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Warm summer temperatures and longer fire seasons are promoting larger, and in some
cases, more fires that are severe in low- and mid-elevation, dry mixed-conifer forests of
the Northern Rocky Mountains (NRM). Long-term historical fire conditions and human
influence on past fire activity are not well understood for these topographically and
biophysically heterogeneous forests. We developed reconstructions of millennial-scale
fire activity, vegetation change, and human presence at Black Lake, a small closed-
basin lake on the Flathead Indian Reservation in the Mission Valley, Northwestern
Montana, United States. Fossil pollen, charcoal, and biomarkers associated with human
presence were used to evaluate the interaction between climate variability, fire activity,
vegetation change and human activity for the past 7000 years. Comparisons among
multiple proxies suggest climate variability acted as the primary control on fire activity
and vegetation change from the early Holocene until the late Holocene when records
suggest fire activity and climate variability decoupled. Specific biomarkers (5p-stanols
including coprostanol and epi-coprostanol) associated with human presence indicate
humans were present within the Black Lake watershed for thousands of years, although
the inferred intensity of human presence is highly variable. A strong relationship between
climate variability and fire activity during the early and mid-Holocene weakens during
the last few thousand years, suggesting possible increased influence of humans in
mediating fire activity in recent millennia, and/or a shift in the interaction between the
distribution and abundance of woody fuel and fire severity. Human-set fires during
the cooler and wetter late Holocene may have been aimed at maintaining important
cultural resources associated with the heterogeneous mosaic of mixed conifer forests
within the Black Lake watershed. The paleoenvironmental reconstruction at Black
Lake corroborates archeological records that show humans were present within the
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Black Lake watershed for over 7000 years. Further research is needed to evaluate
the evidence for this continuous presence and the possible role that people played
in shaping fire regimes and vegetation within low- to mid-elevation mixed-conifer

ecosystems of the NRM.

Keywords: anthropogenic fire, pollen, charcoal, sterols, biomarkers, mixed-conifer forest, fire

INTRODUCTION

Across western North America, rapid changes in disturbance
regimes are altering the structure and function of forest
ecosystems. In the Northern Rocky Mountains (NRM), multiple
disturbances including insect activity, increased stand-replacing
wildfires, and prolonged drought stress are combining to
influence large areas of mixed-conifer forests (Heyerdahl et al.,
2008; Raffa et al., 2008). Wildfire suppression costs in the western
US have risen to over two billion dollars annually and now
comprise nearly half of the US Forest Service budget (Balch
et al., 2018). While the intensity and extent of these changes in
forest dynamics are linked to synergies among land use, higher
temperatures, shifts in fire regimes, and insect outbreaks, the
relative importance of these drivers is unclear. In the NRM,
century-long trends suggest the recent four decades of warming
has occurred at 2-3 times the rate of the global average resulting
in reduced snowpack, early snowmelt runoff, early onset of
spring, reduced summer streamflow, increased frequency of
high-temperature extremes, and reduced frequency of extreme
winter cold events (Pederson et al., 2010; Klos et al., 2014). It is
likely that these changes have affected disturbance dynamics, but
this idea has not been well tested because data on historical forest
dynamics is lacking from this region, especially from dry, low- to
mid-elevation mixed conifer forests of the NRM.

Recent changes to the structure and function of forest
ecosystems and fire-mediated forest transitions are calling new
attention to the interactions and feedbacks among climate,
human activities, and fire (Odion et al, 2010; Tepley Alan
et al., 2017). Historical fire regimes are well characterized in
some forest types, such as the dry, ponderosa pine forests
in the southwestern and interior northwestern US. These
forests are dominated by high-frequency, low-severity fire,
yet this research is being used to guide management of many
other forest types, even the fuel-rich, low- to mid-elevation
forests characterized by highly variable fire regimes (Halofsky
et al, 2011). Low- to mid-elevation forests in the NRM,
including those in Montana, are among the most affected by
structural changes resulting from the legacy of 20th century
land management and changing climatic conditions (Dodge,
1972; Dennison et al., 2014). These forests are widespread
and include large areas dominated by varying mixtures of
Pseudotsuga menziesii (Douglas-fir), Pinus ponderosa (ponderosa
pine), Abies grandis (grand fir), and Larix occidentalis (western
larch). Historical fire regimes for these forests are thought
to be of intermediate frequency (35-200 years) and low- to
mixed-severity, although little well-dated quantitative data
exists to test these assumptions (Arno etal, 1997). Despite
the fact that forests broadly classified as mixed-severity

compose nearly half (46%) the forests of the western US,
and 43% of the 11 million ha treated under a national
plan to reduce hazardous fuels (Schoennagel and Nelson,
2011), there is little information on the appropriateness
of thinning treatments for heterogenous mixed-severity
forests of the NRM and their potential unintended ecological
consequences (e.g., inhibiting regeneration and nutrient cycling;
Donato et al., 2006).

Recent efforts to better understand how ancient and modern
humans altered forest ecosystems and fire regimes are underway
in fire-prone systems in the southwestern US, motivated by the
need to evaluate how land-use and climate interact to promote
transitions to new alternate stable states (Miller et al., 2019), but
again these efforts focus on dry, ponderosa pine ecosystems. The
lack of multi-scale reconstructions for mixed-severity forests of
the NRM highlights the need to better understand the historical
variability in fire activity and the role of climate versus people
in shaping the conditions that influence fire activity. Conditions
that include changes to the composition, structure continuity,
and availability of fuels and the frequency, spatial distribution,
and timing of ignitions (Whitlock et al., 2010).

