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Abstract. Little is known regarding the fire history of high-latitude coastal temperate rain forests in the
Pacific Northwest (PNW) of North America. While reconstructing historical fire regimes typically requires
dendrochronological records from fire-scarred trees or stratigraphically preserved lake sediment data, this
type of information is virtually non-existent in this region. To describe the long-term fire history of a site on
the central coast of British Columbia, Canada, we radiocarbon-dated 52 pieces of charcoal. Charcoal ages
ranged from 12,670 to 70 yr BP. Fires occurred regularly since 12,670 yr B, with the exception of a distinct
fire-free period at 7500-5500 yr BP. Time since fire (TSF) estimates from soil charcoal and fire-scarred trees
ranged from 12,670 to 100 yr BP (median = 327 yr), and 70% of the sites examined had burned within the
past 1000 yr. An increase in fire frequency in the late Holocene is consistent with the widely held hypothe-
sis that anthropogenic fires were common across the PNW. We evaluate TSF distributions and discuss the
difficulties in assigning actual fire dates from charcoal fragments with large inbuilt ages in a coastal tem-
perate rain forest setting. We determine that a comprehensive approach using soil charcoal and fire scar
analyses is necessary to reconstruct general trends in fire activity throughout the Holocene in this region.
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INTRODUCTION

Coastal temperate rain forests in the Pacific
Northwest (PNW) of North America are believed
to have a very low frequency of forest fires,
reflecting their location in one of the wettest
biomes on Earth (Veblen and Alaback 1996). This
low forest fire activity is typically attributed to
the high amounts of precipitation and to the rar-
ity of lightning in these settings (McWethy et al.
2013). Taken together, these attributes decrease
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the probability of ignition in coastal forests char-
acterized by large-diameter, moisture-laden fuels
(Lertzman et al. 2002, Daniels and Gray 2006).
Although the role of lightning relative to human
ignitions in coastal temperate rain forest settings
remains unclear, sustained periods of warm and
dry conditions are likely required to promote fuel
conditions conducive to fire initiation and spread
(Bowman et al. 2011). Moreover, despite mount-
ing ethnographic evidence for the human use
of fire by Indigenous peoples in the PNW over

July 2016 %+ Volume 7(7) % Article e01415


http://creativecommons.org/licenses/by/3.0/

millennia (Walsh et al. 2015), little is known of
the influence of these practices on the magnitude
and frequency of fires in coastal temperate rain
forests. Nor is there a long-term perspective on
how these fire regimes may have been altered as
a result of cultural changes related to European
contact and 20th-century policies of fire suppres-
sion (Lepofsky et al. 2005).

With the exception of the boreal forests, most
contemporary forest types in Canada experience
lightning- and human-caused fires in near equal
proportions (Stocks 1991). Human-caused fires
are predominantly associated with the locations
of industry, roads, and cities (Pew and Larsen
2001). Lightning is rare in coastal temperate rain
forests in British Columbia (average area burned
as a result of lightning ignitions from 1959 to
1997 is <0.01%) (Stocks et al. 2002). Prior to the
20th century, as they were in other parts of North
America (Ryan et al. 2013), Indigenous peoples
could have been an important ignition source,
by synchronizing ignitions with the most fire-
conducive period of the year (Marlon et al. 2012,
McWethy et al. 2013).

The purpose of this research was to recon-
struct the Holocene fire history of a coastal tem-
perate rain forest on the central coast of British
Columbia, Canada. Reconstructing historical fire
regimes often involves high-resolution networks
of georeferenced fire-scarred trees (Falk et al.
2011). Although fire-scarred trees can provide
annually resolved records of fire activity, fire-
scarred trees are rare in coastal temperate rain
forests and do not fully reveal fire recurrence on
time scales relevant to the slow dynamics of these
forests (Daniels and Gray 2006). Over longer time
periods and at regional scales, fire occurrence
may be explored by examination of charcoal
deposited in wetland or lake sediments (Hallett
et al. 2003, Whitlock et al. 2010). Unfortunately,
this method is not spatially explicit and some-
times includes charcoal fragments from distant
fires (Gavin et al. 20034). Using wood charcoal
deposited in soils, however, can provide a com-
plementary approach to these other methods for
reconstructing long-term fire histories in coastal
temperate rain forests (e.g., Lertzman et al. 2002,
Gavin et al. 2003b).

