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Biomarker and pollen evidence for late Pleistocene pluvials in the Mojave Desert
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Key points

e Biomarker and pollen record from Searles Lake, CA sediment core spanning 200 kyr
e Changes in plant wax hydrogen isotopes consistent with regional speleothems
e Archaeal lipids reveal lake highstands, Termination 2 wetter than Termination 1

Abstract

The climate of the southwestern North America has experienced profound changes between
wet and dry phases over the past 200 kyr. To better constrain the timing, magnitude and
paleoenvironmental impacts of these changes in hydroclimate, we conducted a multiproxy
biomarker study from samples collected from a new 76 m sediment core (SLAPP-SRLS17)
drilled in Searles Lake, California. Here, we use biomarkers and pollen to reconstruct
vegetation, lake conditions and climate. We find that 6D values of long chain n-alkanes are
dominated by glacial to interglacial changes that match nearby Devils Hole calcite 5'*0
variability, suggesting both archives predominantly reflect precipitation isotopes. However,

precipitation isotopes do not simply covary with evidence for wet-dry changes in vegetation
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and lake conditions, indicating a partial disconnect between large scale atmospheric
circulation tracked by precipitation isotopes and landscape moisture availability. Increased
crenarchaeol production and decreased evidence for methane cycling reveal a 10 kyr interval
of a fresh, productive and well-mixed lake during Termination II, corroborating evidence for
a paleolake highstand from shorelines and spillover deposits in downstream Panamint Basin
and Death Valley during the end of the penultimate (Tahoe) glacial (140—130 ka). At the
same time brGDGTs yield the lowest temperature estimates (mean months above freezing =9
+ 3°C) of the 200 kyr record. These limnological conditions are not replicated elsewhere in
the 200 kyr record, suggesting that the Heinrich stadial 11 highstand was wetter than the last

glacial maximum and Heinrich 1 (18-15 ka).

Keywords: plant wax; GDGTs; hydrogen isotopes; carbon isotopes; pollen

Plain language summary

Searles Valley in the Mojave Desert, California, contains a saltpan, the remnants of a former
lake. Shoreline features show that the former lake was at times 274 m deep. We studied the
ancient lake mud and salt deposits below the valley floor to a depth of 76 m in a sediment
core drilled in 2017. The remains of microbes and plants allow us to reconstruct past climate
conditions. We find that during cooler glacial periods, conifer forests covered the landscape
and plant wax in the core records rainfall that is chemically different from today. These
differences are similarly recorded in nearby cave deposits, suggesting changing storm tracks.
The wettest climates were found in the cool climate of the penultimate glacial (about 135 000

years ago) when Searles Lake vigorously overflowed into Panamint Basin and Death Valley.

1. Introduction

There is considerable concern over water availability in southwestern North America and
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uncertainties around precipitation in climate model projections (Pierce et al., 2013). Proxy
reconstructions of past moisture availability under different temperature regimes can help to
understand the changing water balance (P—E) during periods of climate change (McGee,
2020), including evidence for water table rise and fall in southwestern North America

detected during recent glacial cycles (Wendt et al., 2018).

However, available proxy evidence from southwestern North America suggests different
magnitudes of variability and climate change during the late Pleistocene. For instance, Devils
Hole and the Leviathan composite record (Figure 1a) are high-resolution speleothem &'*0
records that record glacial-interglacial changes in 8'®0 of precipitation over two glacial
cycles (Lachniet, 2016; Moseley et al., 2016). However, the magnitudes of variability are
larger, and precessional pacing is more strongly represented in the Leviathan composite
record than in the Devils Hole calcite. Differences in aquifer mixing, karstic dissolution, and
calcite precipitation processes (including temperature) lead to differences between 8'*Ocacite
in the different cave systems and speleothem types. Independent evidence for precipitation
isotopic composition for the last glacial is available from groundwater, studied further south

in San Diego, but only for the last glacial (Kulongoski et al., 2009; Seltzer et al., 2021).

Lake sediments provide another archive of precipitation isotopes; for example, the late glacial
plant wax 0D record from Lake Elsinore, California (Figure 1a) (Feakins et al., 2019).
Biomarker studies of Lake Elsinore sediments, specifically bacterial membrane lipids, also
yielded evidence of previously unrecognized, highly-variable lake temperatures during the
last glacial period (Feakins et al., 2019). However, the 33 ka age range precluded analysis of
longer-term trends. Fossil pollen in Lake Elsinore and Searles Lake sediment cores provide

evidence for past vegetation and yield insights into past hydroclimate (Heusser et al., 2015;
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Litwin et al., 1999). However, vegetation composition can be influenced by multiple

variables (e.g., temperature, pCO,, and rainfall).

Here we revisit lacustrine sediments from Searles Lake (Figure 1c) to generate a 200 kyr
biomarker and pollen reconstruction of limnology as well as regional climate and
environmental changes. The combination of plant wax and pollen allows us to independently
infer changes in regional precipitation 8D and vegetation, which act as tracers for changes in
rainfall seasonality in this region. In addition, we analyze a suite of microbial biomarkers to
reconstruct aridity and inform on lake salinity, depth, and temperature. The multi-proxy
dataset (Table 1) uniquely yields new insights into the timing and magnitude of past changes
between aridity and pluvials that filled the chain of lakes to the east of the Sierra Nevada

Mountains (Figure 1b) in what is today part of the hyperarid Mojave Desert.

1.1. Regional setting

Searles Valley is an endorheic basin located in the Mojave Desert in southeastern California
(Figure 1). Below the evaporites on the valley floor, there are lacustrine muds from past deep
lake conditions. Shoreline tufa deposits indicate the lake was formerly up to ~300 m deep
(Smith et al., 1983). During past wet climate states, the Owens River carried spillover from
the upstream Owens Lake to China Lake and Searles Lake (Figure 1c¢). Owens Lake receives
snowmelt runoff from the eastern flanks of the Sierra Nevada Mountains (Bischoff &
Cummins, 2001). Over the past 200 ka, the Owens River has been almost continuously
inflowing into Searles Lake, with only the late Holocene and 6 brief (<1 ka) periods during
the late glacial receiving no inflow (Bacon et al., 2020). Once between 190 and 130 ka, the
catchment may have briefly expanded to include that of Mono Lake (Reheis et al., 2002).

When Searles Lake reached 696 m above sea level (asl), it would also reach the spillway into

4
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Panamint Basin and ultimately Death Valley (Forester et al., 2005).

