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Abstract Many plant species are dependent onstoited seesifor their persistence in fisprone
systems Seedgerminationis often stimulated by fireelated cues including heat and smoke, but the
way these Cues promote germination may differ between structurally distinct pfamtioities with
historically different fire regimes. In this study we examined the effects afdraake and their
interactions on the germination sfil-stored seedsom shrubby woodlands and herbaceous forests
in southeastAustralia. The effect of thedsatmerd on species richnesdiversityand composition
and specieachness andensityof germinants within lifdforms (grass, forb, shrumere assessed
Soils from each ceammunity were subjected to low he&Qy0ow heat with smoke, smoke, high heat
(80°C), high.heat.with smoke and untreated (control) before being placed in a glasath@usehe
germinants were identified and counted. Greater species richness was stimulatedheathigh
treatment@and _smoke in both communities trenddriven by shrubandforbs rather than grass
Greater species diversity was stimulated by high Wwahtsmoke in both communitieGreater
densities ofgrassgerminantsvere stimulated by all treatments, except low hedtoth communities.

For forbs and shrubs, the effect of treatment depended on community. Compared to thdaentrol,
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heatwith smoke(forbs) and both low heat and low heat with smoke (shrubs) increased densities in the
woodland but not in the foresThere were nique species compositions, different from the conitmol

all treatments in the forest but not in theodland where composition in low heat was not different

from the controlThese resultsdicatethe importance of high soil temperatures and smoke in both
communities In the absence of wildfiresecurring prescribed burns that heat the soil to low
temperatureareslikely to reducglantrichnessdiversity,and density resulting in a change in

understorey.speciemmposition andtructure

Key words:fire regimegerminationcues herbaceous foresthrubby woodlandsoilstored

seedbank

INTRODUCTION

Many plant species which are killed by fire are dependent on-atea#ld seedbank for their
persistence in firprone systems (Keeley al. 2012). Germination of seeds is often stimulated by
fire-related'cues including heat, chemicals from smoke, omdbmation of the two (Bell 1999;
Keeley& Fotheringham 2000). Those spediesvhichgermination is dependent on firelated cues
are likely to be susceptible to changes in fire regimes through managememate clhange.
Therefore determining the réile importance otlifferent firerelated germination cues is important
for the conservation and management of floristic diversity ingioae ecosystems.

Differences in vegetation structure result in fire regimes that vary between vegetation
communities (Murphyet al. 2013). Thantensity,frequency, and timing of fires are, in part,
dependenton fuel accumulation and availability, which varies with productivitgg®rek 2010).
Although lttle is knownabout fireintensity intemperateshrubbyandforestcommunitieg Enrightet
al. 2012; Gill 2012), there is more information on frequency and tinShgubby woodlands on sandy
soils experience relatively frequdires (1245 years) in the shrub layer from spring to summer
(Cheal 2010; Enrighdt al. 2012). By comparison, temperate herbaceous eucalypt forests on more
productive loam seils experience less frequent firesl@byears}hat burn the ground layealso
from springto_ summeirDuncan& Brown 1995 Tran& Wild 2000 Cheal 201D

Vegetation communities with different fire regimes may be expected to have differen
responses to fireelated germination cues. Fipeone shrubby systems, likeath chaparralfynbos
and kwongarare dominated by species that are stimulated to gernbpdteat shocksmokeand
charred woodDixon et al. 1995;Keeley & Bond 1997; Bell 1999). Many shrubs, especially
physically dormant species suablegunes,are dependent avil temperatures of between80and
100°C to break the seed coat (e.g. Fabaceae; Auld & O’Connell 183igrbaceous systems smoke
and lowersoil temperatureare important for germinatio80-60°C; Warcup 1980; Reagt al. 2000),
since high temperatures can inhibit or have no effect on germination (€fatk&000), although
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this is not always the case (Hill & French 2008), changes in fireelated germination cues may
differently affect the germination success of speciesrircturally different communities.

One of the germination cues, soil temperature, is influenced by fire type.rBpérgure is
positively influenced by the consumption of ground fuels, which in turn is influenced lby fue
moisture. Since prescribed burns are undertaken when fuel moisture levels areaytbég@iten
result in low_seiktemperatures (B0°C; Walstadet al. 1990;Bradstock& Auld 1995; Penma#
Towerton 2008). dn contrast, wildfires often occur when fuels are drier, genesliyimgin higher
soil temperatures.(Beadle 1940; Certini 2005).

The influence of soil temperatures and patterns exhibited by germination afeersastill not
clear in some Australian systems. Most studies investigating the effects of heat andrsiplakie o
germination-haveitherbeen undertaken in shrubby woodlands (Enright & Kintrup 2001; Wills &
Read 2002) or‘herbaceous woodlands and dry sclerophyll forests (&lark2000; Readtt al.

2000; Penmast al. 2008) but not in tadlr forests with a herbaceous understorey. Furthermore, there
are no studies that have compared the effects of temperature and smoke on germisetios fodm
soil in communities with contrasting herbaceous and shrubby understoreys.

