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fire residence time but had no clear relationship with 
fire intensity. Seed germinability of Leucochrysum 
albicans var. tricolor (Hoary Sunray, Asteraceae) 
was reduced by exotic grass-fueled fire and increas-
ing fire residence times. The observed changes in fire 
behaviour represent an invasion-driven shift in the 
ecosystem’s fire regime. By increasing fuel mass, fire 
residence time increased, and this influenced seed 
survival and subsequent germinability. Increased 
fire intensity following invasion highlights that inva-
sive grasses can increase the fire-risk of grasslands. 
Maintaining native grasslands free of invasive pas-
ture grasses therefore has environmental and fire-risk 
benefits.

Keywords  Exotic grass · Fire regime shift · Fire 
behavior · Fire intensity · Fire residence time

Introduction

Exotic grasses have invaded substantial areas of veg-
etation on almost every continent and are regarded 
as a major threat to global biodiversity (D’Antonio 
and Vitousek 1992; Heywood 1989; Vitousek 
et  al. 1997). One of the most detrimental effects of 
exotic grass invasion on ecosystems are their effects 
on the fire regime (D’Antonio and Vitousek 1992; 
Brooks et  al. 2004). Grass invasions can change the 
spatial and temporal characteristics of fire regimes 
(i.e. the frequency, season, extent, intensity), thereby 
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altering ecosystem structure, function and composi-
tion (Brooks et. al. 2004; D’Antonio and Vitousek 
1992; Setterfield et al. 2010).

In tropical and arid Australia, where exotic pas-
ture grasses such as Andropogon gayanus (Gamba 
Grass) and Cenchrus ciliaris (Buffel Grass) have 
invaded savanna, they have greatly altered the amount 
and distribution of fuels in native ecosystems (Miller 
et  al. 2010; Rossiter et. al. 2003), with subsequent 
effects on the frequency and intensity of fire (Butler 
and Fairfax, 2003; Miller et. al. 2010; Setterfield et. 
al. 2010), as well as negative impacts on woody plant 
persistence (Butler and Fairfax 2003; Miller et. al. 
2010; Setterfield et. al. 2010). Exotic grass invasion 
can lead to a positive feedback which promotes fur-
ther establishment and ongoing invasion (D’Antonio 
and Vitousek 1992; Linder et. al. 2018). Interactions 
between invasive grasses, fire, and ecosystem pro-
cesses are well-studied globally in woody ecosystems, 
but much less is known about the impact of invasive 
grasses on fire and ecosystem processes in grasslands.

Species-rich temperate grasslands in south-eastern 
Australia rely on frequent fire (typically every 1- to 
3-yrs) for the maintenance of plant and animal diver-
sity (Stuwe and Parsons 1977; Scroggie et  al. 2019) 
and habitat structure (Morgan and Lunt 1999; Stuwe 
and Parsons 1977). High-quality grasslands now per-
sist in small, linear remnants in an agricultural matrix 
where the threat of pasture grass invasion is high 
(Kirkpatrick et. al. 1995; Morgan 1998a, b; Prober 
and Thiele 2005). Pasture grasses increase productiv-
ity in agricultural landscapes but are often invasive 
and have significant (negative) environmental impacts 
(Driscoll et. al. 2014). For example, pasture grass spe-
cies such as Phalaris aquatica (Canary-grass) were 
introduced to high rainfall agricultural regions of 
south-east Australia for pasture improvement but have 
since escaped and invaded into remnant native grass-
land vegetation. Invasion is thought to have increased 
native grassland above-ground primary productivity 
and fuel loads (Stoner et  al. 2004). Pasture grasses 
are now common invaders of temperate grasslands 
throughout much of south-eastern Australia (Morgan 
1998a; Prober and Thiele 2005, Zeeman et. al. 2018).

