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Long and continuous lake sedimentary records offer enormous potential for interpreting the paleo-
environmental histories of the past and for understanding how terrestrial environments might adapt in
the context of current global warming. However, sedimentary records that contain multiple glacial-
interglacial cycles are scarce in continental basins. An ~80 m sediment core was recently obtained
from Stoneman Lake (STL), Arizona, containing a unique record of the last ~1.3 Ma. Here we show a
detailed pollen study of the topmost ~10 m of the record, covering the last climatic cycle since the Last
Interglacial period (MIS5-MIS1; last ~130,000 years ¼ 130 kyr), with the goal of broadening our
knowledge of the paleoenvironmental history of the arid North American Southwest in the past. The STL
pollen record shows that the MIS5e interglacial was the warmest period of the last 130 kyr. This is
deduced by the abundance of pollen types from plants that today exist at lower elevations that occurred
around the STL at that time. These include Pinus edulis and other associated low elevation thermophilous
plants such as Juniperus, Ambrosia, Amaranthaceae, Asteraceae and Artemisia. Climate cooled rapidly and
dramatically at the MIS5-4 boundary, which triggered a displacement of forest species towards lower
elevation, causing P. ponderosa to occupy the study area. MIS3 was characterized by relatively warmer
climate conditions with 3 prominent climatic oscillations (MIS3a, b and c). The coldest conditions were
reached during MIS2 (LGM), when a ~1000 m displacement towards lower elevations of the subalpine
forest species relative to present is observed. This is deduced by the highest abundance of Picea (~20
e25%) and Abies in the STL record, indicating their occurrence in the study area. Warming during the last
deglaciation is evidenced by a shift of vegetation towards higher altitudes and the development of a
montane forest composed mainly of Pinus ponderosa and Quercus replacing the LGM subalpine species.
This montane forest remained abundant throughout the Holocene. This study shows that orbital-scale
climate changes (mainly precession and eccentricity changes) forced vegetation and lake-level oscilla-
tions, documenting that insolation had a main role in controlling environmental change in this area.
Climate projections of enhanced warming predict that P. edulis and Juniperus forest species will occupy
the study area in the near future.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

One of the great challenges facing humanity today is a rapidly
changing climate and its impact on the environment, economy and
no).

Ltd. This is an open access article u
society (IPCC, 2022). The latest forecastsfrom the Intergovern-
mental Panel on Climate Change (IPCC, 2022) suggest that the
possible ~2 �C increase in temperatures by the end of the 21st
century, relative to the period from 1850 to 1900, will affect at-
mospheric dynamics and cause an increase in average annual
evaporation. In this respect, considerable increases in the occur-
rence of exceptionally hot seasons in North America in the 21st-
century are also anticipated (Diffenbaugh and Giorgi, 2012).
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Climate models also project decreases in winter precipitation over
the southwestern USA (Seager and Vecchi, 2010), which will lead to
tree die-offs and increased prevalence of catastrophic wildfires in
mountain areas (Alizadeh et al., 2021; IPCC, 2022), much of which is
already occurring. Enhanced drought, land use changes, and
growth in the water-demanding human population are generating
stress on environments and societies in that region (Seager et al.,
2007; Karl et al., 2009; Cayan et al., 2010; MacDonald, 2010;
Williams et al., 2013). An important question then arises: how will
ecosystems respond to climate change in southwestern North
America? Answering this question requires detailed paleoecolog-
ical and paleoclimatic studies to help us understand the relation-
ship between climate and the environment in the past, especially
during warmer and drier periods than at present such as MIS 5e.

The Last Interglacial period (LIG), commonly called the “Eemian”
(or “Sangamonian” in the USA) in terrestrial environments and
corresponding to the global marine isotope stage MIS5e, was a
period of significantly higher temperatures than the present
interglacial in many parts of the Northern Hemisphere and similar
to some projections of temperatures for the next century (Otto-
Bliesner et al., 2013; Capron et al., 2017). Terrestrial summer tem-
peratures in the Northern Hemisphere were particularly elevated
with estimated surface temperature anomalies between 2 and 5 �C
above the preindustrial level (Otto-Bliesner et al., 2013). The LIG
was also characterized by higher global sea level and reduced ice
sheet extent relative to the Holocene, consistent with the IPCC's
predictions for responses to future global warming. This period also
witnessed atmospheric CO2 levels of up to 300 ppm, similar to the
pre-industrial era (Brovkin et al., 2016). All these characteristics
make the LIG a key period as a natural analog for future environ-
mental scenarios due to global warming and/or drought increase
(Yin and Berger, 2015). The LIG offers many advantages for com-
parison with the present and the Holocene; the continental
configuration, flora and fauna were almost identical to the current
ones and being a recent period, sedimentary records are well pre-
served, providing us with excellent paleoenvironmental records at
high resolution.

In 2014 two long sedimentary cores, STL14-1A and 1B, were
obtained from Stoneman Lake, Arizona (Fig. 1). The correlation of
the lithological and physical properties of cores A and B permitted a
composite reconstruction of the sedimentary sequence of this lake
(Staley et al., 2022). Based on a suite of AMS radiocarbon dates in
the upper 6 m of the record, as well as four tephras dating to the
mid-Pleistocene Transition, the sedimentary sequence likely
Fig. 1. Location (A), coring (B) and vegetation background of Stoneman Lake, Arizona (C).
elevation in central Arizona is after Brown and Lowe (1982). Stoneman Lake is situated jus
Juniper (Juniperus) forests (C).
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contains a continuous record of the last ~1.3 Ma (Staley et al., 2022).
Herewe showa high-resolution palynological and charcoal study of
the topmost ~10 m of the STL14 record, covering the last climatic
cycle since the LIG (last 130 kyr; Fig. 2). STL is located just above the
lower elevation limit of the montane Pinus ponderosa forest and the
ecotone with the P. edulis (pi~non)-Juniperus (juniper) woodland
(Fig. 1). Therefore, the pollen stratigraphy from STL should be very
sensitive to changes in the composition and elevation of these
forest communities through time, which are predominantly
dependent on climate (Fall 1997).

Our pollen and charcoal data, together with the previously re-
ported chronological age control and sedimentological data pro-
vide insights about the paleoenvironmental and climate history of
arid southwestern North America and allow us to understand how
terrestrial environments might adapt in the future to global
warming (Williams et al., 2013; IPCC, 2022). In addition, results
from this study will improve our knowledge about the natural
climatic and environmental dynamics of the current interglacial in
the absence of anthropogenic forcing and the degree of alteration of
natural vegetation trends in the region due to human impact in the
past millennia. Further, the comparison of the STL-14 record with
other long and detailed paleoclimatic records from the western
USA and globally allows us to obtain information on potential cli-
matic triggers for past environmental change.
2. Study site

STL (34� 460 41''N, 111� 310 05''W, 2048 m above sea level) is
located in central Arizona (Fig. 1) on the southwestern edge of the
Colorado Plateau - the Mogollon Rim - and has a catchment area of
3.5 km2. Basin bedrock is composed of basalts of the Mormon
Mountain volcanic field of Middle Miocene to Late Pliocene age
(Holm et al., 1989), which overlie Paleozoic limestones. STL is likely
a sinkhole formed from the dissolution and collapse of these
limestones (Dohm, 1995), although its origin could also be related
to the collapse of an evacuated magma chamber (McCabe, 1971).

