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Abstract. Fire increases seedling recruitment by reducing competition for space and resources. As
such, many species in fire-prone ecosystems germinate in response to fire cues such as smoke and heat.
A notable exception is fire-prone temperate grassy ecosystems, where >20 yr of research has found that
fire-cued germination is rare. We tested the hypothesis that fire cues promote germination in temperate
grassy ecosystems of south-eastern Australia. We treated seeds of 55 common species with smoke, heat,
and a combination of smoke and heat and tracked germination over time. We analyzed the effect of all
combinations of treatments on germination speed and percent germination. Interestingly, we found that
smoke and heat combined—which is more ecologically relevant to an actual fire than smoke and heat
alone—was needed to increase germination speed, a mostly unstudied component of the germination
ecology of grassy ecosystems. Smoke alone increased percent germination. Both plant family and seed
traits influenced the germination response to smoke and heat. Poaceae species were the most responsive
(in both speed and percent germination) to smoke alone. Water permeability of the seed coat was a key
determinant of whether species responded to heat alone, smoke alone, or combined smoke and heat.
Species with water-impermeable seed coats responded to heat alone for both speed and percent germi-
nation. Species with water-permeable seed coats germinated faster in response to combined smoke and
heat and percent germination was increased by smoke alone. In contrast with more than two decades of
research—our study of this large and representative group of species demonstrates that fire (via smoke
and heat) is an important germination cue in fire-prone temperate grassy ecosystems of south-eastern
Australia.
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INTRODUCTION

Fire provides opportunities for seedling
recruitment by reducing competition for light,
space, and nutrients (Pausas and Ribeiro 2017,
He et al. 2019). As such, many species have
evolved reproductive responses to smoke and

heat, in order to maximize recruitment when
conditions are favorable (Lamont and He 2012).
These include increased flowering, seed release,
and germination (Pausas and Ribeiro 2017,
Zirondi et al. 2021). Smoke from burning vegeta-
tion can increase germination via chemicals
which leach into the soil and are imbibed by
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ungerminated seed (Flematti et al. 2015). Heat
from fire increases germination physically by
altering the structure of the seed coat, proteins,
and/or appendages (Moreira et al. 2010). During
a fire, seed is likely exposed to both smoke and
heat cues—and some evidence suggests these
cues can have additive or interactive effects on
germination (Moreira et al. 2010). Despite being
more ecologically relevant, investigations into
the effects of combined smoke and heat are less
common than studies that look at smoke or heat
in isolation.

The fire cues that a species responds to (smoke
alone, heat alone, or smoke and heat combined)
may be related to seed traits associated with par-
ticular dormancy types (Mojzes et al. 2015). Dor-
mancy is an internal characteristic of a seed
which delays germination in otherwise favorable
conditions (Baskin and Baskin 2004). Smoke-
cued germination is often found in species with
water-permeable seeds and small embryos (i.e.,
seeds with physiological or morphological dor-
mancy, Carthey et al. 2018). Dormancy in water-
impermeable (aka “hard-seeded”) physically
dormant species is often alleviated by heat,
which cracks the seed coat, allowing water to
reach the embryo (Baskin and Baskin 2004).
Although relationships among dormancy types
and fire cues have been observed in fire-prone
communities globally (Willis et al. 2014), the
effect of seed traits such as water-permeability
and embryo type on response to smoke and heat
is less well known.

Germination responses to smoke or heat are
often associated with specific families (Dayrell
et al. 2017). Hard-seeded species within families
such as the Fabaceae and Convolvulaceae typi-
cally germinate in response to heat (Fichino et al.
2016). Smoke-cued germination occurs in some
of the largest angiosperm families such as the
Poaceae and Asphodelaceae (Willis et al. 2014,
Carthey et al. 2018). Species which obtain high
germination without fire cues tend to be from
families such as the Asparagaceae and Aster-
aceae (Carthey et al. 2018). As such, family is
likely to be a key determinant of how species
respond to smoke and heat.

Grassy ecosystems of temperate south-eastern
Australia were burnt for more than 65,000 yr by
First Nations Australians (Fletcher et al. 2021).