Wood charcoal is an inert form of carbon
that can persist in soil for millennia (Carcaillet
2001, Lertzman et al. 2002). However, various
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processes can disrupt the layering of temporal
sequences of charcoal in soils. These include
the decomposition or accumulation of organic
material, bioturbation by roots or animals, tip
up mounds, or more recent fires that consume
humus and erase previous records of soil char-
coal (Gavin et al. 2003b). Although microscopic
charcoal may be transported significant dis-
tances by wind and water, macroscopic charcoal
(>5 mm) found in depositional hollows within
standing forests likely originated within a few
tens of meters (Clark and Patterson 1997). Thus,
radiocarbon ages assigned to the latter can be
used to date a fire that occurred at, or very near,
the site of deposition (Higuera et al. 2007, Payette
et al. 2012). As the radiocarbon ages assigned to
the charcoal reflect the date of carbon dioxide fix-
ation rather than fire, radiocarbon dates may pre-
date the actual fire event. Addressing the source
of this “inbuilt age” is critical in temperate rain
forests where fires may burn old woody debris
that may exceed ages of 1000 yr (Gavin 2001).

METHODS

Study area

The research was completed within the Hakai
Laxvbalis Conservancy on Calvert and Hecate
islands (51°38" N, 128°05 W), a 160-km? island
group located on the central coast of British
Columbia, Canada (Fig. 1). The study area is sit-
uated in the very wet hypermaritime subvariant
of the Coastal Western Hemlock zone of British
Columbia’s biogeoclimatic classification system
(Meidinger and Pojar 1991). This region receives
some of the highest annual rainfall in North
America (~4000 mm) and is characterized by
subdued and rugged topography, moderate
year-round temperatures (~7°C), and low rates
of evapotranspiration (Banner et al. 1993). There
is no history of industrial logging in the study
area.

Ancient human land use and settlement pat-
terns have varied spatially and temporally
throughout the study area, and archeological evi-
dence suggests human presence in the region for
at least 13,000 yr (McLaren et al. 2014, 2015). The
study area contains three formerly occupied hab-
itation sites with extensive shell middens (>3 m
depth) and an abundance of near shore features
including fish traps, clam gardens, and root
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Fig. 1.

The location of sample sites (red circles) on Calvert and Hecate islands. The inset provides the location

of the study site on the central coast of British Columbia, Canada.

gardens that were continuously utilized through-
out the Holocene (Stafford et al. 2009, McLaren
et al. 2014). There are no records or evidence of
fire in the study area in the 20th century and
few oral histories of pre-contact anthropogenic
fire. However, controlled burning by Indigenous
peoples, referring to the purposeful burning of
vegetation for plant and animal management,
was used in nearby and analogous ecosystems
(Turner 1999, Trusler and Johnson 2008).

The bedrock geology of Calvert and Hecate
islands is almost entirely of igneous origin,
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comprised of a mix of quartz diorite and gran-
odiorite (Roddick 1996). Compared to the adja-
cent mainland, there are very few glacial features
or glaciogenic deposits. Upland mineral soils are
generally nutrient-poor Ferro-Humic Podzols
that are strongly influenced by the underlying
bedrock geology (Banner et al. 1993). Shallow,
imperfectly drained organic soils accumulate
folic material (forest material, branches, roots)
and are classified as Folisols. Poorly drained soils
with high rates of peat accumulation are Typic or
Fibric Mesisols (Valentine et al. 1978). Because of

July 2016 <+ Volume 7(7) % Article e01415



the subdued and low-lying terrain, there is little
evidence of down slope movement of soils.