Increased primary productivity and fuel load accu-
mulation after invasion will likely affect the persis-
tence of flora via direct and indirect processes (Corbin 
et  al. 2007; Knapp and Seastedt 1986; Molinari and 
D’Antonio 2020), by modifying habitat structure for 

animals (Grice et al. 2013), altering nutrient cycling 
(Ehrenfeld 2003; Rossiter-Rachor et al. 2008), and by 
changing fire regimes (Driscoll et al. 2014; Lunt and 
Morgan 2002; Setterfield et al. 2010). Invasion-driven 
shifts in fire behaviour may lead to changes in the 
intensity (the amount of heat released) and residence 
time of fires (how long they burn at a given point). 
Socially, increased fuel loads and fire intensity pose 
risks to communities and infrastructure (Adams et al. 
2020); environmentally, changes in fire behaviour and 
increased soil heating may influence native plant spe-
cies recruitment and persistence, with corresponding 
decreases in species diversity and regeneration post-
fire (Gagnon et  al. 2010; 2015; Tomat-Kelly et  al. 
2021). Recent studies in the region have assessed the 
variation in fire behaviour between native grassland 
types (Morgan and Salmon 2020), but no studies have 
investigated how exotic grass invasion into native 
grasslands may alter fire behaviour.

This study aimed to determine the effect of inva-
sion by an exotic pasture grass, Phalaris aquatica, 
on fire behaviour and seed regeneration potential in a 
temperate native grassland community. We compared 
fuel and fire characteristics of invaded and uninvaded 
native grasslands and examined whether differences 
in fire behaviour affect soil heating properties, and the 
survival and germinability of seed of an endangered 
forb, Leucochrysum albicans var. tricolor (Hoary 
Sunray). We hypothesised that: (i) fire behaviour dif-
fers between exotic and native grasslands due to dif-
ferences in fuel mass and architecture; (ii) that fires 
which have longer residence times would negatively 
affect seed germinability, and; (iii) that such fires are 
more likely after invasion by pasture grasses.

Methods

Study region

This study was conducted in native temperate grass-
lands of the Volcanic Plains of western Victoria, 
Australia (− 37° 38′ 57.54", 142° 20′ 29.92"). In this 
region, native grasslands are dominated by Them-
eda triandra (Kangaroo Grass), but they have been 
severely depleted in extent and condition by agricul-
tural land use (Kirkpatrick et  al. 1995). Most high-
quality remnants are now confined to areas that have 
been rarely grazed, never fertilised and frequently 
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burnt, such as railway easements, roadside verges, 
travelling stock routes and cemeteries (Stuwe and 
Parsons 1977). Frequent fire is an important process 
in these grasslands, regulating biomass accumulation, 
species diversity, and nutrient processes including 
nitrogen limitation (Morgan and Lunt 1999; Morgan 
2007). We selected native grassland remnant sites on 
roadsides between Wickliffe and Hamilton townships, 
which have a mix of high quality, remnant grasslands 
and now invaded, exotic-dominated grasslands that 
once supported native grasslands. The latter are typi-
cally invaded by Phalaris aquatica, a deep-rooted, 
productive pasture species commonly sown in the dis-
trict for pasture improvement.

Average annual rainfall for the study region 
is ~ 615  mm, with mild winters and hot summers. 
During the study period (September to December 
2014), rainfall was well-below average (40%; 87 mm 
compared with a long-term average of 215  mm). 
Mean annual maximum and minimum temperatures 
are 19.1 °C and 7.6 °C, respectively. Distinct spring-
early summer growing conditions are followed by 
summer drought which allows fuel curing. Soils 
are typically grey-brown clay to clay loams, deep 
(> 60 cm) and slightly acidic to neutral (pH 6.0–7.0). 
These soils crack in summer and are typically water-
logged for several weeks through winter. Most 
grasslands on roadsides are burnt frequently for fuel 
reduction purposes in the austral summer (December-
March) when fuels are dry and native species have 
shed seed and become dormant (Morgan 1999b).

