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a b s t r a c t

With the creation of Mount Rainier National Park (MORA) in 1899 came the active management of the
park's landscapes and a heavy emphasis on fire suppression. Today, managers at MORA seek to better
manage current fire activity; however, this requires an improved understanding of past fire activity on
the mountain. In this study high-resolution macroscopic charcoal analysis and pollen analysis of lake
sediment records was used to reconstruct the postglacial fire and vegetation history for the Sunrise Ridge
area of MORA. Fire activity was lowest during the Late Glacial when vegetation was sparse and climate
was cool and dry. Fire activity increased during the early Holocene as the regional climate warmed and
dried, and burnable biomass became more abundant. Fire activity continued to increase into the middle
Holocene (until ca. 6600 cal yr BP) even as the regional climate became wetter and eventually cooler; the
modern-day mesic forest and subalpine meadow landscapes of the park established at this time. Fire
activity was generally highest and mean fire return intervals were lowest on Sunrise Ridge during the
late Holocene, and are consistent with tree-ring based estimates of fire frequency. The similarity between
the Sunrise Ridge and other paleofire records in the Pacific Northwest suggests that broad-scale climatic
shifts, such as the retreat of the Cordilleran ice sheet and changes in annual insolation, as well as
increased interannual climate variability (i.e., drought) particularly in the middle to late Holocene, were
responsible for changes in fire activity during the postglacial period. However, abundant and increasing
archaeological evidence from Sunrise Ridge during the middle to late Holocene suggests that humans
may have also influenced the landscape at this time. It is likely that fires will continue to increase at
MORA as drought becomes a more frequent occurrence in the Pacific Northwest.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Mount Rainier National Park (MORA) was created by the United
States Congress on March 2, 1899, with the intent of setting aside
areas of outstanding scenic and scientific value for the enjoyment of
present and future generations (MORA, 2003). With the creation of
the park, however, came the active management of its landscapes
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and a heavy emphasis on fire suppression (Dombeck et al., 2004).
Until 1988, park staff actively sought to extinguish all forest fires
within the boundaries of MORA with the aim of protecting park
structures and facilities (MORA, 1988). Recently, park managers
concluded that these activities have led to a loss of biodiversity and
vigor in vegetation and wildlife. To combat this loss, managers have
made returning fire to the park's landscapes a high priority (MORA,
2003). However, in order to effectively achieve this goal, and to
make more informed decisions regarding future fires in the park,
land managers at MORA need a better understanding of the long-
term fire history of the mountain (Hemstrom and Franklin, 1982).

Little is known about the fire history of MORA prior to the 20th
century, as only a handful offire-history reconstructions exist. Using
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stand-age determinations, Hemstrom and Franklin (1982) deter-
mined dates of recent fires within the park; the oldest fire episode
occurred in 1230 CE. Using charcoal contained in alpine bog sedi-
ments, Sugita (1990) reconstructed fire histories for several sites in
the northwest portion of the park, but these records only span the
past ~800 years. Also using lake sediments, Dunwiddie (1986)
reconstructed fire history in the Paradise area; however, these re-
cords only extend as far back as ~6000 years ago and are of too low
resolution to calculate fire return intervals. Using macroscopic
charcoal analysis, Tweiten (2007) reconstructed the fire history of
the Buck Creek watershed located in the northeastern corner of the
park; this record provides an important point of comparison with
the records developed in this study. Unfortunately, this record ends
just before the deposition of the Mazama-O tephra layer (ca. 7627
calendar years before present [cal yr BP]; Zdanowicz et al., 1999).
Prior to the research reported in this study, no fire history records
from the park extended into the early Holocene or Late Glacial,
which has until now,made it difficult to assessfire's role in the long-
term development of the park's landscapes.

The primary goal of this research was to illustrate how fire ac-
tivity has varied in the Sunrise Ridge area of MORA during the
postglacial period (the past ~14,500 years). This area was chosen
because of its proximity to the park's subalpinemeadows, as well as
several well-studied archaeological sites. Given the unique depo-
sitional context of MORA (i.e., the presence of numerous well-dated
and easily recognizable tephra [ash] layers; Mullineaux, 1974;
Sisson and Vallance, 2009), it was possible to compare the paleo-
environmental reconstructions developed in this study with others
completed in the park and the surrounding region. Also, because
some tephra layers were common to both the sediment cores and
nearby archaeological sites, we were able to easily compare our
paleoenvironmental reconstructions with the existing archaeo-
logical record for the Sunrise Ridge area of MORA.

The specific objectives of this research were: 1) to reconstruct
the fire history of Sunrise Ridge using high-resolution macroscopic
charcoal analysis of lake sediment records from Shadow, Sunrise,
and Little Sunrise (informal name) lakes, 2) to reconstruct the
related vegetation history of Sunrise Ridge using pollen analysis of
the Sunrise Lake record, and 3) to evaluate the paleoenvironmental
history of Sunrise Ridge within the context of local to regional cli-
matic variability, and evidence for human land-use activities, dur-
ing the postglacial period. This research is significant in that it
provides the longest and most detailed paleoenvironmental re-
cords from the park to date. Our records not onlymake it possible to
evaluate current wildfire activity and associated land-cover shifts
within the context of long-term fire activity in the park, but they
also contribute to an ongoing assessment of regional fire activity in
the PNW during the postglacial period (Walsh et al., 2008, 2015;
Marlon et al., 2009).

2. Study area

2.1. Background

Mount Rainier National Park is located in the southern Cascades
region of Washington State, just west of the crest of the mountains,
and encompasses more than 96,000 ha of diverse mountain envi-
ronments ranging in elevation from approximately 530 to 4400 m
above sea level (a.s.l.) (Franklin et al., 1988; Biek, 2000). The study
area is in the northeast quadrant of MORA along Sunrise Ridge, a
distinct glacially carved feature that extends 10e12 km in a
northeast direction from themountain (Fig.1). It drops significantly
on either side of its ridgeline and is bounded by the White River to
the south and Sunrise Creek to the north. Glacier runoff and
snowmelt from the area feed these two drainages, with Sunrise
Creek eventually feeding into the White River near the park
boundary and Highway 410. Sunrise Ridge became ice free some-
time prior to ca.14,000 cal yr BPwith the retreat of glaciers after the
last glacial maximum (Crandell and Miller, 1974; Heine, 1998;
Hekkers, 2010).

The climate of MORA is typical of a high-elevation environment
in the PNW, and the park generally experiences a temperate,
maritime climate regime. Winters are cold and wet with consid-
erable snow accumulation between the months of November and
April; summers are typically warm and dry with little precipitation
falling during the months of July and August (Franklin et al., 1988).
Because of its height and breadth, Mount Rainier creates its own
rain shadow to the east of the mountain, and as a result, the Sunrise
Ridge area of the park experiences relatively dry winter conditions
as compared to the west side of the park. Biek (2000) indicates that
winter snowfall accumulations can be as little as half at Sunrise as
compared with Paradise, which on average can be > 15 m.

According to Franklin and Dyrness (1988), the Sunrise Ridge
study area sits near the upper limit of theMountain Hemlock (Tsuga
mertensiana) Vegetation Zone (all plant nomenclature is based on
USDA, NRCS, (2017)). This zone is characterized by rugged moun-
tainous terrain above 1250 m and is defined at the upper limits by
treeline and at the lower limit by closed-canopy forests. Subalpine
meadows are perhaps the most striking feature of this zone. The
two dominant tree species within this zone are mountain hemlock,
more common in cold/moist locations, and subalpine fir (Abies
lasiocarpa), more common in cold/dry locations. Commonly asso-
ciated shrub species within this zone include thinleaf huckleberry
(Vaccinium membranaceum), roughfruit berry (Rubus lasiococcus),
rusty menziesia (Menziesia ferruginea), and Cascade azalea
(Rhododendron albiflorum). The fauna includes awide array of small
mammals and birds. Large mammals include mule deer (Odocoileus
hemionus), elk (Cervus elaphus), black bear (Ursus americanus), and
mountain goat (Oreamnos americanus) (Franklin et al., 1988).

At the time of Euro-American settlement in the PNW (ca. 1800
CE), Mount Rainier (or Takhoma, perhaps the most common of
several names by which it was traditionally known; Smith, 2006)
was situated between the ancestral homelands of coastal (Salishan-
speaking) tribes to the west of the crest of the Cascades and Plateau
(Shahaptan-speaking) tribes to the east (Ruby and Brown, 1988).
The park was likely utilized by members of the Puyallup, Nisqually,
Mical, Taidnapam, Muckleshoot, and Yakama Nation tribes, all of
whom claim some areawithin the park's current boundaries as part
of their ancestral homelands (Smith, 2006). Although notable dif-
ferences existed in subsistence patterns, tribes of both the North-
west Coast and Plateau cultures moved seasonally to procure
resources (Prentiss and Kuijt, 2004; Ames, 2005a). Common to all
groups were summer excursions to subalpine environments, such
as the ones found at MORA, where both food (e.g., berries, game)
and material resources were abundant (Burtchard, 2007).