Humans have used fire as a tool to manage landscapes
for millennia; to enhance the quality and quantity of desired
resources, improve hunting, facilitate travel, reduce fire risk
and hazard, clear land, and for ceremonial and other purposes
(Lake et al, 2017). Disentangling the relative role of human
versus climate in driving fire regimes remains one of the
great challenges in paleofire science (Bowman et al, 2011;
Swetnam Thomas et al., 2016). While climatic conditions serve
as fundamental controls on the factors that shape fire regimes,
humans have magnified or reduced climatic controls by igniting
fires when and where they were naturally rare, modifying
fuel composition and structure, and through suppression or
elimination of fires (McWethy et al., 2013). Comparing past
records of fire activity with climatic reconstructions and robust
and continuous archeological records offers an opportunity to
identify time periods where humans may have enhanced or
reduced climatic impacts on fire activity (Roos et al.,, 2018),
but few locations offer robust multi-millennial archeological
records. Where archeological data is discontinuous and/or
sparse, changes in charcoal accumulation from wetland sediment
records are often used as indirect evidence for anthropogenic
burning yet other factors may also be responsible. As a result,
linking past changes in vegetation and fire with human activity
is largely inferential. Organic markers, or biomarkers, are
stable molecular compounds that provide new opportunities
to reconstruct past human presence (e.g., 58-stanols such as
coprostanol and epi-coprostanol), changes in biomass burning
from anthropogenic and natural origins (e.g., polycyclic aromatic
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hydrocarbons; PAHs), and shifts in vegetation communities
(e.g., m-alkanes). Fecal biomarker data can be particularly
useful in evaluating the relative role of humans and climate
in shaping fire activity and vegetation change over multi-
millennial time scales (Bull et al., 2002; Battistel et al., 2016;
Argiriadis et al., 2018).

Radiocarbon dated cultural materials from western Montana
and the Mission Valley indicate Indigenous populations were
present in western Montana throughout the Holocene (Gajewski
et al., 2011). Radiocarbon dated cultural materials for the
Mission Valley and the Black Lake watershed are spatially
and temporally discontinuous, however, limiting the extent to
which we can infer changes in human activity at the Black
Lake site and the potential influence of human-set fires on
fire regimes and ecosystem dynamics over time. Coupling
archeological records with reconstructions of human presence
from fecal biomarkers derived from lake sediments can begin
to address these limitations by providing temporally continuous
information on variations in human activity over time within
individual watersheds.

Here we reconstruct past environmental conditions, human
presence, and fire activity through analysis of multiple proxies
(pollen, macroscopic charcoal, biomarkers, and lithological and
geochemical changes) found in lake sediments. We ask: How
spatiotemporally variable were fire regimes in low- to mid-
elevation mixed-conifer forests? How has human presence varied
over the last ~7000 years? Is there a relationship between
reconstructions of human presence and changes in fire activity
and vegetation? Based on a database of radiocarbon dated cultural
materials from western Montana, we expect that fecal biomarker
records will indicate long-term, yet intermittent, human presence
throughout the last ~7000 years, with increasing presence
and influence on fire regimes and vegetation during the last
two millennia when archeological records suggest Indigenous
populations of the NRM were greatest (Peros et al, 2010;
Gajewski et al., 2011; MacDonald, 2012).

Site Description

Black Lake (47°51.7’N, 114°19.3'W; 985 m elevation; 25 ha)
is located in the Mission Valley in Lake County, Montana
(Figure 1). The site lies in forest that is dominated by Pseudotsuga
menziesii (56%) and Pinus ponderosa (38%), with a small amount
of Larix occidentalis (6%). Alnus spp., Salix spp., Rosaceae, and
various species of Poaceae grow in the understory and around
the lake margins. The conifer trees on the east side of the lake are
mostly uniform in age and approximately 90 years old. On the
west side of the lake is a mosaic of uneven-aged stands ranging
from 30 to 300 years old with substantive cohort establishments
ca. 1600, 1890, and 1920.

Most of the precipitation in the region occurs in the form of
snow brought by frontal Pacific storm systems during the winter
at higher elevations; however the majority of the precipitation
at Black Lake itself comes from convectional storms in the
spring and summer (June-August average: 130 mm; September-
November average: 110 mm December-February average: 90 mm;
March-May average: 113 mm). Mean annual temperature is
7°C; mean maximum and minimum summer temperatures

(June-August) are 25 and 9°C respectively; mean maximum
and minimum winter temperatures (December-February) are
1°C and —7°C respectively. All climate data represent 30
year averages from 1981 to 2010 (Prism Climate Group, 2019
accessed May 1, 2019).

MATERIALS AND METHODS

Two sediment cores were collected from the deepest part of
Black Lake (water depth = 8 m) from an anchored platform
in 2013 and 2014: one 121 cm long core (core 13A obtained
in 2013) was taken with a polycarbonate tube (Klein corer) to
capture the mud-water interface, and one 464 cm long core (core
14A obtained in 2014) was taken with a modified Livingstone
square-rod piston coring device (Wright et al., 1984). Core
13A was contained within the polycarbonate tube and sealed
with Zorbitrol, the segments of core 14A were wrapped with
plastic wrap and aluminum foil, and all cores were transported
to Montana State University where they were refrigerated until
analysis. In the laboratory they were cut longitudinally and
inspected for macrofossils, lithological changes were described,
and magnetic susceptibility readings were taken every 0.5 cm.
Samples of bulk sediment and woody material were taken at
approximate 20-40 cm intervals and submitted for accelerator
mass spectrometry (AMS) radiocarbon dating.

