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ABSTRACT

Low elevation mixed-conifer forests are widespread throughout the Northern Rocky
Mountains, yet there are few long-term environmental histories from these structurally and
compositionally heterogenous ecosystems. We reconstructed >10,000 years of vegetation
change, fire activity, and human presence (e.g., pollen, charcoal, biomarkers) for two closed-
basin lakes in mixed-conifer forests in the Mission Valley, western Montana. Environmental
reconstructions highlight periods of pronounced changes in climate, vegetation, and fire activity.
The late glacial period (>18,000-11,000 cal yr. BP) was characterized by post-glacial warming,
generally wet conditions, establishment of mixed-conifer forests and infrequent fires. Following
an abrupt, short-lived return to Juniper/Douglas fir parkland associated with the Younger Dryas
(~12,900-11,500 cal yr. BP), warming temperatures during the early Holocene (11,000-6,000 cal
yr. BP) promoted the expansion of open parkland/grasslands and frequent fire activity until
cooler summers and warm, wet winters facilitated the development of modern-day closed mixed-
conifer forests. Organic biomarker analyses indicate human presence within the Rainbow Lake
watershed for millennia c. 7,000-3,000 cal yr. BP. Regional fire frequency increased during this
period at Rainbow Lake, suggesting a possible increased role of human influence.
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INTRODUCTION

Mixed-conifer forests in the Northern Rocky Mountains (NRM) are experiencing rapid
climatic, environmental, and land-use change, yet there are few paleoenvironmental records
documenting long-term response to changes in these controls. Over the last four decades,
warming in the NRM has occurred at rates up to three times as fast as the global average
(Pederson et al., 2010; Klos et al., 2014; McWethy et al., 2020). This accelerated rate of
warming has resulted in reduced snowpack, earlier snowmelt and runoff, and increased vapor
pressure deficit, which impacts fire activity by modifying fuel type, availability, and moisture in
the NRM. (Higuera and Abatzoglou, 2020). These impacts are projected to continue to amplify
over the coming decades as warming continues (Higuera and Abatzoglou, 2020), further
promoting longer fire seasons and increased area burned (Abatzoglou and Williams, 2016;
Higuera and Abatzoglou, 2020). Historically, low-elevation (<1200 masl) mixed-conifer forests
experienced a range of low- to high-severity fires, as fire-adapted to fire-sensitive vegetation
often co-occur within the same topographically varied landscape (Arno et al., 1997; Barrett and
Arno, 1999; Power et al., 2011; McWethy et al., 2020). Low-severity fires within these
landscapes, however, are thought to have declined as a result of over 100 years of fire
suppression and subsequent forest infill (Dodge, 1972; Denison et al., 2014; McWethy et al.,
2020). Here we examine multi-proxy millennial-scale paleoecological reconstructions for two
lakes surrounded by structurally and compositionally heterogenous dry mixed-conifer forest. Our

primary objectives are to:
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e Develop a multi-proxy (e.g. pollen, charcoal, biomarker) reconstruction of vegetation,
fire, and human history for two low-elevation mixed-conifer forest sites in the Mission
Valley.
e Examine long-term climate-fire-vegetation interactions and feedbacks in these systems.
e Evaluate disturbance and environmental change in these dry mixed-conifer forest systems
compared to regional paleoecological records spanning elevational and biophysical

gradients.

Site Description

The underlying geology of the Mission Valley is predominantly composed of middle
Proterozoic Belt Supergroup metasedimentary rocks, Pleistocene glacial deposits, fluvioglacial
deposits, flood deposits from Glacial Lake Missoula (GLM) outburst flooding, and Holocene
Lake sediments (Harrison et al., 2000). Flathead Lake (495 km?) is the central feature of the
valley (Power et al., 2006). Immediately to the east lies the Mission range, a north-south oriented
range extending ~90 km in length with its highest peak reaching an elevation of 2,990 masl (Alt
et al., 2018). Recent geology and geomorphology of the Mission Valley was strongly influenced
by the Cordilleran ice sheet c. 21,000-14,000 cal yr. BP and advances/retreats of the Flathead
Lobe into the valley where Flathead Lake exists today (Smith et al., 2020). These glacial
advances dramatically shaped the landscape of the Mission Valley, carving out Flathead Lake,
and creating numerous glacial formations including small kettle lakes, mountain valleys,

drumlins, and moraines (Smith et al., 2020).
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Wymore Lake is a small ~10-hectare lake located near the southwestern corner of
Flathead Lake (47.786741°N, 114.171153°W, 884 masl) (Fig. 1a). It has a relatively uniform
water depth of ~1-2 meters. During the Last Glacial Maximum, the site would have been covered
by the Cordilleran ice sheet and likely formed as a kettle lake. Rainbow Lake is a small ~85-
hectare lake located southwest of Wymore Lake near Plains, MT (47.525469°N, 114.761345°W,
1093 masl) (Fig. 1b) and is ~6 meters deep. It is also likely that Rainbow Lake was formed

during the recession of the Cordilleran Ice Sheet.

Figure 1a: Map of Wymore Lake, MT, with coring location indicated as a white star
(47.786741°N, 114.171153°W) (Image: Google Earth).



Figure 1b: Map of Rainbow Lake, MT, with coring location indicated as a white star
(47.525469°N, 114.761345°W) (Image: Google Earth).
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Figure 1c: Regional map with study sites Wymore Lake and Rainbow Lake indicated by yellow
stars (Map: Nick Kichas).
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Present-day Climate

Primary controls on climate in the Mission Valley today include storms entrained in the
jet stream and air masses arriving from the Pacific Northwest, the southwestern US, and the
arctic. Mean annual temperature at Wymore Lake (884 masl) is 7.4°C (PRISM Climate Group).
Mean maximum summer temperature (JJA) is 26 °C and the mean minimum summer
temperature is 9.6°C. Mean maximum winter temperature (DJF) is 1.2°C and mean minimum
winter temperature is -6.5°C. Average annual precipitation at Wymore Lake is 40.6 mm, with 7.4
mm falling in the winter, 11.1 mm in the spring, 11.8 mm in the summer, and 10.4 mm in the fall
(PRISM Climate Group) (Supplementary Materials Fig. 1-2). Mean annual temperature at
Rainbow Lake (1093 masl) is 6.1 °C (PRISM Climate Group). Mean maximum summer
temperature (JJA) is 24.43 °C and the mean minimum summer temperature is 8.77 °C. Mean
maximum winter temperature (DJF) is -0.67 °C and mean minimum winter temperature is —7.03
°C. Average annual precipitation at Rainbow Lake is 591.56 mm, with seasonal averages of
56.69 mm, 46.34 mm 43.33 mm, and 50.82 (winter, spring, summer, fall respectively) (PRISM
Climate Group). Annual precipitation is dominated by winter and early spring precipitation
originating from North Pacific Aleutian low-pressure storm systems. Pacific high-pressure
systems typically suppress precipitation during the late summer months. Localized convection

cells and snowpack runoff provide some warm season precipitation.

Present-day Vegetation

Modern vegetation in the Mission Valley includes dry pasture and irrigated agricultural

fields, wetlands, broad-leaved deciduous riparian woodlands, grasslands, mixed-conifer, and
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subalpine forests. Low-elevation sites in the Mission Valley (<1200 masl) are dominated by
pasture and agricultural lands, grasslands riparian and open coniferous woodlands of Pinus
Ponderosa, Pseudotsuga menziesii, with scattered Larix occidentalis, and Pinus contorta (Fig.
2).

Wymore Lake is situated in a low elevation mixed-conifer forest in the Mission Valley.
Dominant tree taxa include Pinus ponderosa, Pseudotsuga menziesii, with scattered Larix
occidentalis and Pinus contorta. Understory growth is composed of Poaceae, Juncaceae,
Bromus, Prunus virginiana, Festuca scabrella, and Koeleria cristata (Pfister et al., 1977). Open
wetland and grassland vegetation dominates the lake margins. Rainbow Lake is located
southwest of Wymore Lake and is ~300 masl higher in elevation. Upland vegetation surrounding
the lake is dominated by Pinus Ponderosa, Pseudotsuga menziesii, Larix occidentalis, Pinus
contorta and understory growth consists primarily of Poaceae, Prunus virginiana, Festuca
scabrella, Amelanchier alnifolia, and Rosa woodsia (Pfister et al., 1977). Populus, Cyperaceae,

Salix, and Juncus dominate the lake margins.



Alpine tundra:
Small herbaceous
plants

Subalpine-Alpine forest:
Picea, Abies grandis,
Larix occidentalis,
Pinus contorta

Wet mixed-conifer forests: Pinus contorta,
Abies grandis, Pseudotsuga menziesil, Larix occidentalis

Dry mixed-conifer forests (Pinus ponderosa, Pinus contorta,
Pseudotsuga menziesii, Larix occidentalis, shrubs, herbaceous plants)

A Twin Lake (1236)

4 Rainbow Lake (1093)
M Black Lake (985) Open mixed-conifer forest/Grasslands (Poaceae, Arfemisia, Pinus ponderosa,
N Wymore Lake (884) Pseudotsuga menziesiherbaceous plants, shrubs)

Figure 2: Vegetation across a generalized elevational gradient in the Mission Range (adapted
from Pfister, 1977; Arno et al., 1979; Alt et al., 2018). Stars indicate the four primary sites
discussed in this study. Total number of sites studied in the region are indicated by green circles
in three zones: Open forest/grassland (3 sites) (McWethy et al., 2020), dry mixed-conifer forest
(9 sites) (Mack et al., 1978a; Mack et al., 1978b; Mack et al., 1978c; Mack et al., 1979; Mack et
al., 1983; Whitlock et al., 1992; Power et al., 2011; Alt et al., 2018), wet mixed-conifer forest (4
sites) (Mehringer et al., 1985; Brunelle et al., 2005; Whitlock et al., 2011), subalpine-alpine
forest (3 sites) (Mehringer et al., 1977a; Brunelle et al., 2005).



8

Modern Fire Regime

Mixed-conifer forests support highly variable fire regimes in the Mission Valley, from
low- to high-severity fires occurring as frequent as every few years, up to 200+ years between
fires. Dendroecological studies indicate frequent surface fires occur in grasslands and in open
forests in the Mission Valley every 15-25 years, while crown fires and/or stand-replacing fires in
wetter mid- and high-elevation forests are infrequent and occur once every 100-300 years (Arno
et al., 1997; Swaney, 2005; Alt et al., 2018).

Widespread fire suppression and land management efforts over the last 100 years have
altered forest structure and fuel conditions in the Mission Valley (Dodge, 1972; Dennison et al.,
2014). The legacy of fire suppression has resulted in forest infill, an increase in the abundance of
woody shrubs and saplings, and an increase in ladder fuels, which can promote crown fires. This
is especially common in dry mixed-conifer forests along the ecotonal boundary between valley
grassland and wetter subalpine forests, where a combination of open grassland and mixed-
conifer forests with diverse herbaceous and woody understory vegetation results in mixed-
severity fire regimes, such as Wymore Lake and Rainbow Lake. Mixed stands of thick-barked
Pinus ponderosa, Larix occidentalis, and Pseudotsuga menziesii forests where the understory
vegetation is dominated by herbaceous taxa support frequent, low-severity fires. Wetter Pinus
contorta, Abies and Picea forest stands support less frequent high-severity fires (Pfister et al.,

1977).
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METHODS

Core Collection

At Wymore and Rainbow Lakes, sediment cores were collected using a raft platform and
a modified Livingston square-rod piston coring device (Wright et al., 1983). At Wymore Lake
five ~37-100 cm long 50 mm diameter cores were collected (1.1 m depth) in August 2020. Core
1A measured 37 cm in length, and cores 1B, 1C, and 1D, and 2B each measured 100 cm in
length. Cores 1A-1D were all retrieved consecutively from the initial drive hole, while core 2B
was retrieved from a second drive hole. At Rainbow Lake six cores were collected (6 m depth) in
September 2015 using the same modified Livingston square-rod piston coring device and a
polycarbonate corer. Seven additional cores were collected the following year (October 2016).
All cores were extruded from the coring device, wrapped in plastic wrap and tin foil to avoid
contamination and oxidation, and stored in PVC pipes. The cores were transported to Montana

State University, where they were refrigerated in the cold storage room until analysis.

Laboratory

Cores were split longitudinally in the Paleoecology Laboratory at Montana State
University and core lithology was detailed. Cores were examined for presence of macrofossils,
photographed, and then subsampled and analyzed for charcoal and pollen concentrations. All
cores for Wymore and Rainbow Lakes were subsampled at 1.0 cm contiguous intervals for
macroscopic charcoal (> 125 um) except for the top 50 cm at Rainbow Lake which was

subsampled at a higher resolution (0.5 cm intervals) and processed following procedures
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described by Whitlock and Larsen (2001). Core sections were correlated based on lithology and

macroscopic charcoal records to create a continuous sediment record.

Charcoal Analysis

To reconstruct the fire history at both sites, statistical analysis of charcoal counts was
performed using CharAnalysis (https://sites.google.com/site/charanalysis/) following methods
outlined by Higuera et al. (2009). Raw charcoal counts were converted to charcoal accumulation
rates (CHAR: particles cm2yr?1). A 500-yr Loess smoother robust to outliers was used to
distinguish background trends in charcoal deposition (BCHAR). Positive departures from
BCHAR were attributed to fire peaks or noise. Fire peaks were separated from noise using a
locally defined threshold. Fire peaks were calculated using residuals (Cpeak= Cinterpolated-
Cbackground). Threshold values for peak identification were based on a percentile cut-off of a
noise distribution (determined by a Gaussian mixture model), modeled with a 0- or 1-mean
Gaussian (for cPeak method = 1 or 2, respectively), then smoothed with a 1000-yr window to

produce the fire frequency record (fires 1000 yrs™).

Pollen Analysis

For all sediment cores, 1 cm® subsamples were processed for pollen analysis following
procedures described by Bennet and Willis (2001). Samples were taken at 5-10 cm resolutions at
both sites to provide a detailed record of vegetation change. To calculate pollen concentration
per sample (grains cm3) and pollen accumulation rate (PAR; grains cm3 yr?), Lycopodium
tablets of known concentration were added to each sample. Slides were prepared by mounting

pollen residue in silicon oil. Each pollen grain was identified to the lowest taxonomic level with
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the aid of the Montana State University reference slide collection and pollen identification books
(McAndrews et al., 1973; Faegri and Iverson, 1989; Kapp et al., 2000). Pollen grains were
counted at a magnification of 400x to 1000x. Pollen counts were converted to percentages based
on the terrestrial pollen sum.

Pollen types were grouped into 4 categories: “Trees”, “Shrubs and Herbs”, “Aquatic”,
and “Indeterminate”. Pinus pollen grains were separated into three taxa categories based on
morphology: Pinus subgenus strobus (Haploxylon-type; verrucae present on their distal
membrane), Pinus subgenus pinus (Diploxylon-type; verrucae absent on their distal membrane),
and undifferentiated (half-grains and grains missing identifying morphological features). “Trees”
included Pinus undifferentiated, P. subg. strobus, P. subg. pinus, Pseudotsuga/Larix,
Cupressaceae (attributed to Juniperous communis), Abies, Picea, and Quercus grains. “Shrubs
and Herbs” included Alnus, Amaranthaceae, Sarcobatus vermiculatus, Roseaceae, Ambrosia,
Apiaceae, Betulaceae, Asteroidaea, Fabaceae, Ranunculaceae, Caryophyllaceae, Polygonum
undifferentiated, Polygonum bistorta, Cichoroideae, Salix, Malvaceae, Myriophyllum, Rhamus,
Epilobium, and Rhus grains. “Aquatic” consisted of Cyperaceae and Typha grains.
“Indeterminate” consisted of damaged and hidden grains. Pollen percentage data from both

Wymore Lake and Rainbow Lake were divided into zones based on visual inspection and

CONISS cluster analysis (Grimm, 1987).

Biomarker Analysis

We analyzed organic biomarkers in 28 samples from 2015 Rainbow Lake cores from 10-
725 cm depth with a 15 cm resolution in the first section (10-225 cm) and 25 c¢cm resolution in the

second (225-725 cm), following methods outlined in McWethy et al. 2020. Samples were
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analyzed for a suite of sterols and stanols (afterwards broadly indicated as fecal sterols),
including: Coprostanol, epi-Coprostanol, Cholesterol, and 5a-Cholestanol. Fecal sterols are
transported via runoff and deposited into lake sediments (Meyers, 1997), and therefore represent
inputs from the surrounding watershed. Coprostanol has been used as a biomarker of human
presence as it is up to 10 times more abundant in human feces than in other omnivorous species
(Leeming et al., 1996). epi-Coprostanol forms when coprostanol is degraded by soil microbes
(Bull et al., 2003; Keenan et al., 2021), and 5a. Cholestanol is formed by the reduction of
cholesterol in sediments (Battistel et al., 2016; Argiriadis et al., 2018).