Despite this long history of fire, past studies have
concluded few species germinate in response to
smoke and heat in fire-prone temperate grassy
ecosystems both in Australia and internationally
(Clarke et al. 2000, Chou et al. 2012, Cox et al.
2017, Carthey et al. 2018, López-Mársico et al.
2019). This is perplexing, as fire plays an impor-
tant role in maintaining diversity of grassy
ecosystems (Morgan and Williams 2015, Morgan
et al. 2017), and it might be expected that fire
cues would increase germination of these species.
Recent evidence demonstrates that smoke and
heat can increase germination of some grasses
and forbs (Hodges et al. 2019, Zirondi et al.
2019a, b, Fernandes et al. 2021), suggesting fire-
responsive species are present in fire-prone
grassy ecosystems and may have previously
been overlooked. Additionally, the effect of fire
cues on germination speed is mostly unstudied
—and most studies investigate how smoke alone
affects germination, with little information on
how smoke and heat combined affect germina-
tion (Carthey et al. 2018). This has prompted our
renewed interest in the effects of both smoke and
heat on germination in fire-prone temperate
grassy ecosystems of south-eastern Australia.
We examined the paradox that fire cues do not

typically increase germination of species from
fire-prone grassy ecosystems by investigating the
effects of smoke alone, heat alone, and smoke
and heat combined on germination speed and
percent germination. We tested 55 species com-
mon across grassy ecosystems of south-eastern
Australia. We hypothesized that:

1. Fire cues will increase germination speed
and percent germination overall (with data
from all 55 study species pooled)—reflecting
the important role of fire for maintaining
diversity in grassy ecosystems of south-
eastern Australia.

2. Whether a species responded to smoke
alone, heat alone, or smoke and heat
combined would be associated with family
and/or seed traits. We expected that water-
permeable seeds and seeds with small
embryos would exhibit accelerated and
increased germination in response to smoke.
We expected germination of hard-seeded
species to respond positively to heat.
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MATERIALS AND METHODS

Study region, species, and seed collection
Grassy ecosystems (including grasslands and

grassy woodlands) of south-eastern Australia are
comprised of a small number of dominant and
sub-dominant grasses and a diversity of forbs
(Morgan et al. 2017). The climate is temperate,
with mild winters and hot, dry summers
(Morgan et al. 2017). Rainfall occurs throughout
the year but falls mostly during autumn–winter
(March–June) (data sourced from the Australian
Bureau of Meteorology). Species typically flower
from early August to December, fruit from late
November to early February, and disperse seed
into the seed bank by late summer–early autumn
(Morgan et al. 2017). Fires typically occur in
early autumn, although some planned manage-
ment burns occur later in the year (Morgan et al.
2017). Germination generally occurs from the
onset of autumn rainfall, with small numbers of
seedlings observed until early spring (Zamin
et al. 2018). Although recruitment events have
been observed post-fire (Zamin et al. 2018), most
species (~95%) in temperate grassy ecosystems of
south-eastern Australia are able to recover
from disturbance by resprouting from bud-
and-tuber banks (Morgan and Williams 2015).
However, it is largely unknown how common
seedling recruitment is compared with other
post-fire strategies such as resprouting or
flowering (Morgan and Williams 2015, Fidelis
et al. 2021).

Fifty-five species were chosen to represent the
species composition of temperate grassy ecosys-
tems. Seeds were sampled across the range of the
study ecosystem, from south-west Melbourne to
western Sydney (Fig. 1). Seeds of 16 species were
collected by the lead author, 19 species were pur-
chased from nurseries or contracted seed collec-
tors, and 20 were sourced from the National
Seed Bank in Canberra, Australia. Seeds were
collected from multiple adult plants to ensure
some within-population genetic diversity was
captured. Where possible, seeds were also col-
lected from multiple sites and pooled to create a
regional mix consisting of seed collected across
the study range. Seeds were stored in the
National Seed Bank drying room (˜15°C, 15%
RH) for approximately 2months before the
experiment started. Full details of collection

locations, sources, and collection year for each
species can be found in Appendix S1: Table S1.

Seed traits
Water permeability was assessed via an imbi-

bition test. For each species, three replicates of 25
dried seeds were weighed and placed on moist
filter paper. Seeds were periodically removed
from the filter paper, dried using a paper towel,
and weighed. After the first six hours, replicates
were left overnight and weighed again at 24 and
28 h. Percentage of change in seed weight was
calculated to determine whether seed mass
increased over time. If no increase in weight was
observed, seeds were determined to be water-
impermeable and hard-seeded, whereas an
increase in weight indicated a water-permeable
seed coat. Embryo type was determined by
imaging seed cross sections under a Nikon
microscope (Nikon SMZ25, Nikon Corporation,
Tokyo, Japan). Embryo and seed length was
determined from the images using ImageJ ver-
sion 1.8.0 (Nikon Corporation). Embryo size was
classified by embryo: seed ratio (more or less
than 0.5).

