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Abstract

Fire histories of mid-elevation mixed-conifer forests are uncommon in the eastern Cascades, limiting our understanding of long-term fire dynamics in
these environments. The purpose of this study was to reconstruct the fire and vegetation history for a moist mid-elevation mixed-conifer site, and to
determine whether Holocene fire activity in this watershed was intermediate to fire regimes observed at higher and lower elevations in the eastern
Cascades. Fire activity and vegetation change was reconstructed using macroscopic charcoal and pollen analysis of sediment core from Long Lake. This
site is located ~45km west of Yakima, WA, and exists in a grand fir-dominated, mixed-conifer forest. Results show low fire activity from ca. 9870 to
6000 cal yr BP, after which time fire increased and remained frequent until ca. 500 cal yr BP. A woodland environment existed at the site in the early
Holocene, with the modern coniferous forest establishing ca. 6000-5500cal yr BP. A mixed-severity fire regime has existed at the site for the past
~6000years, with both higher- and lower-severity fire episodes occurring on average every ~80—100years. However, only one fire episode occurred
in the Long Lake watershed during the past 500years, and none within the past ~|50years. Based on a comparison with other eastern Cascade sites,
Holocene fire regimes at Long Lake, particularly during the late Holocene, appear to be intermediate between those observed at higher- and lower

elevation sites, both in terms of fire severity and frequency.
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Introduction

Understanding trends in long-term fire activity in multiple forest
environments is important for supporting current and future
wildfire management strategies such as thinning and prescribed
burning (Carcaillet et al., 2010; Westerling and Swetnam, 2003).
This is particularly true in the dry forests of the eastern Cascades
of Oregon and Washington, which have seen a dramatic rise in
recent fire activity (Agee and Lolley, 2006; Arno, 2000; Wim-
berly and Liu, 2014). Historic fire regimes of low-elevation
ponderosa pine (Pinus ponderosa)-dominated forests in the
castern Cascades have been extensively studied (Agee, 2003;
Camp, 1999; Everett et al., 2000, 2008; Hagmann et al., 2013;
Walsh et al., 2018; Wright and Agee, 2004). Fires in these for-
ests were historically of low severity and high frequency (Ever-
ett et al., 2000; Swetnam and Dieterich, 1985) with mean fire
return intervals (MFRIs) ranging from 3 to 38years (Agee,
1994, 2003). Past trends in fire activity in high-elevation forests
in the Cascades dominated by fir and other subalpine species are
also fairly well understood (Agee, 1994; Little et al., 1994;
Hemstrom and Franklin, 1982; Walsh et al., 2015, 2017). Fires
here tend to be stand-replacing and much less frequent with
MEFRIs of 300-500 years (Hemstrom and Franklin, 1982; Walsh
et al., 2017). However, less research has focused on the long-
term role of fire in mid-elevation mixed-conifer (MEMC) for-
ests in the eastern Cascades (Long et al., 2011; Hagmann et al.,
2014; Odion et al., 2014).

The assumption that eastern Cascade mid-elevation forests
have intermediate or “mixed” fire regimes both in terms of sever-
ity and frequency is understandable, but not necessarily correct

(Agee, 1994). Mixed-conifer forest fire regimes can vary depend-
ing on moisture levels, topography, and site aspect (Agee, 1993;
Stine et al., 2014). At present, dry mixed-conifer forests typically
experience more frequent low-severity fires, primarily due to less
fuel, while moist mixed-conifer forests may see more variability
in fire severity and frequency, as well as stand structure and age
(Hessburg et al., 2007). Some research has been conducted
regarding the long-term role of fire in dry MEMC forests in the
eastern Cascades (Bork 1984; Everett et al., 2000; Johnston et al.,
2017; Marouka, 1994; Wright and Agee, 2004); however, little
has been done in moist MEMC forests (but see Long et al., 2011).
Dendrochronology and fire scars are most commonly used to
reconstruct fire history, but such studies provide relatively short
records of only a few hundred years. Additionally, large, stand-
replacing fires are not recorded, but are known to occur in these
forests (Agee, 1993; Arno, 1980; Everett et al., 2000; Johnston
et al., 2017; Touchan et al., 1996; Wright and Agee, 2004).
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Figure |. Map of the Long Lake study area. Inset map (upper right)
(lower left) is an aerial photo of Long Lake (source: USGS, 2016).

The purpose of this research was to develop a long-term record
of fire activity for one study site in a moist MEMC forest in the
eastern Cascades of Washington. We reconstructed the fire and
vegetation history of the Long Lake watershed for the past
~9900 years using macroscopic charcoal and pollen analysis of a
lake sediment core. We then assessed the record within the con-
text of known climatic variations during the Holocene, and com-
pared the fire and vegetation history reconstructions to sites at
both higher and lower elevation to determine if the Holocene fire
regimes observed at Long Lake were indeed intermediate in terms
of fire severity and frequency. The Long Lake fire history recon-
struction was also evaluated within the context of the Pacific
Northwest (PNW) regional Holocene biomass burning recon-
struction, which includes primarily sites west of the crest of the
Cascades (Walsh et al., 2015), as well as additional sites from the
eastern Cascades of Washington and Oregon not included in that
analysis. Given the large spatial extent of MEMC forests in the
eastern Cascades, and in light of current and future climate
change, a thorough understanding of the regional fire regime as
evidenced at this site and others like it will provide valuable infor-
mation about wildfire disturbance dynamics. These efforts can
contribute to developing better policy aimed at managing the
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long-term resiliency of these forests (Buechling and Baker, 2004;
Everett et al., 1999; Hagmann et al., 2014, Haugo et al., 2010;
Stine et al., 2014).

Setting

Study area

Long Lake (46°37.336'N, 121°03.872'W, 1321 m a.s.l.) is located
in the southern portion of the Okanogan-Wenatchee National For-
est in the eastern Cascades of Washington State, approximately
Skm southeast of Rimrock Reservoir and 45km west of the city
of Yakima (Figure 1). The surface area of Long Lake is approxi-
mately 2 ha (275 m north-south by 75 m east-west) with a depth of
approximately 1.5m. Long Lake is in the Middle Tieton River
subwatershed, which is within the Yakima River Basin. It has no
outlets, and seeps at the south end of the lake are the primary
water source along with snow melt. The topography near the site
is mountainous with Long Lake occupying a hummocky area
formed from mass wasting below Divide Ridge. The surface geol-
ogy is debris flow and landslide material (Uebelacker, 1980;
USFS, 1996) adjacent to Pliocene-Pleistocene age Grande Ronde
basalt to the south and east (WSDNR, 1987). There are glacial till
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Table |. Depth of radiocarbon dates and calibrated ages for the Long Lake core (LOLI4C).

