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Abstract

Sequestration of,carbon in forest ecosystems has been identified as an effective strategy to
help mitigatesthe effects of global climate change. Prescribed burning and tianbesting

are two common, coecurring forest management practices that may faltest carbon

pools. Preseribed burning for forest management, such as wildfire risk reductiorhartay s
inter-fire intervals and potentially reduce carbon stocks. Timber harvestinguniagf

increase the susceptibility of forest carbon to lossessponse to frequehtirning regimes,

by redistributing carbon stocks from the live pools into the dead pools, causing mechanical
damage to retained trees and shifting the demography of tree communities. We useara 27 ye
experimentinsartemperate eucdljqgrest to examine the effect of prescribed burning
frequencyand-timber harvesting on above-ground carbon (AGC). Total AGC was reduced by
~23% on harvesteglots when fire frequency increased from zero to seven fires, but was not
affected by fire frequesy on unharvesteplots. The reduction in total AGC associated with
increasing fire frequency on harvested plots was driven by declines in large coarse woody
debris £10 cm diameter) and large treeQ cm diameter). Small treeZ& cm DBH) AGC
increased with.fire frequency on harvegpéuts, but decreased on unharvegtials. Carbon

in deadstanding trees decreased with increasing fire frequency on unhgplestdzlit was
unaffected on harvested gotSmallcoarse woody debr{z10 cm diameter) was largely
unaffected by fire frequency and harvesting. Total AGC on harvpkitsivas betwee®7%

and 82% ofthat,on unharvesteldts depending on burning treatment. Our results suggest
that AGC inshistorically harvested forestaye susceptible to declines in respottse

increases in prescribed burning frequency. Consideration of historic harvestihg wil
important in understanding the effect of prescribed burning programs on forest carbon

budgets.

K eywor ds:"above-ground carboepcalypt forest, fire regime, forest management, logging,

prescribed burningemperate forest, timber harvesting

I ntroduction

Effective mitigation of global climate change requires a multitude of strategies aimed at

reducing carbon emissions amgrieasing carbon sequestrat{titCC 2014). Forest
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ecosystems are influential in determining global carbon budgets, accounting for
approximately 45% of terrestrial carbon stajf@snan 2008)Consequenyl, forest

management aimed at increasing carbon sequestration can play an important roleng reduci
atmospheric C@concentrations, and mitigating the effects of anthropogenic climate change
(McKinley et-al=20111PCC 2014)Forest resource use and management can &ifest

carbon stocks by altering rates of carbonssion and sequestration (North et al. 2009,
Bowman et al. 2013, Berenguer et al. 20 He management anointber harvesting are two

key management practices affecting forest carbon balances gl@@rsin et al. 2010,

Aponte et al. 2014, Hurteau et al. 2016).

Fire alters ecosystem carbon pools through the consumption of dead organic material and
mortality of,plant materialWilliams et al. 201, with the latter resulting in the redistribution
of carbon fromthe live to dead pooBaissett et al. 20)5In forests, most abowground

carbon (AGCY)iis stored in live tre@dubbard et al. 2004, Bennett et al. 2014, Gordon et al.
2018) consequently ecosystem carbon losses during a fire are generally relatively small
(Volkova and Weston 2013, Keith et al. 2014). Redistribution of carbon from the live to dead
pool will depend on fire response syndromes of plant species, with high redistributio
occurring.in.forests dominated by obligaeederand basal resproutegee speciefKeith et

al. 2014, Fairman et al. 201 AGC isless affected by a single fire event in forests
dominated.bystree specitdsat resprout epicormicalle.g. Volkova and Weston 2013)

except under extreme conditions that resultigh rates of tree mortalite.g. extreme fire

intensity follewing drought; Bennett et al. 2016).

AGC in forests.may be sensitive to shifts in fire frequency, due to effects on qiamumnity
demography and input/loss dynamics of dead woody dekpinte et al. 2014Collins et al.
2014b, Stareset al. 201&hort inteffire intervals can inhibit plant recruitment, increase
mortality and reduce growth rates of trees, leading to reduced basal area and @amass
Peterson and Reich 2001, Collins et al. 201Reductions in tree recruitment and standing
biomass will have flow on effects to dead carbon pools, potentially reducing dead carbon
biomass'in the long ternBéssett et al. 20)5Reductions in dead carbon pools will occur if
the rate oflecay‘and consumption by fire exceeds inpais§ett et al. 20)5Experiments
examining the response of forest biomass to kengrregimes of frequent experimental

burning have generally reported reductions in the biomass of trees and woody debris in
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84  response to frequent fire (e.g. Ryan and Williams 2010, Aponte et al.0lids et al.
85  2014b).

86  Prescribed burning is widely applied across forest ecosystems to achieve a range of
87 management objectives, including the reduction of wildfire risk to assets vieflugltion
88 and the manipulation of fire regimes for ecological purposes (Penman et alWADiais et
89 al. 2012, Ryan.et.al. 2013h Australian forests dominated by resproutamgiospernirees
90 (i.e. ‘eucalypts’), prescribed burning is largely used for fuel reduction, with arntiobjet
91  reducing wildfire'risk at the wildland urban interfamewithin forests managed for economic
92 timber assetéPenman et al. 2011 ffective fuel reduction typically requires the regular
93  application of prescribed burning, whichnincreaseoverallfire frequency across treated
94 landscapegPenman et al. 2011). Howeveactors such as topographic heterogeneity,
95 climate, fuelsand ignition patterns will create unburnt patches witescribed burns
96 (Penman etali 2007, McCarthy et al. 2017). Consequéindlse will be spatial variability in
97 the effect of a prescribed burning regime on forest ecosysterasponse to environmental
98 characteristics of thieeated landscape (e.g. topography, vegetatind)weather conditions
99  prior to and during burn®\lthough carbon sequestration has been identified abjantive
100 of forest fire.managemefg.g. Victorian Department of Sustainability and Environment
101 2012), burningwprescriptions to achieve @isundefined or poorly understood.
102  Consequentlysitsis unknown whetharrrent burning prescriptions for asset protection will
103 lead to desirable outcomes for carbon sequestrgdignBradstock et al. 201Rlartin et al.
104  2015).

105  Timber harvesting results in immediate changes to AGC within a forest, with losses in the
106  live carbonrpoolithat are directly proportional to harvesting intensity, and gahe dead

107  cabon peolinthe form of harvesting residue or ‘sladtir(enes et al. 2008Postharvest

108  sequestration will occur with the regeneration of vegetation commu¢iRiedurgh et al.

109  2006). Harvesting calncrease the sensitivity of AGC stocks to fire by shifting tree size class
110  distribution towards firesensitive juvenilegCollins et al. 2014Db), converting live carbon to

111 fallen dead debris that is susceptible to consumioapp et al. 2005olland et al2017)

112 and by causing mechanical damage to t(Eeklpausch et al. 200%horpe et al. 2008)

113 which increases the likelihood of fire related tree mortality and coll@@bkéford and

114  Williams 2001 Gibbons et al. 2008Pesjite the concurrent application edpeated
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prescribed burning and timber harvestawyoss forest ecosystems globally, there have been

few studies examining tiveinteractive effects on AGC stocks.g. Berenguer et al. 2014).

