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Abstract 

Fire is a key part of the abiotic environment in many ecosystems, with adaptive 

responses to heat and smoke evident in plant taxa worldwide. We have known since the 

1990's that smoke treatment promotes seed germination in some species. Smoke can also 

affect the timing and success of germination, as well as seedling vigour, in a range of species.  

Most of the research on smoke-promoted germination has been conducted in Mediterranean, 

Western Australian, South African fynbos, and Californian chaparral ecosystems, but we 

know little about germination responses to smoke for eastern Australian species. We also 

know very little about how phylogeny, growth form, vegetation type and fire response 

strategies (obligate seeders versus resprouters) might relate to patterns of smoke-promoted 

germination. We compiled data from existing literature and digitised paper records of 

germination trials in the Australian Plant Bank at Mount Annan, New South Wales. We then 

investigated patterns of smoke-promoted germination in eastern Australian flora to examine 

relationships between smoke response, taxonomy and phylogeny, growth form, fire response 

strategies and vegetation type. We also examined the effect of different methodological 

approaches on the likelihood of finding smoke-responsive germination. Smoke-responsive 

germination occurs at a somewhat lower rate in south-eastern Australian flora than it does in 

fynbos and Western Australian floras, with about 41% of tested species showing germination 

enhanced by smoke treatment. Species from dry habitats were more likely to respond to 

smoke than were species from other habitats. Obligate-seeding species were more likely to 

respond, Leguminaceae and Rubiaceae were less likely to respond (although we question the 

generality of these results), and Poaceae were more likely to respond to smoke. Finally, 

studies using aerosol smoke, and studies conducted in-situ were most likely to find smoke-

promoted germination. Obligate seeders and Poaceae may be selected for in habitats with 

higher fire frequencies, consistent with literature suggesting that short inter-fire intervals 

favour grasslands over forests. These findings may be particular to south-eastern Australia, or 

more widely applicable; more broadscale comparative research will reveal the answer. We 

have broadened our understanding of smoke promoted germination in non-Mediterranean 

floras. Knowledge of germination and regeneration strategies in response to fire is invaluable 

for restoration ecologists and conservation practitioners working in fire-prone habitats, such 

as those common to SE Australia, and which may become more widespread under climate 

change. We have added the south-eastern Australian data into a larger, global dataset that will 

be used to examine similar patterns at the global scale, for future research. 
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Introduction 

 An understanding of regeneration responses to smoke is critical for management of 

threatened plant species and vegetation communities under changing climate, including 

increased fire frequency. Species whose seeds germinate in response to the products of 

burning vegetation (including smoke, ash, charcoal and their constituents, and hereafter 

referred to as smoke) may therefore benefit from the post-fire environment (Whelan 1995; 

Pausas & Keeley 2014). Germination responses to smoke treatments have received increasing 

research interest over the last 20 years, with large advances made in the identification of the 

compounds responsible for both enhancing (e.g. karrikinolide, Flematti et al. 2004; van 

Staden et al. 2004) and inhibiting (e.g. Adkins & Peters 2001) smoke-responsive germination. 

At the same time, it is clear that the germination response to smoke is a complex one, driven 

by multiple different compounds (Jefferson et al. 2014). In practical terms, a variety of 

methods have been used to test a broad array of plant species for smoke-promoted 

germination, such as smoke water, aerosol smoke, karrikinolide, ash/charate mixes, amongst 

others (Brown & van Staden 1997; Enright et al. 1997; Dixon et al. 2009). The literature on 

smoke-promoted germination has also been focused on a limited number of ecosystems – the 

Mediterranean Basin (e.g. Crosti et al. 2006, Moreira and Pausas 2016), fynbos in the Cape 

Floristic Region of South Africa (e.g. Brown et al. 2003b), Californian chaparral in the 

Californian Floristic Region of the United States of America (e.g. Keeley & Fotheringham 

1998), and South-western Floristic Region of Australia (e.g. Dixon et al. 1995). These areas 

share a similar, Mediterranean-type climate that has been thought to drive the evolution of 

fire-adapted traits such as smoke-promoted germination – they are all fire-prone ecosystems 

with seasonal rainfall (Keeley 1995b; Keeley & Fotheringham 1998; Brown et al. 2003a).  

