DOI: 10.1111/jbi.13096

ORIGINAL ARTICLE

wiLey G

Ecological legacies of anthropogenic burning in a British
Columbia coastal temperate rain forest

Kira M. Hoffman?

1School of Environmental Studies,
University of Victoria, Victoria, British
Columbia, Canada

2Hakai Institute, Calvert Island, Heriot Bay,

British Columbia, Canada

3School of Resource and Environmental
Management, Simon Fraser University,
Burnaby, British Columbia, Canada

Correspondence

Kira M. Hoffman, School of Environmental
Studies, University of Victoria, Victoria,
British Columbia, Canada.

Email: khoff@uvic.ca

Funding information

Hakai Institute, the Natural Sciences and
Engineering Research Council, Canada
Foundation for Innovation and the lan
McTaggart Cowan professorship at the
University of Victoria

Editor: Jack Williams

| Ken P. Lertzman?®® | Brian M. Starzomski'*?

Abstract

Aim: Few long-term fire histories have been reconstructed in coastal temperate rain
forests, and little is known regarding the spatial and temporal characteristics of
lightning and human ignitions. We use a multidisciplinary approach to assess the
impact, scale and ecological legacies of historic fires.

Location: We focus on perhumid temperate rain forests located on the central
coast of British Columbia, Canada.

Methods: We reconstructed 700 years of temporal and spatial aspects of fire activ-
ity with 30 plots on Hecate Island using fire scars and forest-stand establishment.
We then conducted a paired study of 20 former indigenous habitation and control
sites on 15 islands to relate fire activity to patterns of human settlement. We
mapped 15 years of lightning strike densities and use mixed-effects modelling to
assess whether fire activity predicted the distribution and abundance of traditional
plants.

Results: Sixteen low- and mixed-severity fires were recorded from 1376 to 1893.
The abundance of traditional plants and the density of western redcedar trees were
best predicted by the location of former habitation sites and shorter mean fire inter-
vals. Lightning is too rare to explain the pattern of fire activity in the study area. No
fire activity was detected after 1893, coinciding with the relocation of indigenous
groups from the study area.

Main conclusions: Fire was strongly associated with former indigenous habitation
sites during the periods of occupation. People likely utilized fire as a tool for
resource management to influence the densities of specific plants by creating
mosaics of vegetation in different stages of succession. By assessing the ecological
impacts of historic fire events, we gain a better understanding of the abrupt
changes that occurred in the 20th century. Our ability to understand present-day
temperate rain forest ecosystems may be compromised if we underestimate the role

of humans in driving historic fire activity.
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1 | INTRODUCTION

Fire is one of the most important mechanisms driving landscape-scale
ecological dynamics, plant community structure and soil properties
(Bowman et al., 2009). Humans have altered fire regimes for millennia
in many different ecosystems by igniting and suppressing fires and
modifying fuel composition and structure (Pausas & Keeley, 2009).
Because fire is both a stochastic, natural process and an intentional,
cultural process, there is much debate regarding the relative impor-
tance of lightning versus human ignitions (Krasnow, Fry, & Stephens,
2016; Marlon et al., 2012; Rolstad, Blanck, & Storaunet, 2017; Ryan,
Knapp, & Varner, 2013). Climate is a primary driver of fire activity at
regional scales, shaping the composition and distribution of vegetation
and governing weather conditions that promote fire initiation and
spread (Krawchuk & Moritz, 2011). At broad scales, human influences
are considered secondary to climate because their effects are geo-
graphically localized (Whitlock et al., 2015), and the relative roles of
humans and climate are difficult to discriminate and generalize (Ryan
et al., 2013). The historic and contemporary dynamics of fire activity
in fire-prone landscapes have been well studied. However, current
fire-history methods which heavily rely on fire-scar records alone are
likely inadequate to decouple natural and anthropogenic contributions
to historic fire activity in temperate rain forests (Bowman et al., 2011;
McWethy et al., 2013). Globally, coastal temperate rain forests con-
tain ample biomass for burning, but are considered both climate- and
ignition-limited systems due to high year-round fuel moisture levels
(Bowman et al., 2009; Power et al., 2008; Whitlock et al., 2015).
Reconstructions of forest stand establishment following historic fire
events and improved data on indigenous fire-management systems
may provide a greater understanding of fire activity in coastal temper-
ate rain forests.

Perhumid or high-latitude (>50°N) coastal temperate rain forests
extend from the northern tip of Vancouver Island to the panhandle
of Alaska (Dellasala et al., 2011). These forests are the wettest vari-
ant of the temperate rain forest biome and are considered to have
low natural resilience to fire (Dellasala et al., 2011). In these forests,
fuel moisture levels rarely drop to the point of ignition and a thick
layer of fog often blankets the coastline even in the summer months
(Daniels & Gray, 2006). Despite the seemingly unsuitable conditions
for fire, recent research suggests that short-term summer drought
does occur (Hoffman, Gavin, & Starzomski, 2016) and that fire has
been an important component of some forests in this region for mil-
lennia, with associated impacts on the abundance, diversity and
availability of plant resources (Trant et al., 2016).

Anthropogenic burning refers to both intentional and accidental
ignitions by people (Guyette, Muzika, & Dey, 2002). In this article,
we consider intentional burning as the practice of periodic burning
of landscapes or particular sites by indigenous peoples over time to
achieve specific management goals (Turner, Deur, & Lepofsky, 2013).
Although oral histories of intentional burning are well documented in
southern and interior areas of British Columbia (Turner, 2014), we
know little regarding how various cultural groups utilized fire on the

central coast of British Columbia and consequently how differing

management practices affected ecosystem patterns and processes.
Reconstructing the frequency and extent of intentional burning is
challenging because many fire-management practices have subtle
ecological legacies and many recollections of burning have faded
from memory (Lepofsky et al., 2005). Reconstructions are rendered
more difficult by the arrival of Europeans on the coast of British
Columbia in the late 18th and 19th centuries which in many regions
resulted in cultural suppression and erased legacies of indigenous
land-use practices through logging, agriculture and livestock grazing
(Turner et al., 2013).

The rarity of summer lightning (Lertzman et al., 2002), availability
of biomass for burning (Daniels & Gray, 2006) and a >13,000 year
history of human habitation (McLaren, Rahemtulla, Gitla (White, E.) &
Fedje, 2015) make the central coast of British Columbia an ideal
location to examine historic fire activity. The goal of this study is to
use a weight-of-evidence approach combining quantitative and quali-
tative data to improve our understanding of the temporal and spatial
attributes of historic fire activity, the probability of lightning and
human ignitions and how fire impacted landscape patterns and pro-
cesses (Lepofsky, Heyerdahl, Lertzman, Schaepe, & Mierendorf,
2003). We utilized multiple lines of evidence to test three hypothe-
ses: (1) fires were natural (lightning caused), (2) fires were human (ac-
cidental ignitions) and (3) fires were human (intentional ignitions). We
predicted the spatial and temporal attributes, severity and cyclical
patterns of historic fire activity along with changes to fire activity in
the 20th century. Our hypotheses, predictions for each test and sup-
port for each model are described in Table 1. Further direct and indi-
rect ethnobotanical evidence of anthropogenic burning is outlined in
the Supporting Information (Tables S1.1; S1.2).

