire regimes, but decreased
it by —64.6 % (n = 416) in regions under surface fire regimes.

In contrast to heat, smoke positively affected the germination
of MPD and PD seeds in fire-prone regions (Fig. 5). MPD seeds
(332.1 %; n = 1177) displayed greater germination responses to
smoke in fire-prone areas than observed in PD seeds (230.0 %;
n = 3733). Although MPD seeds showed a positive germination
response to smoke in non-fire-prone areas (332.1 %; n = 25),
the small sample size makes it uncertain whether this obser-
vation reflects a real trend. PD seeds showed a greater germin-
ation response to smoke in fire-prone (230.0 %; n = 3733) over
non-fire-prone (7.5 %; n = 177) areas. Generally, the germin-
ation of ND, MD and PY seeds from fire-prone and non-fire-
prone regions was not significantly affected by smoke (Fig. 5).

Smoke significantly enhanced the germination of MPD seeds
only in Mediterranean ecosystems, although there are slight in-
creases in other ecosystems except for temperate humid ecosys-
tems (Fig. 6). On the other hand, smoke significantly enhanced
the germination PD seeds across all ecosystems except for trop-
ical rainforests, tropical and subtropical dry forests, and tem-
perate humid ecosystems (Fig. 6). PY seeds, however, exhibited
a positive response to smoke only in Mediterranean ecosystems
(19.1 %; n=295), but a negative response in savannas and
tropical grasslands (=61.2 %, n = 107). ND seeds had negative

responses to smoke in tropical rainforest (—45.0 %; n = 98) but
were unaffected or had a slight positive response in other eco-
systems (Fig. 6).

Smoke increased MPD and PD seed germination in regions
under both surface and crown fire regimes, with greater effects
in the latter (Fig. 7). This fire cue negatively affected ND and
PY seed germination in regions with surface fire regimes but
they showed an opposite response in regions with crown fire
regimes. The effects of smoke on MD seeds from regions with
surface and crown fire regimes were opposite to those of ND
and PY seeds.

DISCUSSION

Pausas and Lamont (2022) set the framework for under-
standing the role of fire as a dormancy-release mechanism in
fire-prone ecosystems. Here, we have provided a systematic
quantitative review at the global scale to test some of their
conclusions. Our meta-analysis showed the significant effect
of fire-derived cues on seed germination, emphasizing the
complexity and variability of responses across different eco-
systems, fire regimes and seed dormancy classes. Moreover,
we have established that fire regime is a crucial driver of dor-
mancy release and germination in response to heat and smoke
on a global scale. Remarkably, we found that smoke treat-
ments, particularly aerosol smoke, universally stimulated seed
germination, with pronounced effects in fire-prone regions and
among seeds exhibiting PD and MPD. Conversely, heat treat-
ments often reduced germination, except in seeds with PY,

6Z0z 1snBny 60 U0 1senb AQ 9EGEE6./6501/9/SE |L/oIPIHE/GOB/WOD"dNO"DIWSPED.//:SARY L) PSPEOJUMOQ



Monemizadeh et al. — Fire and seed dormancy

1067

A MPD:

Heat:
Fire prone regions (156, —45.3)
Non-fire prone regions (4, 10.5) —O0—
Smoke:
Fire prone regions (1177, 332.1)

Non-fire prone regions (25, 322.0)

B PD:
Heat:
Fire prone regions (2064, —47.2) Y
Non-fire prone regions (70, 76.9)
Smoke:
Fire prone regions (3733, 230)
Non-fire prone regions (177, 7.5)

Cc

MD:
Heat:
Fire prone regions (82, -78.1) e
Non-fire prone regions (0, 0)
Smoke:
Fire prone regions (46, -33.9)
Non-fire prone regions (0, 0)

D PY:
Heat:
Fire prone regions (2758, 19.1) @
Non-fire prone regions (25, 107.1)
Smoke:
Fire prone regions (467, -14.9) 10
Non-fire prone regions (22, 15.6) —o—

E np:
Heat:
Fire prone regions (1030, -80.0)
Non-fire prone regions (26, -32.3)
Smoke:
Fire prone regions (586, 6.5) P
Non-fire prone regions (187, -32.9) 8

—_—e
—O—1—t

-800 -700 -600 -500 —400 -300 -200 -—100 0 100 200

400 500 600 700 800 900 1000 1100 1200 1300 1400

Changes in germination percentage (%)

F1G. 5. Relative germination responses of non-dormant (ND) seeds and seeds with different classes of dormancy (MPD, PD, MD, PY) in fire-prone and non-fire-

prone regions to heat and smoke. Each data point represents the percentage change compared with the control. The first number in parentheses indicates the number

of observations and the second represents the mean value. Symbols and bars show the mean response and 95 % confidence interval, respectively. Open circles

indicate that estimates are not statistically significantly different from zero at o. = 0.05, while filled symbols indicate significant differences. ND, non-dormant; PD,
physiological dormancy; PY, physical dormancy; MD/MPD, morphological dormancy/morphophysiological dormancy.

where an increase was observed. Overall, the most fire-related
stimulation of the germination was observed in crown fire
ecosystems. All these findings, which are consistent with pre-
vious studies (Pausas and Lamont, 2022), highlight the com-
plex relationship between fire and seed biology, underscoring
the evolutionary capacity of plant species to adapt to specific
fire regimes. Furthermore, our study provides a comprehen-
sive global overview, revealing that germination responses to
fire cues are not only species-specific but also influenced by
the fire regimes present in ecosystems and the inherent dor-
mancy mechanisms of seeds. This analysis sheds light on the
adaptive strategies of plants in fire-prone environments and
highlights the potential for applying fire cues in seed germin-
ation and conservation practices, and improves our under-
standing of how fire regimes shape fire-related traits.