The proportion of tested species in South African and Western Australian floras 

showing germination responses to smoke are both close to 50% (Dixon et al. 1995; Brown et 

al. 2003a), and somewhat lower at approximately 37 % in Mediterranean Basin flora, though 

the Mediterranean Basin figure is likely to be an underestimate (Moreira & Pausas 2016). No 

such estimate is available for chaparral. In general, there is little available evidence for links 

between smoke-responsive germination and plant traits such as life history strategies or 

growth forms. However, it has been reported that smoke responsive germination is almost 

unknown in geophytes (Californian chaparral: Keeley & Bond 1997; South African fynbos: 

Brown et al. 2003a), and that the majority of annuals in both Californian chaparral and South 

African fynbos respond to smoke (Keeley & Bond 1997).  
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It seems likely that patterns of smoke-related germination may be linked to the 

resprouting strategies of plants (e.g. Ne’eman et al. 2009); i.e. plants that resprout from 

protected buds after complete leaf scorch (resprouters), and those that do not (non-

resprouters, or obligate seeders) (Gill 1981; Ne’eman et al. 2009). Given that resprouters do 

not rely on seed germination to recover post-fire, we might expect that they are less likely to 

show smoke-responsive germination than obligate seeders. On the other hand, resprouters 

might still benefit from germinating quickly after a fire, if it allows greater total recruitment 

of new individuals. Finally, some authors indicate that smoke-responsive germination is 

phylogenetically widespread (Western Australia: Roche et al. 1997b; Californian chaparral: 

Keeley & Fotheringham 1998; South African fynbos: Brown et al. 2003b), whereas others 

suggest it appears to be phylogenetically patterned, with most species within a lineage 

typically responding to either heat or to smoke chemicals (Keeley 2012). Resprouting and 

heat-resistant seed coats enabling propagule persistence are phylogenetically patterned in the 

flora of the Mediterranean Basin (Pausas & Verdú 2005). Therefore, the question of whether 

smoke-responsive germination is linked to phylogeny remains open. 

There have been comparatively few studies of smoke-responsive germination in the 

south-eastern Australian flora. South-eastern Australia does not fit the Mediterranean-type 

climate classification; it has a temperate climate with rainfall throughout the year, meaning 

that seed germination is potentially possible all year, rather than being restricted to the wetter 

months as it is in Mediterranean-type climates (Mackenzie et al. 2016). As with much of the 

Australian continent, however, south-eastern Australia is considered fire-prone (Thomas et al. 

2007). 

In this study, we ask whether there are broad patterns of smoke-promoted germination 

in relation to life history strategies, post-fire response strategies and phylogeny in the south-

eastern Australian flora. Additionally, we ask whether some smoke application methods are 

better than others at inducing smoke-responsive germination in south-eastern Australian 

plants. We compiled data comprising 303 entries on germination responses to smoke in 233 

south-eastern Australian plant species, from 33 different sources. We digitised hard copy 

records of germination trials conducted at the Australian Botanic Garden, Mount Annan, and 

combined these records with an extensive literature search for studies conducted in south-

eastern Australia (which we defined as occurring in New South Wales and/or Victoria, the 

two most south-eastern states). Our aim was to investigate patterns of smoke responsive 

germination in south-eastern Australian plants, across habitat types, growth forms, fire 
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response strategies, taxonomic levels, and smoke application methods (including whether 

tests were made in-situ or ex-situ). Briefly, we expected that smoke-responsive germination 

would be:  

(1) more likely in drier, more fire-prone habitats than in wetter, less fire-prone 

habitats  

(2) unrelated to growth form, but unlikely in geophytes 

(3) more likely in obligate seeders than resprouters 

(4) more effectively induced by aerosol smoke than other methods of smoke 

application, based on suggestions in previous papers (e.g. Rokich & Dixon 2007) 

(5) more commonly observed in in-situ than ex-situ tests, as in-situ tests provide 

contextual cues that may enhance seed responsiveness to smoke, and finally, 

(6) may or may not be related to phylogeny and/or taxonomic levels. 