Depth (cm Lab number Source material 1C date Age (cal 26 Age range (cal yr BP)

below surface) (yr BP)? yr BP)b<

251 D-AMS 012601 Needle 1200+ 30 1120* 1013-1019, 1056—1182, 12121225
436 D-AMS 012602 Ponderosa pine needle 2780 = 30 2870%* 2793-2955

553 D-AMS 010180 Twig 3440+ 30 3690% 3612-3734, 3741-3778, 3787-3827
715 D-AMS 012603 Stick 4630 = 30 5410%* 5300-5332, 5373-5461

892 D-AMS 012604 Twig 8400 =40 94607+ 9305-9363, 9371-9502

2l4C age determinations from DirectAMS dating facility, Bothell, WA. Dates rounded to the nearest decade.
®Calendar ages determined using Calib 7.1 html (Stuiver et al., 2019). Ages rounded to the nearest decade.
“*Denotes median ages used and **denotes age is from the nearest adjacent peak on the probability distribution function.

deposits adjacent to the eastern extent of Rimrock Reservoir, indi-
cating the area around Long Lake may have been glaciated during
the Pleistocene (USFS, 1996).

As this area is in the rainshadow of the Cascades, it experi-
ences a continental climate with marine influences; most precipi-
tation occurs in winter (WRCC, 2019).The mean January
minimum temperature for the area is —5°C and the mean maxi-
mum July temperature is 22°C (PRISM, 2019). The site receives
a mean of 888 mm of precipitation annually, with over half falling
as snow December-January (PRISM, 2019; WRCC, 2019). The
vegetation of the eastern Cascades is characterized by several dif-
ferent mixed-conifer forests (Franklin and Dyrness, 1988). Long
Lake exists in the mid-elevation grand fir (4bies grandis) transi-
tion zone between high-elevation subalpine fir (4bies lasiocarpa)
and lower elevation ponderosa pine forests. The grand fir series
makes up more than one-third of the forest plant series types in
this watershed (USFS, 1996). At higher elevations, subalpine fir,
Pacific silver fir (4bies amabilis), and mountain hemlock (Zsuga
mertensiana) occur. At lower elevations, dominant tree species
include ponderosa pine, Oregon white oak (Quercus garryana),
Douglas-fir (Pseudotsuga menziesii), and grand fir. Grand fir is
the dominant tree species within the Long Lake watershed, with
ponderosa pine, Douglas-fir, and western white pine (Pinus mon-
ticola) making up a smaller portion of the forest overstory. The
understory is comprised of Sitka alder (A/nus viridis), willow
(Salix spp.), elderberry (Sambucus spp.), snowbrush (Ceanothus
spp.), snowberry (Symphoricarpos albus), Cascade grape (Maho-
nia aquifolium), kinnikinnick (A4rctostaphylos uva-ursi), mint
(Menthe spp.), wild strawberry (Fragaria virginiana), grasses,
sedges, and other herbaceous plants commonly found in the east-
ern Cascades of Washington.

Methods

In summer 2014 a sediment core was taken at a water depth of
1.5m from the center of Long Lake using a modified Livingston
piston corer lowered from a floating anchored platform (Wright
etal., 1984). Each drive of the long core (LOL14B) was packaged
in plastic wrap and aluminum foil and placed in a pre-cut PVC
tube for transport to the Paleoecology Lab at Central Washington
University. The sediment-water interface and most recent sedi-
ments were recovered using a Bolivia coring device and subsam-
pled in the field at 1-cm intervals (LOL14A). Both cores were
kept under refrigeration at 2°C.

In the lab, core LOL14B was split longitudinally and half of
the core was sampled for charcoal, loss-on-ignition (LOI), and
pollen analysis. Several macrofossils found in core LOL14B were
removed and cleaned, five of which were sent to DirectAMS in
Bothell, WA, for radiocarbon dating. The calibrated ages of the
dates (Table 1) along with the accepted age of the Mazama-O
tephra (Egan et al., 2015; Zdanowicz et al., 1999) were used to
create an age-depth model for the core, which was developed
using a constrained cubic smoothing spline in Excel (Telford

et al.,, 2004). Radiocarbon ages were converted to calibrated
years before present (present=AD 1950; cal yr BP) using CALIB
version 7.1 (Stuiver et al., 2019). Median ages were chosen if they
did not fall in a trough on the probability distribution function. If
they did, the age of the highest adjacent peak was used (rounded
to the nearest decade). Tephra, likely from the Mount St. Helens-
W eruption (MSH-W; 470cal yr BP; Mullineaux, 1986), was
omitted from the age model because it was not identified by
microprobe analysis, but was instead used to verify the accuracy
of'the top portion of the age model. One cubic centimeter samples
were taken every 5 cm for LOI analysis and followed the protocol
outlined in Heiri et al. (2001). Additionally, a Sapphire Instru-
ments 5-cm magnetic susceptibility (MS) ring sensor was used to
determine the ferromagnetic properties of the intact half of core
LOL14B at 1-cm intervals in order to identify tephra and ero-
sional deposits.

Macroscopic charcoal analysis techniques followed Whitlock
and Larsen (2001) as modified by Walsh et al. (2008). Samples of
2c¢m® were taken at contiguous l-cm intervals from cores
LOLI14A and LOL14B. Charcoal morphotypes were separated
visually following descriptions in Walsh et al. (2008, 2010, 2018)
in order to infer fuel type and fire severity. Charcoal that was flat
with visible stomatal openings was tallied as herbaceous while all
remaining charcoal was considered as coming from a woody fuel
source. Charcoal concentrations (particles/cm?®) and influx (parti-
cles/cm?/year) were calculated for total charcoal and herbaceous
charcoal counts separately. CharAnalysis was used to analyze the
charcoal data and reconstruct fire history (Higuera et al., 2010).
The data were interpolated to a constant time step based on the
median sample resolution of 13 years. The non log-transformed
charcoal influx data were smoothed using a Lowess function
robust to outliers, and peaks were identified using charcoal resid-
uals with a locally defined threshold. Background smoothing
windows widths were tested between 200 and 1000 years. A back-
ground window of 600 years was eventually selected for the final
analysis because it produced a global signal-to-noise index of 5.5,
which is well above the cutoff value of 3 (Kelly et al., 2011), and
because it maximized the fire signal. Charcoal peaks with <5%
chance of coming from the same Poisson distribution within
75 years were eliminated from the analysis. CharAnalysis results
were summarized using time periods designated in Walsh et al.
(2017) for ease of comparison.