Seed dormancy classes and response to heat and smoke
treatments

The hypothesis that the synergistic effects of the combined
heat + smoke treatment surpass their individual effects on seed
germination was confirmed (Fig. 2A). Differential germination
responses to fire-derived cues were linked to the interactive

effects of these cues with the class of seed dormancy (Fig. 3).
For instance, germination in ND, MD, MPD and PD seeds
decreased after heat treatment, but it increased in seeds with
PY. The negative effects of heat on PD seeds might involve
the development of oxidative stress and accumulation of ab-
scisic acid (ABA) (Huang et al., 2020), while in MD and MPD
seeds, it might trigger programmed cell death in the embryonic
axis (Castander-Olarieta er al., 2019). Smoke treatment not-
ably enhanced germination in PD and MPD seeds compared
with other dormancy classes. Furthermore, the combination
of smoke and heat treatments had more pronounced effects
on the germination of PD and PY seeds than either treatment
alone. Lamont and Pausas (2023) suggested that the synergistic
effect may result from heat and smoke activating distinct dor-
mancy release mechanisms or contributing to various stages of
a unified germination-promoting process. This suggests that
seeds with a combination of physical and physiological dor-
mancy (PY + PD) are particularly responsive to the synergistic
effects of heat and smoke. The synergistic effect of heat and
smoke on seed germination remains an underexplored area,
requiring further research to elucidate the underlying mechan-
isms driving this combined effect. It is suggested that heat may
disrupt the structural integrity of the seed coat (i.e. open the
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FiG. 6. Relative germination responses of non-dormant (ND) seeds and seeds with different classes of dormancy (MPD, PD, MD, PY) in different ecosystems to

heat and smoke. Each data point represents the percentage change compared to the control. The first number in parentheses indicates the number of observations

and the second represents the mean value. Symbols and bars show the mean response and 95 % confidence interval, respectively. Open circles indicate that esti-

mates are not statistically significantly different from zero at o = 0.05, while filled symbols indicate significant differences. ND, non-dormant; PD, physiological
dormancy; PY, physical dormancy; MD/MPD, morphological dormancy/morphophysiological dormancy.

water gap), facilitating imbibition and radicle emergence, par-
ticularly in larger seeds (Mackenzie et al., 2016), or possibly
facilitate the accumulation of optimal levels of reactive oxygen
species (ROS) necessary to break seed dormancy (El-Maarouf-
Bouteau and Bailly, 2008). Concurrently, smoke appears to
remove physiological barriers, further enabling germination
(Mackenzie et al., 2016).

Seed dormancy release and fire cues dose/exposure time

Each of the smoke forms requires a threshold dose or ex-
posure time to elicit a maximum germination response (Fig.
2C). Our meta-analysis also suggested that all types of smoke
treatments have positive but differential effects on seed dor-
mancy release and germination, in the order of aerosol
smoke > smoke water > charred straw solution. In particular,
seeds with PD and MPD benefit more from smoke treat-
ments than those with other dormancy classes (Supplementary
Data Fig. S2). The greater effectiveness of aerosol smoke in
promoting seed germination compared with other smoke
water-soluble forms might be explained by the presence of
more germination-active compounds (Roche et al., 1997), the

release of gaseous compounds such as ethylene, ammonia and
nitric oxide (NO) (Shaikh et al., 1988; Bethke et al., 2004,
Gniazdowska et al., 2010; Liu et al., 2010), and the higher
diffusion rate of germination-active gaseous compounds. The
advantage of smoke water over charred straw solution could
be linked to compositional differences, with smoke water po-
tentially containing higher levels of nitrogenous compounds
(van Staden et al., 2000) and the presence of KAR and KAR-
like compounds, which are absent in charred straw solutions
(Shayanfar et al., 2020), along with other distinct compos-
itional factors. From an ecological viewpoint, however, for
aerosol smoke to be effective it might need to be dissolved in
the semi-aqueous environment of an imbibed seed buried in
the soil seed bank. Since water availability is a key driver of
germination in post-fire environments (Céspedes et al., 2012),
it is likely that most seeds in the soil seed bank encounter
smoke-derived compounds primarily through water infiltration
during rainfall events after a fire, rather than direct exposure to
aerosols during the fire itself. This suggests that smoke water
might be a more realistic medium for delivering germination
cues to soil-stored seeds in natural settings, but aerosol appli-
cation may be most effective in management actions.
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Fi1G. 7. Relative germination responses of non-dormant (ND) seeds and seeds with different classes of dormancy (MPD, PD, MD, PY) in surface and crown fire

regimes to heat and smoke. Each data point represents the percentage change compared to the control. The first number in parentheses indicates the number of

observations and the second represents the mean value. Symbols and bars show the mean response and 95 % confidence interval, respectively. Open circles indi-

cate that estimates are not statistically significantly different from zero at a = 0.05, while filled symbols indicate significant differences. ND, non-dormant; PD,
physiological dormancy; PY, physical dormancy; MD/MPD, morphological dormancy/morphophysiological dormancy.

For aerosol smoke treatments, the most significant increase in
germination for seeds with MPD and PD was observed during
exposure times of 60—180 min (Supplementary Data Fig. S3).
Research practices vary in smoke exposure durations, which
are often hard to align with natural fire events, and there is no
consensus on the ideal exposure time to optimize seed germin-
ation. Hence, adjusting exposure times to match the ecological
requirements of specific plant species and targeted ecosystems
could enhance restoration efforts and deepen our understanding
of plant recruitment after fire (Roche et al., 1997; Hodges et
al., 2022).

In treatments using smoke water and charred straw solutions,
seed germination was higher in dilution ranges of 1:1-1:10 and
1:10-1:100 compared with undiluted stock solutions and more
diluted solutions (Fig. 2C). This pattern was particularly pro-
nounced for seeds with MPD and PD (Supplementary Data Figs
S4 and S5). The diminished germination effect from undiluted
solutions, which may be reversible or irreversible depending
on the concentration (Light et al., 2002), could be attributed to
potentially high concentrations of germination inhibitors and/
or toxic chemicals (Brown, 1993; Drewes et al., 1995; Baldos
et al., 2015; Abu et al., 2016; Calabrese and Agathokleous,
2021). Additionally, highly diluted smoke solutions might not
provide sufficient concentrations of compounds necessary for
promoting germination (Light et al., 2002), indicating a crit-
ical threshold for germination-active compounds is essential to
break seed dormancy. A shortcoming of such analysis is the

variability in smoke water and/or charred straw solutions across
studies due to differences in preparation methods, which could
affect seed germination responses. However, evidence suggests
that smoke solutions derived from various plants do not signifi-
cantly alter the germination response to smoke (Catav et al.,
2012).