The present-day climate in Searles Valley is hyperarid, with a mean annual precipitation of
100 mm between 1920 — 2016 (Western Regional Climate Center, 2022). Modern monthly
mean temperature averages 27.4°C in summer (JJA) and 11.4°C in winter (DJF), with
recorded temperature extremes of 41.0°C and -0.8°C (Western Regional Climate Center,
2022). Hot, dry, and often windy conditions promote high potential evaporation ~2000
mm/yr, far in excess of precipitation. Sporadic precipitation is winter-dominated, with DJF
and JAS monthly means of 18 mm and 4 mm, respectively (Western Regional Climate
Center, 2022). During pluvial conditions, Searles would receive precipitation falling on the
Eastern Sierra Nevada through Owens River inflow. Modern Eastern Sierra precipitation also
has a winter dominance with DJF and JAS monthly means of 67 mm and 16 mm,
respectively (Lake Sabrina) (Western Regional Climate Center, 2022). Local winter
precipitation is sourced from storms that derive from the North Pacific and sub-tropical
atmospheric rivers (Friedman et al., 1992). Summer rain is sourced from the Gulf of
California and Gulf of Mexico at the northern limits of incursion of the North American
Monsoon, with a small contribution from North Pacific moisture (Friedman et al., 1992). The
isotopic composition of precipitation can be affected by the precipitation moisture source
(Dansgaard, 1964). Precipitation from northerly winter and summer storms is typically more
D-depleted than southerly sourced moisture in either winter or summer (Friedman et al.,
2002), with Searles Valley precipitation having mean summer (March to September) and
winter (October to April) 6D values of -57%o (n =7, 6 = 13%o) and -74%o (n =7, 6 = 13%o)
respectively (collection dates 1982—1989, Friedman et al., 1992). Measured winter
precipitation in Owens Valley is more D-depleted (mean October to April =-96%o, n =6, ¢

= 15%o) than in Searles Valley due to Rayleigh distillation in rainout over the Sierra Nevada

5
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topographic barrier (~4 km) before reaching Owens Valley. Additionally, moisture can leak
south of the mountain range across the Mojave Desert (Friedman et al., 1992) to Searles
Valley and become enriched by evaporation during raindrop descent (Friedman et al., 2002).
Summer precipitation isotopic compositions reported from Searles Valley (mean, —57%o) and
Owens Valley (mean, —62%o) are similar (Friedman et al., 1992). The relative enrichment of
summer rainfall could reflect a greater proportion of convective rainfall in summer in
addition to the re-evaporation of raindrops as they fall in a hot, low humidity environment

(Friedman et al., 1992; Berkelhammer et al., 2012).
1.2. Age Model

Sediment cores SLAPP-SRLS17-1A and 1B (35.7372°N, 117.33°W, 495 m asl) were drilled
from Searles Lake in 2017 with 95% recovery extending to 78 m below the lake floor (Figure
1b). U/Th dating of evaporite minerals (Stroup et al., in prep) indicate the recovered
sediments span 200 ka BP. Stroup et al., (in prep) use 37 U-Th ages to construct a Bayesian
age model using BACON (Blaauw & Christeny, 2011). The model considers the mineralogy,
stratigraphic superposition, and boundaries between lithological units. To constrain the ages
of mud horizons from lower portions of the core lacking salt minerals suitable for dating, a tie
point near Termination 2 (T2) was identified, linking the 6Ds1, record (generated in this
study) to the Leviathan composite record 5lgOcalcite record, following the approach of Wang et
al. (2022). The data were scaled and interpolated before applying a low pass filter to both
records to remove high-frequency variability. We then calculated the second derivatives to
identify a match point at a gradient of 0. An age constraint of 126.5 + 0.5 ka from the
Leviathan composite record was applied to the feature found at 54.5 m depth in SLAPP-

SRLS17-1A. This tie point assumes that changes in the speleothem &'*0 in Nevada and leaf
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wax 0D in Searles Basin should closely correspond with each other; this assumption is
supported by the good agreement between regional speleothem records and Searles basin
O0Dyax over the last 100 ka when the records are anchored by independent U-Th-based age
models (section 3.2). Between 20050 ka, the accumulation rate of lacustrine carbonate muds
was 0.2 m/ka (95% CI, + 3.5 ka). After 50 ka, sediments and salts accumulated more rapidly
(1.3 m/ka). The late glacial and deglacial age model is well constrained (+ 0.9 ka), but the
late Holocene is less well resolved due to slowed deposition after the lake desiccated

completely and mining disturbed the upper salts.

2. Material and methods

2.1. Lipid extraction

Lacustrine muds were sampled in 2018 for biomarkers and pollen roughly every 60 cm (~2
ka), avoiding salts that dominate the upper 33 m of the core. We focused on the mud horizons
as a test salt sample was found to be barren for plant wax and pollen. As previously described
in Peaple et al. (2021), 120 sediment samples (~20 g) were dried, ground, and extracted using
a Dionex Accelerated Solvent Extraction system at the University of Southern California with
9:1 dichloromethane (DCM): methanol (MeOH) at 100°C and 1500 psi to yield the Total
Lipid Extract (TLE). The TLEs were separated into neutral and acid fractions using columns
backed with NH; sepra bulk packing and eluted with 2:1 DCM:isopropanol, followed by 4%
HCO:,H in diethyl ether, resulting in neutral and acid fractions, respectively. The neutral
fraction was further separated using columns packed with 5% deactivated silica gel, eluting
n-alkanes with hexanes, and the polar fraction with DCM followed by methanol. n-Alkanes
were treated with copper to remove elemental sulfur prior to GC analyses. Fatty acids were

methylated (to FAMESs) using 95:5 MeOH:hydrochloric acid at 70°C for 12 h, using MeOH
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of known isotopic composition (methyl group 8"°C of —24.7%o and 8D of —187%o).
2.2. GDGT analyses

The neutral polar fraction was analyzed by an Agilent 1260 High-Performance Liquid
Chromatography (HPLC) coupled with an Agilent 6120 mass spectrometer at the University
of Arizona, following the methods of Hopmans et al. (2016). Compounds were detected in
single ion monitoring mode and quantified relative to a C44 internal standard. Concentrations
of archaeol, caldarchaeol, and the ACE index for salinity were previously reported (Peaple et
al., 2021). Here we report concentrations of individual and summed (X) isoGDGTs and

brGDGTs and calculate temperature, pH, and methane sensitive indicators.