Germination trial
A factorial germination experiment was under-

taken to investigate the effects of smoke and heat
both singly and in combination on germination
speed and percent germination. There were four
treatments: untreated control (no smoke, no
heat), smoke alone, heat alone, and a combina-
tion of smoke and heat. For 39 species, we had
sufficient seed to assess all treatment combina-
tions but there was insufficient seed to apply all
treatments to the remaining 16 species (full
details in Appendix S1: Table S2). In these cases,
either smoke and heat combined or smoke alone
was applied, as these treatments are the most
ecologically relevant to in situ fire (Cuello et al.
2020). Untreated controls were conducted for all
species. All treatments were applied to each
replicate (three replicates of 25 seeds per treat-
ment) individually to avoid pseudo-replication.
Replicates for each species were imbibed on the
same day regardless of treatment, to avoid the
confounding effects of different imbibition times.
Smoke was applied by placing each replicate

in glass vials and submerging the seeds for 24 h
in 20mL of 10% smoke water solution made
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using smoke water concentrate diluted 1:10.
Smoke water was prepared at Kings Park and
Botanic Garden by burning vegetation and bub-
bling the smoke through the water. For the heat
treatment, each replicate was placed in a nylon
mesh bag and heated at 80°C for 90min in a con-
vection oven to simulate the average soil temper-
ature and heating recorded during in situ
planned burns conducted in long-unburnt native
grassland (Appendix S1: Table S3). For the

combination treatment, heat was applied first fol-
lowed by smoke using the above methods. This
was done so that heat treatment was applied to
dry seed, to prevent increased mortality associ-
ated with applying heat to wet seed (Tangney
et al. 2019).
Following application of smoke and heat,

replicates were sown evenly spaced on 90mm
petri dishes with 1% water agar. Replicates were
grouped into three blocks per species with each

Fig. 1. Map showing the 34 sites where seeds were sourced for use in this experiment in relation to the histori-
cal distribution of temperate grassy ecosystems across south-eastern Australia. Temperate grassy woodland and
temperate grassland layers sourced from the National Vegetation Information System version 5.1 (sourced from
the Department of Environment and Energy). Note that in some cases, the symbol obscures the small remnant of
grassy vegetation where seeds were collected.

 v www.esajournals.org 4 December 2021 v Volume 12(12) v Article e03851

HODGES ET AL.



block consisting of one untreated control, one
smoke, one heat, and one combined heat and
smoke replicate. Each block was placed on a sep-
arate shelf within the incubator. Dishes within
each block were rotated fortnightly, with each
dish spending the same amount of time on top of
the block, in the middle and on the bottom to
account for any variation in light and tempera-
ture within the incubator.

Replicates were progressed through a series of
incubation temperatures designed to simulate
seasonal changes in temperature experienced
across a calendar year in situ. Temperatures were
chosen based on the 10-yr average maximum
and minimum temperatures for 36 weather sta-
tions located across the study range (weather
data sourced from the Australian Bureau of
Meteorology). First, seeds were placed within a
Thermoline growth cabinet (Thermoline Model
TRIL-120-1-VW/BMS, Serial 30455; Thermoline
Scientific, Wetherill Park, NSW, Australia) set to
average autumn temperatures for the study
range, that is 20/10°C alternating light/dark
(12 h/12 h) for 42 d. The incubator was then set to
average winter temperatures (12/5°C alternating
light/dark) for a further 42 d and so on through
spring (25/15°C alternating light/dark), summer
(35/20°C alternating light/dark), and a second
autumn (20/10°C alternating light/dark). The
light/dark cycle was maintained at 12 h/12 h for
all regimes. The experiment ran for a total of 210
d (5 incubation temperatures × 42 d each). Repli-
cates were removed from the incubator and
placed onto new petri dishes at the conclusion of
each temperature regime to ensure constant
moisture.