Germination active compounds from smoke and charred wood

Among the array of compounds in smoke known to promote
germination, KAR stands out for its pronounced effect, espe-
cially on seeds with PD (Fig. 2D). KAR, effectively releases
dormancy in a wide range of species (Chiwocha et al., 2009;
Catav et al., 2018) possibly by promoting gibberellic acid (GA,)
synthesis while reducing ABA levels, enhancing ethylene sen-
sitivity and/or production, improving water uptake, activating
enzymes such as a-amylase, f-amylase and dehydrogenases
during imbibition, and modulating antioxidant activity, thereby
elevating various ROS forms necessary for dormancy release
(Kepcezyniski, 2018; Sami er al., 2021). Nitrogenous com-
pounds in smoke also play a critical role in breaking seed
dormancy and increasing germination percentages (Bethke er
al., 2006). The conversion of ammonium to nitrate and NO in
burned areas significantly promotes seed germination (Keeley
and Fotheringham, 1997, 1998; van Staden et al., 2000). NO is
known to enhance seed germination by reducing ABA levels,
increasing gibberellin (GA) concentrations, and upregulating
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the expression of genes associated with ethylene and GA bio-
synthesis (Renata and Agnieszka, 2006; Bethke et al., 2007;
Zhang et al., 2009). Following KAR, and nitrogenous com-
pounds, cyanohydrin, also known as glyceronitrile, signifi-
cantly promotes seed germination (Flematti et al., 2011, 2013;
Kepcezynski and Sznigir, 2014; Tavsanoglu et al., 2017). It can
generate cyanide, which acts to break seed dormancy (Lamont
and Pausas, 2023). The remarkable germination-stimulating
effect of glyceronitrile may also stem from its stability in the
soil seed bank after fire (Pausas and Lamont, 2022), ensuring
prolonged exposure of buried dormant seeds to this compound.
Moreover, combined exposure to karrikins and cyanohydrins
may have a synergistic effect in enhancing germination in
various plant species (Catav et al., 2018). Seed burial and mois-
ture absorption initiate the dormancy release process, while ex-
posure to glyceronitrile releases innate dormancy, facilitating
germination (Lamont and Pausas, 2023). The stability of this
compound makes it an advantageous tool in restoration efforts,
especially in fire-prone areas.

Butenolide, also known as TMB, is another smoke-derived
molecule that acts as a germination inhibitor and significantly
reduces the germination-promoting effect of KAR, when both
compounds are applied simultaneously (Fig. 2D). In a study on
seeds of various weedy species, KAR, increased germination,
while butenolide inhibited it, which was associated with de-
creased o-amylase activity (Papenfus et al., 2015). Butenolide
also inhibits seed germination by increasing ABA levels and
decreasing the activity of hydrolytic enzymes (Gupta et al.,
2019). This compound holds potential for managing the ger-
mination of weedy seeds within seed banks. Papenfus et al.
(2015) suggested that applying butenolide to the soil after crop
establishment could create a weed-free interval, giving crops a
competitive advantage over weeds that emerge later. The con-
centration of butenolide in the top 2—4 cm of soil is substantially
higher (318 nmol g™') compared with KAR, (3.15 nmol g™),
potentially preventing seed germination (Ghebrehiwot et al.,
2013). However, rainfall can reduce soil concentrations of this
inhibitory compound below levels that hinder germination,
thereby allowing germination to proceed (Sods et al., 2019).

Fire regimes and ecosystem fire proneness

Our findings indicated that germination responses to fire cues
vary significantly across seeds from different fire-prone regions
and ecosystems. Specifically, seeds from Mediterranean eco-
systems, temperate dry forests and temperate warm ecosystems
displayed strong positive responses, while those from savannas
and tropical grasslands and tropical rainforests responded nega-
tively to fire cues (Fig. 2E). This is in agreement with Pausas
and Lamont (2022) who noted that in fire-prone ecosystems,
the presence of dense woody vegetation, subject to less fre-
quent but more intense fires, significantly influences the evo-
lution of fire-released seed dormancy mechanisms. Conversely,
ecosystems dominated by grasses, such as savannas, which ex-
perience more frequent (surface) fires, tend to exhibit a weaker
seed germination response to fire cues. The dynamics within
non-fire-prone ecosystems are not well understood (Li et al.,
2021), highlighting the need for detailed quantitative analyses,
like the present study, to discern the specific effects of fire cues
on seed dormancy release across different ecosystems.

In nearly all ecosystems, heat generally reduced germination
in ND, MD, MPD and PD seeds (Fig. 6). Specifically, heat en-
hanced PY seed germination in Mediterranean ecosystems,
temperate dry forests, temperate warm ecosystems, and tropical
and subtropical dry forests. However, in savannas and tropical
grasslands and temperate grasslands, this fire cue reduced ger-
mination. Our study also highlighted the varied responses of
different dormancy classes to smoke in different ecosystems.
Regardless of the ecosystem, seeds with MPD and PD univer-
sally showed positive germination responses to smoke, aligning
with Pausas and Lamont’s (2022) findings, with an exception of
those from tropical rainforests. The effect was especially pro-
nounced in PD seeds from Mediterranean ecosystems. Our ana-
lysis indicated that seeds with MPD are as reactive to smoke as
those with PD. This adaptability to smoke in MPD seeds is lo-
gical since smoke primarily targets the PD component of MPD,
allowing for subsequent embryo growth and overcoming MD.

So far, most global-level studies that downplayed the role of
fire in the evolution of seed dormancy release (e.g. Rosbakh ez al.,
2023) have failed to fully provide a mechanistic understanding
of processes shaping seed dormancy (Pausas et al., 2024). Our
findings suggest that fire regime (surface versus crown fire
ecosystems) significantly explains global fire-related germin-
ation patterns better than any other grouping used in our study.
Specifically, in ecosystems with crown fires, heat was beneficial
for germination of PY seeds, while smoke was more effective for
MPD and PD seeds. On the other hand, the lack of fire-released
seed dormancy in ecosystems with frequent, low-intensity sur-
face fires such as savannas and tropical and temperate grasslands
reflects the selection for other resilience mechanisms and traits
such as resprouting, rather than seeding (Pausas and Keeley,
2014). The distinction between germination responses to fire in
surface fire and crown fire ecosystems, as well as between fire-
prone and non-fire-prone ecosystems, suggests that fire regime
acts as a selective evolutionary force in seed dormancy release on
a global scale (Pausas and Lamont, 2022).