Historic data document that STL lake levels are sensitive to
climate, having reached a maximum depth of ~5 m in 1980, and
were generally high during the late 1970s to early 1990s (Malcolm
Pirnie and ADEQ, 2000), a period of higher-than-average precipi-
tation in the study area (Hereford, 2007). Lake levels have since
declined steeply, and STL is currently a palustrine environment due
to a prolonged early twenty-first century drought (Staudenmaier
et al., 2014) and is seasonally dry during summer and fall (Fig. 1).
Photo of coring of STL-14 in October 2014. The distribution of plant communities by
t above the ecotone between Ponderosa Pine (Pinus ponderosa) and Pi~non (P. edulis) -



Fig. 2. Lithology, age model, density and magnetic susceptibility (MS) for composite core STL14. On the left are numerical dates for the radiocarbon analyses done on the upper part
of the record. Suggested boundaries for MIS are marked by horizontal dashed lines. Our STL14 record was tuned to the LR04 isotopic record, and boundaries between MIS6-5 (130
kyr), 5e4 (71 kyr) and 4e3 (57 kyr) come from Lisiecki and Raymo (2005). Sedimentary facies characterization, density and MS data come from Staley et al. (2022). Lithofacies
indicating shallow lacustrine conditions are: P: Banded clay-silt with common carbonaceous organic matter. SLc: Massive to banded clay-silt with common authigenic calcite. SLm:
Massive clay-silt. SLlo: Interbedded couplets of organics and clay-silt. SLlco: Laminated to bedded organic-rich clay-silt with authigenic calcite laminae. Lithofacies indicating deep
lacustrine conditions are: DLl: Laminated to thin-bedded clay-silt with occasional diatoms. DLldb: Bioturbated laminated to thin-bedded and banded clay-silt with common di-
atoms. DLld: Laminated to thin-bedded clay-silt and laminated diatomaceous ooze with common to dominant diatoms.
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In the last decade, STL lake levels have not exceeded 50 cm (per-
sonal observations). Fluvial water inputs into the lake are negligible
due to the small catchment area and modern lake levels are sus-
tained by ground-water input, snowmelt from the immediate
slopes around the lake, and ephemeral runoff events.

Climatic data for STL are not available directly. However, data
from the nearby Happy Jack Ranger Station (2280 m asl; ~10.7 km
ESE of STL; https://wrcc.dri.edu/cgi-bin/cliMAIN.pl?az3828) docu-
ment a mean annual temperature of 7 �C, mean summer temper-
ature of 14.8 �C and mean winter temperature of �0.8 �C.
3

Precipitation in the study area is biseasonal, influenced both by
Pacific frontal winter precipitation related to El Nino-Southern
Oscillation (ENSO) (Cayan et al., 1999) and the North American
summer monsoon (Metcalfe et al., 2015). Mean annual precipita-
tion is 664.5 mm, with 45% occurring during winter (Decem-
bereMarch) and 31% during summer (JulyeSeptember).

STL is located near the lower elevational limit of the Sierran
montane conifer forest, and the upper limit of the pygmy conifer
forest (Brown and Lowe, 1978) (Fig. 1). Pinus ponderosa (ponderosa
pine) is the dominant tree species in the former, with additional

https://wrcc.dri.edu/cgi-bin/cliMAIN.pl?az3828
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tree species found around STL including Cupressus arizonica (Ari-
zona cypress), Quercus gambelii (Gambel's oak), Juniperus mono-
sperma (one-seed juniper), and Juglans major (Arizona walnut)
(Hasbargen, 1994). The pygmy conifer forest occurring below STL
(the ecotone is located at ~2050 masl in the study area), is domi-
nated by Pinus edulis (Colorado pinon) and several junipers (Juni-
perus monosperma, Juniperus deppeana, Juniperus osteosperma),
intermixed with drought-tolerant shrubs locally called a pi~non-
juniper woodland. At higher elevations above the Sierran montane
conifer forest in the San Francisco Peaks, ~70 km to the north of STL,
Pseudotsuga menziesii (Douglas fir), Abies concolor and A. lasiocarpa
(white and subalpine fir), Populus tremuloides (quaking aspen) and
Picea englemannii (Englemann spruce) occur together with other
high-elevation species (Fig. 1).
3. Materials and methods

The STL14 composite sedimentary record was recovered in
October 2014 using a truck-mounted coring device. Two cores,
STL14-A and STL14-B were taken 30 m apart in the northern
depocenter of STL (Fig. 1). STL14-A extended to the base of the
lacustrine sequence and ended when further penetration was
refused by basaltic rocks at 70.1 m below lake floor (mblf). STL14-B
reached 30.1 mblf. Overall, 98% recovery was accomplished in the
two cores. The cores were split and imaged at the Continental
Scientific Drilling (CSD) facility at the University of Minnesota.
Cores were scanned automatically by instrumentation mounted on
multisensor core loggers producing 0.5-cm-resolution data sets
that included different physical properties such as wet bulk density
(by gamma attenuation) and magnetic susceptibility (Bartington
MS2E point sensor) (Staley et al., 2022, Fig. 2). A composite corewas
constructed by correlating lithologic and physical properties of
cores A and B in their overlapping section (see Staley et al., 2022 for
details). Lithologic description and sedimentological analysis were
previously carried out by Staley et al. (2022) (Fig. 2). Staley et al.
(2022) studied the lithofacies of the STL14 sedimentary record
and noticed a correlation with wet bulk density and bulk magnetic
susceptibility (MS). In addition, they observed a correlation of
middle and late Pleistocene glacial maxima to deep lake deposits
defined by well-preserved bedding, increased biosilica, boreal
Table 1
Chronological control of the studied section of core STL14 (from Staley et al., 2022).

