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M Check for updates

With large wildfires becoming more frequent*?, we must rapidly learn how megafires
impact biodiversity to prioritize mitigation and improve policy. A key challenge is

to discover how interactions among fire-regime components, drought and land
tenure shape wildfire impacts. The globally unprecedented®* 2019-2020 Australian
megafires burnt more than 10 million hectares’, prompting major investment in
biodiversity monitoring. Collated datainclude responses of more than 2,000 taxa,
providing an unparalleled opportunity to quantify how megafires affect biodiversity.

We reveal that the largest effects on plants and animals were in areas with frequent or
recent past fires and within extensively burnt areas. Areas burnt at high severity,
outside protected areas or under extreme drought also had larger effects. The effects
included declines and increases after fire, with the largest responses in rainforests and
by mammals. Our results implicate species interactions, dispersal and extent of in situ
survival as mechanisms underlying fire responses. Building wildfire resilience into
these ecosystems depends on reducing fire recurrence, including with rapid wildfire
suppression in areas frequently burnt. Defending wet ecosystems, expanding
protected areas and considering localized drought could also contribute. While
these countermeasures can help mitigate the impacts of more frequent megafires,
reversing anthropogenic climate change remains the urgent broad-scale solution.

Wildfires are increasing in many parts of the world owing to anthro-
pogenicland-use and climate change, and fire weather is becoming
more severe globally*¢, Extreme megafires have occurred recently
in the Americas, Mediterranean, Russia and Australia’* Fire risk is
predicted to grow, particularly in boreal and temperate zones’, with
increasingly extreme fire activity in the Nearctic and Australasia®. The
2019-2020 megafiresin Australia (hereafter, the 2019-20 fires’) burnt
10.3 million ha (ref. 5), including the largest documented area
burnt at high severity*. These fires generated a record number of
pyro-convective storms and disrupted the planet’s stratosphere®. What
happened in Australia is being repeated around the world, with over
18 million haburntin Canadain 2023 (ref. 9) and the European Union
experiencingits largest fires onrecord. The increasing frequency and
extent of these megafires worsens the biodiversity extinction crisis*™°.
Atthe same time, appropriate policy and managementare hampered by
limited ecological understanding of factors that mediate fire impacts".

The 2019-20 fires were predicted to have catastrophic impacts on
biodiversity. Rapid assessments estimated that almost 900 plant and
animal species were severely impacted or placed at heightened risk
fromfuture fires’>™. Predicted declines triggered assessment of the con-
servation status of over 300 species under national environment leg-
islation'*. Responding to this crisis, government and non-government
organizations allocated hundreds of millions of dollars for field-based
monitoring and recovery actions™. This extraordinary monitoring
effort provided an unparalleled opportunity to quantify how extreme
fire events affect biodiversity.

Here, we collate site-level data from 62 datasets with over 810,000
abundanceoroccurrencerecords,coveringover2,200taxa, including
vertebrates, insects, molluscs and plants, from six broad ecosystem

types. This comprises the largest known dataset of post-fire responses
to a single fire season globally. The study area extends more than
1,000 kmalongthe Australian east coast, with additional sitesin South
and Western Australia (Fig.1). Our dataset enabled us to exploreinter-
actions among fire-regime components, drought and land tenure to
an extent not previously possible, providing timely insight into what
mightbe expected from recent and future megafires around the world.

Using meta-analytical methods, we evaluated the effect of fire sever-
ityanditsinteractionwith fire frequency, inter-fire interval, fire extent,
droughtand protected areastatus (Extended Data Table 1), fitting pro-
ject, species and taxonomic group as random effects (Extended Data
Figs.1-6, Extended Data Tables 2-4 and Supplementary Tables 1-8;
Methods). We did this by selecting subsets of sites with specific levels
ofeach covariate, then calculated effect sizes by comparing abundance
or occurrence in unburnt sites with sites burnt at low or high sever-
ity (Extended Data Fig. 1). We also examined responses of taxonomic
groups and ecosystems. We used standardized effect sizes to maximize
generality but supplemented this with mean difference effect sizes
for insights into absolute differences in the response. Meta-analysis
conventionally reports the average effect of an intervention, but this
can mask responses in opposing directions. We therefore also report
mean effect sizes for positive and negative effects separately, given the
expectation that some species will increase, and others decline after
fire via different mechanisms.

We found that the 2019-20 fires had a negative overall effect on
abundance or occurrence (effect size —0.08; 95% confidence interval
(CI)-0.14,-0.02), although this effect was small, reflecting the similar
negative (-0.34 (-0.39, -0.29)) and positive (0.29 (0.24, 0.35)) effect
sizes (Supplementary Table1). Across 1,648 effects, 44% were positive
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Fig.1|Studyregionsrelative to fire extent.a-c, Maps of study regions within
Australia, showing Stirling Ranges (Western Australia) (a), KangarooIsland
(South Australia) (b) and eastern Australian (c) sites, highlighting areas burnt
inthe 2019-2020 fire season and sites surveyed. Basemap copyright 2014 Esri.
Datasources: Esri, Maxar, Earthstar Geographics and the GIS User Community.
State boundaries: Australian Bureau of Statistics (July 2021-June 2026),
Australian Statistical Geography Standard (ASGS) Edition 3, https://www.abs.
gov.au/,accessed September 2024.

and 55% were negative (Extended Data Fig. 2a). Most importantly, the
impacts of wildfire on plantand animal responses were moderated by
covariates, with responses influenced by the interplay of land tenure,
drought and recent fire history. More extreme disturbance generally
led to larger positive and negative effects (Fig. 2; see also, video sum-
mary inref. 15).

Fireseverity

Severe fire, by definition, consumes more plant biomass than low-
severity fire (Extended Data Table1) and is therefore expected to have
larger effects across all taxonomic groups'®”. While not evident when
considering the overall effect sizes, we found that negative and positive
effects were19% and 21% larger, respectively, for sites burnt at high com-
pared with low severity (Fig. 3aand see Supplementary Table1for test
statistics), with a mean absolute change in abundance or occurrence
of only 1% (Extended Data Table 2). We next consider how fire severity
interacted with additional covariates, revealing that high fire severity
can have stronger effects in particular circumstances.

Frequency and interval

Fire thatistoo frequent can make plants vulnerable to decline by reduc-
ing survival and limiting the time available to set seed™. In forests,
habitat features, such as logs, standing dead trees and tree hollows,
decline when fires are frequent®, yet can be critical for animal® and
plant* recovery. We found that sites with high fire frequency (three or
more firesinthe 40 years preceding 2019-2020) had negative effects
that were 87-93% larger compared with sites not burnt or burnt once
over the same period (Fig. 3b). Similarly, when the most recentinter-fire
intervals were short (10 years or less), negative effects were 70% larger
compared with sites burnt more than 20 years previously (Fig. 3c).
These corresponded to an additional10-11% decline inaverage absolute

abundance or occurrence after fire (Extended Data Table 2). These
effects were evident even for low-severity fires, which is of particular
concern for fire management. It implies that, even where prescribed
burningin Australian forest has reduced the severity of awildfire, large
declines are still likely if past fires were recent or frequent.

Wealso found that the positive effects were 46% larger at frequently
burntsites (Fig.3b), representing an average absolute increase of 12%
(Extended Data Table 2). This increase after fire could arise through
three mechanisms. First, if fireis frequent with shortintervals, early
successional species will have large pre-fire populations, which could
allow more individuals to persist through fire, leading to succes-
sively larger populations. Second, successively smaller populations
of species that decline after fire could lead to reduced competition?
or risk of predation?’. Third, compounding growth of different
resources, such as grass in the understorey*, may foster more rapid
population growth orimmigration of animal species favoured by fire
(Tablel).

Habitat that is created and maintained through frequent and
high-severity fires is vital for some species and is becoming more
common owing to climate change. Species that decline after fire are
therefore of greatest conservation concern, especially in regions with
increased fire activity. Akey management objective will be to maintain
areas withintermediate and long inter-fireintervals. We observed the
smallest effect sizes atintermediate fire intervals (11-20 years; Fig. 3c),
indicating that communities undergo the least disruption at these
intervals. Long intervals are also needed to serve as refuges®, create
time-dependent habitat attributes such as tree hollows™, and support
source populations for species that might be lost from areas burnt too
frequently®.

