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ABSTRACT

Giant sequoias (Sequoiadendron giganteum [Lindl.] J. Buchholz) preserve a detailed his-
tory of ýre within their annual rings.  We developed a 3000 year chronology of ýre events 
in one of the largest extant groves of ancient giant sequoias, the Giant Forest, by sampling 
and tree-ring dating ýre scars and other ýre-related indicators from 52 trees distributed 
over an area of about 350 ha.  When all ýre events were included in composite chronolo-
gies, the mean ýre intervals (years between ýres of any size) declined as a function of in-
creasing spatial extent from tree, to group, to multiple groups, to grove scales: 15.5 yr (0.1 
ha), 7.4 yr (1 ha.), 3.0 yr (70 ha), and 2.2 yr (350 ha), respectively.  We interpreted wide-
spread ýres (i.e., ýre events recorded on Ó2 trees, or Ó25 % of all trees recording ýres 
within composites) to have occurred in areas of 70 ha to 350 ha at mean intervals ranging 
from about 6 yr to 35 yr.  We compared the annual, multi-decadal and centennial varia-
tions in Giant Forest ýre frequency with those documented in tree-ring and charcoal-based 
ýre chronologies from four other giant sequoia groves in the Sierra Nevada, and with in-
dependent tree-ring-based reconstructions of summer drought and temperatures.  The oth-
er giant sequoia ýre histories (tree rings and charcoal-based) were signiýcantly (P < 0.001) 
correlated with the Giant Forest ýre frequency record and independent climate reconstruc-
tions, and conýrm a maximum ýre frequency during the warm and drought-prone period 
from 800 C.E. to 1300 C.E. (Common Era).  This was the driest period of the past two 
millennia, and it may serve as an analog for warming and drying effects of anthropogenic 
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INTRODUCTION

Giant sequoia (Sequoiadendron giganteum 
[Lindl.] Buchholz) trees in California, USA, 
are among the most magniýcent and awe in-
spiring living things on Earth.  The largest 
trees exceed 10 m in diameter at the base and 
are 80 m or more in height.  Beyond the as-
tounding scale and aesthetic beauty of giant 
sequoias, another characteristic inspires our 
wonder: some sequoias are very ancient, ex-
ceeding 3200 years in age.  Moreover, they 
contain a rich and detailed history of ýre and 
climate within their annual tree rings.

From the late 1980s to the mid 1990s, we 
collected tree-ring samples from many sequoia 
trees for climate and ýre history studies 
(Brown et al. 1992, Hughes and Brown 1992, 
Swetnam 1993, Hughes et al. 1996) (Figure 1).  
Our research built upon pioneering tree-ring 
work by Andrew Ellicott Douglass, considered 
to be the “father” of dendrochronology.  At the 
encouragement of Ellsworth Huntington, who 
had done earlier tree-ring work in the sequoia 
groves (Huntington 1914), Douglass under-
took a systematic sampling and intensive study 
of giant sequoia tree rings (Douglass 1919).  
An original impetus of this work was Doug-
lassô desire to ýnd a tree-ring record that ex-
tended far enough back in time to be useful for 
dating wooden beams from the ancient Pueblo 
ruins at Mesa Verde National Park and Chaco 
Canyon National Historical Park in the south-
western US.  The giant sequoia chronology 
that he developed was long enough, with the 

oldest specimen dating back to 1306 B.C.E., 
but it was unhelpful in crossdating the archeo-
logical specimens because of climatic (and 
hence ring-width pattern) differences between 
the Sierra Nevada and southwest US.  Never-
theless, Douglass’ sequoia studies led to fun-
damental insights into the nature of tree-ring 
growth responses to the environment (McGraw 
2003), and he used the sequoia record exten-
sively in his climatic cycles studies (Douglass 
1919).  Importantly, Douglass developed an 
exactly dated and measured chronology of se-
quoia ring growth (Douglass 1945, 1949).  
Douglass’ sequoia work was invaluable to our 
studies, providing information on where to ýnd 
the oldest trees and a ring-width chronology 
for crossdating our numerous tree-ring and ýre 
scar specimens.

Our giant sequoia ýre history studies were 
initially prompted by a controversy in Sequoia, 
Kings Canyon, and Yosemite national parks 
regarding prescribed burning programs.  The 
parks were pioneers in re-introducing surface 
ýre into sequoia-mixed conifer stands in the 
late 1960s.  A classic ýre history study by 
Kilgore and Taylor (1979) and other studies in 
the groves (Hartesveldt 1964, Hartesveldt and 
Harvey 1967, Agee et al. 1977, Parsons 1978, 
Parsons and DeBennedetti 1979, Harvey et al. 
1980) had supported the understanding that 
frequent surface ýres played an important eco-
logical role in sequoia-mixed conifer forest in 
the past, and that restoration of this keystone 
process was in keeping with National Park 
Service mandates (Leopold et al. 1963).  Pre-

greenhouse gases in the next few decades.  Sequoias can sustain very high ýre frequen-
cies, and historically they have done so during warm, dry times.  We suggest that prepara-
tion of sequoia groves for anticipated warming may call for increasing the rate of pre-
scribed burning in most parts of the Giant Forest.
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scribed ýres in the groves during the early and 
mid 1980s, however, had occasionally resulted 
in signiýcant scorching of sequoia boles, and 
mortality of many of the understory white ýr 
(Abies concolor [Gord. & Glend.] Lindl. ex 
Hildebr.) and red ýr (A. magniýca A. Murray), 
but also some mortality of sequoias.  Although 
reduction of understory tree density was an in-
tended result of surface ýre reintroduction, 
public concern led to a temporary suspension 
of the prescribed ýre program, a review by a 
panel of scientists, and a call for more detailed 
ýre history studies in the groves (N.L. Chris-
tensen, Duke University, unpublished report).