Pollen Analysis

Samples of 1 cm® volume were processed following procedures
outlined by Bennett and Willis (2002), and a Lycopodium tablet
of known concentration was added to each sample in order to
calculate pollen accumulation rates (PAR; grains cm™2 yr—!).
A minimum of 300 terrestrial pollen grains and spores were
counted per sample at magnifications of 400 and 1000x. Pollen
reference slides and keys (McAndrews et al., 1973; Faegri and
Iversen, 1975; Kapp et al,, 2000) were used to identify the
grains. Terrestrial pollen counts were converted to percentages
based on the terrestrial pollen sum, and aquatic pollen counts
were converted to percentages based on the combined sum of
terrestrial and aquatic pollen. Cyperaceae was considered an
aquatic species at this site and included in the aquatic pollen sum.
Arboreal pollen (AP) is the sum of all tree and shrub species
excluding Artemisia, and non-arboreal pollen (NAP) is the sum
of Artemisia, herbs, and grasses. The AP:NAP ratio was calculated
with the formula (AP-NAP)/(AP + NAP). Tilia software was used
to create a pollen diagram, and the record was divided into pollen
zones using CONISS cluster analysis (Grimm, 1987).

Pinus grains were categorized as Pinus subgenus Pinus-type
(P. ponderosa or P. contorta) and Pinus subgenus Strobus-type
(P. albicaulis, P. monticola, or P. flexilis) based on the presence
of verrucae on the distal membrane. Those with missing or
destroyed distal membranes were classified as undifferentiated
Pinus. Picea grains were attributed to P. engelmannii, Abies
grains to A. grandis or A. lasiocarpa, and Cupressaceae pollen
was assigned to Juniperus communis, J. scopulorum and/or
T. plicata. Pseudotsuga menziesii, Larix occidentalis, and L. lyallii
all grow in the region of Black Lake and their pollen grains are
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FIGURE 1 | (A) Location of Black Lake in the Northern Rocky Mountains over a base map showing the mean annual precipitation from 1981 to 2010 (PRISM
Climate Group, 2015; map source: ESRI). (B) Location of Black Lake in Lake County, MT (map source, Google Earth). (C) Close up of Black Lake (map source,

undistinguishable; therefore their pollen grains were counted as
Pseudotsuga/Larix.

Charcoal Analysis
The top 50 cm of core 13A was subsampled at 0.5 cm contiguous
intervals, and the remainder of core 13A and all of core 14A were
subsampled at 1 cm contiguous intervals for charcoal analysis.
Samples of 2 cm® were taken from each interval and processed
following the procedure outlined by Whitlock and Larsen (2001).
A 125 pm sieve was used to collect charcoal particles, because
charcoal particles larger than 125 pm diameter typically reflect
local fire events (<2 km) (Whitlock and Larsen, 2001; Higuera
et al., 2010). Macroscopic charcoal particles were counted and
identified as wood or grass under a stereomicroscope.
CharAnalysis' was used to perform a statistical analysis of
the charcoal counts and reconstruct a fire history according to

Uhttps://github.com/phiguera/CharAnalysis

the methods described by Higuera et al. (2009). Charcoal counts
were converted to charcoal accumulation rates (CHAR; particles
cm~2yr~1) and the time series was interpolated to 14 years
time steps (the median deposition time per sample) to minimize
differences in charcoal accumulation due to changes in deposition
rate. A 500 years lowess smoother, robust to outliers, was used
to distinguish the long-term background trends (BCHAR). After
applying a Poisson minimum count test, charcoal peaks that
exceeded a 95% threshold were identified as fire episodes (one or
more fires occurring during the time span of the peak), and the
time in between fire episodes was smoothed with a 1000 years
window to produce a fire-episode frequency record (episodes
1000 yrs—1).

Validation studies show that fire reconstructions from
macroscopic charcoal influx record high-severity fire events that
occurred near coring sites (0.1-2 km) as well as trends in regional
biomass burning (from background charcoal accumulation) at
millennial scales, but often underestimate or fail to record
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mixed and low-severity fires that occurred locally (e.g., Higuera
et al., 2005; Allen et al., 2008; Beaty and Taylor, 2009; Swetnam
et al, 2009). We interpret fire peaks identified through analysis
of macroscopic charcoal influx to represent high-severity fire
events within the sampling resolution time step (14 year times
step) derived from the age-depth chronology for Black Lake.
While low-severity fires likely contributed to the charcoal
influx record, individual low-severity events cannot be well
resolved in our record.

Biomarker Analysis

We analyzed lake sediments for specific molecular markers to
provide a continuous record of human presence to compare
to vegetation and fire reconstructions obtained from pollen
and charcoal (Supplementary Tables S1, S2). We determined
polycyclic aromatic hydrocarbons (PAHs), n-alkanes (NAs), and
fecal sterols (FSs) in 66 samples from the Black Lake 13A and
14A cores. Wet samples were dried in the desiccator with silica
gel until they maintained a constant weight and were then
hand milled and homogenized in a ceramic mortar. Samples
were stored at room temperature in sealed vials until extraction,
which was performed with an ASE 300 (Accelerated Solvent
Extraction, Dionex Thermo Fisher Scientific). Each sample was
dispersed with diatomaceous earth and spiked with a known
amount of internal standard solutions for the quantification
of the analytes (*Cg-Acenaphtylene, 1*Cg-Phenanthrene, 13Cy-
Benzo(a)pyrene for PAHs, Hexatriacontane for NA and 13Cs-
Cholesterol for FS) and extracted twice at 150°C and 1500 psi
with dichloromethane (DCM).