Four main vegetation types defined by
dominant species and closely associated with
terrain attributes and soils are found in the study
area: zonal forests, bog forests, bog woodlands,
and blanket bogs (Banner et al. 2005). Productive
zonal forests are associated with hill slopes and
riparian areas and are comprised of moderately
drained Folisols where thin organic horizons
developed on gravelly colluvium over bedrock
(Banner et al. 1993). These forests are dominated
by large-diameter western redcedar (Thuja plicata
Donn ex D. Don.) and western hemlock (Tsuga
heterophylla [Raf.] Sarg.) with lesser amounts of
yellow-cedar (Cupressus nootkatensis [D. Don]
Farjon and Harder) and Sitka spruce (Picea sitch-
ensis [Bong.] Carr.) (Meidinger and Pojar 1991).

Bog forests have similar soils to zonal forests
and are found almost exclusively on hillslopes.
They exhibit stunted growth forms and are dom-
inated by western redcedar, yellow-cedar, west-
ern hemlock, and shore pine (Pinus contorta var.
contorta Douglas ex Louden) (Klinka et al. 1996).
Bog woodlands are found in patchy mosaics of
forested and unforested sites in subdued or roll-
ing terrain and are dominated by western red-
cedar, yellow-cedar, and shore pine with lesser
amounts of mountain hemlock (Tsuga mertensi-
ana Bong.) (Klinka et al. 1996). Blanket bogs with
both minerotrophic and ombrotrophic charac-
teristics occur in sparsely forested wetland areas
(Banner et al. 2005). Minerotrophic bogs are com-
prised of vascular plants and sedges with shal-
low, nutrient-poor Ferro-Humic Podzols forming
over bedrock while ombrotrophic bogs are dom-
inated by sphagnum species and contain organ-
ically enriched, nutrient-poor soils (MacKenzie
and Banner 2001).

Forested sites in the study area are character-
ized by living and dead fuels in various stages of
decay (Feller 2003). The majority of surface fuels
are comprised of moisture-rich, large-diameter
coarse woody debris, which is often covered
by a dense canopy and moss on the forest floor
(Daniels and Gray 2006). Surface fuels have
low flammability compared to dead, standing
fuels that can be significantly drier and may be
an important fuel source in hypermaritime for-
ests (Daniels 2003, Dorner and Wong 2003). Fire
events are thought to be most common in the late
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summer when high-pressure ridges form on the
coast of British Columbia, promoting sustained
warm and dry weather conditions (Lertzman
et al. 2002, Macias Fauria and Johnson 2006).

Thirty-nine sites stratified by the proportional
representation of four vegetation types: zonal
forest (15%), bog forest (26%), bog woodland
(31%), and blanket bog (28%) were sampled in
the 300-ha study area (Fig. 1). One soil pit was
dug at each site, and multiple pieces of soil char-
coal were sampled from each soil profile. The
most intact fire-scarred trees were sampled at
each site where they were present. The study area
was selected to overlap (75% of sites) a 287-ha fire
dated with fire-scarred trees to AD 1893. To com-
pare the effects of time since the most recent fire
event (time since fire [TSF]) on different fuel and
vegetation characteristics apparent in the four
vegetation types, we sampled the remaining 25%
of sites with the same methods in forests with no
recent aboveground fire evidence on Hecate and
Calvert islands.

Charcoal sampling and analysis

Charcoal layered in discrete stratigraphy was
apparent in soils throughout the study area, sug-
gesting a long history of fire activity. Thirty-nine
soil pits (one per sampling site) 20-150 cm in
depth and 100-500 m apart were selectively sam-
pled in concavities (1-2 m?) found on locally
level terrain. To minimize erosional loss of char-
coal, sites were chosen in locations not affected
by downslope movement (Carcaillet 2001,
Lertzman et al. 2002). Macroscopic charcoal was
sampled in the field, and microscopic charcoal
was collected in stratigraphy (bulk soil) and sam-
pled under a dissecting microscope in the labora-
tory. Detailed descriptions of soil charcoal
stratigraphy and soil classifications are presented
in Appendix S1: Table S1.