Fire released seed dormancy across plant families

The distribution of dormancy classes is non-random but
closely linked to specific lineages and the evolutionary role of
fire in shaping seed dormancy (Pausas and Lamont, 2022). Our
survey of 1782 species from 128 plant families also showed
that plant families with certain classes of seed dormancy can be
differentiated based on the sensitivity of their seeds to fire cues
(Supplementary Data Table S4). For instance, MPD seeds with
a positive response to fire cues were restricted to families such
as Papaveraceae, Vitaceae and Stylidiaceae. These are distinct
from families like Paeoniaceae, Liliaceae, Dasypogonaceae
and Caprifoliaceae, which have seeds with MPD or MD that ex-
hibit a negative or no response to fire cues. Similarly, PY seeds
exhibit varied responses to fire cues, with positive responses in
families like Geraniaceae and Cistaceae, and negative responses
in Bixaceae. On the other hand, many plant families with PD
seeds displayed fire-stimulated germination. Understanding
the retention, gain or loss of fire-sensitivity traits in seeds of
each lineage requires knowledge of their evolutionary history
and interactions with various biotic and abiotic factors, es-
pecially fire, which has long-lasting effects on shaping plant
communities.
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Implications for conservation, restoration and management

The dependence of certain ecosystems on wildfires to sustain
their biodiversity highlights the need for the conservation of fire
regimes as well as the use of fire as a management tool (Kelly et
al., 2020; Ulyshen et al., 2022). In addition, our study points to
the potential use of heat and smoke to enhance germination in
laboratory settings, offering valuable insights for incorporating
fire-related germination cues into restoration projects for spe-
cies with heat- or smoke-stimulated germination. However,
changes in climate and land-use are intensifying fire regimes
(increasing in frequency or intensity) in many ecosystems
worldwide, including the emergence of novel fire-prone eco-
systems at higher latitudes and altitudes (IPCC, 2022; Sayedi et
al., 2024). Such changes in fire regimes could disrupt the plant
life cycles adapted to current environmental conditions and
fire regimes, as seed viability, dormancy release and post-fire
seedling recruitment are highly influenced by various fire cues
(Moreno and Oechel, 1991; Hanley and Lamont, 2000; Tormo
etal.,2014; Catav et al., 2018; Lamont et al., 2020). Over time,
these disruptions may alter ecosystem functions and services
as well as species diversity and the composition of local plant
communities (Kelly et al., 2020; Grau-Andrés et al., 2024;
Sayedi et al., 2024). To address these challenges, data on the
structure and composition of different ecosystems (in both fire-
prone and non-fire-prone areas), coupled with species-specific
seed responses to fire and climate change projections, can be
incorporated into simulations. Most studies on fire-related ger-
mination are based on laboratory experiments (e.g. Keeley and
Fotheringham, 1998; Hanley, 2009; Moreira et al., 2010; Catav
et al., 2018; Kazanci and Tavsanoglu, 2019; Fernandes et al.,
2021), and the lack of studies testing germination under con-
trolled field conditions, including fire temperatures and smoke
applications, poses a challenge for applying these findings to
conservation, restoration and management actions. Field appli-
cations (e.g. Roche et al., 1997; Tormo et al., 2014) are highly
encouraged, as they can provide valuable insights into how la-
boratory results translate to natural conditions. Such studies,
combined with simulations based on data from both laboratory
and field experiments, could enhance our ability to predict spe-
cies responses to altered functioning in existing and emerging
fire-prone ecosystems. They may also help anticipate possible
extinction events and provide essential guidance for conserva-
tion, restoration and fire management activities.

CONCLUSIONS

Our study faces inherent limitations due to existing knowledge
gaps. For example, the class of seed dormancy is unknown
for many plants. Additionally, the germination experiments
with fire cues are probably biased in relation to species, fam-
ilies and ecosystems. Yet our analysis represents the current
state-of-the-art on fire-released dormancy and germination
across the globe. Below are some conclusions derived from this
study:

(1) Our meta-analysis globally validates previous regional
and overview studies and unveils new insights into seed
responses to fire cues. We confirm the widespread syner-
gistic impact of heat and smoke on seed dormancy release.
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Additionally, our findings support the hypothesis that fire
regimes are a major driving force of seed dormancy release,
particularly in crown fire ecosystems.

(2) We provide empirical evidence of a global disparity in fire-
released seed dormancy between surface and crown fire
ecosystems. Specifically, we confirm a positive germina-
tion response to fire in crown fire ecosystems and a negative
response in surface fire ecosystems. These results highlight
the importance of the fire regime rather than fire itself in
shaping seed dormancy responses.

(3) In applying our results for breaking seed dormancy, fire
cues and their various forms (e.g. heat, aerosol smoke,
smoke water, charred straw solution) should be applied
with defined exposure times and/or dosages. For larger-
scale environmental applications, additional factors such as
rainfall timing after fire, seed burial depth, post-fire plant
diversity and the natural fire regime of the ecosystem must
also be taken into account.

(4) Our study suggests that dormancy-release and germination
responses of species across different ecosystems can be
predicted by combining their seed dormancy class with the
fire-proneness and the prevalent fire regime. When paired
with results from laboratory germination experiments
involving heat and smoke, this information can guide con-
servation, restoration and ecosystem management efforts.

SUPPLEMENTARY DATA

Supplementary data are available at Annals of Botany online
and consist of the following.

Table S1. Moderator analysis of the influence of fire cues on
germination percentage. Table S2. Classification, definitions,
fire regimes, and fire-proneness of ecosystem types included in
the study. Table S3. List of studies included in the meta-analysis.
Table S4. Response of non-dormant (ND) seeds and seeds with
different classes of dormancy (MPD, PD, MD, PY) to heat
and smoke in the surveyed plant families. Fig. S1. PRISMA
chart showing the flow of information through the phases of
the literature review. Fig. S2. Relative germination responses
of non-dormant (ND) seeds and seeds with different classes of
dormancy (MPD, PD, MD, PY) to different smoke treatments.
Fig. S3. Relative germination responses of non-dormant (ND)
seeds and seeds with different classes of dormancy (MPD, PD,
MD, PY) to aerosol smoke at different exposure times. Fig. S4.
Relative germination responses of non-dormant (ND) seeds and
seeds with different classes of dormancy (MPD, PD, MD, PY)
to different concentrations of smoke water. Fig. S5. Relative
germination responses of non-dormant (ND) seeds and seeds
with different classes of dormancy (MPD, PD, MD, PY) to dif-
ferent concentrations of charred straw solutions.

ACKNOWLEDGEMENTS

We thank all the researchers who have studied fire-related
germination in various parts of the world, making this meta-
analysis possible. We also thank the handling editor and two an-
onymous reviewers for their valuable comments, which helped
improve the manuscript.

6Z0z 1snBny 60 U0 1senb AQ 9EGEE6./6501/9/SE |L/oIPIHE/GOB/WOD"dNO"DIWSPED.//:SARY L) PSPEOJUMOQ



1072 Monemizadeh et al. — Fire and seed dormancy

AUTHOR CONTRIBUTIONS

FGF and HRS presented the initial idea; FGF, HRS, CCB, CT
and JGP performed the conceptualization; ZM, AS and FGF
collected data; ZM, FGF, HRS and CT managed data handling
and organization; ZM, FGF, ES, BT and MA performed the
statistical analysis; ZM, FGF and HRS wrote the first draft of
the manuscript; ZM, FGF, HRS, CCB, CT and JGP reviewed
and edited the final version of the manuscript. All authors re-
vised the final version.

