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a b s t r a c t

A composite 11.82 m-long (9876e-67 cal yr BP) sediment record from Yellowstone Lake, Wyoming was
analyzed using a robust set of biological and geochemical proxies to investigate the paleoenvironmental
evolution of the lake and its catchment in response to long-term climate forcing. Oxygen isotopes from
diatom frustules were analyzed to reconstruct Holocene climate changes, and pollen, charcoal, diatom
assemblages, and biogenic silica provided information on terrestrial and limnological responses. The
long-term trends recorded in the terrestrial and limnic ecosystems over the last 9800 years reflect the
influence of changes in the amplification of the seasonal cycle of insolation on regional climate. The early
Holocene (9880e6700 cal yr BP) summer insolation maximum and strengthening of the northeastern
Pacific subtropical high-pressure system created warm dry conditions and decreasing summer insolation
in the middle (6700e3000 cal yr BP) and late (3000e-67 cal yr BP) Holocene resulted in progressively
cooler, wetter conditions. Submillenial climate variation is also apparent, with a wetter/cooler interval
between 7000 and 6800 cal yr BP and warmer and/or drier conditions from 4500 to 3000 cal yr BP and at
ca. 1100 cal yr BP. These data show that the Yellowstone Lake basin had a climate history typical of a
summer-dry region, which helps to better define the spatial variability of Holocene climate in the Greater
Yellowstone Ecosystem.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

As the largest intact temperate ecosystem in the world, the
Greater Yellowstone Ecosystem (GYE) is composed of diverse
terrestrial and aquatic environments (Keiter and Boyce, 1994).
These environments have been sensitive to climate changes
occurring on different temporal and spatial scales since the last ice
age, as demonstrated by paleoecological studies of both small and

large lakes in the region (Fritz and Anderson, 2013; Huerta et al.,
2009; Iglesias et al., 2018; Millspaugh et al., 2000; Theriot et al.,
2006; Whitlock, 1993; Whitlock et al., 2012).

Yellowstone Lake (44B300N, 110B200W; 2350 m elevation;
Fig. 1), in the center of the GYE, is the largest alpine lake in North
America, with a surface area of 344 km2 and maximum depth of
~119 m (Cash, 2015; Morgan et al., 2003). The watershed of Yel-
lowstone Lake was covered by a large late-Pleistocene glacier
complex until ca. 14 ka (Licciardi and Pierce, 2018) and has since
been influenced by hydrothermal activity in the northern andWest
Thumb portions of the lake, as evidenced by heat flow patterns
(Bouligand et al., 2020; Morgan et al., 1977, 2007a; Smith et al.,
2009), subaqueous vent fields and large explosion craters and
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domes (Balistrieri et al., 2007; Johnson et al., 2003; Morgan et al.,
2003, 2007b, 2009).

This research builds on previous studies of the postglacial his-
tory of Yellowstone Lake, including its lake-level history (Meyer and
Locke, 1986; Locke and Meyer, 1994; Pierce et al., 2007), sediment
stratigraphy (Tiller, 1995), and the evolution of an endemic
microalgae (Theriot et al., 2006). We add to this research by
providing new high-resolution data from a suite of paleoenvir-
onmental proxies, as well as the first water balance information
based on d18Odiatommeasurements, to deepen our knowledge of the
Holocene evolution of the lake and its watershed. Specifically, the
objective of our study is to address whether millennial- and
submillennial-scale climate variations altered terrestrial and
aquatic ecosystem conditions in a watershed with significant hy-
drothermal influence. To this end, new cores, collected from Yel-
lowstone Lake in 2016, were examined to reconstruct changes in
hydroclimate using the oxygen isotope composition of diatom
frustules (d18Odiatom), changes in vegetation and fire history from
pollen and charcoal data, and biological and physical changes in the
lake from diatom and bulk geochemical records. We also compare
the climate history of Yellowstone Lake region with other locations
in the northern Rocky Mountains.

1.1. Site description

Yellowstone National Park, the core of the GYE, is located
600 km east of the Pacific Ocean and has a continental subarctic
climate (Despain, 1987). The region is influenced inwinter by Arctic

and Pacific air masses and during summer by warm, moist air
originating from the Gulf of Mexico and subtropical Pacific
(Despain, 1987; Dirks and Martner, 1982). At Yellowstone Lake,
precipitation is equally distributed throughout the year, peaking
slightly in spring (yearly mean is 543 ± 46 mm (1s) from 1988 to
2018, NOAA dataset). Mean temperature is �10 ± 1.4 �C (1s) in
winter and þ11.8 ± 1.5 �C (1s) in summer (1988e2018, NOAA
dataset).

Yellowstone Lake is typically dimictic, overturning in the spring
and fall; the water column is thermally stratified in summer and
winter, and the surface is frozen from mid-December/January to
mid-May/June (Theriot et al., 2006). Nutrient and ionic concen-
trations of the lake are characteristic of alpine lakes (8.1 m Secchi
depth, 200 mg/L total P, 0.2 mg L�1 Kjeldahl-N, 86 mS/cm conduc-
tivity, 64 meq L�1 total alkalinity) (Theriot et al., 1997; Kilham et al.,
1996), and total dissolved solids (TDS) average 41.0 mg L�1

(Balistrieri et al., 2007; Gemery-Hill et al., 2007). The pH of deep
water is circumneutral (6.9 in Mary Bay and 7.4 near Stevenson
Island; Balistrieri et al., 2007), and the average pH of all water
depths is 7.4 ± 0.3 (1s) (Theriot et al., 1997). The Yellowstone River
is the primary tributary of Yellowstone Lake, and its inflow at the
southern end of the Southeast Arm is ~70% of the lake's total annual
water input (Fig.1); more than 140 smaller tributaries also flow into
the lake (Balistrieri et al., 2007). The Yellowstone River exits Yel-
lowstone Lake at its northern margin and is the only outlet (Fig. 1).

Vegetation of the Yellowstone Lake watershed varies strongly
with geology and elevation. Most of the Yellowstone Plateau to the
north and west of Yellowstone Lake is underlain by rhyolitic lava

Fig. 1. Panel A e Regional map of the Greater Yellowstone Ecosystem (GYE) (extent indicated by the solid black line) and regional paleoclimatic and paleoecologic records discussed
in text. The precipitation regime (sensu Whitlock and Bartlein, 1993) is calculated as a standardized ratio of summer to winter precipitation (JJA:DJF) from PRISM climate data
(PRISM Climate Group, 2004) and is the indicator used to differentiate the Central/Southern and Northern GYE, which are separated by a dashed line. A thin dot-dashed line
represents the Wyoming state border. Paleoclimate sites are indicated by a plus and paleoecology sites by a filled-in circle. Panel B e Simplified bathymetric map of Yellowstone
Lake based on data fromMorgan et al. (2007a). The location of cores YL16-2C and YL16-13A are shown. Water samples taken in 2018 from the main tributaries surrounding the lake
and surface lake waters (LW) are represented as hollow triangles. Water sample locations from Balistrieri et al. (2007) are shown as filled-in triangles.
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flows (Christiansen, 2001) that produce nutrient-poor soils, and, as
a result, the vegetation is dominated by closed Pinus contorta forest
(Despain, 1990). On soils derived from andesitic or sedimentary
nutrient-rich substrate to the south and east of Yellowstone Lake
(Christiansen, 2001), the vegetation consists of mixed conifer (Abies
lasiocarpa-Picea engelmannii-Pinus contorta-Pinus albicaulis) forest
and meadows that support Festuca idahoensis, Agropyron trachy-
caulum, and a diverse suite of herbs (Despain, 1990). Steppe com-
munities in Hayden and Pelican valleys, underlain by lake
sediments of Pleistocene age (Richmond, 1977), are dominated by
Artemisia (A. cana and A. tridentata) (Despain, 1990). Above
~2800 m elevation in the Absaroka Range, upper treeline is
composed of P. albicaulis parkland or krummholz, and above
~2900 m elevation is tundra (Despain, 1990). The fire regime of the
subalpine forests is characterized by large, infrequent, and high-
severity fires (Turner et al., 1994; Schoennagel et al., 2003). Char-
coal data from a P. contorta forest site located northwest of Yel-
lowstone Lake (Cygnet Lake, Millspaugh et al., 2000) suggest 2e5
fire episodes/1000 years for the last two millennia, and data from a
site in mixed-conifer parkland to the south (Trail Lake, Whitlock
et al., 2003) indicate 6e13 fire episodes/1000 years over the same
period (Millspaugh et al., 2000; Whitlock et al., 2003). Two large
fire episodes occurred in recent centuries in the Yellowstone Lake
watershed, the first ca. 1700 CE (1690e1710) and a second in 1988
CE (Romme and Despain, 1989).