Unburnt area

High fire severity can cause severe population declines or extirpations,
making re-establishment dependent on colonization from adjacent
unburntareas'. Recovery from high-severity fire could therefore be
accelerated by proximity to large areas of unburnt vegetation”. We
found that declines after high-severity fire were 114% larger when
sites had less unburnt vegetation nearby—an effect not seen for
low-severity fire (Fig. 3d) and representing an average 7% additional
decline (Extended Data Table 2). The implication is that high-severity
fire reduces abundance or occurrence of many species, but reduc-
tions can be offset by immigration from nearby unburnt areas. The
importance of immigration from surrounding unburnt areas is also
implied by the large positive effects associated with high levels of
unburnt area (53% and 24% larger than mid and low sites, respec-
tively; Fig. 3d). Our results suggest that many taxa either depend on
colonization from unburnt areas or use those areas as temporary
refuges before returning after the fire. When high-severity fires occur,
our results suggest that reducing the spatial extent thatis burnt can
ameliorate bushfire impacts on species that would otherwise suffer
large declines.

Pre-fire drought

Declines after fire were 27% and 40% greater (for low and high sever-
ity, respectively) in areas subjected to the strongest pre-fire drought
compared withareas where drought was least severe (Fig. 4a), although
the absolute average change was small (2%; Extended Data Table 2) and
statistical support weak. Drought can increase post-fire tree mortal-
ity?®, and reduce moisture and carbohydrate reserves, making plants
more susceptible to fire damage®. Time-series studies show that fire
can exacerbate drought impacts on animals or stall recovery from
drought®. However, it has not been possible before now to examine
how contrasting levels of pre-fire drought within a single season affect
responsesto fire. By bringing together data across agradient of pre-fire
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Fig.2|Moreextreme pre-fire disturbanceled tolargerincreases and
declines after fire. Conceptual diagramillustrating the main finding that
more extreme pre-fire disturbance and more extensive or severe fires led to

drought conditions, our synthesis provides the first, to our knowledge,
multi-taxon evidence of drought-fire interactions with a design that
is not confounded by time.

Forsites burntat high severity, we found the largestincreases when
sites experienced moderate pre-fire drought (32-40% higher; 3% dif-
ference; Fig. 4a and Extended Data Table 2), requiring at least two
mechanisms to explain. First, although high-severity fire produces
large positive effects (Fig. 3a), extreme pre-fire drought could limit
the capacity of taxa to increase. Second, under low drought condi-
tions, the size of negative effectsis reduced (Fig. 4a), so there are larger
numbers of taxa that would otherwise decline still present after thefire.
Those species could have negative ecological interactions with taxa
that would increase after high-severity fire, limiting the magnitudes
of positive responses. Interactions could include responses to more
rapidly recovering vegetation, competition or predation. This sug-
gested interaction has not been explored, although fires and drought
canalter competitive or predator-prey interactions, leading to changes
in community composition*?,

Protected areas

Few studies have examined the relative impacts of fire on taxa across
land tenures. Our results show that unprotected areas had 23% larger
negative and 26% larger positive effect sizes than protected areas,
although statistical support was weak (Fig. 4b) and absolute aver-
age changes were small (2%; Extended Data Table 2). A similar weak
damping effect was evident for protected area coverage within2.5 km
(Fig.4c).Protected areas might have more resources that buffer species’
responses to fire (for example, logs, dead trees)®, fewer co-occurring
threats (for example, invasive species)®, larger seed banks and more
resilient resprouting capacity®. Further, productivity can alter the
strength of speciesinteractions after disturbance and protected areas
areoftenontheleast productive land**, butitis unclear how this would
affect occurrence or abundance. The apparent buffering effect of pro-
tected areas could deliver overall conservation gains by minimizing
declines. Although this will also lead to smaller increases after fire,
taxathatincrease are probably at least conservationrisk because burnt
areais becoming more common®. If the global goal to protect 30% of
land area by 2030 can be met in our study area, there is potential to
increase resistance to wildfires, albeit slightly, contributing towards
adapting to climate change.
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bothlargerincreasesandlarger declines after fire. Upper and lower rows
indicate high and low disturbance relationships, respectively. Effect sizes are
illustrative only.

Taxonomic group

The impacts of fire severity varied by taxonomic group (Fig. 5a). We
found larger positive and negative effects at high-severity sites for
amphibians (25% larger negative effects, 95% larger positive effects),
birds (46%,36%) and mammals (46%, 38%). Negative effects were larger
forreptiles (29%,-2 %), and there were small differences for insects (7%,
18%) and plants (10%, 0%). With the exceptions of positive effects for
amphibians, and negative effects for birds, confidence limits of high
and low-severity effects overlapped the means, indicating substantial
variation within taxonomic groups.

Amphibians had particularly small increases at low severity, but at
high severity had larger increases, similar to plants, reptiles, insects
and birds (Fig. 5a). Amphibians may be more resistant to low-severity
firethan other taxa. They have lower metabolicdemands, prefer wetter
parts of the landscape, and use micro-refuges to survive dry summers,
providing some protection from wildfire®. This resistance may restrict
increases after low-severity fire. However, after high-severity fire, sub-
stantialincreases may be related toreduced negative interactions with
speciesthat decline, including other amphibians, birds and mammals
(Fig. 5a). There may also be reduced impacts of chytridiomycosis in
warmer, sun-exposed post-fire environments®.

Birds had the second smallest negative effect size at low severity
but not at high severity (Fig. 5a). High mobility probably explains the
smaller effects of low-severity fire on birds than the less mobile plants,
reptilesand most insects. However, this additional mobility may have
been less effective at countering impacts of high-severity fire. Acom-
bination of higher metabolic demands and dependence on vegetation
for nests, hollows, foraging substrates and protective cover probably
make many birds as vulnerable as most other taxa to high-severity fire.

Mammals had larger positive and negative effect sizes than all other
taxa, especially at sites burnt at high severity where negative effects
were 94-155% larger and positive effects 66-96% larger than other taxa
(Fig. 5a). This is consistent with a global meta-analysis showing that
mammal abundance and richness had negative effects while other taxa
had neutral effects””. Reduced survival shortly after fire and direct mor-
tality are considered the most important causes of mammal declines
dueto fire*, Mammals may be more vulnerable to large declines than
other taxabecause somearetoo large to take refuge in small places, in
contrast to reptiles, frogs and insects; most cannot fly to escape fire,
in contrast with birds; they are severely impacted by close contact
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Fig.3|Effects of wildfire on occurrence or abundance were modified by
fire-regime components. a-d, Mean standardized effect sizes (+95% Cls) for
fire severity (a), and main effects or interactions with fire severity for fire
frequency (number of fires 1979-2019) (b); inter-fire interval (years) preceding
2019-20fires (c); unburnt vegetation within 2.5 km (d) (see Table 1and
Extended DataFig. 6 for high, mid and low category boundaries). Orange row
labels, low-severity fire; red row labels, high-severity fire; black row labels,
main effect without severity interaction. Main effects are plotted when
interactions had no statistical support (P> 0.1). Left panels (black), negative
mean effect size (average effect size for all effects less than 0); central panels
(grey), overallmean effect sizes (mean of all negative, zero and positive effects);
right panels (blue), positive mean effect sizes (average effect size for all effects
greater than 0). Error bars are symmetrical but truncated at-1and 1. Vertical
dottedlineat Ois aguide towhen effects differ from zero. Numbersin black
within panelsabove eachresult are the number of effects contributing to each
mean effect (n). Boxplots of raw dataareinlight grey, indicating median, 25th
and 75th percentiles, with whiskers 1.5x interquartile range. Numbersin light
grey belowaresultat panel marginsindicate whisker values (left and right panels)
orbox margins (centre panel) that exceeded x axis limits. Predicted values
consider random effects so may not align with raw data. P values for plotted
results are the omnibus two-tailed test. Test F statistics (from left to right) for
fireseverity: F(1,41) = 7.74; F(1,41) = 0.42; F(1,26) =10.18; fire frequency: F(3,39) =
11.3; F(3,33) =11.78; F(3,30) = 6.41; inter-fire interval: F(2,42) =10.28; F(2,37) =
5.44; F(2,31) =13.35; unburntarea: F(2,22) =19.93; F(2,29) =1.02; F(2,21) = 9.2.