We calculate the branched isoprenoid tetraether (BIT) index:

la+Ila+1a’ +111a+11ar
BIT = (D

la+Ila+l1la’+111a+I11ar+cren

where brGDGTs la Ila and Illa, including both brGDGTs with a methyl group at positions 5
and 6 (5" and 6" methyl brGDGTs), are compared with the abundance of crenarchaeol
(Hopmans et al., 2004). In lakes, BIT has traditionally been interpreted to represent the
balance between soil inputs of brGDGTs and lake production of crenarchaeol (e.g.,
Verschuren et al., 2009). However, interpretations may differ as bacterial production may
dominate in many lakes, and changes in oxycline depth may control the abundance of
creanarchaeol-producing Thaumarchaeota (Baxter et al., 2021). As an additional measure of
lake stratification, we calculate %GDGT-0 (Sinninghe Damsté, Ossebaar, et al., 2012), which
measures the proportion of isoGDGT-0, produced by Thaumarcheota (e.g., Sinninghe Damsté
et al., 2012b; Schouten et al., 2013), anaerobic methane-oxidizing archaea (Pancost et al.,

2001; Schouten et al., 2001) and methanogenic Euryarchaeota (Schouten et al., 2013, and
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references therein) relative to crenarchaeol which is produced uniquely by Thaumarchaeota

(e.g., Sinninghe Damst¢ et al., 2002; Schouten et al., 2013):

[GDGT-0]
[GDGT—0]+[crenarchaeol]

%GDGT — 0 = 100 )

We calculate the CBT" index (De Jonge et al., 2014) where:

CBT' = logy, [1C+11a'+IIb'I-‘:I-:ICI';-iIIII;l;+IIIb'+IIIC'] 3)
CBT’ has been calibrated to pH in east African lakes (Russell et al., 2018):

pH = 7.15 — 1.59 = CBT' “4)
The temperature-sensitive MBT'sye index is the relative methylation of the 5" methyl
brGDGTs (De Jonge et al., 2014, Hopmans et al., 2016) and is expressed as:

MBT 5305 = (Ia+Ib+Ic) (5)

(Ia+ Ib+ Ic+1la+IIb+IIc+I1Ia)

where the Type I, 11, and III brGDGTs have four, five, and six methyl groups, respectively,
and the Type a, b, and ¢ brGDGTs have zero, one, and two rings, respectively. Duplicate
analyses and analyses of an internal laboratory standard throughout the runs yielded an error
of 0.009 MBT sy units (1c). To convert MBT sy to temperature, we use the Bayesian
BayMBT, model, which was generated by calibrating MBT sy, against the mean temperature
of the months above freezing from a global lake dataset (Martinez-Sosa et al., 2021),
including lakes over a range of pH (4.3 to 10), salinity (0-275 PSU) and temperature (1.6 to
28.1°C).

We calculate IR¢+7me, an index sensitive to changes in lake salinity (Huanye Wang et al.,

2021):
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Ha'+11p" +11¢" +111a’ +111b" +111 ¢’
Ha+Ib+IIc+Ia+I1Ib+IIIc+Ila’+1Ib"+11c' +111a’ +11Ib' +111c’
IRgi7me = X 0.5 (6)

uia'" +11a'"

Hla+11a’+111a"" +1la+11a" +11a'""

We also calculate TEXgg for all samples (Schouten et al., 2002):

(I[GDGT—-2]+[GDGT—-3]+[crenr])
([GDGT—-1]+[GDGT—-2]+[GDGT—-3]+[crenr])

TEXge = (7

and convert to lake surface temperature (LST) using the calibration (Tierney, Mayes, et al.,

2010):
LST = TEXg, X 38.874 — 3.4992 (8)

in a single sample where BIT <0.3 and %GDGT-0 <50, indicating high thaumarcheotal

relative abundance.
2.3. Compound-specific isotopic analyses

n-Alkanoic acids and n-alkanes were identified using an Agilent 6890 Gas Chromatograph
(GC) connected to an Agilent 5973 MSD mass spectrometer (MS) and quantified by a flame
ionization detector (FID). Abundances, average chain length (ACL), and carbon preference
index (CPI) were previously reported (Peaple et al., 2021). The carbon and hydrogen isotopic
composition of n-alkanoic acids (C,.28) and r-alkanes (C,7.3;) were measured for this study
using a Thermo Scientific Trace GC equipped with a Rxi®-5 ms column (30 m x 0.25 mm,
film thickness 0.25 um) with a PTV injector in solvent-split mode, coupled via an Isolink
combustion/pyrolysis furnace (1000/1400°C) to a Thermo Scientific Delta V Plus isotope
ratio mass spectrometer (IRMS) at the University of Southern California. Reference gas
linearity was assessed daily across 1-8 V, for 8"°C (16 = 0.04%o), and for 8D (H; " factor =
10.6 ppm/mV). A standard containing C,6-C3¢ n-alkanes of known isotopic compositions (A6

mix supplied by A. Schimmelmann, University of Indiana; 8"°C values from —25.9 to —

10
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33.7%o and 8D values from —17 to —256%o) was measured daily, allowing for normalization
to Vienna Standard Mean Ocean Water (VSMOW) and Vienna Pee Dee Belemnite (VPDB)
respectively. Reported 8"°C and 8D values for n-alkanoic acids were corrected to account for

the contribution of the methyl group.

2.4, Palynological Analyses
Pollen assemblages were studied for 113 samples at Syracuse University; for detailed sample
processing methodology, see the Supplementary Information. Pollen samples were counted
on 400x and 1000x magnification and compared to known pollen keys (Kapp et al., 2000).
Our counts found 22 unique taxa, though samples were dominated by Pinus pollen (e.g.,
greater than 40% of each sample). Pollen assemblages are expressed in percentages and
pollen influx rates (grains/cm?/yr). The similarity of the broad trends across these two ways
of expressing the pollen data increases our confidence that the patterns in our data are robust.
For our analysis, we exclude one sample at 27.49 m associated with a tephra layer. To
identify the patterns of variability in the pollen data, we calculated the Bray-Curtis
dissimilarity index between samples, using pollen taxa that were present in 2 or more samples
at a percentage greater than 2%. This index calculates the compositional dissimilarity
between two ecological samples in space or time and minimizes the contribution of rare taxa
to the dissimilarity between samples (Faith et al., 1987). We used a matrix of pairwise Bray-
Curtis indices between samples to perform a non-metric multidimensional scaling (NMDS).
NMDS iteratively moves all samples in 2-dimensional ordination space so that their final
distance from each pairwise sample is proportional to the Bray-Curtis dissimilarity between
those two samples. It is analogous to principle components analysis in that the distance
between samples on the plot provides a guide to their dissimilarity but is more robust for

assemblages containing rare taxa (Faith et al., 1987; Fasham, 1977). The results from this
11
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NMDS analysis are used to guide our interpretation of specific plant taxa in the pollen record.
2.5. Correlation analysis

All correlations between time series use non-parametric methods that account for serial

correlation (Ebisuzaki, 1997).