2 | MATERIALS AND METHODS

2.1 | Study area

The study area is composed of a 2,000 km? island group on the
coastal margin of central British Columbia, Canada (Figure 1). This
region is characterized by a temperate climate with year-round cool
temperatures (average annual c. 7°C, average summer c. 12°C) and
annual rainfall that locally may exceed 4,000 mm (Banner, LePage,
Moran, & Groot, 2005). The Pacific Ocean moderates temperatures
throughout the year and the British Columbia Coast Mountains pro-
tect the islands on the outer coast from cold winter and hot summer
continental air masses (Dellasala et al., 2011). Located within the
very wet hypermaritime variant of the Coastal Western Hemlock bio-
geoclimatic zone, this region is characterized by low rates of evapo-
transpiration and soils that remain saturated throughout the year
(Meidinger & Pojar, 1991).

2.2 | Vegetation

Productive forests are dominated by western redcedar (Thuja plicata
Donn ex D. Don) and western hemlock (Tsuga heterophylla [Raf.]

Sarg.), with lesser amounts of yellow-cedar (Cupressus nootkatensis



n
m SW91SAS Jejiwis
SW9)SAS029 ul saLIo3sIy
padinbai a.1e Jejiwis [eJo (0g = u)
H 3ujuing Joy pue Ageau sjoasuel)
- Pa329]9s sayls ul sauo3sIy ‘(s1eah GT) (s2402
- 9y} pue sally [edo (0Z = N) Blep L3S 9341 0001 Suiwn
W Jo 3ujwiy pue ejep [esLolsiy sjoasuel) (s2402 9013 Buiuiy3i| (ss102 wouy) soyod EI[T}
uoseas a3 ‘a41) Juadal ‘los = N) s10d (0Z = N) 000y wouy) 9311 000y Wouy) aJly-1sod ‘suoliedo|
JO Ssjunodde 1Sow 9duls uonisodwod sjoasuel) S}1I0Y0d 3l SJ0Yod auly sdew a4l (14d) sdew a1y {66 = N) s1eds 241} ‘erep
|eaniolsiy aw ‘sdew pue ‘los = N) s10d -1s0d (66 = N) -1s0d (66 = N) sJeds ally Jo 66 = N) sea.1 211} ‘sasAjeue Suiuaysy elep
-ouyl a4l ‘sueds aul{  Ajlunwiwiod jueld A103s1y-au14 sJeds all4 SJeds all4 SuoI3ed0| JuI0d paJieds-ail4 A103s1y-aui4 swi}-|eay 3uijuoddng
JU3)SISU0)
= (6002
W E ‘Reapn ‘6661
.Io._ m, “aauin] ‘9102
£ m.. ‘PSWOzZIeIS
2= % ‘Uine
JUd)SISU0) ‘UewyJoH 910 JU9)SISU0) JU)SISUOD)
JuIsisuo) jua)sisuo) (6661 ‘4auin]) ‘Pswioziels 3 (6661 (10T
JU)SISU0) (102 saJly snoiasud s9)Is uoljeligey ‘YHWS ‘uewzus “auin] 910¢ ‘666T ‘4auin]
(£00Z “le 1@ ‘666T “4auin]) woJj s}oyod JoWwloy ‘UINED) ‘UBWJOH) ‘Pswoziels JUI)SISUOD) ‘£00Z “|e 1°
sisayjodAy Aysjoda) sansuap Jay3iy pasde-uans jo 3uipuno.ns $9}IS uolleliqey 3 ‘Ulnes) (¥10C Axsjoda)
SIYy? yum Ainjuad ul seaJe pauing 92USpIAS pue sjo|d Jowoy ‘uewyjoH) ‘666T ‘“4auin]) S9|edS [epedap (leuonuajut)
Jua}sisuod 1oz ul UM pajerdosse seale uado ul (S1eah 4T~) JO s98pa ay3 (ey g>) AJI9A3S-paxiw /lenuueaqul suoiudi
SI 22uapIAg  suolju3i a4l ON syueld poo4  ‘spuejs pade ||y ussped |eaipAd) uo pa3ed0| sall4 sally |lews pue -mo7 jusnbau4 uewnH uewnH ‘¢
Ju33sIsuo) JU33sISU0)
(9T0C (6661
‘pjswoziels JuU9)SISuU0) Jauin] ‘9102 JU3)sISU0d JON
sisayjodAy 3 ‘une SO}s uonejqey ‘Dswoziels juapsisuo) (6661
SIYy1 yum ‘uewyjoH) JU3)SISU0d JON Jauwoy JualsIsuo) R ‘Ulnen) (¥T0C ‘Jauiny]) ss|eas
1U235ISU0 Ainjuad sjue|d pooy Jo Jeau S$30yod JUI)SISUOD J0N s9}Is uonelqey ‘uewyjoH) ‘666T ‘“4auin]) |eluusjuad (leauapidoe)
SI 22U3pINa 4oz ul uonnguisip ul J23unoA uiayped JOWIO UIYIM (ey £>) AJIBAS-paxIw /lepedap suousi
ay} Jo awog  suoniu3di auly oN usened |eanjeN ‘ymmoi3 p|o 1211245 oN pa31ed0| sadiq Sally |lews pue -mo1 juanbauy sso uewnH uewnH ‘g
JU3)sISU0D JON
JU3)SISU0D JON (200zZ “le 12
JU3)SISU0D JON JU3)SISU0D JON JU3)SISUOD J0N (zooz uewzua)
sisayjodAy (9002 ‘Aeay JU9)SISU0d JON (9002 ‘Aea (zooz “le 19 “le 1@ smouing) JU3)SISUOD JON JU3)SISU0D JON s9leds
SIyl yum X s[a1ueq) sjue|d pooy Jo X s[a1ueq) uewzpa) sdoJoino (66T (66T ‘993Y) leluus|[iw suousi
Jua3sIsuod AYIAIOE 2414 uoninguisip ul sIeaA 0GZ< s|eAsa3ul AX204 ‘suoijens|d ‘998y) sauly Ajuanas-ysiy /[eluuajuad uewny
jou si 22UapINg 0} sadueyd oN uianed |eunjeN ymoag pjo  uinjad adiy Suo piw pue ysiH Aydjed ‘a8.1eq pue -paxiin ‘aley 3uiuiy3n -UON ‘T
s3ulpuiq sasueyd uonisodwod o8e 1sa.10) sainq sanquie |eneds  9zis :uoldipaid Ansuaqui Aouanbauy 924nos sasayrodAHy
. Anuad Y10z Ajunwwod :uoidIpald -1e jerodway :uoidIpald :uoipIpald :uopIpald uonius|
5 uopipald  jueld :uomdipald ‘uoipPIpald
W epeue) ‘eiquinjo) ysilig JO }Se0d [eJjusd SYy3 UO suewny Ag SUOIHUSI [eUOIIUSIUI UM JUDISISUOD D18 SDUSPIAS JO Saul|
o+ a|dini suonud! uewny Jo 3uluiysi| Y3m Julsisuod si uoldipald ay3 Jsyjaym sa3edlpul 1xa) pjog Sy ‘pajieiap aJe 3s93) ydes Joy suolpdipald pue sasayjodAy ay| ‘pasned 3uiujysdi) Jo uewny
m SJ9M SUOINUSI 341 JSYISYM SS3SSe 03 pue AJIAIIDe a1 d1I0ISIY JO sanqlie [edodwal pue |eljeds ay3 Jajul 0} yoeoiddde 92UspIAa-J0-Jy3iam e 3uisn palsa) auam sasayjodAy aauyl T 319V.L