1.2. Climate history

The GYE's postglacial climate history is the result of slow vari-
ations in the seasonal cycle of insolation and their impact on
regional patterns of atmospheric circulation. These large-scale
controls are modified by the region's topography, creating consid-
erable spatial heterogeneity in temperature and precipitation.
Central and Southern GYE, including Yellowstone Lake, is under the
influence of the northeastern Pacific subtropical high-pressure
system in summer, and this circulation feature was stronger in
the early Holocene as a result of higher-than-present summer
insolation, bringing warm dry conditions (Whitlock and Bartlein,
1993). In contrast, Northern GYE is relatively dry in winter and
receives summer precipitation from moisture sources in the sub-
tropical Pacific and Gulf of Mexico. During the early-Holocene
summer insolation maximum, monsoonal circulation was
enhanced relative to present day, bringing more summer precipi-
tation and making the region warmer and wetter than present
(Whitlock and Bartlein, 1993). Thus, two precipitation regimes
presently exist in the GYE, and they have had different histories as a
result of the two circulation patterns and their changes through
time.

In Central and Southern GYE (a summer-dry area in that most of
the precipitation is received in winter), existing paleoclimatic data
indicate that overall conditions were warm and dry in the early
Holocene and became progressive cooler and wetter as summer

insolation declined and the subtropical high-pressure system
weakened. In contrast, Northern GYE (the summer-wet area) was
warm and relatively wet in the early Holocene and became cooler
and more arid in recent millennia in response to the insolation
forcing and attendant decline of summer monsoonal moisture
(Whitlock and Bartlein, 1993).

2. Methods

An 11.62-m-long sediment core was retrieved with a Kullenberg
sampler (Kelts et al., 1986) from 61 m water depth in northern
Yellowstone Lake in September 2016 (44�32021.200N
110�23020.400W; Fig. 1; core YLAKE-YL16-2C-1K, referred to infor-
mally as core YL16-2C, of Morgan et al., 2021). An additional
0.54 m-long core was retrieved with a gravity corer from northern
Yellowstone Lake in 2017 (44�30038.900N 110�21021.900W; Fig. 1; core
YLAKE-YL17-13A-1G, referred to informally as YL17-13A) to recover
the sediment-water interface. Cores were shipped to the LacCore
facility at the University of MinnesotaeTwin Cities for initial core
description, physical property scanning, high-resolution photog-
raphy, and subsampling. Magnetic susceptibility (MS) was
measured using a Geotek MSCL-XYZ automated point-sensor split-
core logger. The working half of cores were shipped to the Large
Lake Observatory at the University of Minnesota-Duluth and
scanned with an ITRAX X-ray Fluorescence Core Scanner. The long
and short cores were correlated based on charcoal stratigraphy (see
Section 3.3 for details). All core depths hereafter refer to the com-
posite record (YL16-2C and YL17-13A combined) unless otherwise
indicated.

2.1. Age-depth model

Thirteen samples including terrestrial plant remains, bulk
sediment, and pollen concentrates were collected for accelerator
mass spectrometry (AMS) radiocarbon dating (Table 1; Schiller
et al., 2021). Additional age controls included the sediment-water
interface from the gravity core (YL17-13A), a prominent charcoal
peak attributed to a major fire episode ca. 1700 CE (Romme and
Despain, 1989, see Section 3.3 for details), and the 0.5-cm-thick
Mazama ash, identified chemically with electron microprobe
analysis (Schiller et al., 2020). Relative to the uncertainty of the age-
depth model, neither the ash nor a siliciclastic unit, interpreted as a
thin (7 cm) hydrothermal explosion deposit (Morgan et al., 2021),
were thick enough to justify removal from the composite depth of
the age model. Radiometric dates were converted to calendar ages
with the IntCal13 calibration curve (Reimer et al., 2013), ranges
were calculated by CALIB (Stuiver and Reimer, 2019), and ages were
modelled against depth using the software package Bacon (Blaauw
and Christen, 2011) (Table 1). Assignment of the mean sediment
accumulation rate was set to 10 yr cm�1, as suggested by the pro-
gram Bacon and closely matching our data. This rate is similar to
Holocene sediment accumulation rates estimated for other

Table 1
Yellowstone Lake composite core age controls.

Accession No. Composite core depth (cm) Material dateda Age14C d13C ‰ VPDB 2s cal age rangeb Source

0 Sediment-water interface (13A) �67
12 1700 CE fire 240e260 Romme and Despain (1989)

OS-135957 328 t. plant remains 2590 ± 20 �26.33 2723e2754
OS-135958 402 t. plant remains 3150 ± 25 �27.97 3272e3285, 3339e3445
OS-136956 624 t. plant remains 4510 ± 20 5053e5190, 5213e5296

951 Mazama ash 7584e7682 Egan et al. (2015)

a t plant remains (terrestrial plant remains) including wood.
b Calibrated ranges calculated by CALIB (version 7.1, Stuiver and Reimer, 2019).
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locations within Yellowstone Lake (~15 yr cm�1, Tiller, 1995; 17-
10 yr cm�1, Johnson et al., 2003; ~15 yr cm�1, Theriot et al., 2006).
Thickness for spline calculation was set at 20 cm, above which the
model diverged greatly from the age controls provided.

2.2. Biogenic silica (BSi), total organic carbon (TOC), and C/N ratios

Biogenic silica (SiO2) concentrations (BSi) were analyzed on
freeze-dried, homogenized samples using sequential alkaline
extraction (Conley and Schelske, 2001) at 8-cm sampling intervals.
The contribution of mineral dissolution on extraction of SiO2 from
sediments was small relative to the amount of SiO2 extracted, so
mean values were used to estimate BSi concentrations with no
mineral correction applied. The extracted dissolved silicon was
quantified using the automated molybdate-blue method
(Strickland and Parsons, 1972), with a Smartchem 200 AMS discrete
analyzer with an instrumental error of ±3.7%. The same freeze-
dried homogenized samples (40-cm sampling interval) were
analyzed for total organic carbon (TOC) and total nitrogen (TN)
content using an elemental analyzer (COSTECH ECS4010) with a
mean analytical uncertainty of ±0.3 wt% (1s) for TOC. Samples
were treated with 500 mL of 2M HCl to remove any CaCO3 and then
packed in silver and tin capsules for TOC and TN analysis. The
sedimentary BSi and TOC fluxes were calculated as follows
(Ragueneau et al., 2001):

BSiflux
h
g , cm�2 , yr�1

i
¼ð1�4Þ , SR , r,BSi or

TOCflux
h
g , cm�2 , yr�1

i
¼ð1�4Þ , SR , r,TOC

where 4 is the sediment porosity, SR is the sedimentation rate (cm
yr�1), and r is the bulk wet-sediment density. Bulk wet-sediment
density (g cm�3) is taken from the Geotek MSCL-S whole core
scans. The sediment porosity is estimated as the average particle
density based on the sum of the percentages of particle densities of
BSi (2.00 g cm�3) (DeMaster, 2003), TOC (1.25 g cm�3), and the
mineral content (2.65 g cm�3) (Boyd, 2012). Mineral content was
calculated by difference assuming diatoms as BSi and organic car-
bon as TOC are the only significant non-mineral (or glass) phases.
Detrital minerals in Yellowstone Lake sediments were determined
by SEM (scanning electron microscope) observations with semi-
quantitative EDS (energy dispersive XRF) analysis and semi-
quantitative XRD (X-ray diffraction) analysis (Shanks et al., 2007;
Morgan et al., 2021).

2.3. Pollen & charcoal

Subsamples of 1 cm3 at 1- to 24-cm intervals were prepared for
pollen analysis following standard procedures (Bennett and Willis,
2001). Due to the large lake surface area and inflow of the Yel-
lowstone River and other tributaries, the pollen source area is
assumed to be large, and the pollen record describes vegetation
history at a regional scale (Jacobson and Bradshaw, 1981; Sugita,
1993). Constrained cluster analysis (CONISS) was conducted to
identify pollen zones. The record described here augments a close-
interval pollen study of Schiller et al. (2020), which focused on
changes immediately before and after the deposition of the
Mazama ash, and an earlier lower resolution pollen record from the
central part of the lake (Theriot et al., 2006).

Continuous subsamples (~2 cm3) were collected for charcoal
analysis at 1-cm increments from the entire composite core,
providing a high-resolution analysis of past fire activity. Charcoal
particles >125 mm in diameter were analyzed, as this size fraction

registers local fire episodes (Whitlock and Millspaugh, 1996). The
charcoal record was separated into two components: a long-term
trend, which represents slow variations in regional charcoal pro-
duction, charcoal redeposition, and sedimentmixing (Whitlock and
Larsen, 2001); and peaks, which are inferred to represent fire epi-
sodes (one or more fires during the time span of the charcoal peak)
(Whitlock and Millspaugh, 1996; Higuera et al., 2011). To accom-
plish this decomposition, we used CharAnalysis software (Higuera
et al., 2009) to analyze charcoal accumulation rates (CHAR, parti-
cles cm�2 yr�1). Millspaugh and Whitlock (1995) found that a core
in the West Thumb basin of Yellowstone Lake only recorded the
very large 1988 CE fires, without documenting smaller ones.
Therefore, given the typically high-severity of most fires burning in
the Pinus contorta-dominated forests today (Despain, 1990;
Anderson and Romme, 1991; Turner et al., 1999), peaks in our
composite core are interpreted as very large fire episodes.