CONFLICT OF INTEREST

The authors declare that there is no conflict of interest.

DATA AVAILABILITY

The data underlying this article are available in the Figshare
online data repository, at https://dx.doi.org/10.6084/
m9.figshare.27988568.

LITERATURE CITED

Abedi M, Zaki E, Erfanzadeh R, Naginezhad A. 2018. Germination patterns
of the scrublands in response to smoke: the role of functional groups and
the effect of smoke treatment method. South African Journal of Botany
115: 231-236.

AbuY, Romo JT, Bai Y, Coulman B. 2016. Priming seeds in aqueous smoke
solutions to improve seed germination and biomass production of peren-
nial forage species. Canadian Journal of Plant Science 96: 551-563.

Adams DC, Gurevitch J, Rosenberg MS. 1997. Resampling tests for meta-
analysis of ecological data. Ecology 78: 1277-1283.

APG. 2016. An update of the Angiosperm Phylogeny Group classification for
the orders and families of flowering plants: APG IV. Botanical Journal of
the Linnean Society 181: 1-20.

Baldos OC, DeFrank J, Sakamoto GS. 2015. Germination response of dor-
mant tanglehead (Heteropogon contortus) seeds to smoke-infused water
and the smoke-associated stimulatory compounds, karrikinolide and
cyanide. HortScience 50: 421-429.

Baskin CC, Baskin JM. 2004. A classification system for seed dormancy. Seed
Science Research 14: 1-16.

Baskin CC, Baskin JM. 2014. Seeds: ecology, biogeography, and evolution
of dormancy and germination. 2nd edn. San Diego, CA: Academic Press.

Bethke PC, Gubler F, Jacobsen JV, Jones RL. 2004. Dormancy of
Arabidopsis seeds and barley grains can be broken by nitric oxide. Planta
219: 847-855.

Bethke PC, Libourel IG, Reinohl V, Jones RL. 2006. Sodium nitroprusside,
cyanide, nitrite, and nitrate break Arabidopsis seed dormancy in a nitric
oxide-dependent manner. Planta 223: 805-812.

Bethke PC, Libourel IG, Jones RL. 2007. Nitric oxide in seed dormancy and
germination. Annual Plant Reviews 27: 153-175.

Brown NAC. 1993. Promotion of germination of fynbos seeds by plant-derived
smoke. New Phytologist 123: 575-583.

Calabrese EJ, Agathokleous E. 2021. Smoke-water commonly induces her-
metic dose responses in plants. Science of the Total Environment 765:
142776.

Castander-Olarieta A, Montalban IA, De Medeiros Oliveira E, et al. 2019.
Effect of thermal stress on tissue ultrastructure and metabolite profiles
during initiation of radiata pine somatic embryogenesis. Frontiers in Plant
Science 9: 2004.

Catav SS, Bekar I, Ateg BS, et al. 2012. Germination response of five eastern
Mediterranean woody species to smoke solutions derived from various
plants. Turkish Journal of Botany 36: 480-487.

Catav SS, Kiiciikakyiiz K, Akbas K, Tavsanoglu C. 2014. Smoke-enhanced
seed germination in Mediterranean Lamiaceae. Seed Science Research 24:
257-264.

Catav SS, Kiiciikakyiiz K, Tavsanoglu C, Pausas JG. 2018. Effect of fire-
derived chemicals on germination and seedling growth in Mediterranean
plant species. Basic and Applied Ecology 30: 65-75.

Catav SS, Akbas K, Kaplan YF, Kizil C, Biiriin B. 2024. Germination of 10
midland plant species from the eastern Mediterranean Basin: effects of
smoke, syringaldehyde, karrikinolide and cyanohydrin. Nordic Journal of
Botany 2024: e04457.

Céspedes B, Torres I, Luna B, Pérez B, Moreno JM. 2012. Soil seed bank,
fire season, and temporal patterns of germination in a seeder-dominated
Mediterranean shrubland. Plant Ecology 213: 383-393.

Chiwocha SDS, Dixon KW, Flematti GR, ez al. 2009. Karrikins: a new family
of plant growth regulators in smoke. Plant Science 177: 252-256.

Dayamba SD, Tigabu M, Sawadogo L, Oden PC. 2008. Seed germination
of herbaceous and woody species of the Sudanian savanna-woodland in
response to heat shock and smoke. Forest Ecology and Management 256:
462-470.

Drewes FE, Smith MT, Van Staden J. 1995. The effect of a plant-derived
smoke extract on the germination of light-sensitive lettuce seed. Plant
Growth Regulation 16: 205-209.

El-Maarouf-Bouteau H, Bailly C. 2008. Oxidative signaling in seed germin-
ation and dormancy. Plant Signaling & Behavior 3: 175-182.

Fernandes AF, Oki Y, Fernandes GW, Moreira B. 2021. The effect of fire
on seed germination of campo rupestre species in the South American
Cerrado. Plant Ecology 222: 45-55.

Ferraz IDK, Arruda YMB, Van Staden J. 2013. Smoke-water effect on the
germination of Amazonian tree species. South African Journal of Botany
87: 122-128.

Fichino BS, Dombroski JR, Pivello VR, Fidelis A. 2016. Does fire trigger
seed germination in the Neotropical Savannas? Experimental tests with six
Cerrado species. Biotropica 48: 181-187.

Flematti GR, Chisalberti EL, Dixon KW, Trengove RD. 2004. A compound
from smoke that promotes seed germination. Science 305: 977.

Flematti GR, Ghisalberti EL, Dixon KW, Trengove RD. 2009. Identification
of alkyl substituted 2H-furo[2,3-c]pyran-2-ones as germination stimu-
lants present in smoke. Journal of Agricultural and Food Chemistry 57:
9475-9480.

Flematti GR, Merritt DJ, Piggott MJ, et al. 2011. Burning vegetation pro-
duces cyanohydrins that liberate cyanide and stimulate seed germination.
Nature Communications 2: 360.

Flematti GR, Waters MT, Scaffidi A, ef al. 2013. Karrikin and cyanohydrin
signals provide clues to new endogenous plant signaling compounds.
Molecular Plant 6: 29-37.

Ghebrehiwot HM, Kulkarni MG, Szalai G, Soos V, Balazs E, Van Staden J.
2013. Karrikinolide residues in grassland soils following fire: Implications
on germination activity. South African Journal of Botany 88: 419-424.

