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Abstract. Although recent climatic warming has markedly increased fire activity in many
biomes, this trend is spatially heterogeneous. Understanding the patterns and controls of this
heterogeneity is important for anticipating future fire regime shifts at regional scales and for
developing land management policies. To assess climatic and land cover controls on boreal
forest fire regimes, we conducted macroscopic-charcoal analysis of sediment cores and GIS
analysis of landscape variation in south-central Alaska, USA. Results reveal that fire
occurrence was highly variable both spatially and temporally over the past seven millennia. At
two of four sites, the lack of distinct charcoal peaks throughout much of this period suggests
the absence of large local fires, attributed to abundant water bodies in the surrounding
landscape that have likely functioned as firebreaks to limit fire spread. In contrast, distinct
charcoal peaks suggest numerous local fires at the other two sites where water bodies are less
abundant. In periods of the records where robust charcoal peaks allow identification of local-
fire events over the past 7000 years, mean fire return intervals varied widely with a range of
138–453 years. Furthermore, the temporal trajectories of local-fire frequency differed greatly
among sites and were statistically independent. Inferred biomass burning and mean summer
temperature in the region were not significantly correlated prior to 3000 years ago but became
positively related subsequently with varying correlation strengths. Climatic variability
associated with the Medieval Climate Anomaly and the Little Ice Age, along with the
expansion of flammable Picea mariana forests, probably have heightened the sensitivity of
forest burning to summer temperature variations over the past three millennia. These results
elucidate the patterns and controls of boreal fire regime dynamics over a broad range of
spatiotemporal scales, and they imply that anthropogenic climatic warming and associated
land cover changes, in particular lake drying, will interact to affect boreal forest burning over
the coming decades.
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INTRODUCTION

In the boreal forests of North America, area burned

has more than doubled since the 1960s (Kasischke and

Turetsky 2006), and this increase is attributed primarily

to anthropogenic climatic warming (IPCC 2007). Model

simulations suggest that future warming will continue to

increase the frequency, severity, and extent of boreal

forest fires (Flannigan and Van Wagner 1991, Starfield

and Chapin 1996, Weber and Flannigan 1997, Balshi et

al. 2009, Flannigan et al. 2009, Wolken et al. 2011).

Increased forest burning has major implications for

climate change feedbacks and resource management,

such as ecosystem carbon storage (Kasischke et al. 1995,

O’Neill et al. 2003), land–atmosphere energy fluxes

(Randerson et al. 2002), and habitat availability for

caribou, a major subsistence resource for northern

peoples (Rupp et al. 2006). However, fire regime

changes can be spatially heterogeneous because top-

down (e.g., climate) and bottom-up (e.g., land cover)

controls on burning operate at multiple spatiotemporal

scales (Heyerdahl et al. 2001, Gavin et al. 2003a).

Although summer temperature and precipitation play a

key role in determining annual burned area in many

forest biomes (Duffy et al. 2005, Westerling et al. 2006,

Balshi et al. 2009), bottom-up controls, such as

landscape configuration and topography also exert

strong influences on fire ignition and spread by changing

microclimate, fuel connectivity, vegetation composition,

and biomass abundance (Turner and Romme 1994,

Miller and Urban 2000, McKenzie et al. 2011).

Understanding how fire regimes vary across space and

time is important for anticipating their responses to

future climate change and for assessing socioeconomic

impacts at regional scales.
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The relative importance of climate and landscape

features on forest burning may shift through time and
across space. The paleoecological approach is key to

elucidating these shifts (Heyerdahl et al. 2001, Gavin et
al. 2003a), especially in biomes such as the boreal forests

where fire return intervals are long relative to the length
of observational fire records. Recent paleoecological
studies have revealed major variations in fire frequency

in response to climatic change at centennial–millennial
timescales (Carcaillet et al. 2001, Lynch et al. 2002, 2004,

Higuera et al. 2009). Several studies also highlight
spatial variability of fire regime change in relation to

landscape features such as slope (Cyr et al. 2007),
topography (Stambaugh and Guyette 2008), aspect

(Clark 1990), and distance to and density of water
bodies (Dansereau and Bergeron 1993, Larsen 1997,

Hellberg et al. 2004). However, few paleoecological
studies have been designed explicitly to evaluate the role

of both climate and landscape features in the spatio-
temporal dynamics of fire regimes.

We investigated fire regime changes over the past
seven millennia in the Copper River Basin (CRB) of

south-central Alaska. The CRB is well suited for
exploring the relative importance of climate and land

cover in determining fire regimes because of (1) the
highly variable distribution of water bodies at the
landscape scale and (2) the documented summer

temperature and effective-moisture variations at centen-
nial to millennial timescales (Lynch et al. 2004, Clegg et

al. 2010, 2011). We analyzed Holocene sediment cores
from four lakes in the CRB for macroscopic charcoal to

evaluate spatial and temporal variations in fire frequen-
cy and biomass burned. Spatial analysis of land form

and land cover surrounding each lake was performed to
examine potential bottom-up controls of fire occurrence.