We use the ratio Coprostanol/(Coprostanol+epi-Coprostanol+5a. Cholestanol) as the
primary indicator of human presence in our analyses. The use of ratios is considered more
reliable than concentrations or fluxes, as they can account for diagenetic biases, degradation
processes, and/or transportation dynamics. For example, Grimalt et al. (1990) proposed
Coprostanol/(Coprostanol +5a Cholestanol) as well as Coprostanol/(Coprostano+epi-
Coprostanol+5a Cholestanol), to account for these different processes, where values above 0.7
indicate intensive human inputs to the watershed. However, in this context, a local increase in
coprostanol values likely indicates an increase in human population size and/or intensity of use
of the watershed.

Samples were freeze dried (Modulo Freeze Dryer, Edwards, UK) and then homogenized
by hand milling in a ceramic mortar. Samples were sealed in vials and stored at room
temperature until extraction analysis, performed using an ASE 350 (Accelerated Solvent

Extraction, Dionex Thermo Fischer Scientific). Samples were combined with diatomaceous earth



13

and spiked with a known amount of internal standard solution to quantify fecal sterol levels. Two
extractions per sample were performed at 150° C and 1500 psi with dichloromethane (DCM).

Extracts were concentrated using a gentle stream of nitrogen (Turbovap, Caliper Life
Sciences) up to ~0.5 mL and purified onto glass columns packed with 1 g neutral activated silica,
previously conditioned with n-hexane: DCM (1:1, v/v), with 3 mL of n-hexane (non-polar
fraction) followed by 10 mL of DCM (polar fraction). The two fractions were collected
separately. The non-polar fraction was stored for further analysis of aliphatic and aromatic
hydrocarbons. The more polar fraction was evaporated until dry and redissolved in 100 pL of
DCM, then 100 pL of BSTFA + 1% TMCS (N,O-Bis(trimethylsilyl)trifluoroacetamide + 1%
trimethylchlorosilane) were added to the samples to allow derivatization at 70° C for 1 hour. The
subsequent analyses were carried out by GC-MS following the method described in Battistel et
al. (2015). Analytes were quantified based on an internal standard, using *Cs-Cholesterol (200
absolute ng) that was spiked within the sample matrix before the extraction step. Several
procedural blanks were also analyzed to quantify possible contamination from the laboratory
equipment. Coprostanol, epi-Coprostanol and 5a-Cholestanol were not detected in blanks and
therefore no correction was applied. However, Cholesterol amounts in blanks ranged from 13-54
ng, and final concentration values were corrected by the blank. The average accuracy and
precision were 90-110% and 10-15%, respectively, for all the fecal sterols analyzed. The
concentrations of each fecal sterol analyzed are reported in Table S3 (Appendix A:

Supplementary Materials).
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RESULTS

Lithology

Sediment cores taken from Wymore Lake were primarily composed of gyttja and clay
(Fig. 3). Core 1A was composed of grey clay from 0-39 cm and light grey clay from 39-53 cm.
Core 1B was composed entirely of brown gyttja with a layer of tephra from 55-63 cm attributed
to the eruption of Mt. Mazama 7,682-7,584 cal yr. BP (Egan et al., 2015). Core 1C was
composed of banded brown gyttja from 153-183 cm, grey silty clay 183- 243 cm, and light
brown silty clay 243-253 cm. Core 1D was composed of light brown silty clay from 253-263 cm
and black and grey banded clay from 263-353 cm. Core 2B was composed of black and grey
banded clay from 353-413 cm and pink silty clay from 413-450 cm, with a ~3 cm layer of tephra
from 382-384 cm attributed to an eruption of Glacier Peak c. 13,710-13,410 cal yr. BP (Kuehn et
al., 2009). Magnetic susceptibility values remain relatively stable throughout the entirety of the
cores, with two peaks of 11.5 Sl and 217.5 SI, which are attributed to the Mt. Mazama and
Glacier Peak tephras, respectively, based on previously dated tephras from multiple sites (Kuehn
et al., 2009; Egan et al., 2015), although tephras were not geochemically analyzed to confirm
their origins in this study. All sediment cores taken from Rainbow Lake were composed of
Grey/brown gyttja (Fig. 4a) except for core 2016E, which featured a tephra layer from 522-532
cm. We interpret this tephra to represent one of the primary eruptions of Mt. Mazama 7,682-

7,584 cal yr. BP (Egan et al., 2015) (Fig. 4b).
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Figure 3: Lithology diagram of the 5 cores from Wymore Lake, MT, location of uncalibrated
radiocarbon dates taken from the 5 cores, and magnetic susceptibility values taken at contiguous
0.5cm intervals. Tephra layers are inferred to be from the eruption of Mt. Mazama 7,682-7,584
cal yr. BP (Egan et al., 2015) and an eruption of Glacier Peak c. 13,710-13,410 cal yr. BP
(Kuehn et al., 2009).
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Figure 4a: Lithology diagram of the 6 cores taken from Rainbow Lake, MT (2015) and location

of uncalibrated radiocarbon ages obtained.
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Figure 4b: Lithology diagram of the 6 cores taken from Rainbow Lake, MT (2016) and location
of uncalibrated radiocarbon ages obtained. Tephra layer is inferred to be from the eruption of Mt.
Mazama 7,682-7,584 cal yr. BP (Egan et al., 2015).
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Chronology

Age-depth chronologies for both sites were developed using accelerator mass
spectrometry (AMS) 4C dates and applying known ages to tephra layers inferred to be deposited
by eruptions from Mt. Mazama (Egan et al., 2015) and Glacier Peak (Kuehn et al., 2009). All C
dates were converted to calibrated ages using the IntCal20 calibration curve (Reimer et al.,
2020), and the final age-depth models were constructed using Bayesian accumulation histories
for deposits (Bacon) software for modeling in R (Blaauw and Christen, 2011; R Core Team,
2015) (Fig. 5-6; Tables S1-S2). Twenty-one (AMS) 1“C dates and one tephra attributed to
Mazama (Egan et al., 2015) were used to derive an age-depth chronology at Rainbow Lake (Fig.
6). Ten (AMS) 1“C dates and Mazama and Glacier Peak tephras (Egan et al., 2015) were used to
derive the age-depth chronology for Wymore Lake (Fig. 5). Wymore Lake and its surrounding
area lies on the Helena Formation; composed of a suite of carbonate rock variations dating to the
Middle Proterozoic (c. 1-1.5 gya) (Harrison et al., 1986). As it erodes into the reservoir, it could
contribute an “old carbon” signal in our sediments (Walker, 2005). To account for this

contribution, we included a reservoir adjustment to calibrated 4C dates.
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Figure 5: Age-depth model for Wymore Lake. The red dotted line represents the interpolated age
for each depth of the core, with the back shading within the grey dotted lines representing the
95% confidence interval, blue dots indicating radiocarbon dates with error bars, and green dots
representing tephra layers.
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Wymore Lake Pollen and Charcoal Data

WY-Z1: 399-279 cm, 14,000-12,000 cal yr. BP

Zone 1 was composed of taxa consistent with mixed-conifer forest (Iglesias et al., 2018) .
Pinus undifferentiated dominated this zone, with levels hovering between 81-95% throughout its
entirety. Abies stayed around ~0-2% throughout most of the zone, increasing up to ~5% around
13,500 cal yr. BP. Consistently low levels of Artemisia (~1-3%) and Cupressaceae (~0-2%) were
also represented. Low levels of Cyperaceae and the absence of aquatic taxa such as Typha
throughout the zone are indicative of deeper, open water (Alt et al., 2018). The total pollen
accumulation rate (PAR) ranged from 1,746 to 26,825 grains cm yr, suggesting increased
establishment of taxa that produce large quantities of pollen, such as Pinus spp. (Fig. 7).
Arboreal pollen to non-arboreal pollen percentages (AP/NAP) increased throughout the zone,
consistent with forest densification or increased establishment of forest patches. This zone began
with fire frequencies of ~1 fires per 1000 yr?, increased to 3-3.5 fires per 1000 yr* by ~12,500
cal yr. BP, then decreasing back to ~2 fires per 1000 yr by the end of the zone (Fig. 7). BCHAR
was initially low, then increased as fire frequency increased, reaching the highest influx of the
record c. 13,000 cal yr. BP. Peak magnitude values in this zone reached as high as 25.13 cm™
peak™ (Fig. 10). These trends are consistent with relatively high biomass-burning for the Wymore
Lake site.

WY-Z2: 278-243 cm, 12,000-11,400 cal yr. BP

Dominant taxa in Zone 2 suggest a Juniper/Douglas fir parkland. Zone 2 showed a
notable decrease in Pinus undifferentiated from 86% at the start of the zone down to 56% c.

11,900 cal yr. BP, increasing back to 89% at the end of the zone. Artemisia increased from 4%
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up to 10%, while Cupressaceae increased from ~2% up to ~4%. Pseudotsuga/Larix also
increased (0-6%). AP/NAP decreased until c. 11,400, where it began to increase again, consistent
forest establishment (Fig. 7). Total PAR for this zone ranged from 4,796 to 12,197 grains cm
yrL. Fire frequency in this zone remained ~3 fires per 1000 yr* throughout the zone. BCHAR
decreased throughout the zone. Peak magnitude values were generally low apart from one peak
c. 11,700 cal yr. BP (6 cm peak) (Fig. 10).

WY-Z3: 242-51 cm, 11,400-7,200 cal yr. BP

Zone 3 taxa indicate a dry mixed-conifer parkland consistent with the warm, dry climate
of this zone, interrupted by an abrupt, short-lived shift in vegetation around the time of the
eruption of Mt. Mazama c. 7,682-7,584 cal yr. BP (Egan et al., 2015; Iglesias et al., 2018). Pinus
undifferentiated initially decreased from 86% at the start of the zone to 37% by c. 8,500 cal yr.
BP, then steadily increased, reaching 57% by the end of the zone. P. subg. strobus remained ~1-
3% throughout the zone. Cyperaceae increases up to 5% by c. 8,300, then declined to ~2% by the
end of the zone. Alnus increased to ~7% c. 8,300, then declined to 3-4% by the end of the zone.
Other taxa showed notable shifts around the eruption of Mount Mazama c. 7,682-7,584 cal yr.
BP (Egan et al., 2015). Artemisia showed a brief but notable increase from ~2% up to 27% and
began to decline shortly after to ~15% by the end of the zone, which is consistent with vegetation
composition shifts associated with ash deposition (Mehringer et al., 1977b; McDaniel et al.,
2005; Schiller et al., 2020). Poaceae also showed a notable increase up to 17% from 3%, then
declined, dropping to ~5-11% by end of the zone. Cupressaceae increased to 14% by 8,700 cal
yr. BP, then began to decline to ~1-2% by the end of this zone. Amaranthaceae initially

increased to ~5%, then declined to ~1%, also consistent with vegetation composition shifts
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associated with ash deposition. Pseudotsuga/Larix increases to 7% c. 8,500 cal yr. BP, then
declined to ~2% by the end of the zone. AP/NAP generally decreased throughout the zone (Fig.
7). Total PAR for the zone ranged from 2,662 to 17,221 grains cm yrL. Fire frequency began
~2-3 fires per 1000 yr* until 10,200 cal yr. BP, when it increased to ~5 fires per 1000 yrhy c.
8,600 cal yr. BP, then decreased steadily to 2 fires per 1000 yr* by the end of the zone. BCHAR
remained steady until c. 6,000 cal yr. BP where it abruptly increased. Peak magnitude values
were variable, ranging from <1 to >13 cm2 peak™. Charcoal influx data indicate this period was
characterized by initially frequent fires and relatively high biomass burning followed by a
decline in biomass burning and fire by the end of the zone (Fig. 10).

WY-Z4: 50-36 cm, 7,200-5,300 cal yr. BP

Taxa of Zone 4 are consistent with open mixed conifer forest development as climate
became cooler and wetter (Iglesias et al., 2018). Pinus undifferentiated increased from 71% to
82%. Artemisia decreased from 10% to 3%. Poaceae dropped from 8% to 3%, and Cupressaceae
remained ~0%. Pseudotsuga/Larix remained ~1.5%. Typha increased from 0% to 1%. AP/NAP
increased throughout the zone (Fig. 7). Total PAR ranged from 458 to 1,701 grains cm= yr!
throughout the zone. Fire frequency decreased throughout the zone from 2 fires per 1000 yrto
less than 1 fires per 1000 yrt, with peak magnitude values <3 cm? peak?, and consistently
decreasing BCHAR, indicating infrequent fires and low biomass burning (Fig. 10).

WY-Z5: 35-26 cm, 5,300-2,000 cal yr. BP

Zone 5 taxa are consistent with open mixed-conifer forest (Iglesias et al., 2018). Pinus
undifferentiated decreased from 71% to 63% and P. subg. strobus decreased from 3% to 1.5%.

Cyperaceae increased dramatically from 1% at the end of the previous zone to 20%, and Poaceae



24
increased from 3% to 10%. Asteroidaea and Amaranthaceae also increased, from ~0 to 2% and
0% to 10%, respectively, then both decreased to ~1% by the end of the zone. AP/NAP generally
decreased throughout the zone (Fig. 7). Total PAR ranged from 158-368 grains cm yr1. Fire
frequency ranged from <0.5 to ~1.5 fires per 1000 yr* throughout the zone. BCHAR was
variable but generally low throughout the zone. Peak magnitude values were low throughout the
zone (<1 cm? peak™?) (Fig. 10).

WY-Z6: 25-0 cm, 2,000 cal yr. BP-present

Zone 6 taxa show the development of modern mixed-conifer forests (Iglesias et al.,
2018). P. subg. pinus decreased from ~2% to ~0.2% through the zone. Pseudotsuga/Larix
percentages initially increased, then remained relatively stable between ~4-8%. Poaceae
percentages initially increased from 6% to 15% by c. 1350 cal yr. BP, then decreased slightly,
ending zone around ~4-8%. Artemisia increased to 1.5% by the end of the zone. Pinus
undifferentiated levels varied between 70-88% throughout the zone. Cyperaceae levels increased
(~9% to ~20%) throughout the zone, indicating the presence of a large wetland margin
surrounding the lake (Alt et al., 2018). Decreased P. subg. pinus and increased Cyperaceae levels
indicate the Wymore site was relatively dry, with low lake levels. AP/NAP increased throughout
the zone, consistent with the development of closed forest (Fig. 7). PAR ranged from 230 to
6,738 grains cm2 yr. Fire frequency remained low, with 0-1 fires per 1000 yr throughout the
zone. CHAR and BCHAR levels remain low except for a brief increase c. 550 cal yr. BP,
corresponding with a fire event with a peak magnitude value of 2.33 (cm™ peak™). Peak
magnitude values remained low throughout the rest of the zone <1 cm2 peak* (Fig. 10). This

indicates fires were infrequent and biomass burning low during this period.
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Rainbow Lake Pollen and Charcoal Data

RL-Z1: 724-374 cm, 9,800-5,300 cal yr. BP

Zone 1 taxa are consistent with an open grassland environment with some shrubs and
trees. Zone 1 had the lowest Pinus undifferentiated percentages of the record (lowest value ~23%
c. 8,200), increasing towards present to ~43% by the end of the zone. Zone 1 had the highest
Pseudotsuga/Larix and Artemisia percentages of the record (~5-16% and ~3-16%, respectively).
Poaceae percentages were relatively high but variable throughout the zone (5-11%). Levels of
Populus were initially high, around 8%, then decreased to ~2% by the end of the zone. Salix and
Amaranthaceae also hit their highest percentages of the record in zone, 10% and 5%
respectively. Cyperaceae remained low around 1-2%, while Alnus percentages were generally
high (5-12%) throughout the zone. Pediastrum levels rose as high as 32% early in the zone, but
were variable, possibly indicating initially shallow lake levels, with fluctuating lake levels later
in the zone (Dodson, 1974; Davis et al., 1977; Singh et al., 1981; Adeleye et al., 2021). AP/NAP
increased throughout the zone, consistent with forest densification towards the end of the zone
(Fig. 8). Total PAR ranged from 2,963 to 33,286 grains cm2 yr*. CHAR and BCHAR increased
throughout the zone. At the beginning of the zone, fire frequency decreased from 1.7 fires per
1000 yr*to fewer than 1 fire per 1000 yrtaround 9,300 cal yr. BP. By c. 6,500 cal yr. BP, fire
frequency increased to ~8 fires per 1000 yr-1, then declined to ~6.5 fires per 1000 yr by the end
of the zone. Peak magnitude was variable but generally high with a large fire event c. 6,550 cal
yr. BP (49.97 cm peak) (Fig. 10). Charcoal influx data suggest fire frequency generally

increased throughout the zone as more woody vegetation became established.
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RL-Z2: 373-125 cm, 5,300-1,200 cal yr. BP

Dominant taxa present in this zone are consistent with dry mixed-conifer open forest
ecosystems (lIglesias et al., 2018). Pinus undifferentiated levels fluctuated throughout the zone,
ranging from 33-62%. P. subg. pinus levels increased from 7% at the start of the zone to 33% by
3,800 cal yr. BP, then decreased to ~15% by the end of the zone. Pseudotsuga/Larix and
Artemisia levels ranged from 3-7% and 1-3%, respectively. Poaceae percentages began ~11%,
decreased to ~5% c. 7,000 cal yr. BP, then increased to 7-10% by the end of the zone. Populus
levels were variable (3-9%), while Salix levels were stable (1-2%) throughout the zone.
Pediastrum percentages varied from ~1-19% throughout most of the zone, reaching as high as
51% c. 1,400 cal yr. BP, indicating variable lake levels (Dodson, 1974; Davis et al., 1977; Singh
etal., 1981; Edwards et al., 2000; Adeleye et al., 2021). AP/NAP primarily increased throughout
the zone, consistent with forest densification (Fig. 8). Total PAR ranged from 2,220 to 21,674
grains cm2 yrL. Fire frequency ranged from ~6-7 fires per 1000 yr* from the beginning of the
zone to until c. 3,500 cal yr. BP where it decreased to ~4-5 fires per 1000 yr by the end of the
zone. CHAR, BCHAR , and peak magnitude were variable throughout the zone. Notably, high
peak magnitude values reached as high as 125.16 cm? peak™* (Fig. 10). Charcoal accumulation
was generally high, likely a result of increased forest infill and the abundance of woody fuels.