3. Results and Discussion

3.1. Vegetation reconstructions from Searles Lake spanning 200 kyr

3.1.1. Pollen

We present a multi-proxy biomarker and pollen study of vegetation change as recovered from
the sediments of Searles Lake in the SLAPP-SRLS17 sediment core. All vegetation-related
data obtained from the core are shown in stratigraphic context (Figure S4) and on the age
scale (Figure 2). Because of their long-distance dispersal and high productivity, Searles
pollen is dominated by Pinus spp (Figure 2) (Campbell et al., 1999; Wood, 2000). It has been
theorized that during glacials, pines likely expanded into the lowlands while being restricted
in the uplands (Litwin et al., 1999; Woolfenden, 2003). However, pollen from other taxa is
more diagnostic of vegetation change. During cooler/wetter glacial periods, Taxodiaceae-
Cupressaceae-Taxaceae (TCT), mostly Juniperus spp, increase in Searles sediments. Glacial
increases in Juniperus-type pollen have previously been reported from sediment cores from
the Gulf of California to the Great Basin (Byrne, 1982; Davis, 1998) and in packrat middens
across southwestern North America (Koehler et al., 2005; Thompson & Anderson, 2000).
Middens in the Central Mojave identify the local expansion of drought-sensitive J.
osteosperma during glacials indicating moist conditions in the lowlands (Holmgren et al.,

2010; Koehler et al., 2005; Willson et al., 2008).
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During interglacials, herbaceous taxa like Asteraceae and Amaranthaceae increased (Figure
2a). We sum Asteraceae and Amaranthaceae together to represent desert shrubs. NMDS
analysis reveals that glacial and interglacial samples from Searles lake show distinct pollen
assemblages and that these changes are primarily driven by changing proportions of desert
shrub and Juniperus-type pollen (Figure S4). Desert shrub proportions were previously
modeled by machine learning on n-alkane and n-alkanoic acid homologs in the same
sediments (Peaple et al., 2021; Figure 2b), and the comparison with desert shrubs
reconstructed by pollen (Figure 2¢) indicates similar long-term trends when high-frequency
changes are removed (r = 0.42, p>0.01). Pollen reveal the taxa present but are not necessarily
expected to be proportional to inputs of plant wax given differences in pollen productivity
(wind vs. insect-pollinated) and leaf waxiness, along with different release and transport
mechanisms. For example, although Juniperus spp. pollen are abundant in glacials, we do not
find their modal Cs3 n-alkanes (Diefendorf et al., 2015) to be abundant in Searles Lake
sediments suggesting lower proportional wax productivity or transport compared to their

pollen.

Pollen and biomarkers were linearly interpolated onto 2 kyr sampling resolution to assess
shared variance by principal component analysis (PCA; Figure 3). The PCA analysis
identifies a negative relationship between dominant Pinus spp pollen and TCT (mostly
Juniperus spp.). Juniperus spp. is associated with Artemisia, denoting their glacial co-
occurrence (Figures 2 and 3). The ACE salinity index and desert taxa Amaranthaceae show a
correspondence, similar to their presence in salty lowland areas today. Desert shrub pollen

increases with warming, consistent with prior reports (Lyle et al., 2010).

3.1.2.Plant wax 8'°C and 8D
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Carbon and hydrogen isotope evidence from long-chain plant wax biomarkers reveals
additional information about vegetation. We consider the long chain r-alkanoic acids (Cagacia)
and n-alkanes (Cs4x) (Figure 3), commonly used to reconstruct paleoenvironmental
information (e.g., Feakins and Sessions, 2010; Feakins et al., 2019; Tierney et al., 2010). In
this study, the correlation between the two compound classes are weak suggesting distinct
sourcing (Casacig and Csy, correlations are not significant for 8D and r = 0.4, p<0.05 for
8"°C). Macrophytes have been identified as a possible confounding input based on machine
learning on chain length distributions (Peaple et al., 2021). For the n-alkanoic acids, a
positive correlation between ACE (lake salinity) and 6Dyg,ciq (r = 0.4, p < 0.05) and
correlations between Cjgacig and Cagacig (r = 0.4 and 0.6, p<0.05) for 6D and sC
respectively), suggests that the Cagycig may include aquatic sources. We therefore rely on the

Cs1alk as a proxy for terrestrial vegetation in this study.

Supporting their terrestrial plant origins, we find agreement between 8"C31an and pollen,
with 8"Cs increasing with higher Amaranthaceae (C4 and C; members) pollen percentages
and influx rates (Figures 2d, 3, and Figure S4), suggesting that the C4 components are shrubs.
In contrast, grasses are nearly absent from the pollen record during interglacial intervals,
making it unlikely that the 8'°C3 . signal reflects C4 grasses (Figure 2d). The C, pathway is
used in some woody, halophilic desert plants sampled in the catchment today, including
plants in the Atriplex and Suaeda genera (see Supplementary Information). These plants are
phreatophytes and thrive in locations with shallow groundwater (Patten et al., 2008). C;
plants in the catchment include conifers, some of which (Juniperus spp.) produce long-chain

n-alkanes (Peaple et al., 2021).