Pollen samples were taken at 20-cm intervals, with additional
samples taken 2 cm above and below the Mazama tephra layer for
a total of 40 pollen samples. Samples were processed using stan-
dard techniques outlined in Faegri et al. (1989). At least 300 pol-
len grains were counted per sample to determine the percent
abundance of each taxa, and pollen grains were identified to the
lowest taxonomic level possible using published atlases and the
Central Washington University pollen reference collection. Pol-
len percentages for most taxa were calculated using the total ter-
restrial pollen sum. Pinus pollen not identified as either yellow
pine (subgenus Pinus) or white pine (subgenus Strobus) was
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Figure 2. (a) Age-depth model, (b) charcoal concentration (particles/cm3, total concentration=black curve, herbaceous concentration =green
curve), (c) loss-on-ignition (% organics), and (d) magnetic susceptibility (electromagnetic units) plotted against age (cal yr BP) for the LOLI4C

record.

counted as Pinus undifferentiated (undiff.). Pollen identified as
Spirea, Holodiscus, and Rosaceae were grouped together as Rosa-
ceae undiff. Pollen identified as Senecio-type, Helianthus-type,
and Agoseris-type were grouped together as Asteraceae. Pollen
identified as Lysichiton americanus was not included in the total
terrestrial pollen sum because of its high abundance in multiple
levels. Percentages of Lysichiton, aquatic, and semi-aquatic taxa
were calculated using the total pollen sum. Pollen zone boundar-
ies were determined using a constrained cluster analysis (Grimm,
1987).

Results
LOL14C chronology, charcoal, and lithology

About 84 cm of sediment was recovered in LOL14A and 775cm
in LOL14B. Based on the presence of the MSH-W tephra in both
cores, 12cm from the top of LOL14A was added to LOL14B to
create one continuous record, hereafter referred to as LOL14C.
Core LOL14C was 780 cm with the Mazama tephra removed. The
age-depth model determined a basal date of 9870 cal yr BP with a
median resolution of 12.9years per sample. Sedimentation rate
was slowest from ca. 9870 to 7600cal yr BP (Figure 2a), but
increased from ca. 7600 to 3000 cal yr BP and then remained gen-
erally steady to the top of the record.

Total charcoal concentration values were generally low in the
early part of the LOL14C record (ca. 9870-6500 cal yr BP), par-
ticularly in the ~500 years following the deposition of the Mazama
tephra (Figure 2b). Total charcoal concentration values were
higher after ca. 6500 cal yr BP with considerably more variability
in the record at that time. Total charcoal concentration values
were again low by ca. 500 cal yr BP, particularly after ca. 200 cal
yr BP. Herbaceous charcoal concentration values were generally
low throughout the entire record, but in particular, prior to ca.
5500cal yr BP. Herbaceous charcoal concentration values were
highest between ca. 4000 and 500 cal yr BP.

The lithology of LOL14C was primarily black to very dark
brown fine gyttja. Below the Mazama tephra, found at a depth of
710cm, the sediment was peaty gyttja with fine rootlets. Above
the Mazama tephra, the sediment alternated between gyttja,
clayey gyttja, and peaty gyttja until 550 cm (ca. 4800 cal yr BP).
The remainder of the record was fine dark brown gyttja with
some thin laminations. Organic content was less than 50% for

most of the record, but values were generally higher prior to the
deposition of the Mazama tephra (Figure 2¢). MS values were
generally low, but included a number of higher values that coin-
cided temporally with both identified and unknown tephra layers
(Figure 2d). The higher MS values at ca. 470 cal yr BP almost
certainly originate from the deposition of the MSH-W tephra,
which was found at similar depths in multiple other cores from
the eastern Cascades (Nelson et al. 2011; Walsh et al., 2018). For
more lithological results see Rushton (2019).

CharAnalysis

Early Holocene (ca. 9870-8000 cal yr BP): Fire activity was low in
the early Holocene as compared to later in the record (Figure 3).
Charcoal influx (CHAR), fire frequency, number of fire episodes,
and peak magnitude (which is an indication of fire size and/or
severity, Higuera et al., 2007), were all lower in this period than in
any other (Table 2). CHAR values varied only slightly in the early
Holocene, but were highest at ca. 8400cal yr BP. Mean fire fre-
quency was at or below four fire episodes/1000years during the
early Holocene and varied little (Figure 3¢ and d). Only six epi-
sodes were identified by CharAnalysis, indicating a MFRI of
300years. Herbaceous CHAR values were lowest in this period
(Table 2 and Figure 3e).

Middle Holocene (ca. 8000-4000cal yr BP): Fire activity
changed little from the end of the early Holocene to the beginning
ofthe middle Holocene. CHAR values decreased initially between
ca. 8000 and 6800 cal yr BP to near zero, but then increased dra-
matically in the next thousand years. Fire episodes remained
infrequent in the watershed until after ca. 6000cal yr BP, when
they became much more common and of greater peak magnitude.
Mean CHAR values more than doubled after this time compared
to the early Holocene and first half of the middle Holocene. The
largest peak magnitude of the record occurred at ca. 5800 cal yr
BP (Figure 3b), beginning several millennia of fire episodes with
much higher CHAR values than previously observed in the
record. Only seven of the 27 identified fire episodes during the
middle Holocene occurred before ca. 6000cal yr BP. After that
time, fire episodes occurred on average every ~100 years as com-
pared to every ~285 years during the previous two millennia. Her-
baceous CHAR values were extremely low during the early
middle Holocene, but increased considerably during the late mid-
dle Holocene (ca. 6000—4000 cal yr BP).
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Figure 3. CharAnalysis results showing: (a) signal-to-noise index (SNI), (b) peak episode magnitude (particles/peak), (c) fire frequency (fire
episodes/1000years), (d) fire episodes (plus symbols), and (e) total charcoal influx (CHAR, particles/cm?/year; black curve), herbaceous
charcoal influx (CHAR, particles/cm?/year; green curve) and background charcoal (red line) plotted against age (cal yr BP) for the LOLI14C
record. The time periods associated with the Medieval Climate Anomaly (MCA; | 100-700cal yr BP) and Little Ice Age (LIA; 500—100cal yr
BP) are shown by the vertical orange and purple bars, respectively.

