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University of Washington

Abstract

Holocene Fire History of a Coastal Temperate Rain Forest,
Vancouver Island, British Columbia, Canada

Daniel Girard Gavin
Chairperson of the Supervisory Committee:

Professor Linda B. Brubaker
College of Forest Resources

The current lack of information about the temporal and landscape pattern of fires is a key
source of uncertainty about natural disturbance regimes in coastal temperate rain forests.
Two approaches were employed to examine fire history within a 700 ha low elevation
area on the west coast of Vancouver Island: 1) point estimates of time-since-fire from tree
ages and radiocarbon dates on soil charcoal, and 2) spatially aggregated estimates of fire
occurrence from an 1800-year lake sediment record of charcoal accumulation. To aid
with the first approach, the accuracy of the radiocarbon method for dating known fire
events was evaluated. It was found that calibrated radiocarbon ages of soil charcoal
consistently overestimated fire ages by 100-400 years due to the age of wood at the time
of the fire. Estimates of time-since-fire at 83 sites ranged from 64 to ca. 12,220 cal. years
before present. Approximately 20% of the sites have not burned for over 6000 years;
these are on low fire-susceptibility landforms (i.e., north aspects and low terraces), which
burned mainly in the early Holocene. In contrast, all sites on high-susceptibility
landforms (i.e., south aspects) burned within the last 800 years. In the second approach,
distinct peaks in charcoal in the lake sediment record corresponded with fires within 250
m of the lake. Fire intervals in this area increased from ca. 50 years (AD 200-900) to ca.

350 years (AD 1100-present), corresponding with regional climatic change. The decadal-



scale fire frequency detected in the lake sediment record contrasts with the > 2000-year
time-since-fire detected in a large area near the lake. Interpreted together, these records
suggest that fires repeatedly burn certain sites. Fire frequency on high-susceptibility
landforms was probably sufficient during the late Holocene to support Douglas-fir, a
species dependent on fire for regeneration. On low-susceptibility landforms, extremely
low fire frequency probably allowed late-successional forest structure to persist
throughout the late Holocene. The extremely long time-since-fire detected in a large
portion of the study area supports the distinction of the coastal temperate rain forest as

affected by a fundamentally different fire history than forests further inland.
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CHAPTER 1: OVERVIEW

Forests near the west coast of Vancouver Island are noted for a preponderance of late
succeséional characteristics, including stands with a wide range of ages and sizes, an
abundance of woody debris, and a scarcity of Douglas-fir (Pseudotsuga menziesii (Mirb.)
Franco) (Lertzman et al. 1996; Alaback 1996). The apparent absence of even age classes
in these forests, which represent the wettest sections of the Coastal Western Hemlock
biogeoclimatic zone (Meidinger and Pojar 1991), suggest that stand composition and
structure has been influenced by processes operating at small spatial scales (i.e., treefalls)
and that large disturbance events (major wind storms and fires) have been of little
importance. These forests have been termed "coastal temperate rain forest" because they
sharply contrast with those of drier, slightly more inland forests dominated by seral
Douglas-fir that presumably colonized after stand-replacing fires within the last several
hundred years (Gagnon and Bradfield 1986; Green and Klinka 1994). Though the lack of
direct evidence of fire in coastal forests suggests long fire intervals, fire size and
frequency has never been investigated in these forests. Knowledge of the past pattern of
fire is important to gain an understanding of the origin of old-growth forest structure,
processes of species turnover and long-term trajectories of forest composition (Spies and
Franklin 1989; Lertzman 1992; Huff 1995). In addition, the pattern of fire is of practical
importance for guiding management strategies that attempt to simulate the rate, pattern
and patch size of the natural disturbance regime (Scientific Panel 1995a; Lertzman at al.

1997).

Characterization of the fire regime in areas with very long fire intervals has been
hindered by the methods employed to reconstruct fire events. In cases where fire

intervals are longer than the ages of trees, tree-ring methods are not applicable. In such



cases, dates of fires may be determined by using fine-scale sampling of the charcoal
stratigraphy in lake sediments (Clark 1988a; Clark and Royall 1995; Long et al. 1998).
Paleoecological studies using lake sediments have the distinct disadvantage of not being
spatially explicit because the sediment charcoal stratigraphy represents a spatially
aggregated record of all fire events within a certain area near the lake (the charcoal
source area), and thus can not be used to reconstruct the pattern of fire on the landscape.
However, the potential for developing a spatially explicit record of fire exists in the form
of charcoal preserved in soil. In fact, in most areas of coastal temperate rain forest the

only recoverable evidence of fire in forest stands is soil charcoal.

The overall goal of this dissertation is to describe the temporal and spatial pattern of fire
over the last 10,000 years in low elevation areas of a single watershed near the west coast
of Vancouver Island. To best characterize both the temporal and spatial variability in the
fire regime, three different fire history methods were used in the same study area: tree-
ring dates of the most recent fires, soil charcoal radiocarbon dates of older fires, and a
sediment charcoal record from a lake. The combinations of records from the same study
area should describe the spatial and temporal pattern of fire more completely than is
possible by any single method. Inter-comparisons of these three methods also provide

valuable tests on the spatial and/or temporal precision of each fire history method.

Of the three fire history methods used in this dissertation, the soil charcoal method is
utilized most extensively. Unlike for the other fire history methods, few fire history
studies based on soil charcoal have been conducted (e.g., Carcaillet 1998), and
methodological issues remain regarding how to sample for soil charcoal and the temporal
precision of radiocarbon ages to estimate fire dates. This study, with a total of 141

radiocarbon dates of soil charcoal, represents one of the largest known efforts to
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radiocarbon date soil charcoal for fire history, and can be used to assess the reliability of
the soil charcoal method to provide meaningful fire history data, such as the time elapsed
since the last fire and intexrvals between fires. For example, this study explicitly
addresses the sampling intensity required fo locate charcoal from the most recent fire, the
number of charcoal fragments that should be aged per soil proﬁle, and the presence of a
charcoal stratigraphy in the soil. In addition, an important error in radiocarbon dates of
charcoal to age fire events resuits from the age of the wood at the time of the fire, which
causes charcoal ages to be greater than the age of the fire. This error, termed 'inbuilt age,’

is of particular concern in forests with large accumulations of dead wood.

This dissertation is organized into three main chapters that are meant to be read as stand-
alone papers, though each chapter builds on ideas and data presented in earlier chapters.
Chapter two is an investigation of the inbuilt age errors of radiocarbon dates of soil
charcoal used to determine fire dates. Inbuilt age was examined empirically by
comparing charcoal radiocarbon dates with actual dates of fires determined by tree-ring
methods, and theoretically with a model of charcoal production following a fire.
Subsequent chapters incorporate the inbuilt age error into analyses involving soil

charcoal radiocarbon dates.

Chapter three addresses the fire history from tree-ring dates and soil charcoal radiocarbon
dates over a network of sites in the study area. Fire history is analyzed with respect to
site features, such as forest composition, terrain formations, and the exposure to solar
radiation. Soil charcoal radiocarbon dates revealed several instances of exceptionally
long fire intervals. The implications of this fire disturbance regime are discussed in the
context of stand-scale community dynamics as well as the dynamics of the landscape-

scale forest mosaic over millennial time scales.



Chapter four provides a more complete view of the spatial and temporal pattern of fire by
using a lake sediment record of fire events in conjunction with soil charcoal radiocarbon
dates and tree-ring dates in forests adjacent to the lake. Although methods for lake
sediment charcoal records have progressed over the last decade (e.g., Long et al. 1998),
the dispersal of charcoal to lakes is poorly understood, and therefore the size of the
source area that contributes charcoal to lake sediments is also poorly understood. This
chapter provides an explicit means of estimating the source area of charcoal using point
estimates of fire at a range of distances around the lake. The record of fire dates from the
sediment core provides a record of the changes in fire frequency that are likely linked to
climatic changes. The comparison of fire history results from the lake sediment record
with the results from the soil charcoal dates reveal important features of the spatial

distribution of fire over time.

This study addresses important questions regarding the soil charcoal method of fire
history: (1) how closely do radiocarbon dates of soil charcoal represent the time of fire?
and (2) how must soil charcoal profiles be sampled to obtain meaningful fire history
parameters? This study also addresses large questions regarding the disturbance.ecology
of forests: (3) How long have stands in the coastal temperate rain forest persisted in the
absence of fire? and (4) How has fire history varied with terrain features over millennial

time-scales?
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CHAPTER 2: ESTIMATION OF INBUILT AGE IN RADIOCARBON-DERIVED
AGES OF SOIL CHARCOAL FOR FIRE HISTORY STUDIES

Introduction

Radiocarbon ages of wood charcoal from soils are commonly used to determine ages of
fire events (Molloy et al. 1963; Turner 1984; Horn and Sanford 1992; Meyer et al. 1992;
Hopkins et al. 1993; Carcaillet 1998). Two sources of error must be addressed in this
approach. The first, the standard error of a radiocarbon measurement and the calibration
from the radiocarbon to the calendar time scale, is internal to the method and can be
readily quantified using established techniques (Aitken 1990; Stuiver and Reimer 1993).
The second, the age of the measured sample relative to the time-since-fire, is less well
understood and more difficult to quantify. This uncertainty occurs because a radiocarbon
age represents the time since carbon was removed from the atmosphere and incorporated
into the sample, but, in many situations, the wood was already decades to centuries old at
the time of the fire. The resulting ‘inbuilt age’ or ‘presample age’ error is defined as the
difference between the time since wood formation and the age of the event of interest
(e.g., fire) (McFadgen 1982). Inbuilt age always biases radiocarbon ages to be older than
the event (Waterbolk 1983). Because it is possible for wood to remain intact for
centuries before burning, it is possible that the inbuilt age may be large enough that the
20 confidence interval of a calibrated radiocarbon age does not encompass the time of the

fire.

McFadgen (1982), in a review of the potential effect of inbuilt age for the interpretation
of radiocarbon ages from archeological sites, described inbuilt age as the sum of two

components. The first occurs because charcoal may have resulted from a fire that



happened at some time following the death of the plant. This component is affected by
the residence time of dead wood on the ground or as dead branches in trees (i.e., time-
since-death). The second occurs because the charcoal may represent wood layers located
at some depth within a branch or log, rather than on the most recent growth increments.
This component is affected by the number of years of wood growth that occurred
subsequent to the formation of the wood that is dated. Thus the inbuilt age can be
reduced by choosing species with short life spans and/or sample residence times, such as
wood from short-lived species or small tvﬁgs (McFadgen 1982; Waterbolk 1983; Lowe et
al. 1998). In some cases, however, the material available for radiocarbon dating does not
meet these criteria. In these cases, there is an uncertain inbuilt age, and radiocarbon ages

should be considered a maximum age of the fire.

As with archeological samples, soil charcoal used to determine the dates of past fires
requires the consideration of inbuilt age. Though most fire history studies using soil
charcoal acknowledge the effect of inbuilt age (e.g., Molloy et al. 1963), it is often
assumed to be less than the confidence interval of the radiocarbon measurement (Turner
1984; Carcaillet 1998). This assumption has never been tested. If inbuilt age is
significant, the violation of this assumption will result in underestimation of time-since-
fire and will limit the ability to estimate fire intervals from multiple radiocarbon ages

from the same location.

The goal of this study is to estimate the magnitude of inbuilt age in radiocarbon ages of
soil charcoal used to reconstruct the fire history of a watershed in western Vancouver
Island, British Columbia (Canada). Two approaches were used to estimate inbuilt ages.
First, inbuilt age was empirically documented using AMS (acceleratc;r mass

spectrometry) radiocarbon ages of soil charcoal and tree-ring ages of known fires. The



7
difference between the known age of a fire and the calibrated radiocarbon age is a direct
measure of inbuilt age. Combining inbuilt ages from samples at several sites provides an
estimate of the inbuilt ages representative of the study area. Second, inbuilt age was
simulated for representative forest types using a model parameterized by a set of forest
plot measurements and reasonable estimates of fuel age and consumption by fire. In
addition to estimating the range of inbuilt ages that are possible, means of addressing the

inbuilt-age error with sampling strategies or statistical methods are also discussed.

Rationale

. A key concept for this analysis is the inbuilt-age distribution, defined here as the
frequency distribution of charcoal pieces in different age classes (representing different
times since wood formation) at the time of a fire. Inbuilt-age distributions indicate the
magnitude of the lag between wood formation and the fire event (Figure 2.1). The
amount of charcoal produced by the combustion of fuels with different times since
formation (e.g., live branches versus dead wood) directly affects the inbuilt-age
distribution. For example, a fire that burns mainly live branches will produce more
charcoal with little inbuilt age than a fire that burns mainly old decaying logs. The
inbuilt-age distribution can also be thought of as a probability distribution for the inbuilt
age of a randomly selected piece of charcoal. For example, the probability that a piece of
charcoal has an inbuilt age between 50 and 100 years is equivalent to the proportion of all
charcoal pieces in that age class. If the general form of the inbuilt-age distribution can be
approximated, then radiocarbon ages of soil charcoal can be interpreted with respect to

the added error from inbuilt age.
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distribution (b) indicates inbuilt ages are frequently greater than S0
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Study area

This study was conducted in the Clayoquot River Valley (49° 15°N, 125° 35’W) located
on the west coast of Vancouver Island, British Columbia, Canada (Figure 2.2), where
annual precipitation is ca. 5000 mm. In the biogeoclimatic ecosystem classification
system of British Columbia (Meidinger and Pojar 1991), the valley is in the very wet
maritime variant of the Coastal Western Hemlock zone. The valley contains undisturbed
forests dominated by western redcedar (Thuja plicata Donn) and western hemlock (Tsuga
heterophylla (Raf.) Sarg.). Sitka spruce (Picea sitchensis (Bong.) Carr.) and red alder
(Alnus rubra Bong.) occur mainly on floodplains. Forests on better drained terraces and
alluvial fans are dominated by western hemlock and Pacific silver fir (Abies amabilis
(Dougl.) Forbes). Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) has a very patchy
distribution, and its presence usually indicates the occurrence of fire in the recent past
(Schmidt 1970). In this forest type, western redcedar may exceed 1000 years (Daniels et

al. 1995), but western hemlock and Pacific silver fir are usually less than 500 years.

Old-growth western hemlock forests are noted for high accumulation (> 200 Mg ha™) of
down logs and standing dead trees or snags (coarse woody debris, CWD; Harmon et al.
1986; Spies et al. 1988). The biomass.of CWD changes predictably following forest
fires, with peak accumulations occurring within few to several decades following fire due
to mortality from the previous stand, and again after several centuries due to mortality of
canopy trees in the new forest (Agee and Huff 1987; Spies et al. 1988). Long-term
studies on CWD suggest that decay rates are species-specific and size-dependent, but
follow a simple negative exponential curve (Harmon et al. 1986; Stone et al. 1998). Plot

remeasurements on Vancouver Island suggest decay constants of 0.067 and 0.012 year™
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Figure 2.2  The location of sample sites in the Clayoquot River Valley, British
Columbia, Canada.
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for Douglas-fir logs < 20 and > 80 cm in diameter, respectively (Stone et al. 1998). In
the absence of large stand-replacing disturbances, CWD biomass should reach an
equilibrium level controlled by rates of tree mortality and decay. though an equilibrium

might not be reached until 1000 years following disturbance (Agee and Huff 1987).

Few forest fires have occurred in historical times in the Coastal Western Hemlock zone
(Veblen and Alaback 1996). These have been high intensity events consuming dead
wood as well as foliage and branches of living trees (Agee 1993). However, fuel
consumption is generally a small proportion of the total stand biomass, because high
moisture in the inner bark and sapwood prevents the combustion of live fuel with a
diameter > 1 cm (Chandler et al. 1983; J K. Agee, personal communication). Large
CWD is also not completely consumed (Chandler et al. 1983; Stocks and Kauffman
1997). As aresult, fuels.are derived predominantly from a portion of CWD, litter (fine

woody debris; FWD), and small diameter branches (< 1 cm).

Methods

Inbuilt-age measurements

Rationale The inbuilt-age distribution for the study area was directly assessed by
comparing the radiocarbon ages of soil charcoal pieces with the age of the most recent
fire determined from tree-ring records. This analysis involved four steps: 1) Forest fires
at 16 locations were aged using tree-ring records, 2) Surficial soil charcoal from these
sites was aged (total of 26 radiocarbon ages), 3) Each radiocarbon age was calibrated to
yield a probability distribution, and 4) The probability distribution of each calibrated age

was expressed relative to the known age of the fire, and all probability distributions were
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combined. This mean distribution was interpreted to represent the inbuilt-age distribution

typical for these forests.

To estimate the inbuilt age of a charcoal sample collected at a given site, one would
ideally need to know the probability distribution of inbuilt ages of all charcoal from a fire
event at that site. Considering the difficulty of estimating inbuilt-age distributions
(expense of dating large numbers of charcoal pieces) and the fact that these distributions
are likely to vary across sites depending on fuel loads and fire behavior, it is impossible
to construct such distributions for every site. The use of a composite probability
distribution derived from data for several sites is a reasonable approach under these
circumstances, as it should capture the potential range and central tendencies of inbuilt-

age distributions that occur within a forest type.

