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Abstract

Fire is an important environmental process in the northern extratropics (NET), with various regions
predicted to experience the highest magnitude increases in fire activity compared to other global re-
gions in future. Previous NET palaeofire studies are limited by poor data availability and a lack of
quantitative methods. A synthesis of charcoal records is conducted to reconstruct sub-continental-
scale Holocene fire histories across the NET (>45°N) and to understand their environmental controls.
A circum-NET-scale analysis, and a more spatially resolved analysis at the European scale (n of 21
regions) are conducted. At the NET scale, simulated palaeo climate and plant productivity data are
used in a novel clustering method to define a stratification that delineates spatial units of coherent
fire-relevant environmental change. At the European scale, this is done using pollen-based recon-
structions of Holocene forest cover, summer temperature and precipitation change. Fire histories are
reconstructed by aggregating charcoal records from the Reading Palaeofire Database within clusters.
Fire reconstructions are correlated with climate and land cover reconstructions at 4000-year intervals.
Fire responses of 20 regions show correlation values of >= [0.75| with at least one environmental
variable for at least one 4000-year interval. Across Europe, fire increased over the Holocene, initially
in response to the Fennoscandian Ice Sheet collapse and associated climate drying and forestation.
Mid-to-late Holocene fire increases were caused by forest compositional shifts, human deforestation,
and agricultural expansion. Across North America, the early-Holocene collapse of the Laurentide Ice
Sheet caused continent-wide productivity increases leading to fire increases. A subsequent long-term
moisture increase drove late-Holocene fire declines across most of the continent. In central Asia, a
general Holocene-wide moisture increase drove a long-term fire decline. The results support previ-
ous study showing that sub-continental palaeofire histories in the NET are explained by variations
in climate variables influencing fuel moisture and load, but that these effects can be modulated by
land cover processes influencing fuel structure and composition. The results provide a basis for spa-
tial prediction of fire regime changes in response to future climate, vegetation and human land use

processes.
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Introduction

Wildfire is a globally important environmental process influencing ecosystems, carbon cycling and
human societies [1-3]. In many ecosystems, wildfire acts as an ecological disturbance, and is consid-
ered to have been important in shaping the evolution of various plant and ecosystem traits [4-6]. On
a continental scale, fire is considered important for regulating biome distributions, for example by
reducing tree cover, thereby limiting the distribution of forests [7, 8]. In modern times, changes in
wildfire activity are threatening biodiversity in multiple habitats worldwide such as savannas, shrub-
lands and forests, including through facilitating biological invasions [1, 9]. Wildfires are therefore of
global conservation importance.

Recent model estimates show that the presence of fire in the earth system reduces global vegetation
carbon storage by 10%, and by 17% in savanna systems [7]. Wildfire carbon emissions are also an
important contributor to atmospheric carbon levels: the average annual mass of carbon emissions
from wildfires between 1997-2009 has been estimated as ~2 gigatons [2]. Fire carbon emissions are
predicted to increase by 15% by 2100 relative to a 2016 baseline under a moderate emissions scenario
as global fire probability is expected to increase in the coming decades [10-12]. Fire is therefore likely
to have an increasingly important role to play in global carbon cycling in the 21st century.

Humans obtain a range of societal functions from the use of fire, including the facilitation of
hunting, the prevention of future fires, pest elimination, pasture maintenance, and field preparation
for agriculture [13, 14]. In recent times, wildfires have had severe negative consequences for human
societies, with wildfire smoke being a major public health and economic concern [3, 15-17]. In a study
investigating mortality risk associated with wildfire-related particulate pollution across 43 countries
between 2000-2016, it was estimated that acute wildfire-related particulate exposure resulted in an
average annual all-cause mortality of 33,510 [3]. Additionally, recent megafires are estimated to have
caused billions of dollars in economic losses [16, 17]. For example, the 2016 Fort McMurray wildfire
in northern Alberta, Canada, led to insured losses estimated at 3.58 billion dollars [17].

Given the current and probable future effects that wildfires will have on ecosystem dynamics,
global carbon cycling, and social and economic systems, it is important to develop a reliable predictive
understanding of wildfire in the earth system to be able to effectively manage present and future

wildfires.

Modern wildfire controls

The current predictive understanding of wildfire in the Earth system has been developed mainly from
studying wildfires in the modern era (e.g. [18, 19]). Weather conditions, climate, vegetation properties,

and human activities are all shown to be important controls on modern fire activity [18, 19]. These
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control fire across a range of temporal and spatial scales, may influence different characteristics of fire
regimes, and interact with one another [4, 18, 20, 21]. This makes their combined effect on fire at any
given scale a complex process to understand and predict.

On instantaneous to daily timescales, weather is considered an important control on fire because
it determines fuel moisture, ignition probability, and fire spread [22-24]. In agreement with this, the
weather variables shown to be important predictors of fire include measures of temperature, moisture,
and wind speed: spatial patterns in observed 21st-century global burned area exhibit strong positive
independent relationships to the number of dry days per month and vapour pressure deficit [18].
Furthermore, fire spread rate is shown to increase with wind speed and decrease with air moisture
content in multiple ecosystems [22, 25, 26]. Humans and lightning strikes are important agents of
modern wildfire ignitions [27, 28]. One study looking at 1.5 million fire occurrences across the United
States between 1992-2012 found that human-ignited wildfires accounted for 84% of all fires and tripled
the fire season length [28], while over the same period, the number of lightning-caused summer fires
showed a significant positive trend.

On monthly to yearly timescales, variables indicative of fuel moisture, load, and continuity are
shown to be important predictors of fire [18]. Annual net primary productivity (NPP), soil moisture
deficit, and shrubby and herbaceous vegetation cover show positive independent relationships with
global burned area [18]. Additionally, the aggregate of the various fire-related human activities at
the global scale are thought to fragment and reduce fuel loads and therefore decrease fire, which is
evidenced by studies showing that population density, an index of human presence and activity, relates
negatively to global spatial patterns in fire [18, 19]. Human activities have also been implicated as the
driver of an observed global decreasing trend in burned area between 1998-2015 [29]. However, a later
study that assessed the spatiotemporal robustness of modern observed trends in burned area showed
that the 1998-2015 burned area decline is not statistically significant and its magnitude varies strongly
when varying the start and end years of analysis by a handful of years [20]. While these results imply
that humans have not been driving a significant decline in global fire activity in recent decades, they
are evidently an important control on its modern state through land use effects. This is supported
by a recent multi-model assessment of fire effects on tree cover, which estimated that in the absence
of land use, the global reduction in tree cover caused by fire between 2001-2012 would increase from
10% to 16% [7].

One study suggests that humans have had important effects on global fire trends at the centennial
scale [30]. This study produced a charcoal-based reconstruction of global fire activity spanning the
past 1000 years, showing a positive trend in burning from ~1750-1870. This corresponds to evidence
of widespread increases in population and land conversion for agriculture [31, 32]. However, from
~1870 to the present, there is a global decline in burning, which occurs despite general increases in
global temperatures during the 20th century [30, 33, 34]. This has been interpreted as the effect
of human-induced vegetation fragmentation and fuel reduction from the previous century and their
continued intensification from ~1870 onwards [30-32]. While the evidence for human influences on
global fire trends over the past ~250 years is not quantitative or causative, the correspondence of the
observed negative fire trend from ~1870 onwards and the negative spatial human-fire relationship seen
in modern modelling studies [18, 19] supports the argument that humans can be important agents

of temporal variation in wildfire on a global scale. Indeed, one model estimate shows that human
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population density alone accounts for a decline of 14% in global burned area between 1800-2005 [19].

In reality, controls on fire have important interactions, and this is evident when contrasting their
independent and emergent fire relationships at the global scale [18, 35]. For example, annual logarith-
mic NPP exhibits a positive independent relationship with burned area, while its emergent relationship
is unimodal [18]. This is attributed to the spatial relationship between productivity and moisture,
the latter of which also shows a unimodal relationship with fire (annual precipitation in the tropics
[36]). These patterns occur because high-productivity vegetation occurs in wet, humid regions where
fuel is too moist to burn, while in low-productivity regions there is a low or discontinuous fuel load
that cannot sustain high levels of fire activity [18]. This mechanistic explanation for the similarity
between the emergent fire-moisture and fire-productivity relationships is known as the intermediate
fire-productivity hypothesis [37]. Similarly, the emergent relationship of logarithmic population den-
sity with burned area is unimodal, despite its independent relationship being negative [18]. This is
attributed to low-productivity regions generally being unable to support high population densities,
and is therefore considered an artifact of the effect of fuel load (and, by extension, the mechanism
described by the intermediate fire-productivity hypothesis) on burned area [18].

It is hypothesised that differences in plant morphological, biochemical, and structural character-
istics result in differences in flammability among vegetation types, which exerts independent control
on fire regimes [4, 5, 38, 39]. This is empirically supported by the positive independent relationship
observed between burned area and shrubby and herbaceous vegetation cover [18]. Bistinas et al. [18]
explained this pattern as due to the much faster decay rate of grass litter relative to woody litter [40],
which results in a faster accumulation of dry fuel. Furthermore, a study of modern fire regimes in
the circum-boreal region found a strong link between continental-scale patterns in fire regimes and
tree species composition, which was not reflected in fire weather and fuel moisture indices [41]. In
(coniferous) pines, thick bark and self-pruning are evolutionarily correlated traits which allow them to
persist in flammable plant communities with low-intensity, fast-spreading fires by limiting the extent
to which fire can reach their crowns [42-44], and insulating the base of the tree against fire damage
[5]. Other pine species show a different set of adaptations in which they retain their lower branches
and accumulate seed banks that are released after fire, indicating adaptation to the promotion of
high-intensity crown fires [42, 43, 45]. This strategy is also exhibited by the dominant Picea species
in the American boreal region, P. mariana [41, 44, 46, 47]. In the study by Rogers et al. [41], forests
dominated by taxa with thick bark and self-pruning corresponded to a less intense, less severe fire
regime relative to coniferous forests with species with no fire adaptations or with the P. mariana fire
strategy, while broadleaf deciduous forests showed the lowest fire intensity measures of all forests stud-
ied [41]. These results agree with a study investigating effects of forest properties on fire occurrence
across Canada, which separated forests into categories along a gradient from coniferous to deciduous
dominance [48]. The study found that fire occurrence increased with coniferous tree representation in
a given forest, with deciduous stands showing the lowest fire occurrence. These results highlight the
important influence that plant composition can have on fire regimes.

Despite the insights gained from modern fire study, this knowledge is insufficient for compre-
hensively understanding and predicting fire in the earth system because it has been obtained using
datasets that generally span less than 20 years [18, 20, 29, 35]. This time interval samples only a lim-

ited temporal subset of global burned area dynamics and its relationships to environmental change.
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Furthermore, the wildfire patterns measured by these datasets are influenced by modern land manage-
ment and settlement patterns, making it difficult to infer fire regimes that would occur in the absence
of human influences or under different human land use patterns [49]. The fact that the observed recent
decline in burned area is not statistically robust [20, 29] highlights that modern burned area datasets
are too short to capture strong temporal variation in fire and its controlling variables that may be
expected under future global change.

Data that spans longer timescales (e.g. millennia), over which the range of climate variability is
much greater than on interannual timescales, and in which modern global-scale human effects on fire
can be partitioned from background variability, are needed to gain a more robust understanding of
the controls on fire in the Earth system. This is illustrated by Harrison et al. [50] who used millennial-
scale (1-1700 CE) global biomass burning data to derive a statistically significant relationship between
biomass burning emissions and land temperature, which did not emerge with a modern (2000-2014)
biomass burning dataset. This demonstrates the implications of long-term data for the efficacy of
future models because it enables the derivation of robust parameter estimates where modern data
fails to do so. Using long-term datasets to understand fire is especially important for high-latitude en-
vironments with fire return intervals on the order of decades to centuries (e.g. [51]), where interannual

datasets capture little to no information regarding their fire regimes.

Earth system dynamics on palaeo timescales

In order to contextualise changes to fire regimes and their controls that occur over palaeo timescales,
it is necessary to understand the processes governing environmental variability on these timescales.
Changes to environmental conditions on earth are fundamentally governed by changes to the global
heat budget, which are principally influenced by insolation variability [52]. Changes to the global
heat balance cause cascading effects on various earth system components, such as land ice cover and
biogeochemical cycling, that ultimately result in changes to climate and vegetation controls on fire.
Response times of the various components to the initial insolation changes differ substantially and
depend on one another, thus they can be seen as independent forcing at different timescales [52].

Changes to insolation are caused by changes to orbital parameters (eccentricity, obliquity, and
precession), which alter the seasonal and latitudinal distribution of insolation across the earth’s surface
on multi-millennial timescales [52]. From the last glacial period ~22 thousand years ago (kya) to the
modern period, the earth has undergone one precessional oscillation [53]. The precessional maximum
occurred at ~10kya, while obliquity reached a maximum at ~1lkya [53]. This led to a summer
insolation maximum at the high latitudes between ~11-10kya and a subsequent decline to the present
day. Despite this insolation oscillation, which may be expected to result in an inverse pattern in ice
cover, there has been a consistent decreasing trend in global ice cover from ~22kya to the present
day [54]. This counterintuitive pattern occurs because ice sheets take multiple millennia to respond to
insolation changes, as feedbacks that regulate ice cover must first respond. For example, ice cover itself
has control on the global heat balance through albedo forcing (and thus is to an extent self-regulating)
[55-57]. Assuming a perfectly white ice sheet with maximum albedo, increased insolation striking the
ice sheet will not accumulate more heat on its surface. The ice sheet will decline only in response to
the accumulation of sufficient ambient heat in the climate and/or ocean systems.

Heat accumulation in the earth system (e.g. in the oceans) from insolation increases leads to
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reductions in ice cover, hence inducing a positive feedback on global heat accumulation through
reductions in planetary albedo. Global heat balance is coupled with atmospheric COs concentrations,
evidenced by temperatures and COy being shown to closely covary on palaeo timescales [52, 58,
59]. Changes to greenhouse gas concentrations are an important influence on the earth’s energy
balance through their radiative forcing properties [60], hence COs increases further intensify the
positive feedback of global heat accumulation. The COs-temperature coupling can explain why ice
sheets continue to decay despite multi-millennial declines in insolation. Indeed, both temperature and
COq are inversely related to global ice volume at the multi-millennial timescale [52, 61}, and palaeo
environmental indicators of temperature and COy show a general increasing trend over the past 22
thousand years (ky) while global ice volume has continuously decreased [54, 58, 59].

Land-ice sheet declines involve freshwater inputs into the ocean in the form of ice or meltwater
[62, 63]. Freshwater injection events since the last glacial period have been identified as resulting
in and exacerbating slowed Atlantic meridional overturning circulation (AMOC) due to their effect
on ocean salinity and temperature [64-67]. Major global cooling events have been attributed to this
mechanism due to it resulting in reduced oceanic heat circulation to the high latitudes [65-68], which
typically occurs centuries to millennia following freshwater inputs [52]. A major event associated with
this mechanism happened between ~17.5-15kya, during which freshwater events are thought to have
caused a near cessation of AMOC by causing cold, shallow ocean water to trap deeper, warmer water
below it, thus maintaining cold conditions in the North Atlantic [65]. The Bolling—Allersd warming
event between ~14.6-13kya in the northern hemisphere is associated with the restart of AMOC [66],
as warm deep water that accumulated in previous millennia was recirculated to the high latitudes [69].

Millennial-scale changes to climate affect the spatial distribution of suitable climate space for
plant types, which leads to vegetation-biome distribution shifts across continents [52, 70]. This is
evidenced by observed differences in the global distribution of plant types at the last glacial period
compared to the mid-Holocene [71]. Vegetation responses to climate change typically occur on cen-
tennial timescales [52], evidenced by pollen-based vegetation observations over the Bglling—Allergd
interstadial [72]. These show that the boreal forest greatly expanded in Eurasia within a 15-14kya
time interval, suggesting that the climate warming of the Bglling—Allergd starting ~14.6kya alleviated
limits on forest distribution and that a substantial range shift occurred within a few centuries.

In summary, major centennial-to-millennial-scale climate and vegetation changes have occurred
in response to the multiple earth system changes that have followed insolation variability since the
last glacial period ~22kya. Given the understanding of climate and vegetation controls on fire (e.g.
[18]), these changes are likely to have led to extreme changes to global and regional fire regimes over

palaeo timescales, with no analogues in the modern remote-sensing era.

The palaeofire observational record

There are multiple environmental indicators that have been used to study how fire responds to Earth
system dynamics over palaeo timescales (methane: [73]; carbon monoxide: [74]; levoglucosan: [75];
black carbon: [76]; vanillic acid: [76]; tree-ring scars: [77]; charcoal: [78]). Each indicator has
strengths and weaknesses with respect to the spatial and temporal resolution and accuracy with
which they record palaeofire activity. Methane, carbon monoxide, levoglucosan, black carbon and

vanillic acid are derived from ice-core records, which provide a geographically integrated fire signal
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over continental scales. Furthermore, methane and carbon monoxide are well-mixed atmospheric
gasses [79] and therefore are limited to being used to infer palaeofire activity at the global scale.
Fire histories reconstructed from tree rings are spatially limited to forested areas. Unlike ice-core
and charcoal records, which can record fire activity over multiple glacial cycles, tree-ring-based fire
histories are temporally limited by the lifespan of the recording tree and/or the time taken for dead
recording material to decay unless fossilised or preserved in some way.

Charcoal accumulation in sediments is sensitive to fires that burn both within and outside of the
catchment of the depositional environment, but is shown to be more responsive to fires that are in
closer proximity to the site of deposition [80-83]. This facilitates investigation of spatial patterns in
biomass burning from the catchment to the global scale through the aggregation of individual records.
Charcoal therefore stands out as the most suitable indicator for studying millennial patterns in fire
evolution at sub-continental scales, because it overcomes the spatial and temporal limitations of other
palaeofire indicators. Charcoal has been validated as a reliable palaeofire index at multiple spatial
scales and in different regions, exhibiting high correlations with independent fire evidence such as:
historical documentation (Alaska [51]; Western United States [77]; southern Switzerland [84]); tree-
ring burn scars (Yellowstone National Park, United States [85]; Western United States [77]); and the
global methane fire record [50].

Global palaeofire controls

Sedimentary charcoal records have contributed greatly to the understanding of palaeofires and their
controls at the global scale [78, 86, 87]. Multiple global palaeco charcoal syntheses have shown that
there has been a general increase in global biomass burning between 21-Okya, consistent with the shift
from glacial to interglacial conditions and accompanying increases in CQOs, temperatures, and plant
productivity [78, 86, 87]. Daniau et al. [87] used a univariate Generalised Additive Model (GAM)
analysis to quantify the effects of simulated mean annual temperature and precipitation (MAT and
MAP) on fire between 21-Okya, using separate models for either predictor. The analysis showed a
positive fire-MAT relationship in which MAT explained two thirds of the overall fire variance. This is
consistent with modern independent relationships found between temperature variables and fire [18].
Daniau et al. [87] further showed a unimodal response of fire to MAP in which MAP explained 14% of
the fire variance. This is consistent with the modern observation of a unimodal emergent relationship
between precipitation and burned area, and agrees with the intermediate fire-productivity hypothesis
corroborated in the satellite era [18, 36, 37]. Considering that the simulated dataset used in the
GAM analysis reproduces several major features of climate evolution since the last glacial period
[88, 89], these results point to atmospheric temperature and moisture variables as robust indicators of
fundamental fuel moisture and load controls on fire, and also suggest that they are robust at measuring
these controls across interannual to palaeo timescales.

The evidence of increased global fire activity over the Holocene corresponds to evidence of fire
use by humans for landscape modification and deforestation in various regions of the world (e.g.
[90-92]). In light of this, Carcaillet et al. [93] hypothesised that human activities were the cause of
the continental-scale increases in Holocene palaeofire activity revealed in their charcoal-based recon-
structions. This hypothesis is contradicted by the absence of evidence supporting it in later charcoal

syntheses investigating anthropogenic effects on palaeofires at continental and global scales [30, 94, 95].
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This implies that human effects on fire at these spatial scales are exclusively a feature of the modern

period. Importantly, this does not preclude human palaeofire effects at sub-continental scales.

The northern extratropics as a palaeofire study system

The boreal systems of the northern extratropics (NET) are estimated to contain 22% of the carbon
sinks contained in established forests globally [96], highlighting the potential magnitude of carbon these
systems could release to the atmosphere as wildfire emissions. Recent findings suggest that northern
boreal carbon emissions have been increasing in recent decades, and wildfires have accelerated this
carbon loss [97, 98]. Various NET regions are predicted to undergo the highest magnitude increase
in fire activity relative to other regions of the globe in future decades [10], with general increases in
severity of fire weather and head fire intensity predicted for Eurasian and North American boreal
forests by the end of the 21st century [99]. These findings imply that the boreal region will undergo
extreme ecological and biogeochemical changes under enhanced fire activity in future, potentially
acting as a major carbon source to the atmosphere. The global relevance of the NET boreal region
with respect to fire effects on global carbon cycling highlights why it is important to study fire in this
region.

There are advantages to studying palaeofires in the NET because of the major environmental
reorganisations it has experienced over millennia [64, 72, 100, 101]. For example, the last glacial-
interglacial transition was largely driven by the deglaciation of the NET continental ice masses [64,
67, 102]. Over the Holocene, climate changes across the NET have varied widely over space, with
different sub-continental-scale climates fluctuating by multiple degrees and with different temporal
patterns [103—-106]. This is expected given the different glacial histories of different NET regions. For
example, in the early Holocene, the Laurentide Ice Sheet (LIS) retreated over North America towards
the east of the continent, terminating over Quebec around ~T7kya [102]. Conversely, in Eurasia, the
Fennoscandian Ice Sheet retreated to a final position over central Scandinavia where it terminated
~9.9kya [107].

In addition to the heterogenous environmental history of the NET, the region is characterised by
geographic and topographic variation, which adds further complexity to its climate space. For example,
Europe’s maritime location makes it characterised by an oceanic climate primarily influenced by the
North Atlantic Oscillation (NAO) [108]. The NAO is characterised by fluctuations in north Atlantic
meridional atmospheric pressure gradients that change the strength of westerly winds over Europe
[108]. Eastern continental Europe is primarily influenced by the colder, continental Siberian High
climate system [109, 110]. Added to this climatic complexity is the presence of various mountain
ranges in the NET that can create spatial discontinuities in regional climate, such as the Scandinavian
and Swiss Alps, the Romanian Carpathians, and the Altai Mountains in central Asia.

Fire-relevant land cover changes have occurred widely across the Holocene NET in response to
environmental changes [46, 72, 101]. For example, an early-Holocene expansion of mixed-deciduous
broadleaf tree cover across Europe and a reduction in coniferous needleleaf tree cover in central Europe
is observed in multiple pollen record syntheses [72, 101, 111]. This occurred in response to the
Fennoscandian Ice Sheet melt in Scandinavia, which exposed new land for plant colonisation, as
well as the accompanying large climate shifts. For example, multiple-degree increases in summer and

winter temperatures are observed in the early Holocene across large regions of Europe [105]. In central
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boreal North America, a large expansion of coniferous needleleaf trees is observed between ~7.6-5.6kya
following exposure of this land by the retreating LIS in the early Holocene [46].

Palaeo environmental and archaeological evidence suggests that humans have been important
agents of pasture and cropland expansion as well as deforestation from at least the mid-Holocene
in Europe and Asia, and for centuries in North America, and probably commonly used fire as a
landscape modification tool [90-92, 101, 112-115]. Estimates of cropland expansion show that Europe
saw a greater rise in agriculture from the mid- to the late-Holocene relative to North America [32].
Additionally, observed European forest cover declines result in estimates of forest cover that fall outside
the range of prior background variability from ~4kya [101]. This implies that human land use had
an important influence on European vegetation from the mid-Holocene, to much greater effect than
in North America. The combination of spatially variable Holocene climate, land cover, and human
histories across the NET is likely to have resulted in a diversity of Holocene fire regime dynamics at

sub-continental scales, making the NET an apt palaeofire study system.

Existing evidence for palaeofires in the northern extratropics

Existing palaeofire studies that have focused on the NET have corroborated the increase in global fire
activity observed with the shift from glacial to interglacial conditions, as well as the global positive fire-
temperature relationship at sub-continental, continental and circum-NET scales [77, 87, 94, 116]. One
study used a GAM to quantify the relationships between fire and simulated summer temperature data
(which had been corrected for systematic simulation biases using observational data) for 12-8kya and
8-Okya respectively in three sub-regions of Europe [116]. In line with previous findings, temperature
showed a positive fire relationship in all three sub-regions for the 12-8kya period. However, it showed
a negative fire relationship over most of the 8-Okya period. The contrasting effect of temperature on
fire between these two periods can be explained by the Holocene vegetation compositional changes
that occurred across Europe. The authors used pollen-based reconstructions of vegetation and land
use changes in relation to fire in their GAM analysis, showing that biomass burning was affected by
tree cover, but that its relationship depended on forest type: broadleaf tree cover had a negative effect
on fire, while needleleaf cover increased fire [116]. The general decline in summer temperatures over
the mid-to-late Holocene corresponded to a long-term decline in broadleaf cover and a corresponding
increase in fire. These contrasting effects of broadleaf and needleleaf cover on fire activity, which in this
study led to an exception to the widely reported positive fire-temperature relationship, agrees with
interpretations of fire relationships to vegetation in other sub-continental NET palaeofire analyses
(Northeast Europe: [117]; Alaska: [118]) as well as modern findings [41, 48]. This points to the
importance of accounting for broadleaf and needleleaf tree cover change when identifying controls on
palaeofire variation.

