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Abstract

Context The boreal forest is globally important for
its influence on Earth’s energy balance, and its
sensitivity to climate change. Ecosystem functioning
in boreal forests is shaped by fire activity, so
anticipating the impacts of climate change requires
understanding the precedence for, and consequences
of, climatically induced changes in fire regimes. Long-
term records of climate, fire, and vegetation are critical
for gaining this understanding.

Objectives We investigated the relative importance
of climate and landscape flammability as drivers of fire
activity in boreal forests by developing high-resolu-
tion records of fire history, and characterizing their
centennial-scale relationships to temperature and
vegetation dynamics.

Methods We reconstructed the timing of fire activity
in interior Alaska, USA, using seven lake-sediment
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charcoal records spanning CE 1550-2015. We devel-
oped individual and composite records of fire activity,
and used correlations and qualitative comparisons to
assess relationships with existing records of vegetation
and climate.

Results  Our records document a dynamic relation-
ship between climate and fire. Fire activity and
temperature showed stronger coupling after ca. 1900
than in the preceding 350 yr. Biomass burning and
temperatures increased concurrently during the second
half of the twentieth century, to their highest point in
the record. Fire activity followed pulses in black
spruce establishment.

Conclusions Fire activity was facilitated by warm
temperatures and landscape-scale dominance of
highly flammable mature black spruce, with a
notable increase in temperature and fire activity during
the twenty-first century. The results suggest that
widespread burning at landscape scales is controlled
by a combination of climate and vegetation dynamics
that together drive flammability.

Keywords Boreal forest - Fire - Paleoecology -
Multi-proxy - Climate - Black spruce
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Introduction

Fire is a primary control of carbon (C) cycling and
vegetation dynamics in North American boreal
forests, driving important feedbacks to the climate
system through changes in atmospheric greenhouse
gas concentrations and radiative balance (Bonan et al.
1992; Payette 1992; Chapin et al. 2000; Randerson
et al. 2006; Bond-Lamberty et al. 2007). Furthermore,
by altering soil properties, nutrient cycling, and
microclimate, and by initiating primary succession,
high-severity fires regulate forest structural patterns
and ecosystem function (Johnson 1992; Johnstone
et al. 2010a). Although the Alaskan boreal forest has
sustained a high-severity fire regime for millennia
(Lynch et al. 2002, 2004b; Hu et al. 2006; Higuera
et al. 2009), increasing wildfire activity in North
American boreal forests motivates investigation into
the relative importance of climate and local ecosystem
properties in controlling fire activity across the biome
(Duffy et al. 2005; Hu et al. 2006; Parisien et al. 2011;
Mann et al. 2012). Novel fire regimes, enabled by
climate warming (Mann et al. 2012), could catalyze
abrupt ecosystem shifts (Barrett et al. 2011), which
could in turn have significant consequences for the
resilience of boreal forests to future climate change
(Chapin et al. 2004; Johnstone and Chapin 2006;
Johnstone et al. 2010b, 2016).

Understanding the causes and consequences of fire
in the boreal forest requires an accurate characteriza-
tion of the frequency, severity, and spatial patterning
of fire activity over centuries to millennia (Whitlock
et al. 2010). Fire activity in the observational record
(CE 1950 to present) varies widely across Alaskan
boreal forests, with fire rotation periods (FRP, the time
to burn an area equal in size to a landscape of interest)
ranging from 80 yr in the Yukon Flats region to more
than 2000 yr in the Copper River Basin (Kasischke
et al. 2002; Young et al. 2017). Despite wide spatial
variability in fire activity, the extent, frequency, and
severity of burning across the Alaskan boreal forest
has generally increased over the past several decades
(Kasischke and Turetsky 2006; Kasischke et al. 2010),
with statistical models predicting the trend to continue
over the coming century in response to projected
warming (Balshi et al. 2009; Mann et al. 2012; Young
et al. 2017). Annual area burned in the North
American boreal forest is tightly linked to the
frequency and duration of blocking high-pressure
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ridges during summer months, driven by atmospheric
teleconnections that vary over multi-annual to decadal
time scales (i.e., El Nino Southern Oscillation, Pacific
Decadal Oscillation). These climate dynamics control
seasonal fuel moisture and fire weather, and thus have
strong statistical and mechanistic links to annual area
burned (Duffy et al. 2005; Macias Fauria and Johnson
2008).

In addition to direct coupling of fire and climate
through changes in fuel moisture and ignitions, multi-
decadal climate variability impacts fire activity indi-
rectly across a productivity gradient, by regulating the
abundance of flammable biomass within and across
regions (Krawchuk and Moritz 2011; Genet et al.
2013; Pausas and Ribeiro 2013). The indirect impact
of climate variability on fire is also observed in
landscape change through time. Paleoecological
records document the importance of landscape
flammability (i.e., the relative proportions of vegeta-
tion types on the landscape that vary in fuel loading
and average moisture content) in determining fire
activity. In Alaska, a distinct increase in fire activity
occurred across the modern boreal forest ca.
4000-6000 yr before present when white spruce
woodlands were replaced by more flammable black
spruce forests (Picea mariana), despite a concurrent
long-term trend of climatic cooling (Lynch et al.
2002, 2004b; Higuera et al. 2009). In the eastern
Canadian boreal forest, regions with a high proportion
of deciduous species burned with less frequency than
regions with low proportions of deciduous species,
even under the warm conditions that prevailed
3000-6000 yr before present (Girardin et al. 2013).
Analyses of modern fire activity also show complex
interactions and feedbacks between vegetation and
fire, where high-severity fires limit subsequent fire
activity for decades (Héon et al. 2014; Parks et al.
2015), and variation in the flammability of different
vegetation types controls fire occurrence and spread
(Dash et al. 2016).

