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ABSTRACT

Context. The Cumberland Plain Woodland (CPW) is a threatened ecological community that is
expected to experience heatwaves of increasing intensity and frequency into the future. Given the
central role that temperature plays in regulating seed germination, understanding the impacts of such
heatwaves on key germination attributes is vital to identify potential impacts on plant community
structure. Aims. To determine the impacts of increased heatwave intensity and frequency
treatments on seed germination within and across 15 native species of the CPW. We also
examined the influence of interspecific variation in life-history traits on germination responses.
Methods. Seeds were exposed to seven heatwave treatments of increasing intensity and
frequency. Life-history trait data were also collected for each species’ dormancy type, fire
response traits, life form and seed mass. Key results. There was evidence within the study
species of a significant effect of heatwave treatment. Germination duration was prolonged for
the two most extreme simulated heatwave events. Life-history traits could not explain germination
responses after heatwave treatments, however, larger seeded species had quicker germination
onset and shorter periods of germination over small-seeded species; and trees had lower
proportions of germination than any other life form. Conclusions. Increases in heatwave
intensity and frequency have an impact on seed germination responses in native species of the
CPW. Life-history traits could not explain germination responses across species along the
heatwave gradient. Implications. Projected increases in heatwave intensity and frequency are
likely to impact seed germination, and thus community composition, in species from the CPW.

Keywords: biodiversity, climate change, heatwaves, life-history traits, plant communities, seed
ecology, seed germination, woodland ecology.

Introduction

Plant communities are expected to face potentially devastating impacts of future climate-
driven heatwaves (Dale et al. 2001; Mondoni et al. 2012; Wolkovich et al. 2012; Parmesan and 
Hanley 2015; Cochrane 2017; Maher et al. 2019). The most recent projections submitted by 
the Intergovernmental Panel on Climate Change (IPCC) predict an 85% increase in the 
frequency of Australasian heatwaves accompanying a 1.5–2.0°C increase in global tempera-
tures, which rises to a four-fold increase in heatwaves if a 3°C increase occurs in global 
temperatures (Lawrence et al. 2022).  Based on these  predicted climatic scenarios,  
understanding the potential impacts of extreme heatwaves on the beginning of a plant’s 
lifecycle at the seed germination stage is crucial for providing critical insight into the future of 
Australia’s plant  biodiversity  (Read et al. 1997; Hulme 1998; Tang et al. 2003; Cochrane 2020). 

Plant seeds are highly reliant on suitable temperatures for successful germination 
(Bewley and Black 1994; Bewley 1997; Baskin and Baskin 1998). The germination niche 
of species is characterised by an optimum temperature range in which seeds are most 
likely to succeed in germination (Ooi et al. 2014; Ruiz-Talonia et al. 2018). Outside 
their optimum temperature range, seeds are less likely to germinate and are less 
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successful at establishing during the seedling stage (Ooi et al. 
2014; Hatfield and Prueger 2015; Cochrane 2017). Previous 
research has demonstrated, for instance, that when seeds 
are exposed to high intensity temperatures that exceed the 
optimal temperature for a species, the proportion of seeds 
that successfully germinate can be markedly reduced (Hoyle 
et al. 2013; Cochrane et al. 2014; Ruiz-Talonia et al. 2018). 

Although exposure to high intensity temperatures exceeding 
a species’ optimum seed germination may not necessarily lead 
to long-term impacts on plant communities, the likelihood of 
seeds being exposed to multiple heatwave events may have 
more consistent negative impacts on seed germination and 
thus plant community structure and function (Ahrens et al. 
2021). However, the impacts of multiple heatwave events 
on seed germination have not received much attention. In 
one study, Italian alpine seeds experienced an autumn and 
spring heatwave, which increased seed germination propor-
tions in 30% of species tested after the spring heatwave and 
in 50% of species after the autumn heatwave out of 51 
species (Orsenigo et al. 2015). In another study, seedlings 
were shown to be highly resilient to multiple heatwaves, with 
chlorophyll fluorescence remaining steady after heatwave 
exposure (French et al. 2019). With so few studies, more 
research is needed to elucidate the impacts of multiple 
heatwaves on Australia’s plant communities. 