Feurdean et al. [116] show that for the 8-Okya GAM analysis, fire generally responded positively to
three indices of human landscape modification, deforestation, and agricultural activity, namely arable
and disturbed land cover, grassland and pasture cover, and heath and scrubland cover. Increases in
arable and disturbed and grassland and pasture cover above ~16% showed strong monotonic positive
relationships with fire, whereas these relationships were attenuated below this level. These land cover
types increased above ~16% in continental Europe in the late Holocene, especially in the last 1.5kya

[101], suggesting that human effects on land cover would have led to increases in burning during this
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time. Additionally, reductions in total tree cover occurring within the ~40-57% range were shown to
increase burning in this study. This is explained by reduced tree cover leading to a more open landscape
that increases radiative energy reaching the forest floor, creating a drier and more wind-exposed sub-
canopy layer that increases fire probability [119]. Additionally, tree cover affects ground-layer fuel
characteristics of forests, with less dense forest facilitating a continuous ground layer of fine grassy
and shrubby fuels that ultimately increases the probability of burning and fire spread [120].

Forest cover reductions in Europe over the Holocene are evidenced to have been human-induced
[90-92, 101, 112-115]. It is difficult to identify to what extent the changes in fire with the late-Holocene
landscape changes in Europe are due to human-set fires for forest clearance, agricultural expansion,
and land management, or are a consequence of changes in fuel load and structure that these activities
would have induced. Additionally, it can be difficult to disentangle human and climate effects on fire
as they are often confounded [121, 122]. Indeed, climate changes in mid- to late-Holocene in Europe

can explain forest cover losses in many regions [113].

Identifying palaeofire environments

Previous charcoal studies have derived much novel information about wildfire and its controls by re-
constructing fire histories for specific regions. This has been done by synthesising multiple charcoal
records into regionally aggregated fire histories (composites). For this type of analysis to be infor-
mative, reliable methods to spatially delineate geographic regions in which to generate composites
are required. This is important for identifying well-constrained patterns in fire and its controls, as
delineating regions that span wide ranges in fire-controlling environmental variance will result in high
composite noise. The term ‘palaeofire environment’ is defined here as an idealised spatial unit within
which fire-controlling variables vary coherently over palaeo timescales. For example, assuming sum-
mer temperature controls fire, the summer temperature responses at any two locations within a given
palaeofire environment will be similar, and will differ from summer temperature responses at any
point outside of the palaeofire environment. This concept is useful to illustrate the attempt to define
spatial units that maximise the similarity of fire-relevant environmental change within them while
minimising it among them. This is done ultimately to optimise the robustness of the resultant fire and
environmental composites and hence the ability to constrain robust fire-environment relationships.

In previous charcoal syntheses, a typical method used to delineate spatial regions has been to
separate the globe into latitudinal zones, for example, the NET, tropics, and southern extratropics [30,
87]. This approach is motivated by the expectation that fire responses will vary among these zones due
to their different respective environmental histories [52]. Alternatively, regions have been defined based
directly on the variation contained within individual charcoal records. For example, Vanniere et al.
[123] used a Principle Components Analysis applied to time series analysis of charcoal accumulation
rate and fire frequency from 18 sites in southern Europe. The sites disassociated into three distinct
elevational categories. Since elevational change represents an environmental gradient, this suggests
that this method is effective at approximating palaeofire environments. Another approach is the use
of a modern environmental stratification based on vegetation or climate, under the assumption that
climate / vegetation patterns in modern times approximate palaeofire environments. Feurdean et al.
[116] successfully use this approach based on the Environmental Stratification of Europe classification
from Metzger et al. [124].
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The latitudinal zonation approach of Daniau et al. [87] assumes a longitudinally uniform change in
environmental space with latitude, and does not account for other sources of environmental variation
like elevational gradients. It is therefore only useful for continental or hemisphere-scale fire syntheses.
The Vanniere et al. [123] approach of directly clustering individual charcoal-record variation may be
inappropriate for defining borders among palaeofire environments at larger spatial scales than the
scale of that study, as charcoal accumulation in sediments is shown to best record fires within tens
of kilometres from a given coring site [51, 85|, and the key patterns of fire variation at larger scales
are revealed only when aggregating multiple records [78]. Additionally, robustly clustering individual
charcoal records would require imposing filtering criteria on the records based on temporal length and
time series continuity, and charcoal records vary widely in these criteria [125]. Lastly, the modern
environmental stratification approach of Feurdean et al. [116] does not integrate palaeo environmental
change and thus assumes static environmental space over time, which may preclude the detection of

regions with different environmental trajectories in the palaeo record.

Research gaps in northern-extratropical palaeofire study

Most of the palaeofire syntheses focusing on the NET have explored continental-scale or circum-
NET trends [30, 78, 87], and a small number of studies have focused on isolated sub-continental
regions [51, 116, 123, 126]. The global charcoal synthesis of Marlon et al. [94] represents the most
comprehensive sub-continental-scale synthesis of NET palaeofire evolution to date. They reconstruct
Holocene fire composites for the British Isles, northeastern and central Europe, the Mediterranean,
northwestern America, the western US, central North America, and the St. Lawrence region. Despite
this, their fire reconstructions are limited by spatial biases in site coverage, which limit the geographic
scope of the study. Spatial regions over which charcoal records are aggregated in Marlon et al. [94]
have been defined as spatially discontinuous boxes covering regions of relatively high charcoal-record
presence. Furthermore, many of the composites are composed of a low number of records, thereby
limiting their robustness: the composites for central Europe, northeastern Europe, the British Isles
and central North America are composed of less than 20 sites over most of the Holocene. Important
spatial gaps still remain in the NET palaeofire literature, including central Asia, central Europe,
Alaska and boreal North America [78, 87, 94].

Since the Marlon et al. [94] study, the number of charcoal records available across the NET has
been vastly increased and centralised within a recently published global charcoal dataset, the Reading
Palacofire Database (RPD) [125]. The RPD contains improved site coverage for previously data-
sparse NET regions, and improved charcoal-record chronological control and data accuracy relative
to the datasets used in previous syntheses [78, 87, 94, 125]. The RPD therefore facilitates a novel
opportunity to update outdated composites for various NET regions as well as expand the spatial
scope of palaeofire analysis to regions not previously explored in the palaeofire literature.

The Feurdean et al. [116] synthesis for central and eastern Europe is the most comprehensive char-
coal synthesis exploring spatial patterns in Holocene fire evolution across Furope. Like the Marlon
et al. [94] study, their spatial delineation based on modern environmental space is spatially discontinu-
ous and boxy. It is clear that there is a need for a comprehensive, quantitative attempt at delineating
realistic palaeofire environments for the NET, for the purpose of constraining robust regional fire

composites. Therefore, the first aim of this work is to quantitatively delineate sub-continental-scale
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palaeofire environments for the Holocene NET and constrain their composite Holocene fire responses
using charcoal records from the RPD.

There is limited application of quantitative statistical approaches towards understanding environ-
mental controls on the temporal variability in fire in the NET. The modelling analyses by Daniau
et al. [87] and Feurdean et al. [116] are exceptions, which are limited to the semi-hemispheric scale
and isolated sub-regions of Europe respectively. Most other syntheses employ qualitative time series
comparison [30, 77, 78, 86, 94]. There is a need for a comprehensive, quantitative investigation of
Holocene fire-environment relationships for the NET at the sub-continental scale. Therefore, the sec-
ond aim of this thesis is to employ quantitative methods towards identifying the climate and land
cover controls on the fire responses defined under the first aim.

Addressing the study aims is facilitated by the availability of comprehensive palaeo environmental
datasets that span the NET [88, 89, 101, 127]. At the circum-NET scale, spatially continuous climate
and NPP model outputs are available that span the last glacial-interglacial transition [88, 89]. Spatially
continuous Holocene climate and land cover reconstructions based on observational data are only
available for Europe [101, 127]. Hence, a well-resolved investigation of Holocene wildfire controls that
can evaluate effects of multiple land cover variables is only possible for Europe. This work is therefore
composed of two distinct analyses, both of which respectively address the study aims: a circum-NET-
scale charcoal synthesis that focuses on investigating the effects of broad-scale changes to climate and
productivity on fire; and a more spatially resolved analysis at the European scale that uses climate

and land cover reconstructions to understand controls on fire over the Holocene.
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Methods

The first step in addressing the study aims was to generate a spatially continuous stratification that
approximates coherent palaeofire environments for the respective NET and European study regions.
The approach taken to achieve this was to cluster the grid cells of the abovementioned environmen-
tal datasets based on their similarity in temporal variation of fuel moisture and load indices. The
decision to select fuel moisture and load variables to define the stratifications was motivated by the
various sources of evidence from modern and palaeofire study that consistently point to these variables
measuring fundamental wildfire controls [18, 87, 116].

At the NET scale, the TraCE-21ka model simulation [88, 89] was used for defining the stratifica-
tion. At the European scale, two gridded palaeo environmental reconstructions covering the Holocene
were used, a climate dataset [105] and a dataset of tree cover percentages [127]. The next step in
addressing the first aim was to reconstruct the Holocene composite charcoal curves for the respective
palaeofire environments using the RPD. To address the second aim, the temporal trends in the re-
constructed fire composite curves were compared with the temporal trends in environmental variables
that are considered important palaeofire controls in a correlation analysis. This included the variables
used to define the stratifications, in addition to various land cover indices from the Fyfe et al. [101]

dataset.

Datasets
The TraCE-21ka dataset

The TraCE-21ka dataset is a transient simulation from a synchronously coupled ocean—atmosphere—sea
ice-land surface general circulation model (GCM), the National Center for Atmospheric Research
Community Climate System Model 3 (CCSM3) that contains a dynamic global vegetation module
[88, 89]. Each grid box of the land model accounts for different land units (including glaciers, lakes,
and wetlands) and contains multiple soil-column levels and plant-type categories [89]. The model
does not account for anthropogenic influences on the simulated variables over palaeo timescales. The
data is gridded at ~3.71-degree latitudinal and 3.75-degree longitudinal resolution in the NET and
spans the time interval 21kya to 1989 CE. This dataset is considered adequate for use in defining
general spatial patterns of palaeofire environments across the NET because it reproduces several major
features of climate evolution since the last glacial period, and shows good agreement with northern-
hemisphere observational climate reconstructions [88, 89, 100]. While the TraCE-21ka dataset has a
non-uniform latitudinal resolution, in the NET above 30 latitudinal degrees north (30N), the latitudinal
values approximate uniformity when rounded to two decimal places: all successive differences between

latitude values above 30N are 3.71 degrees except for the difference between the lowest and second-
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lowest latitude value which is 3.72. Only the TraCE-21ka data between 30-75N was used in this
analysis.

The fuel moisture and load variables derived from the TraCE-21ka dataset were NPP, annual mois-
ture index (MI), and maximum monthly vapour pressure deficit (VPD). NPP measures the amount
of carbon fixed in plant tissues by photosynthesis per unit space and time after accounting for carbon
lost through respiration. It is expressed as grams of carbon per square-metre per second, and is used
here as a measure of fuel load. MI is defined as the ratio of annual precipitation to potential evapo-
transpiration and measures the amount of surface moisture availability and hence annually integrated
fuel moisture. VPD is a measure of air dryness during the driest month in a given year, and is re-
garded as the main environmental control on the drying rate of dead fuel [18]. It is used here as an
indication of maximal instantaneous fuel dryness during the year and hence captures seasonal effects
on instantaneous fire probability.

The NPP data was obtained from the decadal-resolution TraCE-21ka dataset where it has been
aggregated at a decadal time step. The VPD and MI variables were derived from default TraCE-21ka
variables by a collaborator, Patrick Bartlein. The derivation of the VPD variable involved the use of
functions native to the CCSM3 model (NCL: the “NCAR Command Language”) [128, 129]. Hence,
the VPD variable is technically a default feature of the core TraCE-21ka dataset. The MI variable was
generated using a modified version of the SPLASH 1.0 model [130] in which the TraCE-21ka 2-metre
air temperature, precipitation rate, net radiation, evaporation rate, and elevation variables were used
as inputs (thereby bypassing the SPLASH 1.0 internal calculations of net radiation and evaporation).
Unlike the NPP data which is provided as real values, both the VPD and MI variables are provided
as anomalies relative to a 1975 CE mean value. These means were generated using a tricube-weight
function with a 30-year window half-width. Both variables are supplied at decadal resolution, but they
were generated by aggregation from monthly resolution. VPD is supplied as decadal climatologies i.e.
each time step contains 12 data points representing monthly values averaged over a decade. Prior to
decadal aggregation, both variables had their monthly values adjusted for the “paleo-calendar effect”
[131] as this was shown to have an important influence on the decadal values (personal communication,
Patrick Bartlein).

In addition to the MI, VPD, and NPP variables used to generate the stratification, decadally
averaged growing degree days above 0°C (GDD) was obtained from the TraCE-21ka dataset, providing
a measure of temperature change relevant for fuel load variation. This was used for the correlation

analysis that followed the reconstruction of regional fire composites.

European climate and land cover datasets

The climate dataset used for the European-scale analysis is a gridded Holocene reconstruction based
on pollen data [105]. The reconstruction incorporates the effects of palaeo geographic changes that
occurred in Europe over the Holocene such as isostatic rebound and sea level changes. It is based on a
rigorous modern pollen dataset of over 4700 samples, as well as a fossil pollen dataset comprising 879
pollen sites. It is currently the most up-to-date Holocene gridded climate reconstruction spanning Eu-
rope. The palaeo climatic values were reconstructed for each pollen sample using the Plant Functional
Type Modern Analogue Technique [132, 133]. This assigns palaeo climate values to fossil pollen sam-

ples by assigning a given fossil sample the average climate value of its closest modern analogues. Prior
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to matching fossil pollen samples with their modern analogues, the technique converts pollen taxa into
plant functional types. This reduces the failure rate of the technique as a consequence of no-analogue
fossil samples [132, 133]. The uniform spatiotemporal dataset was generated using a four-dimensional
Thin Plate Spline interpolation through the pollen samples. The dataset is considered adequate for
use in defining a palaeofire environment stratification because when it was evaluated against multiple
independent climate reconstructions on a site-by-site basis, 78% of the independent reconstructions
were qualitatively classified as a good or very good match. Furthermore, the 22% classified as a poor
match nonetheless showed agreement that fell well within the combined confidence limits of the two
records, and over half of these poorly matched independent reconstructions were based on methods
that were found to be inconsistent for use in reconstructing climate [105].

The Mauri et al. [105] dataset provides nine climate variables, namely; mean summer (June-July-
August), winter (December-January-February), annual temperature and precipitation, mean annual
growing degree days, mean annual precipitation minus evaporation, and a moisture index variable.
The dataset has a 1-arc-degree spatial resolution and a 1000-year time step spanning the interval
12-Okya, although it does not have a 0-years-before-present (BP) value. This is because the data are
expressed as anomalies relative to a 100BP time point. The variables selected to represent seasonal
fuel dryness and fuel moisture were mean summer temperature and precipitation. These variables were
chosen because they showed better performance than other suitable variables (annual precipitation
and precipitation minus evaporation) in a cross-validation exercise conducted by the authors [105].
Additionally, the moisture index variable is not described in the article, and the growing degree days
variable has missing data in regions of high charcoal-record density such as the Swiss Alps [125].

The European forest cover reconstruction by Zanon et al. [127] is used as a measure of fuel
load. It was generated using the same Plant Functional Type Modern Analogue Technique employed
by Mauri et al. [105]. The dataset has a spatial resolution of 5 arc-minutes and spans the interval
12-Okya at a 250-year time step, with forest cover values expressed as percentages. The dataset also
performs adequately in a cross-validation exercise, showing high agreement (r = 0.75) with the general
trends of a separate forest cover reconstruction generated using an independent method [127]. The
reconstruction also shows agreement with land cover change narratives for Europe (e.g. [101, 113]),
and is further able to reproduce modern forest cover patterns.

In addition to the datasets used for defining the stratifications, land cover variables from the
Fyfe et al. [101] European reconstruction, specifically; needleleaf and broadleaf tree cover, heath and
scrubland, arable and disturbed land, and pasture and natural grassland cover reconstructions were
used in the correlation analyses. The Fyfe et al. [101] dataset is an ungridded dataset of 982 pollen
records where the percent cover of the various land cover classes have been reconstructed for each
record at a 200-year time step spanning ~11-Okya. The study generated the land cover values using
a pseudo biomization method, which transforms pollen proportions from a given site into one of eight
land cover classes. This method has been validated as effective at capturing pan-European patterns
in land cover classes, as a comparison of its modern land cover values with remotely-sensed land cover

maps showed that the two methods provided broadly similar estimates of percent cover [134].
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The Reading Palaeofire Database

The RPD contains a more comprehensive coverage of charcoal records across the NET than any
previous palaeofire database [78, 125]. Additionally, many of the records have new chronologies based
on the appropriate IntCal20 radiocarbon age calibration curves [135], with the less recent, original
chronologies also being preserved in the database. In the RPD, there are many cases where a single
site (e.g. one lake basin) has had multiple records taken at different locations within the site, or has
had different charcoal measurements (e.g. macro- vs micro- charcoal) or measurement methods (e.g.
pollen slide vs sieved charcoal) applied to the same samples of a single record. These methodological
site duplicates are treated as distinct entities in the RPD, such that there is a one-to-many relationship
between the site metadata and the entity data of a given site. The ability to select from a range of
entities within a site facilitates the customisation of the charcoal subset to better suit the study aims

based on desirable methodological criteria of the records.

Analytical methods

Environmental data processing

In order to generate the NET stratification, it was necessary to apply various prior data filtering and
processing steps to the NPP, VPD, and MI TraCE-21ka variables. These were needed in order to
transform and standardise the variables into the appropriate form for clustering in line with the study
aims, as well as to account for various sources of extraneous variation. The NPP variable is distributed
across ten netCDF data layers, representing ten plant functional types. These were summed to produce
a single NPP value per time point per grid cell. To identify and remove data values in the three
variables that are present for periods of land ice coverage, the Ice-5G ice mask model (provided with
the same coordinates and structure as the TraCE-21ka data by Patrick Bartlein) [136] was used. This
ice mask is considered a reasonable approximation of ice cover change over palaeo timescales because
it shows high agreement with time-dependent gravity field observations [137]. Lastly, to ensure that
only grid cells with data presence in all three variables were used in the clustering, the three datasets
were filtered to remove grid cells with no data across all time points in any one dataset. This may
occur in cases where a grid cell contains a water body for the full time interval and hence has no NPP
values but nonetheless has climate values present.

The VPD and MI data were converted from anomalies to actual values. This was done because
clustering anomalies may obscure the detection of differences in baseline environmental space by the
clustering algorithm. This effect can have consequences for the ability to detect distinct palaeofire
environments with different respective fire-environment relationships. For example, consider the inter-
mediate fire-productivity hypothesis [37], where the relationship of productivity to fire depends on the
background level of moisture, and the effect of this interaction is most pronounced when comparing
the humid tropics to arid regions. In a hypothetical case of arid and tropical regions experiencing
similar moisture variability over a given time period, clustering anomalised data would group these
regions into the same spatial unit, thereby confounding two distinct palaeofire environments. Given
the broad geographic scope and environmental heterogeneity of the NET, the probability of any two
TraCE-21ka grid cells that are from different background environments having similar environmental

variability is likely to be non-negligible, especially considering that the dataset is effective at capturing
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continental-scale palaeo climate changes in the NET which covary across different climate and biome
space within continents [46, 88, 89, 100, 103, 104, 106].

To achieve the conversion of VPD and MI to actual values, the CRU TS 4.0.5 dataset [138], a
modern climatology dataset with a 0.5-degree uniform grid, was used. This dataset is derived by
the interpolation of monthly climate anomalies from broad networks of weather station observations
from across the globe using an angular-distance weighting interpolation method. The interpolated
temperature and precipitation data are considered an accurate representation of modern climate values
because these variables are shown in a cross-validation exercise to be highly correlated to validation
data and other global climate datasets [138]. The CRU TS dataset was used to generate respective
1975 CE mean VPD and MI gridded data layers to add to the VPD and MI anomalies. The means
were generated in accordance with the method originally used to anomalise the MI and VPD data,
i.e. using a tricube-weight function with a 30-year half-width. The CRU TS dataset supplies potential
evapotranspiration and precipitation at monthly resolution, which was used to derive annual MI (ratio
of annual precipitation to potential evapotranspiration). For the derivation of VPD, the CRU TS 2-
metre temperature variable and the (actual) vapour pressure (AVP) variable were used. Temperature

was used to derive saturation vapour pressure (SVP) in kilopascals using:

(17.27(T)/(T+237.3))

SVP =0.6108.¢ (1)

where T is temperature in °C. AVP was converted to kilopascals from hectopascals and VPD was
calculated as VPD = SV P — AV P, in agreement with how the TraCE-21ka VPD data was derived
(personal communication, Patrick Bartlein).

To spatially align the TraCE-21ka and CRU TS datasets, the CRU TS dataset was downsampled
from a 0.5-degree grid to an idealised version of the TraCE-21ka grid using a bilinear interpolation
function from the ‘raster’ R package [139]. The idealised grid has identical coordinates to the TraCE-
21ka grid except the latitudes increase uniformly (the only effective change was that the lowest latitude
value was increased by 0.01 relative to the TraCE-21ka grid, creating a grid with latitudes increasing
at exactly 3.71-degree increments). The irregular TraCE-21ka grid was then bilinearly interpolated
to the idealised grid using the ‘akima’ R package [140]. Once the datasets were spatially aligned, the
corresponding tricube-weighted means were added to the MI and VPD anomalies. Subsequently, the
maximum monthly VPD value was selected within each decadal climatology of the VPD dataset.

At the European scale, the forest cover and climate datasets were spatially aligned for clustering,
by projecting the forest cover dataset to the extent and resolution of the climate dataset using bilinear
interpolation [139]. The forest cover dataset was then temporally binned to match the 1000-year
resolution of the climate data, using a 500-year binning half-width. This was done by aggregating
all time points present within each 1000-year time window into a mean value representing the given
bin. The 0BP bin for a given forest cover grid cell was assigned the time value of 100BP to match
the binning of the climate data, since the bin value centred on 0BP was identical to the hypothetical
value if the bin were centred on 100BP at the same binning half-width. The forest cover time series
of each grid cell was then anomalised relative to its 100BP value. In contrast to the NET analysis,
anomalised data was used for clustering at the European scale. This is because the potential effect of
anomalised data obscuring differences in baseline environmental space is expected to be unimportant

at the European scale because of its relatively small geographic scope and the fact that European
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climate is largely influenced by a single climate system [109, 110], as well as the fact that the Mauri
et al. [105] and Zanon et al. [127] datasets capture spatial differences in environmental changes at a
resolution well within the geographic scope of the different climate systems affecting the continent
[108-110].

Charcoal data processing

The fire reconstructions were limited to the region >45N for this analysis. This limit was imposed
in order to focus on the regions of the NET that experienced the latter stages of the most recent
continental ice sheet declines [102, 107, 136, 141] and that contain the boreal carbon sinks [96, 142].
Additionally, since this work is the first attempt to delineate NET palaeofire environments, it was
considered sensible to take a precautionary approach to minimise complexity of the analysis as far
as possible. Limiting the latitudinal range over which charcoal records are aggregated reduces the
environmental heterogeneity of the fire study region. This reduces the chance of producing fire histo-
ries for regions with similar fuel moisture and load history that may be divergent in other potentially
fire-relevant processes not included in the stratification definition (e.g. species composition or temper-
ature), thereby increasing the chances of producing robust fire composites. After limiting the RPD to
>45N, there was a total number of 673 remaining charcoal sites.

To avoid pseudoreplication, a single charcoal entity was chosen from the sites that contain mul-
tiple entities. Primarily, cores extracted in a central location within a basin were prioritised over
marginal cores because central cores provide a depositional environment that is typically more sta-
ble to geomorphological processes and where sediment accumulates more uniformly and completely
relative to marginal locations. Secondarily, because charcoal sampling across the NET is typically
biased in favour of the mid- and late-Holocene periods [78, 94, 138], cores with a larger depth interval
(difference between the largest and smallest sample depth of a given core) were prioritised, to max-
imise the number of samples from the earlier periods of the Holocene. The third filtering criterion was
to prioritise a smaller charcoal size fraction because microscopic charcoal fragments are regarded as
more responsive to regionally integrated fire signals at the catchment scale and beyond compared to
macroscopic particles, as their size facilitates long-distance aeolian transport [78, 81, 143]. The final
filtering criterion was to select entities for which charcoal was measured on pollen slides rather than
by sieving. The sieving method is used to identify macro charcoal fragments while pollen slide mea-
surement enables identification of microscopic fragments, hence this criterion is included to account
for cases where the size fraction was not evident from the unit of measurement. This tiered filtering
structure is designed to favour records containing a more robust, long-term, regional charcoal signal
over a less robust, temporally limited, and more localised signal. To avoid pseudoreplication at the
sample level, reduce gaps in the charcoal time series, and maximise data consistency, data filters were
applied to the charcoal samples comprising the entities. Namely, samples with missing charcoal or
depth values were removed. Duplicate samples within an entity (identified as duplicates of charcoal
measurement, depth, and age) were also removed.