Samples were washed with deionized water
in the laboratory, and charcoal fragments were
sieved carefully through a 0.5-mm mesh. For
charcoal pieces >5 mm, we used taphonomic
keys developed by Mustaphi and Pisaric (2014)
to obtain information about the species, morphol-
ogy, and wood type. For these samples, radiocar-
bon dates were obtained from a single piece of
charcoal. If charcoal fragments were <2 mm or
did not contain enough mass for radiocarbon
dating, two or three pieces of charred wood were
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combined from the same depth in the soil for
radiocarbon dating (35% of samples). Multiple
charcoal fragments deposited in the same stra-
tigraphy likely formed from the same fire event
(Lertzman et al. 2002). Gavin et al. (2003b) tested
this hypothesis and found that 40 radiocarbon
dates obtained from two to three microscopic
charcoal fragments in the same stratigraphic
layer yielded nearly identical radiocarbon dates.
Although the total number of samples submit-
ted for radiocarbon dating was constrained by
the funds available, charcoal fragments were
selected based on the quality, depth, and location
of the sample in continuous stratigraphy and to
best represent all vegetation and soil types.

Samples were radiocarbon-dated (14C) using
accelerator mass spectrometry (AMS) at Keck
Carbon (University of California-Irvine, Irvine,
California, USA). Radiocarbon dates were cali-
brated to calendar years with the INTCAL13 cal-
ibration curve (Rev 7.0.4 program) (Reimer et al.
2013). All dates are reported as calibrated years
before present (yr BP [1950]) using the median of
the probability distribution of each radiocarbon
date. We submitted 10-20 charcoal samples at a
time for dating, and the depth and age results
obtained were used to adapt the strategy for fur-
ther submissions.

We used Gavin’s (2001) methodology and
inbuilt age equation to create an inbuilt age model
specific to our study area. When possible, we

Table 1.
fire-scarred trees in the study area.

HOFFMAN ET AL.

selectively sampled charred fragments of bark,
needles, branches, or outer wood to decrease
inbuilt age and to provide a more accurate age
for radiocarbon dating. Fourteen fire scars dat-
ing the most recent fire event were used to calcu-
late the inbuilt age distribution and the adjusted
error (Table 1). We assigned radiocarbon dates to
fire scars when a series of two or more fire scars
could be matched to a stratigraphic pattern of
soil charcoal. The adjusted error was calculated
as a weighted moving average of the probabil-
ity distribution of the calibrated radiocarbon
age using the inbuilt age distribution as a set of
weights (Gavin 2001). Inbuilt age adjustments
were added to the two-sigma radiometric error
of each radiocarbon date.

Fire scar sampling and analysis

Sampling fire scars in the study area was nec-
essary to create estimates of inbuilt age, record
recent fire activity for TSF estimates, and to vali-
date selections of soil charcoal for radiocarbon
dating. We removed wedges with a chainsaw
from the bases of living, fire-scarred trees within
the one-hectare area surrounding each study site
(Arno and Sneck 1977). In areas with a high den-
sity of intact fire scars, the most sound or the old-
est of the trees (determined after coring and
measuring) were collected (Arno and Sneck
1977). To validate dating of fire scars, we obtained
two 5-mm increment cores ~1.3 m from the

Fourteen radiocarbon dates from the uppermost soil layers were corrected with known fire dates from

Median age cal
AD (two-sigma

Site Method Year of fire (AD) 14C age BP error) Inbuilt age
Hecate Island Fire scar 1893 290 + 20 1558 (1520-1653) 335
Hecate Island Fire scar 1893 120+ 15 1842 (1684-1953) 51
Hecate Island Fire scar 1893 115+ 20 1840 (1683-1953) 53
Hecate Island Fire scar 1719 375+15 1488 (1451-1618) 231
Hecate Island Fire scar 1893 245 +15 1656 (1644-1795) 357
Hecate Island Fire scar 1893 595 +15 1344 (1306-1404) 549
Hecate Island Fire scar 1744 290 +15 1554 (1522-1651) 339
Hecate Island Fire scar 1893 205+ 15 1784 (1653-1950) 109
Hecate Island Fire scar 1656 375+40 1495 (1449-1585) 161
Hecate Island Fire scar 1778 200+ 15 1779 (1654-1951) 0
Hecate Island Fire scar 1893 510+ 15 1422 (1409-1436) 471
Hecate Island Fire scar 1778 570 + 20 1346 (1313-1416) 432
Hecate Island Fire scar 1893 250 +20 1654 (1643-1793) 239
Hecate Island Fire scar 1893 280+ 15 1591 (1521-1662) 302

Note: Inbuilt age was calculated as the difference between the fire year and the median age calibrated AD intercept.
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ground from 90 trees (three species-specific
chronologies) in forest stands outside of the 1893
fire perimeter with no aboveground fire evidence
(Johnson and Gutsell 1994).

