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ABSTRACHE

1. Forests worldwide are increasingly subject to natural and human disturbances,

including wildfires and logging of varying intensity and frequency. Understanding
how_biediversity responds to different kinds and combinations of natural and human
disturbance is critical to enhanced forest management.

. We completed an eiglyiear study of bid responses across a spectrum of disturbance

typesin Australian Mountain AslE(calyptus regnandorests following wildfires in
2009.

We found, evidence of a gradient in bird species richness over the study duration. It
was highest in unlogged and unburned (least disturbed) sites, decreasing through
burnt.unlegged forest (subject to high or low intensity fire), lower still in logged
forest, and lowest in the most disturbed sites (subject to salvage logging without
island-retention). Retention of unculiaisds within logged areas increased bird species
richness above that found in areas that had been clearcut.

. The-greatest rate of increase per year after disturbance in bird species richness was on

sites burnt by high severity fire but which were not subject to any form of logging.
The level of disturbance affected the composition of the bird assemblage. Sites that
were unlogged and unburned were more likely to support species that were larger,

more mobile, and nested at greater heights above the ground.

. Synthesis and applicationall forms of logging on burned sites impaired recovery in

bird species richness relative to sites subject to high severity fire. Alterations in stand
structure”and plant species composition (and hence modification in bird habitat
suitability) due to logging are the most likely reasons for reduced bird species
richness and delayed patterns of recovery. This study highlights the importance for
native bird species of retaining patches of unlogged forest not only within otherwise
clearcut forest, but also in areas that are burned and subject to salvage logging. We
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therefore suggest that the adoption of retention harvesting be expanded to include
stands disturbed by wildfires.

KEYWORDS: forest birds, Mountain Ash, natural disturbance, salvage logging, south-

eastern Australia, variable retention harvest systems, wildfire, fire, species richness

INTRODUCTION

Disturbances such as fire, windstorms and floods can have a major influence on both
natural and_humamodified ecosystems and affect the abundance and diversity of species,
nutrient and energy cycling, biomass accumulation, hydrological regimes andeyther k
ecosystemrprocessEsousa 1984; Swanse al. 2011; Fairman, Nitschke & Bennett 2016;
Pulsford, Lindenmayer & Driscoll 2016). The severity, intensity or frequency of hatura
disturbance regimes can be altered directly and indirectly by human ac(Bitetey,

Hanson & DellaSala 2016; Parisiehal. 2016)such as patterns of land y3éompson,

Spies & Ganio 2007; Cochrane & Laurance 2008; Taylor, McCarthy & Lindenmayer 2014),
climate changéWesterlinget al. 2006; Abatzoglou & Williams 2016) andd establishment

of invasive specieSetterfieldet al. 2010; Johnstonet al. 2016; Jonest al. 2016). Thus,

there can'be"additive or interactive effects of human and natural disturbances in biodiversity
and key ecosystem procesgBama 2015; Kishchukt al.2015; Lindenmayer, Thorn &

Banks 2017). Understanding how biodiversity responds to different combinations of
disturbances is critical to developing prescriptions that underpin the effective management of
natural resource@$relich 2005; Driscoletal. 2010; Leverkus & Castro 2017; Lindenmayer,
Thorn & Banks 2017).

A potentially severe form of perturbation in forests is salvage logging in wieies tr
damaged:by-natural disturbance are harvested in an attempt to recover some of their
economic'value (Cobét al. 2011; Fraveet al.2017; Leverkus & Castro 2017). Salvage
logging is widespread and its use is increasing (Thoat. 2017) likely as a result of the
increase in larggcale intensive natural disturbances globgdlgidlet al.2014). Therdnas
also been'a rapid increase in the number of studies of salvage logging but many lack data on
the effects of some important combinations of natural and human distu{bsAn®toet al.

2011; Thorret al. 2017 but see Cobket al.2011; Kishchulet al. 2015) This includes

contrasts between salvage logged areas and places subject to conventionahdparvesti
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methods such as clearcutting, but particularly lower intensity silvicultural systems like
variable retention harvestirf{gensu Gustafssat al. 2012 Fedrowitzet al.2014).