The RPD records cannot be compared in raw form due to a wide array of measurement units
used across records. It is thus necessary to standardise the units prior to compositing. A reliable
approach in palaeofire literature and which is applied in this study is the charcoal standardisation

and transformation procedure described in Power et al. [86]. This method converts charcoal sample
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concentrations to influx by calculating sedimentation rates down core using the sample depths and
core chronology. The influx values are then transformed to ensure all records are on a common scale
and have normal variances, being expressed as Z-score anomalies relative to a common base period.
In the data subset used here, the vast majority of records are available for this standardisation and
transformation method. This is because most records are provided as the required concentration
data, or are ‘concentration-like’, for example, being expressed as pollen concentrations (typically
ratios of charcoal fragments to pollen, which are categorised as concentration in Power et al. [86]).
Alternatively, they are expressed as fragments per unit weight rather than volume and therefore are
synonymous with concentration. A few records are provided as raw counts with the sample volumes
supplied enabling a simple conversion to concentration, which was done to these records in the >45N
subset. Some records are provided in influx and can be directly transformed into Z-scores. A number
of records are not provided with a clear unit, or are provided as raw counts without corresponding
sample volumes and therefore cannot be expressed as concentration. These were filtered out of the
analysis. Additionally, records with charcoal values in concentration that did not have a chronology
supplied or that had depths of zero throughout the core were removed, because it is not possible to
calculate their sedimentation rates for the required influx conversion.

To attempt to maximise the chronological accuracy of the charcoal records, the available IntCal20
chronologies for some charcoal records were used to derive influx. For entities in concentration, this was
done by multiplying the charcoal concentrations by sedimentation rates calculated using the median
values of the IntCal20 chronology. Concentration entities without IntCal20 chronologies were converted
to influx using their original chronologies. For entities provided in influx, using the IntCal20 chronology
required back-transforming the charcoal values to concentration using sedimentation rates derived
from the original chronology, before converting these concentrations to influx using sedimentation
rates derived from the median IntCal20 chronology. In total, IntCal20 chronologies were used to
generate charcoal influx for 238 entities. Once all entities were expressed as influx, Z-scores were
derived via the Power et al. [86] transformation and standardisation method. The base period used
was 0.2-12kya, which excludes the effect of the industrial revolution and post-industrial period on fire
activity.

Each charcoal record was temporally binned into a 500-year-resolution Z-score time series. The
bin sequence used had the first bin centered on 100BP and the last on 11600BP with a half-width
of 250 years. This sequence was chosen to preserve the highest amount of data per bin, reduce the
number of missing bins in the dataset, and reduce the influence of age model uncertainty on the
chronologies. At the relatively low number of charcoal records covering sub-continental regions in the
NET (typically a few tens of records), it is reasonable to expect the prevalence of a low sample size per
bin in the final composites, which can have important effects on the robustness of the reconstructed
fire histories. Chronological uncertainty also becomes greater at higher bin resolution [144], as well
as at lower sample sizes because uncertainties are not smoothed out to the same degree as when
aggregating across a large number of records. Finally, a 500-year bin resolution is appropriate given

the focus of the study being to capture general temporal fire patterns over the Holocene.
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Palaeofire environment stratification definition

In order to define a palaeofire-environment stratification from the gridded environmental datasets,
a biclustering algorithm was used. This simultaneously clusters grid cells as well as individual time
points into a pre-specified number of spatial and temporal clusters, assessing the optimal cluster
assignments as those that minimise the sum of squared errors across all clusters [145]. Clustering
in time allows similarity among records that may exist for a subset of the time domain to influence
the cluster assignments independently, which results in higher clustering precision than clustering in
space only. This algorithm is also preferable to other clustering methods such as k-means because it
is designed to handle missing values and therefore facilitates the preservation of a large amount of
information [145]. It was implemented in this analysis with 500 repetitions to avoid convergence to
local optima with the most parsimonious iteration being automatically selected using the R package
‘biclustermd’ [146].

The algorithm requires manual specification of the number of spatial and temporal clusters before
implementation. To assist the selection of the appropriate number of clusters, a separate algorithm was
formulated based on the Aikaike Information Criterion. This algorithm selects an optimal combination
of space and time clusters from a pre-specified range, optimising for parsimony by penalising for a high
number of parameters estimated and rewarding for the amount of variation explained. It is calculated
as:

k= n.ln(snﬁ) + 2(r.c) (2)
Where n is the number of grid cells, r and ¢ are the number of spatial and temporal clusters respectively,
and sse is the final sum of squared errors across all biclusters within a given r.c combination. The r.c
combination that results in the lowest value of k is selected as the optimal combination.

At the NET scale, the full dataset (with a latitudinal extent of 31.55-72.36N) was used in the
biclustering algorithm, and at the European scale, all grid cells spanning Europe (with a latitudinal
and longitudinal extent of 29.5-70.5N and —9.5-42.5 degrees east respectively) were included. The
decision not to confine the biclustering to the >45N region of the charcoal analysis was done to allow
fuel moisture and load processes spanning the 45N boundary (e.g. climate circulations) to inform
the cluster assignments. This facilitates the respective fuel moisture and load stratifications being
representative of fire-relevant environmental variation of the full NET/European regions. To ensure
that the clusters represent spatiotemporal partitions that are temporally relevant to the fire responses,
the three variables at the NET scale were binned in accordance with the charcoal binning specification.
This was also done for the GDD variable to be used for later compositing and correlation with the
fire responses.

After binning and at both respective scales, grid cells with more than half of their record missing
were filtered out of the analysis. This was done to ensure that long-term palaeo environmental variation
is used to determine the clusters. At the NET scale, an interval longer than the Holocene was used in
the clustering, in order to obtain clusters that capture the long-term environmental transition from the
last glacial period. It was found that using the full 21ky period would result in too many grid cells in
regions with charcoal coverage being filtered out due to a large number of grid cells being ice-covered
in the early part of the TraCE-21ka simulation (hence having more than half of their NPP record

missing). An interval of 0-14.1kya was found to preserve all grid cells with high charcoal coverage
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after applying the temporal filter, hence the three NET variables were subsetted to this interval prior
to applying this filter.

In order to cluster the grid cells using the temporal variation in all three environmental variables
simultaneously, the three variables were concatenated into a single dataframe to be biclustered, such
that each grid cell contained all three environmental time series combined into a single effective time
series. This approach creates two potential sources of erroneous cluster-assignment bias: 1) differences
in bin missingness and hence data availability among variables within a grid cell. This can result in
variables with more data than others contributing disproportionately to the assignment of the grid
cell into a cluster; 2) since variances of the three variables at both respective scales span orders of
magnitude, the variation of one variable may be flattened in the presence of a variable with much
larger variance in the same grid cell, making it less visible to the algorithm.

To address these issues, the respective bin missingness patterns of the three variables within a
given grid cell were homogenised. This was done within a given grid cell by deleting data across all
three variables in a given bin, if the bin contained no data in any one variable. To address the second
source of bias, the variances of the three variables were homogenised. This was done by scaling two
of the three variables by a factor that resulted in them having an identical interquartile range to the
third, unscaled variable. At the NET and European scales, the unscaled variable was MI and summer
temperature respectively.

To avoid potentially defining the stratifications based on spurious variation, the three variables
were examined for collinearity by correlating the three variables with each other at both respective
scales. The three variables were judged to be independent at both scales (figure A.1).

The optimal combination of time and site clusters was selected at both scales using the AIC-based
optimisation algorithm (equation 2). The optimal combination was chosen from a set of biclustering
implementations containing all combinations of 2 to 18 site and 2 to 22 time clusters at the NET
scale, and 2 to 13 site and 2 to 18 time clusters at the European scale. At the NET scale, 18 was
chosen as the maximum number of possible site clusters as it provides adequate spatial separation
to describe broad sub-continental patterns, and 22 time clusters provides enough resolution to detect
important localised variation in the time axis of 29 time points (providing scope for <2 time points per
time cluster). At the European scale, the choice of 13 as an upper site-cluster limit was guided by the
number of zones in the modern environmental stratification for Europe of Metzger et al. [124]. Judging
from the typical size of the clusters in the modern stratification, 13 sets an appropriate upper limit
that prevents isolating very small clusters that are too specific and poorly sampled to be informative
for a palaeo charcoal synthesis. The maximum time cluster allowance of 18 is appropriate given the 33
effective time points of the clustered dataset (three of the 36 time points, at 100BP, have values of zero
for all grid cells as all values are anomalised relative to this time point). The optimal r.c combination
was found to be 13 site and 11 time clusters at the European scale by more than two k values (figure
A.2), and at the NET scale the optimal combination was found to be 17 site and 8 time clusters by

more than two k values as well (figure A.3).

Composite curve generation

Charcoal records were assigned to stratification clusters based on the site cluster value of the strat-

ification grid cell that was in closest proximity to a given charcoal record. Closest proximity was
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determined by finding the grid cell with the smallest summed latitude and longitude distance to a
given charcoal record. Where a charcoal record was equidistant between two grid cells on the same line
of latitude but which fell on longitudes on either side of the charcoal record or vice versa, the charcoal
record was assigned to the grid cell with the smaller value in the axis that varied (this occurred for a
single charcoal record). To ensure that charcoal records were spatially representative of the clusters
to which they were assigned, if no stratification grid cell fell within a uniform 2-degree cell containing
a given charcoal record at its centre, the charcoal record was filtered out of the analysis (this can
occur in cases where a charcoal record was taken from a marine depositional environment, hundreds
of kilometres from a land mass).

Composite charcoal curves were generated for each cluster by fitting a loess curve to the pooled
records using the R package ‘locfit’ [147]. The curves were fitted with a window width of 1500 years
and were estimated at the same time positions as the charcoal binning sequence. The fitted curves
were bootstrap-resampled 500 times to derive 95% confidence intervals. Charcoal composites were
generated only for clusters that had 10 or more charcoal records in each bin for a continuous 4ky
interval, guided by previous literature [94].

As some NET clusters span both North America and Europe, this provides an opportunity to
investigate whether the fire histories of a single palaeofire environment differ between two regions with
different species composition and human land use histories. For this reason, all clusters with charcoal
records located on both continents had composite curves generated separately for either continent.

Composites of the environmental variables were created in the same way as was done for the
charcoal data. This was done only for clusters that had charcoal composites successfully generated.
To ensure that the environmental composites represent the environmental variation that produced the
fire variation of a given cluster, only the grid cells containing charcoal records within a cluster were
used to generate the environmental composites. All environmental variables were composited in their
original values (the actual values in the cases of VPD and MI at the NET scale), as opposed to using
data that was transformed and filtered for clustering. Bootstrap-resampled confidence intervals were
generated for the NET-scale composites on condition that there were 10 or more grid cells comprising
the mean composite curve. At the European scale, the forest cover composites were generated after
binning the data to the bin specification of the charcoal records. The European climate composites
were generated at their native 1000-year time resolution for the 12-Okya period. The European-
scale forest cover and climate data standard errors were used to obtain uncertainty estimates around
the fitted composite curves. The forest cover standard error dataset was resampled to the spatial
resolution of the climate dataset using bilinear interpolation [139], and composite curves were then
generated for this and the climate standard error variables in the same manner as described for the
mean datasets. The upper and lower uncertainty time series around a given mean composite were
obtained by subtracting and adding the fitted standard error composite from and to the corresponding
mean composite.

Composites of the five Fyfe et al. [101] land cover classes were also generated for the European-
scale clusters as well as the NET clusters spanning the geographic range of the Fyfe et al. [101] dataset.
The land cover data was filtered to contain a single entity per site by choosing the longer entity where
this existed. There were eight sites where multiple entities were equivalent in length, and in these

cases one entity from each site was selected arbitrarily. The Fyfe et al. [101] entities were assigned
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to clusters in the same way as was done for the charcoal records except that only stratification grid
cells containing charcoal records were used for this (figures A.4, A.5). These land cover entities were
then binned to the charcoal-record bin specification and subsequently composited with estimation of
bootstrap-resampled confidence intervals using the same approach as for the NET-scale environmental

composites.

Fire-environment correlations

Quantitative relationships between the composite curves of the environmental variables and the char-
coal were investigated using correlation analyses. For a given charcoal composite, this was done
using only the time points that contained at least 10 charcoal records within the 1500-year smooth-
ing window. Correlations were calculated for the intervals 4-Okya, 8-4kya, and 12-8kya respectively,
provided there were at least three time points available in a given interval. These 4ky time intervals
were motivated by previous palaeofire literature that used a similar temporal breakpoint structure
to successfully analyse Holocene fire evolution [116]. They were also selected to ensure fair compar-
ison of correlations among time intervals (given their equal number of time points), and in order to
isolate potentially different fire-environment relationships during Holocene sub-periods expected to
have generally different environmental states. Correlations between the charcoal and the Fyfe et al.
[101] land cover composites were not interpreted for the 12-8kya interval because the method used
by Fyfe et al. [101] to generate the land cover classes is unsuitable for quantifying early-Holocene
vegetation change. This is because it is optimised to reconstruct anthropogenic as well as natural
land cover classes, and anthropogenic land cover change is known to have become important from
the mid-Holocene [101, 148]. To generate the European-scale fire-climate correlations, the charcoal
composites were binned to the 1000-year resolution of the climate composites. For the clusters that
spanned both continents at the NET scale, the two continental fire responses were correlated using
the same approach as for the fire-environment correlations. All analyses were done in R [149]. A list
of all software packages used in the analysis is provided in table A.1 in Appendix A. Supplementary
analyses were conducted to provide additional validation of some of the methodological approaches

employed, which are described in Appendix B.
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Results and Discussion:

Northern-extratropical scale

Results

A total of 593 grid cells from the TraCE-21ka climate model were clustered into the 17 spatial clusters
to produce a continuous NET stratification between 30-75N (figures 1, 2, A.6-A.8). There was sufficient
charcoal coverage to generate composites for 10 of the spatial clusters, hence the analysis was limited to
these clusters. The 10 clusters show general latitudinal patterns in moisture availability, growing days
and productivity (figures A.9-A.12). Clusters 1 and 4 are high-latitude clusters located in the general
region of Beringia. They generally show the lowest NPP, GDD, and MI of all clusters, seen by the
combined interquartile ranges (IQR) of their boxplots (12-Okya combined IQR: NPP: ~0-200; GDD:
~0-40; MI: ~ —1-0.4). Clusters 5 and 6, located in Fennoscandia, far-southeast Russia, south west
Canada, central Canada, and northeast Quebec, have low-to-intermediate NPP, GDD, MI, and VPD
(12-Okya combined IQR: NPP: ~150-600; GDD: ~30-200; MI: ~0.25-1.1; VPD: ~0.3-1.1). Cluster 10
spans the Altai Mountain region of north west Mongolia and the West Siberian Plain, while cluster
11 is distributed in the regions of Lake Baikal in southern Siberia and Lake Hovsgol in north central
Mongolia. Clusters 10 and 11 have similar NPP, MI, and VPD to clusters 5 and 6, but have slightly
higher GDD values over 12-Okya (12-Okya combined IQR: GDD: ~120-300).

Clusters 12 and 16 have higher NPP and GDD compared with clusters 10 and 11 (12-Okya com-
bined IQR: NPP: ~900-1700; GDD: ~170-750; figures A.11, A.12). In Eurasia, cluster 12 spans the
hemiboreal region between Fennoscandia and continental Europe, and northeast China (figures 1, 2).
In America it is located south of James Bay and in the interior Pacific northwest region of the United
States. Cluster 16 is located in the region of the Pacific northwest coast of North America, as well
as the Atlantic northeast coast of the United States and southern Quebec. In Eurasia it covers the
central British Isles and south/central Europe in the general region of the Swiss Alps. It has high MI
relative to other clusters (12-Okya IQR: ~1.4-2.4; figure A.9).

Cluster 13 has the highest NPP of any cluster and consistently high GDD relative to other clusters
(12-Okya IQR: NPP: ~1500-2000; GDD: ~450-650; figures A.11, A.12). It is located directly south
of the American clusters 5, 12, and 16 in the northern regions of the United States. In Eurasia it is
also located in regions directly south of cluster 12, covering central and southern Europe and some
spatially discontinuous grid cells in central eastern China (figures 1, 2). Cluster 17, mainly located
in boreal eastern North America, exhibits generally very high MI and very low VPD relative to other
clusters (12-Okya IQR: MI: ~1.2-1.7; VPD: ~0.1-0.4; figures A.9, A.10). It is thus an exception to the

general latitudinal pattern in moisture availability seen across the clusters.
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Figure 1: NET stratification of palaeo environmental space generated by biclustering grid cells of the TraCE-21ka
dataset based on temporal variation in moisture index, vapour pressure deficit, and net primary productivity
variables over the period 14.1-Okya, shown for North America. Black points are locations of charcoal records.
Spatial clusters are colour-coded and numbered in the legend.

Of the 578 charcoal records that remained after pre-clustering filters were applied, 558 were used
to generate composite curves for the 10 clusters (figures 1, 2). Clusters 5, 12, and 16 contain enough
charcoal records to enable composite generation separately for either continent. This resulted in a
total of seven composites being generated for America (clusters 1, 4, 5, 6, 12, 16, and 17), and six for
Eurasia (clusters 5, 10, 11, 12, 13, and 16). All Eurasian clusters except 10 and 11 have at least 39
charcoal records comprising their composite curves and span the full time period investigated (figures
A.13-A.18). Of the American clusters, 6, 12, 16, and 17 contain at least 41 charcoal records and their
composites span at least the last 10.1ky (figures A.13, A.14, A.16, A.18-A.20). All clusters except
most with lower sample sizes, namely the American clusters 1, 4, 5 and Eurasian cluster 10, show
well-constrained charcoal composites with tight confidence intervals (figures 3-10, A.21-A.25). It is
noteworthy that this is the case for cluster 11 considering its low sample size of 16 charcoal records
and its broad geographic distribution (figure 2).

The fire responses of all clusters show correlations of >= (0.5 with at least one TraCE-21ka
environmental variable for the 12-Okya interval, except clusters 4, 6, 10, and the Eurasian cluster 5
(tables A.2, A.3). All clusters but one exhibit correlations of >= |0.75| with at least one variable for
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at least one 4ky interval (figure 11; tables A.2, A.3). The exception is cluster 1, which is nonetheless
correlated with NPP during the 8-4kya interval with an r value of —0.72. In both American and
Eurasian clusters, the direction of many of the fire-environment relationships change among the 4ky
intervals. In the NET clusters spanning Europe, there is a systematic pattern in which the direction
of the relationships change between the 12-8kya and 8-4kya intervals, namely for the clusters 5, 12,
13, and 16, at least one of the following changes in the sign of the correlation occurs: GDD, VPD, and
NPP change from positive to negative; MI changes from negative to positive (table A.3). Additionally,
between the 8-4kya and 4-Okya intervals in the NET clusters 13 and 16 in Europe, the dominant fire

control changes from needleleaf cover and NPP respectively to open/human land classes (figure 11).
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Individual cluster results
Clusters 1, 4, and 5: Boreal Northwestern America

Clusters 1, 4, and 5, which span boreal northwestern America, all experience long-term, generally linear
declines in GDD, NPP, and VPD and a corresponding increase in MI from the early/mid-Holocene to
the present (figures 3, A.21, A.22), however, the fire responses differ among these three clusters. In
cluster 1, there is an abrupt fire increase between 7.1-6.1kya after which it remains relatively stable
until 0.6kya, then moderately decreases. In cluster 4, the fire response gradually increases between
7.6-3.1kya and subsequently declines until the present. In cluster 5, the fire response generally declines
over the full 5.6ky period, although this decline is poorly constrained. The cluster 5 fire decline is
positively correlated with declining GDD, NPP, and VPD and negatively correlated with increasing
MI (12-Okya correlations: GDD: r = 0.74; NPP: r = 0.77; VPD: r = 0.83; MI: r = —0.71). For clusters
1 and 4 in the 8-4kya interval, the fire increases are negatively correlated with declining NPP and GDD
and increasing moisture levels (cluster 1: NPP: r = —0.72; VPD: r = —0.67; GDD: r = —0.68; cluster
4: NPP: r = —0.75; GDD: r = —0.77; VPD: r = —0.72; MI: r = 0.66), while in the 4-Okya interval
in cluster 4, the same environmental patterns show the opposite relationship to the now-declining fire
response (NPP: r = 0.56; GDD: r = 0.58; VPD: r = 0.74; MI: r = —0.77). The late-Holocene fire
decline in this cluster occurs along with NPP and GDD reaching a value of ~0 by ~2.1kya. Similarly,
the decrease in fire from 0.6kya in cluster 1 occurs as GDD, NPP, and VPD reach long term minima
and MI is at a general high-point. The moisture variables are the strongest predictors of fire in the

late-Holocene interval across boreal northwestern America (figure 11).

Clusters 6 and 12: mid-latitude boreal/temperate North America

The American cluster 12 experiences a large increase in fire between ~11.1-9.6kya corresponding to
large increases in GDD and NPP (figure 5). As a result, GDD and NPP are strongly positively
correlated with fire in the 12-8kya interval (NPP: r = 0.91; GDD: r = 0.79). In clusters 6 and 12,
fire declines between 10.1-7.1kya and 9.6-4.1kya respectively (figures 4, 5). In cluster 12, the gradual
mid-Holocene fire decline follows a relatively stable pattern in NPP and GDD compared to the early
Holocene, and fire is more strongly correlated to the increasing moisture levels than GDD and NPP
during the 8-4kya interval (MIL: r = —0.58; VPD: r = 0.71; GDD: r = 0.46; NPP: r = —0.44). Similarly,
in cluster 6, the declining fire response until 7.1kya corresponds to generally increasing MI (figure 4).
The oscillatory features of the fire curve within this declining trend appear related to similar features
in the VPD curve that are large relative to the VPD variation across the Holocene (the change in
VPD until 7.1kya spans ~0.5 kilopascals, a similar range to the long-term declining VPD trend from
the mid-Holocene onwards). This is supported by the 12-8kya correlations showing that fire has a
relatively high positive correlation with VPD (r = 0.6), comparable to its highest 12-8kya correlation
with NPP (r = 0.62). Additionally, the NPP correlation appears to be spuriously inflated due to it
being generated from minimal variation in the NPP curve relative to the fire curve pre-8kya (figure
4).

From 7.6kya, the number of charcoal records in cluster 6 more-than doubles as the records in
north Quebec begin recording charcoal (figure A.14). Between 7.1-5.1kya, there is a large increase in

NPP corresponding to a large increase in fire (figure 4). This is reflected in the 8-4kya fire correlation
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Figure 3: Holocene biomass burning and environmental composite curves for the NET cluster 4, North America,
all smoothed using a 1500-year window width. The time interval (shown on the x-axis in years before 1950 CE)
is limited to the period within the 11.6-Okya interval in which all time points contain at least 10 charcoal records
in the smoothing window. The composite curves are shown with 95% bootstrap confidence intervals, except
for composites comprised of less than 10 individual time series. The number of charcoal records comprising the
biomass burning response (n) and the cluster identity value (k) are shown on the top panel.

with NPP (r = 0.77). Both NPP and fire stay at high levels until 2.1kya in cluster 6. In cluster 12, fire
increases substantially between ~4-1.6kya to its highest Holocene value, however, this occurs despite
no proportional change to the environmental variables, which maintain their general long-term trends
from the mid-Holocene (figure 5).

From 2.1kya, cluster 6 experiences a large, progressive fire decline to the present, reaching its
lowest overall value throughout the 10.1kya period (figure 4). In accordance with this, between ~3.1-
Okya VPD and MI progressively decrease and increase respectively, reaching their lowest and highest
overall values. This is reflected by the 4-Okya correlations for cluster 6, with VPD being the most
important predictor of fire and exhibiting a strong positive fire relationship, while MI has the second-
highest explanatory power and is negatively related (VPD: r = 0.7; MI: r = —0.44; figure 11; table
A.2). Similarly, cluster 12 also experiences a decline in fire between 1.6-Okya from its overall maximum
centred on 1.6kya, however the consistent environmental trends from preceding millennia persist into

the 1.6-Okya interval and appear unable to account for the fire decline (figure 5).
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Figure 4: Holocene biomass burning and environmental composite curves for the NET cluster 6, North America,
all smoothed using a 1500-year window width. The time interval (shown on the x-axis in years before 1950 CE)
is limited to the period within the 11.6-Okya interval in which all time points contain at least 10 charcoal records
in the smoothing window. The composite curves are shown with 95% bootstrap confidence intervals, except
for composites comprised of less than 10 individual time series. The number of charcoal records comprising the
biomass burning response (n) and the cluster identity value (k) are shown on the top panel.

Cluster 16: Maritime temperate North America

The American cluster 16 has a variable Holocene fire response that is most strongly explained by its
inverse relationship with annual moisture variability (12-Okya correlation: MI: r = —0.51; table A.2;
figure 6). As in the adjacent cluster 12, fire increases from the early Holocene to a high-point between
9.6-8.1kya. This increase corresponds to generally increasing GDD, a steep NPP increase, and lowered
levels of MI. The 12-8kya correlations reflect these patterns, as fire is positively correlated with NPP (r
= 0.67) and GDD (r = 0.87). Between 7.6-4.1kya, fire generally declines as NPP and MI increase and
VPD decreases. In the 8-4kya interval, the fire decline is strongly negatively related to the increasing
NPP (r = —0.77) and MI (r = —0.93) and positively related to the declining VPD (r = 0.96).