The n-alkanes yield a clear D-depleted glacial and D-enriched interglacial pattern (Figure 2e).
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OD3;4 has a close phasing with desert shrub pollen (sum of Amaranthaceae and Asteraceae)
and temperature (Figures 2¢ and 3), and this covariation of proxies suggests a common driver
which will be explored when compared to regional and global climate (in Section 4.2).
During arid climates, like today, we assume that desert shrubs dominate the n-alkane record.
Although the details are necessarily unconstrained for past pluvial climates in southern
California, trees in modern temperate North American forests and woodlands are prolific
producers of n-alkanes. They have been shown to contribute strongly to lakes rather than
marginal plants (Freimuth et al., 2019). We thus infer that plant wax n-alkanes may have
been supplied by wind/fluvial transport to Searles Lake from catchment woody shrubs and
trees under pluvial conditions. We reconstruct dDprcip using the constant local fractionation
by plants (€31aik/p, -93%o0), determined from regional calibration across the modern aridity
gradient (Feakins and Sessions, 2010). Sensitivity tests that assess the effect of changing
vegetation based on pollen and plant wax 3'"°C (see Supplementary Information, Figure S2)

lead to confidence in the constant fractionation and hydroclimate interpretations here.
3.2. Plant wax evidence for glacially paced changes in hydroclimate

The Searles Lake 0Dj3a record (Figure 4) is dominated by glacial to interglacial variability,
with interglacials characterized by more positive values and glacials by more negative values.
After accounting for the ice volume corrections for seawater 6D, and the apparent
fractionation by plants, we can interpret plant wax dDs),1k as precipitation isotopic variations
(Figure 4c, see Supplemental Information for method details). 0Dpyecip averages -93%o (o =
6%o, n = 9) during interglacials and -125%o (o = 8%o, n = 9) during glacials. The Searles

8D precip closely matches global climate records of glacial to interglacial changes in pCO,

(Figure 4b), ice volume, and deep ocean temperature changes interpreted from benthic
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foraminiferal oxygen isotopes (Figure 4c) across two glacial-interglacial cycles.

Climate model experiments support theoretical expectations of D-depletion associated with
moisture condensation at colder temperatures and as ice versus liquid cloud droplets, as
expected in a glacial climate (Jasechko et al., 2015). Additionally, the southerly movement of
storm tracks would introduce more winter-season D-depleted North Pacific sourced
precipitation (Oster et al., 2015; Tabor et al., 2021) and a decrease in D-enriched North
American Monsoon summer rainfall (Bhattacharya et al., 2018) (see section 3.4.3 for more

details).

Comparison of the two glacial cycles in Searles Lake records suggests that the penultimate
glacial maximum (PGM) was cooler and wetter compared to the last glacial maximum
(LGM), which is in contrast to records of global climate change that show similar magnitudes
of changes during both glacial maxima (Figure 4). The dDprccip 1s lower (Figure 4c), the
BayMBT) temperature is 5°C lower (Figure 4d), and shrub pollen reaches a 200 ky minimum
(Figure 4e) during the later stages of the penultimate glaciation compared to the LGM. The
glacial-interglacial variations at Searles Lake are captured by changes in three independent,
climate-sensitive proxies: plant wax, bacterial membrane lipids, and pollen microfossils. The
climate changes that produce variations in these proxies are explored and evaluated further, in
discussions of regional precipitation archives (Section 4.3), past water availability (Section

4.4), and past temperatures (Section 4.5).
3.3. Comparison with regional precipitation isotope archives

We compare the new 200 kyr Searles Lake plant wax reconstruction of 6Dypycip to regional
speleothem 8"8Ocarcite records from Devils Hole (Moseley et al., 2016; Winograd et al., 1992)

and the Leviathan. Pinnacle and Lehman caves composite (Lachniet et al., 2014). The cave
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and plant wax records show similar glacial to interglacial pacing (Figure 5), with higher 5'*0
and 0D values during interglacials and lower values during glacials. Spectral analyses of each
record (Figure Se—g) show that Searles Lake and Devils Hole are paced by obliquity, whereas
the Leviathan composite is paced additionally by precession. For the obliquity response,
summer insolation maxima correspond to higher 8'*0 and 8D, and the magnitude of change
can be compared after accounting for the mass-dependent fractionation scaling of 8 (Figure
Sh). The amplitude of variability at Devils Hole, less than half that of Leviathan, was
attributed to aquifer averaging (Lachniet et al., 2017) and the slow rate of carbonate
deposition (Moseley et al., 2016). In addition, cave temperature can modulate the amplitude
of slgocalcite through its control on equilibrium fractionation between water and calcite
(Hendy, 1971; Kim & O’Neil, 1997). Studies of triple oxygen isotopes have shown
sensitivity to mineralization temperature at Leviathan and evaporation at Lehman (Huth et al.,
2022). We apply a 6-10°C cooling (consistent with our temperature reconstruction) during
glacials to interpretation of 8'®*Ocyicice in the Leviathan composite record (black bar Figure 5h).
In contrast, clumped isotope methods suggested Devils Hole remained within =1°C over the

past 600 kyrs because of the large aquifer size (Bajnai et al., 2021).

The correspondence of the glacial-interglacial changes and obliquity pacing with an
independent proxy, such as plant wax in lake sediments, provides independent corroboration
of the importance of obliquity pacing on large-scale hydroclimate and atmospheric
circulation. We note that obliquity and eccentricity are the dominant components of North
American ice volume (Bintanja & Van De Wal, 2008). As such, changes in ice-sheet extent
may have been a forcing of hydroclimate with glacial-interglacial and obliquity signals
recorded in both the Searles Lake and Devils Hole precipitation isotope archives. The

. . . . . 1 .
precessional swings in the Leviathan composite 8'*O record may reflect cave air temperature
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changes that affect calcite fractionation. Plant wax 6Dpy.ip is not considered temperature
sensitive, but carries uncertainty associated with fractionation, aridity, and plant type. The
similarity between the plant wax and cave records supports the obliquity pacing of
precipitation isotopes, but their climate significance is less clear. Although precipitation
isotopes are valued hydrological tracers that capture the obliquity pacing and glacial-
interglacial climate, they remain an indirect proxy for moisture availability on the landscape,

leaving a need for additional proxy constraints on hydroclimate.