The aim of this study was xaminetheinteractiveeffect of timber harvesting and
prescribed:burning frequency on forest AGMZe utilised dong-term burning experiment

(the ‘Eden Burning Study Ardalocatedin a temperate eucalypt forestsouthern Australia

to assess the.impact tamber harvesting and ~25 years of experimental prescribed burning
regimeson’AGC We hypothesise that) AGC will be reduced by timber harvesting and
frequent prescribed burnin@i) that the effect of fire frequency will be greatest on harvested
plots, and; iii) that heterogeneity of burn patterns imposed by topography and ignition

patterns may modemathese effects at a landscape scale
Methods

Study area

Thestudy took place in the Eden Burning Study Area (EBiB8Ajambulla State Forest
(37°14’S, 149°38'Fin southeasterrNew South Wales, Australi&igurel). The EBSA
covers approximately 1100 ha of dry scleropfylest(Penman et al. 2007)he forest
community is_predominantly Timbillica Dry Shrub Forest (Keith and Bedward 1999), an
‘open forest“communityvith treeheightsbetween-10 mand 30 m and canopy cover of
30% - 70%.The tree anopy is comprised of a mix ofiealypt species (e.&. agglomerata,

E. globoidea, E-"Sieberi, E. consideniana, E. muelleriana, E. cypellocarpa, E. obliqua) that
resproutepicormicallyfollowing wildfire, which istypical of eucalypts acrosky sclerophyll
forestsof Australia(Gill and Catling 2002). The understorey is dominated by a diverse array
of shrubs and ground cover, includiAtjocasuarina littoralis, Banksia serrata, Daviesia
buxifolia, Epacrisimpressa, Acacia terminalis, Acacia longifolia, Gonocar pus teucrioides,
Platysace laneeglata, andLomandra filiformis (Binns and Bridges 200®enman et al. 2008).
Climate within,the study region is temperate, with a marinmeean monthly temperature of
24.9°C inJanuary a minimum mean monthly temperature of 4.1°C in July anchgee
annual raiffall.of 766nm (Merimbula Airport AWS www.bom.gov.auaccesse8™ April
2018).

Fire regimes irthe dry sclerophylforestsof southeastern Australiare characterised by

mixed severity fire¢Bradstock 2008)with typical interfire intervals ranging from 5 to 20
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145  years, though intervals up to 100 years may occur in some cases (Bradstock 2010, Murphy et
146  al. 2013). Prescribed burning is used extensively to manage fuelsdbpestection, with

147  effective fuel management requiring burning targeted at short rotations (~4rsg8 yea

148  (Penman et al. 2011). Timber harvestirag been undertaken extensively across these forests
149  over therpastentury (Raison and Squire 200Becent harvesting rates in forests of south

150 eastern Australia (New South Wales, Victoria and Tasmania) have been ~60, 000 ha per

151  annum (2001 -2010), with selective and variable retention harvesting being the dominant

152  silvicultural systemgMontreal Process Implementation Group for Australia and National

153  Forest Inventory Steering Committee 2D13

154 TheEBSA was.largely inaccessible prior to the 1970s, due to limited accesgBoatsand

155  Bridges 2003). ierewasno evidence of timber harvestifige. no cut stumps) and a low

156  level of recorded prescribed burning (~15% of the study area between 1979 and 1981) prior
157  to the commencement of the experiment (Binns and Bridges.2Q0&)ge wildfire burnt the

158  entire study areat low intensity in January 197312years prior to study establishmemd

159 commencement of initial measuremef@éns and Bridges 2003)herefore, prior to the

160 commencement of the study, the EBSA represented an ecosystem functioning tetitgely i

161  absence.of contemporary anthropogenanagement

162  Experimental treatments

163 TheEBSA. was stablished in 1985 by the Forestry Commission of New South Wales
164  (currently the Forest Corporation of New South Wales) to examine theédangcological
165  impacts offrequent burning and timber harvesting. The study wesalivided into 18

166  experimerdl blocks(8-56 ha, mean = 32 hayhich weretimberharvesting coupes (Binns
167  and Bridges 2003Figure 1).Threereplicatecoupesvererandomlyallocatedto eachof the
168 6 treatmentsunharvested and not burn@dN); unharvestedand routinely burned (burning at
169  4-year intervalsUR); unharveste@ndfrequently burned (burningt 2year intervalsUF);

170  harvestedndnot burnedHN); harvestedand routinely burned (burnireg 4year intervals
171 commencing 10 years post harvestiAg); andharvestedindfrequently burned (burning at
172 2-year intervalsHF). Six permanent plots (1G8otsin total) wererandomly located and

173  established in each experimentalipeto measure forest attributesinding overstorey trees
174  and coarse woody deb(il€WD) (Binns and Bridges 2003).
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175  Harvesting occurred in 1987 af@88 and was an integrated operattangetingboth

176  sawlogs and pulpwood. A proportion of mattneees were retaingor habitat, seed trees,
177  visual amenityand future sawlogs (Binns and Bridges 2003). Additionakegwith an

178  under-bark stump diameter <20 crmvath substantial defect or deformityere not felled
179  becausehey-did'not meet product specifications (Binns and Bridges 2003). Harvesting
180 removed +60% of the original overstorey tree basal area (Binns and BridgesT2@03).
181 intensity of harvestingariedconsiderably across the permanent monitoring plots, with the
182 basal areajof timber removed plos ranging from 0 to 35.4 fina® (mean = 15.38 fha?).
183 The mean (£ S.E.) basal area of timber removethét) across the survey plotgas 12.04 +
184 1.73,18.06,£ 241 and 16.04 + 1.68 in ki@@vestingho burning(HN), harvesting routine
185  burning (HR)@andharvestingrequent burning (HF) treatments respectivelgrvesting slash
186 (i.e. felled tree 'erowns) was left onsite following harvestBigdges 2005 ). A pastest
187  burn was conducteid coupesllocated to burning treatments (HR, HF) within 8 months
188  following harvest, to reduce dead fuel biomass created by harvesting slash (Binns and
189  Bridges 2003).

190  Prescribed fires were conducted in Autumn during periods wieatherconditions were

191  considered. suitable. Ignition lines and points wanglementedoy ground crews with drip

192  torches andheignition patterns used varied depending on weather conditions and fuels
193  (Penman etals2007). The most recent prescribed burns occurred in 2009, foprige&rs

194  our study,n all burning coupesFour plots within th&JN treatmentvere accidently burnt at
195 this time duestofireescaping containment ling8neplot (28, UF) was burnt by a small low
196 intensityunplanned fire ignited by a lightning strike in November 1997 (Binns and Bridges
197  2003).Theseaccidental fires were incorporated iqiot-scale measures of fifeequency.

198  We did not exclude the fire affected plots that were assigned to the ‘No fire’ treatment (i.e.

199  UN) when assessing the effect of taetorialcoupe level treatments

200 Ten4 nt fire evaluatiomuadrats were established within each plot and surveyed three

201  months before and after each prescribed burn to assess fuel conditions and burBiaxnt (

202 and Bridges 2003 Cumulativeburn coverage wasalculated by summing the proportion of

203 fire evaludion quadrats burnt in each prescribed fire over the entire study period. The number
204  of fires experienced atsample plotvas calculated as the number of burns in whiéb%

205  of the fire evaluation quadratgere burntAssessment of fire frequency dateowedthere

206  was considerable differences in the number of fires applied at the coupe scale and the number
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of times aplot burnt Figure2a). There was also considerable burn patchiwibm plots as

shown by the variability in cumulative burn coverage (Figure 2b).

Assessment of carbon

Complete 'surveys of live treed0 cm diameter at breast height (DBH) and fallen CWD
(diameter=2.5 cm)were undertaken across plots prior to the implementation of
experimental.treatments (198688). Twelve of the original 108 plots were excluded from
sampling in,2013 because they contained extensive rock outcropping or were dominated by
shrubby thickets d¥eleluca spp.and did not meet outefinition of forest (i.ethepre

treatment treeanopycover was estimated aB&%). An adjusted methodologyas utilised

across the 9flots surveyed in 201t® allow for a rapid assessmaeritcarbon stocks The
methodology,was designednwatch the previous approacheshance the quality of the data

and quantify new carbgoools (i.e. trees <10 cm DBH and stag® cm DBH).