Field methods I determined fire dates at 16 sites located > 200 m apart along an 8 km
transect in low elevation forest (< 200 m above sea level; Figure 2.2). At nine sites, |
determined the exact year of fire based on tree-ring counts of western hemlock or
Douglas-fir that regenerated following the fire (10-16 trees cored/site), in conjunction
with abrupt growth changes recorded in 3—7 large Douglas-fir trees that survived the fire.
The first year of abrupt growth change was the same among trees within a site, and was
considered the year following the fire. At seven sites, I estimated fire dates based on the
ages of at least seven dominant Douglas-fir. I aged each tree by extrapolating the age of
the inner-most ring in the core to the age of the pith (using concentric circles) and adding
one year for every 15 cm of the core height above ground. The ages of Douglas-fir trees
always clustered within 12-38 years at each site, suggesting that the fire date is close (ca.
10 years) to the age of the oldest individual. If the date of a fire estimated by a stand age

was very close to the year of a fire dated exactly at a nearby site, I used the exact-year
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date. For comparison with tree-ring dates of fires, I obtained 26 AMS radiocarbon ages
on single pieces of charcoal collected from surficial soil at the 16 tree-ring sites (1-3 ages
per site). I collected charcoal pieces as close to the soil surface as possible in an effort to
age material originating from the most recent fire. At sites with > 1 charcoal age

determination (7 sites), locations of charcoal samples were ca. 5 m apart.

Data analysis Radiocarbon ages were calibrated (Stuiver and Reimer 1993 [v4.1]) with
the INTCALO98 calibration curve (Stuiver et al. 1998). A calibrated radiocarbon age
yields an irregular probability distribution that typically spans 100 to 500 years,
depending on the standard error of the radiocarbon age and the position in the calibration
curve (Stuiver and Reimer 1993). The first step in creating the composite inbuilt-age
distribution was to express the individual calibrated-age distributions as years-before-fire
(rather than years BP) by subtracting the tree-ring age of the fire from each age
represented in the probability distribution. Then, individual distributions were summed
from different sites into a mean probability distribution (MPDj, weighting each
radiocarbon age equally. Because only the general form of the MPD is important, I
removed the high frequency variation with a LOWESS filter, a smoothing method using
locally weighted regression, with a 200-year window. This smoothed MPD is regarded

as an estimate of the inbuilt-age distribution.

Inbuilt-age simulation model

Rationale Simulation of inbuilt age may show the level of inbuilt age that is to be
expected based on our current understanding of fire behavior and fuel loads. The
simulation approach may also show what processes contribute the most to observed

inbuilt ages. If the simulation results match observed values of inbuilt age, the simulation
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approach may be a reliable means of assessing inbuilt age that can be applied to other
forest types. I simulated inbuilt-age distributions following fire events using
measurements of fuel loads from plots in the study area (Pearson 2000), predictions of
fuel consumption and charcoal production based on empirical studies (Sandberg and
Ottmar 1983; Ottmar et al. 1993; Clark et al. 1998) and estimates of the time elapsed

since the growth of woody fuels (Figure 2.3).

Modeling charz:oal production and ages 1 calculated fuel loads from plots established in
the Clayoquot Valley for a separate study of forest structure (data provided by A_F.
Pearson; Pearson 2000). Plots were representative of three broad forest types: Sitka
spruce forest (6 plots), cedar-hemlock forest (5 plots), and hemlock—fir forest (10 plots).
Western hemlock usually codominated the plots with the other species. The
cedar—hemlock plots most closely resembled the species combination at sites used for
direct measures of inbuilt age. In each plot, I calculated CWD volume using equations
for a cylinder for logs, or a cone with a taper value of 0.012 cm cm™ for standing snags
(Spies et al. 1988). I calculated CWD biomass using wood density estimates of species
in different decay classes (Triska and Cromack 1979) (Table 2.1), which ranged from
0.43 g cm™ for decay class I Sitka spruce to 0.13 g cm™ for decay class V western
hemlock (Graham and Cromack 1982; Sollins 1982; Spies et al. 1988). If a piece of
CWD was not identifiable to species, I randomly assigned it to a species using the
proportions of identified CWD in the plot. I assumed smaller diameter fuel loads (i.e.,
forest floor litter) to be 10 Mg ha™ for all plots, a value from similar stands (Agee and
Huff 1987). I estimated live branch biomass for all trees in each plot (Pearson 2000)
using species-specific allometric equations in Gholz et al. (1979), of which 5% was
considered availab]e fuel < 1 cm diameter (approximate proportion from coastal old-

growth Douglas-fir; Ishii et al. 2000).
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Source of
information
Woody debris | porast piot data Live branch Pearson 2000
fuels fuels
AN
Density of wood by Allometric equations ~ Gholz et al. 1979
decay class predicting biomass  Ishii et al. 2000
| Graham and Cromack 1982
FUEL Fine woody debris biomass (FWD) Live branch biomass| ~ Solfins 1982
LOADS Coarse woody debris biomass (CWD (< 1 cm diamater) Spies et al. 1988
FUEL FWD: 100% of bicmass | i Ottmar et al. 1993
CONSUMPTION CWD: 9-11 om diameter 10% of biomass JK_ Agee, pers. comm.
BY THE FIRE reducfio | |
stem char emission char __stem char emission char
RESULTING 0.5 cm layer on 2% consumed | 0.1 cm layeron 2% consumed | J.K. Agee, pers. comm.
CHARCOAL unconsumed wood]| biomass unconsumed wood | | biomass Clark et al. 1998
PRODUCTION l
Time-since-death see Figure 1.4
AGE FWD: <50 years
ASSIGNMENT | CWD: Relationship between decay class
TO CHARCOAL and time-since-death All charcoal from
+ live branch fuels
(" Years removed by fuel assumed lo be estimates only
consumption < 50 years old
n o FWD: 0
2 3 CWD: radial growth rate*
=3 diameter reduction by
TE fuel consumption
[
E’ 5 + + i
S Age range of charcoal fraction
TN
] FWD: <50 years charcoal evenly
CWD: radial growth rate*  distributed over
charcoal depth on consumed wood
\_unconsumed wood

N

OUTPUT

Inbuilt-age distribution

Outline of the steps used to simulate the inbuilt-age distribution of
charcoal following forest fire in western Washington and British

Columbia.

Figure 2.3
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I calculated CWD fuel consumption using an empirically derived relationship in which
moisture of 1000-hour time-lag fuel (CWD 7.6—15.2 cm diameter) predicts diameter
reduction (Sandberg and Ottmar 1983; Ottmar et al. 1993). This relationship, developed
for summer-like (i.e., dry, late season) burning conditions, predicts diameter reduction in

inches, C, as

C =-0.125*%(% 1000-hour fuel moisture) + 6.27 N

Conditions necessary for wildfire in coastal forests of western British Columbia require
moisture of the 1000-hour time-lag fuel class to drop below 20%, conditions usually met
only after several weeks of no rain within summers of below-average rainfall (Huff and
Agee 1980; Pickford et al. 1980). I used two fuel moisture levels, 15% and 21%,
corresponding to 11 cm and 9 cm diameter reduction, respectively. I assumed decay
class V CWD and FWD (< 2.5 cm diameter) were completely consumed (J.K. Agee
personal communication). I also assumed fire intensity to be high, causing crown fires,
consuming 10% of live branch biomass < 1 cm diameter, but no live fuels > 1 cm

diameter (Fahnestock and Agee 1983).

I calculated charcoal production from CWD as a 0.5 cm layer on unconsumed wood, and
from a portion (2% by mass) of all consumed fuels that was lifted off the fire by
convection (J K. Agee, personal communication; Clark et al. 1998). Crown fuels have a
greater moisture content, do not burn as long as understory fuels, and therefore should
produce a more shallow charcoal layer on branch wood. I calculated charcoal production

from small diameter live branches as a 0.1 cm layer, assuming an average branch
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diameter of 0.5 cm following fire (equivalent to charcoal comprising 36% by volume of

unconsumed small-diameter branches).

The inbuilt-age of charcoal differs among fuel types. For CWD fuels, the inbuilt age of
charcoal is affected by its residence time following death, depth of consumption of the
outer wood, and the diameter growth rate of the outer consumed wood. I obtained
species-specific residence time estimates from studies that measured the time-since-death
of CWD in different stages of decay (Graham and Cromack 1982; Sollins et al. 1987;
Hennon and Loopstra 1991; Daniels et al. 1997). These studies used tree-ring analysis
and radiocarbon ages to measure the time-since-death of individual pieces of CWD.
Because western redcedar CWD decays more slowly than other species (Daniels et al.
1997), the age of older western redcedar CWD has rarely been studied and western
redcedar comprises a large proportion of the CWD in the study area, I obtained three
radiocarbon ages from the last ten years of growth on decay class 4 and 5 western
redcedar snags (Table 2.2). Together, these various studies indicate that both the average
time-since-death and range of times-since-death of CWD increase exponentially with
decay class (Figure 2.4; see also Harmon et al. 1986). Time-since-death estimates for
Pacific silver fir were not available in the literature, and were assumed to be the same as
for western hemlock, a species with similar wood properties (Hoadley 1990). I assumed

live branch fuels and FWD to be less than 50 years old.

Radial growth rate (G) and diameter reduction from fuel consumption (C) determine the
number of years of growth removed from the outer wood by fire. Therefore, these
parameters control the effect of fuel consumption on inbuilt age. To simplify
interpretation, I ran two scenarios in which G and C were assumed to be constant over the

plot. The first scenario (fast-growth) assumes 4S5 years removed by consumption (G = 1
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Table 2.2 Radiocarbon ages on western redcedar wood taken directly beneath the
bark of standing snags.

Site Field Decay Lab code “C Age Cal. date®
code code class (CAMS #) (year BP) (year AD)
9 LWO1 v 43866 270 =60 1650
71 RTO1 v 43871 490 =60 1430
21 UEO2 v 43886 950 +50 1140

* Median age intercept only, rounded to nearest decade (Stuiver and Reimer 1993; Stuiver
et al. 1998).
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mm year’; C=9 cm). The second scenario (slow-growth) assumes 220 years removed
by consumption (G =0.25 mm year'; C = 11 cm). For each piece of CWD, [ calculated
the amount of charcoal in each of five age classes (0-50, 50—100, 100—-200, 200400,
400-1000 years) based on the sum of the time-since-death (Figure 2.4), the number of
years removed by fuel consumption, and the number of years comprising the 0.5 cm layer
of charcoal 6n the unconsumed wood. Charcoal was also produced from 2% of the
consumed biomass (Figure 2.3); this charcoal was assumed to be evenly distributed over
the consumed wood. The time-since-death estimates may range several decades to
centuries for individual pieces of CWD, causing the inbuilt ages to encompass more than
one age class; in these cases charcoal was divided among age classes based on the

proportion of the estimated age range in each age class.

In addition to the two main scenarios of the model described above, I ran additional
scenarios to examine the sensitivity of the inbuilt-age distribution to several parameters.
In these scenarios, I varied the radial growth rate (0.1-2 mm year™), diameter reduction
by fuel consumption (5-15 cm), the depth of the charcoal layer on CWD (C.1--1 cm) or
live branches (0.05-0.5 cm), and the percentage of consumed wood contributing to
emission charcoal (0.5-10%). To examine the sensitivity of the model output on each
variable, I kept all other variables constant using the values in the slow-growth scenario

(above), and recorded the proportion of charcoal produced in ages classes > 200 years.

Results

Inbuilt-age measurements

The 26 calibrated radiocarbon ages of charcoal overestimated the age of the fire between

0 and 676 years (Table 2.3; Figure 2.5). The majority of the radiocarbon ages (21) had
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inbuilt ages between 150 and 450 years; but two radiocarbon ages yielded inbuilt ages
over 600 years. Inbuilt ages of charcoal from 19th century fires (average = 353 years)
were generally greater than inbuilt ages of charcoal from earlier fires (average = 193
years) (Table 2.3). The MPD of the calibrated radiocarbon ages, expressed relative to the
age of the fire, peaks at 200 years (median = 270 years; 25th-75th percentile = 180-380
years; 5th-95th percentile = 30-610 years) (Figure 2.6). Overall, the composite curve
implies that 69% of the charcoal overestimates the time-since-fire by > 200 years, and

22% of the charcoal overestimates the time-since-fire by > 400 years.

Inbuilt-age simulation model

Measured CWD and estimated small branch fuel loads varied widely among plots
(77-1060 and 1.5-16.3 Mg ha™', respectively), but the average fuel loads were similar
among forest types (169-180 and 6.1-7.0 Mg ha™', respectively) (Figure 2.7). Likewise,
simulated CWD fuel consumption varied considerably among plots (12—47%), but the
average was similar among forest types (25-31%). An average of 6.2 Mg ha™ of wood
biomass was converted to charcoal in each plot (3.8-12.9 Mg ha™), with charcoal from
CWD the major source of charcoal in eéch plot (average 90%; 67-98%). Increasing the
CWD diameter reduction from 9 to 11 cm caused fuel consumption to increase by 4%

and charcoal mass to decrease by 3%.

The simulated inbuilt-age distributions varied greatly between the two model scenarios
(Figure 2.8). The fast growth scenario produced almost no charcoal in the > 100 year age
classes, but the slow growth scenario produced 85% and 25% of the charcoal in the > 200
and > 400 year age classes, respectively. In contrast to the large differences between

model scenarios, inbuilt-age distributions were similar within and among forest types,



Table 2.3 Radiocarbon ages of soil charcoal in the Clayoquot Valley. Lines separate
sites with different fire dates.

Site Field Tree-ring Year Labcode 'C Age Cal. date* Inbuilt-age
code code method offire (CAMS #) (yearBP) (year AD) (years)
48 URWO4 Stand age 1550 32248 320 +60 1557 0
50 URWS83 Stand age 1550 53499 610 +50 1350 200
72 RTO4 Stand age 1620 53473 420 £ 50 1450 170

RTO4 1620 53474 450 £50 1440 180
RT04 1620 32339 520 + 60 1420 200
46 URE13 Stand age 1655 32239 350 +£60 1600 55
URE13 1655 53482 440 =60 1440 215
URE13 1655 53483 970 £ 50 1030 625
56 URE63 Growth response 1683 43899 370 +60 1490 193
60 URE6G4 Stand age 1683 43914 340 +50 1590 93
14 PRO3 Growth response 1805 32342 530 =60 1410 395
16 PRO6 Stand age 1805 39387 410 £40 1450 355
PRO6 1805 32343 430 £60 1445 360
19 UESO Stand age 1805 53481 310 £ 60 1545 260
76 RT51 Growth response 1805 43873 350 +40 1600 205
RT51 1805 43875 350 £ 40 1600 205
RT51 1805 43876 420 +£50 1450 355
70 SBC Growth response 1830 32233 420 =60 1450 380
SBC 1830 32234 510 £ 90 1420 410
51 SBA Growth response 1872 . 32348 320 £60 1560 312
58 SBB Growth response 1872 32231 390 £50 1480 392
SBB 1872 32232 490 =60 1430 442
62 UREG9 Growth response 1872 43921 500 £ 50 1430 442
49 URE70 Growth response 1872 43922 23050 1660 212
27 RSA Growth response 1886 43870 850 +£50 1210 676
RSA 1886 53472 300 + 50 1640 246

* Median age intercept only, rounded to nearest decade (Stuiver and Reimer 1993; Stuiver
et al. 1998).
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nearly always peaking in the same age class. Most variability within forest types was in

the < 50 year age classes.

Sensitivity analysis of the model output indicated that the magnitude of inbuilt-age was
mainly affected by the combined effect of radial growth rate and depth of consumption of
outer wood. The proportion of charcoal in age classes > 200 years increased from very
low (ca. 5%) to high (ca. 90%) levels when parameters for growth rates and/or fuel
consumption were increased to result in ca. 200 years of outer wood removed by fuel
consumption. In contrast, the proportion of charcoal in age classes > 200 years changed
by < 10% when varying the parameters for the depth of charcoal on unconsumed wood or

the parameter for the proportion of consumed wood contributing to emission charcoal.

Discussion

Implications of the inbuilt-age error

The error introduced by inbuilt age potentially affects the interpretation of fire dates in
the study area because the magnitude of these errors typically exceeds the 2o confidence
interval of a calibrated age distribution. In all but one case, the radiocarbon ages of soil
charcoal are significantly greater than the actual age of the fire, suggesting that inbuilt
ages of charcoal in the watershed are often > 180 years (25th percentile), most are < 610
years (95th percentile), though some may be as large as 670 years (greatest observed
value) (Figure 2.6). Such potentially large errors in estimating a fire date can prevent the
correlation of a fire date with other short-lived events. For example, a large inbuilt age
limits the ability to correlate fire dates with known climatic periods (e.g., periods < 300
years). On the other hand, a certain amount of inbuilt age may be acceptable in some

studies. For example, to claim that a piece of charcoal represents a fire that burned at
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least 1000 years ago, the age of charcoal should exceed 1000 years by the maximum
inbuilt age that is likely to be encountered. The present study suggests that radiocarbon
ages would have to be > 1610 cal. BP to claim that fires have not burned in the last 1000

years.

The inbuilt-age error also affects the minimum interval between fires that can be detected
with radiocarbon ages of charcoal. For example, two fires that occur 300 years apart may
produce charcoal with the same radiocarbon age. In contrast, two calibrated radiocarbon
ages from charcoal pieces at a given location can differ by 300 years (suggesting a fire
interval of ca. 300 years), though both pieces of charcoal actually originated from the
same fire event. Thus, it is impossible to determine whether two radiocarbon ages
originated from the same fire or from different fires if the dates differ by less than the
maximum inbuilt age. However, in cases where there is stratigraphic evidence
suggesting different fires (e.g., two charcoal lenses in an organic soil), the effect of

inbuilt age is to increase the error of the fire interval estimate.

Simulation of inbuiit age

The simulations used many parameters to capture the key processes affecting the inbuilt-
age distribution (Figure 2.3). The estimates of fuel loads and fuel consumption used in
the simulations are similar to loads estimated in other studies from the Pacific Northwest
(Fahnestock and Agee 1983; Agee and Huff 1987; Spies et al. 1988; Stocks and
Kauffman 1997). However, the parameters used for charcoal production and the
assignment of inbuilt age to charcoal are only estimates because few studies are available
against which to calibrate these values. For example, no studies have estimated the total

quantity of charcoal produced in a fire, or the amount of charcoal from different types of
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fuel. Furthermore, the radial growth rates of the wood consumed by fire, which have a
large effect on inbuilt age, are variable within and among trees and therefore were

difficult to incorporate into the simulation model.