One underlying source of inherent variation in seed 
germination is variation in plant life-history traits among 
species (Keith et al. 2014; Jiménez-Alfaro et al. 2016). For 
example, key life-history traits including seed mass (Gross 
and Smith 1991; Moles and Westoby 2004; Kahmen and 
Poschlod 2008; Norden et al. 2009; Barak et al. 2018), seed 
dormancy (Ooi et al. 2007, 2014), fire response traits 
(Bradstock et al. 1997) and life form (Grime et al. 1981; Bu 
et al. 2008) all have the potential to affect the proportion of 
seeds that germinate, the timing of germination and the 
duration of time over which germination occurs. Therefore, 
any study that seeks to identify the impacts of intense and 
frequent heatwaves on seed germination among species 
needs to account for life-history variation. 

Projected increases in temperatures associated with 
climate change may shift habitats outside the germination 
niche that seeds typically need for productive germination. 
For many native plant species, this will have important 
implications for threatened ecological communities (Hoyle 
et al. 2013; Orsenigo et al. 2015). As such, there is potential 
for enormous change in the composition of plant communities 
as a result of temperature-driven reductions in seed germina-
tion due to climate change (Van der Veken et al. 2004; Shi 
et al. 2015). One such plant community, and the focus of 
this study, is the Cumberland Plain Woodland (CPW) in 
NSW, Australia. For the CPW, the effects of intense and 
frequent heatwaves may prove devastating for seedling 
establishment and growth (Chapin et al. 2000; Walther 
et al. 2002; Hatfield and Prueger 2015). With only 6–8% of the 
original area untouched by urbanisation (Tozer et al. 2015), 

understanding how future temperature shifts may impact 
seed germination responses and therefore plant community 
composition is vital. 

In the present study, we examined the effects of intense and 
frequent heatwaves on seed germination responses in 15 
native plant species of the CPW using laboratory-based experi-
ments. We focused on three seed germination attributes 
including onset of germination, the duration of germination 
and the proportion of seeds that germinate. Our experiments 
examined patterns of seed germination within and across the 
15 species along a gradient of increasing heatwave intensity 
and frequency. This gradient of experimental treatments 
included a 5-day exposure period to (1) a lab-based control, 
(2) an average temperature, (3) a recent average heatwave, 
(4) a projected 4°C hotter heatwave based on IPCC projec-
tions of an average global increase in temperature, (5) a post-
fire heatwave simulating no canopy cover and exposed ground, 
and then a series of (6) three heatwaves, and (7) five heatwaves 
at the post-fire temperature (Table 1). We also examined the 
roles of interspecific variation in seed mass, dormancy, fire 
response traits and life form on germination responses. 

Materials and methods

Study region

The CPW is a threatened ecological community (Environmental 
Protection and Biodiversity Conservation Act 1999; NSW 
Government 2016) that lies within the Sydney Basin in 
south-eastern Australia on Hawkesbury Sandstone. It encom-
passes the First Nations lands of the Dharug, Eora, Dharawal 
and Kuring-gai communities. Extending from Parramatta in 
the east to the Blue Mountains in the west, and from the 

Table 1. Summary of the heatwave spectrum with heatwave type
informing the temperature (°C) used for each treatment.

Heatwave type Treatment Temperature Gradient
(°C)

