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Abstract
Fire	regimes	shape	plant	communities	but	are	shifting	with	changing	climate.	More	
frequent	fires	of	increasing	intensity	are	burning	across	a	broader	range	of	seasons.	
Despite	this,	impacts	that	changes	in	fire	season	have	on	plant	populations,	or	how	
they	 interact	with	other	 fire	 regime	elements,	 are	 still	 relatively	understudied.	We	
asked	(a)	how	does	the	season	of	fire	affect	plant	vigor,	including	vegetative	growth	
and	 flowering	after	a	 fire	event,	and	 (b)	do	different	 functional	 resprouting	groups	
respond	differently	to	the	effects	of	season	of	fire?	We	sampled	a	total	of	887	plants	
across	36	sites	using	a	space-	for-	time	design	to	assess	resprouting	vigor	and	repro-
ductive	 output	 for	 five	 plant	 species.	 Sites	 represented	 either	 a	 spring	 or	 autumn	
burn,	aged	one	to	three	years	old.	Season	of	fire	had	the	clearest	impacts	on	flower-
ing	in	Lambertia	formosa	with	a	152%	increase	in	the	number	of	plants	flowering	and	
a	45%	 increase	 in	number	of	 flowers	per	plant	after	autumn	compared	with	spring	
fires.	There	were	also	season	×	severity	 interactions	for	total	flowers	produced	for	
Leptospermum polygalifolium	 and	 L. trinervium	 with	 both	 species	 producing	 greater	
flowering	in	autumn,	but	only	after	lower	severity	fires.	Severity	of	fire	was	a	more	
important	driver	in	vegetative	growth	than	fire	season.	Season	of	fire	impacts	have	
previously	been	seen	as	synonymous	with	the	effects	of	fire	severity;	however,	we	
found	 that	 fire	 season	and	severity	 can	have	clear	and	 independent,	 as	well	 as	 in-
teracting,	 impacts	on	post-	fire	vegetative	growth	and	reproductive	response	of	re-
sprouting	species.	Overall,	we	observed	that	there	were	positive	effects	of	autumn	
fires	 on	 reproductive	 traits,	while	 vegetative	 growth	was	 positively	 related	 to	 fire	
severity	and	pre-	fire	plant	size.
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1  |  INTRODUC TION

Fire	 is	 a	 major	 factor	 shaping	 plant	 communities	 and	 their	 struc-
ture	 in	many	 regions	around	 the	world	 (Bond	&	van	Wilgen,	1996;	
McLauchlan	et	al.,	2020;	Whelan,	1995).	As	such,	plant	species	have	
evolved	 to	 persist	 through	 fire	 regimes,	 broadly	 characterized	 by	
the	season,	 intensity,	and	frequency	of	burns,	 typical	of	 the	region	
they	 occur	 in	 (Whelan,	 1995).	However,	 historical	 fire	 regimes	 are	
shifting,	with	changing	climate	and	other	anthropogenic	factors	pro-
ducing	more	intense	and	more	frequent	burns	(Enright	et	al.,	2014;	
Flannigan	et	al.,	2013;	Le	Breton	et	al.,	2022;	Pausas	&	Keeley,	2021).	
Seasonality	of	fire	is	also	being	altered,	with	projected	decreases	in	
precipitation	and	increased	temperatures	likely	to	produce	longer	fire	
seasons	and	increased	fire	 likelihood	out	of	historical	peak	seasons	
(Balch	et	al.,	2017;	Bradstock,	2010;	Enright	et	al.,	2014;	Ooi,	2019).

In	fire-	prone	areas,	plant	species	are	categorized	into	two	main	
post-	fire	 regeneration	 groups:	 resprouters	 and	 post-	fire	 seed-
ers	 (Pausas	 &	 Keeley,	 2014).	 Obligate	 seeders	 are	 those	 species	
where	individuals	do	not	resprout,	but	are	dependent	on	fire-	cued	
germination	or	 seed	 release	 for	 regeneration	 (Clarke	 et	 al.,	 2015).	
Resprouters	 are	 less	 dependent	 on	 seeds	 than	 obligate	 seeders	
for	recovery	after	fire	(Whelan,	1995).	 Instead,	a	proportion	of	re-
sprouting	plants	 survive	 fire,	 relying	on	growing	new	shoots	 from	
dormant	 buds	 (Ott	 et	 al.,	 2019),	 either	 protected	 under	 bark	 or	
from	below-	ground	structures	(such	as	lignotubers	or	rhizomes),	to	
resprout	after	a	 fire	 (Clarke	et	 al.,	2013).	Protection	of	 these	vital	
plant	tissues	from	the	heat	of	the	fire	is	a	type	of	resistance	strategy	
(Pausas,	2019).	Epicormic	(aerial)	resprouters	retain	their	main	trunk	
after	a	fire	and	resprout	from	protected	dormant	buds	under	thick	
bark.	Lignotuberous	species	are	a	type	of	basal	resprouter	that	use	
the	 soil	 to	 insulate	 axillary	buds,	which	 can	 initiate	 resprouting	of	
multiple	stems	after	fire,	even	when	some	or	all	the	above-	ground	
biomass	has	been	destroyed	by	fire.	Some	lignotuberous	species	are	
capable	of	basal	and	epicormic	resprouting,	and	fire	response	usually	
depends	on	age	of	plant	and	severity	of	fire	(Smith	et	al.,	2018).