Table 2. Charcoal statistics for the Long Lake (LOL14C) record.

Mean total Mean herbaceous Fire Mean fire Mean peak
charcoal influx charcoal influx episodes frequency magnitude
(particles/cm?/year) (particles/cm?/year) (#) (episodes/1000years) (particles/peak)
Early Holocene 0.21 0.004 6 3.33 11.58
(98408000 cal yr BP)
Middle Holocene 0.54 0.038 27 6.70 28.17
(8000—4000 cal yr BP)
Early Middle Holocene 0.12 0.002 7 3.53 5.42
(80006000 cal yr BP)
Late Middle Holocene 0.95 0.057 20 9.92 36.13
(6000—4000cal yr BP)
Late Holocene (4000 to 0.79 0.131 50 12.25 15.24
—64cal yr BP)

Late Holocene (ca. 4000 to —64 cal yr BP): As seen in the latter
half of the middle Holocene, frequent fire episodes continued to
occur throughout the late Holocene. Herbaceous CHAR values
were highest during this period. Fire frequency, which began
increasing after ca. 6000 cal yr BP, continued to increase to over
16 episodes/1000years at ca. 2800cal yr BP. It then decreased
throughout the remainder of the late Holocene to near zero at
present. CharAnalysis identified 50 fire episodes during this
period, with a fire episode occurring on average every ~80 years.
However, mean peak magnitude decreased to nearly half of what
it was during the second half of the middle Holocene. Fire epi-
sodes remained frequent during the years associated with the
Medieval Climate Anomaly (MCA; 1100-700cal yr BP; Mann
et al., 2009) with four fire episodes occurring. No fire episodes
occurred during the Little Ice Age (LIA; ca. 500-100cal yr BP;
Grove, 2001). Only one fire episode occurred in the last 500 years
in the Long Lake watershed, shortly after the end of the LIA (ca.
100 cal yr BP), and recorded a very low peak magnitude.

Pollen

Zone LOL 1 (ca. 9870-5170cal yr BP): Together trees and
shrubs made up a mean of 75% of the total terrestrial pollen in
this zone, with shrubs comprising only 2.6% of the total terres-
trial sum (Figures 4 and 5c¢). Pinus undiff. was at its lowest level
at the start of the record (~8%), but increased until soon after the
deposition of the Mazama tephra (~45%), and then decreased
towards the end of the zone (~21%). Abies percentages were low
at the start of the zone (~1%), but also increased after the
Mazama eruption (~17%) and remained generally high at the
end of the zone (~8%). Alnus was a dominant taxa in this zone
(~28% mean), but percentages varied widely (~13%-51%).
Shrubs like Artemisia, Rosaceae undiff., and Ceanothus were
higher at the beginning of the zone (~2%, 1%, and 2%, respec-
tively) but their percentages decreased toward the end of the
zone. Herb pollen percentages averaged ~25% of the total ter-
restrial sum in this zone, but were generally higher toward the
start of the zone (~33%) and lower toward the end (~16%)
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(Figure 5d). Ferns were more common in this zone than any ca. 6300 cal yr BP (1000+ grains were counted in multiple lev-
other, in particular Dryopteris-type (~8.5% mean). Lysichiton els), before decreasing sharply and disappearing from the record
americanus, a semi-aquatic plant, first appeared at ca. 8150 cal completely by ca. 5200cal yr BP. Other aquatic percentages

yr BP. Its percentages peaked at ca. 7500 cal yr BP and again at were generally low in this zone (Figure 5e).
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Zone LOL 2 (ca. 5170-370cal yr BP): Tree and shrub pollen
percentages were higher in this zone than the previous with a mean
of ~94%. Both Pinus undiff. and Alnus percentages dominated at
various times in this zone. Pinus undiff. reached its lowest percent-
ages since Zone LOL 1 at ca. 2100cal yr BP (~19%.), and its high-
est percentages of the entire record, comprising 50% or more of the
terrestrial total several times, at ca. 3800-3600, 2000, and 1200 cal
yr BP. Additionally, A/nus reached its highest percentage of the
record (~64%) at ca. 1600 cal yr BP. Arceuthobium (dwarf mistle-
toe), first appeared in the record at ca. 7650 cal yr BP (~0.2%), but
occurred in higher percentages in this zone, seemingly concurrent
with a rise in percentages of Tsuga heterophylla, Cupressaceae, and
Picea. Salix percentages were greatest at the start of this zone
(~6%), but decreased toward the end. Shrub percentages remained
at a fairly stable level during this zone, particularly Artemisia (~2%
mean); however, Rosaceae undiff. and Ceanothus percentages
exhibited a slight decrease from the beginning to the end of the
zone. Herbaceous taxa percentages, including Poaceae (~4%
mean), Cyperaceae (~2% mean), and most other herbs, were lower
in this zone as compared to the previous. However, Dryopteris-type
and Athyrium-type both exhibited slightly higher percentages
between ca. 3300 and 1500 cal yr BP (~4% and 2% mean, respec-
tively) while Cystopteris-type and Pteridium aquilinum-type main-
tained low numbers throughout this zone. Aquatics were generally
lower in this zone than the previous (~18% mean), but Potamoge-
ton-type and Typha latifolia-type percentages were higher in this
zone as compared to earlier (~1.7% and 0.2% mean, respectively).

Zone LOL_3 (ca. 370 to —64 cal yr BP): Percentages of tree and
shrub pollen were lower in this zone than the previous (~86%
mean), with shrubs only comprising ~2% of the total terrestrial
sum. Conifer pollen percentages, including Pinus undiff., Abies,
Tsuga heterophylla, Cupressaceae, increased in this zone as per-
centages of A/nus dropped from ~51% to 22% in comparison to the
previous zone. Herb pollen percentages initially increased at the
start of this zone, but then decreased by the end (from ~18% to 8%).