with fire, in contrast with many plants, and; being endothermic, have
higher resource demands than reptiles, frogs, insects and plants. On
the flip side, mammals may have the largest increases through an

Table 1| Key moderators of fire impacts and suggested

mechanisms

State

Observed response Suggested mechanism

More frequent fire
and shorter pre-fire
interval

Larger negative
effects

Inadequate time for key resources
to recover (seed, carbohydrate,
habitat components)

Larger positive
effects

Successively larger pre-fire
populations. Reduction of dominant
competitors or predators. Creation
of open habitat that favours early
successional species

High-severity fire
and proximity to
high proportion of
unburnt vegetation

Smaller negative
effects

Recolonization of burnt areas
depends on invasion from unburnt
areas for many species after
high-severity fire

High pre-fire
drought

Larger negative
effects

Drought-stressed plants with low
reserves and low body condition in
animals

Medium pre-fire
drought with
high-severity fire

Larger positive
effects

(1) High drought limits the benefits
of high-severity fire for a subset of
species and (2) low drought allows

stronger competitors or predators
to survive fire, and allows faster
plant recovery, reducing open
post-fire habitat

Smaller mean
positive and
negative effects

High amount
of surrounding
protected area

Protected areas, by being less
disturbed, contain legacies after
fire that enable species to persist

influx of wide-ranging species, particularly herbivores that eat fresh
regrowth®, and reduced competition associated with large declines
of other mammals.

Plants, insects and reptiles had moderate negative and positive
effects within the study period, regardless of fire severity (absolute
declines 5-10%; Fig. 5a and Extended Data Table 2). While high-severity
fire has been associated with declines of many reptiles, the strength
of evidence for this was weak because it was based on expert opinion
and qualitative field evidence*. Very few studies have quantified the
impacts of fire severity oninsects, although a meta-analysis found that
fire severity did not affect arthropod abundance*. Plants are expected
tosufferincreased impacts from high-severity fire; however, the mecha-
nisms often relate to loss of stored seed”, which may not have affected
alarge proportion of plants that have other regenerative methods,
such as resprouting*. A deeper understanding of these trends awaits
detailed evaluation of the fire responses of individual taxa relative
to their traits. Nevertheless, our study highlights that there may be
fundamental differences in how the main taxonomic groups respond
to high-severity fire.

Ecosystem

Increases after fire exhibited only small differences among ecosystems
(Fig.5b). By contrast, high-severity fires caused larger decreases in rain-
forest compared with dry sclerophylland alpine ecosystems (44% and
60%larger, respectively; Fig. 5b), with moderate absolute differences
(4%; Extended Data Table 2). On one hand, this is concerning given that
rainforests experienced high-severity fire at an unprecedented rate
during the 2019-20 fires*. On the other hand, the average absolute
declineis relatively small, suggesting most rainforest taxa can rebound
after fire. Taxa in wet sclerophyll forests also experienced larger
declines compared withthosein dry sclerophyll and alpine ecosystems
(22% and 35% larger, respectively; Fig. 5b). Taxa within wet forest eco-
systems may be most vulnerable to decline owing to limited exposure
to fire over evolutionary timeframes*, and because they are highly
exposed to abroader range of threats than other ecosystems”.
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Fig.4|Pre-firedrought and tenure mediated the effects of wildfire.
a-c,Meanstandardized effects (+95% Cl) of wildfire were modified by fire
severity anditsinteraction with pre-fire drought (a), beingin aprotected area
ornot (b) and the proportion of protected areawithin 2.5 km (c). Orange row
labels, low-severity fire; red row labels, high-severity fire; black row labels,
main effect without severity interaction. Numbersinblack within panels (n) are
the number of effects contributing to each mean effect, and Pvalues are for the

Implications

The expansive taxonomic, ecological and geographic scope of this
study enabled deeper exploration of how biodiversity responds to
fire than has been possible previously. Our results show that negative
responses to wildfire are ameliorated when areas have experienced
fewer past fires at longer intervals, ecosystems are notin drought, are
within protected areas or if a substantial part of the surrounding area
is unburnt. Our findings have parallels to the recovery dynamics of
other ecosystems, such as coral reefs, subject to severe disturbance.
Here too, the importance of biological legacies and resilience con-
ferred by mobilelinks, such as recolonizers from less disturbed refuges
promote resilience**. Furthermore, as in our study, there is some evi-
dence that theresilience of coral reefs is enhanced by protected areas®.
Combined, these findings offer pathways to mitigate the impacts of
disturbance under arapidly changing climate. Our study of anunprec-
edented fire event provides lessons for many flammable regions around
the world.
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plotted result. Panel layout and graphic features asin Fig. 3. Although the
interaction of severity with drought for negative effects was weakly
supported (a), the main effect was strongly supported (F(1,37) =14.82,
P<0.001; Supplementary Table 1). Test F statistics (from left to right) for
pre-fire drought: F(2,37) =2.53; F(2,46) = 4.58; F(2,28) = 4.05; protected/
unprotected area: F(1,44) =3.33; F(1,46) = 0.62; F(1,31) = 8.54; extent of
protected area: F(2,36) =2.47; F(2,45) =17.14; F(2,31) = 2.65.

Future management

As extreme fire increases®, we encourage fire managers to consider
three mainresponses as part of an overall strategy for conserving bio-
diversity. The most important aspect to consider is the influence of
fire frequency and interval on the vulnerability of species to future
wildfires. Frequent fires exacerbate declines following wildfire, whereas
unburnt surroundings ameliorate them. With prescribed burning the
primarytool aimed at reducingfirerisk, thereis asignificant manage-
ment dilemma. Prescribed burns must be frequent, at less than 8-year
intervals, to reduce fire severity in forest and shrublands*¢. Further, to
limit wildfire area, larger areas must be burnt by prescription than would
have burntinwildfire*. Given that under extreme weather, prescribed
fires have limited capacity to prevent vulnerable areas from burning*®,
widespread and frequent prescribed fireis apoor choice for responding
to the growing fire threat. With such a vast area of Australian forests
inanearly post-fire state, increasing rapid wildfire suppression is now
animportant alternative strategy for limiting short fire intervals*s,
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Increasing use of rapid wildfire suppression is likely to apply to
other regions of the world that experience vast fires, such as Canada
in 2023 (ref. 9), and in ecosystems that are threatened by fire, such as
rainforest'. Some forest types, like Australia’s ash forest*’ or North
America’s coastal temperate forest*™, could benefit from rapid wildfire
suppression continued over many decades or centuries, consistent
with historic fire regimes, but this will not be the case everywhere.
Some dry forests of western United States can be restored by adding
frequent, low-severity fire to maintain an early successional under-
storey*°. Further, many US forests can benefit from allowing mixed
severity wildfires to burn®. With increasingly severe fire weather, a
range of counter measures are needed, tailored to specific ecosys-
tems. Indigenous fire practices that place the right fire regimesinto the
right country®, are therefore increasingly important forimproving fire
management for biodiversity conservation®, Complementing these
ecosystem-specificapproaches, we expect rapid wildfire suppression
willneed to be used more often to limit the extent ofland burnt at short
intervals.