While	 fire	 effects	 on	 plants	 and	 their	 persistence	 is	 a	 well-	
studied	subject,	most	attention	has	been	given	to	the	effects	of	fire	
frequency	 and,	 to	 a	 slightly	 lesser	 extent,	 intensity	 (Bellingham	&	
Sparrow,	2000;	Fairman	et	al.,	2015).	Comparatively,	little	research	
effort	has	been	focused	on	seasonality	of	fire,	especially	on	post-	fire	
flowering	 (Miller	et	al.,	2019).	Many	studies	that	have	 investigated	
fire	season	shifts	have	tended	to	assume	that	any	impacts	on	plant	
response	 is	 due	 to	 decreases	 in	 fire	 intensity,	 especially	 if	 out-	of-	
season	fires	occur	in	the	cooler	months	(Miller	et	al.,	2019).	However,	
it	is	likely	that	there	is	a	number	of	interacting	elements	at	play,	in-
cluding	changing	intensity,	climatic	effects,	and	distinct	species	phe-
nology	(Miller	et	al.,	2020;	Nolan	et	al.,	2021).	Recent	reviews	(Miller	
et	al.,	2019;	Tangney	et	al.,	2020)	have	shown	that	there	is	evidence	
for	altered	fire	seasonality	having	considerable	impact	on	post-	fire	
plant	response,	and	highlighted	the	need	for	further	studies.	With	
fire	 regimes	 already	 shifting,	 there	 is	 an	 imperative	 to	 assess	 fire	
season	 impacts	on	plants	 in	order	 to	gain	a	deeper	understanding	
of	persistence	and	potential	threats	they	face	(Enright	et	al.,	2014).

Obligate	 seeders	 are	 particularly	 susceptible	 to	 population	 de-
cline	under	high	fire	frequency	(Bradstock	et	al.,	1997).	In	fact,	fire	
frequency	effects	on	obligate	seeders	are	the	basis	of	many	current	
fire	 management	 guidelines	 (Bradstock	 et	 al.,	 1997;	 Foster	 et	 al.,	
2018).	 In	 contrast,	 resprouters	are	 thought	 to	be	more	 resilient	 to	
increased	fire	frequency	but	perhaps	more	at	risk	from	changes	to	
fire	 intensity	 (Bellingham	&	 Sparrow,	 2000;	 Bennett	 et	 al.,	 2016).	
However,	the	timing	of	disturbance	is	also	likely	to	affect	resprouting	
ability.	A	plant's	 life	cycle	 is	 strongly	 influenced	by	season	and	cli-
mate.	Species	will	adapt	to	their	environment	by	accumulating	carbo-
hydrates,	sprouting	new	leaves,	and	flowering	and	fruiting	at	specific	
times	of	the	year	(Alvarado	et	al.,	2014).	Plants	photosynthesize	to	
obtain	carbon,	a	small	amount	of	which	will	be	used	to	create	non-
structural	carbohydrates	(NSC).	These	carbohydrates	can	be	stored	
and	 utilized	 for	 vegetative	 growth	 and	 reproduction	 in	 the	 grow-
ing	 season,	 and	 resprouting	 after	 disturbances	 (Cruz	 et	 al.,	 2002;	
Martínez-	Vilalta	et	al.,	2016).	In	temperate	regions,	plants	generally	
increase	their	starch	(an	NSC)	levels	in	winter	and	deplete	them	over	
the	growing	season	 (spring)	 (Martínez-	Vilalta	et	al.,	2016).	Utilizing	
NSCs,	 resprouters	 have	 the	 capacity	 to	 reshoot	 from	 protected	
buds,	 or	 underground	 storage	 structures	 after	 fire	 (Bradstock	 &	
Myerscough,	1988).	In	a	study	of	the	resprouting	shrub	Erica australis 
from	fire-	prone	Mediterranean	Spain,	Cruz	and	Moreno	(2001)	found	
that	lignotuber	total	NSC	concentrations	was	highest	just	before	the	
growing	period	(spring)	and	decreased	as	the	species	entered	its	re-
productive	phase	in	summer.	This	seasonal	fluctuation	of	resources	
means	that	the	timing	of	a	fire	event	could	have	considerable	effects	
on	the	rate	of	vigor	of	resprouting	and	recovery	(Klimešová	&	Klimeš,	
2007).	For	example,	plants	that	are	burnt	later	in	the	growing	season	
would	have	less	time	to	grow	and	recover	carbohydrate	reserves	be-
fore	the	next	dormant	season	compared	to	 if	burned	earlier	 in	the	
season	(de	Groot	&	Wein,	2004;	Schutz	et	al.,	2009).

Fire	can	be	very	important	for	stimulating	resprouting	plants	to	
flower,	and	in	some	regions	post-	fire	flowering	is	a	dominant	feature	
(Zirondi	et	al.,	2021).	Season	of	fire	is	likely	to	play	a	significant	role	
too,	yet	studies	are	rare	(Pyke,	2017).	In	some	Australian	examples,	
very	sparse	flowering	has	been	recorded	occurring	during	fire-	free	
intervals	for	Blandfordia nobilis	(Johnson	et	al.,	1994),	Xanthorrhoea 
fulva	 (Taylor	 et	 al.,	 1998),	 Telopea speciosissima	 (Denham	 &	 Auld,	
2002),	and	Stirlingia latifolia	(Bowen	&	Pate,	2004),	all	of	which	are	
classified	as	pyrogenic	resprouters.	For	some	species,	studies	have	
shown	that	season	of	fire	can	play	a	part	 in	increasing	the	propor-
tion	of	individuals	that	flower.	For	example,	Bowen	and	Pate	(2004)	
found	in	Stirlingia latifolia	 that	flowering	occurred	in	92%	of	plants	
burnt	 in	 summer/autumn	 compared	 with	 73%	 of	 plants	 burnt	 in	
spring	 and	 less	 than	3%	of	 individuals	 in	 areas	 that	 had	 not	 been	
burnt	within	2	years.

Studying	 plant	 species	 grouped	 by	 their	 different	mechanisms	
of	resprouting	response,	including	basal	or	epicormic	sprouting	and	
post-	fire	 flowering,	provides	a	basis	 for	 interpreting	 findings	more	
broadly.	Studies	investigating	fire	season	response	across	different	
resprouting	 plant	 functional	 types	 have	 rarely,	 if	 ever,	 previously	
been	made	(Miller	et	al.,	2019).	Basal	resprouting	is	an	ancient	trait	
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that	has	arisen	in	several	 lineages	(Keeley	&	Brennan,	2012)	and	is	
a	common	response	 to	a	 range	of	natural	events	such	as	drought,	
frost,	 herbivory,	 storm	 damage,	 and	 fire	 (Bradshaw	 et	 al.,	 2011).	
Epicormic	 resprouting	 is	 globally	 less	 common	 (Pausas	 &	 Keeley,	
2017),	and	it	has	been	hypothesized	that	it	arose	in	the	Myrtaceae	
family	in	the	Cenozoic	(~60–	62	Mya)	and	has	evolved	in	flammable	
sclerophyll	 biomes	 (Crisp	 et	 al.,	 2011).	 There	 is	 therefore	 support	
that	 epicormic	 resprouting	 is	 an	 adaptation	 to	 fire,	whereas	 basal	
resprouting	may	have	evolved	under	 several	 selective	 forces	over	
time.	These	different	origins	may	determine	a	species’	ability	to	cope	
with	fire	regime	changes.