A range of fireproneplant communities occur in the Great Otways National Park, south
eastern Australia (Department of Sustainability and Environment 2012). Whd&tes have
occurred regularly,in the past, more recently prescribed bunmaisgpeemised for both fuel rediion
and ecological purposes (Department of Primary Industries 28ti8)bbywoodlands and
herbaceouforests are floristically and structurally different communities that are tarfmtéuese
burns.Shrubby woodlanslare characterised by a dense stetnlitum with an overstorey of scattered
low eucalypts. In contragterbaceouforest is typified by forbs and grasses, scattered shrubs and an
overstorey of tall dense eucalypts. We hypothesised that: 1/ germinatiohstbsed seed will be
more reliant on high soil temperatures in shrubby woodltrahherbaceouforest because la/
germination of shrubs will be stimulated by high soil temperatures and 1b/ geéomioherbaceous
(grass, forb) species will be stimulatedldmth high andow soil temperatures; 2/ smoke woié

similarly important for germination of species in both communities.

METHODS

Study area

The study was undertaken in the Great Otway National Park (59 000 ha) in south eastafia Aust
The area experiences a Mediterranean clincéigacterised by warm dry summeursd cool wet

winters with ameanannualminimumof 10.5C anda maximumof 18.2C (Bureau of Meteorology
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2012. The study concentrated on shrubby woodlandherbaceous foregalso calledoothill
forest) which receive mean annual raingaf 700mmand1000 mm, respectively{Bureau of
Meteorology 2012 Shrubby woodlandccurs on sandy soils on gently undulating topogragbtgw
elevation £80m asl). It has an overstorey of scatteted (< 10 m), eucalypts Eucalyptus baxteri),
and an understorey afenseshruts with grasses and forbs. The herbaceous forest occurs on clay
loamson maoderate slopes higher elevationr600m asl).It has amoverstorey dominated .
obliqua (< 25m), and an understorey of forbs and grasses sdétteredghruls (Department of
Sustainability.and. Environment 2007; Department of Sustainability and Environment 20&2g
communitiesnere last burned by a wildfire in 198 dsince then have been the subject of
prescribedurning,which usuallytargetssmall areas (< 400 h&) satisfyfuel reduction and
ecological goalgPepartment of Primary Industries 2013).

Sampling design and site selection

A geographic information system (ArcGIS.1(ESRI 201) was used to identify a potential sampling
zone by determining all ridg®p areas ohrubby woodlandndherbaceouforest within the study
areathat were last burned in 1983, with slop8° and within 100m of the road network. Withithis
zone 10 points were randomly selectadeach vegetatiooommunity Prior to sampling ground
truthing was canducted to confirm the vegetatommunity time of last fireand an absence ofher
disturbancesThe 30 year podire period ensured thaccumulabn of a considerable sodeedbank
(Cheal 201p=Sites were> 20 m from roadgo reduceheir effects (e.g. runoffand> 1000 m from

each othetorreduce spatial autocorrelation
Soil sampling

At each site a quadrat (2020 m) was placed parallel to the ro&dithin each quadrat a total of 20
soil samples were collected framd m x 5 mgrid of equally spaced pointd/etal soil cores (7.5cm
diameter) vereused tacollect soil samples to 5 cm depthuld and O'Connell 199Hodgkinson et

al. 1980 Read et al. 20QWVills and Read 2007 Thetotal volume of soil collected per vegetation
communiy wasapproximately 0.044n°, which is comparable with othstudies (Enrighet al. 1997;
Wills & Read.2002)Soil samples wereollectedin lateMarch 2013, after most plant species had
finished flowering and fruitingWills & Read 2002).

Experimental”procedure

Soil samples from eaditewere combine@dnd died at room temperature for a we@nrightet al.
1997. Thesamples weréhensievedthrough8 mm mesh to remove large pieces of litter and rocks,
and then all samples from each vegetatiommunitywere mixed to remove the effect of spatial

variation in the soiteedbanks (Enright & Kintrup 200Ihe soil from eachommunitywas then
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132 divided into 36 samplesnd placed imluminium trays to provide faix treatments each witix

133  replicates

134 The treatments applied to the soil samples in each vegetatiomunityincluded high heat
135  (HH), low heat(LH), smoke(S), high heat wih smokeHHS), low heat with smok@.HS) and a

136  control(C). in the high and low heat treatments soil samples were placed in ovens @tft0@5

137  minutes and.45€.for 30 minutes, respectively. The aim was to reach soil temperatures@ir8the
138  highheat and 40C in the low heat, simulating the temperatures experienced during wildfires and
139  prescribedburnssrespectively (Raisoat al. 1986; Bradstock &uld 1995; Enright & Kintrup 2001).
140  To measureithe temperature of soil during heatirggnsor waburied inthe soil in each replicate
141 tray (Auld and O'Connell 1991These sensorgached 76- 80 °C inthehigh heatreatmentind30 —
142 40°C inthe'lowheattreatment

143 Three different ovens were used for heating the soil samples. Two reptitateh heat

144  treatment were allocated each of thesto ensure no bias associated with an oven effiéatrison &
145  Morris 2000) After,heating, all soil samples were spread to a depth of 1.5 cm over a mixture of
146  vermiculite and sterilised sand in plastic germination trays (28 8fcm; 1428 crf). Smoke

147  treatmentsiwere applied to diksignatedraysafter the heated soil samples had cooldw smoke
148  solution was made by diluting 1@ of Regen 2000 Smokemaster ifitée of water (Grayson

149  Australia Pty. Ltd).Eachsmoke treatettay was given 400 ml of smoke solution to saturate the soil
150 andsimultaneously nosmoke treated trawere given 400 ml of water. Trays were allocated

151 randomly to'tables in a glass houaged tablesvere rotated weekly to minimise position bias. Trays
152  were wateredd maintainsoil moisurefor the duration of the experimeinom April to August 2013
153  (16weeks.