Because both climate and vegetation change are
processes that unfold over decades to centuries,
quantifying and understanding fire-regime change
requires datasets that encompass appropriately broad
temporal scales (Whitlock et al. 2010). Macroscopic
charcoal preserved in lake sediment can supplement
observational records and tree-ring based methods of
reconstructing fire history by extending fire recon-
structions further into the past. Fire history
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reconstructions from lake-sediment charcoal (“pale-
ofire records”) are particularly well suited to study
systems characterized by infrequent, stand-replacing
fire-regimes, like boreal forests.

Here, we quantified fire activity in an approxi-
mately 900 km? landscape from CE 1550-2015, and
compared fire, climate, and vegetation datasets to test
two main hypotheses: (i) fire activity was positively
correlated to summer temperatures over decadal time
scales, because of direct climatic controls on fire
activity, including fire-conducive weather and low
fuel moisture; and (ii) periods of widespread burning
at the landscape scale drive spatial patterns in
vegetation, and are inherently followed by periods of
reduced fire activity due to lower fuel connectivity and
flammability, irrespective of climate. Our results
provide new insights about the controls of fire
occurrence, and reveal interacting drivers and negative
vegetation feedbacks to fire activity at landscape-to-
regional scales, with important implications for antic-
ipating future fire activity under climate warming.

Methods

To test our hypotheses about the interactions among
climate, fire, and vegetation, and characterize the
frequency of extensive fire activity in the past, we
developed seven new paleofire records and compared
them to tree demography records from 58 forest plots
(c. 0.1 ha, Duffy 2006), reconstructed growing season
temperatures from the Gulf of Alaska (Wiles et al.
2014), and modeled summer temperatures co-located
with our study sites (SNAP 2015). Our fire-history and
tree-demography datasets span 465 and 365 yr,
respectively, while tree-ring-reconstructed tempera-
tures span 465 yr and modeled summer temperatures
span 105 yr (1900-2005).

Study area

Our study area is a boreal forest landscape in interior
Alaska, USA, within and around the Nowitna National
Wildlife Refuge, in the Kuskokwim Mountains ecore-
gion (Nowacki et al. 2003). The region has a
continental climate, characterized by long cold win-
ters and short, relatively warm summers. Air temper-
atures average a maximum (minimum) of 19.9 °C
(11.1 °C) in July, and — 18.8 °C (— 27.7 °C) in

January (1942-1993, Galena Airport, 64.733°N,
156.928°W, WRCC). Vegetation in the region is
comprised primarily of spruce- (Picea mariana and
Picea glauca) and deciduous-dominated (Populus
tremuloides, Betula papyrifera) forest stands. Tall
willow (Salix spp.) and birch (Betula spp.) thrive in
recently burned areas, while Populus are common in
recent burns and on well-drained upland sites. The
mean fire rotation period (time required to burn an area
equal in size to the area of interest) from 1950 to 2009
in the Kuskokwim Mountains ecoregion was 191 yr,
indicating less fire activity than in the highly
flammable Yukon Flats ecoregion (FRP = 82 yr),
but more than the Alaskan-wide boreal forest average
(FRP = 276 yr; Young et al. 2017).

Lake-sediment charcoal sampling

We characterized the past 465 yr of fire activity using
a network of seven high-resolution lake-sediment
cores collected in June 2015 (Fig. 1). Candidate lakes
were identified prior to the field campaign using
satellite imagery based on surface area (1-10 ha),
hydrology, and landscape position. Candidate lakes
were further evaluated in the field for simple, consis-
tent shorelines, no or minimal inlet or outlet streams,
limited topographic relief, and for suitable water
depths, measured with an acoustic bathometer
(Table 1).

Surface cores were collected using a 7.6-cm
diameter polycarbonate tube fitted with a piston, and
the sediment—water interface was preserved by adding
sodium polyacrylate prior to transport. Each sediment
core was divided lengthwise and imaged at the
University of Minnesota’s National Lacustrine Core
Facility (LacCore), where one third of each core
remains archived. Collected sediments were charac-
terized by alternating laminations of light grey,
allochthonous, siliceous silt and dark, highly decom-
posed organic sapropel (gyttja). Laminations approx-
imately 1-5 mm thick were visible in the upper
15-40 cm of sediment before transitioning to > 10
cm thick layers of undecomposed peat and woody
organic material mixed with silt and sand. The cores
were not interpreted down-core of the deepest
laminations.