2.4. Fossil diatoms

Subsamples (~0.5 cm3) for diatom analysis were collected every
4 cm through the core and were processed and analyzed using
standard methods (Battarbee, 2003). Diatom valves were identified
at 1000 � magnification using a Leica DM2500 transmitted light
microscope fitted with differential interference contrast (DIC) and
equipped with a 5-Megapixel camera or a Leica DMRX fitted with
phase contrast. Diatom species were identified, including habitat
preference, using diverse taxonomic resources relevant to the
northern Rocky Mountains (e.g., Bahls, 2005; Spaulding and
Edlund, 2019). Constrained cluster analysis (CONISS) was con-
ducted on species-assemblage percentage data using the Rioja R
package (Juggins, 2017) to identify diatom zones. The ratio of
plankton:tychoplankton and benthon (P:T and B) percentages was
calculated to infer broad changes in diatom habitat as determined
from the input of pelagic (plankton) versus attached (tycho-
plankton and benthon) diatom species to the coring site.

2.5. Isotopes in diatoms (d18Odiatom) and water samples (dDlake,

d18Olake)

Subsamples (~2 cm3) for diatom isotope analysis were collected
from every 8 cm of the core. Samples were prepared for isotope
analysis following several cleaning steps to remove contaminants
(Morley et al., 2004). Finally, samples were cleaned in 0.05 M so-
dium pyrophosphate (Na4P2O7) and sieved at 25 mm to isolate
Stephanodiscus yellowstonensis, thereby reducing potential biases
due to different species’ vital effects (Swann et al., 2007). The purity
of samples was checked using a scanning electron microscope
(Tescan Mira3 High Resolution Schottky FE-SEM) (see picture in
Supplementary Material 1). Oxygen isotope analysis was per-
formed at the National Environmental Isotope Facility, British
Geological Survey (UK), using stepwise fluorination (Leng and
Sloane, 2008), and the sample was converted to CO2 through re-
action with heated graphite (Clayton and Mayeda, 1963) and
analyzed on a Thermo Finnigan MAT 253 dual inlet mass spec-
trometer. Oxygen isotope values are reported in standard delta
notation (d18Odiatom) as per mil (‰). Analytical reproducibility of
laboratory working standards was <0.14‰ (n ¼ 18: 1s) and <0.2‰
for samples based on 21 replicates.

Water samples from Yellowstone Lake (n ¼ 6) and tributaries
(n ¼ 17) were collected in the summer of 2018 to determine the
major factors influencing dD and d18O in lake waters (see locations
on Fig. 1 and geographic coordinates in Supplementary Material 2).
Oxygen isotope (d18O) measurements were made at the British
Geological Survey using the CO2 equilibration method with an
Isoprime 100 mass spectrometer plus Aquaprep device. Deuterium
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isotope (dD) was measured using an online Cr reduction method
with a EuroPyrOH-3110 system coupled to an GVI IsoPrime mass
spectrometer (Morrison et al., 2001). Isotope measurements used
internal standards calibrated against the international standards
VSMOW2 and VSLAP2. Errors (1s) are typically ±0.05‰ for d18O
and ±1.0‰ for dD.

3. Results

3.1. Age-depth model

The age-depth model (Fig. 2) (the “Terrestrial Plant Remains”
model of Schiller et al., 2021) was based on three calibrated
macrofossil radiocarbon ages, the Mazama ash (Egan et al., 2015),
the sediment-water interface, and a peak in charcoal attributed to
widespread fire in ca. 1700 CE (Romme and Despain, 1989)
(Table 1). Bulk sediment and pollen concentrates collected for AMS
dating were rejected as erroneously old due to probable contami-
nation of reworked pollen or dead carbon from degassed magmatic
or pre-Tertiary basement sources (Schiller et al., 2021). Failure of
bulk sediment and pollen concentrate dates (Schiller et al., 2021)
and the paucity of any other suitable terrestrial material prevented
further improvement of the age model. The resultant model has
wide error ranges (200e1000 cal years) between age controls and
of up to 2200 cal years where ages were extrapolated at the bottom
of the core. Point age estimates from the composite core would be
aptly treated with caution by the reader. The model produced an
extrapolated basal age of ca. 9880 cal yr BP. The Pinus-dominated
pollen spectra at 1162 cm depth in core YL16-2C (9880 cal yr BP) are
consistent with a Holocene age for the record (Whitlock, 1993;

Iglesias et al., 2018). The average sediment accumulation rate for
the core was calculated to be 8.4 years cm�1, or a sedimentation
rate of 0.12 cm yr�1.

3.2. Lithology, BSi, TOC, & C/N ratios

The lithology was divided into eight limnic facies (units)
modified after Tiller (1995) (Table 2; Fig. 3). Starting at the top of
the core, units IX, VIII, VII, and VI are brown diatomaceous muds,
weakly laminated, with black sulfidic layers. Unit VI has moderately
developed laminae of 0.5 cm thickness. Unit V is laminated diato-
maceous mud, whereas unit IV is uniformly well-laminated brown
and black diatomaceous mud. Units III and IIb are classified as
diatomaceous mud, whereas unit IIb is laminated to weakly lami-
nated (Morgan et al., 2021).

A simplified lithologic log (Fig. 3) includes titanium (Ti) values as
an indicator of detrital input, mass accumulation rate (MAR), total
organic carbon (TOC) content and flux, C/N ratios, biogenic silica
(BSi) content (wt% SiO2), and BSi flux. Mineral content (mean 61 dry
wt%,1s¼ 6 wt%, n¼ 150) and BSi content (mean 36 dry wt%,1s¼ 6
dry wt%, n ¼ 150) dominated the sediment composition, with a
minor component of TOC (mean 2.3 dry wt%, 1s ¼ 0.5 wt%, n ¼ 27).
The BSi flux is mainly driven by changes in MAR and shows
generally stable BSi accumulation of 8.0 mg SiO2 cm�2yr�1

(1s ¼ 2.8 mg SiO2 cm�2yr�1) throughout the record.
Detrital minerals, based on XRD and SEM analyses, were

composed of (a) major minerals, including alkali and plagioclase
feldspars, rhyolitic rock fragments, pyroxene, and quartz; (b) minor
minerals (e.g., ilmenite, titano-magnetite, apatite, pyrite, anhy-
drite); and (c) trace minerals (clays) (Morgan et al., 2021; Shanks

Fig. 2. Age-depth model for Yellowstone Lake composite core. Dark line is the mean probability age from all age-depth iterations, representing the best point estimate of age for any
given depth. Gray cloud represents age model probability and contains a 95% confidence interval (dashed lines). Iteration history (left inset), prior and posterior densities of the
mean accumulation rate (middle inset), and prior and posterior of the memory (right inset).
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et al., 2007, 2019). TOC wt% and C/N ratios (6.8e10.9) increased
modestly up-core (Fig. 3).

BSi concentration varied greatly at the base of the core
(1170e820 cm depth) (25.7e50.2 wt% SiO2, 1s ¼ ±6.0 wt%, n¼ 48),

as did BSi flux (0.75e19.7 mg cm�2 yr�1). The middle part of the
core (820e350 cm depth) had relatively high BSi concentrations
(25e48 wt% SiO2, 1s ¼ 5.0 wt%, n ¼ 59) and variations in BSi flux
from 2.48 to 12.15 mg cm�2 yr�1. The top of the core (350e0 cm

Table 2
Lithological units in core YL16-2C (presented with composited core depth) and described in Morgan et al. (2021), together with biogenic silica (BSi) and Total Organic Carbon
(TOC) data from this study.