While fire management agencies already prepare for high-risk fire
seasons during drought, localized climatic conditions are another
aspect for managers to consider. Species in sites experiencing extreme
drought face increased threat from fire. On the other hand, drought
refuges—areas that experience lower drought than the surround-
ing landscape—are more resilient to fire so may be less important to

panels are the number of effects contributing to each mean effect (n), and
Pvalues are for the plotted result. Panel layout and graphic features asin Fig. 3.
Test Fstatistics (from left to right) for taxon: F(5,29) = 5.84; F(5,29) = 23.39;
F(5,15) = 8.15; ecosystem: F(3,31) = 8.48; F(3,32) =5.3; F(4,30) = 69.19.

protect, but also may be less degraded with higher biodiversity value.
Therefore, fire management priorities should consider past fireinter-
val and the location of threatened taxa, in addition to drought status.
The average absolute effect of drought was small, implying managing
for drought is less important than avoiding frequent fire, at least in
the short term. With the expectation that pre-fire drought poses a
major threat to certain ecosystems”, animportant next step willbe to
identify any taxa with declines that substantially exceed the average
for conservation attention.

Third, our study provides new evidence that protected areas amelio-
rate fire impacts. Expanding and managing the protected area estate
could therefore help to buffer species from the effects of changing fire
regimes. Research is urgently needed to understand how protected
areas reduce positive and negative impacts of wildfires, with a focus
on the availability and use of micro-refuges and the influence of pro-
ductivity across tenures. Knowledge of these mechanisms could enable
improved management, potentially increasing the benefits beyond the
small absolute effect sizes that we observed.

Futureresearch

In the past, our understanding of how species respond to fire has
been beset with poorly understood context dependency. Research
that spans several locations often report idiosyncratic responses to
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fire’* that challenge traditional concepts of a predictable post-fire
succession but without a pathway towards generalization. We sug-
gest that mechanisms linked to fire severity, history and extent,
drought and land tenure modify outcomes for biodiversity after fire
(Table1).

The proposed mechanisms open pathways to advance our under-
standing of why wildfire impacts are spatially and temporally vari-
able. Priority research should aim to discover which species survive
fire in situ or must recolonize, assess how dispersal ability arbitrates
re-establishment and identify important competitive, predatory and
habitat relationships. These aims need to consider interactions with
the pre-fire status of populations (drought impacts, population size)
and the spatial resilience mediated by the condition of the surround-
ing landscape (burnt, protected areas). When combined with spatial
dataincluding drought, other disturbances, fire history and post-fire
vegetation recovery, new modelling approaches® may allow for mecha-
nistic prediction of plant and animal responses to fire. These challeng-
ing interactions must be addressed by researchers to move from the
bafflement of spatially variable fire responses towards a predictive
capacity that supports improved biodiversity conservation. To make
such progress, ongoing funding is needed on the scale provided in
the heat of the 2019-20 fires—a challenge that we urge society and
governments to rise to.

Although our data capture short-term responses, they are by no
means trivial. Time-since-fire response curves* show responses to
fire are most acute in the months and years immediately following
fire. Our data capture these abrupt changes and show how the mag-
nitude of change can be moderated by covariates, particularly fire
history. While post-fire succession continues for decades or centuries,
for many species the abrupt short-term changes*®, or their absence”,
have astronginfluence onsubsequent successional pathways. Further,
our datasetincludes over 2,200 taxa, probably including species with
diverse long-term responses. Some species are expected to return to
pre-fire numbers within afew years, with nolong-lasting conservation
implications. Others that declined may struggle to recover®® or may
never return®. Our results therefore offer auseful guide for conserva-
tionaction. However, investment in widespread long-term monitoring
isneeded toidentify species that may not have time to recover before
the next fires.

The response of Australia’s biodiversity to the 2019-20 fires must
alsobe contextualized in terms of the post-fire conditions. The pre-fire
drought that contributed to such volatile conditions in 2019 broke in
eastern Australiain March2020 soon after the fires, potentially hasten-
ing post-fire recovery and reducing impacts®. Larger effects might be
expected under drier post-fire conditions?-°.

Countries around the world face increasing extreme and extensive
wildfires caused by anthropogenic climate and land-use change’*2.
Our empirical insights highlight underappreciated response pathways
thatemphasize critical research directions for understanding wildfire
impact. Ourresults can also be used toimprove environmental policy
and management for afire-resilient, biodiverse future. We stress, how-
ever, that extreme fires have doubled over the past 20 years®, coinciding
with a 0.43° rise in the global temperature anomaly. Current global
commitments to limit fossil-fuel use will probably see a further 0.8°
rise®®, with catastrophic worsening of extreme and extensive wildfires
the predictable outcome. Urgent and massive reduction of fossil-fuel
use remains an absolute priority.
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Methods

Werefer to megafires as those more than 100,000 ha, with12 megafires
recognized throughout the 2019-20 fire area’, although proposed
terminology would classify these as giga- and tera-fires®'. We gathered
site-level datafor 62 projects (Supplementary Table 2) by inviting con-
tributorstojoinour collaboration. We emailed leaders of projects stud-
ying post-fire biodiversity impacts that were funded by the Australian
Government’s Wildlife and Habitat Bushfire Recovery Program. We
promoted our proposal on social mediain summer 2021-2022, ran a
workshop at the Ecological Society of Australiaconferencein November
2021and held a2-day online symposiumin February 2022. Projects were
collated throughout 2022 after potential contributors contacted us.
Projects had to include site-level data from sites burnt in 2019-2020
within the megafire region®?. To ensure a minimum level of treatment
replication, enabling means ands.d. to be estimated, datasets needed
at least three burnt and unburnt sites (for example, survey points,
plots or transects), or three sites with before-after data and at least
three non-zero records across all sites (at the species/taxon level).
Projectsalsoneeded toreporteither an estimate orindex of abundance
(44 projects), occurrence (17 projects) or probability of occurrence
after accounting for detection (1 project). Although we canvassed
researchersforafull range of response variables, the datasets provided
included almost exclusively presence-absence or abundance data.
Abundance and occurrence effect sizes were similar, justifying using
both together (Extended Data Fig. 2c). Only one project met all other
criteriabut reported responses that were not related to abundance or
occurrence (effects of grazing onreproductionin one orchid species),
and thus was omitted from analysis. Five other projects were excluded
because they did not have at least three unburnt sites.

Most projects were from eastern Australia ranging from southeast
Queenslandto eastern Victoria, with an additional four projects from
Kangaroo Island, South Australia, and one from southwest Western
Australia. Effect sizes showed some regional variation (Extended Data
Fig. 2d). Individual projects had several sites spanning an average of
192 km (s.d. 284 km) with the most extensive study spanning 1,631 km.
While there were many fires in Australia’s northern savannas, these were
notanomalous and so are not part of the 2019-20 fire footprint (Fig. 1).

Effect sizes

Effect size calculations differed based on project design. Projects used
one of three general designs and effect size calculations differed to
accommodate the expected non-independence in some designs (for
example, repeated sampling of the same sites). Before-after studies
(n=14) had datafromthe same sites 1-5 years before the firesand one
period post-fire. Effect sizes for these datasets were calculated as the
standardized mean change (mean-after minus mean-before) using
change score standardization (SMCC, using SMCC option in escalc
function of R package metafor)®*~%5, which accommodates the expected
non-independence of repeated measures of the same sites®.

Control-impact was the second design. These surveyed independ-
entunburntandburntsites after the fires (n = 46). Standardized mean
differences (SMD, using SMD option of escalc) were calculated as
mean-burnt minus mean-unburnt divided by afunction of the s.d.®*¢*%¢,

The third design included before-after-control-impact projects
(n=3).These were converted to control (unburnt) and impact (burnt)
designs by subtracting the before-fire response from the after-fire
response for each site®”. Subsequently, the SMD was calculated using
the same method as the second design.

We used standardized mean change and SMD because these effect
sizesare more generalizable than unstandardized effect sizes; they are
more likely to reflect the true values of alarger pool of samples®®. SMCC
and SMD return NA values when the s.d. is zero. A very small percent-
age of effect sizes (0.9%) had no variation, such as when a taxon was
present on all sites before and after the fire. Omitting such values has

minimal impact on our results because there are so few of them and
because we focus onthe size of negative and positive effects separately,
rather than pooling all effect sizes including zeros (see ‘Meta-analysis’
below). However, standardized effects can be difficult tointerpret, and
Takeshima et al.®® recommend providing supplementary analyses using
mean differences. We therefore also calculate effect sizes using the
MC option of escalc to calculate the raw mean change in before-after
designs, and the MD option to calculate the raw mean difference for
control-impact and before-after-control-impact designs®***. These
gave very similar results to the standardized effect sizes (Extended
DataFig.3 and Supplementary Table 3), but provide additional insight
into the scale of changes observed. Mean differences are the most
appropriate effect size to use with our dataset where 21.6% of effect
sizesincluded zero values for either the burnt or unburnt response.