Our studies, funded by the National Park 
Service (and later the US Geological Survey 
Global Change Research Program and the Cal-

ifornia State Parks) were aimed speciýcally at 
sampling stumps of giant sequoias remaining 
from logging enterprises of the late nineteenth 
and early twentieth centuries.  It is estimated 
that roughly one fourth of all giant sequoia 
trees were felled, including most of the big 
trees in the huge Converse Basin grove about 
30 km north of the Giant Forest.  Protecting 
some of the remaining sequoia groves, includ-
ing the Giant Forest, was a primary stimulus 
for the establishment of Sequoia and Kings 
Canyon national parks (Dilsaver and Tweed 
1990).

As Huntington and Douglass ýrst recog-
nized, the thousands of stumps in cut-over 
groves provided a remarkable opportunity for 
tree-ring sampling of ancient, dead sequoia 

Figure 1.  Surface ýres (left) have been reintroduced  to many parts of the Giant Forest, such as this 57 ha 
prescribed burn in July 2001.  We tree-ring dated this large display section of a giant sequoia tree (right, 
GFV1), which is currently located near the General Sherman Tree.  The GFV1 tree-ring record spanned the 
period 260 B.C.E. to 1950 C.E.
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trees.  With the use of modern chainsaws and 
crossdating techniques, we had the opportunity 
to sample these stumps, as well as downed 
logs and standing snags, to an extent not pos-
sible during Huntington’s and Douglass’ time.  
Obviously, removing large partial cross sec-
tions from the boles of living giant sequoias 
would be unethical and not allowed.  Dendro-
chronological crossdating, however, enabled 
us to accurately determine dates of annual 
rings and ýre scars in long dead trees.

Our goal was to obtain ýre histories ex-
tending back two millennia or longer, and to 
use these histories to evaluate temporal vari-
ability in ýre occurrence and potential climatic 
controls.  Ultimately, over the course of about 
seven years, we sampled more than 150 ýre-
scarred giant sequoia trees in seven groves 
(Giant Forest, Mountain Home, Big Stump, 
Atwell Mill, Mariposa, and North and South 
Calaveras).  Fire history and ýre climatology 
results from ýve of these groves (excluding the 
Calaveras groves) were partially described in 
several papers (Stephenson et al. 1991, Swet-
nam et al. 1991, Swetnam 1993, Swetnam and 
Baisan 2003).  We also reconstructed ýre his-
tories along four elevational transects, includ-
ing sites in forests dominated by ponderosa 
pine (Pinus ponderosa C. Lawson) and Jeffrey 
pine (P. jeffreyi Balf.) and mixed conifer for-
ests above and below (in elevation) giant se-
quoia groves (Caprio and Swetnam 1995, 
Swetnam and Baisan 2003).  These ýre histo-
ries conýrmed Kilgore and Taylorôs (1979) 
ýndings that ýre intervals were commonly 
sub-decadal to decadal within relatively small 
areas (<50 ha).

Other related work by our colleagues pro-
vided new insights on ýre and tree demogra-
phy (Stephenson et al. 1991) and the inþuence 
of contemporary prescribed and wildýres of 
different severities on giant sequoia ring-width 
responses (Mutch and Swetnam 1995).  We 
also demonstrated a non-linear decrease in ýre 
frequency with increasing elevation (Caprio 
and Swetnam 1995).  More recent intensive 

and extensive studies of ýre history at land-
scape scales in Sequoia and Kings Canyon na-
tional parks by Caprio and colleagues (Caprio 
and Lineback 2002, Caprio 2004) have ex-
panded our understanding of elevational and 
aspect controls.

Our earlier work in the sequoia groves, and 
along the elevational transects, demonstrated 
that widespread ýre years typically corre-
sponded with drought years (Swetnam 1993, 
Swetnam and Baisan 2003, Caprio and Swet-
nam 2005).  Lagging relationships (e.g., wet 
previous summers and subsequent dry sum-
mers) were identiýed in only the lowest eleva-
tion, pine-dominant sites.  The long-term ýre 
history from the giant sequoia groves also 
demonstrated a decadal to centennial associa-
tion with summer temperatures: warmer peri-
ods were associated with increased ýre fre-
quencies in groves (i.e., 2 yr to 5 yr ýre free 
intervals in areas of about 10 ha to 70 ha) and 
cooler temperatures were associated with re-
duced ýre frequencies (i.e., 15 yr to 30 yr ýre 
free intervals) (Swetnam 1993).

In this paper, we report our detailed ýre 
history studies in one of the largest of the un-
logged giant sequoia groves, the Giant Forest.  
Our earlier work and analyses primarily in-
cluded only the ýre scar sampling we had done 
in one sub-area within the Giant Forest, name-
ly Circle Meadow (and some limited reporting 
of work in Log Meadow and Huckleberry 
Meadow areas in Caprio and Swetnam [1995]).  
In the later years of our sampling (early to mid 
1990s), we expanded our collections in the Gi-
ant Forest to broaden the spatial coverage of 
the network of sampled trees in this grove and 
to lengthen the temporal record.  Our earlier 
work had shown that this grove contains some 
of the oldest and best preserved ýre scar mate-
rial, with potential for extending ýre history 
back more than 2000 years with good replica-
tion.  In addition to our tree-ring studies, we 
also include here a comparison of ýre frequen-
cy estimates derived from measurements of 
charcoal abundance in sedimentary core sam-
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ples taken from wet meadows in the Giant For-
est and other giant sequoia groves (Anderson 
and Smith 1997).