We also compared the charcoal records with existing
paleoclimate data from the region (Lynch et al. 2004,

Clegg et al. 2010, 2011) to evaluate the influence of
potential top-down controls on biomass burning. In

particular, summer temperature has been consistently
identified as the dominant climatic control of arctic and

boreal fire occurrence (Duffy et al. 2005, Balshi et al.
2009, Krawchuk et al. 2009b, Parisien and Moritz 2009,
Hu et al. 2010, Wotton et al. 2010), and recent advances

in summer temperature reconstruction (Clegg et al.
2010, 2011) allow for the first assessment of the

sensitivity of boreal forest burning in this region to
temperature fluctuations over centuries to millennia.

Overall, this research enhances our understanding of
how anthropogenic warming and associated land cover

change may affect future boreal forest burning.

METHODS

Study area

We conducted this study at four lakes in the Copper
River Basin (CRB) ecoregion (Fig. 1a; Gallant et al.

1995), which is surrounded by the Alaska, Wrangell,
Chugach, and Talkeetna mountain ranges. The regional

climate is continental, characterized by mean annual

temperature of �2.08C, mean January temperature of

�17.28C, mean July temperature of 12.98C, and mean

total annual precipitation of 284 mm for the 1981–2010

period (Gulkana Airport, 62809019.0000 N, 145827049.3700

W; WRCC 2011). Since 1950, mean annual temperature

has increased by ;38C (r ¼ 0.40, P , 0.001). This

increase has occurred primarily in winter, with a

statistically insignificant increase of ;0.48C in mean

summer temperature (r ¼ 0.14, P ¼ 0.30). The boreal

forests of the CRB span an area of 19 000 km2, and are

dominated by Picea mariana and Picea glauca. Decid-

uous species such as Populus tremuloides, Betula

papyrifera, and Alnus viridis are prominent constituents

in disturbed areas.

We chose the lakes in this study, Hudson (HUD),

Super Cub (CUB), Minnesota Plateau (MP), and Crater

(CR), using two criteria. First, their lack of or small

inflow and outflow streams, relatively small surface

areas, and relatively great depths (Table 1) should

preserve charcoal signals of past fire events (Larsen and

MacDonald 1993). Second, topographic maps and aerial

surveys provided qualitative evidence that the land-

scapes surrounding CR and MP had a greater number of

lakes than those surrounding HUD and CUB, which

allowed us to evaluate the potential effects of lakes as

fire breaks on forest burning. Although paleolimnolog-

ical studies suggest that lake levels have remained

relatively stable in Alaska since the middle Holocene

(Hu et al. 1998, Abbott et al. 2000), recent studies

revealed hydrological variations within the past 7000

years (Lynch et al. 2004, Anderson et al. 2005, Tinner et

al. 2008, Clegg et al. 2010). These variations may have

affected the temporal trajectories of fire regime change

at each of our sites. However, the relative land cover

differences between the two pairs of sites in this study

likely remained throughout the past 7000 years, and we

therefore assume that land cover effects on the spatial

patterns of fire regimes also remained relatively constant

across our sites.

Anthropogenic effects on the fire regimes of our study

area were likely minimal throughout the Holocene. The

Ahtna Athabascan people have lived in the CRB for

thousands of years (Pratt 1998) and set small fires to

encourage new growth near settlements (Simeone 2006).

However, no evidence exists that they significantly

modified the natural fire regime (Gibson and Pinther

1976, Simeone 2006).

Lake sediments

We obtained two sediment cores from the center of

each lake using a modified Livingstone piston corer

(Wright et al. 1984). The two cores were stratigraphically

overlapping and were correlated on the basis of

lithological patterns and magnetic-susceptibility measure-

ments. An additional core with an intact sediment–water

interface was taken from each lake using a polycarbonate

tube fitted with a piston. We sliced the top 20–55 cm of
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TABLE 1. Characteristics of study lakes, surrounding landscapes, and charcoal records in the Copper River Basin ecoregion,
Alaska, USA.

Characteristics

Study site

Hudson
(HUD)

Super Cub
(CUB)

Minnesota
Plateau (MP)

Crater
(CR)

Latitude (N) 61853051.7600 62817047.8000 62832030.4600 628606.1700

Longitude (W) 145840014.6000 145820049.8200 1468140 18.3500 146822054.5700

Lake surface (ha) 270 3 5 1
Water depth (m) 14 4.7 6.4 4.2

Landscape within 5 km

Mean (6SD) distance to fire break (m) 1253 6 887 832 6 655 132 6 88 384 6 257
Open-water cover (number of patches) 22 15 286 103
Open-water cover (%) 3.6 5.5 20.7 5.8
Evergreen forest cover (%) 88.2 57.7 61.2 70.7
Deciduous forest cover (%) 1.9 17.4 0.1 0.7
Woody wetland cover (%) 3.3 7.9 2.2 6.1
Shrub-scrub cover (%) 2.4 1.5 15.8 15.2
Mixed-forest cover (%) 0.6 7.3 0 0.1
Mean (6SD) elevation (m a.s.l) 681 6 98 478 6 41 808 6 13 797 6 71
Mean (6SD) slope (degrees) 5.8 6 5.9 5.1 6 4.6 6.4 6 4.4 7.7 6 5.5
Mean (6SD) aspect (degrees) 134 6 117 179 6 107 174 6 110 183 6 101

Sediment records

Core length (cm) 512 156 362 145
Resolution of charcoal analysis

(yr/sample, mean 6 SD)
10 6 5 13 6 5 16 6 3 16 6 7

Sedimentation rate (cm/yr; mean 6 SD) 0.071 6 0.10 0.030 6 0.026 0.039 6 0.082 0.034 6 0.028
Median signal-to-noise index 4.8 5.1 3.1 4.1

Note: Land cover classes are only reported if there is .5% cover within 5 km of the study sites; a.s.l. stands for above sea level.

