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The impact of large wildfires is escalating across many parts 
of the globe as climatic conditions become more condu-

cive to extreme fire weather (Nolan et al. 2020). Western North 

America and southeast Australia are global hotspots of cata-
strophic wildfires with severe economic and social conse-
quences (Bowman et al. 2017). As human populations increase 
worldwide, urban expansion into forested zones and climate 
change are raising fire impacts to unprecedented levels 
(Bowman et al. 2017). Thus, the development of efficient forest 
management plans in accordance with past land- use history is 
imperative (Whitlock et al. 2018).

Western North America and southeast Australia are areas 
where European colonization disrupted long- standing 
Indigenous burning practices (Guiterman et al. 2019; Fletcher 
et al. 2021). In North America, tree- ring evidence indicates the 
suppression of Indigenous fire regimes, or “cultural burning”, 
had major consequences for forest composition and fuel con-
nectivity (Whitehair et al. 2018; Guiterman et al. 2019; Larson 
et al. 2020). Ecologically sustainable Indigenous fire manage-
ment protected biodiversity and provided ecosystem services 
for millennia. Cessation of these practices has increased the 
risk of environmentally and socially destructive extreme fires 
(Whitehair et al. 2018).

Indigenous peoples have inhabited Australia for at least 
65,000 years (Clarkson et al. 2017) and oral tradition, histori-
cal, and ethnographic sources attest to sophisticated systems of 
land management, including skillful cultural burning (Gott 
2005; Gammage 2011; Pascoe 2014). Routinely ignoring these 
sources, authorities in colonial and subsequent governments 
falsely asserted Australia as terra nullius (“nobody’s land”), 
thereby justifying land expropriation and discounting the wis-
dom of traditional ecological knowledge (Borch 2001; 
Steffensen 2020).

Prior to British colonization in the year 1788, Australia’s 
flammable vegetation had been managed by Indigenous 
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peoples primarily through the frequent ignition of small fires 
(Gott 2005). A consistent ecological outcome of this manage-
ment was to alter the balance between herbaceous and woody 
biomass, limiting shrub density in understory vegetation and 
maintaining patchy open woodlands and savanna- like land-
scapes across a broad elevational range (Gott 2005; Gammage 
2011). Not only did fire management increase landscape pro-
ductivity and facilitate hunting practices, it was a tangible cul-
tural connection of people to place (Jones 1969; Hallam 2014). 
Indigenous fire regimes created fine- scale landscape heteroge-
neity (Bliege Bird et al. 2016), with pyrodiverse mosaics of 
open woody vegetation (ie low shrub abundance) and sparsely 
treed plains (Bowman and Prior 2004) that were less prone to 
destructive fires than current forests (Gott 2005). In contrast, 
colonial vegetation management implied clear- cutting and 
intense firing to create large- scale patches in areas deemed 
suitable for agricultural activities, particularly low- elevation 
plains, while forests in rugged terrain were left unmanaged or 
exploited through selective logging (Griffiths 2001).

Globally, there is growing recognition that Indigenous 
burning practices are key to sustainable fire management 
(Colombaroli et al. 2019). In Australia, cultural burning is 
experiencing a renaissance (Steffensen 2020), yet its potential 
to mitigate catastrophic forest fires is still under debate (Cary 
et al. 2003; Russell- Smith et al. 2009). In part, this discussion 
stems from uncertainties concerning how British colonization 
affected the composition and structure of vegetation, thereby 
altering the core components of fire regimes (frequency, 
extent, and severity) (Head 1989; Bradstock et al. 2002; Enright 
and Thomas 2008). Accurate determination of pre- colonization 
baselines, along with an understanding of vegetation and fire- 
regime trajectories, are prerequisites for the development of 
sustainable fire management.

Proxies for Indigenous- managed landscapes

Science has had mixed success in uncovering evidence of 
cultural burning on different continents. Detailed fire- scar 
studies –  crucial for demonstrating the prevalence of 
Indigenous cultural burning and the impacts of its cessation 
in North America (Whitehair et al. 2018; Guiterman et al. 
2019; Larson et al. 2020) –  cannot be replicated in southeast 
Australia. Detailed fire- scar histories are prevented by the 
poor dendroecological potential of Eucalyptus to disclose 
annual fire history (Brookhouse 2006), and the loss of ancient 
trees to logging, land- use change, and recent severe fires in 
southeast Australia (Cary and Banks 2000). This necessitates 
an alternative approach to investigating how cessation of 
Indigenous land management practices, due to forced removal 
from traditional lands and imposition of foreign fire man-
agement practices, changed the region’s forest structure.