Germination was defined as emergence (>1
mm) of the radicle. The number of germinants
was counted bi-weekly under a dissecting micro-
scope. At the conclusion of the experiment, cut
tests were performed on remaining ungermi-
nated seed to ascertain the likely cause of non-
germination. The presence of a white, turgid
embryo indicated that seed remained viable and
was likely dormant or germination requirements
were not met. Empty seeds were classed as non-
viable and were subtracted from the sample to
avoid over-estimating germination failure. Using
this information, viability-adjusted germination
was calculated to give the number of viable seed
which germinated and the number of likely

viable seed which failed to germinate for each
replicate. Viability-adjusted germination was
used in all analyses.

Data analysis
Analyses were conducted in R version 3.3.2

using R Studio version 0.99.903. A non-linear
germination curve for each replicate was fitted to
calculate germination speed (a) using the “nlme”
function within the “germination metrics” pack-
age (Aravind et al. 2019).

Y ¼ y0 þ ðbxa=xa þ cÞ
where Y = proportion germinated at time x; y0 = Y
intercept, represented by y = 0 (proportion germi-
nated, i.e., y = 0 when germination trial began,
i.e., x = 0); a = germination speed, a mathematical
parameter representing how fast a given treat-
ment reaches maximum germination (corre-
sponds to the gradient of the slope from
germination onset to maximum germination and
is equal to number of germinants/time); b = final
proportion germination, represented by the
asymptote (the proportion was converted to a
percentage for presentation in the figures—i.e.,
the number of germinated seed [germination
success] relative to the number of ungerminated
seed [germination failure]) and c = time taken for
50% of final germination to be achieved. For
example, if final germination for a given repli-
cate = 50%, then c = time at which 25% of seed
had germinated.
Germination speed and percent germination

were calculated for each replicate individually
and modeled with generalized linear mixed
effect models using the “glmer” function within
the lme4 package. Heat, smoke, and the com-
bined interaction (S ×H) were included as fixed
effects, with the untreated control specified as
the reference level. Shelf (see section “Germina-
tion trial”) and species were included as random
effects. This model included data from all 55
study species pooled to address hypothesis 1—
whether the fixed effects of heat and smoke had
an overall effect on germination. Data for indi-
vidual species can be found in Appendix S1:
Table S2.
Following this, we explored the consistency of

these effects across subsets, where subsets were
defined by family, water permeability (perme-
able or hard-seeded), and embryo type (embryo:

 v www.esajournals.org 5 December 2021 v Volume 12(12) v Article e03851

HODGES ET AL.



seed more or less than 0.5). Models investigating
the effect of all combinations of smoke and heat
on the major families (>4 species) and trait
groups were developed to address hypothesis 2.
For these subset analyses, we adjusted P values
and confidence intervals using a Bonferroni cor-
rection to avoid over-interpreting potential treat-
ment effects as a result of multiple testing. Each
uncorrected P value was multiplied by the num-
ber of comparisons made (five each for families
and seed traits) and limited at 1 (corrected P

value = 5 × P, 1). P < 0.05 was the significance
level for all analyses.

RESULTS

Hypothesis 1: Fire cues will increase germination
speed and percent germination overall
We found support for our hypothesis that

smoke and heat increase germination speed and
percent germination in temperate grassy ecosys-
tems of southeastern Australia (Fig. 2a–d).
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Fig. 2. Germination curves and interactions plots showing the effect of smoke and heat on (a, c) germination
speed (germinants over time) and (b, d) percent germination (i.e., data from all species that received that treat-
ment pooled and compared to untreated controls). Dashed lines indicate no heat and solid lines indicate heat.
Smoke (no heat) is shown as blue, heat (no smoke) is yellow, and smoke and heat combined is green. Shading
along the x-axis (a, b) shows temperature regimes over the course of the experiment (210 d, 42 d per regime).
Error bars are 95% confidence intervals corrected for multiple tests.
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Smoke and heat in combination increased germi-
nation speed from an average of 2.6 germinants
per week to 7.5 germinants per week (Fig. 2a, c,
Table 1). Smoke and heat applied individually
did not significantly affect germination speed
(Table 1). Smoke increased average percent ger-
mination from 42% to 71% (Fig. 2b, d). Although
smoke and heat combined did increase percent
germination relative to untreated seed (from 42%
to 69%), the effect was statistically indistinguish-
able from smoke alone (Fig. 2d, Table 1).