Discussion
Fire-vegetation-climate interactions

Early Holocene. The early Holocene portion of the Long Lake
record is short, with less than 2000 years represented (ca. 9870—
8000 cal yr BP). It is possible that the site formed earlier than this,
but it seems unlikely given the provenance of the lake, which
appears to be the result of mass wasting and not of a glacial origin.
Fire episodes, which may include one or more fires that happen
close together in time (Long et al., 1998), appear to have been
infrequent in the Long Lake watershed during the early Holocene
with only six episodes recorded (Table 2 and Figure 5f). This con-
trasts with the regional fire record for the PNW that indicates high
fire activity at numerous sites during this period (Figure 5b;
Walsh et al., 2015; Whitlock and Bartlein, 2003). Sunrise Lake
(1768 m a.s.l.), which is included in the Walsh et al. (2015) analy-
sis, while not technically in the eastern Cascades (it sits just to the
east of the crest of the Cascades), exists at high elevation on the
eastern flank of Mount Rainier making it the closest Washington
Cascades site (Walsh et al., 2017). This site today is dominated by
Abies lasiocarpa, A. procera (noble fir), and lesser amounts of
Tsuga mertensiana and A. amabilis (Pacific silver fir). However,
in the early Holocene the site was likely a Pinus/Abies-dominated
forest with an Artemisia/herbaceous understory. Sunrise Lake
experienced only three fire episodes between ca. 10,000 and
8000 cal yr BP (Figure 5g), but episodes were of greater peak
magnitude than those observed at Long Lake and contained
almost no herbaceous charcoal, indicating fires were larger and/or
more severe (see Sunrise Lake fire statistics in Walsh et al., 2017).

Another site, Breitenbush Lake (1681 m a.s.1.) lies ina MEMC
forest in the eastern Oregon Cascades and is at present dominated

by A. amabilis, A. procera, and T. mertensiana (Minckley and
Long, 2016). Fire episodes were more frequent than at Sunrise
Lake during the early Holocene when the forest was Pinus/Abies/T.
heterophylla-dominated with an Alnus, Artemisia, and Poaceae
understory. Six fire episodes were recorded from 10,000 to
8000cal yr BP (peak episode magnitude was not reported). At
nearby Tumalo Lake (1536 m a.s.l.), which is currently dominated
by A. grandis, A. amabilis, and Picea engelmannii (Engelmann
spruce), fire episodes were more frequent than at Sunrise, Breit-
enbush, and Long lakes (~17 occurred in the early Holocene), but
were of generally low peak magnitude suggesting smaller or less
severe fires than those observed at Sunrise Lake. The warm, dry
climatic conditions of the early Holocene led to an open Pinus
forest with an Artemisia understory existing at the site at this time,
which was seemingly conducive to frequent fire, but limited fuel
availability (Long et al., 2011).

Unfortunately no published records of early Holocene fire
activity exist from lower elevation sites in the eastern Cascades,
so it is difficult to say whether fire regimes at Long Lake at this
time were intermediate in terms of fire severity and frequency to
sites at both higher and lower elevations. However, this seems
likely given the available data. Fires at even lower elevations than
at Long Lake, where vegetation was even more sparse (Whitlock
et al., 2000), were likely of lower severity than those at Long
Lake, though perhaps more frequent.

Given these trends, fire episodes at Long Lake during the early
Holocene were likely more frequent than as indicated by CharAnal-
ysis. This may be the result of the low temporal sampling resolution
of the record during this period. Alternatively this could be a result
of sediment compaction in this part of the core, or the fact that the
site was likely a wetland and not a lake at this point (see discussion
below). The sedimentation rate is slowest at this time with a mean
of 0.031 cm/year, which may have decreased CharAnalysis’ ability
to separate charcoal peaks from background charcoal (Higuera
et al., 2010). This is supported by the low signal-to-noise index
observed from ca. 9870 to 9000cal yr BP (Figure 3a). The back-
ground CHAR indicates that fires were occurring, but the influx
peaks (Figure 3e) are less discrete than during the middle and late
Holocene. Mean peak magnitude is also lower at this time than in
any other period during the record except for the early middle
Holocene (Table 2 and Figure 3b). The combined charcoal evi-
dence suggests that fires in the Long Lake watershed during the
early Holocene were small or of low severity, but perhaps more
frequent than suggested by CharAnalysis. However, the majority of
charcoal observed during this period was woody, which indicates
that trees, or more likely shrubs, were the fuel source.

In the PNW the early Holocene was warmer and drier than the
middle or late Holocene, with decreased water levels recorded in
many water bodies (Fulkerson, 2012). This was caused by high
summer insolation due to perihelion occurring during the summer
in the early Holocene (Figure Sa; Bartlein et al., 1998; Whitlock
and Bartlein, 1993). These drier conditions led to more xeric veg-
etation and open woodlands (Fulkerson, 2012). At Long Lake,
Alnus (either A. sinuata or A. incana) and shrubs such as Arte-
misia, Rosaceae, and Ceanothus dominated the vegetation assem-
blage, along with a high abundance of herbaceous plants, such as
Pteridium aquilinum (bracken fern) and Cyperaceae (likely Carex
geyeri). Worth noting is that A/nus pollen is often over-repre-
sented in lake sediment records (Heusser, 1978), so it may have
been less abundant at Long Lake than its percentages suggest.
Nevertheless, Alnus, P. aquilinum, and C. geyeri are highly indic-
ative of frequent disturbance and warm summer temperatures
(Franklin and Dyrness, 1988; Lillybridge et al., 1995), which sup-
ports our interpretation that fires were more frequent than Cha-
rAnalysis indicates. The high amount of shrub pollen (e.g., A/nus,
Artemisia, Rosaceae) in the early Holocene supports the conclu-
sion that this area, like many others in the eastern Cascades and
surrounding vicinity, was a woodland environment with frequent
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disturbance (Mack et al., 1979; Prichard et al., 2009; Walsh et al.,
2015). At Carp Lake (714m a.s.l.) in southcentral Washington,
the pollen record indicates that Pinus and Quercus-dominated for-
ests with substantial amounts of A/nus existed at the site due to the
warmer and drier conditions than at present (Whitlock et al.,
2000). Alnus is especially prone to establishing in frequently dis-
turbed areas before other long-lived species become dominant
(Parish et al., 1996) and is often a pioneer species after fires (Arno
and Allison-Bunnell, 2002; NRCS, 2009). Unfortunately there is
no fire reconstruction from Carp Lake, but it seems likely that the
site experienced frequent low-severity fires at this time.