Control A 22 Least extreme

Recent average – BOM B 29/17

Recent heatwave – BOM C 39/21

Projected heatwave – D 43/25
BOM + IPCC

One post-fire heatwave E 60/22

Three post-fire heatwave F 60/22
heatwaves

Five post-fire heatwave G 60/22 Most extreme
heatwaves

Temperatures are shown as maximum/minimum, and were based on: Bureau of
Meteorology (BOM) for the control and recent heatwave; BOM and the IPCC
increase of 4°C for the projected heatwave; information from a prior study based
on datalogger data from the CPW for the three post-fire heatwave treatments.
An arrow shows the direction of the increasing intensity and frequency of the
treatment temperatures across a gradient.
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Hornsby Plateau in the north to the Woronora Plateau in the 
south, this ecological community consists of both urbanised 
land and remnant woodland. The woodlands and forests of 
the CPW are dominated by Eucalyptus canopy species, a 
shrubby understorey consisting typically of species from 
families including Fabaceae, Pittosporaceae and Asteraceae, 
and a rich diversity of species from the Poaceae in the grassy 
understorey (Benson and Howell 2002). Between 2006 and 
2019, average minimum and maximum summer temperatures 
were 16.5°C and 29.2°C and the lowest and highest summer 
temperatures were 11.1°C and 38.2°C respectively (Bureau of 
Meteorology station no. 68257). Rainfall mostly occurs in 
the wetter summer/autumn months, with annual rainfall 
averaging around 700 mm throughout the CPW. 

Study species and seed collection

The selection of species for the germination experiments was 
based on ensuring representation of a diversity of life-history 
traits in the CPW bioregion. The species that were used in the 
experiments captured the broad taxonomic range found in the 
study region, which included 15 species from 13 genera 
spread across eight families (Table 2). Seeds for these species 
were sourced from either fresh field collections or from a 
seedbank collection. Seedbank collections were previously 
stored for a maximum 10 years at 15% relative humidity 
(RH) at 4°C in sealed, airtight packages. Seeds of four 
species were collected from stands of CPW at the Australian 
Botanic Garden Mount Annan (ABG) between February and 
March 2018 and seeds of 11 species from the same area 

were obtained from the ABG PlantBank storage facilities 
(Table 2). 

Experimental design

All seeds were initially left to acclimatise to room temperature 
and humidity for approximately one fortnight. In an oven 
(Labec G701; Marrickville, Australia), dry seeds were 
exposed to a variety of heatwave scenarios for a period of 
5 days, this length of time being representative of a typical 
heatwave in this region (Bureau of Meteorology 2020), at a 
prescribed temperature for each treatment (Table 1). These 
treatments were used to create a heatwave gradient of the 
least extreme heatwave scenario, which was 29/17°C 
(maximum/minimum) for a 5 day period, to the most extreme 
heatwave scenario which was 60/22°C for a 5 day period 
repeated five times with a 6 day gap between each heatwave 
(French et al. 2019). A lab-based control without a diel 
temperature cycle was also used (22°C). All seeds were 
subjected to these dry heatwave conditions at the same time, 
regardless of replicate. 

To establish the range of temperatures for the treatments, 
we gathered meteorological data from the Bureau of 
Meteorology for the summers between 2013 and 2018 inclusive 
(Bureau of Meteorology 2020) for four locations spanning the 
distribution of the CPW. Diel temperature data were obtained 
for the four sites. After initial on-site testing with temperature 
loggers (Onsolution Thermochron DS1921G; Baulkham Hills, 
Australia), it was established that there was little to no 
difference between topsoil temperature and ambient air 

Table 2. Study species with their taxonomic family, seed information, and life-history trait information.

Family Species Collection Pre-treatment Seed mass (g) Life form Fire response Dormancy

Asteraceae Calotis lappulacea Field N/A 0.46 Shrub Resprouter Dormant

Cassinia aculeata PlantBank N/A 0.05 Herb Obligate seeder Dormant

Chenopodiaceae Einadia nutans subsp. nutans Field N/A 0.68 Herb Obligate seeder Non-dormant

Fabaceae Acacia decurrens PlantBank Scarification 12.99 Tree Obligate seeder Dormant

Acacia falcata PlantBank Scarification 14.09 Shrub Obligate seeder Dormant

Hardenbergia violacea PlantBank Scarification 17.15 Climber Resprouter Dormant

Indigofera australis PlantBank Scarification 3.71 Shrub Obligate seeder Dormant

Lamiaceae Plectranthus parviflorus Field N/A 0.24 Herb Obligate seeder Non-dormant

Myrtaceae Eucalyptus crebra PlantBank N/A 0.15 Tree Resprouter Non-dormant

Eucalyptus tereticornis PlantBank N/A 0.29 Tree Resprouter Non-dormant

Poaceae Dichanthium sericeum PlantBank Floret removed 0.61 Grass Resprouter Dormant

