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Fig. 1. Maps showing locations discussed in text. (A) Location of study sites in Lower Geyser Basin with respect to forest and thermal areas (6, 7). (B) Location
of Lower Geyser Basin and the Yellowstone Plateau volcanic field within Yellowstone National Park (8); numbers identify other sites in the regional comparison
(9-11). (C) Topography of the Yellowstone region on the Lambert Conformal Conic projection used in the RegCM5 climate model; also shown are the locations
of panels A (red triangle) and B (red Yellowstone National Park), as well as Dailey Lake (site 7) (11).

(Pinus albicaulis and Pinus flexilis); lodgepole pine (Pinus contorta)
in these settings acts as a fire-adapted early successional species
(6). In contrast, subalpine forests on Yellowstone’s rhyolite lava
flows and glacial deposits within the geyser basins are composed
of lodgepole pine through all seral stages, as a result of the limited
nutrients (low concentrations of Ca, Mg) and low water-holding
capacity of coarse-textured rhyolite-derived soils (6).

Studies elsewhere in North America have shown that, in some
settings, the nutrient and moisture availability of soils can strongly
influence the response of plant communities to the effects of
long-term climate change (e.g., refs. 18 and 19). The ecological
history on rhyolite substrates within the Yellowstone Plateau vol-
canic field is known from only three lake-sediment records: a
late-glacial-Holocene sequence from the Central Plateau region
(9), a Holocene record from Yellowstone Lake (10), and a
Holocene record from Lower Geyser Basin (20) (Fig. 1). With so
few records and limited paleoclimate information, knowledge
of centennial-to-millennial geologic and climatic influences on

https://doi.org/10.1073/pnas.2613422123

ecosystem evolution within the volcanic field, particularly the
geyser basins, is limited.

To broaden understanding of postglacial geo-ecosystem dynam-
ics in the Yellowstone region, we reconstruct the vegetation, wild-
fire, limnological, and hydrothermal history of the largest thermal
area, Lower Geyser Basin (Fig. 14). Sediment-core records from
small lakes are evaluated against i) regional climate model simu-
lations that portray changes in temperature, precipitation, and
other climate variables; ii) independent studies documenting past
hydrothermal activity; and iii) paleoenvironmental proxies from
the broader Yellowstone region. We hypothesize that Lower Geyser
Basin has been shaped by changes in climate over short (interan-
nual to decadal) and long (centennial to millennial) time scales
but that the vegetation response has been constrained by the
underlying geology. Our results provide insights into the environ-
mental history of an active geyser basin as well as its sensitivity to
past and future climate change. This information provides guid-
ance for tracking changes in hydrothermal activity and ecological
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change and for managing the unique natural resources of
Yellowstone National Park.

Lower Geyser Basin

Lower Geyser Basin covers an area of ~28.5 km? at an average
elevation of 2,240 m above sea level. The generally flat basin is
covered by glacial till with varying degrees of hydrothermal alter-
ation, silica sinter deposits, hydrothermal explosion craters, and
a few exposures of Upper Basin Member rhyolite flows (~580 to
~255 ka). It is surrounded by the Central Plateau Member (~160
to ~70 ka) of the Plateau Rhyolite (21). The basin hosts extensive
hydrothermal activity, including active and dormant geysers,
mostly alkaline hot springs, mudpots, and fumaroles. During the
Pinedale glaciation (Marine Isotope Stage 2), ~22 to ~14 ka, the
Yellowstone region was covered by a complex glacial system that
at its peak was >1 km thick (22). Based on the timing of glacial
retreat mapped in other parts of Yellowstone, Lower Geyser Basin
ice recession occurred between 14 to 15 ka (22).