Fuel mass and architecture

To quantify fuel characteristics of grasslands, peak 
standing biomass was assessed in 20 native unin-
vaded grasslands (Themeda triandra-dominated) 
and compared to 21 invaded grasslands (Phalaris 
aquatica-dominated) between November and Decem-
ber 2014. Themeda triandra is a perennial, tussock-
forming C4 grass that dominates grasslands that often 
have a high diversity of forbs (Stuwe and Parsons 
1977; Kirkpatrick et  al, 1995). Phalaris aquatica, a 
perennial tussock-forming C3 grass introduced into 
the broader region for pasture improvement (VicFlora 
2020), often escapes from farmland and becomes 
established along roadsides (VicFlora 2020). Phala-
ris aquatica can form monocultures, especially when 
unmanaged (Johnson, 1999; Stoner et al. 2004). The 

invaded grasslands studied were contiguous with 
native grasslands. It was assumed that invaded grass-
lands were once dominated by native species, but 
have been transformed by pasture grasses at an unde-
fined point in the past (i.e. there has been a dominant 
cover-type switch). All 41 grasslands occurred as 
linear strips of roadside verge vegetation (typically 
20–40 m wide) and are frequently burned (every 1 to 
3 yrs) by local fire authorities. These grassland sites 
were interspersed along roads with minimum distance 
of 300 m between each site.

At each site, one randomly placed 10 × 10 m quad-
rat was established in a uniform-structured grass-
land. Four 0.25  m2 quadrats were randomly placed 
within this quadrat and all above-ground biomass 
(phytomass = live and dead plant material) was har-
vested. Samples were then dried at 80 °C for 48 h and 
weighed, and results were averaged for each site. Fol-
lowing the method of Stewart et al. (2001), the height 
of the sward at each site was measured as the level at 
which, by eye, 80% of the vegetation was estimated to 
be growing underneath (therefore ignoring occasional 
tall shoots).

Fire behaviour

To assess how grassland type (and hence, fuel load 
and type) affects fire behaviour, several characteris-
tics of fire were recorded for 14 grassland fires con-
ducted between December 2014 and March 2015. 
There were eight fires in native grasslands and six 
fires in invaded grasslands. These grasslands were in 
the same region where fuel characteristics were pre-
viously quantified. Some of these sites had not been 
managed (e.g. burned) for several years. All fires 
were fuel-reduction burns conducted by the Country 
Fire Authority (CFA) using the technique normally 
employed by the CFA for burning linear roadside 
vegetation (i.e. firstly strip burning the edges of the 
linear grassland and then allowing head-fires to burn 
through the grassland). All fires occurred in the aus-
tral summer under similar weather conditions where 
temperatures were between 20 and 32 °C with wind 
speeds between 20 and 30 km h−1. This fire weather 
was scored as ’relatively mild’, with the McAr-
thur Forest Fire Danger Index (FFDI) for each burn 
between 12 and 23 (McArthur 1967).
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Two aspects of fire behaviour were recorded at all 
burns: (i) residence time (duration of temperatures 
above 200 °C, measured in seconds) and (ii) rate of 
spread (m s−1). Residence time was quantified using 
six electronic-temperature-residence-time-meters 
(TRTMs) arranged in an equilateral triangle, with 
six measurement positions 4  m apart (as described 
in Williams et  al. 1998, 1999). TRTMs were bur-
ied ~ 15 cm beneath the soil at each position, with a 
thermocouple (calibrated at ~ 200  °C) attached and 
exposed at 20  cm above the soil. TRTMs record 
the time the thermocouple is exposed to tempera-
tures ≥ 200  °C. Rate of spread was calculated by 
recording the time of fire arrival at each position on 
the triangle.

To understand the contribution of fuel load to fire 
behaviour, fuel mass was recorded at each site prior 
to burning by harvesting all biomass from four ran-
domly placed 0.25 m2 quadrats. Each fuel sample was 
weighed immediately after harvesting to determine 
wet weight. These samples were then oven dried at 
80  °C for 48  h and reweighed, to derive a measure 
of site fuel (dry matter, kg m−2) and fuel moisture (% 
water content). Byram fire-line intensity (a function 
of rate of spread, fuel mass and fuel heat release) was 
calculated for each fire using site fuel load and rate 
of spread measurements, as well as the conventional 
heat yield of fuel typical of Australian grassy sys-
tems, 16,000 kJ kg−1 (Gill and Knight, 1991; Cheany 
and Sullivan, 2008).