154 The germination andensityof all seedlings were recorded weekly from week 5 to week 16
155  after which there were negligible numbers of new seedlings. Seedlings were firstlyadeaif

156  morphospecieand epresentatives were transplantedfiioal identification.To avoid overcrowding
157  seedlings wereegularlyremoved. About 20 species from each vegetat@nmunitycould not be

158 identified and were given names according to thfeifform (e.g. Grass sp.1).

159

160  Statistical analyses

161 We usedrboth linear and generalised linear models to assess the influence of t{bament

162 heat, low heat, smoke, high heat with smoke, low heat with smoke, control), vegeatationrity

163  (herbaceoustorest and shrubby woodland), and their interactiootlowvascular plant species

164  richness and diversityDiversity was calculated using the effective number of species derived from
165 the Shannon diversity indeld, Values are calculated as exponenti§l énd used to compare the

166  diversity of biotic communiéis on a linear scale; a community with a value of 5 is half as diverse as a

167  community with a value of 10 (Jo&006). We used a generalised linear model with a log link and a
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168  Poisson distribution to analyse species richness, as these data were im thiecimunts.We treated

169  speciedliversityvalues as continuous, so in this case we used a linear model with a Gaussian

170  distribution.

171 We were primarily interested in determining the existence of treatment effects traadnfent

172 interacted with vegetation community. Consequently, for both species richnessasidydiwe built

173  three alternative,models (treatment x vegetation community, treatment + vegetatiooraty and

174  treatment) whichawe compared using information theoretic model selectiormdded including

175  vegetation communitglonewas not considered as iddot relate to our hypotheses. We used

176  Akaike’s informationcriterioncorrected for small sample size (AICc) and Akaike weights to compare
177  the level of suppert for our three mod@irnham &Anderson, 2002)In addition, R was generated
178  for each modelzusing the standard approach for linear models and the metlaba@gdwa and

179  Schielzeth (2043) for generalised linear models. For each response variable, thedeéstas used
180  to generate contrasts between the control and the other treatments. When radgetation

181 communiy and interaction contrastgere also displayedGraphical displays were generated from the
182  raw data.

183 To determine ithe effect of treatment and vegetation commudiffered among plants of

184  different form we allocated each species téifa-form category grassforb, or shrub We used

185  species richness atite density ofjerminantgthe number of germinants within each tray) within

186  eachlife-form as two new response variablésor each response variable, and for eacHdifan

187  separately, we,built three alternative models (treatment x vegetation comnreaitypent +

188  vegetation,eommunity and treatment) and used AlCcAdaike weights to compare them, as

189  described above. Because both response variables were counts, we used a generalised linear model
190 with a log link and a Poisson distribution in both cases.

191 The analyses described above wasrductedn R 3.3.1 (R Core Team, 26)L Linear models

192  and generalised linear models were run using the Im and glm functions of the stats gadckage (

193  Team, 2016). AICc and Akaike weights were calculated using MuMIn (Barton, 2014)® ford R

194  generalised lineanodels was calculated using piecewiseSEM (Lefchecl§)2@verdispersion in

195  Poisson models was checked by comparing the ratio of the residual deviance to thedegigeal of
196  freedom, which should equalifidistributional assumptions are mdh the analysis of forb density

197 wedetected substantial overdispersithre dispersion parametef the global model was.83. To

198  solve this problem wee+an the models using a negative binomial distribution (gim.nb function in the
199 MASS package Venables& Ripley, 2002) which reduced thdispersion parametén the global

200 model tol.20 Assumptions of normality and equal variances were checked using histograms of
201  residuals and fitted values plots, and no major violations were detected.

202 We used?ERMANOVA (including posthoc pairwise tests) to examine the effects of treatment
203  and its interaction withregetatiorcommunity on species composition (PRIMERarke & Warwick

204  2001).PERMANOVA was applied to Bray-Curtis similarity matrix derived froratandardised
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(division by the maximum) and transformed (log x+1) counts of each species. The same similarity
matrix was used to generatenaltidimensional scaling (MDS) ordinatipproviding agraphical
representationf how the treatments influenced species compositiimilarity percentage

(SIMPER) analyss wereused to determine thspecieghatcontributedmostto the differenceamong

treatments in each community

RESUL TS
Effect of treatment on speciesrichness and diversity

Totalsofi42 and 55pecies germinated in the sededban&of shrubby woodlandnd
herbaceouforest, respectivelyrorband shrub species, followed by grass species dominated the soil
seedbanin both ‘communitie¢Fig. 1). Fourgrass2 forb and6 shrub species were theost abundant
germinantsX 6 germinants) in shrubby woodland, compared ®itrass22 forb and12 shrub

species in herbaceous forésppendix S1)

Raw datasreflecting the effect of treatment on species richness and digergitgsented in
AppendixS2:7The response of species richness to treatment was generally similar in the herbaceous
forest and shrubby woodland (weight of additive model Tabije ). Comparedwith the control,
and averaged across the two communitiegghh heat with smokéiigh heat andsmokecaused
detectable 53%;37% and 27fA6reases in species richngsspectively [fig. 2a, b).