3.4. Searles Lake salinity and regional moisture availability

3.4.1. Salinity proxies

Salinity inversely covaries with lake depth in terminal lakes (Olson & Lowenstein, 2021). We
compare results from two biomarker indices purportedly responsive to lake salinity, the
archaeal-derived ACE index (Figure 6a) previously reported in Peaple et al. (2021), and the
bacterial-derived IR¢+7me (Figure 6b) tested here for its potential to differentiate freshwater
conditions. While the ACE index (Turich and Freeman, 2011) is sensitive to lake
hypersalinity (Wang et al., 2013), it loses sensitivity below 60 PSU (He et al., 2020). In
contrast, the IR¢7me index was found to have sensitivity below 100 PSU (He et al., 2020). We
compare both approaches in Searles Lake sediments. ACE values range from 0 to 100, and
IR¢+7me range from 0.4 to 0.8. ACE appears to perform well in comparison to lithology: low
ACE values were found in thick muds (76-50 m, 29—28 m and 25-22 m) interpreted as
perennial, deep lake deposits, whereas high ACE occurred in interbedded muds and salts (36—
34 m) including trona and burkeite associated with hypersaline conditions (Olson and
Lowenstein, 2021; Olson et al., in review). Downcore we find a moderate positive correlation

between ACE and IR¢i7me in muds between 76 and 50 m (r = 0.43, p < 0.01) suggesting both
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proxies are performing well in perennial, saline conditions. No significant correlation exists
in the interbedded muds and salts deposited in saline to hypersaline conditions. We find
IR6+7me (0.60) is lower (i.e. fresher) in hypersaline lake stages than in deeper lake mud units
(0.66) indicating that this proxy fails at high salinities and needs joint application with ACE
for verification, or should not be applied when there are bedded evaporites. However, IR¢7me
index confirms expectations of being sensitive at low salinity as it detects the lowest IR+ 7me
values (freshest waters) between 140—130 ka. ACE is low between 140-130 ka, but there are
several other periods with similarly low ACE in the Searles Lake record (Figure 6a),
suggesting that ACE is less sensitive than [R¢ 7, for differentiating amongst the freshest
conditions of the 200 kyr record. Thus we recommend dual application of these salinity
proxies, to reconstruct salinity, with IRs7mc utility limited to low salinity settings. We
conclude that a terminal lake with varying salinity was the normal state for Searles Lake
across most of 200 kyr, with brief interludes of freshwater conditions with possible

throughflow.

The Searles Lake ACE (Figure 6a) and IR¢+7me (Figure 6b) records share key similarities with
the Devils Hole water table reconstructions (Wendt et al., 2018) (Figure 6d): a more saline
lake corresponds to low water table during the previous interglacial (Eemian), and a fresher
lake accompanies high water tables during Heinrich 11 and 1. The mean ACE and IR¢7me
were 19% lower and 1% lower, respectively, during MIS 6 relative to MIS 2 Searles Lake.
Similarly Devils Hole calcite deposits are much thicker in MIS 6 suggesting longer and more

frequent water table highstands compared to MIS 2.

3.4.2. Lake overturning and outflow

We find additional biomarker evidence suggesting unique limnological conditions existed in
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Searles Lake between 140—130 ka during late MIS 6. In comparison to high BIT and
%GDGT-0 indexes (~1 and >99%, respectively) in most of the 200 kyr record, indicating
stratified low productivity lakes, both indices decrease to medians of 0.72 and 46%,
respectively, between 140—130 ka (Figure 6¢), and IRg.7me values reach a freshwater
minimum. Modern studies suggest that crenarchaeol-producing Thaumarchaeota live above a
shallow oxycline (Baxter et al., 2021; Schouten et al., 2012; Wang et al., 2019), and
methanogenic archaea, which produce GDGT-0, occur below the oxycline of an anoxic lake
(Baxter et al., 2021; Bechtel et al., 2010; Wang et al., 2019). Searles Lake sediments typically
have low crenarchaeol relative to brGDGTs (high BIT) and GDGT-0 (high %GDGT-0),
suggesting salinity stratified and/or low oxygen conditions. But from 140—-130 ka these
biomarkers denote freshwater, high lake productivity, and a vigorously mixed water column
with deep oxygenation. Lake overturning is enabled in freshwater systems where winter
cooling causes surface waters to sink, also assisted by the turbulence of water inflow and
outflow (Rimmer et al., 2011). While much of SLAPP-SLRS17 consists of dolomite and less
common laminated aragonite thought to reflect salinity-stratified conditions, this portion of
the core is characterized by massive carbonate-free mud (Figure S5). These massive mud

deposits may reflect well-mixed lake conditions that allowed for bioturbation.

Searles Lake was likely briefly overflowing during MIS 2, likely associated with relatively
low ACE and IR¢+7me between 20 — 17 ka. However, we do not see a decrease in BIT or
%GDGT-0 during MIS 2, suggesting that the lake was not well oxygenated. Minimum ACE
and IR¢17me were lower during late MIS 6 than in MIS 2, indicating lower minimum water
salinity during MIS 6. Together with evidence for lack of overspill into downstream Lake
Panamint, this suggests that Searles was not vigorously outflowing for any extended period

during MIS 2. Additionally, constant sediment deposition on the lake floor from MIS 6 to the
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present has reduced the lake volume necessary to reach the sill elevation. The lake depth
required for spillover was 274 m in MIS 6, but only 225 m during MIS 2 to (Smith, 2009).
Given that Searles Lake was vigorously outflowing during late MIS 6 with 45 m deeper water

levels, we infer greater inflow and a wetter climate state than during MIS 2.

Searles Lake shoreline deposits indicate brief episodes of outflow occurred between 15-12
kyr (Lin et al., 1998; Smith, 2009), resulting in an 180-200 m deep lake being present in
Panamint Valley during periods of MIS 2 (Jayko et al., 2008). During MIS 6, Searles Lake
shoreline deposits (Smith, 2009) and chlorine transfer budget (Jannik et al., 1991) suggest a
period of intensive overflow into Panamint Valley, which resulted in the formation of a >300
m deep Lake Panamint which overspilled into Lake Manly in Death Valley (Jayko et al.,
2008). This overspill resulted in Lake Manly being deeper during MIS 6 than MIS 2 (Forester
et al., 2005; Roberts & Spencer, 1998). Further upstream, dates of lake highstands and
outflows suggest that Mono Lake was possibly overspilling into the Owens River catchment
during MIS 6 but not during MIS 2 (Reheis et al., 2002; Reheis pers. comm., 1/20/2022). The

biomarker evidence provides a new way to detect lake flushing associated with pluvials.
3.4.3. Heinrich Stadials 11 and 1

We now consider the climate dynamics behind these pluvials. Benthic §'*0 values (Lisiecki
& Raymo, 2005) and atmospheric pCO; (Liithi et al., 2008) are broadly similar in amplitude
during the last two glacial cycles (Figure 4a, b). However, the PGM has a longer duration
than the LGM (Jouzel et al., 1993), manifested regionally by the prolonged high water table
at Devils Hole (Wendt et al., 2018). However at Searles Lake, the freshest and highest lake
levels are reconstructed not during the PGM but H11 during Termination 2, and this was

wetter than H1 during Termination 1. Coastal pollen records from central California marine

21



486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

core ODP Site 1018 corroborate this pluvial comparison, finding a 20% greater decrease in
shrub pollen associated with the T2 extreme wet event than the T1 pluvial (Lyle et al., 2010).
The T2 pluvial is wetter than all other glacial terminations of the past 600 kyrs as recorded by
the longer records from ODP Site 1018 pollen and by the Searles to Panamint chlorine

transfer budget (Jannik et al., 1991).