The Giant Forest has been a locus of nu-
merous management ýres since the late 1960s, 
with most occurring since the mid 1980s.  As 
in most national parks and federally designated 
wilderness areas, ýre management programs in 
the past few decades have primarily been con-
cerned with reintroducing ýre as a natural pro-
cess.  Therefore, in addition to reintroducing 
ýre for the ýrst time since ýre exclusion began 
(circa 1860s in the Giant Forest), an implicit 
goal of these programs is to restore surface ýre 
as a recurrent process.  This goal raises funda-
mental questions that are increasingly pertinent 
because: (1) the initial reintroduction of ýre (at 
least one event in the past few decades) has 
been accomplished over the majority of the 
Giant Forest, and (2) looming climate change 
as a consequence of anthropogenic greenhouse 
warming suggests that there is increased ur-
gency to manage the groves to maximize their 
resiliency.  We pose these three questions:  At 
what frequency, seasonality, and extent did 
surface ýres formerly burn within the Giant 
Forest?  What role did climate variations play 
in determining these ýre regime characteris-
tics?  Given the ýre and climate history of the 
past 3000 years, what lessons and insights 
might we draw from this history as a guide to 
present and future ýre management?

METHODS

Study Area

The Giant Forest in Sequoia National Park 
is perhaps the most famous of all sequoia 
groves.  The Giant Forest contains the world’s 
largest tree (General Sherman), and many other 
very large and spectacular sequoia trees and 
groups.  Seasonally wet meadows are inter-
spersed throughout the grove.  The Circle 
Meadow area, where many of our sampled trees 
are located, is near the geographic center of the 

grove (Figure 2) and appears to contain many 
of the oldest living trees in the grove.  The Gi-
ant Forest is on a rolling, bench-like topograph-
ic feature, varying in elevation from about 2000 
m to 2100 m.  All aspects are represented in the 
grove, but most solar exposure is to the west.

The overstory species composition in the 
Giant Forest is similar to other groves, although 
proportions and diameter distributions vary 
considerably from grove to grove (Rundel et al. 
1977).  White ýr is usually the most common 
species by stem density, while giant sequoia 
dominates the canopy cover (Rundel et al. 
1977).  Other common associates include sugar 
pine (Pinus lambertiana Douglas) and Jeffrey 
pine.  Red ýr is an important associate in higher 
elevation, cooler parts of the grove.  Ponderosa 
pine, incense cedar (Calocedrus decurrens 
[Torr.] Florin), and black oak (Quercus kellog-
gii Newberry) occur in lower elevation, drier 
portions of the groves with Paciýc dogwood 
(Cornus nuttallii Audubon ex Torr. & A. Gray) 
common in more mesic settings.

The climate of sequoia-mixed conifer areas 
is Mediterranean, characterized by warm, dry 
summers and cool, wet winters (Stephenson 
1998).  Mean annual precipitation ranges from 
about 0.9 m to 1.4 m.  The Giant Forest mean 
annual precipitation is 1.26 m (at 1950 m eleva-
tion).  On average, about half this precipitation 
falls as rain and half as snow.  Most precipita-
tion occurs during the four winter months from 
December through March.  Summer droughts 
are typical, often extending from May through 
September, although summer thunderstorms 
frequently occur over the mountains.  Longer 
seasonal droughts of below average winter and 
spring precipitation have varied greatly in mag-
nitude and frequency across all temporal scales, 
but relative to other periods during the past two 
millennia, the twentieth century sustained 
among the lowest frequency and severity of 
these droughts (Hughes and Brown 1991).

In the twentieth century, lightning was the 
dominant source of ýre in the Sierra Nevada, 
accounting for at least 60 % of all ignitions, and 
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a much higher percentage in areas remote from 
humans.  The lightning ýre season in the Sierra 
Nevada peaks between the months of June and 
September (van Wagtendonk and Cayan 2008).  
In Sequoia and Kings Canyon national parks, 
July usually has the highest percentage of light-
ning-ignited ýres (37 %) with August the next 
highest (31 %), followed by September (19 %) 
(Vankat 1985).  The  percentage of total area 
burned by lightning ýres parallels this pattern, 
except that July and August increasingly domi-

nate the peak-burning season (47 % and 43 %, 
respectively).

Obtaining Fire Scar Samples

We began collecting partial cross sections 
from sequoia logs, snags, and stumps in the 
Giant Forest in 1988.  This collection was part 
of a broader effort to develop ýre scar-based 
ýre histories in ýve giant sequoia groves in Se-
quoia, Kings Canyon, and Yosemite national 

Figure 2.  Map of the Giant Forest showing the locations of tree-ring collections and three letter group 
codes.  The tan shaded area approximately encompasses the extent of living and dead giant sequoias.  The 
light green shaded areas show the areas where ýre-scarred pine and ýr trees were sampled in mixed conifer 
forest that was lacking sequoias.
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parks, and Mountain Home Demonstration 
State Forest (we later added sixth and seventh 
grove collections from the North and South 
Calaveras groves).  We sampled only dead 
trees because of the relative rarity and high 
value of ancient living sequoias, and our desire 
(and the park’s) not to harm them.  In some 
groves (e.g., Mountain Home, Atwell Mill, and 
Big Stump) we had access to numerous stumps 
remaining from the logging era (1890s to 
1910s).