Additional lines of evidence suggest that Long Lake experi-
enced considerably warmer and drier conditions during the early
Holocene than it does at present. Relatively high amounts of
Cupressaceae pollen at Long Lake during the early Holocene are
likely attributed to Jumiperus occidentalis (western juniper),
which grows in limited dry habitats near the site today. There is
also a high amount of Artemisia pollen during this period, possi-
bly indicating the forest-steppe transition zone may have extended
to higher elevations than at present (Franklin and Dyrness, 1988).
Most notably, the lithology of the LOL14C core during the early
Holocene, particularly the presence of some peaty gyttja and high
percentage of organics, indicates Long Lake may have been an
emergent wetland and not a lake in the early Holocene (Figure
2¢). This may have decreased the amount of charcoal that accu-
mulated in the sediment at this time due to greater amounts of
shoreline vegetation acting as a filter (Whitlock and Millspaugh,
1996), possibly contributing to the lower than expected fire fre-
quency observed at this time. Closed system water bodies with no
substantial inlets or outlets, such as Long Lake, are dependent on
climate for maintaining water levels (Steinman et al., 2016), mak-
ing it all the more likely that the site experienced drying as the
result of the prevailing climatic conditions. However, an increase
in Pinus, Abies, and Dryopteris (wood ferns), and Cystopteris
(fragile ferns) by the end of the early Holocene suggests the land-
scape was becoming more forested, which is consistent with the
timing of these changes at many other sites in the PNW (Walsh
et al., 2008, 2015; Whitlock, 1992).

Middle Holocene. Fire activity in the Long Lake watershed was
low for the first 2000 years of the middle Holocene before a major
increase in CHAR and fire frequency after ca. 6000cal yr BP
(Figures 3 and 5f). This coincides with an increase in biomass
burning at many low- to high-elevation sites in the PNW (Figure
Sb; Walsh et al., 2015). However at Sunrise Lake (Figure 5g) and
Breitenbush Lake, fire frequency remained low with only 3 epi-
sodes occurring at each site between ca. 6000 and 4000 cal yr BP
(Minckley and Long, 2016; Walsh et al., 2017). In contrast, fires
at Tumalo Lake remained fairly frequent, with ~10 episodes
occurring during this interval (Long et al., 2011). Number of fire
episodes more than quadrupled at Long Lake and fire frequency
and mean peak magnitude both more than doubled in the late
middle Holocene as compared to the early Holocene, which
clearly indicates that more frequent and larger and/or more severe
fires burned as compared to earlier in the record (Table 2). How-
ever, given the moderate herbaceous CHAR values compared to
both earlier and later in the record, and the variability in peak
episode magnitude, it would seem that fires occurring during this
interval were of both higher and lower severity, burning more
woody and herbaceous fuels, respectively.

Given the timing of the increase in fire activity at Long Lake,
it seems likely that it was caused by a shift in vegetation at the site
and an increase in the amount of burnable biomass. The climate
during the middle Holocene was generally cooler and wetter than
during the early Holocene, but summers were still drier and win-
ters wetter than at present (Chase et al., 2008; Steinman et al.,
2016; Whitlock et al., 2000). The seasonal disparity likely allowed
for the accumulation of biomass (fuel) followed by substantial

fire activity during the subsequent dry fire season (Prichard et al.,
2009; Walsh et al., 2015). Or perhaps, greater interannual climate
variability during the middle Holocene, likely through mecha-
nisms proposed in Heyer et al. (2017) and/or Long et al. (2019),
increased the likelihood that lightning strikes ignited fuels that
were drier due to lower winter snowpacks and increased spring/
summer temperatures. Either way, drier than present summers
combined with increased biomass abundance during the late mid-
dle Holocene supports our interpretation that an increase in fire
activity was caused by a combination of climatic factors and fuel
availability/condition.

The increase in fire activity at Long Lake during the late mid-
dle Holocene may also be due to a rise in anthropogenic use of
fire. Throughout the Cascade Range and the PNW fire was used
by Native Americans for many reasons such as root crop and
berry cultivation, game driving, and trail clearing up until the
time of and even following EuroAmerican settlement (Burt-
chard, 2007; Mack, 2003; Uebelacker, 1980). Archaeological
evidence indicates human presence in the Washington Cascades
by as ecarly as ca. 9500cal yr BP (Samuels, 1993; Mack et al.,
2010), and more firmly by ca. 8000 cal yr BP (McClure, 1989,
1998). Increasing populations throughout the middle to late
Holocene would have raised the likelihood that human ignitions
supplemented natural ignitions, even in mountainous regions
(Burtchard, 2007; Chatters, 1995). Lightning strikes, which are
generally abundant during summer months in the eastern Cas-
cades (Rorig and Ferguson, 1999), were the likely primary igni-
tion source for fires at Long Lake during the middle and late
Holocene (Agee, 1994; Bork, 1984; Johnston et al., 2017); how-
ever, human-caused fires, both accidental and deliberate, cannot
be ruled out (USFS, 1996).