Before using the MC and MD functions, data for species within pro-
jects were standardized by dividing all values by the maximum value
forthat species withinthat project, so that the datafor calculatingeach
effect size ranged from zero to one. While this makes data with differ-
entranges of values comparable, it also risks biasing down effect sizes
when there are large outliers. We therefore also calculate MC and MD
after removing outliers. We assumed our count data (x) approximatea
Poissondistribution, and by transforming our dataasy = 2+vx, outliers
can be identified as those greater than (median(y) + 3), based on the
approximation that y is normally distributed with a s.d. of 1 (ref. 69).
Thisapproachis conservative, such thatif the Poissonlambda valueis
lessthanthree, it will identify fewer outliers. When applied to binomial
data, it does not identify any outliers. This produced results similar
to when outliers were included, but effect sizes were slightly larger
(Extended Data Fig. 4 and Supplementary Table 4).

Some variances for mean change and mean difference effects were
zero. These prevented meta-analysis models from converging. To
enable models to converge, and to use a dataset similar to the SMCC
and SMD, we removed effects with zero variance before analysis (mean
removed =2.4%s.d. =2.3%; Supplementary Table 1).

Effect sizes were calculated for a taxon within a project when there
were at least three unburnt and burnt sites, or at least three sites sur-
veyed before and after fire. In addition, there had to be at least three
sites with non-zero values across treatments per taxon. A taxon may be
absent from asite, regardless of whether the site was burnt, if the site
was in an ecosystem never used by that taxon. Sites excluded for taxa
within projects due to absence fromthat ecosystemacross all projects
are detailed in Supplementary Table 5. A taxon may also be absent if
the site wasbeyond its geographic range. Toidentify unoccupied sites
that were probably beyond the natural range of the taxon, we took the
occupied latitudinal and longitudinal range from our database, added
20%ineachcardinal directiontoinclude the nearest unoccupiedsites,
then excluded remaining unoccupied sites beyond that buffer (Supple-
mentary Table 6). For taxa with small ranges, this method could leave
fewer than six sites—our minimum criterion for inclusion. We therefore
added the nearest sites to bring the total up to six sites, based on site
coordinates using sf1.0-16 (ref. 70). Projects with a single target species
or where data providers indicated they surveyed sites where species
were expected were not subjected to ecosystem or range filtering.

To evaluate differences in effect sizes between years, datasets were
categorized by ‘Year’ and, if possible, further divided into two peri-
ods: Year 1and Year 2. We used time gaps between survey periods in
each multi-year study to define surveys that measured responses up to
approximately 1.5 years after fire (toJune 2021), and those that exam-
ined responses between approximately 1.5and 2.5 years after fire (June
2021toJune2022). We used the time gapsin survey dates to maximize
the datathat couldbeincluded foreach project, with the compromise
that this led to minor temporal overlap of our year 1and year 2 effects
(one Year 2 project started in February 2021; two Year 1 projects ended
inJune2022). Ten datasets had 1-5 months of data excluded (Extended
Data Table 3).



When we fitted the meta-analytical models (described below) to
evaluate the year effect, there were only very small changes in mean
effect sizesbetween years (Extended Data Fig. 2b), suggesting positive
and negative impacts of the fires had not substantively changed 2 years
after thefires. Consequently, inall other analyses, we averaged response
values across time periods for sites within projects when there were
several survey times after fire.

Inanotherinitial step, we fitted atwo-level factor delimiting before-
after survey designs from those that sampled burnt and unburnt sites
after the fires. Before-after designs were confounded by the breaking
of amulti-year drought shortly after the bushfires. This meant that
measured effects of the bushfires could be smaller owing to com-
pensating effects of higher rainfall. We found some evidence for this
expectation, with mean effects shifted to the right for before-after
compared with burnt-unburnt designs (Extended Data Fig. 2a). We
therefore omitted before-after designs from all other analyses. This
removed 14 before-after projects representing 6.4% of effect sizes
and made no substantive difference to the outcomes of the analysis
(Extended DataFig. 5 and Supplementary Table 7). Rejecting before-
after designs in meta-analysis has been recommended owing to the
risk of confounding”.

We classified sites based on six covariates (Extended Data Table 1):
three covariates for fire-regime characteristics (fire frequency,
inter-fire interval, area unburnt in the 2019-20 fires within 2.5 km);
adroughtindex and two covariates for protected areas (protected
area or not, area protected within 2.5 km). The number of past fires
was weakly related to the ecosystem group, with all ecosystems rep-
resented within each category of number of past fires (Extended Data
Table 4). Four other covariates (broad taxon, ecosystem type, design
(before-after, unburnt-burnt) and response (occurrence, abun-
dance); Extended Data Table 1) varied at the taxon-within-project level
or higher (a single value across sites within projects) so no further
sub-selection of sites was needed before calculating effects (Extended
DataFig.1).

We calculated effects sizes for species/taxawithin projects using an
appropriate subset of sites. Effect sizes were calculated for unburnt
versus burnt sites, and two fire severity contrasts where there were
enough sites burnt at that severity within the project: unburnt ver-
sus high/extreme severity, and unburnt versus low/medium severity
(Extended Data Table 1). We did this using all sites within the project,
andthen using each subset of sites based on covariate values (Extended
DataFig. 6). For example, with sites experiencing one of three levels of
pre-fire drought within a project, we calculated three effect sizes for
species X, using unburnt sites compared with (1) all burnt sites, (2) just
the low-severity sites and (3) just the high-severity sites (Extended Data
Fig.1). This was repeated for each level of drought.

Meta-analysis

We fitted meta-analytic linear mixed-effects models with the rma.mv
function of the metaforv.1.4.1(ref. 63) R”* package. We used restricted
maximum likelihood”, with the Nelder-Mean method of model opti-
mization, which enabled most models to converge. We used a t-test
with denominator degrees of freedom adjusted for random effects
using the ‘contain’ option®*”,

Models included the interaction of fire severity (high, low severity)
with each covariate, and we included three random effects toaccount
forstructureinthe data, namely projectidentity, taxon (species most
commonly) and broad taxon (amphibian, bird, insect, mammal, mol-
lusc, plantand reptile; Extended Data Table 1). Broad taxon was omitted
as arandom effect when it was fitted as the covariate. Unburnt sites
were the baseline for calculating high and low-severity effect sizes. To
account forusing the unburnt sites twice in each analysis, we used the
vcalcfunction to obtain the appropriate variance-covariance matrix.
To better account for non-independence associated with separate
projects leading to better control of type 1 errors, we subsequently

used robust variance estimation™ with project as the cluster, using
the robust function in metafor.

Where there wasno evidence for aninteraction between a covariate
andfire severity (P> 0.1) we applied a univariate model with the covari-
ateastheonly moderator. Inthese cases, we used the effects calculated
using unburnt versus burntsites rather than unburnt versus sites burnt
at either high or low severity. Analyses were otherwise the same as
for the interaction but without the need for the variance-covariance
matrix because unburnt sites were used only once.