Within Lower Geyser Basin, high soil temperatures create
unique thermal grassland communities (30 to 50 °C) and barren
sinter flats (>50 °C) (23). Lodgepole pine forest grows on unheated
ground (<8 °C) and rhyolitic soils, and sagebrush (Artemisia tri-
dentata) steppe is present in areas of clay-rich glacial deposits (6,
24). Mean annual air temperature between 1991 and 2020 within
the geyser basin was 1.4 °C, ranging from -9.9 °C in December
to 14.3 °Cin July (25). Precipitation in the Yellowstone region is
strongly influenced by topography, with 85% of the average
annual received in October through May from Pacific storm sys-
tems tracking up the Snake River Plain (26). In contrast, precip-
itation in June through September is mainly delivered from
isolated convective storms because the seasonal intensification
of the northeastern Pacific subtropical high-pressure system
suppresses Pacific moisture [“summer-dry” sensu Whitlock and
Bartlein (27)]. Peak wildfire season is from July to September (28).

The five study lakes in Lower Geyser Basin (Fig. 14 and Table 1)
lie in topographic depressions in glacial deposits, freeze during
winter months, and have no or limited surface inlets or outlets.
Hydrothermal explosion craters have been described at Twin
Buttes, Pocket Basin, and Rush Lake (29, 30), but the depressions
that contain Goose, Feather, Rush, and Lower Basin lakes have
not been formally classified as hydrothermal explosion craters.
Goose, Feather, and Lower Basin lakes are identified as mes-
otrophic (moderate nutrient concentrations and level of primary
productivity) (31). The water chemistry of Goose and Lower Basin

Table 1. Lower Geyser Basin site information

lakes is similar but more dilute than the alkaline hot springs in
Lower Geyser Basin, suggesting the lakes receive a mixture of
hydrothermal input and meteoric water from melting snow and
ice. In Feather and Lower Basin lakes, concentrations of major
solutes (chloride, sodium, alkalinity) and arsenic (As) (0.74 to
0.95 mg/L) are approximately half of the concentration in the
surrounding hot springs (32). At larger Goose Lake, the fraction
of thermal water is significantly smaller than at Feather or Lower
Basin lakes. At Rush Lake, low concentrations of chloride and
high concentrations of sulfate (SO,) suggest a fraction derived
from acid-sulfate waters.

Research Approach

Sediment cores were collected in 2023—2024 from Rush, Feather,
Lower Basin, and Twin Buttes lakes (Table 1 and Materials and
Methods). The Goose Lake core was collected in 2018 with results
described in Schiller et al. (20). Lithologic terminology followed
Zahajskd et al. (33) and Schnurrenberger et al. (34). A chronology
for each lake record was established from calibrated radiocarbon
dates on charcoal and terrestrial plant macrofossils and from
tephrochronology. Age-depth models were developed with the
IntCal20 calibration curve (35) using Bacon software (36) and
reported in ka (kiloannum before 1950 CE) (SI Appendix, Fig. S1
and Table S1). Identification of the Mazama ash [7.584 to 7.682
ka; (37)] and Glacier Peak ash [13.41 to 13.71 ka; (38)] in the
sediment cores, based on single-grain microbe analyses, helped
constrain age determinations. The paucity of terrestrial organic
material in the cores and presence of erroneously old-biased radi-
ocarbon dates [from the introduction of ancient carbon in thermal
waters (39)] meant that the age-depth models were based heavily
on tephrochronology, lithostratigraphy, and glacial history.
Different proxies in Lower Geyser Basin are controlled by hydro-
thermal processes and climate to varying degrees. The concentra-
tion of arsenic (As) and cesium (Cs), which are elevated in
Yellowstone’s thermal waters (32), was measured in the sediment
by scanning X-ray fluorescence (XRF). Because XRF output is
reported in counts per second (cps) (S7 Appendix), the results were
standardized and presented as relative concentrations. High As and
Cs concentrations are considered evidence of hydrothermal enrich-
ment, but temporal variations in their abundance may be influ-
enced by other processes. For example, arsenic concentrations in
lake sediments are affected by subaqueous redox, precipitation of
As-rich secondary minerals, and adsorption and coprecipitation
of As on iron minerals and sedimentary organic matter (40).