Lithological
unit

Description Sedimentation regime Depth
(m)

IX olive-gray diatomaceous mud, high TOC (2.9e3.3%), lower BSi from 25 to 36%, decreasing
BSi flux from 9.1 to 3.6 mg SiO2/cm2/yr

column instability and turbulence 20e71

VIII weakly diatom-laminated, olive-gray diatomaceous mud, high TOC (2.5e3.2%), high BSi
from 30 to 45%, high BSi flux from 3.2 to 12.2 mg SiO2/cm2/yr

moderate bioturbation, calm sedimentation with high
aquatic production

71e373

VII weakly, diatom-laminated, olive-gray diatomaceous mud, high TOC (2.1e2.6%), high BSi
from 29 to 38%, slightly increasing BSi flux towards top from 6.5 to 12.1 mg SiO2/cm2/yr

calm sedimentation with high aquatic production

VI intermediately banded, olive-gray diatomaceous mud, moderate TOC (1.8e2.9%),
fluctuating BSi from 25 to 48%, regularly fluctuating BSi flux from 2.5 to 12.9mg SiO2/cm2/
yr

water column instability, regular mixing resulting in
laminated sediment, calm sedimentation, great
oxygenation of bottom water

373
e848

V Interbedded, diatom-laminated olive-gray diatomaceous mud, moderate TOC (1.5e2.4%),
fluctuating BSi from 28 to 50%, high BSi flux from 1.8 to 19.7 SiO2/cm2/yr with slightly
increasing trend after deposition of hydrothermal explosion breccia (9.7 m)

turbulent water column, high BSi production, heavily
silicified population of diatoms, oxygenated bottom
water

8.28-
848
e1048

IV well-diatom-laminated, olive-gray diatomaceous mud, low TOC (1.7e1.9%), stable high
BSi from 31 to 43%, increasing BSi flux from 5.1 to 12.2 mg SiO2/cm2/yr

stable water column, increasing diatom productivity,
low bottom water oxygenation

1048
e1122

III olive-gray, diatomaceous mud with sandy oxides, sulfides replaced by oxide concretions,
plant detritus, higher TOC (2.1%), lower BSi from 26 to 36%, variable BSi flux from 4.8 to
10.8 mg SiO2/cm2/yr

stable water column conditions, high diatom
productivity, low bottom water oxygenation, sulfur
reduction, low bioturbation

1122
e1165

IIb occasionally sulfide-or-diatom laminated mud, low TOC (1.8%), moderate BSi
concentration of 34%, lower BSi flux of 4.5 mg SiO2/cm2/yr

stable water column, with high diatom productivity
and low bottom water oxygenation

1165
e1182

Fig. 3. Lithological units identified in Core YL16-2C refer to units characterized in Table 2, and contacts are shown as solid black horizontal lines. Age controls are indicated (*), with
2s calibrated age range. Lithological descriptions are supported by XRF data e titanium (Ti) as a detrital input proxy. The sediment mass accumulation rate (MAR) is presented with
uncertainties propagated from the age-depth model, shown as shading. Total organic carbon (TOC) shown in gray with 1s error bar and calculated carbon flux in black. The C/N ratio
is represented by black points. Biogenic silica (BSi) (gray line) is expressed as dry sediment wt% SiO2 with 1s shading in gray. The BSi flux (black line) is presented with the
uncertainties propagated from the age-depth model as shading in gray. The widths of the blue and pink lines representing the 0.5-cm-thick Mazama ash and the 7-cm-thick
hydrothermal explosion deposit in core YL16-2C, respectively, are exaggerated in this diagram for purposes of illustration. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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depth) had slightly lower BSi concentrations (25e45 wt% SiO2,
1s ¼ 4.5 wt%, n ¼ 43), with BSi flux from 3.22 to 12.25 mg cm�2

yr�1).

3.3. Pollen and charcoal

Pollen and charcoal data were divided into two zones based on
CONISS results of the terrestrial pollen percentages. Zone YL-P1
(1174e740 cm depth; 9880e6000 cal yr BP) was dominated by
Pinus (55e77%), except immediately above the Mazama ash where
Pinus values declined to 48%. Most identifiable Pinus grains were
P. contorta-type, with low to moderate amounts of P. albicaulis-type
(2e36% of total Pinus). Picea (<4%), Abies (<3%), Pseudotsuga (<2%),
Juniperus-type (<3%), and Salix (<2%) were present in small pro-
portions. Shrub and herbaceous steppe taxa, including Artemisia
(10e24%), Poaceae (<4%), and Amaranthaceae (<8%) constituted
another major component, along with trace (<1%) abundance of
extra-local xerophytic pollen types, including Sarcobatus and
Ephedra viridis-type. CHAR (mean 0.3 particles cm�2 yr�1) was
generally steady. Fire frequency (2.5 episodes 1000 years�1) and
peak magnitude (mean peak magnitude 6.8 particles cm�2 yr�1)
were generally low (Fig. 4).

Zone YL-P2 (740e0 cm depth; 6000e-67 cal yr BP) was char-
acterized by slightly higher percentages of Pinus (66e79%) and a
lower proportion of P. albicaulis-type (2e11% of total Pinus) than
Zone YL-P1. Other tree taxa were present in low percentages,
including Picea (<5%), Abies (<3%), Pseudotsuga (<1%), Juniperus-
type (<2%), and Salix (<2%). Steppe taxa, including Artemisia
(7e16%) and Amaranthaceae (<6%), decreased in abundance. Poa-
ceae percentages (<5%) increased somewhat, and Rumex was
consistently detected in trace amounts (<1%). CHAR (0.4 particles
cm�2 yr�1) was slightly higher than Zone YL-P1. Large fire episodes
were more frequent (5.0 episodes per 1000 years), and peak mag-
nitudes were higher than before (mean peak magnitude 12.6 par-
ticles cm�2 yr�1) (Fig. 4).

A distinct charcoal peak was present in the Kullenberg core
(YL16-2C) at 24 cm depth and the gravity core (YL17-13A) at 36 cm

depth, with charcoal concentrations of 37 and 39 particles cm�3,
respectively. Dendrochronological and charcoal data suggest only
two large fire episodes in the last few centuries in the region, the
1988 CE fires and ca. 1700 CE fires (Romme and Despain, 1989;
Higuera et al., 2011). This charcoal peak was too deep to be
attributed to the 1988 fires; an overlying peak was evident in the
YL16-13A gravity core at 3 cm depth, which we assign to the 1988
fires. The charcoal peaks at 24 cm depth in the Kullenberg core
YL16-2C and at 36 cm depth in the YL17-13A gravity core are
attributed to the ca. 1700 CE fire episode and used for stratigraphic
correlation as noted previously.

3.4. Fossil diatoms

The Yellowstone Lake diatom assemblage (>5% abundance) was
composed of four planktic species (Stephanodiscus minutulus,
Aulacoseira subarctica, Asterionella formosa, and Stephanodiscus
yellowstonensis) and one tychoplanktic species complex (fragila-
roids). CONISS results were used to group the percent abundance
data into three major zones (Fig. 5).

Zone YL-D1 (1174e793.5 cm depth; 9880e6430 cal yr BP) was
dominated by Stephanodiscus minutulus (>50%), sometimes >90%.
Short intervals with peaks in relative abundance of Aulacoseira
subarctica (<35%) and Asterionella formosa (<40%) corresponded
with decreases in S. minutulus. This zone routinely had high per-
centages of plankton and very low combined abundance (<5%) of
tychoplanktic and benthic taxa compared to other zones. Stepha-
nodiscus yellowstonensis and Stephanodiscus oregonicus were at
their lowest abundance (<2%) in zone YL-D1.

Zone YL-D2 (793.5e179.5 cm depth; 6430e1380 cal yr BP) also
was dominated by Stephanodiscus minutulus (30e90%), but with
greater variability in abundance than YL-D1, primarily driven by
changes in relative abundances of Aulacoseira subarctica (5e50%)
and Asterionella formosa (5e30%). In addition, Stephanodiscus yel-
lowstonensis (<15%), Stephanodiscus oregonicus (<15%), and small
fragilaroids (<10%) were generally higher in relative abundance
than in YL-D1. Although plankton still dominated the assemblage

Fig. 4. Stratigraphic plot of important pollen types and CHAR from the composite core plotted by age. Gray pollen plots show 5x exaggeration.
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(80e95%), tychoplankton and benthon percentages (<7.5%) began
to increase.

Zone YL-D3 (179.5e12.5 cm depth; 1380e57 cal yr BP)
continued to be dominated by Aulacoseira subarctica (5e60%), Ste-
phanodiscus minutulus (5e80%), and Asterionella formosa (2e40%),
in addition to moderate Stephanodiscus yellowstonensis (<20%), low
Stephanodiscus oregonicus (<2%), and higher small colonial fragi-
laroids than previous zones. Consistently higher relative abun-
dances of A. subarctica and A. formosa, as well as a higher proportion
of tychoplankton and benthon, make this zone distinctive.

3.5. Isotopes in diatoms (d18Odiatom) and water samples (dDlake,

d18Olake)

Measurements of modern d18Olake and dDlake (‰, VSMOW2) are
presented in Supplementary Material 2 and plotted on Fig. 6A,
together with measurements of water samples taken in 1998/1999
(Balistrieri et al., 2007). Water samples from the tributaries plot on
or near the global meteoric water line, whereas lake-water samples
fall on a local evaporation line. In August 2018, mean d18O in the
main tributaries entering the lake was �18.0‰ and at the Yellow-
stone River inlet was �18.6‰. Lake-surface water in 2018 from
different locations had mean d18Olake of �15.7‰, and mean d18O at
the Yellowstone River outlet was �15.9‰; both are slightly higher
than values measured in 1998e1999. d18Olake values in surface
waters of the Southeast Armwere lower, consistent with inflowing
Yellowstone River waters that had d18Olake of �19.6 to �18.0‰ in
samples collected in 1998 and 1999 (Balistrieri et al., 2007) and
of �18.6‰ in 2018. A snow sample taken at Cub Creek during
fieldwork in 2018 had a d18Osnow value of �24.8‰ (Fig. 6A; 6B).