Oral histories and historic records are fairly straightforward in
terms of the use of fire by Native peoples in the PNW prior to Euro-
American contact. In the subalpine and upper-elevation forest
zones of the Cascades, fire was used to enhance the growth of
Vaccinium species (i.e., huckleberry, blueberry) and beargrass
(Xerophyllum tenax), and aid in the drying of berries (Allen, 1916;
Mack and McClure, 2003; Lepofsky et al., 2005; Shebitz et al.,
2009). Fire was also used to prevent the invasion of shrubs and
trees into meadows and camp sites (Johnson and Gottesfeld, 1994).
These practices continued into the early 20th century, well within
the livingmemory of tribal elders (French,1999; Nickels, 2002). Fire
reports from Mount Rainier Forest Reserve from 1904 and 1905
recorded that 16 of 32 fires were caused by native peoples (Allen,
1904, 1905). All of these fires were in the southeastern portion of
the reserve, an area known for huckleberry gathering (Allen, 1905).



Fig. 1. Map showing Mount Rainier National Park and the location of the study sites (blue circles). Also shown are the location of documented precontact archaeological sites as of
2015 (orange plus signs) and other locations mentioned in the text (gray circles). Gray line indicates the park boundary. The colored shading indicates the park's environmental
zones.
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Additionally, according to Norton et al. (1999) many areas in the
Southern Cascades along the Klickitat trade network were regularly
burned to maintain clearings and trail networks essential to trade
and travel.
2.2. Study sites

Shadow Lake is the highest of the three lakes (1890 m a.s.l.) and
exists within close proximity to the Sunrise Visitor Center (<1 km)
(Fig. 1; Table 1). The forest surrounding the lake is composed of
predominately subalpine fir, with lesser amounts of whitebark pine
(Pinus albicaulis), Alaska cedar (Callitropsis nootkatensis), and
mountain hemlock. Shrubs surrounding the lake include pink
mountainheath (Phyllodoce empetriformis), western moss heather
(Cassiope mertensiana), and patches of dwarf blueberry (Vaccinium
caespitosum). A variety of perennial grasses, sedges, and subalpine
wildflowers such as subalpine lupine (Lupinus latifolius var.
subalpinus), broadleaf arnica (Arnica latifolia), subalpine fleabane
(Erigeron peregrinus), Cascade aster (Eucephalus ledophyllus) and
white pasqueflower (Pulsatilla occidentalis) are present in the open
meadow around the lake.

Sunrise Lake, which sits at an elevation of 1768m a.s.l., is located
5.25 km to the northeast of Shadow Lake on the north side of the
ridge proper (Fig. 1, Table 1). The lake itself sits in a basin sur-
rounded on two sides by steep rock and scree fields. The forest
surrounding Sunrise Lake consists predominantly of subalpine and
noble fir (Abies procera), with lesser numbers of mountain hemlock,
Pacific silver fir (Abies amabilis), whitebark pine, Alaska cedar, and
Engelmann spruce (Picea engelmannii). The understory comprises
mostly white rhododendron (Rhododendron albiflorum), thinleaf
huckleberry, dwarf blueberry, and pink mountainheath. Forbs in
the immediate area include subalpine lupine, littleflower
penstemon (Penstemon procerus), yellow avalanche-lily (Eryth-
ronium grandiflorum), and white pasqueflower.



Table 1
Physical and climatic data for Sunrise Ridge study sites.

Shadow Lake Sunrise Lake Little Sunrise Lake

Latitude (�) 46.9114 46.9198 46.9231
Longitude (�) �121.6571 �121.5886 �121.5836
Elevation (m) 1890 1768 1707
Surface area (ha)a 0.48 1.6 0.4
Max. water depth (cm)a 493 635 326
Ave. annual temp (�C)b 1.7 2.8 2.8
Ave. max summer temp (�C)b 18.6 17.2 17.2
Ave. min winter temp (�C)b �8.3 �7.2 �7.2
Ave. annual precip (mm)b 1960 1900 1900

a Lakes of Washington, Water Supply Bulletin (2012).
b Natural Resources Conservation Service (2012).
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Little Sunrise Lake is the lowest in elevation of the three lakes
(1707 m a.s.l.) and is located approximately 440 m NNE of Sunrise
Lake, but exists in a separate sub-basin (Fig. 1, Table 1). The forest
surrounding the lake is predominantly subalpine fir and noble fir,
with some whitebark pine and Engelmann spruce. Shrubs sur-
rounding the lake include thinleaf huckleberry and pink mountain
heather. Forbs in close vicinity to the lake include yellowavalanche-
lily, creeping spearwort (Ranunculus flammula), green false helle-
bore (Veratrum viride), white marsh marigold (Caltha leptosepala),
and subalpine lupine.

3. Methods

3.1. Fieldwork

Sediment cores were obtained from Shadow, Sunrise, and Little
Sunrise lakes during the summer of 2011. Long sediment coreswere
retrieved using a hand-operated modified Livingstone piston corer
lowered from a floating platform (Wright et al., 1984). Cores were
taken from the deepest part of each lake to avoid possible slumping
of sediments and sunken logs along the shoreline. Once obtained,
the cores were described, wrapped in plastic wrap and aluminum
foil, and transported to the Paleoecology Lab at Central Washington
University. Short sediment cores were collected using a Bolivia
piston corer, which recovered the top sediments, including the
sediment-water interface. The short cores were subsampled in the
field at 0.5-cm intervals and placed in Whirl-pak bags.

3.2. Lab analysis

The chronology of the sediment cores was determined using
AMS radiocarbon dating and the identification of dated tephra
layers. Plant macrofossils such as wood fragments and twigs pro-
videdmaterial for AMS dating (Table 2). 14C dateswere converted to
calendar years before present (cal yr BP; present ¼ 1950 AD) using
Calib 6.0 html (Reimer et al., 2009). Median ages rounded to the
nearest decade were used when appropriate. If the median age did
not fall within the highest peak on the probability distribution
function, the immediate highest value adjacent to the median age
was selected and rounded to the nearest decade (see Table 2 for
dates and calibrations).

Tephra layers were identified visually by James Vallance at the
USGS Cascade Volcano Observatory (Vancouver, WA) and were
based on previously published identifications (Mullineaux, 1974,
1996; Clynne et al., 2004; Donoghue et al., 2007; Sisson and
Vallance, 2009), as well as their depth in regard to radiocarbon
dates in the cores. Only the most easily identifiable tephra layers
were included in the age models, and the associated ages based on
14C age determinations were also converted to cal yr BP using Calib
6.0. Median ages were determined in the same manner as those for
AMS-14C samples. In most cases, the deposition of tephra is a rapid
event (Mullineaux, 1974); therefore, the thickness of individual
tephra layers was subtracted from the true core depth to create an
adjusted depth. The long and short cores from each lake were
correlated based on tephra layers present in both cores and com-
bined to create a continuous record for each lake. Specific ageswere
assigned using a constrained cubic smoothing spline, which pro-
vides the most accurate age determination on records with many
dates relative to changes in sedimentation rate (Telford et al., 2004).

Magnetic susceptibility was measured at contiguous 1-cm in-
tervals on the intact cores using a Sapphire Instruments magnetic
coil in order to help identify tephra layers and to correlate between
core segments. Loss-on-ignition was used to determine the organic
content of the cores and followed procedures outlined in Dean
(1974). Macroscopic charcoal analysis followed well-established
methods outlined in Whitlock and Larsen (2001) and modified by
Walsh et al. (2008). For each long core, contiguous samples of 2 cc
were taken at 1-cm intervals and placed into a plastic vial in a
solution of 5% sodium hexametaphosphate for >24 h and a weak
bleach solution for 1 h to disaggregate the sediment. Samples were
then washed through nested sieves of 250 and 125 mm mesh size
and the residue was transferred into gridded petri dishes and
counted; each particle was recorded as either woody or herbaceous
charcoal (Jensen et al., 2007; Walsh et al., 2008, 2010a, 2010b).
Charcoal counts were converted to charcoal concentrations (par-
ticles/cm3) by dividing by the volume of each sample.