Soil heating

Temperature dataloggers were placed at each site to 
quantify the effect of grassland fire behaviour on soil 
heating. At each site, five petri dishes containing a 
temperature datalogger (DS1922E-F5# Thermochron 
8 K iButton, iButtonLink) were buried under 10 mm 
of substrate, with the petri dish placed level to the 
ground. Dataloggers were evenly spaced along a 6 m 
transect, within 2  m of the fire triangle. Data from 
temperature loggers was downloaded with two meas-
urements recorded from each logger: (i) temperature 
rise and (ii) duration of heating. Temperature rise 
was measured as the maximum increase in tempera-
ture above ambient soil temperature prior to fire (the 
average temperature across 2  min prior to heating). 
Duration of heating was measured as the length of 
time soils were exposed to temperatures ≥ 2 °C above 

ambient temperature. Due to equipment failure, soil 
heating was not recorded in three of the eight native 
grasslands.

Seed germinability

To assess how plant regeneration from buried seed 
might be affected by fire behaviour, seed of a native 
inter-tussock forb, Leucochrysum albicans var. tri-
color (Asteraceae), was exposed to the 14 fires and 
then germinated. This species was chosen because 
it is an endangered forb native to the grasslands of 
region and may be negatively affected by large inva-
sive grasses (Gilfedder and Kirkpatrick 1993; Vic-
Flora 2020). It forms a transient seed bank of readily 
viable seed in the upper layers of the soil (Gilfedder 
and Kirkpatrick 1993). Bare ground and inter-tussock 
spaces created by fires are important sites for recruit-
ment and therefore persistence (Gilfedder and Kirk-
patrick 1994; Morgan 1999b). The species produces 
large seed (~ 7 mm × 3 mm) which allowed for easy 
retrieval from the soil following exposure to the fire.

At each site where fire behaviour was meas-
ured, 10 glass petri-dishes were buried at ground 
level and exposed to the fire. Five petri-dishes con-
tained 10 seeds placed on the substrate surface (i.e. 
exposed to direct fire) and five petri-dishes contained 
10 seeds buried under 10 mm of dry sand (i.e. pro-
tected from direct fire). These were arranged in two 
6 m transects. Petri-dishes were placed 1.5 m apart, 
with buried and surface treatments alternating along 
each transect. Petri-dishes were retrieved from each 
site approximately 1  h after fire and the contents of 
each petri-dish (substrate and seed) emptied into a 
zip-lock bag. A 2 mm sieve was used to retrieve the 
seed. If all 10 seeds could not be recovered after siev-
ing three times, the seed was presumed to have been 
lost. In these cases, the proportion of seed germina-
bility was taken as the proportion of retrieved seed. 
Recovered seed was placed onto wet filter paper in 
an airtight 90 mm petri-dish to assess germinability. 
The seed petri dishes were then placed into a Ther-
moline Scientific TREIL-200–1-SD growth cabinet 
at 20 °C with a 12 h diurnal day/night cycle, follow-
ing Morgan (1998b). The position of petri-dishes in 
the growth cabinet was shuffled each week, and seeds 
were assessed for germination weekly for 4  weeks, 
with germination considered to have occurred when 
the radicle emerged.



1759Perennial pasture grass invasion changes fire behaviour and recruitment

1 3
Vol.: (0123456789)

Data analysis

To determine whether fuel characters vary between 
native and invaded grasslands with a history of fre-
quent burning, fuel mass and  fuel height were com-
pared using t-tests, assuming equal variances. To 
assess whether invaded grasslands burned differently 
to native grasslands, fuel characters (mass, moisture) 
and fire behaviour attributes (fire intensity, rate of 
spread, residence time) were compared using t-tests 
assuming unequal variances. The effect of invaded 
grasslands on soil heating (temperature rise, dura-
tion of heating) and germinability of seed (surface, 
buried) was assessed by comparing results from 
native and invaded grasslands using t-tests assuming 
unequal variance. For these t-tests, the proportion of 
germinating seed from each replicate was averaged 
for each treatment at each site. Linear relationships 
between fuel mass and fire behaviour variables (fire 
intensity, residence time) were assessed using linear 
regression. Linear relationships were also explored 
between fire behaviour variables and soil heating. The 
significance of linear relationships was tested using 
analysis of variance (ANOVA). The effect of grass-
land fuel type and fire behaviour variables on seed 
survival was analysed by means of logit analysis for 
binomial data (i.e. proportions), using the glm func-
tion and a logit transformation in R 4.0.2 (Crawley 
2012; R Core Team 2020). Seed survival was taken as 
the success or failure to germinate.