Although the Giant Forest was largely pro-
tected from cutting, we were able to sample a 
full cross section from the stump of a tree that 
had lived into the twentieth century: a tree we 
labeled GFV1.  This tree was located in the 
Giant Forest Village area and was felled in 
1950 by the National Park Service because it 
had a precarious lean toward several conces-
sion cabins in this area (Dilsaver and Tweed 
1990: 246-248).  A full cross section from near 
the base (about 5 m in diameter) was cut by 
the park in 1980 and erected as an outdoor dis-
play near the General Sherman tree (Figure 1).  
This cross section display has been viewed by 
millions of visitors over the years.  During our 
collection efforts in the Giant Forest, we spent 
several days re-surfacing the entire cross sec-
tion with belt sanders powered by a portable 
electric generator.  We then carefully crossdat-
ed the rings and all of the visible ýre scars.  
Subsequently, we also obtained partial cross 
sections from the original stump, as well as a 
collection of partial cross sections obtained 
some years before by the National Park Ser-
vice.  Using our observations from the full 
cross section and the partial sections that we 
brought to our laboratory in Tucson, Arizona, 
we developed the most comprehensive, com-
plete ýre scar dating and analysis of a single 
giant sequoia tree.

We used an inventory of giant sequoia trees 
to select other ýre scarred sequoias for sam-
pling extensively in the Giant Forest.  This in-
ventory is a surveyed and mapped database re-
cord of all living and dead sequoias in the 

parks, compiled by a private contractor in the 
1960s (Hammon, Jensen, Wallen, and Associ-
ates, Oakland, California, unpublished report) 
(Figure 2).  We used the maps and walking 
tours to identify groups of dead trees for po-
tential sampling in different parts of the grove.  
During multiple trips throughout the grove, we 
visually inspected most (>90 %) of the dead 
trees. 

Criteria for sampling included: (1) the tree 
was dead (i.e., it was a stump, snag, or log); 
(2) the tree had multiple ýre scar cavities, and 
multiple well-preserved scars were visible (as 
characteristic healing ridges); (3) the rings 
were visible within cavities or on broken or cut 
surfaces and the trees were determined to be 
relatively old, and numerous “buried” scars 
could be seen in the ring series extending to-
ward the pith; (4) the tree was not immediately 
adjacent to a trail, or cut marks from our sam-
pling would not be visible or would be easily 
hidden; (5) the tree or group of trees selected 
would provide relatively extensive spatial cov-
erage of the grove; and (6) all selected trees 
were approved for sampling by a National 
Park Service representative.

We collected specimens from ýre scarred 
trees in small clusters, or groups, so that com-
posite ýre scar records from this spatial scale 
could be assembled (Figure 2) (e.g., Kilgore 
and Taylor 1979, Baisan and Swetnam 1990).  
Individual trees typically do not include a com-
plete record of ýres that occurred at that point 
location (i.e., around the base of the tree), but a 
composite record from a set of trees (i.e., 2 to 
10) would likely provide a more complete in-
ventory of events in a relatively small area (i.
e., less than 1 ha) (Kilgore and Taylor 1979, 
Dieterich 1980).  A recent assessment of ýre 
scar sampling methods and accuracy using in-
dependent twentieth century ýre atlas records 
as a test has demonstrated that sampling groups 
(plots <1 ha) and compositing methods can 
provide accurate ñpointò ýre frequency and rel-
ative areal extent estimates in frequent surface 
ýre regimes (Farris 2009, Farris et al. 2010).
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We used a very large chainsaw powerhead 
(about 50 cm3 displacement) and bar lengths 
of up to 2 m to obtain multiple partial cross 
sections from each selected tree (Figure 3).  
Over the 5 ýeld seasons in which we sampled 
dozens of sequoias, we became skilled in se-
lecting dead trees with lengthy ýre scar records 
and obtaining the highest quality specimens 
with the tools and time available.  We found 
that the largest number of visible ýre scars was 
often obtained by sampling as close to the 
ground level on the stems as possible.

This was an exceptionally arduous process.  
We typically spent one to two days obtaining 3 
to 10 partial sections from multiple ýre scar 
cavities on each tree.  Considerable excavation 
and cleaning of dirt and rocks from ýre scarred 
areas was often required before cutting. Pry 
bars and hammers were needed to extract the 
cut sections from the boles.  Three or four peo-
ple were needed for handling equipment and 
removing large partial cross sections that were 
up to 4 m2 in surface area, 8 cm to 10 cm in 

thickness, and 75 kg in weight.  When ýrst cut 
and removed, most partial sections were heavy 
with moisture.  We hauled specimens up to 2 
km to roadways using wheeled litters and 
many assistants.

In addition to the partial cross sections, we 
also collected narrow radial sections from all 
sampled trees.  These were sometimes ob-
tained as “v-cuts” from stump tops (outside the 
Giant Forest) or þat surfaces created by the 
partial section removal, but more often were 
taken via “plunge cuts” into the bole (Figure 
3).  Using a smaller saw and bar length (<2 m), 
a skilled sawyer made two sets of parallel cuts 
in a stem aimed at the tree center.  Then the 
larger saw and longer bar was inserted, and 
cuts were made to maximum depth with all 
cuts coming together at a point so that the long, 
narrow, pie-shaped radial section could be re-
moved.  These radial sections were useful in 
our crossdating of the partial cross sections be-
cause they were usually far removed from the 
distorted ring growth areas around ýre scars.  

Figure 3.  Fallen giant sequoias, such as the one on the left near Log Meadow (group LMN), enabled us 
to obtain samples near the original ground level.  Swetnam is shown standing in a ýre scar cavity cutting a 
section from a buttress growing around the ýre scars.  In the middle photo, Swetnam and Baisan are insert-
ing a 2 meter length chain saw bar into a snag (CMC3) to remove a radial section.  This tree had innermost 
and outermost dates of 1240 B.C.E. (Before Common Era) and 1844 C.E., respectively.  The photo on the 
right shows R. Scott Anderson and colleagues extracting a core sample from a wet meadow in a sequoia 
grove for pollen and charcoal studies.
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The ring widths on many of these radial sec-
tions were subsequently measured and used by 
Malcolm Hughes and colleagues for dendro-
climatic studies (Brown et al. 1992, Hughes 
and Brown 1992, Hughes et al. 1996).