In	 this	 study,	we	 set	out	 to	 investigate	 the	effects	of	 fire	 sea-
sonality	 on	 resprouting	 and	 reproductive	 responses	 of	 species	 in	
temperate	 dry	 sclerophyll	 forests	 of	 southeastern	 Australia,	 a	 re-
gion	 with	 an	 aseasonal	 rainfall	 climate.	 These	 plant	 communities	
have	their	woody	shrub	layer	dominated	by	resprouter	and	obligate	
seeder	functional	groups	(Clarke	et	al.,	2015).	Notably,	we	aimed	to	
control	 for	 the	 effects	 of	 fire	 seasonality	 from	 fire	 intensity	 (cor-
related	to	fire	severity	estimates,	see	Keeley,	2009)	to	highlight	the	
impacts	that	shifting	fire	timing	alone	may	have.	Wildfires	in	these	
plant	communities	historically	occur	from	spring	to	summer,	gener-
ally	burn	at	a	medium	to	high	 intensity	 (resulting	 in	50–	100%	can-
opy	consumption)	(Bradstock,	2010),	and	occur	every	10	to	50	years	
(Enright	&	Thomas,	2008;	Gill	&	Moore,	1990),	whereas	prescribed	
burns	are	of	a	much	lower	intensity	and	occur	in	the	cooler	seasons	
of	mid-	autumn	 to	mid-	spring	 (McLoughlin,	 1998).	Wildfires	 across	
Australia	are	predominantly	 ignited	by	 lightning	 strikes	 in	 summer	

months	 when	 there	 is	 a	 sufficient	 fuel	 load	 (Enright	 &	 Thomas,	
2008);	however	anthropogenic	factors,	including	climate	change,	are	
also	shifting	the	season	in	which	fires	occur.	As	such,	anthropogenic	
factors	are	lengthening	the	fire	season	and	changing	fire	seasonal-
ity.	More	 specifically,	 the	objectives	of	 this	 study	will	 address	 the	
following	questions:

1.	 How	 does	 the	 season	 of	 fire	 affect	 plant	 vigor,	 including	 veg-
etative	 growth	 and	 flowering,	 after	 a	 fire	 event?

2.	 Do	 the	 different	 functional	 resprouting	 groups	 (i.e.,	 basal	 re-
sprouting	species,	or	mixed	basal/epicormic	resprouting	species)	
respond	differently	to	the	effects	of	season	of	fire?

2  |  MATERIAL S AND METHODS

2.1  |  Study species

Five	species	from	the	Proteaceae	and	Myrtaceae	families	were	ex-
amined	to	test	the	effects	of	seasonality	of	fire	(Figure	1,	Table	1).	
These	families	both	have	lignotuberous	species	that	display	traits	
of	both	epicormic	and	basal	resprouting	and	are	two	of	those	most	
common	plant	families	 in	the	region.	Species	were	chosen	if	they	
produced	a	resprouting	response	from	a	 lignotuber	after	 fire	and	
had	 a	wide	 enough	 distribution	with	 reasonable	 abundance	 over	
replicated	study	sites	with	different	seasons	of	burn.	A	sample	of	
species	 from	 different	 resprouting	 functional	 groups,	 including	

F I G U R E  1 Photos	of	the	five	study	species:	(a)	basal	resprouter	Banksia spinulosa,	(b)	epicormic	resprouter	Banksia serrata,	(c)	basal	
resprouter Leptospermum polygalifolium,	(d)	epicormic	resprouter	Leptospermum trinervium,	and	(e)	basal	resprouter	Lambertia formosa
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basal	and	epicormic	resprouters,	were	included.	Note	that	all	epi-
cormic	species	chosen	can	both	epicormically	and	basally	resprout	
and	 all	 species	 are	 common	 in	 Sydney	 dry	 sclerophyll	 forests	
(Benson	&	Howell,	1994).	Out	of	the	five	species,	L. formosa is the 
only	species	dependent	on	fire	being	a	facultative	pyrogenic	flow-
erer,	and	the	remaining	four	species	are	able	to	flower	 in	the	ab-
sence	of	fire.

2.2  |  Study region and site selection

All	sites	were	within	National	Parks	(NP)	in	the	Sydney	region	of	New	
South	Wales	(NSW),	Australia,	located	on	sandstone	soils	and	con-
sisted	of	dry	sclerophyll	forest	and/or	woodland.	The	most	northern	
site	was	 situated	 in	Berowra	Valley	NP	 (−33.634084,	151.111876)	
and	 the	 most	 southern	 site	 was	 in	 Dharawal	 NP	 (−34.161309,	
150.830847).	 Other	 National	 Parks	 included	 were	 Lane	 Cove,	
Garigal,	 Ku-	Ring-	Gai	 Chase,	 Royal,	 and	 Heathcote.	 The	 climate	 is	
temperate	 with	 aseasonal	 rainfall,	 and	 no	 prominent	 dry	 season	
(humid	 subtropical	 (Cfa)	 using	 the	 Köppen	 Climate	 Classification).	
Average	annual	 rainfall	 for	 the	years	2016–	2019	ranged	 from	927	
mm	to	1093	mm.	The	average	monthly	temperature	 (max/min)	 for	
summer	is	26/18°C,	and	that	for	winter	is	17/8°C	(Terrey	Hills	AWS	
station,	 Australian	 Government	 Bureau	 of	 Meteorology,	 2019).	
Historically,	dry	sclerophyll	forests	of	the	region	experience	wildfire	
every	10–	50	 years	 during	 late	 spring-	summer.	Where	possible,	 all	
sites	selected	had	similar	fire	history,	where	the	penultimate	fire	was	
15–	20	years	ago.