The shift in vegetation at the time of the Mazama eruption, or
shortly thereafter (Figure 4) marks the beginning of the establish-
ment of the modern forest, which is generally similar in timing to
many other sites in both the eastern Cascades and the PNW (Hay-
don, 2018; Long et al., 2014; Mack et al., 1976; Walsh et al.,
2008, 2015; Whitlock, 1992). It is possible that the deposition of
approximately 7cm of tephra at Long Lake led to these observed
changes; however, this seems unlikely given that the vegetation
assemblage at several sites located much closer to the eruption
were not severely impacted by even thicker tephra deposits (Long
et al., 2014). With that said, several taxa display an abrupt change
in abundance at this time; Pinus (likely P. monticola) and Abies
(likely A. grandis) replace Alnus, while Populus, Artemisia, Poa-
ceae, Heracleum, Amaranthaceae, Asteraceae, Lysichiton ameri-
canus, and Potamogeton increased. Increases in Pinus, Abies,
Poaceae and monolete ferns (Dryopteris, Athyrium and Cystop-
teris) at the expense of Alnus, shrub pollen and P. aquilinum
likely indicate forest closure due to generally cooler, moister cli-
matic conditions (Bartlein et al., 1998, 2014; Whitlock, 1992).
However, the immediate rise in L. americanus following the
deposition of the Mazama tephra is notable and could represent
greater littoral area at the site during still dry summers, or perhaps
indicates a shift in the hydrology of the site as the result of the
tephra accumulation on the surrounding landscape. Pinus pro-
duces large amounts of pollen, exaggerating its presence on the
landscape; thus, its high abundance during this period was likely
in part the result of both upslope and downslope transport (Hebda
and Allen, 1993; Brown et al., 2017). Abies, which produces
much less pollen (Hebda and Allen, 1993; Mack et al., 1978), was
likely the dominant taxa in the forest overstory after this time, as
it is at present. The disappearance of L. americanus by at ca.
5200 cal yr BP and the increase in Potamogeton near the end of
the middle Holocene, as well as changes in the core’s lithology
and a decrease in the percentage of organics, indicate that Long
Lake had shifted from a wetland to a lake by this time.

PseudotsugalLarix-type, likely Pseudotsuga menziesii, abun-
dance increased shortly after the increase in shade-tolerant
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conifer taxa, indicating co-dominance in the forest with Abies.
Arceuthobium also increased as the Long Lake area became more
forested. Though the first appearance of Arceuthobium is shortly
after Pinus becomes the dominant tree taxa, its greatest numbers
coincide with high amounts of 7. heterophylla and Cupressaceae
in the late Holocene. Despite the cooler, wetter climate and high
amounts of coniferous pollen in the middle Holocene, the contin-
ued presence of A/nus and P. aquilinum, and the high CHAR val-
ues throughout the period, indicate frequent disturbance in the
area and probably forest openings in which these taxa grew
(Franklin and Dyrness, 1988).

Late Holocene. Fire activity at Long Lake remained high through-
out most of the late Holocene; however, fire frequency began to
decrease after ca. 3000cal yr BP. The CHAR trend is generally
consistent with the PNW biomass burning trend, which continued
to increase until ca. 900 cal yr BP (Figure Sb; Walsh et al., 2015).
The Long Lake fire frequency trend is somewhat similar to that of
Sunrise Lake, which shows a small increase in fire episodes from
the middle to late Holocene, before declining after ca. 2000 cal yr
BP (Figure 5g; Walsh et al., 2017). However, peak episode mag-
nitude continued to be much higher at Sunrise Lake than at Long
Lake, suggesting that fires, although less frequent, were of greater
size and/or severity at Sunrise Lake. At Breitenbush Lake, fire
frequency also increased during the first part of the late Holocene,
but then decreased somewhat after ca. 2500 cal yr BP (Minckley
and Long, 2016). The vegetation assemblage changed little at
Long Lake (and most other sites in the PNW) during the late
Holocene, so fluctuations in fuel availability were likely less
important during this period as compared to earlier, which means
that something else was influencing fire activity. In general, the
climate of the late Holocene in the PNW was even cooler and wet-
ter than earlier due to continued decreases in summer insolation
(Figure 5a; Bartlein et al., 1998, 2014; Walker and Pellatt, 2008).
Even so, fires continued to burn frequently in the Long Lake
watershed, at least until ca. 500 cal yr BP. It is possible that human
use of fire supplemented natural ignitions during the late Holo-
cene, but is impossible to know to what extent if any.

A cool neoglacial period started at ca. 4000-3000 cal yr BP and
is associated with glacial advances in the region (Coulthard et al.,
2013; Menounos et al., 2009; Whitlock et al., 2000). While this
period does not appear to have had a major influence on fire activ-
ity at Long Lake, it coincides with an increase in effective mois-
ture as illustrated by the rise in Abies, Cupressaceae, 7. heterophylla
as well as monolete ferns. The 7. heterophylla and Cupressaceae
(likely Thuja plicata and/or Callitropsis nootkatensis) pollen
observed in the record at this time likely originated from higher
elevations, but their increase also signals increased levels of
regional precipitation (Gavin et al., 2013). The consistent presence
of Abies indicates it was a staple of the forest in the Long Lake
watershed throughout the late Holocene. The decrease in Alnus in
the last several centuries supports the observation that fire activity
decreased in the Long Lake watershed, particularly after ca.
500cal yr BP, and coincidentally, shade-tolerant conifer taxa
increased at the site.

During the last 4000 years, fire activity at Long Lake clearly
exhibited characteristics of both high- and low-elevation fire
regimes (Figures 5 and 6). Trends in CHAR were more similar
between the MEMC forest at Long Lake and the subalpine forest
at Sunrise Lake, particularly during the LIA (Figure 6a and b).
The notable decrease in CHAR associated with LIA, which was
generally cool and wet (Graumlich and Brubaker, 1986), is espe-
cially pronounced in both records and is one of the strongest doc-
umented trends in fire activity in the PNW during the post-glacial
period (Marlon et al., 2012; Walsh et al., 2015). Similarities also
exist between the Long Lake and Tumalo Lake records; CHAR
and fire frequency both decrease to near zero at Tumalo Lake
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Figure 6. Charcoal influx comparison of fire activity for the last
2000years at high-, mid-, and low-elevation sites plotted against
age (cal yr BP). (a) Sunrise Lake core ULI ID (Walsh et al., 2017),
(b) Long Lake core LOLI4C, and (c) Fish Lake core FLIIE (Walsh
et al,, 2018). Total charcoal concentration is shown by the black
curve, herbaceous charcoal concentration is shown by the green
curve. The time periods associated with the Medieval Climate
Anomaly (MCA; 1100-700cal yr BP) and Little Ice Age (LIA;
500-100cal yr BP) are shown by the vertical orange and purple
bars, respectively.

during the past ~1400years (Long et al., 2011). However, fire
activity remained generally high at Breitenbush Lake, which
experienced little to no decrease in CHAR or fire frequency dur-
ing the late Holocene (Minckley and Long, 2016).