At 2.6kya, VPD and MI reach general long-term minimum and maximum values respectively
(figure 6), similar to the moisture patterns seen in clusters 1, 4, 6, and 12. MI has a turning point at
this time where it begins to gradually decline until the present, while the long-term VPD decline is
similarly attenuated between 2.6-Okya. In addition to these moisture changes, from 2.6kya, GDD starts

increasing at a slightly higher rate relative to the preceding three millennia. These environmental
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Figure 5: Holocene biomass burning and environmental composite curves for the NET cluster 12, North America,
all smoothed using a 1500-year window width. The time interval (shown on the x-axis in years before 1950
CE) is limited to the period within the 11.6-Okya interval in which all time points contain at least 10 charcoal
records in the smoothing window. The composite curves are shown with 95% bootstrap confidence intervals.
The number of charcoal records comprising the biomass burning response (n) and the cluster identity value (k)
are shown on the top panel.

changes correspond to a turning point in fire at 2.6kya where it starts increasing to the present.
Moreover, fire is positively related to GDD between 4-Okya (r = 0.94), although the large increase in
fire between 2.6-Okya appears out of proportion relative to the corresponding changes in the GDD,
MI, and VPD patterns.

Cluster 17: Northeastern boreal America

Before ~8kya, cluster 17 shows extremely high levels of MI and very low levels of VPD (figure 7), and
the predominant time of year in which VPD is at a maximum in the grid cells containing charcoal
records is during the winter/spring months (figures A.26-A.29). After ~8kya, this changes to sum-
mer/autumn (figures A.30-A.37). This change occurs along with a near-tripling of VPD levels and a
large decline in MI between 8.6-7.6kya. GDD and NPP increase substantially from the start of the
record until ~7.6kya, after which they begin a more gradual decrease to the late Holocene, while MI
shows the inverse Holocene trajectory. VPD declines from ~7.6kya, reaching its early-Holocene levels
by 2.1kya.

The fire response increases from ~10kya (figure 7) to a peak between 9.6-9.1kya. Fire then
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Figure 6: Holocene biomass burning and environmental composite curves for the NET clusters 16, North
America, all smoothed using a 1500-year window width. The time interval (shown on the x-axis in years before
1950 CE) is limited to the period within the 11.6-Okya interval in which all time points contain at least 10
charcoal records in the smoothing window. The composite curves are shown with 95% bootstrap confidence
intervals, except for composites comprised of less than 10 individual time series. The number of charcoal records
comprising the biomass burning response (n) and the cluster identity value (k) are shown on the top panel.

declines to its lowest Holocene levels between ~8-6.6kya, at a time when the cluster was its driest
with maximal fuel loads, seen by GDD, NPP, and VPD being at their maximum Holocene values and
MI at its minimum during this time. In agreement with these patterns, the 8-4kya correlations show
that fire has high negative correlations with GDD, NPP, and VPD (GDD: r = —0.79; NPP: r = —0.62;
VPD: r = —0.84) and a positive correlation with MI (r = 0.76). From ~6.6kya, the number of charcoal
records from central Quebec contributing to the fire composite substantially increased (figure A.20).
Fire gradually increases between ~6.6-Okya along with the increasing moisture and declining NPP
trends. The correlation patterns seen in the 8-4kya interval are generally maintained in the 4-Okya
interval (GDD: r = —0.53; NPP: r = —0.48; VPD: r = —0.61; MIL: r = 0.71).

Clusters 5, 12, 13, and 16: Europe

Clusters 5, 12, 13, and 16 all show generally similar patterns of variability in their environmental
variables, and all exhibit a general increase in fire over the Holocene (figures 8, A.23-A.25). Cluster
12 deviates from its long-term increasing trend between 8.1-6.1kya where it declines, culminating in

a mid-Holocene minimum. Additionally, cluster 13 has a variable and weakly decreasing fire response
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Figure 7: Holocene biomass burning and environmental composite curves for the NET clusters 17, North
America, all smoothed using a 1500-year window width. The time interval (shown on the x-axis in years before
1950 CE) is limited to the period within the 11.6-Okya interval in which all time points contain at least 10
charcoal records in the smoothing window. The composite curves are shown with 95% bootstrap confidence
intervals, except for composites comprised of less than 10 individual time series. The number of charcoal records
comprising the biomass burning response (n) and the cluster identity value (k) are shown on the top panel.

between 9.6-3.6kya.

These four clusters experience a similar environmental shift towards more seasonally dry conditions
in the early Holocene seen by large VPD increases, which correspond to their fire increases (figures 8,
A.23-A.25). In the northern European clusters 5 and 12, this shift is accompanied by a large decline
in year-round moisture as shown by their large MI declines. However, the early-Holocene decline in
MI in cluster 12 reaches a minimum 0.5ky earlier than the minimum in cluster 5. This moisture shift
occurs with a progressive shift in the predominant season in which VPD is at a maximum in northern
and north-central Europe from winter/spring to summer, and a summer/autumn dry season prevails
after ~8kya until the present (figures A.26-A.37). The generally drying early-Holocene climate pattern
also occurs along with a general climate warming and increase in productivity, with all four clusters
showing substantial increases in GDD and NPP. The increased early-Holocene fire levels in accordance
with these changes are generally reflected in the 12-8kya correlations (cluster 5: MI: r = —0.93; GDD:
r = 0.41; VPD: r = 0.75; cluster 13: GDD: r = 0.66; VPD: r = 0.62; NPP: r = 0.66; cluster 16: GDD:
r=0.79; VPD: r = 0.78; NPP: r = 0.76).

The four clusters show different relationships between fire and environmental changes in the ~8-

4kya interval compared to the early Holocene. Contrary to the early-Holocene patterns, the NPP,
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GDD, and moisture correlation patterns for clusters 5, 12, and 13 show that fire relates positively
to increased moisture availability and negatively to increased temperature and productivity (8-4dkya
correlations: cluster 5: MI: r = 0.82; cluster 12: VPD: r = —0.5; cluster 13: NPP: r = —0.57; GDD:
r = —0.61). This occurs while clusters 5, 12, and 13 all experience a Holocene maximum in broadleaf
cover (figures 8, A.23, A.24). Cluster 16 is an exception to this pattern as its broadleaf cover declines
consistently between 8-Okya (figure A.25). In all four clusters, fire is negatively related to broadleaf
cover and positively related to needleleaf cover (8-4kya correlations: cluster 5: needleleaf: r = 0.67;
broadleaf: r = —0.75; cluster 12: needleleaf: r = 0.75; broadleaf: r = —0.88; cluster 13: needleleaf: r
= 0.88; broadleaf: r = —0.42; cluster 16: needleleaf: r = 0.61; broadleaf: r = —0.96).

In all four clusters there are large, long-term declines in broadleaf and tree cover from the mid-
Holocene to the present (figures 8, A.23-A.25). In clusters 5, 12, and 13, the broadleaf cover composites
decline from their mid-Holocene maxima of ~40%, ~50%, and ~45% to modern values of under
22.5%, 30%, and 25% respectively. In cluster 16, broadleaf cover declines to a 6kya value of ~30% and
reaches a modern value below 20%. Unlike the other clusters, cluster 16 experiences a large reduction
in needleleaf cover over the mid-to-late Holocene, of similar magnitude to its broadleaf decline. High
levels of simulated NPP in these clusters in the late Holocene suggest that the high values of GDD,
increasing MI, and declining VPD created favourable climatic conditions for high levels of productivity.
This may contradict with the observed pattern of a substantial mid-to-late-Holocene broadleaf decline
across Europe.

Clusters 5, 12, and 13 all experience large, progressive increases in fire over the mid-to-late
Holocene, culminating in their highest overall Holocene values in the most recent bin (figures 8,
A.23, A.24). Cluster 16 is an exception, which experiences its highest fire value at ~2.6kya after
which fire gradually declines to the present (figure A.25). For all clusters, the fire increases are accom-
panied by consistently increasing seasonal and annual moisture and open/human land cover classes.
The open/human land class increases are particularly large in clusters 13 and 16, where both pasture
and natural grassland and arable and disturbed land begin long-term, accelerating increases relatively
early, from ~6.6kya in cluster 13 and 7.1kya in cluster 16. Pasture and natural grassland cover reaches
levels above 20% by 0.6kya in cluster 13 and 2.1kya in cluster 16, from 6.6kya levels of ~13% and
~16% respectively. Arable and disturbed land cover reaches levels above 20% in cluster 13 and 16%
in cluster 16 by 0.6kya, representing a more-than doubling for both clusters relative to their mid-
Holocene values. Comparing with cluster 12, arable and disturbed land had been increasing since
5.1kya, from ~5% to ~13% at 0.1kya. Pasture cover also moderately increases from 5.1kya levels of
~8% to modern values of ~13%. In this cluster, the open/human land classes and MI increase at
an accelerated rate from ~1.1kya, in tandem with a 1.1kya turning point in the increasing needleleaf
composite after which it declines to the present.

The 4-Okya correlation patterns for clusters 12 and 13 reflect their fire increases occurring in
tandem with increasing moisture and landscape opening (cluster 12: GDD: r = —0.79; VPD: r =
—0.88; broadleaf: r = —0.99; heath: r = 0.91; pasture: r = 0.92; arable: r = 0.98; cluster 13: MI: r
= 0.95; VPD: r = —0.89; needleleaf: r = —0.61; broadleaf: r = —0.98; heath: r = 0.92; pasture: r =
0.99; arable: r = 0.98). For cluster 16, the declining fire in the most recent 3kya in tandem with the
accelerating increases in open/human land cover and maximum Holocene moisture levels is seen by the

inverse patterns between fire and landscape openness and moisture increases in the 4-Okya correlations
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(MI: r = —0.65; VPD: r = 0.66; heath: r = —0.76; pasture: r = —0.64; arable: r = —0.73; needleleaf:
r = 0.67; broadleaf: r = 0.73). In cluster 5, the 4-Okya correlation patterns are consistent with the
8-4kya patterns (needleleaf: r = 0.13; MI: r = 0.94; arable: r = 0.92; heath: r = 0.94; pasture: r =
0.79; VPD: r = —0.91; broadleaf: r = —0.97). However, the needleleaf correlation drops to a low value
as there is a turning point and subsequent decline from its long-term increase at 1.6kya (figure A.23).

This is 0.5kya earlier than the similar pattern seen in the adjacent cluster 12 (figure A.24).

Cluster 10: Altai region

The fire response of cluster 10 shows an increase between 5.1-3.1kya which corresponds to increasing
NPP (figure 9). Between 3.1-Okya, fire generally decreases, which corresponds to generally increasing
annual and seasonal moisture and NPP, reflected in the 4-Okya correlations with NPP, MI, and VPD
(NPP: r = —0.78; MI: r = —0.51; VPD: r = 0.64). The fire decline in the most recent 1ky corresponds

to a general maximum in MI and minimum in VPD.

n=20;k=10 n=20;k=10
0.25 0.25
B
0.00 £ 0.00
3¢
® 3
-0.25 g -0.25
S
o
-0.50 -0.50
0.75 0.75
210 2.0
205
£% 15
52
200 58
= 1.0
195
190 05
320
310 045
85
.E%\
300 2< 040
58
g
o
290 ==
0.35
280
O 92 929 9 2 9 9 9 9 9 o o O 9 929 9 2 9 9 9 9 9 o5 o
8 &8 8 €8 8 28 8 8 8 2 g ¢° 8 &8 8 28 8 28 8 8 8 28 g ¢°
K L + ® ® N &N = ~ © - L LW O O+ ® ® N N = - © -

Figure 9: Holocene biomass burning and environmental composite curves for the NET cluster 10, Eurasia, all
smoothed using a 1500-year window width. The time interval (shown on the x-axis in years before 1950 CE) is
limited to the period within the 11.6-Okya interval in which all time points contain at least 10 charcoal records
in the smoothing window. The composite curves are shown with 95% bootstrap confidence intervals, except
for composites comprised of less than 10 individual time series. The number of charcoal records comprising the
biomass burning response (n) and the cluster identity value (k) are shown on the top panel.
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Cluster 11: Southern Siberia and north-central Mongolia

In cluster 11, fire generally declines from a high early-Holocene value to low levels in the late Holocene
(figure 10). This follows a general long-term increase in summer and annual moisture with declining
temperatures, reflected in the 12-Okya correlations with VPD, MI, and GDD (VPD: r = 0.69; MI: r
= —0.62; GDD: r = 0.67). The fire response varies around the long-term trend, namely it increases
between 9.1-7.1kya and 3.6-1.1kya respectively.

The late-Holocene period of elevated fire corresponds to elevated levels of heath cover, lowered
broadleaf cover, and generally declining NPP (figure 10), while needleleaf cover is at a general high-
point in the late Holocene. However, the land cover reconstructions for this cluster are based on only
three records (figure A.5).

Cross-continental cluster comparisons

The correlations between the continental fire responses of the three clusters that had composites
generated for both America and Eurasia suggest that the fire responses of the same clusters on separate
continents were initially similar in the early Holocene, but became increasingly dissimilar from the
mid- to the late Holocene (table A.4). High dissimilarity between fire responses is most consistent
among clusters in the 4-Okya interval (cluster 5: r = —0.72; cluster 12: r = —0.36; cluster 16: r =
—0.82). For the 8-4kya interval, only the continental responses of cluster 16 are highly negatively
correlated (r = —0.87), while the other two clusters show correlation values of < [0.3|. For the two
clusters that cover the early Holocene (12 and 16), their 12-8kya correlations indicate general similarity

between the two continents (cluster 12: r = 0.4; cluster 16: r = 0.65).

Discussion

The definition of a spatial stratification representing millennial-scale fuel moisture and load variability
has allowed this study to isolate coherent and largely distinct sub-continental patterns in palaeofire
evolution across the NET. The results show that Holocene fire evolution is spatially variable across
the NET, with no clear systematic trends besides a general Holocene fire increase across Europe.
In general, divergent sub-continental-scale climate and land cover histories can account for distinct
regional fire histories, where the effects of a given environmental variable on fire change over time
as environmental thresholds are crossed and fire controls interact. This agrees with Feurdean et al.
[116] who showed that fire relationships to fuel moisture, load, and composition variables are non-
monotonic over much of the Holocene and that different sub-continental-scale regions have different fire
relationships to these controls. This is probably a consequence of different background environmental
characteristics leading to spatially variable interaction effects.

The spatial coverage and sampling level of the charcoal composites generated in this work repre-
sents a substantial improvement to the previous NET charcoal synthesis of Marlon et al. [94]. Within
the >45N region, that study reconstructed four composites for America, and three for Eurasia which
were all concentrated in Europe. This study provides composites for more spatially resolved divisions
of the regions in Marlon et al. [94], as well as two novel central Asian composites. The Marlon et al.
[94] reconstructions have relatively wide confidence intervals in proportion to the variance of their

mean curves. In comparison, the charcoal composites shown here have mean curve features that are
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Figure 11: Map showing the environmental variable with the highest explanatory power for the fire response
of each cluster at the NET scale within 4ky time intervals. Only grid cells that contain charcoal records are
shown. Grid cells are colour-coded by the environmental variable whose composite mean exhibits the highest
absolute correlation with the fire response of its cluster within a given 4ky interval. Small white asterisks
indicate correlation values >= |0.5] and < |0.75], large white asterisks indicate correlation values >= [0.75|,
grid cells with no shape fill indicate correlation values < |0.5|. Legend: mi = moisture index; broad = broadleaf
tree cover; vpd = maximum monthly vapour pressure deficit; npp = net primary productivity; heathscrub =
heath and scrubland cover; pastnat = pasture and natural grassland cover; gdd = growing degree days; needle
= needleleaf tree cover.

generally tightly constrained, with the exception of clusters 1, 4, 5, and 10. This implies coherent fire
responses to similar environmental changes within clusters, including across large geographic and ele-
vational ranges. Ultimately, this points to the efficacy of the stratification at approximating palaeofire
environments.

The NET stratification is broadly congruent with the spatial patterns of a modern environmental
stratification of biome distributions that was defined based on climate varation by Hengl et al. [150].
The high-latitude clusters 1 and 4 fall within cold biome types such as cold forests and tundra regions
in the Hengl et al. [150] stratification. Clusters 5 and 6 fall almost exclusively within regions of cold
evergreen needleleaf forest and overlap with the modern boreal regions on both continents. Clusters
12 and 16 represent transitional environmental space between boreal and temperate systems on both
continents, and they largely overlap with cool forest biomes in Hengl et al. [150]. Cluster 13 follows
areas of temperate broadleaf and cool mixed forest in Europe, America, and Asia, with the exception
of its central American zone which is steppe. The grid cells containing charcoal records for clusters 10
and 11 mostly lie within central Asian steppe or the transition between steppe and boreal forest. The
congruence with the Hengl et al. [150] stratification supports the notion that the NET stratification
captures real differences in environmental space across the NET.

The NET stratification also agrees with the spatial patterns of environmental changes that oc-
curred over palaeo timescales. For example, cluster 17 falls within the boreal cold needleleaf forest

region in Hengl et al. [150], but is distinct from the other cold needleleaf clusters 5 and 6. This is

47



Palaeofires in the northern extratropics Northern-extratropical scale

likely due to its unique climate history, which was directly influenced by the LIS decline and final ter-
mination [102, 151]. It experienced much larger moisture changes, as suggested by the MI and VPD
variables, than the other cold needleleaf clusters, particularly during and probably as a consequence
of the early-Holocene LIS recession [151].

Another example is the Holocene moisture variability of the NET clusters in Europe, which can be
explained by the collapse of the Fennoscandian Ice Sheet. In general agreement with the patterns of
summer and winter precipitation in Mauri et al. [105], the magnitude of the early-Holocene moisture
decline increases with latitude across clusters 5, 12, and 13, as does the timing of the moisture
minima following the declines, which occur at ~10.6kya for cluster 13, ~9.1kya for cluster 12, and
~8.6kya for cluster 5. These patterns are consistent with the relative proximity of the clusters to
the ice sheet during its pattern of recession that occurred in a general latitudinal direction, namely
a progressive contraction to the north west of the continent. At 10.5kya, the ice sheet had a south-
eastern margin at southern Sweden and crossing the southern region of the gulf of Bothnia, while at
9.9kya it had terminated in north/central Scandinavia at ~67N [107]. In addition to its congruence
with modern environmental space, the agreement of the NET stratification with known patterns of
palaeo environmental change implies that it provides a more accurate representation of NET palaeofire

environments than the previous arbitrary attempt at delineating paleofire regions of Marlon et al. [94]).

Controls on palaeofire evolution across the northern extratropics
Clusters 1, 4, and 5: Boreal Northwestern America

The fire increase in the early /mid Holocene in the Beringian clusters 1 and 4 is counterintuitive given
the corresponding climate wettening and decline in productivity. It is evident that the Picea genus
expanded across Alaska and northern boreal America ~7-6kya [46]. The dominant Picea species in
the American boreal region is P. mariana, a strongly fire-promoting species [41, 46]. This plant-
compositional change may have overrode the probable negative effects of the climate and productivity
changes on fire. A mid-Holocene rise in P. mariana and its modulation of fire-climate linkages in this
manner was also found to be important in a palaeolimnological study of charcoal and fossil pollen
records in the south-central Brooks Range of Alaska [118].

Cluster 4 shows a more sustained, gradual, though relatively poorly constrained increase in fire
over the mid-Holocene compared to the rapid increase between ~7.1-6.1kya in cluster 1. This may be
due to the more geographically disparate distribution of cluster 4. It may be expected to experience
different timing of land cover changes across its various zones, especially considering the geographic
and topographic complexity of the northwestern American region that can create barriers to species
movement. This is supported by more localised studies from the south-central Brooks Range and the
Kenai peninsula [118, 152], which show that the expansion of P. mariana and concominant fire rise
in the south-central Brooks Range occurred ~5.5kya [118] while in the Kenai peninsula, expanded
coniferous biomass along with elevated fire activity is evident between ~8.5-4.6kya [152].

The climate wettening from the mid- to the late Holocene in clusters 1 and 4 corresponds to a
southward expansion of the tundra biome in Alaska that replaces boreal forest [46]. Concominant
with this tundra rise is an expansion of sedges and grasses that reach highest coverage in the most
recent 1ky [46]. The decline in fire in the last 1ky and 3.1ky in clusters 1 and 4 respectively can thus

be put down to a declining amount and flammability of fuel, as mesic tundra vegetation became more
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abundant relative to the preceding forested state with fire-promoting trees. In support of this notion
of a wettening climate inducing vegetation shifts to more mesic plant communities, a decline in fire
frequency is recorded in the Kenai peninsula from 4.6kya and is attributed to wetland development
[152]. Additionally, in cluster 4 in the last 2.6kya, the GDD and NPP composites suggest that their
long-term declines resulted in a virtual absence of growing days and productivity, which alone can be
expected to reduce fire activity.

Cluster 5 does not experience any major vegetation shift after 5.6kya [46], hence it is apparent that
climate and productivity were the main causes of its gradual decline in fire between 5.6-Okya. Declining
summer insolation from the mid- to the late Holocene [53] would have resulted in progressively lower
GDD and hence NPP. The lower fuel loads, along with the gradual year-round wettening of the
region would have created progressively less favourable fire conditions. In contrast to this, the boreal
northwestern American fire reconstruction of Marlon et al. [94], which spatially overlaps clusters
1, 4, and 5, shows a generally increasing fire response over the mid-to-late Holocene, which also
contradicts the patterns of clusters 1 and 4. Marlon et al. [94] interpret the increasing fire response as
a consequence of a warmer and wetter boreal region during the mid-to-late Holocene, stating further
that it is difficult to explain the generally high biomass burning in the late Holocene given the high
moisture and temperature levels. However, the GDD signals of clusters 1, 4, and 5 suggest the boreal
American region got progressively colder from the mid-Holocene onwards. In agreement with this,
the Viau and Gajewski [153] pollen-based reconstruction of the Holocene climate of boreal Canada
shows that summer temperatures declined in central Canada from ~5.5kya to the present. Evidently,
the fire reconstruction for cluster 5 and the interpretation of its controls are in better agreement with
available evidence than the Marlon et al. [94] reconstruction. Nonetheless, it is difficult to infer an

explicit decrease in fire in this cluster due to the relatively high uncertainty of the fire response.

Clusters 6 and 12: mid-latitude boreal/temperate North America

The large fire increase between 11.6-9.6kya in cluster 12 is evidently brought about by the substantial
increase in fuel as a consequence of vegetation colonisation of newly-opened land following the LIS
recession [46]. The general decline in fire in both clusters 6 and 12 between 10.1-7.6kya and 9.6-4.6kya
respectively can be explained by generally increasing annual moisture, which would have reduced
fire probability. In cluster 12, increasing moisture indicated by both VPD and MI is likely to have
been the predominant fire control over this time given their high explanatory power. Additionally,
independent pollen-based evidence of Holocene land cover change in these regions shows that the
levels of broadleaf and needleleaf cover generally maintained stable, high levels between 9.6-Okya,
making it less likely that vegetation changes induced the fire changes from 9.6kya [46]. In cluster 6,
the 10.1-7.6kya moisture increase occurred along with large variations in seasonal dryness seen in the
VPD composite, which can explain the similar pattern of variability in fire around its declining trend.
Following the LIS collapse in Quebec ~8.1kya, cluster 6 experienced a large increase in boreal forest
cover [46]. This increase in fuel loads explains the large increase in fire between 7.1-5.1kya. Between
5.1-2.1kya, the elevated and stable fire levels of cluster 6 can be explained by relatively stable and
high levels of productivity, as well as stability in seasonal dryness as seen in the VPD composite.

In both clusters 6 and 12, the relative stability of climate, productivity, and needleleaf and

broadleaf cover between 2.1-Okya and 4.6-Okya respectively [46], appear unable to account for the
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rise in fire in cluster 12 between 4.6-1.6kya and its subsequent decline, and the disproportionately
large decline in fire from 2.1kya in cluster 6. Moreover, the fact that these fire patterns are tightly
constrained implies that the disparate zones of these clusters experienced synchronous changes to
their respective fire controls. These patterns may suggest that a continental-scale process drove the
fire changes (e.g. insolation changes). Two independent studies of fire history in the Quebec region
to the south east of James Bay by Oris et al. [81] and Ali et al. [154] show a decline in fire season
length (which was defined using temperature, moisture, and summer insolation patterns) accompanied
by attenuated fire levels between 3-1kya and 2-Okya respectively. Additionally, Oris et al. [155] also
observed a fire increase between ~4-3kya as is observed for cluster 12, explaining this as a result of an
anomalous increase in fire season length at ~3kya. It appears that changes to fire season length had
an important influence on the fire responses of these clusters in the late Holocene. The pronounced
fire decline in cluster 6 is suggestive of a system crossing a critical environmental threshold and transi-
tioning to a novel fire regime. This may be related to the progressively increasing seasonal and annual
moisture to their maximum levels and contributing to the decline in fire season length in the regions

of cluster 6.

Cluster 16: Maritime temperate North America

The fire response of the American cluster 16 appears to be primarily controlled by moisture changes
in which periods of relative dryness resulted in elevated fire. The moisture changes occurred in
tandem with vegetation composition shifts in this region [46, 156], which probably contributed to the
fire variability. Between 11-9kya when temperatures, NPP, and fire increased while annual moisture
levels were relatively low, there was a large expansion of needleleaf trees into cluster 16 on the east
coast of North America, synchronous with the northward contraction of the LIS [46]. In the mid-
Holocene, increasing temperatures and moisture likely resulted in an observed needleleaf decline when
broadleaf cover was at a maximum [46]. This probably contributed to the declining mid-Holocene
fire response and can also explain the inversion of the NPP relationship to fire between the 12-8kya
and 8-4kya intervals from positive to negative as NPP increased. In support of this, there is evidence
that the climate became wetter in the region of the eastern zone of cluster 16 between 8-Tkya [151].
Accompanying this change was a vegetation shift from Picea- Pinus-dominated needleleaf forest to
Fagus- Quercus- Tsuga hardwood-hemlock, which are considered to be more mesophillic taxa than
needleleaf pines [151]. This pattern is also corroborated by the Fagus increases in the eastern zone of
the cluster and T'suga increases in both zones observed between 8-6kya in an independent pollen-based
vegetation reconstruction [46].