STL14 radiocarbon chronologya

Sample Core depth (mcblf)

STL14-1B-1C-1-45 0.45
STL14-1B-2C-1-62 1.99
STL14-1A-3C-1-63 2.55
STL14-1B-3C-1-7 3.01
STL14-1B-3C-1-37 3.31
STL14-1A-3C-1-142 3.34
STL14-1B-3C-1-41 3.35
STL14-1B-3C-1-114 4.08
STL14-1A-4C-1-145 5.93
STL14-1B-5C-129 7.34

MIS boundary Core depth (mcblf)

MIS 2 > 1 2.69
MIS 3 > 2 3.345
MIS 4 > 3 4.54
MIS 5 > 4 6.06
MIS 6 > 5 9.63

a 14C-AMS dates of wood and aquatic vegetation macrofossils.
b With 1s uncertainty.
c Using IntCal20 model of Reimer et al. (2020).
d MIS boundaries first described by Lisiecki and Raymo (2005) (in parenthesis) are red
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pollen taxa (i.e., Picea), and lower density and MS. Interglacial pe-
riods were interpreted as associated with shallow-water deposits
characterized by banded-to-massive siliciclastic material, some
authigenic calcite, the alga Phacotus, and higher density and MS.

To develop an age model for the STL composite sediment core,
we used radiocarbon analyses from the topmost part of the record
(age dates going back to ~45 ka) and visual correlation between the
STL14 facies-density record and the LR04 global mean benthic
isotope stack (Lisiecki and Raymo, 2005), which features a well-
established chronology (Table 1; Fig. 2; see Staley et al., 2022 for
more details on the age-depth model). Well-dated tephras,
including the Lava Creek B and the Bishop Ash, constrain age-depth
relationships deeper in the core than this study, but are consistent
with the radiocarbon age model (see Staley et al., 2022).

The STL14 cores were sampled for palynological analysis every
5e10 cm, depending on the sedimentary rate changes in the
different sections of the core, throughout the upper 10 m of the
record, which contains a sedimentary record of the last ~130 kyr
based on the age model described above (Fig. 2). A total of 132
samples of two cubic centimeters (2 cc) were collected. Following
the previously published age-depth model (Staley et al., 2022), the
average age resolution between samples corresponds to ~1000
years. The pollen extraction method followed amodified Faegri and
Iversen (1989) method. The sediment samples were processed with
HCl (35%) and HF (70%) to remove the carbonates and silicates,
respectively, from the sediment and concentrate the organic mat-
ter, and KOH (10%) to remove the cellulose fraction from the organic
matter. The samples were sieved using a 10 mm nylon sieve to
remove particles smaller than the pollen grains. Samples were then
treated by acetolysis (H2SO4 and glacial acetic acid) to eliminate the
rest of the unwanted organic matter in the samples. The residual
material, together with glycerin, was mounted on microscope
slides. Counting and identification of palynomorphs was carried
out with a transmitted light microscope at 400x magnifications.
Pollen grains are relatively abundant in the samples, and a number
of terrestrial pollen grains between 200 and 306 were classified,
enough to make environmental interpretations (S�anchez Go~ni
et al., 2002; Djamali and Cilleros, 2020). Pollen atlases, such as
Beug (1961) and pollen reference material of plants that occur in
the American SWwere used for certain identifications. Pinus pollen
Radiocarbon Ageb (yrs) Median calibrated agec (yrs)

427 ± 30 494
8026 ± 35 8887
9618 ± 37 10,943
23,104 ± 113 27,379
26,932 ± 156 31,092
28,211 ± 143 32,241
34,500 ± 253 39,649
43,390 ± 534 45,749
Radiocarbon not detected > ~50,000
Radiocarbon not detected > ~50,000

Aged (ka) Basis

14 Facies change (shallowing); Radiocarbon
34 (29) Radiocarbon dates
57 Facies change (shallowing)
72 (71) Facies change (deepening)
132 (130) Facies change (shallowing)

efined by Railsback et al. (2015).
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was divided into two categories: Pinus indeterminate [most-likely
including diploxylon (P. ponderosa or P. contorta) and haploxylon
(P. aristata, P. flexilis)] and P. edulis (pi~non). P. edulis pollen was
differentiated from the rest of Pinus indeterminate pollen by its
small size (generally smaller than 65 mm in breadth) and the
presence of verrucae on the leptoma (Hansen and Cushing, 1973;
Jacobs, 1985).

Pollen percentages have been calculated with respect to the
total sum of terrestrial pollen excluding aquatic taxa (Typha,
Cyperaceae, Myriophyllum, Potamogeton and Nuphar) in each
analyzed sample. The most representative pollen types with oc-
currences higher than 1% are shown in Fig. 3. The percentages of
algae (Botryococcus, Pediastrum, Spirogyra and Zygnema), Isoetes
microspores and other non-pollen palynomorphs (“Non-Pollen
Palynomorphs”; NPP such as Filinia longiseta eggs, oocytes of the
aquatic flatworm Neorhabdocoela or mycorrhizal fungus Glomus)
have been calculated with respect to the total sum of terrestrial
pollen and are shown in Fig. 4. The pollen ratio of Artemisia versus
Picea [A/P ratio ¼ (A-P)/(A þ P)] has been used in previous studies
to determine changes in vegetation related to climate (for example,
Toney and Anderson, 2006; Jim�enez-Moreno et al., 2011, 2019;
Johnson et al., 2013) and was also calculated in this study. Cluster
analyses of the pollen and NPP data were done using the program
CONISS (Grimm, 1987) (Figs. 3 and 4), with the goal of visualizing
sets of samples with similar pollen assemblages.

We applied a Principal Components Analysis (PCA) to our pollen
and NPP percentage data (Fig. 5). PCA locates variables (compo-
nents) that represent, as much as possible, the variance of the
multivariate data (Hammer et al., 2001). These new components
are linear combinations of the original variables. The PCA can be
used to reduce data sets to only two variables (the first two com-
ponents), in order to summarize the data for comparison in graphs.
PCA has been carried out using the Past4 software (Hammer et al.,
2001).

Charcoal particles larger than 30 mm were counted in the paly-
nological slides. Charcoal particles of large size between 60 and 100
mm were annotated (Fig. 4). Charcoal concentration (charcoal par-
ticles/cm3) was calculated using the Lycopodium tracer concentra-
tion, in the same manner as the calculations for pollen
concentration (Fig. 4).
Fig. 3. Detailed pollen diagram of the STL14 record. Only taxa with abundances higher than
the MIS stage boundaries inferred from the visual comparison of pollen curves and the Lisiec
recorded at STL.

5

4. Results

The forest pollen taxa that characterize the STL14 record are
dominated by Pinus species, most likely including P. ponderosa (that
grows in the area at present) and P. edulis, and in less abundance by
the mixed and subalpine conifers Picea and Abies, and the ther-
mophilous taxa Quercus and Juniperus. Regarding the herbaceous
and shrubby taxa, pollen assemblages are dominated by Artemisia,
Asteraceae, Ambrosia, Amaranthaceae, Poaceae and in smaller
proportions, other shrubs such as Ephedra and Sarcobatus (Fig. 3).
With respect to the NPPs, algal remains, such as Pediastrum,
Botryococcus, Spirogyra and Zygnema, are abundant. Spores of Iso-
etes (Pteridophyta), mycorrhizal fungi such as Glomus and eggs of
the rotifer Filinia longiseta also occur (Fig. 4).