Here we quantify the response of forest birds across a range of disturbance types,
resulting from fire, logging and a combination of both in the wet Mountain Bsbalyptus
regnang forests of the Central Highlands of Victorsmutheastern Australia. Large areas of
the study region burned in wildfires in 2009. This event, coupled with subsequefitgost-
salvage_logging operations and ongoing conventional clearcut logging in unburned forest,
provided a unigue opportunity to establish a comparative study of disturbance effgcts (F
Table 1). Qur study design included replicate sites that \ilBranburned and unlogge(®)
burned at lowsseverity in 200@) burned at high severity in 200@,) subject to
conventional/clearcut logging operations (i.e. unburned stands were clg&)csipject to
variable retention harvesting (in which islands of uncut green forest were retained within
cutblocks),(6) subject to conventional post-wildfire salvage logging, &ndhad been
salvage logged-but with burned islands of forest retained within the cut aged)(F his last
treatment was-an extension of the island retention approach typically employed in
conventional green forest variable retention harvesting sygtesdsowitzet al. 2014) but
applied in a'salvage logging context. Our range of treatments therefore facilitated contrasts in
bird responses not only between conventional post-fire salvage logging and conventional
clearcut logging but also contrasts among sites whaaiable retention harvesting was
deployed in burned versus unburned forest. Our study design also enabled us to determine
whether the effects of salvage logging were more substantial than the effects of clearcut
logging alone.plus the effects of highveity fire alone. That is, in quantifying the effects of
salvage logging on bird biota, we sought evidence for both additive effects of high severity
fire and subsequent clearcut logging as well as interactive im(gsacisu Fostest al. 2016)

betweensthestwvo kinds of disturbance.

We"examined four components of bird responbe&d-species richness, the
composition of the bird assemblage, the occurrence of individual bird species, an@ bird li
history attributes (as part of testing performance filtehygothesis and functional diversity
theory; (Mouillotet al. 2012; Aubinet al.2016). We motivated our investigation by posing
two key questions to quantify the three components of biotic response:

Question 1 Are birds affected by differenbmbinations of natural and human disturbance?
At the outset of this investigation, we postulated that bird species richness anettierdet

frequency of individual bird species would be lowest in areas subject to convertitvaaje

This article is protected by copyright. All rights reserved



121
122
123
124

125
126
127
128
129

130
131
132
133
134
135
136
137
138
139
140
141

142

143

144
145
146
147
148
149
150
151
152

logging and highesh unlogged and unburned sites (see Fig. 1). We also postulated that the
composition of the bird assemblage would vary between sites subject to different
disturbances with some kinds of species (characterized by particular life history traits) being

absemnfrom intensively disturbed areas.

The broad focus of Question 1 was on cross-sectional contrasts in bird responses
between sites subject to different levels of disturbance severity. Howevarpduentailed
documenting.changes in bird responses between 2009 and 2016, thereby providing an
opportunity,to quantiffemporal patterns on different kinds of sites. Hence, the second

guestion infourinvestigation was:

Question 2 Daes the temporal response of bird species richness and individual species vary
among sites/subject to different kinds of disturbante?postulated that, relative to unlogged
and unburnedssites, the recovery of bird species richness would be slowest in sglgade |
sites with noesisiand retention that were those most heavily pert(ffiedl). This was

because such sites lack critical structural elements (e.g. dead standing trees) and have the
most depauperate vegetation communities of all the forest stand categories that we studied
(Lindenmayer & Ough 2006; Blair et al. 2016). In our study, we used our unburnt and
unlogged sites as ‘benchmarks’ to evaluate the recovery of disturbed sites (Fig.l&)a Whi
small numberof bird species in this forest appear to prefer earlyifgosonditions (e.g. the
Flame RebirPetroica phoenicegLindenmayer et al. 2014)), no species occurs exclusively
under early successional conditions so our unburnt and unlogged sites were considered an

appropriate,benchmark for recovery of species richness.
MATERIALS AND METHODS
Study area

Our'study area was the Mountain Ash forest in the Toolangi, Marysville and
Powelltown districts of the Central Highlands of Victoria, seedistern Australia (Fig. 2).
Standreplacing fire is one of the predominant forms of natural disturbance in Modsiai
forests leading.te stands of broadly uniform égmithet al.2016). We constrained our
study to'one age class of forest — stands that were 70 years old at the time of the 2009
wildfires, having regenerated after previous wildfires in 1939. This evasdid confounding
disturbance treatment effects with forest age effects given that different stand ages of
Mountain Ash forest support different faunal assemblages, including birds (Loyn 1985;