Inferred
Elevation Surrounding Surface  Maximum water Composite core maximum age
Site Location (masl)* vegetation area (m?) depth (m) length (m) Analyses* (ka)
Rush Lake 44.56159°N, 2,200  Thermal grassland, 700 0.7 7.10 XRF, 8'°C, pollen, ~14.2
110.82654°W P. contorta forest charcoal, diatoms
Feather Lake 44.54401°N, 2,197 P. contorta forest, 68,100 8.63 3.67 XRF, §'3C, pollen, ~8.8
110.83641°W Artemisia steppe 4 diatom
samples
Goose Lake'  44.54135°N, 2,200 P. contorta forest, 148,000 8.86 8.09 XRF, 8'3C, pollen, >10.3
110.84237°W Artemisia steppe charcoal, diatoms
Lower Basin 44.53610°N, 2,206 P. contorta forest, 30,000 4.65 3.01 XRF, 8'3C <7.6
Lake 110.82466°W nearby thermal
grassland
Twin Buttes 44.53600°N, 2,276 Artemisia steppe; 10,000 3.43 5.90 XRF, 3 pollen >12.7
lake 110.87363°W P. contorta forest samples

“masl is meters above sea level; XRF refers to scanning X-ray fluorescence; §'°C is sediment derived.

Schiller et al. (20).
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Cesium can be precipitated to form a secondary zeolite mineral,
analcime (41). We posit that variations in As and Cs concentration
in the cores relate to different levels of hydrothermal input but
acknowledge that additional research is needed to understand this
relationship. In addition to As and Cs, stable carbon isotope (8'°C)
analysis of bulk sediments was undertaken to determine whether
the carbon source was organic terrestrial or hydrothermal.

The vegetation and wildfire history of Lower Geyser Basin was
developed from pollen and charcoal data at Rush, Goose, Feather,
and Twin Buttes lakes. Changes in pollen assemblages document
past vegetation responses to variations in climate, wildfire, and
other disturbances (Materials and Methods). Changes in the accu-
mulation rates of macroscopic charcoal particles >125 pm in size
(particles cm ™ y ") record shifts in local, stand-replacing wildfires
(42, 43). Long-term variations in charcoal accumulation rates
(CHAR) indicate millennial-scale changes in biomass burning
shaped by fuels and climate. In addition to the Lower Geyser Basin
sites, data from Harlequin Lake (charcoal) and Cygnet Lake (pol-
len, charcoal) in nonthermal areas within the Yellowstone Caldera
and pollen records outside the Yellowstone Plateau volcanic field
were considered in the regional analysis (Fig. 1 Band C).

Limnologic interpretations are based on diatom analysis of the
Rush, Goose, and to a limited extent, Feather and Lower Basin
lake cores. Changes in diatom composition reflect shifts in water
chemistry and temperature that are controlled by hydrothermal
inputs, lake level, and climate.

To assess the importance of past climate change in driving eco-
logical dynamics and variations in hydrothermal activity, the
RegCMS5 regional climate model was used to simulate changes in
annual temperature, annual precipitation, annual and summer
effective moisture (precipitation minus evaporation; P-E), and
snow water equivalent (SWE; a standardized measure of liquid
water contained in the snowpack on April 1) (44) (Materials and
Methods). These variables influence hydrology, vegetation distribu-
tion and composition, soil moisture and nutrient availability, and
groundwater recharge. Fire-related metrics, such as solar radiation
(insolation), July—September air temperature, and vapor pressure
deficit (VPD), were examined to estimate trends in wildfire activity
(45, 46). Model output is presented for the Yellowstone region with
a focused examination of Lower Geyser Basin and expressed as 12,
9, 6, and 3 ka anomalies from the pre-Industrial present (0 ka).

Results

Lithologic and Geochemical Records. The stratigraphic records are
discussed from oldest to youngest. In referencing the lithology and
geochemistry, median calibrated ages are rounded to the nearest
100 years with 95% CI. Table 1 provides site information; core
and geochemical stratigraphy is presented in S/ Appendix, Fig. S2.

The Rush Lake core has an extrapolated basal age of 14.2 ka
(95% CI 14.5 to 13.8 ka). The basal sediments (7.01 to 3.89 m
depth) chiefly consist of interlaminated to interbedded clay,
obsidian-rich sand, and gravel. An overlying diatom ooze from
3.89 m depth (12.6 ka, 95% CI 13.0 to 12.2 ka) to the surface
registers productive limnic conditions. Glacier Peak and Mazama
ashes were identified at 5.73 m and 2.30 m depth. A thick gravel
unit at 6.41 to 6.34 m depth (13.9 ka, 95% CI 14.2 to 13.3 ka)
shares characteristics, such as large grain size and hydrothermally
altered clasts, with hydrothermal explosion deposits studied else-
where in the region (47). These deposits may be ejecta from a
hydrothermal explosion at nearby (~350 m distance) Pocket Basin,
dated at 13.44 + 1.06 ka (48).