Species are expected to have varying responses to wildfire, with some
decliningand othersincreasing shortly after fire. Meta-analytic models
fitted to plant and animal responses to fire are therefore not modelling
ahomogeneous process. We applied our meta-analysis to all effects,
giving the overall mean effect sizes. However, to better understand the
effect sizes of taxa that increased or decreased in response to fire, we
used anew approachthatalso applied our analysis tojust those effects
that were less than zero (negative effects), and, separately, to those
effects greater than zero (positive effects). We calculated P values for
the omnibus test of differences among levels of the covariate using an
F-distribution® for the overall mean effect sizes, for the negative effects
and the positive effects. P values for comparisons for the increasing
or decreasing taxa must be treated with caution because the distribu-
tionof datais not symmetrical, with decreasingnumbers of responses
with larger effect sizes”™. We agree with Muff et al.s™ recommended
approach for interpreting P values as a continuum and regard results
with P> 0.1as having no support. We plot interactions when they had
Pvalues < 0.1, or main effects otherwise.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The effect size datasets that led to Figs. 3-5 and Extended DataFigs.2-5
areavailable on Figshare, with dataset header rows explained at https://
doi.org/10.26187/deakin.26264369.v1. Effect size dataset SMD and
SMCC are available at https://doi.org/10.26187/deakin.26264366.v1.
Effect sizes using MD and MC are available at https://doi.org/10.26187/
deakin.26264360.v1. Effect sizes using MD excluding outliers are avail-
able at https://doi.org/10.26187/deakin.26264351.v1. The site-level
dataset was provided to referees for peer review. A condition enabling
participation of project leaders was that these data remain private.

Code availability

R code used for analysis is available at https://doi.org/10.26187/
deakin.26264372.v1. Code for final figures is available at https://doi.
org/10.26187/deakin.26968267.v1.
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Extended DataFig.1|Data extraction for calculating effect sizes. Flow aproject. (2) represents data treatment for covariates that varied at the taxon-
diagramillustrating how the full dataset (1) was subdivided so that effect sizes within-projectlevel (broad taxon, ecosystemtype). (3) represents data
couldbe calculated for each taxon within each project. Each row represents treatment for covariates that differed between sites within projects

arecord of taxon occurrence or abundance at anindividual survey site within (e.g.drought, inter-fireinterval).
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Extended DataFig.2|How wildfireimpacted occurrence or abundance was
modified by study design, year, response, and region. Mean standardised
effect sizes (+95% CI) for study design (a), year (b), and main effects or
interactions with fire severity for response (c), and region (d). Graphic features
asforFig.1.Pvaluesare for the plotted result and are the omnibus two-tailed
testbased onanF distribution. Test statistics (from left to right) for Study design:
F(1,55)=1.09,P=0.302;F(1,61) =1.26, P = 0.266; F(1,40) = 0.01,P = 0.917; Year:
F(1,44)=7.83,P=0.008;F(1,47) =15.57,P <0.001; F(1,33) =0.43,P = 0.519;
Response:F(1,44)=0.13,P=0.724;F(1,47) = 0.7,P =0.408; F(1,24) = 20.87,

P <0.001;Region: F(2,43) =46.66,P <0.001; F(2,46) =25.96,P <0.001; F(2,26) =
5.11,P=0.013. Unburnt-burnt designs (Unb-burn, (a)) were used for all other
analyses, sorepresent the overall effects of the2019-20 fires without additional
covariates. Before-after (Bef-after) survey designs produced a distribution

of effect sizes that was shifted to the right with smaller negative and larger
positive effects compared with unburnt-burnt designs, suggesting bias
associated with the drought-breakingrains after the fires (a). Inthe second
year after the fires there was asubtle reduction in mean negative effect sizes,

hinting thatrecovery was beginning for some taxa that declined (b). Abundance
(Abund) and occurrence (Occur) responses showed very similar effect sizes,
with the only exception of higher positive effect sizes for occurrence data at
high severity. The small number of effects in this group precludes further
separate consideration of occurrence responses (c). The most striking
regional effect was for weaker positive effectsin the south, particularly at high
severity (d). Fire conditions differed across regions. Our data suggest aweak
trend towards stronger pre-fire droughtin the south (Pearson’s correlation
withlatitude =—0.03,t=-2.5343,df=6239,P =0.01). Fires that drove the
world’s most extreme pyrocumulonimbus event were allin our mid and
southernregions, corresponding with larger contiguous areas of high severity
fire>. Remote sensing dataindicate that the southern parts of the study region
had slower rates of vegetation recovery than in the north””. These differences
in pre-fire conditions, fire behaviour,and recovery rates suggest that the level
of disturbance and other stressors can constrain the response of taxa which
would otherwise benefit from bushfires.
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Extended DataFig. 3 |Meandifference effectsizes (+95% CI). See previous
figures for details. Panels match: top left; Fig. 3, top right; Fig. 4; bottom left;
Fig.5,bottomright Extended DataFig.2. Mean change effect size shown for
Study design with before-after data, bottomright panel. P values are for the
plotted result and are the omnibus two-tailed test based on an F distribution.
Top left panel test statistics (from left to right): Fire severity: F(1,41) = 4.77,
P=0.035;F(1,41)=0.7,P=0.407;F(1,26) =40.63,P < 0.001; Fire frequency:
F(3,39)=11.08,P <0.001;F(3,33) =2.68,P=0.063;F(3,26) =5.6,P = 0.004;
Inter-fireinterval: F(2,42) =21.74,P <0.001; F(2,37) =13.77,P < 0.001; F(2,25) =
54.2,P<0.001; Unburntarea: F(2,22) =15.7,P < 0.001; F(2,29) =43.89,P < 0.001;
F(2,21)=1.4,P=0.268. Top right panel test statistics (from left to right): Pre-fire
drought:F(2,37) =4.06,P =0.025;F(2,46) =21.77,P <0.001; F(2,28) =13.48,

P<0.001;P.A.orNot:F(1,39)=2.85,P=0.1,F(1,46) =2.01,P=0.163; F(1,31) =
17.26,P<0.001;P.A. area: F(2,36) =12.09,P < 0.001; F(2,45) =1.35,P =0.271;
F(2,25)=5.32,P =0.012. Bottom left panel test statistics (from left to right):
Taxon: F(5,29) =88.71,P <0.001; F(5,29) =22.98,P < 0.001; F(5,15) =19.43,

P <0.001; Ecosystem: F(3,31) =7.6,P=0.001; F(3,32) = 69.68,P < 0.001;
F(3,21) =2.58, P =0.081.Bottomright panel test statistics (fromleft to right):
Study design: F(1,55) = 0.18,P=0.669; F(1,61) = 0.33,P = 0.569; F(1,40) = 2.56,
P=0.117; Year:F(1,39) =5.35,P = 0.026; F(1,39) =4.17,P=0.048; F(1,33) =1.72,
P=0.199; Response: F(1,39) =14.86,P < 0.001; F(1,47) =0.29,P=0.594; F(1,24) =
21.87,P<0.001; Region: F(2,37) =16.53,P<0.001;F(2,37) =8.62,P = 0.001;
F(2,26)=19.61,P <0.001.
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Extended DataFig. 4 |See next page for caption.
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Extended DataFig. 4 |Meandifference or mean change effect sizes (+95% CI)
calculated after outliers were removed. See previous figures for details.
Panels match: top left; Fig. 3, top right; Fig. 4; bottom left; Fig. 5, bottom right
Extended DataFig.2. P valuesare for the plotted result and are the omnibus
two-tailed testbased on an F distribution. Top left panel test statistics (from
lefttoright): Fire severity:F(1,38) = 6.16,P =0.018; F(1,38) =1.8,P = 0.188;
F(1,28) =17.69,P < 0.001; Fire frequency: F(3,36) = 9.83,P < 0.001; F(3,37) = 2.58,
P=0.068;F(3,29)=30.56,P <0.001; Inter-fireinterval: F(2,38) =31.14,P < 0.001;
F(2,34) =11.31,P < 0.001; F(2,26) =4.53,P = 0.021; Unburnt area: F(2,19) = 7.32,
P=0.004;F(2,26)=54.6,P <0.001; F(2,21) =2.57,P=0.101. Top right panel

test statistics (from left to right): Pre-fire drought: F(2,34) =2.77,P=0.077;