Microlaena stipoides PlantBank Floret removed 5.03 Grass Resprouter Dormant

Themeda triandra PlantBank Floret removed 3.77 Grass Resprouter Dormant

Ranunculaceae Clematis glycinoides var. glycinoides PlantBank N/A 1.94 Climber Resprouter Dormant

Sapindaceae Dodonaea viscosa subsp. cuneata PlantBank Scarification 3.20 Shrub Resprouter Dormant

Collection refers to either field collection of seeds or PlantBank accessed seeds. Pre-treatment refers to any standard treatments used to promote seed germination or
break physical dormancy. Seed mass is the weight of 1000 seeds (g). Life form: grass, herb, shrub, tree, or climber. Fire response: obligate seeder or resprouter.
Dormancy: dormant or non-dormant.
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temperature, therefore ambient temperatures could be used 
rather than temperatures collected from within the top 5 cm 
of soil. The definition of a heatwave was based on the Bureau 
of Meteorology’s description of three or more days of high 
minimum and maximum temperatures that are ‘unusually 
high’ for that location (Bureau of Meteorology 2020). The 
four sites were located near the boundary of the CPW and 
positioned more than 17 km from each other. The sites 
included the weather stations Richmond RAAF (067105; 
northern boundary, −33°36 0S, 150°47 0E), Camden airport 
(068192; southern boundary, −34°2 0S, 150°41 0E), Bankstown 
airport (066137; eastern boundary, −33°55 0S, 150°59 0E) and 
Penrith Lakes AWS (067113; western boundary, −33°43 0S, 
150°41 0E). The projected heatwave is based on IPCC 
projections of a 4°C increase in global temperature by the 
end of the century (Pörtner et al. 2022). To establish the 
temperature needed for the post-fire heatwave treatment, a 
data logger was placed on recently burnt ground in the 
CPW woodland with no canopy cover present (von Richter, 
unpublished data). 

Following each treatment, and once species had been pre-
treated using appropriate germination requirements (such as 
physical scarification or removal of external coverings, Table 2), 
10 seeds were placed on 9 cm petri dishes, each dish 
containing 8 g/L of agar. The control, recent heatwave and 
projected heatwave groups had five replicates of 10 seeds; 
one post-fire heatwave, three post-fire heatwaves and five 
post-fire heatwaves had six replicates of 10 seeds. After each 
treatment, dishes were placed into species-specific optimum 
temperatures for germination of each species (based on 
initial trials and information provided by the Society for 
Ecological Restoration International Network for Seed 
Based Restoration and Royal Botanic Gardens Kew (2023). 
This study aimed to assess the effect of a range of heatwave 

treatments on post-heatwave seed germination responses 
and so used optimum germination temperature to identify 
the impact of these extreme events. As such, some species 
were placed into incubators with diel temperature cycles 
(see Supplementary materials Table S1), others were placed 
in constant temperatures (20°C). The light settings for all 
incubators were set to a diel cycle with a 12 h/12 h light/ 
dark rotation. 

Germination checks commenced 2 days after seeds were 
placed into the incubators. No germination occurred before 
placement in the incubators. Each group was checked every 
second day for the first 14 days. From day 14 to day 30, the 
plates were checked every 4 days, and then weekly until no 
further germination was observed for 14 days in a row. 
Germination was defined as emergence of a radicle of more 
than 2 mm. After this time, a cut test was used to reveal the 
condition of those seeds that had not germinated (Ooi et al. 
2004). Germinability was assessed to be the most ecologically 
relevant measure of seed germination success, not viability. In 
this study, germination total is represented by those seeds that 
germinated out of the total number of seeds with the potential 
to germinate, i.e. viable seeds, not seeds that were empty or 
destroyed by predation. 