FIG. 1. Study region. (a) The four study sites (white dots) in the Copper River Basin (CRB), Alaska, USA: Hudson (HUD),
Super Cub (CUB), Minnesota Plateau (MP), and Crater (CR). The inset is a map of Alaska highlighting the location of the CRB;
black polygons are the fires in Alaska since 1942. (b) Smoothed lake density within a 50-km window, with darker shades indicating
higher density. (c) Area around each of the study sites (black dots) showing the abundance of open water (gray).
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these cores into 0.5-cm intervals in the field, and the

remainder was correlated with the other cores and sliced

at 0.25–0.5-cm intervals in the laboratory. Sediments

from all four sites were mostly composed of gyttja with

occasional clay and silt laminations.

Chronological control

We developed an age–depth model for the sediment

sequence from each lake using a series of 210Pb and 14C

ages. Bulk sediments were analyzed for 210Pb on an

OctêtePlus alpha spectrometer (Ortec, Oak Ridge,

Tennessee, USA) following Eakins and Morrison

(1978). A 210Pb chronology of the past 100 years was

developed using a constant rate of supply model with

old-age correction adapted from Binford (1990). For 14C

dating, sediment samples were soaked in 9 mL of 5%

sodium metaphosphate and sieved through a 180-lm
mesh to search for terrestrial macrofossils, including

spruce needles, charcoal, and other wood particles.

Macrofossils were treated with an acid–base–acid

procedure (Oswald et al. 2005) prior to accelerator mass

spectrometry radiocarbon analysis. Radiocarbon ages

(Appendix A) were converted to calibrated years before

1950 (cal yr BP) using CALIB 6.1.1 (Stuiver and Reimer

2011) with the IntCal09 data set (Reimer et al. 2009).

Age–depth models were created with a weighted cubic

smoothing spline derived from 1000 bootstrapped

samples from the calibrated age distributions using the

program MCAgeDepth 0.1 in MATLAB (Fig. 2;

Higuera et al. 2009).

Charcoal analysis and fire reconstruction

Contiguous samples (0.25–0.50 cm intervals; 3 cm3

each) were obtained from each sediment core for

charcoal analysis. To increase the visibility of charcoal

particles, we treated the samples with 9 mL of 5% bleach

(CUB and CR) or 10% KOH (MP and HUD) and then

sieved them through 180-lm mesh. Macroscopic char-

FIG. 2. Age–depth models for sediment cores from the four CRB sites calculated using a cubic spline. Black dots are 14C or
210Pb ages, and error bars represent estimated 95% confidence intervals based on 1000 bootstrap samples of the calibrated dates.
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coal pieces were identified and counted at 403 magni-

fication. Charcoal accumulation rates (CHAR; number

of pieces�cm�2�yr�1) were determined by multiplying

concentrations (number of pieces/cm3) by sedimentation

rates (cm/yr) estimated from our age–depth models.

To identify fire events, we performed peak analysis on

each charcoal record using CharAnalysis version 1.1

(Higuera et al. 2009; available online).5 Each record was

interpolated to a temporal resolution of 15 years/

sample, approximately the median sampling resolution

of the four records (Table 1). Sediment-charcoal records

contain ‘‘background’’ charcoal deposited by biomass

burning within the region, as well as by sediment mixing

and secondary charcoal transport (Clark et al. 1996).

We estimated background charcoal with a 1000-year

moving median applied to the raw charcoal series. This

background was subtracted from the interpolated record

to obtain a residual CHAR series, which itself is

composed of two populations: one with a mean near

zero, interpreted to reflect random variability (noise),

and the other with a mean much greater than zero,

interpreted as local (i.e., within ;1 km of the lake;

Higuera et al. 2007) fire events (signal). The signal and

noise distributions were estimated in a 1000-year moving

window using a Gaussian mixture model, and at the

center of each window a threshold was defined as the

99th percentile of the modeled noise distribution. Any

residual CHAR value greater than the threshold was

considered a ‘‘peak’’ and a potential local-fire event.

We further screened each charcoal peak exceeding the

local threshold using two criteria before accepting it as

representative of a local-fire event. First, to guard

against overinterpreting small differences in charcoal

particle counts, we compared the maximum charcoal

count associated with each peak to the minimum

charcoal count of all ‘‘nonpeak’’ samples from the

previous 150 years. If the two counts were found to have

.10% probability of being drawn from the same

Poisson distribution, the peak was deemed nonsignifi-

cant and excluded from further analysis (Higuera et al.