We	used	a	space-	for-	time	design	to	assess	resprouting	vigor	and	
reproductive	output	of	the	five	study	species	in	response	to	fires	in	
different	seasons.	Fire	history	records	from	the	NSW	Department	of	
Planning,	Industry	and	Environment	were	used	to	determine	poten-
tial	suitable	areas	in	the	study	region.	All	sampling	was	carried	out	in	
2019	in	areas	that	had	been	burnt	in	either	2016,	2017,	or	2018.	At	
least	five	spring	and	five	autumn-	burnt	sites	from	each	year	(2016–	
2018)	were	identified.	The	time	period	of	up	to	3	years	post	fire	was	
chosen,	as	many	resprouting	plants	are	likely	to	flower	within	this	pe-
riod	(Burrows	et	al.,	2008);	however,	one	species	(Banksia spinulosa)	
needed	to	be	removed	from	the	reproduction	analysis	due	to	limited	
flowering	in	this	time	frame.	Fire	severity	at	each	site	was	measured	
using	minimum	burn	 tip	 diameter	 of	 burnt	 shrubs.	 This	method	 is	

often	 used	 for	 post	 hoc	 assessment	 of	 fire	 intensity	 (Hammill	 &	
Bradstock,	2006;	Moreno	&	Oechel,	1989)	and	 found	 to	correlate	
with	fire	severity	(sensu	Keeley,	2009)	(Whight	&	Bradstock,	1999),	
as	well	as	plant	ecological	processes	including	resprouting	(Knox	&	
Clarke,	2016;	Pérez	&	Moreno,	1998).	To	assess	variation	in	severity	
of	fire	between	sites,	five	branch	tips	at	chest	height	were	measured	
on,	where	possible,	10	individual	plants	at	each	site	(predominately	
L. trinervium)	using	digital	calipers.	The	larger	the	minimum	branch	
tip	 diameter	 remaining,	 the	 greater	 the	 amount	 of	 biomass	 con-
sumed,	 indicating	 greater	 heat	 release	 (Moreno	 &	 Oechel,	 1989).	
The	severity	score	therefore	increases	with	thickness	of	the	remain-
ing	branch	tip,	with	low	severity	burns	consuming	no	to	little	branch	
biomass	resulting	in	small	scores,	to	high	severity	burns	consuming	
through	thicker	branches	and	resulting	in	larger	scores.	The	average	
of	the	total	tip	measurements	was	calculated	to	give	a	severity	score	
for	each	site	(Appendix	S1).

2.3  |  Sampling design

At	each	 site,	 a	 random	 location	was	established	and	a	30	m	 tran-
sect	laid	out.	All	target	species	within	a	2	m	distance	from	the	tran-
sect	 were	 assessed	 for	 resprout	 growth	 and	 reproductive	 output	
between	May	and	July	2019.	A	total	of	887	plants	were	measured	
across	36	sites.	Where	possible,	at	least	10	individuals	of	each	spe-
cies	per	site	were	used,	with	at	least	a	total	of	88	individuals	sampled	
per	 species	 (Table	 1).	 The	 variables	measured	 included	 (i)	 vegeta-
tive	growth	 (number	of	resprouts	×	 length	of	resprouts),	either	by	
epicormic	shoots	or	basal	shoots	from	a	 lignotuber,	and	reproduc-
tive	 response	 (ii)	 proportion	of	 individuals	 flowering	and	 (iii)	 num-
ber	of	flowers	and	fruits	produced.	Number	of	inflorescences	were	
counted	for	Banksia serrata	and	L. formosa	but	are	still	referred	to	as	
number	of	flowers	in	results.	Size	characteristics	of	each	individual	
plant	pre-	fire	were	estimated	by	measuring	height	and	diameter	(at	
1	m	high)	of	the	thickest	stem	or	trunk,	and	width	of	base	of	growth.	
Diameter	of	stem	was	found	to	be	the	most	consistently	available	
measurement	 to	 infer	 size/age	 of	 plant	 before	 fire	 across	 all	 the	
study	species,	and	so	was	used	in	the	analysis.	For	the	study	species	
with	 basal	 and	 epicormic	 resprouting,	B. serrata	 and	 L. trinervium,	
data	were	analyzed	for	each	response	separately,	to	test	for	the	ef-
fects	of	seasonality	on	different	resprouting	mechanisms.

TA B L E  1 Information	for	each	of	the	species	used	in	the	study.	Number	of	individuals	sampled	are	data	for	all	sites	combined

Family Species Growth form
Resprout 
organ Resprouter type

Flowering 
period

Number of 
individuals sampled

Proteaceae Banksia serrata Shrub	or	tree	up	to	10	m Lignotuber Basal	×	epicormic Jan–	June 267

Proteaceae Banksia spinulosa Multi-	stemmed	shrub	up	to	3	m Lignotuber Basal April– Aug 103

Proteaceae Lambertia formosa Shrub	up	to	2	m Lignotuber Basal All	year 163

Myrtaceae Leptospermum 
polygalifolium

Shrub	up	to	4	m Lignotuber Basal Aug–	Jan 88

Myrtaceae Leptospermum 
trinervium

Shrub	or	tree	up	to	5	m Lignotuber Basal	x	epicormic Spring 266
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2.4  |  Statistical analysis