In total, we sampled 68 individual giant se-
quoia trees in the Giant Forest for ýre scar 
analysis (Figure 2).  In this paper, we report 
and describe the results from 52 of these trees 
(Table 1).  In a previous paper (Swetnam 
1993), book chapter (Swetnam and Baisan 
2003), and an unpublished report (T.W. Swet-
nam, University of Arizona, unpublished re-
port), we described results from a subset of 
these specimens (i.e., 19 trees from Circle 
Meadow, four trees from Log Meadow, and 
three trees from Huckleberry Meadow).  Only 
the Circle Meadow trees were used in the pre-
vious ýre-climate analyses (Swetnam 1993).  
Lack of funding and availability of expert per-
sonnel time for dating work is a primary rea-
son that the remaining trees have not yet been 
fully processed, and are not included here.  All 
specimens (except for various display pieces 
returned to the parks) are held at the Laborato-
ry of Tree-Ring Research in Tucson, Arizona, 
on long-term loan from the National Park Ser-
vice, and are available for future studies.  We 
estimate our giant sequoia collections from all 
sampled groves amounts to more than 100 m3 
in volume.

In addition to the collections from sequoia 
trees, we also obtained ýre scar sections from 
74 pine and ýr trees within and near the Giant 
Forest (Figure 2).  Results from most of these 
collections were described by Caprio and 
Swetnam (1995).  We will compare summaries 
of the ýre scar based ýre return interval distri-
butions estimated from these pine and ýr trees 
with estimates from the giant sequoias.

Laboratory Dating of Fire Scar and 
Other Fire Indicators

The partial sections were sanded with belt 
sanders using successively ýner grits (up to 400 
grit).  The specimens were then examined on 

large tables with variable power binocular mi-
croscopes (10× to 30×) mounted on long ex-
tendible arms.  Lighted jeweler’s magnifying 
glasses mounted on extendible arms were also 
useful for the dating work.

The tree rings were crossdated using a com-
bination of skeleton plot procedures (Stokes 
and Smiley 1968) and ring-width pattern mem-
orization.  The latter approach, originally de-
scribed by Douglass (1919), is based on the 
memorization of signature years (i.e., smallest 
ring years) that are consistent in the trees and 
region studied.  We crossdated the ýrst speci-
mens collected with Douglass’ original sequoia 
ring-width chronology, and later with new chro-
nologies (Hughes and Brown 1992, Brown et 
al. 1992, Hughes et al. 1996).

Fire scars were dated by observing their po-
sition within the crossdated annual rings.  
Calendrical dates were noted for all ýre scars 
appearing on each partial cross section.  We 
found that several other tree-ring indicators pro-
vided additional important evidence of past 
ýres because these features were consistently 
associated with actual ýre scars.  These indica-
tors included growth releases and suppressions, 
traumatic resin ducts, expanded latewood, and 
ring wedging (Figure 4).  On any given tree, a 
speciýc ýre date was often recorded by multiple 
ýre scars and other indicators in the same ring 
(or rings) on different partial sections from the 
bole.  Some of the ýre event indicators were not 
clearly assignable to a speciýc year, or there 
were other problems with the observations or 
dating (e.g., decayed wood in the scar area, 
identifying the year of a growth release, etc.).  
These were noted as questionable ýre events in 
the database.  For each tree, we then identiýed 
dates based on all indicator types (with or with-
out questionable events), all indicators includ-
ing only unquestioned ýre event dates, and un-
questioned ýre scars only.  We based our ýre 
interval and time series analyses reported here 
on dates from (1) the unquestioned indicators 
of any type, and (2) separately on the unques-
tioned ýre scars only.  These are subsequently 
referred to as ñall indicatorsò or ñýre scars 



Fire Ecology Vol. 5, No. 3, 2009
doi: 10.4996/ýreecology.0503120

Swetnam et al.: Fire History of the Giant Forest
Page 129

Group Tree code
Map 

section Tree no.
Inner 
date

Outer 
date

No. of ýre 
scars

No. of all 
indicators

No. of partial 
sections

Circle Meadow 
Central

CMC01 NW5 A80 624 1716 33 45 7
CMC02 NW5 A69 -728 1435 36 52 3
CMC03 NW5 A100 -1239 1844 68 133 14
CMC04 NW5 A85 -131 1923 32 55 5
CMC07 NW5 G4 -411 470 10 31 1
CMC08 NW5 A105 -791 1790 3 11 7
CMC09 NW5 A47 -242 1140 13 35 2

Circle Meadow 
West

CMW01 SW32 O34 710 1654 29 32 5
CMW02 SW32 O35 962 1926 18 28 3
CMW03 SW32 O48 -11 1896 42 68 7
CMW06 SW32 O53 769 1868 24 33 6

Circle Meadow 
North

CMN01 SW32 N114 -12 1200 28 45 2
CMN02 SW32 N110 181 1571 6 29 3
CMN03 NW5 B28 -217 1982 46 88 2
CMN04 NW5 B35 625 1685 15 23 2
CMN05 NW5 B94 33 1988 41 65 5
CMN07 NW5 K38 -996 660 37 75 10

Circle Meadow 
East

CME01 NW5 L14 260 1714 41 56 5
CME02 NW5 L13 -33 925 33 78 7
CME03 NW5 – 446 1800 26 44 2
CME04 NW5 K42 184 1764 6 59 3
CME05 NW5 K50 81 1707 36 54 4
CME06 NW5 K2 130 1858 34 63 6

Washington
WAS01 NE6 G17 -270 1740 73 97 11
WAS02 NE6 G18 908 1725 18 43 3
WAS03 NE6 F29 102 1806 33 67 5