The results of the PCA analysis on the main terrestrial pollen
data (tPCA) show two primary groups of distinctive taxa (Fig. 5A
and B). The tPC1 explains 45% of the variance and tPC2 explains 23%
of the variance. One group (tPC1þ) is characterized by a positive
correlation with PC1 and is composed mainly of Pinus indet., Picea,
Abies, Pseudotsuga, Poaceae and Quercus. The other group (tPC1-) is
characterized by a negative correlation with PC1 and is mainly
formed by P. edulis, Artemisia, Ambrosia, Amaranthaceae, Aster-
aceae, Juniperus, Sarcobatus and Ephedra.

The PCA applied to the NPP (Fig. 5C and D) shows that the nPC1
and nPC2 explain 57% and 24% of the variance, respectively. Two
main groups of taxa are identified with this analysis: an nPC1þ
group formed by Pediastrum, Isoetes, Filinia longiseta and Botryo-
coccus and an nPC1- groupmade up of Zygnema, Spirogyra, Debarya,
Neorhabdocoela and Glomus. The pollen data, summarized with the
terrestrial pollen P. edulis þ Juniperus abundance and A/P pollen
ratio and NPP nPC1, change through time. Objective zonation of the
pollen data by CONISS cluster analysis and visual examination
allow a subdivision of the palynological record in vegetation into
climatically distinct periods that roughly agree with the Marine
Isotope Stages (MIS) identified for the last 130 kyr (Figs. 3 and 4;
Lisiecki and Raymo, 2005; Cronin, 2010). In the sections below, we
discuss the STL vegetation and climatic reconstructions for each of
the identified MISs.
1% are shown. On the right are the cluster analysis done by CONISS (Grimm, 1987) and
ki and Raymo (2005) record. Red and blue shading highlights the warm and cold phases



Fig. 4. Detailed Non Pollen Palynomorphs (NPP) and charcoal data from the STL14 record. The occurrence of large charcoal particles between 60 and 100 mm is indicated by orange
rectangles. On the right are the cluster analysis done by CONISS (Grimm, 1987) and the MIS stage boundaries suggested by the pollen. Red and blue shading highlights the warm and
cold phases recorded at STL.

Fig. 5. Principal component analyses (PCA) from the STL14 terrestrial pollen data (tPCA; A and B) and NPP data (nPCA; C and D). A PCA correlation loading (to component 1) and
scatter diagrams are shown in A/C and B/D, respectively. The analysis was carried out using PAST 4.10 (Hammer et al., 2001). Interpreted PCA groups are shown (see text for
explanation).
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4.1. MIS5 (including the LIG, between ~130 and 73 kyr; 900-610 cm
depth)

MIS5 is generally characterized by the abundance of taxa in the
tPC1- pollen group, dominated by P. edulis, Ambrosia and Artemisia
and, in lower abundance, Amaranthaceae and Juniperus (Fig. 3).
Picea and Quercus are found in only small quantities, which, for the
former, is reflected in the high Artemisia/Picea (A/P) ratio, reaching
a maximum between ~120 and 108 kyr (Fig. 6). The rooted aquatic
macrophyteMyriophyllum is abundant during this period as well as
the NPPs Spirogyra, Neorhabdocoela and Glomus (Fig. 4).

Several orbital-scale cyclic changes are observed in the pollen
during MIS5 shown by decreases in the abundance of the species of
the tPC1- group, changes in the A/P ratio and P. edulis þ Juniperus
abundances, and small increases of group tPC1þ. For example, Picea
and/or Pinus indet. increased between ~126 and 123 kyr, between
101-96 kyr and 90-85 kyr, which are accompanied by enhance-
ments in NPP PC1þ group with taxa such as Pediastrum. Charcoal
particles and concentration are high during MIS5e and show a
decreasing trend over the rest of MIS5 (Fig. 4).

4.2. MIS4 (between 73 and 58 kyr; 610-465 cm)

MIS4 began with an important vegetation change: a significant
increase in pollen of the group tPC1þ, especially Pinus indet., which
replaced P. edulis and became the most abundant conifer around
Stoneman Lake (Figs. 3 and 6). Pinus indet. showed the maximum
abundance of the entire record at ~60 kyr. At the same time, there
was a significant increase in Picea, reflected in a lower A/P ratio, an
increase in nPC1þ algae of Pediastrum, and significant expansion of
both Isoetes and Botryoccocus. Myriophyllum decreased consider-
ably during this period, together with Spirogyra and Glomus.
Charcoal particles and concentration showed low occurrences
during MIS4.

4.3. MIS3 (between 58 and 27 kyr; 465-302 cm)

This period was characterized by significant changes in the
environment with three main palynological oscillations (MIS3c, b
and a; Figs. 3, 4 and 6). During MIS3c, an increase in the pollen of
plants of group tPC1- occurred. Artemisia and Amaranthaceae
pollen percentages reached their maximum for the entire record
and produced an increase in the A/P ratios. Pinus indet. showed a
significant decrease then. MIS3b was characterized by an increase
in Pinus indet. and Picea and thus in the tPC1þ group and a mini-
mum in the A/P ratio. During MIS3a, P. indet. showed a decrease,
and an increase in the pollen of plants of group tPC1-, mostly in
Artemisia but also in P. edulis, occurred. NPP PC1þ group increased
during MIS 3 and shows oscillations similar to the terrestrial pollen
PC1, with two maxima during 3c and 3a and a minimum during 3b.
In general, the occurrences of Glomus, Zygnema, Spirogyra and
Neorhabdocoela are minimal during MIS3. The resting eggs of the
rotifer Filinia longiseta were abundant during MIS3c, showed
maximum abundances during MIS3a, and were largely absent
during MIS3b. Charcoal particles were at a maximum during MIS3c
and decreased over the rest of MIS3, followed by another peak at
the end of MIS3a.

4.4. MIS2 (including the Last Glacial Maximum, between 27 and 15
kyr; 302-272 cm)

MIS2 was characterized by a decrease in Pinus indet., an increase
in Picea and Abies and an increase in Artemisia, which triggered an
overall decrease in taxa of the tPC1- group. Algae, especially
Pediastrum and thus nPC1þ, increased considerably at this time
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showing the highest values of the record (Figs. 4 and 6). Isoetes and
Filinia longiseta also show peak values. A minimum in charcoal is
observed during this period, with values comparable to MIS4.