Theresultvassimilar for species diversity (weight of additive model 0.Bdble 1, but in this
casehigh heat with smokeas the only treatment to clearly resulgmeaterdiversity (21%)relative
to the control(Tabld). While modelling indicated a consistent effect of treatment on species
diversity in the twe vegetation communities, the raw data sugjiredtthe effecof high heat with
smokemay haverbeesomewhagreater in the herbaceous forest than the shrubby woodland (Fig. 2c,
d; Appendix SB).

Effect of treatment on speciesrichness and density within life-forms

Raw data reflecting the effect of treatment on species richness and density wittimigeare
presented in Appendices S3 and Species richness within all three li@rms (grass, forbs and
shrubs) responded to treatment similarly in herbaceous forest and shrubby woodlaadgditive or
treatment only models being substantially better than models including the treatrmegetation
community interaction (Tablg). For grass, none of the treatments caused richness to increase
beyond the controtalug while for forbs,high heat with smokeaused aletectable 37% increase.

Shrub richness was affected by treatment more than grass and dtatige 1to the control, shrub
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238  richness was increaség high heat with smokéigh heatandsmokeby 107%,74% and4 7%

239  respectively

240 The response of germinant density to treatment differed substantially betweeargoae

241  hand and forbs and shrubs on the other. For grass, treatment had a similar effedtyoim dbertls
242 vegetation communitiesveight of additive model 0.82; Tab®. Comparedvith the control, all

243 treatments exeept for low heaasulted in greater density. The largest effects were associated with
244  high heat with smokandhigh heatrelative to the contrahese treatmentacreasediensity by

245  311% and?240%:.respectivelyFig. 3). For forbs and shrubs, the effect of treatment on density
246  depended on vegetaticommunity(weight of the interactive modelgere0.80 and 1.0 respectively
247  Table3). The' different patterns of tremaent effect in the two communitiesevemainly due to the
248  positiveinfluenceof low heat with smokéforbs) and both low heat with smo&adlow heat(shrubs)
249  on density in the shrubby woodland but not in the herbaceous forest 8J.abler herbaceous forest
250 forbs,smokehigh heat with smokandhigh heaincreased densityy 22%, 18% and 17%

251  respectivelyrelative to the controlwhile in the shrubby woodland low heat with smdkgh heat
252 with smokeand smokencreasediensity by273%, 136%and 109%respectively (Tabl8, Fig. 3).

253  For herbaceous forest shrubigh heat with smoke, high heanhd smokeéncreased densityy 212%,
254  159% and 138% respectively the shrubby woodland all treatments resultegi@ater densityhan
255  thecontrol including 258% and 67%crease$ollowing the application ofow heat with smokand
256  low heatrespectively (Tabl&, Fig.3).

257

258  Effect of treatment on species composition

259 PERMANOVA revealed a significant two way interaction between treatem@htommunity
260 indicating that,species compositions were differently affected by treatments imibbystvoodland
261  and herbaceousiforef € 0.00% Table 4. In the shrubby woodland there were significant

262  differences’in.species compositiamongall pairs of treatments excepbntrol and low heatow heat
263  and low heat'with"'smoke, low heat and smoke, low heat with smoke and, $onokeat and high
264  heat anddowsheat:and high heat with smdRe@pendix $; Fig. 49. These results indicate that

265  althoughspeciesrcompositions in most treatments differed from the control, they shaitadt&m
266  with the low heat treatment, where composition was quite variable among the sixeaplicat

267  herbaceoustforest, species composition diffstatisticallybetwee all pairs of treatmen{@\ppendix
268  Sb5; Fig4b).

269 SIMPER analyses indicated that the differences in species compositions between tséatment
270  each community were the result of comparatively small additive contributionstefagfew species
271  rather than a few dominant ones. However, there were trends in the occurreneohbféhat

272 explained the first 20% of dissimilarities between the treatments that difigmeificantly from the
273 control (Appendix 8). Shrubs were more abundant in high heat thatr@o®hrub sp. 4Pimelea
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274 linifolia, Shrub sp.12n shrubby woodlandShrub sp. 1Spyridium parvifolium, Pultenaea

275  daphnoides andLepidosperma sp. 1 in herbaceous foresshrubs werelsomore abundant in high

276 heat with smoke than contrd@illwynia glaberrima, and Shrub sp. 12 in shrubby woodlaStiyub

277  sp. 3,Pultenaea daphnoides, Prostanthera lasiophylla, andGeranium sp. 1 in the herbaceous forest.
278 In the shrubby woodland shrubs were more abundant in control than smoke, eg., Shrub sp. 12 and 7.
279 In contrast, herbaceous forest shrubs were more abundanbke than contrpég., Prostanthera