Charcoal data analysis was done using the freely available
CharAnalysis program, which identified individual fire episodes
within the charcoal record and calculated fire frequency and mean
fire-return interval (mFRI) (Higuera et al., 2009). The program
output also provided useful indications of fire (peak) magnitude
(i.e., the total charcoal influx in a peak), which is related to fire size,
severity, and taphonomic processes (Whitlock et al., 2006; Higuera
et al., 2008). The program determines fire history by first calcu-
lating charcoal accumulation rates (CHAR) or influx values (parti-
cles/cm2/yr). These were obtained by interpolating the charcoal
data to constant time steps, which varied for each lake, and rep-
resented the median temporal resolution in the core; the data were
not log-transformed. The CHAR data series was then decomposed
into a “background” and “peaks” component. The background
component is attributed to slow changes in charcoal production
associated with changing fuel types (Marlon et al., 2006; Higuera
et al., 2010). The peaks component represents inferred fire epi-
sodes (i.e., one or more fires occurring in the duration of a peak)
(Long et al., 1998).

The CHAR background component was described using a robust
(Lowess) smoother and the CHAR peaks component was taken as
the residuals after background was subtracted from the interpo-
lated time series. The threshold value separating fire-related from
non-fire related variability in the peaks component was set at the



Table 2
Age-depth relations for the Sunrise Ridge study sites.

Depth
(cm below mud surface)

Lab number Source material/tephra layer Measured 14C age and error Calibrated age
(cal yr BP)

Shadow Lake (SL11C)
14 MSH-W 470a

57 MR-C 2250a

64 D-AMS 1217-156 twig 2340b

81 Beta-340097 twig 2400 ± 30 2460c

98 MSH-Yn 3650a

118 Beta-340098 twig 5000 ± 30 5740c

129 MR-D 6810a

137 Mazama-O 7627d

Sunrise Lake (UL11D)
20 MSH-W 470a

49 Beta-318018 wood 1790 ± 30 1820b

69 MR-C 2250a

93 Beta-340101 wood 3060 ± 30 3290b

117 MSH-Yn 3650a

140 MR-F 5740a

145 Beta-318017 plant material 5190 ± 30 5990b

159 MR-D 6810a

166 Mazama-O 7627d

179 Beta-340100 twig 9390 ± 40 10530b

Little Sunrise Lake (LSL11D)
26 MSH-W 470a

36 Beta-340095 twig 1850 ± 30 1820c

49 MR-C 2250a

83 MSH-Yn 3650a

110 D-AMS 1217-157 twig 4870b

120 Beta-340096 stick 5260 ± 30 6000c

136 Mazama-O 7627d

a Ages as reported in Mullineaux (1974, 1996), Clynne et al. (2004), Donoghue et al. (2007) and Sisson and Vallance (2009).
b 14C age determinations completed at Beta Analytics AMS Facility (Miami).
c 14C age determination completed at DirectAMS Facility (Seattle).
d Age as reported in Zdanowicz et al. (1999).
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95th percentile of a Gaussian distribution modeling noise in the
CHAR peaks time series. Sensitivity analysis of window widths
between 300 and 1000 years showed that the signal-to-noise index
(i.e., the measure of the ability of the program to separate between
peaks and non-peak values; SNI) was maximized at 1000 years for
Shadow Lake, 800 years for Sunrise Lake, and 500 years for Little
Sunrise Lake. All CHAR peaks were screened to eliminate those that
resulted from statistically insignificant variations in charcoal counts
(Gavin et al., 2006). If themaximum charcoal count from a peak had
a >5% chance of coming from the same Poisson-distributed popu-
lation as the minimum count within the preceding 75 years, it was
identified as not significant and eliminated from the analysis
(Higuera et al., 2009).

Pollen analysis followed standard methods outlined in Faegri
et al. (1989). Samples of 1 cc were taken every 10 cm and Lycopo-
dium was added to each sample as an exotic tracer. Pollen was
identified and tallied at magnifications of 400 and 1000x and
300e500 terrestrial pollen grains and spores were counted per
sample. Pollen types were assigned based on modern phytogeog-
raphy and comparison to a CWU reference collection. Pollen counts
were converted to percentages of the total terrestrial pollen and
spores in each sample. Aquatic taxa percentages were calculated
using the terrestrial and aquatic taxa sum. Total pollen accumula-
tion rates (PARs) were also calculated.
4. Results

4.1. Shadow Lake

4.1.1. Chronology and Lithology
After comparing the short core (SL11A) and long core (SL11C)
from Shadow Lake, it was determined based on the position of the
Mount St. Helens (MSH)-W tephra layer (14 cm deep in both cores),
that the short core did not capture any more sediment than the
long core and therefore was not used. The total length of the long
core (SL11C) for Shadow Lake was 276 cm. Once tephra layers were
subtracted, the total adjusted length for the core was 162 cm. The
age model for the SL11C core was developed using three AMS-14C
age determinations and the identification of five dated tephra
layers (Fig. 2A, Table 2). The long core contained nine tephra of
known age, but only five had reliable enough dates to include in the
age model. The resulting age model for SL11C suggests a basal date
of 10,180 cal yr BP with a median resolution of 47 years per
centimeter.

The SL11C core ended at what is likely theMount Rainier (MR)-R
tephra layer, which made up the bottom 1 cm of the core (Fig. 3).
Also found in the SL11C core were the Mazama-O (14 cm), MR-A
(1 cm), MR-D (2 cm), MR-F (64 cm), MR-B (1 cm), MSH-Yn
(8 cm), MSH-Pm (2 cm), MSH-Pu (2 cm), MR-C (20 cm), and
MSH-W (2 cm) tephra layers. The sedimentation rate for SL11C
remained relatively constant from ca. 10,180 through 3650 cal yr BP
with a rate of 0.009 cm/yr (Fig. 2A). From ca. 3650 to 2340 cal yr BP
the sedimentation rate increased substantially to 0.027 cm/yr and
then from ca. 2340 cal yr BP until present day the sedimentation
rate slowed to 0.025 cm/yr. Organic content was low overall for the
core with the highest value being 21% at a depth of 253 cm (Fig. 3;
see Lukens, (2013) for further details).
4.1.2. CharAnalysis
Using a background smoothing window width of 1000 years,

the global SNI value for core SL11C was maximized at 4.7248. This
value indicates that the Shadow Lake record is suitable for peak



Fig. 2. Age-depth relations for the (A) Shadow Lake, (B) Sunrise Lake, and (C) Little
Sunrise Lake cores. Blue squares indicate dates obtained from dated tephra layers and
red triangles indicate AMS-14C age determinations (see Table 2 for ages). The slope of
the line indicates the sedimentation rate of the core.
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detection and that the program was able to identify fire episodes
containedwithin it. A SNI value of 3.0 was determined by Kelly et al.
(2011) as the minimum value required to adequately separate
charcoal peaks from background charcoal noise. Fig. 4 shows the
SNI curve for the SL11C core, which remains above the cut-off
threshold of 3.0 for almost the entire record, except for a brief
period at the beginning and between ca. 6300e5300 cal yr BP.

4.1.3. Charcoal
Early Holocene (ca. 10,180e8000 cal yr BP; 162-140 cm): Charcoal

values during the early Holocene were relatively low and fire epi-
sodes occurred infrequently (Figs. 4 and 5, Table 3). Fire frequency
increased from no fire episodes at the beginning of the record to 1.4
fire episodes/1000 yr by the end of the period. Two significant fire
episodes occurred during this period and peak magnitudes were
moderately high. The largest of these peaks occurred at ca.
9220 cal yr BP with a peak magnitude of 39.3 particles/cm2/peak.

Middle Holocene (8000e4000 cal yr BP; 140-102 cm): Average
charcoal concentration and CHAR values during the middle Holo-
cene were generally unchanged from the early Holocene, however,
fire episodes occurred more frequently. Fire frequency increased
from 1.4 fire episodes/1000 yr at the start of the period, peaked at
2.2 fire episodes/1000 yr at ca. 6400 cal yr BP, decreased to a low of
0.7 fire episodes/1000 yr by ca. 4900 cal yr BP, and increased to 1.8
fire episodes/1000 yr by the end of the period. Nine significant fire
episodes occurred during the middle Holocene and peak magni-
tudes were low. The largest peak occurred at ca. 7790 cal yr BP with
a magnitude of 20.4 particles/cm2/peak.

Late Holocene (4000- -61 cal yr BP; 102-0 cm): Average charcoal
values increased significantly during the late Holocene and were
the highest of the entire record. Herbaceous charcoal concentra-
tions were low overall in the record, but values were highest during
this period (0.28 particles/cm3; Table 3). Average fire frequency was
considerably higher in the late Holocene than the previous two
periods, although fires still occurred on average only every 378
years. Fire frequency increased from 1.8 fire episodes/1000 yr at the
beginning of the period to a high of 3.5 fire episodes/1000 yr by ca.
1960 cal yr BP. It then decreased to 2.7 fire episodes/1000 yr by ca.
1400 cal yr BP, increased again to 3.5 fire episodes/1000 yr by ca.
950 cal yr BP, and decreased to nearly zero at the top of the record.
Ten significant fire episodes occurred during the late Holocene, and
average peak magnitude was considerably higher than in the pre-
vious two periods. The two largest peaks of the entire record
occurred at ca. 3430 and ca. 570 cal yr BP with peak magnitudes of
121.7 and 102.4 particles/cm2/peak, respectively.