Living trees wih a DBH>10 cm were recordadithin 25.2 m radius plots (0.2 ha) between
July 1985 te-April 1989 por to the application of experiemtal treatments. Specjd3BH

and any damage or deformities were recorfde@ach tre€Binns and Bridges 2003). In the
2013 measurement$ie DBH ofall living and dead trees greater tharcB0DBH were
recordedacross thes25.2 m radius plotOBH of living and deadrees between 1€m and
20cm DBH were recorded acrod4.3 mradius plots (0.04 ha) nested within the larger plot.
Species, DBH and height were recorded for each tree. Height of the tallest trees onsite was
recorded using a laser range finder (Nikon Forestry Pro), to obtain the maximum canopy
height, and estimated for the remaining trees, using the maximum canopyaseggh
referenceTallies of trees between 2.5 cm and 10 cm DBH were recorddge@d.3 m

radius plotsThe DBH of dead trees and stumps waly recorded if they were greater than
1.3 m tall.(i.ebreast height).

Above-groundive tree biomass wasstimated usingquations presented in Bi et @d004)

to account fointer-species variation iallometry.If species specific equations were not
availableanalogous species in terms of growth form and wood properties werStaseat(
et al. 1979, Boland et al. 2006)e&eric equationfor native forespresented in Keith et al.
(2000) were used for any other species (<5%egdisurveyedAppendix S1)The
concentration of carbon in above-ground living tree biomass was taken to be 50% of

estimatedabove-ground biomass (Gifford 2008djustments to tree biomass estimates were
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made to account for decay and hollows using publisiEspecific equationpg 1151,
Roxburgh et al. 2006). Trees between 2.5 cm to 10 cm DBHeeet@ssigned a carbon
stockof 2.5 kg, a valu¢hatwas calculatethy Bennett et al(2013) using a generic equation
for small eucalyptsassumingan averagéree height of 2 m (which is consistent with field
observationsitthe EBSA.

Standing deatlee.(i.e. staghiomass was calculated using the generic equati&eith et al
(2000) (Appendix Slasthespeciewf stags and stumps could not be reliably identified.
Biomass estimates were corrected for bark, leaf, twig and stem loss. Measured live tree bole
heights recorded for aisset of trees in the pteeatment measurements were used to
calculatemean.bole height for a range of DBlasseg10-20, 20-40, 40-60, 60-80, >80).

Dead trees,exceeding the mean bole hdaitheir diameter class were assumedrity be
missing barkleaves and small twigsvhich make up approximately 23% of tree biomass for
common species in the study region (Stewart et al. 1979). Theretmeation multiplier

of 0.77 was applietb biomass estimates of these trees. If dead tree height was less than the
mean bole height for their diameter clagsmass wafirst multiplied by 0.6 (i.e. the

proportion of tree that is the bole) (Stewart et al. 1979, Ximenes et al. 2008) and the
multiplied.by.the dead tree height to mean bole height ratio (i.e. the estimatedipropb

the bole that remainsi decay function of 0.85 was used to convert predicted biomass to an
estimate of.dead biomaf3ennett et al. 2013). Carbon content was taken as 50% otrdead
biomass (Woldendorp et al. 2002).

The volume,ef,.CWDwvasestimatedrior to experimental treatmenising two 25 m long

line transecteffset 5 m from the plot centre. Transects were located waimdpm bearings
with a minimum separation of 10 degre@sansect ends and mjbints were marked using
steel postsorenable accurate relocation of transéBtsdges 2005 In the 2013
measurementshe original transectsere extended by 25 m along the opposite bearing and
offset 5 m from the plot centre. This resulted in 100 m of transect per plogcthramended
minimum transect length f&@WD biomass estimatiom Australianforests(Woldendorp et

al. 2004)1If the original ransects werat approximately opposite bearinge. between 170°
and 19° apart)an alternate 50 m transect was establigifgdendicular to the original

transects.
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268  All CWD with a diametek 2.5 cm at the point of transect intersection was recorded. The
269 intersected diameter and decay s{@iablel) of each piece of CWD was recordethe

270  volume of CWD was calculated for egalot usingequation 1 (van Wagner 1968):
271 V =n%/(8 xL)xY(D)? (1

272 Where V is volume (fhha?), L is the transect lengih metresand D is the intersected

273  diameter (em).o0f a piece of CWD. CWD biomass was obtaineduplying CWD volume
274  for each decay.clas$4blel) by adecay specific wood densitpecay 1: 0.78 Mg i

275 Decay 2: 0070 Mg i Decay 3: 0.41 Mg i) (Roxburgh et al. 2006 Carbon biomass was
276  then calculated by multiplying CWD biomass by specific conversion factors fodeaak
277  class (Decay 1: 0.478; Decay 2: 0.481; Decay 3: 0.480) (Roxburgh et al. 2006).

278  Live plants and debris <2.5 cm in diameter were not considered in this study ggpibajyt
279  make a relativelgmallcontribution tototal AGCin temperate eucalypt foregRoxburgh et
280 al. 2006, Jenkins et al. 2016).

281  Analysis

282  Analysis foeused oAGC of large treesX20 cm DBH), small trees (2.5 -20 cm DBH),stags,
283 large CWD¢ 10 cm diameter), small CWD (2.5 - 10 cm diameter) aradl pools combined

284  Trees were separated into laayed smalkize classes in order to assess the effects of

285 treatments.on mature trees gudentialrecruits respectively. We considered large and small

286 CWD separately because differences in consumption rates by fire (Holland et al. 2017).

287  The effecs of fire frequency and harvesting intensity experienced at the sampfdirgrale

288  were the focus of our analysasthis data can be more easily interpreted and applied

289  elsewhere than.coupe scale treatme@isneralised additive mixed models (GAMMS) were
290 usedto capturdinear and nolinear responses of AGC pools to fire frequency and

291  harvestingrintensityGAMMSs link response and predictor variables via smoothing functions,
292  allowing.fer‘estimation of non-linear relationships (Zuur et al. 2009). We used cubic

293  regression splines with the number of knots limited to four, which is appropriate dsetiat
294  with between 30 and 100 observations (Zuur et al. 2009). Experimental coupgewvdied

295 as a random effeat the GAMMsto account for the nesting of sample phloetthin coupes.
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296  Approximately half the plots the datasewereunharvested (n = 49), thus having a

297  harvesting intensity of zeyavhich meantthe datasetiad insufficient replicationf harvesting
298 intensity across the range of fire frequency to reliably mmdetactionsetween the two

299 variables To overcome this limitatiorwe conducted the analysis on harvested and

300 unharvestedplots separateliging model estimates and 95% confidence intetoatempare
301 the effect of fire frequency between harvesting treatm@&ihis approach of splitting the

302 analysis into harvested and unharvegtieds is also ecologically justifiable, as harvesting
303 impacts are not limited to justmber removal (e.g. soil compaction and mechanical injury to

304 treesby machinery).

305 Models for the harvested dataset included fire frequency, harvesting intensity -and pre
306 treatment AGC.as additive effects. Models for the unharvested dataset included fire

307 frequency'and preeatmentAGC. Pretreatment AGC wasicludedas a covariate the

308 models to'account for the effects of spatial variability in carbon storage dulscdgpe

309 factors (e.g. topography, soil characteristiBsgtreatment large CWD and sth@WD and
310 total AGC were used as predictors for their respectivetpestment measures. Total pre
311 treatmenttree AGC(10 cm DBH) was used as a predictor for large trees, small trees and
312  stags. We.do.not present results on the effects dfgaement AC in the manuscript as this
313 was not a primary objective of the study, thoagbrediced relationshigetween AGC and
314  predictor variabless provided in Appendix SRredictor variables witR < 0.05 were

315 consideredtatistically significant, thougR-values between 0.1 and 0.04ve been

316  interpreted-withscaution due to uncertainty associated with defRingalues from mixed
317 effect modelgZuur et al. 2009). Due to the confounded nature of fire frequency and time
318 since fire, models containing effects of fire frequetiat were significant orlose to

319  significance P < 0.1) were refitted to aubset of the dataset containing ptbathad burnt 4
320 — 8 years prior to samplingn all cases the effect of fire frequenegsfound to be consisht

321  across the two analyseSppendix S3J.