280 lasianthos, Spyridium parvifoliu andPultaneae forsythiana. Forbscontributed to differences between
281 low heattreatments (low heat, low heat and sihakedthe control where they tended to be more

282  abundant inllow heat treatmentSor example, ithe herbaceous foreSgnecio glomeratus and

283  Oxalis exiliswereymore abundant in low heat athghlrocotyle foveolata was more abundant in low

284  heat with smekewhile in the shrubby woodlan#danthosia dissecta was more abundant in low heat
285 and smoke/MHowever, differences between the low heat treatments and the control in the shrubby
286  woodland were most strongly influenced by Shrub sp. 12, which was more aburilathitire low

287  heat treatment@ppendix S6)

288
289  DISCUSSION

290  Structurallydifferenplantcommunitiedikely evolved with differenfire regimes. Since fire regimes
291 influence soil'temperatureplantsthat regenerate fromhe soitstoredseedbankmay be responsive to
292  different germination cues thesedifferentcommunitiesExamining this thesis importantgiven

293 the susceptibility'of thesspeciego changes in fire regimes through management or climate change
294  Wehypothesised that germination of ssilibred seed would ¢ more reliant on high sail

295 temperaturesiinsshrubby woodland than herbaceous forest a2dshatke would be similarly

296  important for'germination in both communitied/e foundthatthe high heat, high heat with smoke
297  and smoke treatments has similar effects on richness, diversity, density and compobitith

298 communities. These ressitto not support our first hypothesis but are consistent witlsexond

299  Thetypesof firegha these communitiesre subjectetb will influence soil temperatureshich will
300 have consequences fibierichnessdiversityand compositionf species dependent on the soil seed

301  bank for germination
302  Effectsof treatmentson richness, diversity, density and composition

303 Speciegichness wamcreasedy both high heat treatments (high heat, high heat with smoke)
304 and smoke, whildiversity wasonly increasedby high heat with smokeFurther, we found that these
305 effects were similar in both vegetation communities. The trend in rickwassfiven by shruband

306 forbs which onstituedbetweer36% (woodland)to 38% (forest)and 4846 (woodland)to 51%

307 (forest), ofall speciesrespectivelyexcluding treespecie$. While shrubsarea dominanstructural
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10

308 componenbf theshrubby woodlandforbs and grasses are more prominent in the herbaceous forest.
309 Grasgichness, whicltonstitutedbetween’% (forestto 14% (woodland)of all specieswas

310 independent of treatmerithe result®f other studies are mixedRelative to untreatecontrols high
311  heat did not increase species richness in herbaceous forest (Hill & French 2003), andigtitheat
312  nor smoke increased richnessstimubby woodland (Enriglet al.1997). In contrasther studies

313  from shrubby.:weodland show that bdtigh heat (Wills & Rea@002 andsmoke (Enright & Kinrup
314  200J increase richnessThe effect of firerelated germination cues on species diversity is less well
315  studied. znshrubby woodland neither heat, smoke or ash had a detectible effect on pkityt dive
316  (Enrightet a.,1997) With the exception of our studwe are unaware of diversity results for

317  herbaceoussdforest systems.

318 Greater.densities grassforb and shrub species were similarly stimulatedbthhigh heat

319 treatmentand smoke in both communitid3ensities of forb and shrub species walsmvariously

320 stimulated byow heat treatmentgow heat, low heat with smoké the shrubby woodlandhis

321  latter trend was driven by a small number of speaietuding Shrub sp. 12 andanthosia dissecta,

322  whichresponded positively to low hedthile these results are relatively consistent with those in
323  other shrubby woodlandwsties (Enrighet al. 1997; Enright & Kinrup 2001; Wills & Read 2002),
324  results in herbaceous forests vary from agreement (Warcup 1980; &latk2000; Readtt al. 2000;
325 Penmaret al. 2008), to a negative effect of high heat on herb densities (Gaske2000), a positive
326  effect of low heat on herb densities (Warcup 1980) or no treatment effect (Hi#r&2003). The
327 implicationissthat the densities of germinants in relation to fire related cues aretegsedict in

328  shrubby weedlands than lx@ceous forests.

329 There were unique species compositions in all treatments in both communities, eximpt fo

330 heatand contrelin, the shrubby woodland. This suggests that heat and smoke work independently or
331 ininteraction'to'influence species compositidlthough othecomparablestudies have not looked at

332 the interactive effects of heat and smoke on species composition, the independsntfdfigh and

333  low heat have'been reported in herbaceous forest (Hill & French 2003) and shrubby woodland

334  (Enright &Kinrups2001) and also smoke in shrubby woodland (Wills & Read 2002)reThtive

335 importance ofllow heat in the shrubby woodland studied by Enright & Kinrup (2001) compared with

336  our study mayindicate regional variatioim germination cues

337 Species respond to different germination cues. High heat is well known for itg tbfliacture
338 the seed coats of species with physically dormant seeds, thereby facilitating gemuhapecies
339 like Dillwynia glaberrima andPultenaea daphnoides (Auld & O’Connell 1991). Smokeavhich

340 stimulated the germination &branthera microphylla andlsopogon ceratophylla, is a universal

341  signal that fire has occurred and conditions are suitable for germination, egptéalfain (Brown
342 & van Staden 1997). Othspecies, likepyridium parvifolium, Pimelea axiflora, andSchoenus

343  apogon hedge their bets by germinating in response to both high heat and smoke, separately, while
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species, likeComesper ‘ma sp. 1 were dependent on tindess frequently reported combiheffects
(Keith 1997; Thomast al. 2007; Penmaat al. 2008). Species capable of germinating in response to
a range of cues (e.g. heat and smoke separately) are more likely to have greater success than tho

with more specific requirements (e.g. heat amibke together).