Despite these uncertainties, parameter estimations of several simulated inbuilt-age
distributions resembled the measured inbuilt ages (i.e., similar proportions of charcoal
were > 200 and > 400 years old; Figures 2.6 and 2.8). These scenarios assumed that the
majority of charcoal originates from CWD, the growth rate of the outer consumed
portions of fuels is slow (0.25 mm year™), and there is a large diameter reduction due to
fuel consumption (11 cm). This set of conditions is reasonable, given the forest structure
and expected fire behavior in the Clayoquot Valley. Although fires in this region
typically kill most trees, crown fires are very patchy (Agee 1993). Atsome sites, high
moisture in crown foliage may result in very little combustion of crown fuel, resulting in
even less charcoal in the younger age classes than used in this simulation. In contrast,
fire duration and intensity in the understory may be sufficient to completely consume
FWD and the outer wood of CWD. Slow, smoldering fires in dead wood and forest floor
material can continue for days to weeks after the passing of the fire line, and thus produce

a large quantity of charcoal from CWD (Chandler et al. 1983).

In coastal temperate rain forests such as the Clayoquot Valley, the charcoal produced
from CWD may be centuries old. Western redcedar, one of the most common species in
the study area, is more resistant to decay than other species (Figure 2. 4; Daniels et al.
1997). The slow decay of this species may explain the two radiocarbon ages that suggest
inbuilt ages of ca. 600—700 years (Figure 2.6). In addition, most charcoal probably
originates from inner (older) layers of CWD because the outer sapwood decays more

rapidly than the inner heartwood and can slough off within a few decades of tree death
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(Table 2.1). Thus processes of decay, fragmentation, and consumption by fire cause little
of the outer wood to turn into charcoal. Contributing further to a large inbuilt age, this
outer wood can represent more than a century of tree-ring growth because large CWD is .
derived from canopy-dominant trees that often persist for centuries with slow radial
growth (e.g., DeBell and Franklin 1987). For example, the outer 5 cm of wood of 130
large Douglas-fir and western hemlock trees cored in the Clayoquot Valley contained an

average of 125 years (0.4 mm year; D. Gavin, unpublished data).

Sampling strategies and quantitative treatment of the inbuilt-age error

Given that inbuilt ages might have large effects on determining ages of fires, what
methods can aid the interpretation of such charcoal radiocarbon ages? Two different
strategies discussed below may be used to help reduce inbuilt age, or to statistically treat
radiocarbon ages to better reflect inbuilt age. First, inbuilt age may be reduced by
determining the radiocarbon ages of several charcoal pieces and using the minimum age
as the best estimate of the fire event. Second, an estimate of the inbuilt-age distribution
may be incorporated into the error of a calibrated radiocarbon age such that the new,

adjusted error encompasses the age of the fire.

Using several radiocarbon ages to minimize inbuilt age If the minimum of several
charcoal radiocarbon ages at a site is selected as the best estimate of the age of a fire, then
the minimum radiocarbon age would have, on average, a lower inbuilt age than that.of a
single radiocarl;on age. However, if charcoal with little inbuilt age is rare, obtaining
several radiocarbon ages would have limited potential for reducing the inbuilt age. For

example, of the 26 radiocarbon ages of charcoal used in the present study, only three

(11%) had inbuilt ages < 100 years (Figure 2.6). With this proportion of charcoal pieces
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with small inbuilt ages, the ages of six pieces of charcoal must be determined to ensure a
50% probability of obtaining one radiocarbon age with < 100 year inbuilt age (i.e.,
1 — the probability that six randomly chosen charcoal pieces have inbuilt ages > 100 years
= [ — (23/26)° = 0.52). Given the expense of AMS dates, most researchers could not
afford six radiocarbon ages for each fire event. The alternative of using fewer
radiocarbon ages does not significantly reduce this error. Researchers must therefore '
weigh the importance of reducing the inbuilt-age error against the number of fire events

that need to be dated.

Ad justing calibrated radiocarbon ages to reflect the uncertainty due to inbuilt age The

inbuilt-age distribution obtained in this study is used to describe the range and relative
abundance of inbuilt ages expected for charcoal produced by fires in the forests of the
study area. Thus it also represents the probability distribution of inbuilt age associated
with a randomly chosen piece of charcoal. This distribution can, therefore, be added to
the error of a calibrated radiocarbon age, resulting in a wider distribution that more
accurately shows the error of the radiocarbon-derived estimate of the fire date. This
adjustment is calculated as a weighted moving average of the probability distribution of a
calibrated radiocarbon age using the inbuilt-age distribution as the set of weights. The
probability distribution of a calibrated radiocarbon age, P(7) (in years AD/BC), adjusted

for inbuilt age is calculated as

Py(T) =Y W(i)* P(T - i) )

=

where Pa4i(T) is the probability distribution of the adjusted age, W(i) is the inbuilt-age

distribution ranging from m to n years before fire, and ZW(i) = 1. Calibrated radiocarbon
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ages adjusted for inbuilt age will have a lower median age and a larger error than

unadjusted calibrated dates (Figure 2.9).

Adjusting radiocarbon ages is an explicit means of uniformly applying error from inbuilt
age to all radiocarbon ages in a study. Using the P,4{(T) distribution incorporates the
range of expected inbuilt ages into the final estimate of the fire date, and, therefore,
graphically shows the uncertainty of the estimate of the fire date (Figure 2.9). The
adjusted probability distribution can be used in statistical tests that compare fire dates.
For example, it provides a means of determining whether the effect of inbuilt age causes
two estimates of fire dates to overlap, and thus whether the two charcoal pieces
originated from the same fire. One caveat with this method occurs, however, because the
adjusted probability distribution is only as reliable as the inbuilt-age distribution on
which it is based. As a result of the uncertainty in defining inbuilt-age distributions, a
marginally significant difference between two adjusted probability distributions should

be interpreted with caution.

Inbuilt age in other forest types

Coastal western hemlocic forests contain some of the largest accumulations and oldest
mean age of CWD of forests worldwide (Harmon et al. 1986). Due to the dominance of
shorter-lived species, faster decay rates, and/or a greater contribution of live fuels, most
other forest types may have younger fuels. For example, most species in deciduous
-hardwood forests of the eastern United States seldom reach 300 years (Burns and
Honkala 1990). CWD decays at a significantly faster rate in areas with warm and moist
conditions for at least part of the year (e.g., tropical forests and temperate deciduous

forests) than in the cool maritime forests of Vancouver Island (Harmon et al. 1986).
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Similarly, CWD is not persistent and young FWD comprises the majority of fuels in pine
forests that experience frequent low-intensity fires (e.g., ponderosa pine of interior
Pacific Northwest or slash pine of the southeastern United States) (Chandler et al. 1983).
Live material comprises a large component of fuels in other vegetation types, such as
resinous vegetation in Californian chaparral or Australian dry sclerophyll Eucalyptus
forest. Despite these observations, investigations such as this one need to confirm a
lower inbuilt age of charcoal dates in other vegetation types. This is necessary to assess

the resolution of fire history studies in any given forest type.

Conclusions

Direct measurements of inbuilt age in coastal western hemlock forests of British
Columbia suggest that the period elapsed between wood formation and combustion to
charcoal may increase the radiocarbon age of charcoal beyond the age of the fire by
several centuries. The inbuilt age measured in this study was mainly between 30 and 610
years (95% confidence interval), though an upper extreme of 670 years was detected.
These large inbuilt ages result from the long residence times of coarse woody debris, the
consumption of the outer wood during fire, and the slow growth rates in the old trees
typical of this area. Inbuilt ages typically place the actual date of a fire outside of the 2o
confidence interval of a calibrated date, therefore significantly affecting the precision of

radiocarbon estimates of the dates of past fires.

The magnitude of the inbuilt age detected in this study has three main implications for
using soil charcoal to reconstruct fire history. First, inbuilt age can increase the
uncertainty of a date by as much as 670 years, and thus greatly limits the ability to

correlate fire events among sites. Second, to detect different fires calibrated radiocarbon
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ages must be at least 610 years apart (high level of certainty; 95th percentile), or 380
years apart (lower level of certainty; 75th percentile). Therefore, radiocarbon methods do
not reliably measure fire intervals within these ranges. Lastly, though soil charcoal
radiocarbon ages can be useful for determining the time-since-fire, the temporal precision

is coarse.
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CHAPTER 3: HOLOCENE FIRE HISTORY OF A COASTAL TEMPERATE
RAIN FOREST BASED ON SOIL CHARCOAL RADIOCARBON DATES

Introduction

The coastal temperate rain forest of the Pacific Northwest of North America is noted for
the near absence of fire and the dominance of late-successional forest communities that
experience a disturbance regime of small-scale tree-fall gaps (Veblen and Alaback 1996;
Lertzman et al. 1996; Wells et al. 1998). These forests are also noted for the rarity of
Douglas-fir (Pseudotsuga menziesii), a long-lived seral species that, in the maritime
Pacific Northwest, establishes almost exclusively following fire (Munger 1940; Franklin
and Dymess 1988; Agee 1993; Wells et al. 1998). In the windward portions of coastal
mountain ranges in British Columbia, evidence of fire is limited to the scattered
occurrence of Douglas-fir on specific topographic features, e.g., south-facing hillslopes
(Schmidt 1960; 1970; Veblen and Alaback 1996). This pattern contrasts with most
maritime areas of the Pacific Northwest, where a large proportion of the presettiement
landscape was dominated by forests that almost invariably contained evidence of large
fires in the form of even-aged stands of Douglas-fir. Thus, the rarity of Douglas-fir and
stand-structural evidence of fire distinguishes coastal temperate rain forest in the regional
context of Pacific Northwest forests. However, it is not known whether the modern fire
regime is a long-term feature of the coastal temperate rain forest landscape that has

existed over several generation of trees (e.g.,> 1000 years).

Factors affecting the fire regime of the coastal rain forest operate at different temporal
and spatial scales. At large spatial scales, fire regimes are influenced by long- and short-

term climatic changes and at more local scales by topographic features and vegetation
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types (e.g., Romme and Knight 1981; Lertzman and Fall 1998; Heyerdahl et al. in press).
The interaction of these factors causes the location and size of areas susceptible to fire to
vary over time (Turner and Romme 1994). For example, during climatic pericds marked
by generally cool and moist conditions, fires may be restricted to a small portion of the
landscape (e.g., south-facing hillslopes), but during climatic periods with generally warm
and dry conditions, fires may burn a large portion of the landscape. In addition,
characteristics of forest vegetation (e.g., crown closure and fuel dynamics) may change
with the climate and fire regime, further affecting susceptibility to fire (Cwynar 1987;
Clark et al. 1996). If climate undergoes major fluctuations, large areas of the coastal
temperate rain forest that currently appear at very low risk of burning may become more
susceptible to fire. This has been shown in drier regions of the maritime Pacific
Northwest where several studies have found that millgnnial—scale climatic change has
greatly altered the fire regime (Sugita and Tsukada 1982; Cwynar 1987; Wainman and
Mathewes 1987; Long et al. 1998). The goal of this study is to examine the long-term
roles of climate, topography, and vegetation in the fire regime of a coastal temperate rain

forest that receives some of the highest annual precipitation in North America.

Fire history studies in areas with very long fire intervals must overcome si gnificant
challenges. Traditional fire history methods focus on particular spatial and temporal
scales that might not be relevant to studying the landscape pattern of past fires in coastal
temperate rain forest (Lertzman and Fall 1998). The use of tree-ring analysis and
observations of modern fire to understand the pattern of fire at small temporal and spatial
scales has limited application in coastal regions, where the time since the last fire may
exceed the ages of trees. Over longer time scales, fire occurrence may be addressed with
charcoal records in lake sediments. However, this method is not spatially explicit,

because lake-sediment records integrate fires within large source areas (Clark 1988a).
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Neither of these methods can provide the spatial information needed to describe the

landscape-wide controls of a fire regime over long time periods.

The present study overcomes the spatial and temporal constraints of traditional fire
history studies by using radiocarbon dates of soil charcoal to describe the spatial pattern
of fire over long time scales in low-elevation area on western Vancouver Island (British
Columbia, Canada). Although charcoal is inert and should be preserved in stable soils,
this method has rarely been used and questions remain regarding sampling issues and the
temporal resolution available from soil charcoal records. In addition to examining the
utility of radiocarbon dated soil charcoal records for fire history, I examined (1) the
length of time since the iast fire in relation to topographic features and forest types, and

(2) the temporal pattern of fire over the last ca. 10,000 years.

Study area

The research was conducted in the Clayoquot River watershed, on the western edge of
the Vancouver Island Range and 20 km from the west coast of Vancouver Island, British
Coiumbia (49°15° N; 125°30° W; Figure 3.1). The 7700 ha, 12 km-long watershed
ranges in elevation from 15 to ca. 1200 m. Unforested high-elevation tundra and rock
covers 16% of the watershed. Bedrock is of volcanic and igneous origin (Muller 1968).
The watershed contains many glacial features, including multiple terraces 540 m above
the river and steep valley walls with slopes of 40% —> 60%, containing many small
cliffs. An active floodplain is limited to the lower 4 km of river, and is constricted at
several locations by alluvial fans from tributary valleys. Colluvial material is shallow

(< 1 m) or absent on slopes above alluvial fans and terraces. Soils are mainly Ferro

Humic Podzols (spodosols), classified in the Sugsaw, Reeses, and Hooper soil
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associations (Jungen 1985; Canadian System of Soil Classification, Soil Classification

Working Group 1998).

The study area was restricted to accessible, low-elevation areas (< ca. 200 m) within the
watershed. In the biogeoclimatic ecosystem classification (BEC), this area is in the
submontane variant of the very wet maritime subzone of the Coastal Western Hemlock
zone (CWHvm1), described as having a wet, humid climate with cool summers and mild
winters featuring little snow (Meidinger and Pojar 1991). Because of its location on the
western slope of the Vancouver Range, the study area receives significant orographic
precipitation from moist air flows off the Pacific Ocean. Mean annual precipitation is
5400 mm, of which approximately 8% falls in June, July and August (Clayoquot
Biosphere Project, unpublished data). In contrast, significantly less precipitation occurs
on the outer coast (3300 mm at Tofino, 25 km west) and further inland (1770 mm at Port
Alberni, 48 km east; Environment Canada 1998). Mean temperatures in the study area
are 14.5 and 4.9°C in July and December, respectively (Clayoquot Biosphere Project,

unpublished data).

The Clayoquot River watershed is a roadless area, undisturbed by logging and minimally
affected by natural disturbances. Between 1950 and 1994, no forest fires occurred in the
watershed, and only 19 lightning-ignited fires of limited extent burned in the surrounding
3,500 km? Clayoquot Sound area (Ministry of Forests 1995). Avalanche and debris flows
at high elevation affect 7.1% of the forested part of the watershed and no major wind
disturbances were detectable over a 50-year aerial photo record (Pearson 2000). Old-
growth forest structure is ubiquitous in the watershed, characterized by a wide range of
tree sizes and canopy gaps created by small clusters of tree falls or by edaphic constraints

(Scientific Panel 1995a; Lertzman et al. 1996). The extent of canopy gaps in an adjacent
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watershed suggests that the canopy tree-replacement rate is 350-950 years in the absence

of large scale disturbances (Lertzman et al. 1996).

Four broad forest types in the study area are closely associated with landforms and soils.
These are described below from personal observations and the literature (Jungen 1985;
Green and Klinka 1994). Codes in parentheses are from similar forest types in Green and

Klinka (1994).

Sitka spruce forest (Ss) is composed of Sitka spruce (Picea sitchensis), western hemlock
(T'suga heterophylla), and red alder (Alnus rubra). Most of this forest type is subject to
frequent flood disturbances which contribute to an open canopy and a dense shrub layer
of salmonberry (Rubus spectabilis). However, in places this forest type also extends onto
low terraces directly above flooded areas. The soils in frequently flooded areas are
developed in deep, sandy to gravelly fluvial deposits and have very shallow organic
horizons (Rego Humic Gleysols). Soils on better drained sites slightly above the
floodplain have a mor humus over a highly weathered dark reddish brown illuvial

horizon, and strongly cemented layers below 100 cm (Orstein Ferro Humic Podzols).

Cedar—hemlock forest (CwHw-swordfern; HwBa-Blueberry) is composed of western

redcedar (Thuja plicata), western hemlock, and minor amounts of Pacific silver fir (Abies
amabilis) and Douglas-fir. This forest type occurs on terraces, hillslopes, and alluvial
fans, and is characterized by large tree sizes (1-1.5 m diameters). The understory is open
and consists mostly of deer fern (Blechnum spicant) on moist sites and sword fern
(Polystichum munitum) and huckleberry (Vaccinium spp.) on drier sites. Soils on terraces
are developed in deep colluvium (Orstein Ferro Humic Podzols), and generally have

deeper clay-rich illuvial horizons than in the Sitka spruce forest. These terraces also
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show a pit-and-mound microtopography developed from tree tip-ups. Soils on hillslopes
are developed on a shallow (50-100 cm) gravelly colluvium over bedrock (Orthic Ferro
Humic Podzols). Soils on alluvial fans are aggrading with gravel and cobbles (Orthic

Regosols).