Pollen sequences are commonly used to reconstruct past 
vegetation structure on local to regional scales (Birks and 
Berglund 2017). Pollen data carry numerous biases, the most 
important of which is pollen productivity. Novel modeling 

techniques, such as the Regional Vegetation Abundance from 
Large Sites (REVEALS) model, overcome these biases (Sugita 
2007). Application of REVEALS shows that classical pollen- 
based studies greatly underestimate the extent of past cultural 
landscapes (Gaillard et al. 2010) and the extent to which 
anthropogenic fire has shaped past vegetation (Vannière et al. 
2016; Roos et al. 2019); this approach holds great potential for 
reconstructing cultural landscapes in Australia (Mariani et al. 
2017).

Controls on fire in southeast Australian vegetation

On a landscape scale, fire occurrence and spread are deter-
mined by the confluence of an ignition source (humans or 
lightning), sufficient fuel (biomass), and suitable weather 
(Krawchuk et al. 2009). Ignition sources in southeast Australia 
have been largely anthropogenic since the arrival of 
Indigenous peoples (Bradstock et al. 2002). Although 
lightning- strike fires are still relatively rare, these have 
increased in recent decades as a result of climate change 
(Styger et al. 2018).

Biomass availability depends on long- term moisture availa-
bility and landscape management (decades to millennia), while 
its suitability to burn depends on short- term weather condi-
tions (hours to months) (Bowman et al. 2009). The sclerophyll 
vegetation of southeast Australia characterizes one of the most 
fire- prone regions on Earth (Hennessy et al. 2005). In this 
region, fires range from infrequent and low- intensity in pas-
ture/cropland, through medium frequency and variable inten-
sity in dry sclerophyll forests and woodlands with limited tree 
mortality, to infrequent but high intensity in wet sclerophyll 
forests, often with substantial tree mortality (Bradstock 2010; 
Murphy et al. 2013).

Fire weather (hot, dry, and windy conditions) in southeast 
Australia is regionally controlled by interactions among the El 
Niño– Southern Oscillation (ENSO), Indian Ocean Dipole 
(IOD), and Southern Annular Mode (SAM) (Hennessy et al. 
2005; Harris and Lucas 2019). These inter- annual climatic 
modes have played major roles in modulating rainfall patterns 
and preconditioning vegetation to burn across southeast 
Australia over the past 50 years (Harris and Lucas 2019). 
Climatic change over the past 1000 years has been recon-
structed using corals, tree rings, and speleothems (for tempera-
ture; Gergis et al. 2016), as well as a seasonal sea- salt record 
from Antarctica (for precipitation; Vance et al. 2015). These 
records show that the most substantial climatic change over 
the past millennium occurred in the mid-  to late- 20th century 
through increased temperature and greater frequency of mega-
droughts, both of which are linked to anthropogenic climate 
change.

Research questions and hypotheses

Historical sources from early colonial times suggest that 
Aboriginal burning maintained vast expanses of grassy 
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woodlands across southeast Australia (see Gammage [2011] 
and references therein). In contrast, interpretations of 
unmodeled pollen records extracted from lake and wetland 
sediments suggest greater forest cover during the pre- 
colonial period (WebTable 1). The extent to which sup-
pression of cultural burning since 1788 triggered broad- scale 
changes in forest/woodland distribution, fuel loads, and 
plant community structure remains unclear (Nolan et al. 
2020). To accurately quantify how vegetation changed 
between pre- colonial and post- colonial times, we applied 
the pollen- based REVEALS model to southeast Australia 
for the first time. Our primary objective was to address 
two research questions: (1) was there an observable change 
in the composition and structure of vegetation after British 
colonization compared to pre- 1788 baselines, and (2) was 
there an increase in the amount of biomass burned over 
the same period?