Our overall aim was to investigate patterns of germination responses to smoke in the 

south-eastern Australian flora, broadening our global understanding of germination responses 

to fire cues across vegetation types and climates, and beyond the better-studied 

Mediterranean Basin, South African fynbos, Californian chaparral, and Western Australian 

floras. We intend that this research will enable the incorporation of smoke-promoted 

regeneration in vegetation management in SE Australia, and promote the cultivation of SE 

Australian plants. 

Methods 

Data compilation for this project took place through several main approaches: a 

literature search, compilation of data contained in Jefferson et al. (2014), digitisation of 

germination records from the Australian PlantBank at the Australian Botanic Garden Mount 

Annan, and the addition of data from the New South Wales Flora Fire Response Database 

(NSWFFRD). 

Literature search 

 We first compiled all records of plant germination trials listed in Jefferson et al. 

(2014) listing species that are recorded to occur in New South Wales and/or Victoria, 

Australia. This included widespread species that are found Australia-wide and in other 

countries. 
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 We then searched the wider literature through Google Scholar, with the last search 

occurring in April 2017. We used the following search term combination ‘smoke AND plant 

* AND Australia * AND germ * Victoria OR "New South Wales"’. Hits (Google Scholar: 

n = 4220) were reviewed manually and qualifying papers were added to our database. 

 Papers qualified for inclusion in our database if they performed a germination test on 

intact seeds that included a smoke treatment and a control (no smoke treatment). Where 

another treatment was combined with smoke (e.g. gibberellic acid or heat shock), we only 

included the data if the combined treatment resulted in no response. 

PlantBank Germination Record Digitisation 

Information on smoke-promoted germination for SE Australian species is 

concentrated in the records of the Australian Plant Bank at the Australian Botanic Garden 

Mount Annan. Researchers based at Mount Annan have been collecting seed material of 

NSW plant species systematically for many years. When seed material arrives at Mount 

Annan it is tested for germinability using a variety of techniques, including smoke, heat, 

gibberellic acid, and cold stratification. We digitised the results from these seed germinability 

trials, and combined the germination trial entries with data for each species collated from 

source references, the PlantNET database of New South Wales flora 

(http://plantnet.rbgsyd.nsw.gov.au/floraonline.htm), and the New South Wales Flora Fire 

Response Database (NSWFFRDv2.1; NSW Office of Environment and Heritage 2014), on 

growth form, life history strategy, habitat, and fire strategy. These references were also 

consulted to achieve the highest data coverage possible for all variables for all species in the 

dataset. For a full list of variables (and the levels of each variable) included in the database, 

see Table S1. The data are available online at https://pirel.wordpress.com/datasets/. 

Nomenclature and taxonomic information 

 Nomenclature was confirmed using The Plant List (www.theplantlist.org), and 

taxonomic information was extracted from The Angiosperm Phylogeny Website 

(www.mobot.org). Taxonomic levels included were Level 1 

(Lycopodid/Gymnosperm/Angiosperm), Level 2 

(Lycopodid/Gymnosperm/Magnoliid/Monocot/Eudicot), Level 3 

(Lycopodid/Gymnosperm/Magnoliid/Asterid/Rosid/Other core eudicot/Other 

eudicot/Commelinid/Other monocot), Level 4 (Family), Level 5 (Genus) and Level 6 

(Species). 

http://plantnet.rbgsyd.nsw.gov.au/floraonline.htm
https://pirel.wordpress.com/datasets/
http://www.theplantlist.org/
http://www.mobot.org/
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Statistical methods 

Our database contained more than one entry for many species, which we used to test 

for differences in smoke-responsive germination related to the method of smoke application. 

