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Abstract. Boreal forest and tundra biomes are key components of the Earth system
because the mobilization of large carbon stocks and changes in energy balance could act as
positive feedbacks to ongoing climate change. In Alaska, wildfire is a primary driver of ecosys-
tem structure and function, and a key mechanism coupling high-latitude ecosystems to global
climate. Paleoecological records reveal sensitivity of fire regimes to climatic and vegetation
change over centennial–millennial time scales, highlighting increased burning concurrent with
warming or elevated landscape flammability. To quantify spatiotemporal patterns in fire-
regime variability, we synthesized 27 published sediment-charcoal records from four Alaskan
ecoregions, and compared patterns to paleoclimate and paleovegetation records. Biomass
burning and fire frequency increased significantly in boreal forest ecoregions with the expan-
sion of black spruce, ca. 6,000–4,000 years before present (yr BP). Biomass burning also
increased during warm periods, particularly in the Yukon Flats ecoregion from ca. 1,000 to
500 yr BP. Increases in biomass burning concurrent with constant fire return intervals suggest
increases in average fire severity (i.e., more biomass burning per fire) during warm periods.
Results also indicate increases in biomass burning over the last century across much of Alaska
that exceed Holocene maxima, providing important context for ongoing change. Our analysis
documents the sensitivity of fire activity to broad-scale environmental change, including cli-
mate warming and biome-scale shifts in vegetation. The lack of widespread, prolonged fire syn-
chrony suggests regional heterogeneity limited simultaneous fire-regime change across our
study areas during the Holocene. This finding implies broad-scale resilience of the boreal forest
to extensive fire activity, but does not preclude novel responses to 21st-century changes. If pro-
jected increases in fire activity over the 21st century are realized, they would be unprecedented
in the context of the last 8,000 yr or more.
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INTRODUCTION

Boreal forest and tundra regions are experiencing rapid
environmental change, driven by the amplified effects of
increasing atmospheric CO2 concentrations on high-lati-
tude ecosystems (Chapin et al. 2000, Hinzman et al. 2005,
Miller et al. 2010). Disturbance by fire couples terrestrial
and climate systems, and can serve as a positive feedback

to climate warming by accelerating the movement of car-
bon stocks into the atmosphere and altering radiative bal-
ance through changes in albedo and energy partitioning
(Randerson et al. 2006, Bond-Lamberty et al. 2007,
Bonan 2008, Bowman et al. 2009). In addition to the sig-
nificant feedbacks between fire and the climate system,
fire has the potential to catalyze abrupt change in the
material and informational legacies that have promoted
the landscape-scale resilience of boreal ecosystems to
repeated disturbance and climate variability for at least
six millennia (Lynch et al. 2004, Hu et al. 2006, Higuera
et al. 2009, Johnstone et al. 2016). Increases in the annual
extent and severity of fire in the boreal forest (Kasischke
and Turetsky 2006, Kasischke et al. 2010) and the recent
occurrence of large, rare fire events in the Alaskan tundra
(Hu et al. 2010, Chipman et al. 2015) have raised ques-
tions about the capacity for fire to initiate widespread
ecosystem state change and impact the trajectory of
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ecosystem properties (Johnstone et al. 2010a, b, Barrett
et al. 2011, Grosse et al. 2011, Mack et al. 2011, Turetsky
et al. 2011, Brown and Johnstone 2012, Genet et al.
2013). For example, increased fire frequency and severity,
and subsequently reduced organic-layer thickness, may
initiate postfire shifts in species composition and promote
permafrost thaw with important consequences for radia-
tive balance and the potential mobilization of large soil-
carbon stocks (Barrett et al. 2011, O’Donnell et al. 2011,
Shenoy et al. 2011, Pastick et al. 2014, Hoy et al. 2016).
The potential for fire to catalyze abrupt environmental
change in boreal forest and tundra systems, with cascad-
ing feedbacks to global climate, motivates the need to
quantify the sensitivity of fire regimes to climate forcing
of the past, and the precedence of synchronous fire-
regime change across ecoregions.
Because of the temporally infrequent and spatially

complex nature of fire and its effects, inferences about
the causes and consequences of disturbance are scale-de-
pendent (Johnstone et al. 2010a, Turner 2010). Reducing
uncertainty around the sensitivity of fire activity to cli-
mate change, its future trajectory, and the impact of
changing disturbance regimes on the properties and
function of high-latitude ecosystems requires approaches
that are appropriately broad in their spatial and tempo-
ral scope (Kasischke et al. 2002, 2010, Hu et al. 2015,
Kelly et al. 2016). Paleoecological records are one way
to provide broad-scale perspective, and a body of pub-
lished records documents the relationships among cli-
mate, fire, and vegetation dynamics in boreal forest and
tundra ecosystems over the Holocene (Hu et al. 2006,
Whitlock et al. 2010, Marlon et al. 2013, 2015). These
records point to the sensitivity of boreal forest and tun-
dra fire regimes to climate variability, and the important
role that vegetation plays in mediating the direct link
between climate and fire (Lynch et al. 2002, 2004, Bru-
baker et al. 2009, Higuera et al., 2009, 2011a, b, Barrett
et al. 2013, Kelly et al. 2013). For example, fire activity
in Alaska increased markedly with the expansion of
black spruce ca. 6,000–4,000 calibrated years before pre-
sent (yr BP; Lynch et al. 2002, Higuera et al. 2009, Kelly
et al. 2013). In the boreal forest of the Copper River
Basin, biomass burning and summer temperature varied
independently before ca. 3,000 yr BP, but were positively
correlated over the past three millennia (Barrett et al.
2013). Recent work from the Yukon Flats region docu-
ments strong links between centennial-scale climate
warming during the Medieval Climate Anomaly (MCA,
ca. 1,000–500 yr BP) and subsequent cooling during the
Little Ice Age (LIA, ca. 600–300 yr BP), and changes in
biomass burning (Kelly et al. 2013). This work also iden-
tified potential negative feedbacks to burning after pro-
longed periods of elevated fire severity, whereby
successional-scale vegetation changes eventually reduce
landscape flammability, and subsequent fire frequency.
Despite the importance of these findings for revealing
region-specific fire–climate–vegetation dynamics, vari-
ability in fire-regime sensitivity to climate and the extent