4.2. Sunrise Lake

4.2.1. Chronology and Lithology
The top 14 cm of the short core (UL11C) from Sunrise Lake were

combined with drive 1 of the UL11C core and drives 2 and 3 of the
UL11B core to form a combined core (referred to hereafter as
UL11D). This was done by correlating the cores based on common
tephra layers. This combined core was 274 cm in length, but once
the tephra layers were removed, the total adjusted length for the
combined core was 230 cm. The age model for the UL11D core was
developed using four AMS-14C age determinations and the identi-
fication of five dated tephra layers (Fig. 2B, Table 2). The core
contained eight tephra of known age, but only five had reliable
enough dates to include in the age model. The resulting age model
for the Sunrise Lake core suggests a basal date of 14,510 cal yr BP
with a median resolution of 48 years per centimeter.

Because Sunrise and Shadow lakes sit on different sides of
Sunrise Ridge, the tephra layers derived from eruptions of Mt.
Rainier contained within each core vary somewhat from one



Fig. 3. Shadow Lake (SL11C) charcoal concentration (particles/cm3), loss-on-ignition (% organic content), and magnetic susceptibility (electromagnetic units; emu) plotted against
unadjusted core depth (cm). Tephra layers present in the core are shown in gray.
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another (Mullineaux, 1974; Vallance and Scott, 1997; Sisson and
Vallance, 2009). The UL11D core ended at an unidentified tephra
layer which made up the bottom 4 cm of the core (Fig. 6). Also
present in the core were the MR-R (7 cm), Mazama-O (8 cm), MR-D
(6 cm), MR-F (1 cm), MSH-Yn (11 cm), MSH-Pm (2 cm), MSH-Pu
(1 cm), MR-C (11 cm), and MSH-W (4 cm) tephra, as well as four
other unidentified tephra layers. The sedimentation rate for the
UL11D core remained relatively constant from the base of the core
through ca. 6810 cal yr BP, with an average of 0.005 cm/yr (Fig. 2B).
From ca. 6810 to 5740 cal yr BP the sedimentation rate increased to
0.018 cm/yr, but then slowed to 0.016 cm/yr from ca. 5740 to
3650 cal yr BP. From ca. 3650 to 1820 cal yr BP the sedimentation
rate increased substantially to 0.037 cm/yr, but then slowed again
to 0.026 cm/yr from ca. 1820 cal yr BP until the top of the core. The
organic content of the core was low at the bottom and increased
substantially toward the top, with the overall highest value of 38%
occurring at a depth of 32 cm.
4.2.2. CharAnalysis
Using a background smoothing window width of 800 years, the

global SNI value for core UL11D was maximized at 4.6376. This
value indicates that the Sunrise Lake record is also suitable for peak
detection, although there were a few more periods during which
the program struggled to separate signal from background noise as
compared to the Sunrise Lake record (Fig. 4). These periods pri-
marily occurred between ca. 13,800e12,200, 10,700e10,400,



Fig. 4. Charcoal influx (CHAR; particles/cm2/yr; red line is the background component as determined by CharAnalysis) and signal-to-noise index (SNI; blue line) plotted against age
(cal yr BP) for the three paleofire records.
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8300e7800, and 4300e2700 cal yr BP.

4.2.3. Charcoal and pollen
Late Glacial (ca. 14,510e12,000 cal yr BP, 230-207 cm): Average

charcoal values during the Late Glacial were very low in the Sunrise
Lake record (Figs. 4 and 5, Table 3). Fire frequency increased from
no fire episodes at the beginning of the record to 1.4 fire episodes/
1000 yr by ca. 12,000 cal yr BP. Two significant fire episodes
occurred during the Late Glacial, with the largest of these occurring
at ca. 13,380 cal yr BP with a peak magnitude of 2.0 particles/cm2/
peak. The Late Glacial portion of the Sunrise Lake pollen record was
dominated by high percentages of Picea, Pinus, Alnus sinuata-type
(Sitka alder), and Artemisia (sagebrush), as well as relatively high
percentages of Poaceae (grass family), Cyperaceae (sedge family),
Pteridium aquilinum-type (bracken fern), Dryopteris-type (wood
fern), and Helianthus-type (sunflower) (Fig. 7). Although Picea
percentages started high at the beginning of the record, they
dropped quickly to zero by ca. 12,000 cal yr BP. At the same time,
Pinus increased and reached its highest value of the entire record;
consistently higher percentages of Pinus haploxylon (subg. hap.;
white pines) rather than Pinusdiploxylon (subg. dip.; yellow pines)
pollenwere observed. Also present in relatively low abundancewas
Abies, Tsuga mertensiana, and Cupressaceae (Cypress family, likely
Thuja plicata [western redcedar] and/or Callitropsis nootkatensis).
Early Holocene (12,000e8000 cal yr BP, 207-169 cm): During the

early Holocene average charcoal values increased compared to the
Late Glacial. Fire frequency primarily increased during the period
and reached 2.6 fire episodes/1000 yr by the end of the early Ho-
locene. Six significant fire episodes were registered during this
period; the largest of these occurred at ca. 8820 cal yr BP with a
peak magnitude of 72.8 particles/cm2/peak. The early Holocene
portion of the pollen record indicates generally higher amounts of
Abies, Alnus sinuata-type, Tsuga mertensiana, and Cupressaceae,
with decreased abundance of Pinus, Artemisia, Cyperaceae, Dry-
opteris-type, and Helianthus-type. However, Pinus values increased
again after ca. 10,000 cal yr BP; almost all of the identifiable pollen
was from Pinus subg. dip. Also present in low numbers were Picea,
Tsuga heterophylla, Pseudotsuga menziesii-type (likely Douglas-fir),
Spiraea, Ericaceae (heath family), Ceanothus, Umbelliferae-type
(carrot family), and Eriogonum (wild buckwheat). Aquatic pollen
was generally lower during this period as well.

Middle Holocene (8000e4000 cal yr BP, 169-122 cm): Average
charcoal values decreased somewhat during the middle Holocene,
however, they were generally similar to the previous period. Fire
frequency primarily decreased during the middle Holocene, from
2.4 fire episodes/1000 yr at ca. 8000 cal yr BP to 1.0 fire episodes/



Fig. 5. Fire frequency, fire episodes, and peak magnitudes for (A) Little Sunrise Lake, (B) Shadow Lake, and (C) Sunrise Lake, (D) PNW composite biomass burning curve (n ¼ 34)
with 95% confidence intervals (gray dashed lines; Walsh et al., (2015)), (E) July insolation anomaly for 45�N (Berger and Loutre (1991)), and (F) ENSO event frequency (Moy et al.,
(2002)). Glacial advances documented at MORA are shown with the gray vertical shading. Climate episodes documented in the PNW are shown by the blue and orange vertical
shading.
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Table 3
Charcoal statistics for the Sunrise Ridge paleofire records.

Study site Ave. total
concentration
(particles/cm3)

Ave. herbaceous
concentration
(particles/cm3)

Ave. CHAR
(particles/
cm2/yr)

Fire
episodes
(#)

Ave. fire
frequency
(episodes/
1000 yr)

Mean fire return
interval
(yrs)

Ave. peak
magnitude
(particles/cm2/
peak)

Shadow Lake (SL11C)
Early Holocene (10,180
e8000 cal yr BP)

9.1 0.09 0.09 2 1.1 714 30.2

Middle Holocene (8000
e4000 cal yr BP)

9.9 0.10 0.09 6 1.4 700 6.9

Late Holocene (4000 to�61 cal yr
BP)

12.8 0.28 0.34 10 2.3 378 41.3

Sunrise Lake (UL11D)
Late Glacial (14,480
e12,000 cal yr BP)

1.7 e 0.02 2 0.7 1080 1.6

Early Holocene (12,000
e8000 cal yr BP)

26.2 0.03 0.25 6 1.6 680 33.9

Middle Holocene (8000
e4000 cal yr BP)

20.0 0.01 0.23 7 1.6 583 41.5

Late Holocene (4000 to�61 cal yr
BP)

13.9 0.03 0.43 9 2.3 405 32.0

Little Sunrise Lake (LSL11D)
Middle Holocene (7627
e4000 cal yr BP)

8.1 0.01 0.10 7 2.0 474 7.0

Late Holocene (4000 to�61 cal yr
BP)

13.4 0.01 0.31 9 2.0 448 58.0
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1000 yr by the end of the period. Average peak magnitude was
highest during this period. Seven significant fire episodes occurred
during the middle Holocene with the largest of these occurring at
ca. 5220 cal yr BP with a magnitude of 100.3 particles/cm2/peak.
Several notable shifts in pollen percentages occurred in the Sunrise
Lake record during the middle Holocene. Pinus started high at the
beginning of the period, but then decreased in abundance after ca.
6300 cal yr BP; greater amounts of Pinus subg. hap. and lesser
amounts of Pinus subg. dip. pollen were recorded. Percentages of
Pseudotsuga menziesii-type, Alnus sinuata-type, and Pteridium
aquilinum-type also decreased during this period. Conversely,
percentages of Tsuga heterophylla, Tsuga mertensiana, and to some
extent Cupressaceae increased during the middle Holocene.