Extracts were concentrated under a gentle stream of nitrogen
(Turbovap, Caliper Life Sciences) up to ~0.5 mL and purified
onto disposable solid phase extraction silica tubes (Supelco
DSC-Si 12 mL, 2 g bed weight), previously conditioned
with 40 mL of n-hexane: DCM (1:1, v/v). The clean-up
and fractionation of samples were achieved by eluting the
samples with 15 mL of n-hexane:DCM (1:1, v/v) followed
by 70 mL of DCM (Kirchgeorg et al, 2014; Battistel et al.,
2015, 2016). The two fractions (F1 and F2) were collected
separately. F1 was concentrated to 100-200 pL and PAHs
and n-alkanes were analyzed through gas chromatography-
mass spectrometry (GC-MS). F2 was evaporated to dryness
and redissolved in 100 pL of DCM, then 100 wL of BSTFA
+ 1% TMCS (N,O-Bis(trimethylsilyl)trifluoroacetamide + 1%
Trimethylchlorosilane) were added to the samples to allow
derivatization at 70°C for 1 h. After a stabilization period of 24 h
at room temperature, FS were analyzed by GC-MS. The GC-MS
methods, along with instrumental setup are reported elsewhere
(Piazza et al., 2013; Kirchgeorg et al., 2014; Battistel et al., 2015).
Analytes were quantified based on internal standards (solutions
at known concentration) that were distributed as a spike within
the sample matrix during extraction in order to correctly quantify
concentrations of the analytes. 13C-Cholesterol (200 absolute
ng) was used for FS, hexatriacontane (2.5 abs pg) for alkanes,
13C-phenanthrene (50 abs ng), 13C-acenaphthylene (50 abs ng)
and 13C-benzo(a)pyrene for PAHs. Results were calculated and
corrected by the instrumental response factors, obtained by the
repeated analysis of standard solutions containing all analytes

and !°C internal standards at 100 pg wL~! for PAHs, 10 ng pL™*
for NA and 1 ng pL~! for FS.

Several procedural blanks were also analyzed in order to
quantify possible contamination from the laboratory equipment.
Absolute quantities of cholesterol and n-alkanes were corrected
for the blank plus three times the standard deviation of
the blanks and divided by the dry weight of samples to
obtain concentrations. Coprostanol and epi-coprostanol were
not present in blanks and therefore no correction was
applied. The average blank was 95 abs ng for cholesterol
(values consistent with what would naturally occur), 61
for B-sitosterol and 29 for stigmastanol. As for PAHs,
acenaphthylene, benzo(b)fluoranthene, benzo(k)fluoranthene,
benzo(e)pyrene, perylene, benzo(ghi)perylene, indeno(1,2,3-
cd)pyrene and dibenzo(ah)anthracene did not occur in blanks,
while the other compounds ranged between 0.2 and 6.8 abs
ng, except for naphthalene that had a higher value (13.4 ng)
(values consistent with values that would naturally occur). Fluxes
were calculated using the accumulation rate and the dry density
(Menounos, 1997). The average accuracy was 89 £ 10% for PAH,
87 =+ 8% for FPS and 84 & 10% for NA. Precision ranged between
2 and 5% for PAH, 1-4% for FPS 7-24% for NA.

n-Alkanes

n-Alkanes (NAs) were used in conjunction with pollen data to
evaluate changes in the composition and structure of vegetation.
Long-chain n-alkanes are widely used in palaeoenvironmental
studies from lake sediments to obtain information about
the vegetation input (Bush and Mclnerney, 2013). These
compounds are contained in the epicuticular waxes of terrestrial
plants, especially in leaves, and have the potential to provide
useful diagnostic ratios due to the fact that certain n-alkane
chain lengths are predominant in specific plant groups.
Although several indices have been proposed for reconstructing
the vegetation input preserved in lake sediments, their use
should be carefully evaluated. Since sediments collect a
multisource plant wax input, an unambiguous discrimination
is oftentimes very challenging, further complicated by the
influence of the productivity season and latitude. Though indices
should be prudently used, it has been widely demonstrated
that the abundance of long-chain n-alkanes is generally
higher in angiosperms than in gymnosperms (Bush and
Mclnerney, 2013; Diefendorf and Freimuth, 2017). Therefore,
in this paper we propose the use of the sum of Cp;-
Cs3 (D.(Cy2-33)) as an indicator of the angiosperm versus
gymnosperm relative abundance, where higher > Cy,_33 values
indicate the predominance of angiosperms. Here, the indicator
> Caa—33 is reported in terms of fluxes in order to take into
account the sedimentation rate.

Polycyclic Aromatic Hydrocarbons (PAHSs)

Polycyclic aromatic hydrocarbons are organic compounds
produced by a wide range of combustion processes. The chemical
structure, composed by > 2 aromatic rings fused together,
ensures a high resistance to degradation. Therefore, PAHs are
used in pre-industrial sedimentary archives as tracers of past
combustion processes and several diagnostic ratios are employed
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to infer the source of burning and combustion temperatures
(Page et al., 1999; Yunker et al, 2002). Among PAHs, retene
is regarded as a direct proxy for softwood combustion and
degradation of dehydroabietic acid (Ramdahl, 1983; Vicente et al.,
2012; Ahad et al., 2015).

Fecal Sterols

Fecal sterols primarily reach lake sediments through runoft
(Meyers, 1997), and thus describe inputs from the local
watershed. Cholesterol and cholestanol are produced by
vertebrates, especially mammals including humans (Leeming
etal., 1996) and are widely used as normalization parameters. The
evidence of human presence within the Black Lake catchment
is provided by coprostanol, the most abundant sterol in human
feces (Bull et al., 2002), and epi-coprostanol resulting from
the post-depositional epimerization of coprostanol (Birk et al.,
2011). While omnivores such as dogs (and potentially bears
and wolves), can also produce coprostanol, previous research
indicates that coprostanol concentrations for humans are much
more abundant than other ominivores (often > 10 times more
abundant) (Leeming et al., 1996); therefore we interpret humans
to be the primary source of coprosanol in the sediments.

As coprostanol is highly abundant in human feces and
considering that atmospheric transport is very limited for this
proxy, in situ degradation reaction is the main factor that can
affect the coprostanol signal. Therefore, in order to account for
potential variations due to degradation processes, we used a ratio
(hereon referred to as the coprostanol threshold ratio or CTR),
defined as follows:

CTR = coprostanol/cholesterol (1)

Based on validation studies (Takada et al., 1994; Carreira
et al., 2015) we consider the value CTR = 0.2 as a threshold
to distinguish a signal due to a human contribution versus
natural variability (i.e., CTR values higher than 0.2 indicate
human presence), and CTR values greater than 1.0 to indicate
intensive use of the site by humans. In general, we interpreted
higher/lower CTR values as indicative of higher/lower presence
of human populations, and values below 0.2 as absence of humans
(Carreira et al., 2015).