Hemlock-fir forest (HwBa-deerfern) is composed of Pacific silver fir with varying

amounts of western hemlock and western redcedar. This forest type occurs on terraces
and hillslopes. The canopy layer is relatively uniform due to the absence of very large
trees. Understory vegetation and soils on terraces and hillslopes are similar to the

cedar-hemlock forest type.

Cedar—salal forest (HwCw-salal) is composed of western redcedar (sometimes 100% of
the tree layer) and minor amounts of western hemlock, shore pine (Pinus contorta
contorta), western white pine (Pinus monticola), and Douglas-fir. This forest type is
restricted to hillslopes, exhibits stunted growth forms, small tree crowns, and has a very
dense shrub cover of salal (Gaultheria shallon) in the understory indicative of soil
nutrient limitations (Klinka et al. 1996). Soils are developed on shallow colluvium (< 50

cm) or directly over bedrock (Orthic Ferro Humic Podzols).

Background: Fire history from radiocarbon dates of soil charcoal

Charcoal in forest soils has been recognized as a source of information about past fires at
a single location (e.g., Sanford 1985; Berli et al. 1994; Carcaillet 1998). If soil charcoal
profiles are to provide estimates of fire dates to reconstruct a landscape-level fire history,
one must consider the spatial and temporal precision of fire dates obtained by this

method, especially issues related to charcoal transport following fire, the taphonomic



processes of charcoal burial and mixing within the soil profile, and the accuracy of

radiocarbon-derived estimates of fire dates.

Large charcoal pieces in undisturbed soil are most likely formed by fire at that site.
Charcoal particles > 0.5 mm are generally not transported by air more than a few tens of
meters during fire (Clark and Patterson 1997; Ohlson and Tryterud 2000). In many
topographic settings, the natural roughness of forest floors following fire prevents
charcoal redeposition by overland flow (Clark 1988b; Lavee et al. 1995). However, soil
erosion on steep slopes following fire may transport charcoal large distances (Reneau and
Dietrich 1990; Meyer et al. 1992), but such disturbed colluvium is readily distinguished

from stable forest soils.

Pedogenic processes and soil disturbances determine whether a scil profile preserves a
charcoal stratigraphy that records multiple fires. For example, mor humus horizons
aggrade with organic matter and may contain a history of fire (Cruikshank and
Cruikshank 1981; Berli et al. 1994). However, fires also may consume humus and
obliterate evidence of older fires (McNabb and Swanson 1990; Ohlson and Tryterud
2000). Charcoal occurrence at different depths in mineral soil horizons is usually the
result of physical mixing (e.g., tree tip-up disturbances or animal burrowing), which may
reduce the reliability of the charcoal stratigraphy for-inferring the history of sequential
fires (Carcaillet and Talon 1996). Considering the consumption of soil organic matter by
fire and the effect of soil mixing over time, charcoal from the most recent fire should be
more abundant and occur higher in the soil profile on average than charcoal from
previous fires. Therefore, estimates of the time elapsed since the last fire (time-since-

fire; TSF) based on the age of the uppermost charcoal should be the most reliable type of
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data with which to infer past fires based on a limited number of radiocarbon dates over a

range of soil types.

Despite the complexity of charcoal taphonomy in soils, wood charcoal is an ideal
material for radiocarbon dates because it is mainly composed of carbon, is chemically
inert and thus easily cleaned of contaminants, and is easily identifiable (Aitken 1990).
Nevertheless, the accuracy of radi(')carboﬁ dates on charcoal for estimating fire dates
deserves special attention. In addition to the error inherent in a calibrated radiocarbon
date (Stuiver and Reimer 1993), radiocarbon dates also may overestimate the age of the
fire because wood may be decades or centuries old at the time of fire. This error (termed
inbuilt age) may be substantial in coastal temperate rain forests due to long residence
times of woody debris (Spies et al. 1988). As described in Chapter 2, this error limits the
estimate of the actual fire date from radiocarbon dates, and thus limits correlation of dates
among sites or with other events. It also sets the minimum fire return interval that may

be detected based on the difference between two dates.

Soil charcoal radiocarbon dates have aided research on long-term disturbance regimes in
a wide range of forest types. For example, in tropical rain forest soil, charcoal dates
indicated a TSF of < 1000 years in Brazil (Saldarriaga and West 1986) and in Zaire (Hart
et al. 1996). Other studies from Brazil (Sanford et al. 1985) and Costa Rica (Horn and
Sanford 1992) have shown TSF may be much longer in these forests. In Australian
tropical rain forests, soil charcoal dates often indicated TSF > 8000 years (Hopkins et al.
1993; 1996). Millennial-scale TSF has also been found in temperate forests of New
Zealand (Burrows 1996), France (Carcaillet and Thinon 1996; Carcaillet 1998), and
Québec (Bussiéres et al. 1996). However, no study of soil charcoal has been conducted

in North American coastal temperate rain forest.
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Preliminary site selection

Sampling was primarily confined to a 730-ha area below 200 m elevation (with the
exception of six sites extending to 550 m), and excluded recently disturbed areas (i.e., the
floodplain and alluvial fans). Ninety-one “target sites” for tree-ring and soil-charcoal
sampling were plotted on a map (on a uniform 200 m grid) of the study area. If a tree-
ring date was not possible at a target site, this or the nearest suitable microsite was
sampled for soil charcoal. Suitable microsites are characterized by a small concavity or
level topography 2-20 m in diameter where charcoal is most likely to accumulate
following fire (Bassini and Becker 1990). Limiting sampling to these sites should not
introduce bias because fire behavior is not affected by such small topographic features
(Chandler et al. 1983). I classified each site by forest type (see above) and landform type
(hillslope or terrace). Hillslopes were defined as areas with a slope > 25% and at least

one tree height (35 m) above the nearest terrace or floodplain.

Tree-ring dates

I assessed each target site for stand-level evidence of fire, such as the presence of
Douglas-fir trees or the appearance of an even-aged western hemlock stand. At sites with
such evidence, I collected increment cores as close to the ground as possible from the
nearest 7-19 dominant canopy Douglas-fir or western hemlock (average = 11 trees). Fire
dates could not be obtained from tree-ring records at some sites because too few (< 7)
Douglas-fir were present to core (3 sites) or ages of western hemlock did not cluster and
initial growth rates were slow, suggesting that the trees were not a post-fire cohort (3

sites). At sites with evidence of two cohorts, consisting of large Douglas-fir surrounded
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by a uniformly smaller cohort of mostly western hemlock, I cored both size classes,
though at some sites there were too few trees available in the larger size class (<7) to
estimate the age of the stand-initiating fire. Of the 24 sites sampled, 18 could be dated.
Eleven of these sites had 2 cohorts; at 5 of these, both cohorts could be dated. The

remaining 7 sites were dated by aging a single cohort of Douglas-fir trees.

Tree cores were air dried, glued to small boards and sanded to a flat surface with
progressively finer sandpaper to 400 grit. I assigned calendar dates to tree rings by
visually crossdating Douglas-fir cores (Stokes and Smiley 1996), of which a small
number were rejected due to poor crossdating (8%). I aged Douglas-fir trees by
extrapolating the age of the innermost tree ring to the age of the pith (using concentric
circles and assuming a constant growth increment equivalent to the innermost five tree
rings) and adding one year for every 15 cm of the core height above ground. This
extrapolation resulted in the addition of 7-25 years to the age of the innermost tree ring
of individual tree cores. The date of the fire that initiated the Douglas-fir cohort was
estimated by the age of the oldest tree. At sites with two age classes, Douglas-fir trees
showed nearly synchronous (% 1 year) abrupt decreases in ring widths. These growth
declines were used to provide exact-year fire dates, because they corresponded to the
approximate age of a western hemlock cohort. Assuming a late-summer fire, the fire year
was set to the year preceding the first change in growth rate. If a neighboring target site
had a similar fire date (< 10 years difference) based on Douglas-fir ages, that date was

rejected in favor of the exact-year date.

The accuracy of these fire dates depended on the tree-ring method used. Stand ages can
potentially date fires occurring 400-800 years ago based on the life-span of Douglas-fir.

In the study area, the error of fire dates from Douglas-fir stand ages are estimated to be
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1030 years, based on the maximum difference in Douglas-fir tree ages at each site
(12-38 years) and the assumption that Douglas-fir establishment initiated within a few
years of the fire. In contrast to stand-age data, the growth response of surviving trees
provides an exact-year fire date, but these fire dates were mainly limited to the 19th

century because trees which survived older fires are now rare.

Isolation of soil charcoal and final site selection

I obtained soil cores using a 5 cm diameter tube at 75 target sites that 1) lacked stand-
level evidence of fire (67 sites), 2) were not successfully dated using tree-ring methods (6
sites), and 3) were successfully dated using tree-ring records but where buried charcoal
layers suggested that earlier fires could be dated (2 sites). I disaggregated the soil by
hand in the first 3-5 cores taken at a site and looked for charcoal fragments, paying
careful attention to the organic horizon because charcoal from this horizon most likely
dates to the last fire (Carcaillet and Talon 1996). Any charcoal found at this time was
labeled separately. I then obtained a second set of 3—5 soil cores spaced 2—5 m apart for
later analysis. If the soil was> 10 cm in depth and contained distinct organic and mineral
horizons, suggesting that a series of charcoal layers might be detectable, I subdivided the
soil cores into 2—5 cm increments (69% of the sites). Otherwise soil cores were not

subdivided.

I soaked all soil core sections (n = 542) for two hours in a warm 10% KOH solution to
disperse organic clumps, and then sieved each section through a 0.5 mm screen. I dried
the = 0.5 mm fraction in a warm oven, identified charcoal under a binocular microscope,
and measured the weight of charcoal. The total mass of charcoal at each site was

expressed relative to the volume of all sieved core sections. Eighteen sites yielded
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insufficient charcoal for a date (< 1 mg); resampling within 50 m of these target sites
during later field seasons was successful at locating sufficient charcoal in 11 cases. In
addition to the 7 target sites with little or no charcoal, one site was rejected due to an
anomalous radiocarbon date (see below), totaling 8 of the original 91 target sites that
were excluded from the final set of sites. These represent true “holes” in the spatial
distribution of samples. In summary, fire dates were available from 83 sites, consisting
of 65 sites with radiocarbon dates, 16 sites with tree-ring records, and 2 sites with both

radiocarbon dates and tree-ring records.

Because site selection was based on a number of criteria that could affect the spatial
distribution of sample sites, [ examined the spatial point pattern of the final set of sites to
verify that the spatial distribution was random at scales in the range of the initial spacing
of sample sites (ca. 200 m). I calculated all site-to-nearest-site distances (nearest-
neighbor distances; nnd’s). The nnd’s were sorted and expressed as a cumulative
empirical distribution function, G (Diggle 1983). To assess clumped, random, or over-
dispersed distributions at different spatial scales, I compared G to simulated random
point patterns generated by randomly choosing points from a list of 18,250 points on a 20
m grid in the irregularly shaped study area. I assessed clumping or inhibition at scales

where the G distribution fell outside the envelope generated from 99 simulations.

Radiocarbon dates of soil charcoal

The piece of charcoal closest to the surface of any soil core at a given site was selected
for AMS (accelerator mass spectrometry) radiocarbon dating. Abundant charcoal near
the soil surface was assumed to represent the most recent fire. I obtained more than one

date at sites with less clear evidence of the most recent fire, e.g., where charcoal was
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present only in the mineral horizon and/or at low abundance, or where the first date was
exceptionally old (> 2000 years BP). Additional dates were also obtained at sites with
evidence of multiple fires, e.g., multiple layers of charcoal in a mor humus horizon. In
all, a total of 120 radiocarbon dates were obtained for 67 sites. Each charcoal sample was
cleaned using a warm 1M HCl rinse, several 1M KOH rinses, and a final IM HCl rinse.
If charcoal pieces were sufficiently large, radiocarbon dates were obtained from a single
piece (80 dates). If all charcoal fragments were < 1 mg following cleaning, two or more
pieces from the same depth in the soil were combined for a single radiocarbon date (40
dates). Charcoal was stored in 0.1M HCI before radiocarbon dating at the Center for
Accelerator Mass Spectrometry, Lawrence Livermore National Laboratory. I calibrated
radiocarbon dates to calendar years (Stuiver and Reimer 1993, v4.1) using the
INTCAL98 calibration curve (Stuiver et al. 1998). Two radiocarbon dates on samples
with low total carbon (~0.2 mg) were rejected (CAMS-53488 and CAMS-53491) because
they were anomalous for their location (deep in a mineral horizon in a forest with
dominated by very large trees suggesting a very long time-since-fire) and were probably

contaminated with non-charcoal carbon.

The error due to inbuilt age (number of years between date of wood formation and the
date of fire; McFadgen 1982) was estimated and added to each calibrated radiocarbon
date. This estimated error shows, with coarse resolution, the uncertainty of a fire date
that is based on a radiocarbon date of a piece of charcoal produced by that fire. The
inbuilt-age error was estimated by comparing the ages of 26 radiocarbon dates with the
known age of fires based on tree-ring dates (see Chapter 2). In the study area, inbuilt-age

error ranged from 0—670 years with a median of 270 years (Figure 2.4).
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Time-since-fire and fire return intervals in different forest types and landforms

The time-since-fire (TSF) was estimated by the tree-ring date or the youngest calibrated
radiocarbon date (see Chapter 2) for each site. I calculated fire return intervals (number
~of years between fires) for sites with tree-ring evidence of two fires and for sites with
multiple radiocarbon dates that did not show age/depth reversals. The error of calibrated
radiocarbon dates and inbuilt-age precludes the detection of fire return intervals < 450
years of each other (Chapter 2). TSF was compared to forest vegetation and terrain

characteristics in two ways, as described below.

First, significant differences of median TSF among categories of forest and landform
types were tested using Monte Carlo randomization tests. Sites were grouped into
categories in three ways: by both forest type and landform type, only by forest type, and
only by landform type. Each test consisted of comparing the difference in median TSF
between two categories to a disiribution of differences from 3999 randomizations
generated by randomly allocating TSF dates to the two categories (Manly 1997).
Significance was assessed as the proportion of randomizations (adding the observed
result as a value in the randomization distribution) that have differences in median TSF as

large or larger as that observed.

Second, the relationship of TSF to topographic characteristics of hillslope sites was tested
for each vegetation type with exponential regression. For this, I quantified topography in
terms of exposure to solar radiation by computing topographically-distributed potential
incoming solar radiation (terrain insolation), using the SOLARFLUX program in
ARC/INFO GIS software (Rich et al. 1995). Terrace sites were excluded from this

analysis because terrace forest had denser canopies and understory moisture levels were
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substantially higher than hillslope sites with similar terrain insolation. SOLARFLUX
uses a digital elevation model (10 m grid cells) and the sun track to compute insolation at
each grid cell accounting for the effects of slope, aspect, and hillshading. Since only the
relative amount of insolation at different sites was important, atmospheric transmissivity
was assumed to be constant and surface albedo negligible, and the calculations were
based only on direct and indirect radiation. Mean daily terrain insolation for August was
computed using the average of SOLARFLUX calculations for August 1, 8, 15,22, and
31. I calculated a terrain insolation index (TII) as the proportion of‘ terrain insolation at a
site relative to the amount of terrain insolation on a horizontal surface with a full sky
view computed using the same methods (Antonic 1998). TII values > 1 indicate south-
facing aspects and little hillshading, while values < 1 indicate north-facing aspects,
hillshading, or both. The effect of hillshading and slope on terrain insolation is
substantial in the study area, as shown by the imperfect correlation between TII and an
index based only on aspect using (cos(-aspect angle)+1; Beers et al. 1966) (r =0.79;

n = 73,000 grid cells).

Fire extent

I analyzed the spatial pattern of TSF to assess the scale at which fires burned. TSF
cannot show the sizes of all fires because recent fires partially burn over and obscure the
extent of older fires. However, if the sizes of the most recent fires were similar, adjacent
sites should have similar TSF up to the scale of these fires. Thus, as a means of assessing
fire extent, I compared TSF at adjacent sites to see if sites with similar dates were
spatially aggregated. For all possible pairs of sites in non-overlapping 250 m distance
classes, I computed the proportion of site pairs with TSF < 300 years apart (i.e., sites with

effectively the same date). I assessed significant clumping of similar TSF using a Monte
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Carlo randomization test (Manly 1997). This test consisted of comparing the proportion
statistic for each distance class to a distribution of 3999 proportion statistics generated
from randomly allocating TSF dates to sites. Significance was assessed by constructing
95% confidence intervals from the randomization distribution, including the observed
proportion statistic in the distribution. This analysis was run for all sites and by landform

type (i.e., hillsiope and terrace sites).

Results

Site characteristics

The 83 sites were dispersed over 8 km and represented a range of forest types and terrain
insolation (Figure 3.2). Approximately half of the sites (53%) were in the cedar—-hemlock
forest type, occurring mostly on east or west aspects (mean TII = 0.74). Hemlock—fir
forests were also well represented (27%}, roughly equally common on terraces 10—60 m
above the river and on hillslopes with north aspects (mean TII = 0.65). The remaining
sites were in the cedar—salal forest type (12%), all of which were on south aspects (mean
TII = 1.03), or the Sitka spruce forest type (8%) on terraces. Nearest-neighbor distances
among sites ranging from 85 to 500 m, and evenly distributed relative to a random point

pattern at scales <210 m. Sites were randomly distributed at scales of 210-500 m.

Tree-ring dates of fire

Tree-ring estimates of fire dates ranged from ca. AD 1550 to AD 1886 (Table 3.1). Taken
together, these dates indicated 1S5 fire events. In five instances, similar tree-ring dates at
adjacent sites suggest that fires spread between sites, though never more than 1 km

(Table 3.1; Figure 3.3). In two instances, the pattern of fire dates suggested synchronous
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fires from multiple ignitions, because intervening sites did not show evidence of fire.
First, exact-year fire dates in AD 1805 were determined at three sites that were separated
by > | km. Second, stand—initiating fires in ca. AD 1620 were also found at three sites

separated by > 1 km (Figure 3.3).