HOFFMAN ET AL

2906 ournal o
= Lwiev-

Legend McMullin Group‘

% Hakai Institute
©  vegetation plots

Transect points

A  control

@ treatment

Pacific Ocean

Goose Group

*p

Breadner Group

ﬁ Hecate Island
A O O
® %oo ® 250
Ae (] & "<
JAY™ @ O
A A OO O
0 ® @@ 4\
[ ] oP @le
* Kwakshua Channel
[
A
O
& 2
1 contour line = 20 m elevation (F 15 2 km

é

]

Hunter: Island

‘@)
1

Calvert Island

10
C——— Jkm
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[D.Don] Farjon & Harder) and Sitka spruce (Picea sitchensis [Bong.]
Carr.). However, productive forests are restricted to steeper slopes
or riparian and nearshore areas with nutrient-rich and moderately
drained soils. This is in contrast to the majority of vegetation types
in the study area, which exhibit stunted growth forms as a result of
prolonged saturation and acidic soil conditions (Banner et al., 2005).
Less productive vegetation types include bog forests and bog wood-
lands, which grow in moderate and poorly drained soils on rolling
terrain and form a patchy mosaic of heterogeneous woodlands domi-
nated by cedars, western hemlock and shore pine (Pinus contorta var.
contorta Douglas ex Louden). Blanket bog vegetation types are
located on subdued terrain and contain nutrient-poor soils with

shrubby, short-statured vegetation (Banner et al., 2005).

2.3 | Human history

Compared with other coastal regions of British Columbia, sea levels
in the study area have been relatively stable (&2 m) throughout the
Holocene period and cultural sites remain well preserved on the
landscape (McLaren et al., 2014). The combination of sea-level sta-
bility, a mild climate and abundant terrestrial and marine resources
supported continuous settlement in the region for at least the last
13,000 years (McLaren et al., 2015). The study area includes numer-
ous former indigenous habitation sites with an accumulation of shell-
midden deposits and nearshore features including clam gardens, fish
traps and culturally modified trees (CMTs) (MclLaren et al., 2015;
Trant et al., 2016). There are no ethnographic accounts of anthro-
pogenic burning in the study area, but elders in the nearby commu-
nity of Waglisla (Bella Bella) describe older generations repeatedly
burning hillslopes and interior mountain sites to increase the abun-
dance of blueberries (Vaccinium spp.) (Turner, 2014). There are also
oral histories of burning off vegetation on small islands in nearby
Haida Gwaii to establish ownership and to increase the productivity
of food-producing plants (Turner, 1999). Although indigenous sea-
sonal-resource gathering continues in the study area, habitation sites
have not been occupied since at least the end of the 19th century
(McLaren et al., 2015). The majority of the landscape has not been
logged, potentially preserving ecological legacies of long-term indige-

nous land-use practices.

2.4 | Fire-history reconstruction: Hecate Island

We completed a fire-history case study in a historic 287 ha burn
located on Hecate Island (N51°39 Latitude, W128°04 Longitude)
(Figure 1; see also Hoffman, Gavin, & Starzomski, 2016). This site
was chosen for a detailed fire history because it contained abundant,
rot resistant and long-lived (>1,000 years) fire-scarred trees. Fire-
scarred trees are rare in perhumid coastal temperate rain forests due
to long fire-free intervals (Lertzman et al., 2002), intolerance to fire
of local tree species and high rates of wood decomposition (Daniels
& Gray, 2006). To reconstruct historic fire activity and identify con-
temporary vegetation patterns associated with anthropogenic burn-
ing, we sampled fire scars, forest-stand establishment and described
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plant species richness and abundance from 30 plots (11.28 m radius
[0.04 ha]) selected using a stratified random sampling design repre-
senting the range of elevations, aspects and dominant vegetation
types in the area (Figure 1).

In the 1-hectare area surrounding every plot, we used a chain-
saw to remove partial wedge sections of fire scars from the bases of
the oldest sound living trees (determined after coring and measuring)
(Arno & Sneck, 1977). We sampled two 5-mm increment cores
roughly 1.3 m from the ground from 100 trees in forests located
outside of the 287-ha perimeter with no aboveground fire evidence
to ensure cross-dating accuracy in the fire-history chronology (John-
son & Gutsell, 1994). In every plot, we removed two 5-mm incre-
ment cores from the root collar of every living tree >7.5 cm
diameter at breast height (DBH) to determine the year of establish-
ment (Tepley & Veblen, 2015). We used the presence of fire-scarred
trees to assess fire severity and assigned post-fire cohorts to the
same year as a fire event if they occurred within the 10-year period
of a nearby fire scar (Heyerdahl, Brubaker, & Agee, 2001). In the lab-
oratory, cores and wedges were processed using standard den-
drochronological techniques (Stokes & Smiley, 1968). Samples were
first visually cross-dated and then statistically verified using the com-
puter program COFECHA (Grissino-Mayer, 2001). For cores that did
not reach pith, we used Duncan’s (1989) method to calculate the
distance to the chronological centre of each tree. We compiled fire
scars into a composite chronology and identified fire events as those
in which at least two trees had fire scars (Heyerdahl et al.,, 2001).
We calculated point fire intervals (PFI [years between successive
fires at plot locations]) and composite mean fire intervals (MFI [years
between successive fires anywhere in the study area]) and mapped
the spatial and temporal extent of historical fires (Tepley & Veblen,
2015).

We completed vegetation surveys and estimated the percent
cover and richness of all living and dead tree, shrub, herbaceous and
non-herbaceous species in every plot to assess the potential effects
of historic fire activity on present-day plant communities. Specifi-
cally, we examined the relationship between fire events and the
abundance and composition of traditional plants that were histori-
cally utilized for food and medicine (Turner, 2014). A list of all spe-
cies sampled in the study area and ethnobotanical references of
traditional plants associated with historic fire-management systems
in British Columbia are provided in the Supporting Information
(Table S1.1; S1.2).