Working sections of each core were sliced into
continuous 0.25-cm sections. Prior to slicing, mag-
netic susceptibility was measured at 0.25-cm
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Fig. 1 Maps of study area. Both panels: lake-sediment cores
(blue circles), and tree cores or cross-sections (gray squares).
Blue points cover a ~ 500-m radius, and black circles show 1-
and 10-km radii around each lake (approximating the spatial
extent of the fire event and biomass burning reconstructions,
respectively). Note Two tree demography records are immedi-
ately adjacent to SH15 and TL15 fire history records. Left panel:
observed fire perimeters since 1940 (red polygons, Alaska

Table 1 Sampled lakes and associated site-level information

[ Deciduous woodland or shrub

[ White and black spruce woodland
7] Mixed deciduous and spruce woodland
] o ‘gl 1 Herbaceous, graminoid, or lichen
-165.0 -154.5 -154.0 -163.5

&

Interagency Coordination Center, http://fire.ak.blm.gov/), and
major rivers (blue lines). Right panel: vegetation classifications
(simplified from Boggs et al. 2016) and topographic relief
(USGS 3DEP). Vegetation classifications are based largely on
Landsat imagery from 2001, highlighting deciduous vegetation
in areas that burned in the prior 1-2 decades, but not after.
(Color figure online)

Lake name Site code Latitude Longitude Depth (m) Area (ha) Record length (cm) Fires < 1 km
Buster Brown BBI15 64.156 — 154.301 4.7 2 30 1991
Duffy DUI15 64.137 — 154.221 7.5 10 40 1991
Macchiato MAI15 64.302 — 154518 17.3 4 16 2013
Nodwell NW15 64.312 — 154.530 16.0 8 40 2013
Shapiro SH15 64.286 — 154.663 7.1 3 18 1986
Three Lodge TL15 64.267 — 154.545 10.0 5 39 2013
Ursa URI15 64.170 — 154.249 5.7 1 15 1991

“Record length” indicates the length of the collected core used for the fire-history reconstruction. Years when a fire burned within
1 km of a lake, as documented by the Alaska Interagency Coordination Center (http:/fire.ak.blm.gov/), are listed as “Fires < 1 km”

resolution, corresponding to the same intervals of through a 150-pm sieve, and macroscopic charcoal

sliced sections, with a Bartington MS3 Meter and MS2
Core Logging Sensor (Bartington Instruments Ltd.,
UK). To quantify macroscopic charcoal concentration,
1-3 cm® subsamples were taken from each 0.25-cm
section and treated with a solution of equal parts 5%
sodium metaphosphate and 5% sodium hypochlorite
for 24 h to loosen the sediment and bleach non-
charcoal organic material. Each subsample was sieved
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was counted under a Nikon SMZ645 stereomicro-
scope at 10—40 x magnification (Nikon Instruments
Inc. Melville, NY).

Chronological control

Sediment ages for the top 15 cm of each core were
estimated from 2'°Pb-activity using the constant-rate-
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of-supply model (Binford 1990). In some cores,
estimates of background *'°Pb activity were corrob-
orated with measurements of **°Ra, a parent isotope to
219ph. Measurements of *'°Pb and **°Ra activity were
obtained from Flett Research Ltd. (Manitoba, Canada;
flettresearch.ca). The age of material below 15 cm
(approximately > 150 yr old) was estimated from
accelerated mass spectrometer (AMS) measurements
of '*C in terrestrial macrofossils, bulk sediments, or
concentrated charcoal spanning 0.25-1.00 c¢m of core.
Radiocarbon measurements were made at the Lawr-
ence Livermore National Laboratory’s Center for
AMS (cams.llnl.gov).

The *'°Pb- and '*C-estimated ages were used to
develop a model of sediment accumulation rates over
the length of the interpretable core. We developed age-
depth models using the Bacon v2.2 program in R,
which uses sample ages and their corresponding
depths to model sediment accumulation as a semi-
parametric autoregressive gamma process (Blaauw
and Christen 2011; R Core Team 2016). All '*C ages
were converted to calibrated year before present
(“cal yr BP”, years before CE 1950) for modeling
using the IntCal 13 dataset, but are presented here in
Common Era units (yr CE; Online Appendix Fig. 1).

Site-level records of fire activity

We estimated the charcoal accumulation rate (CHAR,
pieces cm > yr ') of each sample by taking the
product of charcoal concentration (pieces cm ) and
estimated sediment accumulation rate (cm yr 71).
CHARSs represent variability in the influx of burned
organic material to a lake through time. In small lakes
with no or limited inlet streams, as sampled here,
analysis and interpretation of CHAR time series is
commonly based on the decomposition approach,
which separates CHAR records into low-frequency
(“background”) and high-frequency (“peak”) com-
ponents (e.g., Clark and Royall 1996; Long et al. 1998;
Higuera et al. 2010 and citations within). The back-
ground component is inferred to represent charcoal
input that occurs in the absence of “local” fires:
airborne charcoal input from “distant” fires, slope
wash from terrain immediately surrounding a lake, and
within-lake redeposition. The “peak” component is
interpreted as representing the orders-of-magnitude
greater input of airborne and slope-wash charcoal that
occurs when a fire burns immediately around the lake,

in addition to natural variability in charcoal deposition
(“noise”). Based on theoretical and empirical studies
in high-severity fire regimes (including Alaskan boreal
forest), background CHAR (as well as total CHAR)
represent(s) area burned within &~ 10s of km of a lake,
while statistically significant peaks in the peak com-
ponent represent fire occurrence within a radius of
approximately 500-1000 m of a lake (Gavin et al.
2003; Lynch et al. 2004a; Higuera et al. 2007, 2011;
Kelly et al. 2013).