Globally T2 and 1 differ in their sea-level rise, T2 being a continuous, rapid rise, whereas T'1
has a two-step rise (Clark et al., 2020). T2 also had stronger insolation forcing during the
Northern Hemisphere summer solstice (Bova et al., 2021). While Sierra Nevada glacial melt
could be a transient contributor at terminations, extended wet conditions require increased
precipitation. Tracers of cave infiltration, including trace element ratios, Sr/Ca, *’Sr/**Sr and
carbon isotopic evidence from Lehman Cave, Nevada, also suggest that H11 was wetter than
the preceding MIS 6 glacial maximum and terminated rapidly within 2 kyrs (Cross et al.,
2015). The disconnect between P—E and slgocalciw identified in Lehman Cave (Cross et al.,
2015), matches the lack of significant correlation we observed between the Searles Lake
0Dprecip With Searles Lake salinity proxies. This disconnect could indicate separation of timing
of local temperature change and that of large-scale hydroclimate dynamics (Cross et al.,

2015).

Model simulations link North Atlantic cooling during Heinrich stadials to pluvials in
southwestern North America (McGee et al., 2018). Proxy records suggest freshwater inputs
to the North Atlantic slow the Atlantic Meridional Overturning Circulation, leading to winter
cooling in the Northern Hemisphere, causing the Inter-Tropical Convergence Zone to shift
southward (Jacobel et al., 2016), and that southward migration is greater in T2 than in T1

(Jacobel et al., 2017), consistent with the deeper lake at Searles in T2 compared to T1. These
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509  dynamical changes intensify the northern Hadley Cell, accelerating the subtropical jet and
510 increasing the winter season delivery of atmospheric river precipitation to southwestern
511  North America (McGee et al., 2018). Precipitation from tropical/sub-tropical atmospheric
512 rivers is relatively enriched in the heavier isotopes of D and '*O compared to North Pacific-
513 derived moisture (Berkelhammer et al., 2012). Thus, the increase in 6Dpyecip We Observe at
514  Searles Lake and the increase in 51800am seen in Lehman Cave (Cross et al., 2015) during
515  terminations are consistent with these ocean-atmosphere dynamics. Temperature changes

516  likely play a secondary role in amplifying the 6Dp..ip signal (Dansgaard, 1964).
517 3.4.4. Timing of the T2 pluvial

518  Regarding the timing of the pluvial close to H11, we note the implications of the age model
519  selection represented in the comparison in Figure 6. The SLAPP-SRLS17 preferred age

520  model based on U/Th incorporates an age tie point between the Leviathan composite

521 5180ca1cite and Searles Lake 6D of Cj;; alkane, with an age of 126.5 kyr, at a gap in the U/Th
522 constraints (Section 1.2). This age model places the peak of the vigorous overflow event in
523  Searles Valley (Figure 6a, b, ¢, d, and ¢) at 131.4 kyr, coinciding with H11 (Cross et al.,

524 2015). Without the tie point, the U/Th-only age model places the overflow event later at

525  126.6 kyr. Regional climate records from southwestern North America uniformly suggest that
526  MIS 5e was relatively dry (e.g., Litwin et al., 1999; Woolfenden, 2003; Cross et al., 2015;
527  Wendt et al., 2018). Based on the assumption that the tie point to regional cave records is
528  appropriate, the microbial lipid record from the Searles Basin supports wet conditions during

529  HI1 followed by a shift to drier conditions at the beginning of MIS 5.
530 3.5. Terrestrial temperatures

531  We contribute to sparse evidence for terrestrial temperature change on land with the new
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biomarker records from Searles Lake (Figure 7). We reconstruct the mean annual temperature
of months above freezing (Figure 7a) of Searles Lake using the BayMBT calibration of the
bacterial lipid MBT sy index in global lakes (Martinez-Sosa et al., 2021). This record
overlaps with the 33-9 kyr record from Lake Elsinore with the same proxy (Feakins et al.,
2019), recalibrated with the same MAF (mean months above freezing) calibration here
(Figure 7a). Both lakes show 10°C glacial-to-Holocene warming and similar magnitude
variability within glacials, with notably warm intervals from 50-30 kyrs at Searles (22°C,
with a calibration uncertainty, RMSE of 3°C), corroborating reports of warm times during the

last glacial in the region (Feakins et al., 2019).

While brGDGT reconstructions can suffer from biases induced by shallow lake depth,
hypersalinity (He et al., 2020), and high alkalinity (Martinez-Sosa et al., 2021) in part related
to more influence from allochthonous inputs from soil-derived brGDGTs in less productive,
saline lakes (Martinez-Sosa et al., 2021), our tests corroborate the use of the BayMBT) lake
calibration (see Supplemental Information, Figures S8-10). Briefly, Searles Lake brGDGT
abundance distributions are more similar to global lakes (Martinez-Sosa et al., 2021) than
soils (Dearing Crampton-Flood et al., 2020). We also note that reconstructed temperatures
from Searles Lake and Lake Elsinore during the Holocene are similar to modern measured
MAF. Independent corroboration of the magnitude of the terrestrial deglacial warming comes
from noble gas groundwater paleotemperature reconstructions from the Mojave Desert
(Kulongoski et al., 2009) and San Diego (Seltzer et al., 2021) that capture evidence for 7—

10°C deglacial warming (Figure 7b).