Lindenmayetet al. 2009). In addition, 1939 regrowth foreshsvthe most extensive age class
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153  in the Mountain Ash ecosystem at the time of the {iBagnset al. 2015)and it is where
154  almost all timber harvesting activity presently takes p(&tiet & Fagg 2007). Old growth
155  stands (which are excluded from loggimgg¢ now rare in Mountain Ash ecosystems and
156  constitute approximately 1.2% of the extent of this vegetation type in the Geiginéhnds
157  region of*VWictoria (Lindenmayest al. 2012).

158 Our study included three levels of fire severity at a site as deterfmamdnthe-

159  ground measurements of vegetation 1-2 months directly following the 2009 fire. Unburned
160  sites were those which were not subject to fire in 2009. Low severity sites were those where
161 the ground'wasSidamaged but the understorey and overstorey remained intact. High-sever
162  sites were these in which plants in the ground, shrub and understorey layerdlecsnk

163  crowns of/overstorey trees consumed.
164  Experimental“design and disturbance classes for contrast

165 The design for this study took advantajeéhree major studies that ran concurrently
166  from 2009-2016 in which the surveys for birds all employed broadly similar field sampling

167  protocols (by the same field researchers) (see below).

168 Thefirstsinvestigation was a lorigrm study of the occurrencé birds on sites that

169  were dominated by 1939 regrowth at the time of the 2009 fires. The study included sites
170  burned at high'severity in the 2009 fires, sites burnt at low severity in 2009, and sites tha
171 remained unburnt in 2009 (Lindenmaygral. 2014)(Table 1).

172 Oursecond study was a blocked and replicated experiment designed specifically to
173  contrast vertebrate response (including birds) to variable retention hagv@gstidenmayer

174 et al.2015),The experiment comprised three key treatments inr&g89wth forest(1)

175 unlogged forest(2) forest subject to conventional clearcutting (i.e. no island retention), and
176  (3) forest'subject to variable retention harvesting in which islands of unloggetiieres

177  retained. The treatments were implementetiiwian experimental block, with the blocking

178  structure replicated, giving a total of 15 sites (Table 1).

179 Our third'study was a blocked and replicated salvage logging experiment initiated
180 immediately,following the 2009 wildfires. It was designed to hawvadbparallels with the

181  experiment on variable retention harvesting, except in a post-fire logging settegalvage
182  logging experiment comprised 20 sites in three treatmg@r)tburned but unlogged sitg2)

183  conventionally salvage logged sites (with stand retention), ar(®) salvage logged areas
184  with island retention (Table 1).
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In the case of salvage logged areas, all trees were killed bysénghity fire—in part
because salvage logging is restricted (by regulation and codes of practice) tholset areas
subject to very high-severity fire. In the case of conventionally clearcut areas|ytlyeemmn
trees remaining within cutover areas are in the retention istaallistanding trees in the
remainder ofithe cutblock were logged (i.e. cut down). The size of conventionally logged and
salvage logged cutblocks varied from4G-ha (as per Codes of Practices in these forests).
The area of Mountain Ash forest burned in the 2009 fires exceeded 72 (Dubat al.

2012).

Bird surveyprotacols

We conducted bird surveys annually between 2009 and 2016 with surveys completed
in November/early December which is the breeding season for the majority of species and
when summermigrants have arrived. Our first surveys in 2009 occurred aftevatistiby
fire or logging=Our standardised survey protogat repeated fiveninute point interval
counts (sensu Pyke & Recher 1983; Ralph, Sauer & Droege 1983). For all broad site types in
this study and in each year of sampling, we surveyed each site orffaverdidays to
account for day effeci{$-ield, Tyre & Possingham 2002). The count on the first day was
completed by a different observer than the count on the second day to account for observer
heterogeneitys(Cunninghaet al. 1999; Lindenmayer, Wood & M&regor 2009). We
conducted surveys between sunrise and 9.30 am and did not complete counts on days of rain,

fog or high winds.