Collection of trait information for each species

Table 2 and Fig. 1 present summary trait information for each 
species. Seed mass was measured as the weight of 1000 seeds 
for each species using an analytical balance (Mettler Toledo 
AG204; Mumbai, India). Seeds were left to equilibrate at room 
temperature and humidity, and all dispersal structures were 
removed before weighing. Species were classified as dormant 
(species that require a germination stimulant if no germina-
tion occurs within 6 weeks under suitable conditions) or 

Dormant
Non-dormant

Ob. seeder
Resprouter Grass Herb 

Climber Shrub Tree 

Fig. 1. Life history traits and life forms of the study species.
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non-dormant (species that readily germinate within 6 weeks 
under suitable conditions) based on observations within the 
study region (noting that dormancy can vary within a species 
across geographic ranges; Baskin and Baskin 2004). As some 
dormancy classes had only one or two representatives among 
the species tested, the split between dormant and non-
dormant was determined to be suitable for this study. Dormancy 
types of species were obtained from Chapter 7 in Hirst et al. 
2021. Each species was classified as either an obligate 
seeder (species that die when exposed to fire and rely on the 
seedbank for regeneration) or a resprouter (species that 
regenerate after fire through epicormic shoots or lignotubers) 
based on observations within the study region (noting that fire 
response traits can also vary within a species across geo-
graphic ranges; Gill 1981; Gill and Bradstock 1992). Fire 
response trait data were obtained from fire ecology research 
performed in the Cumberland Plain Woodland (CPW) (Watson 
2005; Penman et al. 2008; Kubiak 2009). Information on 
species’ life forms was sourced from PlantNET (The NSW 
Plant Information Network System) (2019), Tozer et al. 
(2015), Watson (2005) and (Fairley and Moore 2010). Each 
species was classified as either a tree (a single-stemmed 
woody plant >5 m), shrub (a multi-stemmed woody plant 
<5 m), herb a non-woody plant <2 m), climber (a small 
multi-branched woody plant <1 m) or grass (species in 
Poaceae). 

Statistical analyses

First, to determine the effects of the heatwave treatment levels 
on germination responses within each species, we fitted 
generalised linear models (GLMs) to each species individually 
for onset of germination, germination duration (GLMs with 
Poisson error structure), and germination proportion (GLM 
with binomial error structure), using petri dishes as replicates 
and a single term for heat treatment (fixed categorical factor 
with seven categories). Following this, to quantify the size of 
the effects of the heat treatments across all species considered 
together, we fitted generalised linear mixed effects models 
(GLMMs) to onset of germination and germination duration 
(Poisson error structure), and a linear mixed effect for 
germination proportion (logit transformed). Here, to account 
for the multiple observations of species within levels of the 
heat treatment, we included a random term for species, 
nested within plant family. This approach allowed us to 
broadly account for phylogeny while using models that 
allow inclusion of multiple observations per species (Smith 
and Brown 2018). Finally, to test if plant life-history traits 
explained patterns in germination responses, separate mixed 
effects models for each plant life-history trait were fitted 
including a term for the heat treatment and the life-history 
trait of interest (seed mass [ln transformed], life form, 
dormancy and fire response traits). For the categorical life-
history traits, random effects for plant species were nested 
within the life-history term of interest, which was in turn 

nested within plant family, and species nested within family 
for seed mass. This structure of random terms allowed us to 
control for species level effects within factor levels, and to 
account for any effects of plant family over and above those 
of species and life-history factors. We employed Poisson 
GLMMs for onset and duration of germination, and a linear 
mixed model for germination proportion (logit transformed). 
All analyses were performed in R 4.2.1 (R Core Team 2022) 
with the packages ape (Paradis and Schliep 2019), car (Fox 
et al. 2019), V.PhyloMaker (Jin and Qian 2019), emmeans 
(Lenth et al. 2021), and lme4 (Bates et al. 2015). 

Results

Germination responses within species to the
heatwave treatments

The majority of species showed significant differences in 
onset of germination among heat treatment levels (12 species; 
Fig. 2b), seven species in germination duration (Fig. 2c) and 
10 species in germination proportion (Fig. 2d; full model 
outputs in Supplementary Table S2). Species that showed 
a significant heat treatment effect generally showed delayed 
germination onset in the more extreme heat treatments (e.g. 
Eucalyptus tereticornis and E. crebra, Acacia decurrens). Other 
species showed differing effects, such as Cassinia aculeata 
(with a pattern of decrease in time to germination across 
the treatments), Calotis lappulacea and Einadia nutans (with 
no directional trend related to the treatments emerging), 
or Clematis glycinoides, which showed a slowing in 
treatments C to E, and similar delays in treatments A and B 
compared to F to H. For germination duration, two species 
tended towards longer durations across the treatments, 
E. tereticornis and C. lappulacea, with the other species 
showing no directional trend, e.g. C. aculeata and Dodonaea 
viscosa. Germination proportion for A. decurrens, 
Hardenbergia violacea and Microlaena stipoides tended 
towards a decrease across the heat treatments, whereas 
other species again showed significant patterns with no clear 
directionality, e.g. Plectranthus parviflorus or D. viscosa. In  
contrast, C. aculeata appears to show an upward trend. 