322 Data analysis was conducted using the statistical packa8e2RR Development Core Team
323  2016).The ‘gamm4’ mckage was used to fit GAMMSVood and Scheipl 2016).

324 Results

325 Total AGCper plotranged from 70.3 Mg C Hato 264.5Mg C ha’ across the studylots,
326 with a mean (+S.E.) of 160.6+3.9 Mg Chécross all plots,he live carbon poatomprised
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77% of total AGC, with large live treeg%0 cm DBH) storing 107.7+4.2 Mg C h& and
small trees (<20 cm DBH) storing 8&1.5 Mg C h&. Large CWD % 10 cm diameter) was
the primary component of the dead carbon pool (26.08M8.€ ha?), followed by stags
(6.5+0.8Mg C ha') and small CWD (< 10 cm diameter)§80.2 Mg C ha).

I ndividual Garbon Pools

Harvesting.intensity was found to have opposing effects on the large and small €ee AG
pools Figure3). Large tree AGC decreased linearly as the basal area of timber removed
increasedf’< 0'001), with AGC being reduced by ~103 Mg C'lezer the range of
harvesting inteRsities experiencamoss the samplelots (0 nt ha' to 35.4 M ha'; Figure
3a). These losses were partially offset by a linear increaseMg® ha') in small treeAGC
with increasing.timber harvesting € 0.013 Figure3b). The dead carbon pools did not
show a significantf > 0.1) response to harvesting intéynsthough there were differences
stag and large"CWBGC between harvested and unharvegtiedisthat experiencedo fire

or low fire frequency, which are describleelow.

The effect'of fire frequency on the AGC pools varied between harvested and unharvested
plots (Figure ¥ Large tree AGC decreaskuearly by ~22 Mg C ha' as fire frequency
increased from'zero to seven fi@s harvested plst(P = 0.062), but was not affected by fire
frequency on unharvested ploB< 0.211;Figure 4). Consequently, the difference in large
tree AGC on unharvested and harvestedsplatreased with increasing fire frequency, with
unharvested plots storing ~31 — 67 Mg C- haore than hamstedplots experiencing an
average harvesting intensitiyigure 4). Small trees showed the opposite trend to large trees,
whereby AGC increasdihearly by ~13 Mg C h& asfire frequency increased from zero to
seven fire®n harvested plst(P = 0.035) and decreaskdearly by ~11 Mg C ha as fire
frequency.increased from zero to six fimsunharvested plstP = 0.080;Figure 4b).
Differencesin"'small tree AGC between unharvested and harydetedere only evident if
there had been‘three or more fires, with harvested plgieriencing average hastiag

intensity having up to ~21 Mg C fianore AGC than unharvestetbts (Figure 4).

Stag AGC decreased by ~10 Mg Chdth increasing fire frequency on unharvested plots,
but remained low on harvestptbts (~3Mg C ha'), resulting in greater stag AGC (up to ~10
Mg C ha') on unharvesteglots than harvested petvhen fires were not frequent (i.e-3

fires) Figure £). Large CWD had a ndimear relationshipvith fire frequency on harvested
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plots (P = 0.001), decreasing by ~21 Mg C'haetween zero and thréiees, then increasing
(~10 Mg C h&) at higher fire frequency(5 fires; Figure 41). Large CWD did not respond
to fire frequency on unharvestpbbts (P = 0.566 Figure 4l). Large CWD AGC was ~1Klg

C ha' greater in théharvestedno fire treatment plot$hanin theunharvested, no fire
treatment-plotgFigure4d). Despite evidence of a ndinear effect of fire frequency on small
CWD in unharvesteglots (P = 0.074), model estimates suggedteat there was little effect

of fire frequency or harvesting on this carbon pool (Figee 4
Total Carbon

The effect offfire frequency on total AG@riedas a function of harvestirigure 5. Total
AGC decreased linearly with the number of fires on harvedttd P = 0.013), with a ~34

Mg C ha' reduction in AGC from zero to sevéires (Figure5a), which was driven by losses
in the large tree‘and large CWD podisgure 4). Fire frequency had no effect on total AGC
on unharvesteglots (P = 0.78Q Figure5a), as gains in large tree AGC were offset by losses
in the smalltreerand stag podigure4). Therewas a negative linear relationship between
harvesting(intensity and total AG@ & 0.005, with a~69 Mg C h& reduction across the
range of harvesting intensities experiendedre5 b). Total AGC on harvested plots was
betweerb7%.and 82% of that of unharvested plots with a comparable burning history,

representing’a ~30 — 60 Mg Chdifference Figure 5a).

At the coupe scaJexperimental treatments had a significant effect on total ABC{.00J,
indicating that burning and harvesting treatments were leading to detectible changes in AGC
stocks at the landscape scale, despite within coupe heterogeneity in both burngsagstdne
harvesting intensity. Harvested coupes generally had lower AGC stocks than unHarveste
coupss (e.g. UR>HR, UF>HFE)Harvestedfrequently burned (HF) coupeatored less AGC

than harvestedhot burned coupes (HNFigure 5c). There was no effect of burning

treatments'within the unharvested coupes (Figaje 5
Discussion

Our study provides &ong-termexperimental assessment of the interactive effects of timber
harvesting and frequent prescribed burningh@c in forest ecosystem$Ve found that both
timber harvestingnd frequent prescribed burniognreduceAGC stocks, thouglthe effect

of fire frequency was only evident on harvested phoid coupesproviding support for our

This article is protected by copyright. All rights reserved



388
389
390
391
392
393
394
395
396

397
398
399
400
401
402
403
404
405
406
407

408
409
410
411
412
413
414
415
416
417
418

initial hypotheses. Such effects of harvesting and fire frequengys@hstocks were robust

to spatial heterogeneity of burning patterns induced by landscape heterogeneity and ignition
patterns Thus our hypothesis, concerning the moderation of the potential effect of these
disturbance regimes on carbon stocks via landscape heterogensitgjecéedOur work
highlights'the'need toonsider the impacts of multiple concurréorest management actions
when managingarbon stocksas has been demonstrateather forest ecosystems globally
(e.g. Berengueretal. 2014, Hurteau et al. 2aQh)articular fire management prescriptions
aimed at managing forest carbeill need to account for historic timber extraction and stand

management practices.

Timber harvesting had the greatest impact on total AGC stocksA@ithstorage on
harvested plotsbeirgetweer67%and82% of that of unharvested plots with a comparable
burning history. These differences were largely driveAGL losseslue to timber

extraction in‘the largeee (> 20 cm DBH) pool, which were only partially offset by
regeneration in the small tree pool (< 20 cm DBHY redistribution of material to the dead
carbon pool. Depending on the amount of timber removal, cestiijst-harvestree

growth may be required fareeAGC to reach carbon carrying capacitg. the peak carbon
storage under.typical climatic conditions and disturbance regimes (Roxburgh et al. 2006)
However,it IS important to note thdahe carbon storage reductions reported here do not
directly translate to emissiorass aconsiderable amount afiaterialremovedrom the living

tree pools converted to timber products (Ximenes et al. 2008).