Forthe'54 sites within the lortgrm monitoring study, we established a 100 metre
transect with permanent plots at 0 m, 50 m and 100m points. We did not assume that
individual counts at the three points on the same site were indepéngelmited our
surveys to birds detected within 50 m of a plot point on a given transect. This was to ensure
that the birds reecorded were withime particular disturbed sampling unit in question.
Standardizingsthe size of the area sampled meant that it was possible to robustly compare
counts made,aeross the different studies which together comprised our study (see below).

Weralso established permanent plots in the variable retention harvesting and salvage
logging experimentslhe variable retention harvesting experiment entailed establishing a
permanent plot within a retention island with only birds recorded within 50 m of mt@icke
of the plot to ensure that only individuals wholly within the island were counted. ahess|

were a minimum of 50 metres apart (and separated by clearcut forest). There were three plots,
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one for each of the three islands that had been retained on the cutblookaAmotocol

was used for the salvage logging experiment in which three islands of uncut forest (whi

had been burned in the preceding wildfire) were retained and a permanent plot was
established within each island. Again, only birds within 50 m of the centroid of the plot were
recorded-toensure that only individuals wholly within the island were counted.d/Metdi
assume that individual counts at the plot points within a site were indeperolesites

subject to ‘conventional clearcutting and conventional salvage logging, we positioned our
permanent: 50 m survey plots in the same spatial configuration as for the loggesibjeets

to the variable retention harvesting and salvage logging experiments.
Bird life histeryattributes

We compiled data obird species traits to explore relationships between species’
identities on'sites subject to different kinds of disturbances and parkaudisrof life-history
attributes (seesSupporting Information Table Shdenmayeet al.2018. We summarized
data on body mass and life history traits (movement, diet, and foraging subbteaigfpgok
of Australian and New Zealand Birds 1990-2007; BirdLife Australia 20li4gse traits are
thought to reflect the ability of species to respondraironmental changguck et al.
2012).

Statistical analyses

We fitted hierarchical generalized linear models (HGLMs) (Lee, Nelder & Pawitan
2006)to our data on bird species richness using gBagson distributions with a
logarithmic link and a gamndistribution with a logarithmic link for random site effe¢tee
Bolkeret al. 2009) We used a logarithmic link for the fixed effects because we considered
that the effeets.would be approximately multiplicative. We used the conjugatiieutist for

the random,effects for ease of computation and interpretation.

We'used Wald tests to quantify the significance of terms included in the HGLMs. We
fitted models which included the disturbance categories as a single factor togtitibe
interaction with_the logarithm of the number of years since the 2009 fire pdige well as
modelsfin.which we treated burn severity, the logging treatment and the study identity a

separate factors.

Our data for individual species were detection frequencies; that is, the moimbe
individual point counts at a site (out of a maximum of six in any given year — 3 plotseper si

surveyed twice by a different observer on a different day) in which a given species was
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recordedWe fitted hierarchical generalized linear models to detection frequency data for
individual species. We used a qubsiomial distribution with a logit link and a beta
distribution with a logit link for the random site effect. This model assumes that fixed effects
are additive on the log odds scale aalifor species richness, we used the conjugate
distribution-forthe random effects. We restricted our analyses to the 22 indisjeages for
which there were detections for 40 or more site-year combinations and &0eketections

in total (Table SR Species with fewer detections than this had insufficient data to provide

reliable results.

Wetisedcanonical correspondence ana(ysiBraak 1986; Greenacre 2007) to
investigate the“effects of disturbance and year on the species assemblage. ds@voah
of our results by relatively rare species, only species with more than 20 det@dt:353
were included.in canonical correspondence analysis. We fitted linear regressions of the
resulting species scores on a number of bird life history characteristics. We also tested the
effect of year-and disturbance in the year by disturbance scores using the interaction as the

error term;

We completed statistical analyses using Genstat for Windows Releag¥'3R.2
International 2015) and R version 3.2R2Core Team 2016)

RESULTS
Differencesin speciesrichnessin response to different combinations of disturbance

Our-analyses revealed a highly significgrg € 206.2,P < 0.001) gradient in bird
species richness with unburned and unlogged sites sugpsiginificantly greater numbers
of species(11:8 + 0.45SE) relative to sites subject to conventional salvageyloggrations
(3.8 £ 0.43SE) (Fig. 3). Values for mean bird species richness in other categories of sites
were generally intermediate betweabe two extremes, with the highest on unlogged sites
(viz those'subject to low and high severity fire) and lowest where various kinds of logging
operations had accurred (Fig. 3). We found no statistical evidence to suggest itts ohpa
salvage loggingn bird species richness were significantly greater than an additive
combination of the effects of high severity fire alone plus and clearcut logging atatas,
our data contained no evidence of a significant interaction between highyséreand

clearcut logging on bird species richness.