Soil charcoal radiocarbon dates of fire

The 120 radiocarbon dates on soil charcoal (67 sites) ranged from 280 to 10,330
radiocarbon years BP (calibrated to 310-12,220 years BP; Table 3.2). The highest
stratigraphic location of charcoal was in the organic horizon at 17 sites, and in the
mineral horizon at 50 sites (Table 3.3). Charcoal abundance was similar at sites where
charcoal was in the organic horizon and sites where charcoal was only in the mineral
horizon, though charcoal in organic horizons generally dated to <2500 years BP, while
dates in the mineral horizons ranged from 470 to 12,220 years BP (Figure 3.3). Charcoal
abundance was weakly related to TSF (r* = 0.09), with a particularly wide range of
charcoal abundance for shorter TSF (Figure 3.4). Although sites with > 1 g I"! of charcoal
usually burned in the last 5000 years, sites with < 1 g I"' represented the full range of TSF

(310-12,220 years).

Where = 2 dates were obtained from different depths in the same core (21 sites), adjacent
dates were similar (< 300 year difference) for half of the pairs of dates compared and
dating-reversals occurred in only 4 cases (Figure 3.5a). Charcoal found in the organic
horizon was always younger or the same age as charcoal at lower depths. At sites with
dates from multiple cores, radiocarbon dates from the mineral horizon were similar to

each other at five of 12 cases (Figure 3.5b). At sites with a single date from the mineral
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Table 3.1 Tree-ring dates of fire events obtained by coring at least seven trees per
cohort. Dates were determined from stand ages or from abrupt growth
responses to fire injury in surviving trees. All sites occurred on hillslopes.
The site code refers to locations on Figure 3 2.

Site Field UTM coordinates Vegetation Dating Fire date
code code Easting Northing type? method (year AD)

14 PRO3 316615 5452341 CS Growth response 1805
Stand age 1620
15 PRB 316403 5452350 Cs Stand age 1805
16 PR0O6 317114 5452379 CsS Stand age 1805
19 UES8O0 317013 5452516 CH Growth response 1805
27 RSA80 316280 5452841 CH Growth response 1886
46 URE13 318988 5454122 CS Stand age 1655
48 URWO04 317904 5454311 CS Stand age 1550
49 URE70 318996 5454340 CH Growth response 1872
50 URWS3 317649 5454386 CS Stand age 1550
51 SBA 318913 5454516 CH Growth response 1872
Stand age 1683
56 UREG3 318921 5454826 CS Stand age 1683
58 SBB 318798 5454959 CH Growth response 1872
Stand age 1610
60 UREB4 318937 5455000 HF Growth response 1683
62 URE69 318939 5455164 CH Growth response 1872
70 SBC 318626 5455771 CS Growth response 1830
Stand age 1620
71 RTO1 318210 5455965 CH Growth response 1805
' Stand age 1620
72 RT04 317933 5456238 CS Stand age 1620
76 RT51 318098 5456642 CH Growth response 1805

® CH=cedar-hemlock, HF=Hemlock—fir, CS=cedar—salal
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Table 3.3 Frequency of sites with different numbers of dates per site in different
soil horizons. Two rejected dates are not included.

Number of dates per site

Soil horizon 1 2 3 4 5
Organic only 7 1 (o] 2 0.
Organic and mineral - 2 3 1 1
Mineral only 25 22 2 1 0
Total no. sites 32 25 5 4 1
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Clayoquot Valley. Charcoal mass was determined from 3-7
cores (5 cm diameter).
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horizon, radiocarbon dates ranged to 12,200 cal. years BP, but were < 3000 cal. years BP

at 13 of 25 sites (Figure 3.5¢).

Time-since-fire

The frequency distribution of TSF differed greatly between hillslope and terrace sites,
though dates at both landform types extended across the entire Holocene (Figure 3.6).
On hillslopes, the majority of sites (56%) burmed within the last 1000 years, with only a
few (11%) not burning over the past 6000 years. In contrast, terraces have a nearly even
distribution over TSF age classes, with relatively few sites (21%) burning within the last
1000 years compared to those without evidence of fire (43%) in the past 6000 years.
Over both landforms, 18 sites (21%) have TSF > 6000 years; 12 of these date between
11,000 and 9000 years BP. Adjusting radiocarbon dates for inbuilt-age shifts the TSF
distribution forward in time, but does not affect the overall form of the distribution for

either landform type (Figure 3.6).

Median TSF differed significantly between some but not all vegetation types and
landforms (Figure 3.7). In the cedar—hemlock, hemlock—fir and Sitka spruce forest types,
TSF encompassed the entire Holocene. TSF in the cedar—salal forest type had a narrower
range (to 510 years BP), and significantly shorter median value than for all other forest
types on hillslopes or terraces (P < 0.001, except for cedar~hemlock hillslope forest,

P =0.111). Overall, the median TSF on terraces was six times greater than on hillslopes
(P <0.001), reflecting the > 4000 year longer TSF on cedar-hemlock terraces (P = 0.004)
and hemlock—fir terraces (P = 0.002) compared to cedar—hemlock hillslopes. Fewer
differences were found between forest types across both landform types (Figure 3.7).

TSF in cedar-hemlock forest was shorter than in hemlock—fir forest (P =0.043). TSF in
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cedar—salal forest was shorter than in Sitka spruce forest (P < 0.001), but only weakly

shorter than in hemlock—fir forest (P = 0.095).

All hillslope sites with high TII values (> 0.95) have burned within the last 1000 years
(Figure 3.8a). In contrast, only 42% of hillslope sites with low TII values (< 0.95) have
burned within the last 1000 years. The slope parameter for the exponential regression
between TSF and TII was significant for all 83 sites (B =-2.48,t=-3.3, P =0.002). For
individual forest types, this relationship was marginally significant for the 44
cedar-hemlock forest sites (B =-2.06, t = -2.1, P = 0.058), but improved after removing
an outlier with a TII of 0.15 (8 =-3.29,t=-3.3, P = 0.005). Slope parameters were not
significantly different from zero for cedar—salal and hemlock~fir forest (P = 0.88

and 0.94, respectively).

Fire return intervals

Trends in fire return intervals are similar to those for TSF even though few reliable
intervals were detected (n = 16 intervals) (Figure 3.8b). Fire return intervals varied from
185-570 years in cedar—salal forests to 700—ca. 9000 years in cedar—hemlock forests at
low TII values and hemlock—fir forests on terraces. Too few fire-interval estimates were

available for statistical comparisons among vegetation types and landforms.

Fire extent

The frequency of site pairs with a similar TSF was significantly higher than expected for
randomly distributed fire dates only at scales < 250 m, suggesting that fires rarely
extended 250 m in the study area (Figure 3.9). However, fires frequently spread up to

250 m on hillslopes, as ca. 60% of the site pairs in this landform had similar TSF at scales
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<250 m. TSF was similar among sites at scales of 12502000 m suggesting an
underlying regular pattern of fire in the study area, possibly due to the regular spacing of
landforms that burned close to the same times. In contrast, no clumping of sites was
observed on terraces, suggesting fire extent was rarely larger than the smallest distances
between sites (100—250 m). However, sampling on terraces may have been too sparse to

detect a strong spatial pattern at this scale.

Discussion

Obtaining fire history data from soil charcoal

Charcoal is ubiquitous and well preserved in the Clayoquot Valley, as it was found at
nearly all of the targeted sites, sometimes occurring as large pieces embedded in highly
weathered clay-enriched mineral horizons of podzols. The widespread occurrence of
large and old charcoal pieces (> 0.5 mm; > 1000 years) is consistent with the observation
that charcoal would not be fragmented by freeze-thaw cycles at this elevation (Carcaillet
and Talon 1996). Furthermore, the poor correlation between charcoal abundance and
TSF suggests that the controls of charcoal abundance are unrelated to time (e.g., in situ
fragmentation) (Figure 3.4). Charcoal abundance in the Clayoquot Valley may be less
affected by degradation processes than by random processes and controls operating at
small spatial scales, such as the locations of large pieces of fuel and the effects of

microtopography on local charcoal deposition.

Soil charcoal is most useful for reconstructing fire histories when the dates of charcoal
pieces are in stratigraphic order (i.e., progressively older with increased soil depth).
However, processes of soil genesis and disturbance sometimes disrupts this ideal

situation (Carcaillet and Talon 1996). In mor organic horizons, which aggrade over time,
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the uppermost piece of charcoal should date the most recent fire. Indeed, this study
shows that pieces of charcoal located in the organic horizons closest to the soil surface
were always the youngest charcoal encountered at a site (Figure 3.5). In contrast, the
charcoal stratigraphy in the subsurface mineral horizons may be more complex because
these horizons do not aggrade by continuous deposition of material. Soil mixing is a
means of moving charcoal into the mineral horizon, and may explain the several
instances of dating reversals found in this horizon by this study (Figure 3.5). An
important mechanism that could move charcoal into mineral horizons is the action of tree
tip-ups than can lift large root plates to a vertical position, greatly mixing the surface soil,
leading to the incorporation of organic material into the mineral horizon and the eventual
development of a new organic horizon (Bormann et al. 1995). Other mechanisms that
could move charcoal into the mineral horizon include bioturbation from animal activity

and roots burning in situ (Carcaillet and Thinon 1996).

Overall, the methods of site selection and prioritizing radiocarbon dates in this study were
designed to assure a representative sample of the distribution of TSF in the study area.
Sites were evenly spaced to capture the diversity and relative abundance of terrain and
forest types in the study area. Because charcoal was located and dated at most of these
sites regardless of the time elapsed since the last fire there was no bias introduced by
excluding sites with a very long TSF due to the progressive loss of fire evidence, a
common problem in tree-ring studies of fire disturbance (Fox 1989; Finney 1995;
Weisberg 1998). Furthermore, in most cases, at least one of the radiocarbon dates at each
site had a high likelihood of being from the most recent fire. Charcoal in the organic
horizon (which most likely dates the most recent fire) or tree-ring dates were available at
44% of the sites. Although the remainder of the sites were dated by charcoal in the

mineral horizon and thus represent a potentially less accurate estimate of TSF, the
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increased number of dates at these sites (either by obtaining additional dates from the
same core or from different cores) yielded similar fire dates 75% of the time (Figure 3.5).
In all, only 25 sites were dated by a single date from the mineral horizon. It is reasonable
to assume that additional sampling would have corroborated these single dates 75% of
the time. Based on these results, ca. 90% of the sites represent sampling conditions that

assure the most recent fire was dated with a high level of confidence.

Controls over fire extent

This study indicates that terrain features exert strong controls on fire susceptibility.
Terrain controls are complex, operating both directly and indirectly on fuel moisture and
fire behavior. First, the degree of slope affects fire behavior as fires on steep hillslopes
preheat fuels upslope (by radiant energy and by updrafts) and propagate faster than fires
on flat terrain (Agee 1993). Fires may also spread downslope at a fast rate if burning logs
on steep slopes are dislodged during fire (Agee and Huff 1980; Chandler et al. 1983).
Because lightning and fire ignitions are more common at higher than lower elevations
(Pickford et al. 1980; Romme and Knight 1981; Fowler and Asleson 1984), spotting from
burning logs rolling down steep slopes may be an important mechanism affecting fire
occurrence at lower elevations. Second, terrain can indirectly affect fire susceptibility by
controlling the insolation available for drying understory fuels. For example, August
insolation on north-facing and south-facing hillslopes may be 30% and 115% of
insolation on flat ground, respectively (Antonic 1998). Furthermore, major landform
types may affect the canopy structure of forests and thus influence understory fuel
moisture; for example, terraces may support productive forests with dense multi-tiered
canopies, causing the understory on terraces to be moister than on less productive

hillslope sites (Swanson et al. 1988). One would expect areas with low fire susceptibility
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to occur on terraces due to a combination of slow rates of spread of fire and shading by
dense canopies, and on north-facing hillslopes due to limited insolation. In contrast, the
most fire-susceptible areas should be south-facing hillslopes with high insolation and

more open canopies .

In the Clayoquot Valley, the clearest indication of the influence of terrain on the fire
regime is the close association of fires with south-facing hillslopes during the last 600
years, and the co-occurrence of Douglas-fir trees at these sites (Figure 3.3; Figure 3.8).
This finding supports conclusions based solely on the distribution of Douglas-fir
(Schmidt 1960; 1970) that recent fires on western Vancouver Island were limited to well-
drained and exposed south-facing hillslopes. Furthermore, the existence of isolated
patches of Douglas-fir in the Clayoquot Valley suggest a long-term history of fire at such
locations. Douglas-fir requires a seed source from local live trees to reestablish following
disturbance, as the seed rain from non-local sources probably contains very little input
from Douglas-fir. Therefore, for Douglas-fir to persist for multiple generations at a site,
fires must reoccur locally at intervals within the typical life-span of the oldest trees,
approximately 700—800 years (Franklin and Hemstrom 1981; Huff 1995). This suggests
that the persistence of Douglas-fir in the Clayoquot Valley depends on the long-term
existence of isolated fire-susceptible patches in the landscape. If more extensive
Douglas-fir stands occurred during previous climatic periods of higher fire frequency
(e.g., the early Holocene, see below), then it is possible that the modern stands are relicts

of a former larger population (Schmidt 1970).

Many fires in the Clayoquot Valley could have been larger than that documented by this
study if they were ignited at dry sites at higher elevations outside the study area and

spread down slope in narrow bands (i.e., on exposed ridge-lines). This possibility is
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supported by the spatial distribution of forest types within the watershed. Specifically,
the cedar—salal forest was restricted to the highest hillslopes in the study area and
consistently burned within the last 500 years (Figure 3.7), suggesting that extensive areas
of this forest type at higher elevations may have a similar fire history, and may even have
burned in the same fire events with the low elevation sites. Extending sampling to higher
elevations would be necessary to determine the size of fires for this forest type at the

scale of the whole watershed.

Similar to the pattern of recent fires, the evidence for very long TSF is strongly
associated with terrain features. All sites that have not burned in over 6000 years were
restricted to terraces and north-facing hillslopes. Most sites on such low-susceptibility
terrain have not burned for more than 1000 years (Figure 3.8). Although north-facing
hillslopes (i.e., TII < 0.95) and terraces have similar distributions of TSF (Figure 3.6), the
large range in TSF at these sites may have resulted from two different processes. First,
susceptibility to fire may vary within a given type of terrain. On terraces, for example,
the Sitka spruce forest type had a much lower median TSF than the hemlock—fir or
cedar—hemlock forest type (though not statistically significant; Figure 3.7), suggesting
that the more open canopy of the Sitka spruce forest may have caused these sites to be
more fire-susceptible than other terrace forest types with a denser and more uniform
canopy (Lertzman et al. 1996). Second, the range of TSF on both terraces and north-
facing hillslopes may have resulted from fire in adjacent high fire-susceptibility areas that
infrequently spread into these low-susceptibility areas before extinguishing. Spotting and
radiant heat from adjacent fires may cause fires to penetrate short distances into low-
susceptibility terrain; thus fires may not always extinguish exactly at the transition from

high- to low-susceptibility terrain types (e.g., Agee and Huff 1980).
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If past fires affected stand composition and structure indirectly by reducing soil quality
and nutrient pools, controls over fire may be even more complex than described above.
In the Clayoquot Valley, the low productivity and stunted growth forms in the cedar—salal
forest type may be an example of this effect. The productivity of this forest type has been
explicitly addressed on northern Vancouver Island where low productivity appears to be
due to low soil nutrient availability, possibly resulting from long periods without
windthrow-caused soil turnover and competition by salal for available soil nitrogen
(Keenan et al. 1996; Prescott et al. 1996). The Clayoquot Valley stands are younger
(burned more recently), occur on steeper terrain, and have smaller stature than the north
Vancouver Island stands (Prescott et al. 1996). Recurrent fires in these stand types at
Clayoquot Valley would volatilize soil nitrogen and promote erosion on steep rocky
slopes contributing to poorer stand and site conditions than at the north Vancouver Island
stands (McNabb and Cromack 1990; McNabb and Swanson 1990). If past fires indirectly
contributed to the structure of mature cedar—salal forest, this feedback mechanism might
promote fire on such sites. Similar fire-vegetation-fire feedback mechanisms that affect
soil fertility have been suggested in tropical (Goldammer and Siebert 1990) and other
temperate (Lusk 1996) rain forest. Though it is common at the watershed or regional-
scale, the cedar—salal forest type was not adequately sampled in this study because it was
rare at low elevations in the study area. Further investigation may provide additional

information on the long-term role of fire-vegetation feedback in this forest type.

Annual to decadal-scale controls of fire

Though only 15 recent fires were dated by tree-rings, two instances of synchronous fire at
disjunct sites were identified (AD 1805 and ca. AD 1620). Such synchrony in fire is

evidence that specific weather events influence fire occurrence (Swetnam 1993; Veblen
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etal. 1999). The Clayoquot Valley fires may have been associated with atmospheric
circulation patterns similar to those causing fires on the Olympic Peninsula, where
several large lightning fires have been well studied (Huff and Agee 1980; Pickford et al.
1980). The Olympic Peninsula fires were ignited after more than three weeks without
rain and grew rapidly during dry foehn winds flowing from east of the Cascade
Mountains. These “east winds” usually occur when a high surface pressure system over
the northeast Pacific moves inland to southern British Columbia, producing strong
easterly or northeasterly winds that become warmer and drier when they descend the west
slope of the Cascade Mountains (Washington) or Coast Range (British Columbia) (Agee
1993). Such high-pressure ridges may persist for weeks and block moisture-bearing
onshore winds (Skinner et al. 1999). In addition, “dry lightning” (cloud-to-ground strikes
without significant rainfall), which poses the greatest hazard for fire ignition, may occur
when ground-level air masses are dry (Rorig and Ferguson 1999). Though rare along the
Pacific coast, a single storm with dry lightning may cause multiple ignitions in its path

(Agee 1993).