CHAR time series that met a minimum ratio of
high-frequency “signal” to low-frequency “noise”
(Kelly et al. 2011) were statistically decomposed using
the CharAnalysis program (version 1.1, github.com/
phiguera/CharAnalysis; Higuera et al. 2009, 2010).
Each record was interpolated to a common resolution
of 5 yr per sample. Background trends were estimated
using a 200- or 250-yr LOWESS regression robust to
outliers, and background CHAR was removed by
subtraction to obtain the peak CHAR series. We
modeled the noise component of the peak CHAR
series using a globally fit Gaussian mixture model, and
we used the 95th or 99th percentile of this distribution
to identify statistically significant peaks in CHAR.
Finally, to avoid identifying peaks based on insignif-
icant changes in charcoal counts, we removed any
peaks where charcoal counts had > 5-25% probabil-
ity of being drawn from the same Poisson distribution
as the minimum count from samples in the preceding
150 yr (Higuera et al. 2010). Parameters for CharA-
nalysis (Table 2) were selected to maximize the
correspondence between known fire events (within
1 km of each lake) and peaks identified in the
sediment-charcoal record, and were generally consis-
tent among sites.

Our procedures produced two forms of fire history
information from individual charcoal records: time
series of charcoal influx, reflecting trends in biomass
burning within approximately 10 km of each lake, and
a binary time series of charcoal peaks, used to estimate
the timing of local fire events (“fires”; Fig. 1). For
each individual record, we calculated fire return
intervals (“FRI”, the time between consecutive fires
at a given lake), the mean FRI (“mFRI”), and fire
frequency (“FF”), the total number of fires divided by
the length of the record multiplied by 100 (fires per
100 yr).
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Table 2 Parameters used in Bacon and CharAnalysis for age-depth modeling and charcoal peak analysis. Multiple values for
parameter priors refer to values above and below a change-point in the age-depth model, respectively

Parameter

BB15 DU15 MAI5 NWI15 SH15 TL15 URIS

Age-depth modeling (Bacon)
Acc. rate shape prior
AR memory prior
Memory strength prior
Record end (yr BP)
Record start (yr BP)
Interpolation (yr)

Charcoal peak analysis (CharAnalysis)

Smoothing (yr)
Threshold percentile
Min. count p value
Native median resolution (yr sample™")
Signal-to-Noise Index (SNI)

Acc. rate prior (yr cm ™)

10,0.5 10,10 20,05 20,05 20,05 20,05 50,0.5
1,1 1,1 1,1 1,1 1,1 1,1 1
0.1 0.1 0.1 0.1 0.1 0.1 0.1
10 10 10 10 10 10 10

— 65 —-65 —65 — 65 -65 —65 —65
222 302 323 1046 228 469 610
5 5 5 5 5 5 5
200 250 200 250 250 250 250
0.99 0.99 0.95 0.99 0.99 0.99 0.99
0.15 0.25 0.15 0.15 0.05 0.05 0.10
2 3 6 11 9 4 15
9.9 33 8.7 6.0 11.1 14.2 10.5

Composite records of fire activity

To quantify the degree of synchrony in the timing of
fires among records, we calculated the percentage of
sites that recorded fire in continuous 50-yr windows as
the sum of fires in the window, divided by the total
number of sites recording in that window, following
the methods of Calder et al. (2015). We calculated a
study-wide mFRI as the mean of all FRI pooled from
individual records.

We also developed a composite record of biomass
burning and fire occurrence at the scale of our entire
study area (ca. 900 km?) by modeling CHAR at
individual lakes as a zero-inflated log-normal process
(“ZIL method”), following Kelly et al. (2013). To
account for systematic differences in CHAR among
individual sites, non-zero accumulation rates were
log-transformed, rescaled within each site to a z-score
(mean = 0, standard deviation = 1), and then returned
to their original domain through exponentiation. We
estimated the parameters of ZIL distributions centered
on continuous windows using a Gaussian kernel-
weighted smoothing function with 5-yr and 50-yr
windows. The index of biomass burning at each time
step was the mean of 1000 bootstrapped mean
parameter estimates, and we derived 90% confidence
intervals from the 5th and 95th percentiles of the
simulations. The resultant values are a unitless index
representing landscape-scale biomass burning. In the
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Yukon Flats boreal forest region (ca. 450 km NE of
our study area) such a composite record based on 12
lake-sediment records was well correlated with mod-
ern observed area burned at distances within ~ 10
km of sampled lakes, with maximum agreement
within 5 km (Kelly et al. 2013).