Because we expected clustering of the four vegetation types
(zonal forest, bog forest, bog woodland and blanket bog) in the data
(vegetation types would be more similar within groups than between
groups), we analysed the data using a generalized linear mixed-
effects model (GLMM) with a Poisson distribution to account for
spatial dependencies within sites. We used the “glmmML” and
“MuMIn” packages in the computer program R (Barton, 2016; Bros-
trom, 2013; R Development Core Team, 2016) following the meth-
ods of Zuur, leno, Walker, Saveliev, and Smith (2009). We analysed
the distribution of each response (density of western redcedar trees
and percent cover of traditional food plants) with the predictor
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variables MFI, elevation, aspect, slope, distance to shoreline and dis-
tance to former habitation site. We described the relationship
between the response and predictor variables using regression coef-
ficients that vary with respect to the random effect (vegetation
type). All explanatory variables with high collinearity (variance infla-
tion factor [VIF] >3) were removed and models were compared with

Akaike information criterion (AIC,).

2.5 | Regional fire-history surveys

We sampled belt transects (6 x 30 m long) in a paired design to
examine the presence of fire activity in forests surrounding former
habitation and control sites (n = 20) located on 15 islands through-
out the study area (Figure 1). We selected former habitation sites
containing established shell midden and archaeological records of
occupation throughout the Holocene (McLaren et al., 2014, 2015).
These sites were compared to controls that were selected for their
similar vegetation structure and site attributes (aspect, slope and ele-
vation), but lacked any aboveground or belowground evidence of
shell midden. Controls were either located on separate islands (75%)
or several hundred metres away from former habitation sites to limit
the potential of previous fires burning through treatment and control
transects. The location of transects at each site was randomly
assigned based on the size of the nearshore site area, and transects
6 x 30 m long in replicates of three were completed at the present-
day forest edge at each former habitation and control site. Thus,
sites with wider shorelines would have the three transects spaced
further apart, on average, than sites with narrower shorelines. The
height and decay class of all trees >15 cm DBH were sampled in
transects along with the presence of CMTs, fire scars and coarse
woody debris (CWD).

2.6 | Lightning strike densities

We assessed the exact locations of lightning strikes with a peak cur-
rent >5 Ka (the minimum estimated current strength to promote fire
ignition) in the 2,000 km? study area for the period 1999-2014
(CLDN, 2016). We acquired the data from the Canadian Lightning
Detection Network, which includes real-time strike locations with
negative and positive polarity (CLDN, 2016). A log likelihood ratio
(G-test) test of independence was performed to assess the associa-
tion between lightning strike locations with prolonged summer
(May-September) dry periods related to instances of low fuel mois-
ture (Krawchuk & Moritz, 2011). Monthly gridded temperature and
precipitation data were extracted from ClimateBC (version 5.41)
(Wang, Hamann, Spittlehouse, & Murdock, 2012).

3 | RESULTS

3.1 | Fire-history reconstruction: Hecate Island

Sixteen fire events were recorded on 45 partial sections of living

fire-scarred trees in the 287-ha fire perimeter located on Hecate

Island (Figure 2; Table S1.3). The fire-history chronology spanned
the calendar years 1330-2014 (684 years). The first fire event
occurred in 1376 and the last and the largest fire event occurred
in 1893 when 90% of plots burned in a 287-ha low- and mixed-
severity fire (Figure 2). We dated 99 fire scars on 45 trees, the
majority of which were recorded on living western redcedar trees.
Trees containing fire scars were >400 years at the majority (65%)
of plots. We were unable to determine the intra ring position
(seasonality) on most samples due to rot and narrowing of tree
rings at fire-scar margins. Fire-size estimates inferred from the
location of trees bearing fire scars dating the same fire year and
the locations of post-fire stand establishment ranged from 0.01 to
287-ha, with a median size of 3-ha (Figure 2). The PFl was
95 years and composite MFl was 39 years (based on a 517-year
reconstruction from 1376-1893; Table S1.3). We found no evi-
dence of fire scars, post-fire stand establishment or char on trees
after the last recorded fire in 1893.

3.2 | Fire and plant communities

We found an average of 37 plant species in each plot; species richness
was highest in the bog woodland vegetation type and lowest in the
zonal forest vegetation type. We detected overdispersion in our model
analysing the density of western redcedar trees; we, therefore, chose
to reanalyse our model with a negative binomial distribution (Zuur
et al., 2009). The density of western redcedar trees was significantly
higher in vegetation plots with shorter MFI (p < .01) and model aver-
aging delineated with 95% confidence intervals (based on AIC.) indi-
cated that the model containing only the variable MFI was the best
predictor of western redcedar density (Table 2a). The abundance of
traditional plants was significantly greater in plots with shorter MFI
(p < .01), flatter terrain (b = 0.021, z = 2.902, p < .01), in close prox-
imity to habitation sites (b = —0.009, z=-1.993, p <.05) and
declined significantly at higher elevations (b = —0.0139, z = —2.685,
p < .01; Table 2b; Figure 3). Model averaging delineated with 95%
confidence intervals (based on AIC.) indicated that the predictors
aspect, elevation, distance to habitation, slope and MFI were of rela-
tively equal importance and were included in the final model selection
(Table 2b). Regression coefficients with 95% and 99% confidence
intervals are plotted for the response variable percent cover of tradi-
tional food plants (Figure 4). Additional model selection criteria and

validation are provided in Appendix S2 in the Supporting Information.

3.3 | Transect data: aboveground fire evidence

Fire-scarred trees and burned CMTs were more prevalent in tran-
sects near former habitation sites when compared with control sites
(Welch two sample t-test: [t = —4.1015, df = 27.699, p < .001; Fig-
ure 3a fire-scarred trees], [t = —3.6088, df = 26.64, p < .001; Fig-
ure 3b CMTs]). The majority of trees with fire evidence were found
10-20 m (35%) and 20-30 m (46%) from the present-day forest
edge. Dating of trees surrounding former habitation sites and control
sites confirmed that most trees (80%) exceeded 200 years of age.
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FIGURE 3 Box and whisker plots of the presence of fire evidence in forests surrounding former habitation and control sites (n = 20)
located on 15 islands on the central coast of British Columbia, Canada (Figure 1). Boxes represent the second and third quartile ranges and the
centreline is the median. Circles represent outliers. The abundance of fire-scarred trees (a, p < .001) and fire-scarred culturally modified trees
(CMTs) (b, p < .001) were significantly greater in transects near former habitation sites. Trees were also significantly taller (c, p < .001) and had
larger diameter at breast height (DBH) (d, p < .05) in former habitation sites compared to control sites