Alta
ALT01 SW32 C74 -517 1378 45 107 7
ALT02 SW32 C26 -346 1619 31 76 4
ALT03 SW32 C24 -320 1036 31 57 9

Cattle Cabin

CCB NW5 B101 -383 1402 43 58 8
CCW01 SW32 P64 -1098 1300 30 75 4
CCW02 SW32 P54 -1333 1061 28 55 5
CCW03 SW32 P31 -921 1670 65 79 7
CCW04 SE31 M22 -605 1986 47 66 8
CCW05 SE31 M17 -582 1631 37 61 5

Lincoln LIN01 SE31 M07 -998 1985 51 86 11
LIN02 SE31 K38 -234 1702 20 25 3

Huckleberry 
Meadow

HMW01 SE6 M15 1 1989 66 90 8
HMW02 SE6 M14 1001 1915 23 36 6
HMW03 SE6 M09 -110 1421 35 64 5
HMW04 SW6 O21 1556 1984 8 12 2
HMW05 SW6 O20 735 1989 40 42 1

Giant Forest Village GFV01 NW6 L1 -260 1950 84 125 5

Log Meadow North

LMN01 SE5 E12 445 1863 41 76 6
LMN02 SW4 H27 -705 1856 31 119 6
LMN03 SW4 H24 -563 1795 18 57 6
LMN04 SW4 H06 159 1729 44 82 7
LMN05 SW4 H14 1057 1973 9 27 3

Log Meadow East

LME01 NE8 O15 -415 1482 53 73 6
LME02 SE5 O13 -543 1967 28 82 9
LME03 SE5 B10 196 1808 27 48 6
LME04 SE5 K11 447 1975 28 37 7

Table 1.  Characteristics of sampled sequoia trees in Giant Forest.  The map section and tree numbers refer 
to the Sequoia Tree Inventory maps.  We did not locate CME03 on the maps, but it was near CME02.
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only.ò  In addition to calendrical dates of ýre 
scars, we also noted the relative position of the 
ýre scars within the annual rings to estimate 
seasonal timing of past ýres (Dieterich and 
Swetnam 1984, Baisan and Swetnam 1990).

In addition to the ýre scar records, we also 
used a set of ýre history reconstructions from 
sedimentary charcoal.  These time series were 
from measurements of charcoal abundance in 
core samples taken from wet meadows on the 
west slope of the Sierra Nevada in or near the 
giant sequoia groves sampled for the tree-ring 
ýre histories (Figure 3).  These included Circle 
Meadow (two cores) in the Giant Forest, and 
the Mariposa and Mountain Home groves (An-
derson and Smith 1997).  Long sections of 
cores were impregnated with epoxy resin be-
fore production of semi-transparent thin-sec-
tions.  Charcoal counts were then made along 
transects on the thin-sections, as outlined in 

Smith and Anderson (1995) and Anderson and 
Smith (1997).  This method produced a con-
tinuous stratigraphic record with the advantage 
of allowing in situ study of the entire record.  
Charcoal particles for each 1 mm depth incre-
ment were identiýed and measured at 100Ĭ us-
ing a light microscope.  All particles having 
one dimension >100 mm were measured with a 
reticle gridded in 100 mm increments.  Cumu-
lative particle area was determined for each 
transect.

Radiocarbon dating established the chro-
nology of measured increments along the 
cores, and these dates were converted to calen-
dar year BP (calendar years before present) us-
ing CALIB 4.3 (Stuiver et al. 1993).  Dated 
charcoal counts for each transect of each sedi-
ment core were binned into 25 yr increments.  
Twenty-ýve years was chosen as a reasonable 
multi-decade resolution increment (bin) for the 

Figure 4.  Photographs of sequoia ýre scars and other indicators.  The arrows, numbers and magniýed im-
ages on the upper left refer to: 1) expanded latewood, 2) growth release, 3) ring wedging, 4) traumatic resin 
ducts, and 5) ýre scars.
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charcoal measurements.  Finally, bins of equiv-
alent dates of the ýve cores were summed to-
gether to produce a composite or regional time 
series for comparison with the tree-ring based 
ýre histories from giant sequoia groves.

Fire Interval Analyses at Multiple Scales: 
Tree, Group, Multiple Groups, and Grove

We assessed ýre interval distributions and 
temporal trends at four different spatial scales.  
The single tree record was from GFV1, while 
a group at the Circle Meadow East site (CME) 
represented the next scale up in extent (about 1 
ha).  The GFV1 record was appropriate to ana-
lyze at the tree level because it was the most 
comprehensive set of ýre scar and other ýre 
indicator observations from a single tree.  We 
chose the CME group for detailed analyses be-
cause among the groups sampled it included a 
relatively large number of sampled trees (6), 
many partial sections (27), and a consistent 
sample depth (Table 1).  Multiple groups were 
composited around Circle Meadow (about 70 
ha), and ýnally all dated trees from the Giant 
Forest (encompassing about 350 ha) were 
composited for grove-wide estimates of ýre 
frequency and temporal trends.  We identiýed 
and used relatively well-represented time peri-
ods in terms of numbers of dated partial sec-
tions and trees for the ýre interval distribution 
analyses.  Only complete intervals (i.e., scar to 
scar dates, or intervals between other indicator 
dates) were included in the analyzed time peri-
ods.  Statistical measures of central tendency 
and variance were computed for the single tree 
(GFV1), multiple-tree, group, and grove com-
posites using spreadsheet routines.

Time series of ýre frequency were comput-
ed and plotted using 50 yr or 25 yr moving pe-
riods.  These periods were deemed reasonable 
lengths to assess multi-decade ýre frequency 
(ýre events per time period) variations.  Fire 
frequencies were computed as the number of 
ýre events occurring in each sequential 50 yr 
(or 25 yr) period, overlapping the previous 50 

yr (25 yr) period by 49 yr (24 yr), and plotted 
on the central (twenty-sixth or thirteenth) year 
in the graphics.