to which fire-regime change occurs synchronously
among regions remains unclear.
Understanding variability in fire activity over space

and time is critical for assessing modern ecosystem states
and anticipating fire-regime response to 21st-century
warming. For example, incorporating paleoecological
data into modeling frameworks can change predictions of
the boreal forest as a net sink for atmospheric carbon to a
net source (Kelly et al. 2016). Furthermore, predictions of
future fire activity based on changes in fire-conducive
weather and reduced fuel moisture with climate warming
indicate widespread increases in fire activity in the boreal
forest and tundra (Balshi et al. 2009, Flannigan et al.
2009, 2017). Fire–climate modeling shows nearly univer-
sal increases in fire frequency under median climate
change scenarios, but highlights spatial variability in fire-
regime changes across Alaska, particularly in areas near
climatic thresholds to burning (Young et al. 2017).
Although the implications of widespread increases in fire
activity for global climate and local ecosystems are signifi-
cant, the magnitude of fire-regime sensitivity to climate
warming during the Holocene remains uncertain, and the
degree to which it occurred simultaneously across diverse
Alaskan ecosystems is untested.
To identify the mechanisms that drive fire regimes at

multiple scales, and quantify the degree of spatiotempo-
ral synchrony in fire activity (i.e., fire synchrony), we
characterized Holocene fire activity in a broad portion
of flammable regions of Alaska by synthesizing previ-
ously published paleofire records from four ecoregions
(Fig. 1). We define fire synchrony as fire activity occur-
ring in the same time period (e.g., a century), and among
sites within a single ecoregion, or among sites across
multiple ecoregions. Using metrics of biomass burning
and estimates of the timing of fire events, we investigated
whether spatially broad forcing (e.g., climate change or
biome shifts) promoted fire synchrony across ecoregions
at centennial to millennial timescales, or if variations in
vegetation, regional climate, or other local factors lim-
ited widespread, concurrent changes in fire activity. We
applied a robust method for estimating rates of biomass
burning at regional (101–3 km2) and multiregional (104–
6 km2) scales using 27 existing lake-sediment charcoal
records. To quantify fire synchrony among sites and
regions, we estimate the proportion of four regions, indi-
vidually and collectively, that were affected by fire each
century, and quantify the uncertainty around this metric
by incorporating the uncertainty inherent to radiometric
dating of lake sediments. Synchronous changes in bio-
mass burning and fire occurrence among regions would
provide evidence that broad-scale climatic variability or
biome-scale changes in vegetation can act as dominant
mechanisms driving fire-regime shifts, and homogenize
fire activity across Alaska. Conversely, independent vari-
ability in biomass burning and fire timing across regions
would indicate the importance of landscape-scale varia-
tion in ecosystem properties, or spatial variability in cli-
mate, in controlling fire activity. Finally, limits to high
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fire activity at multiregion scales could indicate that
fire–vegetation interactions served as negative feedbacks
to widespread, synchronous increases in fire activity dur-
ing the Holocene.

DATA AND METHODS

Study area

We analyzed records from three boreal forest and one
tundra ecoregion (Table 2, n = 27 for biomass burning
metric, and n = 25 for fire events) that are all fire-prone
systems, and represent a range of variation in climate,
geomorphology, and vegetation (Nowacki et al. 2003,
Gavin and Hu 2013). To quantify how landscape-scale
variation in ecosystem properties mediates the impacts
of broad-scale forcing on fire activity, our records span
an order-of-magnitude range in modern fire rotation
periods (60–1,100 yr; Table 1). We used records from
the south-central Brooks Range in the Kobuk Ridges
and Valleys ecoregion (Kobuk), the Copper River Basin
ecoregion (Copper River), and the Yukon Flats area in

the Yukon–Old Crow ecoregion (Yukon Flats), all con-
sidered part of the boreal forest biome. We also used
records from the Noatak River Watershed (Noatak),
located within the boundaries of the Kobuk Ridges and
Valleys ecoregion. These study areas span a climatic and
environmental gradient representing much of Alaska’s
fire-prone area (Table 1), from the tundra systems of the
Noatak, which experience frequent fire relative to grami-
noid-tundra systems further north and east (Rocha et al.
2012), to boreal forest ecosystems that vary widely in
contemporary flammability.

Paleoclimate

To evaluate potential relationships between fire activ-
ity and millennial-scale climatic change, we rely on a
recent summary of paleoclimate in northwestern North
America (Kaufman et al. 2016) spanning the entire
Holocene, and a tree-ring–based air temperature recon-
struction from 1,200 yr BP to present (Wiles et al. 2014).
The composite temperature reconstructions from Kauf-
man et al. (2016) include midge-inferred July air