TABLE 2 Model selection using Akaike information criterion for small sample sizes (AIC.) for 12 generalized linear mixed-effects models
(GLMM) that describe (a) the density of western redcedar in vegetation plots; and (b) the abundance of traditional plants with six fixed
predictor variables (elevation, slope, aspect, mean fire interval [MFI], distance to habitation site in metres and distance to shoreline in metres)
and one random model effect (vegetation type [four types]). K = number of model parameters, AAIC. = change in AIC score from the top
model, w; = AIC. model weight, ER = top model weight divided by i model weight. Full results and model validation are provided in
Appendix S2 in Supporting Information

Model K AAIC, w; ER Parameters
(a) Density of western redcedar in vegetation plots
1 1 0.00 0.26 1.00 MFI
2 2 1.84 0.10 2.60 MFI, distance to habitation
3 2 2.14 0.10 2.60 MFI, slope
4 2 2.30 0.08 3.25 MFI, aspect
5 2 2.65 0.07 3.71 MFI, elevation
6 3 3.02 0.06 4.33 MFI, distance to habitation, slope
7 5 3.71 0.05 5.20 MFI, distance to habitation, slope, aspect, vegetation type
(b) Abundance of traditional plants
1 2 0.00 0.20 1.00 Distance to habitation, elevation
2 4 0.03 0.20 1.00 Distance to habitation, elevation, slope, MFI
3 4 0.49 0.16 1.25 Distance to habitation, elevation, slope, aspect
4 5 0.91 0.13 1.53 Distance to habitation, elevation, aspect, slope, MFI
5 3] 1.80 0.08 2.50 Distance to habitation, elevation, MFI
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Consistent with Trant et al. (2016), trees were also taller near former
habitation sites (t = —3.8868, df = 37.587, p < .01; Figure 3c) and
had larger DBH (t = —2.7542, df = 36.786, p < .05; Figure 3d). Most
fire evidence was found on culturally modified western redcedar
trees. There was no significant difference in the number of trees and
the average number of pieces of CWD between transects in former

habitation and control sites (Figure S1.1).

3.4 | Temporal and spatial patterns of lightning

There have been two lightning strikes on Hecate Island since 1999.
Both strikes occurred in December and were accompanied by heavy
precipitation (>30 mm in the 24-hr period; Figure 5). In total, 396
strikes occurred in the 2,000-km? study area from 1999-2014, and
of these strikes, 108 hit land and 17 occurred in summer months
(May 1st to September 30th; Figure 5). The odds of lightning striking
the sea were higher than striking the land in both winter and sum-
mer months (p < .01; Figure 5). Cumulative precipitation in the 14-
day period prior to 94% of lightning strikes in the summer months
exceeded 20 mm, indicating that fuel moisture levels would likely
not have lowered to a point (c. 30-40% moisture content) that fire
could spread (Agee, 1993; Daniels & Gray, 2006; Whitlock et al.,
2015).

4 | DISCUSSION

Multiple lines of evidence derived from fire scars, stand ages, plant

community characteristics and lightning strike densities are in

0.6
)

[0 P> 0.05 (not signficant)
[0 P <0.05 (significant)
[0 P <0.01 (highly signficant)

0.4
L

Regression coefficents
0.0

MFI Distance to habitation Slope Elevation Aspect
Predictor variables in GLMM

FIGURE 4 Regression coefficients demonstrate the relationship
between the variables mean fire interval (MFI), distance to former
habitation site, slope, elevation and aspect and the abundance
(percent cover) of traditional plants found in the study area. Selected
variables are the final predictors included in the generalized linear
mixed-effects model (GLMM) (Table 2b). Lines and grey shading
present 95% and 99% confidence intervals
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FIGURE 5 The probability of lightning striking the land in summer
(shaded in pink) is significantly lower (p = .002) than lightning striking
the sea in winter in the 2,000 km? study area on the central coast of
British Columbia, Canada. The size of each rectangle is proportional to
the observed frequencies of lightning recorded during 1999-2014.
Rectangles are shaded to reflect the magnitude and significance of the
Pearson residuals. Low Pearson residuals indicate a good model fit
[Colour figure can be viewed at wileyonlinelibrary.com]

opposition to the hypothesis that historic fires resulted from natural
lightning ignitions. Our data suggest that lightning is too rare to
explain the temporal and spatial patterns of historic fire activity in
the study area (Figure 5). Our data also support our second hypothe-
sis that fires (whether accidental or intentional) were associated with
human occupation of the land, and we find that fires of human ori-
gin occurred regularly in our fire-history data, as reflected in their
timing, location, severity and effects to vegetation. Our data show
that our third hypothesis that humans intentionally used fire to man-
age resources is consistent with evidence collected in our study area,
although further research on this is warranted. Although we strongly
suspect that anthropogenic burning was intentional and widespread
in the study area, evaluating this third hypothesis requires that addi-
tional fire-history reconstructions and ethnographic data be collected

elsewhere in perhumid rain forests (Table 1).

4.1 | Temporal attributes of historic fire activity

Low- and mixed-severity fires occurred approximately every
39 years for almost six centuries prior to cultural changes in the
region in the late 19th and early 20th centuries (Hoffman, Gavin, &
Starzomski, 2016). Because the process of fire scarring is highly vari-
able and dependent on geographical location and fire tolerance of
tree species (Tepley & Veblen, 2015), we provide a minimum esti-
mate of the number of historic fire events (16) and acknowledge
that the distribution of fire intervals recorded at the plot level is
skewed to fire intervals that are longer than those of the composite
MFI expressed at the stand or landscape scale (Table S1.3). This is
expected since not every fire event recorded in the study area was
intense enough to scar the majority of trees, and differences in fuel
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moisture and fuel availability resulted in unburned areas within fire
boundaries (Johnson & Gutsell, 1994).

The ecological effects of fire activity in coastal temperate rain for-
ests are assumed to be localized with year-round wet conditions over-
riding human ignitions (Whitlock et al., 2015). In perhumid rain forests,
climate is assumed to be the primary driver of the distribution and com-
position of vegetation and lightning-ignited fires are estimated to occur
every few hundred or even few thousand years (Daniels & Gray, 2006;
Lertzman et al., 2002). Despite these findings, previous research on
human and climate drivers of fire activity in our study area indicates
that humans may have utilized favourable climate conditions such as
periodic extreme droughts to manage resources with fire (Hoffman,
Gavin, & Starzomski, 2016; Macias Fauria & Johnson, 2006). Although
we were unable to determine the exact timing of fire events, ethno-
graphic accounts of intentional burning in nearby areas suggest that
burning occurred in the late summer after berries had been harvested
and the vegetation was drier (Turner, 1999, 2014).

Human-driven fire activity has also been documented in other
island environments and temperate rain forests globally. For example,
in New Zealand where lightning is rare, human ignitions explain much
of the variation in historic fire activity and in regional patterns of vege-
tation (McWethy et al., 2013). Researchers have also demonstrated
that indigenous people were an important ignition source in coastal
temperate rain forests in Patagonia and Tasmania (Whitlock et al.,
2015). Although lightning ignitions are also relatively rare in perhumid
coastal temperate rain forests in British Columbia, to this point humans
have not been considered drivers of historic fire activity.