Thedecline.inabovegroundcarbon on harvested plots in response to frequent burning was
driven by hedecline of thdarge CWD ¢ 10 cm diameter) and large live tree carbgools,
consistentwith'previous experiments conductedistorically harvested temperate eucalypt
forest(Bennettet al. 2014, Collins et al. 2014Hprvesting results ithe pulse input of

CWD in the form of harvesting residue (Grove 2001). Post-harvest burnsesailed

burns will remove harvesting residubough material is unlikely to be complgtebnsumed
during a single burn due to inherent fire patchiness and incomplete consumption of CWD
(Knappeet al. 2005, Holland et al. 2017). Consequently, large CWD carbon stocks will be
elevatedollowing harvestingdecreasings the number giost-harvest prescribed burns
increases, until a balance betwéleeaconsumption and input of CWD occurs, which

appeared to be after ~3lfires at the EBSAKigure 4d).
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Numerous manipulative burnirgxperimerg have found reduced tree biomass under regimes
of frequent, low intensityire in Australia(Bennett et al. 2013, Collins et al. 2014b) and
globally (Peterson and Reich 2001, Ryan and Williams 2010). In our shedg,was-20%
lesscarban stored irthe large tree pool on harvestadts burnt siximes compared to those
thatexperienced no fires during the experiment, whiainslar to differences reported in
another frequent burning experiment conduateglicalypt foresthat washistorically
managed for timber extraction (i.e. ~14% reduction; Bennett et al. ZBlgd¢atedmortality
and collapse of large trees on frequently bptats was mostlikely driving the decline in
AGC on harvestegblots, as haveen shown in other experiments (Bennett et al. ,204lins
et al. 2014b). The sensitivity of resprouting trees to fire related damage, tyamali
collapse can be elevatéallowing harvesting and thinning, due to mechanical harvesting
damage to retained trees and elevated dead fuel (Ba@zaw et al. 199,7Gibbons et al.
2000).Furthermore,@ducing stand basal area increases wind speed in forests and the
likelihood of tree wind throw (Scott and Mitchell 2005), elevating the risk of collapse for
retained trees with basal fire scarrii@bbons et al. 2008). Althougbdses of large tree
carbon were partially offset by increased recruitment aquéstly burnt plotssustained
frequent burningnayinhibit the transition of saplings to canopy tré@siinto et al. 1999,
Petersorand Reich 2001, Collins et al. 2014b), potentially leading to further losses of large
tree AGC Reductions inreedensity due to fire related mortality will reduce competition,
potentially resulting in increased growfByinto & al. 1999) thoughfindings from longterm
studies havérequentlyreported negative or no effeadf frequent burning on growth rates
for many eucalypt speci€¢dbbott and Loneragan 1983, Guinto et al. 1998ljins et al.
2014b).

Prescribed burning frequency had no effectatal AGCon historically unharvestaulots,
suggesting thabtal AGC in these forests isither resistant tirequent prescribed burning or
has dagged respons@&GC stocks are strongly influenced by large ltrees, which are the
dominant biomass component of the live vegetation pool that directly feeds deaal car
pools (Hubbardet al. 2004, Roxburgh et al. 2086alypts capable @picormic
resprouting,characteristically experience low rates of mortality dariogy severityfire
(Vivian et al. 2008, Collins et al. 2014hyith tree collapse being a common cause of
mortality (Bowman and Kirkpatrick 1986Burning may increase the likelihood of eucalypt
collapse by creating basal fiseargMcCaw et al. 1997Collins et al. 2012a), though long

time frames, including multiple fires, may be required following fire scar formation before
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trees ollapse. Consequently, we cannot discount fuli@dines in large tree density and

biomass due to frequent burning on unharvegletd.

Landscape scale effsadf prescribed burning on forest carbon pools will be dependent upon
the extent:of burningvithin the treatment area (i.e. patchiness), as the loss of material in the
live and dead"earbon pools witicrease witldecreasing burn patchiness (e.g. Holland et al.
2017). Average burn extent recordeithin the planned treatment areagshe EBSAwas

~40% (Penman et al. 2007), which falls towards the lower end of the range typmcaliged

in temperateeucalypt foreg&5%- 90%; Bennett et al. 2013, Holland et al. 2017, McCarthy
et al. 2017)This suggests that the effect size of burning treatnem&sGCreported inour

study may besemewhatonservative, though we note thagses reported at the EBSA are
generally consistent with experiments from other eucalypt fofBstmett et al. 2014

Collins et al. 2014Db).

Recent wark*has shown that soil carli®sensitive to shifts in fire regiméBennett et al.
2014,Pellegrinivet al. 201,7Sawyer et al. 2018), though assessment of this carborvpsol
beyond thé scope of our paper. Surface soil carbon (<20 - 30 cm depth) has been found to
decline in response tong termfrequent burning in many ecosysterRellegrini et al. 201)7
including temperate eucalypt fore¢Bennett et al. 20)4However |t is possible that the
response.of'soil carbon to frequent burning will be influenced by timber harvestihg, a
incomplete combustion of harvesting slashy create a source tdng-ived pyrogenic
carbonthat may bolstesoil carbon stocks (Aponte et al. 2014, Jenkins et al. 2016). Our
surveysalsoexeluded live and deadGC less than 2.5 cm in diameter and short stumps (<
1.3 m tall); though these components make omglatively small contribution to the total

AGC pool(Ximenes et al. 2008, Jenkins et al. 2016, Gordon et al. 2018), and are unlikely to

have influencedrour results.

Managementimplications

Thecontrastingresponse of AGC to frequent prescribed burning in harvested and
unharvested areas suggests that consideration of historic land managentsntmplbrtant
in determining the effectsf prescribed burning regimes on carbon budgets. Although our
burning treatments took place soon after harvesting, ketylthat the sensitivity of
harvested forests to fire will persist fggars todecades podtarvestdue to the time required

for juvenile trees to reach fire resistant size claase$he persistence dctors that increase

This article is protected by copyright. All rights reserved



483  the likelihood of &rge tree mortality (e.g. coarse fuels, mechanical damage during harvesting)
484  (Thorpe et al. 2008, Collins et al. 2012b, Collins et al. 20T#1®.majorityof the current

485 forested area in temperate regions of Australia, both ymd#ic and privat®wnership,

486  have beermsubjected to timber harvesting ovke pastthe 1M yeargRaison and Squire

487  2008),a management history thataesalogous to manNorth and South American forests

488  (Armesto et al. 2010, McKinley et al. 2011). Regeneration of historically harviesésts

489 that are now managed in the public reserve syst@nesenta large potentidiuture carbon

490 sink (Roxburgh et al. 2006), amdll contribute to thenitigaton of global climate change

491  (McKinley et al.. 2011)Howeverourresults suggeshatthe sequestration potential of

492  regenerating forests dominatedtbges that resprout following fireay be compromised

493  under frequent prescribed burning regimes, and that these effects may not be obvious over

494  short time frames (e.g18 years).

495  Recent socially'desictive wildfires in temperate regions of southern Austitadize resulted
496 in policy aimed at increasing theseof broadscaleprescribed burning for the purposefeél
497  reduction (Clode and Elgar 2014). Prescribed burreégimes aimed at reducing fuels for
498  asset protection in temperate eucalypt for@sts 5 — 10 yeadnter-fire interval)will

499  potentially.resli.in up toa 10 — 20 % reduction in total AGC nmecently harvested areab
500 applied for a few decadéBigure 53. However, inherenburnpatchiness across treatment
501 areaqPenmanset al. 2007, McCarthy et al. 204l lead to spatial variation ifire effects
502 on carbon, which may be particularly evident in topographically heterogeleemissapes
503 Carbon losses:witend to bdocalised and somewhat predictatae,upper slopes and

504  ridgetops will burn more often than gullies (Penman et al. 2007 yeqpeategrescribed

505 burningmay“be concentrated key strategic aregg.g. the interface between forests and
506 urban areas)rargetedorotectionof trees with high carbon storage potential (e.g. >40 cm
507 DBH) may.be an effective approach to minimising carbon lossasafl areas most at risk.
508 For examplethe mechanical removal of coarse and fine fuels around the base of large trees
509 immediatelyprior to prescribed burns could helpduceratesof fire relatedargetree

510 mortality and.collaps€Bluff 2016).