Gill AM. 1975. Fire and the Australian flora: a review. Australian Forestry 38:
4-25.

Gniazdowska A, Krasuska U, Debska K, Andryka P, Bogatek R. 2010. The
beneficial effect of small toxic molecules on dormancy alleviation and ger-
mination of apple embryos is due to NO formation. Planta 232: 999—1005.

Gomez-Gonzalez S, Sierra-Almeida A, Cavieres LA. 2008. Does plant-
derived smoke affect seed germination in dominant woody species of the
Mediterranean matorral of central Chile? Forest Ecology and Management
255: 1510-1515.

Gomez-Gonzalez S, Torres-Diaz C, Bustos-Schindler C, Gianoli E. 2011.
Anthropogenic fire drives the evolution of seed traits. Proceedings of
the National Academy of Sciences of the United States of America 108:
18743-18747.

Govindaraj M, Masilamani P, Alex Albert V, Bhaskaran M. 2016. Plant
derived smoke stimulation for seed germination and enhancement of crop
growth: a review. Agricultural Reviews 37: 87-100.

Grau-Andrés R, Moreira B, Pausas JG. 2024. Global plant responses to in-
tensified fire regimes. Global Ecology and Biogeography 33: e13858.
Gupta S, Plackova L, Kulkarni MG, Dolezal K, Van Staden J. 2019. Role
of smoke stimulatory and inhibitory biomolecules in phytochrome-
regulated seed germination of Lactuca sativa. Plant Physiology 181:

458-470.

Gurevitch J, Hedges LV. 1999. Statistical issues in ecological meta-analysis.
Ecology 80: 1142—1149.

Hanley ME. 2009. Thermal shock and germination in North-West European
Genisteae: implications for heathland management and invasive weed
control using fire. Applied Vegetation Science 12: 385-390.

6Z0z 1snBny 60 U0 1senb AQ 9EGEE6./6501/9/SE |L/oIPIHE/GOB/WOD"dNO"DIWSPED.//:SARY L) PSPEOJUMOQ


https://dx.doi.org/10.6084/m9.figshare.27988568
https://dx.doi.org/10.6084/m9.figshare.27988568

Monemizadeh et al. — Fire and seed dormancy

Hanley ME, Lamont BB. 2000. Heat pre-treatment and the germination of
soil- and canopy-stored seeds of south-western Australian species. Acta
Oecologica 21: 315-321.

Harrison SP, Prentice IC, Bloomfield KJ, et al. 2021. Understanding and
modelling wildfire regimes: an ecological perspective. Environmental
Research Letters 16: 125008.

He T, Lamont BB. 2018. Baptism by fire: the pivotal role of ancient con-
flagrations in evolution of the Earth’s flora. National Science Review 5:
237-254.

He T, Lamont BB, Pausas JG. 2019. Fire as a key driver of Earth’s biodiver-
sity. Biological Reviews of the Cambridge Philosophical Society 94:
1983-2010.

Hedges LV, Gurevitch J, Curtis P. 1999. The meta-analysis of response ratios
in experimental ecology. Ecology 80: 1150-1156.

Hodges JA, Price JN, Nicotra AB, Guja LK. 2022. Smoke and heat can in-
crease germination of common wildflowers and grasses—implications for
conservation and restoration of critically endangered grassy ecosystems.
Ecological Management & Restoration 23: 94-99.

Hoeksema JD, Forde SE. 2008. A meta-analysis of factors affecting local
adaptation between interacting species. The American Naturalist 171:
275-290.

Huang Y, Wu W, Zou W, Wu H, Cao D. 2020. Drying temperature affects
rice seed vigor via gibberellin, abscisic acid, and antioxidant enzyme me-
tabolism. Journal of Zhejiang University. Science. B. 21: 796-810.

IPCC. 2022. Climate change 2022: impacts, adaptation and vulnerability. In:
Portner H-O, Roberts DC, Tignor M, Poloczanska ES, Mintenbeck
K, Alegria A, Craig M, Langsdorf S, Loschke S, Moller V, Okem A,
Rama B. eds. Contribution of Working Group II to the Sixth Assessment
Report of the Intergovernmental Panel on Climate Change. Cambridge:
Cambridge University Press, 3056.

Jefferson LV, Pennacchio M, Havens K. 2014. Ecology of plant-derived
smoke: its use in seed germination. New York, NY: Oxford University
Press.

JinY, Qian H. 2022. V.PhyloMaker2: An updated and enlarged R package that
can generate very large phylogenies for vascular plants. Plant Diversity
44: 335-339.

Kamran M, Khan AL, Ali L, et al. 2017. Hydroquinone; a novel bioactive
compound from plant-derived smoke can cue seed germination of lettuce.
Frontiers in Chemistry 5: 30.

Kazanc1 DD, Tavsanoglu C. 2019. Heat shock-stimulated germination in
Mediterranean Basin plants in relation to growth form, dormancy type and
distributional range. Folia Geobotanica 54: 85-98.

Keeley JE. 1991. Seed germination and life history syndromes in the California
chaparral. The Botanical Review 57: 81116.

Keeley JE, Fotheringham CJ. 1997. Trace gas emissions and smoke-induced
seed germination. Science 276: 1248—1250.

Keeley JE, Fotheringham CJ. 1998. Smoke-induced seed germination in
California chaparral. Ecology 79: 2320-2336.

Keeley JE, Fotheringham CJ. 2000. Role of fire in regeneration from seed.
Seeds: The Ecology of Regeneration in Plant Communities 2: 311-330.

Keeley JE, Keeley SC. 1987. Role of fire in the germination of chaparral herbs
and suffrutescents. Madrorio 34: 240-249.

Keeley JE, Pausas JG. 2018. Evolution of ‘smoke’ induced seed germination
in pyroendemic plants. South African Journal of Botany 115: 251-255.

Keeley JE, Pausas JG. 2022. Evolutionary ecology of fire. Annual Review of
Ecology, Evolution, and Systematics 53: 203-225.

Keeley JE, Pausas JG, Rundel PW, Bond W], Bradstock RA. 2011. Fire
as an evolutionary pressure shaping plant traits. Trends in Plant Science
16: 406-411.

Keeley JE, Bond W], Bradstock RA, Pausas JG, Rundel PW. 2012. Fire
in Mediterranean ecosystems: ecology, evolution, and management.
Cambridge: Cambridge University Press, 515.

Keith DA. 1997. Combined effects of heat shock, smoke and darkness on ger-
mination of Epacris stuartii Stapf., an endangered fire-prone Australian
shrub. Oecologia 112: 340-344.