Results

Fuel mass

Mean fuel loads in exotic Phalaris aquatica grass-
lands (n = 21) were two-times higher than native 
Themeda triandra grasslands (n = 20) (mean ± SE; 
0.63 ± 0.08  kg  m−2 versus 0.28 ± 0.02  kg  m−2, 
p < 0.01). The invaded grasslands were approximately 
twice as tall as the native grasslands (mean ± SE; 
55.8 ± 1.9 cm vs 26 ± 0.01 cm, p < 0.01).

Fire behaviour

Across the 14 sites where fire behaviour was 
recorded, invaded grasslands had five times 
more fuel than the native grasslands (mean ± SE; 

0.77 ± 0.06  kg  m−2 versus 0.14 ± 0.01  kg  m−2, 
p < 0.01, S1). Fuel moisture at the time of burning 
was higher in exotic (mean ± SE; 31.9 ± 1.3%) than 
native (23.4 ± 1.0%) grasslands (p < 0.05).

Fire intensity in invaded grasslands was 
three times higher than that in native grass-
lands (mean ± SE; 1728 ± 96  kW  m−1 versus 
403 ± 38 kW m−1, p < 0.001, S1). Most sites burned 
similarly with respect to rate of spread, with no 
difference found between exotic (mean ± SE; 
0.18 ± 0.02  m  s−1) and native (0.16 ± 0.01  m  s−1) 
grasslands (p = 0.35, S1).

There was a trend toward higher fire residence 
time (seconds above 200 °C) in invaded grasslands 
(mean ± SE; 38.3 ± 2.8 s) compared to native grass-
lands (27.1 ± 0.9  s); however, this was not signifi-
cant (p = 0.09, S1). There was a large degree of var-
iability in residence times recorded in the invaded 
grasslands (Fig. 1a). Native grasslands, by contrast, 
burned similarly with respect to residence time 
(Fig. 1a).

Fire intensity and residence time were both 
affected by fuel load (Fig.  1). Across all sites, fire 
intensity and residence time were both positively 
related to fuel mass (albeit weakly for intensity); 
sites with higher fuel mass released more energy 
per metre of the fire line (fire intensity, Fig.  1b, 
R2 = 0.22, p = 0.14, S1) and burned for longer peri-
ods (fire residence time, Fig. 1a, R2 = 0.57, p < 0.01, 
S1).

Soil heating

The change in soil temperature above ambient at 
10 mm below the soil surface was almost five-times 
higher in exotic grasslands (mean ± SE; 23.1 ± 3.5 °C, 
S1) compared to native grasslands (4.8 ± 0.5  °C; 
p < 0.05, S1). The mean duration of soil heating 
(> 2  °C above ambient) was marginally statisti-
cally significantly higher in invaded compared to 
native grasslands (mean ± SE; 3326 ± 599  s versus 
705 ± 43 s; p = 0.07, S1).

The increase in soil temperature was positively 
related to fire residence time (R2 = 0.76, Fig. 2a) but 
had no clear relationship with fire intensity (R2 = 0.04, 
Fig.  2b). The same relationships were observed for 
the duration of soil heating (residence time: R2 = 0.48 
and fire intensity: R2 = 0.04, Fig. 2).
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Fig. 1   The relationship between grassland fuel mass and the a fire residence time and b fire intensity. The contribution of invaded 
and native grasslands to these relationships are shown. Model fit indicated as R2

Fig. 2   The relationship between the fire behaviour param-
eters a residence time and b intensity and observed degree 
of soil heating above ambient, and the relationship between 
the fire behaviour parameters c residence time and d intensity 

and duration of soil heating (in seconds). The contribution of 
invaded and native grasslands to these relationships are shown. 
Model fit indicated as R2
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Seed survival

The mean proportion of surface-sown seed that ger-
minated after being exposed to fire in invaded grass-
lands was almost half that of seed exposed to fire in 
native grasslands (mean ± SE; 0.30 ± 0.04 versus 
0.62 ± 0.03, p < 0.05, S1). Despite the protection pro-
vided by the substrate, buried seed had lower propor-
tional germinability in invaded grasslands compared 
with native grasslands (mean ± SE; 0.71 ± 0.03 versus 
0.86 ± 0.01, p < 0.05, S1).