We hypothesized that alterations in fire patterns and land 
management better account for changes in vegetation struc-
ture (thinning versus thickening) across southeast Australia 
than does a purely climatic explanation. We would expect that 
the disruption of Indigenous management and imposition of 
British- inspired management led to woody thickening (specif-
ically, expansion of the shrub layer) and a reduction in grass 
cover in forest/woodland areas. Consequently, this shrub 
encroachment might have exacerbated wildfires under the 
compounding influences of climate change. Furthermore, we 
expected that land clearing contributed to declining woody 
biomass in areas targeted for agro- pastoral activities. If climate 
change were the sole driver of post- colonial vegetation change 
and biomass burning, we would expect to see evidence of a 
relatively consistent regional pattern across different land- use 
zones.

Methods

We applied REVEALS (Sugita 2007) to quantify past veg-
etation using 52 pollen records in southeast Australia over 
the past 1000 years (WebPanel 1; WebTable 1; 
WebFigure 1). The REVEALS model was run to convert 
raw pollen data into estimates of land cover by correcting 
for biases in pollen production (ie different plant species 
produce different amounts of pollen) and pollen dispersal 
(ie dispersal patterns differ in response to pollen grain 
properties) (Sugita 2007). Relative pollen productivity esti-
mates (RPPEs) required for REVEALS were produced for 
the 19 most abundant pollen taxa regionally (see WebPanel 
1 for extended methodology; WebTables 1– 3). REVEALS 
was executed using the R package disqover (Theuerkauf 
et al. 2016; R Core Team 2020), along with a Lagrangian 
stochastic model (LSM) for pollen dispersal (Theuerkauf 
et al. 2013; Mariani et al. 2016, 2017). RPPEs were val-
idated using modern- day pollen data from an independent 
set of lake sediment samples and modern- day plant cover 

data (WebPanel 1). To reconstruct past vegetation struc-
ture, we grouped the 19 modeled taxa into three main 
structural groups: trees (TR), shrubs/heaths (SH), and 
herbs/grasses/sedges (HG) (Figure 1).

Alongside land- cover change, we reconstructed past fire 
activity from 109 existing sedimentary charcoal records 
(WebTable 1c), providing a proxy for “biomass burned” across 
the landscape (Ali et al. 2012). Fire regimes have various com-
ponents (eg frequency, severity). Of these, “biomass burned” is 
the only component of past fire regimes that can be reliably 
reconstructed from available data covering southeast Australia.

We compared two time slices, pre- colonial (1000– 1788 CE) 
and post- colonial (1788 CE– present), estimated on the basis of 
radiometric dating, with exotic Pinus pollen for additional 
chronological support. Samples in the pollen database have a 
median temporal resolution of 138 years over the pre- colonial 
period and 48 years over the post- colonial period. We used the 
date of initial British colonization (1788 CE) as a conservative 
reference point, recognizing that the colonization frontier was 
mobile in space and time after this date. The dataset was too 
limited in its temporal resolution to track the timing of coloni-
zation frontiers. The multisite REVEALS model does not per-
mit local-scale assessment of land- cover change (Sugita 2007). 
However, we distinguished two groups of sites based on their 
current vegetation (open versus forest/woodland) to unpack 
trajectories of change in major ecosystems.

Results

The modern pollen– vegetation calibration conducted in this 
study was found to correct for differing pollen production 
among Australian plants (Figure 1) and to be robust to 
validation (WebFigure 3). When applied to pre-  and post- 
colonization pollen data, the model shows that grass and 
herb communities dominated the pre- colonial period, espe-
cially on mainland Australia (Figure 2). On average, grass 
and herb cover accounted for ~51% of the vegetation com-
position across all sites, whereas regional tree cover as well 
as shrubs and heaths covered ~15% and ~34% of the land-
scape, respectively. These results contrast starkly with tra-
ditional pollen reconstructions that emphasize the extent of 
pre- colonial forest and woodland cover (WebTable 1b), with 
estimates of 35% herbs and grasses, 48% trees, and 17% 
shrubs (expressed as pollen percentages).

Comparisons between pre-  and post- colonial vegetation 
(Figures 2 and 3) display site- by- site trajectories, highlighting 
localized patterns of land- cover change (Figure 3; WebFigure 4). 
Sites currently located within forest/woodland vegetation had 
reduced shrub cover in pre- colonial times and became shrub- 
rich during the post- colonial period (green arrow in Figure 2a; 
Figure 3c). Before colonial settlement, sites currently within 
open landscapes were already dominated by grassy/herbaceous 
vegetation, often constituting >90% land cover. However, 
open- vegetation areas had slightly greater tree cover during 
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pre- colonial times, which declined post- 1788 as grass cover 
expanded (yellow arrow in Figure 2a; Figure 3a).