4.2 | Spatial aspects of historic fire activity

Several studies in North America have been unable to distinguish
human influences on historic fire activity because the majority of
research has taken place in fire-prone ecosystems where it is diffi-
cult to differentiate between lightning and human ignitions (Bowman
et al,, 2011; Lepofsky et al., 2003; Walsh, Marlon, Goring, Brown, &
Gavin, 2015). Although the impact and scale of historic anthro-
pogenic burning in perhumid coastal temperate rain forests in British
Columbia may seem geographically localized, a closer look at the
study area reveals that although the majority of fires were relatively
small (c. 3 ha) and low-severity, the location of fires near former
habitation sites is a significant finding (Figure 3). There are c. 275
archaeological sites in the study area alone (Mclaren et al., 2015)
and thousands of sites in coastal temperate rain forests in British
Columbia. The density of archaeological sites, together with com-
pelling evidence of anthropogenic burning presented in this study,
suggest that the scale of human-caused fires (whether intentional or
not) in perhumid rain forests and their lasting ecological effects may
be greater than previously believed.

4.3 | Patterns of lightning strikes

Lightning strike densities are strongly influenced by the proximity of
cold-water bodies, elevation and diurnal heating and cooling cycles

over land masses (Burrows & Kochtubajda, 2010). Unlike interior and
mainland areas of Canada with seasonal patterns of lightning, light-
ning occurs year-round in offshore and Pacific coastal regions of Bri-
tish Columbia (Burrows & Kochtubajda, 2010). Inland areas of British
Columbia have on average 15-33 days of lightning annually, com-
pared to an average of 1-10 days of lightning in Pacific coastal
regions (Burrows et al., 2002). Lightning strike densities in inland
areas of British Columbia follow predictable temporal and spatial
patterns, are positively correlated with elevation (most common at
~800 m a.s.l) and occur in clusters where one fire ignition is esti-
mated for every 50 lightning strikes (Burrows & Kochtubajda, 2010).
This pattern is opposite to the spatial and temporal pattern of light-
ning observed in the study area, where lightning is most common in
the winter months and strike densities are highest over the ocean
(Figure 5). Although we acknowledge that the lightning dataset used
in this study is short (15 years) and may not be representative of
previous climatic periods, we find that characteristics of contempo-
rary lightning strike densities do not correspond to or appear to
explain the observed patterns of fire activity in the study area
(Table 1).

4.4 | Ecological legacies of historic fire activity

Perhumid coastal temperate rain forests contain species that are
poorly adapted to fire disturbances and lack traits to survive and col-
onize even after low- and moderate-severity fires (Banner et al.,
2005). Western redcedar, western hemlock and Sitka spruce have
low resistance to fire because of their relatively thin bark and shal-
low root systems (Agee, 1993). Despite these characteristics, we
found that western redcedar trees were able to endure repeated
low-severity fires and may be more fire tolerant than previously
assessed. Western redcedar is a culturally important and highly val-
ued species with many uses including canoe and house plank con-
struction, as well as for firewood, clothing and medicine (Hebda &
Mathewes, 1984; Turner, 2014). Frequent landscape burning directly
behind habitation sites may have encouraged western redcedar
regrowth and increased the density of culturally modified and fire-
scarred western redcedar (Table 1) (Turner, 1999).

Indigenous people may have also intentionally increased the
abundance of specific plants and affected the diversity of plant com-
munities by regulating the size, frequency, intensity and timing of
fires (Lepofsky & Lertzman, 2008; Turner, 1999, 2014). Although it
is difficult to infer intentional fire-management systems from a forest
that last burned more than 120 years ago, we found that the abun-
dance of culturally important plants was correlated with fire activity
(Figure 4; Table S1.4). These plants were clustered at low elevations
near former habitation sites in open, flat and easily accessible areas.
An increase in the presence of fire-scarred trees and burned CMTs
20-30 m from the present-day forest edge (areas with no below-
ground evidence of shell midden) suggests that fires may not have
started in the immediate vicinity of homes and were separate from
habitation sites (Table 1). Oral histories have confirmed that habita-
tion sites were often located very close (within a short walking
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distance ~5 min) to wetland burning sites on the Olympic Peninsula
in Washington (Wray, 2009) and directly behind village sites in Haida
Gwaii and on Vancouver Island (Turner, 1999). Potential fire-man-
agement techniques that may have been utilized close to habitation
sites in the study area include using fire to fall large western red-
cedar trees to make canoes and partially girdling and burning trees
to create dry and easily accessible firewood in wet winter months
(Turner, 1999, 2014). A counter-argument to the intentional use of
fire in these sites may be the fact that fires were not more common
on otherwise identical nearby control island sites, where the risk of
intentional fire management to infrastructure was not present.

Although there are many documented plant-management tech-
niques used by indigenous groups, burning was used in the Pacific
Northwest of North America to maintain open habitats, which are typ-
ically richer in food resources compared to closed-canopy coniferous
forests (Boyd, 1999; Storm & Shebitz, 2006; Wray, 2009). These open
areas may have been easily accessible resource sites where berries
were picked, trees were thinned and plants were gathered after burn-
ing (Table S1.2). Burning in different years and seasons may have cre-
ated a diversity of forests in various stages of succession, thereby
increasing the abundance and productivity of food plants in differing
life stages (Lepofsky & Lertzman, 2008). There have been no docu-
mented fire ignitions or suppressions in the study area since the last
detected fire in 1893. The abrupt end to fire activity in the late 19th
century coincides with the relocation of indigenous groups to other
islands or mainland areas of British Columbia (Table 1).

Anthropogenic burning left distinct temporal and spatial lega-
cies in our study region. Our evidence is consistent with the
hypothesis of intentional human fire ignitions, but also partially
consistent with accidental ignitions (Table 1). We conclude that
the history of fire on this landscape is largely anthropogenic, likely
representing a mix of fires that were part of a system of inten-
tional management and fires that were ignited unintentionally near
habitations. Reconstructing fire histories in old growth coastal
temperate rain forests is complex and combining multiple lines of
evidence is required to test hypotheses about the origins of fires.
We can pose the hypothesis, however, that centuries of anthro-
pogenic burning (whether intentional or accidental) have left land-
use legacies, which include a mosaic of vegetation types and suc-
cessional stages, and an increase in the abundance of culturally
important plants. A cessation of anthropogenic burning can explain
why fire disappeared from our study area at the end of the 19th
century, in contrast to its occurrence on average every 39 years

over the previous six centuries.