Temporal changesin speciesrichnessin response to different combinations of disturbance
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There were significany = 87.2,P < 0.001) differences in the estimated annual rates
of change in mean bird species richness for the different disturbances (Fig. 3). There also was
evidence of a positive change in mean bird species richness on sites subject to high levels of
disturbance (F. 3).

We'found marked interspecific differences in response to the range of disasglianc
our study (Fig. 4). The Crescent Honeyeany{idonyris pyrrhopterus(Fig. 4) (x5 = 24.5,
P = 0.004),.and.the Eastern Yellow Robkofsaltria australi} (Supporting Information Fig.
S1) (x5 = 25.6,R.= 0.002) were among the relatively few individual species which exhibited
a pattern of response similar to that identified for mean species richness (i.e. detection
frequency was highest on unlogged and unburnt sites and lowest on conventionally salvaged
logged sites (seg Fig. 2). The detection frequency of the Flame Robin was hightsst on si
burned at high.severity (Fig. 4y = 55.0,P < 0.001) whereas it was highest for the Eastern
Spinebill Aeanthorhynchutenuirostrig (y5 = 51.0,P < 0.001) on variable retention logged
areas where retained patches remained unburned (Fig. 4). Several individual species were
significantly affected by fire, with adverse effects identified for the Brown Thornbill
(Acanttiza/pusillg (y? = 10.3,P = 0.006), Crescent Honeyeatg# (= 15.4,P < 0.001),
Eastern Spinebill¥? = 33,3,P < 0.001), Eastern WhipbirdP6ophodes olivaceugy? =
11.9,P = 0.008), Eastern Yellow Robi$ = 14.0,P < 0.001), Rose RobirPgtroica rosep
(x5 = 34:19,P.<.0.001), Rufous FantaiRhipidura rufifrong (y; = 18.8,P < 0.00)) (Fig. S1).
More complex effects were found for other species; for example, the detection frequencies of
the SilvereyeZosterops lateralis(y2, = 15.6,P < 0.001) and Golden Whistler
(Pachycephala‘pectoraligy> = 36.2,P < 0.001) were highest on severely burned sites and
lowest on sites’subject to low severity fire (Fig. S1). As in the case of in quagtsgivage
logging impacts on bird species richness, we found no evidence of a significartioera

between high severity fire and clearcut logging for any individual bird species.

Temporal changes in individual speciesin response to different combinations of

disturbance

We'identified markedhter-specific differences in postisturbance temporal response
of bird species(Fig. 4, Fig. S1). The detection frequency of several bird speciasedcre
significantly during the eight years of this study including the Brown ThornifilE(23.1,P
<0.001), Olive WhistlerRachycephala olivacgdyi; = 5.8,P =0.016), Pilotbird Pycnoptilus
floccosu$ (yi = 15.4,P <0.001), and Whitdrowed Scrulwren Sericornis frontaliy (y; =
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23.1,P <0.001). The reverse effect was identified for the Rufous Faptait @.2,P
=0.041), and Spotted PardaloRafdalotuspunctatu$ (Fig. S1) ¢7 = 5.4,P = 0.023) (Fig.
S1).

Response of the bird assemblage to different combinations of disturbance

In thereanonical correspondence analysis, the site bytgreas accounted for 20% of
the variation,.and.the first two components accounted for 4.5% and 2.0% of the variation
respectively. " This suggests that factors other than disturbance have a major effect on species
composition"Aplot of the types of disturlz@nas represented by the first two components of
the canonical carrespondence analysis averaged over years was characterised by a gradient
from severely burnt sites in the top left to unburnt sites in the bottom right of tirardia
(Fig. 5). A'second axisom the canonical correspondence analysis represented a somewhat
weaker gradient from logged to unlogged forest (Fig. 5). Fig. S2 shows the locations in the
first two dimensions for the 35 most common individual bird species and it suggests the
compositon of the bird assemblage is related primarily to fire. Two species in particular
respond positively to fire, the Flame Robin and the Superb Fairy Wren. In addition, we
identified significant relationships between the second component of the @nonic
correspondence analysis and life history attributes which included positetsesh the
component scores of nest height 4= 5.6, P = 0.024), wing length {kz= 5.3 P = 0.028)
and dispersalratio (k.= 5.4, P = 0.027). This analyses indicated biat species which
nested at greater heights above the ground, were larger, or were more mobile were more

likely to oceur.in.unlogged forest.
DISCUSSION
Bird responsestedifferent combinations of disturbance