From 2.6kya, the attenuation of the seasonal and annual moisture increases shown by the VPD
and MI curves suggest a slight drying of the cluster in the most recent two millennia, despite the
cluster being at a general Holocene moisture maximum. These moisture changes are unlikely to be
the predominant control on fire given the disproportionately large fire increase observed. In the western
zone of the cluster, broadleaf trees declined while needleleaf tree cover remained high between 2-Okya
[46], which may have contributed to the fire increase. Additionally, humans are implicated in increased
fire activity in the western zone in the late Holocene, specifically in the south of Vancouver Island
where most charcoal records in the western zone are concentrated [90]. It is argued that fire increases

were likely human-caused since there is evidence of human settlement in the region from ~2kya and
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the region was dominated by mesic forest at the time [90]. Additionally, in the eastern zone of the
cluster, there is localised evidence for human influences on fire regimes that suggests humans may have
increased fire sizes from ~1.5kya [157]. It is also worth noting that all American clusters experience
a long-term moisture maximum in the late Holocene, but only this cluster experiences a pronounced
fire increase within the last 2kya, which points towards a non-climatic influence such as anthropogenic
activities shaping its fire regime. It seems plausible that a combination of an attenuated wettening of
the cluster, tree composition changes, and human activities all contributed to the fire increase in the
last 2.6ky.

Cluster 17: Northeastern boreal America

Similar to the fire trajectory of cluster 17, a fire reconstruction from a synthesis of 30 charcoal records
from lakes in Quebec by Carcaillet and Richard [158] identified a period of elevated fire activity between
~10-8kya, a decrease in fire between ~8-6kya, and higher fire values in the late Holocene. The study
interpreted the elevated fire activity between ~10-8kya as a consequence of dry adiabatic winds and
air-mass instability associated with the LIS that promoted frequent lightning [158]. In agreement with
this interpretation, the elevated fire in the early Holocene in cluster 17 can be explained by the drying
climate given by the MI and VPD curves. Additionally, there are important increases in productivity
and needleleaf tree cover in this region as the LIS contracted northward between ~10-8kya [46], which
would have contributed to the increased fire. In agreement with this, Marlon et al. [94] interpret the
elevated burning observed between 10-8kya in their fire reconstruction for the St Lawrence region
as the result of the expansion of needleleaf forests. In contrast, the role of vegetation transitions in
affecting the fire response of this region is downplayed by Carcaillet and Richard [158] who claim
that the region is unlikely to have experienced a synchronous change to forest composition given its
large latitudinal range. However, most of the charcoal records of this cluster fall within a latitudinal
range of 1.3 degrees before Tkya, which is a smaller range than regions that have experienced largely
synchronous changes to vegetation. For example, forest cover changes on the order of 10'% are
observed within ~1ky Holocene intervals in various European regions such as the British Isles and
Atlantic western Europe [127]. Therefore, vegetation changes cannot be ignored in terms of their likely
effects on increasing the amount and flammability of fuel in this region.

The mid-Holocene fire minimum of cluster 17 is interpreted by Carcaillet and Richard [158] as
the result of the Atlantic Maritime Tropical humid air mass that could flow over southern Quebec in
summer following the LIS collapse. In contrast to this, the VPD and MI curves suggest that summers
got drier at ~8.6kya with the onset of the pronounced summer/autumn dry season following the
LIS recession. Furthermore, annual moisture reached its lowest and productivity its highest values at
7.6kya, suggesting that environmental conditions favoured more fire at this time. In general agreement
with the MI curve, a pollen-based reconstruction of the Holocene annual precipitation of northern
Quebec shows that precipitation generally declined between ~8.5-6kya [153], supporting the notion
that fire conditions became more favourable in the northern and central regions of this cluster during
the mid-Holocene fire minimum. The counterintuitive pattern between these climate patterns and fire
activity at this time is understood by considering that most of the charcoal records contributing to the
fire composite are concentrated near the southern border of the cluster below 50N until ~7ky. In the

region of the adjacent eastern zone of cluster 16, the evidence of moistening climate and a shift from
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needleleaf to hardwood-hemlock forest [151] probably also affected the southern margin of cluster 17
and hence the fire record, but not the central and northern parts of the cluster where the VPD and
MI composites detect the observed drier conditions [153]. This is evident from the Williams et al.
[46] vegetation reconstruction, which shows that there was a substantial northward hemlock rise into
the southernmost part of cluster 17 between 8-6kya but not into higher latitudes [46]. Therefore, in
agreement with the Carcaillet and Richard [158] hypothesis of a shift to a more humid climate, the
low-point in fire in the mid-Holocene can be explained by an increase in moisture in the southern
regions of cluster 17, as well as an associated forest compositional change from needleleaf forests to
less fire-tolerant taxa [151]. Since this moisture shift does not occur uniformly across the cluster, it is
not evident in the VPD and MI composites.

From the mid- to the late Holocene, central Quebec experienced a general needleleaf cover increase
and broadleaf cover decrease as the climate cooled in summer and generally wettened [46, 153]. These
vegetation changes can explain the gradually increasing fire response over this time. Overall, it is
evident that the fire response of this cluster is strongly regulated by the vegetation changes that have

characterised the region over the Holocene.

Clusters 5, 12, 13, and 16: Europe

The early-Holocene increases in fire across Europe are understood by considering the Fennoscandian
Ice Sheet collapse over Scandinavia at ~9.9kya [107], the associated climate warming and drying [105]
and accentuation of moisture seasonality, and the accompanying forestation across the continent [127].
These changes would have increased fire probability through increasing fuel loads and dryness in the
fire season. In support of this, the GAM analysis by Feurdean et al. [116] shows that in the 12-8kya
interval, summer temperature and moisture both exhibit a generally positive relationship with fire in
all three regions of their analysis, and the elevated fire seen in the three ecoregions is interpreted by
Feurdean et al. [116] as being driven primarily by increasing temperatures and corresponding fuel load
increases.

The pattern of reversed fire-environment correlation values between the 12-8kya and 8-4kya inter-
vals for these European clusters, with positive needleleaf and negative broadleaf 8-4kya correlations,
suggests that moisture and biomass changes were less important for fire variability in the mid-Holocene
and that forest composition changes became the dominant influence. In agreement with this, the Feur-
dean et al. [116] GAM analysis shows that the positive summer temperature and moisture relationships
with fire in the 12-8kya interval become generally negative in the 8-Okya interval, explained by Feur-
dean et al. [116] as the increasing importance of land cover variations on fire regimes. This transition
from a greater importance of fuel load for fire to fuel composition is probably a consequence of forests
covering a large enough proportion of European landscapes to become the primary determinant of
ignition probability and fire spread. Under such extended forest cover levels, the role of open land-
scapes in controlling fire ignition and spread is attenuated as they are increasingly fragmented and
reduced. Differences in fire-relevant forest compositional characteristics then become important for
determining changes to a given fire regime.

In all four of the NET clusters spanning Europe, the general fire increases in the late Holocene can
be explained by the continent-wide decline in broadleaf cover and increase in open and agricultural

land cover. The broadleaf declines in the temperate clusters 13 and 16 do not appear to be predicted
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by climate because the simulated NPP and GDD responses show increases in the late Holocene but
both needleleaf and broadleaf cover decline. Considering also the large increases in open and human
landscapes in these two clusters from the mid-Holocene onwards, it is evident that human land use
intensification and human-driven broadleaf deforestation played a major role in these fire increases.
Humans are evidenced to have started farming in the British Isles around 6kya, but potentially much
earlier, around 7.5kya, in southern Germany and eastern France [159]. This agrees with the early
onset of arable and pasture land expansion in the Eurasian cluster 16 at ~7.1kya. In continental
Europe, it is apparent that these human activities were under way from as early as 6.6kya [113, 159],
supporting a human role in altering land cover in cluster 13. The cluster 13 composites suggest that
human landscape expansion and broadleaf deforestation greatly intensified between 3.6-Okya, leading
to the large late-Holocene fire increase observed. In agreement with this, the same increase in fire is
observed from ~3.6kya in the continental European composite in Feurdean et al. [116], which they
interpret as deforestation-related fires that started at the Bronze or Iron Age that reached a maximum
during the early modern period.

In contrast to other European clusters, the increasing land use intensification and forest decline
in cluster 16 between 3.1-Okya corresponds to a gradual decline in fire. This may be related to
the relatively low levels of forest cover in this cluster, especially by the time fire starts decreasing.
A threshold of landscape fragmentation may have been crossed at this point, where the fuel load
was too discontinuous and depleted to sustain high fire levels. This is supported by the Marlon
et al. [94] interpretation of the fire response of the British Isles over the mid-to-late Holocene. They
suggest that human use of fire to open woodlands and improve grazing contributed to the increase
in fire between 5-1kya while the decline in their reconstruction after lkya is put down to increased
cultivation. Alternatively, the decline in fire from 3.1kya may be due to the high moisture levels at
the time, which are progressively higher than at any previous Holocene period and are additionally
generally higher than any other cluster in the NET analysis. This may have acted in concert with
landscape fragmentation to reduce fire in the last three millennia.

The late-Holocene land cover changes in the hemiboreal and boreal clusters 12 and 5, namely
broadleaf declines concominant with generally increasing needleleaf cover, are in agreement with the
declining temperatures in northern Europe at the time [105, 132] and can explain the fire increases
observed. However, it is also evident that agriculture and hence probable human deforestation practices
began almost synchronously across southern Scandinavia and hemiboreal northeastern Europe ~6kya
[159, 160]. Additionally, there is evidence of human settlement and anthropogenic effects on local
vegetation assemblages corresponding to increased fire activity from as early as 8.7kya at as high
a latitude as 70N in Scandinavia [161], supporting that land cover changes in these clusters were
influenced by anthropogenic processes. However, the open/human land classes for these clusters show
more modest increases in the late Holocene relative to the temperate European regions, and generally
show higher rates of increase only within the most recent 2ky, implying that the predominant cause
of deforestation from the mid-Holocene onwards in these clusters was climate change.

Consistent with these patterns, it is suggested by Roberts et al. [113] that the needleleaf cover of
boreal Europe started declining due to human activity from ~2kya. This is further consistent with
Feurdean et al. [116], who interpret the relatively late (from ~2kya) signal of agricultural expansion

in their boreo-nemoral reconstruction as a consequence of this region exhibiting a very high needleleaf
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component, making it edaphically and climatically less favourable for agricultural conversion relative
to broadleaf forests [113]. The relatively depleted broadleaf forest cover observed for clusters 12 and
5 within the last 2ky may have led humans to begin clearing needleleaf forests for agriculture, seen by
the needleleaf declines in both clusters starting within the most recent 2ky. The earlier turning point
in needleleaf cover in cluster 5 at 1.6kya, as opposed to 1.1kya in cluster 12, is congruent with this
hypothesis. This is because cluster 5 has lower broadleaf cover than cluster 12, and therefore reached
the equivalent level of broadleaf depletion ~0.5ky earlier. Finally, the continued fire increases in both
clusters after 2ky further points towards anthropogenic activities shaping these fire regimes because
the fire increases contrast with the wettening climate and declining needleleaf and broadleaf cover in
these clusters, which according to the fire relationships shown by Feurdean et al. [116] should lead to

weak and generally negative fire responses.

Cross-continental cluster comparisons

The correlations between the Eurasian and American fire responses of the three clusters that span
both continents suggest that fire activity of the same clusters on the two continents was driven by
broadly similar environmental processes in the early Holocene, which diverged from the mid-Holocene.
This can be understood by considering the early-Holocene ice sheet collapses on both continents,
the subsequent role of land cover processes, and the unique European legacy of human agricultural
intensification. In the 12-8kya interval, the main control on fire across the NET clusters was evidently
the climate changes associated with the ice sheet collapses on both continents [102, 107]. On both
continents, the magnitude of the climate and productivity changes were high in this interval compared
to subsequent intervals. This would have muted the role of land cover compositional effects on fire,
making changes to biomass and fuel dryness the primary fire controls and thereby homogenising the
fire responses between the continents. It is apparent in the results that the NPP, MI, and VPD
variables are adequate at capturing these similar environmental signals.

The divergence of the continental fire responses of cluster 16 in the mid-Holocene appears a
consequence of different timing of broadleaf cover declines that predict fire increases, which started
in the early Holocene in Eurasia and the late Holocene in America. This difference may reflect
substantially different Holocene moisture levels between the two continents (the median MI of the
charcoal-covered grid cells of cluster 16 in Eurasia is >2 while in America it is <1.5). Under the
same rate of climate change, moisture thresholds that may affect distributions of broadleaf species
with identical climate tolerances would be achieved at different times on the respective continents.
Additionally, the species composition of broadleaf taxa differs between the continents [46, 111], which
may result in different species climate tolerances.

The dissimilarity of the continental fire responses is most evident in the 4-Okya interval when
human influences on European land cover are most pronounced. This suggests that the increasing role
of humans in shaping European fire regimes from the mid-Holocene onwards is an important factor

leading to the divergence of fire histories of similar palaeo environmental space on the two continents.

Cluster 10: Altai region

Palynological investigation of climate and vegetation patterns in the Altai region suggests that after

~6.8kya, decreasing temperatures resulted in cold winter air masses penetrating into this region which
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led to permafrost growth [162]. Because Eurasian species of the Lariz genus have a greater ability
to grow on continuous permafrost soils and withstand extreme continental winter climates relative to
other Eurasian trees in the genii Picea and Pinus [163], this environmental change may have been
responsible for the mid-Holocene transition from Picea/Pinus sibrica-type forests to P. sibrica/Lariz
forests observed in this region [162]. Eurasian Lariz trees are classed as “fire resisters”, which are fire
adapted with forests that exhibit frequent fire occurrence [41], while P. sibrica and Picea species are
classed as “fire avoiders” with no fire strategy traits [41]. Thus, the Lariz rise would have promoted
a more fire-prone landscape relative to the previous forest state. The general fire rise from the mid-
Holocene until ~3.1kya may be related to this and to the generally increasing productivity over this
period.

From 3.1-Okya, the general fire decline can be explained by this cluster experiencing high levels of
annual and seasonal moisture, which are at general long-term maxima in the last 3ky. This long-term
moisture increase from the mid-Holocene culminating in elevated late-Holocene values is supported
by a proxy-based reconstruction of moisture changes in central Asia [164]. However, the poorly

constrained trends of the fire response and its low sample size make these interpretations uncertain.

Cluster 11: Southern Siberia and north-central Mongolia

The long-term decline in fire in cluster 11 can be explained by the general Holocene wettening trend
observed in the MI and VPD curves. This wettening trend is corroborated by palaeo climate recon-
structions in the charcoal-covered regions of this cluster, which show that they shifted to a wetter
state from the early to the late Holocene [164]. The increased fire activity observed between ~9-Tkya
may have been the result of an increase in the fuel load brought about by landscape forestation. This
is evidenced by a synthesis of pollen records from Lake Baikal, Lake Hovsgol, and north-central Mon-
golia [165]. This study shows that from 9kya, the proportion of needleleaf trees greatly expanded in
the Lake Hovsgol region and the system transitioned from a state characterised by high shrub and
steppe-type vegetation cover to a more coniferous-tree vegetation state dominated by Pinus sylvestris,
a fire-adapted species [41], and P. sibrica trees [165]. Additionally, the records from Lake Baikal
indicate that in the north-east and south of the lake catchment there was a rise in needleleaf tree
dominance [166].

The increase in fire between 3.6-1.1kya corresponds to a moderate forest expansion from a previous
forest-steppe type vegetation in the Lake Hovsgol region [165]. This contrasts with the evidence from
three different pollen cores from across Lake Baikal, which shows increased open vegetation and Lariz
forest development from a previous taiga state dominated by P. sylvestris and Lariz trees [166]. These
contrasting patterns of landscape closure and opening respectively also correspond to a cluster-wide
general decline in productivity, low levels of broadleaf cover, and greatly increased heath cover during
a time of high needleleaf cover. However, the low sample size composing the land cover composites of
this cluster makes them uncertain. Nonetheless, these patterns suggest that the cluster transitioned to
a relatively more open landscape populated with fire-adapted trees, while Lake Hovsgol experienced
a contrary increase in tree cover. The elevated fire activity during the 3.6-1.1kya interval may be
a consequence of the forest expansion in the Lake Hovsgol region overshadowing any fire declines
that may have been caused by reduced fuel load in the Lake Baikal region. However, an alternative

explanation is that the transition to relatively more open Larix forests in the Lake Baikal region created
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a more ignitable ground layer of fuel that promoted forest fire spread, while the forest expansion in
the Lake Hovsgol region may have increased the fuel load below levels of forest density that would

reduce ground-layer fire probability.
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Results and Discussion: European scale

Results

A total of 1126 grid cells were clustered into 13 spatial clusters to produce a continuous European
stratification (figures 12, A.38, A.39). There is a general latitudinal gradient among the clusters,
shown by generally distinct high (9, 11, 12, 13), mid- (3, 4, 7, 8) and low (1, 2, 5, 6, 10) latitude
cluster partitions. There is also a longitudinal partition bisecting central Europe, namely cluster 3 is
to the continental east and cluster 8 to the west in a more oceanic position. The high-latitude clusters
9, 11, and 12 generally have higher needleleaf and lower pasture and natural grassland cover than the
mid-latitude clusters 3, 4, 7, and 8 (figures A.40, A.41).

There are spatial discontinuities for some clusters, including the clusters in the Mediterranean
region (10, 6, and 2; figure 12). Additionally, the central Scandinavian and Swiss Alpine regions have
been separated into a single distinct cluster 9. Furthermore, an association between the British Isles
and north and central /western continental Europe is evident, seen by clusters 4, 7, and 8. Cluster 11
is located in northern Scandinavia with a separate zone in the alpine region of southern Norway, and
its two zones are separated by cluster 9. Finally, cluster 5 has multiple separate zones spread across
mainland Europe in a north-east direction from Iberia to northeastern Europe.

For the overlapping European region, the NET stratification is spatially simplified relative to
the European stratification. Nonetheless, there are similar features between the two stratifications,
including a general latitudinal pattern in the cluster partitions of both stratifications (figures 2, 12).
Additionally, two European clusters stand out as close analogues of two NET clusters: 1) the hemibo-
real northeastern European region is separated into a distinct cluster at both scales; 2) The European
cluster 7, which registers to the north/west of the Swiss Alpine region as well as in the British Isles,
is analogous to cluster 16 at the NET scale that registers in the central British Isles and the general
north western and central Swiss Alpine region.

A total of 268 charcoal records were used to generate eight European-scale composite curves for
clusters 3, 4, 5, 7, 8, 9, 11, and 12 (figures 12-20). The charcoal records comprising clusters 12 and 8
have relatively small respective geographic distributions and make up composite curves composed of
>30 records with relatively small confidence intervals. Clusters 3 and 11 are composed of <20 charcoal
records and span relatively large geographic ranges yet they have composite confidence intervals that
are comparable to clusters 12 and 8. The geographically discontinuous clusters 7 and 9 also have
well-constrained mean fire responses over most of the Holocene. This contrasts with cluster 4, for
which its 25 charcoal records are concentrated mostly in the northern British Isles, but its composite
has relatively wide confidence intervals. Despite this, its confidence interval trajectories are in good

agreement with its mean curve and isolate clear patterns of fire variability. Cluster 5 has 15 charcoal
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records spread across its discontinuous range and has a poorly constrained mean fire response.

All European fire responses are generally well correlated to at least one of the environmental
variables investigated (figure 21). With the exception of clusters 7 and 8, all fire responses show
correlations >= (0.5 with at least one of forest cover, temperature, and precipitation across their
full time domain (table A.5). At the 4ky resolution, all clusters exhibit correlations >= |0.75| with
at least one variable for at least one 4ky interval. In agreement with the NET-scale results, there
is a clear pattern in these correlations where they invert between the 12-8kya and 8-4kya intervals;
all except cluster 5 experience this inversion for at least one of the fire correlations with forest cover,
precipitation, and temperature where the correlation is > |0.5| for at least one of the two time intervals.
In further agreement with the NET results, between the 8-4kya and 4-Okya intervals, the variable with
the highest explanatory power changes from forest cover, forest composition, and climate variables to
open/human land cover variables across much of continental Europe and the British Isles (figure 21).
Additionally, two of the three clusters that are most strongly predicted by climate variables in the
4-Okya interval (3 and 5) nonetheless have high correlations with land cover variables in this interval:
cluster 5 has correlations >= [0.75| with all land cover variables, as is the case for cluster 3 with the
exception of the fire-heath cover correlation.

The environmental composites of the European clusters show some important similarities in sum-
mer temperature and land cover trajectories (figures 13-20). Summer temperature generally increases
from the early to the mid-Holocene in all clusters except in the eastern continental cluster 3 where
the increase stops at 8kya and temperatures then decline until ~5kya. Despite this similarity, the
temperature responses change by different magnitudes and there are differences in the timing of tem-
perature variations among clusters. Subsequent mid-to-late Holocene temperature changes are also
variable among the clusters, but there is a general decline from their mid-Holocene high-points among
all except cluster 3, which shows a slight increasing trend from 5kya onwards. Additionally, all clusters
generally show the same Holocene pattern in forest and broadleaf cover, namely mid-Holocene maxima
followed by declining trends to the modern period. Exceptions to this pattern are, again, cluster 3,
which shows a more delayed peak in broadleaf cover at 3.6kya, cluster 9, which has an earlier peak in
broadleaf cover at 8.6kya, and cluster 11, which has a broadleaf cover response that linearly declines
over most of the Holocene. The open/human land classes for all clusters generally show a long-term

accelerating increase from the mid-Holocene onwards.
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Figure 12: European stratification of palaeo environmental space generated by biclustering grid cells based on
temporal variation in summer temperature, summer precipitation, and forest cover over the period 12-Okya.
Black points are locations of charcoal records. Spatial clusters are colour-coded and numbered in the legend.

Individual cluster results

Clusters 7, 8, 9, and 11: Central/Northern Europe and western British Isles

Clusters 7, 8, 9, and 11 have similar Holocene environmental histories, including early-Holocene forest
cover increases to early/mid Holocene maxima (figures 13-16). Additionally, from the mid- to the late
Holocene, broadleaf and forest cover decline and open/human landscape classes increase as temper-
atures decline. Clusters 11, 9, and 7 show a general increase in fire over the Holocene, with cluster
11 showing a faster rate of increase from 4.6-Okya. Cluster 8 shows a large fire increase until 9.6kya,
then a subsequent gradual decline to a mid-Holocene local minimum, followed by a gradual increase
until 1.1kya where it begins increasing at an accelerated rate to its highest Holocene value by modern
times.

The early-Holocene fire increases in clusters 7, 8, and 9 correspond to summer temperature in-
creases that are large relative to their overall Holocene temperature variability, namely increases of

~2.5°C between 11-7Tkya in cluster 7, ~1°C during the fire increase in cluster 8, and ~1°C between
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11.6-8.6kya in cluster 9 (figures 13-15). These occur without similar proportionally large increases in
summer precipitation, implying substantially increased summer dryness in these clusters. In all four
clusters, the temperature increases occur along with large forest cover increases, from under 40% to
well over 70% at ~8kya in cluster 7, from under 60% at 11.6kya to up to ~80% by 8.6kya in cluster
8, from ~30% to ~70% by 8.6kya in cluster 9, and from under ~30% to ~60% by 8.1kya in cluster
11. The 12-8kya correlations show that landscape forestation and temperature increases strongly pre-
dict the fire increases in these clusters (cluster 7: temperature: r = 0.98; forest: r = 0.92; cluster 8:
temperature: r = 0.84; forest: r = 0.92; cluster 9: temperature: r = 0.98; forest: r = 0.97; cluster 11:
temperature: r = 0.98; forest: r = 0.87).

The nature of the inversion in fire-environment correlations between the early and mid-Holocene
intervals is similar among clusters 7, 8, 9, and 11, with temperature being inversely related to fire in
all four clusters and forest cover in clusters 7, 9, and 11 in the 8-4kya interval (cluster 7: temperature:
r = —0.74; forest: r = —0.61; cluster 8: temperature: r = —0.97; cluster 9: temperature: r = —0.86;
forest: r = —0.85; cluster 11: temperature: r = —0.63; forest: r = —0.85; figures 13-16). As seen in
the mid-Holocene NET results for these regions, it is generally evident that fire negatively responds
to broadleaf cover variations and positively to needleleaf variations, with the exception of cluster 11
(8-4kya correlations: cluster 7: needleleaf: r = 0.94; broadleaf: r = —0.88; cluster 8: needleleaf: r =
0.91; cluster 9: needleleaf: r = 0.88; broadleaf: r = —0.93; cluster 11: needleleaf: r = —0.75; broadleaf:
r = —0.57).