When considering the frequency of fires (~80years MFRI) and
the “peakiness” of the Long Lake CHAR record during the past
4000years, these trends are more similar to lower elevation fire
regimes than higher (Figure 6b and c). Fish Lake (548 m a.s.l.) sits
in the eastern Cascades of north-central Washington, and for at
least the past 3800 years has existed near the ecotone between pon-
derosa pine-dominated forest and sagebrush steppe (Walsh et al.,
2018). During the late Holocene, fires likely occurred more fre-
quently at Fish Lake than the sampling resolution of the core
(median of ~13years), which puts Long and Fish lakes much
closer together in terms of fire frequency than Sunrise Lake, which
had a MFRI of ~400 years during the late Holocene (Walsh et al.,
2017). Similarities also exist in the amount of herbaceous charcoal
found in the Long and Fish lake records. Herbaceous CHAR was
highest at Long Lake during the late Holocene, and at Fish Lake
herbaceous charcoal made up nearly 80% of the total charcoal
observed during the same period. In contrast, herbaceous charcoal
was almost completely absent from the Sunrise Lake record, indi-
cating more similar fuel sources at Fish and Long lakes (Walsh
et al., 2008). Given the late Holocene MFRI at Long Lake, and the
mixture of fuels burned, fires during this period were likely of
mixed-severity, with more frequent lower-severity fires occurring
in between less frequent stand-replacing events. This is consistent
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with findings from several dendrochronological-based studies of
historic fire activity in MEMC forests of eastern Washington and
Oregon (see Stine et al., 2014 for a review).

Additionally, both the Fish and Long lake records exhibit a
fire suppression signal beginning ca. 100cal yr BP (Figure 6b
and c). However, the impact it had on the fire regime at Fish Lake
was much more pronounced than at Long Lake. Much of the
increase in burning in the Fish Lake watershed during the late
Holocene, particularly during the LIA, has been attributed to
anthropogenic use of fire, which decreased as native peoples
were removed both forcibly and by disease at the start of
EuroAmerican settlement (ca. AD 1850; Walsh et al., 2018). The
fire suppression signal at Long Lake, while less pronounced
(because fire activity was already low due to the climatic condi-
tions of the LIA), is still apparent. The lack of fire in the Long
Lake watershed during the last ~150years is most likely the
result of fuel changes accompanying grazing and logging activi-
ties in the 19th and 20th centuries (Haugo et al., 2010; Uebe-
lacker, 1980), as well as active fire suppression in the 20th and
21st centuries (Agee, 1993; Stine et al., 2014).

Conclusion

Both the fire activity and vegetation assemblage at Long Lake
varied widely during the past ~9900 years, primarily as the result
of climatic shifts, and to a lesser extent human land use actions.
Fire activity was generally low in the Long Lake watershed in the
early Holocene and the first half of the middle Holocene, likely
due to a warmer, drier climate than at present and low amounts of
burnable biomass. However, fire frequency was likely higher dur-
ing these periods than was indicated by CharAnalysis as a result
of the low temporal resolution in this part of the record. Fire activ-
ity became much more common after ca. 6000 cal yr BP, which
was coincident with the establishment of the modern forest as the
regional climate became cooler and wetter. This increase in fire
occurred simultaneous to an increase recorded at numerous sites
in the PNW, and is attributed to higher amounts of burnable bio-
mass coupled with greater climatic variability. Fire activity
remained high at Long Lake into the late Holocene and only
began to decrease after ca. 3000 cal yr BP, but was a consistent
presence until ca. 500cal yr BP. The most recent interval of the
Long Lake fire history reconstruction shows a clear departure
from the established fire regime during the previous ~5500 years.
Fifty fire episodes occurred during the late Holocene, but only a
single fire episode was recorded after 500cal yr BP (at ca. AD
1850). It is understandable that the LIA caused a drop in fire
activity at Long Lake, as it did at numerous sites across the PNW.
However, fire frequency should have increased again after this
period, but it did not. The lack of fire at Long Lake during the past
~150years, which is likely the result of the combined effects of
grazing, logging, and fire suppression, has most certainly contrib-
uted to dense stands of shade-tolerant trees observed in the water-
shed at present.

Given the available paleoecological evidence from the eastern
Cascades, the MEMC forest at Long Lake seems to have an inter-
mediate fire regime to sites at higher and lower elevations, both in
terms of fire frequency and severity. While this conclusion is
speculative for the early and middle Holocene (no published char-
coal records exist from sites lower in elevation than Long Lake
for these periods), this is clearly the case for the late Holocene. It
seems likely that early Holocene fires at Long Lake burned more
frequently than at higher-elevation sites, but were limited in terms
of size and/or severity by fuel availability, similar to what was
observed at Tumalo Lake. Given the mixture of fuel sources con-
sumed and the variable peak magnitude, a mixed-severity fire
regime undoubtedly established at Long Lake during the second
half of the middle Holocene. The fires that occurred during this

period were considerably more frequent, but of smaller size and/
or lower severity at Long Lake than at higher-elevation sites, in
particular Sunrise Lake. The reconstructed trends in fire activity
at Long Lake suggest that for as long as a moist MEMC forest has
existed at the site (since ca. 6000-5500cal yr BP), it has been
maintained by a mixed-severity fire regime in which fires of both
low and high severity burned. For at least the late Holocene, this
places it in between high-elevation sites that experienced infre-
quent, stand-replacing fires (Minckley and Long, 2016; Walsh
etal., 2017), and low-elevation sites where frequent, low-severity
fires maintained more open forests (Everett et al., 2000; Walsh
et al., 2018).

Many forests throughout the PNW have clearly been altered in
terms of their fire regimes and forest structure and composition
since EuroAmerican settlement, and we are only beginning to fully
understand the impact this has on the resiliency of these forests. It
is well documented that EuroAmerican fire exclusion affected fire
regimes in the lower-elevation forests of the eastern Cascades. It is
now clear from our results that the late Holocene fire regime of the
Long Lake watershed, and potentially other moist MEMC forests
in the eastern Cascades, have also been influenced by both recent
climatic shifts as well as post-EuroAmerican settlement land use
practices. With a late Holocene MFRI of ~80 years and an absence
of fire in the Long Lake watershed for the last ~150years, time is
of the essence for identifying effective fire management strategies
and applying them to the landscape. It is important to note that this
site has clearly experienced fairly frequent moderate- to high-
severity fires during the past ~6000years. We should therefore
expect the incidence of these events to increase in light of contin-
ued climatic warming.
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