The Rush Lake basin apparently formed from a hydrothermal
explosion (29, 30) during deglaciation and prior to the Pocket Basin

https://doi.org/10.1073/pnas.2613422123

explosion and deposition of Glacier Peak ash [95% CI 13.71 to
13.41 ka; (38)]. Arsenic and Cs concentrations in sediments between
3.95 m depth and the top of the core are relatively low, which is
consistent with the lake being a vapor-dominated, acid-sulfate system
(49). The 8"C,yen values at 5.75 m, 4.80 m, 3.20 m, 2.29 m,
1.60 m, and 0.00 m depth range from -28.0 to -18.7%o0 VPDB,
suggesting a mixture of carbon from terrestrial organic sources and
dissolved inorganic carbon from thermal waters (50, 51).

Twin Buttes is a thermal kame with at least three nested hydro-
thermal explosion craters on top that date to 13.56 ka (95% CI
11.28 to 15.84 ka) (48). A large landslide deposit contains several
small ponds near the summit. Twin Buttes lake, an informal name
for the largest, easternmost pond, formed before 12.7 ka, based
on radiocarbon dates near the core base at 5.90 m depth
(81 Appendiix, Table S1). Late-glacial inorganic silt and clay tran-
sitioned to diatom ooze at 4.85 m depth (11.1 ka, 95% CI 11.2
to 10.8 ka) and peaty sapropel at 3.57 m depth. Neither Glacier
Peak nor Mazama ashes were recovered in the core. Three pollen
samples (5.49 to 5.53 cm depth) from the basal clay are dominated
by nonarboreal pollen (Artemisia, Poaceae), corroborating a late-
glacial age assignment for the lake (S7 Appendix, Table S2).

At Goose Lake, the deepest recovered core sample at 8.09 m
depth (10.3 ka, 95% CI 10.6 to 10.0 ka) consists of laminated
diatom ooze, but the lake is likely older (20). Diatom ooze extends
from 8.09 to 1.78 m depth (3.8 ka, 95% CI 4.3 to 3.5 ka). A thin
layer from 6.29 to 6.28 m depth (7.9 ka, 95% 8.1 to 7.8 ka)
consists of fluorite-rich mud (81.1 wt % fluorite) of hydrothermal
provenance. From 1.78 to 0.20 m depth, sediments consist of
thinly bedded diatom ooze and sapropel, and the upper 20 cm is
massive diatomaceous sapropel. Relative As concentrations in
Goose Lake sediments are initially high, indicating significant
hydrothermal input in the early Holocene, and decline sharply at
1.78 m depth (3.8 ka, 94% 4.3 to 3.5 ka). A shift in average
8"C,imen: values from —12.47%o VPDB below 1.78 m depth to
-23.05%o0 VPDB above that depth also suggests a shift from
hydrothermal to terrestrial carbon sources in the late Holocene
(20). Relative Cs concentrations show no clear trend.

Feather Lake lies in a closed depression adjacent to Goose Lake.
Basal sediments consist of laminated and massive clay layers (base
3.67 m depth; 8.8 ka, 95% CI 9.5 to 8.3 ka), which grade upward
at 2.26 m depth (6.8 ka, 95% CI 7.2 to 6.4 ka) to interbedded
layers of diatom ooze, sapropel, and sapropelic silt. Relative con-
centrations of As and Cs at Feather Lake increase from 2.00 to
1.40 m depth (5.5 t0 3.7 ka, 95% CI 5.9 to 3.4 ka) and from 1.25
to 0 m depth (3.3 ka to present, 95% CI 3.7 to present), indicating
more hydrothermal input in the upper sediments. The §"°C_;,.n.
values in samples at 3.60, 3.065, 2.40, 1.20, and 0.005 m depths
range from -25.6 to -20.5%o0 VPDB, consistent with a terrestrial
organic source. Relative As concentrations at Feather Lake were
low before 5.5 ka and elevated from 3.3 ka to present.