All four clusters experience a general temperature decline from the mid-Holocene, with the cluster
11 temperature composite declining to its lowest Holocene levels by modern times (figures 13-16).
Along with the temperature decreases, broadleaf cover declines to low modern levels in all four clusters.
In clusters 11 and 9, it reaches ~15% and ~17% respectively, declining from respective ~4ky levels
of ~22% and ~30%. In clusters 7 and 8, the mid-Holocene broadleaf maxima, which are at ~55%
and ~43% respectively, reach respective values of ~26% and ~23% in the most recent time bin. For
cluster 8, this broadleaf decline is disproportionate relative to its early-Holocene increase under more
extreme climate change, and for cluster 7, the decline is not matched by proportional changes to the
climate variables. Additionally, all clusters experience increases in open/human land classes in the
4-Okya interval that are disproportionate relative to their variability in previous Holocene periods.
Between 4.1-Okya, cluster 11 experiences arable and pasture land increases from ~6% to ~14% and
from ~15% to ~22% respectively. Over the same interval, cluster 9 experiences arable, pasture, and
heath increases from ~7%, ~14%, and ~11% to ~18%, ~23%, and ~16% respectively. In cluster 8
from ~7.1kya, arable and pasture cover increase to levels of 10% and 15% by ~4kya respectively, and
by the modern period they reach levels of ~19% and ~21% respectively. In cluster 7, arable, pasture,
and heath cover increase from 5ky levels of ~5%, ~12%, and ~8% to modern values of ~17.5%, ~20%,
and 13% respectively.

In clusters 7, 8, and 11, the decline in broadleaf cover and increase in open/human land classes
all predict the fire increases experienced by these clusters in the late Holocene (4-Okya correlations:
cluster 7: broadleaf: r = —0.98; arable: r = 0.97; pasture: r = 0.96; heath: r = 0.99; cluster 8:
broadleaf: r = —0.89; heath: r = 0.96; pasture: r = 0.92; arable: r = 0.86; cluster 11: broadleaf: r
= —0.86; heath: r = 0.6; arable: r = 0.91; pasture: r = 0.83; figures 13-16). For cluster 11, the fire

increase also corresponds to a needleleaf cover decline (4-Okya correlation: needleleaf: r = —0.88). In
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cluster 9, the fire response begins to decline from ~1.6kya, which corresponds to summer precipitation
increasing to its highest Holocene value by modern times, as well as a summer temperature decline.
The cluster 9 fire response is strongly positively related to the temperature decline in the 4-Okya
interval (r = 0.93) and weakly negatively related to the increasing summer precipitation (r = —0.48).

There are analogous patterns between clusters 11 and 9 and the spatially overlapping clusters 5
and 16 at the NET scale, which span northern Europe and the Swiss Alpine region (figures 2, 12).
Clusters 11 and 9 both share the NET cluster 5 pattern of a long-term fire increase corresponding to the
early-Holocene increases in forest cover/productivity and summer dryness (except for the precipitation
increase until 8kya in cluster 11), and the mid-to-late Holocene pattern of landscape opening given
by broadleaf declines and increased open/human land classes (figures 15, 16, A.23). Additionally,
cluster 9 and the NET cluster 16 show not only a similar environmental history, but the fire responses
closely resemble each other, namely a long-term Holocene fire increase culminating in a fire decline
in the most recent two millennia (figures 15, A.25). For both cluster 9 and the NET cluster 16, the
late-Holocene fire decline corresponds to the clusters reaching their maximal moisture/precipitation
levels by modern times.

Cluster 8 shows a similar environmental response to the spatially overlapping NET cluster 13
spanning temperate Europe (figures 8, 14). At both scales, between 2.6-1.6kya there is a decline in
the rate of increase of arable and pasture cover as well as a small recovery of needleleaf cover. In
the NET cluster 13, there is a small dip in GDD at 2.6ky and similarly there is a local summer
temperature minimum at 2kya in cluster 8. From 1.1kya, the more pronounced increase in the cluster
8 fire response relative to preceding millennia corresponds to an increase in the summer temperature
composite, while at both scales there are large declines in broadleaf cover and the largest Holocene

increases in the open/human land classes.
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Cluster 12: Hemiboreal northeastern Europe

Cluster 12 has high forest and needleleaf cover levels compared to other European clusters (figures
A.40, A.42). Unlike clusters 7, 8, 9, and 11, the large increases in temperature and forest cover in
the early Holocene do not correspond to a fire increase, rather this cluster experiences a general fire
decline from the onset of the Holocene until 3.6kya (figure 17). At the onset of the 9-Tkya temperature
and forest cover increases, forest cover was already at high levels of ~70%, substantially higher than
forest cover levels of other European clusters at the time of their early-Holocene temperature increases
(under 50% for clusters 7, 9, and 11 and ~60% for cluster 8).

In the 8-4kya period, temperature reaches a Tkya high-point and subsequently declines, while
forest cover remains high at ~80% and precipitation steadily increases (figure 17). In this interval, the
declining fire response is most strongly related to the decline in temperature (r = 0.98). From 3.6kya,
there is a turning point in the fire curve where it starts increasing at a high rate to its modern value,
which is its highest value across the Holocene record. The 3.6kya turning point occurs soon after the
turning point in arable land cover at 4.1kya. The large late-Holocene fire increase also corresponds
to declining temperatures, forest and broadleaf cover, and generally increasing precipitation. Pasture
and heath cover increase only in the last 1.6kya. The correlations in the 4-Okya interval generally
reflect these patterns (temperature: r = —0.88; forest: r = —0.98; broadleaf: r = —0.99; arable: r =
0.97; pasture: r = 0.84; heath: r = 0.9).

Cluster 12 has a few important differences to the overlapping cluster 12 at the NET scale. Unlike
the NET cluster 12, this cluster includes many of the records in Finland and does not include any
records from Jutland (figures 2, 12). The NET cluster has a higher broadleaf maximum and a lower
needleleaf maximum than this cluster, namely the NET and European clusters reach mid-Holocene
broadleaf maxima of ~50% and ~46% respectively, and late-Holocene needleleaf maxima of ~35%
and ~42% respectively (figures 17, A.24). A key difference between the two clusters is that the NET
cluster has the onset of the needleleaf decline at 1.1kya, while at the European scale it occurs at

1.6kya, which is congruent with the boreal European cluster 5 at the NET scale (figure A.23).

Cluster 3: Eastern continental Europe

Over its full Holocene interval, the cluster 3 fire response positively covaries with summer temperature
(12-Okya correlation: temperature: r = 0.73). In the early Holocene, the environmental patterns of
this cluster are similar to most other European clusters, with fire generally increasing in accordance
with temperature and forest cover increases (figure 18). This is reflected in the 12-8kya correlations
(temperature: r = 0.99; forest: r = 0.4). In the mid-Holocene interval, the temperature response is
relatively stable, and the fire response is inversely related to precipitation variability (8-4kya interval:
precipitation: r = —0.61). In the late Holocene, the temperature and precipitation responses show a
pronounced oscillatory pattern, with lower summer temperatures being associated with higher summer
precipitation. The late-Holocene fire response exhibits a slight increasing trend in accordance with the
slightly increasing temperature trend. Pasture and arable land cover also show increasing trends which
begin at 5.6kya, while broadleaf, needleleaf, and forest cover decline. These patterns are reflected in
the 4-Okya correlations: (temperature: r = 0.92; forest: r = —0.82; needleleaf: r = —0.76; broadleaf:
r = —0.91; pasture: r = 0.88; arable: r = 0.81).
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Cluster 5: Central Europe and France

Like cluster 3, the overall Holocene fire response of cluster 5 shows similarity with summer tempera-
ture variations (12-Okya correlation: temperature: r = 0.6; figure 19). From 10.6kya, the fire response
generally increases to a mid-Holocene maximum along with general temperature and forest cover
increases. Summer temperature remains important for fire variability in the 8-4kya interval (tempera-
ture: r = 0.76). In the 4-Okya interval, the same fire-temperature pattern is evident, but precipitation
variability and increasing agricultural land cover also positively relate to fire, while needleleaf and
forest cover are negatively related (temperature: r = 0.93; precipitation: r = 0.63; forest: r = —0.86;
needleleaf: r = —0.92; heath: r = 0.85; pasture: r = 0.87; arable: r = 0.8). These patterns are

particularly apparent in the composites during the fire increase in the last 2ky.

Cluster 4: British Isles

Cluster 4 is characterised by a high heath and grassland coverage relative to other clusters (figures
A.41, A.43), which have mean composite values that remain above 15% and 17.5% respectively over
the 8-Okya interval (figures 20). The fire response of cluster 4 is characterised by a mid-Holocene
low-point and subsequent increase to its highest Holocene level between 3.1-Okya. Throughout the
Holocene, forest cover variations are negatively related to fire (12-Okya correlation: forest: r = —0.82).
In the early Holocene, unlike other clusters there is an absence of a large fire increase corresponding to
the large temperature increase observed. In keeping with the overall Holocene pattern, the variations
in fire are inversely related to forest cover variability (12-8kya correlation: forest: r = —0.58).

In the mid-Holocene, the inverse relationship between forest cover and fire persists (8-4kya cor-
relation: forest: r = —0.52), with the mid-Holocene fire low-point corresponding to both elevated
broadleaf and forest cover levels (figure 20). In the late Holocene, the large increase in fire between
4.6-3.1kya and subsequent general plateau in the last 3ky occur in tandem with progressively dimin-
ishing forest and broadleaf cover, both of which had started decreasing from 6.1kya. In the most
recent bin, forest cover reaches an exceptionally low level of under 30%, which is a level of depletion
not seen in any other cluster. The late-Holocene fire patterns also correspond to very high levels of
pasture and arable land cover that had been increasing from at least 5.1kya, achieving levels of ~30%
and ~15% respectively by modern times.

Some features of the cluster 4 fire response are shared with the spatially overlapping NET-scale
cluster 16, namely, the fire increase between 4.6-3.1kya and subsequent general plateau associated
with very low and declining forest cover, the high and increasing levels of open/human land cover,
and the exceptionally high moisture levels (figures 20, A.25). On another note, as is also evident in
cluster 8, there is a slowdown in pasture land expansion between 2.6-1.6kya that corresponds to a
small reduction in fire and a local maximum in precipitation at 2kya. These patterns also correspond
to a GDD decline between ~3.1-2.1kya in the NET cluster 16.
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Discussion

This chapter expands on the NET-scale findings by showing that it is possible to produce a spatial
stratification that captures coherent sub-continental patterns in palaeofire evolution across Europe by
grouping the variation in environmental variables considered indicators of Holocene fuel moisture and
load variability. In agreement with the NET results, the European findings show general fire increases
associated with similar environmental changes across most of the western, central, and northern parts
of the continent. Exceptions to this pattern are evident in the southern and eastern European clusters
as well as the British Isles, which show different environmental histories and patterns of importance
of fire controls through time. The generally well-constrained composite curves across the European
analysis, including for composites with low sample sizes (e.g. clusters 3, 4, and 11) imply that fire
responded coherently to similar environmental changes within the respective clusters, supporting that
the stratification reasonably approximates palaeofire environments.

The European stratification broadly captures the spatial patterns shown in the modern envi-
ronmental stratification for Europe of Metzger et al. [124]. The patterns shared between the two
stratifications include the general latitudinal gradient seen between the high and mid-latitude clus-
ters, the spatial complexity of the Mediterranean clusters, the association between the Scandinavian
and Swiss Alpine regions, the association between the British Isles and north and central/western
continental Europe, and the isolation of a distinct hemiboreal northeastern region. This spatial con-
gruence suggests that the palaeo stratification captures general environmental gradients native to
Europe.

There are differences between the Metzger et al. [124] stratification and this palaeo stratification
that can be interpreted with reference to the Holocene environmental evolution of the various European
sub-regions. For example, the Scandinavian cluster 11 is separated into its northern and southern
zones by cluster 9. Cluster 9 is comparable to the “Alpine” clusters in the Metzger et al. [124]
stratification, as these register along the coast of Norway and the Swiss Alps in that study. In the
palaeo stratification, cluster 9 is extended further inland relative to the modern stratification, covering
most of Scandinavia. This difference can be explained by the history of deglaciation of the region, which
may have homogenised the environmental space of central Scandinavia where the Fennoscandinan Ice
Sheet terminated in the early Holocene [107]. This may have extended the modern alpine environment
further inland, thereby zonally splitting the other Scandinavian cluster 11 into two zones.

Another difference between the Metzger et al. [124] modern stratification and the palaeo stratifi-
cation is the location of the “Continental” cluster in the modern stratification, which has a western
border around the longitudinal position of Jutland and the Swiss Alps. The analogous cluster in the
palaeo stratification appears to be cluster 3, which is located further east in a more continental posi-
tion. Speleothem evidence from central Europe indicates that the boundary between the continental
Siberian High and the warmer maritime NAO experienced repeated shifts over at least the last 4kya
and suggests that the modern NAO is weakened compared to its values over the mid-to-late Holocene
[110]. The palaeo stratification may be capturing a generally stronger influence of NAO westerlies
over the Holocene that penetrated deeper into the continental interior, pushing the boundary between
the continental cluster 3 and the Atlantic cluster 8 further to the east. In support of this, Holocene
hydroclimatic variability in eastern Furope is linked to major NAO shifts, with warmer and drier

phases being associated with a dominant NAO mode [110, 167]. The oscillatory behaviour in the
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late-Holocene temperature and precipitation curves of cluster 3 are in agreement with this. Moreover,
the similar Holocene environmental history of the central, northern, and western European regions is
congruent with a predominant role of the maritime climate mode over Furope. Overall, the general
similarities between the modern Metzger et al. [124] and palaeo stratifications, as well as the ability
to explain key differences in terms of the palaeo environmental processes that Europe experienced,
suggest that the European palaeo stratification provides a more accurate representation of palaeofire
environments than previous attempts at delineating palaeofire-relevant sub-continental regions in Eu-
rope which are based on arbitrary judgement and/or do not incorporate any palaeo environmental
information (e.g. [94, 116]).

The charcoal records comprising the central and hemiboreal northeastern clusters 8 and 12 are
mostly the same records used to generate the continental and boreo-nemoral fire curves in Feurdean
et al. [116] and, unsurprisingly, the fire responses are similar. In keeping with the Feurdean et al. [116]
study, the fire responses of all European clusters can be explained by changes to fuel loads and summer
dryness, land cover, and landscape openness. The congruence of the fire responses with Feurdean et al.
[116] for the overlapping clusters, as well as the ability to explain the fire responses of all European
clusters in terms of their environmental histories in keeping with that study and the NET findings,

supports the robustness of these results.

Controls on palaeofire evolution across Europe
The early Holocene: 12-8kya

In general agreement with Feurdean et al. [116] and the NET results, the large increase in temperatures
and fuel loads in the early Holocene interval, associated with and in the millennia following the
Fennoscandinan Ice Sheet collapse, are shown to be the dominant influence increasing fire in most
regions of Europe (clusters 3, 5, 7, 8, 9, and 11). This is not the case for the British Isles cluster 4
where forest cover is negatively correlated with fire in the early Holocene. This may be a consequence
of this region having a high representation of open landscape classes relative to other regions, such
that the early-Holocene forest cover increases created less favourable fire conditions through reducing
high levels of fine and shrubby fuel cover and continuity. The Fyfe et al. [101] dataset cannot be
used to corroborate that this cluster contained high levels of pasture and heath-type landscapes pre-
8kya which declined as forests increased in extent, but a pollen-based reconstruction of European
vegetation change by Giesecke et al. [111] shows that the Ericaceae plant family associated with heath
and scrubland land class generally declined during the early Holocene pre-8kya in the northern British
Isles. This provides some indication that the exceptionally high heath cover and open landscape
representation from 8kya in this cluster is at least conserved (if not greater) in the early Holocene.
This supports the notion that high amounts of shrubby and fine vegetation cover were reduced and
fragmented as forests expanded in the early Holocene, which is likely to have had a negative effect on
fire activity.

The hemiboreal northeastern European cluster 12 does not experience a fire increase in response
to its much-increased temperatures and fuel loads in the early Holocene. Its exceptionally high forest
cover levels from the early Holocene may have attenuated the positive effects of even large increases to
summer dryness and fuel loads on fire, such that fire was more responsive to variations in landscape

openness as a result of the forest changes. This is supported by Feurdean et al. [116] who demonstrate
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that the influence of tree cover change is different in the boreo-nemoral region of their study, which has
higher needleleaf and forest cover compared to continental and western Atlantic Europe. Increased
tree cover above 65% in this region has a strong negative effect on fire, while this is not the case in
the other regions of their study. The decline in fire in cluster 12 in the early Holocene can thus be
attributed to tree cover percentages increasing above 65% at ~9.6kya and remaining high into the
late Holocene.

It is evident that the large early-Holocene increases in temperatures and fuel loads in clusters 4
and 12 were not sufficient to cause pronounced fire increases due to the modulating effects of land
cover changes. These results therefore extend the Feurdean et al. [116] findings that climate effects on
fire can be modulated by land cover changes, demonstrating this for the early Holocene in the context

of larger climate variation than was included in their 8-Okya GAM analysis.

The mid-Holocene: 8-4kya

The European-scale results generally corroborate findings from the NET chapter and the Feurdean
et al. [116] study that suggest a less important role of climate and fuel increases for European fire
variability from 8kya and a greater importance of forest compositional changes. This is seen in the
negative correlations between fire and temperature and forest cover for clusters 7, 8, 9, and 11, and
their respective positive and negative relationships with needleleaf and broadleaf cover. The pattern
of broadleaf decline and agricultural land class increases across Europe also agrees with the timeline of
human-caused broadleaf deforestation and agricultural expansion outlined in the NET-scale chapter.
During the mid-Holocene interval, the boreal clusters 9, 11, and 12 generally experience more modest
increases in arable land cover compared to the lower-latitude clusters, supporting the notion that
human-caused land cover change became important at an earlier time in temperate Europe compared
to the boreal regions.

In the region of the continental cluster 3, there is evidence of herding-related vegetation changes
from ~6kya [168], and this is borne out by the cluster 3 increases in pasture and arable land cover
from ~5.6kya. However, a multi-proxy study of Holocene climate change and human impacts on
the environment of the Romanian Carpathians, which fall within this cluster, suggests that human
impacts were minimal before ~4.5kya [167]. This is congruent with the mid-Holocene results of cluster
3, which show that summer wettening led to a reduction in fire and show no clear evidence of human
influences on fire. Similarly, although cluster 5 shows an early onset of the increase in arable and
pasture cover and decline in broadleaf cover around 8-6kya and humans are evidenced to have begun
farming in the general regions of the zones of this cluster around Tkya [159], it experiences a general
mid-Holocene decline in fire, with summer temperature remaining the most important fire control
in the 8-4kya interval. These patterns suggest that mid-Holocene fire variability in clusters 3 and 5
were primarily climate-driven, with a less important role of land cover changes compared to other
temperate European regions.

In the British Isles cluster 4, landscape openness remains important for fire in the mid-Holocene,
seen by fire reaching a minimum at the maxima in broadleaf and forest cover and maintaining a
negative relationship with forest cover. Increases in agricultural expansion from ~6kya in this region
[159] probably contributed to the onset of the broadleaf decline from ~6kya that would have created

a less forested landscape, reversing the early-Holocene decline in shrubby and fine fuels and leading to
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an increase in fire between 4.6-3.1kya. This fire increase is disproportionate relative to the variability
in the climate variables, increasing the certainty that human-caused landscape changes played a major
role in this pattern.

Despite evidence that agriculture and hence probable human deforestation practices were under-
way in localised areas of hemiboreal northeastern Europe ~6kya [160], effects of these activities on
the fuel properties of cluster 12 were probably minimal throughout the mid-Holocene. This is evi-
denced by cluster 12 showing an absence of continuous mid-Holocene increases in human land classes,
in contrast to many other European clusters. Like clusters 3 and 5 and contrary to most of Europe,
the climate changes appear more important for fire than land cover changes in the 8-4kya period.
The gradual mid-Holocene temperature decline and precipitation increase probably caused a gradual
decline in fire through a reduction in fuel dryness. Increasing levels of forest cover had reduced fire
in the early Holocene, and its subsequent stable high levels throughout the mid-Holocene probably

maintained the general fire minimum in this cluster.

The late Holocene: 4-Okya

In keeping with the NET results, fire variability across Europe in the most recent 4kya is more clearly
attributable to human-caused land cover changes than during the mid-Holocene. This is because
firstly, the climate changes alone are unable to account for the fire changes as in theory they predict
opposing fire changes to those observed. For example, in clusters 9, 11, and 12, increased fire between
~4.1-1.6kya, 4-Okya, and from 3.6kya respectively occur while summers generally get colder and wetter
in all three clusters. A similar pattern is again evident in cluster 7 for the 4-Okya period and in cluster
4 during its fire increase between 4-3kya. Secondly, it is unlikely that the late-Holocene land cover
changes were climate driven, because they are generally disproportionate in magnitude relative to the
climate changes seen during this interval, which is a pattern not evident in earlier periods. Thirdly,
the broadleaf and forest cover declines, human land class increases, and fire variability of most clusters
generally vary outside of their ranges of variability seen in previous Holocene intervals, indicative of the
clusters transitioning to novel fire regime states. This set of observations is expected under widespread
human deforestation practices in Europe that are known to have intensified in the late Holocene [113].

In the central European cluster 8, the signal of slowed agricultural expansion and associated
needleleaf increases between ~2.6-1.6kya may be related to a decline in human land management. It
is unclear what may have caused this, but the minor reductions in GDD and temperatures observed
in the NET cluster 13 and this cluster may indicate less favourable climatic conditions for agriculture
during this time, which may have also favoured needleleaf expansion. Between 1.7-1.3kya, slowed
forest decline in Europe has been associated with the post-Roman migration period when there were
mass migrations of human populations across temperate Europe, which may have led to declines in
rural settlement and re-growth of forests in various regions [113]. The renewed increase in fire in
the most recent millennium is consistent with the declining tree cover and increases in agricultural
land cover and their relationships to fire shown in Feurdean et al. [116]. This is in accordance with
historical documentation indicating renewed forest clearance to make way for farms and villages soon
before lkya in north-central mid-latitude Europe [113]. Unlike many other European clusters, this
increase occurs along with increasing temperatures, hence was probably caused by a combination of

human activities and enhanced summer drying.
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In the Scandinavian and Swiss Alpine cluster 9, fire declines in the most recent 1.6kya when
human landscape modification is evidently most pronounced. Cluster 9 has a very high general level
of moisture, which is evidenced to have reached its maximum levels in the most recent millennia.
At 1.6kya, the moisture levels may have become too high to sustain further fire increases. This is
congruent with the explanation for the similar pattern observed for the spatially overlapping NET
cluster 16. It appears less likely that the fire decline was caused by fuel depletion and landscape
fragmentation because the adjacent cluster 11 has lower forest cover and comparable open/human
landscape cover at 1.6kya, yet its fire response does not decline. A pre-industrial decline in fire in
central Sweden, which overlaps with the northern zone of this cluster, has also been observed in a
study combining fire scar and charcoal records and is linked with a cultural transition from traditional
slash and burn agriculture to modern agriculture and forestry practices that did not entail substantial
use of fire [169, 170]. The onset of this decline occurs ~0.6-0.4kya, ~0.3ky earlier than other parts
of Fennoscandia and Denmark [170]. This agrees with the fire response of cluster 9, suggesting that
the transition away from fire-intensive land management practices was an important influence on the
latter stages of its late-Holocene decline.

In the British Isles cluster 4, it is apparent that the very low forest cover and high levels of
agricultural and open landscape representation by 3kya probably resulted in a fuel load that was too
low to sustain further fire increases in later millennia of the same magnitude seen between 4.6-3.1kya.
This hypothesis is more plausible for this cluster as opposed to the climate wettening explanation
given for cluster 9 because the cluster 4 precipitation decline from 2kya indicates that its climate
became drier. Moreover, the degree to which forests are reduced and open landscapes are extended
in the late Holocene is greater in this cluster than in other Furopean clusters. At the centennial
scale, cluster 4 shows a similar pattern to cluster 8 in that the attenuated increase in pasture cover
between 2.6-2.1kya may have been caused by a regional reduction in summer dryness and temperature,
observed in the precipitation curve as well as the GDD response of the overlapping NET cluster 16.
This climate change may have caused the cluster 4 decline in fire between 2.6-2.1kya. The synchrony
of these environmental patterns between the spatially disparate clusters 4 and 8 is consistent with
the notion that this fire decline was caused by a regional climate change as opposed to more localised
landscape effects.

While the turning point in fire at 3.6kya in the hemiboreal northeastern cluster 12 appears at-
tributable to human activities, Feurdean et al. [116] show that increases in arable and grassland cover
at levels that induce the strongest positive response in fire only occur within the past 2.1kya in the
boreo-nemoral region of their study, consistent with the large fire and open/human land increases seen
in the last two millennia in this cluster. Feurdean et al. [116] attribute the fire increase before this
time to the rise in needleleaf cover. However, between 3.6-2.1kya, arable land cover increases between
~4-6%, whereas in the Feurdean et al. [116] GAM analysis, the range of values of the arable and dis-
turbed land cover variable does not include values under ~6% in the boreo-nemoral region, and this
variable is strongly positively related to fire from 6% cover and above. It is evident that agriculture
and hence probable human deforestation practices were underway in hemiboreal northeastern Europe
~6kya, hence it is plausible that the onset of the increase in fire at 3.6kya occurred as a result of a
combination of climate-driven needleleaf increases and human landscape management.

Clusters 3 and 5 show a different pattern relative to other European clusters in that summer
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dryness variations are consistently the most important fire control from the early to the late Holocene,
despite these regions experiencing similar land cover variations to the rest of Europe. The climate
history of cluster 3 is in keeping with the evidence for Holocene shifts in NAO dominance that prob-
ably played an important role in regulating the environment of this region [110, 167]. Despite the
results suggesting temperature variations were the principal control on fire in cluster 3 in the late
Holocene, effects of human activity are still evident, since the general fire increase between 3.6-Okya
is concomitant with increasing human land use intensification. This is consistent with findings from
the multi-proxy study of climate and human impacts on the environment of the Romanian Carpathi-
ans which suggest that human-induced deforestation and agriculture became important after ~4.5kya
[167]. In cluster 5, the disproportionate fire increase in the last 1ky corresponds with the pattern
of declining broadleaf cover and increased agricultural land cover, suggesting that human activities
became important for fire only in the most recent millennium.