511  Prescribed burning has been identified as a potential management straegyase carbon
512  storage in forests globallpy reducingvildfire size antbr severity and thus the amount of
513  carbonemitted(Williams et al. 2012Hurteau et al. 2016). Evidence fraouthern Australia
514  suggestshat crownfires may destabilise carbon stodksresprouting eucalypt forests
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(Bennett et al. 2017). While prescribed burning ieucecanopy fire occurrenae ewcalypt
foress, the window of effectiveness is typically short (i.etwp years after a prescribed

burn, Price and Bradstock 2012, Collins et al. 2014a). Thus high frequency burning (e.g. <5
year intervalspver large scales may be required to mitigate crown fire potential. Such a rate
of treatment;"however, has the potentialedduceAGC stacks, as shown in this studwn
previously‘harvested areaand others (Bennett et al. 20C3)llins et al. 2014 even if

burning is‘'heterogeneous across landsca&ieslar conclusions have been reached for

forests in the Western United Sta(€ampbell et al. 2012). Understandiegpsystem scale
effects of prescribed burning, and other fuel treatments (e.g. mechanical fuel reduction,
timber harvesting)on carbon stocksiayrequirethe use of landscapeodels(e.g. Hurteau et

al. 2016) thatthave been parameterised ahdatad usinglata derived from experiments

such as ours.
Acknowledgements

Funding came from the Australian Government via the former Federal Depacdinterargy
Efficiency and Climate Change. Luke Collins undertook this work as a Postddoésedrch
Fellow at the University of Wollongong. Salary for Trent Penman was provided bysWe N
Rural FireService. We would like to tharidichaelMclean (NSW Department &rimary
IndustriesNSW Forest Sciencddr his assistance with fieldworlkhe manuscript was

greatly improved by the comments fr@@verakknonymous reviewers.
References

Abbott, I., and O. Loneragan. 1983. Influence of fire on growth rate, mortality and butt
damage in Mediterranean forest of Western Australia. Forest Ecology and
Managemen6:139-153.

Aponte, CIKIG. Tolhurst, and L. T. Bennett. 2014p&sed prescribed fires decrease
stoeksrand change attributes of coarse woody debris in a temperate eucalypt forest.
Ecelogical Application24:976-989.

Armesto, J. J.uD. Manuschevich, A. Mora, C. Smith-Ramirez, R. Rozzi, A. M. Abarzua, and
P. A. Marquet. 2010. From the Holocene to the Anthropocene: A historical
framework for land cover change in southwestern South America in the past 15,000
years. Land Use Policd7:148-160.

This article is protected by copyright. All rights reserved



545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577

Bassett, M., E. K. Chia, S. W. J. Leonard, D. G. Nimmo, G. J. Holland, E. G. Ritchie, M. F.
Clarke, and A. F. Bennett. 2015. The effects of topographic variation and the fire
regime on coarse woody debris: Insights from a large wildfire. Forest Ecology and
Managemen840:126-134.

Bennett,"L. T"C. Aponte, T. G. Baker, and K. G. Tolhurst. 2014. Evaluatingéomg-
effects of prescribed fire regimes on carbon stocks in a temperate eucalypt forest.
Forest Ecology and Managem&28:219-228.

Bennett, Lu T., C. Aponte, K. G. Tolhurst, M. Léw, and T. G. Baker. 2013. Decreases in
standing,teebased carbon stocks associated with repeated prescribed fires in a
temperate mixedpecies eucalypt forest. Forest Ecology and Managesiéri4 3-
255¢

Bennett, L. T., M. J. Bruce, J. Machunter, M. Kohout, S. J. Krishnaraj, and C. Aponte. 2017.
Assessingdire impacts on the carbon stability of fitelerant forests. Ecological
Applications27:2497-2513.

Bennett, L. T., M. J. Bruce, J. MacHunter, M. Kohout, M. A. Tanase, and C. Aponte. 2016.
Mortality-and recruitment of fir¢olerant eucalypts as influerctéy wildfire severity
and recent prescribed fire. Forest Ecology and Manage38erit07-117.

Berenguer, E.;'J. Ferreira, T. A. Gardner, L. E. O. C. Aragao, P. B. De Camargo, C. E. Cerri,
M. Durigan, R. C. D. Oliveira, I. C. G. Vieira, and J. Barlow. 204 4arge-scale
field assessment of carbon stocks in hwmendified tropical forests. Global Change
Biology 20:3713-3726.

Bi, H., J. Turner, and M. Lambert. 2004. Additive biomass equations for native eucalypt
forest trees of temperate Australia. Tré8%167-479.

Binns, D. L., and R. G. Bridges. 2003. Ecological Impacts and Sustainability of Timber
Harvesting and Burning in Coastal Forests of the Eden Area. Research and
Development Division, State Forests of New South Wales, Sydney.

Bluff, L. 2016:"Reducing the effect of planned burns on holb@aring trees. Victorian
Government Department of Environment, Land, Water and Planning, Melbourne.

Boland , D«#J., M. |. H. Brooker, G. M. Chippendale, N. Hall, B. P. M. Hyland, R. D.
Johnston, D. A. Kleinig, M. W. McDonald, and J. D. Turner. 2006. Forest Trees of
Australia. CSIRO Publishing, Collingwood, VIC.

Bonan, G. B. 2008. Forests and Climate Change: Forcings, Feedbacks, and the Climate
Benefits of Forests. Scien820:1444-1449.

This article is protected by copyright. All rights reserved



578 Bowman, D., and J. Kirkpatrick. 1986. Establishment, suppression and grokaababfptus

579 delegatensis R.T. Baker in multiaged forests. I. The effects of fire on mortality and
580 seedling establishment. Australian Journal of Both§3-72.

581 Bowman, D. M. J. S., B. P. Murphy, M. M. Boer, R. A. Bradstock, G. J. Cary, M. A.

582 Cochrane, R. J. Fensham, M. A. Krawchuk, O. F. Price, and R. J. Williams. 2013.
583 Forest fire management, climate change, and the risk of catastrophic carbon losses.
584 Frontiersin Ecology and the Environmdit66-67.

585 BradstockgR. A. 2008. Effects of large fires on biodiversity in seagtern Australia:
586 disaster,or template for diversity? International Journal of Wildland1#iB99-822.
587 Bradstock;R. A: 2010. A biogeographic model of fire regimes in Australia: current and

588 future implications. Global Ecology and BiogeograjBy145-158.

589  Bradstock, R. A., M. M. Boer, G. J. Cary, O. F. Price, R. J. Williams, D. Barrett, G. Cook, A.
590 M. Gill, L.B. W. Hutley, H. Keith, S. W. Maier, M. Meyer, S. H. Roxburgh, and J.

591 RusselSmith.2012. Modelling the potential for prescribed burning to mitigate

592 carbon emissions from wildfires in figrone forests of Australia. International

593 Journalef Wildland Fir@1:629-639.

594  Bridges, R.G..2005. Effects of logging and burning regimes on forest fuel in dry sclerophyll
595 forest'in soutkeastern New South Wales: initial results (1:9883) from the Eden

596 Burning'Study Area. NSW Department of Primary Industries, Sydney.

597 Bryan, J., P. Shearman, J. Ash, and J. B. Kirkpatrick. 2010. Impact of logging on

598 aboveground biomass stocks in lowland rain forest, Papua New Guinea. Ecological
599 Applications20:2096-2103.

600 Campbell,/J. L.,/M. E. Harmon, and S. R. Mitchell. 2012. Canriedhliction treatments

601 really increase forest carbon storage in the western US byimgduture fire

602 emissions? Frontiers in Ecology and the Environmerg3-90.

603 Clode, D.,Jand. M. A. Elgar. 2014. Fighting Fire with Fire: Does a Policy of BEuadke

604 Preseribed Burning Improve Community Safety? Society & Natural Resources

605 27:1192=1199.

606  Collins, L.a#R. A. Bradstock, and T. D. Penman. 2014a. Can precipitation influence landscape
607 controls,on wildfire severity? A case study within temperate eucalypt forests of south
608 eastern Australia. International Journal of Wildland EB®-20.

609  Collins, L., R. A. Bradstock, E. M. Tasker, and R. J. Whelan. 2012a. Can gullies preserve
610 complex forest structure in frequently burnt landscapes? Biological Conservation
611 153:177-186.