RL-Z3: 124-44 cm, 1,200-500 cal yr. BP

Taxa of Zone 3 are consistent with a brief period of dry mixed-conifer parkland followed
by dry mixed-conifer open forest, as arboreal percentages vary early in the zone but overall show
an increasing trend of AP/NAP (Iglesias et al., 2018). Pinus undifferentiated levels reached the

highest of the entire record (61% c. 650 cal yr. BP) with levels increasing from the start of the
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zone to a high of 61% and ending the zone at 46%. P. subg. pinus increased from 17% to 33% by
the end of the zone. Pseudotsuga/Larix remained stable between ~2-4%. Cyperaceae levels
initially increased to 7% c. 1,100 cal yr. BP, then remained stable around 1-1.5%. Poaceae
increased from 3 to 14% c. 1,100 cal yr. BP, then decreased to ~1.5% by the end of the zone.
Abies increased from ~1% to 6%, and Alnus decreased from 5% to 1-2% by the end of the zone.
Pediastrum decreased from about 12% to 3% by the end of the zone, indicating deeper, open
water (Dodson, 1974; Davis et al., 1977; Singh et al., 1981; Adeleye et al., 2021). Total PAR
ranged from 7,620 to 23,638 grains cm yr* (Fig. 8). Fire frequency remained high, c. ~6 fires
per 1000 yr! for the duration of the zone while CHAR and BCHAR were variable. There was
one notably high peak magnitude fire event with a value of 69.67 cm2 peak c. 700 cal yr. BP
(Fig. 10).

RL-Z4:43-0 cm, 500 cal yr. BP-present

Zone 4 taxa showed the development of modern mixed-conifer forest (Iglesias et al.,
2018). Pinus undifferentiated was variable, ranging from 42%-54%. P. subg. pinus decreased
from 24% to 12% by the end of the zone, while P. subg. strobus increased from 4% to 8%. Abies
remained within ~1-2%. Poaceae increased from 2% to 10%. Cyperaceae remained stable
between ~0.5-2% and Pseudotsuga/Larix percentages also stable around 2-3%. Pediastrum
decreased from 17% to 5%, indicating possibly lower lake levels (Dodson, 1974; Davis et al.,
1977; Singh et al., 1981; Adeleye et al., 2021). AP/NAP generally decreased throughout the zone
(Fig. 8). PAR ranged from 5,341 to 13,632 grains cm yr*. Fire frequency decreased from 5-6

fires per 1000 yr! until c. 90 cal yr. BP, where it decreased to ~4 fires per 1000 yr* towards the
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present. Peak magnitude values remained high with a large fire event occurring c. 80 cal yr. BP

(52.55 cm-2 peak-1) (Fig. 10).
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Biomarker Time Series: Rainbow Lake

An index of human presence was calculated using Coprostanol, epi-Coprostanol, and 5a
Cholestanol values for Rainbow Lake. The two ratios indicating human presence (CTR1 —
Coprostanol/(Coprostanol + 5a Cholestanol) and (CTREZ2 — Coprostanol/(Coprostanol + ep i-
Coprostanol + 5a Cholestanol) were highly correlated (r=0.995, p-value < 10-10) with values
ranging from 0.06 to 0.23 and 0.05 to 0.21 (mean 0.14 £ 0.02, 0.13 £ 0.02) (Fig 9, Fig. S3)
Additionally, a third ratio used to evaluate potential degradation issues (CTR3 —
Coprostanol/epi-Coprostanol) was strongly correlated with CTR1 (r=0.800, p-value<10-6).
Values ranged from 0.4 to 3.5 (mean 1.8 + 0.4). The significant correlation between CTR1 and
CTR3 (Fig. 9, Fig. S4) suggests that degradation did not significantly influence Coprostanol

preservation.
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Figure 9: Rainbow Lake Coprostanol/(Coprostanol + 5a. Cholestanol) ratio (CTR1), range = 0.06
to 0.23, mean = 0.14 + 0.02.
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DISCUSSION

Multiproxy reconstructions from Wymore and Rainbow Lake suggest climate was a
dominant driver of environmental change and fire activity at large spatial scales throughout
much of the Holocene. The correspondence of patterns of fire frequency at Rainbow Lake during
the mid-Holocene and a subtle decoupling of climate, vegetation, and fire dynamics at Wymore
Lake during the late Holocene suggest a possible increased role for human and local drivers of

change during these intervals.

Late Glacial Period (>14,000-11,000 cal yr. BP)

The Late Glacial period marks the beginning of the recession of the large ice sheets that
covered North America during the last glacial maximum (Kutzbach et al., 1998). This recession
led to a major shift in climate from a period of cold, dry conditions to warmer, and wetter
conditions (Kutzbach et al., 1998). Summer insolation and increased atmospheric CO2
concentrations accelerated climate amelioration leading to the colonization of glacial landscapes
with vegetation (Kutzbach et al., 1998). Vegetation simulations from this period indicate that
most of the northern latitudes not covered in ice consisted of polar desert and tundra vegetation
in the early part of this period, with forests beginning to expand from warmer and wetter low
latitudes after the melting of the ice sheets (Kutzbach et al., 1998).

Pollen influx was low at the beginning of the Wymaore Lake record (c. 14,000 cal yr. BP)
when the landscape would have been newly ice-free. As the Cordilleran ice sheet retreated,
closed mixed-conifer forests were established within the Wymore Lake watershed, consistent

with climate amelioration c. 14,000-12,000 cal yr. BP (Fig. 7, Fig. 11). Low percentages of
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aquatic taxa indicate relatively high lake levels or abrupt transitions from open water to the
upland margin during this period (Alt et al., 2018). Forests became more dense, and high
biomass burning occurred as a result of warmer temperatures and increased availability of woody
material (Fig. 10). A major shift in the landscape from closed forest to Juniper/Douglas fir
parkland begins at Wymore Lake c. 12,000 cal yr. BP, where we see a rapid, short-lived shift to
parkland vegetation coincident with the later stages of the Younger Dryas period of dry
conditions c. 12,900-11,500 cal yr. BP (Alley et. al, 2002) (Fig. 7, Fig. 11). Charcoal records
indicate infrequent fires dominated the landscape, increasing in frequency as closed mixed-
conifer forests established and more woody fuels (e.g., branches, downed trees, woody plants)
became available, resulting in relatively high biomass burning by the end of the late glacial

period (Fig. 10).

Early Holocene (11,000-6,000 cal yr. BP)

During the early Holocene, increased summer insolation and warmer, drier conditions
intensified summer drought at lowland NRM sites (Bartlein et al., 1998; Kutzbach et al., 1998;
Whitlock et al., 2008). Winter conditions were cooler than present due to seasonally low
insolation during winter months (DJF) (Kutzbach et al., 1998). Additionally, the intensification
of the Pacific sub-tropical high-pressure system and blocking of summer storms from the Pacific
led to a decrease in summer precipitation in the northwestern US (Bartlein et al., 1998; Kutzbach
et al., 1998). These conditions led to the expansion of more open grasslands/woodlands
throughout NRM forest ecosystems, especially at lower elevation valley margins (Kutzbach et

al., 1998; Carter et al., 2017; McWethy et al. 2020).
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The pollen record at Wymore Lake suggests a transition from a dry mixed-conifer
parkland to mixed-conifer woodland, indicating a pronounced response to the increased summer
insolation during the early Holocene (Fig. 11). Xerophytic taxa including Artemisia (sagebrush),
Cupressaceae (Juniper) and Poaceae (grass) were abundant from c. 11,000-6,000 cal yr. BP,
assemblages that are consistent with the presence of a dry parkland prior to ~7,500 cal yr. BP
(Fig. 7). Interestingly, the early Holocene increase in pollen abundance of Pseudotsuga/Larix
increased much earlier than other NRM sites (Alt et al., 2018). The warm, dry conditions likely
facilitated this pronounced expansion of Pseudotsuga/Larix during the early Holocene.

Similar to Wymore Lake, the pollen record at Rainbow Lake indicates an open grassland
environment existed early in the period (Fig. 8). Towards the end of the early Holocene, the
Rainbow Lake landscape transitioned to a dry mixed-conifer forest (Fig. 8, 11).

Changes in pollen percentages for key taxa at Wymore Lake following the eruption of
Mount Mazama 7682-7584 cal yr. BP (Egan et al., 2015) suggest ash deposition may have had a
short-term (multi-decadal) impact on vegetation composition. Steppe taxa (e.g., Artemisia,
Poaceae) show a brief but notable increase immediately after the Mazama eruption (Fig. 7).
Other studies in the NRM have also reported a brief increase in Artemisia (sagebrush) pollen and
a decrease in Pinus undifferentiated pollen following the Mazama eruption (Mehringer et al.,
1977a; Mack et al., 1978; Brant, 1980; Power et al., 2011; Alt et al., 2018), as have studies in the
Greater Yellowstone Ecosystem (GYE) (Schiller et al., 2020). Prior research has also shown that
the composition of the Mazama ash favors steppe species such as Artemisia, as it creates a
“mulching effect”, trapping moisture and enhancing growing conditions (Mehringer et al.,

1977b; McDaniel et al., 2005; Schiller et al., 2020). This steppe landscape was short-lived,
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however, and mixed-conifer parkland vegetation, returned to dominate through the end of the
early Holocene (Fig. 7, Fig. 11).

At the beginning of the early Holocene c. 11,000 cal yr. BP, fire frequency increased at
Wymore Lake, peaking c. 8,600 cal yr. BP, likely resulting from the combination of mid-
Holocene summer insolation intensification and an increase in the availability of abundant
woody fuels. Warm, dry conditions associated with high summer insolation, and the short-lived
vegetation shift back to steppe associated with the Mazama eruption allowed for abundant fine
fuels and fuel drying during this period (Fig. 7, 11). Fire frequency declined at the end of the
mid-Holocene c. 7,000 cal yr. BP and persisted for millennia. This persistent decline in charcoal
influx coincides with a rapid decline in sediment accumulation. As a result, we propose that
either intermittent hiatuses in sediment accumulation at the site, and/or a preponderance of low-
severity fires associated with mid-Holocene drying and shifts from woody to more herbaceous
(primarily grasses) vegetation could be responsible for this decline (Fig. 7, 10-11).

The fire record at Rainbow Lake includes several gaps where data is missing, therefore
few interpretations can be made about fire activity during the beginning of the early Holocene at
this site. By the mid early-Holocene, our record indicates woody biomass burning increased c.
7,500 yr. BP as forests expanded and became denser with frequent large fires occurring by the
end of the zone (Fig. 10). This corresponds with increasing charcoal accumulation throughout
this period. Fire frequency remains high and relatively stable between 7,000 cal yr. BP and 3,000

cal yr. BP, the highest frequency of our record.
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Late Holocene (6,000 cal yr. BP-Present)

During the late Holocene, summer insolation levels declined to present-day levels. This
decline resulted in reduced seasonality and an overall cooling trend with cooler summers and
warmer and wetter winters in the NRM. Reduced summer drought, cooler summers, warmer and
wetter winters, and a weakening high-pressure system all contributed to the changes in
vegetation seen during this period in the NRM (Bartlein et al., 1998; Kutzbach et al., 1998).

In general, pollen records from both Wymore and Rainbow Lakes show that forests
transitioned from drier, open mixed-conifer forest to wetter, more dense mixed-conifer forests
that occur today within the watersheds (Fig. 7).

During the mid-late Holocene, several notable short-term shifts in vegetation occur.
Evidence that the warmer drier conditions during the Medieval Climate Anomaly (MCA) and the
cooler climatic conditions during the Little Ice Age (LIA) resulted in a multi-centennial change
in vegetation at Rainbow Lake (Mann et al., 2009). From c. 1000-700 cal yr. BP, there was an
abrupt increase in P. subg. pinus (Ponderosa and/or Lodgepole pine) Pinus subg. strobus
(Western white pine), and Poaceae, indicating a brief period of warmer, drier conditions. At c.
650-100 cal yr. BP we see a decrease in all pines and Abies grandis (Grand fir), while Poaceae
and Artemisia increased, indicating cooler, drier climate at Rainbow Lake during the LIA (Fig. 8,
Fig. 11).

Sedimentation rates were very low throughout the late Holocene at Wymore Lake (Fig.
5). This decline in sedimentation and pollen and charcoal influx could have resulted from

extended periods of localized drying (perhaps elevation-dependent), a slowdown in the
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production of water input from the spring feeding Wymore Lake, or changes in surface and
shallow subsurface hydrology related to changes in terrestrial vegetation.

One explanation for a decrease in surface or subsurface hydrology providing water to the
spring feeding Wymore Lake is that increased forest infill (and subsequent transpiration) that
occurred during the generally cooler and wetter conditions of the later Holocene could have
reduced surface water and spring flow to significantly dry the very shallow (1-2 meters deep)
Wymore Lake pan. Whatever the driver, pollen percentages for semi-arid taxa (e.g.,
Amaranthaceae, Poaceae, Asteroidaea, and Cyperaceae) increased significantly c. 3,500 cal yr.
BP to present (Fig. 7, 11). At c. 2,000 cal yr. BP, we see the modern mixed-conifer forest begin
to develop at Wymore Lake. Cyperaceae (sedges) increased, indicating lowering lake levels and
large wetland margin surrounding the lake, consistent with conditions at the site today (Alt et al.,
2018). Pollen percentages of Poaceae (grasses) and Pseudotsuga/Larix (Douglas fir/Western
Larch) were highly variable from c. 1,000 cal yr. BP to present (Fig. 8). This variability could
potentially be associated with increased ENSO events or pronounced oscillations between wet
and dry conditions at lower elevations in the Mission Valley.

Differences in levels of woody versus non-woody biomass between Wymore Lake and
Rainbow Lake likely contributed to their differing fire histories during the late Holocene. Fire
occurrence was infrequent during the late Holocene at Wymore Lake, with large alternating
peaks between grassland and forest pollen dominance coinciding with large (Fig. 7). These large
fluxes could indicate alternating forest to non-forest taxa in response to disturbances and
highlight the sensitivity of this site to these transitions in the late Holocene (Fig. 10). Relatively

high late-Holocene fire activity at Rainbow Lake despite cooler and wetter conditions indicates
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some decoupling of climatic controls on fire and vegetation and a possible role for human-set

fires during the least 1-2 millennia.
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Figure 10: Coprostanol ratio (Coprostanol/(Coprostanol + epi-Coprostanol + Cholestanol), fire
episode frequency, peak magnitude, microchar, and Char influx data for Rainbow Lake; fire
episode frequency, peak magnitude, and Char influx data for Wymore Lake.
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Figure 11: Summary of major taxa at Wymore Lake (green) and Rainbow Lake (blue), shown as
pollen percentages, plotted both as raw data (dotted line) and using a GAM smoother (solid line),
with July Insolation Anomaly for 45° North (Laskar et. al, 2004). Arrows on the left y-axis show
implications for moisture, temperature, and landscape coverage.
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Regional Comparison

Fire Activity Across NRM Biophysical Gradients

High-elevation forests in the NRM tend to be most responsive to changes in growing
season temperature because they are moisture-limited systems, where extended growing seasons
and increased growing season temperatures allow fuels to dry sufficiently to promote fire spread.
Warmer spring temperatures can also lead to reduced spring snowpack and accelerated
snowmelt, resulting in longer fire seasons. Infrequent, high-severity fire regimes dominate at
these sites (Peet, 2000; Veblen, 2000; Schoennagel et al., 2004; Power et al., 2011). Stand-
replacing fires typically occur infrequently — as seldom as once every 200-300 years (Romme
1982; Kipfmueller and Baker, 2000; Veblen, 2000; Schoennagel et al., 2003; Schoennagel et al.,
2004) — and are associated with persistent high-pressure systems promoting extremely dry
climate (Romme and Despain 1989; Renkin and Despain 1992; Bessie and Johnson, 1995; Nash
and Johnson, 1996; Schoennagel et al., 2004). Long-term droughts (40 or more days with no
precipitation) caused by persistent high-pressure systems allow for large fuels to dry sufficiently
enough to be at risk of burning (Schoennagel et al., 2004). Unlike low-elevation forests, high-
elevation forests are predominantly composed of dense, continuous forest canopies with
abundant ladder fuels (such as saplings and lateral branches), an abundance of large fuels (such
as fallen trees) and very few fine fuels (such as herbaceous plants) in the understory
(Schoennagel et al., 2004).