2010). Second, to assess the suitability of each record for

peak detections, we calculated a signal-to-noise index

(SNI) based on the statistical separation of signal and

noise distributions (Kelly et al. 2011). We calculated

SNI with a 1000-year bandwidth to account for

potentially long fire return intervals (FRIs) in the

CRB, which were suggested by the historical fire data

from the Alaska Fire Service and by previous paleo-fire

studies (Lynch et al. 2004, Tinner et al. 2006b). Portions

of the record with SNI ,3.0, the theoretical cutoff

described by Kelly et al. (2011), were considered

unsuitable for peak detection and omitted from further

peak analysis (Higuera et al. 2009).

The charcoal records were used to infer several

aspects of fire history. FRIs were calculated as the

number of years between two consecutive fire events.

When summarizing a sample of FRIs (e.g., within a

particular record or time period), we fit them to a

Weibull distribution (Johnson and Gutsell 1994) and

estimated the 95% confidence interval for the mean of

the distribution through parametric bootstrapping

(Appendix B). Finally, to test whether inferred fires

occurred synchronously between our records at various

timescales, we used the L function, a modified version of

Ripley’s K-function in the program K1D (Gavin et al.

2006; available online).6

Recent theoretical (Higuera et al. 2007) and empirical

studies (Higuera et al. 2010) indicate that in contrast to

the local nature of fires inferred from CHAR peaks,

background CHAR reflects area burned or the amount

of biomass burned at the regional scale (within 10–20

km). To develop a regional estimate of biomass burning

through time, we created a composite CHAR record

from all four of our sites following the methods of

Marlon et al. (2008). Briefly, we first normalized each

CHAR record using a Box-Cox transformation (with

lambda selected by maximum likelihood), rescaled to the

range [0, 1], and z-score-transformed to a mean of 0 and

standard deviation of 1. A composite record was then

created by applying a lowess smooth to the standardized

CHAR samples from all four lakes (Marlon et al. 2008).

The composite thus includes periods of records with low

SNI, which indicates a poor separation of signal and

noise distributions used in the local peak analysis.

However, our compositing method does not depend on

any metric of charcoal peaks, and thus low SNI values

should not influence the integrity of the CHAR record

as an index of regional-scale biomass burning.

To elucidate the fire–temperature relationship

through time, we created a composite July temperature

curve smoothed to highlight millennial-scale changes

(1000-year moving windows) from midge-based temper-

ature reconstructions at Hudson and Moose lakes in the

CRB (Clegg et al. 2010, 2011). This temperature record

was compared with our composite CHAR (also with a

1000-year smooth window) using Pearson’s correlation

coefficient. To assess the climate–fire relationship at

centennial timescales, we compared the higher-resolu-

tion Moose Lake temperature record and our CHAR

composite record smoothed with a 200-year window.

For this analysis, only the Moose Lake temperature

record was used because (1) this record has a higher

resolution than that from Hudson Lake, and (2) Moose

Lake is substantially shallower (maximum depth: 4.5 m)

and thus midge assemblages at this site should be more

sensitive to small temperature shifts than Hudson Lake

(maximum depth: 14 m) (Clegg et al. 2010, 2011). We

assessed statistical significance using nonparametric

bootstraps, with block resampling (25 samples per

5 http://sites.google.com/site/charanalysis/

6 http://geography.uoregon.edu/envchange/pbl/software.
html
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block) to account for autocorrelation (Gavin et al.

2011).

Landscape analysis

We conducted landscape analysis at spatial scales

larger than those of local fires inferred from charcoal

peaks (;1 km around a lake) in order to evaluate the

potential importance of the surrounding landscape on

fire spread and thus local-fire occurrence. We charac-

terized topography and land cover types within a 5 km

radius around each study site using ESRI’s ArcMap

version 9.3 (available online).7 Topographic indices

(elevation, slope, and aspect) were calculated for each

site using a 30-m resolution digital elevation model

(Statewide Digital Mapping Initiative 2012). Land cover

classes in the 30-m resolution National Land Cover

Database (Homer et al. 2004) were reclassified into two

categories: open water and potential fuel, the latter of

which pooled all non-water classes and contained no

perennial snow/ice area near our lakes. For each of the

four sites, the percentage of each land cover class and

the number of open-water patches were calculated using

the program FRAGSTATS (McGarigal et al. 2002),

with a patch defined as a group of contiguous pixels of

the same land cover class using an eight-neighbor rule.

To assess water bodies as potential firebreaks, we

calculated the mean and standard deviation of the

nearest-neighbor distance of each potential fuel pixel to

the nearest open-water pixel within a 5 km radius

around each study site using Hawth’s Analysis Tools for

ArcGIS (Beyer 2004). This calculation took into

consideration both the density and the spatial arrange-

ment of lakes and rivers around each of our study sites.

To help visualize landscape variation at a larger scale

that is more consistent with regional burning inferred

from the background-charcoal composite record, we

also performed a kernel analysis in ArcMap using a 50-

km bandwidth to determine the spatial density of water

bodies on the landscape.

RESULTS

Chronological control

We obtained a total of 42 14C ages and 70 210Pb ages

for the chronological control of the charcoal records

from the four sites (Fig. 2; Appendix A). The 14C ages of

two wood samples, at 88.0 cm from HUD and at 99.5

cm from CR, are ;7000 and 1000 years older,

respectively, than predicted from adjacent ages. These

wood fragments likely had resided in the watershed soils

for long time periods before deposition in the lake

sediments, a common problem for 14C dating of lake

sediments from high-latitude regions (Oswald et al.