The first key question in our study wase birds affected by different combinations
of natural and human disturbanc€dnsistent with predictions at the outset of this
investigation (see Fig. 1), we uncovered strong evidence of a gradient in bird sppboiessr
congruent with differences in the increasing intensity of disturbance from unlogged, unburnt
forest through to conventionally salvage logged forest (Fig. 1 and Fig. 3). Conventionally
salvage logged sites supported approximately 25% of the levels of bird speciessrichne
found on unlogged, unburned sites with such differences characterizing our study not only at

its inception in 2009 but also eight years later (Fig. 3).
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In comparison with unburned and unlogged sites, we found that levels of bird species
richness were highest in areas with increased amounts of the original stand remaining after
disturbance, both following fire (i.e. stands burned at low severity support more of the
original stand relative to stands burned at high severity), and logging (wheldevaria
retention*harvesting methods maintain more of the original stand compared totthegrcu
(Fig. 3). Areas subject to clearcutting and salvage logging supported fewer biesdpaai
stands where variable retention harvesting was employed. This result was broadly consistent
with the findings of other empirical studies that have explored bird responses acrugs a ra
of kinds of disturbance (e.g. Barlat al. 2006)as well as global metanalyses on variable
retention harvesting systems which demonstrated that species richgensrially greater
with increasingly levels of stand retenti@fFedrowitzet al. 2014; Thorret al.2017) Across
the spectrum of sites in our study, stands burned at low or high severity supported higher bird
species richness than sites subject to veriadiention harvesting (including those that were
not subsequently burned as well as those that were burned in 2009) (Fig. 3). Thus, sur result
for bird species richness indicate that all forms of logging reduced bird species richness
relative to that.gantified for both burned (but unlogged) sites as well as unburned and

unlogged sites (Fig. 3).

Wessuggest that the significant reduction in bird species richness on sites subject to
the most severe form of perturbation (i.e. conventional salvage logging)lysdiketo
changes in vegetation plant species composition, loss of diversity and reducticar ikegth
stand structural elements (e.g. large old trees) typically associated with this form of
harvesting (e:g. Foster & Orwig 2006; D'Amatioal. 2011, Blair et al. 2016; Fraveet al.
2017; Leverkus/& Castro 2017).

The pattern we identified for species richness was not replicated for the detection
frequencies of most individual bird species. Rather, we found evidence of highly species
specific responseto disturbance (Fig. 4, Fig. S1) which highlights the importance of a
broader examination of relationships between the intensity of disturbance @fitelirstory

relationships assoutlined below.
Temporal changes in individual species responses to different combinations of disturbance

At the outset of this investigation, we predicted the recovery of bird species gchnes
would be slowest on sites subject to the most severe kinds of disturbance (Fig. dynd/e f

that the greatest rate of paisturbance recovery in species richnessavasites subject to

This article is protected by copyright. All rights reserved



375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395

396

397
398
399
400
401
402
403
404

405

high severity fire (Fig. 3). We acknowledge that rates of recovery are not indepehtien

degree of reduction in species richness after initial disturbance. That is, there will be limited
“recovery” on unburnt and unlogged sitesdese there was never a decline. Rapid recovery

in species richness on sites subject to high severity fire is, in part, a function of the substantial
initial reductionsin species richness at the time of disturbance, althougti acérsess still

did not approach that of unburnt unlogged sites. Part of the explanation for relatively rapid
recovery may be related to high-severity fire that leads to dense naturanegm around

dead treesifrom the previous fk#éled stand(Blair et al.2016; Smithetal. 2016). Stands
characterized by rapid regeneration in vegetation structure coupled with numieadusnd