4.5. MIS1 (including the Bolling-Allerod (B-A), Younger Dryas (YD)
and Holocene (15-0 kyr; 272-0 cm)

Picea and Abies decreased considerably and Pinus indet. shows a
decreasing trend during this period (Fig. 3). The decrease in Picea
triggered an increase in the A/P ratio, which stays high during MIS1
(Fig. 6). Quercus reached highest abundances during this period.
Taxa of the tPC1- group such as Ambrosia, Asteraceae, Amar-
anthaceae and Juniperus, as well as the aquatic plants Cyperaceae
and Myriophyllum, show increasing trends throughout the Holo-
cene. Pediastrum and Isoetes decreased considerably and the NPP
taxa from group PC1-, including Zygnema, Spirogyra, Neo-
rhabdocoela and Glomus, increased reaching maxima in the last 5
kyr. Botryococcus exhibits an increasing trend, reaching a peak at
~6.5 kyr, and subsequently decreased during the Late Holocene
until present. Charcoal particles increased during MIS1, especially
in the Middle and Late Holocene, and reached their maximum
values of the record at ~1 kyr, including large charcoal particles
(Fig. 4).

5. Discussion

Previous studies show that each vegetation type in Arizona is
characterized by its own unique pollen rain so that paralleling the
zonation of vegetation there are corresponding changes in the
composition of the modern pollen rain (Hevly, 1968). Therefore, the
modern pollen rain can be used as an index of modern climate and
previous works compared modern and fossil pollen spectra to
reconstruct past vegetation and climate in Arizona (Davis and
Shafer, 1992; Anderson, 1993). Pollen records from Rocky Moun-
tain alpine and montane wetlands show that vegetationwas highly
sensitive to climate variability during recent glacial-interglacial
cycles due to orbital- and millennial-scale variability (Jim�enez-
Moreno et al., 2007a, 2008, 2011, 2020, 2021; Anderson et al.,
2014; Jim�enez-Moreno and Anderson, 2013). Tree forest species
responded to changes in climate with vertical displacements up-
wards when climate warmed, and downwards when climate
cooled. The movements of the vegetation assemblages during the
Pleistocene and Holocene have been recognized by changing pollen
abundances. In previous studies, oscillations in the upper and lower
limits of the forest were interpreted as resulting from millennial-
scale climatic variations. Several synthetic pollen relationships or
ratios can be used as proxies for changes in vegetation and climate
oscillations. For example, the A/P (Artemisia/Picea) ratio points to
the relative changes in elevation between the subalpine altitudinal
bioclimatic assemblage and lower elevation steppe vegetation
mostly driven by changes in temperature (Fig.1; Carrara et al., 1984;
Toney and Anderson, 2006; Jim�enez-Moreno et al., 2011, 2020). The
increases in Artemisia, species of which occur today below the
lower montane zone, can be explained as an upward shift of the
steppe induced by warming and aridity (Jim�enez-Moreno et al.,
2011; Jim�enez-Moreno and Anderson, 2013). Thermophilous
montane taxa such as P. edulis and Juniperus indicate altitudinal
changes of the lower forest-steppe ecotone over time, also
controlled primarily by temperature (Cole et al., 2013). Two species
of Pinus currently grow in the STL area: P. ponderosa and P. edulis,
and both contribute pollen to modern sediments. However, these
two species grow across a range of elevations (see Fig. 1) and
fluctuations in the relative frequency of their pollen in the Pleis-
tocene sediments indicate displacements in elevation due to shifts
in climate (i.e., temperature; Hansen and Cushing, 1973).



Fig. 6. Comparison of climate and lake level proxies from STL14 (bottom) with summer insolation at 34�N (Laskar et al., 2004), d18O values from NGRIP (‰ VSMOW) (NGRIP
Members, 2004) and GL_syn d18O record (‰ VSMOW) (Barker et al., 2011) and the LR04 d18O record (Lisiecki and Raymo, 2005). Ages for Marine Isotope Stages (MIS) at the
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Lake levels from SWUSA also responded to past climate changes
e with higher lake levels during cold and/or humid periods and
lower lake levels during warm and/or arid periods e mostly trig-
gered by changes in the precipitation-evaporation balance (Allen
and Anderson, 2000; Fawcett et al., 2011; Jim�enez-Moreno et al.,
2007a; Yuan et al., 2013; Shuman and Marsicek, 2016; Staley
et al., 2022). Aquatic macrophytes (Myriophyllum, Isoetes), algae
(Pediastrum, Botryococcus, Spirogyra, Zygnema) and other organisms
(such as the rotifer Filinea longiseta and the aquatic flatworm
Neorhabdocoela) are conditioned by lake level and shore surface
area. The abundances of these aquatics changed through the
different climatic stages, providing us with information about lake
depth, nutrients and productivity. Pediastrum, a colonial alga, has
been interpreted as an indicator of oligotrophic to mesotrophic
deepwater lake conditions (Nielsen and Sorensen, 1992; Kaufman
et al., 2010; Anderson et al., 2020). Botryoccocus, also a colonial
green microalga, has previously been interpreted as a shallow and
eutrophic water indicator (Batten and Grenfell, 1996; Guy-Ohlson,
1992; Jim�enez-Moreno et al., 2007b). High abundances of Glomus
endomycorrhizal fungus in sediment samples from paleoecological
records have been related to increased rates of soil erosion and
other mechanical soil disturbances (Anderson et al., 1984; Van Geel
et al., 1989).

This study shows that vegetation and aquatic organisms living
in the STL environment responded very sensitively to climate
changes that occurred in the last ~130 kyr. However, because we
have tuned the STL14 record to the LR04 global mean benthic
isotope stack (Lisiecki and Raymo, 2005) in the older portions of the
core beyond radiocarbon dating, the chronologies for the MIS3, 4
and 5 transitions are not independent. This precludes us from
studying leads or lags in the paleoenvironmental and paleoclimatic
data from STL with respect to other regional or global paleoclimatic
records.
5.1. Last interglacial (LIG) - MIS5

The LIG was generally warmer than the Holocene. This can be
deduced by the predominance of P. edulis and associated plants
such as Juniperus, Ambrosia, Amaranthaceae, Asteraceae and Arte-
misia, which today grow at a lower altitude than the lake (pinyon-
juniper and desert shrubland Figs. 2 and 5). This would imply an
upwards displacement of the P. edulis and Juniperus ecotone to-
wards higher altitudes than present. The maximum temperatures
of MIS5 would have been reached between 117 and 108 kyr
(MIS5e), as shown by the maximum A/P ratio, high
P. edulis þ Juniperus and Amaranthaceae. Our results agree with
other paleoclimatic records from the western USA that show
warmer than present conditions during MIS5e, such as the paly-
nological records from Bear Lake in Utah (Jim�enez-Moreno et al.,
2007a), Carp Lake in Washington (Whitlock and Bartlein, 1997),
Ziegler Reservoir in Colorado (Anderson et al., 2014), and Clear Lake
in California (Adam et al., 1981) (Fig. 6). MIS5e is also globally
recognized as a warmer interglacial than the Holocene (Past
Interglacials Working Group of PAGES, 2016).