2005). We excluded these two samples and created age

models using the remaining ages (Fig. 2). On the basis of

these age models, the sedimentation rates at our four

sites ranged from 0.01 to 0.41 cm/yr with a median of

0.04 cm/yr, and the individual charcoal samples thus

spanned ,1 to ;40 yr/sample, with a median of ;15 yr/

sample (Table 1).

Signal-to-noise index

The SNI values of the charcoal records are high for

CUB and HUD (entire record median ¼ 5.1 and 4.8,

respectively), with the exception of the period from 7000

to 5400 cal yr BP at HUD (median¼ 2.6; Fig. 3). These

high values indicate that these two records are mostly

suitable for fire history reconstruction using peak

analysis (Kelly et al. 2011). In contrast, much of the

MP record lacks a distinct signal, with a median SNI of

only 3.1 (Fig. 3). Although portions of the record are

above the SNI cutoff of 3.0, we exclude the MP record

from peak analysis because of its overall low SNI. The

CR record has a median SNI value of 4.1, with periods

of high SNI (7000–4500 cal yr BP and 2400 cal yr BP–

present; median SNI¼ 5.1 and 5.5, respectively) suitable

for charcoal peak analysis and a long period of low SNI

(e.g., 4500–2400 cal yr BP; median SNI¼ 2.6) unreliable

for peak analysis (Fig. 3).

Fire history reconstruction

Consistent with the historical record of the past 68

years indicating that no fires occurred within 15 km of

the study lakes (AICC 2011), no charcoal peaks were

identified during this period at any of our study lakes

(Fig. 3). The CUB charcoal record has the highest

number of fires (n ¼ 33) with a mean FRI of 199 years

(95% CI¼157–251). The HUD record has 25 fires with a

mean FRI of 206 years (95% CI ¼ 154–264) from 5400

cal yr BP through present (Fig. 3). At CR, fires occurred

relatively frequently from 7000 to 4500 cal yr BP with a

mean FRI of 138 years (95% CI ¼ 94–187) and

infrequently from 2400 cal yr BP to present with a

mean FRI of 453 years (95% CI ¼ 332–572; Fig. 3).

Although HUD has a larger surface area and likely a

larger source area of charcoal, the mean FRI at HUD is

statistically indistinct from those of CUB and the period

of 7000–4500 cal yr BP at CR.

Comparisons of these fire records using the bivariate

L function allow for a quantitative assessment of

whether local fires occurred synchronously across sites

(Gavin et al. 2006). For the periods with sufficiently high

SNI values, fire occurrence was not statistically syn-

chronous across any timescales among our sites (Fig. 4).

The composite background-CHAR record from the

four sites shows pronounced fluctuations (Fig. 5a).

Background-CHAR values are near the mean of the

entire record between 7000 and 5000 cal yr BP, reaching

a peak around 4700 cal yr BP and displaying a

multimillennial decreasing trend until 150 cal yr BP.

Superimposed on these general patterns are centennial-

scale fluctuations, including a broad peak centered

around 950 cal yr BP, a trough between 600 and 150

cal yr BP, and peak values in most recent sediments. The7 http://www.esri.com/
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95% CI ranges of the record are particularly wide

between 7000 and 5000 cal yr BP, and are generally

greater prior to 3000 cal yr BP than after.

Landscape analysis

The spatial distribution and density of land cover

types surrounding the four sites are highly variable (Fig.

1). Within a 5 km radius, open-water patches are more

abundant at MP and CR (n¼ 268 and 103, respectively)

than at CUB and HUD (n ¼ 15 and 22, respectively).

The percentage of open-water area is highest at MP

(20.0%), followed by CR (5.9%), CUB (5.5%), and

HUD (3.6%; Fig. 1c). Kernel analysis using a 50-km

window reveals that lake density is higher around MP

and CR (5.4–7.2%) than around CUB and HUD (0.9–

2.7%; Fig. 1b). The distance to firebreaks (i.e., water

bodies) within a 5 km radius is shortest for MP (130 6

90 m, mean 6 SD), followed by CR (380 6 260 m),

CUB (830 6 660 m), and HUD (1250 6 890 m).

Dominant vegetation within a 5 km radius of each site

is evergreen forest (58–88%; Table 1). No significant

differences in slope and aspect exist among the four

sites. However, elevations are higher at MP and CR (820

6 9.6 and 836 6 58 m a.s.l., respectively, mean 6 SD)

than at CUB or HUD (492 6 28 and 661 6 81 m a.s.l.,

respectively). These elevational differences do not result

in a consistent offset of climatic conditions between

these two pairs of sites. On the basis of the PRISM

downscaling of weather station data from 1971 to 2000

(Daly et al. 1994, PRISM 2004), CUB is significantly

warmer than the other three sites and drier than MP and

CR (Fig. 6). However, summer temperature does not

differ between HUD and MP or CR, and the amount of

precipitation is similar between CR and HUD.