Climatic patterns that cause synchronous fires within a single watershed may also
influence fires at a regional scale. Although old-growth Douglas-fir stands are thought to
have originated from such episodic, widespread fire events associated with specific
climatic periods (e.g., Sprugel 1991; Agee 1993), little is known about Douglas-fir stand
establishment dates on a regional scale, and the best information available is only
anecdotal. For example, Schmidt (1970) claimed to have identified eight major fire
events after reconnaissance on Vancouver Island, two of which (AD 1610 and AD 1820)
are similar to fire dates in the Clayoquot Valley. However, it should be noted that
Schmidt (1970) and other studies in Washington (Henderson and Peter 1981; Hemstrom

and Franklin 1982) and Oregon (Teensma 1987; Weisberg 1998) did not employ cross-
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dating techniques (Stokes and Smiley 1996), limiting the ability to make regional

comparisons of fire dates.

Centennial to millennial-scale controls of fire

In this study, frequency distributions of TSF provide coarse temporal information about
variations in fire activity during the Holocene. Given the non-random spatial pattern of
fire in the Clayoquot Valley, the typical use of TSF frequency distributions to estimate
fire frequency is inappropriate (Lertzman et al. 1998). Interpretation of past fire regimes
from the TSF distribution in the Clayoquot Valley is based on two assumptions. First,
the probability of lightning ignitions did not vary greatly throughout the record. Second,
extreme fire weather or long-term climate warming and/or drying could overcome
topographic controls of fuel moisture, allowing fires to spread from high- to low-
susceptibility areas. Such periods would be represented by the presence of charcoal on

sites that seldom burned during cooler and/or wetter periods (Figure 3.10).

The cluster of sites with TSF between 11,000 and 9000 vears BP were mainly on
terraces, suggesting that climate conditions during the early Holocene made this landform
more susceptible to fire than during more recent times (Figure 3.6). Paleoclimate models
and empirical evidence support this interpretation. Orbital geometry at 10,000 years BP
caused an 8% increase in summer insolation at a latitude of 50°N (Thompson et al. 1993).
General circulation models for this period indicate that increased seasonality of solar
insolation and the intensification of the subtropical Pacific high pressure system led to
higher summer temperatures and increased drought in this region (Thompson et al. 1993).
Abundant paleoecological evidence from the Pacific Northwest show drought in the early

Holocene directly following the transition to Holocene climate at 11,200 years BP
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(10,000 radiocarbon years BP; Whitlock 1992). For example, pollen records from low
elevation sites in southwest British Columbia and the Olympic Peninsula indicate the
dominance of Douglas-fir and red alder, both of which require disturbance for
regeneration in areas west of the Cascade Mountains (Mathewes 1973; Heusser 1977;
McLachlan and Brubaker 1995; Heusser et al. 1999). Forest structure may have also
aided fire spread during the early Holocene, as a greater proportion of Douglas-fir would
have allowed more light penetration to the understory compared to modern

cedar-hemlock forests (Frazer et al. 2000), enhancing the drying of woody fuels.

A second period of high fire activity, though not as strong as in the early Holocene,
occurred ca. 30002000 years BP (Figure 3.6). This period overlaps with a period of
increased fire activity ca. 2200 years BP found in high-resolution lake-sediment charcoal
records from the lower Fraser River (southwest British Columbia) and the Olympic
Peninsula (D. Hallett, Simon Fraser University, personal communication; L. Brubaker,
University of Washington, unpublished data). However, other paleoclimate evidence
suggests this period was the beginnirg of a cool and wet neoglacial period. For example,
many paleoecological studies in the Pacific Northwest show that cooler and wetter
conditions began by 3000 years BP (Dunwiddie 1986; Hansen and Engstrom 1996;
Pellatt et al. 1998). In addition, evidence of glacial advances from the British Columbia
Coast Range suggests cool and moist climate that would not favor fires 3500-1800 years
BP (Ryder and Thompson 1986) or 2800-2200 years BP (Clague and Mathewes 1996).
The apparent contradiction between these records and the fire records may in part reflect
differences in the sensitivity of these records to climatic change. Pollen records typically
are of coarse temporal resolution and vegetation change may lag several centuries behind
climatic change (e.g., Davis 1986). Similarly, geological evidence of glacial fluctuations

(e.g., dates of terminal moraines) is discontinuous and represents a change in climate at
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decadal-scales or longer (Porter 1986). In contrast, fire occurrence is much more
sensitive to climatic change in general and short-term climatic anomalies in particular, as
large fires may occur after a drought of only one month (Pickford et al. 1980).
Considering that climate may change substantially within a 1000-year period, a range of
climatic trends may have occurred during 3000-2000 years BP. For example, a generally
cool and moist climate may have been punctuated by brief periods of favorable fire
weather, or relatively long periods of fire weather may have alternated with periods
conducive for glacial advances. Unfortunately, the errors associated with radiocarbon

dates of soil charcoal precludes the identification of any such intervals in this study.

Role of fire in the landscape dynamics of coastal temperate rain forest

Recent studies (Lertzman and Fall 1998; Heyerdahl et al. in press) have emphasized that
fire regimes are affected by small-scale terrain features (bottom-up controls) operating
within the context of the large-scale (regional) variation in climate (top-down controls).
The present study demonstrates that top-down controls have a temporal component,
fluctuating with millennial-scale climatic change (Lertzman and Fall 1998). During the
early Holocene, bottom-up controls of topography on fuel moisture and stand structure,
which are strong under the present climate, were overcome by substantially different top-
down controls (i.e., the climate regime), causing fires to be more common on terraces and
north-facing hillslopes than in recent centuries. In contrast, during the late Holocene,
bottom-up controls of topography effectively limited the extent of fire, so that these types
of sites were less often burned. Bottom-up controls also appear to be responsible for the
modern mosaic of sites with forest-structural evidence of fire (i.e., Douglas-fir trees, even
age classes, and/or cedar—salal forest types), as this evidence was found at the majority of

sites that burned in the last 600 years (Figure 3.6).
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The present study confirms earlier reviews that suggest recent fires in the coastal
temperate rainforest have been mostly restricted to steep south-facing hillslopes (Schmidt
1970; Veblen and Alaback 1996). The resulits also indicate that a large proportion of low
elevation forest has not burned for the last 6000 years. Such remarkably long fire-free
intervals have rarely been documented in any forest type worldwide (e.g., Clark and
Royall 1996; Kershaw et al. 1997), and have important implications for long-term forest
dynamics and regional forest patterns. First, in the absence of other large-scale
disturbances, forest composition probably tracked Holocene climatic change primarily
through processes of gap-replacement. Species turnover would have occurred through
the differential success of shade-tolerant species recruiting into canopy gaps under a
given set of climatic conditions (Lertzman 1992; Gray and Spies 1996). Due to the
longevity of Pacific Northwest conifer species, compositional changes through gap
replacement would have lagged Holocene climatic change by several centuries (Lertzman
1995). Secondly, the absence of recent fire at many sites suggests that old-growth forest
structures also predominated on landscapes throughout the late Holocene. This landscape
pattern contrasts sharply with forests east of the Vancouver Island Range as well as the
majority of forests in the Pacific Northwest, which were dominated by seral Douglas-fir,
indicative of recent large fires (Franklin and Dymess 1988). This study, therefore,
supports the distinction of the coastal temperate rain forest as affected by a fundamentally

different disturbance history than the large remainder of Pacific Northwest forests.
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CHAPTER 4: AN 1800-YEAR RECORD OF THE SPATIAL AND TEMPORAL
DISTRIBUTION OF FIRE FROM THE WEST COAST OF VANCOUVER
ISLAND, CANADA

Introduction

Spatial variability in the susceptibility of forests to fire is an important aspect of fire
regimes, especially in mountainous areas with steep topography and a range of aspects
(Romme and Knight 1981; Agee 1993; Turmer and Romme 1994; Camp et al. 1997;
Heyerdahl et al. in press). Similarly, temporal variability in fire frequency is an
important aspect of fire regimes, especially during periods of significant climatic or land-
use change (Clark 1988c; Swetnam 1993; Kitzberger et al. 1997). These components of
variability in fire regimes interact, contributing to the mosaic of age classes in the modern
landscape (Shinneman and Baker 1997; Lertzman and Fall 1998). For example, a change
in the landscape-level fire frequency would affect the landscape mosaic uniformly if fires
were randomly distributed, or patchily if fires preferentially burned certain areas (Clark et
al. in press). Despite the spatial and temporal variability inherent in fire regimes, few
studies adequately address both of these aspects because long-term data on the spatial

pattern of fires are difficuit to obtain (Niklasson and Granstrom 2000).

Measuring the spatial pattern of fire over long time scales is a particularly difficult
challenge in forests that usually experience stand-replacing fires. The two main
approaches to studying fire history in such forest types view the fire regime differently.
The stratigraphy of macroscopic charcoal particles in lake sediment preserves a history of
fire events (discernible peaks of charcoal) over thousands of years, but this method

aggregates evidence of fires in the vicinity of the lake (Clark 1990; Millspaugh and
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Whitlock 1996). In contrast, tree-ring evidence (stand ages and fire scars) records fire
dates at specific points, but the temporal span of this method is limited by tree ages (Arno
and Sneck 1977; Johnson and Gutsell 1994). Radiocarbon dating of soil charcoal could
potentially record the spatial pattern of fire over long time scales, but soil mixing and the
consumption of organic soils by fire usually limit this method to estimating the date of
the last fire (Chapter 3; Hopkins et al. 1993; Carcaillet and Talon 1996). No single
method effectively estimates both the spatial pattern of fires and their long-term
frequency. To overcome the limitation of stand-age data to estimate fire frequency,
several fire history studies have used statistical models (e.g., Johnson and Gutsell 1994;
Reed et al. 1998), though such models often make unrealistic assumptions about the
spatial and temporal distribution of fire events (Lertzman et al. 1998; Huggard and
Arsenault 1999). Few studies have used both the sediment charcoal method and the stand
age method in the same area to deduce the long-term spatial distribution of fires (Clark

1990).

The use of high-resolution charcoal records from lake sediments to reconstruct fire
history has advanced rapidly in recent decades (e.g., Clark 1988a; Long et al. 1998).
However, substantial questions remain regarding the spatial scale represented by
sediment records. Implicit in the sediment charcoal method is the assumption that most
charcoal disperses aerially to the lake surface from a certain source area around the lake,
with the size of this source area depending on the size of charcoal particles, because small
pieces are convected greater distances than are large pieces (Clark 1988b; MacDonald et
al. 1991; Clark et al. 1998; Ohlson and Tryterud 2000). Once dispersed to the lake
surface, winds may cause charcoal to be deposited and resuspended in the littoral zone,
though mixing in the surface water eventually transports charcoal to the profundal zone

(Whitlock et al. 1997). Thus, charcoal must only disperse to the lake edge to be recorded
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in sediments at the lake center. More detailed knowledge of the extent of the charcoal
source area is needed because fire frequency must be interpreted at the scale in which
fires are occurring; in a given forest, a large charcoal source area could record more fires
and result in higher fire frequency than a small source area. Despite the importance of
determining the charcoal source area for the interpretation of fire frequencies, few studies
have explicitly addressed the charcoal source area for particular size classes of charcoal
(Clark and Royall 1995; Earle et al. 1996; Whitlock and Millspaugh 1996). In this study,
fire dates in a sediment core were compared to fire dates at points at varying distances

from the lake to calibrate the charcoal source area and evaluate the spatial pattern of fire.

The overall goal of this stﬁdy is to better understand the spatial and temporal dynamics of
fire disturbance in a coastal temperate rain forest on the west coast of Vancouver Island
(British Columbia, Canada). In a previous chapter [ investigated the time-since-fire over
a network of sites, using tree-ring dates at 18 sites and radiocarbon dates of soil charcoal
at 65 sites. That study showed that terrain features and vegetation type have greatly
influenced the fire regime (Chapter 3). In the study area, nearly all exposed south-facing
slopes burned within the last 800 years; in contrast, several terrace and north-facing sites
have not burned in the last 6000 years. This landscape pattern suggests that there is
spatial variability in fire frequencies, though the frequency of fire at any one location
could not be determined due to the erasure of past fires by the most recent fire (Weisberg
1998). In this chapter, I use these spatially-precise records of the most recent fire in
conjunction with charcoal in a lake sediment core as a spatially-aggregated record of all
fires within a specific charcoal source area. These data may therefore show if fire
frequency was sensitive to known past climate variability, and if fire frequencies varied

in relation to terrain controls on fire susceptibility.
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The major objectives were to

1. Determine fire dates in the vicinity of the lake by using a spatially aggregated
record of fire dates from charcoal accumulation in lake sediment,

2. Determine the area near the lake within which fires are recorded as peaks in
sediment charcoal by using point estimates of fire dates from tree-ring reco'rds and
radiocarbon dates of soil charcoal, and

3. Determine the degree to which fires were more likely to occur in high fire-
susceptibility relative to low fire-susceptibility areas near the lake by using a

combination of both fire records.

Clayoquot Lake study area

Clayoquot Lake on the west coast of Vancouver Island was formed by an alluvial fan that
dams a narrow section of the Clayoquot River Valley (Figure 4.1). A 45-m wide channel
connects two basins: a sub-rectangular upper basin (19.2 ha) and a circular lower basin
(27.8 ha). Topography around the lake is steep (20—40% slopes) rising from 17 m to 900
m at the top of ridges; a 300 m cliff borders the upper basin. The inflowing Clayoquot
River drains ca. 6500 ha upriver. Several times each winter, rain storms cause flooding
in a restricted floodplain, typically causing the lake level to rise ca. 1.0 m (maximum
observed in 10 years = ca. 3.0 m) (Clayoquot Biosphere Project, unpublished data). A
description of the climate, forest types, and soils of the lower elevations of the Clayoquot

Valley is given in Chapter 3: Study area.
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Methods

Rationale

To describe temporal trends in fire frequency, a lake sediment record was analyzed to
reconstruct all the fires that occurred near the lake. To describe how fire frequency
varied among areas near the lake, point estimates of fire near the lake were used to place
spatial boundaries on the location of the fires detected in the sediment record. The spatial
boundaries of fires were determined in two ways: 1) fire dates at points near the lake
were associated with dates of charcoal peaks in the sediment core to determine the source
area that contributes to large charcoal peaks, and 2) the dates of last fire at points near the
lake were mapped to determine whether portions of the charcoal source area escaped all
of the fires detected in the sediment record. This combination of approaches reveals
whether the fires detected in the sediment record were restricted to a portion of the
charcoal source area, in which case fire frequencies would range from zero to high values
within different parts of this area. Such differences in fire frequencies could result from
terrain-controlled differences in hazards of burning (i.e., probability of fire; Johnson and

Van Wagner 1985) over the landscape. To assess the degree to which the hazard of

burning varies over the landscape, the fire-hazard ratio, ratio of the probability of burning
in two mutually exclusive areas, was calculated. A fire-hazard ratio of 10 would indicate
that fire is 10 times more likely to occur in a portion of a study area, causing some areas
to escape fire when fire frequency is high in other areas on the landscape. Similarly, a

fire-hazard ratio of 1 would indicate that fire occurs randomly over the landscape.



Spatially precise fire dates — tree-ring and soil-charcoal samples

The date-of-last-fire (DLF) was estimated at 25 sites within S00 m of Clayoquot Lake.
Site selection and sampling for fire history are described in detail in Chapter 3 (Methods).
Sampling was limited to elevations below 200 m with the exception of a single ridge
where four sites were located at elevations of 200—350 m. DLF was estimated from tree-
ring dates of fire or from calibrated radiocarbon dates of soil charcoal (calibrations
following Stuiver and Reimer 1993 and Stuiver et al. 1998). Tree-ring records of fire >
1000 m upstream were also used to test whether the charcoal sediment stratigraphy

recorded fires at larger distances from the lake through fluvial transport of charcoal.

Radiocarbon dates of the DLF may overestimate the true DLF for two reasons. First, the
charcoal from the most recent fire may not be located and dated at each site. The
assessment of this error (Chapter 3) suggests that, for a large majority of cases, charcoal
from the most recent fire was recovered and dated. Second, the charcoal selected for
dates may have been formed from wood that is several centuries old at the time of the
fire. Although this “inbuilt age” was found to be up to 670 years (Chapter 2), this bias

does not affect the coarse temporal scale evaluation of DLF used in this study.

I constructed a map of DLF for the area within 500 m of the lake edge, assuming that this
area encompasses the area that contributes charcoal to the lake through airfall of large
pieces or through slope wash from steep slopes above the lake (Clark 1988b; Clark and
Royall 1995; Whitlock and Millspaugh 1996). I did not include small areas of bare rock,
unsampled floodplain forest, and a portion of the area that drains to the outflowing river.
Fire boundaries were determined using Thiessen polygons around sample points (Okabe

etal. 2000). I modified polygon boundaries to coincide with natural fire breaks (sharp
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ridges and rivers) or distinct changes in forest composition discernible on aerial

photographs.