Tree demography records

We compared composite records of fire history to
stand-age reconstructions spanning the past 365 yr
based on tree-ring records collected near our lake-
sediment sites. We used pith dates from 1139 ground-
level tree cross sections collected in 55 different plots
in 2002 and 2003 (Duffy 2006), and 66 tree cores from
three plots collected during the 2015 field campaign
(Fig. 1). Tree-ring data from the cross sections were
not cross dated, while those from the tree cores were
cross-dated; nonetheless, we present tree ages from
both datasets together, in 5-yr bins (from 1550 to
2015). In both datasets, tree cores or cross sections
were collected from as close to the ground as possible,
typically between 10 and 50 cm.

Climate records
To evaluate fire—climate relationships, we compared

our fire-history records to empirical and modeled
climate data. Our empirical dataset is a composite
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reconstruction of annual growing-season air temper-
ature for the past 1200 yr, based on living and
subfossil mountain hemlock tree-ring widths collected
near the Gulf of Alaska (hereafter, “GOA”) (Wiles
et al. 2014). We selected this dataset because it is an
annually resolved temperature record spanning the
entirety of our fire-history records. We standardized
the original dataset from Wiles et al. (2014) to
anomalies relative to the GOA twentieth century
values, to facilitate comparison with other proxies.
Because of relatively frequent stand-replacing distur-
bances in interior Alaska, annually resolved tree-ring
climate records are not available in closer proximity to
our sites, and other proxies (e.g., midges or oxygen
isotopes from lake sediments) do not provide appro-
priately fine temporal resolution for this analysis.

We used an additional modeled temperature dataset
for the twentieth century from the Climate Research
Unit (Harris et al. 2014), which was statistically
downscaled to 2-km resolution and made publicly
available by the Scenarios Network for Alaska and
Arctic Planning (SNAP 2015). We relied on these data
for the twentieth century because they are from
downscaled units that encompass our study area, and
are annually resolved. These data are rigorously
validated for accuracy in interior Alaska, but are
subject to the potential biases of their modeling and
downscaling approaches. Here we present the 5-yr
anomaly of mean April-September temperatures,
averaged over all 4 km?” pixels overlapping all of our
sample lakes. This is a generous definition of months
that could influence annual plant growth and fire
activity; our interpretations were also robust to
running this analysis using mean June-August
temperature.

Evaluating fire—climate—vegetation relationships

To test our hypotheses about the relationships among
fire, climate, and vegetation, we correlated fire history
metrics with summer temperature metrics. All sources
of temperature data were summarized into 5-yr mean
values for continuous, non-overlapping time steps
corresponding to interpolated fire history data. We
calculated pairwise Pearson product-moment correla-
tion coefficients for comparisons between biomass
burning, percent of sites burned, and temperature
anomalies from the GOA for the period 1550-1895,
and among biomass burning, percent of sites burned,

and modeled temperature and precipitation records
between 1900 and 2005. We also relied on qualitative
comparisons among proxies. Compositing individual
proxies into broad-scale records and binning them into
common temporal increments allowed for direct
comparison among series.

Results
Chronological control

Background *'°Pb activity was reached in the upper
3-10 cm of sediment in all cores, except for NW15
(where above-background decay was still sufficient to
estimate sample ages). Radiocarbon ages of bulk
sediments were generally thousands of years older
than ages of terrestrial macrofossils or concentrated
charcoal, suggesting the incorporation of “ancient”
carbon into the lake sediments; thus, these samples
were not used in our age-depth models (Fig. 2).
Complex down-core sedimentation prevented us from
developing robust chronologies for the entire length of
sediment collected, but high-resolution records were
obtained from the upper 1540 cm of sediment.
Multiple sources of evidence, including 4¢ dates,
changes in sedimentology and magnetic susceptibility
(MS), and abrupt changes in charcoal concentration
allowed us to identify rapid transitions in sedimenta-
tion rates, and model them with separate sediment
accumulation parameters above and below the transi-
tion (Online Resource 1, Figs. 1-7). The median
sample resolution of our records ranged from 2 to
15 yr sample™', vyielding seven high-resolution
records spanning the last 290465 yr, after interpola-
tion (Table 2). Uncertainty around age estimates (i.e.,
range of 90% confidence intervals) ranged from 4 yr
in the upper portion of cores to 292 yr for some ages
near 1550. The median age uncertainty among inter-
preted samples from all cores was 95 yr. We inter-
preted records from 1550 to 2015, the longest period
covered by a majority of the records, and when
chronological uncertainty was low (Fig. 3).