Germination responses among species to the
heatwave treatments and relationship with
life-history traits

Across species, no significant effect of heat treatment emerged 
for onset of germination (χ2 = 11.780, d.f. = 6, P = 0.07; Fig. 3a), 
whereas germination duration was significantly shorter in 
treatments B to E compared to A, F and G, with treatment F 
showing significantly longer duration relative to treatment 
A and G (χ2 = 142.850, d.f. = 6, P < 0.0001; Fig. 3b. For 
germination proportion, a significant effect of heat treatment 
was found (χ2 = 12.935, d.f. = 6, P = 0.0.44; Fig. 3c), 
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(a) (b) (c) (d) 

Fig. 2. Plot of the phylogeny for the study species (a), onset of germination (b), germination duration (c) and germination proportion
(d). Species values correspond to the tips of the phylogeny in plots (b–d). Values for the heat treatments A–G for each species are displayed
from the top to bottom for each species and coloured blue to red.Where a significant effect of the heat treatment emerged for a given species
this is indicated by a red asterisk on the right margin of the plot. Black lines on points indicate the 95% confidence interval (CI) for the means.

Treatments F and G had lower germination proportions than 
the other treatments, but these were not shown to be non-
significant after correction for multiple comparisons. Of the 
life-history traits, seed mass emerged as significant for onset 
of germination (χ2 = 7.067, d.f. = 1, P = 0.008; Fig. 4a), and 
also for germination duration (χ2 = 7.067, d.f. = 1, P = 0.008; 
Fig. 4b), with heavier seeds germinating faster over a shorter 
period. For germination proportion, only life form was 

significantly related to germination proportion (χ2 = 17.201, 
d.f. = 4, P = 0.002; Fig. 4c), with a higher proportion of 
climbers’ seeds germinating relative to tree species, with 
grasses, herbs and shrubs not differing significantly from 
either climbers or trees. In these models of the heat 
treatment including life-history traits, germination duration 
and germination proportion remained significant (all 
P-values < 0.05; Supplementary Table S3), indicating none 
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(a) 

(b) 

(c) 

Fig. 3. Plots of the heat treatments’ effects for onset of germination
(a), germination duration (b) and germination proportion (c). Points are
species means within the levels of the heat treatment. Black lines are
means of treatments across species and shaded areas the 95% confidence
intervals (CI) of the means. In (b) and (c), the red letters indicate the
pattern of significant differences among the treatment levels from
pairwise testing. For (c), no significant pairwise differences emerged
after correction for multiple comparisons, so the patterns without
correction are shown (denoted by the asterisks next to letters).

of the life-history traits were sufficient to explain the patterns 
related to the heat treatment. 

Discussion

The germination attributes of our study species were signifi-
cantly affected by increases in the intensity and frequency of 
heatwaves. Most species responded to the increase with 
delayed germination onset, prolonged germination duration 
time, and a reduced proportion of germinated seeds. These 

broad findings support previous studies exploring the impacts 
of high temperatures on seed germination (Ellis et al. 1987; 
Baskin and Baskin 1988; Roberts 1998; Clarke and French 
2005; Davies et al. 2018). The direction of influence of 
heatwaves on species attributes was variable, but the general 
trend was for longer germination duration and lower total 
germination proportion. However, the influence of heatwaves 
on germination onset was variable with no consistent 
directional trend. Interestingly, for germination duration 
the most prolonged germination period was found after 
three heatwaves and not after the expected five heatwaves. 
This may be a result of the drop in total proportion of germi-
nation with those species that experienced five heatwaves 
dying before any duration changes were observed. Treatment 
A, the control, had constant temperature exposure, which may 
have lowered the total germination proportion for species that 
require a diel temperature cycle for optimal germination, a 
well-known phenomenon from early studies (Thompson et al. 
1977; Probert 2000). 