Although we controlled for soil temperature in our experiments, the texturatatiffes in the
soils underlying our two vegetation communities may differently influenceithsiiu soil
temperatures during fires. Sandy soils, characterissbmfbby woodlansihave lower water holding
capacity than the clay loams of the herbaceous forest (Buals®010). Since lower soil moisture
content leads to higher soil temperatui@arfipkell et al. 1995; Enninful & Torvi 2008Bussest al.
2010), we might expect comparatively higher soil temperaturgsribby woodlanthan the

herbaceous foreduring a fire, which may in turn contribute to their respective species compasitions
Ecological implications

High heat.igmportantfor forb and shrub germinatiofires capable of heating the soildab
least70 °C arerlikely tostimulate the germination of greater numbers of species and at higher
densitieghanthesethat heat the soil to 4@ (Enright& Kinrup 2001) Higher soil temperatures are
more likely in‘wildfires than prescribed burns (Bradstock & Auld 1995; Penman & Tower®@&) 20
which are ignitedonly duringpenign weather and fuel conditiofWalstadet al. 1990;Certini 2005)
Variation in weather and fuel conditions during wildfivéi$l invariably lead to a patchwork of
differentseverities' and thus soil temperatuf@eadle 194p0Rab 1996 Certini 2005. This will
provide opportunities for the germiitan of species responsive to a range of cues

Thelonger termpersistence ofpecieghat fail to germinate itessseverelyburntpatchewill
depend on theitime to tmexthigh severity firethelongevityand viabilityof above groungblants
andtheir soilsstoredseedqNoble & Slatyer 1980Bradstock& Kenny 2003. The intention of
prescribed burning programs to exclude wildfire for long peris@sconcernin our study arethere
have been no wildfiresince 1983i.e. 34 years)This is beyond the averageturninterval for
shrubby woodlansiin southeast AustraligEnrightet al. 2012). The application of prescribed fire,
while not'guaranteed to exclude wildfiraay substantially alter the spatial heat signature of the fire
regme, which, as;the data show, may have important implications for plant commuomippsition
and the persistence of individual species, especially sand#rbsBy comparison, species which
are partly ototally dependent on smoke to germinate may continue to germinate in patchily burned
areas and itheadjacent unburnt are@Benmaret al. 2011) However, heir establishment success
may be limited byabove groun@ompetiton, which ismore disadvantageous for shrubs than herbs
since the lattecantake advantage of smatlgaps(Clarkeet al. 2000).

The ecological implications for firprone systems that have shifted from wildfires to

prescribed burns are potentially significant. Low soil temperatures durisgrimed burnsnay
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reduce the germination success of mamguband forbspecies and in the absence of wildfires, lead to
theirreduced densitigenmaret al. 2011)because they ambther killed by prescribed fires or
senesce and are not repladeower densities ashrubsand forbamay further reduce flammabilityn

both communitieghereby creating a negative flammability feedback loop. As a consequence, we
predict thafire regimes dominated by prescribed burniaye theotentialto changehefloristic

composition.andtructue of shrubby woodlanslandherbaceous forests
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SUPPORTING INFORMATION

Appendix SleDensities (mean, standard error) of seedlings after treatments (C control, LH low heat,
LHS low heat with smoke, S smoke, HH high heat, HHS high heat with smoke) in shrubby woodland
and herbaceeus-forest (number/1428dior species with» 6 germinants.

Appendix S2. The value of (a) species richness and (b) species diversity associated with each
replicate tray in shrubby woodland and herbaceous forest. Species diversity eptassnt the
effective number,of species, calculated as the exponent of Shannon’gyindiex. Treatment
abbreviations/are LH low heat, LHS low heat with smoke, S smoke, HH high heat and HH8dtigh h

with smokex

Appendix S3. The value of species richness associated with each replicate tray in shrubby woodland
and herbaceous forest. Data are presented separately for (a) grass, (b) forbs and (c) shrubs.
Treatment abbreviations are LH low heat, LHS low heat with smoke, S smoke, HH high heat and
HHS high heat with smoke.

Appendix $4. The number of germinants associated with each replieatéone tray = 1428 chof
soil) in shrubby.woodland and herbaceous forest. Data are presented separatelydes,(&))forbs
and (c) shrubs.“Treatment abbreviations are LH low heat, LHS low heat with smoke, Skhhoke,
high heat and HHS high hieaith smoke.