The higher spatial detail of the European results relative to the NET results provide more details
regarding the timing of human-induced deforestation practices in different regions of Europe. For
example, the decline in needleleaf cover in cluster 12 that occurs at 1.6kya is more similar to the NET
cluster 5 which experiences this decline at the same time, compared to the overlapping NET cluster
12 that contains the northern central Europe/Jutland region and which experiences the needleleaf
decline at 1.1kya. This suggests that the human deforestation history of the hemiboreal northeastern
region is more similar to Fennoscandia than to the northern central Europe/Jutland region. Given
that the European cluster 12 experienced higher needleleaf and lower broadleaf maxima than the NET
cluster 12, this pattern is consistent with the notion of a human preference for deforesting broadleaf
forests prior to needleleaf forests, because broadleaf forests would have become depleted at an earlier
stage in hemiboreal northeastern Europe relative to the Jutland region, hence its earlier onset of the

needleleaf decline.
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Limitations

Despite the improvements that this work makes to the spatial scope and sampling of charcoal com-
posites presented in previous literature, some composites nonetheless have low sample sizes and are
poorly constrained, and a few only cover part of the Holocene. There are also large uncertainties in
many environmental composites. For example, many of the NET-scale GDD curves have large con-
fidence intervals, as do the climate variables at the European scale. These environmental composite
uncertainties are likely to be inflated by the low number of grid cells comprising them. Since the envi-
ronmental composites are generated only for the grid cells with charcoal-record coverage, low cluster
grid-cell sizes are a consequence of the low charcoal-record sample size and/or low geographic spread
of charcoal records within some clusters, in addition to the large grid-cell size of the TraCE-21ka
dataset. These factors also result in multiple clusters containing less than 10 grid cells, which are
deemed unsuitable for generating environmental composite confidence intervals. These shortcomings
reduce the certainty of the interpretations of the controls on the fire and environmental histories of
some clusters.

Another consequence of low charcoal-record sample sizes and geographic spread within clusters
is that the fire response of a given cluster is defined using a spatial subset of the fire variation of
the cluster as a whole. This may result in fire composites that misrepresent the fire history of the
palaeofire environment that the cluster represents. Additionally, when comparing fire evolution of
the same clusters on different continents, this can increase the difference in environmental space that
generated the two fire responses being compared, making them less likely to represent fire responses
of similar palaeo environmental evolution on separate continents, thereby reducing the veracity of
the comparisons. Despite the sampling limitations of this work, for most clusters investigated it was
possible to derive well-constrained fire composites from charcoal records spanning wide geographic
ranges, an observation that would not be expected if the charcoal records of a given cluster did not
capture the aggregate fire history of a palaeofire environment. It was also possible to derive novel
information from the fire composites and their comparisons across continents and with environmental
changes, specifically the generation of multiple plausible hypotheses regarding controls on fire evolution
that are consistent with independent sources of evidence.

Improvements in the spatial coverage of charcoal records would facilitate a more robust analysis
of sub-continental fire and environmental histories in the NET. Some regions that would benefit
greatly from this include central Asia, western Russia, and the Eurasian and North American high
latitudes. An alternative way of improving charcoal sampling may be through alternative methods of
transforming and standardising charcoal records, as many records were filtered out of the analysis due
to having inadequate units for the charcoal transformation method used here.

The fact that the environmental composites were generated without taking into account differences
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in charcoal-record coverage among the grid cells comprising them makes it possible for the environ-
mental composites of a given cluster to spatially misrepresent the environmental changes that inform
its fire response. This was evident in the VPD and MI curves of the NET cluster 17, which failed
to capture the climate patterns attributed to driving the mid-Holocene fire response of this cluster.
However, cluster 17 was the only case where there was an obvious contradiction between independent
evidence and the environmental composites, and it was nonetheless possible to explain this in terms
of the environmental history of the cluster. This suggests that the current method is largely resilient
to such spatial biases, which is expected if the clusters reasonably approximate palaeofire environ-
ments. Employing higher precision in aligning the charcoal to the environmental data would preclude
the ability to gain insight into the resilience of the method and would be more appropriate in later
iterations of the analytical approach used in this work.

The uncertainties in some composite reconstructions may also reflect inaccuracies in the stratifi-
cation, i.e. the limits of the ability of the clustering method to approximate true spatial boundaries
separating palaeofire environments. Some degree of noise in the stratifications is expected due to the
inherent uncertainties in the datasets used. It is expected that these uncertainties may inflate at sub-
continental scales, especially for the TraCE-21ka dataset which was chosen in part due to it reliably
capturing the main features of palaeo environmental variation across the NET, but not necessarily
sub-continental-scale patterns. Despite this, the TraCE-21ka dataset shows agreement with indepen-
dent, observation-based climate reconstructions for various sub-continental regions in this analysis.
For example, the MI curve of the NET cluster 17 indicates the same decline in moisture availability
between ~8.5-6kya and increase from the mid- to the late Holocene seen in the annual precipitation
reconstruction for northern Quebec in Viau and Gajewski [153], and the patterns of early-Holocene
moisture variability of the NET clusters 5, 12, and 13 also agree with the moisture evolution of north-
ern and central Europe shown in Mauri et al. [105]. Additionally, the evidence for the long-term
Holocene wettening of central Asia shown by the MI and VPD curves of cluster 11 generally agrees
with proxy-based moisture reconstructions showing that the regions represented by the MI and VPD
composites trended towards a wetter state as the Holocene progressed [164]. These patterns suggest
the TraCE-21ka dataset provides a reasonable description of sub-continental-scale moisture evolution
across the NET, and therefore that the lower robustness of some NET composites is largely related
to the spatial and sampling limitations of the charcoal data comprising them.

Another potential source of stratification inaccuracy is the fact that the variables chosen to define
them were limited to three measures of fuel moisture and load. These were chosen as a minimum
set of variables that capture processes considered to be fundamentally important for fire, which was
informed by wildfire theory and constrained by the datasets available in the literature. However, these
variables do not capture the full scope of fire-relevant environmental processes. For example, annual
moisture is shown in previous work and in the NET-scale analysis to be an important fire control,
but it was not included in the European stratification. Similarly, various land cover types, such as
those from Fyfe et al. [101], are considered important wildfire controls (e.g. in Feurdean et al. [116])
but are not incorporated into either stratification definition. Moreover, there are climate variables
not included in the stratifications that may be important for fire-relevant land cover change. For
example, temperature is an important predictor of plant distributions [171] and hence land cover.

Nonetheless, it was expected that grouping regions with similar climate and fuel load history would
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translate into spatial groupings with similar fire-relevant land cover history. This is supported by
the well-constrained land cover composites for most clusters. It is also useful to undertake the first
instance of this clustering analysis with a minimum set of variables considered necessary to capture
broad patterns in palaeofire environments in order to avoid overfitting the stratification models.

An example evidencing the limited ability of the TraCE-21ka simulation to precisely delineate
palaeofire environments is that the simulated NPP variable used at the NET scale does not detect
the influence of land cover changes that are independent of what climate alone would predict. For
example, human-induced tree cover declines may be expected to result in detectable NPP declines, but
NPP does not decline in the NET clusters with high forest loss in the late Holocene. Furthermore, the
environmental composites of the NET American cluster 12 did not detect the changes to fire season
length observed in independent literature [81, 154] that explained the fire response. Finally, the fact
that the continental fire responses of the clusters spanning both continents were largely dissimilar
points to the limited ability of the available variables to associate similar fire-relevant environmental
space across continents. However, this was to some degree expected, given the substantially different
tree species composition of the respective continents and their differential effects on fire regimes. Ac-
counting for these differences would require incorporating tree composition data into the stratification
definition with higher taxonomic resolution than the needleleaf and broadleaf categories used in this
analysis. More generally, the finding of different continental fire responses within the same clusters
nonetheless highlights the environmental differences between the two continents and the relevance of
these differences for palaeofire evolution.

Further work seeking to improve on the accuracy of the stratifications may pursue incorporating
more variables into the clustering method and weighting variables based on a priori knowledge of
their relative importance for fire. Using dimension-reduction steps, e.g. with Principle Components
Analysis, may be useful to this end. A future investigation might define an optimal protocol by
testing the performance of various clustering methods and combinations of variables at maximising
signal-to-noise ratios for fire-environment relationships in the resultant stratifications. This would
only be possible with more rigorous and comprehensive environmental datasets. Specifically, more
spatially resolved environmental data than the TraCE-21ka dataset that are ideally reconstructed from
observational data would greatly improve on the ability to constrain fire-environment relationships
across the NET. At present, it was not possible to correlate fire with land cover changes in North
America and for one Asian cluster due to the lack of land cover reconstructions in these regions,
highlighting the need for Holocene land cover reconstructions like the Fyfe et al. [101] dataset for
these continents.

A limitation of the stratification at the European scale is the millennial resolution of the clustered
dataset. This smooths over time series features that might isolate palaeofire-environment distinctions
at the 500-year resolution of the charcoal composites. The European analysis would benefit from less
noisy climate reconstructions with higher temporal resolution than the Mauri et al. [105] data.

The correlations taken as representative of fire-environment relationships are in some cases weakly
informative. This is because the correlation metric does not account for differences in amplitude or
magnitude of time series features being compared, and can be inflated when there is a general trend
even if variability around the trend is substantially different between two curves. Here, correlation

values are used as a general guide to quantitatively corroborate conclusions drawn from qualitative
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comparisons, rather than a rigorous method to test similarity of two time series. Another limita-
tion of the fire-environment comparisons is that in some cases, the correlations consist of a very low
number of time points. For example, the 4ky correlations for the European climate variables are, at
best, made up of only four data points. Finally, the correlation analyses do not have the ability to
quantitatively isolate independent fire-environment relationships and interactions among environmen-
tal variables. Despite this, this type of correlation analysis still facilitates reasonable inferences of
causative mechanisms driving fire evolution. For example, assigning causation to a single variable is
more certain when there is disproportionate change in one environmental variable and fire but not
the others, and/or other variables change in a manner that would otherwise predict a different fire
response to the one observed. This is the case for late-Holocene fire increases in European clusters
that occur along with anthropogenic land cover class increases and climate changes that predict fire
declines. Nonetheless, the analysis would benefit from a GAM analysis that can isolate independent
relationships and interactions among environmental variables. This would be most informative with

more resolved and comprehensive datasets.
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Conclusions

This thesis has provided insights into the environmental controls on sub-continental-scale spatial and
temporal variation of Holocene fire regimes across the NET. It has done this through the novel applica-
tion of a recently developed clustering method to palaco environmental data, which has resulted in the
generation of palaeofire-relevant spatial stratifications at respective circum-NET and European scales.
The stratifications expand on previous attempts to spatially delineate regions with different Holocene
fire histories, ultimately enhancing the ability to understand controls on palaeofires. These stratifica-
tions, and the generation of Holocene fire composites for 21 of 29 total clusters using records from the
RPD, successfully addresses the first aim of quantitatively delineating sub-continental-scale palaeofire
environments for the Holocene NET and constraining their composite Holocene fire responses. The
generally high explanatory power afforded by the correlations between fire and the climate and land
cover composites and the wide agreement of these results with the understanding of fire controls and
Holocene climate and land cover evolution demonstrates that the second aim of using quantitative
methods to identify the climate and land cover controls on the fire responses defined under the first
aim has been successfully addressed.

Consistent with the notion that the stratifications at the two scales both approximate palaeofire
environments, the spatial patterns of the two stratifications are broadly congruent with one another.
Both stratifications show a general latitudinal gradient, consistent associations between the Swiss
Alpine region and Scandinavia, the British Isles and the north/west Swiss Alpine region, and the iso-
lation of an exclusively Scandinavian cluster. This is notable given the different variables and methods
used to define either stratification. In further agreement with the stratifications being representative
of palaeofire environments, it is possible to explain the differences between them in terms of the differ-
ences in environmental history that they measure. The spatial simplification of the NET stratification
relative to the European stratification is predictable given the lower spatial precision of the NET anal-
ysis, as well as its larger spatial scope and hence broader range of environmental variation (making
the same magnitude of environmental similarity less likely to be separated into different clusters at the
NET scale relative to the European scale). Additionally, since the NET stratification was generated
using a longer time interval, the effect of the transition from the last glacial period on the climate of
the NET has a greater influence on the NET-scale cluster groupings than at the European scale. For
example, the Fennoscandian Ice Sheet influences the NET-scale variables for a longer period than the
European-scale variables, which may contribute to boreal Europe being grouped into a single cluster
at the NET scale but not at the European scale.

In addition to the similarities in the spatial patterns between the two stratifications, there is
broad agreement in the temporal patterns in fire and environmental changes when comparing various

European clusters to their more spatially integrated, overlapping NET-scale clusters (e.g. comparing
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the European clusters 4 and 9 to the NET-scale cluster 16, the European clusters 9 and 11 to the
NET-scale cluster 5, and the European-scale cluster 8 to the NET-scale cluster 13). This points to
the spatial robustness of the fire and environmental reconstructions in this analysis and ultimately
further corroborates the accuracy of the stratifications at capturing palaeofire environments.

Besides this work demonstrating the first application of the biclustering algorithm in palaeofire
research to cluster multiple environmental variables simultaneously, it makes other important method-
ological research contributions. It provides a novel, quantitative, automated cluster quantity selection
protocol for the biclustering algorithm. It also provides quantitative comparisons between fire and
environmental composites at 4ky resolution, improving on the qualitative approaches and coarser
temporal resolution of time series comparisons in previous literature.

This work also makes several contributions that enhance the current knowledge of palaeofires in
the NET. In addition to the development of palaeofire-environment stratifications, it: 1) provides
updated composite curves for sub-continental regions of the NET, expanding on the spatial scope and
resolution of the reconstructions in previous work, including by generating fire histories for regions
not previously explored such as central Asia; 2) corroborates and expands on previous findings that
changes to fuel moisture and load are important controls on palaeofires in the NET, and that their
effects have been modulated by fuel structure and composition in various regions; 3) corroborates
that human activities have been important for shaping fuel composition, landscape openness, and fire
regimes since the mid-Holocene across Europe, and that their effects on Holocene fire regimes in North
America were negligible with the exception of a few localised regions in the late Holocene.

While the sub-continental-scale fire histories of each cluster are unique, there are general patterns
in palaeofire evolution at the continental scale. Across Europe in the early- to mid-Holocene, fire
generally increased in response to the Fennoscandian Ice Sheet collapse and associated forestation
and climate warming. It continued to increase from the mid- to late-Holocene to its highest Holocene
level in response to land cover changes and widespread landscape deforestation, with human-caused
forest clearance and landscape management playing a major role. In North America, the progressive
decline of the LIS in the early Holocene led to early-to-mid Holocene forest expansion in various
regions that resulted in fire increases across the mid-latitude regions of the continent. A subsequent
long-term, continent-wide moisture increase drove late-Holocene fire declines across most of boreal and
temperate North America. However, in central and southern Quebec as well as the Pacific Northwest
of the United States, vegetation changes and human influences overrode this effect, leading to fire
increases. In central Asia, a long-term climate wettening from the early Holocene to the modern
period resulted in a generally declining fire response, with vegetation composition changes leading to
millennial-scale variations around this trend.

The stratifications provide spatial units that can be seen as fire management boundaries wherein
coherent long-term fire regime changes occur, which is useful for long-term conservation efforts. For
example, it facilitates the management of the disturbance regime of a region in accordance with its
natural background dynamics to facilitate persistence of vegetation adapted to such a disturbance
regime. This may be particularly useful in clusters that show fire regimes reaching unprecedented
states in response to late-Holocene human land use activities and where conservation efforts may seek
to restore pre-modern land cover patterns (e.g. the European clusters 8, 11 and 12). Moreover, the

environmental histories of the clusters shown here provide a basis for spatial prediction of fire regime

84



Palaeofires in the northern extratropics Conclusions

and vegetation changes that may occur in response to future climate changes or human land use

processes.
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Figure A.1: Correlation multiplot for the three variables used in the biclustering algorithm after all pre-clustering
data processing steps were applied. Correlation values are shown on the off-diagonals. Red curves are loess-
smoothed lines of best fit, with red points representing the intersection of the maxima of the probability density
functions of the two correlated variables. The distributions of the variables are shown by histograms, probability
density functions, and rug plots on the diagonals. Top: correlations among the three variables used in the NET-
scale clustering analysis. Top right: the three NET variables have had outliers removed prior to correlation, by
calculating the lower (upper) quartile —(+) 1.5 * the interquartile range for the three variables, then removing
all data points from the three variables less than (greater than) the maximum (minimum) quantity among these
values. Bottom: correlations among the three variables used in the European-scale clustering analysis (tsumm:

summer temperature; psumm: summer precipitation; forest: forest cover).
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Figure A.3: Output of the cluster quantity selection optimisation protocol for the biclustering algorithm imple-
mented at the NET scale. The k values (see methods) for all combinations of site and time clusters investigated
are shown as a 2D surface and are rounded to the nearest integer. The optimal site-time combination chosen is
17 site and 8 time clusters.

88



Appendix A

Palaeofires in the northern extratropics

"SPI0021 [RODIRTD JO SUOIYRIO] dIR SI[SURLI) Jor[( "POUIISSR o1om £d1[) UDIYM 0} (PUaSa] oY) Ul PAISUINU PUR PIPODI-INO[0D) I9)sn[d Teryeds
oreos-ueadoing] oy} Aq PapoI-INO0D 9I8 SPIOIAI I9A0D pue[ oy, a7eds ueadoins] o) je $931s0dUIod [e0IIRTD 9)RISUSS 0) PISN SPIOII [EOIIRYD JO SUOI}BIO] 9} 0%
uotyelor ut pajjord ‘ereos weadony o1} 1 s991s0dWO0d I9A0D PUR] 9)RISUSSZ 0) POST dIom JRT[) JoseIep [T0T] ‘T 10 9JA,] oY) WOl sp10dal uofjod JO SUOIped0r] f'y 0Im3I ]

€L o Ll o6
¢l e 0l o8

-No0S

~No09

~No0.

89




Appendix A

Palaeofires in the northern extratropics

"SPI0091 [RODIRYD JO SUOIIROO] dIv SO[FURLI) Yor[( 'POUSISS olom Ao1) UIIYM 0] (PUaSe] o) Ul PaIoqUINU PUR PIPOI-INOT0D)
199snpd Tereds [N 9U) AQ POpPOO-INO[0d 9I8 SPIOJSI ISA0D PURT °9[eds THN oY} 18 $931s0duIod [ROIIRYD 9eIdUaS 03 Pasn SPIOJAI [ROJIRYD JO SUOIYRIO] Y} 0}
uorjeal ul pe1jo[d ‘oreds TN o) 18 $991s0dUIod 19A0D PUR] 9)RISUSS 0) Pasn alam ) jasetep [T0T] Te 19 9J4 ] oY) WOl spI0dal uafjod Jo SUOIYed0T :G'y 2IndIg

9L o €L o |l ¢ Qe
GlL eCl o 6°Ge
O m o o o o o
3,051 3,021 3.06 309 308 0 NeOb
-No0S
-N-09
-No0Z

90



Palaeofires in the northern extratropics

Appendix A

Table A.1: List of R packages not cited in the main text that were used in the analysis.

R package purpose

dplyr[172] data manipulation

tidyr[173] data manipulation

reshape2[174] data manipulation

stringr[175] data processing

ncdf4[176] netCDF data processing

rgdal[177] spatial data analysis and visualisation
sf[178] spatial data analysis and visualisation
maps[179] spatial data visualisation

lattice[180]
rnaturalearth[181]
rnaturalearthdata[182]
rgeos[183]
maptools[184]
RColorBrewer[185]
plot.matrix[186]
psych[187]
Metrics[188]
EGRET[189]

spatial data visualisation

spatial data visualisation

spatial data visualisation

spatial data visualisation

spatial data visualisation

data visualisation

matrix visualisation

correlation multiplot generation
calculation of RMSE values
calculation of tricube-weighted means
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Figure A.8: Temporal patterns of spatial cluster 17 at the NET scale. The thick black line represents the mean
across all individual grid-cell time series comprising the cluster, where each time series is a concatenation of net
primary productivity, moisture index, and vapour pressure deficit time series, each of which span the period
14.1-Okya. Thin black lines are the standard deviations around this mean. The x-axis denotes the position
and time order (in years before 1950 CE) of the respective variables within the concatenated time series (npp:
net primary productivity; mi: moisture index; vpd: vapour pressure deficit). Coloured vertical bars represent

temporal clusters defined by the biclustering algorithm. The number of grid cells comprising the cluster (n)
and the cluster identity value (k) are shown.
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Figure A.9: Boxplots showing the distribution of moisture index values used to generate the composite curves
of each spatial cluster at the NET scale for the 12-Okya interval. Left: Eurasia; Right: North America.
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Figure A.10: Boxplots showing the distribution of vapour pressure deficit values used to generate the composite
curves of each spatial cluster at the NET scale for the 12-Okya interval. Left: Eurasia; Right: North America.
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Figure A.11: Boxplots showing the distribution of values of growing degree days above 0°C used to generate
the composite curves of each spatial cluster at the NET scale for the 12-Okya interval. Left: Eurasia; Right:
North America.
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Figure A.12: Boxplots showing the distribution of net primary productivity values used to generate the com-
posite curves of each spatial cluster at the NET scale for the 12-Okya interval. Left: Eurasia; Right: North
America.
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Figure A.13: Number of records comprising the fire and environmental composite curves for each time bin

(shown on the x-axis in years before 1950 CE) for the NET cluster 5, Eurasia (left) and North America (right).
The curves are coloured in accordance with the colours of the corresponding composite curves shown in the
main text. Some environmental curves are not visible due to having identical sampling through time to other
curves from the same dataset. The total number of charcoal records comprising the charcoal composite (n) and
the cluster identity value (k) are shown.
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Figure A.14: Number of records comprising the fire and environmental composite curves for each time bin
(shown on the x-axis in years before 1950 CE) for the NET clusters 6 (left) and 10 (right). The curves are
coloured in accordance with the colours of the corresponding composite curves shown in the main text. Some
environmental curves are not visible due to having identical sampling through time to other curves from the
same dataset. The total number of charcoal records comprising the charcoal composite (n) and the cluster
identity value (k) are shown.
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Figure A.15: Number of records comprising the fire and environmental composite curves for each time bin
(shown on the x-axis in years before 1950 CE) for the NET cluster 11. The curves are coloured in accordance
with the colours of the corresponding composite curves shown in the main text. Some environmental curves
are not visible due to having identical sampling through time to other curves from the same dataset. The total
number of charcoal records comprising the charcoal composite (n) and the cluster identity value (k) are shown.
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Figure A.16: Number of records comprising the fire and environmental composite curves for each time bin
(shown on the x-axis in years before 1950 CE) for the NET cluster 12, Eurasia (left) and North America (right).
The curves are coloured in accordance with the colours of the corresponding composite curves shown in the
main text. Some environmental curves are not visible due to having identical sampling through time to other
curves from the same dataset. The total number of charcoal records comprising the charcoal composite (n) and
the cluster identity value (k) are shown.
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Figure A.17: Number of records comprising the fire and environmental composite curves for each time bin
(shown on the x-axis in years before 1950 CE) for the NET cluster 13. The curves are coloured in accordance
with the colours of the corresponding composite curves shown in the main text. Some environmental curves
are not visible due to having identical sampling through time to other curves from the same dataset. The total
number of charcoal records comprising the charcoal composite (n) and the cluster identity value (k) are shown.
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Figure A.18: Number of records comprising the fire and environmental composite curves for each time bin
(shown on the x-axis in years before 1950 CE) for the NET cluster 16, Eurasia (left) and North America (right).
The curves are coloured in accordance with the colours of the corresponding composite curves shown in the
main text. Some environmental curves are not visible due to having identical sampling through time to other
curves from the same dataset. The total number of charcoal records comprising the charcoal composite (n) and
the cluster identity value (k) are shown.
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Figure A.19: Number of records comprising the fire and environmental composite curves for each time bin
(shown on the x-axis in years before 1950 CE) for the NET clusters 1 (left) and 4 (right). The curves are
coloured in accordance with the colours of the corresponding composite curves shown in the main text. Some
environmental curves are not visible due to having identical sampling through time to other curves from the
same dataset. The total number of charcoal records comprising the charcoal composite (n) and the cluster
identity value (k) are shown.
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Figure A.20: Number of records comprising the fire and environmental composite curves for each time bin
(shown on the x-axis in years before 1950 CE) for the NET cluster 17. The curves are coloured in accordance
with the colours of the corresponding composite curves shown in the main text. Some environmental curves
are not visible due to having identical sampling through time to other curves from the same dataset. The total
number of charcoal records comprising the charcoal composite (n) and the cluster identity value (k) are shown.
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Figure A.21: Holocene biomass burning and environmental composite curves for

3600
3100
2600
21001
1600
1100
600
100

the NET cluster 1, North

America, all smoothed using a 1500-year window width. The time interval (shown on the x-axis in years before
1950 CE) is limited to the period within the 11.6-Okya interval in which all time points contains at least 10
charcoal records in the smoothing window. The composite curves are shown with 95% bootstrap confidence
intervals, except for composites comprised of less than 10 individual time series. The number of charcoal records
comprising the biomass burning response (n) and the cluster identity value (k) are shown on the top panel.
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Figure A.22: Holocene biomass burning and environmental composite curves for the NET cluster 5, North
America, all smoothed using a 1500-year window width. The time interval (shown on the x-axis in years before
1950 CE) is limited to the period within the 11.6-Okya interval in which all time points contain at least 10
charcoal records in the smoothing window. The composite curves are shown with 95% bootstrap confidence
intervals. The number of charcoal records comprising the biomass burning response (n) and the cluster identity
value (k) are shown on the top panel.
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Figure A.23: Holocene biomass burning and environmental composite curves for the NET cluster 5, Eurasia, all smoothed using a 1500-year window width. The
time interval (shown on the x-axis in years before 1950 CE) is limited to the period within the 11.6-Okya interval in which all time points contain at least 10

charcoal records in the smoothing window. The composite curves are shown with 95% bootstrap confidence intervals. The number of charcoal records comprising

the biomass burning response (n) and the cluster identity value (k) are shown on the top panel.