RESULTS
Chronology

The age-depth chronology was derived from nineteen accelerator
mass-spectrometry 14C dates from 17 bulk sediment samples and
two wood fragments (Table 1). The 14C dates were converted
to calibrated ages using the IntCall3 calibration curve (Reimer
etal., 2013), and the final age-depth model was constructed using
Bayesian accumulation histories for deposits (Bacon) software for
modeling (Blaauw and Christen, 2011) in R (R Core Team, 2015;
Figure 2). Bulk sediment dated from depth 440 cm represents
an age reversal but was included in the age-depth model. The
sedimentation rate was highest at the base of the core, averaging
24 yr cm™! between 464 and 415 cm. From 415-44 cm depth,
sedimentation rate averaged 15 yr cm™! other than between 99

and 91 cm depth when it increased to an average of 32 yr cm™!.

The rate increased at the top of the core with an average of 20 yr
cm™! from 44 and 0 cm depth.

Lithology

The 14A core was divided into two lithologic units (Figure 3).
Unit 1 (464-415 cm depth) consisted of dark gray inorganic clay
and had the highest average magnetic susceptibility values at the
base (average of 5 SI units from 464 to 455 cm). Unit 2 (415-
0 cm depth) consisted of fine-detritus gyttja with laminations of
pink, red, brown, and gray. Both of the cores had a section of thin
red and dark brown laminations at 140 cm depth that was used
to correlate the cores. Core 14A additionally had sections of very
dark brown to black bands of fine-detritus gyttja at 175-176, 339-
340, 374-375, and 410-414 cm depth. Magnetic susceptibility
values were generally stable throughout the record. Magnetic
susceptibility was low in Unit 2 (average of -1 SI units) other than
two small peaks that corresponded with bands of dark brown to
black fine-detritus gyttja at 374-375 and 410-414 cm depth, and
four other peaks at 116, 215, 303, and 320 cm depth that do not
correspond with lithological changes or tephras.

Pollen and Charcoal

Based on CONISS results, the pollen record was divided into
three zones, BL1-BL3 (Figure 4). Zone BL1 (464-380 cm
depth; 7300-5600 cal yr BP) was characterized by high levels
of Poaceae (12-23%) and Artemisia (5-17%) pollen, and
low values of conifer pollen (total Pinus: 45-60%). Although
not very prominent, pollen from shrubs and herbs, such as
Amaranthaceae (1-4%), Asteraceae subfamily Asteroideae (1-
3%), and Rosaceae (<1-2%), had the highest levels of the record
in this zone. Alnus spp. increased (from <1 to 6%) at ca. 6000 cal
yr BP, concurrently with an increase in Cyperaceae pollen (from
<1 to 8%). The arboreal to non-arboreal pollen ratio (AP:NAP)
slowly increased through the zone, and the PAR was low
(average: 3060 grains cm ™2 yr~1!). The Pinus pollen percentages
are consistent with those found in modern steppe/parkland or
steppe environments (Iglesias et al., 2018) and the low values of
PAR are also consistent with an open forest (Davis, 1976).

CHAR and BCHAR were very low at the bottom of Zone BL-
1 but increased significantly at 420 cm depth (6000 cal yr BP),
coincident with a peak in magnetic susceptibility. Fire frequency
increased from 1 to 7 episodes 1000 yrs~! over the range of the
zone (Figure 5).

Zone BL2 (380-204 cm depth; 5600-2800 cal yr BP) was
characterized by decreasing Artemisia (<1-8%) and Poaceae (5-
20%) values, and an increase in total Pinus pollen (52-81%).
Alnus (2-6%) and Cyperaceae values were steady (1-5%), with
the exception of a period of low values (1-2%) from ca. 4300-
3600 cal yr BP. Picea and Pseudotsuga/Larix pollen percentages
increased in the end of this zone at 3150 cal yr BP (to a high
of 8 and 6% respectively) suggesting a mixed conifer forest. PAR
increased to an average of 5630 grains cm~2 yr~!, and AP:NAP
increased throughout the zone. The higher AP:NAP ratio and
Pinus pollen values over 70% suggest a forest environment
(Iglesias et al., 2018).
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TABLE 1 | Material dated and radiocarbon ages for Black Lake.

Core Depth Lab number Material dated Uncalibrated age (*4C yr BP) Calibrated age range (Cal yr BP)
A 20 148215 Bulk sediment 305 + 20 302-333
A 30 148216 Bulk sediment 455 + 20 497-527
A 47 117356 Wood 985 + 30 897-958
A 61 117354 Wood 1030 £ 30 910-986
A 90 148217 Bulk sediment 1220 + 20 1068-1184
B 100 148219 Bulk sediment 1680 + 15 1545-1615
B 129 128401 Bulk sediment 1800 £+ 15 1697-1813
A 157 148218 Bulk sediment 2150 + 20 2096-2159
B 170 148220 Bulk sediment 2390 + 20 2349-2466
B 200 148221 Bulk sediment 2670 + 20 2748-2794
B 235 148223 Bulk sediment 3150 + 15 3349-3402
B 275 148222 Bulk sediment 3810 + 20 4146-4249
B 294 128396 Bulk sediment 4040 + 20 4437-4489
B 360 148224 Bulk sediment 4720 + 20 5326-5384
B 390 148225 Bulk sediment 5020 + 20 5707-5762
B 410 128403 Bulk sediment 5260 + 25 5936-6030
B 414 148228 Bulk sediment 5310 + 30 5997-6184
B 440 148226 Bulk sediment 7100 + 30 7917-7981
B 460 148227 Bulk sediment 6400 + 30 7271-7342
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FIGURE 2 | Age-depth model for Black Lake using Bacon age-depth modeling software (Blaauw and Christen, 2011) in R (R Core Team, 2015).