All	analyses	were	carried	out	in	R	Studio	version	1.3.1093	(RStudio	
Team,	2020).	For	the	vegetative	growth	response	variable,	data	were	
analyzed	 for	 each	 species	 separately	 using	 a	 Linear	Mixed	Model	
(LMM)	in	the	lme4	package	(Bates	et	al.,	2015).	Season	of	fire,	age	of	
regrowth	(time	since	fire	event),	diameter,	and	severity	of	burn	were	
included	in	the	model	as	fixed	factors,	with	season	x	age	of	regrowth	
and	season	x	severity	 interaction	terms	also	 included	in	the	global	
model.	Site	was	included	as	a	random	factor.	Severity	was	analyzed	
as	a	continuous	variable,	ranging	from	mean	tip	diameters	of	0.4	to	
2.68	mm.	We	assessed	whether	 residuals	 from	each	global	model	
was	normally	distributed	using	histogram	plots	and	used	log	trans-
formation	prior	 to	analysis	 for	any	 that	did	not	meet	 this	assump-
tion.	 For	 the	 number	 of	 flowers	 produced,	 we	 analyzed	 both	 the	
total	flowers	produced	per	site	across	all	plants	observed,	and	the	
number	of	flowers	produced	only	for	individuals	that	flowered.	The	
same	model	terms	were	used	as	for	vegetative	growth	but	in	a	nega-
tive	binomial	Generalized	LMM	(GLMM)	(nbinom2	in	the	glmmTMB 
package,	Brooks	et	al.,	2017),	due	to	overdispersion	when	analyzed	
with	a	Poisson	model.	Note	that	for	L. polygalifolium,	there	were	too	
few	data	for	the	full	model	to	converge,	so	we	ran	a	reduced	model	
with	no	interactions	and	tested	for	significance	using	the	analysis	of	
variance	 (ANOVA)	 function	on	this	 reduced	model.	For	L. polygali-
folium,	age	was	also	removed	as	a	factor	due	to	limited	flowering	in	
recently	burnt	sites.	To	analyze	the	proportion	of	plants	flowering,	
we	used	a	GLMM	with	a	binomial	error	distribution	and	included	age	
of	regrowth,	season,	severity,	and	an	age	x	season	interaction	term	
in	the	models,	with	site	again	included	as	a	random	factor.	For	the	
two	epicormic	species	(B. serrata and L. trinervium),	we	further	tested	
the	 likelihood	of	 flowering	from	resprout	position	 (basal	shoots	or	
epicormic	shoots)	using	a	GLMM	with	a	binomial	error	distribution	
with	the	same	terms	of	the	global	vegetative	growth	model.	For	all	
dependent	 variables,	 model	 selection	 was	 used	 to	 determine	 the	
best-	fitting	model	 and	 reveal	 the	 strongest	 predictors	 (Johnson	&	
Omland,	2004).	Fitted	models	were	compared	with	Akaike's	 infor-
mation	 criteria	 (AICc)	 and	 the	model	with	 the	 strongest	 empirical	
support	(i.e.,	the	lowest	AICc)	was	used.	Significance	of	factors	were	

estimated	for	the	best-	fitting	models	using	the	ANOVA	function	in	
the	R	package	car	(Fox,	2019).

3  |  RESULTS

3.1  |  Proportion of individuals flowering

All	species	showed	evidence	of	flowering	during	the	study	period;	
however,	B. spinulosa	only	flowered	at	one	site	that	was	burnt	in	a	
spring	2016	 fire	and	so	was	 removed	 from	the	seasonal	 fire	com-
parisons.	Differences	 in	flowering,	when	analyzed	across	all	years,	
were	found	between	fire	season	for	L. formosa	(df	=	1,	χ2 =	4.046,	
p =	.044).	On	average,	there	was	a	152%	increase	of	flowering	plants	
after	autumn	burns	compared	to	spring	burns	(Figure	2a).	Plants	also	
took	longer	to	flower	post	spring	burns	with	a	mean	of	10%	plants	
flowering	compared	to	83%	after	autumn	burns,	2	years	post	fire.	No	
significant	difference	was	found	for	the	other	three	study	species.

3.2  |  Number of flowers

For	the	total	number	of	flowers	produced	(a	measure	of	reproduc-
tion	at	the	site	level)	and	number	of	flowers	per	flowering	individual	
(a	measure	of	reproductive	effort	per	plant),	there	were	main	effects	
of	both	season	and	severity,	as	well	as	season	x	severity	interactions.	
Size	of	the	parent	plant	(diameter)	was	also	included	as	a	predictor	in	
the	best-	fitting	models	for	three	species	(Table	2).

Season	 and	 age	 of	 regrowth	 were	 the	 best	 predictors	 for	
total	 number	 of	 flowers	 produced	 by	 L. formosa	 (df	 =	 1,	 χ2 = 
4.845,	p =	 .028)	(Figure	2b).	On	average,	a	45%	increase	of	num-
ber	of	 flowers	was	 seen	after	 autumn	 fires	 compared	 to	 spring	
burns.	 There	were	 also	main	 effects	 of	 season	 for	 the	 number	
of	flowers	produced	per	flowering	individual	for	L. polygalifolium 
(df	=	1,	χ2 =	7.488,	p =	 .006)	 (Figure	3b)	 and,	 again,	L. formosa 
(df	 =	 1,	 χ2 =	 2.944,	 p =	  .086)	 (Figure	 3a).	 Both	 species	 pro-
duced	more	flowers	in	autumn	compared	to	spring.	There	was	a	
strong	interaction	between	season	and	severity	for	total	flowers	

F I G U R E  2 Predicted	values	for	
reproductive	effort:	(a)	mean	proportion	
flowering	and	(b)	mean	total	number	of	
flowers	against	time	since	fire	event	in	
Lambertia formosa	after	both	autumn	and	
spring	fires
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produced	 for	 epicormically	 resprouting	 L. trinervium	 (df	 =	 1,	
χ2 =	13.227,	p <	 .001).	There	was	also	a	 strong	 interaction	be-
tween	season	and	severity	present	 in	the	best-	fitting	model	for	
L. polygalifolium	 for	 total	 flowers	 (df	=	1,	χ2 =	3.004,	p =	  .083)	
(Table	 2).	 Greater	 flowering	 occurred	 at	 autumn-	burnt	 sites,	
but	only	after	 lower	severity	fires.	This	was	reversed	for	higher	
severity	 fires,	with	more	 flowers	produced	 in	 spring.	The	 same	
pattern	was	found	for	L. trinervium	for	flowers	per	reproductive	
individual	(df	=	1,	χ2 =	8.573,	p =	.003)	(Figure	3c).