FIG. 1. Locations of paleofire and paleoclimate records used in this study. White circles are paleofire records, white triangles
are paleoclimate records, and red areas are observed fire perimeters from 1950 to 2014. Labels identify four regions of study, and
colors represent dominant vegetation type as described in the legend (simplified from 2012).
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temperature (Clegg et al. 2011, Irvine et al. 2012), pol-
len-inferred air temperature (Szeicz et al. 1995, Bunbury
and Gajewski 2009, Viau and Gajewski 2009), and tem-
perature anomalies from other proxies (McKay et al.
2008; Fig. 1). Together these reconstructions document
significant spatiotemporal variability in climate through-
out the Holocene, with most records documenting tem-
perature variability of 1–2°C. Records showed general
agreement in a mid-Holocene thermal maximum cen-
tered around 6,000 yr BP, with annual mean tempera-
tures 0.2–0.5°C warmer than the most recent
millennium. Temperature reconstructions had the great-
est variability in the early Holocene, but generally docu-
ment a warming trend through the mid-Holocene and a
cooling trend after ca. 6,000 yr BP, in agreement with
results from a global Holocene temperature reconstruc-
tion for 30–90° N latitude (Marcott et al. 2013). Because
the 500-yr subcontinental resolution of this composite
paleoclimate record is lower than that of our paleofire
records, we interpret it cautiously and present it as the
best available proxy for the average climatic conditions
at any given time and location in our study. The compos-
ite effective moisture reconstruction published by Kauf-
man et al. (2016) includes a high diversity of proxy types
that results in high uncertainty and limited temporal
variability. Thus, although we compared the composite
effective-moisture reconstruction to our fire proxies, we
do not present these results in the main text. As a record
of decadal- to centennial-scale climatic variability over
the last 1,200 yr, we also call on a composite reconstruc-
tion of annual growing-season air temperatures based
on living and subfossil tree-ring widths from the Gulf of
Alaska (GOA; Wiles et al. 2014). The GOA record pro-
vides a climate proxy with substantially higher temporal
resolution for the most recent millennium (i.e., annual
vs. 500-yr resolution). In this late-Holocene period, pale-
oclimate reconstructions from tree-ring widths show
strong spatiotemporal agreement in the magnitude of
the Medieval Climate Anomaly and Little Ice Age, rela-
tively warm and cool periods (+/�0.5°C) that occurred
from ca. 1,000 to 500 yr BP and 600 to 300 yr BP,
respectively (Wilson et al. 2016, Anchukaitis et al. 2017).

In the case of the composite temperature record from
Kaufman et al. (2016), attributing changes in fire activ-
ity to climate variability is limited by the record’s coarse
spatiotemporal resolution. Although the GOA record
improves resolution, it likely represents the climate at
some of the paleofire record locations more accurately
than others (e.g., in the Copper River Basin compared
to the Noatak). However, understanding the degree of
synchrony in fire activity among regions has significant
implications even in the absence of clear attribution to a
specific broad-scale forcing. We take advantage of the
variability in climate, vegetation, and biophysical prop-
erties among our study regions in the modern record to
infer the relative importance of broad-scale forcing vs.
local heterogeneity as mechanisms controlling spa-
tiotemporal patterns in fire activity.

Paleovegetation

To interpret changes in Holocene fire activity in the
context of millennial-scale vegetation change, we rely on
four previously published pollen records from each
ecoregion (Fig. 2; Tinner et al. 2006, Higuera et al.
2009, 2011a, Kelly et al. 2013). We present these records
smoothed to millennial time scales, rather than at their
native resolution, to emphasize broad-scale trends in
vegetation assemblages that are consistent with other
records across each region (Anderson 1988, Anderson
and Brubaker 1993, Anderson et al. 2003). For example,
these records illustrate well the expansion of P. mariana
(black spruce) in interior Alaska ca. 4,000–6,000 yr BP,
the longer presence of black spruce in the Copper River
Basin, and the absence of black spruce in the Noatak
River watershed. The expansion of Alnus (alder) in the
early Holocene, ca. 7,000–8,000 yr BP, is also well illus-
trated.

Records of biomass burning and fire occurrence

We utilize two metrics of fire activity commonly
derived from sediment-charcoal records: estimates of
biomass burning based on a metric of standardized

TABLE 1. Modern climate and fire regimes in each study region.

Region
January minimum

(°C)
January maximum

(°C)
July min.

(°C)
July max.

(°C)
Annual precipitation

(mm)
Fire rotation period

(yr)

Noatak �26.9 �17.2 7.3 19.4 391 425†
Kobuk �29.2 �20.3 9.4 20.7 361 163‡
Yukon
Flats

�33.2 �23.8 10.7 22.9 167 82‡

Copper
River

�25.7 �16.4 7.9 20.2 280 2,178‡

Notes: Temperatures are average January and July minimum and maximum values from the nearest meteorological station. Pre-
cipitation is the mean annual total. Fire rotation periods statistics are based on observed fire perimeter data from the Alaskan Inter-
agency Coordination Center published by Young et al. (2017) and Rocha et al. (2012).

†Rocha et al. (2012).
‡

Young et al. (2017).
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FIG. 2. Paleofire records used in this study. Each horizontal line represents an individual paleofire record, grouped by region.
Gray bars indicate the temporal range of each record where signal-to-noise ratios were >3, and black vertical ticks indicate the
timing of peaks in charcoal accumulation rates, inferred as local fire events. For lake names associated with two-letter code, see
Table 2.
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charcoal accumulation rates (CHAR), and estimates of
the timing of past fire occurrence inferred from signifi-
cant peaks in CHAR. All 27 records used in this study
were developed with virtually identical methods

(Table 1), briefly summarized here. Sediment cores were
collected from small (<10 ha), deep (>5 m) lakes with
simple basin shapes and minimal inlets or outlets, using
a polycarbonate tube fitted with a piston and/or a

Noatak River Watershed: Uchugrak Lake

0
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100

Kobuk Ridges and Valleys: Ruppert Lake

0

50

100

Yukon Flats: Screaming Lynx Lake

0
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Copper River Basin: Grizzly Lake
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FIG. 3. Representative pollen diagrams from each focal region in this study. Pollen percentage data are smoothed to 1,000-yr
trends to emphasize millennial-scale patterns present in other regional records. Records are organized from northwestern to south-
central Alaska, from top to bottom: Uchugrak Lake (Higuera et al. 2011a), Ruppert Lake (Higuera et al. 2009), Screaming Lynxch
Lake (Kelly et al. 2013), and Grizzly Lake (Tinner et al. 2006). The black dashed lines indicate the proportion of spruce (Picea) pol-
len grains attributed to black spruce (P. mariana) vs. white spruce (P. glauca). Black spruce is not present in the Noatak River water-
shed currently. Pollen abundance does not scale directly to plant abundance.
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modified Livingstone coring device. Core tops were sam-
pled in the field at continuous 0.5–1.0-cm intervals, and
in the laboratory cores were sampled in contiguous
0.25–0.5-cm intervals, with 0.5–3.0-cm3 samples taken
for charcoal analysis. Samples were treated with sodium

metaphosphate, oxidized with sodium hypochlorite or
hydrogen peroxide, and sieved to isolate macroscopic
charcoal (>150–180 µm). Charcoal particles were
counted at 10–409 with a stereomicroscope, and CHAR
(pieces�cm�2�yr�1) was derived as the product of

TABLE 2. Summary of paleofire records used in this synthesis.