This article is protected by copyright. All rights reserved



612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644

Collins, L., R. A. Bradstock, E. M. Tasker, and R. J. Whelan. 2012ladngf fire regimes,
logging and topography on hollows in fallen logs in eucalypt forest of south eastern
Australia. Biological Conservatiai?9:23-31.

Collins, L., T. Penman, F. Ximenes, D. Binns, A. York, and R. Bradstock. 2014b. Impacts of
frequent-burning on live tree carbon biomass and demography ihgsist
regrowth forest. Forest&802-821.

Fairman, T.'A.; L. T. Bennett, S. Tupper, and C. R. Nitschke. 2017. Frequent wildfires erode
treespersistence and alter stand structure and initial congpostita firetolerant sub
alpine forest. Journal of Vegetation Scie@8e1151-1165.

Feldpausch, T.R., S. Jirka, C. A. M. Passos, F. Jasper, and S. J. Riha. 2005. When big trees
fallsDamage and carbon export by reduced impact logging in southern Amazonia.
Forest Ecology and Manageméif:199-215.

Gibbons, P., R. B. Cunningham, and D. B. Lindenmayer. 2008. What factors influence the
collapse of trees retained on logged sites? A-cas&ol study. Forest Ecology and
Managemen55:62-67.

Gibbons, P4:D«B. Lindenmayer, S. C. Barry, and M. T. Tanton. 2000. The effects of slash
burning.on the mortality and collapse of trees retained on logged sites iressteia
Australia. Forest Ecology and Managem&sf:51-61.

Gifford, R. M2000. Carbon contents of above-ground tissues of forest and woodland trees.
National Carbon Accounting System technical report; no. 22, Commonwealth of
Australia, Canberra.

Gill, A. M., and P. C. Catling. 2002. Fire regimes and biodiversity of forested landsdfapes
southern Australia. Pages 351-36%R. A. Bradstock, J. E. Williams, and A. M. Gill,
editors. Flammable Australia: Fire Regimes and Biodiversity of a Continent.
Cambridge University Press, Cambridge.

Gordon, C.E., E: R. Bendall, M. G. Stares, L. Collins, and R. A. Bradstock. 2018.
Aboveground carbon sequestration in dry temperate forests varies with climate not
fireregime. Global Change Biolo@#:4280-4292.

Grove, S.J#2001. Extent and composition of dead wood in Australian lowland tropical
rainforest with different mnagement histories. Forest Ecology and Management
154:35-53.

Guinto, D. F., A. P. N. House, Z. H. Xu, and P. G. Saffigna. 1999. Impacts of repeated fuel

reduction burning on tree growth, mortality and recruitment in mixed species eucalypt

This article is protected by copyright. All rights reserved



645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677

forests of southeast Queensland, Australia. Forest Ecology and Managémest
27.

Holland, G. J., M. F. Clarke, and A. F. Bennett. 2017. Prescribed burning consumes key
forest structural components: implications for landscape heterogeneity. Eablogi
Applications27:845-858.

Hubbard, R. M.;J. M. Vose, B. D. Clinton, K. J. Elliott, and J. D. Knoepp. 2004. Stand
restoration burning in oak—pine forests in the southern Appalachians: effects on
abaveground biomass and carbon and nitrogen cycling. Forest Ecology and
Managenent190:311-321.

Hurteau, M. D.,/S. Liang, K. L. Martin, M. P. North, G. W. Koch, and B. A. Hungate. 2016.
Restoring forest structure and process stabilizes forest carbon in wlddine
southwestern ponderosa pine forests. Ecological Applica2@B882-391.

IPCC. 2014. Climate Change 2014: Mitigation of Climate Change. Contribution of Working
Group lll to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change. Cambridge University Press, Cambridge, United Kingdom.

Jenkins, MaE«.T. L. Bell, L. F. Poon, C. Aponte, and M. A. Adams. 2016. Production of
pyrogenic carbon during planned fires in forests of East Gippsland, Victoria. Forest
Ecology and ManagemeB73:9-16.

Keith, D. A.,.and M. Bedward. 1999. Native vegetation of the SBa#t Forests region,

Eden, New South Wales. Cunninghar®i&218.

Keith, H., D. Barrett, and R. Keenan. 2000. Review of allometric relationships foraé&stj
woody biomass for New South Wales, the Australian Capital Territory, Vigctoria
Tasmania and SdutAustralia: National Carbon Accounting System Technical Report
No. 5B. Commonwealth of Australia, Canberra.

Keith, H., D. B. Lindenmayer, B. G. Mackey, D. Blair, L. Carter, L. McBurney, S. Okada,
and' T. Kanishi-Nagano. 2014. Accounting for biomass carbon stock change due to
wildfiresin"temperate forest landscapes in Australia. PLoS ®e)7126.

Knapp, E.[E53d7E. Keeley, E. A. Ballenger, and T. J. Brennan. 2005. Fuel reduction and
coarse woody debris dynamics with early season and late season prdseribeal
Sierra'Nevada mixed conifer forest. Forest Ecology and Manag@0&883-397.

Martin, K. L., M. D. Hurteau, B. A. Hungate, G. W. Koch, and M. P. North. 2015. Carbon
Tradeoffs of Restoration and Provision of Endangered Species Habitat in a Fire-
Maintained Forest. Ecosysterif&76-88.

This article is protected by copyright. All rights reserved



678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710

McCarthy, G., K. Moon, and L. Smith. 2017. Mapping fire severity and fire extent in forest in
Victoria for ecological and fuel outcomes. Ecological Management & Restorat
18:54-65.

McCaw, W., R. Smith, and J. Neal. 1997. Prescribed burning of thinning slash in regrowth
standsof KarriEucalyptus diversicolor) .1. Fire characteristics, fuel consumption
and tree damage. International Journal of Wildland F2&-40.

McKinley, D."C.; M. G. Ryan, R. A. Birdsey, C. P. Giardina, M. E. Harmon, L. S. Heath, R.
A. Houghton, R. B. Jackson, J. F. Morrison, B. C. Murray, D. E. Pataki, and K. E.
Skog. 2011. A synthesis of current knowledge on forests and carbon storage in the
United States. Ecological Applicatio2%:1902-1924.

Montreal Process Implementation Group for Australia and National Forest Inventory Steering
Committee. 2013. Australia’s State of the Forests Report 2013. Canberra.

Murphy, B. P., R. A. Bradstock, M. M. Boer, J. Carter, G. J. Cary, M. A. Cochrane, R. J.
Fensham, J. Russé&imith, G. J. Williamson, and D. M. J. S. Bowman. 2013. Fire
regimes of Australia: a pyrogeographic model system. Journal of Biogeography
40:1048-1(%8.

North, M.,"M."Hurteau, and J. Innes. 2009. Fire suppression and fuels treatment effects on
mixed-conifer carbon stocks and emissions. Ecological Applicatioris385-1396.

Pellegrini, A.FA., A. Ahlstrom, S. E. Hobbie, P. B. Reich, L. P. Nieradzik, A. C. Staver, B.
C. Scharenbroch, A. Jumpponen, W. R. L. Anderegg, J. T. Randerson, and R. B.
Jackson. 2017. Fire frequency drives decadal changes in soil carbon and nitrogen and
ecosystem productivity. Natubs3:194.

Penman, T. D., D. L. Binns, R. J. Shiels, R. M. Allen, and R. P. Kavanagh. 2008. Changes in
understorey plant species richness following logging and prescribed burning in
shrubby dry sclerophyll forests of sowthstern Australia. Austral Ecolog@$:197-

210.

Penman, T#DiiF. J. Christie, A. N. Andersen, R. A. Bradstock, G. J. Cary, M. K. Henderson,
O. PriceyC. Tran, G. M. Wardle, R. J. Williams, and A. York. 2011. Prescribed
burning: how can it work to conserve the things we value? International Journal of
Wildland. Fire20:721-733.