Spatially aggregated fire dates — lake sediment core

Coring and sediment chronology I made a bathymetric map of Clayoquot Lake by
surveying transects with an electronic depth sounder and interpolating the mapped data
using a spline fit (Figure 4.1). The lower basin was cored in 38 m of water using a
percussion corer constructed of 7.6 cm diameter PVC tubing (Reasoner 1993). The core
was split lengthwise in the laboratory and contiguous subsamples (ca. 12 ml) were taken
at 1 cm intervals from the center of one core-half. ?'°Pb activity was measured from 20
subsamples from the top 86 cm to date the most recent ca. 200 years of sediment. The
remainder of the core was dated with 10 radiocarbon dates on conifer needle samples. I
calibrated radiocarbon dates to the calendar time scale {Stuiver and Reimer 1993) using
the INTCAL9S8 calibration curve (Stuiver et al. 1998). Two radiocarbon dates (CAMS-
44475 and CAMS-44480) were distinct outliers and were rejected. [ assigned the age-
depth curve using a cubic spiine fit through the ?'°Pb dated portion and a radiocarbon date
at 120 cm, and an ordinary least-squares linear regression for the lower portion of the

core.

Laboratory analysis I measured each ca. 12 ml subsample of sediment for magnetic
susceptibility, charcoal and macrofossils. Magnetic susceptibility is a measure of iron-
bearing minerals that, in lake sediments, is interpreted as an indicator of erosion of
mineral soil or fire-created magnetite or maghemite (Thompson and Oldfield 1986). I
used volume-specific magnetic susceptibility as a measure of the relative quantity of iron-

bearing minerals. The volume of each subsample was measured to the nearest 0.1 ml,
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soaked overnight in a 10% sodium hexametaphosphate solution to disperse the sediment,
and sieved through 0.5 and 0.15 mm screens using a gentle flow of water. I treated the
0.15-0.5 mm size fraction with 6% hydrogen peroxide for 8 hours to bleach non-charcoal
organic material and facilitate charcoal identification (Rhodes 1998). All charcoal was
tallied using a binocular microscope (10x—40x). I identified all macrofossils (conifer
needles and seeds) in the > 0.5 mm size fraction under a binocular microscope using a
modern reference collection and published keys (Dunwiddie 1985; Young and Young
1992). Needle fragments were combined and expressed as needle equivalents and Thuja

and Chamaecyparis branchiets were tallied individually following Dunwiddie (1987).

Charcoal record analysis Charcoal concentrations (pieces cm™) were expressed as
charcoal accumulation rates (CHAR; pieces cm? year™) based on sedimentation rates
estimated by *'°Pb and radiocarbon dates. High variability in CHAR in the top 80 cm of
the core reflects high sedimentation rates (ca. 0.4 cm year™) and low charcoal counts
(0—-11 pieces per subsample). To make this portion comparable to the remainder of the
record, I smoothed the charcoal concentrations for the top 80 cm using a locally-weighted

regression (LOWESS; Cleveland 1979) with a 10-year sample window.

Finely-sampled lake sediment records may reveal local fires as distinct peaks in CHAR
(e.g., Clark 1988a). Several recent studies have examined peaks in CHAR using a two-
step procedure: 1) determine a low frequency background component and calculate a
peak component as positive deviations in CHAR from the background levels, and 2)
apply a threshold to the peak component that distinguishes peaks due to local fires from
peaks due to analytical noise and/or extra-local fires (Long et al. 1998; Millspaugh et al.
2000). The background component may vary over time due to changes in regional fire

activity, changes in the local hydrological regime that transports charcoal, or changes in
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forest structure and biomass that affect fire behavior and the total quantity of charcoal
produced in a fire (Long et al. 1998). Previous studies have modeled the background
component using a Fourier transform filter (Clark and Royall 1996) or a LOWESS filter
(Long et al. 1998; Millspaugh et al. 2000) that smooth the CHAR record within a
specified sample window. Both of these methods allow the size of charcoal peaks to
influence the estimated background component. As a result, the background component
may be locally elevated and bisect charcoal peaks or pass over small peaks located
between larger peaks. Exploratory analysis using both methods suggested there was not a
satisfactory compromise between the use of a wide sample window that emphasized large
peaks but precluded detection of distinct small peaks located between larger peaks and a
narrow sample window that caused the background component to follow the high
frequency so closely that small peaks were recognized but the magnitude of large peaks

was underestimated.

In this study I used a new approach based on the assumption that the best estimate of the
background component is the minimum CHAR value within a temporal window that is
equivalent to the duration of approximately one charcoal peak. In this approach, the
background component is unaffected by peak height (see also Millspaugh and Whitlock
1995), and the potential for detecting relationships between peak height (magnitude of
peaks over the background) to characteristics of the local fire is improved. Careful
evaluation of the Clayoquot Lake CHAR record suggests that most peaks span 2030
years, similar to those observed in a study of modern charcoal accumulation following
fire (Whitlock and Millspaugh 1996). Because the time interval represented by each
1-cm subsample varied over the length of the core due to changing sedimentation rates, I
first interpolated the CHAR record to 2-year intervals (Long et al. 1998), and from these

values, I calculated the minimum CHAR values in 20-, 26-, and 32-year moving
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windows. [ then smoothed each series of minimum values with a LOWESS filter using a
sample window width equal to the window used to calculate the minimum CHAR values.
I chose a background curve using a 26-year sample window because it did not follow
peaks too closely (20-year sample window) and it did not miss the base of several distinct
peaks (32-year sample window). I calculated the peak component as the residuals from

this curve.

The peak component of the CHAR re;:ord contains a range of peak heights, of which only
the large peaks should relate to local fires. A threshold value of the peak component used
to distinguish peaks due to local fires was determined by examining the sensitivity of the
number of fires detected while varying the threshold (Clark et al. 1996). Increasing the
threshold should reduce the number of detected fires because small peaks drop below the
threshold values. If local fires are represented by charcoal peaks that are significantly
larger than all other charcoal peaks, then a large range of threshold values would result in
an identical set of charcoal peaks qualifying as local fires. In this case, the distribution of
charcoal peak heights should contain several large peaks from local fires, many small
peaks from extra-local fires and analytical noise, and relatively few medium peaks (Clark
etal. 1996). Ichose a threshold value that occurred within a range that had little

sensitivity to the number of peaks detected.

I compared the charcoal, magnetic susceptibility, and macrofossil records to determine if
peaks in CHAR were associated with local soil erosion events. Peaks in magnetic
susceptibility may be related. to erosion of mineral soil following fires within the local
lake catchment (Thompson and Oldfield 1986; Millspaugh and Whitlock 1995).
Likewise, peaks in macrofossil input may be related to erosion of soil surficial material or

needle drop from fire-killed conifers. Each record was compared vi§ually and correlation
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coefficients were calculated for a range of lag times (-50 to +50 years). Before the
calculation of correlation coefficients, accumulation rates were calculated for magnetic
susceptibility (EMAR; electromagnetic units cm™ year™) and macrofossils (MFAR;
needle equivalents cm? year™). In addition, background components for the MFAR and
EMAR records were calculated using the same methods used for the CHAR record,
though the EMAR record varied more slowly over time and therefore background was
calculated with a 50-year moving window. Correlation was examined separately for the
peak components and background components. For the calculation of correlation
coefficients, the period of very high sedimentation rates (0~80 cm depth) and thus very

high EMAR and MFAR was removed from each record.

Estimate of the charcoal source area

Theoretical and empirical studies of charcoal dispersal suggest that the quantity of
charcoal dispersed by convection during a fire should decrease rapidly with increasing
distance from the fire, especially for the large size class (0.15-0.5 mm) of charcoal that
was analyzed in this study (Clark 1988b; Clark et al. 1998). Slopewash may also
transport charcoal at local scales, though this mechanism is probably limited to steep
slopes that drain to the lake. In addition to these transport mechanisms, fluvial transport
of charcoal from the Clayoquot River may significantly increase the charcoal source area
for Clayoquot Lake. Given the two potential categories of charcoal transport at
Clayoquot Lake (air and slope wash versus fluvial), I assessed the charcoal source area
by examining the correspondence of charcoal peaks in the sediment record with evidence
of fires (Chapter 3) from transport by air or slopewash (< 500 m from the lake) and from
fluvial transport from the Clayoquot River (> 500 m upriver). To test if charcéal is

transported large distances in the Clayoquot River, tree-ring fire dates (Chapter 3) from
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sites > 500 m up the river and < 500 m from the lake edge were compared with the date
of the closest charcoal peak in the sediment core. I calculated the number of years
between each tree-ring date and the closest date of a CHAR peak to identify if charcoal
peaks are better matched with local or upriver fires. To test if charcoal is transported at
distances < 500 m, I assessed the charcoal source area by comparing the CHAR peak
heights with the distance-to-lake of corresponding fires. Specifically, I matched fires
determined by soil charcoal or tree-rings to the maximum value of the CHAR peak
component in the sediment core within 50 years of the fire date and used regression to
evaluate whether peak height decreases with distance of the corresponding tree-ring or
soil charcoal sample site to the lake. This method may not capture the actual proximity
of older fires to the lake if more recent fires obscured the actual extent of these fires.
Therefore, because the proximity of fires to the lake is more reliably estimated for recent
fires than for older fires, I tested the relationship between peak height and distance-to-

lake separately for the most recent fires (after AD 1100) and for all fires.

Comparing spatially precise and spatially aggregated fire records

The objective of this part of the study was to estimate the range of the hazards of burning
near the lake for agreement between the sediment record and the map of DLF. The map
of DLF was used to calculate the area within the estimated charcoal source area (250 m
from lake edge, see Results) that had burned at least once over the length of the sediment
record. The burned and unburned areas over this period are denoted as A and A,,
comprising s and r proportions of the landscape, respectively (s+r=1). Therefore, all fires
detected in the sediment record occurred within the area Ag, and not in the area A,. If
one assumes that the hazards of burning (i.e., probability of burning) A and A, (in areas

A; and A, respectively) are equal, lightning strikes are randomly distributed in the study
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area, and fires do not spread between A; and A,, the probability (E) of the observed

outcome (i.e., that all fires occurred in Aj) is

F

_[_4A _ o F
e-(ae) -

where F is the number of fire events detected in the sediment core. However, a more
realistic scenario is that A is greater than A,, reflecting an intrinsic differencg between Ag
and A, in susceptibility to fire due to vegetation and terrain. The fire-hazard ratio,

b = Ag/A,, may be interpreted as the factor that represents the increased probability that
lightning leads to fire in A; than A,. An alternative interpretation of b is that all lightning
strikes and fire starts occur in A and fires have a 1/(b+1) chance of spreading into A,.
Regardless of which set of assumptions is more appropriate, b is a measure of the
nonrandom occurrence of fire between these areas. The fire hazard ratio may be

incorporated into equation 1:

(kA ) b\
E_(bAS+A,) \bs+r/ )

Solving equation (2), the fire-hazard ratio for a given probability (E) of the observed

outcome is

By~ 3)
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[ calculated b for the entire period covered by the lake sediment record and for the last

800 years.

This method only considers the location of fire between two areas; the exact locations
and sizes of individual fires were not modeled. Since the goal of this analysis was to
examine the spatial distribution of fire at a very coarse scale, this non-spatial approach
required fewer assumptions and was less complicated to interpret than approaches such as

a spatially explicit simulation model (e.g., Boychuk et al. 1997).

Macrofossil record

I analyzed the macrofossil record to interpret vegetation history. To remove high -
frequency variation that was probably an artifact of the small sample size in each
subsample, I interpolated needle concentrations to 2-year intervals and smoothed the
record using a LOWESS filter with a 100-year sample window. Past changes in the
composition of the major tree species near the lake was assessed from the relative

abundance of macrofossils in the smoothed record.

Results

Tree-ring records and radiocarbon dates of soil charcoal

DLF at 25 sites within 500 m of the lake ranged from BC 6490 to AD 1886 (Figure 4.2).
In general, north-facing slopes bordering Clayoquot Lake have not burned since at least
AD 200. In contrast, all south-facing slopes have burned since AD 1800. There were two
instances of adjacent sites having identical fire dates (AD 1805 and BC 400) and in one

instance four adjacent sites had very similar dates of ca. AD 1000. Based on polygon



boundaries, 63% of the area within 500 m of the lake burned at least once during
AD 200—present, and 22% burned at least once during AD 1200—present. For a smaller
area within 250 m of the lake, these proportions changed very little (56% and 21%,

respectively).

Lake sediment core

Core description The 315-cm, 1800-year, sediment core consisted of uniform brown

gyttja with abundant macrofossiis. The sedimentation rate was fast (ca. 0.43 cm year) in
the *'°Pb-dated portion of the core (0—86 cm), slowed considerably between ca. 86120
cm (ca. 0.09 cm year), and was constant (ca. 0.16 cm year™) for the lower two-thirds of

the record (120-315 cm) (Table 4.1; Figure 4.3).

The charcoal, macrofossil, and magnetic susceptibility records show broadly different
trends (Figure 4.4). Charcoal counts ranged between 0 and 122 pieces per subsample
(median = 14). The CHAR record had distinct peaks composed of 2-4 subsamples
(Figure 4.4). The CHAR record varied significantly over time, with a period of large
peaks (ca. 1.0 pieces cm™ year™) and high background levels (ca. 0.6 pieces cm™ year™)
during AD 400800, and a period of few peaks (ca. 0.3 pieces cm™ year") and low
background levels (ca. 0.1 pieces cm™ year™) during AD 1100—1600. The period

AD 1600-present is marked by three large peaks. Macrofossil counts in each subsample
ranged between O and 59 needle equivalents (median = 5.75; total in core = 2567).
MFAR varied greatly between adjacent samples, with occasional large peaks (ca. 0.3
needle equivalents cm™ year™) in the period AD 2001300, but few between

AD 1300-1800. Background levels of MFAR were low throughout the record (ca. 0.05

needle equivalents cm™ year™) except after AD 1800, when MFAR increased sharply with
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Figure 4.2

Date-of-last-fire map for the area within a S00 m buffer around
Clayoquot Lake and parts of the Clayoquot River immediately upstream.
Upper numbers in each polygon are site codes (Table 3.2). Lower
numbers are the date of the last fire in years AD (BC in parentheses).
Shaded polygons represent areas that have not burned since AD 200.
Note that two tree-ring fire dates were obtained at site 14.
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Figure 4.3 Age-depth relationship for the Clayoquot Lake sediment core.

Calibrated radiocarbon dates show age intercepts and one and two
standard deviations (Stuiver and Reimer 1993; Stuiver et al. 1998).
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Table 4.1 Radiocarbon dates (a) and *'°Pb age determinations (b) from the
Clayoquot Lake sediment core. All radiocarbon dates are AMS
(accelerator mass spectrometry) dates on conifer needles.

a.
Radiocarbon Calibrated age® Lab number
Depth (cm) age (BP) cal. AD  (-1o-+10) (CAMS #)
63-64 120 50 1850 (1680 - 1950) 44474
94-95° 520 =60 1420 (1330 - 1440) 44475
122—-123 560 =60 1400 (1310 - 1430) 44476
152-153 880 =50 1170 (1050 - 1220) 44477
185-186 1120 =60 920 (830 -1000) 44478
210211 1170 =80 830 (780 - 960) 44479
237238 1340 £ 40 670 (650 -710) 45368
241-242° 1780 =50 240 (140 - 340) 44480
270271 1580 %40 460 (430 - 530) 44481
312-313 1840 £ 50 170 (130 - 240) 39385
b.
Bulk density 219ph activity Modeled age at base of section
Depth (cm) (g cm®) (DPM g*)° {year AD)?
02 0.272 15.60 £ 0.56 1992
4-6 0.266 8.35+£0.42 1983
8-10 0.265 3.51 £0.27 1973
12-14 0.252 2.73 £0.24 1969
16—-18 0.281 2.68 £0.22 1966
2022 0.280 3.92 +0.30 1963
24-26 0.273 3.92 £0.33 1956
28-30 0.284 2.68 +0.24 1947
32-34 0.297 2.01+£0.23 1941
36-38 0.273 2.43 +£0.22 1937
4042 0.262 2.21 +0.23 1930
44-46 : 0.250 1.70 £0.17 1923
48-50 0.281 1.73 £0.20 1919
52-54 0.287 2.16 £0.21 1914
56-58 0.295 1.97 £0.19 1902
60—62 0.209 1.42 £0.17 1888
64—66 0.277 1.69+0.18 1883
68—-70 0.305 1.66 +£0.19 1866
78-80 0.302 1.39 £0.19 1833
84-86 0.289 1.29 £0.20 1795

@ Calibrations following Stuiver and Reimer (1993) [version 4.1] and Stuiver et al. 1998.

® Date rejected.

¢ Analysis provided by Flett Research, 440 DeSalaberry Ave., Winnipeg, Manitoba, Canada.

¢ The level of 2"%Pb activity considered as supported by in situ decay of 2°Ra was determined by
varying an estimate of supported #°Pb until a best fit was achieved between log[unsupported
219Ppb] and cumulative dry weight of sediment (Flett Research Ltd., personal communication).
This method yielded an r? of 0.84 corresponding to supported level of 1.215 DPM, and
suggests that supported 2'°Pb levels were nearly reached at a depth of 86 cm. Dates were
assigned to each subsample using a medel of 2'°Pb activity that assumes a constant rate of
supply of 2'°Pb to the lake surface (Goldberg 1963).
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increasing sedimentation rates. Magnetic susceptibility in each subsample ranged
between 1.04 x 107 and 2.25 x 10 emu (median = 1.52 x 10”). In contrast to the CHAR
and MFAR records, EMAR varied more slowly over time and showed no distinct peaks.
Background levels were high before AD 1200 (ca. 2 x 107 emu cm™? year'), and then
declined by ca. 50% for the period AD 1400—-1800. Similar to the MFAR record, EMAR

increased sharply at AD 1800.