Site Code Ecoregion
Median

resolution (yr) Latitude Longitude Publication
Peak

analysis

Code CO Kobuk Ridges and
Valleys

16 67.16 �151.86 Higuera et al.
(2009)

Yes

Last Chance LC Kobuk Ridges and
Valleys

7 67.13 �150.75 Higuera et al.
(2007)

Yes

Rupert RU Kobuk Ridges and
Valleys

11 67.07 �154.25 Higuera et al.
(2009)

Yes

Wild
Tussock

WK Kobuk Ridges and
Valleys

13 67.14 �151.51 Higuera et al.
(2009)

Yes

Xindi XI Kobuk Ridges and
Valleys

21 67.11 �152.49 Higuera et al.
(2009)

No

Crater CR Copper River
Basin

13 62.10 �146.24 Barrett et al.
(2013)

Partial

Hudson HD Copper River
Basin

9 61.90 �145.67 Barrett et al.
(2013)

Yes

Minnesota
Plateau

MP Copper River
Basin

17 62.32 �146.15 Barrett et al.
(2013)

No

Super Cub SC Copper River
Basin

12 62.30 �145.35 Barrett et al.
(2013)

Yes

Little Issac LI Kobuk Ridges and
Valleys

13 67.94 �160.80 Higuera et al.
(2011a, b)

Yes

Poktovik PO Kobuk Ridges and
Valleys

9 68.03 �161.38 Higuera et al.
(2011a, b)

Yes

Raven RA Kobuk Ridges and
Valleys

8 68.01 �162.04 Higuera et al.
(2011a, b)

Yes

Uchugrak UC Kobuk Ridges and
Valleys

8 68.05 �161.73 Higuera et al.
(2011a, b)

Yes

Chopper CP Yukon–Old Crow 4 66.00 �146.28 Kelly et al.
(2013)

Yes

Epilobium EP Yukon–Old Crow 9 65.97 �145.57 Kelly et al.
(2013)

Yes

Granger GA Yukon–Old Crow 9 66.06 �145.65 Kelly et al.
(2013)

Yes

Jonah JA Yukon–Old Crow 5 66.07 �145.08 Kelly et al.
(2013)

Yes

Landing LD Yukon–Old Crow 20 65.90 �145.78 Kelly et al.
(2013)

Yes

Latitude LT Yukon–Old Crow 6 65.93 �146.14 Kelly et al.
(2013)

Yes

Lucky LU Yukon–Old Crow 5 66.02 �145.53 Kelly et al.
(2013)

Yes

Noir NR Yukon–Old Crow 2 66.00 �145.93 Kelly et al.
(2013)

Yes

Picea PI Yukon–Old Crow 16 65.88 �145.59 Kelly et al.
(2013)

Yes

Reunion RE Yukon–Old Crow 8 66.01 �146.11 Kelly et al.
(2013)

Yes

Robinson RO Yukon–Old Crow 6 65.97 �145.70 Kelly et al.
(2013)

Yes

Screaming
Lynx

SL Yukon–Old Crow 7 66.07 �145.40 Kelly et al.
(2013)

Yes

West Crazy WC Yukon–Old Crow 2 65.89 �145.62 Kelly et al.
(2013)

Yes

Windy WI Yukon–Old Crow 7 66.04 �145.75 Kelly et al.
(2013)

Yes
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charcoal concentrations (pieces/cm3) and sediment accu-
mulation rates (cm/year). Sediment accumulation rates
were based on age-depth models, developed from 210Pb
(in 26 of 27 records) and accelerator mass spectrometry
14C (in all records) dating of terrestrial macrofossils or
concentrated charcoal particles. All records underwent a
decomposition and peak analysis procedure by their
original authors using the CharAnalysis software
(github.com/phiguera/CharAnalysis), which separates
background (noise) from foreground (signal) patterns in
CHAR to identify statistically significant peaks. The
estimated age of CHAR peaks is used to infer the timing
of local fire events, interpreted as occurring within ca.
500–1,000 m of a lake, based on simulation modeling
and comparisons to modern fire activity (Higuera et al.
2007, Kelly et al. 2013). We made no changes to the
chronologies or peak identification analyses from the
original publications, which were developed using equiv-
alent methods, but only used portions of the records
from the past 10,000 yr. As in the original publications,
we also exclude (portions of) records with a signal-to-
noise index <3 from metrics that rely on peak identifica-
tion (Kelly et al. 2011), reducing the number of records
uses for fire-event analyses from 27 to 25 (Fig. 3).