In this study, the influences of key life-history traits on seed 
germination saw the emergence of underlying mechanisms 
governing seed germination attributes, though they did not 
explain the patterns associated with heatwave stress. There 
was also no apparent association between phylogenetic 
relationships among species and the germination responses 
post-heatwave exposure. Rather, life-history traits were the 
key drivers. Seed mass was significantly related to germina-
tion onset and duration. Heavier seeds were quicker to 
germinate than smaller seeds and had shorter germination 
periods. These results were similar to a few studies in the 
literature (Moles and Westoby 2004, 2006), but opposed 
other studies (Verdú and Traveset 2005; Norden et al. 
2009; Barak et al. 2018). In terms of bet-hedging strategy, 
generally speaking, small-seeded species have greater long-
term advantages over their lifespan that would outweigh the 
benefits gained by large-seeded species, which only seem to 
benefit in short-term quick germination onset (Moles and 
Westoby 2004). Our results show that although large-seeded 
species may have the initial advantages over small-seeded 
species with quicker germination, this may not be a useful 
strategy in the long term. 

For total proportion of germination, the only significant 
life-history trait was life form. Climbers had the highest 
proportion of germination, trees had the lowest proportion, 
and everything else was in between. Although bet-hedging 
strategies provide some answers (Pianka 1970; Reznick 
et al. 2002; Olofsson et al. 2009), the seed mass of the trees 
in this experiment varied considerably, from some species 
with very small seeds to other species with comparatively large 
seeds. In future, this may mean a reduction in species from 
certain life form groups such as trees and an increase in more 
hardy life form types such as grasses. This would mean a fairly 
dramatic shift in species composition should the number of 
intense and frequent heatwaves increase over the next few 
decades and centuries, as they are expected to. 
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As for the other life traits, we expected to find an observ-
able difference within the fire response traits, between the 
obligate seeders and resprouters. Throughout the literature, 
obligate seeders are recognised as more prolific germinators 
(Hansen et al. 1991; Bell et al. 1993; Hunter 2003) as they 
dedicate more resources to seeds than resprouters (Knox 
and Morrison 2005; Palmer et al. 2018). We also expected 
delayed germination onset for dormant vs non-dormant 
seeds. It has been argued that dormant seeds are more likely 
to survive higher temperatures than non-dormant seeds due to 
the physiological differences between dormant and non-
dormant seeds (Ramos et al. 2016). 

One other aspect of this study to consider is that dry seeds 
are naturally more adapted to survive than imbibed seeds 
(Woodstock 1988). Had the seeds in this experiment been 

Fig. 4. Plot of onset of germination (a) and
germination duration (b) against ln seed mass.
Points are the mean values for species across
levels of the heat treatments. The red line is the
line of best fit from the GLMMs (representing
the average across factor combinations in the
models). In (c) the germination proportions
for plant life forms are shown. Black lines are
means of treatments across species and shaded
areas the 95% CI of the means. Red letters in
(c) indicate the pattern of significant differences
among factor levels.

imbibed, we known that the proportion of seed to germinate 
would have been greatly reduced (Tangney et al. 2019). Once 
imbibition occurs, the metabolic function within seeds begins 
and the effect of temperature becomes far more apparent in 
these germination attributes (Weitbrecht et al. 2011). Had 
the seeds in our study been at a resting 95% relative 
humidity, not quite at the point of imbibition, we may have 
seen contrasting results (Bewley and Black 2013). 

Conclusion

Our study has identified the impact of intense and frequent 
heatwaves on the seed germination responses of species 
from the Cumberland Plain Woodland and the underlying 
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influence of life-history traits on seed germination. Most 
affected species had delayed germination onset, prolonged 
germination duration time, and a reduced proportion of 
germinated seeds after exposure to more extreme heatwave 
conditions. We also recognised the importance of life-history 
traits like seed mass and life form on seed germination 
responses. These results provide much needed insight into 
the future prospects of threatened ecological communities 
such as the CPW. 

Supplementary material

Supplementary material is available online. 
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