For computational and plotting conve-
nience, the time series graphs and interval and 
frequency estimates in this paper used the den-
drochronology time scale, which includes a 0 
year to begin the Common Era (C.E.) and as-
signs negative values to Before Common Era 
(B.C.E.) dates.  When speciýc dates are men-
tioned in the text, they refer to the calendar 
year, which in the B.C.E. period is one year 
earlier than the dendrodate used in the data 
ýles and graphics (e.g., a dendrodate of the 
pith of tree GFV1 was –259 with a calendar 
date of 260 B.C.E.).

Fire and Climate Analyses

We compared extensive ýre events record-
ed by at least 25 % of all recording trees over 
the past 2000 years with an independent tree-
ring reconstruction of summer (June, July, Au-
gust) Palmer Drought Severity Indices (PDSI) 
for this region of California (Cook et al. 1999, 
2004).  We additionally used a tree-ring based 
reconstruction of summer (June, July, August) 
temperature relevant to the Giant Forest based 
on foxtail pine (Pinus balfouriana Balf.) and 
western juniper (Juniperus occidentalis Hook) 
ring-width chronologies from upper treeline 
sites (Graumlich 1993), and temperature relat-
ed ring-width chronologies from upper treeline 
bristlecone pines (Pinus longaeva Bailey) in 
the Great Basin (Salzer et al. 2009).  We evalu-
ated decadal to multi-decadal scale temporal 
patterns of ýre and climate associations using 
time series plot comparisons and correlation 
analyses (i.e., Pearson and Spearman Rank 
correlations).  For all time series correlations, 
we used non-overlapping 25 yr or 50 yr ýre 
frequency versus PDSI, tree-ring index, and 
temperature mean values.  We used a lognor-
mal transformation of the charcoal time series 
in plotting and correlation analyses.
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RESULTS

Fire Interval Analyses at the 
Single Tree Scale

Analysis of the full cross section and mul-
tiple partial sections of GFV1 revealed that the 
innermost and outermost ring dates on this tree 
were 260 B.C.E. and 1977 C.E., respectively. 
The tree was felled in 1950 but portions of the 
stem (stump) showed continued erratic and 
slow growth after this time, probably owing to 
root grafting with its neighbors.  A total of 125 
ýre events were observed; 84 ýre events were 
recorded as ýre scars, and 41 as growth releas-
es, expanded latewood, or other indicators.  
The earliest ýre date recorded by a growth re-
lease was in 181 B.C.E., and the earliest ýre 
scar date was in 56 B.C.E.  The latest ýre date 
(recorded by a scar) was in 1915 C.E.

Another notable single tree record from the 
Giant Forest was provided by tree CMC3 (tree 
A100 in the sequoia tree inventory).  This 
snag, located near Cattle Cabin (see photo of 
the radial sampling of this tree in Figure 3), 
had an innermost ring date (not pith) of 1240 
B.C.E. and an outermost date of 1844 C.E. 
(bark date).  At more than 3084 years, this tree 
is among the oldest known sequoias.  A total 
of 122 ýre events were recorded on this tree, 
and 87 of these dates were recorded as ýre 
scars.  The oldest ýre scar date recovered in all 
of our sequoia collections (from all groves) 
was dated on this tree at 1125 B.C.E.

The shortest intervals between ýres on 
GFV1 from 200 to 1700 C.E. were 2 yr to 4 yr 
(all ýre indicators or ýre scars alone, respec-
tively), and the longest were 51 yr to 91 yr (all 
ýre indicators or ýre scars alone, respectively, 
Table 2, Figure 5).  The 200 to 1700 C.E. peri-
od was used because this time included a rela-
tively large and consistent number of trees and 
specimens in the overall Giant Forest collec-
tion (Figure 6).  This common period provided 
a standard time for comparing ýre frequencies 
at different spatial scales.  Although GFV1 was 

the most intensively studied tree in our entire 
collection, it seems unlikely that we obtained a 
complete inventory of all ýres that burned 
around its base over its lifetime.  Some ýres 
may have burned within the existing ýre scar 
cavities and failed to create a scar for various 
reasons.  Some ýre scars may have been lost 
over time due to decay, burning off by subse-
quent ýres; or, we may simply have not sam-
pled the tree stem at the precise point where 
some events were recorded as scars.  Growth 
releases (ring-width increases) were consis-
tently related to ýre events in giant sequoia 
groves, but very low intensity ýres may not 
stimulate a release, and not all trees show re-
leases even following moderate severity burns 
(Mutch and Swetnam 1995).

Mean ýre-free intervals were about 16 yr 
based on all indicators, and 22 yr based only 
on ýre scars over the analyzed 1500 yr period 
on GFV1.  It should be remembered that these 
were measures of central tendency and de-
scriptive of the interval distributions over long 
time periods.  Because of the reasons described 
above (incomplete recording of ýres), we in-
terpret these to be conservative estimates of 
point ýre intervals (i.e., shorter mean ýre-free 
intervals may actually have occurred in this 
part of the Giant Forest near Round Meadow).