Lower Basin Lake lies in a forested depression adjacent to an
active hydrothermal area and thermal grasslands along White
Creek, a tributary of the Firehole River (Fig. 14). Lack of suitable
organic material for dating makes it difficult to determine the age
of origin but based on its short sedimentary record that lacks
Mazama ash, we posit a late-Holocene age. Sediment cores contain
basal obsidian-rich gravel deposits (3.01 to 2.95 m depth) that
suggest a hydrothermal origin. These deposits are overlain by peat
(2.95 to 0.95 m depth) that is overlain by diatom ooze above
0.95 m depth. Relative As and Cs concentrations are depleted in the
peat units and enriched in the diatom ooze, with a general increase
up core, especially above 0.90 m depth. The 8'°C_y; ..., values in
samples from 2.24 and 0.40 m depth are -26.8 and -17.0%o
VPDB, suggesting terrestrial organic and hydrothermal sources.
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In sum, Rush and Twin Buttes lakes lie within mapped hydro-
thermal explosion craters (21). Feather, Lower Basin, and Goose
lakes are in isolated depressions with elevated rims, suggesting
their inception following hydrothermal explosions. Rush and Twin
Buttes lakes developed in the late-glacial period, Goose and
Feather lakes formed during the late-glacial-to-early Holocene
transition, and Lower Basin Lake likely formed in the late
Holocene. Elevated and sustained relative concentrations of sed-
imentary As and Cs in all lakes indicate persistent hydrothermal
input since their origin.

Vegetation, Wildfire, and Limnobiotic Records. The paleo-
environmental records are organized into four periods: late-glacial
(ca. 15 to 11.5 ka), early Holocene (ca. 11.5 to 8 ka), middle
Holocene (ca. 8 to 4 ka), and late Holocene (ca. 4 ka—present).
Because the chronology for and comparison of pollen, charcoal,
and diatoms records are less precise than the lithologic record, we
refer only to median calibrated radiocarbon ages.

'The late-glacial period at Rush, Twin Buttes, and Cygnet lakes
was initially dominated by nonarboreal pollen taxa [46 to 76%
at Rush, 69 to 76% at Twin Buttes, 60 to 80% at Cygnet (9)],
including Artemisia, Poaceae, and various herbs, along with low
percentages of arboreal taxa (Juniperus, Salix, and Betula) (Fig. 24
and SI Appendix, Fig. S3). Comparison with modern pollen spec-
tra suggests that the early deglacial landscape supported cold
steppe vegetation with sagebrush and juniper in dry settings and
willow and birch in wet habitats (52). Early postglacial charcoal
levels were low (<1.5 particles cm™ y’l), indicating few wildfires
during a time of limited woody fuel (Fig. 2B).

Late-glacial diatom assemblages from Rush Lake show early
dominance of planktonic phosphorous specialists (up to 72%)
(Stephanodiscus  minutulus, Fragilaria tenera, and  Cyclotella
distinguenda) and small, colonial Fragilariaceae tychoplankton
(Staurosira construens var. venter) (SI Appendix, Fig. S4). Overall,
the diatom assemblage describes a relatively shallow lake, similar
to present, receiving abundant nutrients (Fig. 2C). A pulse of
C. distinguenda (up to 72%) from 12.7 to 12.0 ka (4.16 t0 3.72 m
depth) indicates a brief interval of alkaline water composition
following a peak in relative As concentration at 12.8 to 12.7 ka
(4.30 to 4.18 m depth) (Fig. 2D) that implies increased hydro-
thermal input.