In the laboratory, fire scar wedges and incre-
ment cores were processed using standard den-
drochronological techniques (Stokes and Smiley
1968). Samples were visually cross-dated and
then statistically verified using the computer
program COFECHA (Grissino-Mayer 2001). We
combined fire scar dates from the study area into
a composite record and identified fire years as
those in which at least two trees had fire scars.
We determined the exact calendar year of fire
occurrence by cross-dating fire scars to species-
specific tree-ring chronologies (Johnson and
Gutsell 1994).

Interpretation of TSF

Time since fire dates were acquired from fire
scars or from the youngest calibrated radiocarbon
date sampled at each site (Gavin et al. 2003b).
Estimates for TSF were calculated and the lower
and upper quantiles were compared between
vegetation types and between the two study areas
(sites located within and outside of the 1893 fire
perimeter) with randomization tests in the WRS2
package in R statistical software (R Development
Core Team 2016). The rationale for comparing
TSF within the 1893 fire perimeter to outside of
the 1893 fire perimeter was due to the close prox-
imity of three former Indigenous habitation sites
within the 1893 fire perimeter which may include
targeted resource sites that were repeatedly
burned over millennia. Because we do not know
the historic composition and distribution of vege-
tation in the study area throughout the Holocene,
we also assessed the relationship between terrain
attributes derived from a digital elevation model
(DEM) with TSF distributions.

REsuLTs

Radiocarbon dating and soil charcoal stratigraphy

In total, 97 soil charcoal samples were obtained.
Thirty-five samples were deemed replicates with
regard to soil type and stratigraphy. Ten samples
that did not fit our ecological criteria (see Methods)
were deprioritized due to budget allocation.
Fifty-two samples from 39 sites were submitted
for radiocarbon dating.
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The radiocarbon ages assigned to the char-
coal samples ranged from 12,670 to 70 yr BP.
Radiocarbon age, calibrated dates, and median
calibrated probabilities with associated errors are
presented in Appendix S1: Table S2. One radio-
carbon date was rejected because it was based
on a sample with low carbon (<1 mg). All radio-
carbon dates were physically stratified by depth,
with no age reversals, and charcoal fragments
in organic soil types were consistently younger
than charcoal in mineral soil types (Gavin 2003)
(Appendix S1: Table S1). This finding confirmed
that the uppermost charcoal layer accurately rep-
resented TSF distributions (Fig. 2a) (Gavin et al.
2003b).

Fire scars and soil charcoal

Cross-dating of 99 fire scars from 45 wedges
revealed 15 distinct fire events during the period
AD 1376-1893. The majority of wedges were
from western redcedar (73%) and yellow-cedar
(20%), but we also sampled a small portion of
shore pine (7%). Fourteen sampling sites con-
tained multiple fire events recorded on fire-
scarred trees, and we were able to link the five
most recent fires in the study area with soil char-
coal buried in stratigraphy. The association
between fire scars and soil charcoal was based on
the expectation, supported by our investigations
(Appendix S1: Table S1), that surficial charcoal
deposited near the soil surface (<5 cm) origi-
nated from the most recent fire event (Lertzman
et al. 2002, Gavin et al. 2003b). Our criteria for
linking fire scars to soil charcoal to build our
inbuilt age model included selecting depressions
or hollows where charcoal was likely to accumu-
late, avoiding sampling when there was evidence
of past soil disturbances (e.g., tip up mounds,
mass wasting), and prioritizing charred bark,
twigs, and macroscopic charcoal deposited in
stratigraphy. This sampling procedure was criti-
cal to building accurate inbuilt age adjustments
for the broader study area (Table 1).