There	 was	 a	 main	 effect	 of	 severity	 for	 the	 number	 of	 flow-
ers	 produced	 per	 flowering	 individual	 for	 B. serrata	 (df	 =	 1,	
χ2 =	 8.629,	 p =	 .003)	 (Figure	 4),	 L. formosa	 (df	 =	 1,	 χ2 =	 5.389,	
p =	.020)	(Figure	3a),	and	L. polygalifolium	(df	=	1,	χ2 =	5.878,	p =	.015)	
(Figure	3b).	Flower	numbers	increased	per	plant	with	increasing	fire	
severity.	 However,	 there	was	 no	main	 effect	 of	 severity	 for	 total	
flower	production	for	any	species.

3.3  |  Likelihood of flowering with resprout  
response

For	the	two	mixed-	response	species	(B. serrata	and	L. trinervium),	we	
tested	for	main	drivers	of	likelihood	of	flowering.	For	L. trinervium,	
resprout	response	type	and	age	of	resprouts	were	found	to	be	the	
best	predictors	of	likelihood	of	flowering	(resprout	response;	df	=	1,	
χ2 =	27.136,	p <	.0001,	age;	df	=	1,	χ2 =	2.377,	p =	.1232).	Individuals	
of	L. trinervium	were	on	average	53%	more	likely	to	flower	on	epi-
cormic	 shoots	 compared	 to	 basal	 shoots	 (Figure	 5).	 Due	 to	 the	
timeframe	over	which	B. serrata	was	 surveyed	 in,	we	saw	minimal	
flowering	and	could	not	statistically	analyze	drivers	of	likelihood	of	
flowering.	However,	within	the	3	years	post	fire,	we	observed	zero	
flowering	 in	plants	 that	had	resprouted	basally,	and	a	mean	of	8%	
flowering	on	epicormically	resprouted	individuals.

3.4  |  Vegetative growth responses

Vegetative	growth	was	strongly	positively	related	to	size	of	the	par-
ent	plant	(diameter)	for	all	study	species,	while	fire	severity	was	also	
a	 significant	driver	of	growth	 (Table	3).	Positive	effects	of	 fire	 se-
verity	were	 found	 for	B. spinulosa	 (df	=	1,	χ2 =	18.281,	p <	 .001),	
L. formosa	 (df	=	 1,	χ2 =	 10.678,	p =	 .001),	 and	L. trinervium	 (both	
basal	df	=	1,	χ2 =	11.601,	p <	.001	and	epicormic	df	=	1,	χ2 =	18.810,	
p <	 .001)	(Figure	6).	Age	of	regrowth	was	the	only	determining	fac-
tor	for	vegetative	growth	for	L. formosa	and	B. serrata	(both	basal	and	
epicormically	 resprouters).	Season	of	 fire	had	no	significant	effect	
on	vegetative	regrowth	(Table	3).

4  |  DISCUSSION

The	impact	of	season	of	fire	on	plant	responses	has	lagged	behind	
research	on	other	fire	regime	elements	in	temperate	ecosystems,	TA
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especially	in	resprouting	plants	(Miller	et	al.,	2019).	Furthermore,	
season	of	fire	impacts	have	previously	been	seen	as	synonymous	
with	the	effects	of	fire	severity	(Miller	et	al.,	2020).	In	our	study,	
we	 found	 that	 fire	 season	and	severity	can	have	clear	and	 inde-
pendent	 impacts,	as	well	as	 interacting	effects,	on	post-	fire	veg-
etative	growth	and	reproductive	response	of	resprouting	species.	
Overall,	we	observed	that	there	were	positive	effects	of	autumn	
fires	on	proportion	 flowering	and	number	of	 flowers,	while	veg-
etative	growth	was	positively	related	to	fire	severity	and	pre-	fire	
plant	size.

Of	all	our	study	species,	the	basal	resprouter	L. formosa	displayed	
the	 clearest	 impacts	by	 season	of	 fire,	with	 autumn	burns	 consis-
tently	 increasing	 the	proportion	of	plants	 flowering	 and	 the	num-
ber	of	flowers	produced.	The	time	taken	for	a	high	proportion	of	L. 
formosa	plants	to	flower	was	also	faster	after	autumn	burns,	com-
pared	to	spring	burns,	effectively	decreasing	the	secondary	juvenile	

period.	These	results	support	other	studies	of	pyrogenic	flowering	
shrubs	that	show	more	vigorous	flowering	after	autumn	compared	
to	 spring	 burns	 in	 Mediterranean-	climate	 (Bowen	 &	 Pate,	 2004)	
and	aseasonal	 rainfall	 regions	 (Paroissien	&	Ooi,	2021).	Our	 study	
region	has	an	aseasonal	rainfall	climate,	with	no	annual	drought	pe-
riod,	which	highlights	that	post-	fire	flowering	variation	in	response	
to	 the	season	that	 fires	occur	 is	 likely	 related	to	 resourcing	rather	
than	seasonal	stresses.	Only	1%–	5%	of	L. formosa	flowers	reach	seed	
set	each	year	 (Pyke,	1982)	 and	any	 further	 limitation	of	 flowering	
imposed	by	season	of	burns	could	be	detrimental	to	replenishment	
of	stored	seeds.	These	results	highlight	the	need	for	further	study	of	
the	facultative	fire-	stimulated	flowering	group	and	fire	season,	par-
ticularly	in	regions	where	such	species	form	a	dominant	part	of	the	
community	(Lamont	&	Downes,	2011;	Zirondi	et	al.,	2021).