Average d18Odiatom (Fig. 7) for the entire record was þ25.8‰
(VSMOW, 1s ¼ 0.66‰, n ¼ 112), with a minimum value of þ24.2‰
at 661.5 cm depth (5380 cal yr BP) and amaximumvalue ofþ27.1‰
at 1064.5 cm depth (8830 cal yr BP). Thus, the range of variability

was about þ2.9‰. The d18Odiatom data clustered into two main
zones: YL-O1 (1174e784 cm depth, 9930e6350 cal yr BP) and YL-
O2 (784e12.5 cm depth, 6350e50 cal yr BP YL-O1 began with
high d18Odiatom, and values subsequently declined through the
zone. Peaks at 1159.5, 1079.5, 1031.5, and 976.5 cm depth were the
highest values of the record. YL-O2 had generally lower d18Odiatom
than the previous zone. The first half of Zone YL-O2 (784e514 cm
depth, 6350e4210 cal yr BP) was characterized by high variability
in d18Odiatom. Average d18Odiatomwas þ25.5‰ (1s ¼ 0.22‰, n ¼ 25),
with a peak at 743.5 cm depth (6030 cal yr BP), followed by a
decreasing trend. d18Odiatom then increased after 564 cm depth
(4600 cal yr BP). The second half of the Zone YL-O2 (514e354 cm
depth, 4210e2910 cal yr BP) had higher d18Odiatom, with two peaks
at 436.5 and 404.5 cm depth (3310e3570 cal yr BP). During the late
Holocene (354e177 cm depth, 2910e1440 cal yr BP), lower values
were stable, with an average of þ25.3‰ (1s ¼ 0.06‰, n ¼ 15), and
the most recent portion (177e12.5 cm depth, 1440e50 cal yr BP)
had a peak in d18Odiatomwith two samples atþ26.1‰ (1s¼ 0.05‰).

4. Discussion

The results of our multi-proxy analysis of our Yellowstone Lake
sediment core are discussed in three sections. First, in Section 4.1,
we discuss the rationale for the interpretation of our individual
proxies, particularly the lithologic and limnobiotic records. Then, in
Section 4.2, we reconstruct paleoclimate for the Yellowstone Lake
basin through interpretation of our datasets. This section is divided
into three subsections based upon major transitions in the proxy
data: early Holocene (9880e6700 cal yr BP), middle Holocene
(6700e3000 cal yr BP), and late Holocene (3000e-67 cal yr BP).
Within each subsection, we first reconstruct regional-scale hydro-
climatic (d18Olake), followed by a discussion of basin-scale terrestrial
(pollen/charcoal) and limnologic (diatoms/geochemistry) re-
sponses to climate change (Fig. 7). Finally, in Section 4.3, we

Fig. 5. Stratigraphic plot of the composite core of abundant (>5%) diatom species, plankton (left-hand white shaded area):tychoplankton (black curve):benthon ratio (right-hand
with shaded area), log-transformed diatom concentration (valves/gram) plotted by age and depth, and diatom zone (D1, D2, D3).
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Fig. 6. (A) d18O and dD (‰ VSMOW2) in water samples from snow, tributaries entering the lake, and lake surface taken during summer 2018 in orange and compared to mea-
surements performed in 1998/1999 in blue, published in Balistrieri et al. (2007). GMWL: Global Meteoric Water Line from Craig, 1961). LMWL: Local Meteoric Water Line (Kharaka
et al., 2002). Linear: linear regression on water samples from 1998/1999. Locations, sampling dates, and sample values are presented in Supp. Material 2. (B) d18O (‰ VSMOW)
according to depths fromwater columns of the Southeast Arm, West Thumb basin, Mary Bay, and in the active vent area east of Stevenson Island published in Balistrieri et al. (2007).
Mean d18O value at the outlet is shown as a black star. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 7. Summary of Holocene environmental proxy data for the Yellowstone Lake region plotted against summer insolation anomalies (data from Laskar et al., 2004, 44.5�N solution)
for the composite core YL16-2C record. Oxygen isotope values from diatoms (d18O) are expressed using a 3-point-moving-average line in red and error bars representing 1s in gray.
Pinus forest cover in the region is represented by % Pinus grains from Yellowstone Lake with an added lowess smoother (green with shaded standard deviation) to emphasize long-
term trends. Fire activity is shown by Yellowstone Lake CHAR (black), BCHAR (red), and peaks (fire episodes, þ). The ratio of Aulacoseira subarctica:Stephanodiscus minutulus, which
represents variation in the duration of spring mixing (AF ¼ long, SM ¼ short). The inferred amount of benthic habitat is indicated by Planktonic:Tychoplanktonic þ Benthic ratios,
with higher values representing periods with less shallow-water habitat. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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compare the hydroclimatic reconstruction at Yellowstone Lake to
regional records within the northern Rocky Mountains (Fig. 8).

4.1. Proxy interpretation

4.1.1. Interpretation of BSi, TOC, and C/N ratios
Yellowstone Lake has high concentrations of DSi in the water

column throughout the year (~11.2 mg SiO2 L�1, Gemery-Hill et al.,
2007). Therefore, diatom production is likely not limited by DSi.
Additionally, BSi concentration is strongly influenced by changes in
the abundance of different diatom species (Conley, 1988) relative to
dilution by detrital input (represented byMS and Ti data, Fig. 3) and
does not directly reflect overall diatom production. Increased pro-
duction of large heavily-silicified diatom species, such as Stepha-
nodiscus yellowstonenesis and Aulacoseira subarctica, is likely to
have a bigger influence than equivalent production by less silicified
species, including Stephanodiscus minutulus.

At the base of the core (1170e820 cm depth), BSi concentration
varied greatly likely reflecting sedimentation regimes that alter-
nated between high (low) detrital input (Ti, Fig. 3) and low (high)
abundance of the heavily-silicified diatom species Stephanodiscus
yellowstonensis and Aulacoseira subarctica. Relatively high BSi con-
centrations in the middle part of the core (820e350 cm depth) are
explained as a result of high mineral detrital input and diatoms
composed primarily by S. minutulus. The uppermost part of the core
(50e0 cm depth, last 500 years) was depleted in BSi (Fig. 3), which
we interpret as a function of a decrease in the heavily-silicified taxa,
A. subarctica and S. yellowstonensis.

In sediments of deep, cold lakes, like Yellowstone Lake, diage-
netic processes likely have a limited impact on sediment carbon
and nitrogen composition (Eadie et al., 1990). Thus, the increase in
TOC (1.5e3.3%) is largely a result of higher algal production. The
increase in C/N ratios (6.8e10.9) up core reflects the added

sediment contributions of terrestrial carbon, which has a high C/N
ratio relative to the dominant algal input, with a low C/N ratio
(Meyers et al., 2001).

4.1.2. Interpretation of fossil diatom assemblages
Stephanodiscus minutulus is a high phosphorus specialist, with

low nitrogen and DSi requirements (Lynn et al., 2003; Interlandi
et al., 2003). In Yellowstone Lake, S. minutulus blooms earliest in
spring during isothermal mixing (Interlandi et al., 1999; Theriot
et al., 2006). Aulacoseira subarctica blooms in spring after
S. minutulus but before the onset of stratification; it can persist in
deep water (>20 m depth) into early summer (Interlandi et al.,
1999). As a heavily-silicified species, A. subarctica also requires
high DSi concentrations (Kilham et al., 1996). Large populations of
A. subarctica indicate cool, early summers that prolong the duration
of isothermal mixing and allow populations to grow and persist
into summer. Asterionella formosa blooms in spring at approxi-
mately the same time as A. subarctica but slightly deeper in the
water column. It requires high nitrogen and moderate-to-high DSi
relative to phosphorus (Kilham et al., 1996; Michel et al., 2006;
Berthon et al., 2014). Populations of A. formosa decrease at the onset
of stratification. A. formosa is an opportunistic species that is one of
the first to respond to nitrogen enrichment (Saros et al., 2005;
Michel et al., 2006). Thus, factors that increase N and/or Si avail-
ability during spring months, including increased N in runoff,
would favor increased A. formosa abundance. Stephanodiscus yel-
lowstonenesis, endemic to Yellowstone Lake, is a summer species
with the ability to grow at depth and in low light conditions
(Kilham et al., 1996; Theriot et al., 2006). In historical records,
S. yellowstonenesis was most abundant during intervals of drought
and long, stable summer stratification (Kilham et al., 1996).