F(2,44)=17.99,P<0.001;F(2,27) =5.05,P =0.014; P.A. or Not: F(1,42) =1.37,
P=0.248;F(1,43)=2.2,P=0.145;F(1,31) =13.3,P=0.001; P.A. area: F(2,31) =12.15,
P<0.001;F(2,40)=1.25,P=0.299; F(2,27) =5.44,P=0.01. Bottom left panel
test statistics (from left to right): Taxon: F(5,27) =131.46,P < 0.001; F(5,27) =19.34,
P<0.001;F(5,17) =17.82,P < 0.001; Ecosystem: F(3,29) = 6.41,P = 0.002; F(3,30) =
9.74,P <0.001; F(3,24) =3.99,P = 0.019. Bottom right panel test statistics (from
lefttoright): Study design: F(1,44) =3.37,P=0.073;F(1,56) = 0.51,P = 0.478;
F(1,38)=0.76,P =0.389; Year:F(1,36) =12.88,P =0.001; F(1,36) = 9.9,P = 0.003;
F(1,33)=0.07,P=0.796; Response: F(1,36) =4.97,P = 0.032; F(1,45) = 0.25,
P=0.619;F(1,26) =28.11,P < 0.001; Region: F(2,34) =20.51,P < 0.001; F(2,34) =
5.26,P=0.01;F(2,27)=4.42,P=0.022.
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Extended DataFig.5|See next page for caption.
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Extended DataFig. 5|Standardised effect sizes (+95% CI), with before-
after designsretainedinall analyses. See previous figures for details.
Panels match: top left; Fig. 3, top right; Fig. 4; bottom left; Fig. 5, bottom right
Extended DataFig.2. P valuesare for the plotted result and are the omnibus
two-tailed testbased on an F distribution. Top left panel test statistics (from
lefttoright): Fire severity:F(1,50) = 8.49,P =0.005; F(1,54) = 0.39,P = 0.533;
F(1,35) =11.54,P=0.002; Fire frequency: F(3,49) =12.21,P < 0.001; F(3,46) =
4.49,P=0.008;F(3,39) =8.58,P <0.001; Inter-fire interval: F(2,53) =9.36,
P<0.001;F(2,59) =14.16,P < 0.001; F(2,40) =13.97,P < 0.001; Unburnt area:
F(2,31)=18.01,P<0.001;F(2,43) =1.06,P = 0.356; F(2,30) = 5.98,P=0.007. Top
right panel test statistics (fromleft to right): Pre-fire drought: F(2,46) =2.96,

P=0.062;F(2,60)=4.07,P=0.022;F(2,37)=3.92,P=0.029; P.A. or Not:
F(1,55)=2.02,P=0.161;F(1,60) = 0.95,P=0.334;F(1,40) =3.82,P = 0.058; P.A.
area:F(2,54)=0.62,P=0.54;F(2,59) =18.08,P <0.001;F(2,40) =2.19,P=0.126.
Bottom left panel test statistics (from left to right): Taxon: F(5,38) = 6.85,
P<0.001;F(5,42) =23.4,P<0.001; F(5,24) =10.32,P < 0.001; Ecosystem:
F(3,39)=7.89,P<0.001;F(3,42) =2.98,P=0.042;F(4,37) =44.21,P < 0.001.
Bottomright panel test statistics (from left to right): Study design: F(1,55) =
1.09,P=0.302;F(1,61) =1.26,P=0.266; F(1,40) = 0.01,P = 0.917; Year: F(1,55) =
5.82,P=0.019;F(1,61) =15.46,P <0.001; F(1,42) = 0.17,P = 0.682; Response:
F(1,55)=0.32,P=0.576;F(1,61) =2.09,P=0.154;F(1,33) =5.98, P = 0.02; Region:
F(2,54)=28.4,P<0.001; F(2,60)=27.24,P <0.001;F(2,35) =5.26,P=0.01.
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Extended DataFig. 6 | Distribution of covariate data. Blue vertical lines indicate cut points for categories.




Extended Data Table 1| Covariates used in the analysis

Covariate Levels Category definitions
Fire severity Unburnt Unburnt = unburnt surface with green canopy;
Low Low severity (combines low and medium severity) = burnt understory, unburnt canopy or, partial
High canopy scorch;
High severity (combines high and extreme severity) = burnt understory and full canopy scorch or
consumption. Data provided by project leads or if missing, extracted from agency mapping’7?
Fire frequency 0 A count of the number of fires based on state agency fire history records between 1979 and 2019.
1 Few sites were burnt many times, so categories reflect data availability (see Extended Data Fig. 6)
2
3+
Inter-fire <11 years For burnt sites, the number of years between the 2019-20 fires and the previous fire. For unburnt
interval 11-20 years sites, the number of years since the most recent fire (time since fire). Due to high numbers of
>20 years records in mid age classes, we divided data into the first 10 years, 11-20 years, and older than 20

Unburnt area

Drought

P.A. or not

P.A. area

Ecosystem

Taxon

Study design

Year

Response

Region

High unburnt
Mid unburnt
Low unburnt

High drought
Mid drought
Low drought

Protected
Unprotected

High protected area
Mid protected area
Low protected area

Alpine_subalpine
Dry sclerophyll
Grass_heathland
Rainforest
Wetland

Wet sclerophyll

Amphibian; Bird; Fish;
Insect; Mammal; Mollusc;
Reptile; Plant

Before-after
Burnt-Unburnt

Year 1
Year 2

Occurrence
Abundance

North
Mid
South

years as an approximate compromise between amount of data and the number of years between
the high and low categories (see Extended Data Fig. 6).

Fire extent mapping was used to delineate the proportion of unburnt area compared to total area
(burnt and unburnt) within a 2.5 km radius from a given survey site. Buffer radii from 250 m to 2.5
km were highly correlated (Pearson correlation coefficient > 0.86) so we use 2.5 km for
consistency with the protected area buffer size. 1/3 and 2/3 percentiles delimited categories; Low
<11.91%, High > 68.07%.

Pre-fire drought was assessed as the accumulated severity of drought in the 12 months prior to
December 2019, using the Standardised Precipitation Index (SPI) dataset of Gallagher et al.®° SPI is
the number of standard deviations that observed cumulative precipitation deviates from the
average®!. Values ranged O to -56.37, with lowest values (largest negative values) classed as high-
drought, and values closer to zero classed as low drought. 1/3 and 2/3 percentiles delimited
categories; High < -28.31, Low > -3.0.

P.A. = protected area. Using ACLUMv8 Landuse® for % natural environments (undisturbed) within
50 m of a survey site. Categories in ACLUMV8 included 1.1.0 Nature Conservation (87.5% of sites),
1.3.0 'other minimal use' (11.6%), 1.2.0 'Managed resource protection' (<1%). 0.29% of taxa x site
effects had 50 or 70% cover, which we excluded from analysis because they could not be classified
as P.A. or not.

ACLUMVS8 Landuse for % natural environments (undisturbed) within a 2.5 km radius around survey
site. Buffers of increasing radii difference exhibited decreasing correlation, so we use our largest
radius, 2.5 km, to minimise correlation with P.A or not (Pearson correlation 0.6). 2.5 km was an
arbitrary choice, likely with little consequence given high correlations with other radii (e.g. 1 km, r
=0.94). 1/3 and 2/3 percentiles delimited categories; Low < 47.08% , High >92.88%.

Some contributors indicated ecosystem type and for others we used available spatial layers®. The
detailed vegetation types were grouped into broadly similar ecosystems (except for grass-
heathlands, which were less common in the dataset and could not be separately analysed).

Taxa were grouped into broad taxonomic groups to evaluate differences among vastly different
taxa, and to take these into account in analysis.

We compare before-after with burnt-unburnt designs. Our analysis converted the small number
of BACI designs to burnt-unburnt designs (methods).

Year 1: from end of fires in early 2020 up to June 2021.
Year 2: June 2021 —June 2022.

All responses were either counts of plants or animals (abundance), or records of presence or
absence (occurrence).

Three regions were defined based on 1/3 and 2/3 percentiles of site latitudes, with cut points of -
35.858 and -33.470 (~240 km S and ~50 km N of Sydney).