CHAR and BCHAR were high from ca. 5600-4200 cal yr
BP and then dropped until ca. 3000 cal yr BP. Fire frequency
decreased from a high of 10 episodes 1000 yrs~! to a low of 6
episodes 1000 yrs~! during the period of lower CHAR values.

Zone BL3 (204-0 cm depth, 2800 cal yr BP-present day) had
the lowest values of Poaceae (<1-13%), Artemisia (<1-2), total

shrubs and herbs, and Cyperaceae. Pinus (65-87%) increased,
as did Pseudotsuga/Larix (3-10%). PAR increased to an average
of 7000 grains cm~2 yr~!, and AP:NAP was the highest of the
record, all suggesting a closed forest environment.

CHAR and BCHAR reached their highest levels at ca. 2000 cal
yr BP then decreased toward present day with the exception of
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FIGURE 3 | Lithology, uncalibrated radiocarbon ages, magnetic susceptibility
data, and deposition rate for the Black Lake sediment cores.

one large peak at ca. 1000 cal yr BP. After an initial rise to 10
episodes 1000 yrs~! at ca. 2500 cal yr BP, fire frequency declined
to 6-7 episodes 1000 yrs !, with an average fire return interval of
125 years to present day. The most recent fire episode occurred
ca. 90 cal yr BP.

Biomarkers

n-Alkanes

Total n-alkane sum values (D Ci—33) were generally high
between 6000 and 3000 cal yr BP and decreased to the present
(Figure 6). In the period between 6000 and 3000 cal yr BP,
> Cayy—33 was approximately 5 times higher than the more
recent part of the record, suggesting that after 3000 cal yr
BP angiosperm contribution to the n-alkane composite sum
was diminished relative to gymnosperms within the Black Lake
watershed (Figure 6).

Polycyclic Aromatic Hydrocarbons

The record shows a low PAH signal prior to ca. 5800 cal yr
BP, indicating very low fire activity in this period, similar to
the charcoal record (Figure 5). Between ca. 5800 and 2500 cal
yr BP, PAHs peak every 500-1000 years. In this period, the
largest peak at ca. 5800 cal yr BP is consistent with the charcoal
record. High levels of PAHs were detected between ca. 3000
and 700 cal yr BP, in contrast with the period between ca.
700 cal yr BP to present, where the PAH signal was significantly
lower. The lower PAH signal recorded in the most recent part

of the record indicates that woody biomass burning in the
Black Lake watershed during the last few centuries declined
substantially. Retene values generally correspond to trends in
macroscopic charcoal levels throughout the time series, recording
peaks ca. 3000-2000 cal yr BP (BL3, Figure 5) when forest
taxa became more dense and the availability of woody biomass
increased as indicated by arboreal to non-arboreal ratios and
pollen accumulation data.

Fecal Sterols

Low coprostanol threshold ratio (CTR) values indicate a
potential absence of humans from ca. 7500 to 6000 cal yr BP,
although a number of factors could result in low coprostanol
values including poor preservation in lake sediments, low or
intermittent human use of the Black Lake watershed and/or
highly variable coprostanol deposition within and around Black
Lake among others. Beginning ca. 5800 cal yr BP, values
increased above the CTR of 0.2 and generally remained above
this threshold until present. While variable, high CTR values
during the mid- and late Holocene (eleven peaks > 1.0) provide
strong evidence that human populations were present within the
Black Lake watershed.

DISCUSSION

Millennial-scale paleoenvironmental reconstructions from Black
Lake sediments suggest climatic variability was the dominant
control on broad-scale changes in the environment and fire
activity during the early and mid-Holocene until the relationship
between climate and fire activity decoupled during the cooler
and wetter late Holocene. Biomarkers associated with human
presence indicate long-term, yet episodic, human activity within
the Black Lake watershed for over 6000 years. While climatic
controls correspond with changes in fire activity during the
early and mid-Holocene, the persistence of high levels of
biomass burning during the generally cool and wet late-
Holocene may signal human-set fires were used to maintain
high levels of biomass burning to manage ecosystems within the
Black Lake watershed.

Early to Middle Holocene - 7500-5500 cal

yr BP

The Black Lake vegetation and fire record begins ca. 7500 cal
yr BP during the early to middle Holocene, when summer
insolation levels were ~7% higher than present day (Berger
and Loutre, 1991; Kutzbach et al.,, 1998). During this period,
pollen data suggest an open forest of predominantly Pinus
subgenus Pinus with Poaceae and Artemisia surrounding the lake.
Pseudotsuga/larix was present, but not in high abundance. Based
on the current amounts of Pinus ponderosa at low elevations in
the Mission Valley as opposed to Pinus flexilis, the predominant
species was likely Pinus ponderosa. Low AP:NAP ratios suggest a
landscape with lower tree cover than present. The open landscape
and xerophytic pollen taxa such as Poaceae and Artemisia agree
with models that summers were warmer and drier than present
(Braconnot et al.,, 2019). Despite a period of generally warmer
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and drier summers, there was minimal fire activity. The lack of
macroscopic charcoal in the record could be the result of few
fires on the landscape, or low-severity grass fires that did not
input macroscopic charcoal into the lake basin (Allen et al., 2008;
Swetnam et al., 2009).

Between ca. 6000 and 5500 cal yr BP, Poaceae and Artemisia
decreased, and there was an increase in conifer trees, namely
Pinus. Pseudotsuga menziessii increased slightly, but high levels
of Pinus pollen suggest a forest of primarily pine. The decline
of non-arboreal pollen coincident with the increase in arboreal
pollen suggests that as summer insolation levels decreased into
the middle Holocene, low-elevation forests expanded and became
denser. Cyperaceae increased just prior to 6000 cal yr BP, likely
a result of increased precipitation and higher lake water levels.
A large charcoal peak (peak magnitude = 305 particles cm™2,
Figure 5) occurred ca. 6000 cal yr BP and was followed by a
substantial increase in CHAR, BCHAR, and PAH. This large
fire and increase in charcoal accumulation and PAH was likely
related to an increase in the density of conifer trees and associated
increase in the availability of woody biomass for burning.