Late Holocene (4000- -61 cal yr BP, 122-0 cm): Average charcoal
concentration was lower during the late Holocene than the previ-
ous two periods; however, average CHAR was substantially higher.
Additionally, average fire frequency was the highest of the entire
record, although fire episodes still only occurred on average every
405 years. Fire frequency increased from 1.0 fire episodes/
1000 yr at the beginning of the late Holocene, peaked at 3.5 fire
episodes/1000 yr between ca. 2800e1700 cal yr BP, and then slowly
decreased to 0.78 fire episodes/1000 yr at present. Nine significant
fire episodes occurred during the late Holocene with the largest
peak of the record occurring at ca. 520 cal yr BP with peak
magnitude of 111.1 particles/cm2/peak. Very little herbaceous
charcoal was observed in the Sunrise Lake record, but average
concentration was highest during this period and the early Holo-
cene (0.03 particles/cm3). Abies dominated the late Holocene
portion of the Sunrise Lake record, along with the highest overall
percentages of Tsuga heterophylla, Tsuga mertensiana, and Cupres-
saceae. Picea generally increased from the beginning to the end of
the period, along with an increase in Pinus in fairly even amounts of
hap. and dip. subgenera. Pseudotsuga menziesii-type pollen
rebounded slightly during this period, along with higher percent-
ages of Ericaceae, Helianthus-type, Umbelliferae-type, and Eriogo-
num. PARs varied widely in this zone. Notably, no pollen was
preserved in two samples that followed the deposition of the MSH-
Pu and MR-C tephra layers.
4.3. Little Sunrise Lake

4.3.1. Chronology and Lithology
Twenty four cm of the short core (LSL11A) from Little Sunrise

Lake were added to the top of the long core (LSL11C) to form a
combined core (referred to hereafter as LSL11D). The combined
core had a total length of 173 cm. Once the tephra layers were
removed, the total adjusted length for the combined core was
136 cm. The age model for the LSL11D core was developed using
three AMS-14C age determinations and the identification of four
dated tephra layers (Fig. 2C, Table 2). The long core contained five
tephra of known age, but only four had reliable enough dates to
include in the age model. The resulting age model for the LSL11D
core suggests a basal date of 7627 cal yr BP with a median resolu-
tion of 42 years per cm.

The LSL11D core ended at the Mazama-O tephra layer, which
made up the bottom 3 cm of the core (Fig. 8). It is likely that the lake
is older than this, but limited equipment was available to extract
the core. Also found in the core were the MR-A (1 cm) and MSH-Yn
(7 cm), and MR-C (25 cm) tephra layers, as well as two unidentified
tephra layers. The sedimentation rate for the LSL11D core (Fig. 2C)
remained relatively constant from the base of the core through ca.
4870 cal yr BP (0.009 cm/yr). From ca. 4870 to 1820 cal yr BP the
sedimentation rate increased to 0.024 cm/yr. From ca. 1820 to
470 cal yr BP the sedimentation rate slowed to 0.007 cm/yr, but
then increased substantially to 0.048 cm/yr from ca. 470 cal yr BP
until present. The organic content of the core was low near the
bottom and increased substantially toward the top (Fig. 8). In
general, the organic content was highest in the top 23 cm of the
core.
4.3.2. CharAnalysis
Using a background smoothing window width of 500 years, the

global SNI value for core LSL11D was maximized at 5.1344. This
value indicates that evenmore so than at Shadowand Sunrise lakes,
the CharAnalysis program was able to identify fire episodes within
the Little Sunrise Lake record (Fig. 4). The only periods where it
struggled more so to do this were from ca. 7600e7000,



Fig. 6. Sunrise Lake (UL11D) charcoal concentration (particles/cm3), loss-on-ignition (% organic content), and magnetic susceptibility (electromagnetic units; emu) plotted against
unadjusted core depth (cm). Tephra layers present in the core are shown in gray.
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6200e5600, and 1500e1100 cal yr BP.
4.3.3. Charcoal
Middle Holocene (7627e4000 cal yr BP, 136-92 cm): Charcoal

values at Little Sunrise Lake during the middle Holocene are com-
parable to those from the same period at Shadow Lake (Figs. 4 and
5, Table 3). Fire frequency increased from 1.7 fire episodes/
1000 yr at the beginning of period to 2.8 fire episodes/1000 yr by ca.
6660 cal yr BP. It then decreased to 1.0 fire episode/1000 yr by ca.
5780 cal yr BP. Fire frequency then generally increased to 2.8 fire
episodes/1000 yr by the end of the period. Seven significant fire
episodes occurred during the middle Holocene. The largest peak
occurred at ca. 6620 cal yr BP with a peak magnitude of 25.4
particles/cm2/peak.
Late Holocene (4000- -61 cal yr BP, 92-0 cm): Average charcoal

values increased during the late Holocene at Little Sunrise Lake.
Average fire frequency for the late Holocene was the same as the
previous period; however, average peak magnitude was an order
of magnitude greater. Fire frequency increased from 2.8 fire ep-
isodes/1000 yr at the beginning of the late Holocene to 3.1 fire
episodes/1000 yr by ca. 3380 cal yr BP. It then slowly decreased
to 0.4 fire episodes/1000 yr by ca. 1020 cal yr BP and subse-
quently increased to 2.8 fire episodes/1000 yr at present. Almost
no herbaceous charcoal was observed in the Little Sunrise Lake
record.



Fig. 7. Select pollen percentages, pollen accumulation rate (PARs), and tephra layers for the Sunrise Lake (UL11D) core plotted against adjusted depth (cm) and age (cal yr BP). Gray
shading is a 5x exaggeration of the percentage curves. Note the lack of pollen preserved in the two samples following deposition of the MSH-Pu and MR-C tephra layers.
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5. Discussion

5.1. Fire-vegetation-climate interactions on Sunrise Ridge

5.1.1. Late Glacial (ca. 14,510e12,000 cal yr BP)
The Sunrise Lake fire-history reconstruction suggests that

following the retreat of the permanent ice on Mount Rainier (ca.
14,000 cal yr BP; Heine, 1998) fire activity on Sunrise Ridge was
very low. Two fire episodes occurred in the Sunrise Lake watershed
during the portion of the record spanning the Late Glacial, but peak
magnitudes and CHAR values were extremely low compared to the
rest of the record, indicating these fire episodes were very small in
size and/or of low severity (Fig. 5C; Millspaugh andWhitlock, 1995;
Higuera et al., 2007). This is similar to several other high-and low-
elevation sites in the PNW that show little to no fire activity at this
time (Gavin et al., 2001; Brown and Hebda, 2003; Spooner et al.,
2007, 2008; Walsh et al., 2008; Gavin et al., 2013). The Sunrise
Lake vegetation reconstruction also illustrates that similar to other
high-elevation sites in the Cascade and Olympic mountains, the
landscape at Sunrise Lake during the Late Glacial was either a
parkland or alpine tundra/steppe (Fig. 7; Gavin et al., 2001; Spooner
et al., 2008). The presence of high amounts of Picea (likely Picea
engelmannii), Pinus subg. hap. (likely Pinus albicaulis), Alnus sinuata,
and Artemisia pollen, as well as generally high herbaceous per-
centages (i.e., Poaceae, Cyperaceae, Pteridium aquilinum, Dryopteris,
Helianthus) indicate that cold, dry climatic conditions prevailed at
the time (Franklin et al., 1988; Whitlock, 1992), which likely sup-
pressed forest growth and fire activity on Sunrise Ridge. However,
because pollen is often transported upslope via wind in alpine
environments (Spooner et al., 2007), it is likely that the changes in
the Sunrise Lake pollen record represent extralocal changes in
vegetation to some extent.