As early as 12.8 ka at Rush Lake and 11.5 ka at Cygnet Lake,
increased percentages of Pinus pollen (40 to 75%) mark the initial
colonization of pine (Fig. 24). Both Pinus subgenus Pinus pollen,
attributed to lodgepole pine, and P subgenus Strobus pollen, from
whitebark or limber pine, were likely present in the early forest
from ca. 12.8 to 7 ka. The dominance of P. subgenus Pinus pollen
after 11 ka denotes the time when lodgepole pine forest covered
Lower Geyser Basin, the Central Plateau, and probably most of
the Yellowstone Plateau volcanic field. Greater forest cover pro-
vided ample woody fuel biomass for wildfires during the
late-glacial to early-Holocene transition, as evidenced by increased
CHAR at Rush, Goose, Harlequin, and Cygnet (53) lakes after
12 ka (Fig. 2B).

The diatom record at Rush Lake was dominated by benthic
species (average 19%) (Navicula wildii, Grunowia solgensis) and
small, colonial tychoplankton (S. construens var. venter) (average
37%) after 11.6 ka (Fig. 2Cand SI Appendix, Fig. S4). These taxa
are limited by nutrient availability and indicate circumneutral pH.
‘The presence of Epithemia gibba at Rush Lake, and the abundance
of Diatoma moniliformis at Goose Lake suggests shallow, low-
nutrient conditions and warm water temperatures in the early
Holocene (20, 54).

PNAS 2026 Vol.123 No.35 2613422123

The middle-Holocene period featured high percentages of Pinus
subgenus Pinus pollen at Cygnet, Rush, Goose, and Feather lakes
and low values of Artemisia, Poaceae, and other herbs, indicating
sustained lodgepole pine forest (Fig. 24). High CHAR at all lakes
from 8 to 4 ka (up to 20 particles cm™? y'l) (Fig. 2B) are evidence
of frequent stand-replacement fires at that time. Today, the
serotinous cones of lodgepole pine release their seeds when
subjected to high heat, allowing pine forests to regenerate rapidly
after intense wildfire (55), and this positive forest-fire feedback
undoubtedly helped maintain lodgepole pine forest in the past.
During the middle Holocene, elevated fire activity likely supported
dense pine stands similar to those that developed after the 1988
Yellowstone fires (28).

Rush Lake diatom composition changed little in the middle
Holocene, indicating persistent nutrient limitations and warm,
shallow water (Fig. 2C and SI Appendix, Fig. S4). In Goose Lake,
loss of planktic Cyclotella meneghiniana at the expense of benthic
taxa also implies low nutrient availability and warm, shallow water
(20). Most of the taxa have wide pH and temperature tolerances
at present consistent with persistent hydrothermal input to the
lake. Diatom samples dating to 6.54 and 5.5 ka from Feather Lake
indicate relatively shallow, moderately alkaline water (S Appendix).

In the late Holocene, Pinus subgenus Pinus pollen continued
to dominate the assemblage at Rush, Cygnet, Goose, and Feather
lakes (Fig. 24). At Goose and Rush lakes, Pinus percentages
decreased slightly after 4 ka at the expense of Artemisia and Poaceae
values, possibly marking local expansion of thermal grassland. A
decline in CHAR after 3.5 ka indicates less wildfire activity than
before (Fig. 2B).

The late-Holocene diatom assemblage (4.6 ka—present) at Rush
Lake indicates renewed phosphorous enrichment and shallow
water, especially in the last 3,000 years (Fig. 2C) (SI Appendix,
Fig. S4). Diatoma moniliformis percentages declined at Goose Lake
after 3.8 ka suggesting less hydrothermal input than before (20).
Diatom samples from Feather Lake at 2.4 ka and 1.9 ka imply
lower nutrient conditions than before (S Appendix).

It is interesting that inferred changes in the vegetation and
limnobiota are not consistently matched by changes in the relative
concentrations of As and Cs, which vary among sites and through
time (Fig. 2D). Steady presence of As and Cs at all sites points to
sustained hydrothermal input since lake formation but levels of
enrichment varied. Notably high As levels prior to 12.5 ka at Rush
Lake, prior to 3.8 ka at Goose Lake, and after 3.3 ka at Feather
Lake suggest periods of above-present, local hydrothermal
enrichment.