DISCUSSION

Northern high latitudes are highly sensitive to

anthropogenic and natural climatic forcings, and the

magnitude of climate change over the next century is

anticipated to be among the greatest in these regions

(ACIA 2005). Recent climatic warming has resulted in

pronounced changes in land surface processes, including

permafrost melting, lake and wetland drying, and

increased burning of boreal forests and tundra (Chapin

et al. 2005, Klein et al. 2005, Kasischke and Turetsky

2006, Hu et al. 2010). Our fire history records help

elucidate boreal fire regime dynamics over a broad range

of spatiotemporal scales, with implications for how

anthropogenic changes in climate and land cover may

affect future boreal forest burning.

Spatial heterogeneity of fire history

and the role of land cover

Spatial and temporal variability of fire regimes in the

CRB over the past 7000 years reflects both land cover

and climatic controls. Numerous local fires occurred

around HUD and CUB over this period, as indicated by

distinct charcoal peaks and high SNI values. In contrast,

FIG. 3. Sediment-charcoal records over time. In the upper graph in each panel, vertical lines are the interpolated charcoal
accumulation rates, the thick gray curve represents background charcoal, the thin gray curve indicates the threshold used to
identify potential fires, and þ symbols denote fire events; for CR and MP, the translucent gray sections indicate portions of the
records with signal-to-noise index (SNI) values ,3.0 when smoothed to 1000 years. In the lower graph in each panel, the solid curve
shows SNI, and the dotted line indicates the 3.0 cutoff for robust peak detection, following Kelly et al. (2011). For site
abbreviations see Fig. 2.
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low SNI values (,3.0) throughout much of the MP
record and a large portion of the CR record suggest the

absence of large fires around these lakes. Although

sediment mixing could have also caused the low SNI

values at MP and CR by obscuring charcoal peaks

typically produced by large local fires (Larsen and

MacDonald 1993, Kelly et al. 2011), this explanation is

inconsistent with distinct peaks in the magnetic-suscep-

tibility and bulk-density profiles of these cores (F. S. Hu

and C. M. Barrett, data not shown). A more plausible

interpretation is that a high density of firebreaks in the

landscape around MP and CR, as inferred from the

shorter mean distances to water bodies, impeded fire

spread and decreased the probability of local-fire

occurrence.

Superimposed on the overall contrasting pattern

between our two pairs of sites are striking exceptions

suggesting that other factors have also contributed to

the spatial and temporal heterogeneity of fire regimes

within our study region. For example, fires were

relatively frequent around CR prior to 4500 cal yr BP

FIG. 4. Synchrony analysis of fire occurrence (a) between
CUB and HUD records from 5400 cal yr BP to present, (b)
among CR, HUD, and CUB from 2400 cal yr BP to present,
and (c) between CR and CUB from 6750 to 4500 cal yr BP. In
each plot, fire event synchrony is assessed by comparing the
bivariate L function (black line) to a bootstrapped 95%
confidence envelope (gray lines). Fire occurrence within a
specified window width (x-axis) is considered significantly
synchronous (or asynchronous) if the L function exceeds the
upper (lower) confidence limit. Analysis was performed with the
software program K1D version 1.2 (http://geography.uoregon.
edu/envchange/pbl/software.html). See Gavin et al. (2006) for
methodological details. For site abbreviations see Fig. 2.

FIG. 5. Relationship between standardized CHAR and
climatic variables. (a) The z scores of transformed charcoal
accumulation (CHAR) from the four study lakes. Data were
smoothed using a 200-yr moving window, and gray shading
indicates the 95% confidence interval. (b) Comparison of
CHAR (black) with midge-inferred July temperature (gray)
fromMoose Lake in the CRB (Clegg et al. 2010) smoothed with
200-yr window; gray dots represent raw data, and the gray line
represents smoothed data. (c) Correlation between the CHAR
and July temperature curves from panel (b); the darker line
indicates the portions of the data set contributing to a
significant correlation (P � 0.05); the correlation analysis was
done with a 2000-yr moving window. (d) Qualitative moisture
inferences at Moose and Chokasna lakes in the CRB (Lynch et
al. 2004).
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even though this site has a short mean distance to

firebreaks today, and conversely, no local fires occurred

around HUD prior to 5400 cal yr BP despite its great

mean distance to firebreaks at present. The spatial and

temporal complexity of fire occurrence is further

illustrated by comparing our fire records using the

bivariate L function (Gavin et al. 2006). Fire occurrence

at HUD and CUB was statistically independent over the

past 5400 years regardless of the time windows of

comparison, and likewise fire occurrence was indepen-

dent at all timescales among CUB, CR, and HUD (for

overlapping periods with SNI .3.0; Fig. 4). We cannot

pinpoint the specific factors leading to these spatial

variations of fire history among our records. However,

because of the close proximity of our sites, it is unlikely

that the independent trajectories and the lack of

synchrony in fire occurrence resulted from varying

climate conditions among the sites (Fig. 6). Instead

these variations suggest that fire occurrence was

influenced by site-specific and/or stochastic factors

related to variability in landforms, ignitions, and/or fire

spread.