F I G U R E  3 Predicted	mean	number	of	
flowers	(per	flowering	individual)	in	spring	
and	autumn	against	fire	severity	score	for	
(a)	Lambertia formosa,	(b)	Leptospermum 
polygalifolium,	and	(c)	epicormically	
resprouting	Leptospermum trinervium
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F I G U R E  4 Predicted	mean	number	of	flowers	against	fire	
severity	score	(measured	as	stem	tip	diameter	of	remaining	
branches)	for	Banksia serrata
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F I G U R E  5 Predicted	likelihood	of	flowering	(%)	in	Leptospermum 
trinervium	in	individuals	that	resprouted	via	basal	resprouts	or	
epicormic	resprouts
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In	 addition	 to	 L. formosa,	 L. polygalifolium	 also	 produced	more	
flowers	 per	 flowering	 individual	 after	 autumn	 burns.	While	 intui-
tively	this	result	could	be	explained	by	the	fact	that	autumn-	burnt	
plants	had	a	greater	time	to	mature	before	the	flowering	season	than	
their	spring-	burnt	counterparts,	comparisons	between	older	spring-	
burnt	 plants	 (e.g.,	 plants	 burnt	 in	 spring	 2016	 compared	 to	 those	
burnt	 in	 autumn	 2017)	 still	 displayed	 an	 autumn	 fire	 advantage.	
This	 suggests	 that	 fire	 season	 has	 effects	 beyond	 this	 age	 differ-
ence.	Other	studies	have	also	documented	that	autumn	burns	result	
in	 a	 greater	 reproductive	 effort,	 often	 attributing	 this	 to	 a	 longer	
period	of	 recovery	 time	between	the	 fire	event	and	 flowering	pe-
riod	(Bowen	&	Pate,	2004;	Johnson	et	al.,	1994;	Nield	et	al.,	2016).	
However,	fires	occurring	just	after	the	flowering	season	would	allow	
maximum	time	to	resprout	and	recover	photosynthetic	capacity	be-
fore	 the	next	 flowering	period.	 Therefore,	 spring	 flowering	plants	
that	are	burnt	at	the	start	of	spring	may	more	likely	see	delayed	and	
reduced	flowering,	compared	to	those	burnt	6	to	9	months	before,	
in	an	autumn	fire.	Reduced	flowering	through	altered	fire	season	can	

reduce	the	number	of	seeds	available	for	post-	fire	recruitment,	mak-
ing	 them	 less	 competitive	 in	 the	post-	fire	environment	 (Lamont	&	
Downes,	2011;	Miller	et	al.,	2019).	This	impact	is	then	exacerbated	in	
L. formosa	as	it	would	have	to	wait	until	the	next	fire	event	to	regain	
peak	flowering	if	it	experienced	a	less	favorable	fire	season.

Another	hypothesis,	that	higher	severity	fire	is	needed	to	stim-
ulate	greater	flowering	particularly	in	some	facultative	pyrogenic	
species	(Lamont	&	Downes,	2011;	Nield	et	al.,	2016;	Taylor	et	al.,	
1998),	 was	 supported	 by	 our	 results.	We	 found	 that	 fire	 sever-
ity	had	 significant	 independent	effects	on	 the	numbers	of	 flow-
ers	produced	per	reproductive	plant	for	L. formosa,	B. serrata,	and	
L. polygalifolium.	 This	 is	 likely	 to	 be	 driven,	 in	 part,	 by	 the	 posi-
tive	relationship	between	fire	severity	and	vegetative	growth	for	
three	species	in	our	study,	with	larger	resprout	growth	providing	a	
greater	platform	for	flowering.	However,	the	relationship	between	
severity	and	resprouting	vigor	was	not	found	for	all	study	species,	
reflecting	 similar	mixed	 results	 from	 other	 studies	 of	 Australian	
shrubs	(Knox	&	Clarke,	2011),	and	suggesting	an	interplay	between	

Species Fire Response

Vegetative growth

Age Diameter Season Severity

Banksia serrata Basal * *

Banksia serrata Epicormic * ***

Banksia spinulosa Basal *** ***

Lambertia formosa Basal * **

Leptospermum 
polygalifolium

Basal *

Leptospermum 
trinervium

Basal ** * ***

Leptospermum 
trinervium

Epicormic *** ***

Note: Factors	included	time	since	fire	event	(age),	diameter	of	trunk	of	the	pre-	fire	plant,	season	
of	fire	event,	and	severity	of	fire.	Gray-	highlighted	cells	show	factors	that	were	included	in	best-	
fitting	models	for	different	dependent	variables	for	each	species.	Asterisks	denote	where	factors	
were	significant	predictors	(*p <	.05,	**p <	.01,	***p <	.001).

TA B L E  3 Model	selection	outcomes	
and	factor	significance	for	vegetative	
growth	and	reproduction

F I G U R E  6 Predicted	values	of	mean	
resprout	growth	(length	of	longest	
resprout ×	number	of	resprouts)	in	
relation	to	fire	severity	score	for	(a)	
Lambertia formosa,	(b)	Banksia spinulosa,	
(c)	basally	resprouting	Leptospermum 
trinervium,	and	(d)	epicormically	
resprouting	Leptospermum trinervium
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mechanisms	of	bud	insulation	(Pausas	&	Keeley,	2017)	and	activa-
tion	from	bud	dormancy	(Ott	et	al.,	2019).	For	B. serrata,	there	was	
a	positive	relationship	between	resprouting	vigor	and	trunk	diam-
eter	and	a	difference	between	the	basal	and	epicormics	response	
(see	Figure	S2).	However,	the	lack	of	impact	of	fire	severity	on	re-
sprouting	vigor	in	our	study	was	possibly	due	to	the	relatively	low	
fire	 severities	produced	by	prescribed	burns	 combined	with	 this	
species	size	and	level	of	bud	protection.	B. serrata	grows	to	10	m	
and	has	thicker	“corky”	bark,	which	is	likely	to	better	insulate	epi-
cormic	buds	and	reduce	flammability	(Pausas	&	Keeley,	2017).	The	
low	fire	severities,	at	least	relative	to	those	produced	during	wild-
fires,	may	mean	that	buds	were	not	activated	(see	Ott	et	al.,	2019),	
due	to	the	scorch	heights	being	low	and	defoliation	being	limited.	
Conversely,	 the	 smaller	 size	and	 thinner	bark	of	 the	other	 study	
species	promoted	a	positive	resprouting	vigor	response	within	the	
bounds	of	the	severity	reached.