burned standing trees may, in turn, provide an array of suitable habitat niches for @f range
bird species. Notably, such patterns of positivpaase in bird species richness were not as
pronounced on'logged sites. This included areas subject to salvage logging (both
conventional salvage logging and those subject to salvage logging but with standnetenti

well as sites which had been convendlly clearcut or subject to variable retention

harvesting system (Fig. 3). This suggests that all forms of logging impair the bate of

recovery relative to that quantified for sites subject to high severity fobl, there might

there be an,upper bound on recovery rate following wildfire if logging in the surrounding
burned forest reduces source populations of birds, akin to the landscape trap hypothesis that
has been proposed for Mountain Ash forests (Lindennmetyar 2011). However, detailed
medium to longerm sourcesink studies would be required to quantify such risks to bird

population.recovery (if they exist).
Limitations of.the study

We ‘acknowledge that there some limitations to our study. First, limited data @event
us from analyzing results for rare species, although we recognize there are very few bird
species of conservation concern in Mountain Ash forests. For example, the Flame Robin
(which is an early successional responder in our study system) is under threat in other
Australian ecosysten{®ontague-Drake, Lindenmayer & Cunningham 2009). A second
limitation was_ that we combined datasets from three different studies. Howeveigluded
study identity in the modeling and the same field staff employed similar samplthgdee

within one forest type and the same aged forest in that forest type.

Disturbance and bird life history relationships
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Consistent with the performance filiteg hypothesis and functional diversity theory
(Mouillot et al.2012; Aubinet al.2016), we found evidence that disturbance (particularly
fire) affected particular functional groups of birds (and therefore the congmosftthe bird
assemblage). Birdshich nested at greater heights in the vegetation, or were larger, or were
less mobilewere more likely to be associated with unburned forest. The reasbesdor
results remain unclear. However, it is likely that the short regenerating trees are ie8uitab
birds that nest at greater heights. In addition, less mobile (e.g. resident) species may take a
prolongedyperiod to recolonize intensively perturbed areas from which they haweigisev

been displaced.
| mplicationsfer‘conservation and management

Our data/'suggest that both clearcutting and variable retention harvesting have
different effeetsion birds relative to wildfire (including higéverity fire). The most intense
forms of disturbance examined (conventional salvage logging with no islantiaetéed to
the most substantial reduction in bird species richness and also impairedsposance
recovery in bird species richness (Fig. 3). Earlier work in Mountain Ash forgstisghited
the extent to which salvage logging operations can alter potential nesting and foragiig habit
for other groups of animals like arboreal marsupials such as through depleting keyteleme
of stand structute like large old holldvearing tree¢Lindenmayer & Ough 200&nd
resprouting.understorey plants (e.g. fiexms)(Blair et al. 2016) These impacts suggest a
need to limit the amount of salvage logging in the event of futuredayérity wildfires in

Mountain Ash.forests.

There have been proposals to increasingly shift away from clearcuttingribarete
harvesting in‘many forest types globalyustafssoret al. 2012). The results of this study
suggest that retention harvesting policies and practices need to be extended beyond gre
(previously undisturbed) forests to include those that are naturally @idt(ely. by fire) and
potentially.subject to salvage logging. In addition, we suggest it is criticgblgriant to
ensure that,burned areas remain unlogged and are included in the design and impd@mentati
of reserves.so'that protected areas captureatiaovity of forest conditions and bird
communities’in a manner that allows for recovery from natural disturbances ¢éegroc
unimpeded by podire timber harvesting (see DellaSataal. 2015 DellaSalaet al. 2017).
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634

635 Fig. 1. Part A. Conceptual model of types of fire and loggimagated disturbances and

636  predicted levels of bird species richness in the Mountain Ash forests of the Central Highlands
637  of Victoria, ©uth-eastern Australia. The spectrum of site types includdetfacto

638 benchmark unlogged and unburned sites (denoted UD) as the least disturbed areas through to
639  our hypothesized most severely disturbed sites (salvage logged [SC]), salvage kegged si

640  with island. retention [denoted Sl]). Conventional clearcut areas and sites subpatalble

641 retention harvesting are denoted CC and VR, respectiRaly B. Postulated temporal

642  responsessin bird species richness in relation to different types of fire amblogigited