Fire history
Charcoal concentrations and charcoal accumulation

rates (CHAR) from 1550 to 2015 ranged (mean,
standard deviation) from 0 to 41.67 pieces cm ™ (2.40,
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«Fig. 2 Age-depth models with uncertainty for lake-sediment
records (black line, grey band) based on: age and standard error
estimates from 2'°Pb-based models (triangles), and calibrated
“C-dated terrestrial macrofossils and concentrated charcoal
(circles). Vertical dashed lines indicate the transition to near-
instantaneous sedimentation (from top to bottom), as described
in the text. Note: BB15, DU15, and NW15 are constrained by
dates outside the (universal) plotting window; see Online
Appendix for complete models alongside core images

4.54), and 0 to 3.82 pieces cm 2 yr~' (0.11, 0.27)
among all lakes, respectively (Fig. 3). The mean
(range) signal-to-noise index for the period of analysis
in all seven records was 9.8 (3.3-14.2), all above the
threshold of 3 that indicates suitability for peak
analysis (Kelly et al. 2011). Peak analysis revealed
1-6 statistically significant CHAR peaks at each site
since 1550, and the most recent peak in each record
generally corresponded to the most recent fire
recorded in the observational dataset within 1 km of
the lake. The difference between charcoal-estimated
and observed fire years was less than 10 yrin 5 of 6
lakes where fires occurred, and the median (range)
difference was 7 (3—19) yr (Fig. 3, grey circles vs. red
diamonds). The results of peak analysis were also
generally robust to variations in the threshold for peak
analysis, among values between the 95th to 99.9th
percentile (Fig. 3, small grey dots vs. larger grey
circles).

Individual FRI ranged from 25 to 195 yr among
sites (Fig. 4b). Site-specific mean FRI (SD) ranged
from 50 to 130 yr (25-85; Table 3), and the mean FRI
when pooling from all sites was 90 yr (60). The
percentage of sites burned in a 50-yr period varied
considerably over the record, ranging from 0-100%
with maxima centered ca. 1665, 1710, 1800, 1855,
1985 and 1990. Periods with a very low or very high
percent sites burned were short-lived, rarely lasting
more than one window-width (i.e., 50 yr). The highest
percentage of sites burned since 1550, 100%, was in
the most recent 50-yr period (i.e., 1965-2015).

Our composite biomass burning record displayed
significant variability (exceeding 95% confidence
envelope) since 1550, with broad maxima in the
100-yr mean ca. 1600-1650, 1750-1900 and
1990-2015, and discrete peaks in the 5-yr mean
(> 90th percentile) centered ca. 1555, 1620, 1640,
1645, 1765, 1845, 1850, and 2000-2010. The mean
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Fig. 3 Charcoal record and inferred fire history from each lake.
Five-yr interpolated charcoal accumulation rates (CHAR, black
bars), and thresholds (grey line) used to identify significant
(filled circles) and insignificant (open circles) CHAR peaks, as
well as peaks exceeding higher (99.9th percentile) and lower
(95th percentile) noise distribution thresholds (small points),
and fires from the observed record (1940-2014) that occurred
within 1 km of a given lake (red diamonds). (Color
figure online)

(standard deviation) time interval between these
maxima in the 5-yr mean was 50 (55) yr.

Tree demography

Estimated pith ages from sampled trees ranged from
1650 to 1996, and included five species (number, %
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etal. 2014), and downscaled modeled April-September mean air
temperature anomalies (red and blue bars, SNAP 2015). (Color
figure online)

of total): Picea mariana (788, 65%), Picea glauca
(151, 13%), Larix laricina (50, 4%), Betula papyrifera
(215, 18%), and Populus tremuloides (1, 0.1%). Over
65% of the trees sampled had pith dates between 1900
and 1975. The combined age structure contains seven
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relatively distinct modes, which we interpret as pulses
of tree establishment, ca. 1650, 1720, 1800, 1840,
1900, 1950, and 1990 (Fig. 4c). The average (standard
deviation) interval between these modes was 55 yr
(15 yr). We interpret pulses in establishment from this
tree-demography record cautiously, assuming tree
mortality limits our ability to directly compare the
magnitude of distinct pulses deeper into the past,
particularly prior to ca. 1800, due to a fading record.

Fire—climate—vegetation relationships

Relationships among fire, climate, and vegetation
proxies varied through time, with a clear distinction in
the strength and direction of the fire—climate relation-
ship before and after 1900. Fire activity and temper-
ature were uncorrelated before 1900 (Table 4,
Fig. 5a). Strong positive relationships after 1900 were
detected between modeled (“CRU”) growing season
(AMIJAS) temperature and 50-yr mean composite
biomass burning (r = 0.71, p = 0.05; Table 4 and
Fig. 5).

In addition to significant correlations between
measures of fire activity and summer temperature
during the twentieth century, there were clear quali-
tative relationships among fire, climate, and vegeta-
tion proxies throughout the record. Periods of high fire
activity, reflected in 50-yr mean composite biomass
burning and high percent sites burned, generally
preceded pulses in tree establishment (Fig. 4a, c): for
example, all of the trees in our record established after
the earliest detected peak in biomass burning ca. 1650,
and subsequent pulses in tree establishment occurred
after the periods of elevated fire activity ca. 1800 and
1850. Conversely, periods of lower fire activity ca.
1675-1725 and 1900-1950 correspond with pulses in
tree establishment.