Charcoal results indicated that pre- colonial biomass burned 
was similar across all land- use types, and exhibited marked 
continuity through space and time (Figure 4; WebFigure 5), 

with less biomass burned in currently open vegetation 
(Figure 4). Biomass burned during the post- colonial period 
was higher in both land- use types (forest/woodland sites as 
well as open vegetation sites; Figure 4) and highly variable 
(WebFigure 5b).

Figure 1. Relative pollen productivity estimates (RPPEs [relative to Eucalyptus]) used in this study for Regional Vegetation Abundance from Large Sites 
(REVEALS) modeling. RPPEs calculated for taxa included within this work are designated in bold font along the x axis; the remainder were previously pub-
lished in Mariani et al. (2016). HG = herbs/grasses/sedges, SH = shrubs/heaths, TR = trees. TAS and VIC refer to the Australian states of Tasmania and 
Victoria, respectively. Error bars indicate the standard error of RPPEs.

Figure 2. Pre-  to post- colonial land- cover change at 52 sites in southeast Australia. Black arrows represent trajectories of individual sites; arrows point 
toward post- 1788 data points. (a) Ternary diagram showing trajectories of change from pre-  to post- colonial modeled land cover using REVEALS for 52 
sites across southeast Australia. (b) Ternary diagram showing trajectories from pre-  to post- colonial uncalibrated pollen percentages. Thick arrows repre-
sent median land cover trajectories within present- day forest/woodland (green) and open vegetation (yellow) sites. The broad vegetation classification by 
structural type and canopy cover follows Hnatiuk et al. (2009). The two- letter abbreviations HG, SH, and TR are the same as those defined in Figure 1.

(a) (b)
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Discussion

Pre- colonial cultural landscapes of southeast 
Australia

Integration of land- cover reconstructions and 
fire history provides empirical evidence that 
the landscapes observed by early British col-
onists were the result of human management, 
with frequent, landscape- wide use of fire 
(cultural burning) by Indigenous peoples 
(Figures 2– 4). Our reconstruction of southeast 
Australian vegetation is –  to the best of our 
knowledge –  the first regional quantification 
of pre- colonial land- cover patterns in 
Australia, and indicates that these landscapes 
were predominantly grassy, with low tree 
cover (Figures 2 and 3). Although in disa-
greement with previous interpretations based 
on unmodeled pollen results (Figure 1b; 
WebTable 1b), our results match the body 
of knowledge about landscapes and landscape 
management held by Indigenous Australians 
while also corroborating historical records, 
including the diaries and artworks of early 
European settlers, who depicted much of the 
southeast Australian landscape as largely open 
and grassy, with scattered trees and shrubs 
(see Gammage [2011] and references therein). 
Modeling results suggest low tree cover at 
the regional scale (104– 105 km2), consistent 
with a savanna- like environment. The model 
was unable to reconstruct the spatial mosaic 
of the landscape, however, and therefore 
dense, small- scale forest patches and clearings 
likely existed within the regional matrix of 
open woodland.

We acknowledge that the transition from 
Indigenous management to British occupation 
was uneven temporally and spatially, and was 
almost certainly affected by varying levels of 
land clearing, soil degradation, and livestock 
grazing (Head 1989). For instance, the largest 
reduction in tree and shrub cover occurred in 
areas that are currently characterized by open 
vegetation, especially in flat and low- elevation regions with fer-
tile soils (such as the plains of western Victoria) that were tar-
geted and cleared for agriculture and livestock grazing (Figures 
3 and 4). In contrast, in regions of poor agricultural potential (eg 
steep coastal areas), the disruption of Aboriginal fire manage-
ment led to an increase in the density of shrub and heath cover 
in forests and woodlands (Figures 3 and 5). These trends con-
firm the view that southeast Australian forests have experienced 
substantial shrub encroachment since the time of initial British 
colonization (Bradstock et al. 2002).