Appendix S5. Results of PERMANOVA post hoc pair wise tests

Appendix S6xResults of similarity percentage (SIMPER) analyses used to determine the species that

contributedmostto the differencebetween treatments.

Tablel. Respenses of plant species richness and diversity to treatment (control, higighdatat
with smoke;,low heat, low heatith smoke, smoke) and vegetatioommunity(herbaceous forest and
shrubby woodland)Modelsareranked by AICc, and estimataad 95% Cls are presented for the
best model. For each contrast, estimates represent differences between vegetation bgtesand

the control and other levels of treatment. Positive estimates indicate a higherfwhkieesponse
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variable in the fist listed level. See methods for details dtBculation for generalised linear
models.
Models and contrasts AAICc Akaike Estimate (95% CI) P R? (%)
weight
Species richness
Treatment + vegetation 0 1.00 90.3
Forest vs.;.Woodland 0.81 (0.690.95) <0.001
High heat vs. Control 0.31(0.10, 0.53) <0.01
High heatwith smoke vs. Control 0.43 (0.22, 0.64) <0.001
Low heat vs. Centrol 0.05 ¢0.17, 0.28) 0.65
Low heatwith smoke vs. Control 0.13 ¢0.09, 0.35) 0.26
Smoke vsmControl 0.24 (0.03, 0.46) 0.03
Treatment x vegetation 11.7 0.00 91.1
Treatment 163.3 0.00 11.5
Species diversity
Treatment + vegetation 0 0.91 41.5
Forest vs. Woadland 1.62 (1.03, 2.20) <0.001
High heat'vs:Control 0.89 €0.12, 1.90) 0.09
High heatwith smoke vs. Control 1.35 (0.34, 2.36) 0.01
Low heat vsaCeontrol 0.22 €0.79, 1.23) 0.67
Low heatwith smoke vs. Control -0.33 €1.34, 0.68) 0.51
Smoke vs.‘€ontrol -0.19 €1.20, 0.82) 0.71
Treatment x yegetation 4.7 0.09 48.6
Treatment 244 0.00 14.9

This article is protected by copyright. All rights reserved



598

599
600
601
602
603
604
605

19

Table 2. Responses of grass, forb and shrub species richness to treatment (control, higghheat,

heatwith smoke, low heat, low heatith smoke, smoke) and vegetatioommunity(herbaceous

forest and shrubby woodland)Models areanked by AlCc, and estimates and 95% Cls are presented

for the best model. For each contrast, estimates represent differences between vegetatiord

between the control and other levels of treatment. Positive estimates indicate adligherf the

response variable‘ifrthe first listed level. See methods for detaifscafdRlation for generalised

linear models.
Models and contrasts AAICc Akaike Estimate (95% Cl) P R? (%)
weight

Grass
Treatment + vegetation 0 0.56 23.0

Forest vs. Woodland -0.30 €0.64, 0.04) 0.09

High heatvs. Control -0.04 €0.63, 0.54) 0.88

High heatwith smoke vs. Control 0.08 €0.48, 0.66) 0.77

Low heat ys. Control -0.36 €1.02, 0.27) 0.26

Low heatwith smoke vs. Control 0.08 €0.48, 0.66) 0.77

Smoke vs. Centrol 0.08 €0.48, 0.66) 0.77
Treatment 0.5 0.44 114
Treatment x vegetation 12.6 0.00 26.8
Forb
Treatment + vegetation 0 1.00 94.4

Forest vs."Woodland 1.91 (1.682.16) <0.001

High heatws. Control 0.22 ¢0.07, 0.52) 0.14

High heatwith smoke vs. Control 0.31 (0.02, 0.60) 0.04

Low heat vs. Control 0.16 €0.14, 0.46) 0.29

Low heatwith smoke vs. Control 0.09 €0.21, 0.40) 0.54

Smokelvs. Control 0.20 €0.09, 0.50) 0.18
Treatment x vegetation 12.3 0.00 94.7
Treatment 353.2 0.00 14

Shrub
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Treatment 0 0.73 53.0
High heat vs. Control 0.56 (0.19, 0.94) <0.01
High heatwith smoke vs. Control 0.73 (0.37, 1.10) <0.001
Low heat vs. Control -0.02 €0.45, 0.40) 0.91
Low heatwithssmoke vs. Control 0.21 €0.19, 0.61) 0.31
Smoke vs..Control 0.38 (0.00, 0.78) 0.05
Treatment.+ vegetation 2.0 0.27 54.0
Treatment x vegetation 9.7 0.00 64.9
606
607

608 Table3. Responses of grass, forb and shrub species density to treatment (control, highhhbagthi

609  with smoke, low heat, low heatith smoke, smoke) and vegetatiommmunity(herbaceous forest and

610  shrubby woodlandModels arganked by AICc, and estimates and 95% Cls are presented for the best
611 model. For nosnteraction contrast, estimates represent differences between vegetation types and
612  between the control and other levels of treatment. Positive estimates indicate adligher the

613  response variablin the first listed level. See methods for detailsddkculation for generalised

614 linear models.