Recent observations and paleo-reconstructions pro-

vide compelling evidence that climatic warming increas-

es fire occurrence across a wide range of biomes at

regional to continental scales (Duffy et al. 2005, Power

et al. 2008, Marlon et al. 2009, 2012). Our results from

the CRB demonstrate that landscape factors also play a

key role in fire regime dynamics at local to regional

scales. Consistent with these results, a number of

previous studies have emphasized the importance of

local factors in the spatial patterns of fire regimes and

their variations at decadal to millennial timescales

(Grimm 1984, Dansereau and Bergeron 1993, Heyerdahl

et al. 2001, Gavin et al. 2006, Ali et al. 2009). For

example, sediment-charcoal records from the boreal

forests of eastern Canada suggested that differences in

watershed features and landscape connectivity resulted

in asynchronous fire events and different fire frequencies

among sites within the same region (Ali et al. 2009). In

the temperate rain forests of Vancouver Island, Canada,

soil-charcoal and tree-ring analyses revealed that time-

since-fire was significantly shorter on hillslopes, terraces,

and south-facing slopes than on north-facing slopes

(Gavin et al. 2003b). Similarly, tree-ring analysis showed

that in the Blue Mountains of Oregon and Washington,

USA, variations in topographical features modified the

effects of regional climate on fire frequency over the past

;400 years (Heyerdahl et al. 2001). Together with these

previous studies, our data from the CRB underscore the

importance of considering landscape factors in project-

ing the impacts of climatic change on fire regimes,

especially at local to regional scales relevant to resource

planning and land management policies.

FIG. 6. Modern climatology around each study lake: (a, b) temperature and (c, d) precipitation within a 10-km radius around
each study site using the 2-km PRISM data set summarizing weather station data from 1971 to 2000. In panels (b) and (d),
‘‘summer’’ is defined as the mean of June, July, and August values. Error bars represent the standard deviation. For site
abbreviations see Fig. 2.
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Climatic control of boreal fire regimes

at centennial–millennial timescales

The spatial complexity of local-fire occurrence does

not preclude climate as a key control of fire regimes. Fire
occurrence at the local scale has an inherent stochastic

component, and the associated variability must be taken
into consideration before invoking climatic explanations

for fire regime shifts through time (Gavin et al. 2006, Hu
et al. 2006). In contrast to the local nature of fires

inferred from charcoal peaks, background CHAR
reflects area burned or the amount of burned biomass

at the regional scale, which should reflect climatic
conditions better than local-fire occurrence (Whitlock

and Anderson 2003, Marlon et al. 2009, Higuera et al.
2010). At millennial timescales, our composite CHAR

record is moderately correlated (r¼ 0.44, P¼ 0.08) with
a composite July temperature record from the same

region based on midge analysis at Moose and Hudson
lakes (Clegg et al. 2010, 2011). Both records show
overall decreasing values from 4500 to 500 cal yr BP,

suggesting that neoglacial climatic cooling (Kaufman et
al. 2009, Clegg et al. 2010) reduced boreal forest burning

at the regional scale. Summer temperatures were likely
linked to burning through modifying fuel moisture, and

possibly through correlations with storm tracks and
associated lightning-caused ignitions (Price and Rind

1994, Krawchuk et al. 2009a).
Our composite CHAR record also suggests pro-

nounced fluctuations in the amount of forest burning
at centennial timescales. These fluctuations include peak

CHAR values centered at ;950 cal yr BP, which
correspond to the Medieval Climate Anomaly (MCA)

when the region was probably as warm as at present,
and low CHAR values at ca. 600–150 cal yr BP, which

correspond to the Little Ice Age (LIA) when the region
was ;1.58C colder and drier than today (Hu et al. 2001,

Tinner et al. 2008, Kaufman et al. 2009; Fig. 5b).
However, the relationship between inferred biomass

burning and summer temperature was nonstationary
over the past 7000 years. Correlation analysis using a
2000-year moving window reveals that the composite

CHAR and summer temperature are not significantly
related before ca. 3000 cal yr BP, but that these metrics

are positively related between 3000 cal yr BP and present
(mean r ¼ 0.55, and P ¼ 0.02) with varying correlation

strengths (r ¼ 0.40–0.66; P ¼ 0.001–0.040; Fig. 5c).
These patterns remain the same when the entire

temperature record is resampled to match the lower
resolution prior to 3000 cal yr BP or shifted temporally

to account for potential chronological errors. Thus the
lack of correlation prior to 3000 cal yr BP is not a result

of the lower resolution (and thus lower statistical power)
or greater chronological uncertainties in the temperature

reconstruction during that interval (Clegg et al. 2010).
Previous studies in other regions have also document-

ed temporal variation in fire–climate linkages (Mill-
spaugh et al. 2004, Gavin et al. 2006). Gavin et al.

(2006) suggested that climatic fluctuations related to the

MCA and LIA led to the dominance of climatic controls

of fire occurrence over local and stochastic factors at

two sites in southeastern British Columbia, Canada. A

number of paleoclimate studies have documented

pronounced climatic variations associated with the

MCA and LIA across Alaska (Hu et al. 2001, Wiles et

al. 2008, Clegg et al. 2010, 2011, Clegg and Hu 2010).

These variations may have diminished the local and

stochastic effects on forest burning at our sites, as

evidenced by the reduced variability between records in

our composite CHAR record (Fig. 5a), and therefore

strengthened the climate–fire relationship over the past

three millennia. Furthermore, a detailed pollen record

from Grizzly Lake in the CRB shows that Picea mariana

became consistently more abundant than P. glauca

around 3000 cal yr BP (Tinner et al. 2006a), probably as

a result of increased effective moisture (Fig. 5d; Lynch et

al. 2004). Two additional pollen records with coarser

temporal resolutions from the same region also suggest

that the abundance of P. mariana increased relative to P.

glauca between 3000 and 2000 cal yr BP (Lynch et al.