Time since fire

Time since fire was acquired from fire scars
(54% of sites) or from the youngest calibrated
radiocarbon date sampled at each site (46% of
sites) (Appendix S1: Table S3). Several sites had
shallow soils (median = 15 cm depth) with one
charcoal date (67% of sites). Sites with >2
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Fig. 2. (a) Age frequency of the calibrated median probability of 51 soil charcoal dates on Hecate Island

from 13,500 yr to present. Time since fire (TSF) estimates were derived from the youngest calibrated radiocarbon
dates at 19 sites. The remaining TSF dates were dated with fire scars at 20 sites. “Other (charcoal)” is the
remaining soil charcoal radiocarbon dates obtained at sites where TSF was estimated by younger radiocarbon
or tree-ring dates. The small box and whisker plots are radiocarbon dates with adjustments of inbuilt age
(additional to the two-sigma radiometric and calibrated error) for each sample, and the y-axis (right side) shows
the number of samples distributed through time. (b) For the purpose of regional comparison, TSF and age
frequency of the calibrated median probability of 113 soil charcoal dates including radiocarbon samples used
in inbuilt age adjustments from Clayoquot Valley over 13,000 yr. TSF estimates were derived from the youngest
calibrated radiocarbon date from 65 sites. The remaining TSF estimates were dated from forest stands (tree
rings) at sites that established after fire events (Gavin et al. 2003b). Note the different y-axes.

charcoal dates consistently demonstrated
increased age with depth (Appendix S1: Table
S1). Therefore, we are confident that using one
radiocarbon date to estimate TSF had a high like-
lihood of correctly identifying the most recent
fire (Gavin et al. 2003b).

Excluding dates from the AD 1893 fire,
TSF estimates ranged from 12,670 to 100 yr
BP (median = 327 yr) and the median of the
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charcoal-based TSF was 2030 yr BP (Fig. 3;
Appendix S1: Table S3). There was no signifi-
cant difference (P = 0.54) in TSF between the four
vegetation types in the study area (Fig. 3a) nor
between TSF and terrain attributes derived from
the DEM (Appendix S2: Fig. S1). Because there
were no fire scars present outside of the 1893 fire
perimeter, we compared TSF with the youngest
calibrated radiocarbon dates acquired from each
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Fig. 3. (a) Box and whisker plots of time since fire (TSF) for 39 sites in the study area. Sample sizes are in

brackets to the right of box and whisker plots. Boxes represent the second and third quartile ranges, and the
center line is the median. Circles represent outliers. TSF was not statistically different when comparing vegetation
types (P = 0.54). (b) Box and whisker plots of TSF distributions within and outside of the 1893 fire perimeter (fire
scars and soil charcoal dating the 1893 fire were removed from this analysis). Sites outside of the 1893 perimeter
had significantly longer TSF when compared to sites within the 1893 fire perimeter (P =0.003). Sites that included
fire scars in TSF distributions had significantly shorter TSF when compared to sites within the 1893 fire perimeter

that had been dated with soil charcoal only (P = 0.001).

site (not including fire scars or soil charcoal from
the 1893 fire). The removal of charcoal and fire
scar dates derived from the 1893 fire revealed
that sites sampled within the 1893 fire perimeter
experienced more fire events and had signifi-
cantly shorter TSF than elsewhere in the study
area (P = 0.003) (Fig. 3b). Examinations of land-
form controls including aspect, slope, elevation,
and derived terrain attributes did not explain the
spatial pattern of TSF estimates within or outside
of the 1893 fire perimeter. The summed proba-
bilities of fire occurrence and TSF for each veg-
etation type are displayed in Appendix S2: Fig.
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S2 and a photograph of the four vegetation types
in the study area are presented in Appendix S2:
Fig. S3.

Inbuilt age

Inbuilt age adjustments ranged from 0 to 549 yr
and one sample required no adjustment (Table 1;
Appendix S2: Fig. S4). Most radiocarbon dates
had errors >160 yr (25th percentile), >360 yr
(75th percentile), and <471 yr (95th percentile).
The greatest observed inbuilt age was 549 yr.
Our inbuilt age model determined that in this
vegetation type and with soil charcoal data, fires
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separated by <549 yr cannot be considered sepa-
rate events. We added the 549-yr maximum
inbuilt age to the two-sigma radiometric error of
each radiocarbon date to determine whether fire
events were distinct or overlapping. Using the
maximum inbuilt age, we recorded 15 distinct
fire events with soil charcoal. Fire scar and soil
charcoal-derived TSF estimates are presented in
Fig. 2a along with the adjusted inbuilt age distri-
bution of every radiocarbon date sampled in the
study area.