The trade-off between Aulacoseria subarctica and/or Asterionella
formosa with Stephanodiscus minutulus populations is largely

Fig. 8. Paleoclimatic records from the central Rocky Mountains and surrounding regions according to ages, from left to right: d18O record (‰ VSMOW) at Yellowstone Lake (44�N)
from diatoms (this study); d18O record on endogenic carbonates (‰ VPDB) at Bison Lake (40�N) in northern Colorado (Anderson, 2011); d18O record on speleothems at Minnetonka
Cave (‰ VPDB, 42�N) in Idaho (Lundeen et al., 2013); and d18O record on endogenic carbonates (‰ VPDB) at Crevice Lake (45�N) in northern Yellowstone National Park (Whitlock
et al., 2012). Net ice accretion (cm yr�1) and d18O record data (‰ VSMOW) from the Beartooth ice patch core (Chellman et al., 2021). Air temperature anomalies generated from
pollen data (MTWM: Mean Temperature of the Warmest Month) based on a suite of paleoclimatic data sets compiled from the mid-latitudes of North America from Shuman and
Marsicek (2016).
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controlled by temperature and its influence on stratification. Thus,
a shortened spring period of isothermal mixing created by either
late ice-off and/or stronger summer stratification favors dominance
by S. minutulus (Interlandi et al., 1999; Theriot et al., 2006), whereas
below-average summer temperatures enable blooms of
A. subarctica and A. formosa by delaying the onset of stratification or
weakening stratification. As such, early or strong summer stratifi-
cation truncates spring turnover before large populations of the
late-spring species, A. subarctica and A. formosa become
established.

4.1.3. Interpretation of d18Olake

d18Olake (and dDlake) are influenced by climate through changes
in temperature, lake water balance, and precipitation sources (Leng
and Barker, 2006). Because the diatom species selected for isotopic
analysis, Stephanodiscus yellowstonensis, typically blooms in late
June and develops large populations in summer (Theriot et al.,
2006), the d18Odiatom record represents average d18Olake after
snowmelt and during the ice-free season. Each sediment sample
(1 cm) in the YL16-2C core spans, on average, 8.4 years of sedi-
mentation. Possible controls on d18Odiatom include water tempera-
ture at the time and place of diatom growth and d18Olake. d18Olake, in
turn, is influenced by changes in temperature, evaporation, and
lake-water balance and precipitation origin (Leng and Barker,
2006).

d18Odiatom values are affected by a temperature-dependent
fractionation between water and diatoms, on average of �0.2‰/
�C (Brandriss et al., 1998; Moschen et al., 2005). Variability in
d18Odiatom (þ2.9‰) implies unrealistic changes in lake-water tem-
perature of 14e15 �C on average (Shuman and Marsicek, 2016).
Therefore, water temperature likely accounts for only a small
fraction of the observed variation in d18Odiatom, and it is not the
major factor influencing the record.

Lake water is well mixed, and evaporative forcing on d18Olake
was observed for samples collected in both 1998/1999 and 2018
(Fig. 6A; Balistrieri et al., 2007). The lake waters had higher d18Olake
in comparison to tributaries, precipitation, and snow. With a water
residence time of 14 ± 3 years (Balistrieri et al., 2007), the short-
term impact of recharge after snowmelt, which lowers d18Olake, is
limited to surface waters close to the major inflow. The YL16-2C
coring site, which is ~3 km south of the outlet, reflects waters in
the northern part of Yellowstone Lake, which are heavier as a result
of surface evaporation as water flows 30 km through the lake from
the Southeast Arm inlet (Fig. 6B).

The Yellowstone River delivers about 70% of annual water inflow
(data from 1998 to 1999; Balistrieri et al., 2007), and interannual
changes in its discharge (and more broadly that of all incoming
streams) influence d18Olake. Because most precipitation at Yellow-
stone Lake occurs as snowfall, d18Olake is expected to be affected by
the amount of inflowand % snowmelt of that inflow.Modernwinter
and spring precipitation derives mainly from northern Pacific
storm systems (Despain, 1987), whereas in summer, warmer sub-
tropical moisture sources deliver precipitation with higher d18O
(Anderson et al., 2016). Based on modern water isotopes from
Yellowstone Lake and tributaries, evaporation drives a þ3‰ shift
from inlets to outflow, but snowfall has up to �6‰ shift from
current inflow. Hereafter, changes in the d18Odiatom record are
interpreted as changes in the contribution of lake-water evapora-
tion relative to the contribution of stream inflow.

4.2. Climate reconstruction from Yellowstone Lake multiproxy
record

4.2.1. Early Holocene (9880e6700 cal yr BP)
High d18Odiatom values during this period (Fig. 7), particularly

from 9880 to 7500 cal yr BP, are attributed to higher lake-water
evaporation than present and/or reduced inflow linked to
decreased winter/spring precipitation. In addition, increased water
vapor from subtropical Pacific and Gulf of Mexico sources may have
enriched 18O content of precipitation from summer thunderstorms,
as inferred in the Colorado Rockies (Anderson et al., 2016). A
negative excursion in d18Odiatom is present at 7000e6800 cal yr BP,
suggesting cooler and/or wetter conditions for a short period.

The abundance of Pinus contorta-type pollen in the early Holo-
cene (Zone YL-P1) sediments at Yellowstone Lake falls within the
range of modern pollen samples from P. contorta forests in the GYE
(~55e95%, Iglesias et al., 2018). Pinus albicaulis-type pollen also was
more abundant in the early Holocene (Zone YL-P1, Fig. 4), consis-
tent with expansion of P. albicaulis or P. flexilis from
12,000e7000 cal yr BP in the GYE (Iglesias et al., 2015). Indicators of
steppe vegetation, including Artemisia, Poaceae, and Amar-
anthaceae, were not abundant in the early Holocene. Theriot et al.
(2006) suggest an expansion of riparian vegetation in Yellowstone
Lake at 7000 cal yr BP based on high levels of Salix pollen in their
core, but we did not observe a marked increase of riparian taxa in
our record. Other records show that P. contorta was the dominant
tree on various rhyolitic sites (Whitlock, 1993) and non-rhyolitic
sites (Waddington and Wright, 1974; Baker, 1976) at this time,
with only minor presence of other conifers. The Yellowstone Lake
pollen record thus provides a good depiction of early-Holocene
vegetation trends at a regional scale.

Large fire-episode frequency with small CHAR peak magnitudes
suggest that fires were comparatively infrequent and small in the
early Holocene (relative to Zone YL-P2). The dearth of fires may
explain the low terrestrial organic matter input and decreased
productivity at this time, as indicated by the low C/N and TOC ratios
(Fig. 3).

Diatom assemblages dominated by Stephanodiscus minutulus
(Fig. 5) indicate that lake waters were generally low in nitrogen,
suggesting limited winter runoff, and high in phosphorus concen-
trations from spring isothermal mixing (Zone YL-D1). This period
includes the first appearance of S. yellowstonensis in significant
(>5%) abundance, suggesting years of sustained summer stratifi-
cation (Kilham et al., 1996). The high abundance of S. minutulus
combined with the appearance of substantive proportions of
S. yellowstonensis suggest early snowmelt and ice-off in spring, with
spring nutrient dynamics influenced by winter moisture followed
by prolonged summer stratification (Fig. 5). The relatively high
proportion of plankton relevant to tychoplankton and benthon taxa
suggests minimal benthic habitat near the coring location, possibly
as a result of higher lake levels (Fig. 7). This inference is consistent
with exposed lake shorelines 5e6 m above present elevation that
are dated to ~9000e7000 cal yr BP (S2 & S3 lake terraces of Pierce
et al., 2007).

The inference of greater summer evaporation from the d18O
record suggests that summer warmth and high evaporation rates
had little influence on water depth at this time. In fact, the higher
lake stands are attributed to cyclical deformation processes within
the Yellowstone caldera, and caldera doming in the early Holocene
explains the presence of exposed shorelines (Pierce et al., 2007).
The relatively low BSi wt% and BSi fluxes in the early Holocene may
be related to the overall dominance of the low-silica content spe-
cies, S. minutulus, and relatively high detrital input (Ti) diluting the
BSi concentration (Fig. 3).

In summary, the Yellowstone Lake data indicate that, during the
early Holocene, d18Odiatom-inferred summer evaporation was
higher than present. Pinus contorta forests were more open or less
extensive than present, possibly the result of high summer tem-
peratures, greater aridity, and small fires. Summer stratification
was prolonged following early snowmelt and ice-off. Dry
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conditions also resulted in comparatively low nutrient flux to the
lake from the catchment. These observations are consistent with
warmer springs and longer summer conditions than at present.