Composite records of biomass burning

We used CHAR data from multiple sites to develop
indices of biomass burning at the landscape and biome
scales. We produced composite records of biomass
burning from networks of individual records using the
method introduced by Kelly et al. (2013), which mod-
els CHAR as a zero-inflated log-normal process (ZIL
method). The ZIL method avoids the Box–Cox trans-
formation of CHAR, and the associated addition of
an arbitrary constant to zero values, used in other
approaches. The ZIL method thereby reduces the
introduction of bias that can accompany transforma-
tion, and preserves the natural distribution of CHAR
data (log-normal with a high proportion of zero val-
ues; Appendix S1: Fig. S1). To account for systematic
differences in CHAR among individual sites, nonzero
accumulation rates were temporarily log-transformed,
rescaled within each site to a z-score (mean = 0, stan-
dard deviation = 1), and then returned to their original
scale through exponentiation. We estimated the param-
eters of ZIL distributions centered at continuous 10-yr
time steps using a Gaussian kernel-weighted smoothing
function with a 100-yr window (overall median sample
resolution = 9 yr). The index of biomass burning at
each time step was the mean of 1,000 bootstrapped
mean parameter estimates, and 90% confidence inter-
vals were derived from the 5th and 95th percentiles.
We derived a ~1,000-yr mean biomass burning estimate
by applying a LOESS regression to the 100-yr mean
and confidence-interval values. We interpreted changes
in the 1,000-yr mean estimate of biomass burning that

exceeded these confidence intervals to be statistically
significant.
To quantify variability in biomass burning at the

ecoregional scale, we applied the ZIL method to net-
works of records within ecoregions (Kobuk, n = 5; Cop-
per River, n = 4; Yukon Flats, n = 14; and Noatak,
n = 4), and developed a multiregion composite record
representative of fire-prone ecoregions in Alaska
(Alaska-wide) by applying the ZIL method to all sites
together (n = 27). Because the records contributing to
our Alaska-wide composite were drawn from multiple
ecoregions containing different numbers of sites, we
weighted every measure of charcoal accumulation such
that each region contributed equally to the composite
before estimating the mean of standardized CHARusing
the ZIL method (Appendix S1: Fig. S1).

Fire-event frequency

To quantify the frequency and synchrony of fire events
within and among regions, we calculated the proportion
of sites that recorded fire each century (Calder et al.
2015). Within each region, we summed the number of
fire events recorded in a 100-yr window, at continuous
10-yr time steps, and divided that sum by the average
number of sites recording within the window. This was
done over all periods with at least two sites recording.
There are a finite number of possible unique percentages
with this metric, which is equivalent to n sites + 1 if all
records were of equal length; and, because a site can
record more than one fire per century, the percentage of
sites burned can exceed 100.
To account for uncertainty in estimating the timing of

fire events from CHAR, we resampled fire ages from a
distribution of possible ages, based on uncertainty asso-
ciated with 210Pb and 14C dating. To quantify age uncer-
tainty, but preserve the chronologies originally published
with our records, we evaluated age uncertainties in the
published records and identified a conservative standard
deviation around resampled fire ages of 50 yr
(Appendix S1: Fig. S2).
We derived the median percentage of sites burned per

century from the 50th percentile of 1,000 simulated com-
binations of fire ages, and used the 5th and 95th per-
centile of these simulations to estimate 90% confidence
intervals. We calculated an Alaska-wide version of this
metric that reflects each region equally, regardless of the
number of sites it included, by taking the mean of the
5th, 50th, and 95th percentiles of the regional values at
each time step (i.e., the mean of ~4000 values [4
regions 9 1,000 simulations] per time step). Results are
presented as a LOESS regression with a 1,000-yr win-
dow. For comparison to other fire-regime metrics, a
value of 50% of sites burned per century is analogous to
a 200-yr fire rotation period (FRP) and a 200-yr point-
based mean fire return interval (mFRI; Johnson and
Gutsell 1994, Calder et al. 2015).
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FIG. 4. Composite records of biomass burning (standardized charcoal accumulation rates [CHAR]) within each study region.
The black curves indicate biomass burning at 500-yr timescales, the thin gray lines show 100-yr mean biomass burning, and the gray
band is a bootstrapped 90% confidence interval. The axes of all panels are scaled to 4, for clarity, but values >4 observed in Noatak
and Kobuk lie outside the axis limits and are not visible.
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In addition to the percent of sites burned per century,
we also quantified fire-event frequency by calculating an
Alaska-wide mFRI. FRI were measured as the years
between the estimated ages of consecutive fire events in
a record, and the Alaska-wide mFRI is presented as a
1,000-yr LOESS regression calculated form all FRIs in a
given 1,000-yr period. Finally, we also present the ratio
of composite biomass burning to the composite mFRI,
interpreted as a metric of total biomass burned per fire
event, or fire severity (Kelly et al. 2013).

Correlation analysis

To quantify the relationships among our fire and cli-
mate proxies, we conducted a pairwise correlation analy-
sis between measures of fire activity and temperature
proxies. We calculated a Pearson product-moment corre-
lation coefficient between the Kaufman et al. (2016)
composite temperature record and binned 500-yr mean
composite biomass burning, binned 500-yr mFRI, and
the percent of sites burned per century from 8,000 to
0 yr BP. From 1,200 to 0 yr BP we calculated correlation
coefficients between decadal mean temperature from the
GOA record and all three measures of fire activity.

RESULTS

Composite records of biomass burning

Our Alaska-wide composite record of biomass burn-
ing showed significant high- and low-frequency variabil-
ity during the Holocene. Biomass burning generally
increased over the Holocene, with elevated periods cen-
tered at ca. 8,000, 6,000, 4,000, and 1,000 yr BP. Bio-
mass burning increased steadily from ca. 8,000 to
4,000 yr BP, with the 1,000-yr mean reaching its maxi-
mum value ca. 4,000 yr BP. Biomass burning was ele-
vated for a ca. 500-yr period centered at 1,000 yr BP,
declined temporarily thereafter, and then increased from
400 yr BP through present. The 100-yr mean biomass
burning record also showed high variability, with several
distinct peaks between ca. 6,000 and 3,000 yr BP, and
again at 1,000 yr BP. Biomass burning at both timescales
was substantially higher in the most recent century than
at any other time in the Holocene.
Region-specific records of biomass burning likewise

showed significant high- and low-frequency variability,
both within and among regions (Fig. 4). The Noatak