However, we also created a subset of this dataset with only one entry per species, which we 

used to investigate species-level patterns of smoke responsive germination in relation to 

ecological factors (habitat, growth form, fire response strategy), taxonomy and phylogeny. In 

217 of the 233 species in the dataset, germination response to smoke was consistent, 

appearing in either all cases or no cases. In the remaining 16 species, smoke-promoted 

germination was only observed in some tests. In these instances, we prioritised keeping 

entries in which smoke-promoted germination was observed. This created a subset of the 

dataset that included only a single entry per species. 

Analysis of ecological variables 

We performed binomial logistic regression to determine how well plant growth form, 

life history, habitat type, and fire response category predicted whether a species showed 

smoke-enhanced germination. Species showing either no response or inhibited germination 

were grouped as “not positive”. For significant variables, we determined which category 

membership predicted an enhanced germination response using χ2 tests. Simulated p-values 

for the χ2 tests were calculated using 200,000 replicates of a Monte Carlo simulation, a 

permutation approach used to calculate the probability of this particular contingency table 

occurring under the null distribution (Hope 1968). We calculated adjusted standardised 

residuals (ASRs) for cells of the contingency tables, as ASRs > |2| indicate where counts in a 

category are greater (positive values) or lower (negative values) than would be expected by 

chance (Agresti 2002). 

Analysis of phylogenetic and taxonomic variables 

We generated a phylogenetic tree for our data, and then used the D metric of Fritz and 

Purvis (2010) to measure the strength of phylogenetic clustering of smoke-enhanced 

germination. We then employed χ2 tests with simulated p-values to identify specific 

taxonomic groups (see Table S1) in which smoke-promoted germination was more common 

than would be expected at random. We limited the analysis at family level to families with 

five or more species in the dataset (n = 11 families; Asparagaceae, Compositae, Cyperaceae, 

Ericaceae, Leguminosae, Myrtaceae, Poaceae, Proteaceae, Rubiaceae, Rutaceae, 

Xanthorrhoeaceae). See Supplementary Methods for details. 
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Analysis of methodological variables 

We tested the relative effectiveness of methodological variables using the full dataset 

that included multiple tests for some species. We again used a χ2 test with simulated p-values 

and adjusted standardised residuals to determine whether germination responses to smoke 

were more commonly seen when tests used aerosol smoke, smoke water, or ash/charate 

smoke treatments. No south-eastern Australian studies tested glyceronitrile as a germination 

cue, and only two studies used karrikinolide. These treatments were therefore excluded from 

the χ2 test. We also tested whether the tests were conducted in-situ (in the field) or ex-situ (in 

a laboratory setting) affected the likelihood of a positive germination response to the smoke 

treatment. In all cases, we excluded categories from analysis which had fewer than 10 species 

(for example: in analyses including growth form, we excluded the category “climbers”, which 

had only 4 species). All analyses were performed in R v 3.0.3 (R Core Team 2014). 

Results 

Dataset 

 The dataset contains 303 entries and 233 species, with data obtained from 33 different 

sources (27 peer-reviewed journal articles, 2 theses, 1 pers. comm. within a peer-review 

journal article, 1 report, 1 database, and 17 Mount Annan Plant Bank germination trials). 

Details of the variables and levels included in the dataset are given in Table S1. Considering 

the dataset with only one entry per species (Table 1), we achieved 100% data coverage for 

growth form, 94.4% for habitat, 97.4% for life history strategy, and 71.7% for fire response 

category. In the full dataset, we achieved 99.1% data coverage for location of study (in-situ or 

ex-situ). The majority of species in the database are woody (136 out of 233 species), from dry 

habitats (190 out of 220 species with data), and/or show a non-resprouting fire response (110 

out of 167 species with data)(Table 1). We had complete ecological data for 150 species, and 

performed the binomial logistic regression using these 150 species only.  