While pollen influx from conifers was likely dominated
by forest canopy taxa, n-alkane data suggest that angiosperm
shrub taxa (deciduous species such as Alnus, Betula, Salix, and
Ceanothus) were abundant during this period. This suggests that
there was an increase in available moisture toward the end of this
period when both shrubs and conifer trees filled in the watershed
that had been dominated by Poaceae and Artemisia from ca. 7500
to 6000 cal yr BP.

During the warm and dry early Holocene, biomarker data
indicate humans were absent or present in low numbers. The

lower elevations and the valley floor would have been very warm
and dry and it is possible that during the height of early Holocene
warming Black Lake may have dried. This is consistent with the
basal clays found at the bottom of our record before ca. 7500 cal
yr BP. As sediment accumulation initiated and increased, signs of
human presence increased, coinciding with forest expansion and
generally cooler and wetter conditions. Hence, the early absence
of humans coincides with the initiation of sediment accumulation
at Black Lake and may be related to climatic conditions (e.g.,
hot and dry) that were unfavorable for human activity prior
to 6000 years ago.

Mid- to Late Holocene - 5500-2000 cal yr
BP

Pinus ponderosa continued to expand throughout the mid- to
late Holocene, and Picea, Abies, and Pseudotsuga/Larix increased.
From 4000 to 3000 cal yr BP, the increasing PAR of Picea,
Abies, and Pseudotsuga/Larix suggest further forest densification
coincided with colder and wetter conditions as indicated by
increased lake levels recorded in the region (Shuman and
Serravezza, 2017) and glacial readvances in the Canadian Rockies
(Solomina et al., 2015). A ratio of warm/dry (WD) associated
taxa (Poaceae + Artemisia + Ameranthaceae + Juniperus)
to cool/wet (CW) associated taxa (Picea + Abies + Alnus)
indicate a prolonged interval of cool and wet conditions during
this neoglacial period (Figure 7). A decrease in CHAR and
BCHAR shown at the same time that forests expanded and
became more dense, suggests cool and wet conditions likely
suppressed fire activity.
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Modest increases in Pseudotsuga/Larix and Pinus at the
expense of Picea and Abies began ca. 3000 cal yr BP, as forest
structure and composition became most similar to present day
mixed-conifer forests. Fire activity increased in the late Holocene
after 3000 cal yr BP, coinciding with the highest PAR levels,
suggesting the density of forests may have peaked during this
time period. The lack of fire activity and cool wet conditions from
4000 to 3000 cal yr BP could have allowed for the lower elevation
forests to become more dense, providing high levels of available
biomass to burn when conditions were conducive for fire spread.

Biomarkers indicate human presence increased after ca.
4000 cal yrs BP, during a period of cool and wet conditions.
The signal of human presence is generally high, although
intermittent, in this period. Due to the very local nature of the
fecal biomarker signature, the absence/lower presence of humans
in the watershed may be related to episodic, yet possibly intensive
human use of the Black lake watershed throughout the mid- to
late Holocene until biomarkers suggest limited use of the site in
recent centuries.

Late Holocene to Present - 2000 cal yr
BP-Present

Following the onset of generally cool and wet conditions ca.
4000-3000 cal yr BP, forest composition remained relatively

stable with the exception of an increase in taxa associated with
warm/dry conditions during the Medieval Climate Anomaly
(MCA; 1000-750 cal yr BP) and an increase in taxa associated
with cool/wet conditions during the Little Ice Age (LIA; 550-
250 cal yr BP) (Mann et al., 1999; Cook et al., 2010; Pederson et al.,
2011). During the MCA, the increase in levels of pollen of Poaceae
(Figure 6), and decline in the WD:CW ratio (Figure 7), suggests
that prolonged warm (and dry) conditions evident in climatic
reconstructions for the NRM (Cook et al., 2010; Pederson et al.,
2011) led to a decline in the density and abundance of forest.
During the LIA, the increase in forest taxa pollen (notably Picea,
and Pinus spp. including Pinus subgenus Strobus-type) at the
expense of open vegetation taxa as indicated by the AP:NAP
ratio (Figure 6) and WD:CW ratio (Figure 7), suggests forest
expansion and infill.

Fire activity (CHAR) increased during the warmer and drier
MCA and decreased during the cooler and wetter LIA. The largest
fire peak of the CHAR record and increased PAH fluxes occur
at the onset of the MCA, ca. 1000 cal yr BP. Fire frequency
and background charcoal decrease slightly after the MCA from
ca. 1000 cal yr BP to present, similar to other low elevation
sites in the NRM (Carter et al., 2018). Low fire activity persisted
during the LIA, possibly because cool and wet conditions limited
fire spread within the Black Lake watershed. While fire activity
decreased following the MCA, the persistence of abundant fire
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activity during the cool and wet conditions of the late-Holocene
prior to the MCA suggest a possible role for human influence on
fire management.

Evidence for human presence at Black Lake peaked during the
late Holocene until ca. 700 cal yr BP when fecal biomarker data
suggest humans were absent or infrequently using the Black Lake
site. Increases in biomass burning coincide with biomarker data
recording increased human presence and decline when humans
appear to have abandoned or used the site infrequently.