Threshold values for local fires The total number of CHAR peaks detected was

insensitive to a wide range of threshold values (0.16 to 0.22 pieces cm? year™; Figure
4.5), while small changes in threshold values outside of this range caused large changes
in the number of CHAR peaks detected. These values (0.16 to 0.22) also correspond to a
minimum in the frequency distribution of the CHAR peak component. Although the
distribution is not distinctly bimodal, these results together indicate that large CHAR
peaks may be separated from small peaks. A value of 0.20 pieces cm™ year' was chosen

as the threshold that best identifies local fires.

The charcoal record shows 23 fires, with a large shift in fire frequency at AD 1100
(Figure 4.6). The average fire interval increased from 45 to 272 years from AD 2001100
to AD 1100-present. The shortest fire intervals (ca. 20 years) and highest background
component (ca. 0.5 pieces cm?year™) occurred between AD 400 and 600. The longest
fire interval (ca. 500 years) and lowest background component (ca. 0.1 pieces cm? year™)
occurred between AD 1100 and AD 1600. Although CHAR peaks could be identified
visually during this period, they were distinctly smaller than during the other periods and

may represent extra-local fires.



105
The peak components of CHAR, MFAR, and EMAR were positively correlated with
corresponding background levels (r =0.583, 0.429 and 0.384, respectively; Table 4.2).
Comparisons among the three records showed poor correlation. The magnitude of
CHAR peaks was not correlated with EMAR (r =-0.008) or MFAR peaks (r =0.115).
Similarly, CHAR background levels were poorly correlated with background levels of
EMAR (r = 0.140) and MFAR (r = 0.180). Correlation between records did not improve

when using time-lags.

Charcoal source area

Thx;ee tree-ring dated fire events < 500 m from the lake coincided with large CHAR
peaks (mean difference between the two methods = 6.3 years), indicating that large
CHAR peaks were associated with these fires. In contrast, six tree-ring dated fires

> 1000 m upstream did not match CHAR peaks, except where they coincided with fires <
500 m from the lake (mean difference = 33.8 years) (Figure 4.6). Ata <500 m-spatial
scale, the sizes of CHAR peaks were inversely related to the distances of fires from the
lake edge (P = .010; Figure 4.7), as would be expected if the quantity of charcoal
dispersed from a fire decreases rapidly with distance. This relationship predicts that fires
would need to occur within ca. 175-250 m from the lake edge in order to yield CHAR
peaks > 0.20 pieces cm™ year™. Therefore, based on a threshold of 0.20 pieces cm? year™
to separate local fires from extra-local fires or random noise, the charcoal source area
should be the area within ca. 175—250 m from the lake edge. This relationship is based
on data from only the five most recent fires (> AD 1100) and strongly influenced by a
single large fire near the lake in AD 1805; the relationship was not significant when sites
with fire dates before AD 1100 were included (P = .070), probably because the actual

extent of older fires may have been obscured by recent fires.
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Figure 4.5 Frequency distribution of the charcoal peak component calculated as
the positive residuals from a background curve (Figure 44). The
CHAR record was first resampled to 2-year intervals. The upper
curve shows the number of charcoal peaks (corresponding to local
fires) detected using different threshold values.
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Fire dates

0.8 ® >AD1100
y = 0.123 + 12.10*(1/x)

? =0.92

O <AD 1100

| W

0.7

Maximum peak component (pieces cm ™ year”')

0 Illll1lllllljlllljl

0 100 200 300 400 500
Distance from site to lake edge (m)

Figure 4.7 Comparison between the distance of fires to the lake edge and the
height of the corresponding CHAR peak in the sediment core. The
fitted curve is limited to fires occurring after AD 1100.
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Fire-hazard ratio

Two sources of fire history may be combined to infer the spatial pattern of fire over time:
(1) the lake sediment record indicates that 23 fires have occurred over the last 1800 years
within a charcoal source area of 110 ha (250 m distance-to-lake), and (2) point samples of
time-since-fire within the charcoal source area indicate that 43% of the charcoal source
area did not burn at all over the [ast 1800 years (Figure 4.8a). This implies that the 23
fires were restricted to 57% of thg area in which they could occur and still be detected in
the sediment record. This pattern would have been very unlikely (E =4 x 10%; eq. 1) if
fires were randomly distributed within this charcoal source area. A fire-hazard ratio was
therefore used to quantify the range in fire susceptibility that results in the non-random
pattern of fire within the charcoal source area. The fire-hazard ratio corresponding to a
50% probability of the observed outcome of all fires occurring in the burned areas (b 5,) is
25; i.e., fires are 25 times more likely in burned than unburned areas (Figure 4.8b).
Defining a single fire-hazard ratio is difficult because the value of E is not known; the
observed pattern of fire could have resulted by chance with a relatively low fire-hazard
ratio (b5 = 5) or the observed pattern could have been ensured with a high fire-hazard
ratio (b5 = 345). Limiting the period of analysis to after AD 1200 results in three fires
that occurred in 21% of the charcoal soﬁrce area, which is also an unlikely outcome if
fires were randomly distributed (£ = .009; eq. 1). For this period, the fire-hazard ratios

bgs, by, and b s, are 2, 14, and 212, respectively (Figure 4.8b).

Macrofossil record

The 1800-year macrofossil record was dominated by western hemlock and western

redcedar (Figure 4.9). The relative abundance of western hemlock and western redcedar
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Figure 4.8 a. Fire history parameters used for the calculation of the fire hazard

ratio. The proportion of the charcoal source area in each age class was
computed from mapped date-of-last-fire using a charcoal source area
based on a 250 m distance-to-lake (Figure 4.2) and fire dates were
computed from the sediment core (Figure 4.6). b. The fire hazard ratio
by represents the increased probability of fire in the portion of the area

near Clayoquot Lake where fire could occur based on the age class
structure in part (a). See Methods for the derivation of b.
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fluctuated at high frequencies but showed no long-term trends other than a period of
lower-than-average western hemlock during AD 1100-1600. Douglas-fir appeared most
consistently during AD 900-1600. Sporadic occurrence of upland taxa such as mountain
hemlock (Tsuga mertensiana (Bong.) Carr.) and Alaska yellow-cedar (Chamaecyparis
nootkatensis (D. Don) Spach) likely represents transport of needles at least 800 m from

the top of ridges around the lake.

Discussion

Correspondence between sediment and soil charcoal records

The major trends in the sediment charcoal record are mirrored by radiocarbon dates of
soil charcoal. For example, of the soil charcoal analyzed within 500 m of the lake, few
pieces were dated to the period of very few fires in the sediment record (AD 1100-1600),
and several were dated to a period of frequent fires (AD 600—1100). Similar trends exist
for the complete set of 83 sites in the entire study area (Figure 4.6). The DLF at these 83
sites (Chapter 3) shows few fires in the period AD 11501350 relative to adjacent periods
(Figure 3.5). Although this finding is consistent with the sediment record, the trends in

the soil charcoal record are much less pronounced than those in the sediment record.

The lack of a close match between the sediment and soil charcoal records is probably
related to errors intrinsic to each method. The sediment record is dated by conifer
needles that should closely represent the time of deposition and the time of charcoal
incorporation into the sediment matrix. As a result, the sediment record should date fire
events more accurately than soil charcoal radiocarbon dates, which are typically few to
several centuries older than the date of the fire due to the length of time between wood

formation and the fire event (Chapter 2). In addition, the soil charcoal record is
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incomplete because charcoal from old fires may not be available if recent fires consume
evidence of older fires (Ohlson and Tryterud 2000). The erasure of older fires may
explain wHy very few soil charcoal radiocarbon dates coincide with the AD 400—600
period of frequent fires observed in the sediment record (Figure 4.6). Considering these
limitations of the soil charcoal record, the sediment record allows for a more detailed

interpretation of the temporal trends in fire occurrence over the last 1800 years.

Three aspects of the Clayoquot Lake sediment charcoal record make it especially useful
for fire history studies. First, the high sedimentation rate, most likely due to sediment
transport from the Clayoquot River, allowed fires closely spaced in time to be
distinguished as separate fires. Specifically, for most of the record, fires 12 years apart
could be detected as distinct peaks, assuming little secondary charcoal deposition and
sediment mixing. Second, the poor correlation among sediment properties (charcoal,
magnetic susceptibility, and macrofossils) suggests that charcoal accumulation is
independent of the processes (e.g., flooding, erosional events) that affect sedimentation in
Clayoquot Lake. This may be because sedimentation in the center of the lake is not
affected by discrete events that deliver clastic materials into the lake. The unimportance
of erosional events to sediment deposition at the coring site is supported by the lack of
discrete peaks in the magnetic susceptibility record (Figure 4.4). Third, in this study,
charcoal peaks could be matched with on-the-ground evidence of fires near the lake,
allowing the estimation of the charcoal source area. The match of charcoal peaks to local
fires verifies that large peaks are associated with local fires. In addition, the height of
charcoal peaks was related to the distance-to-lake of corresponding fires, suggesting that
charcoal dispersal declines rapidly with distance from fire (Figure 4.7). This relationship
agrees qualitatively with direct measures of charcoal dispersal during a fire (Clark etal.

1998; Ohlson and Tryterud 2000). This relationship was only based on the five most



Li5
recent fires, because evidence of the extent of older fires was erased by more recent fires.
Given this limitation, the charcoal source area determined by this study should be treated

as only a first-approximation of charcoal dispersal (Figure 4.7).

Changes in fire frequency during the last two millennia

At centennial to millennial scales, the shift from frequent fires, AD 200-1100, to no fires,
AD 1100-1600, suggests an abrupt change in the controls of forest fire (e.g., climate and
ignition). This shift in fire frequency is contemporaneous with evidence for an onset of
cool temperatures and glacial advances in the Canadian Rocky Mountains (AD 1101 and
ca. AD 1140, respectively; Luckman 1995; Luckman et al. 1997) and for glacial advances
in southern Alaska (ca. AD 1080; Wiles et al. 1999). Tree-ring reconstructions of climate
and glacial advances synthesized for the entire northern hemisphere suggest the onset of
cooler and wetter conditions of the “Little Ice Age” by ca. AD 1300 (Porter 1986; Mann
etal. 1999). In addition, other proxies of paleoclimate from the central and western
United States indicate that droughts were longer and more extensive prior to the “Little
Ice Age” (Woodhouse and Overpeck 1998). One particularly detailed record of the
salinity of a closed basin lake in North Dakota suggests a “regime shift” from
predominately dry to wet conditions at AD 1200 (Laird et al. 1996; 1998). The
correspondence of the decline in fire frequency at Clayoquot Lake with indicators of
cooler or wetter conditions in Alaska, the Rocky Mountains, and central North America
suggests that large-scale climate controls were responsible for shifts in fire frequency at

Clayoquot Lake.

At decadal to centennial time scales, the periods of frequent fire prior to the “Little Ice

Age” in the Clayoquot Lake core do not match other fire records or paleoclimate
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evidence of drought from western North America. For example, the period of highest fire
frequency at Clayoquot Lake (AD 300-800) does not coincide with high fire frequencies
determined from fire-scarred trees in central California (AD 800—1300; Swetnam 1993) or
from a lake sediment record in western Oregon (Long et al. 1998). In addition, this
period of high fire frequency at Clayoquot Lake shows little correspondence with periods
of drought inferred from tree-ring climate reconstructions (central California,

AD 250-350 and AD 700-850; Hughes and Brown 1992), lake levels (eastern California,
AD 900-1100 and AD 1200-1350; Stine 1994) or lake salinity (North Dakota,

AD 200-370, AD 700-850, and AD 1000-1200; L-aird et al. 1996). On the other hand, one
tree-riné record from California (Hughes and Graumlich 1996) and a dust record from
Minnesota (Dean 1997) do show evidence of severe drought between AD 400-600,
corresponding to the period of frequent fires at Clayoquot Lake. This evidence for spatial
variability of drought agrees with a review by Hughes and Diaz (1994) that the Medieval

Warm Period (AD 900-1300) was not uniformly warm and dry across North America.

In addition to climatic changes, shifts in lightning strike frequency should also affect fire
frequency, especially in landscapes where fire cannot spread easily among patches of
susceptible sites (Turner and Romme 1994). In general, lightning is rare on the west
coast of Vancouver Island because of the stability of onshore air flow. Lightning is most
likely to occur during meteorological events that are associated with large-scale
circulation features that also cause drought, such as offshore flow from central British
Columbia and low moisture in the lower atmosphere (Rorig and Ferguson 1999).
Therefore, ignition and climatic controls of fire may be correlated, making it difficult to

identify the relative degree to which each controls fire frequency.
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Anthropogenic ignitions probably had little effect on fire frequency. Although coastal
peoples may have burned forest to enhance berry production (Turner 1991), the nearest
villages (current and past) to the study area are 20 km away, and none of the reported
culturally significant areas in the Clayoquot Valley, or any valley equally remote, suggest
these areas were burned for berry crops (Scientific Panel 1995b). Such fires would have
been controlled low intensity understory burns rather than the stand-replacing fires that
occurred in the 19th century (Turner 1991), and thus not likely to have been recorded in
lake sediments. Further evidence pointing to the role of lightning was the fortuitous
finding of a lightning-scarred Douglas-fir with a scar date (AD 1886) matching the fire
date in the surrounding stand (site 27). This site would have been a potential area for

anthropogenic burning because it is located in an accessible area next to Clayoquot Lake.

Landscape patterns of fire susceptibility

Neither the sediment record nor the soil charcoal record alone can show the long-term
landscape pattern of fire. The point samples of DLF capture only a rough approximation
of the temporal variation in fire occurrence (Figure 4.8a), and the sediment record
provides no information on the spatial pattern of fire. However, the combination of these
records provides valuable information on howA the fires recorded in the sediment core are
patterned on the adjacent landscape. Specifically, the point samples suggest that all fires
detected in the sediment core were restricted to ca. 60% of the area near the lake, a
finding that is very unlikely if fires burn randomly over the landscape. The probability
model used to examine the fire-hazard ratio suggests that the locations of fire were biased

by one to two orders of magnitude among areas near the lake (Figure 4.8b).
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The large fire-hazard ratio indicates a wide range in susceptibility to fire near Clayoquot
Lake. Topography was probably most important at controlling fire susceptibility, as
areas on north-facing slopes generally have not burned during the past 1800 years and
areas on south-facing slopes burned in the last 200 years, and probably burned several
times during the last 1800 years (Figure 4.2). The effect of topography on incoming solar
radiation, and in turn on fuel moisture, may have caused south-facing slopes to be much
more susceptible to fire than north-facing slopes (Chapter 3). Fuel loads were probably a
secondary control on fire susceptibility. Before AD 1100, fires were frequent enough
(20-50 year intervals) to reduce fuel loads if each fire reburned the same sites. To
sustain a fire frequency of 20-50 years for several centuries, fires probably did not reburn
exactly the same sites, but rather burned different south-facing sites at different times.
Fire probably returned to burned areas as fuels accumulated > 200 years following the

last fire (Agee and Huff 1987).

Ecosystem implications for differences in fire susceptibility

The wide range in susceptibility to fire indicated by this study has several implications
for stand-level and landscape-level forest dynamics. In areas with low fire-susceptibility,
late-successional communities probably persisted for several millennia. In contrast, areas
with high fire-susceptibility may maintain spatially segregated communities of fire-
dependent species, such as shore pine (Pinus contorta) and Douglas-fir. Large
differences in fire susceptibility also may compound the effects of fire on forest structure
and diversity. For example, the soil resource in some areas that burn repeatedly may be
depleted of nutrients by nitrogen volatilization and erosion, thus contributing to stunted
trees and a dense shrub layer of salal (Gaultheria shallon) (Chapter 3). If fire occurrence

was spatially homogeneous, then fire frequency would be lower in areas that are currently
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fire-susceptible, and thus may not be sufficient to maintain fire-dependent species in the
stand. Therefore, the wide range in susceptibility to fire at Clayoquot Lake is an

important process for maintaining species diversity at the landscape-scale.

Forest dynamics in areas with little fire-susceptibility would operate very differently than
in areas experiencing stand-replacing fires. In the absence of fire. a change in climate
would cause forest composition to change at a rate governed by the deaths of long-lived
canopy dominant trees and the differential success of regenerating species in canopy gaps
(Lertzman 1995). Such minimal change in forest composition at Clayoquot Lake was
evident in the conifer needle macrofossil record, which sampled vegetation at a scale
equivalent or greater than the charcoal record. The only long-term trends detected in this
record was a slight decline of western hemlock during the 500-year absence of fire

(AD 1100—1600) and increased Douglas-fir at AD 900 following a period of frequent fire
(Figure 4.9). No other long-term trends in vegetation were detectable despite large
changes in fire frequency, as would be expected if fire was spatially restricted to the same
areas near the lake. Therefore, this siudy suggests that forest composition at the

landscape scale was minimally impacted by changes in fire frequency.

Landscape ecologists have generally modeled the effects of disturbance on the landscape
mosaic as related to disturbance size, frequency, and intensity (Shugart and West 1981;
Urban et al. 1987; Turner et al. 1994). Although the role of terrain on differences in
susceptibility to disturbance is widely recognized (Romme and Knight 1981; Camp et al.
1997; Heyerdahl et al. in press), most theoretical analyses of landscape dynamics
consider fire susceptibility to be mainly dependent on fuel accumulation from earlier fires
(e.g., Li et al. 1997; Wimberly et al. 2000). In areas with a strong topographic control on

fire susceptibility such as the Clayoquot Valley, the pattern of disturbance is not spatially
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homogeneous and yields a significantly different landscape mosaic of age classes than
would be expected in the absence of these controls (Moloney and Levin 1996; Taulman
1998). This study shows that differences in fire susceptibility have had a strong influence
on the distribution of fire for millennia, and thus should be incorporated into the

theoretical framework used to model the fire disturbance regime.
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