  



9 
 

Table 1. Number of species in the dataset within each category of each variable 

Variable 
Count of 

species 

Growth form  
Climber 4 
Graminoid 37 
Herbaceous 57 
Woody 137 

Habitat type  
Aquatic/wet areas/damp areas 15 
Arid/dry/rocky/sandy 2 
Diverse/widespread 1 
Grassland/herbfield 2 
Rainforest 14 
Woodland/forest/shrubland/heath 188 
No information 13 

Fire response category  
Resprouter 57 
Obligate seeder 111 
No information 63 

Total number of species 235 

 

Each of the 303 entries in the full dataset represents one test of a smoke treatment on 

a single plant species. Of these 303 tests, 177 used aerosol smoke, 85 used smoke water, 2 

used karrikinolide, 33 used ash or charate, and one used smoked filter paper. No studies were 

found that tested glyceronitrile effect on germination of south-eastern Australian species. Six 

entries were not allocated a smoke treatment type because they came from sources that did 

not give treatment details (a thesis [n = 2], database [n = 2], report [n = 1], or pers. comm. 

[n = 1]). Smoke enhanced germination in 40.7 % (95 out of 233) of the species in the dataset. 

Ecological predictors of smoke-responsive germination 

 Smoke-promoted germination was significantly affected by habitat type (p = 0.020) 

and fire response category (p = 0.026). An enhanced germination response to smoke was 

significantly more likely in obligate seeders (χ2 = 6.180, p = 0.014) than would be expected at 



10 
 

random (ASR = +2.5). Although the overall p value for the exact χ2 test was not significant 

(χ2 = 3.971, p = 0.067), the ASRs indicated that species from drier habitats showed increased 

smoke-promoted germination than would be expected at random (ASR = +2.0). The 

probability of responding to smoke was not significantly influenced by growth form or life 

history in either the logistic regression or the χ2 tests. 

 

 

Figure 1. Proportion of species showing a germination response to smoke in each habitat 

type. Only habitat types with more than two species in the dataset are shown in the figure, 

although all habitats were included in the statistical analysis. Numbers within the bars show 

the number of species in each category. If habitat was unrelated to the proportion of 

germination responses to smoke, then the proportion of responders in each habitat, based on 

these proportions in the whole dataset, should be approximately equal to 0.46 (dashed line). 

There are substantially fewer smoke-responders in rainforest habitat (1 out of 14 species, 

ASR = -3.0), and substantially more smoke-responders in woodland/forest/shrubland/heath 

habitat (94 out of 188, ASR = 2.5) than would be expected if smoke response was unrelated 

to habitat. There was no significant difference between observed and expected numbers of 

smoke responders in the aquatic/wet/damp habitat (ASR = 0.5). 
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Phylogeny and taxonomy of smoke responsive germination 

 The distribution of smoke-promoted germination response in the 233 species included 

in this study (Figure 2) was significantly phylogenetically clustered (D = 0.68, p(random) < 

0.001). While phylogenetic clustering is apparent, the strength of the phylogenetic signal is 

not as strong as if it depended solely on a Brownian trait distribution. Smoke-promoted 

germination showed differences at the Family level (χ2 = 24.371, p = 0.005). Enhanced 

germination responses to smoke were more common in the Poaceae (ASR = +2.4, 14 out of 