The logit model found that seed survival (meas-
ured by germinability) of Leucochrysum albicans 
var. tricolor seeds exposed to fire was greatly reduced 
with increasing fire residence times (Fig.  3a and b; 
p < 0.001). Seed survival reduced with increasing 
fire residence times in both native and invaded grass-
lands (Fig.  3). However, seed survival was signifi-
cantly reduced in both surface and buried treatments 
by exposure to fire in invaded grasslands (Fig. 3a and 
b; p < 0.001). Further, seeds exposed on the surface 
of the soil had lower germinability than buried seeds 
(Fig. 3a and b; p < 0.001). Intensity was not found to 
influence seed survival (p = 0.1).

Discussion

Conservation of temperate native grasslands depends 
on understanding key ecological processes and how 
these processes may be altered by the invasion of 
exotic perennial grasses (D’Antonio and Vitousek 
1992; Mack and D’Antonio 1998; Brooks et  al. 
2004). We demonstrate that when native grasslands 
are invaded by a perennial pasture grass, Phalaris 

aquatica, changes in fire behaviour (such as fire res-
idence time) are likely, with consequent impacts on 
seed survival of a rare grassland forb due to increased 
soil heating. This constitutes an invasion-driven shift 
in the fire regime and highlights how invasive grasses 
can negatively affect grassland ecosystems by altering 
properties of fire events.

Fuel and fire behaviour

Phalaris aquatica invasion has dramatically altered 
the amount and distribution of fuel within grass-
lands across the study region. Fuel was consistently 
taller in invaded grasslands, as has been previously 
observed (Stoner et. al. 2004). Invasion also increased 
fuel mass by 3–5 times that seen in native grasslands. 
This likely reflects the higher annual productivity of 
the pasture grasses compared to native grasses (Gib-
bons and Downes 1964; Groves 1965), and may also 
be affected by rates of litter breakdown (Stoner et al. 
2004).

Pasture grass invasion altered the behaviour of fire 
in native grasslands, particularly by increasing fire 
intensity and variability in fire residence times. All 
fires were burned under controlled conditions, with 
similar fire weather and a similar fire rate of spread, 
suggesting the differences in fire behaviour are due 
to fuel characteristics (Chaney and Sullivan 1996; 
Whelan 1995). The dramatic increases in fire inten-
sity with invasion was due to the high amount of fuel 
available to burn in invaded grasslands (Byram 1959). 
Fuel mass of grasslands was positively related to fire 
residence times, suggesting invasions that increase 
fuel loads are likely to increase residence time of 
fire during burns. There was a trend of increased 

Fig. 3   Probability of seed 
survival (as measured by 
ability to germinate post-
fire) in relation to fire resi-
dence time in native versus 
invaded grasslands for A 
buried and B surface sown 
Leucochrysum albicans var. 
tricolor seed. Grey shading 
indicates 95% confidence 
intervals
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fire residence time with invasion. While we demon-
strate that high biomass grasslands can increase fire 
residence time, we found high variation of fire resi-
dence times within invaded grasslands. Further stud-
ies are warranted to improve the understanding of fire 
residence time in grasslands and how factors such as 
structure (e.g., biomass, continuity), species composi-
tion, fuel moisture and fire weather affect residence 
time.