Penman, TD., R. P. Kavanagh, D. L. Binns, and D. R. Melick. 2007. Patchiness of
prescribed burns in dry sclerophyll eucalypt forests in sea#itern Australia. Forest

Ecology and Managemeb2:24-32.

This article is protected by copyright. All rights reserved



711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742

Peterson, D. W., and P. B. Reich. 2001. Prescribed fire isaanna: fire frequency effects
on stand structure and dynamics. Ecological Applicatidr14-927.

Price, O. F., and R. A. Bradstock. 2012. The efficacy of fuel treatment in mitigating gropert
loss during wildfires: Insights from analysis of the seyenf the catastrophic fires in
2009"in*Victoria, Australia. Journal of Environmental Manageri&8t146-157.

R Development Core Team. 2016. R: A language and environment for statistical computing.
R Foundation for Statistical Computing, Vienna, Austria.

Raison, RgJ., and R. O. Squire. 2008. Forest management in Australia : implications for
carbon budgets. National Carbon Accounting System technical report no. 32,
Department of Climate Change, ACT.

RoxburghgS.[H.; S. W. Wood, B. G. Mackey, G. Woldendorp, and P. Gibbons. 2006.
Assessing the carbon sequestration potential of managed forests: a case study from
temperate Australia. Journal of Applied Ecoleipy1149-11509.

Ryan, C. M., and M. Williams. 2010. How does fire intensity and frequency affect miombo
woaodland tree populations and biomass? Ecological Applica2itd8-60.

Ryan, K. Ca:E«E. Knapp, and J. M. Varner. 2013. Prescribed fire in North American forests
and woodlands: history, current practice, and challenges. Frontiers in Ecology and the
Environmentll:.e15€24.

Sawyer, R., ReBradstock, M. Bedward, and R. J. Morrison. 2018. Fire intensity drives post-
fire temporal pattern of soil carbon accumulation in Australiangiome forests.

Science of The Total Environmesit0-611:1113-1124.

Scott, R. E., and S. J. Mitchell. 2005. Empirical modelling of windthrow risk in partially
harvested stands using tree, neighbourhood, and stand attributes. Forest Ecology and
Managemeng18:193-2009.

Stares, M.,.L. Collins, B. Law, and K. French. 2018. Ltergn efect of prescribed burning
regimes.and logging on coarse woody debris in seatitern Australia. Fore9242.

Stewart, Hi;"D@Flinn, and B. Aeberli. 1979. Above-ground biomass of a mixed eucalypt
forestin@astern Victoria. Australian Journal of Botany 25-740.

Thorpe, H«C., S. C. Thomas, and J. P. Caspersen. 2008. Tree mortality following partial
harvests.is determined by skidding proximity. Ecological Applicati@s652-1663.

van Wagner, C. E. 1968. The line intersect method in forest fuel sgmiptirest Science
14:20-26.

This article is protected by copyright. All rights reserved



743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771

772

773

774

Victorian Department of Sustainability and Environment. 2012. Code of Practice foirBushf
Management on Public Land. Victorian Government Department of Sustainability and
Environment, Melbourne.

Vivian, L. M., G. J. Cary, R. A. Bradstock, and A. M. Gill. 2008. Influence of fire severity on
the regeneration, recruitment and distribution of eucalypts in the Cotter River
Catchment, Australian Capital Territory. Austral Ecol@365-67.

Volkova, L., and C. Weston. 2013. Redistribution and emission of forest carbon by planned
burning inEucalyptus obliqua (L. Hérit.) forest of soutteastern Australia. Forest
Ecology.and ManagemeB04:383-390.

Whitford, K. R.,.and M. R. Williams. 2001. Survival of jarrdfual yptus marginata Sm.)
andmarri.Corymbia calophylla Lindl.) habitat trees retained after logging. Forest
Ecology'and Managemeh46:181-197.

Williams, R., D. Barrett, J. Beringer, M. Boer, R. Bradstock, G. Cary, G. Cook, ALGIl
Hutley, H. Keith, S. Maier, M. Meyer, O. Price, S. Roxburgh, and J. Russell-Smith.
2012. Fire regimes and carbon in Australian vegetation. . Pages 273R91
Bradstoek, A. Gill, and R. Williams, editors. Flammable Australia: fire regimes,
biodiversity and ecosystems in a changing world. CSIRO Publishing, Melbourne.

Woldendorp, G.; R. J. Keenan, S. Barry, and R. D. Spencer. 2004. Analysis of sampling
methods for coarse woody debris. Forest Ecology and Manag&é&h33-148.

Woldendorp, G., R. J. Keenan, and M. F. Ryan. 2002. Coarse Woodig Dehustralian
Forest Ecosystems. A Report for the National Greenhouse Strategy, Module 6.6.
Bureau of Rural Sciences, Canberra.

Wood, S.,/and F. Scheipl. 2016. gamm4: Generalized Additive Mixed Models using 'mgcv'
and 'lme4'.

Ximenes, F. A., W. D. Gardner, and A. Kathuria. 2008. Proportion of afpaed biomass
in.commercial logs and residues following the harvest of five commercial forest
speciesiin Australia. Forest Ecology and Manage2&$835-346.

Zuur, A., E=Nzleno, N. Walker, A. A. Saveliev, and G. M. Smith. 2009. Mixed Effects
Models and Extensions in Ecology with R. Springer, New York.

Data availability

Data available from Figsharttps://doi.org/10.6084/m9.figshare.7138307

This article is protected by copyright. All rights reserved



775

776

777
778

779

780

781

782
783
784
785
786
787

788
789
790
791
792
793

794
795
796

Tables

Table 1 Description of the decay scores measured for coarse woody debris (CWD). Scores

are taken from,Roxburgh et al. (2006).

Variable Class Description
Decay 1. CWD sound and intact
2. Decomposition of CWD confined to the outer layers and
sapwood
3. Decomposition of CWD extend to the heartwood
Figures

Figure 1 Location of the study area and arrangement of the experimental treatment blocks.

Figure 2(@). The mean (x 95% CI) number of fires experienced in each experimental
treatment. The'number of attempted prescribed burns is included in parentheses next to the
treatment code. Treatment codes are: unharvested and routine burning (UR); usdharvest
frequent burning (UF); harvested and routine burning (HR); harvested and frequent burning
(HF). (b) The cumulativeurn extent at glot (i.e. number of fire assessment quadrats

burnt/10) plotted against the number of times a gkperienced a fire.

Figure 3 The effect of harvesting intensity (basal area of timber removedhore-ground
carbon (£95% Cl) of a) large treesZ0 cm DBH) and b) small trees (<20 cm DBH). Values
are predictions.derived from GAMMSs, whereby fire frequency has been held cais?ant
fires and pre-treatment AGC has been held constant at the mean value (122.9fg C ha
The points are'the observations used to fit the GAMM. One point (x = 3G.B&8'y =

95.98 Mg'@:hd) in plot b)falls outside the plotting region.

Figure 4 The effect of fire frequency ambove-groundarbon (x95% CI) of a) large trees (
20 cm DBH), b) small trees 26 cm DBH), c¢) stags, d) large CWBI( cm diameter) and e)
small CWD (<10 cm diameter). Values are derived from GAMMSs, whereby mean values of
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harvesting intensity16.4 nf ha') and pretreatment AGQ122.9 Mg C hd) have been used

to make predictionslhe points are the observations used to fit the GAMM.

Figure 5 Total above-ground carbon (x95% CI) in response to a) fire frequency, b)
harvestingiintensity and c) coupeale experimental treatments. Values are derived from
GAMMs. Alpredictions used mean values of preatment AGQ122.9 Mg C ha). Mean
values of hanvesting intensi(¢6.4 nf ha') were used for predictions in a). Fire frequency

was held at 3fires in bY.he points in a) and b) are the observations usedttefiEAMM.
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