22 species responded positively) and Rubiaceae (ASR = +3.0, 6 out of 6 species responded 

positively), but less common in the Leguminaceae (ASR = -2.2, 20 out of 25 species did not 

respond positively). Germination responses to smoke were not associated with any group at 

higher taxonomic levels - (eudicots/monocots; χ2 = 0.578, p = 0.52), 

(asterids/rosids/commelinids/other eudicots/other monocots; χ2 = 2.409, p = 0.80). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 (next page). Phylogenetic tree representing the evolutionary relationships between 

the species included in this study. Smoke-promoted germination is recorded on the diagram 

where species names are coloured blue. Species with names in black did not show smoke-

responsive germination. Families are colour coded according to the key given on the diagram. 
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Methodological predictors of smoke-responsive germination 

The method of smoke application affected the probability of the species tested 

responding to smoke (χ2 = 12.412, df = 2, p = 0.002, Figure 3). Germination responses to 

smoke were significantly more likely to be found in tests using aerosol smoke (ASR = 3.1), 

and significantly less likely to be found in tests using ash/charate (ASR = -2.9), than would 

be predicted if smoke application method had no effect (Figure 3). Whether the test was 

conducted in-situ or ex-situ affected the probability of the test species responding to smoke 

(χ2 = 5.017, df = 1, p = 0.046), with tests conducted in-situ more likely to find a germination 

response to smoke (ASR = 2.2) than those conducted ex-situ (ASR = -2.2). 

 

 

Figure 3. Proportion of tests demonstrating a germination response to smoke, according to 

the smoke application method used. There were only 2 tests using karrikinolide, hence these 

entries are not shown. Numbers within the bars are the number of tests for each category. If 

smoke application method was unrelated to the proportion of germination responses to 

smoke, then the proportion of responders in each smoke type category, based on these 

proportions in the whole dataset, should be approximately equal to 0.41 (dashed line). 

However, tests using aerosol smoke were significantly more likely to find a germination 
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response to smoke (ASR = 3.0), and tests using ash/charate were significantly less likely to 

find a germination response to smoke (ASR = -2.9), than predicted if smoke application type 

was unrelated to smoke response. 

Discussion 

Here we present the first synthesis of smoke-responsive germination in south-eastern 

Australian plant species. Approximately 41 % of the species tested (n = 95/233 species) 

showed a germination response to smoke. Somewhat higher proportions of smoke-responsive 

species have been found in other floras, for example, 49.8 % of 301 South African fynbos 

species (Brown et al. 2003a), and 50 % of Western Australian species (Dixon et al. 1995) 

tested showed smoke-promoted germination, although the Mediterranean Basin figure is 

lower, at 37 %, potentially due to issues such as sampling biases towards perennial plants 

(Moreira & Pausas 2016), which may also affect sampling in south-eastern Australian flora. 

Estimates of smoke-responsive germination in global floras have not yet been possible.  

As expected due to their having more to gain from rapid germination in the post-fire 

environment, obligate seeders were more likely to respond positively to smoke than 

resprouting species. Similarly, non-resprouting Mediterranean Basin species are also more 

likely to be heat-resistant and to show heat-promoted germination than resprouters (Paula and 

Pausas 2008). On the other hand, Ne’eman et al. (2009) tested 13 south-eastern Australian 

species varying in their degree of resprouting ability for germination responses to smoke and 

found no relationship between fire response strategy and smoke-responsive germination – 

these data area included in our dataset. It remains to be seen whether responsiveness to post-

fire cues including smoke and heat is related to fire response strategy at the broader, global 

scale, or if this relationship might differ among floras – we suspect it may be the former. 

Our analysis revealed that smoke-responsive germination is more likely within drier 

habitats in south-eastern Australia, most likely explained by fire-frequency being higher in 

‘dry’ rather than ‘wet’ habitat types (Figure 1). This is consistent with theory suggesting that 

increasing fire frequency selects for species that are fire tolerant, and the observation that 

rainforests in Australia generally grow where fires are more or less absent (Bond & Keeley 