DiscussioN

Our analyses of soil charcoal and fire scars
from four vegetation types confirm that fire has
been a feature of this landscape for millennia.
The cumulative probability distributions of the
51 radiocarbon dates demonstrate lengthy peri-
ods with a higher frequency of recurring fires
from 12,700 to 7500 and from 5500 to 70 yr BP,
with a distinct fire-free interval between ~7500
and 5500 yr BP (Fig. 4a). Because 23% of our sam-
ples recorded fires in the 12,700-7500 yr BP
period, we can be confident that our interpreta-
tion of temporal trends in fire activity is not lim-
ited by a decrease in the number of samples
through time (Gavin 2003). There is an abrupt
increase in fire evidence after ~3200 yr BP across
all sites (Fig. 4b). This increase could represent
ignitions by Indigenous peoples and cultural
shifts associated with increasing populations and
a growing demand for plant resources surround-
ing village sites (Deur 2002, Lepofsky et al. 2005).

Although forest fires are often linked to large-
scale climate variability (Macias Fauria and
Johnson 2006), an increase in the summed prob-
ability distribution of radiocarbon dates from
~3200 yr BP to AD 1893 is apparent in our data
despite a transition to a cooler and wetter climate
in the late Holocene (Brown and Hebda 2002,
McLaren et al. 2015). When we compare these
findings to those of a related study of soil char-
coal in the Clayoquot Valley, ~300 km to the south
on Vancouver Island, synchronous increases in
fire activity appear in both records at 11,000-9000
and 3200 yr BP, as well as decreases between
~7500 and 5500 yr BP (Gavin et al. 2003b, Fig. 2b).
Declines in fire activity in the mid-Holocene
likely correspond to a complex mix of cultural
and environmental shifts occurring in the region
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(Brown and Hebda 2002). These include rising sea
levels (McLaren et al. 2015), decreased summer
insolation and an increase in the strength of the
Aleutian low (Bartlein et al. 1998), and the arrival
of western hemlock and culturally significant
western redcedar (Hebda and Mathews 1984).
The composition of the forests that burned
over the past 13,000 yr in the study area remains
largely unknown. While the species of 54% of the
radiocarbon samples was determined, we were
unable to determine species assemblages in the
early Holocene (Appendix S1: Table S2). Western
redcedar, a rot-resistant and long-lived species
that has been present in the study area for at least
6000 yr dominated the remains of charcoal in the
mid- and late Holocene (Pojar and MacKinnon
1994, Brown and Hebda 2002). Increased dating
and identification of charcoal deposited in lower
soil stratigraphy could reveal more accurate esti-
mates of when western redcedar arrived in the
region. We attempted to select short-lived species
such as shore pine to decrease the inbuilt age of
radiocarbon dates, but found that shore pine com-
prised only 13% of samples (Appendix S1: Table
S2). This confirms that attempting to decrease
inbuilt age estimates through selective sampling
in this vegetation type may not be feasible.
Estimates of TSF varied from just over 100 yr
to several millennia across all vegetation types in
the study area (Fig. 3). An abrupt increase in the
summed probability of fire occurrence is clear
in the late Holocene, with 70% of sites recording
TSF of <1000 yr (Appendix S1: Table S3). Broadly
similar findings were reported by Lertzman et al.
(2002) and Gavin et al. (2003a) in the Clayoquot
Valley, where, despite 20% of the landscape not
having burned for > 6000 yr, the TSF at 45% of sites
examined was <1000 yr BP (Fig. 2b). Notably, in
our study, 10% of sites examined had not burned
in over 7000 yr and one blanket bog appears not
to have burned since 12,672 yr BP. For both the
Clayoquot Valley case and our own, although there
has been fire present on the landscape over time, it
is patchily distributed in space and time and the
TSF distributions have an exceedingly long tail.
While TSF is often related to landscape features
such as slope position, aspect, and elevation and
also often varies with regard to vegetation type
(Lertzman et al. 2002, Gavin et al. 2003b, Berg and
Anderson 2006), there was no obvious such spa-
tial pattern of fire occurrence in the study area.
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Fig. 4. (a) The entire record of soil charcoal-based fire dates. Crosses (+) display the median age of each