Our interpretation of the Late Glacial climatic conditions at
Sunrise Lake is consistent with evidence from oceanic and terres-
trial paleoclimatic proxy records as well as paleoclimate model
simulations from the PNW (Whitlock, 1992; Thompson et al., 1993;
Barron et al., 2003; Liu et al., 2009; Gavin et al., 2013; Bartlein et al.,
2014; Gavin and Brubaker, 2015). While warmer than the full
glacial, the regional climate during the Late Glacial was still cooler
and drier than present. These warmer-than-previous conditions
were largely due to the retreat of the Cordilleran ice sheet,
increasing atmospheric CO2 concentrations, and increasing inso-
lation in the PNW (Bartlein et al., 2014), and were the probable
cause of the low fire activity at Sunrise Lake between ca.
14,500e12,000 cal yr BP. These factors likely indirectly affected fire
activity through forest structure/composition and fuel availability.

TheMcNeely I glacial advance occurred onMount Rainier during
this period (ca. 13,600e13,200 cal yr BP), at which time glaciers on
the mountain moved downslope effectively lowering the snowline
(Heine, 1998; Hekkers, 2010). This event may have influenced the
fire history of Sunrise Ridge given that only one fire episode was
recorded in the Sunrise Lake watershed during this time, and its
magnitude is the lowest of the entire record (Fig. 5; 0.05 particles/
cm2/peak). Unlike other mountains in the PNW, Mount Rainier has
no evidence of a Younger Dryas glacial advance (ca.
12,900e11,600 cal yr BP; Heine, 1998) and the Sunrise Lake
reconstruction supports this by showing no definitive shift in fire
activity at that time.



Fig. 8. Little Sunrise Lake (LSL11D) charcoal concentration (particles/cm3), loss-on-ignition (% organic content), and magnetic susceptibility (electromagnetic units; emu) plotted
against unadjusted core depth (cm). Tephra layers present in the core are shown in gray.
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5.1.2. Early Holocene (ca. 12,000e8000 cal yr BP)
The Sunrise Lake reconstruction indicates that fires became

more frequent on Sunrise Ridge during the early Holocene in
comparison to the Late Glacial. mFRI decreased from 1080 to 680
years and average peakmagnitude increased bymore than an order
of magnitude, indicating that fires were either larger in size or of
higher severity (Table 3). While the Shadow Lake record spans only
a portion of the early Holocene, average fire frequency, mFRI, and
average peak magnitude were similar to those at Sunrise Lake
(Fig. 5B and C). More frequent and larger/more severe fires on
Sunrise Ridge during the early Holocene were likely the result of
warmer, drier climatic conditions than those experienced during
the Late Glacial. Amplified seasonality due to increasing Northern
Hemisphere insolation led to higher summer temperatures and
decreased effective moisture (Fig. 5E; Berger and Loutre, 1991;
Thompson et al., 1993), which in turn created more drought-like
conditions during summer and colder, drier winters than before
(Bartlein et al., 2014). This is likely why Abies (presumably
A. lasiocarpa and perhaps A. procera and A. amabilis) increased in
abundance at Sunrise Lake during the early Holocene at the
expense of Picea engelmannii and Pinus albicaulis, which require
deep snowpacks and cool summer temperatures (Franklin and
Dyrness, 1988; Spooner et al., 2008). The vegetation reconstruc-
tion indicates the highest percentages of Alnus sinuata and Pteri-
dium aquilinum during the early Holocene, which indicate shrubby
andmeadow communities around the site at this time, or in nearby
areas, and perhaps a reduction in forest cover (Franklin and
Dyrness, 1988).
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Regional proxy-based climatic records as well as paleoclimate
model simulations show that maximum Holocene warmth
(approximately 1e4 �C warmer than present) and minimum pre-
cipitation in the PNW occurred between ca. 11,700e9000/
8000 cal yr BP (Whitlock, 1992; Pellatt et al., 2000; Barron et al.,
2003; Brown et al., 2006; Walker and Pellatt, 2008; Gavin et al.,
2013; Gavin and Brubaker, 2015). Several other paleofire re-
constructions from the North Cascades show a similar increase in
(or relatively high) fire activity during the early Holocene (Hallett
et al., 2003; Spooner et al., 2008; Prichard et al., 2009). For the
Olympic Mountains, fire activity was more variable between sites,
but many saw an increase in either charcoal accumulation rates
and/or fire episodes (McLachlan and Brubaker, 1995; Gavin et al.,
2001, 2013; Gavin and Brubaker, 2015). Furthermore, most low-
elevation sites from Vancouver Island (British Columbia), the
Puget Lowland, and the Portland Basin also show increased/high
fire activity during the early Holocene (Tsukada et al., 1981;
Cwynar, 1987; Brown and Hebda, 2002a, 2002b; Walsh et al.,
2008). A composite biomass burning curve for 34 paleofire sites
in the PNW (which includes the Sunrise Ridge lake records) in-
dicates that as a whole fire activity increased markedly in the re-
gion from ca. 12,000e10,000 cal yr BP and remained high until ca.
8000 cal yr BP (Fig. 5D), likely in response to greater insolation and
warm/dry summer conditions (Walsh et al., 2015).

The Sunrise Lake fire-history reconstruction adds to the growing
debate concerning the occurrence and impact of the McNeeley II
glacial advance on Mount Rainier and the wider region (ca.
10,900e9950 cal yr BP; Heine, 1998). Evidence of this advance and
its timing has been disputed given overwhelming evidence of
consistently warm, dry climatic conditions in the PNW during the
early Holocene (see Thomas et al., 2000; Reasoner et al., 2001;
Gavin et al., 2013). In support of this, the fire activity at Sunrise
Lake remains generally unchanged from ca. 12,000e10,000 cal yr
BP (Fig. 5C). While lacustrine age models are far from perfect
(Telford et al., 2004), the Sunrise Lake chronology is anchored by an
AMS-14C-dated twig at a depth of 179 cm that returned an age of
10,530 cal yr BP (9390 ± 40 14C yr BP), placing it squarely within the
proposed time of the advance (Heine, 1998). As a result we feel
confident in the fire reconstruction of the early Holocene and the
fact that fire activity did not decrease significantly during this
period. A more pronounced decrease in fire frequency did occur
later in the period; however, this took place between ca.
9800e9200 cal yr BP, well after the proposed glacial retreat.

5.1.3. Middle Holocene (8000e4000 cal yr BP)
All three sites on Sunrise Ridge recorded a similar number of fire

episodes during the middle Holocene, but there was substantial
variability in CHAR values, mFRIs, and peak magnitudes between
the sites (Fig. 5AeC, Table 3). Fires were most frequent at Little
Sunrise Lake and least frequent at Shadow Lake, however Char-
Analysis struggled during this period to identify charcoal peaks in
the Shadow Lake record (Fig. 4), so the number of fire episodes
determined is likely lower than the actual number of fires that
occurred in the watershed. Importantly, average peak magnitudes
at Little Sunrise and Shadow lakes during the middle Holocene
were almost identical, and were low, indicating that fires were
either small and/or of low severity. Average peak magnitudes at
Sunrise Lake, however, were the highest of the entire record and
were much larger than those observed at the other two sites,
suggesting much bigger and/or more severe fires occurred. These
differences are likely explained by differences in drainage basin size
and dominant vegetation at each site (Millspaugh and Whitlock,
1995; Marlon et al., 2006; Higuera et al., 2007); Sunrise Lake has
the largest and most heavily forested watershed. While fire fre-
quency was on average higher on Sunrise Ridge during the middle
Holocene as compared to earlier, at least at Shadow and Sunrise
lakes, all three sites show a decrease in fire frequency starting near
the middle of the period. This decrease in fire activity after ca.
6600 cal yr BP (earlier at Sunrise Lake) is generally consistent with
the trend in the composite biomass burning curve for the PNW
during the middle Holocene (Fig. 5D; Walsh et al., 2015).

Paleoclimate proxy records and model simulations indicate a
transition to cooler, wetter conditions in the PNW during the
middle Holocene (Bartlein et al., 1998;Walker and Pellatt, 2003; Liu
et al., 2009; Gavin et al., 2013). As Northern Hemisphere insolation
decreased and atmospheric circulation began to resemble that of
present-day (i.e., the polar jet stream became focused on the PNW
instead of a split flow around the Laurentide ice sheet), regional
climates first became wetter and then eventually cooler (Kutzbach
et al., 1993; Bartlein et al., 2014). This increase in effective moisture
is reflected in the increasing abundance of mesic taxa from sites
across the PNW during the middle Holocene (Cwynar, 1987;
Whitlock, 1992; Worona and Whitlock, 1995; Gavin et al., 2001;
Brown and Hebda, 2002a, 2003; Spooner et al., 2007, 2008;
Walsh et al., 2008; Prichard et al., 2009; Gavin et al., 2013; Gavin
and Brubaker, 2015), including sites within MORA (Dunwiddie,
1986; Tweiten, 2007). At Sunrise Lake, Abies, Tsuga heterophylla
(likely blown upslope from lower elevations), and Tsuga mertensi-
ana increased between ca. 7000e6000 cal yr BP as Pinus, Alnus
sinuata, and Pteridium aquilinum decreased (Fig. 7). Almost all sites
in the PNW show a shift in vegetation beginning during the middle
Holocene toward forests that essentially resemble modern-day
forests, with few compositional changes after that time
(Whitlock, 1992; Walsh et al., 2008; Gavin and Brubaker, 2015).