In contrast, fire activity in low-elevation forests in the NRM is highly varied with
frequent, low-mixed severity fires (Carter et al., 2017). These forests tend to be open with

abundant fine fuels in the understory, particularly herbaceous plants and grasses (Swetnam and
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Baisan, 1996; Schoennagel et al., 2004). An increase in the number of large wildfires at low-
elevation sites tends to be associated with above-average spring temperatures, and warm, dry
summers (Kitzberger et al., 2007; Heyerdahl et al., 2008; Carter et al., 2017). Wetter than
average years can promote fuel buildup in low-elevation ecosystems, which, when followed by
subsequent year(s) of dry conditions, creates abundant and continuous dry fuels, promoting

larger wildfires (Morgan et al., 2008; Carter et al., 2017).

NRM Fire Activity and Environmental Change

Early-mid Holocene

High-elevation sites throughout the NRM experienced high biomass burning at the
beginning of the early Holocene due to a strengthened Pacific high-pressure system in the NRM
region, decreasing precipitation and increasing summer temperatures (Bartlein et al., 1998;
Power et al., 2011). Additionally, multi-decadal droughts in forests that had become more dense
led to increased fire activity (Alt et al., 2018; Power et al., 2011). By the end of the mid-
Holocene, peak summer insolation began to decline, leading to wetter spring and early summer
climate at high-elevation sites, resulting in a decrease in biomass burned (Power et al., 2011).

As summer insolation levels increased, low-elevation ecosystems in the NRM
experienced frequent burning during the early Holocene (Bartlein et al., 1998; Kutzbach et al.,
1998; Whitlock et al., 2008; Power et al., 2011). Alt et al. (2018) report a regional increase in
xerophytic taxa at Twin Lake as warm, dry conditions dominate, which supported low biomass
burning regionally. The Black Lake and Foy Lake (Power et al., 2011; McWethy et al., 2020)
records also report xerophytic taxa during the early to mid-Holocene as a result of warm, dry

summers and low-severity fire activity (Braconnot et al., 2019; McWethy et al., 2020). Our
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record at Wymore and Rainbow Lakes shows a similar trend of xerophytic taxa and shrub-
steppe/parkland landscapes during the early Holocene, and fire activity was of generally low-
intermediate frequency due to the abundance of open woodland and grassland understory fuel
matrix (Fig. 11).

During the mid-Holocene, cooler and wetter climatic conditions led to a decrease in fire
activity at most low-elevation sites (Power et al., 2011; Alt et al., 2018). Wymore Lake and
Rainbow Lake transitioned to mixed-conifer forests with intermediate-high frequency fires by
the end of the mid-Holocene. Additionally, the deposition of ash from the eruption of Mt.
Mazama c. 7,682-7,584 cal yr. BP (Egan et al., 2015) significantly impacted the vegetation, fire
regimes, and chemistry of several NRM sites including Foy Lake (Power et al., 2011), Twin
Lake (Alt et al., 2018), and Wymore Lake. Pollen and charcoal accumulation rates decreased
post-Mazama, signaling that ash deposition may have disrupted vegetation growth and
reproduction as well as suppressed wildfire activity (Mehringer et al., 1977b; McDaniel et al.,
2005; Power et al., 2011; Schiller et al., 2020). Wymore and Rainbow Lake showed decreasing
xerophytic vegetation and increasing tree cover throughout this period. While Wymore
experienced declining fire frequency, Rainbow Lake saw the highest fire frequencies of the
Holocene, corresponding with the highest coprostanol ratios c. 7,000-3,000 cal yr. BP (Fig. 10,
11). Fire frequency throughout the NRM generally decreased as cooler temperatures and
increased precipitation allowed for woody vegetation forest establishment and densification

during the end of the mid-Holocene.
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Late Holocene

During the late Holocene, modern NRM forests developed at all elevations. While cooler
and wetter conditions generally prevailed throughout the NRM, climate variability led to wide
oscillations between warm/dry and cool/wet conditions promoting highly variable fire activity at
different elevations (Jansen et al., 2007; Heyerdahl et al., 2008; Shuman et al., 2009; Whitlock et
al., 2011; Carter et al., 2017; Alt et al., 2018). Forest density increased at high-elevations during
the late Holocene and these sites experienced a decrease in biomass burning up until recent
centuries (Alt et al. 2018).

By the late Holocene, low-elevation mixed-conifer forests expanded and became denser
at many NRM sites including Rainbow Lake, Wymore Lake, Black Lake, Twin Lake, and Power
et al. (2011) sites, yet fire activity was highly variable (Alt et al., 2018; McWethy et al., 2020).
Vegetation and fire frequency at low-elevation sites in the NRM were more dynamic and
variable when compared with high-elevation sites during the late Holocene. High levels of
biomass burned within some watersheds, and fire frequency was high at most low-elevation
forests despite cool, wet conditions, possibly indicating human use of fire may have been an
important driver of fire dynamics during this period (see Vale, 2002 and chapters therein;
Lepofsky et al., 2005; Power et al., 2011; McWethy et al., 2020). Modern day mixed-conifer
forests established during the late Holocene at Wymore and Rainbow Lake and fire activity
remained high at these sites, indicating a departure from what might be expected during a period
of cooler and wetter climate (Fig. 9-11). Archaeological records show indigenous populations
increased to their highest levels during the last 2,000 cal yr. BP in the region. Both higher

population numbers and evidence that fire activity were decoupled from climate suggest human
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activity may have played a larger role in mediating fire activity over the last several millennia

(Peros et al., 2010; Gajewski et al., 2011; MacDonald, 2012; McWethy et al., 2020).
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Figure 12: Select pollen percent ratios for Wymore Lake (green), Twin Lake (Alt et al., 2018)
(blue), Rainbow Lake (pink), and Black Lake (McWethy et al., 2020) (black), with a GAM
smoother, July Insolation Anomaly for 45° North (Laskar et. al, 2004), and regional composite
char influx (Wymore Lake, Twin Lake, Rainbow Lake, and Black Lake).



46

HUMAN INFLUENCE

The Flathead Indian Reservation, located in the Mission Valley, is home to the
confederated Salish (Bitterroot Salish and Pend d’Oreille tribes) and Kootenai tribes. These
tribes, among others, have lived in the NRM region and closely interacted with the landscape for
millennia (Malouf, 1969). Indigenous populations throughout western North America used fire
to manage the landscapes including clearing land around settlements to safeguard communities
from severe fires, maintaining travel routes, facilitating the expansion of cultural plants,
promoting conditions for hunting and agriculture, and preparing land for ceremonial use among
many others (Stewart, 2002; Williams, 2002; Trauernicht et al., 2015; Lake et al., 2017; Long et
al., 2021). Humans also used savvy management of fuels following years of unusually wet or dry
conditions. For example, populations often set more fires in the cool-season during years when
fuels had built up to protect communities (Bliege et al., 2016; Roos et al., 2018).

Disentangling human influence on fire activity is challenging because human use of fire
often modestly amplifies or dampens climatic controls on the factors that drive fire activity (e.g,
fuel type, abundance, condition, lightning). Additionally, humans often modify the frequency of
low-severity fires, which are often not well represented in paleoecological charcoal records from
lake sediments (Baker, 2002). Low-elevation sites may have the best chance of registering
human influence on fire and the landscape, as low elevation sites are less susceptible to lightning
strikes than mid or high elevation sites (Baker, 2002). Regional archaeological records and the
accessibility of these low-elevation sites in the NRM indicate the potential for human presence
throughout the Holocene (Peros et al., 2010; Gajewski et al., 2011; MacDonald, 2012; McWethy

et al., 2020). The presence of humans in these watersheds raises the question whether humans
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actively used fire to manage these ecosystems and if so, whether the scale of management in
these drier forests can be detected via traditional paleoecological methods and approaches
(Bliege et al, 2016; Roos et al., 2018).

Analysis of biomarker data serves as an independent record of human presence and land-
use, providing new insights into possible human influence on fire and ecosystem change
(Leeming et al., 1996; Meyers, 1997; McWethy et al., 2020). The biomarker data from our
record suggests a long period of human presence at the Rainbow Lake site, and biomarker data
from a site within ~14 kilometers of Wymore Lake (Black Lake) also documented over 7,000
years of human presence (McWethy et al., 2020). Rainbow Lake biomarker data suggest less
human use of the watershed prior to 7,000 cal yr. BP. Lower values do not necessarily exclude
the presence of humans at the site yet the clear increase of coprostanol levels between 7,000 and
3,000 cal yr. BP correspond to increasing fire frequency trends at Rainbow Lake suggesting

humans were likely managing fire and vegetation within this watershed.
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CONCLUSIONS

The paleoenvironmental reconstructions from the low-elevation NRM Wymore Lake and

Rainbow Lake watersheds highlight shifts in vegetation and fire regimes throughout the

Holocene in response to millennial-scale climate variability and human influence. Notable

transitions include:

As the ice sheets began to retreat during the end of the Late Glacial period, cool,
wet conditions allow closed mixed conifer forests to expand, interrupted c.12,000
cal yr. BP by a brief shift to Juniper/Douglas fir parkland in response to the
Younger Dryas period of dry conditions, with closed mixed-conifer forest
returning immediately after the end of the Younger Dryas as climate amelioration
returned. Fuels were limited and fires infrequent at the beginning of the late
glacial, but rising levels of charcoal accumulation through the end of this period
indicate biomass burning increased as woody vegetation expanded and became
more abundant.

The early Holocene brought warmer, drier conditions allowing for early dry
parkland/open grasslands to expand. A short-lived vegetation shift towards shrub-
steppe occurred post-Mazama eruption c. 7,700 cal yr. BP. Drier conditions and
more abundant fuels allow for fire frequency to increase throughout the period,
with Wymore Lake seeing the highest fire frequencies during the early part of the
period (c. 11,000-6,000 cal yr. BP), and Rainbow Lake seeing the highest fire
frequencies c. 7,000-3000 cal yr. BP, an interval which corresponds with an

increase in human presence in the watershed.
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¢ In the late Holocene, summer insolation levels decline towards present day levels
and climate becomes cooler in the summer with warmer and wetter winters. Some
short-lived vegetation shifts occur, but the cooler and generally wetter conditions
of the late Holocene facilitated the development of the mixed-conifer forests that
occur at both sites today.

During the last 3,000 years of our record, the mixed-conifer forests at Wymore Lake and
Rainbow Lake have remained relatively stable. The persistence of more open mixed-conifer
forests with a large component of Douglas fir/Larch may indicate an increased use of fire by
humans to maintain more open forests that would have been favored by ungulates. Fire
suppression in US forests was widespread by the 1930s (Arno, 1980) and coupled with livestock
grazing, development, and modern forestry, led to a significant decrease in fire activity and
indigenous management of western ecosystems through fire. This had a dramatic impact on lands
inhabited and managed by the Confederated Salish and Kootenai Tribes, effectively removing
fire from “...fire dependent ecosystems” (CSKT, 2007).

Over a hundred years of fire suppression and decades of climate warming have altered
the natural fire regimes and ecosystem dynamics of forests throughout the NRM. This may be
especially true for low-elevation forests that have accumulated fuels and densified. In recent
years, this shift has resulted in an increase in the frequency of stand-replacing fires in ecosystems
that have rarely seen such intense fire events, including the low-elevation mixed-conifer open
forests found today within the Wymore Lake and Rainbow Lake watersheds. Tribes and agencies
are increasingly calling for a return of fire to these landscapes to address the current state of fuels

in these lower elevation mixed-conifer forests (CSKT 2007; Long et al., 2021). More research is
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needed to expand our understanding of how low elevation forests respond to changes in climate,

human use, and fire regime to guide these efforts.



o1

REFERENCES CITED



52

Abatzoglou, J.T., and Williams, A.P., 2016. Impact of anthropogenic climate change on wildfire
across western US forests. Proceedings of the National Academy of Sciences of the
United States of America, 113, 11770-11775. doi: 10.1073/pnas.1607171113

Adeleye, M.A., Haberle, S.G., Connor, S.E., Stevenson, J., Bowman, D.M.J.S, 2021. Indigenous
Fire-Managed Landscapes in Southeast Australia during the Holocene—New Insights
from the Furneaux Group Islands, Bass Strait. Fire, 4-17.
https://doi.org/10.3390/fire4020017

Adeleye, M.A., Haberle, S.G., Harris, S. et al., 2021. Assessing Long-Term Ecological Changes
in Wetlands of the Bass Strait Islands, Southeast Australia: Palaeoecological Insights and
Management Implications. Wetlands, 41-88. https://doi.org/10.1007/s13157-021-01480-z

Alley, R.B., Marotzke, J., Nordhaus, W., Overpeck, J., Peteet, D., Pielke, R. Jr., Pierrehumbert,
R., et al., 2002. Abrupt Climate Change: Inevitable Surprises. National Academy Press,
Washington, DC.

Alt, M., McWethy, D., Everett, R., and Whitlock, C., 2018. Millennial scale climate-fire-
vegetation interactions in a mid-elevation mixed coniferous forest, Mission Range,
northwestern Montana, USA. Quaternary Research, 90(1), 66-82. doi:
10.1017/qua.2018.25

Argiriadis, E., Battistel, D., McWethy, D.B., Vecchiato, M., Kirchgeorg, T., Kehrwald, N.M.,
Whitlock, C., Wilmshurst, J.M., Barbante, C, 2018. Lake sediment fecal and biomass
burning biomarkers provide direct evidence for historic human-lit fires in New Zealand.
Nature Scientific Reports, 8:12113. DOI: prehDOI:10.1038/s41598-018-30606-3

Arno, S.F., 1980. Forest Fire History in the Northern Rockies. Journal of Forestry, 78 (8), 460-
465, doi: https://doi.org/10.1093/jof/78.8.460

Arno, S. F., Smith, H. Y., and Krebs, M. A., 1997. “Old Growth ponderosa pine and western
larch stand structures: influences of pre-1900 fires and fire exclusion,” in Forest Service
U.S. Department of Agriculture, (Ogden, UT: Intermountain Research Station).

Barrett, S., and Arno, S., 1999. “Indian fires in the Northern Rockies,” in Indians, Fire and the
Land in the Pacific Northwest, ed. R. Boyd (Corvallis: Oregon State University Press),
50-64.

Bartlein, P.J., Anderson, K.H., Anderson, P.M., Edwards, M.E., Mock, C.J., Thompson, R.S.,
Webb, R.S., Webb 111, T., and Whitlock, C., 1998. Paleoclimate simulations for North
America over the past 21,000 years: features of the simulated climate and comparisons
with paleoenvironmental data. Quaternary Science Reviews, 17, 549-585. doi:
https://doi.org/10.1016/S0277-3791(98)00012-2.

Battistel, D., Argiriadis, E., Kehrwald, N., Spigariol, M., Russell, J. M., and Barbante, C., 2016.
Fire and human record at Lake Victoria, East Africa, during the early iron age: did


https://doi.org/10.3390/fire4020017
https://doi.org/10.1007/s13157-021-01480-z
https://doi.org/10.1093/jof/78.8.460
https://doi.org/10.1016/S0277-3791(98)00012-2

53

humans or climate cause massive ecosystem changes? Holocene, 27, 997-1007. doi:
10.1177/0959683616678466

Battistel, D., Piazza, R., Argiriadis, E., Marchiori, E., Radaelli, M., and Barbante, C., 2015. GC-
MS method for determining faecal sterols as biomarkers of human and pastoral animal
presence in freshwater sediments. Analytical and Bioanalytical Chemistry, 407, 8505—
8514. doi: 10.1007/s00216-015-8998-2

Bennett, K.D., Willis, K.J., 2001. Pollen In: Smol, J.P., Birks, H.J.B., Last, W.M. (Eds.),
Tracking Environmental Change Using Lake Sediments. Terrestrial, Algal, and Siliceous
Indicators, 3. Kluwer Academic Publishers, Dordrecht, 5-32.

Bessie W.C., Johnson E.A., 1995. The relative importance of fuels and weather on fire behavior
in subalpine forests. Ecology 76, 747—762. doi: https://doi.org/10.2307/1939341

Blaauw, M., and Christian, J.A., 2011. Flexible Paleoclimate Age-Depth Models Using
an Autoregressive Gamma Process. Bayesian Analysis, 6, 457-474, doi: 10.1214/11-
BAG618.