We can distinguish 5 climatically distinct periods during MIS5,
with three warmer substages corresponding to MIS5e, 5c and 5a
and two intervening cooler substages corresponding to MIS5d and
5b. These climatic oscillations were most likely forced by
precession-related changes in insolation (Laskar et al., 2004) and
therefore show similar trends to the Marine Isotope Stages (Lisiecki
very top of the figure come from Camuera et al. (2019). Correlations between the STL14 re
shades of pink point to relative warmth (the darker the warmer). The same applies for blue s
of MIS substages in the STL14 record.
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and Raymo, 2005) and the isotopic data from Greenland: d18O
values fromNGRIP (NGRIPMembers, 2004) and GL_syn d18O record
(Barker et al., 2011) (Fig. 6). Even though the vegetation changes
inferred from the pollen in the STL14 record appear to correlate
well with the main global climatic patterns during MIS5, there are
differences in the timing of the main climatic phases with respect
to the insolation and other paleoclimatic records. The STL14 record
seems to show a delay in the response of the vegetation with
respect to the timing of temperature maximum and insolation
maxima and minima during MIS5e-5b (Fig. 6). This is probably due
to the uncertainty in the chronology for this part of the record,
which is based only on tuning of facies changes with LR04 tie-
points at MIS5/4 and MIS6/5 transitions (Table 1; Fig. 2).

The driest conditions, shown by the abundance of shallow lake
NPP indicators nPC1-, occurred coincident with the warmest phase
of the LIG during MIS5e, related to summer insolation maxima
(Fig. 6). However, pollen data from the period between 130 and 117
kyr indicate a vegetation characteristic of higher elevations
consistent with somewhat “colder” conditions than later on be-
tween 117 and 108 kyr (Fig. 6). This is deduced by the lower A/P
ratio, higher Pinus indet., and thus pollen tPC1þ, and lower
P. edulis þ Juniperus abundance with respect to the earlier period.
The shallow lake massive clay-silt sedimentary facies and peak
density values show that the MIS5e would have started at 130 kyr
and highest density values are reached between 130 and 117 kyr,
disagreeing with the pollen. This asynchronicity between the
sedimentation and palynological record for the earliest part of
MIS5e could have been due to especially warm and dry conditions
in the STL area during summer insolation maxima (Fig. 6). Such
conditions could have produced enhanced aridity and drought, low
lake levels indicated by low algae values, opening of the vegetation
in the surroundings of the lake triggering an increase in erosion
deduced by peaks in Glomus between 123 and 118 kyr and could
have produced a bias in the pollen sedimentation and resedi-
mentation of older pollen into the lake pointing to “colder” climatic
conditions. This agrees with the abundant inorganic content in the
studied samples and visually observed pollen concentration and
preservation at that time, which is quite poor. A previous study of
mid-Pleistocene lacustrine sediment from the Valles Caldera, New
Mexico, found that the driest conditions and megadroughts
occurred during the warmest phases of past interglacials (Fawcett
et al., 2011), which would agree with our interpretation.

STL lake levels were generally low during the entire MIS5
period. This can be interpreted by the types of aquatic algae present
then, mostly dominated by Botryococcus and Spirogyra, and low
nPC1þ. Myriophyllum was abundant, indicating sediments depos-
ited in shallowwaters, as it is currentlymost often found inwater of
0.5e2.5 m of depth with abundant nutrients (Gross et al., 2020) and
canwithstand considerable desiccation (Cook, 2004). Stages MIS5d
and MIS5b can be interpreted as colder periods, with lower evap-
oration rates and resulting increases in lake levels, as reflected in
enhanced abundances of planktonic algae such as Pediastrum and
Botryococcus and thus nPC1þ. Both greater erosion (increases in
Glomus) and nutrient supply to the lake with increased eutrophi-
cation (Spirogyra and Zygnema) are observed during the warm
stages MIS 5e, 5c and 5a and showing an increasing trend towards
more recent stages. The increases in Spirogyra and Zygnema indi-
cate the development of important masses of filamentous algae in
the lake, suggesting eutrophic stagnant shallowwater undermilder
climate and longer snow free periods (Carri�on, 2002).
cord with MIS stages are attempted through shadings and dashed lines. The different
hading, representing cooler temperatures. Numbers with letters show the identification
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Neorhabdocoela was abundant during the warmest and driest
stages of MIS5, also pointing to shallow and eutrophic lake condi-
tions. This is inferred because Neorhabdocoela is restricted to the
phytal zone (feeding for example on Rotatoria and diatoms) and
produces oocytes - thick-walled resting-eggs - for propagation and
for surviving unfavorable ecological conditions during drought
(Haas, 1996).

Fire activity also changed with insolation and climate during
MIS5 (Fig. 6). It was especially high during MIS5e and local fires
most likely occurred in the STL area, deduced by the occurrence of
large charcoal particles. Fire activity diminished during MIS5d, and
showed a decreasing trend over the rest of MIS5 with slight in-
creases duringMIS5c andMIS5a. This pattern of increasing charcoal
deposition during MIS5e and the warm interstadials MIS5a and 5c
agrees with other charcoal records from SW North America such as
the Snowmastodon (Ziegler reservoir; Anderson et al., 2020) and
the Baldwin Lake (Glover et al., 2020) records. However, fire activity
during the last interglacial was lower than during MIS3 and the
Holocene in the STL record (Fig. 4). This pattern is also observed in
the charcoal record from Baldwin Lake (Glover et al., 2020). A
positive relationship between montane and subalpine Pinus
abundance and charcoal production was previously observed in
Colorado (Jim�enez-Moreno et al., 2019; Anderson et al., 2020).
Perhaps the charcoal abundance was lesser during MIS 5, domi-
nated by the lower elevation P. edulis vegetation, than during stages
MIS3 and MIS1, characterized by the abundance of ponderosa pine,
because these later pines are more fire-prone and fire-adapted
species (Fitzgerald, 2005) (Fig. 3).

5.2. MIS 4. onset of the last glaciation

Rapid and significant cooling occurred at the MIS5/4 boundary
in the STL record. This is deduced by the substantial increase in
Pinus indet. pollen (possibly P. ponderosa, the higher elevation Pinus
species growing in the STL area at present but also P. flexilis or
P. strobiformis), which probably expanded in the STL area and
replaced P. edulis (pi~non) (Figs. 3 and 6). This indicates a consid-
erable vertical displacement of forest species including the
montane ecotype of P. ponderosa (currently at elevations between
2000 and 2400 m) towards lower altitudes and around the lake.
Climatic cooling is also supported by the increase in Picea in the
pollen spectra, indicating a regional expansion or closer proximity
of upper montane forest to STL. The STL14 pollen record shows a
distinct rapid cooling pattern during MIS4, different than the
typical saw-tooth structure of the glacial cycles with long and
gradual glaciations that is observed in other paleoclimatic pollen
records from western North America (Fig. 7). Perhaps the steep
gradient in elevation in the STL area and the proximity of small
populations in microsites favored fast and significant vegetation
changes in the area with climate change.