Kelly LT, Giljohann KM, Duane A, et al. 2020. Fire and biodiversity in the
Anthropocene. Science 370: eabb0355.

Kepcezyniski J. 2018. Induction of agricultural weed seed germination by
smoke and smoke-derived karrikin (KAR1), with a particular reference to
Avena fatua L. Acta Physiologiae Plantarum 40: 1-10.

Kepczyfiski J, Sznigir P. 2014. Participation of GA3, ethylene, NO and HCN
in germination of Amaranthus retroflexus L. seeds with various dormancy
levels. Acta Physiologiae Plantarum 36: 1463-1472.

1073

Kildisheva OA, Dixon KW, Silveira FA, et al. 2020. Dormancy and germin-
ation: making every seed count in restoration. Restoration Ecology 28:
256-265.

Lamont BB, He T. 2017. Fire-proneness as a prerequisite for the evolution of
fire-adapted traits. Trends in Plant Science 22: 278-288.

Lamont BB, Pausas JG. 2023. Seed dormancy revisited: Dormancy-release
pathways and environmental interactions. Functional Ecology 37:
1106-1125.

Lamont BB, He T, Yan Z. 2019. Fire as a pre-emptive evolutionary trigger
among seed plants. Perspectives in Plant Ecology, Evolution and
Systematics 36: 13-23.

Lamont BB, Pausas JG, He T, Witkowski ET, Hanley ME. 2020. Fire as
a selective agent for both serotiny and nonserotiny over space and time.
Critical Reviews in Plant Sciences 39: 140-172.

Li S, Ma H, Ooi MKJ. 2021. Fire-related cues significantly promote seed ger-
mination of some salt-tolerant species from non-fire-prone saline-alkaline
grasslands in Northeast China. Plants 10: 2675.

Light ME, Gardner MJ, Jager AK, Van Staden J. 2002. Dual regulation
of seed germination by smoke solutions. Plant Growth Regulation 37:
135-141.

Light ME, Burger BV, Staerk D, Kohout L, Van Staden J. 2010. Butenolides
from plant-derived smoke: natural plant-growth regulators with antag-
onistic actions on seed germination. Journal of Natural Products 73:
267-269.

Linquist BA, Liu L, Van Kessel C, Van Groenigen KJ. 2013. Enhanced effi-
ciency of nitrogen fertilizers for rice systems: meta-analysis of yield and
nitrogen uptake. Field Crops Research 154: 246-254.

Liu C, Feng S, Van Heemst J, McAdam KG. 2010. New insights into the for-
mation of volatile compounds in mainstream cigarette smoke. Analytical
and Bioanalytical Chemistry 396: 1817-1830.

Liyanage GS, Ooi MKJ. 2018. Seed size-mediated dormancy thresholds:
a case for the selective pressure of fire on physically dormant species.
Biological Journal of the Linnean Society 123: 135-143.

Mackenzie BDE, Auld TD, Keith DA, Hui FKC, Ooi MKJ. 2016. The effect
of seasonal ambient temperatures on fire-stimulated germination of spe-
cies with physiological dormancy: a case study using Boronia (Rutaceae).
PLoS One 11: e0156142.

McLauchlan KK, Higuera PE, Miesel J, ef al. 2020. Fire as a fundamental
ecological process: research advances and frontiers. Journal of Ecology
108: 2047-2069.

Montalvo AM, Feist-Alvey LJ, Koehler CE. 2002. The effect of fire and cold
treatments on seed germination of annual and perennial populations of
Eschscholzia californica (Papaveraceae) in Southern California. Madroiio
49: 207-227.

Moreira B, Pausas JG. 2012. Tanned or burned: the role of fire in shaping
physical seed dormancy. PLoS One 7: €51523.

Moreira B, Pausas JG. 2018. Shedding light through the smoke on the ger-
mination of Mediterranean Basin flora. South African Journal of Botany
115: 244-250.

Moreira B, Tormo J, Estrelles E, Pausas JG. 2010. Disentangling the role of
heat and smoke as germination cues in Mediterranean Basin flora. Annals
of Botany 105: 627-635.

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

Moritz MA, Batllori E, Bolker BM. 2023. The role of fire in terrestrial verte-
brate richness patterns. Ecology Letters 26: 563-574.

Morris E. 2000. Germination response of seven east Australian Grevillea spe-
cies (Proteaceae) to smoke, heat exposure and scarification. Australian
Journal of Botany 48: 179-189.

Murphy BP, Bradstock RA, Boer MM, et al. 2013. Fire regimes of Australia:
a pyrogeographic model system. Journal of Biogeography 40: 1048—1058.

Nakagawa S, Noble DW, Senior AM, Lagisz M. 2017. Meta-evaluation of
meta-analysis: ten appraisal questions for biologists. BMC Biology 15:
1-14.

O’Dea RE, Lagisz M, Jennions MD, et al. 2021. Preferred reporting items
for systematic reviews and meta-analyses in ecology and evolutionary
biology: a PRISMA extension. Biological Reviews 96: 1695-1722.

Osenberg CW, Sarnelle O, Cooper SD, Holt RD. 1999. Resolving ecological
questions through meta-analysis: goals, metrics, and models. Ecology 80:
1105-1117.

Papenfus HB, Kulkarni MG, Posta M, Finnie JF, Van Staden J. 2015.
Smoke-isolated trimethylbutenolide inhibits seed germination of

6Z0z 1snBny 60 U0 1senb AQ 9EGEE6./6501/9/SE |L/oIPIHE/GOB/WOD"dNO"DIWSPED.//:SARY L) PSPEOJUMOQ



1074 Monemizadeh et al. — Fire and seed dormancy

different weed species by reducing amylase activity. Weed Science 63:
312-320.

Pausas JG. 2022. Pyrogeography across the western Palaearctic: a diversity of
fire regimes. Global Ecology and Biogeography 31: 1923-1932.

Pausas JG, Keeley JE. 2009. A burning story: the role of fire in the history of
life. BioScience 59: 593-601.

Pausas JG, Keeley JE. 2014. Evolutionary ecology of resprouting and seeding
in fire-prone ecosystems. The New Phytologist 204: 55-65.

Pausas JG, Lamont BB. 2022. Fire-released seed dormancy-a global syn-
thesis. Biological Reviews 97: 1612—-1639. doi:10.1111/brv.12855

Pausas JG, Ribeiro E. 2017. Fire and plant diversity at the global scale. Global
Ecology and Biogeography 26: 889-897.