Bliege Bird R., Bird, D.W., Codding, B.F., Parker, C.H., Jones, J.H., 2008. The “fire stick
farming” hypothesis: Australian Aboriginal foraging strategies, biodiversity, and
anthropogenic fire mosaics. Proceedings of the National Academy of the Sciences
USA105, 14796-14801. Doi: https://doi.org/10.1073/pnas.0804757105

Bliege, Bird R., Codding, B.F., Kauhanen, P.G., Bird, D.W., 2012. Aboriginal hunting buffers
climate-driven fire-size variability in Australia’s spinifex grasslands. Proceedings of the
National Academy of the Sciences USA 109, 10287-10292. Doi:
https://doi.org/10.1073/pnas.1204585109

Bliege, Bird R., Bird, D.W., Codding, B.F., 2016. People, El Nifio southern oscillation and fire in
Australia: Fire regimes and climate controls in hummaock grasslands. Philosophical
Transactions of the Royal Society B Biological Sciences, 371:20150343. Doi:
https://doi.org/10.1098/rsth.2015.0343

Bowman, D.M.J.S., 1998. The impact of Aboriginal landscape burning on the Australian biota.
The New Phytologist 140, 385-410. Doi: https://doi.org/10.1046/j.1469-
8137.1998.00289.x

Bowman, D. M. J. S,, Balch, J., Artaxo, P., Bond, W. J., Cochrane, M. A., D’Antonio, C. M., et
al., 2011. The human dimension of fire regimes on Earth. Journal of Biogeography 38,
2223-2236. doi: 10.1111/j.1365-2699.2011.02595.x

Braconnot, P., Zhu, D., Marti, O., and Servonnat, J., 2019. Strengths and challenges for transient
Mid- to Late Holocene simulations with dynamical vegetation. Climate of the Past,
15,997-1024. doi: 10.5194/cp-15-997-2019


https://doi.org/10.2307/1939341
https://doi.org/10.1073/pnas.0804757105
https://doi.org/10.1073/pnas.1204585109
https://doi.org/10.1098/rstb.2015.0343
https://doi.org/10.1046/j.1469-8137.1998.00289.x
https://doi.org/10.1046/j.1469-8137.1998.00289.x

54

Brant, L.A., 1980. A Palynological Investigation of Postglacial Sediments at Two Locations
along the Continental Divide. 162 Pennsylvania State University, Helena, Montana
[Dissertation]. [State College, PA].

Brunelle, A., Whitlock, C., Bartlein, P., Kipfmueller, K., 2005. Holocene fire and vegetation
along environmental gradients in the Northern Rocky Mountains. Quaternary Science
Reviews 24, 2281-2300.

Bull, I. D., Lockheart, M. J., Elhmmali, M. M., Roberts, D. J., and Evershed, R. P., 2002. The
origin of faeces by means of biomarker detection. Environment International, 27, 647—
654. doi: 10.1016/S0160-4120(01)00124-6

Bull, 1.D., Elhmmali, M.M., Roberts, D.J., Evershed, R.P., 2003. The application of steroidal
biomarkers to track the abandonment of a Roman wastewater course at the Agora
(Athens, Greece) Archaeometry, 45 (1), 149-161, 10.1111/1475-4754.00101

Carreira, R. S., Albergaria-Barbosa, A. C. R., Arguelho, M. L. P. M., and Garcia, C. A. B., 2015.
Evidence of sewage input to inner shelf sediments in the NE coast of Brazil obtained by
molecular markers distribution. Marine Pollution Bulletin, 90, 312—316. doi:
10.1016/j.marpolbul.2014.11.011

Carter, V.A., Power, M.J., Lundeen, Z.J., Morris, J.L., Petersen, K.L., Brunelle, A., Anderson,
R.S., Shinker, J.J., Turney, L., Koll, R., and Bartlein, P.J., 2018. A 1,500-year synthesis
of wildfire activity stratified by elevation from the U.S. Rocky Mountains: Quaternary
International, 488, 107-119, doi: https://doi.org/10.1016/j.quaint.2017.06.051.

Confederated Salish and Kootenai Tribes, Branch of Forestry Division of Fire Management,
2007. Flathead Indian Reservation Fire Management Plan-2007.

Cook, E.R., Woodhouse, C.A., Eakin, M., Meko, D.M., and Stahle, D.W., 2004. Long-Term
Aridity Changes in the Western United States: Science, 306, 1015-1018. doi:
10.1126/science.1102586.

Davis O.K., Kolva D.A., Mehringer P.J., 1977. Pollen analysis of wildcat Lake, Whitman
County, Washington: the last 1000 years. Northwestern Science 51, 13-30

Dennison, P. E., Brewer, S. C., Arnold, J. D., and Moritz, M. A., 2014. Large wildfire trends in
the western United States, 1984-2011. Geophysical Research Letters,41, 2928-2933. doi:
10.1002/2014gl059576

Dodge, M., 1972. Forest fuel accumulation—a growing problem. Science 177, 139. doi:
10.1126/science.177.4044.139

Dodson J.R., 1974. Vegetation history and water fluctuations at Lake Leake, South-Eastern
South Australia — 1. 10,000 BP to present. Australian Journal of Botany, 22, 719-741.


https://doi.org/10.1016/j.quaint.2017.06.051

55

Edwards, M.E., Bigelow, N.H., Finney, B.P., Eisner, W.R., 2000. Records of aquatic pollen and
sediment properties as indicators of late-Quaternary Alaskan lake levels. Journal of
Paleolimnology, 24, 55-68. Doi: https://doi.org/10.1023/A:1008117816612

Egan, J., Staff, R., Blackford, J., 2015. A high-precision age estimate of the Holocene Plinian
eruption of Mount Mazama, Oregon, USA. The Holocene. Doi:
10.1177/0959683615576230.

Ens, E., Walsh, F., Clarke, P. Aboriginal people and Australia’s vegetation: Past and current
interactions. In: Australian Vegetation; Keith, D.A., Ed.; Cambridge University Press:
Cambridge, UK, 2017; 89-112.

Faegri, K., Iverson, J., 1989. Textbook of Pollen Analysis, Fourth Edition. The Blackburn Press,
New Jersey.

Fattore, E., Benfenati, E., Marelli, R., Cools, E., and Fanelli, R.: Sterols in sediments from
Venice lagoon, Italy. Chemosphere, 33(12), 2383-2393, 1996.

Gajewski, K., Munoz, S., Peros, M., Viau, A., Morlan, R., and Betts, M., 2011. The Canadian
Archaeological Radiocarbon Database (Card): archaeological 14C Dates in North
America and their paleoenvironmental context. Radiocarbon 53,371-394. doi:
10.1017/S0033822200056630

Grimalt, J.O., Fernandez, P., Bayona, J.M., Albaiges, J., 1990. Assessment of fecal sterols and
457 ketones as indicators of urban sewage inputs to coastal waters. Environmental
Science 458 Technology 24, 357-363.

Grimm, E.C., 1988. Data analysis and display. In: Vegetation History. Springer Netherlands, 43-
76.

Harrison, J.E., Griggs, A.B., Wells, J.D., Kelly, William N., Derek, P.D., and EROS Data
Center, 2000. Geologic and Structure Maps of the Wallace 1° x 2° Quadrangle, Montana
and Idaho: A Digital Database: Miscellaneous Investigations Series Map 1-1509A, scale
1:250,000. Journal of Biogeography. 45. Doi: 10.1111/jbi.13364.

Heyerdahl, E.K., Morgan, P., Riser I, J.P., 2008. Multi-season climate synchronized historical
fires in dry forests (1650-1900), Northern Rockies, USA. Ecology, 89 (3), 705-716. Doi:
https://doi.org/10.1890/06-2047.1

Higuera, P.E., and Abatzoglou, J.T., 2020. Record-setting climate enabled the extraordinary
2020 fire season in the western United States: Global Change Biology, 1-2, doi:
10.1111/gch.15388.

Higuera, P.E., Brubaker, L.B., Anderson, P.M., Hu, F.S., and Brown, T.A., 2009. Vegetation
mediated the impacts of postglacial climate change on fire regimes in the south-central


https://doi.org/10.1023/A:1008117816612
https://doi.org/10.1890/06-2047.1

56

Brooks Range, Alaska. Ecological Monographs, 79, 201-219,
doi: http://www.wrcc.dri.edu/cgi-bin/cliMAIN.pl?ak0761.

Higuera, P.E., Whitlock, C., and Gage, J.A., 2010. Linking tree-ring and sediment-charcoal
records to reconstruct fire occurrence and area burned in subalpine forests of Yellowstone
National Park, USA: The Holocene, 21, 327-341, doi: 10.1177/0959683610374882.

Iglesias, V., Whitlock, C, Krause, T, Baker, R., 2018. Past vegetation dynamics in the
Yellowstone region highlight the vulnerability of mountain systems to climate change.
Journal of Biogeography, 45,1768-1780. doi: 10.1111/jbi.13364

Jansen, E., Overpeck, J., Briffa, K.R., Duplessy, J.-C., Joos, F., Masson-Delmotte, V., Olago, D.,
Otto-Bliesner, B., Peltier, W.R., Rahmstorf, S., Ramesh, R., Raynaud, R., Rind, D.,
Solomina, O., Villalba, R., Zhang, D., 2007. In: Solomon, S., et al. (Eds.), In Climate
Change 2007: The Physical Science Basis. Contribution of Working Group | to the
Fourth Assessment Report of the Intergovernmental Panel on Climate Change.
Cambridge Univ. Press, Cambridge, 433-497.

Kapp, R.O., Davis, O.K., Kling, J.E., 2000. Pollen and Spores, Second Edition. American
Association of Stratigraphic Palynologists Foundation Publication, Texas.

Kelly, R.F., Higuera, P.E., Barrett, C.M., and Hu, F.S., 2011. A signal-to-noise index to quantify
the potential for peak detection in sediment—charcoal records: Quaternary Research, 75,
11-17

Keenan, B.; Imfeld, A.; Johnston, K.; Breckenridge, A.; Gélinas, Y.; Douglas, P.M.J., 2021.
Molecular evidence for human population change associated with climate events in the
Maya lowlands. Quaternary Science Reviews 258. DOI:
https://doi.org/10.1016/j.quascirev.2021.106904.11-17. doi:10.1016/j.ygres.2010.07.011.

Kipfmueller K.F., Baker W.L., 2000. A fire history of a subalpine forest in south-eastern
Wyoming, USA. Journal of Biogeography,27, 71-85. Doi:
https://doi.org/10.1046/.1365-2699.2000.00364.x

Kirchgeorg, T., Schiipbach, S., Kehrwald, N., McWethy, D. B., and Barbante, C., 2014. Method
for the determination of specific molecular markers of biomass burning in lake
sediments. Organic Geochemistry 71, 1-6. doi: 10.1016/j.orggeochem.2014.02.014

Kitzberger, T., Brown, P.M., Heyerdahl, E.K., Swetnam, T.W., Veblen, T.T., 2007. Contingent
Pacific-Atlantic Ocean influence on multicentury wildfire synchrony over western North
America. Proceedings of the National Academy of Science, 104 (2), 543-548. Doi:
https://doi.org/10.1073/pnas.0606078104

Klimaszewski-Patterson, A., Mensing, S., 2020. Paleoecological and paleolandscape modeling
support for pre-Columbian burning by Native Americans in the Golden Trout Wilderness


http://www.wrcc.dri.edu/cgi-bin/cliMAIN.pl?ak0761
https://doi.org/10.1046/j.1365-2699.2000.00364.x
https://doi.org/10.1073/pnas.0606078104

S7

Area, California, USA. Landscape Ecology, 35, 2659-2678.
https://doi.org/10.1007/s10980-020-01081-x

Klos, P. Z., Link, T. E., and Abatzoglou, J. T., 2014. Extent of the rain-snow transition zone in
the western U.S. under historic and projected climate. Geophysical Research Letters,
41:2014GL060500. doi: 10.1002/2014GL060500

Kuehn, S., Froese, D., Carrara, P., Foit, F., Pearce, N., & Rotheisler, P., 2009. Major- and trace-
element characterization, expanded distribution, and a new chronology for the latest
Pleistocene Glacier Peak tephras in western North America. Quaternary Research, 71(2),
201-216. doi:10.1016/j.ygres.2008.11.003

Kutzbach, J., Gallimore, R., Harrison, S., Behling, P., Selin, R., and Laarif, F., 1998, Climate and
biome simulations for the past 21,000 years: Quaternary Science Reviews, 17, 473-506,
doi: https://doi.org/10.1016/S0277-3791(98)00009-2.

Lake, F.K., Wright, V., Morgan, P., McFadzen, M., McWethy, D., Stevens-Rumann, C., 2017.
Returning Fire to the Land: Celebrating Traditional Knowledge and Fire. Journal of
Forestry, 115(5), 343-353, https://doi.org/10.5849/j0f.2016-043R2

Laskar, J., Robutel, P., Joutel, F., Gastineau, M., Correia, A.C.M., Levrard, B., 2004. A long
term numerical solution for the insolation quantities of the Earth. Astronomy and
Astrophysics, 428 (1), 261-285, DOI: 10.1051/0004-6361:20041335

Leeming, R., Ball, A., Ashbolt, N., and Nichols, P., 1996. Using faecal sterols from humans and
animals to distinguish faecal pollution in receiving waters. Water Research, 30, 2893—
2900. doi: 10.1016/S0043-1354(96)00011-5

Lepofsky, D., Lertzman, K., Hallett, D., Mathewes, R., 2005. Climate change and culture change
on the southern coast of British Columbia 2400-1200 cal. B.P.: A hypothesis. American
Antiquity 70, 267-295. doi:10.2307/40035704

Liebmann M.J., Farella, J., Roos, C.1., Stack, A., Martini, Sarah, Swetnam, T.W. 2016. Native
American depopulation, reforestation, and fire regimes in the Southwest United States,
1492-1900 CE. Proceedings of the National Academy of the Sciences USA, 113, 696—
704. doi: https://doi.org/10.1073/pnas.1521744113

Long, J.W., Lake, F.K. & Goode, R.W. (2021) The importance of Indigenous cultural burning in
forested regions of the Pacific West, USA. Forest Ecology and Management, 500 (3),
119597. Doi: https://doi.org/10.1016/j.foreco.2021.119597

MacDonald, D. H., 2012. Montana Before History: 11,000 Years of Hunter-Gatherers in the
Rockies and Plains. Missoula. Mountain press Publishing Company. Doi:
10.1353/gpr.2014.0014


https://doi.org/10.1007/s10980-020-01081-x
https://doi.org/10.1016/S0277-3791(98)00009-2
https://doi.org/10.5849/jof.2016-043R2
https://doi.org/10.1073/pnas.1521744113
https://doi.org/10.1016/j.foreco.2021.119597

58

Mack, R.N., Rutter, N.W., Bryant, V.M. Jr., Valastro, S., 1978a. Late quaternary pollen record
from Big Meadow, Pend Oreille County, Washington. Ecology 59, 956-966.

Mack, R.N., Rutter, N.W., Bryant, V.M. Jr., Valastro, S., 1978b. Reexamination of postglacial
vegetation history in northern Idaho: Hager Pond, Bonner, Co. Quaternary Research 10,
241-255.

Mack, R.N., Rutter, N.W., Valastro, S., 1979. Holocene vegetation history of the Okanogan
Valley, Washington. Quaternary Research 12, 212-225.

Mack, R.N., Rutter, N.W., Valastro, S., 1983. Holocene vegetational history of the Kootenai
river valley, Montana. Quaternary Research 20, 177-193.

Mack, R.N., Rutter, N.W., Valastro, S., Bryant, V.M. Jr., 1978c. Late quaternary vegetation
history at Waits Lake, Colville river valley, Washington. Botanical Gazette 139, 499-506

Malouf, C., 1969. The coniferous forests and their use in the northern Rocky Mountains through
9000 years of prehistory. In: Coniferous Forests of the Northern Rocky Mountains.
Proceedings of the Center for Natural Resources, University of Montana, Missoula, 271-
290.

Mann, M.E., Zhang, Z., Rutherford, S., Bradley, R.S., Huges, M.K., Shindell, D., Ammann, C.,
Faluvegi, G., and Ni, F., 2009. Global Signatures and Dynamical Origins of the Little Ice
Age and Medieval Climate Anomaly: Science, 326, 1256-1260, doi:
10.1126/science.1177012.

Marcicek, J., Shuman, B.N., Bartlein, P.J., Shafer, S.L., Brewer, S., 2018. Reconciling divergent
trends and millennial variations in Holocene temperatures. Nature, 554, 92-96. Doi:
https://doi.org/10.1038/nature25464

McAndrews, J.H., Berti, A.A., Norris, G.N., 1973. Key to Quaternary Pollen and Spores of the

Great Lakes Region. Royal Ontario Museum Life Sciences Miscellaneous Publication,
Ontario.

McDaniel, P.A., Wilson, M.A., Burt, R., Lammers, D., Thorson, T.D., McGrath, C.L., Peterson,
N., 2005. Andic soils of the inland Pacific Northwest, USA: Properties and ecological
significance. Soil Science, 170 (4), 300-311. Doi: https://dx.doi.org/10.1097/00010694-
200504000-00007

McWethy, D.B., Alt, M., Argiriadis, E., Battistel, D., Everett, R., and Pederson, G.T., 2020.
Millennial-Scale Climate and Human Drivers of Environmental Change and Fire
Activity in a Dry, Mixed-Conifer Forest of Northwestern Montana. Frontiers in Forests
and Global Change, 3, 1-16. doi: 10.3389/ffgc.2020.00044.