exhibited the greatest variability in biomass burning,
with alternating high and low periods approximately
every 1,000 yr. Within this range of variability, biomass
burning in the Noatak lacked a significant directional
trend over the Holocene. Biomass burning in the Kobuk
region increased over the Holocene, with abrupt
increases ca. 8,000 and 5,000 yr BP. After decreasing
slightly at ca. 4,000 yr BP, biomass burning in the
Kobuk region began to increase again ca. 300 yr BP,
which continued through the present. Biomass burning
in the Kobuk was substantially higher over the last sev-
eral centuries than at any other point in the 10,000-yr
record. The Yukon Flats composite also showed an
increasing directional trend over the Holocene, with
notable peaks at ca. 5,000 and 3,000 yr BP. The record
reaches its maximum at ca. 1,000 yr BP, before decreas-
ing for several centuries until an abrupt increase in the
100-yr mean that began ca. 100 yr BP. Biomass burning
in the Copper River increased significantly from ca.
7,000 to 5,000 yr BP, but then declined through ca.
1,500 yr BP when it rose for several centuries, decreased,
and then returned to an increasing trend ca. 300 yr BP
that continues through present. Current rates of biomass
burning in the Copper River are similar to a maxima ca.
1,000 yr BP, higher than any point since ca. 3,000 yr BP.

Fire synchrony

The Alaskan record of centennial-scale fire synchrony
shows considerable high-frequency variability, but no
significant long-term trend. Maxima above 75%
occurred periodically throughout the Holocene, and
minima were generally above 50% (Fig. 5D). Ecoregion-
specific records of fire synchrony also show considerable
high-frequency variability through time, but with long-
term trends apparent only in the Kobuk and Yukon
Flats regions (Appendix S1: Fig. S3). In the Kobuk
region, fire synchrony increased through ca. 5,000 yr BP,
and decreased after. Synchrony in the Yukon Flats was
variable, showing no long-term trend until the mid-
Holocene, when fire synchrony increased ca. 4,000 yr
BP. Fire synchrony in the Noatak was highly variable,
with no long-term trend throughout the Holocene. The
Copper River showed the lowest degree of within-region
synchrony, with a notable maximum ca. 4,000 yr BP, but
no long-term trend. The Yukon Flats had the highest
average rate of burning (5th, 95th percentiles) at 86%
(0,152) of sites burned per century, and the Copper

FIG. 5. Composite fire and climate proxies for Alaska during the Holocene. (A) Mean biomass burning (standardized charcoal
accumulation rates [CHAR]) at 100-yr (thin line) and 1,000-yr (thick line) timescales, with gray band representing bootstrapped
90% confidence intervals. (B) Fire events (gray squares) and time since previous fire (FRI, yr), with 1,000-yr mean FRI (thick line)
and 90% bootstrapped confidence interval. (C) Ratio of CHAR to FRI (interpreted as fire severity), with 90% bootstrapped confi-
dence interval. (D) Median fire synchrony (percent sites burned per century) with 90% confidence intervals based on simulated age
uncertainty. (E) Composite of temperature-sensitive paleoclimate proxies from Kaufman et al. (2016; bars) and tree-ring–derived
growing-season temperature from Wiles et al. (2014; line).
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River had the lowest rate of burning at 42% (0, 100) of
sites burned per century. This contrast is consistent with
the relative differences between these regions in the

observational record of the past 60 yr, where mean
FRPs are 82 and 2,178 yr, respectively (Young et al.
2017). Clearly, however, the Copper River experienced
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significantly more fire activity earlier in the Holocene
than during the modern observational period.

Correlation analyses

Relationships between fire and temperature records
varied by proxy and time period. Over the last 8,000 yr,
biomass burning was uncorrelated with temperature,
and the percent of sites burned per century was nega-
tively associated with temperature (r = �0.77,
P = <0.001). The percent of sites burned per century
was positively correlated with our measure of fire sever-
ity (the ratio of CHAR to mFRI; r = 0.66, P = 0.01).
Over the past 1,200 yr, biomass burning (500-yr and
100-yr means), the percent of sites burned per century,
and fire severity were all positively correlated with the
decadal mean of growing-season temperature in the
GOA (r = 0.43, P < 0.001; r = 0.41, P < 0.001;
r = 0.36, P < 0.001; r = 0.43, P < 0.001, respectively),
and mFRI was negatively correlated with growing-sea-
son temperature in the GOA (r = �0.41, P = 0.05).

DISCUSSION

We hypothesized that changes in broad-scale drivers
of fire activity, like climate warming, would facilitate
synchronous change in biomass burning and fire activity
among ecoregions. Or in contrast, spatiotemporal vari-
ability in climate change or heterogeneity in landscape-
scale drivers of fire could result in variability in biomass
burning among regions. Our results complement region-
ally specific findings and provide evidence that both cli-
mate and biome-scale vegetation change drove
millennial-scale variability in biomass burning. However,
at centennial time scales, we found that synchronous
burning across regions was rare during the Holocene
(never exceeding 100% of sites burned per century),
likely because of the muting of broad-scale forcing by
local variation in vegetation and ecosystem properties,
or high local variability in the magnitude of broad-scale
forcing trends.

Direct climatic controls of fire

Our record provides a single reference for the average
trends in biomass burning across fire-prone ecosystems
of Alaska, and highlights significant shifts in biomass
burning during the Holocene that occurred in conjunc-
tion with millennial-scale changes in temperature and
vegetation composition. Biomass burning increased dur-
ing relatively warm periods ca. 10,000–9,000, and 8,000–
4,000 yr BP, and decreased with climatic cooling from
ca. 9,000 to 8,000 and 4,000 to 2,500 yr BP. At Holocene
time scales, broad agreement between trends in biomass
burning and temperature from ca. 10,000 to 2,500 yr BP,
even during a period of substantial vegetation change in
the boreal forest biome, suggests that climate exerted
substantial controls on biomass burning (Fig. 5A, C),