For covariates with levels High, Medium, and Low, the focal dataset was divided into three categories using the 0.333 and 0.666 percentile values of the covariate. Extended Data Fig. 6
illustrates the distributions of continuous covariates and break points. For the ecosystem covariate, level grass_heathland had five or fewer effect sizes in each analysis, precluding reliable
estimates of mean effects, and causing models to fail to converge, so this ecosystem group was excluded when ecosystem was fitted as a fixed effect. Similarly, there were five or fewer wetland
sites burnt at high severity, so these were also excluded from analysis when ecosystem was fitted as a fixed effect. Data sources’ %,
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Extended Data Table 2 | Mean and maximum declines or increases based on mean difference effect sizes (Extended Data
Fig. 3)

Covariate Mean decline  Maxdiffdecline  Meanincrease  Maxdiff increase
Fire severity -0.09 0.01 0.07 0.01
Fire frequency -0.16 0.11 0.15 0.12
Inter-fire interval -0.13 0.10 0.12 0.04
Unburnt area -0.11 0.07 0.08 0.01
Pre-fire drought -0.13 0.02 0.08 0.03
P.A. or Not -0.12 0.02 0.08 0.02
P.A. area -0.13 0.03 0.11 0.02
Taxon -0.09 0.10 0.07 0.10
Ecosystem -0.10 0.04 0.09 0.04
Study design -0.09 0.01 0.11 0.08
Year -0.09 0.01 0.06 0.00
Response -0.10 0.04 0.08 0.04
Region -0.10 0.03 0.07 0.03

Values indicate the proportional change in abundance/occurrence. Mean declines or increases are averaged across all levels of the covariate. The maximum difference (Max diff) in decline or
increase across levels of the covariate are constrained to within fire severity levels when a fire severity interaction was significant. For example, positive responses to fire frequency depended
on fire severity (Extended Data Fig. 3). The mean increase (15%) was averaged across the eight values (four levels of fire frequency x two levels of fire severity), while the maximum difference for
positive responses (12%) was the difference at low severity (effect at 3+ fires minus effect at O fires).



Extended Data Table 3 | Datasets with months excluded and reason for exclusion

Project Month/year Reason
excluded
018 Feb-20 Most data Aug 2020 —Jan 21; leave out data from immediately after fires.
045 Feb-Apr-20 Three post fire surveys; kept most recent two that align with most other data
071 Mar-21 One species with most data from Nov-20, before-after design and only two cases of this
design with >1 survey time
065 Sep-21 The second of the before-after design with two post-fire surveys. Only used the first post-
fire survey.
006 Dec-2021 one site surveyed at that time, rest of data from before 2021
051 Apr-20 Limits first year of data to spanning one year; Jul-20 to Apr-21
052 May-20, Jul-20 Excludes early surveys to make first and second year comparable Oct-Feb for each.
067 May-20 To limit first year to 12 months up to May-21, second year up to Jun-22.
076 Jan-May-20, To limit first and second year to 12 months each.
Jun-22, Sep-22
030 Mar-May-20, Matched months sampled in both years, with most recent date available March 2022 and

Apr-May 2021

target start of year 2 June 2021.




Article

Extended Data Table 4 | Proportion of sites burnt by O to 3+ fires since 1979 by ecosystem

Ecosystem Group 0 1 2 3+

Alpine-subalpine 0.12 0.41 0.4 0.07
Dry sclerophyll 0.38 0.32 0.15 0.15
Grass-heathland 0.22 0.37 0.21 0.19
Rainforest 0.51 0.28 0.13 0.08
Wet sclerophyll 0.4 0.3 0.18 0.12

Wetland 0.6 0.26 0.07 0.07
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

>
~
Q

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
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Data collection  Data were collected into csv files using Microsoft® Excel® for Microsoft 365 MSO (Version 2407 Build 16.0.17830.20166) 64-bit.

Data analysis Analyses were completed in R 4.3.2 (R Core Team 2023) using packages metafor 1.4.1 (Viechtbauer 2010; Viechtbauer 2024), sf 1.0-16
(Pebesma & Bivand 2023) and dplyr 1.1.4 (Wickham et al. 2023).
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- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The data availability statement reads:

The effect size datasets that led to Figures 3 — 5 and Extended Data Figures 2 — 5 are available on Figshare.
Dataset header rows explained. https://doi.org/10.26187/deakin.26264369.v1

Effect size dataset SMD and SMCC. https://doi.org/10.26187/deakin.26264366.v1

Effect sizes using MD and MC. https://doi.org/10.26187/deakin.26264360.v1

Effect sizes using MD excluding outliers. https://doi.org/10.26187/deakin.26264351.v1

The site-level dataset was provided to referees for peer review. A condition enabling participation of project leaders was that these data remain private.
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Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description A meta-analysis of 62 projects examining interactions of fire severity with other covariates

Research sample Occurrence or abundance of species, morphospecies, or higher taxa before/after fire or in burnt/unburnt areas after the fire. These
provide matched contrasts from which effect sizes can be derived. Further details about individual projects are provided in
Supplementary Information Table 2.

Sampling strategy Project-specific sampling including plots, cameras and other methods. Details about individual projects are available in
Supplementary Information Table 2. Sample sizes were those that could be achieved with the available resources.

Data collection From the methods section: We gathered site-level data for 62 projects (Supplementary information Table 2) by inviting contributors
to join our collaboration. We emailed leaders of projects studying post-fire biodiversity impacts that were funded by the Australian
Government's Wildlife and Habitat Bushfire Recovery Program. We promoted our proposal on social media in summer 2021-2, ran a
workshop at the Ecological Society of Australia conference in November 2021 and held a two-day on-line symposium in February
2022. Projects were collated throughout 2022 after potential contributors contacted us. Projects had to include site level data from
sites burnt in 2019-20 within the megafire region 14. To ensure a minimum level of treatment replication, enabling means and
standard deviations to be estimated, datasets needed at least three burnt and unburnt sites (e.g., survey points, plots, or transects),
or three sites with before-after data and at least three non-zero records across all sites (at the species/taxon level). Projects also
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needed to report either an estimate or index of abundance (44 projects), occurrence (17 projects), or probability of occurrence after
accounting for detection (1 project). Although we canvassed researchers for a full range of response variables, the datasets provided
included almost exclusively presence-absence or abundance data. Abundance and occurrence effect sizes were similar, justifying
using both together (Extended Data Fig. 2c). Only one project met all other criteria but reported responses that were not related to
abundance or occurrence (effects of grazing on reproduction in one orchid species), and thus was omitted from analysis. Five other
projects were excluded because they did not have at least three unburnt sites.

Project details in Supplementary Information Table 2, and SI Table 8 indicate who collected data in each project.
Timing and spatial scale  Before data were from surveys from 2015-2019. Burnt/unburnt designs included data from 2020-2022. Most projects were from

eastern Australia ranging from south-east Queensland to eastern Victoria, with an additional four projects from Kangaroo Island,
South Australia, and one from south-west Western Australia (see Fig. 1).

Data exclusions Data exclusions are documented in Extended Data Table 3.
Reproducibility NA. Requires independent gigantic dataset after future extensive megafires.
Randomization There was no randomisation in before-after designs, and these were confounded with high rainfall after the fires. They were

excluded from our main analysis. Projects with burnt/unburnt designs were stratified random designs, with sites randomly selected,
within areas burnt or unburnt by the wildfires. Sites were constrained by practical considerations associated with accessibility,
placing spatial limits on randomisation.

Blinding Blinding is not relevant because researchers had to visit sites of known treatment (burnt or unburnt).

Did the study involve field work? El Yes |:| No

Field work, collection and transport

Field conditions This meta-analysis collated data from separate field projects (Supplementary Information Table 2)

Location Most projects were from eastern Australia ranging from south-east Queensland to eastern Victoria, with an additional four projects
from Kangaroo Island, South Australia, and one from south-west Western Australia (see Fig. 1). Supplementary Information Table 2
provides further details.

Access & import/export  Permits are detailed in Supplementary Information Table 2.

Disturbance Typically field workers drive to sites using existing tracks then walk to the field data collection point, minimising site disturbance.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies [] chip-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
Clinical data
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Plants

Seed stocks NA

Novel plant genotypes ~ NA

Authentication NA
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