McWethy, D. B., Higuera, P. E., Whitlock, C., Veblen, T. T., Bowman, D. M. J. S, Cary, G. J.,
et al., 2013. A conceptual framework for predicting temperate ecosystem sensitivity to


https://doi.org/10.1038/nature25464
https://dx.doi.org/10.1097/00010694-200504000-00007
https://dx.doi.org/10.1097/00010694-200504000-00007

59

human impacts on fire regimes. Global Ecology and Biogeography 22, 900-912. doi:
10.1111/geb.12038

Mehringer, P.J., 1985. Late-quaternary pollen records from the interior Pacific northwest and
northern great basin of the United States. In: Bryant Jr., V., Holloway, W.G. (Ed.), Pollen
Records of the Late-Quaternary North American Sediments. American Association of
Stratigraphic Palynologists foundation, Dallas, 167—189.

Mehringer, P.J., Arno, S.F., Petersen, K.L., 1977b. Postglacial history of Lost Trail Pass Bog,
Bitterroot Mountains, Montana. Arctic and Alpine Research 9 (4), 345. Doi:
https://doi.org/10.2307/1550528.

Mehringer, P.J., Blinman, E., Petersen, K.L., 1977a. Pollen Influx and Volcanic Ash. Science,
New Series. 198 (4314), 257-261. Doi: 10.1126/science.198.4314.257

Menounos, B., 1997. The water content of lake sediments and its relationship to other physical
parameters: an alpine case study. Holocene 7, 207-212. doi:
10.1177/095968369700700208

Meyers, P. A., 1997. Organic geochemical proxies of paleoceanographic, paleolimnologic, and
paleoclimatic processes. Organic Geochemistry, 27, 213-250. doi:10.1016/S0146-
6380(97)00049-1

Morgan, P., Heyerdahl, E.K., Gibson, C.E., 2008. Multi-season climate synchronized forest fires
throughout the 20th century, Northern Rockies, USA. Ecology 89 (3), 717-728.

Morris, J.L., Brunelle, A., DeRose, R.J., Seppa, H., Power, M.J., Carter, V., and Bares, R., 2013.
Using fire regimes to delineate zones in a high-resolution lake sediment record from the
western United States. Quaternary Research, 79, 24-36, doi:
10.1016/j.yqres.2012.10.002.

Nash, C.H.; Johnson, E.A.., 1996. Synoptic climatology of lightning-caused forest fires in
subalpine and boreal forests. Canadian Journal of Forest Research 26, 1859-1874. Doi:
https://doi.org/10.1139/x26-211

Pederson, G.T., Graumlich, L.J., Fagre, D.B. et al., 2010. A century of climate and ecosystem
change in Western Montana: what do temperature trends portend? Climate Change, 98
(1), 133-154. Doi: https://doi.org/10.1007/s10584-009-9642-y

Peet R.K., 2000. Forests of the Rocky Mountains, 63-101 in Billings WD, ed. North American
Terrestrial Vegetation. Cambridge (United Kingdom): Cambridge University Press.

Peros, M. C., Munoz, S. E., Gajewski, K., and Viau, A. E., 2010. Prehistoric demography of
North America inferred from radiocarbon data. Journal of Archaeological Science, 37,
656-664. doi: 10.1016/j.jas.2009.10.029


https://doi.org/10.2307/1550528
https://doi.org/10.1139/x26-211
https://doi.org/10.1007/s10584-009-9642-y

60

Pfister, R.D., Kovalchik, B.L., Arno, S.F., Presby, R.C., 1977. Forest Habitat Types of Montana.
USDA Forest Service General Technical Report INT-34, Ogden, UT.

Piazza, R., Gambaro, A., Argiriadis, E., Vecchiato, M., Zambon, S., Cescon, P., et al., 2013.
Development of a method for simultaneous analysis of PCDDs, PCDFs, PCBs, PBDEs,
PCNs and PAHSs in Antarctic air. Analytical and Bioanalytical Chemistry, 405, 917-932.
doi: 10.1007/s00216-012-6464-y

Power, M.J., Whitlock, C., Bartlein, P.J., Stevens, L.R., 2006. Fire and vegetation history during
the last 3800 years in northwestern Montana. Geomorphology, 75, 420-436. Doi:
https://doi.org/10.1016/j.geomorph.2005.07.025

Power, M.J., Whitlock, C., Bartlein, P.J., 2011. Postglacial fire, vegetation, and climate history
across an elevational gradient in the Northern Rocky Mountains, USA and Canada.
Quaternary Science Reviews, 30 (19), 2520-2533.
https://doi.org/10.1016/j.quascirev.2011.04.012.

PRISM Climate Group, 2021. Oregon State University, https://prism.oregonstate.edu, created 4
Feb 2004.

R Core Team, 2021. R: A language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. https://www.R-project.org/.

Ramsey, C.B., 2008. Deposition models for chronological records: Quaternary Science Reviews,
27, 42-60, doi: https://doi.org/10.1016/j.quascirev.2007.01.019.

Ran, M., and Chen, L., 2019. The 4.2 ka BP climatic event and its cultural responses.
Quaternary International, 521, 158-167, doi:
https://doi.org/10.1016/j.quaint.2019.05.030.

Reimer, P.J., Austin, W.E.N., Bard, E., Bayliss, A., Blackwell, P.G., Bronk Ramsey, C., Butzin,
M., Cheng, H., Edwards, R.L., Friedrich, M., Grootes, P.M., Guilderson, T.P., Hajdas, I.,
Heaton, T.J., Hogg, A.G., Hughen, K.A., Kromer, B., Manning, S.W., Muscheler, R.,
Palmer, J.G., Pearson, C., van der Plicht, J., Reimer, R.W., Richards, D.A., Scott, E.M.,
Southon, J.R., Turney, C.S.M., Wacker, L., Adolphi, F., Bintgen, U., Capano, M.,
Fahrni, S.M., Fogtmann-Schulz, A., Friedrich, R., Kohler, P., Kudsk, S., Miyake, F.,
Olsen, J., Reinig, F., Sakamoto, M., Sookdeo, A. & Talamo, S., 2020. The IntCal20
Northern Hemisphere Radiocarbon Age Calibration Curve (0-55 cal kBP). Radiocarbon,
62, 725-757.

Renkin R.A, Despain D.G., 1992. Fuel moisture, forest type, and lightning caused fire in
Yellowstone National Park. Canadian Journal of Forest Research, 22, 37-45. Doi:
https://doi.org/10.1139/x92-005

Romme W.H., 1982. Fire and landscape diversity in subalpine forests of Yellowstone National
Park. Ecological Monographs, 52, 199-221. Doi: https://doi.org/10.2307/1942611


https://doi.org/10.1016/j.geomorph.2005.07.025
https://doi.org/10.1016/j.quascirev.2011.04.012
https://prism.oregonstate.edu/
https://www.r-project.org/
https://doi.org/10.1016/j.quascirev.2007.01.019
https://doi.org/10.1016/j.quaint.2019.05.030
https://doi.org/10.1139/x92-005
https://doi.org/10.2307/1942611

61

Romme W.H, Despain D.G., 1989. Historical perspective on the Yellowstone fires of 1988.
BioScience, 39, 695-699. Doi: https://doi.org/10.2307/1311000

Roos C.1., 2008. Fire, climate, and social-ecological systems in the ancient Southwest: Alluvial
geoarchaeology and applied historical ecology. PhD dissertation, University of Arizona,
Tucson, AZ.

Roos, C.1., Zedefio, M.N., Hollenback, K.L., and Erlick, M.M., 2018.Indigenous impacts on
North American Great Plains fire regimes of the past millennium: Proceedings of the
National Academy of Sciences, 115, 8143-8148, doi:
WWW.pnas.org/cgi/doi/10.1073/pnas.1805259115.

Schiller, C.M., Whitlock, C., Alt, M., and Morgan, L.A., 2020. Vegetation responses to
Quaternary volcanic and hydrothermal disturbances in the Northern Rocky Mountains
and Greater Yellowstone Ecosystem (USA): Palaeogeography, Palaeoclimatology,
Palaeoecology, 559, 109859, doi: https://doi.org/10.1016/j.palae0.2020.109859.

Schoenemann, S.W., Martin, J.T., Pederson, G.T., and McWethy, D.B., 2020. 2,200-Year tree-
ring and lake-sediment based snowpack reconstruction for the northern Rocky Mountains
highlights the historic magnitude of recent snow drought. Quaternary Science Advances,
2, 100013, doi: https://doi.org/10.1016/j.9sa.2020.100013.

Schoennagel T., Turner M.G., Romme W.H., 2003. The influence of fire interval and serotiny on
postfire lodgepole pine density in Yellowstone National Park. Ecology, 84, 2967—-2978.
Doi: https://doi.org/10.1890/02-0277

Schoennagel, T., Veblen, T.T., and Romme, W.H., 2004. The Interaction of Fire, Fuels, and
Climate across Rocky Mountain Forests: Bioscience, 54, 661-676. Doi:
https://doi.org/10.1641/0006-3568(2004)054[0661: TIOFFA]2.0.CO;2

Shuman, B., Henderson, A.K., Colman, S.M., Stone, J.R., Fritz, S.C., Stevens, L.R., Power,
M.J., Whitlock, C., 2009. Holocene lake-level trends in the Rocky Mountains, U.S.A.
Quaternary Science Reviews, 28, 1861-1879. Doi:
https://doi.org/10.1016/j.quascirev.2009.03.003

Shuman, Bryan N., 2021. Millennial Variations and a Mid-Holocene Step Change in Northern
Mid-latitude Moisture Gradients &nbsp;19 February 2021, PREPRINT (Version 1)
available at Research Square. doi: https://doi.org/10.21203/rs.3.rs-238291/v1

Simpson, LA, Bull, 1.D., Dockrill, S.J., Evershed, R.P., 1998. Early anthropogenic soil
formation at Tofts Ness, Sanday, Orkney. Journal of Archaeological Science, 25, 729-
746.

Singh G., Opdyke N.D., Bowler J.M., 1981. Late Cainozoic stratigraphy, palaeomagnetic
chronology and vegetational history from Lake George, N.S.W. Journal of the
Geological Society of Australia, 28, 435-452


https://doi.org/10.2307/1311000
http://www.pnas.org/cgi/doi/10.1073/pnas.1805259115
https://doi.org/10.1016/j.palaeo.2020.109859
https://doi.org/10.1016/j.qsa.2020.100013
https://doi.org/10.1890/02-0277
https://doi.org/10.1641/0006-3568(2004)054%5b0661:TIOFFA%5d2.0.CO;2
https://doi.org/10.1016/j.quascirev.2009.03.003
https://doi.org/10.21203/rs.3.rs-238291/v1

62

Smith, L.N., Hill, C.L., and Reiten, J., 2020. Quaternary and Late Tertiary of Montana: Climate,
Glaciation, Stratigraphy, and Vertebrate Fossils, in, Vuke, S.M., ed., MBMG Special
Publication 122: Geology of Montana, vol 1: Geologic History, 64 p.

Stewart, O.C., 2002. Forgotten fires: Native Americans and the transient wilderness. University
of Oklahoma Press, Norman, OK. 364 p.

Stone, J., 2005. A high-resolution record of Holocene drought variability and the diatom
stratigraphy of Foy Lake, Montana. A Ph.D. dissertation, University of Nebraska, 136 p..

Stuiver, M., Reimer, P.J., and Reimer, R.W., 2021. CALIB 8.2 [WWW program] at
http://calib.org, accessed 2021-9-2

Swaney, W.R., 2005. Confederated Salish and Kootenai Tribes Forestry Department Mission
Mountain Wilderness buffer zone reclassification. Environmental Assessment.

Swetnam T.W., Baisan C.H., 1996. Historical fire regime patterns in the southwestern United
States since AD 1700. Pages 11-32 in: Allen CD, tech. ed. Fire Effects in Southwestern
Forests: Proceedings of the Second La Mesa Fire Symposium, Los Alamos, New Mexico,
March 29-31, 1994. Fort Collins (CO): US Department of Agriculture, Forest Service,
Rocky Mountain Forest and Range Experiment Station. General Technical Report RM-
GTR-286.

Swetnam T., W., Farella, J., Roos C.1., Liebmann, M.J., Falk, D.A., and Allen, C.D, 2016.
Multiscale perspectives of fire, climate and humans in western North America and the
Jemez Mountains USA. Philosophical Transactions of the Royal Society B, 371,
20150168. doi: 10.1098/rsth.2015.0168

Takada, H., Farrington, J. W., Bothner, M. H., Johnson, C. G., and Tripp, B. W., 1994. Transport
of sludge-derived organic pollutants to deep-sea sediments at deep water dump site 106.
Environmental Science and Technology, 28, 1062—-1072. doi: 10.1021/es00055a015

Trauernicht, C., Brook, B.W., Murphy, B.P., Williamson, G.J., Bowman, D.M.J.S., 2015. Local
and global pyrogeographic evidence that indigenous fire management creates
pyrodiversity. Ecology and Evolution, 5, 1908 —1918. Doi:
https://doi.org/10.1002/ece3.1494

Vale, T.R., 2002. Fire, Native Peoples, and the Natural Landscape. Island Press, p. 238.

Veblen T.T., 2000. Disturbance patterns in southern Rocky Mountain forests. 31-54 in: Knight
RL, Smith FW, Buskirk SW, Romme WH, Baker WL, eds. Forest Fragmentation in the
Southern Rocky Mountains. Boulder: University Press of Colorado.

Venkatesan, M. I. and Santiago, C. A. Sterols in ocean sediments: novel tracers to examine
habitats of cetaceans, pinnipeds, penguins and humans, Marine Biology 102, 43 1-437
(1989).


https://doi.org/10.1002/ece3.1494

63

Walker, M., 2005. Radiometric Dating 1: Radiocarbon Dating, in Quaternary Dating Methods:
West Sussex, England, John Wiley and Sons Ltd., 17-55.

Westerling, A.L., Hidalgo, H.G., Cayan, D.R., Swetnam, T.W., 2006. Warming and earlier
spring increase western U.S. Forest wildfire activity. Science, 313, 940-943. Doi:
https://doi.org/10.1126/science.1128834

Whitlock, C., 1992. The history of Larix occidentalis during the last 20,000 years of
environmental change. In: Schmidt, W.C., McDonald, K.J. (Eds.), United States
Department of Agriculture Forest Service General Technical Report, pp. 83-90.

Whitlock, C. Larsen, C., 2001. Charcoal as fire proxy. In: Smol, J.P., Birks, H.J.B., Last, W.M.
(Eds.), Tracking Environmental Change Using Lake Sediments. Terrestrial, Algal, and
Siliceous Indicators, 3. Kluwer Academic Publishers, Dordrecht.

Whitlock, C., Marlon, J., Briles, C., Brunelle, A., Long, C., Bartlein, P., 2008. Long-term
relations among fire, fuel, and climate in the north-western US based on lake-sediment
studies. International Journal of Wildland Fire, 17, 72-83. 10.1071/WF07025.

Whitlock, C., Briles, C.E., Fernandez, M.C., Gage, J., 2011. Holocene vegetation, fire and
climate history of the Sawtooth Range, central Idaho, USA. Quaternary Research, 75,
144-124. Doi: https://doi.org/10.1016/j.ygres.2010.08.013

Williams, G.W., 2002. Aboriginal use of fire: Are there any “natural” plant communities? In:
Wilderness and political ecology: Aboriginal land management—Myths and Reality.
University of Utah Press, Logan, UT.