643  disturbances

644  Fig. 2. The location of the study region in the Central Highlands of Victoria, ssagtern
645  Australia.

646  Fig. 3.Estimated bird species richness in 2009 and 2016 on sites subject to different kinds of
647  disturbance ranging frosites that were unburned and unlogged (UD) to sites subject to

648  conventional salvage logging following the 2009 wildfire (denoted SC). Other codetfor si

649 types are givenin Table 1 and Fig. 1. The lines above the bars in the figure show the

650 estimatedsstadard errors of the difference between 2009 and 2016 for each of the

651 disturbances. Bird surveys were completed in each year from 2009 and species richness is
652  shown onlyforthe start (2009) and end (2016) of the study.

653  Fig. 4. Estimated effects of disturbee on percentage detection frequency in 2009 and 2016
654  for five individual bird species. Response patterns for other individual speciedale

655 shown in Fig. S1 in the supplementary material. The lines above the bars in theHayure s

656 the estimatedtandard errors of the difference between 2009 and 2016 for each of the

657  disturbances. Bird surveys were completed in each year from 2009 and a subset of individual

658  species responses are shown only for the start (2009) and end (2016) of the study.

659  Fig. 5.First two components from canonical correspondence analysis showing scores (and
660 therefore locations in muidimensional space) for the years in this study and ten types of

661 disturbance examined in this study (see Table 1).

662
663
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Table 1.Summary of the broad site types in the study of bird responses to different
combinations of disturbances in the Mountain Ash forests of the Central Highlands of
Victoria, southeastern Australia. All sites were regrowth from the 1939 wildfires in 2009

when parts of the study region were burned or when they were logged. Standardizing the age
class in thesstudy avoided confounding between stand age effects, biotic responses, and
various kinds and combinations of disturbances. Not all sites could be surveyed in any given
year and the final column in the table provides information on the number of surveys of site

across thegduration of the study.

No. of site x

Description and associated Abbrevi No. of year

Site type citations ation sites combinations
Undisturbéd Forest regenerating after theUD 26 171
(Unlogged; 1939 wildfires which have

unburned) remained unlogged and

unburned since then

Low severity 1939 regrowth forest that LS 8 55
fire* was burned at low severity in
the 2009 fire and was not

subject to subsequent salvage

logging
High severity. 1939 regrowth forestthat HS 20 77
fire* was burned at high severity

in the 2009 fire but was not

subject to subsequent salvage

logging
Variable 1939 regrowth forest that VR 4 20
retention was subject to variable

harvesting,with  retention harvesting between

island retention, 2006 and 2009 in which

no wildfire in islands of forest of 0.5-1.5 ha

2009 in size were retained with
15-40 ha cutblocks.
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Conventionally 1939 regrowth forestthat CC 2 5
clearcut forest, was subject to clearcutting
(with noisland  between 2006 and 2009 and
retention and no not subject to wildfire in
wildfire in 2009) 2009
Conventionally«< 1939 regrowth forestthat CC+HS 1 4
clearcutforest,;”™ was subject to clearcutting
high severityfire between 2006 and 2009, but
in 2009 then burned at high severity
in 2009 fires
Variable 1939 regrowth forestthat VR+LS 3 11
retention was subject to variable
harvesting with  retention harvesting between
island retention, 2006 and 2009 in which
low severity.fires islands of forest of 0.8-ha
in 2009 in size were retained with
15-40 ha cutblocks but then
burned at low severity in the
2009 fires
Variable 1939 regrowth forestthat VR+HS 5 24
retention wassubject to variable

harvesting with
island retention;
high severity-fire
in 2009

retention harvesting between
2006 and 2009 in which
islands of forest of 0.3-ha

in size were retained with
15-40 ha cutblocks but then
burned at high severity in the
2009 fires
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Conventional 1939 regrowth feest that SC 7 40
salvage logging was burned at high severity

in the 2009 fires and subject

to conventional salvage

logging in which the entire

damaged stand was clearcut

Modified salvage 1939 regrowth forest that Sl 13 64
logging with was burned at high severity
island retention | in 2009 and then subject to

modified salvage logging in

which islands of burned

forest of 0.5-1 ha in size

were retained s

672  *Fire severity was determined from-time-ground measurements of vegetatidhrhonths
673  directly following the 2009 fire €= text).
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