Hypothesis 2: Species responses to smoke alone,
heat alone, or smoke and heat combined will be
associated with family and/or seed traits

Individual species responded to smoke and
heat similarly to the responses detected overall—
smoke and heat increased germination speed
and percentage, and smoke alone increased per-
cent germination (Appendix S1: Table S2). How-
ever, we identified some variation in how species
responded to the treatments and therefore
explored potential drivers of that variation such
as family or seed traits.

Our analysis revealed that some of the varia-
tion in response to fire cues was related to family
or seed traits (Figs. 3, 4). Heat alone increased
germination speed and percent germination of
the Fabaceae (Fig. 3g, h, Table 2). Smoke and heat
combined increased germination speed of the
Asparagaceae but had no significant effect on
percent germination (which was typically >70%
even when untreated; Fig. 3a, b, Table 2). For the

Asphodelaceae, Asteraceae, and Poaceae, smoke
and heat in combination and smoke alone
increased germination speed and percent germi-
nation, respectively (Fig. 3c–f, i, j, Table 2).
Most species in this study had water-permeable

seeds that possessed a large embryo relative to
seed size, and deviation from this norm partly
explained variation among species in response to
smoke and heat (Fig. 4, Table 3). As hypothesized,
water-permeable seeds had increased percent ger-
mination in response to smoke, and heat and
smoke combined increased germination speed
(Fig. 4, Table 3). Positive responses to heat alone
for both germination speed and percent germina-
tion were related to the presence of a hard water-
impermeable seed coat (Fig. 4g, h, Table 3).
Embryo size did not significantly affect the
response to fire cues (Fig. 4, Table 3).

DISCUSSION

We investigated the idea that smoke and heat
do not increase germination of species common
in fire-prone temperate grassy ecosystems. Con-
trasting with this, we found significant increases
in both germination speed and percent germina-
tion following application of both smoke and
heat for a large, representative group of species
common in fire-prone temperate grassy ecosys-
tems of south-eastern Australia. Interestingly, the
combination of smoke and heat accelerated ger-
mination speed—a mostly unstudied aspect of
the germination ecology of fire-prone grassy
ecosystems. We also explored if responses to
smoke alone, heat alone, and smoke and heat
combined were associated with specific families
or seed traits. Water permeability of the seed coat
was a key defining aspect of whether species
responded to heat alone, smoke alone, or smoke
and heat combined. As hypothesized, hard-
seeded species increased germination in response
to heat alone—while smoke alone and smoke
and heat combined increased percent germina-
tion and germination speed of water-permeable
species. We conclude that fire—via smoke and
heat cues (both singly and in combination)—
plays an important role in the germination ecol-
ogy of fire-prone temperate grassy ecosystems of
south-eastern Australia by increasing both ger-
mination speed and percent germination. This is
likely to be beneficial for seedling survival as

Table 1. Outputs for mixed-effect models analyzing
germination speed and percent germination (i.e., all
species that received a given treatment pooled).

Model Treatment Error Estimate P

Germination
speed

Smoke 0.17 0.06 0.69
Heat 0.19 0.31 0.097

Smoke×Heat 0.25 3.48 <0.001
Percent
germination

Smoke 0.06 1.04 <0.001
Heat 0.07 0.18 0.07

Smoke×Heat 0.09 −0.11 0.226

Notes: Statistically significant (P < 0.05) results are bolded.
The effect of smoke × heat is an interaction term with smoke
and heat combined compared to both the untreated control,
smoke alone, and heat alone. For germination speed, estimate
represents the linear contrast between treatment means, and
for percent germination, estimate represents the log odds of
germinating when treated with a particular treatment.
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germinating quickly and increasing the number
of seedlings which emerge from the seed bank
may allow species to take advantage of favorable
conditions (increased availability of light and
resources, Pausas and Ribeiro 2017) in the post-
fire environment.
A key finding of this study is that both smoke

and heat together increase germination speed.
Smoke alone did not increase germination speed
relative to untreated controls. Some studies have
suggested that a response to smoke alone may be
a response to other processes such as soil distur-
bance—as microbial action following digging by
small mammals can release the same chemical
compounds found in smoke (Bradshaw et al.
2011). As such, a germination response to smoke
alone under laboratory conditions cannot always
be interpreted as a response to fire in situ (Brad-
shaw et al. 2011). However, heat at the tempera-
tures and duration used in this study are only
likely to occur during a fire. Therefore, a require-
ment for heat in addition to smoke to increase
germination speed provides strong evidence that
germination in fire-prone grassy ecosystems is
increased by fire.
Smoke applied alone significantly increased