Models and contrasts AAICc Akaike Estimate (95% CI) P R? (%)
weight
Grass
Treatment + yegetation 0 0.82 88.5
Forest vs. Weedland 1.28(1.14, 1.41) <0.001
High heat/vs. Control 1.22 (0.99, 1.46) <0.001
High heatwith'smoke vs. Control 1.41 (1.19, 1.65) <0.001
Low heatvs. Control 0.12 €0.16, 0.41) 0.39
Low heatwith smoke vs. Control 0.62 (0.37, 0.88) <0.001
Smoke vsControl 0.69 (0.44, 0.95) <0.001
Treatment_ x.vegetation 3.1 0.18 89.8
Treatment 408.3 0.00 37.8
Forb
Treatment x vegetation 0 0.80 97.4
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Treatment contrasts: Forest
High heat vs. Control
High heatwith smoke vs. Control
Low heat vs. Control
Low heatwith smoke vs. Control
Smoke vs. Control

Treatment contrasts: Woodland
High heatvsControl
High heatwith smoke vs. Control
Low heat ys. Cantrol
Low heatwith,smoke vs. Control
Smoke vs{ Control

Interaction contrasts
High heat:Forest
High heatwith smoke:Forest
Low heat:Forest
Low heatwith smoke:Forest

Smoke:Forest

Treatment + vegetation 2.8 0.20
Treatment 237.1 0.00
Shrub

Treatment x vegetation 0 1.00

Treatment contrasts: Forest
High heat vs. Control
High heatwith smoke vs. Control
Low heat ys. Control
Low heatwith smoke vs. Control
Smoke vs. Control

Treatment contrasts: Woodland
High heat vsControl
High heatwith smoke vs. Control
Low heat vs. Control
Low heatwith smoke vs. Control

Smoke vs. Control

0.16 ¢0.01, 0.33)
0.16 (0.00, 0.33)
-0.20 ¢0.37,-0.02)
0.10 €0.07, 0.27)
0.20 (0.04, 0.37)

0.49 ¢0.28, 1.30)
0.86 (0.15, 1.64)
0.44 ¢0.34, 1.25)
1.32 (0.65, 2.06)
0.74 (0.00, 1.52)

-0.33 ¢1.14, 0.43)
-0.70 ¢1.47, 0.01)
-0.63 ¢1.45, 0.15)
-1.22 ¢1.96,-0.55)
-0.54(-1.32, 0.19)

0.95 (0.57, 1.36)
1.14 (0.76, 1.54)
-0.31 ¢0.83, 0.21)
-0.06 €0.55, 0.42)
0.87 (0.48, 1.28)

0.99 (0.66, 1.34)
1.51 (1.19, 1.84)
0.51 (0.15, 0.89)
1.27 (0.95, 1.62)
1.26 (0.94, 1.60)
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0.06
0.05
0.03
0.24
0.02

0.22
0.02
0.28
<0.001
0.05

0.40

0.06

0.12

<0.001

0.16
96.7
0.9

87.8

<0.001
<0.001
0.24
0.81
<0.001

<0.001
<0.001
<0.01

<0.001
<0.001

21



615

616

617
618
619
620

621
622
623
624
625

Interaction contrasts

22

High heat:Forest -0.04 €0.56, 0.49) 0.89
High heatwith smoke:Forest -0.37 €0.87,0.14) 0.15
Low heat:Forest -0.82 €1.46,-0.19) 0.01
Low heatwith smoke:Forest -1.34 €1.93,-0.75) <0.001
Smoke:Forest 0.39(-0.91, 0.13) 0.14
Treatment +vegetation 27.1 0.00 78.7
Treatment 167.9 0.00 46.9
Table4. PERMANOVA resultsshowing theeffectof treatment (control, low heat, low heat with
smoke, smoke, high heat, high heat with smat@nhmunity (shrubby woodland, herbaceous forest)
and their interactioon germinantomposition P-values are based on 999 permutations.
Source df SS MS Pseuder P (perm)
Treatment 5 11482.0 2296.3 3.0 0.001
Community. 1 1.29X10° 1.29X10° 170.1 0.001
Treatmentx*community 5 14853.0 2970.5 3.9 0.001
Residual 60 45745.0 762.4
Total 71 2.01E5
30
Oshrubby woodland
Bherbaceous forest
No.
spe 20 [
cies
10 f
Nl m-
forbs grasses shrubs
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Figure 1. The number of species in each {item in shrubby woodland and herbaceous forest.
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Figure 2;,Species richness and diversity ( (meamrseljfferent treatments (C control, LH low heat,
LHS low heat with, smoke, S smoke, HH high heat, HHS high heat with smoke) in shrubbyngioodla

and herbaceous fore§liversity is the exponential ahe Shannon diersity index (see Methods).
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Figure 3. Richness and density (mean, se) of species in eadlife(grass, forb, shrub) in
treatments (C control, LH low heat, LHS low heat with smoke, S smoke, HH high heat, §HS hi

heat with smoke) in shrubby woodland and herbaceous forest.
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Figure 4. Species compositions in different treatme@wxgntrol, LH low heat,LHS low heat with
smoke,S smoke HH high heatHHS high heat with smoke) i(a) shrubby woodland an(b)

herbaceous forest, resulting from multidimensional scaling.
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