Biomass burning trends across southeast Australia

Long- term fire history reconstructions demonstrate that 
fire has long been present in the Australian landscape, 
and was deeply intertwined with climatic change and 
Indigenous cultural practices (Kershaw et al. 2002; Mooney 
et al. 2011). The consistent occurrence of charcoal in sed-
iments prior to 1788 (WebFigure 5; Mooney et al. 2011) 
proves that fire was an almost universal feature of the 
southeast Australian landscape. Pre- colonial fire regimes 
were remarkably stable over time in open and woodland/

Figure 3. Summary of land- cover modeling results. On the left side are boxplots showing (a) 
HG and (c) SH land- cover anomalies (% change from pre-  to post- colonial period). Horizontal 
lines within boxes depict median values, boxes represent the interquartile range (25th– 75th 
percentiles), whiskers (vertical lines) represent the full range of values (below the 25th quartile 
and above the 75th quartile), and solid circles depict outliers. The two- letter abbreviations HG 
and SH are the same as those defined in Figure 1. On the right side are maps displaying sites 
that underwent increases in (b) HG and (d) SH, differentiated by present- day surrounding vege-
tation. Sites with negative anomalies are not included in the maps. Open vegetation (n = 12), 
forest/woodland (n = 17), mixed vegetation (n = 20), shrubland (n = 3).

(a) (b)

(c) (d)
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forest vegetation, with different altitudes experiencing sim-
ilar levels of biomass burning (WebFigure 5a). Following 
British colonization, a substantial increase in biomass 
burned across land- use areas is evident, especially within 
woodland/forest (Figure 4). The changing spatial distri-
bution and variability of sedimentary charcoal accumulation 
(Figure 4; WebFigure 5) may represent the replacement 
of frequent, low- intensity, ubiquitous and patchy cultural 
burning with more localized, infrequent, high- intensity fire 
regimes since 1788 (Bradstock et al. 2002). This increase 
is particularly apparent at low elevations (WebFigure 5a), 
where colonial impacts were greatest due to large- scale 
land clearance for agricultural exploitation.

Post- colonial burning levels are higher and more variable 
than at any other time during the Holocene epoch (Bradstock 
et al. 2002; Mooney et al. 2011; Mariani and Fletcher 2017). 
The increase in charcoal post- 1788 could be linked to (1) the 
cessation of Indigenous burning, promoting the accumulation 
of woody biomass conducive to more intense, large- scale fires; 
(2) post- colonial fire use targeting the removal of woody bio-
mass for land clearance; and/or (3) recent changes in climate 
enhancing fuel dryness. These probable causes are not mutu-
ally exclusive, and effects are likely to be compounded. 
However, our combined land- cover change and biomass burn-
ing results indicate different trajectories in different land- use 
areas, which suggests that inconsistent management practices, 
rather than purely consistent climatic influences, may have 
played a key role.

Fire is affected by both top- down (eg regional climate) 
and bottom- up (eg local- scale topography, herbivory, human 
activity) factors (Rollins et al. 2002; Archibald et al. 2013; 
Whitehair et al. 2018). These bottom- up factors have been 
critical in parts of the Mediterranean Basin, where fire 

regimes have shifted dramatically due to the abandonment 
of rural burning practices (Pausas and Fernández- Muñoz 
2012; Fréjaville and Curt 2015). If a top- down factor like cli-
mate change was solely responsible for the increase in bio-
mass burned in southeast Australia post- 1788, we would 
expect to see a coherent regional pattern, with all high- 
biomass areas experiencing increased burning (Pausas and 
Paula 2012). Instead, we detected greater burning in the for-
est/woodland zones (Figure 4), particularly at low- elevation 
sites (WebFigure 5a), corresponding to areas densely occu-
pied by Indigenous groups at the time of British coloniza-
tion. These areas were greatly affected by the 2019– 2020 
wildfire season (Boer et al. 2020). Fuel dryness and vegeta-
tion arrangement are the most important factors modulating 
the occurrence of wildfires in this region (Nolan et al. 2016). 
Long- term drought and extreme fire weather driven by cli-
mate change were responsible for fuel dryness during that 
season (Nolan et al. 2020). We suggest that the increased 
volume and connectivity of woody fuels, due to shrub thick-
ening following the removal of Indigenous burning across 
entire landscapes, has contributed to unprecedented wildfire 
extent in these areas.