Discussion

Our 465-yr landscape-scale records of fire activity,
tree establishment, and temperature document high
variability in the relationship between climate and fire
over time. The dynamic nature of fire—climate rela-
tionships suggests that fire activity was likely medi-
ated by landscape-scale changes in flammability
resulting from forest succession and the dominance
of black spruce. Our records showed stronger coupling



Landscape Ecol

Table 3 Summary of peak analysis results

Site Record length (yr) Total fires recorded Mean fire return interval (SD) (yr) Fire frequency (# 100-yr’1)
BB15 285 4 90 (60) 1.4

DUI15 360 6 50 (25) 1.67

MALIS 385 3 115 (85) 0.78

NWI15 465 1 - 0.22

SH15 465 4 130 (85) 0.87

TL15 465 4 115 (85) 0.87

URIS 465 3 65 (10) 0.65

Table 4 Pearson product-moment correlation coefficients (r) among proxies, and their significance

Period 50-yr mean CHAR 5-yr mean CHAR Percent of sites burned
1550-1895

GOA temp. 0.09 0.06 0.15
1900-2010

CRU temp. 0.71 0.52 0.33

GOA temp. 0.14 —0.02 0.19

Bold-italicized values are significant at oo = 0.01, bold values are significant at o = 0.10

CRU temp. downscaled, modeled growing season temperature (°C), GOA temp. tree-ring based growing season temperature (°C)

1550-1895 1900-2015
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Fig. 5 Relationships between biomass burning and 5-yr mean
growing season and modeled summer temperature from 1550 to
1895 (left) and from 1900 to 2015 (right), respectively. Linear fit

Modeled growing season temp.

(black line) indicates significant relationship for linear model

from 1900 to 2015
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between fire activity and temperature after ca. 1900
than in the preceding 350 yr, with tightly linked
increases in biomass burning and temperatures during
the second half of the twentieth century, and elevated
fire activity following pulses of black spruce
establishment.

Variable fire—climate relationships were mediated
by black spruce succession

Our records show high variability in direct coupling
between climate and fire activity throughout the study
period, with the relationship between high rates of
burning and warm temperatures strongest after 1900.
The period of elevated fire frequency ca. 1800
coincided with a positive temperature anomaly, con-
sistent with the expectation that warm temperatures
facilitate burning through low fuel moisture (Duffy
et al. 2005; Flannigan et al. 2009; Parisien et al. 2011),
but the link between climate and fire activity was
variable (e.g., temperatures were cooler than average
during a peak in biomass burning ca. 1760) and
statistically insignificant. The lack of correlation
between the paleoclimate record and our composite
record of biomass burning does not necessarily imply
that individual years with high fire activity were not
facilitated by warm, dry conditions at inter-annual or
biome-wide scales (Duffy et al. 2005; Hu et al. 2006;
Mann et al. 2012). By averaging the paleoclimate
record over 5-yr periods to align with interpolated
lake-sediment fire history records, we inherently
smooth over inter-annual variability, thus reducing
the ability to detect annual-scale relationships. Addi-
tionally, a lack of correlation between climate and fire
proxies prior to the twentieth century may reflect
limited chronological control in our fire-history
records, and/or limitations of using the GOA temper-
ature reconstruction as a proxy for fire-conducive
conditions. While 2'°Pb chronologies constrain our
records over the twentieth century, and back to c. 1850
CE, "C dating prior c. 1850 is more limited. Perhaps
equally plausible, the GOA tree-ring reconstruction
may reflect climate conditions outside of the summer
fire season, or it may not accurately reflect growing-
season climate variability in the Nowitna study area.
The latter possibility is supported by the poor corre-
lation between the GOA temperature proxy and the
CRU data over the twentieth century. Finally, the
significant correlation between biomass burning and
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CRU-inferred temperature over the twentieth century
is strongly driven by the 5—7 warmest values in the
CRU dataset, most occurring in the last two decades,
when CHAR-inferred biomass burning is also consis-
tently high. While the GOA temperature record also
registers the warmest values in the twentieth century,
the temporal variability differs from the GOA record,
and the range of variability is smaller than in the CRU
dataset.

The strongest evidence for direct coupling between
climate and fire activity comes after 1900, when both
fire activity and summer temperatures increased
distinctly, and were significantly positively correlated.
The significant increases in biomass burning and
percent of sites burned that began ca. 1900 coincides
with an increase in local modeled temperatures, which
were above average for much of the late twentieth
century, particularly after 1975. Biomass burning and
percent sites burned both reached their highest points
in our 465-yr record in the decades since 1980,
consistent with other evidence of recent increases in
fire activity from modern observational records (Ka-
sischke and Turetsky 2006; Kasischke et al. 2010).