4.2.2. Middle Holocene (6700e3000 cal yr BP)
After high d18Odiatom values at ca. 6000 cal yr BP, values were low

(Fig. 7) from 5800 to 4500 cal yr BP, suggesting reduced summer
evaporation compared to the early Holocene, as well as a possible
increase of snowmelt in tributary streams. Between 4500 and
3000 cal yr BP, d18Odiatom values departed from their middle Ho-
locene trend (Fig. 7) and increase to values similar to those of the
early Holocene. This shift suggests a higher summer evaporation
and a reduced snowmelt influence on the d18Olake signature. As in
the early Holocene, a higher contribution of rain derived from
subtropical vapor sources could also have accounted for the in-
crease in d18Odiatom values. Within the middle Holocene, the in-
terval 4500e3000 cal yr BP, is exceptional in showing
paleohydrological conditions similar to those of the early Holocene.

Pinus pollen percentages increased in Zone YL-P2 (Fig. 4) and at
other sites in the Yellowstone Lake vicinity, suggesting increased
forest density or cover in the middle Holocene (Iglesias et al., 2018;
Iglesias and Whitlock, 2020). Since the Pinus pollen is dominantly
P. contorta-type, we infer closure or increased extent of P. contorta
forest in the region (Fig. 7). The Pinus increase occurred at the
expense of steppe taxa, chiefly Artemisia. Cygnet Lake (Whitlock,
1993) on the rhyolite plateau to the northwest of Yellowstone
Lake recorded increased Pinus pollen percentages at this time, with
negligible amounts of Abies and Picea pollen. Cub Creek Pond
(Waddington and Wright, 1974) and Buckbean Fen (Baker, 1976),
located on andesitic substrate in the eastern and southern part of
the watershed, document increasing percentages of Pinus, Abies,
and Picea indicating establishment of mixed conifer forests after ca.
5000 cal yr BP. The Yellowstone Lake record integrates the vege-
tation changes on both substrates within the watershed and, thus,
shows increased percentages of all three conifer taxa.

The charcoal record suggests an increase in large fire episodes,
reflecting greater area burned, higher fire severity, or closer fire
proximity than before (Fig. 4). Today, closed Pinus contorta forests
support infrequent, high-severity fires (Despain, 1990), and we
assume that this vegetation and fire regime also characterized the
middle Holocene, as well.

A marked increase in Aulacoseira subarctica after 6700 cal yr BP
indicates longer periods of isothermal mixing (spring turnover)
than in the early Holocene (Fig. 5). Intervals with increased Aster-
ionella formosa (5500e5000 cal yrs BP, 4500e3000 cal yrs BP,
2000e1380 cal yrs BP) may have been a result of higher N input
from increased runoff in spring, consistent with wetter winters
(increased snowmelt) inferred from d18Odiatom values and charcoal
evidence of infrequent fires (increased fuel build-up with in basin).
Within the middle Holocene, the period from 5350 to 4900 cal yr
BP is distinctive in the co-occurrence of high A. subarctica,
A. formosa, and Stephanodiscus yellowstonensis,which suggests that
this interval may have had extended summer stratification. Slight
decreases in the P:T þ B ratio between 4000 and 3000 cal yr BP
indicate increasing benthic habitat during this period (Fig. 7),
consistent with high d18O values and inferences of a low lake stand
(Pierce et al., 2007).

The sediments between 825 and 350 cm depth
(6800e2800 cal yr BP) are composed of diatom-rich laminae
alternating with detrital-rich layers (Fig. 3). Higher BSi concentra-
tions than before and higher total organic carbon content with C/N
ratios of about 8 (indicative of algae) suggest increased in-lake
biological production during this period (Fig. 3). Because the BSi
flux shows stable accumulation rates with minor variations, which
mimic the changes in MAR, the changes in BSi concentration likely

represent the variation of in-lake BSi production. In general, vari-
ability in BSi concentration was driven by shifts in diatom species
composition and detrital input, with positive excursions a result of
higher abundance of the heavily-silicified species, Stephanodiscus
yellowstonensis and Aulacoseira subarctica, and low detrital input.

To summarize, a combination of decreased evaporation and/or
increased snowmelt inferred from d18Odiatom (7000e4500 cal yr
BP), laminations of BSi-rich and mineral-rich sediments, diatom-
inferred increases in nitrogen availability, and increased terres-
trial organic material suggest wetter winters than during the early
Holocene and, thus, a subsequent increase in runoff during a pro-
longed or delayed snowmelt and ice off followed by cool summers.
During the middle Holocene, P. contorta forest in the watershed
became denser, supplying fuel to propagate larger fire episodes
than in the early Holocene.

4.2.3. Late Holocene (3000 to �67 cal yr BP)
d18Odiatom values decreased until 1200 cal yr BP, during a period

of cooler conditions in the Rocky Mountain region, as evidenced by
Neoglacial glacial advances (3000e1200 cal yr BP) (Menounos
et al., 2009) and heavier d18O values obtained from an ice patch
core in the Beartooth Mountains, northeast of Yellowstone National
Park (Chellman et al., 2021). Values of d18Odiatom were slightly
higher at ca. 2000 cal yr BP, during the Roman Warm Period (ca.
2200e1550 cal yr BP; Bianchi et al. 1999), suggesting warmer and/
or drier conditions. This interval is registered as a period of dry
summers andwinters at Crevice Lake (Whitlock et al., 2012) (Fig. 8).
Concurrent with climate change, rising lake levels from 3000 cal yr
BP to present are inferred from submerged shorelines dating to
2900e2700 cal yr BP and suggest inflation of the Yellowstone
caldera (Pierce et al., 2007).

A peak in d18Odiatom values occurred at ca. 1100 cal yr BP, during
the Medieval Climate Anomaly (MCA) (1000e700 cal yr BP; Mann
et al., 2009), indicating an increased evaporative component in
the lake-water balance as a result of warmer and/or drier condi-
tions than before; this was also observed at Bison Lake in Colorado
(Fig. 8; Anderson, 2011). Finally, a shift to lower d18Odiatom values
after ca. 1000 cal yr BP indicates less evaporation during the cooler
and/or wetter conditions of the Little Ice Age (LIA 1550e1850 Viau
et al., 2012Viau et al., 2012), consistent with isotope and diatom
data from other lakes in the northern Rocky Mountains (Bracht and
Fritz, 2012). At those sites, synchronous shifts in diatom assem-
blages suggest a regional transition to protracted cool springs and
shorter summers with a moderate increase in effective moisture.

The late-Holocene pollen record from Yellowstone Lake shows
little change from the middle Holocene. Cygnet Lake in the north-
west featured the highest Pinus pollen percentages of that record,
and other conifer pollen types remained nearly absent. In the
eastern and southern part of the watershed, Pinus pollen percent-
ages declined at Cub Creek Pond (Waddington and Wright, 1974)
and remained steady at Buckbean Fen (Baker, 1976), as Abies
lasiocarpa and Picea engelmannii became more abundant. Pollen
percentages at Yellowstone Lake integrated the vegetation histories
on the different substrates within the watershed and remained
relatively constant in the late Holocene, reflecting the fact that
Pinus became more abundant on rhyolitic substrates and less
abundant on andesitic substrates.

The uppermost charcoal peaks are assigned to recent large fire
events. Fire episodes ca. 1700 CE burned 100,000s of hectares in the
Yellowstone Lake watershed (Romme and Despain, 1989; Tinker
et al., 2003), and the 1988 CE fires, covered approximately
321,000 ha (Spatial Analysis Center, Yellowstone National Park,
2020). The charcoal record did not detect smaller historical fires
that burned >4000 ha in the Yellowstone Lake watershed including
the Flat Mountain (1910 CE), East (2003), Columbine (2007), and
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Arnica (2009) fires (Spatial Analysis Center, Yellowstone National
Park, 2020). Their absence supports the interpretation that char-
coal peaks in large lakes register exceptionally large fire episodes,
an observation that has been noted in other studies (Millspaugh
and Whitlock, 1995; Thevenon and Anselmetti, 2007).

After 1500 cal yr BP, the diatom assemblage shifted towards a
co-dominance of Aulacoseira subarctica and Stephanodiscus minu-
tulus and higher overall Asterionella formosa abundance (Fig. 5).
Increased relative abundance of A. subarctica and A. formosa in
comparison with S. minutulus indicates extended periods of spring
turnover (Fig. 7) in the late Holocene, which allowed large diatom
blooms during late spring. Additionally, higher abundance of
A. formosa implies high nitrogen input from the catchment (Wolfe
et al., 2001), likely the result of wetter winters or springs than
before (Kilham et al., 1996). A. formosa also increased at 1500-
1200 cal yr BP at other sites in southwestern Montana (Bracht-Flyr
and Fritz, 2012), suggesting a regional increase in winter/spring
precipitation and spring runoff during the late Holocene. Decreased
plankton: tychoplankton and benthon ratio indicates higher avail-
ability of benthic habitat closer to the coring location and, thus,
lower lake level than the early or middle Holocene.