the proportion of seeds that germinated and may
therefore increase the proportion of the seed
bank which emerges post-fire. Increased post-fire
emergence may maximize the chances of some
seedlings surviving to reproductive maturity in
the event of fluctuations in temperature and
moisture availability (Donaldson et al. 2018).
Coupling this with fast germination likely aids in
outcompeting other species via density blocking,
by allowing many seedlings to quickly monopo-
lize increased resources in the post-fire environ-
ment (Waters et al. 2013). However, increasing
germination post-fire is risky as leaving only a
few ungerminated seed below-ground requires
that some seedlings survive to reproductive
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maturity to replenish the seed bank (Willis et al.
2014). If seedlings do not survive a species
faces local extinction with little seed available to
replace dying individuals (Williams et al. 2005);
and as grassy ecosystem species are often
dispersal-limited, there is little chance seed can
disperse in from outside areas (Pinto et al. 2014).
This risk may be balanced by the fact most
grassy ecosystem species can resprout and are
capable of persisting long-term without annual
recruitment from a stored seed bank (Morgan et
al. 2017). We suggest that any risks associated
with germination post-fire is balanced by
increased percent germination, which is in turn
balanced by the below-ground bud-and-tuber
bank to manage local extinction risk.
Differences in how species responded to smoke

and heat were associated with water permeability
of the seed coat. Broadly, this relationship can be
interpreted in relation to seed dormancy. Hard-
seeded Fabaceae and Convolvulaceae species
which responded exclusively to heat are physi-
cally dormant—meaning that heat is required
to rupture the seed coat to allow water to reach
the embryo and germination to occur (Baskin and
Baskin 2004). Smoke alone and smoke and heat
combined increased percent germination and ger-
mination speed of species with water-permeable
seeds which likely possess physiological dor-
mancy (Baskin and Baskin 2004).
Our finding that smoke and heat increased ger-

mination of the majority of study species con-
trasts with 20+ yr of research conducted on
species from fire-prone grassy ecosystems
(Clarke et al. 2000, Carthey et al. 2018). Potential
explanations for this disparity are taxonomic
range, methodology, and within-species varia-
tion. In this study, just nine of the 55 species were
un-responsive to smoke or heat. If we had
assessed only these species, we would have con-
cluded that fire does not increase germination in
grassy ecosystems. Furthermore, it is common
practice to apply either smoke alone or heat alone
when assessing fire response in germination
studies (Moreira et al. 2010, Carthey et al. 2018).
However, this is both unrealistic and likely insuf-
ficient for assessing fire-response, as only smoke
and heat combined are likely comparable to the
effects of an actual fire on germination (Cuello
et al. 2020). Within-species variation in response
to fire cues may also occur. For example, some
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Fig. 4. Interaction plots showing the effect of
untreated controls (black), smoke alone (blue), heat
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lines indicate heat. Error bars are 95% confidence inter-
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smoke-responsive species in this study did not
respond to smoke in previous studies (Clarke
et al. 2000). It is not entirely clear if these differ-
ences are driven by seed storage or methodologi-
cal differences, but differences among
populations drove variation in response to fire

cues for the shrub Boronia floribunda and the forb
Anigozanthos flavidus (Ma et al. 2018, 2020). Such
differences among populations may reflect
genetic or developmental effects and could
account for differences in response to fire cues
among different studies.

Table 2. Outputs for mixed-effect models analyzing germination speed and percent germination for each major
family (≥4 species).

Family Treatment

Germination speed Percent germination

Error Estimate P Error Estimate P

Asparagaceae Smoke 0.54 −0.22 1.00 0.31 −0.46 0.70
Heat 0.54 −0.84 0.65 0.30 −0.89 0.15

Smoke×Heat 0.77 3.33 <0.001 0.41 0.54 0.95
Asphodelaceae Smoke 0.25 −0.24 1.00 0.14 1.05 <0.001

Heat 0.27 −0.22 1.00 0.15 0.18 1.00
Smoke×Heat 0.37 4.93 <0.001 0.22 0.03 1.00

Asteraceae Smoke 0.25 −0.59 0.10 0.12 1.11 <0.001
Heat 0.28 −0.40 0.83 0.13 −0.35 0.0053