The widespread burning we observed under aver-
age and above-average temperatures was likely medi-
ated by the landscape-scale dominance of mature
black spruce during the twentieth century. Even after
1900, when the fire—climate relationship in our study
area was strongest, alternating periods of fire activity
and tree establishment suggest that variability in
landscape-scale fire activity was driven by complex
interactions with climate and vegetation, rather than
unidirectional forcing by either independently. Peri-
ods of elevated biomass burning and a high percentage
of sites burned were preceded by several decades of
tree establishment, and establishment was conversely
highest during periods of low fire activity (Fig. 4). At
this multi-decadal, landscape scale, our results are
consistent with findings from the eastern Canadian
boreal forest, where mid- to late-Holocene fire activity
was facilitated and attenuated by variability in fire-
conducive climatic conditions as well as the land-
scape-scale continuity of flammable vegetation (Gi-
rardin et al. 2013; Héon et al. 2014). The substantial
increase in fire activity since 1950 documented in our
records was likely facilitated by the preceding decades
of black spruce establishment ca. 1900-1960. Con-
current with a warming trend, by the late twentieth
century, this would have resulted in warmer-than-
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average conditions on a landscape dominated by
30-90 yr old black spruce, creating highly flammable
fuels suitable for widespread burning. Similarly, the
period of high fire activity ca. 1800 may have initiated
the pulse of recruitment that began later in the century
and continued into the twentieth century. The late
twentieth and early twenty-first century increase in fire
activity in this study area was, therefore, probably a
result of vegetation dynamics and warming summer
temperatures operating synergistically to create a
landscape of continuous, flammable fuels under suit-
able climatic conditions.

The changes in fire activity we observed after 1900
may point toward the nature of future fire regimes in
Alaskan boreal forests. The peak in fire activity ca.
1800 was characterized by a percentage of sites burned
similar to the peak in fire activity after 1980 (i.e., 80%
ca. 1800 vs. 100% after 1980), but with significantly
lower biomass burned in 1800 than in 1980. Greater
biomass burning per fire event after 1980 could
indicate an increase in fire severity under warmer
twentieth- and early twenty-first-century conditions, a
pattern documented elsewhere in the boreal forest in
recent decades (Shenoy et al. 2011; Mann et al. 2012)
and during the warm Medieval Climate Anomaly ca.
1000-1500 (Kelly et al. 2013). This empirical and
model-based evidence from across the boreal forest
documents similar patterns: the combination of wide-
spread late-successional black spruce dominance and
consistently warm temperatures in recent decades
have resulted in unusually high fire frequency and
severity (Mann et al. 2012), with subsequent feed-
backs to successional trajectories and species compo-
sition (Johnstone and Chapin 2006; Johnstone et al.
2010b; Shenoy et al. 2011; Brown and Johnstone
2012).

Negative vegetation feedbacks could limit
widespread increases in fire activity

If coincident warming and increases in fire activity
like those observed in our study landscape and
elsewhere in the Alaskan boreal forest in recent
decades continue into the twenty-first century, such
changes could initiate an ecosystem-wide transition
from black-spruce-dominated to deciduous-domi-
nated forests (Johnstone et al. 2010b; Mann et al.
2012; Kelly et al. 2013). Alternatively, the connec-
tions we observed between the timing of widespread

fire activity and landscape-scale spruce establishment
are also consistent with modern and paleoecological
observations of negative feedbacks between fire
activity and post-fire vegetation change. Periods of
elevated landscape-scale fire activity reset succes-
sional trajectories, initiating a temporary shift in the
dominant vegetation type at the landscape scale from
coniferous to deciduous species. Because boreal forest
species vary widely in their flammability, their relative
proportions and arrangement on the landscape modify
the subsequent influence of weather on fire occurrence
and spread (Dash et al. 2016). Recently burned
landscapes may thus be less supportive of fire activity
(Parks et al. 2015, 2016), limiting the extent and
magnitude of fire activity for decades to centuries (Ali
et al. 2009; Girardin et al. 2013; Héon et al. 2014). The
wide range and rapid swings in the percent of sites
burned documented by our record support the idea that
prolonged increases in fire activity at the landscape
scale cannot be supported by vegetation for prolonged
periods (Fig. 4b).

Although a broad shift in the dominant forest type
in Alaska from black spruce to deciduous species
would reduce fire activity in the near term (decades to
centuries), it could promote synchronous fire activity
in the future, if large areas of deciduous-dominated
stands follow similar successional trajectories and
return to black spruce dominance simultaneously.
These diverging potential trajectories reveal the
complex interaction among mechanisms that drive
fire activity, and their varying importance across
scales (Turner et al. 1989). Our findings indicate that
landscape-scale fire—climate relationships are strongly
mediated by forest succession and vegetation patterns.
Our study does not predict how fire-vegetation feed-
backs scale to the larger boreal forest, which has yet to
exhibit a biome-scale fuel limitation. However, it
supports the notion that forested landscapes are a
dynamic mosaic of vegetation states, with components
that do not respond uniformly to climatic forcing, and
underscores the importance of understanding variation
in landscape flammability and connectivity of fire-
prone vegetation for anticipating the trajectory of
landscape-scale fire activity. As fire-conducive cli-
matic conditions become more common in Alaska
(Young et al. 2017), it will be increasingly important
to monitor vegetation change across the boreal forest
biome and continue to evaluate subsequent feedbacks
on fire activity.
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