With the establishment of these moremesic forests as the result
of cooler and wetter regional climatic conditions, fire activity
decreased at many sites in the region during this period (Long et al.,
1998; Gavin et al., 2001; Brown and Hebda, 2002a; Hallett et al.,
2003). One explanation for the overall initial increase in fire ac-
tivity on Sunrise Ridge at the beginning of the middle Holocene,
followed by a later decrease, is that the regional climate was still
transitional at this point. It is possible that with winters becoming
wetter the vegetation at the sites began shifting toward their
present-day state, but summers remained sufficiently dry to sup-
port fires. If this was the case, this transitional period did not last
long given that fire frequency decreased on Sunrise Ridge after ca.
6600 cal yr BP, which is consistent with the progressively cooler,
wetter conditions in the PNW toward the end of the middle Ho-
locene (Gavin and Brubaker, 2015). This trend is also consistent
with the composite PNW biomass burning curve (Walsh et al.,
2015) as well as paleofire reconstructions from sites in the North
Cascades (Spooner et al., 2007, 2008).

5.1.4. Late Holocene (4000 cal yr BP until present)
Although regional paleoclimate proxy records and model sim-

ulations indicate that the late Holocenewas the coolest and wettest
interval in the PNW during the past ~12,000 years (Walker and
Pellatt, 2003; Bartlein et al., 2014; Gavin and Brubaker, 2015), fire
activity was on average higher on Sunrise Ridge during the past
4000 years than during any other period in the record. The vege-
tation reconstruction from Sunrise Lake supports this interpreta-
tion of cool, wet conditions on themountain during this period (i.e.,
the highest percentages of Abies, Tsuga heterophylla, and Tsuga
mertensianawere observed during the late Holocene). However, the
fire reconstructions show that all three sites experienced the
greatest number of fire episodes and shortest mFRIs at this time
(Fig. 5AeC; Table 3). Notably, our late Holocene mFRI estimates of
378, 405, and 448 years are similar to Hemstrom and Franklin’s
(1982) calculation of a pre-European settlement natural fire rota-
tion of 465 years for the entire park. Also notable is that both
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Shadow and Sunrise lakes experienced their largest increase in fire
frequency in the late Holocene during the time period that corre-
sponds with the Burroughs Mountain glacial advance (ca.
3400e2200 cal yr BP), which is thought to have been a period of
increased precipitation and cooler temperatures (Crandell and
Miller, 1974; Hekkers, 2010). However, most of the episodes that
occurred during this periodwere of low peakmagnitude, indicating
that the advance may have acted to decrease fire size and/or
severity.

One possible explanation for the overall higher fire activity on
Sunrise Ridge during the late Holocene is the influence of El
Ni~noeSouthern Oscillation (ENSO) on PNW interannual climate
variability (Moy et al., 2002). While the connection between
present-day ENSO events (i.e., El Ni~no and La Ni~na phases) and fire
activity in the PNW in not entirely clear (see Walsh et al., 2015 for a
discussion), research shows that winter/spring snowpack is less
and regional temperatures are warmer during El Ni~no (warm)
phases, with the reverse true during La Ni~na (cool) phases (Clark
et al., 2001; Mote et al., 2003). The likely impact this has on fire
activity in the PNW is a warmer, drier, and longer summer fire
season with more widespread fire during El Ni~no events (Hessl
et al., 2004; Heyerdahl et al., 2008). According to Moy et al.
(2002), ENSO events first became statistically significant after ca.
7000 cal yr BP, but increases in ENSO event frequency particularly
after ca. 3500 cal yr BP would have increased summer drought and
caused more frequent fire weather during El Ni~no phases, leading
to an increase in fire activity on Sunrise Ridge even while the
overall regional climate was cool and wet (Fig. 5F). Our hypothesis
is consistent with findings from Hemstrom and Franklin (1982)
who showed that most major fire episodes at MORA during the
past ~800 years occurred during years of pronounced drought.

Higher fire activity during the Medieval Climate Anomaly (MCA;
ca. 1100e700 cal yr BP; Mann et al., 2009), which was marked by
warmer temperatures and periods of extended drought in the PNW
(Cook et al., 2004, 2014), is common across many paleofire sites in
the PNW (Marlon et al., 2012). The MCA is the period of highest
biomass burning for the PNW composite curve (Fig. 5D; Walsh
et al., 2015) and it is also the period of highest ENSO variability in
the past 1000 years (Fig. 5F; Moy et al., 2002). Interestingly though,
fire episodes only occurred at one site on Sunrise Ridge (Shadow
Lake) during the MCA, potentially indicating that there was little
climatic change at MORA during this period. Conversely, the Little
Ice Age (LIA; ca. 500-100 cal yr BP; Grove, 2001), whichwasmarked
by expanded glacial activity on Mount Rainier (Garda advance; ca.
500-90 cal yr BP), cooler temperatures, and lowered snowlines
(Crandell and Miller, 1974; Hekkers, 2010), appears to have only
caused a decrease in fire activity at Shadow and Sunrise lakes. Little
Sunrise Lake actually experienced increased fire frequency during
the LIA and one of its largest peak magnitude episodes. However,
the LIA was not a continuous period of glacial growth or cold
temperatures, but instead was marked by swings in precipitation,
temperature, and discrete episodes of moraine building (Burbank,
1982; Graumlich and Brubaker, 1986), and likely explains how at
least one severe and/or large fire occurred at Little Sunrise Lake
during the LIA.

A number of paleofire reconstructions from across the PNW
show increased fire activity during the late Holocene, although the
exact timing varies between sites and regions (McLachlan and
Brubaker, 1995; Long et al., 1998; Gavin et al., 2001, 2006; Brown
and Hebda, 2002a, 2002b, 2003; Hallett et al., 2003; Long et al.,
2007; Spooner et al., 2008; Prichard et al., 2009; Walsh et al.,
2010a, 2010b; Long et al., 2011; Gavin et al., 2013). Additionally,
an increase in biomass burning between ca. 5500e900 cal yr BP is
themost striking trend in the PNW composite curve (Fig. 5D), and is
particularly pronounced at sites from an inland, high-elevation, or
forested (both wet and dry) setting (see Walsh et al., 2015). Within
MORA, fire activity increased at nearby Buck Lake until ca.
2800 cal yr BP and then decreased following that (Tweiten, 2007).
Besides the factors discussed above, several other ecological and
climatic hypotheses have been developed to explain the late Ho-
locene increase in fire activity in the PNW, including increased fuel
availability, a greater number of lightning strikes, and more
frequent or extended periods of summer drought caused by
something other than ENSO variability (Hallett et al., 2003; Gavin
et al., 2007; Spooner et al., 2008; Prichard et al., 2009; Long et al.,
2011; Gavin and Brubaker, 2015; Walsh et al., 2015). However,
given the growing number of archaeological sites discovered at
MORA (Burtchard, 2003, 2007) and the pervasive and well-
documented use of fire by Native American prior to and immedi-
ately after Euro-American contact in the PNW (Boyd, 1999; Mack,
2003), it is necessary to consider the possibility that human-set
fires contributed not only to the late Holocene fire history of Sun-
rise Ridge, but also to the entire postglacial fire history of the park.

5.2. Postglacial human-environment interactions on Sunrise Ridge

The first colonizing populations in North America likely arrived
in the PNW ca. 13,800e12,800 cal yr BP, or earlier, following the
movement of Pleistocene megafauna south through an ice-free
corridor between the Cordilleran and Laurentide ice sheets
(Ames, 2003; Waters and Stafford, 2007; Waters et al., 2011). The
presence of Pleistocene megafauna and early fluted points provide
some indication of human presence in the vicinity of the Cascades
during the Late Glacial period (Hollenbeck and Carter, 1986; Zweifel
and Reid, 1991), but there is no direct evidence of humans at MORA
at this time (Burtchard, 2003). The Sunrise Lake paleoenvir-
onmental reconstruction indicates that fires were infrequent on
Sunrise Ridge during the Late Glacial, likely due to low amounts of
burnable biomass as the result of persistently cool, dry regional
conditions. Human use of subalpine environments at MORA, much
less their impact on the landscape, was likely minimal due to
inhospitable and temporally variable climatic conditions (i.e., the
McNeeley I glacial advance), the low value of subalpine environ-
ments at this time in terms of the resources offered, as well as the
abundance of Rancholabrean fauna at lower elevations (Burtchard,
2007). Instead, human resource extraction was likely focused on
more productive and easily accessible locations east andwest of the
Cascades (Waters and Stafford, 2007; Burtchard, 2007).