Smoke×Heat 0.39 4.60 <0.005 0.20 1.23 <0.001
Fabaceae Smoke 0.16 <0.1 1.00 0.23 0.91 <0.001

Heat 0.16 5.59 <0.001 0.23 2.53 <0.001
Smoke×Heat 0.23 −0.68 0.022 0.29 −1.16 <0.001

Poaceae Smoke 0.19 3.01 <0.001 0.30 3.40 <0.001
Heat 0.20 −0.57 0.35 0.20 −0.88 0.50

Smoke×Heat 0.27 3.03 <0.001 0.35 −2.01 0.50

Notes: Statistically significant (P < 0.05) results are bolded. The effect of smoke × heat is an interaction term with smoke and
heat combined compared to both the untreated control, smoke alone, and heat alone. P values with more than three decimal
places have been rounded up and are designated with a < symbol. For germination speed, estimate represents the linear con-
trast between treatment means, and for percent germination, estimate represents the log odds of germinating when treated with
a particular treatment. All P values have been corrected using a Bonferroni adjustment with the formula corrected P = 5× P, 1
(seeMethods).

Table 3. Outputs for mixed-effect models analyzing germination speed and percent germination for each trait
group.

Trait Model Treatment

Germination speed Percent germination

Error Estimate P Error Estimate P

Embryo size Large embryo Smoke 0.18 0.02 1.00 0.07 0.92 <0.001
Heat 0.21 0.53 0.054 0.07 0.17 0.10

Smoke ×Heat 0.28 3.08 <0.001 0.10 0.15 0.65
Small embryo Smoke 0.54 −0.22 1.00 0.15 1.51 <0.001

Heat 0.54 −0.84 0.65 0.16 0.13 1.00
Smoke ×Heat 0.77 3.33 <0.001 0.24 −0.22 1.00

Permeability Water-permeable Smoke 0.15 0.08 1.00 0.07 1.17 <0.001
Heat 0.71 −0.72 1.00 0.07 −0.17 0.02

Smoke ×Heat 0.23 4.31 <0.001 0.10 −0.04 1.00
Hard-seeded Smoke 0.14 −0.03 1.00 0.21 0.81 0.05

Heat 0.14 5.76 <0.001 0.21 2.34 <0.001
Smoke ×Heat 0.21 −0.69 0.0064 0.27 −1.02 0.05

Notes: Statistically significant (P < 0.05) results are bolded. The effect of smoke × heat is an interaction term with smoke and
heat combined compared to both the untreated control, smoke alone, and heat alone. P values with more than three decimal
places have been rounded up and are designated with a < symbol. For germination speed, estimate represents the linear con-
trast between treatment means, and for percent germination, estimate represents the log odds of germinating when treated with
a particular treatment. All P values have been corrected using a Bonferroni adjustment with the formula corrected P = 5× P, 1
(seeMethods).
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It has long been inferred in grassy ecosystems
—particularly in south-eastern Australia—that
fire maintains diversity by reducing competition
through a reduction in biomass of dominant
grasses (reviewed in Price et al. 2019). As such,
managers often substitute fire for other distur-
bances which also reduce biomass—such as
grazing or mowing—to manage grassland diver-
sity (Smith et al. 2018, Pulungan et al. 2019). This
is based on the assumption that any disturbance
which reduces biomass can maintain diversity.
However, our study suggests that fire—via the
combination of smoke and heat cues—directly
increases germination in temperate grassy
ecosystems. Disturbances which do not provide
a smoke or heat cue such as grazing or mowing,
will likely not provide the physiochemical condi-
tions required to increase germination. Without
periodic recruitment from the seed bank to
replace dying individuals, populations of these
fire-responsive species are likely to decline—sim-
ilar to other fire-prone ecosystems where fire has
been suppressed (Diaz-Toribio et al. 2020). We
conclude that fire—via smoke and heat—is an
important germination cue in fire-prone temper-
ate grassy ecosystems of south-eastern Australia.
Here, we were interested in overall effects of fire
cues on germination. Future research should
focus on how individual species respond to
smoke and heat to provide species-specific infor-
mation on fire responses to inform grassy ecosys-
tem management. Additionally, field studies are
required to determine seedling recruitment
responses to fire.
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