BSi fluxes steadily decreased, and TOC values slightly increased
in the late Holocene, suggesting a slight increase in detrital input.
High BSi concentrations parallel an increase in high-silica diatom
species and, thus, reflect the increased production of Aulacoseria
subarctica and Stephanodiscus yellowstonensis. Higher C/N ratios
values in the late Holocene than before suggest a greater contri-
bution of terrestrial organic matter in comparison to in-lake
organic production (Fig. 3).

The generally lower BSi concentration in the upper part of the
core may be a result of dilution of diatom silica from increased
detrital minerals in runoff, as indicated by the Ti and C/N records.
Declines in BSi concentrations also were reported by Theriot et al.
(2006) from 2200 cal yr BP to the present in Yellowstone Lake.
Diatom assemblages from other northern Rocky Mountain lakes
also suggest changes in seasonality towards longer, warm summers
and decreased effective moisture 2200e2100 cal yrs BP (Bracht-
Flyr and Fritz, 2012). These diatom changes may be a response to
changes in nutrient patterns brought on by regional increases in
precipitation.

Overall, the proxy data suggest continually decreasing summer
evaporation and/or increasing snowmelt, and cool summers as
summer insolation reached the lowest values of the Holocene
(~468 W m�2; Fig. 7; Laskar et al., 2004). The watershed supported
a dense forest in the late Holocene, but of slightly different
composition on rhyolite and non-rhyolite substrates, and large fires
were evident. Diatom-inferred extended spring mixing suggests
wetter winters and, thus, increased runoff during spring snowmelt.
Low levels in BSi fluxes and TOC indicate higher detrital input.

4.3. Regional comparisons within the GYE

4.3.1. Early Holocene
The early Holocenewas characterized bywarmer drier summers

than present in central GYE, as a result of greater-than-present
summer insolation and a strengthened northeastern Pacific sub-
tropical high-pressure system (Bartlein et al., 1998; Renssen et al.,
2012) (Fig. 7). Despite lower winter insolation at this time, model
simulations suggest that the position and intensity of the winter
westerly jet in the early Holocene changed little from the present
(Zhou et al., 2020), implying that winter conditions in Yellowstone
were colder but perhaps no wetter than present.

The d18Odiatom results are consistent with a d18O record of
endogenic carbonates at Bison Lake, Colorado (a region highly
influenced by the North American Monsoon), where positive

anomalies were associated with a rain-dominated (relative to
snow) precipitation regime (Fig. 8; Anderson, 2011). Net ice ac-
cretion in the Beartooth Mountains, Wyoming (Fig. 1) also slowed
during the early Holocene, indicating less snowpack except be-
tween ca. 9000 and 7000 cal yr BP (Fig. 8, Chellman et al., 2021).

Paleoclimate reconstructions in the central Rocky Mountains
generally indicate an early-Holocene period of higher air temper-
ature and lower precipitation than the middle and late Holocene
(Fig. 8; Shuman and Marsicek, 2016), consistent with the pattern
inferred at Yellowstone Lake. In contrast, multiproxy records from
northern Yellowstone show wetter summer conditions at Crevice
Lake and Slough Creek Pond (Whitlock et al., 2012), both in the
summer-wet region. Wetter conditions also are recorded south-
west of Yellowstone National Park, based on the d18O record of
Minnetonka Cave in Idaho (Fig. 8; Lundeen et al., 2013).

4.3.2. Middle Holocene
The general trend of increasing precipitation and decreased

temperatures is evident in the regional paleoclimate synthesis of
Shuman and Marsicek (2016) and the d18O record of Bison Lake,
Colorado (Anderson, 2011). In contrast, the d18O data at Crevice
Lake in northern Yellowstone indicates a trend towards drier
winters (Whitlock et al., 2012, Fig. 8). The d18O record from the
Beartooth ice patch suggests increasing winter temperatures, and a
composite air temperature reconstruction from pollen data from
the mid-latitudes in North America shows cooling during the
warmest month of the year (Shuman and Marsicek, 2016, Fig. 8).
Together, these records indicate a trend towards cooler, wetter
conditions during the middle Holocene.

A climate excursion is noted in several of the records between
ca. 4500 and 3000 cal yr BP. The Beartooth ice patch d18O record
indicates relatively warm temperatures at ca. 4100 cal yr BP (Fig. 8;
Chellman et al., 2021). In contrast, Crevice Lake (Whitlock et al.,
2012) records an interval of anoxic bottom-waters between 4400
and 3900 cal yr BP, suggesting a period of deep lake and wetter
conditions in northern GYE (Fig. 8). The Beartooth ice patch d18O
data and regional temperature composite record suggest that this
excursion ended between 3900 and 3000 cal yr BP and was fol-
lowed by a return to cooler conditions in winter and during the
warmest month of the year (Fig. 8).

4.3.3. Late Holocene
Other regional paleoclimate records suggest cooler and wetter

conditions during the late Holocene, similar to the climate recorded
in Yellowstone Lake. The d18O records of Minnetonka Cave, south-
west of Yellowstone and Bison Lake, south of Yellowstone support
this interpretation (Fig. 8). In addition, the stack of regional lake-
level reconstructions and of temperature during warmest month
indicate increasing lake levels and lower temperatures than during
Early Holocene (Fig. 8; Shuman and Marsicek, 2016). Winter and
summer temperatures were low in Wyoming according to the re-
cord of Beartooth ice patch d18O data and the summer insolation
anomalies (Fig. 8). Recent centuries are characterized by a trend
towards slightly higher summer temperatures than much of last
three millennia. In addition to increases in d18Odiatom values at
Yellowstone Lake, d18O increases are noted at Minnetonka Cave and
Bison Lake (Fig. 8).

5. Conclusions

Paleoenvironmental proxies from an 1182-cm-long composite
sediment core trace the watershed and limnological history of
Yellowstone Lake from 9880 to �67 cal yr BP. Most changes in
terrestrial and limnological ecosystems were gradual and attrib-
uted to slowly varying changes in the seasonal cycle of insolation

S.R. Brown, R. Cartier, C.M. Schiller et al. Quaternary Science Reviews 274 (2021) 107275

13



within the GYE, which led to warm, dry summer conditions in the
early Holocene and progressively cooler wetter conditions in
middle and late Holocene. However, the record also highlighted
periods of more abrupt environmental changes, which can be
attributed to climate events previously poorly documented in the
region. In particular, succession of submillenial climate oscillations
occurred during the middle Holocene (7000e6800 cal yr BP).
Distinct warming also registered from 4500 to 3000 cal yr BP and
during the MCA.

The early Holocene (9880e6300 cal yr BP) climate supported an
open or less dense forest in the watershed, small frequent fires,
high lake-water evaporation rates in summer and/or reduced
snowpack in winter and early spring snowmelt, generally low
nutrient availability, and early ice-off followed by extended lake
stratification. Middle Holocene (6300e3000 cal yr BP) cooling led
to the establishment of a denser pine forest and larger fire episodes
than before, as well as less summer evaporation and/or increased
stream input of winter or spring precipitation. Increased or longer
spring runoff during the middle Holocene is inferred from
increased abundance of diatom species that require high nitrogen
concentrations. Further cooling and increased moisture in the late
Holocene (3000e-67 cal yr BP) resulted in the development of
closed forest, infrequent large fire episodes, and high inputs of
terrestrial organic matter to the lake. Decreasing summer evapo-
ration and/or increased snowmelt relative to the mid-Holocene
also is consistent with cooler conditions.

Although previous investigations have examined various as-
pects of climate history of the Yellowstone region with different
sets of proxy records, our study offers the first high-resolution
hydroclimatic record for the region based on d18Odiatom data and
also an examination of how past climate variations influenced
terrestrial and limnic responses in a large watershed in the central
part of the Yellowstone region. The proxies clearly show that the
Yellowstone Lake watershed had a climate history typical of a
summer-dry region, in which conditions were warmest and driest
in the early Holocene as a result of the summer insolation
maximum and the expansion of the northeastern Pacific subtrop-
ical high-pressure system. The climate become cooler and wetter in
the middle and late Holocene reaching the pre-industrial “present”.
Superimposed on these slowly varying trends, the climate record
shows submillennial excursions that are best reflected in the lim-
nobiotic and fire data. Additionally, our proxy record indicated
minimal influence of climate on lake level, indicating caldera
deformation may have a stronger influence than climate on water
depth and shoreline development.

In contrast, the vegetation history is clearly a regional recon-
struction, integrating the changes in plant communities on
different substrates within the watershed. These different re-
sponses of terrestrial and limnological components of the Yellow-
stone Lake watershed to past climate change points to the value of
multi-proxy studies at a single site, as an opportunity to improve
paleoenvironmental interpretations. This suite of paleoenvir-
onmental proxies from Yellowstone Lake provides marked evi-
dence that the sensitive ecosystems of Yellowstone National Park
have been substantially influenced by climate influences on mul-
tiple scales.
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