2005). For these reasons, a low frequency of fire-responsive traits might be expected in 

rainforests. However, there were only 13 rainforest species in our dataset, making it difficult 

to say with certainty whether rainforest species are generally less likely to germinate in 

response to fire cues such as smoke. Smoke-responsive germination has been documented in 
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a wide range of species, including those from ecosystems with infrequent or absent fires, and 

in agricultural cultivars (Dixon et al. 2009). Certain soil bacteria have been shown to release 

karrikinolide in response to disturbance, and enhanced germination responses can be 

stimulated by topsoil disturbance. Plants that germinate in response to karrikinolide released 

by soil disturbance would nevertheless benefit from showing this same response to 

karrikinolide released by fire (Bradshaw et al. 2011). Therefore, although germination 

responses to the post-fire environment might be advantageous, smoke-responsive germination 

may not have evolved directly through selection in fire-prone environments (Bradshaw et al. 

2011) and should also be investigated in communities that are not fire-prone, such as 

rainforests. Yet to our knowledge no other study has looked at whether smoke-responsive 

germination is less prevalent in rainforest habitats, and a global comparative analysis would 

directly address the question of whether smoke-responsive germination is associated with 

certain habitat types. 

Smoke-responsive germination was highly phylogenetically clustered, being less 

likely among the Leguminaceae, and more likely in Rubiaceae and Poaceae (Figure 2). 

Leguminaceae include many species whose seeds are physiologically dormant, requiring heat 

shock before germination (Baskin & Baskin 2014). Heat-shocked seeds may also respond to 

smoke. It is possible that this result is an artefact of dormant seeds being treated with smoke, 

rather than true absence of a smoke response. It is also possible that Leguminaceae invest in 

physiological dormancy as an alternative to smoke-responsiveness. Further examination of 

these two hypotheses would be fruitful avenues of investigation.  By contrast, Rubiaceae and 

Poaceae were more likely to show smoke-induced germination than other families. However, 

the result for Rubiaceae rests on only six species, of which two were only identified to Genus 

level. Poaceae showed greater smoke-responsive germination than expected at random, with 

14 out of 22 species showing a positive response. Poaceae entries came from six different 

studies, excluding the possibility of methodological artefact. A link between smoke-

responsive germination and the Poaceae has not, to our knowledge, been reported from other 

floras. Read et al. (2000) reported that 7 out of 9 south-eastern Australian Poaceae showed 

positive germination response to smoke – these data are included in our database. Cox et al. 

(2017) report that smoke influences germination of eight grassland species from the southern 

High Plains region in Texas, USA, but do not compare frequency of smoke-responsive 

germination between grasses and other families, or grassland floras and other habitats. 

Grasses tend to support fire and be common in fire-prone environments such as open 
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woodlands and grasslands, and rare in rainforest (Prior et al. 2017), meaning the pattern 

found for Poaceae may derive from the habitats they are associated with. The lack of 

phylogenetic patterning of smoke-responsive germination at the higher taxonomic levels 

(eudicots vs. monocots, and asterids, rosids, commelinids, other eudicots, other monocots) 

suggests that smoke-responsive germination has likely arisen multiple times at the tips of the 

phylogeny, rather than deep in the evolutionary tree (Figure 2). This pattern would be 

consistent with smoke-responsive germination having resulted from convergent evolution 

associated with habitat types. Alternatively, Poaceae may be prone to fire-responsive 

germination, and so be selected for in high fire-frequencies habitats. A larger dataset of 

smoke-responsive germination studies across plant Families and habitat types could address 

this question. 

 Our analysis evaluated the effectiveness of different smoke application methods used 

to test for smoke-responsiveness. Aerosol smoke was significantly more likely to induce a 

germination response to smoke than smoke water, or ash/charate (Figure 2). This is consistent 

with results for Western Australian species (Roche et al. 1997a; Lloyd et al. 2000; Rokich et 

al. 2002), but methodological comparisons were not available for other flora. Studies 

conducted in-situ were also significantly more likely to find smoke-responsive germination. 