ACKNOWLEDGEMENTS

This research was supported by funds from the Hakai Institute,
the Natural Sciences and Engineering Research Council (NSERC),
Canada Foundation for Innovation and the lan McTaggart Cowan

professorship at the University of Victoria. We greatly appreciate

2913
EEME ey

the field and laboratory assistance from the Hakai Institute and
thank the Heiltsuk and Wuikinuxv Nations for helpful discussions
and assistance. We also extend thanks to Nancy Turner, Dan
Smith, Andy MacKinnon,
Andrew Trant, Julia Bennett, Sara Wickham, Sarah Friesen, Owen
Fitzpatrick, Keith Jordan and Luba Reshitnyk.

Duncan Mclaren, Dana Lepofsky,

DATA ACCESSIBILITY

Supporting datasets can be accessed at DOI: 10.5061/dryad.r701q

ORCID

Kira M. Hoffman http://orcid.org/0000-0001-8896-2797

REFERENCES

Agee, J. K. (1993). Fire ecology of Pacific Northwest forests. Washington,
D.C.: Island Press.

Arno, S. F., & Sneck, K. M. (1977). A method for determining fire history
in coniferous forests of the mountain west. USDA Forest Service
General Technical Report INT-42.

Banner, A., LePage, P., Moran, J., & de Groot, A. (2005) The HyP3 Project:
Pattern, process and productivity in hypermaritime forests of coastal Bri-
tish Columbia-a synthesis of 7-year results. Special Report 10:142. Vic-
toria, Canada: Ministry of Forests Research Branch.

Barton, K. (2016). MuMin: Multi-model inference. R package version
1.10. 14..

Bowman, D. M. J. S,, Balch, J. K., Artaxo, P., Bond, W. J., Carlson, J. M.,
& Cochrane, M. A,, ... Pyne, S. J. (2009) Fire in the Earth system.
Science, 324, 481-484.

Bowman, D. M. J. S., Balch, J., Artaxo, P., Bond, W. J., Cochrane, M. A,
& D’Antonio, C. M., ... Swetnam, T. W. (2011) The human dimension
of fire regimes on Earth. Journal of Biogeography, 38, 2223-2236.

Boyd, R. (1999). Indians. In R. Boyd (Ed.), Fire and the land in the Pacific
Northwest (pp. 1-54). Corvallis, OR: Oregon State University Press.

Brostrom, G. (2013). glmmML: Generalized linear models with clustering.
R package version 2.13.0.

Burrows, W. R., King, P., Lewis, P. J., Kochtubajda, B., Snyder, B., & Tur-
cotte, V. (2002). Lightning occurrence patterns over Canada and adja-
cent United States from lightning detection network observations.
Atmosphere-ocean, 40, 59-80.

Burrows, W. R., & Kochtubajda, B. (2010). A decade of cloud-to-ground
lightning in Canada: 1999-2008. Part 1: Flash density and occur-
rence. Atmosphere-ocean, 48, 177-194.

Canadian Lightning Detection Network. (2016). Environment and Climate
Change, Government of Canada. Data accessed with permission on
Oct. 24th, 2015 Retrieved from https://www.ec.gc.ca/foudre-light
ning/default.asp?lang=En&n=D88E34E8-1.

Daniels, L. D., & Gray, R. W. (2006). Disturbance regimes in coastal
British Columbia. Journal of Ecosystems and Management, 7, 44-56.

Dellasala, D. A., Moola, F., Alaback, P., Paquet, P. C., Schoen, J. W., &
Noss, R. F. (2011). Temperate and boreal rainforests of the Pacific
Coast of North America. In D. Dellasala (Eds.), Temperate and boreal
rainforests of the world: Ecology and conservation (pp. 42-81).
Washington, DC: Island Press.

Duncan, R. P. (1989). An evaluation of errors in tree age estimates based
on increment cores in kahikatea (Dacrycarpus dacrydioides). New Zeal-
and Natural Sciences, 16, 1-37.


https://doi.org/10.5061/dryad.r701q
http://orcid.org/0000-0001-8896-2797
http://orcid.org/0000-0001-8896-2797
http://orcid.org/0000-0001-8896-2797
https://www.ec.gc.ca/foudre-lightning/default.asp?lang=En&n=D88E34E8-1
https://www.ec.gc.ca/foudre-lightning/default.asp?lang=En&n=D88E34E8-1

HOFFMAN ET AL

2914 ournal o
7 Lwiev-

Grissino-Mayer, H. D. (2001). Evaluating crossdating accuracy: A manual
and tutorial for the computer program COFECHA. Tree-Ring Research,
57,205-221.

Guyette, R. P., Muzika, R. M., & Dey, D. C. (2002). Dynamics of an
anthropogenic fire regime. Ecosystems, 5, 472-486.

Hebda, R. J., & Mathewes, R. W. (1984). Holocene history of cedar and
native Indian cultures of the North American Pacific Coast. Science,
225,711-714.

Heyerdahl, E. K., Brubaker, L. B., & Agee, J. K. (2001). Spatial controls of
historical fire regimes: A multiscale example from the interior west,
USA. Ecology, 82, 660-678.

Hoffman, K. M., Gavin, D. G., Lertzman, K. P., Smith, D. J., & Starzomski,
B. M. (2016). 13,000 years of fire history derived from soil charcoal
in a British Columbia coastal temperate rainforest. Ecosphere, 7,
e01415.

Hoffman, K. M., Gavin, D. G., & Starzomski, B. M. (2016). 700 years of
human driven and climate influenced fire activity in a coastal temper-
ate rainforest, British Columbia. Canada. Royal Society Open Science,
3, 160608.

Johnson, E. A., & Gutsell, S. L. (1994). Fire frequency models, meth-
ods and interpretations. Advances in Ecological Research, 25, 153—
166.

Krasnow, K. D., Fry, D. L., & Stephens, S. L. (2016). Spatial, temporal
and latitudinal components of historical fire regimes in mixed
conifer forests, California. Journal of Biogeography, 44(6), 1239—
1253.

Krawchuk, M. A., & Moritz, M. A. (2011). Constraints on global fire activ-
ity vary across a resource gradient. Ecology, 92, 121-132.

Lepofsky, D., Hallett, D., Washbrook, K., McHalsie, A., Lertzman, K., &
Mathewes, R. (2005). Documenting precontact plant management on
the Northwest Coast: An example of prescribed burning in the cen-
tral and upper Fraser Valley, British Columbia. In D. E. Deur & N. J.
Turner (Eds.), Keeping it living: Traditions of plant use and cultivation
on the northwest coast (pp. 218-239). Seattle, WA: University of
Washington Press.

Lepofsky, D., Heyerdahl, E. K., Lertzman, K., Schaepe, D., & Mierendorf,
B. (2003). Historical meadow dynamics in southwest British Colum-
bia: A multidisciplinary analysis. Conservation Ecology, 7(3), 5.

Lepofsky, D. S., & Lertzman, K. P. (2008). Documenting ancient plant
management in the Northwest of North America. Botany-Botanique,
86, 129-145.