103



Palaeofires in the northern extratropics

Appendix A

39;k=12

n=

[=) o) o 0 o 0 o [to) o L) o ) o 0
- o o IS [ ~ -~ N -~ ~ ~ -~
(sa109s-7) (%) (%) ssesb (%)
pauing ssewolg pue|qnIos R yjesH |einjeu @ ainjsed paqun}sip @ s|qely
o~
-
1]
X
o)}
%]
1]
c
o v o v ~ © v Q Q 3 2 8
-~ ©o o o IS o o @ N 0 = ©
(sa109s-7) (13d/(uue) 1d) (%) soan (%) soan
pauing ssewolg Xapul 8IniSIoN Jesjs|pasN Jes|peoig
]
-
1]
X
[}
™
1]
c
o (e} o v o n o e} o n wn o e} o o o o o o
- o S o o N~ O N O N~ ~ 0 3] S © © © © o
T @ o o N N -~ o o o o ‘(2 (2] @ ~ ©
(sa109s-7) (ed¥) AdA
pauing ssewioig (2.) aao Aigpuous xep (s/2w/B) ddN

0oL
009
00l
0091
oole
009z
oole
009€
00L¥y
009
001G
0095
0019
0099
001
009
00l8
0098
0016
0096
ooLotL
00901
00LLL
00911

0oL
009
00l
0091
oole
009z
oole
009€
00L¥y
009
001G
0095
0019
0099
00l
009
0018
0098
0016
0096
ooLotL
00901
00LLL
00911

00l
009
0011
0091
oole
009¢
oole
009€
00L¥
009¥%
001G
0095
0019
0099
001
0092
ool8
0098
0016
0096
0oLoL
00901
00LLL
009L L

Figure A.24: Holocene biomass burning and environmental composite curves for the NET cluster 12, Eurasia, all smoothed using a 1500-year window width.

The time interval (shown on the x-axis in years before 1950 CE) is limited to the period within the 11.6-Okya interval in which all time points contain at least
10 charcoal records in the smoothing window. The composite curves are shown with 95% bootstrap confidence intervals, except for composites comprised of less

than 10 individual time series. The number of charcoal records comprising the biomass burning response (n) and the cluster identity value (k) are shown on the

top panel.
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Palaeofires in the northern extratropics

Table A.2: Correlation values for the fire-environment comparisons for the North American clusters from the
NET-scale analysis. Correlations are generated for 4ky-intervals as well as the full time interval that each cluster
spans. Correlations are rounded to the nearest second decimal value. gdd: growing degree days; mi: moisture

index; npp: net primary productivity; vpd: maximum monthly vapour pressure deficit.

cluster wvariable correlated time interval

correlation (r)

gdd
gdd
gdd

Ut Ot Ot Ut Ut Ot Ot Ot O O U U xR R R R R R R R R R R R R R R R R e e
=}
=
o)

12-Okya
8-4kya
4-Okya
12-Okya
8-4kya
4-Okya
12-Okya
8-4kya
4-Okya
12-Okya
8-4kya
4-Okya
12-Okya
8-4kya
4-Okya
12-Okya
8-4kya
4-Okya
12-Okya
8-4kya
4-Okya
12-Okya
8-4kya
4-Okya
12-Okya
8-4kya
4-Okya
12-0kya
8-4kya
4-Okya
12-Okya
8-4kya
4-Okya
12-Okya
8-4kya
4-Okya

—0.53
—0.68
0.33
0.44
0.26
0.08
—0.49
—0.72
0.38
—0.56
—0.67
0.38
—0.25
-0.77
0.58
—0.12
0.66
-0.77
—0.16
—0.75
0.56
—0.06
—0.72
0.74
0.74
0.81
0.77
-0.71
—0.8
—0.64
0.77
0.9
0.83
0.73
0.74
0.84

Continued on next page.
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Appendix A

Table A.2: Continued.

cluster

variable correlated

time interval

correlation (r)

[«> > BN e NN e e e e e e N o) BN e N e N e R e

e e e e e o T T O e S e R S e e e T e e
S O O O O O NNNNDN DN NN DN DNDNDNDNNDN DN N

16

gdd
gdd
gdd
gdd

12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4dkya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya

0

0.25
-0.91
0.26
—0.07
0.03
0.88
—0.44
0.05
0.62
0.77
—-0.12
—0.03
0.6
—0.81
0.7
0.66
0.79
0.46
—0.49
0.74
0.92
—0.58
0.19
0.84
0.91
—0.44
—0.22
—0.35
0.26
0.71
—0.13
—0.27
0.87
—-0.15
0.94
—0.51
—0.12
-0.93

Continued on next page.
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Table A.2: Continued.

cluster

variable correlated

time interval

correlation (r)

16
16
16
16
16
16
16
16
16
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17

mi
npp
npp
npp
npp
vpd

4-Okya
12-Okya
12-8kya
8-4dkya
4-Okya
12-Okya
12-8kya
8-dkya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya

—0.33
—0.32
0.67
-0.77
0.61
0.05
—-0.19
0.96
—0.34
-0.39
0.02
-0.79
—0.53
0.3
—0.02
0.76
0.71
-0.3
0.05
—0.62
—0.48
—0.69
—0.28
—0.84
—0.62

108



Palaeofires in the northern extratropics

Table A.3: Correlation values for the fire-environment comparisons for the Eurasian clusters from the NET-
scale analysis. Correlations are generated for 4ky-intervals as well as the full time interval that each cluster
spans. Correlations are rounded to the nearest second decimal value. arable: arable and disturbed land cover;
broadleaf: broadleaf tree cover; gdd: growing degree days; heath: heath and scrubland cover; mi: moisture
index; needleleaf: needleleaf tree cover; npp: net primary productivity; pasture: pasture and natural grassland

cover; vpd: maximum monthly vapour pressure deficit.

cluster variable correlated time interval

correlation (r)

arable
arable
arable
arable
broadleaf
broadleaf
broadleaf
broadleaf
gdd

gdd

needleleaf
needleleaf
needleleaf
needleleaf
npp

npp

npp

npp
pasture
pasture
pasture
pasture
vpd

vpd

ot Ot Ot Ot Ot Ot Ot Ot Ot Ot Ot Ot Ot Ot Ot Ot Ot Ot Ot Ot Ot Ot QOUU Ot QU Ot Ot Ot Ot Ot Ot Ot Ut Ot Ut
=

vpd

12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-0kya
12-8kya
8-4kya
4-Okya
12-0kya
12-8kya
8-4kya
4-Okya
12-0kya
12-8kya
8-4kya
4-Okya
12-0kya
12-8kya
8-4dkya
4-Okya
12-Okya
12-8kya
8-4dkya
4-Okya
12-0kya
12-8kya
8-4kya

—0.15
—-0.91
0.64
0.92
-0.5
0.94
—0.75
—-0.97
0.19
0.41
—-0.49
-0.91
-0.27
-0.91
0.67
0.94
—0.19
-0.93
0.82
0.94
0.9
0.9
0.67
0.13
0.32
0.19
0.4
—0.85
—0.7
—0.99
0.7
0.79
0.03
0.75
—0.79

Continued on next page.

109

Appendix A



Palaeofires in the northern extratropics

Appendix A

Table A.3: Continued.

cluster

variable correlated

time interval

correlation (r)

5

10
10
10
10
10
10
10
10
10
10
10
10
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11

vpd
gdd
gdd
gdd

vpd
arable
arable
arable
arable
broadleaf
broadleaf
broadleaf
broadleaf
gdd

gdd

needleleaf
needleleaf
needleleaf
needleleaf
npp
npp

4-Okya
12-Okya
8-4kya
4-Okya
12-Okya
8-4kya
4-Okya
12-Okya
8-4kya
4-Okya
12-Okya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya

-0.91
—0.16
0.61
0.43
0.07
—0.62
—0.51
—0.18
—0.37
—0.78
—0.08
0.62
0.64
0.26
0.62
0.72
—0.12
0.42
0.38
0.41
—0.65
0.67
—0.53
0.98
—0.22
—-0.29
—0.36
—0.88
0.27
—0.62
0.5
—-0.97
0.43
—0.69
0.14
—0.93
0.53
—0.37
-0.5

Continued on next page.
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Table A.3: Continued.

cluster

variable correlated

time interval

correlation (r)

11
11
11
11
11
11
11
11
11
11
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12

npp
npp
pasture
pasture
pasture
pasture
vpd

vpd

vpd

vpd
arable
arable
arable
arable
broadleaf
broadleaf
broadleaf
broadleaf
gdd

gdd

needleleaf
needleleaf
needleleaf
needleleaf
npp

npp

npp

npp
pasture

8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4dkya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-0kya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya

—0.76
0.26
0.64

—0.39
0.93

—0.34
0.69

—0.55
0.98

—0.36
0.52

-0.27
0.36
0.98

—0.45
0.37

—0.88

—0.99
0.05

0.1
0.1

-0.79
0.43

—0.24
0.92
0.91

0.5

—0.18
0.86
0.81
0.37

—0.35
0.75
0.46
0.47

—0.03
0.57

—0.38
0.16

Continued on next page.
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Table A.3: Continued.

cluster

variable correlated

time interval

correlation (r)

12
12
12
12
12
12
12
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13
13

pasture
pasture
pasture
vpd

vpd

vpd

vpd
arable
arable
arable
arable
broadleaf
broadleaf
broadleaf
broadleaf
gdd

gdd

needleleaf
needleleaf
needleleaf
needleleaf
npp

npp

npp

npp
pasture
pasture
pasture

pasture

12-8kya
8-4dkya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya

—0.13
—0.28
0.92
-0.32
0.25
-0.5
—0.88
0.73
—0.75
—0.36
0.98
-0.31
0.72
—0.42
—0.98
0.37
0.66
—0.61
—-0.39
0.19
—-0.73
—0.08
0.92
0.57
—0.15
—0.45
0.95
—0.45
—-0.63
0.88
—0.61
0.43
0.66
—0.57
0.22
0.31
—0.75
—0.16
0.99

Continued on next page.
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Table A.3: Continued.

cluster

variable correlated time interval

correlation (r)

13
13
13
13
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16

vpd

vpd

vpd

vpd
arable
arable
arable
arable
broadleaf
broadleaf
broadleaf
broadleaf
gdd

gdd

needleleaf
needleleaf
needleleaf
needleleaf
npp

npp

npp

npp
pasture
pasture
pasture
pasture
vpd

vpd

vpd

12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4dkya
4-Okya
12-0kya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya

—0.26
0.62
0.34

—0.89

0.2

-0.91
0.93

—0.73

—0.23
0.83

—0.96
0.73
0.95
0.79
0.94

—0.24
0.79
0.72
0.47

—0.76
0.77
0.71
0.55

—0.65

—0.5

—0.63
0.61
0.67
0.94
0.76
0.97

—0.38
0.37

—0.95
0.85

—0.64
0.01
0.78

—0.07

Continued on next page.
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Table A.3: Continued.

cluster variable correlated time interval correlation (r)

16 vpd 4-Okya 0.66
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Table A.4: Correlation values for the comparisons between Eurasian and American fire responses of the same
cluster from the NET-scale analysis. Correlations are rounded to the nearest second decimal value.

cluster time interval correlation (r)
12-Okya —0.63

8-4kya —0.01

4-Okya —0.72

12 12-Okya 0.41
12 12-8kya 0.4
12 8-4kya 0.28
12 4-Okya —0.36
16 12-Okya —0.5
16 12-8kya 0.65
16 8-4kya —0.87
16 4-Okya —0.82
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Figure A.40: Boxplots showing the distribution of needleleaf cover values used to generate the composite curves
of each spatial cluster at the European scale. Left: 8-4kya interval; right: 4-Okya interval.
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Figure A.41: Boxplots showing the distribution of pasture and natural grassland cover values used to generate
the composite curves of each spatial cluster at the European scale. Left: 8-4kya interval; right: 4-Okya interval.
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Appendix A

Table A.5: Correlation values for the fire-environment comparisons for the European-scale clusters. Correlations
are generated for 4ky-intervals as well as the full time interval that each cluster spans. Correlations are rounded
to the nearest second decimal value. arable: arable and disturbed land cover; broadleaf: broadleaf tree cover;
forest: forest cover; heath: heath and scrubland cover; needleleaf: needleleaf tree cover; pasture: pasture and
natural grassland cover; precipitation: mean summer (June-July-August) precipitation; temperature: mean

summer (June-July-August) temperature.

cluster variable correlated time interval

correlation (r)

arable

arable

arable

arable
broadleaf
broadleaf
broadleaf
broadleaf
forest

forest

forest

forest

heath

heath

heath

heath
needleleaf
needleleaf
needleleaf
needleleaf
pasture
pasture
pasture
pasture
precipitation
precipitation
precipitation
precipitation
temperature
temperature
temperature
temperature
arable

arable

=R R W W W W W W W WWWWWWW W W W WWWWWWwWwW W W w W W W W ww

arable

12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-0kya
12-8kya
8-4kya
4-Okya
12-0kya
12-8kya
8-4kya
4-Okya
12-0kya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4dkya
4-Okya
12-Okya
12-8kya
8-4dkya
4-Okya
12-0kya
12-8kya
8-dkya

0.62
—0.09
0.38
0.81
—0.32
0.13
—0.34
-0.91
—0.45
0.4
—0.25
—0.82
0.17
—0.49
0.4
0.33
—0.66
—0.37
—-0.4
—0.76
0.46
—0.57
0.43
0.88
—0.09
0.22
—0.61
—0.35
0.73

1

-1
0.92
0.66
0.36
—0.36

Continued on next page.
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Table A.5: Continued.

cluster

variable correlated

time interval

correlation (r)

[ O B L & S S S S L S S T T T T = | o | L T e T T T T = N - SN

arable
broadleaf
broadleaf
broadleaf
broadleaf
forest

forest

forest

forest

heath

heath

heath

heath
needleleaf
needleleaf
needleleaf
needleleaf
pasture
pasture
pasture
pasture
precipitation
precipitation
precipitation
precipitation
temperature
temperature
temperature
temperature
arable

arable

arable

arable
broadleaf
broadleaf
broadleaf
broadleaf
forest

forest

4-Okya
12-Okya
12-8kya
8-4dkya
4-Okya
12-0kya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya

0.33
—0.69
—0.57

0.21
-0.27
—0.82
—0.58
—0.52

—0.2
—0.37

0.37
—0.49
—0.24
—0.16

—0.6

0.24
—0.46

0.75

0.58

-0.3

0.36

0.08

0.89
—0.95
—0.19
—0.02

0.13

0.38
-0.32
—-0.13

-0.3
—0.53
0.8
—0.09
—0.04

0.04
—0.78
—0.22
—0.45

Continued on next page.
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Table A.5: Continued.

cluster

variable correlated

time interval

correlation (r)

e N B B B N T B B B e B B B B B O L L B S B & L B O L L L O B L S L G L L L S S L S L S L S B S B 2 S

forest

forest

heath

heath

heath

heath
needleleaf
needleleaf
needleleaf
needleleaf
pasture
pasture
pasture
pasture
precipitation
precipitation
precipitation
precipitation
temperature
temperature
temperature
temperature
arable

arable

arable

arable
broadleaf
broadleaf
broadleaf
broadleaf
forest

forest

forest

forest

heath

heath

heath

heath

needleleaf

8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4dkya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-0kya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya

0.41
—0.86
0.52
0.52
0.61
0.85
—0.54
—0.62
—0.32
-0.92
0.24
0.31
0.1
0.87
0.02
0.1
—0.2
0.63
0.6
0.05
0.76
0.93
0.51
—0.92
0.78
0.97
—0.12
0.94
—0.88
—0.98
—0.18
0.92
—0.61
—0.96
-0.01
—-0.91
0.14
0.99
—0.68

Continued on next page.
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Table A.5: Continued.

cluster

variable correlated

time interval

correlation (r)

O 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 =J =3 =~J =J =J =3 =J ~J =9 =3 =y =3 =3 I

needleleaf
needleleaf
needleleaf
pasture
pasture
pasture
pasture
precipitation
precipitation
precipitation
precipitation
temperature
temperature
temperature
temperature
arable

arable

arable

arable
broadleaf
broadleaf
broadleaf
broadleaf
forest

forest

forest

forest

heath

heath

heath

heath
needleleaf
needleleaf
needleleaf
needleleaf
pasture
pasture
pasture

pasture

12-8kya
8-4dkya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya

-0.79
0.94
0.5
0.17
—0.89
0.51
0.96
0.4
0.33
0.26
0.91
0.42
0.98
—0.74
—-0.92
0.33
—0.49
—0.74
0.86

0

0.83
—0.09
—-0.89
0

0.92
0.55
-0.95
0.49
0.61
0.58
0.96
—0.45
-0.9
0.91
—0.74
—0.08
-0.89
—0.62
0.92

Continued on next page.
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Table A.5: Continued.

cluster

variable correlated time interval

correlation (r)

© © © © © © © © © © © © © ©V ©V © © © © © © © ©V V©V ©V © © © © © © o o 0 0 0 o o oo

precipitation
precipitation
precipitation
precipitation
temperature
temperature
temperature
temperature
arable

arable

arable

arable
broadleaf
broadleaf
broadleaf
broadleaf
forest

forest

forest

forest

heath

heath

heath

heath
needleleaf
needleleaf
needleleaf
needleleaf
pasture
pasture
pasture
pasture
precipitation
precipitation
precipitation
precipitation
temperature
temperature

temperature

12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4dkya
4-Okya
12-0kya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya

0.32
0.26
0.07
0.16
0.38
0.84
—-0.97
0.93
—-0.13
—0.87
0.64
0.04
0.07
0.91
—0.93
—0.12
0.46
0.97
—0.85
0.01
0.5
—0.44
—0.74
0.14
—0.17
—0.86
0.88
0.02
-0.09
—0.96
—0.61
0.04
0.2
—0.86
0.56
—0.48
0.52
0.98
—0.86

Continued on next page.
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Table A.5: Continued.

cluster

variable correlated time interval

correlation (r)

9

11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
12
12
12
12
12
12

temperature
arable

arable

arable

arable
broadleaf
broadleaf
broadleaf
broadleaf
forest

forest

forest

forest

heath

heath

heath

heath
needleleaf
needleleaf
needleleaf
needleleaf
pasture
pasture
pasture
pasture
precipitation
precipitation
precipitation
precipitation
temperature
temperature
temperature
temperature
arable

arable

arable

arable
broadleaf
broadleaf

4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya
8-4kya
4-Okya
12-Okya
12-8kya

0.93
0.85
—0.86
0.58
0.91
-0.95
—0.94
—0.57
—0.86
—0.46
0.87
—0.85
—0.33
0.93
0.91
0.83
0.6
—0.6
0.93
—0.75
—0.88
0.84
—-0.95
0.81
0.83
0.35
0.94
—0.67
—0.13
—0.77
0.98
—0.63
—0.82
0.77
0.33
-0.17
0.97
—0.65
—0.26

Continued on next page.
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Table A.5: Continued.

cluster

variable correlated

time interval

correlation (r)

12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12

broadleaf
broadleaf
forest

forest

forest

forest

heath

heath

heath

heath
needleleaf
needleleaf
needleleaf
needleleaf
pasture
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Figure A.42: Boxplots showing the distribution of forest cover values used to generate the composite curves of
each spatial cluster at the European scale. Left: 12-Okya interval; right: 12-8kya interval.
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Figure A.43: Boxplots showing the distribution of heath and scrubland cover values used to generate the
composite curves of each spatial cluster at the European scale. Left: 8-4kya interval; right: 4-Okya interval.
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Appendix B

Supplementary Information:
Methodological Validation

Since the NET-scale MI variable was derived from the TraCE-21ka dataset using unpublished meth-
ods, it was considered worthwhile to evaluate its accuracy. To do this, MI was compared to the CRU
TS climatology data for an overlapping period. The CRU-adjusted TraCE-21ka MI values were aver-
aged over the period 1960-1989 CE, and were then spatially correlated with CRU MI data that was
temporally averaged over the same time interval. The RMSE between these two datasets was also
measured. While these variables are expected to be correlated by design, this comparison is relevant
as it provides a means of evaluating whether the method used to generate the MI data used in the
biclustering is capable of reproducing observation-based MI patterns. The datasets showed strong
agreement (r = 0.998, p = <0.0001; RMSE = 0.351; figures B.1, B.2).

Within the concatenated dataframe to be biclustered, the order and orientation (i.e. whether
reversed or not) of the time axis of each variable may have influence on the cluster partitions. This
is because the values of each variable at their most and least-recent bins differ in magnitude, creating
a source of time series variation at the breakpoints among the three concatenated variables. To
investigate this, an experiment was conducted where all (48) permutations of the time order and
orientation of the three NET-scale variables were run through the biclustering algorithm. The resultant
site-cluster partitioning of the grid cells for each permutation were compared to one permutation that
was selected as a reference output. The reference clusters were matched to the ‘treatment’ clusters by
assigning a given reference cluster the treatment cluster with the maximum proportion of grid cells in
common with the reference cluster. The similarity between the matched clusters was then assessed.
All clustering implementations for this experiment were run with 17 spatial and 8 temporal clusters
(the number of site and time clusters are irrelevant to the experiment and only their consistency across
all permutations matters).

Across all permutations, the median and mean overlap of a reference cluster with its corresponding
treatment cluster was 92% and 85% respectively. These same comparisons for the overlap of a treat-
ment cluster with its corresponding reference cluster yielded median and mean overlap percentages
of 88% and 76% respectively. The minimum single reference-cluster overlap with its corresponding
treatment cluster was 32% across all permutations, while this quantity for the treatment-cluster over-
lap with its reference cluster was 3%. Across all clusters within a given permutation, the median

grid-cell reference-cluster overlap with its corresponding treatment cluster was measured. Across all
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TraCE_means

CRU_means

Figure B.1: Spatial correlation between mean moisture index values from the CRU TS 4.0.5 dataset [138] and
CRU-adjusted TraCE-21ka data [88, 89] for the 30-75N region. Means are calculated over the period 1960-1989
CE. The correlation value is shown in the top right and is rounded to the nearest second decimal. The red
curve is the line of best fit, with the red point representing the intersection of the maxima of the probability
density functions of the two variables. The distributions of the CRU-adjusted TraCE-21ka and CRU TS 4.0.5
MI data are shown in the top left and bottom right respectively by histograms, probability density functions,
and rug plots.

permutations, the minimum median value was 79% and the median was 92%. This same measurement
of the treatment-cluster overlap with its corresponding reference cluster yielded minimum and median
values of 57% and 87% respectively.

The results of this experiment suggest that there may be some degree of bias introduced by the
order and orientation of the variables in the concatenated dataframe to be clustered. Nonetheless, the
very high general similarity of the outputs across the different permutations suggests that regardless of
this potential effect, the current biclustering method is highly likely to capture general environmental
patterns relevant for palaeofires across a given spatial domain, which is the main goal of applying this
clustering method in this analysis. Additionally, since there is no guarantee that 500 iterations will
ensure that the biclustering algorithm converges in every case, some variance among different runs of
the same permutation would be expected, hence this effect may be contributing to the dissimilarities
observed between treatment and reference clusters. There is also no obvious alternative clustering
method that has the advantages of the biclustering algorithm and that allows clustering of multiple

variables simultaneously without concatenating the datasets.
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Glossary

albedo the fraction of incident electromagnetic radiation reflected by a surface

composite an aggregated time series composed of many individual time series, each of which are

measured independently

fire regime the repeated patterns of fire at a particular location, characterised by a particular com-
bination of fire characteristics such as frequency, intensity, size, seasonality, extent, spread rate,

and severity of ecological destruction caused [4, 6, 190]
fire return interval the time interval between fires at any one site [6, 191]

fire weather the use of meteorological parameters such as relative humidity, wind speed and direc-
tion, mixing heights, and soil moisture to determine whether conditions are favourable for fire

growth and smoke dispersion [192]
head fire intensity an indicator of fire suppression resource requirements and control difficulty [99]
insolation the amount of solar power (watts) striking the earth’s surface, measured per unit area

last glacial period the period roughly 21 thousand years ago when the ice sheet extent over the

northern continents was expanded relative to the present day

palaeofire wildfire that occurred prior to the modern period

paleo-calendar effect an expression for the impact that changes in the length of months or seasons
over millennia, related to changes in the eccentricity of earth’s orbit and precession, have on the

analysis or summarisation of climate model outputs [131]

transient simulation a climate model simulation in which input variables are continuously varying

over the simulated time interval in order to attempt to realistically simulate climate change
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