Lake level increased synchronously with the vegetation change
due to the cooling and reduced evaporation, producing an increase
in algal remains of Botryoccocus, Isoetes and Pediastrum and thus
nPC1þ (Figs. 4 and 6). Lower erosion rates and reduced nutrient
supply into the lake can be deduced from the decrease in Glomus
and Spirogyra, respectively. A deepening of the lake also agrees with
the increase in abundance of Isoetes, probably related to an
expansion of the shallow water lakeshore area.

Fire activity was considerably diminished in the area with the
cooling and increase in effective precipitation. This agrees with
other regional fire proxy records that indicate little, if any, fire
occurrence during MIS 4 (Anderson et al., 2020; Glover et al., 2020).
Lower summer insolation controlled by orbital-scale precession
changes at this latitude (34�N; Fig. 6) most likely contributed to the
lower regional fire occurrence.
10
5.3. MIS 3. a relatively warm period during the last glaciation

MIS3 is characterized by a climatic warming that interrupted the
trend towards colder conditions registered in the previous MIS4
period. This is deduced by the increase in thermophilous plants of
the tPC1pollen group - such as Artemisia (the A/P index) and
Amaranthaceae. The pollen record indicates cyclical climatic os-
cillations, and we can subdivide MIS3 into three substages, two
warm (MIS3c and a) and one cold (MIS3b), based on warmer
environment (lower-elevation steppe) versus colder environment
(higher-elevation montane Pinus indet. and subalpine Picea) pollen
taxa, and variation in sedimentation (MS and density; Figs. 1 and 2)
and aquatic algae (Figs. 3, 4 and 6).

Percentages of Picea of 15e20% during MIS3b are similar to
present values of this taxon in subalpine forests of the Rocky
Mountains (Anderson et al., 2014; Jim�enez-Moreno et al., 2019).
This shows that this subalpine forest species must have existed in
the STL area or nearby, implying a significant movement of the
vegetation towards lower elevation due to climatic cooling. Tem-
peratures increased again during MIS3a, deduced by the increase in
the plants of group tPC1-, pointing to an upwards displacement of
the vegetation.

Lake levels increased over the course of MIS3b, indicated by the
increase in deep-lake algae such as Pediastrum (and NPP nPC1þ).
Superimposed on this trend are significant fluctuations mirroring
the terrestrial vegetation oscillations, indicating that water depth
was mostly controlled by temperature fluctuations and related
oscillations in effective precipitation. The increases in Isoetes during
stages 3c and the end of 3b and 3a, exhibit oscillations similar to the
climate, and indicate that the lake waters were very clear and
oligotrophic, environments preferred by this plant, during those
times. Minimum values of Glomus and Spirogyra support this
interpretation and indicate minor contributions of allochthonous
material from erosive events and a limited supply of nutrients into
the lake. The eggs of the rotifer Filinia longiseta increased in MIS3c
and MIS3a, supporting indications of increasing lake levels, since
this planktonic species inhabits pelagic environments in open and
sparsely vegetated lakes (Van Geel, 2001).

Fire activity increased during MIS3c, with a peak around 55 kyr,
and decreased during the rest of MIS3 (Fig. 4). This could have been
due to warmer and drier conditions indicated by the pollen during
that substage. Charcoal records for MIS3 in SW North America are
rare, but significant fire activity has also been recorded between 56
and 50 kyr in Baldwin Lake (California; Glover et al., 2020) and
between 57 and 47 kyr in Lake Chalco (Mexico), both related to a
summer insolation maximum at that time (Martínez-Abarca et al.,
2021) and pointing to a regional North American pattern in fire
activity.

5.4. MIS 2. Last Glacial Maximum (LGM)

Colder conditions were reached during MIS2, shown by the high
abundance of Picea and Abies between 25 and 30%, which indicates
that they probably occurred in the vicinity of STL at that time
(Anderson, 1993; Anderson et al., 2014). This implies a total vertical
displacement of ~1000 m of the subalpine vegetation towards
lower altitudes due to the decrease in temperatures between MIS5
and MIS2. Accompanying this climate cooling was a significant rise
in the lake level, most likely due to the low evapotranspiration and
an increase in Pacific moisture during boreal winter in the SW USA
due to the intensification and displacement of the polar jet stream
to the south of its present position (COHMAP Members, 1988;
Schmidt and Hertzberg, 2011; Oster et al., 2016; Amaya et al., 2022).
This is indicated by the considerable increase in deep-lake algae
such as Pediastrum, and the rotifer F. longiseta, which reached



Fig. 7. Comparison of long pollen records from Western USA for the last 130 kyr with summer insolation for 34�N (Laskar et al., 2004). Pollen data are from Bear Lake, UtaheIdaho
(Jim�enez-Moreno et al., 2007a); Owens Lake, California (Woolfenden, 2003); Clear Lake, California (Adam et al., 1981); Carp Lake, Washington (Whitlock and Bartlein, 1997); and
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maximum abundances here. The greatest abundance of Pediastrum
and nPC1þ shows that during the LGM, lake levels were probably
the highest of the last 130 kyr. A deepening of the lake also agrees
with the increase in abundance of Isoetes, a clear- and oligotrophic-
water fern indicator (Kaufman et al., 2010), consistent with an
expansion of the lakeshore area.

Fire activity was very low at this time (Fig. 4). This agrees with
other regional and global charcoal records showing that fire was
consistently lower during the LGM than during previous MIS5 and
MIS3 stages (Power et al., 2008; Daniau et al., 2010; Glover et al.,
2020) and supports the strong relationship between insolation,
global temperature and fire activity. Colder and more humid con-
ditions would have reduced the potential for fire ignition and
spread, probably reducing the frequency of fires and thus charcoal
production.
5.5. MIS 1. deglaciation (including the B-A and YD) and Holocene

A significant climate warming occurred during MIS1, which
forced a shift of forest species towards higher altitudes resulting in
the displacement of the subalpine forest around STL with montane
forest species. This is deduced by the decrease in Picea (increase in
A/P ratio) and the significant increase in Pinus indet. (most-likely
P. ponderosa in this case) and Quercus, which colonized the STL area
(Figs. 3 and 6). We are unsure if the observed warming represents
the glacial termination or the Holocene. This is due to the sampling
resolution, which is not high enough to recognize the distinct cli-
matic intervals of the deglaciation such as the B-A and YD. A
thermal peak was reached during the Holocene, however, tem-
peratures were never as high as during the LIG (MIS5e). This
interpretation comes from the fact that P. edulis never reached the
abundance of the LIG and the pi~non-juniper vegetation remained at
lower elevations during the Holocene until present. Our finding at
STL agrees with other long pollen records from W US such as Bear
Lake in Utah (Jim�enez-Moreno et al., 2007a), Carp Lake in Wash-
ington (Whitlock and Bartlein, 1997) Ziegler Reservoir in Colorado
(Anderson et al., 2014) and Clear Lake in California (Adam et al.,
1981) (Fig. 6).