Lertzman, K., Gavin, D., Hallett, D., Brubaker, L., Lepofsky, D., &
Mathewes, R. (2002). Long term fire regime estimated from soil
charcoal in coastal temperate rainforests. Conservation Ecology,
6, 2-5.

Macias Fauria, M., & Johnson, E. A. (2006). Large scale climatic
patterns control large lightning occurrence in Canada and
Alaska forest regions. Journal of Geophysical Research Letters,
111, G04008.

Marlon, J. R, Bartlein, P. J., Gavin, D. G., Long, C. J., Anderson, R. S.,
Briles, C. E., ... Walsh, M. K. (2012). Long-term perspective on wild-
fires in the western USA. Proceedings of the National Academy of
Sciences, 109(9), E535-E543.

Mclaren, D., Fedje, D., Hay, M. B., Mackie, Q., Walker, I. J., & Shugar, D.
H., ... Neudorf, C. (2014). A post-glacial sea level hinge on the cen-
tral Pacific coast of Canada. Quaternary Science Reviews, 97, 148
169.

Mclaren, D., Rahemtulla, F., Elroy White, G., & Fedje, D. (2015). Prerog-
atives, sea level and the strength of persistent places: Archaeologi-
cal evidence for long-term occupation of the Central Coast of
British Columbia. BC Studies: The British Columbian Quarterly, 187,
155-191.

McWethy, D. B., Higuera, P. E., Whitlock, C., Veblen, T. T., Bowman, D.
J. M. S, & Cary, G. J, ... Tepley, A. J. (2013). A conceptual frame-
work for predicting temperate ecosystem sensitivity to human

impacts on fire regimes. Global Ecology and Biogeography, 22, 900—
912.

Meidinger, D., & Pojar, J. (1991). Ecosystems of British Columbia. Special
Report Series 6. British Columbia, Canada: Ministry of Forests, Victo-
ria.

Pausas, J. G., & Keeley, J. E. (2009). A burning story: The role of fire in
the history of life. BioScience, 59, 593-601.

Power, M. J.,, Marlon, J., Ortiz, N., Bartlein, P. J., Harrison, S. P., & Mayle, F.
E., ... Mooney, S. (2008). Changes in fire regimes since the Last Glacial
Maximum: An assessment based on a global synthesis and analysis of
charcoal data. Climate dynamics, 30(7-8), 887-907.

R Development Core Team. (2016). R: A language and environment for
statistical computing. Vienna, Austria: R Foundation for Statistical
Computing.

Rolstad, J., Blanck, Y., & Storaunet, K. O. (2017). Fire history in a western
Fennoscandian boreal forest as influenced by human land use and cli-
mate. Ecological Monographs, 87(2), 1-27.

Ryan, K. C., Knapp, E. E, & Varner, J. M. (2013). Prescribed fire in
North American forests and woodlands: History, current practice,
and challenges. Frontiers in Ecology and the Environment, 11, e15-
e24.

Stokes, M. A,, & Smiley, T. L. (1968). An introduction to tree-ring dating.
USA: University of Chicago Press.

Storm, L., & Shebitz, D. (2006). Evaluating the purpose, extent and
ecological restoration applications of indigenous burning prac-
tices in Southwest Washington. Ecological Restoration, 24(4),
256-268.

Tepley, A. J., & Veblen, T. T. (2015). Spatiotemporal fire dynamics in mixed-
conifer and aspen forests in the San Juan Mountains of southwestern
Colorado, USA. Ecological Monographs, 85, 583-603.

Trant, A. J., Nijland, W., Hoffman, K. M., Mathews, D. L., Mclaren, D.,
Nelson, T. A., & Starzomski, B. M. (2016). Intertidal resource use over
millennia enhances forest productivity. Nature Communications, 7,
12491.

Turner, N. J. (1999). “Time to burn:” traditional use of fire to enhance
resource production by Aboriginal Peoples in British Columbia. In R.
Boyd (Ed.), Indians, fire and the land in the Pacific Northwest (pp. 185—
218). Corvallis, OR: Oregon State University Press.

Turner, N. J. (2014). Ancient pathways, ancestral knowledge: Ethnob-
otany and ecological wisdom of indigenous peoples of northwestern
North America. Montreal, Quebec, Canada: McGill-Queen’s Press
MQUP.

Turner, N. J.,, Deur, D., & Lepofsky, D. (2013). Plant management sys-
tems of British Columbia’s First Peoples. BC Studies, 107, 133—
256.

Walsh, M. K., Marlon, J. R.,, Goring, S., Brown, K. J., & Gavin, D. G.
(2015). A regional perspective on Holocene fire—climate—
human interactions in the Pacific Northwest of North America.
Annals of the Association of American Geographers, 105, 1135-
1157.

Wang, T., Hamann, A., Spittlehouse, D., & Murdock, T. N. (2012). Cli-
mateWNA - High resolution spatial climate data for western
North America. Journal of Applied Meteorology and Climatology, 61,
16-29.

Whitlock, C. P., McWethy, D. B., Tepley, A. J., Veblen, T. T., Holz, A., &
Mcglone, M. S., ... Wood, S. W. (2015) Past and present vulnerability
of closed canopy temperate forests to altered fire regimes: A com-
parison of the Pacific Northwest, New Zealand, and Patagonia. BioS-
cience, 65, 151-163.

Wray, J. (2009) The Ozette Prairies of Olympic National Park: their for-
mer Indigenous uses and management. Final report to Olympic
National Park Port Angeles, Washington, USA.

Zuur, A. F., leno, E. N., Walker, N. J,, Saveliev, A. A., & Smith, G. M.
(2009). Mixed effects models and extensions in ecology with R. New
York, NY: Springer.



HOFFMAN ET AL Journal of Wl LEY 2915
Biogeography

SUPPORTING INFORMATION

BIOSKETCHES
Additional Supporting Information may be found online in the sup-

Kira Hoffman is a PhD Candidate at the University of Victoria porting information tab for this article.
with interests in fire ecology and traditional resource manage-
ment.

How to cite this article: Hoffman KM, Lertzman KP,

Ken Lertzman is a forest ecologist and a professor at Simon Fra- . . . X .
Starzomski BM. Ecological legacies of anthropogenic burning

ser University with an interest in old growth forest ecology and . » . . .
in a British Columbia coastal temperate rain forest. J Biogeogr.

conservation.
2017;44:2903-2915. https://doi.org/10.1111/jbi.13096

Brian Starzomski is the lan McTaggart Cowan professor at the
University of Victoria with broad interests in community, conser-

vation and historical ecology.

Author contributions: KM.H. and B.M.S. conceived the manu-
script ideas. K.M.H. collected and analysed the data with assis-
tance from B.M.S. KM.H., KP.L. and B.M.S. drafted the

manuscript.



https://doi.org/10.1111/jbi.13096