Human Presence and Influence

Oral traditions from the Confederated Salish and Kootenai
Tribes detail a rich relationship between Indigenous populations
and the land of northwestern Montana that began thousands
of years ago (CSKT, 2005). Fire was a critical part of this
relationship and one of the most powerful tools used by
Indigenous peoples of the northwestern US (and worldwide)
to maintain important lifeways and to manage landscapes to
promote culturally significant plants and animals (Bowman

et al., 2011; Trauernicht et al., 2015). Native peoples historically
used fire for a number of purposes, including: as a means
of communication, for ceremonial activities, as well as to aid
in hunting, promote the growth of valuable plant and animal
resources, and facilitate travel (Barrett and Arno, 1999; Boyd,
1999; Lake et al., 2017). Archeological records (MacDonald,
2012) and analyses of a suite of radiocarbon dated cultural
materials from the NRM suggest Native American populations
were increasing in the NRM during the late Holocene (Gajewski
et al., 2011). These data are consistent with population density
estimates based on radiocarbon dated archeological materials and
population growth models that suggest that human populations
in the NRM increased from 0.1 person km~? prior to 3000 cal yr
BP to nearly 1 person km~2 after 2000 cal yr BP (Peros et al., 2010;
Chaput et al., 2015).

Biomarker values from the Black Lake sediments corroborate
archeological data from the NRM, indicating humans were using
the Black Lake watershed for over 6000 years. CTR values exceed
thresholds used to identify human presence (Carreira et al., 2015),
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and far exceed these thresholds numerous times throughout
the record. These high CTR values suggest populations were
intensively using the watershed episodically throughout the
middle and late Holocene. Evidence for human presence continue
to increase with the expansion of forests and cooler and wetter
conditions, peaking between 4000 and 1000 years ago until ca.
700 cal yr BP when biomarkers associated with human presence
decline. Despite the onset of generally cool and wet conditions
in the late Holocene, fire activity remained high, pointing to a
possible influence of humans in maintaining fire activity under
conditions that would have otherwise maintained lower levels
of fire activity. The seemingly-anomalous persistent high levels
of biomass burning at Black Lake despite cool wet conditions
in the late Holocene is consistent with paleoenvironmental
reconstructions from a number of other sites in Washington,
Oregon, and British Columbia which attribute this pattern to
be a result of increased fuel availability, anthropogenic fires
and/or increased interannual climate variability (Walsh et al.,
2015; Alt et al., 2018). During the last millennium, CTR values
from Black Lake decline, suggesting human presence decreased
prior to widespread depopulation that occurred in western North
America resulting from the introduction of European diseases
(Boyd, 1990; Prentiss et al., 2005). Roos et al. (2018) document
intensified communal bison hunting and trade in grassland
systems northeast of Black Lake (ca. 50 km) during the last
millennium. While lower CTR values recorded in Black Lake
sediments from ca. 1000 cal yrs BP to present could result from a
number of factors influencing the demography of Mission Valley
Indigenous populations, the intensification of regional hunting
and economic activity in adjacent NRM grasslands may have
attracted populations in the Mission Valley to migrate east to
participate. During the last two centuries European contact and
subsequent regional depopulation from disease may have then
further contributed to a persistent absence of human activity in
the Black Lake watershed.

An evaluation of biomarkers associated with human presence
provides several important findings: first, that humans were using
the Black Lake watershed throughout the mid- and late Holocene;
second, that consistent with records from throughout the inland
northwestern US, human-set fires may explain persistently high
biomass burning during a period when a cooling and wetting
climate would have, without anthropogenic burning, limited
biomass burning in mid-elevation forests of western Montana;
and third, that a decline in biomarker levels during the last
millennium is likely related to changes in demographic and
land-use patterns that may be linked to changes in regional
economic and demographic activity in adjacent grassland systems
(Roos et al, 2018). In summary, this new information from
fecal biomarkers corroborates previous research pointing to
an important role of humans in managing fire regimes and
vegetation during the last several millennia.

CONCLUSION

Low sedimentation rates, increased dominance of clays and
pollen associated with arid taxa suggest Black Lake may have

been dry for centuries to millennia prior to the basal dates
for this record, ca. 7000 cal yr BP. Vegetation surrounding
Black Lake during the warm and dry early to mid-Holocene
was characterized by an open grassland, patchy forest mosaic.
The onset of wetter and cooler conditions after ca. 6000 cal
yr BP promoted an increase in arboreal pollen indicating an
expansion and densification of mixed-conifer forests and an
increase in biomass burning. Pollen and biomarker data indicate
the infill/densification of forest taxa increased ca. 4000 cal yr BP
with cooler and wetter conditions, a trend which persisted until
present with the exception of a short pause during the warmer
and drier MCA. Fire episodes were frequent within the Black
Lake watershed, occurring every 100 years throughout most of
the record. Frequent fire activity persisted after a period of cold
and wet conditions ca. 4000-3000 cal yr BP. Elevated fire activity
during this interval of generally cool and wet conditions could
have resulted from an increase in available woody biomass and
seasonality allowing for fuel drying and/or an increase in human-
set fires used to manage these forest ecosystems. Fire activity
and indicators of fire intensity increase during the warm and dry
MCA then decrease during the LIA. Biomarker data and high
CTR values suggest humans were present within the Black Lake
watershed for most of the 7500 years record. Low fire activity
during the last several hundred years was possibly related to
first, changes in regional land-use patterns linked to regional
economic intensification and, later, to eventual depopulation of
the region of Indigenous peoples following the introduction of
European diseases.

Oral traditions from the Confederated Salish and Kootenai
tribes describe thousands of years of management of western
Montana landscapes with fire. The reconstruction of human
presence from organic biomarkers found in Black Lake sediments
corroborates this long-term presence of humans and highlights
a possible increased human influence on fire activity during
the last 2-3 millennia. Coupling new records of human activity
from organic biomarkers with pollen and charcoal records
provides important new insights into the role of human-
environment interactions in the NRM. The development of a
network of organic biomarker records from a suite of sites
could further advance our understanding of how Indigenous
populations adapted and responded to climate variability through
management of NRM ecosystems.
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