The	effects	of	fire	severity	on	resprouting	vigor	are	not	clear,	
with	 primarily	 negative	 but	 also	 positive	 relationships	 found	
across	multiple	studies.	Generally,	negative	effects	of	 increasing	
fire	severity	are	attributed	to	plant	and	bud	mortality,	especially	
at	high	or	extreme	fire	intensities	(Fernández	et	al.,	2013;	Lloret	&	
López-	Soria,	1993;	Moreno	&	Oechel,	1991).	However,	positive	ef-
fects	are	also	found	for	high-	intensity	fires	(Knox	&	Clarke,	2011;	
Strydom	et	al.,	2020).	We	assessed	the	role	that	fire	severity	can	
play	across	different	seasons	of	cool	prescribed	burns,	not	includ-
ing	the	much	higher	severities	that	cause	bud	mortality.	Although,	
season	of	fire	can	influence	intensity	through	changes	in	weather,	
fuel	 load,	and	 flammability	of	plant	material	 (Whelan,	1995),	 the	
effects	of	severity	as	a	driver	of	resprouting	and	flowering	within	
the	context	of	our	study	highlight	that	impacts	are	likely	to	be	more	
complex	than	heat-	induced	mortality.	Furthermore,	we	found	an	
interaction	 between	 fire	 season	 and	 severity	 for	 the	 total	 num-
ber	of	flowers	produced	for	L. trinervium,	with	greater	flowering	in	
autumn	at	lower	severities,	but	the	opposite	after	higher	severity	
fires.	This	differed	 to	 the	 result	 for	vegetative	 resprouting	vigor	
for	 this	 species,	which	showed	a	uniform	 increase	with	 severity.	
Seasonally-	driven	 resource	 allocation	 is	 one	 possible	 variable	
driving	 the	 seasonal	 interaction	with	 fire	 severity	 for	 L. trinerv-
ium	flowering	response.	Bud	banks	in	many	fire-	prone	species	are	
dormant	 until	 fire	 activates	 them	 (Ott	 et	 al.,	 2019),	 and	 greater	
severity	within	the	range	of	our	study	appears	to	increase	the	pro-
portion	of	buds	activated.	However,	subsequent	growth	from	ac-
tivated	buds	is	supported	by	available	plant	resources	(Hiers	et	al.,	
2021;	Ott	et	al.,	2019),	and	carbohydrate	reserves	are	likely	to	be	
lowest	in	autumn	for	L. trinervium,	at	the	end	of	the	active	growth	
season.	This	suggests	that	sufficient	resources	were	available	for	
vegetative	recovery	after	either	burn	season,	but	as	bud	activation	
increased	after	autumn	burns	(with	fire	severity),	resources	were	
too	limiting	for	flowering.

It	was	difficult	to	identify	clear	differences	in	response	to	fire	
season	by	the	two	functional	resprouting	groups	(basal	or	mixed	
epicormic/basal).	Once	separated	into	their	component	responses,	

mixed	resprouters	displayed	different	responses	to	different	fire	
season	for	both	vegetative	and	reproductive	elements.	However,	
while	more	species	are	required	to	thoroughly	compare	functional	
groups,	 it	 is	 interesting	 that	 the	 two	basal	 resprouters	displayed	
the	 clearest	 impacts	 of	 season	 of	 burn,	 particularly	 for	 repro-
ductive	response.	This	may	be	related	to	the	fact	that	epicormic	
resprouters,	 assumed	 to	 have	 evolved	 in	 response	 to	 fire	 (Crisp	
et	 al.,	 2011),	may	 also	 be	more	 resilient	 to	 fire	 regime	 changes,	
as	seen	 from	studies	 investigating	 increases	 in	 fire	 intensity	and	
frequency	 (Collins	 et	 al.,	 2019).	 Furthermore,	 when	 comparing	
resprouting	and	reproductive	efforts	between	resprout	response	
within	 species,	 both	 mixed-	response	 species	 (B. serrata	 and	 L. 
trinervium)	 showed	 increased	 vegetative	 and	 flowering	 efforts	
when	resprouting	epicormically	 than	basally.	Severity	of	 fire	has	
been	shown	to	correlate	with	resprout	response,	with	severe	fires	
leading	 to	 mortality	 of	 epicormic	 buds	 and	 resprouting	 basally	
only.	 Our	 research	 did	 not	 experience	 this	 mortality	 threshold,	
and	the	differences	in	resprouting	response	are	most	likely	to	be	
correlated	with	age	(trunk	diameter)	(see	Appendices	S1	and	S2),	
again	highlighting	the	importance	of	maintain	a	diverse	age	struc-
ture	in	populations.

One	of	our	clearest	findings,	that	flowering	output	was	driven	by	
fire	season,	has	implications	for	implementing	burns,	particularly	if	
they	are	focused	on	species	management.	For	example,	the	consis-
tent	relationship	between	season	of	fire	and	flowering	of	L. formosa,	
a	 species	 strongly	 dependent	 on	 fire	 for	 significant	 reproduction,	
suggests	that	season	of	burn	should	be	considered	when	managing	
facultative	pyrogenic	flowerers.	We	would	recommend	that	autumn	
burns	should	be	preferred	over	spring	burns	in	this	region	when	this	
plant	functional	group	is	a	conservation	focus,	a	finding	supported	
by	 studies	of	other	pyrogenic	 flowering	 species	 (e.g.,	Paroissien	&	
Ooi,	 2021).	 However,	 further	 research	 needs	 to	 be	 conducted	 to	
see	 if	 the	 differences	 found	 have	 any	 long-	term	 impacts	 or	 how	
broadly	 such	 impacts	are	across	multiple	 functional	groups	 (Miller	
et	al.,	2019;	Nolan	et	al.,	2021).	Use	of	prescribed	burns	and	climate	
change	are	both	altering	fire	seasonality	and,	as	the	results	of	this	
study	show,	can	have	independent	impacts	or	interact	with	fire	se-
verity	 and	 potentially	 other	 fire	 regime	 elements.	 Understanding	
these	 impacts	 and	 interactions	 is	 essential	 for	more	 informed	 fire	
management	into	the	future.
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