Our dataset only included 10 tests conducted in-situ, but this finding may reflect the greater 

contextual complexity of field tests relative to laboratory germination trials. A test was 

categorised as in-situ only if it was conducted in the field, by applying treatments to the soil 

and its constituent soil seed bank. Therefore, a greater chance of a positive germination 

response to smoke may arise due to interactions with other important environmental cues for 

seed germination, such as seed burial, ageing, or seasonal cold temperatures (Clarke et al. 

2000; Downes et al. 2015). Determining which of these variables related to in-situ seed 

germination experiments interact most strongly with smoke treatments would be a useful 

avenue of further investigation. While there is a literature investigating individual factors 

associated with seed germination in the field such as burial time and ageing (e.g. Roche et al. 

1997; Downes et al. 2015), to our knowledge a more comprehensive analysis comparing 

these variables across in-situ and ex-situ studies has not been attempted. 

Consistent with our expectations, smoke-responsive germination was unrelated to 

growth form. However, our dataset was dominated by woody species (58%) and contained no 

geophytic growth forms, meaning we could not test our data for agreement with previous 

findings that geophytes are much less likely to show smoke-responsive germination (Keeley 
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& Bond 1997; Brown et al. 2003a). While 33 data sources were found, and these covered 233 

different species, our south-eastern Australia dataset clearly reflects a bias towards testing for 

smoke-responsive germination in woody, perennial plants from woodlands, forests, 

shrublands, and heaths. This may be due to prior research focus on Mediterranean type 

climates and vegetation (dominated by woody perennial plants) in the literature (Keeley 

1995a, 2012), or that woody, perennial plant-dominated vegetation types are the most 

common vegetation types in south-eastern Australia. A broader selection of plant growth 

forms, life histories, and habitat types is desirable to tease out the ecological underpinnings of 

smoke-responsive germination at the global scale.  

Conclusions 

Here we have synthesised the available data on smoke-responsive germination in 

south-eastern Australian plants. While almost half of the species tested show smoke-

responsive germination, there are clear patterns within this data. Species with obligate 

seeding fire responses, and from drier habitats were more likely to be smoke responders. At 

the same time, clear phylogenetic clustering was present, with Leguminaceae less likely to 

respond, and Poaceae and Rubiaceae more likely to respond to smoke as a germination cue. 

These species-level patterns in germination responses to fire may affect vegetation 

communities via several key mechanisms. It has been suggested that fires are consumers of 

vegetation, much like herbivores, and as such exert top-down control on vegetation 

communities. Both processes may affect a community’s species composition, as well as 

vegetation structure, by removing plant biomass and increasing the importance of tolerance to 

consumption relative to competitive ability (Bond & Keeley 2005). Thus, fires may influence 

vegetation composition towards species that best tolerate selection pressure from fires, and 

away from those best suited to competition. Species tolerant of higher fire frequencies are 

likely to include those that germinate in response to fire-related cues, resulting in habitats 

with higher fire frequencies having more smoke-responsive germinators. Resprouters also 

tolerate fire but can only survive where inter-fire intervals are sufficient to allow regrowth 

and seed set (Pausas & Keeley 2014). Our results suggest that this would mean more obligate 

seeders (generally annual species) and more Poaceae in areas with the highest fire 

frequencies. These findings are consistent with the ecological literature suggesting that 

frequent fires suppress tree saplings and influence ecosystems towards savannahs and 

grasslands rather than forests (Bond et al. 2005). Investigating these patterns at the global 
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scale would reveal whether such patterns in smoke-responsive germination are particular to 

the south-eastern Australian flora or are more broadly applicable. We suspect that, given their 

alignment with our understanding of the effects of fire on ecosystems as outlined above 

(Bond & Keeley 2005, Bond et al. 2005), that these patterns are likely to apply broadly. By 

providing a better understanding of patterns of smoke-responsive germination in south-

eastern Australian plants, our results contribute to the global understanding of how smoke-

responsive germination is distributed across different floras and climatic zones. 
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