Potential impacts on plant regeneration by seed

An invasive-driven increase in fire intensity has been 
shown to increase severity of fires in tropical savanna, 
increasing shrub and tree mortality (Bowman et  al. 
2014; D’Antonio and Vitousek 1992; Setterfield et al. 
2010; Williams et  al. 1999). Our study found fire 
intensity was a poor predictor of soil heating and ger-
minability of native seed exposed to fires, consistent 
with findings from other grasslands (e.g. Bradstock 
and Auld 1995; Keely 2009; Morgan 1999a). This 
is likely because most heat energy in a grass fire is 
released upwards via convection (Ashton and Gill 
1976) and hence, seeds and vegetative bud banks at 
or near the ground level may be buffered from most 
of the heat generated by fire (Lunt and Morgan 2002; 
Moore et al. 2018). Rather, seed survival is likely to 
be mediated by other aspects of fire behaviour such 
as fire residence time. Soils are heated by conductive 
and radiative heating (Ashton and Gill 1976; Gag-
non et al. 2010) and hence, the longer the residence 
time, the higher the likelihood of heat transfer to the 
soil. Our results demonstrate that fire residence time 
in grasslands does affect soil heating and that this 
can have negative effects on buried seed of a native 
inter-tussock forb. Soil heating and seed survival was 
investigated using a standard substrate to reduce spa-
tial and temporal variability in factors that may influ-
ence the insulating properties of soil, such as soil 
moisture content. As high soil moisture content can 
resist soil heating, seasonal or geographical varia-
tion in soil moisture may influence survival of buried 
seeds. Seeds exposed to fire on the soil surface were 
mostly, surprisingly, not consumed per se by fire. 
Reductions in germinability that we observed may 
be due to soil heating affecting embryo survival; the 
seed of our study species is known to be sensitive to 
soil heating (Gilfedder and Kirkpatrick 1993).

Grassland fuel mass was tightly coupled with fire 
residence time and hence, grasslands with more fuel 
available for combustion will burn for longer (Gag-
non et al. 2010; Gagnon et. al. 2015), exposing soils 
to a longer duration of heating. Additionally, higher 
fuel loads in grasslands may reach a higher fire tem-
perature allowing for greater radiative heating of soils 
(Wragg et. al. 2018; Gagnon et al. 2010). The highest 
fuel mass and residence times in grasslands observed 
in this study were those that had been invaded by 
an exotic pasture grass. While most native species 
in temperate grasslands regenerate from fire by re-
sprouting (Lunt and Morgan 2002; Morgan 1999a; 
Morgan and Salmon 2020), elevated soil temperatures 
may reduce recruitment opportunities for new cohorts 
(Morgan 2001; Tomat-Kelly et  al. 2021) or poten-
tially affect resprouting from underground storage 
organs or bud banks (Gagnon et al. 2015; Pausas and 
Paula 2020). The residence time of fires may there-
fore influence the local distribution of species (Bond 
et al. 2005; Keely et al. 2011), as would an invasion-
driven increase in fire residence time.

Given that residence time and soil heating can 
influence plant responses to fire, including seed 
germination and patterns of resprouting (Auld and 
O’Connell 1991; Bradstock and Auld 1995, Gagnon 
et  al. 2015; Neary et  al., 1999; Tomat-Kelly et  al. 
2021), it is surprising that it is measured in relatively 
few studies that investigate fire impacts on plants. 
Where fire residence time and soil heating is meas-
ured, approaches and definitions are inconsistent (see 
Engle et  al. 1993; Morgan 1999a; Savadogo 2007; 
Williams et  al. 1998), making comparisons between 
studies difficult. However, we have shown that in 
native grasslands, fire residence time influences soil 
heating, with potential implications for seed survival. 
We advocate that fire residence time be included in 
future fire-invasion studies to better understand the 
potential mechanisms underpinning the effects of 
changed fire regimes on herbaceous communities.

Finally, the substantial increase in fire intensity 
associated with pasture grass invasion in native grass-
lands likely poses an increased fire-risk for the built 
environments and agricultural assets of rural commu-
nities where native grasslands are being replaced by 
invaders. Native grasslands throughout south-eastern 
Australia largely exist in an agricultural matrix and 
are threatened by the invasion of pasture grass spe-
cies (Kirkpatrick et al. 1995; Morgan 1998a, b) with 
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remaining patches largely restricted to roadside linear 
vegetation strips (Barlow and Ross 2001; Kirkpat-
rick et  al. 1995). Roadside grasslands form critical 
‘fire breaks’ in many areas, providing a natural green 
break that is burned frequently to keep fuel mass low 
during the summer fire season. Maintaining native 
grasslands free of invasive pasture grasses therefore 
likely has the dual benefit of providing conservation 
and biodiversity benefits as well as reducing risks for 
rural communities.
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