Considerable variability in ýre frequency 
occurred during the GFV1 record (Figure 5A).  
Four periods were notable for highest frequen-
cies based on both ýre scars alone and all indi-
cators : 4 ýres to 6 ýres per 50 yr during the 
early 600s, early 900s, late 1200s, and early 
1600s C.E.  Lowest ýre frequency periods 
were somewhat different in the all-indicators 
record versus ýre scars-alone record: in the ýre 
scar-only record, 0 to 1 ýres per 50 years prior 
to 100 B.C.E., and during the 100s, early 200s, 
late 500s and mid to late 1300s C.E.; in the all 
indicator record, 0 to 1 ýre events in the late 
200s B.C.E., late 100s C.E., early 400s, early 
700s, early 800s, late 1400s, late 1600s, and 
after circa 1850 C.E.  Overall, we interpret 
these temporal patterns to indicate that ýre fre-
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quencies (and mean intervals between ýres) 
were as high as six events per 50 years (mean 
ýre intervals of 8 yr to 9 yr) and as low as 0 or 
1 event per 50 yr.  The decline in ýre occur-
rence after the 1860s was typical of other se-
quoia records from the Giant Forest and else-
where (Caprio and Swetnam 1995, Skinner 
and Chang 1996, Caprio and Lineback 2002, 
Swetnam and Baisan 2003, Caprio 2004); the 
last two ýre scar dates were 1863 and 1915 
(C.E.).  We have not located a documentary 
record of the 1915 event.

Fire Interval and Frequency Analyses at the 
Group, Stand, and Grove Spatial Scales

We analyzed ýre frequency in the Circle 
Meadow area at two spatial scales: a single 

group (6 trees, CME) encompassing about 1 
ha, and multiple groups surrounding the mead-
ow (including 37 trees in groups CCW, CMW, 
CMN, CMC, CCB, CME, ALT, WAS, and 
LIN) encompassing about 70 ha (Figure 2, Ta-
ble 1 and 2).  The time periods we are most 
conýdent about in these data sets extend from 
circa 500 to 1700 C.E. in CME, and 200 to 
1700 C.E. in the larger grouping.  This inter-
pretation of the most reliable periods for esti-
mating ýre frequencies was based on sample 
depth (i.e., number of trees with tree-rings 
present) (see Figure 6 and Table 1).  The sam-
ple depth during these periods was at least 5 
trees in the CME set and 20 trees in the larger 
Circle Meadow set.  Prior to and after these 
times, sharply reduced sample numbers proba-
bly had an increasing effect on our ability to 

Spatial scale
     Fire scar composite

Approx.
area (ha)

No. of 
trees

Fire intervals (yr)
Mean Median Mode Max. Min. Std. dev.

Single tree - GFV1 0.1 1
     All indicators 15.5 15 16 51 2 9.1
     Scars only 21.9 17 16 91 4 16.3
Tree Group - CME 1.0 6
     All indicators 7.4 6 1 29 1 6.3
     All,  Ó2 trees 19.9 19 11 59 1 12.2
     Scars only 13.7 11 9 52 1 10.5
     Scars, Ó2 trees 27.0 25 25 67 6 14.3
Circle Meadow 70.0 37
     All indicators 3.0 2 1 19 1 2.5
     All,  Ó2 trees 5.6 4 1 29 1 4.9
     Scars only 4.7 3 1 29 1 4.4
     Scars, Ó2 trees 9.1 7 2 48 1 8.2
Giant Forest 350.0 52
     All indicators 2.2 1 1 13 1 1.7
     All,  Ó2 trees 3.9 3 1 17 1 3.4
     Scars only 3.3 2 1 18 1 2.9
     Scars, Ó2 trees 6.2 5 1 32 1 5.6
     All, 25 %     34.8 30 33 124 1 24.1

Table 2.  Fire interval statistics for four different spatial scales in the Giant Forest, Sequoia National Park.  
All intervals were computed for the period 200 to 1700 C.E., except for the CME group scale, which was 
computed for the period 500 to 1700 C.E.  Statistics were computed for ýre intervals based on all ýre indi-
cators, all ýre indicators recorded on two or more trees, ýre scars only, and ýre scars only and recorded on 
two or more trees.  An additional composite category of all ýre indicators as recorded on 25 % or more of 
recording trees was also computed for the grove level of analysis.
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detect all ýre events and estimate ýre frequen-
cy patterns.

The entire grove spatial and temporal anal-
yses included ýre dates from all 52 dated se-
quoia trees and groups available from the Giant 
Forest at this time, including all of the Circle 
Meadow, Log Meadow, and Huckleberry 
Meadow groups, as well as GFV1 (Figure 2).  
The area encompassed by these trees, as esti-
mated by a convex hull (i.e., a polygon deýned 
by a minimum area including all trees and all 
vertices of the polygon being convex, i.e., 
pointing outward) was about 350 ha in compar-
ison to about 760 ha in total extent of the grove.  
The sampled trees were obviously not random-
ly or evenly distributed, but overall they pro-
vided a reasonable representation of substantial 
parts of the grove, in particular the central to 
southeastern areas of the grove.  With eventual 

completion of dating and analyses of the Giant 
Forest Village specimens (GFV, GFE, GFW), 
the main areas that should be sampled in the 
future are the southwestern, northern, and 
northeastern quadrants (Figure 2).

The effects of spatial scale and tree-ring 
sample sizes in the assessments are evident in 
the ýre interval statistics (Table 2) and the ýre 
frequency versus sample depth time series 
(Figure 6).  When all ýre events (all indicators 
and ýre scars) are included, the mean ýre in-
tervals decline as follows with increasing spa-
tial extent from tree, to group, to multiple 
groups, to grove scales:  15.5 yr, 7.4 yr, 3.0 yr, 
and 2.2 yr, respectively (Table 2).  Likewise, 
when only ýre scars are included, mean ýre in-
tervals decline with increasing area, as fol-
lows: 21.9 yr, 13.7 yr, 5.6 yr, and 3.3 yr.  Simi-
lar patterns are evident in scale effects when 

Figure 5.  Temporal changes in ýre frequency (A), and ýre interval distributions for all ýre dates (B) and 
ýre scar dates alone (C), on a single giant sequoia tree, GFV1, for the period 181 B.C.E. to 1862 C.E.