The climate stayed quite warm (A/P ratios) throughout the
Holocene, although some millennial climatic variations are
observed. The lake level lowered considerably, interpreted by the
abrupt decrease in the abundance of aquatic algae (Pediastrum),
plants (Isoetes) and rotifers (F. longiseta) from nPC1þ. This was
probably due to the increase in temperatures and greater evapo-
ration and the displacement of the jet stream to the north, pro-
ducing a decrease in Pacific winter precipitation (Harrison et al.,
2003). Vegetation and NPP patterns show that climate (tempera-
ture or precipitation) changed. A warmer but still cool and rela-
tively humid Early Holocene is deduced by the high abundance of
Pinus indet. and the abundance of Botryococcus, indicating the
presence of a shallow lake. A tendency toward warmer conditions,
aridification and decrease in lake levels is observed since ~6 kyr,
interpreted by the increase in thermophilic-xerophilous species of
the PC1- group and the decrease in the P. ponderosa forests and
Botryococcus since the Middle Holocene, as Hasbargen (1994) pre-
viously observed. A greater contribution of allochthonous detrital
and nutrient materials is observed from this moment on, inter-
preted from the increase in Glomus and Spirogyra and Zygnema.
Finally, the increase in the aquatic plantMyriophyllum supports the
interpretation of a shallow and very eutrophic lake in the Late
Holocene.
ODP 893A, Santa Barbara Basin, California (Heusser, 1998, 2000). Note that each of the time
weighted mean and not % abundance as in the other records. The orange dashed lines high
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Another distinct feature of the Holocene pollen record with
respect to the LIG is the abundance of Quercus in the current
interglacial. Quercus has previously been interpreted as a ther-
mophilous indicator in montane and alpine sedimentary records,
increasing during interglacials and interstadials (Jim�enez-Moreno
et al., 2007a, 2010; Fawcett et al., 2011; Glover et al., 2020). Quer-
cus presently occurs within the P. ponderosa forest vegetation belt
and seems to have been favored in this area by warm Holocene
climate and environmental conditions. The increase in Quercus
during the Holocene was perhaps also favored by enhanced fire
activity in the Holocene (see below) as has been observed in other
pollen records from the SW US (Fall, 1985, 1988, 1997a,b; Jim�enez-
Moreno et al., 2011; Johnson et al., 2013). An increase in the
abundances of P. edulis and Juniperus forest species is also observed
over the last ~6 kyr (Fig. 3). Previous studies show that the
expansion of P. edulis since 6 kyr is a widespread phenomenon in
the SW USA (see synthesis in Jim�enez-Moreno et al., 2021) and was
related to changes in insolation and enhanced El Ni~no-winter
precipitation in this region.

Certain of these vegetation trends are likely to continue, as
many plant species are shifting towards higher elevations due to
recent global warming in mountain regions (IPCC, 2022). The
forecasted climate warming scenarios for the next decades (IPCC,
2022) will most-likely trigger further expansion of P. edulis and
Juniperus (only 100e200 m below STL) and other forest species
towards higher elevation areas than at present, occupying the study
area in a similar way as during the LIG.

Fire activity was low at the beginning of the Holocene, but
showed an increasing trend in the Middle to Late Holocene, with
maxima of fire activity including local fires (shown by the occur-
rence of large charcoal particles) at ~6.5 and 1 kyr (Fig. 4). Charcoal
deposition increased but was delayed with respect to maxima in
summer insolation and pine forest at ~10 kyr by ~3500 years
(Figs. 3, 4 and 6). This could suggest that Holocene fire activity
initiated after the initial stages of forest development there, as
climatewarmed and fuel accumulated. This first peak in fire activity
coincides with the timing of the warmest period of the Holocene in
this region (Shuman and Marsicek, 2016), and agrees with other
charcoal records from Colorado such as Hermit Lake (charcoal
maxima at ca. 6.6e4.4 ka; Anderson et al., 2018) or De Herrera Lake
(Anderson et al., 2008). A second peak in fire activity coincides in
time with the Medieval Climate Anomaly (MCA). This period has
previously been identified as especially active in fire activity in the
Rockies due to especially warm and droughty conditions (Calder
et al., 2015; Jim�enez-Moreno et al., 2021) but could have also
been due to activity in the area by Southwest Native Americans
(Pilles, 1996; Cordell and McBrinn, 2012).
6. Conclusions

The detailed palynological analysis of the STL14 sedimentary
record in Arizona permitted us to learn about vegetation, envi-
ronment, and climate changes since the LIG in the SW USA.
Although the chronological control of our record is incompletely
independent beyond MIS3, the pollen data show that vegetation
changed largely conditioned by orbital-scale changes in insolation,
primarily precession. This confirms the link between global climate
variations and regional vegetation changes through movements of
forest vegetation species upslope or downslope depending on
whether climate warmed or cooled, respectively.

The warmest conditions of the last 130 kyr were reached during
series is plotted against its own age model. The line plotted for Carp Lake is a locally
light the time of maxima in summer insolation related to precession cycles.
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the LIG, deduced by the abundance of pollen of the P. edulis and
Juniperus vegetation belt, which today grow mostly lower than the
lake elevation, indicating their occurrence in the STL area at that
time. Climate cooled since then and into the last glaciation closely
following orbital-scale precession-forced climate variations. The
coldest conditions were reached during MIS2, indicated by the
occurrence around the lake of subalpine species such as Picea or
Abies. This confirms (Anderson et al., 2000) a downslope vegetation
displacement of about 1000 m with respect to their occurrence at
present. Climate warmed up during the last deglaciation and Ho-
locene but never reached the peak temperatures of the LIG.

STLwater level oscillations closelymatch vegetation and climate
variations. Lake levels were conditioned by evapotranspiration and
the amount of effective Pacific winter precipitation. Lowwater level
occurred during warm interglacial/interstadial phases (i.e., MIS5e,
c, a; MIS3c, MIS3a and MIS1) and high lake levels occurred during
cold and humid glacial/stadial periods (i.e., MIS5d, MIS4, MIS3b,
MIS2). The highest STL water level was recorded during MIS2,
coinciding with the LGM.

Although the LIG and Holocene are not exact analogs for future
warm climates, due to different orbital configurations, we expect to
see a similar vegetation response in the study area to future tem-
peratures in the context of future anthropogenic greenhouse pro-
jections, with the P. edulis and Juniperus vegetation belt moving
towards higher elevations than at present and occupying the STL
area.
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