For the Washington Cascades, the oldest culturally-related
radiocarbon age comes from an early Holocene archaeological de-
posit found near the Cedar River north of MORA and dates to ca.
9500 cal yr BP (Samuels, 1993). An almost identical age was re-
ported by Mierendorf and Foit (2008) from the North Cascades.
Comparably early dates have also been reported recently from Buck
Lake in MORA (Burtchard, 2007), and south of the mountain at
Beech Creek near Packwood, WA (Mack et al., 2010). Human use of
the Buck Lake site (45PI438), which is located approximately 7.5 km
NNE of Sunrise Lake at 1704 m a.s.l., occurred at ca. 9000 cal yr BP
(Fig. 1). During the early Holocene, with the extinction of many late
Pleistocene fauna, humans likely placed an increased focus on
surviving ungulates (e.g., elk and deer) (Burtchard, 2007). With the
warmer and drier conditions of the early Holocene, faunal ranges
probably expanded across more wide-ranging prairies and oak
savanna environments found in the Puget Lowland andWillamette
Valley (Whitlock, 1992). At higher elevation, the Sunrise Ridge
paleoenvironmental reconstruction indicates that cold, sparse late-
glacial forests gave way to more productive environments that
included some closed forests, but also an increased abundance of
shrubby and herbaceous meadow communities. An increase in fire
activity as well at this time created more early seral-stage
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environments that would have been beneficial to both large fauna
and humans (Burtchard, 2007). As a result, human use of montane
and subalpine environments, like those of MORA, likely increased
but remained moderate to low given relatively small human pop-
ulations and abundant game at low elevations, making travel to and
use of subalpine environments a lower priority as compared to later
in the Holocene (Burtchard, 2003, 2007).

Radiocarbon-dated cultural deposits are more common from
the middle Holocene and firmly establish human presence in the
Washington Cascades by 8000 cal yr BP (McClure, 1989, 1998). As
the result of cooler, wetter regional climatic conditions, the Sunrise
Lake and Buck Lake pollen records show an increase in forest cover
but the persistence of a shrub/herbaceous understory after this
time (Tweiten, 2007). Loss of forage in the lowlands due to forest
encroachment along with increasing regional population density
may have contributed to an increase in human use of higher ele-
vations, particularly during the late summer months (Chatters,
1995a, 1998; Burtchard, 2007). This is supported by the MORA
archaeological record, which shows an increase in cultural artifacts
between ca. 7500 and 6300 cal yr BP (McClure, 1998; Burtchard,
2003). As noted above, the oldest cultural deposit known at
MORA is from the Buck Lake site. Throughout its use range, which
extends into the late Holocene, the site was most likely used
repeatedly as a seasonal base camp from which hunting parties
were dispatched, and a location for floral and faunal processing
(Burtchard, 2007; Schurke, 2011). This evidence suggests that
humans may have contributed to the fire regime at this time, or at
least benefitted from abundant early seral-stage environments.
This may have been particularly true at Shadow and Little Sunrise
lakes where but peak magnitudes were low in comparison to
Sunrise Lake (Fig. 5A and B; Table 3). Small/low-severity fires,
whether set by humans or not, probably helped maintain huckle-
berry patches and game forage (Mack, 2003; Smith, 2006)

During the late Holocene pre-contact population density in the
PNW reached its peak (Chatters, 1995b; Ames, 2005a) and climatic
conditions became the coolest and wettest of those experienced
during the Holocene (Bartlein et al., 1998; Gavin and Brubaker,
2015), leading to the establishment of the modern landscapes on
Sunrise Ridge. As a result, declining ungulate habitat at lower ele-
vations reached a point at which competition for available re-
sources was likely too great to reliably sustain previous foraging
practices (Chatters, 1995b; Ames, 2005b; Burtchard, 2007). Food
collection in the uplands would have increased as a greater
importance was placed on alternative high-value resources such as
mountain goats, mountain beaver, marmots, and huckleberries,
which were not available in high abundance in the lowlands
(Burtchard, 2007). Along with this shift came a presumed focus on
fire-based forest management to combat forest encroachment and
promote more productive early seral-stage communities in both
lowland and upland settings (Lepofsky et al., 2005; Smith, 2006).
While not evidence of anthropogenic burning, the archaeological
record from MORA illustrates that Native Peoples continued to
exploit subalpine environments such as those found on Sunrise
Ridge during much of the late Holocene. The Sunrise Ridge Borrow
Pit site (45PI408) shows a high density and relatively high diversity
of artifacts recovered from ca. 3600e2200 cal yr BP (Fig. 1;
McCutcheon, 1999; Chatters et al., 2017; Parfitt and McCutcheon,
2017), and at Buck Lake artifact diversity and density increased
immediately after the MSH-Yn tephra deposit (ca. 3650 cal yr BP)
(Tweiten, 2007; Burtchard, 2007, 2009). Fire frequency increased
most dramatically at Shadow and Sunrise lakes between the MSH-
Yn and MSH-Pu tephras (ca. 3650e2500 cal yr BP), even though
regional climatic conditions were becoming less favorable overall
for fire. Taken together this evidence suggests heightened use of
MORA's subalpine zone and a possible anthropogenic contribution
to the fire regimes during the late Holocene.

6. Conclusions

The charcoal and pollen records presented here illustrate that
fire activity varied continuously in the Sunrise Ridge area of MORA
during the postglacial period, and are generally consistent with
many other paleoenvironmental reconstructions from the PNW.
While overall fires were infrequent at MORA during the postglacial
period, variability in peak frequency and magnitude indicate that
fire activity primarily responded to major climatic shifts and
increased variability, as well as climate-induced changes in vege-
tation. Fire activity was low during the Late Glacial when cold, dry
conditions and relatively sparse vegetation suppressed fire epi-
sodes. Low fire frequencies and peakmagnitudes during this period
indicate that few fires burned, and those that did were likely of
small size and/or low severity. Because of the harsh environmental
conditions and the presumed difficulty of traveling to and existing
in subalpine environments at this time, as well as the lack of any
dated cultural sites, human use of and impact on the environments
of Sunrise Ridge during the Late Glacial was likely negligible.

During the early Holocene as the regional climate of the PNW
becamewarm and dry, subalpine parkland or tundra/steppe habitat
present on Sunrise Ridge during the Late Glacial gave way to a
mixture of Pinus/Abies-dominated forests, as well as expanded
shrub and herbaceous meadow communities. As a result, fire ac-
tivity increased on Sunrise Ridge, presumably as fuel became more
abundant and fires burned larger areas and/or were of greater
severity. Human presence likely increased in the Washington Cas-
cades and perhaps at MORA during the early Holocene, and
anthropogenic fires may have contributed to the Sunrise Ridge fire
regimes. While the number of dated cultural deposits has recently
increased, their relatively low count makes it difficult to fully assess
human-environment interactions during this interval. However, we
assume that the human impact on subalpine environmental pro-
cesses was relatively low at this time.

During the middle Holocene (ca. 7000e6000 cal yr BP), modern
Sunrise Ridge landscapes established in response to cooler, wetter
conditions than before. This is indicated by an increased abundance
of Abies, Tsuga heterophylla, Tsuga mertensiana, and Cupressaceae.
Although regional climate was less conducive to fire activity during
this interval than earlier, fires were generally more frequent on
Sunrise Ridge during the early part of the middle Holocene (until
ca. 6600 cal yr BP) as compared to later. It is likely that a transitional
climate (i.e., increasingly wet conditions with persistently dry
summers) led to this observed increase in fire activity. However, the
number and type of dated cultural sites also increased at MORA
during this interval, which may indicate greater human use of and
impact on the landscapes of Sunrise Ridge.

At the end of the middle Holocene and the beginning of the late
Holocene (ca. 4500e2000 cal yr BP) fire activity increased on
Sunrise Ridge as regional climatic conditions became cooler and
wetter, albeit the timing and magnitude varied between the three
study sites. While seemingly contradictory to climatic trends, this
increase is generally consistent with a region-wide assessment of
fire activity in the PNW that shows a steady increase in fire activity
after ca. 5500 cal yr BP. Increasing climatic variability (i.e., drought)
due to an increase in ENSO variability after ca. 7000 cal yr BP during
the late Holocene is one explanation for the observed increase;
however, it is also probable that human-set fires on the mountain
increased at this time as ameans of combating forest encroachment
in resource-rich, early seral-stage environments. No matter the
source, based on this evidence it seems likely that fire activity will
increase in the Sunrise Ridge area of MORA in the future, particu-
larly if drought becomes a more frequent occurrence.
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