Pausas JG, Lamont BB, Keeley JE, Bond WJ]. 2024. The need for mech-
anistic explanations in (seed) ecology. The New Phytologist 242:
2394-2398.

Peel MC, Finlayson BL, McMahon TA. 2007. Updated world map of the
Koppen-Geiger climate classification. Hydrology and Earth System
Sciences 11: 1633-1644.

Philibert A, Loyce C, Makowski D. 2012. Assessment of the quality of
meta-analysis in agronomy. Agriculture, Ecosystems & Environment 148:
72-82.

Pierce SM, Esler K, Cowling RM. 1995. Smoke-induced germination of suc-
culents (Mesembryanthemaceae) from fire-prone and fire-free habitats in
South Africa. Oecologia 102: 520-522.

R Core Team. 2021. R: A language and environment for statistical computing.
Vienna: R Foundation for Statistical Computing. https://www.R-project.org/

Renata B, Agnieszka G. 2006. Nitric oxide and HCN reduce deep dormancy
of apple seeds. Acta Physiologiae Plantarum 28: 281-287.

Roche S, Koch JM, Dixon KW. 1997. Smoke enhanced seed germination for
mine rehabilitation in the southwest of Western Australia. Restoration
Ecology 5: 191-203.

Rosbakh S, Carta A, Fernandez-Pascual E, ef al. 2023. Global seed dor-
mancy patterns are driven by macroclimate but not fire regime. The New
Phytologist 240: 555-564.

Sami A, Rehman S, Tanvir AT, Zhou XY, Zhu ZH, Zhou K. 2021.
Assessment of the germination of Brassica oleracea seeds treated with
karrikinl and cyanide, which modify the ethylene biosynthetic pathway.
Plant Growth Regulation 40: 1257-1269.

Sayedi SS, Abbott BW, Vannic¢re B, et al. 2024. Assessing changes in global
fire regimes. Fire Ecology 20: 18.

Shaikh GN, Pandit GG, Mohan Rao AM, Mishra UC. 1988. Determination
of ethylene and other reactive hydrocarbons in tobacco smoke and evalu-
ation of risk from their inhalation. The Science of the Total Environment
74: 67-73.

Shayanfar A, Ghaderi-Far F, Behmaram R, Soltani A, Sadeghipour HR.
2020. Impacts of fire cues on germination of Brassica napus L. seeds with
high and low secondary dormancy. Plant Biology 22: 647-654.

Soltani E, Baskin CC, Baskin JM, Heshmati S, Mirfazeli MS. 2018. A meta-
analysis of the effects of frugivory (endozoochory) on seed germination:
role of seed size and kind of dormancy. Plant Ecology 219: 1283—1294.

So6s V, Badics E, Incze N, Balazs E. 2019. Fire-borne life: a brief review
of smoke-induced germination. Natural Product Communications 14:
201909. doi:10.1177/1934578X19872925

Stern H, De Hoedt G, Ernst J. 2000. Objective classification of Australian
climates. Australian Meteorological Magazine 49: 87-96.

Tavsanoglu C, Ergan G, Catav SS, Zare G, Kiiciikakyiiz K, Oziidogru B.
2017. Multiple fire-related cues stimulate germination in Chaenorhinum
rubrifolium (Plantaginaceae), a rare annual in the Mediterranean Basin.
Seed Science Research 27: 26-38.

Thanos CA, Georghiou K, Kadis C, Pantazi C. 1992. Cistaceae: a plant
family with hard seeds. Israel Journal of Botany 41: 251-263.

Tieu A, Dixon KW, Meney KA, Sivasithamparam K. 2001. The interaction
of heat and smoke in the release of seed dormancy in seven species from
Southwestern Western Australia. Annals of Botany 88: 259-265.

Tormo J, Moreira B, Pausas JG. 2014. Field evidence of smoke-stimulated
seedling emergence and establishment in Mediterranean Basin flora.
Journal of Vegetation Science 25: 771-777.

Ulyshen MD, Hiers JK, Pokswinksi SM, Fair C. 2022. Pyrodiversity pro-
motes pollinator diversity in a fire-adapted landscape. Frontiers in Ecology
and the Environment 20: 78-83.

Van Staden J, Brown NAC, Jager AK, Johnson TA. 2000. Smoke as a ger-
mination cue. Plant Species Biology 15: 167-178.

Van Staden J, Jager AK, Light ME, Burger BV, Brown NAC, Thomas TH.
2004. Isolation of the major germination cue from plant-derived smoke.
South African Journal of Botany 70: 654—659.

Viechtbauer W. 2010. Conducting meta-analyses in R with the metafor
package. Journal of Statistical Software 36: 1-48.

Villedieu-Percheron E, Lachia M, Jung PM, et al. 2014. Chemicals
inducing seed germination and early seedling development. Chimia 68:
654-663.

Willis CG, Baskin CC, Baskin JM, et al.; NESCent Germination Working
Group. 2014. The evolution of seed dormancy: environmental cues, evo-
lutionary hubs, and diversification of the seed plants. New Phytologist 203:
300-3009.

Zhang G, Chen M, Li L, et al. 2009. Overexpression of the soybean GmERF3
gene, an AP2/ERF type transcription factor for increased tolerances to
salt, drought, and diseases in transgenic tobacco. Journal of Experimental
Botany 60: 3781-3796.

6Z0z 1snBny 60 U0 1senb AQ 9EGEE6./6501/9/SE |L/oIPIHE/GOB/WOD"dNO"DIWSPED.//:SARY L) PSPEOJUMOQ


https://doi.org/10.1111/brv.12855
https://www.R-project.org/
https://doi.org/10.1177/1934578X19872925

	Fire and seed dormancy: a global meta-analysis
	INTRODUCTION
	MATERIAL AND METHODS
	Data collection
	Data extraction

	RESULTS
	Family-level response of seed germination to fire-derived cues
	Heat, smoke and their combined effects
	Effects of smoke type, concentration and exposure time
	Effects of smoke-derived compounds
	Responses across different ecosystems
	Germination responses of seeds with different dormancy classes
	Fire-related germination across ecosystems and seed dormancy classes

	DISCUSSION
	Seed dormancy classes and response to heat and smoke treatments
	Seed dormancy release and fire cues dose/exposure time
	Germination active compounds from smoke and charred wood
	Fire regimes and ecosystem fire proneness
	Fire released seed dormancy across plant families
	Implications for conservation, restoration and management

	CONCLUSIONS
	SUPPLEMENTARY DATA
	ACKNOWLEDGEMENTS
	LITERATURE CITED