Wright Jr, H.E., Mann, D.H., Glaser, P.H., 1983. Piston corers for peat and lake sediments.
Ecology 65, 657-659. Doi: https://doi.org/10.2307/1941430


https://doi.org/10.1126/science.1128834
https://doi.org/10.1016/j.yqres.2010.08.013
https://doi.org/10.2307/1941430

64

APPENDICES



65

APPENDIX A

Supplementary Materials



66

70 25
60 20
50
— 15
E 5
= 40 2
=] 2
= 10 ®
8 o
5 30 o
'S E
] e
o 5
20
10 0
0 -5
A A - X A e = & S < 5 <
SN A A A I
& 0 & ® & & & &
N ® 6& S) 54 &
§ €9

Figure S1: Average monthly precipitation and average monthly temperature from 1981-2010 for
Wymore Lake, MT (PRISM Climate Group, 2021).
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Figure S2: Average monthly precipitation and average monthly temperature from 1981-2010 for
Rainbow Lake, MT (PRISM Climate Group, 2021).
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Figure S3: Rainbow Lake Coprostanol/(Coprostanol+epi-Coprostanol+5a Cholestanol ratio
(CTR2), ranges from 0.4 to 3.5, with a mean value of 1.8 + 0.4
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Figure S4: Rainbow Lake Coprostanol/epi-Coprostanol (CTR3), ranges from 0.4 to 3.5, with a
mean value of 1.8 + 0.4



68

Table S1 — Radiocarbon Dates for Wymore Lake

Core

WY-1A-20

WY-1A-20

WY-1B-20
WY-1B-20

WY-1B-20

WY-1B-20

WY-1C-20

WY-1C-20

WY-1C-20

WY-1D-20

WY-2B-20
WY-2B-20

Depth  Lab Number

(cm)
36

40

55
61

66

156
164
254
263
347

382
443

169640
169641

Egan etal., 2015
169642

169643
169644
169645
169646
169647
169648

Kuehn et al., 2009
169649

Material Dated

Sediment Organic
Carbon

Sediment Organic
Carbon

Mazama Ash

Sediment Organic
Carbon
Sediment Organic
Carbon
Sediment Organic
Carbon
Sediment Organic
Carbon
Sediment Organic
Carbon
Sediment Organic
Carbon
Sediment Organic
Carbon
Glacier Peak Ash

Sediment Organic
Carbon

Uncalibrated
age (Cyr BP)

4,810 £ 20
5,600 + 25

7,627 £ 50
7,910 + 40

7,780 + 30
9,560 + 40
9,740 + 40
11,300 + 50
7,920 + 30
12,900 + 65

11,600+ 50
31,000 + 830

Calibrated Age
range (Cal yr. BP)

5,502.5-5,727.2
6,404.7-6,474.9

7,682-7584
79,16.9-8,046.8

8,492.4-8,539.4

11,025.9-11,051.1
11,226.2-11,250.8
13,245.6-13,267.6
13,480.7-13,506.6
15,605.5-15,631.1

13,410-13,710
20,096.9-20,151.5
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Table S2 — Radiocarbon Dates for Rainbow Lake

Core

Poly 2015
(surface)
Poly 2015

Poly 2015
Poly 2015
Poly 2015
Poly 2015
Poly 2015
2016 A
2016 B
2016 B
2016 B
2016 B
2016 B
2016 C
2016 D
2016 D
2016 D
2016 E
N/a

2016 F
2016 F
2016 G

Depth
(cm)

0

25

50

76

100
130
158
190
249
255
260
260
293
364
414
494
499
532

599
653
728

Lab Number

surface

145859

145860
D-AMS014429poly
145861

145862
D-AMS014426poly
142469

142470
D-AMS014428liv
142471

142471b

145853

142472

145855
D-AMS014425liv
145858

142474
Eganetal., 2015
145856

145857

142473

Material Dated

Sediment Organic Carbon

Sediment Organic Carbon
Sediment Organic Carbon
Sediment Organic Carbon
Sediment Organic Carbon
Sediment Organic Carbon
Sediment Organic Carbon
Plant/Wood

Plant/Wood

Sediment Organic Carbon
Plant/Wood

Sediment Organic Carbon
Plant/Wood

Plant/Wood

Sediment Organic Carbon
Plant/Wood

Sediment Organic Carbon
Plant/Wood

Mazama Ash

Sediment Organic Carbon
Sediment Organic Carbon
Sediment Organic Carbon

Uncalibrated

age (C yr BP)

-66£5

425 £20

545+ 15

736 + 32

1,240 £ 20
1,340 £ 20
1,514 £ 28
2,170+ 15
3,070+ 20
3,267 + 31
3,340 + 20
3,470 £ 20
3,690 + 20
4,530 + 20
5,200 + 20
4,800 + 28
6,150 + 25
4,790 £ 25
7,627 £ 50
7,390 + 30
8,360 £ 35
8,750 + 35

Calibrated
Age range
(Cal yr. BP)
N/a
469-516
612-623
651-724
1,207-1,267
1,263-1,300
1,490-1,511
2,234-2,301
3,219-3,356
3,443-3,564
3,600-3,635
3,787-3,829
4,123-4,139
5,261-5,311
5,916-5,994
5,546-5,589
7,093-7,157
5,602-5,744
7,682-7,584
8,165-8,329
9,286-9,474
9,660-9,782
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Table S3: Concentrations of each fecal sterol for Rainbow Lake, MT.

Depth  CalyrBP  Coprostanol epi- Cholesterol  Cholestanol Sitosterol ~ Stigmastanol
coprostanol

10 99 16 9 131 183 604 488
25 361 52 91 1084 484 3846 3638
40 479 53 40 569 241 2320 1550
55 587 32 24 517 202 1380 918
70 684 38 42 512 245 2309 1062
85 851 26 38 1275 204 1765 793
100 1087 36 71 536 249 1931 1013
125 1250 41 27 339 378 1271 829
150 1436 29 26 1320 305 1534 884
200 2379 32 72 2665 527 2727 3259
225 2848 29 10 499 110 934 538
250 3309 58 20 361 245 1168 587
275 3823 35 12 278 190 781 473
300 4151 46 13 403 162 967 537
350 4947 37 12 364 163 871 700
375 5343 28 18 1324 149 568 454
400 5733 41 15 1281 175 892 486
425 6096 35 13 494 132 747 579
450 6406 34 13 703 154 720 549
475 6719 44 18 550 148 821 662
500 7041 36 11 410 174 699 500
525 7304 27 15 653 231 710 687
600 8251 41 22 854 261 819 960
625 8665 6 8 26 78 142 269
650 9097 36 42 359 389 1055 1535
675 9367 53 51 528 561 1257 2044
700 9583 36 30 756 271 1031 1686

725 9800 53 25 401 327 1170 1310
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APPENDIX B

Raw Pollen Data



Core Sample #
Adj. Depth

Pinus undiff.
Pinus subg. Strobus
Pinus subg. Pinus
Abies
Cyperaceae
Artemisia
Roseaceae
Ambrosia

Alnus

Betula

Poaceae

Aster

Typha

Unknown
Saccobatus vermiculatus
Acer
Cupressaceae
Indeterminate
Picea engelmanni
Apiaceae
Amaranthaceae
Fabaceae
Ranunculaceae
Caryophyllaceae
Polygunum
Bistorta
Ligulaflorae
Campanulaceae
Salix
Mryiophyllum
Malvaceae
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Rhamnus
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Rhus
Total Pollen Grains

Core Sample #
Adj. Depth

Pinus undiff.
Pinus subg. Strobus
Pinus subg. Pinus
Abies
Cyperaceae
Artemisia
Roseaceae
Ambrosia

Alnus

Betula

Poaceae

Aster

Typha

Unknown
Saccobatus vermiculatus
Acer
Cupressaceae
Indeterminate
Picea engelmanni
Apiaceae
Amaranthaceae
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Ranunculaceae
Caryophyllaceae
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Mryiophyllum
Malvaceae
Pseudotsuga
Quercus

0
409.5

WY-1A-20
18

389.5

12

[EY
O O O O kP O OO0 O O O O O N W w

[y
O O O O O O O O o o+ o o o

N
o b

73

0
660.5

WY-1A-20
21

301.5

9

1

3

15

o oo O O o

64

) O O O O o

[y
O O O O O O O O O o M o N o

N
o w

0
387.5

WY-1A-20
23

259

21

S

33

R O O O N

N
O O O O O O O O O O Ul O NN P M OO O P ODN

[y
o W

0
369.5

WY-1A-20
26

214

5

o

26

N O O P DN

22

A O O O W -

N
O O O O P OO O O o M O O O

N
o O

0
528.5

WY-1A-20
28

2195

11

[EE

85

= 01 O O b~

38

10

o — 01 D O O O

[E
SN

O N O O O O r O O O o o



Rhamnus
Epilobium

Rhus

Total Pollen Grains

Core Sample #
Adj. Depth

Pinus undiff.
Pinus subg. Strobus
Pinus subg. Pinus
Abies
Cyperaceae
Artemisia
Roseaceae
Ambrosia

Alnus

Betula

Poaceae

Aster

Typha

Unknown

Saccobatus vermiculatus

Acer
Cupressaceae
Indeterminate
Picea engelmanni
Apiaceae
Amaranthaceae
Fabaceae
Ranunculaceae
Caryophyllaceae
Polygunum
Bistorta
Ligulaflorae
Campanulaceae
Salix
Mryiophyllum
Malvaceae
Pseudotsuga

0
0
0
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Quercus

Rhamnus
Epilobium

Rhus

Total Pollen Grains

Core Sample #
Adj. Depth

Pinus undiff.
Pinus subg. Strobus
Pinus subg. Pinus
Abies
Cyperaceae
Artemisia
Roseaceae
Ambrosia

Alnus

Betula

Poaceae

Aster

Typha

Unknown

Saccobatus vermiculatus

Acer
Cupressaceae
Indeterminate
Picea engelmanni
Apiaceae
Amaranthaceae
Fabaceae
Ranunculaceae
Caryophyllaceae
Polygunum
Bistorta
Ligulaflorae
Campanulaceae
Salix
Mryiophyllum
Malvaceae

0
0
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0
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Pseudotsuga
Quercus

Rhamnus
Epilobium

Rhus

Total Pollen Grains

Core Sample #
Adj. Depth

Pinus undiff.
Pinus subg. Strobus
Pinus subg. Pinus
Abies
Cyperaceae
Artemisia
Roseaceae
Ambrosia

Alnus

Betula

Poaceae

Aster

Typha

Unknown

Saccobatus vermiculatus

Acer
Cupressaceae
Indeterminate
Picea engelmanni
Apiaceae
Amaranthaceae
Fabaceae
Ranunculaceae
Caryophyllaceae
Polygunum
Bistorta
Ligulaflorae
Campanulaceae
Salix
Mryiophyllum
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Malvaceae
Pseudotsuga
Quercus

Rhamnus
Epilobium

Rhus

Total Pollen Grains

Core Sample #
Adj. Depth

Pinus undiff.
Pinus subg. Strobus
Pinus subg. Pinus
Abies
Cyperaceae
Artemisia
Roseaceae
Ambrosia

Alnus

Betula

Poaceae

Aster

Typha

Unknown

Saccobatus vermiculatus

Acer
Cupressaceae
Indeterminate
Picea engelmanni
Apiaceae
Amaranthaceae
Fabaceae
Ranunculaceae
Caryophyllaceae
Polygunum
Bistorta
Ligulaflorae
Campanulaceae
Salix
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Mryiophyllum
Malvaceae
Pseudotsuga
Quercus

Rhamnus
Epilobium

Rhus

Total Pollen Grains

Core Sample #
Adj. Depth

Pinus undiff.
Pinus subg. Strobus
Pinus subg. Pinus
Abies
Cyperaceae
Artemisia
Roseaceae
Ambrosia

Alnus

Betula

Poaceae

Aster

Typha

Unknown
Saccobatus vermiculatus
Acer
Cupressaceae
Indeterminate
Picea engelmanni
Apiaceae
Amaranthaceae
Fabaceae
Ranunculaceae
Caryophyllaceae
Polygunum
Bistorta
Ligulaflorae
Campanulaceae
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Salix
Mryiophyllum
Malvaceae
Pseudotsuga
Quercus

Rhamnus
Epilobium

Rhus

Total Pollen Grains

Core Sample #
Adj. Depth

Pinus undiff.
Pinus subg. Strobus
Pinus subg. Pinus
Abies
Cyperaceae
Artemisia
Roseaceae
Ambrosia

Alnus

Betula

Poaceae

Aster

Typha

Unknown
Saccobatus vermiculatus
Acer
Cupressaceae
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Picea engelmanni
Apiaceae
Amaranthaceae
Fabaceae
Ranunculaceae
Caryophyllaceae
Polygunum
Bistorta
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Campanulaceae
Salix
Mryiophyllum
Malvaceae
Pseudotsuga
Quercus

Rhamnus
Epilobium

Rhus

Total Pollen Grains

Core Sample #
Adj. Depth

Pinus undiff.
Pinus subg. Strobus
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Ligulaflorae
Campanulaceae
Salix
Mryiophyllum
Malvaceae
Pseudotsuga
Quercus
Rhamnus
Epilobium
Rhus

Total Pollen Grains

Core Sample #
Adj. Depth

Pinus undiff.
Pinus subg. Strobus
Pinus subg. Pinus
Abies
Cyperaceae
Artemisia
Roseaceae
Ambrosia

Alnus

Betula

Poaceae
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Typha
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Saccobatus vermiculatus
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Picea engelmanni
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Bistorta
Ligulaflorae
Campanulaceae
Salix
Mryiophyllum
Malvaceae
Pseudotsuga
Quercus
Rhamnus
Epilobium
Rhus

Total Pollen Grains
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depth (sed)

Pinus Undiff

Pinus subg. Strobus
Pinus subg. Pinus
Picea

Abies
Pseudotsuga/Larix

Juniperous/Cupressaceae

Betulacea
Alnus

Populus Undiff
Acer

Quercus

Salix
Artemisia
Other Shrubs
Poaceae
Tubuliflorae
Liguliflorae
Amaranthaceae
Other Herbs and Ferns
Indeterminate
Unknown
Equisetum
Cyperaceae
Isoetes

Other Aquatics
Pediastrum Undiff
Pollen Sum

depth (sed)

Pinus Undiff

Pinus subg. Strobus
Pinus subg. Pinus
Picea

Abies
Pseudotsuga/Larix

83

Rainbow Lake:

5 15 25 35 44
108 145 130 202 144.5
31 24 55 88 103
20 14 11 15 19
1 19.5 9.5 1 0

6 4 4.5 8.5 17.5

8 6 8 11 10

7 0 10 0

1 1 1 0 2
10 13 6 18 6
16 0 13 2 0
0 0 0 0

0 0 1 0

8 4 2 2 0

5 5 13 2 0

0 0 2 0 0
28 21 7 9 5
1 0 1 0 0

0 0 0 0 0

3 2 3 3 1

4 7 3 3 1

1 6 0 1 0

2 0 0 0 1

1 9 0 1 1

9 7 2 2 2
25 10 18 16 3
2 4 0 0 0
14 0 39 80 10
311 301.5 338 467.5 326
54 64 74 85 95
183 220 152 176.5 172
121 70 95 56 94
34 24 21 22 24
1 3 0 2 0
24.5 14 9.5 11.5 11
18 14 6 8 8
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Juniperous/Cupressaceae

o
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-
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Alnus 12
Populus Undiff
Acer

Quercus

Salix
Artemisia
Other Shrubs

Poaceae
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Tubuliflorae
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Equisetum
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Cyperaceae
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RN
[N
[EEN

Isoetes

Other Aquatics
Pediastrum Undiff 11 65 43
Pollen Sum 4125 383 3255 383 409
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depth (sed) 105 115 125 135 145
Pinus Undiff 96 122.5 89 204 146.5
Pinus subg. Strobus 33 49 40 140 67



Pinus subg. Pinus
Picea

Abies
Pseudotsuga/Larix
Juniperous/Cupressaceae
Betulacea

Alnus

Populus Undiff
Acer

Quercus

Salix

Artemisia

Other Shrubs
Poaceae
Tubuliflorae
Liguliflorae
Amaranthaceae
Other Herbs and Ferns
Indeterminate
Unknown
Equisetum
Cyperaceae
Isoetes

Other Aquatics
Pediastrum Undiff
Pollen Sum

depth (sed)

Pinus Undiff

Pinus subg. Strobus
Pinus subg. Pinus
Picea

Abies
Pseudotsuga/Larix
Juniperous/Cupressaceae
Betulacea

Alnus

Populus Undiff

N
W W N O O OO0 0 O O b 00 01 O

w
N

g O B N W O O

18

A~ W

11
273

154
154.5
81

11
10

N © O N

85

43
2.5

10

15
11

[ERN
wWw o N O 01 O P O O O kB O O

[uy
N

45
349

164
181
78

125

12

NN = = N
wWw O O oo © +kr O N

N P PN W 01Ok 0B NN O O

[*)] w
o = O

371

173
180.5
91

135
10

25

10

155

18

29
12

N
A P O b~ P, O

P NN O O b O N

w
N W

117
646.5

184
150.5
67

11

12

10

0.5
10.5

11

H
P M O O N PFP OFP NMNOSNMMPL OO

N
s

330
641.5

194
155
7

155

18
10



Acer

Quercus

Salix

Artemisia

Other Shrubs
Poaceae
Tubuliflorae
Liguliflorae
Amaranthaceae
Other Herbs and Ferns
Indeterminate
Unknown
Equisetum
Cyperaceae
Isoetes

Other Aquatics
Pediastrum Undiff
Pollen Sum

depth (sed)

Pinus Undiff

Pinus subg. Strobus
Pinus subg. Pinus
Picea

Abies
Pseudotsuga/Larix
Juniperous/Cupressaceae
Betulacea

Alnus

Populus Undiff
Acer

Quercus

Salix
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Other Shrubs
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Tubuliflorae
Liguliflorae
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Amaranthaceae

Other Herbs and Ferns
Indeterminate
Unknown

Equisetum
Cyperaceae

Isoetes

Other Aquatics
Pediastrum Undiff
Pollen Sum

depth (sed)

Pinus Undiff

Pinus subg. Strobus
Pinus subg. Pinus
Picea

Abies
Pseudotsuga/Larix

Juniperous/Cupressaceae

Betulacea

Alnus

Populus Undiff
Acer

Quercus

Salix

Artemisia

Other Shrubs
Poaceae
Tubuliflorae
Liguliflorae
Amaranthaceae
Other Herbs and Ferns
Indeterminate
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Equisetum
Cyperaceae
Isoetes

Other Aquatics
Pediastrum Undiff
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Pollen Sum

depth (sed)