likely through mechanisms of fuel abundance and
flammability, from local to landscape scales (Macias-
Fauria et al. 2011). At ca. 2,500 yr BP the direct rela-
tionship between the Alaskan composite record of bio-
mass burning and temperature estimates (Kaufman
et al. 2016) degrades, as biomass burning increases but
temperature estimates decrease. Rather than a change in
the dominant fire–climate relationship, this divergence
may reflect spatial heterogeneity in climate, or the coarse
resolution of temperature proxies (Barrett et al. 2013).
The 500-yr, subcontinental resolution of the Holocene
climate record (Kaufman et al. 2016) may not be ade-
quately resolved to capture the centennial-scale climate
variability that characterized the late Holocene. Annual
temperature anomalies from tree-ring records (Wiles
et al. 2014), in contrast, are generally positively corre-
lated with biomass burning over the past 1,200 yr,
including maxima during the Medieval Climate Ano-
maly (MCA, ca. 1,000–600 yr BP), and subsequent
declines in biomass burning with temperature during the
Little Ice Age (LIA, ca. 600–300 yr BP), in the Noatak,
Yukon Flats, and Copper River. Disagreement between
the two paleoclimate records limits our ability to attri-
bute increases in biomass burning from ca. 1,500 to
1,000 yr BP to directional climate forcing, but points
toward spatial heterogeneity in climate in the study area
and the possibility that centennial- to millennial-scale
climate variability is less directly linked with fire activity
than annual- to decadal-scale variability. No significant
relationships between proxy records of effective moisture
(Kaufman et al. 2016) and metrics of fire activity were
detected in our analysis (Appendix S1: Fig. S4). This
likely reflects the greater spatial complexity in paleo
moisture trends across Alaska, relative to paleo tempera-
ture (Kaufman et al. 2016). Regional changes in effective
moisture may have been more influential on fire activity
through impacts on vegetation composition, for exam-
ple, with the expansion of black spruce with cooler and
wetter conditions leading to increased biomass burning
through increased fuel abundance (Lynch et al. 2004,
Higuera et al. 2009, Kelly et al. 2013; Fig. 2).
Regional trends in biomass burning were also qualita-

tively related to climate variability, but sensitivity to cli-
mate varied through time. Fire activity in the Copper
River and in the Noatak regions showed significant mil-
lennial-scale sensitivity to climate, evidenced by elevated
biomass burning under the relatively warm temperatures
of the middle Holocene, centered at ca. 6,000 yr BP. The
Yukon Flats, Copper River, and Noatak regions showed
centennial-scale maxima during the MCA, suggesting
sensitivity to MCA warming likely occurred outside of
the previously documented response in the Yukon Flats
(Kelly et al. 2013). Biomass burning peaked during the
MCA a few centuries earlier in the Noatak and Copper
River regions, relative to the Yukon Flats, but changes in
biomass burning in all three regions correspond strongly
with positive temperature anomalies in the GOA during
the MCA and negative anomalies during the LIA.
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The Noatak showed the highest variability in biomass
burning among regions, with abrupt increases/decreases
every ca. 1,000 yr. This variability may be an artifact of
the overall lower charcoal accumulation rates in these
records relative to boreal forest records (Higuera et al.
2011a), but it suggests the possibility of high sensitivity
in tundra biomass burning to climate variability. Fire–
climate relationships estimated from modern observa-
tional records in both boreal forest and tundra ecosys-
tems are strongly nonlinear, with distinct temperature
thresholds to burning (Hu et al. 2015, Young et al.
2017). The high variability in biomass burning in the
Noatak relative to the other regions may stem from the
region’s proximity to a temperature threshold to burn-
ing, such that small changes in temperature can result in
large changes in the probability of burning (Young et al.
2017). Statistical modeling suggests that regions well
above temperature thresholds to burning (+1–2°C) will
have high probabilities of fire, regardless of decadal- to
centennial-scale climate variability, and may therefore be
limited more by landscape flammability or ignitions than
by climatic conditions. Conversely, systems that are near
temperature thresholds may show greater sensitivity to
climatic variability (Young et al. 2019).
Our regional records of fire synchrony all document

short periods of simultaneous fire activity among sites,
but when composited display limited evidence of wide-
spread synchrony in fire activity across Alaska. Further-
more, the coupling between climate and fire suggested by
the trends in biomass burning described above do not
emerge in the long-term pattern of fire synchrony across
Alaska. Abrupt increases in biomass burning during the
warm MCA were significant in the Copper River and
Noatak regions, but changes in fire synchrony or mFRI
were not statistically significant across Alaska. This pat-
tern suggests that the inferred increases in fire severity
(i.e., increases in biomass burning per fire event) under
anomalously warm conditions in the Yukon Flats region
of Alaska (e.g., Kelly et al. 2013) may have occurred in
other boreal forest and tundra regions in Alaska as well.
Paleofire records from the eastern North American bor-
eal forest also display increased biomass burning with
nonvarying fire frequency (the inverse of mFRI) over the
past 2,000 yr (Ali et al. 2012). In this case, increases in
the ratio of biomass burning to fire frequency were inter-
preted as reflecting mean fire size, but the authors note
the covarying nature of fire frequency and mean fire size.
The low temporal resolution and proxy-related uncer-

tainty of climate reconstructions for Alaska limit our
ability to infer climatic forcing of fire activity throughout
the Holocene. Modern observations indicate strong spa-
tial autocorrelation in climate across Alaska, but hetero-
geneity in local climate could have also contributed to
variability in biomass burning and synchrony in fire
activity during the Holocene, without being reflected in
multicentury, biome-wide anomalies. Such a pattern
could potentially mask direct impacts of climate on fire
activity. Alternatively, the absence of any prolonged

periods of synchronous fire activity across Alaska could
indicate that the magnitude of centennial-scale climate
variability over the Holocene was never extreme enough
to initiate synchronous increases in fire across multiple
regions. Chronological uncertainty also hinders our abil-
ity to detect centennial-scale fire synchrony from pale-
ofire data sets. Our uncertainty estimate is conservative,
so a lack of statistically significant periods of fire syn-
chrony across Alaska may indicate the lack of adequate
temporal precision to detect synchrony at centennial
scales accurately, rather than a true lack of synchrony in
fire activity across landscapes or regions.