Climatic and Nonclimatic Drivers of Postglacial Ecological
Change in the Yellowstone Region. Over timescales of centuries
to millennia, the postglacial climate history of western North
America has largely been determined by ablation of the Laurentide
and Cordilleran ice sheets, amplification of the seasonal cycle of
insolation, and rising levels of atmospheric trace gases, primarily
CO, (ppmV ranged from 220 at 15 ka to 275 ppm at 0 ka) (56).
Amplification of the seasonal cycle of insolation from 12 to
6 ka in northwestern North America, including the Yellowstone
region (Fig. 34), directly resulted in warmer summers, colder
winters, and changes in surface energy balance and water budgets.
Indirectly, higher summer insolation strengthened the northeastern
Pacific subtropical high-pressure system (S/ Appendix, Fig. S5A),
suppressing precipitation and increasing evapotranspiration (27).
As insolation decreased in summer and increased in winter in the
late Holocene, summers became cooler and winters warmer, and
effectively wetter conditions prevailed.
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Fig. 2. Paleoenvironmental data from Lower Geyser Basin. (A) Pollen records from Cygnet, Rush, Goose, and Feather lakes showing vegetation development. (B)
Charcoal accumulation rates (CHAR) from Goose, Rush, Cygnet, and Harlequin lakes registering changes in fire activity. (C) Stratigraphy of phosphorous specialists
in the Rush Lake diatoms record indicating nutrient levels. (D) Arsenic (As) and Cesium (Cs) ratios showing hydrothermal activity relative to top 10 cm of core.

Anomalies for the 12 to 0 ka, 9 to 0 ka, 6 to 0 ka, and 3 to
0 ka simulations for the Yellowstone region illustrate how climate
conditions during the late-glacial and early, middle, and late
Holocene differed from those of the pre-Industrial present (0 ka)
(Fig. 4). For Lower Geyser Basin, annual precipitation was less at
12 ka (-216 mm, -16%) and 9 ka (-95 mm, -7%) relative to
0 ka (Table 2). Annual effective moisture (P-E) anomalies for
12 ka (-96 mm, -23%), 9 ka (-136 mm, -32%), and 6 ka (-63 mm,
-15%) indicate drier conditions than at 3 or 0 ka (Fig. 44 and
Table 2). Snowpack (April 1 SWE) from 12 to 6 ka was higher
than 0 ka at high and low elevations in the region but close to or
lower than 0 ka levels in Lower Geyser Basin (Fig. 4B and Table 2).
From 12 to 6 ka, summers were warmer with peak July—September
temperature anomalies at 12 ka (2.6 °C) and 9 ka (2.7 °C) and
lower effective moisture (P-E) at 12 ka (<66 mm), 9 ka (=110 mm),
and 6 ka (-74 mm) (Fig. 4C and Table 2). Warmer, drier atmos-
pheric conditions were associated with much higher July—
September VPD at 12 ka [1.6 hectopascal (hPa), 56%], 9 ka
(1.4 hPa, 48%), and 6 ka (0.9 hPa, 29%), compared with 0 ka
(Fig. 4D and Table 2).
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Rising summer insolation and temperature in the late-glacial
period led to rapid ice recession and the resulting high levels of
cold meltwater likely increased hydrothermal activity. It has been
suggested that deglacial breaching of an ice-dammed lake in Lower
Geyser Basin caused a rapid drop in confining pressure and the
ensuing hydrothermal explosions created Pocket Basin, the land-
slide and hydrothermal craters atop Twin Buttes (29), and the
Rush Lake basin (30). The basal ages of Rush and Twin Butte lakes
corroborate a late-glacial origin. Similarly, travertine rather than
silica sinter was deposited from 13.9 to 13.6 ka and 12.2 to
9.5 ka on the margins of Lower Geyser Basin in response to large
volumes of cold groundwater that increased the chemical weath-
ering of surficial sediments (58). High groundwater recharge from
snowmelt may also have triggered the hydrothermal explosions
that formed Goose Lake at >10.3 ka and Feather Lake at 8.8 ka.

A lengthening growing season during the late-glacial-to-early-
Holocene transition allowed conifers to move from glacial refugia
outside the former ice margin into deglaciated terrain. Colonization
of pine occurred at 12.8 ka at Rush Lake and ca. 11.5 ka at Cygnet
Lake (Fig. 3B). The earlier establishment of pine at Rush Lake
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