Restoring cultural landscapes for biodiversity and fire 
management

Cultural burning explicitly limits fire spread and maximizes 
biodiversity by creating pyrodiverse mosaics (Bliege Bird 
et al. 2016). Consequently, promoting fine- scale heterogeneity 
should also be the goal of fire management. Current man-
agement options to achieve this goal include hazard reduction 
burning, mechanical thinning, and reinstatement of cultural 
burning (Ximenes et al. 2017; Volkova and Weston 2019). 
Recent fires indicate that, as currently practiced, hazard 
reduction burning is insufficient to decrease fire risk, is 
often associated with poor biodiversity outcomes (Morrison 
et al. 1996), and disregards Indigenous peoples’ cultural 
connection to the land (Whitehair et al. 2018; Fletcher et al. 
2021). Mechanical thinning of canopy trees is regarded as 
ineffective and publicly unpalatable (Price and Bradstock 
2012; Ximenes et al. 2017), but thinning of understory shrubs 
may be effective in reducing fuel connectivity to limit fire 
spread (Volkova and Weston 2019). We found that the 
current dense understory shrub layer is novel in the wood-
lands and forests of southeast Australian within the past 
1000 years. Thinning this layer, through mechanical means 
or via cultural burning, could restore a vegetation structure 
more characteristic of pre- colonial times, when biomass 
burning was more stable. Of course, such interventions must 
be locally targeted to protect key cultural, biological, and 
economic assets, and their effectiveness should be carefully 
evaluated.

Although some scientists and resource managers advocate 
for cultural burning to minimize fire risk, cultural burning is 
much more than risk management, as it also provides 

Figure 4. Regional patterns of pre-  and post- colonial charcoal influx and 
variability, representing biomass burned. The fire history was recon-
structed in (a) forest/woodland sites (n = 48) and (b) open vegetation sites 
(n = 16). Descriptions of horizontal lines, boxes, whiskers, and solid circles 
are the same as those in Figure 3. Additional information about the char-
coal sites is presented in WebTable 1c.

(a) (b)
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demonstrable psychological, social, and cul-
tural benefits (Burgess et al. 2009). It is a tan-
gible demonstration of an ancient and 
profound connectedness between Indigenous 
peoples and place underpinned by reciprocity, 
sovereignty, ownership, and custodianship 
(Steffensen 2020). To manage the current fire 
crisis, we need to broaden our view of fire 
management to embrace traditional ecologi-
cal knowledge and long- term ecology. Fire 
regimes cannot be divorced from humanity 
(Bowman et al. 2011). Indigenous cultural 
burning offers the potential to re- humanize 
many colonized landscapes, and in so doing 
safeguard against extreme wildfires and help 
decelerate the catastrophic biodiversity 
decline the continent has experienced since 
British colonization (Woinarski et al. 2015).

Conclusions

This paper provides new evidence for wide-
spread changes in vegetation structure fol-
lowing the cessation of Indigenous cultural 
burning that established the foundation for 
the current fire crisis. Indigenous peoples 
of southeast Australia actively maintained 
grass- dominated ecosystems with 5– 15% 
regional tree cover, corroborating historical 
documents and artworks depicting open 
woodlands and savanna- like landscapes. The 
cessation of cultural burning induced an 
increase in shrubby cover and a decline in 
grassy understories in today’s forest/wood-
land areas, leading to changes in fuel avail-
ability and connectivity. We contend that Australia’s current 
fire crisis can therefore trace its origins back to the colonial 
suppression of Indigenous cultural burning and subsequent 
attempts to suppress landscape fire. Our research informs 
debates about the role of disrupted Indigenous fire man-
agement in other landscapes; for example, there is growing 
acceptance that suppression of Indigenous fires in North 
America has contributed to uncontrollable wildfires associated 
with the accumulation of woody biomass in flammable for-
ests. These findings enrich the global understanding of how 
Indigenous peoples maintained cultural landscapes over 
millennia, which were later misinterpreted by European 
colonists.
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available through the Global Paleofire Database (www.
paleo fire.org; see WebTable 1b). Pollen records were partly 
presented in Herbert and Harrison (2016) and are being 
uploaded onto the Neotoma database (www.neoto madb.
org) for free access.
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