radiocarbon date. Red crosses indicate distinct fire events and black crosses indicate unconfirmed fire events due
to overlapping probability distributions after inbuilt age adjustments. The relative probability of fire occurrence
is demonstrated by totaling the summed probability distributions of 51 radiocarbon dates across the study area
from 13,000 yr BP to 0 (representing the AD 1893 fire). (b) A subset of 34 dates, showing the most recent 3500 yr
at higher resolution. An increase in the probability of fire occurrence is recorded from ~3200 yr BP to 0
(representing the AD 1893 fire). There is no fire evidence in the study area after AD 1893.

Our results show no difference in TSF between
vegetation types despite large differences in fuel
availability and fuel moisture (Fig. 3a; Appendix
S1: Table S3), nor were there any significant dif-
ferences across terrain types (Appendix S2: Fig.
S1). There were significant differences in TSF
within and outside of the 1893 fire perimeter,
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suggesting the 1893 fire was located in a portion
of the landscape more frequently experiencing
fire (Fig. 3b). We suggest this pattern may reflect
differences in available ignition sources due to
the proximity of three continuously inhabited
sites within the 1893 fire perimeter compared to
one seasonally inhabited site outside of the 1893
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fire perimeter (McLaren et al. 2015). If this is true,
the fire regime is more influenced by human
activities than site-by-site inherent ecological or
topographic characteristics.

To avoid misidentifying fire events, we only
considered soil charcoal radiocarbon dates as
a proxy for fire events when they were sepa-
rated by at least the greatest observed inbuilt
age (549 yr) (Gavin 2001) (Appendix S2: Fig. S54).
This approach provided a minimum estimate
of the number of fire events in the study area
throughout the Holocene. Although inbuilt age
errors are likely significantly smaller in drier,
fire-prone ecosystems, not adjusting for inbuilt
age and solely identifying fire events using the
assigned radiometric error would have, probably
falsely, incurred a 93% increase in fire occurrence
in the study area (29 compared to 15 fire events
recorded with soil charcoal). We opted for a cau-
tious approach, utilizing an inbuilt age model, to
identify fire events and assess fire regimes in for-
ests with long-lived conifer species.

The marked increase in the summed relative
probability of charcoal ages after ~3200 yr BP ends
abruptly with the 287-ha fire in AD 1893. Although
Indigenous people continue to use the area for sea-
sonal resource gathering, habitation sites have not
been occupied since the late 19th century (McLaren
et al. 2015). The 13,000-yr pattern of coexistence of
fire and people in the study area contrasts with the
relative absence of both fire and people from the
study area in the 20th century. This conjunction of
a long history of human habitation with the pres-
ence of fire in a very wet, hypermaritime landscape
is an important area for future study.

This is the first reconstruction of fire activity on
the central coast of British Columbia and within
hypermaritime forests in British Columbia and
Alaska. When soil charcoal was matched to fire
scars in living trees, we found that the uppermost
layer of charcoal dated the most recent fire event
in both organic and mineral soils and that the most
abundant charcoal was found at the interface of
organic and mineral horizons (Appendix S2: Figs.
S5 and S6). We did not find any examples where
soil charcoal was present and had an age <500 yr
BP with no aboveground evidence of fire activity.
Because fire scars form on trees under specific
physical and biological conditions, we can infer
that portions of recent fire events were low and
mixed in severity (Falk et al. 2011). Like in other
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systems (Heyerdahl et al. 2012), in this region, it is
important to combine different types of evidence
to reconstruct patterns of long-term fire activity.
In our case, combining soil charcoal and fire scar
analyses allowed us to describe millennia of fire
activity, which we could not from either source
alone.
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