Vegetation-mediated control of fire and limits to
synchronous burning

Increased biomass burning in the boreal forest
(Kobuk, Yukon Flats, and Copper River regions) during
the period of black spruce expansion 7,000–4,000 yr BP
supports previous evidence that biome-scale changes in
vegetation can initiate widespread shifts in biomass
burning (Lynch et al. 2004, Brubaker et al. 2009,
Higuera et al. 2009, Kelly et al. 2013). The contrast in
biomass burning trends between the Noatak and boreal
forest regions (Kobuk, Yukon Flats, Copper River) sug-
gests that vegetation change was a more important dri-
ver of fire-regime variability in boreal forest than in
tundra systems. The Noatak was not characterized by
gradual increases in biomass burning as in the boreal
forest, but instead by punctuated periods of elevated
burning lasting ca. 1,000 yr. Picea glauca and Alnus
expanded into northwestern Alaska to form a mix of
shrub and open woodland ecosystems during in the early
Holocene (Anderson 1988, Anderson and Brubaker
1994), so all species present in modern tundra were pre-
sent 8,000–7,000 yr BP (Higuera et al. 2011b; Fig. 2).
This is in contrast with interior Alaska, where black
spruce expanded 6,000–4,000 yr BP and eventually
became a dominant tree species (Lynch et al. 2002, 2004,
Anderson et al. 2003, Higuera et al. 2009, Kelly et al.
2013). The change in fire activity after the arrival of
black spruce is also evidenced by the degree of fire syn-
chrony in the Kobuk and Yukon Flats regions, which
increases with the biome-scale change in landscape
flammability that occurred with the establishment of the
modern boreal forest ca. 6,000–4,000 yr BP (Fig. 2).
The high-frequency variability in biomass burning

(Fig. 4) and absence of widespread fire synchrony
among regions (Fig. 5D; Appendix S1: Fig. S3) under-
scores the significant heterogeneity in fire activity across
ecosystems. Our results suggest that periods of high fire
synchrony occurred within a single or a few regions in
any given century, but rarely (or never) in all regions at
once. The broad agreement in fire synchrony between
the Kobuk and Yukon Flats regions highlights the
impact of broad shifts in species composition on fire
activity, but variations in regional weather, vegetation
composition, soil moisture, permafrost, and topography
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likely moderated synchronous burning across Alaska.
Although synchrony within any given region exceeded
100% for short periods of time, these periods did not
occur at the same time across Alaska, resulting in a con-
sistent upper limit to synchrony in fire events across
Alaska near 100%. This limit points toward a potential
negative feedback to high fire activity, where lower
flammability in the decades following fire limits burning
until ecosystems redevelop continuous, flammable fuels
(Johnstone et al. 2010b, Mann et al. 2012, Kelly et al.
2013, Hoecker and Higuera 2019). Our findings are con-
sistent with those from the eastern North American bor-
eal forest, where drought-induced increases in fire
activity over the past 200 yr were only sustained for
short periods, and the abundance of young, low-flamma-
bility stands imposed a negative feedback to subsequent
fire occurrence and spread for decades (H�eon et al.
2014). Although the self-limiting nature of fire is partic-
ularly strong in stand-replacing fire regimes, where live
crown fuels are significantly reduced after fire, it has also
been documented in mixed-conifer forests of the Rocky
Mountains (Parks et al. 2016) and in the Sierra Nevada
of California (Collins et al. 2009).
This synthesis provides a novel comparison of Holo-

cene fire activity among flammable regions of Alaska,
revealing the varying controls of fire at multiple spatial
and temporal scales. Over millennial timescales, biomass
burning was affected by climate indirectly, through
broad-scale vegetation shifts. At centennial timescales,
however, fire regimes across Alaska were characterized
by substantial heterogeneity. Increases in biomass burn-
ing were greater than declines in fire return intervals,
particularly during warm periods (Fig. 5C). This
dynamic could indicate that increases in biomass burn-
ing from direct climate forcing manifest as increases in
fire severity rather than increased fire frequency.
Ecosystem models indicate that, together with variabil-
ity in fire frequency, fire severity accounted for as much
as 84% of the variability in total carbon stocks in a bor-
eal forest ecosystem over the past 1,200 yr, implicating
fire, and fire severity, as a major driver of carbon
dynamics in boreal forests ecosystems (Kelly et al.
2016). The apparent variability in fire severity over
decadal–millennial timescales challenges the accuracy of
steady-state initial conditions in fire activity typically
used in ecosystem models, and indicates the potential
for significantly different outcomes when empirically
based fire data are used to drive the timing and charac-
teristics disturbances in ecosystem models. The impor-
tant role of fire in driving boreal forest carbon
dynamics is also increasingly seen through contempo-
rary increases in fire frequency and severity (Walker
et al. 2019).
Projections of fire activity for the 21st century, based

on modern fire–climate relationships and global circula-
tion model ensembles, indicate that climate conditions
will become increasingly conducive to burning across
nearly all of Alaska (Young et al. 2017). The generally

low synchrony of increased fire activity among regions
documented here suggests that regional heterogeneity
may limit synchronous increases in fire activity (H�eon
et al. 2014). However, the rates of ongoing and expected
climate warming are increasingly exceeding those
observed in the Holocene, implying that the past does
not ensure ecosystem resilience to future fire activity.
Based on our evidence from long-term records collected
across Alaska, climate-driven changes in fire activity
that are predicted for the 21st century would be unprece-
dented over the last 8,000 yr. Novel fire regimes and
postfire environmental conditions could result in sub-
stantial changes to boreal forest and flammable tundra
ecoregions. More work to define the “safe operating
space” (Johnstone et al. 2016) for fire-regime variability
in boreal forests and tundra ecosystems is required to
anticipate whether high-latitude systems will retain their
historical character and function into the future.
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