2004). Because P. mariana forests are highly flammable

(Yarie 1981), this change may have heightened the

sensitivity of forest burning to summer temperature

fluctuations in the region. Thus regional fire regimes

appear to have become less fuel-limited and more

climate-limited (Flannigan et al. 2009) during the late

Holocene, leading to an increase in the relative

importance of top-down climatic control on forest

burning.

In addition to the influence on fuel moisture, long-

term temperature fluctuations can exert major controls

on boreal forest burning by changing land cover types

and, in turn, fuel connectivity. This potential is well

illustrated by the fire history contrast between our two

pairs of sites. Although our four study lakes are

relatively deep with sediments indicating that they have

never dried up over the past 7000 years, shallow lakes in

the surrounding landscapes would have been more

susceptible to climate-induced hydrological shifts.

Changes in the amount of precipitation may have also

accompanied temperature fluctuations to alter moisture

balance and land cover. For example, decreased effective

moisture could result in a greater abundance of dead,

dry fuels that would in turn increase fire activity (Tinner

et al. 2008). Elucidating linkages of forest burning to

centennial-scale changes in moisture balance and land

cover is difficult because of the lack of paleohydrological

records with high temporal resolution from the region.

However, at millennial timescales, the warmer/drier

conditions prior to 3000 cal yr BP (Lynch et al. 2004,

Clegg et al. 2010, 2011) did not result in more frequent

local fires across all of our individual sites or more

biomass burning across the study region. The greater

abundance of P. glauca than P. mariana in the regional

vegetation of that period (Tinner et al. 2006b) may have

limited fire spread due to a lack of flammable fuel or fuel

continuity.
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Given that the magnitude of climatic fluctuations was

relatively small over the late Holocene in our study

region (;1.58C; Hu et al. 2001, Clegg et al. 2010), the

correspondence of biomass burning with midge-based

temperature estimates during this period implies that at

the regional scale, forest burning is sensitive to small

variations in mean summer temperature. This inference

is consistent with observational records of fire and

climate in Arcto-boreal systems, indicating that summer

temperature is the dominant driver of interannual

variability in area burned (Duffy et al. 2005, Balshi et

al. 2009, Krawchuk et al. 2009a, b, Hu et al. 2010). For

example, Duffy et al. (2005) found that June tempera-

ture alone accounted for one-third of the interannual

variation in area burned in the Alaskan boreal forests

from 1950 to 2003. At continental and global scales,

paleo-fire records also suggest temperature as a key

predictor of biomass burning over centuries to millennia

(Marlon et al. 2008, 2012).

Implications for ongoing and future fire regime

shifts in boreal forests

Our results display complex spatial and temporal

variability in fire regimes over the past seven millennia.

These results highlight that climate change will interact

with land cover patterns to affect the dynamics of future

boreal fire regimes. Given that the magnitude of

projected summer temperature increases over the next

100 years is significantly greater than those of the late

Holocene in northern high latitudes (ACIA 2005), the

significant links between temperature and fire over the

past 3000 years in our study region imply the potential

of marked increases in boreal forest burning in the

coming century, with profound impacts on a number of

biophysical and biogeochemical processes that will

feedback to climate change (Flannigan et al. 2009). An

important factor that has not yet been well recognized is

that climate change can also exert important but indirect

controls on boreal fire regimes by changing land cover

and fuel abundance and connectivity (Berg et al. 2009,

Higuera et al. 2009). Specifically, over the past several

decades, ponds and wetlands have decreased in size and

number in many northern high-latitude regions, includ-

ing Alaska (Klein et al. 2005, Riordan et al. 2006). Areas

that previously represented nonfuel land cover have

been invaded by upland vegetation (Klein et al. 2005).

These land cover changes may accelerate with continu-

ing climatic warming, leading to increases in fuel

connectivity and boreal forest burning. Thus anthropo-

genic climatic warming and associated land cover

changes may have compounding effects on the boreal

forest fire regime, with far-reaching implications for

wildfire management and key ecosystem processes, such

as soil carbon storage.

However, our results also highlight that boreal forest

burning and climate warming do not have a straight-

forward relationship. These results are consistent with

previous paleoecological studies demonstrating the

important roles of species composition and stochastic

factors (e.g., lightning, seasonal-moisture variability) in

long-term shifts of forest fire regimes (Lynch et al. 2004,

Tinner et al. 2008, Higuera et al. 2009). Furthermore,

recent model simulations of boreal fire regime changes

over the coming decades suggest possible negative

feedback to increased fire occurrence resulting from

the abundance of deciduous species under scenarios of

frequent and high-severity burns (Johnstone et al. 2011).

Reliable projections of future fire activity at regional

scales are key to understanding the environmental

consequences of burning and developing management

policies. Such projections require the integration of the

paleoecological perspective and a modeling framework

(Brubaker et al. 2009), with the former providing

insights into fire regime shifts at timescales beyond

human observation, and the latter elucidating the direct

and indirect impacts of climatic change on forest

burning and the role of various feedback processes.
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