Pinus Undiff

Pinus subg. Strobus
Pinus subg. Pinus
Picea

Abies
Pseudotsuga/Larix
Juniperous/Cupressaceae
Betulacea

Alnus

Populus Undiff
Acer

Quercus

Salix

Artemisia

Other Shrubs
Poaceae
Tubuliflorae
Liguliflorae
Amaranthaceae
Other Herbs and Ferns
Indeterminate
Unknown
Equisetum
Cyperaceae

Isoetes

Other Aquatics
Pediastrum Undiff
Pollen Sum

depth (sed)

Pinus Undiff

Pinus subg. Strobus
Pinus subg. Pinus
Picea

Abies
Pseudotsuga/Larix
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Juniperous/Cupressaceae
Betulacea

Alnus

Populus Undiff
Acer

Quercus

Salix

Artemisia

Other Shrubs
Poaceae
Tubuliflorae
Liguliflorae
Amaranthaceae
Other Herbs and Ferns
Indeterminate
Unknown
Equisetum
Cyperaceae
Isoetes

Other Aquatics
Pediastrum Undiff
Pollen Sum

depth (sed)

Pinus Undiff

Pinus subg. Strobus
Pinus subg. Pinus
Picea

Abies
Pseudotsuga/Larix
Juniperous/Cupressaceae
Betulacea

Alnus

Populus Undiff
Acer

Quercus

Salix

Artemisia
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Other Shrubs
Poaceae
Tubuliflorae
Liguliflorae
Amaranthaceae
Other Herbs and Ferns
Indeterminate
Unknown
Equisetum
Cyperaceae
Isoetes

Other Aquatics
Pediastrum Undiff
Pollen Sum

depth (sed)

Pinus Undiff

Pinus subg. Strobus
Pinus subg. Pinus
Picea

Abies
Pseudotsuga/Larix
Juniperous/Cupressaceae
Betulacea

Alnus

Populus Undiff
Acer

Quercus

Salix

Artemisia

Other Shrubs
Poaceae
Tubuliflorae
Liguliflorae
Amaranthaceae
Other Herbs and Ferns
Indeterminate
Unknown
Equisetum
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Cyperaceae
Isoetes

Other Aquatics
Pediastrum Undiff
Pollen Sum

depth (sed)

Pinus Undiff

Pinus subg. Strobus
Pinus subg. Pinus
Picea

Abies
Pseudotsuga/Larix
Juniperous/Cupressaceae
Betulacea

Alnus

Populus Undiff
Acer

Quercus

Salix

Artemisia

Other Shrubs
Poaceae
Tubuliflorae
Liguliflorae
Amaranthaceae
Other Herbs and Ferns
Indeterminate
Unknown
Equisetum
Cyperaceae

Isoetes

Other Aquatics
Pediastrum Undiff
Pollen Sum

depth (sed)
Pinus Undiff
Pinus subg. Strobus
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Pinus subg. Pinus
Picea

Abies
Pseudotsuga/Larix
Juniperous/Cupressaceae
Betulacea

Alnus

Populus Undiff
Acer

Quercus

Salix

Artemisia

Other Shrubs
Poaceae
Tubuliflorae
Liguliflorae
Amaranthaceae
Other Herbs and Ferns
Indeterminate
Unknown
Equisetum
Cyperaceae
Isoetes

Other Aquatics
Pediastrum Undiff
Pollen Sum

depth (sed)

Pinus Undiff

Pinus subg. Strobus
Pinus subg. Pinus
Picea

Abies
Pseudotsuga/Larix
Juniperous/Cupressaceae
Betulacea

Alnus

Populus Undiff
Acer
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Quercus

Salix

Artemisia

Other Shrubs
Poaceae
Tubuliflorae
Liguliflorae
Amaranthaceae
Other Herbs and Ferns
Indeterminate
Unknown
Equisetum
Cyperaceae
Isoetes

Other Aquatics
Pediastrum Undiff
Pollen Sum
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APPENDIX C

Raw Charcoal Data
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Wymore Lake:

Depth volume (cc) Char count

Top

14

10

10
11
12
13
14
15
16
17
18
19
20
21

10
11
12
13
14
15
16
17
18
19
20
21

74
105
100

27
26
17

12

12
16

22
23
24
25
26
27
28
29
30
31

22
23
24
25
26
27

44
52
106

58
87
97
107

28
29
30
31

80
155

32

71
68
59
42

33
34
35
36

32
33
34
35
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41

37
38
39
40

36
37
38
39
40

47
21

51

37
41

41

42

41

32

43

42

58
34
33
37
47
51

44
45

43

44
45

46

47

46

48

47

49

48

73
98

50
51

49

50
51

52
53
54
55
56
57
58
59
60
61

52
53
54
55
56
57
58
59
60
61

21
12

11

10

62

63
64
65
66
67
68
69
70
71

62
63
64
65
66
67

12

15
29
16
11
17

68
69
70
71

72
73
74

72
73

20
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12
10
14
10
17
26

75
76
77
78
79
80
81

74
75
76
77
78
79
80
81

82
83
84
85
86

82
83
84
85

13

13

87

86
87
88
89
90
91

88
89
90
91

14
16
10

92
93
94
95
96
97

92

93
94
95

14

17

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112

18

15
14
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113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150

112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149

10

14

14
10

12

11

13
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151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188

150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
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14
13

14
11
17
19
16

12
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189
190
191
192
193
194
195
196
197
198
199
200
201
202
203

188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223

12

204
205
206
207
208
209
210
211
212
213

12
18
12

214
215
216
217
218
219
220
221
222
223

13

224
225
226

224
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227
228
229
230
231
232
233

226
227
228
229
230
231
232
233

234
235
236
237
238
239
240
241
242
243

234
235
236
237
238
239
240
241
242
243

244
245
246
247
248
249
250
251
252
253

244
245
246
247
248
249
250
251
252
253

15
16

254
255
256
257
258
259
260
261
262
263

254
255
256
257
258
259
260
261
262
263

19
15
10

10
10

21

264
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12

265
266
267
268
269
270
271
272
273

264
265
266
267
268
269
270
271
272
273

11

274
275
276
277
278
279
280
281
282
283

274
275
276
277
278
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280
281
282
283

10

284
285
286
287
288
289
290
291
292
293

284
285
286
287
288
289
290
291
292
293

13

11
10
14

294
295
296
297
298
299
300
301
302

11
10
12
17
14
13
19
12

294
295
296
297
298
299
300
301
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21
17
13
16
13
23
14
16

303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323

302
303
304
305
306
307
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313
314
315
316
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319
320
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322
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33

36
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14
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13
21
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333

324
325
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328
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330
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336
337
338
339
340

334
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336
337
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341
342
343

340
341
342
343

344
345
346
347
348
349
350
351
352
353

344
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349
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353

354
355
356
357
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360
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366
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374
375
376
377
378

374
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379
380
381
382
383

378
379
380
381
382
383

384
385
386
387
388
389
390
391
392
393

384
385
386
387
388
389
390
391
392
393
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394
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417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445

416
417
418
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421
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437
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top depth

0.0
0.5

1.0
15
2.0
2.5
3.0
35
4.0
4.5
50
55
6.0
6.5
7.0
7.5
8.0
8.5
9.0
95
10.0
10.5
11.0
11.5
12.0
12.5
13.0
13.5
14.0
14.5
15.0
15.5
16.0
16.5
17.0
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Rainbow Lake:

bottom depth  volume (cc) grass

0.5
1.0

15
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5
8.0
8.5
9.0
9.5
10.0
10.5
11.0
11.5
12.0
12.5
13.0
135
14.0
14.5
15.0
155
16.0
16.5
17.0
17.5
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>125

29
37

44
49
34
42
52
78
107
131
201
184
202
215
162
167
257
217
314
269
161
160
186
180
166
117
182
98
72
58
36
35
49
59
42

notes
one deciduous leaf
fragment

possibly a small seed
Large PC piece potentially
contributing fragments

FLF
FLF x3

FLF x2

large seed present

FLF

FLF x4

seed present

FLF x2

total

29
37

49
34
42
52
78

107

131

201

185

202

215

162

167

258

217

316

269

161

161

186

180

166

117

182

100
72
58
37
35
49
59
43



17.5
18.0
18.5
19.0
19.5
20.0
20.5

21.0
21.5
22.0
225
23.0
23.5
240
245
25.0
25.5
26.0
26.5
27.0

27.5
28.0
28.5
29.0
29.5
30.0
30.5
31.0
315

32.0
325
33.0
33.5
34.0
34.5
35.0

18.0
18.5
19.0
19.5
20.0
205
21.0

215
220
225
23.0
235
240
245
25.0
255
26.0
26.5
27.0
275

28.0
28.5
29.0
29.5
30.0
30.5
31.0
315
32.0

325
33.0
335
34.0
345
35.0
355
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48
39
58
71
60
65
72

91
45
36
39
15
36
37
33
30
33
38
40
59

60
46
42
32
26
47
32
24
35

43
52
33
30
24
48
25

FLF

potential seed present
BPM; sediment was dry
when sampled, faulty
whirlpack.

FLF

possible deciduous leaf
charcoal

large charcoal fragment

lots of columnar
algea/diatoms

48
39
58
72
61
65

92
45
36
39
15
36
37
34
31
33
40
41
59

66
49
43
32
27
50
37
24
40

46
57
33
32
25
50
25



35.5
36.0
36.5
37.0
37.5
38.0

38.5
39.0
39.5
40.0
40.5
41.0
415
42.0
42.5
43.0
43.5
44.0
44.5
45.0
45.5
46.0

46.5
47.0
47.5
48.0
48.5
49.0
49.5
50.0
51.0
52.0
53.0
54.0
55.0
56.0
57.0

36.0
36.5
37.0
37.5
38.0
385

39.0
39.5
40.0
40.5
41.0
41.5
420
425
43.0
435
44.0
44.5
45.0
455
46.0
46.5

47.0
475
48.0
48.5
49.0
49.5
50.0
51.0
52.0
53.0
54.0
55.0
56.0
57.0
58.0
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32
38
33
44
48
44

81
70

113

64
23
19
13
14
22
25
22
24
26
20
28
14

23
33
30
35
18
36
70
44
43
45
27
12
34
31

VERY large fragment
(~1cm)

FLF

sample patially spillled
after counting

32
43
35
47
49
50

89
76

120

64
23
19
15
15
23
26
24
26
26
21
28
19

24
35
34
38
20
36
76
48
43
47
30
14
36
4



58.0
59.0
60.0
61.0
62.0
63.0
64.0

65.0
66.0
67.0
68.0
69.0
70.0
71.0
72.0
73.0
74.0
75.0
76.0
77.0
78.0
79.0
80.0
81.0
82.0
83.0
84.0
85.0
86.0
87.0
88.0
89.0
90.0
91.0
92.0
93.0
94.0
95.0

59.0
60.0
61.0
62.0
63.0
64.0
65.0

66.0
67.0
68.0
69.0
70.0
71.0
72.0
73.0
74.0
75.0
76.0
77.0
78.0
79.0
80.0
81.0
82.0
83.0
84.0
85.0
86.0
87.0
88.0
89.0
90.0
91.0
92.0
93.0
94.0
95.0
96.0
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31
60
93
72
55
58
55

79
39
26
17
51
35
29
47
34
4
53
35
46
42
52
73
49
35
34
35
37
38
4
34
24
31
30
28
76
83
47

sample spillled after
counting

37
63
96
76
56
60
55

82
41
29
18
58
36
30
48
38
45
56
37
49
43
59
95
54
42
36
49
46
52
45
43
40
37
34
34
85
91
49



96.0

97.0

98.0

99.0
100.0
101.0
102.0
103.0
104.0
105.0
106.0
107.0
108.0
109.0
110.0
111.0
112.0
113.0
114.0
115.0
116.0
117.0
118.0
119.0
120.0
121.0
122.0
123.0
124.0
125.0
126.0
127.0
128.0
129.0
130.0
131.0
132.0
133.0

97.0

98.0

99.0
100.0
101.0
102.0
103.0
104.0
105.0
106.0
107.0
108.0
109.0
110.0
111.0
1120
113.0
114.0
115.0
116.0
117.0
118.0
119.0
120.0
121.0
122.0
123.0
124.0
125.0
126.0
127.0
128.0
129.0
130.0
131.0
132.0
133.0
134.0
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134.0
135.0
136.0
137.0
138.0
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155.0
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157.0
158.0
159.0
160.0
161.0
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163

164

165

166

167

168

169

170

171

135.0
136.0
137.0
138.0
139.0
140.0
141.0
142.0
143.0
144.0
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147.0
148.0
149.0
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153.0
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170
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85
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37
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51
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173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208

172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203

84
42

12

64
40

61

36
35

38

60
69

58
64
34
46

37

47

58

56
72
67

73
69

46

44
52

56

87

81

51

49

56

51

76
75
48

69

70
40

55

49

36

35
50
50
58
37

53

57

61

38

82

74
42

43
117

107
95
38
88

10

99
39

91

204
205
206
207

74
82

73
79
41

43
90
46

57

33

211
212

210
211

39
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52
93
112

48

213
215
216
217
218
219
220
221
222
223

212
214
215
216
217
218
219
220
221

85
102
75
87

10
11

86

95
104
101

98
96
89
114
125
178
64
118
60
35
82

98
124
131
191

10

222
223
224
225
226
227
228
229
230
231
232
233
234
238
239
240
241

13

224
225
226
227
228
229
230
231
232
233

65
118

63
36

85

59
112

57

110
93
148
116
89

98
151
122

234
235
239
240
241
242
243

93
113

52
44

52

43

62
143

61

142
60
80

153

102

232

242
243
244
245
246
247

65
86
158
103
235
101

244
245
246
247
248
249
250
251
252
253

99
50
35

248
249
250
251
252
253

52
41

51

49

33
73

30
62

11

254
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56
47

55
45

255
256
257
258
259
260
261
262
263

254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271

55
59
97
83
47

53
54
94
77
43

50
82

49

77
20

40

22
44
40

264
265
266
267
268
269
270
271
272
273

38
46

49

75
49

70
45

56
118

54

114
87

95

74

64
151

61

13

272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291

55

274
275
276
277
278
279
280
281
282
283

144
82

89

64
57
57

61

52

55
63
54
47

65
61
50

73
99
59
55
49

72
92

284
285
286
287
288
289
290
291
292

59
51

64
125
127

61

120
115
58

12

59
78

78



292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309
310.0
311.0
312.0
313.0
314.0
315.0
316.0
317.0
318.0
319.0
320.0
321.0
322.0
323.0
324.0
325.0
326.0
327.0
328.0
329.0

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310
311.0
312.0
313.0
314.0
315.0
316.0
317.0
318.0
319.0
320.0
321.0
322.0
323.0
324.0
325.0
326.0
327.0
328.0
329.0
330.0
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88
62
56
28
50
55
56
25
39
35
61
64

103
61
84
57
43

129
86
80
66
48
61
50
64
35
59
71
59
46
86
71
44
38
36
39
67

119
88
63
57
29
51
55
57
25
40
37
62
66

105
63
87
58
47

144
95
87
68
53
64
61
66
36
66
74
60
50
88
80
52
41
42
46
70



330.0
331.0
332.0
333.0
334.0
335.0
336.0
337.0
338.0
339.0
340.0
341.0
342.0
343.0
344.0
345.0
346.0
347.0
348.0
349.0
350.0
351.0
352.0
353.0
354.0
355.0
356.0
357.0
358.0
359.0
360.0
361.0
362.0
363.0
364.0
365.0
366.0
367.0

331.0
332.0
333.0
334.0
335.0
336.0
337.0
338.0
339.0
340.0
341.0
342.0
343.0
344.0
345.0
346.0
347.0
348.0
349.0
350.0
351.0
352.0
353.0
354.0
355.0
356.0
357.0
358.0
359.0
360.0
361.0
362.0
363.0
364.0
365.0
366.0
367.0
368.0
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45
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78
64
73
63
108
84
50
45
105
89
58
67
95
85
65
130
127
108
51
69
50
70
54
34
34
66

88
60
56
51
43
55
66
67
53
67
46
52
82
70
80
68

110
86
52
46

107
90
60
69
98
87
67

134

130

119
53
72
50
72
56
34
34
66



368.0
369.0
370.0
371.0
372.0
373.0
374.0
375.0
376.0
377.0
378.0
379.0
380.0
381.0
382.0
383.0
384.0
385.0
386.0
387.0
388.0
389.0
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
406

369.0
370.0
371.0
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373.0
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378.0
379.0
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381.0
382.0
383.0
384.0
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394
395
396
397
398
399
400
401
402
403
404
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91
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40
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49
84
65
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36
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34
15
18

42
37
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46
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93
26
41
23
32
52
87
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54
38
85
21
35
18
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25
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18
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23
48
68
34
27
22
46
16
30
38
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435
436
437
438
439
440
441
442
443
444

54
42

50
40

73
112
133

22
20
11
15
24

94
98
157

84
64
62

14

12
10

80
68

50
51

55

41

72
75
83

14
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68

67

55
106
103

12

81
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67
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81

48

55
104

19
11

453
454
455
456
457

64
53
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141
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458
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110

70
48

463
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39

37

46
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26
12
15

98
44
68

468
469
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86

42
104
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212

14
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473
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