In the 200 kyr BayMBT), record from Searles Lake, we identify the penultimate glacial as

colder than the last glacial. That cooling occurred between 215-150 kyr, followed by sharp
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warming during T2 (140-130 kyr) and relative temperature stability between 130-50 kyr,
pronounced cooling from 50-18 kyr, and then deglacial warming, as previously described.
Within the low BIT interlude (BIT = 0.3) of the penultimate glaciation at 131.4 kyr, we were
able to obtain a single archaeal, isoGDGT-based TEXg¢ estimate of lake surface temperature
applying the lake calibration (Tierney, et al., 2010) to one sample yielding an estimate of 12
+ 2°C (Figure 7a). This sample also yielded a BayMBT, temperature estimate of 14 + 3°C,
equivalent within calibration uncertainties. We note that the coldest temperatures are also
associated with the freshest conditions in the lake (low ACE, lowest IR¢+7me) and the
indication of overflow into Panamint based on the %GDGT-0 and BIT. Overturning in lakes
increases brGDGT production and export to sediments (Loomis et al., 2014), which could
result in a larger proportion of lake-derived bGDGT compared to allochthonous inputs. Given
that soil calibration of MBT’ sy underestimates temperatures when applied to lakes
(Martinez-Sosa et al., 2021), a decreased input of soil-derived brGDGTs could lead to a
decrease in reconstructed temperatures independent of a change in air temperature.
Additionally, this period is associated with a significant increase in CBT' (decrease in pH)
which could alter the bacterial community and may influence the temperature response (De
Jonge et al., 2021). MBT'sy, can show lake depth dependency in shallow, alpine freshwater
lakes (Stefanescu et al., 2021; Weber et al., 2018) which could result in deeper lakes being
biased to cooler temperatures. However, lake depth is not related to MBT's,. in global
lacustrine brGDGTs compilations (Martinez-Sosa et al., 2021), and we no find no correlation
between ACE and MBT sy (r = 0, p >0.05) here which suggests that changes in salinity (lake

depth) are not a dominant driver of MBT’sy in saline to hypersaline Searles Lake.

During the glacials terrestrial temperature changes by 10°C between 50-30 ka (Figure 7a),
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indicating significant terrestrial temperature variability. In contrast glacial-interglacial pacing
dominates the SSTs (Figure 7c), with a smaller amplitude (5°C) compared to the terrestrial
records and minimal variability within glacials. Shrub pollen (Figure 7¢) has a moderate
correlation with brGDGT reconstructed terrestrial temperatures (Figure 7a, r = 0.44, p<0.05)
suggesting that temperature is a dominant driver of vegetation cover in the drought-stressed
region. This indicates the importance of terrestrial temperature reconstructions to understand
the relationships between temperature, moisture balance and vegetation, with lessons for

future warming.
4. Conclusions

We present a new biomarker and pollen record from the SLAPP core drilled in Searles Lake
spanning the past 200 kyr. We show evidence from pollen and plant wax for vegetation
change and find that shrub pollen responds to glacial-interglacial temperature change. We
show that the plant wax n-alkane-based proxy for 6Dp.cip is characterized by large glacial to
interglacial and obliquity changes, likely driven by variations in ice volume. There is a strong
correlation (r = 0.79, p > 0.01) determined by non-parametric methods that account for serial
correlation (Ebisuzaki, 1997) between changes in dDp..ip and changes in Slgocmite from the
nearby Devils Hole speleothem. The similar pacing suggests that both archives are recording
precipitation isotopic composition; however, the Searles Lake 0Dpyecip record shows larger

amplitude changes.

We also present more direct indicators of moisture availability. The ACE index of lake
salinity and IR¢71 are consistent with lake core lithology and shoreline markers. We find
similarities between Devils Hole water table and regional lake depths, with pluvials during

glacials and drier interglacial conditions. However, we find that Searles Lake was likely
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deeper during the penultimate glacial, MIS 6, compared to MIS 2, with the wettest conditions
occurring during Termination 2, especially Heinrich stadial 11. During H11, Searles Lake
was well-mixed and overflowed into Panamint Basin, interpreted from the large decrease in
BIT and %GDGT-0. In comparison, Searles Lake remained a stratified, saline, terminal lake

during the last lake highstand in H1.

Both brGDGT-derived temperatures and the proportion of shrub pollen increase during
interglacial periods, although glacial temperature minima differ, with terminal MIS 6 being
4°C cooler than MIS 2. We find less shrub pollen, a fresher lake, and more D-depleted
precipitation in the T2 pluvial, providing confidence that the T2 pluvial was wetter than the
T1 pluvial from these independent lines of evidence from the sediments in the Searles Lake
core. This 200 kyr record reveals differences between the two glacial pluvials and between

two interglacials, highlighting the sensitivity of southwestern North America’s hydroclimate.
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Table and Figure Captions:

Table 1: Summary of proxies used in this study

Measure Producer Proxy information

Plant microfossils
Pollen Plant Plant species

Plant wax n-alkanes and n-alkanoic acids

abundance* Plant plant type, preservation
8¢ Plant Cs vs. C4, C3 water stress
oD Plant oD precipitation

GDGTs
BIT Microbial Bacteria:Archaea
BrGDGTs Bacteria  soil or lake productivity

IsoGDGTs Archaea lake productivity
%GDGT-0 Archaea lake stratification

ACE Archaea lake salinity
IR6+7ME Bacteria  soil or lake salinity
CBT' Bacteria  soil or lake pH
MBT 'spe Bacteria air temperature
TEXge Archaea lake temperature

*& chain length distribution metrics: ACL, CPI, ML

Figure 1. Maps showing location of A) Searles Lake (red star) and climate archives referred
to in the text including Owens Lake (blue circle), ODP 1012/1010 (pink circles), Devils Hole
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(orange circle), Leviathan Cave, Lehman Cave, and Pinnacle Cave (black circles) B) The
Lakes connected to Searles Lake during pluvial periods where M = Mono Lake, O = Owens
Lake, C = China Lake, S = Searles Lake, P = Lake Panamint, M = Lake Manly. C) Map of
Searles Lake during pluvial conditions highlighting inflow and outflow.

Figure 2. Vegetation reconstructions using pollen and plant wax proxies from SLAPP-
SRLS17. A) Proportion of pollen taxa. B) Modelled vegetation types based on SVM machine
learning of plant wax distributions in modern taxa applied to the downcore record (Peaple et
al., 2021). C) Comparison between modelled desert plant types and pollen “desert shrubs”
(the sum of Amaranth and Asteraceae pollen) presented as Z scores, i.e., normalized by the
mean in standard deviation units. D) 5]3C28acid and 613C31alk compared to Amaranth pollen. E)
8D18acid and 6D 3 alk.

Figure 3. PCA to assess biomarker and pollen covariations (Shrub = sum of Amaranthaceae
and Asteraceae pollen abundance).

Figure 4. Comparison of Searles Lake plant wax 6D3;a and calculated 8Dpyecip to global
climate data across two glacial-interglacial cycles showing A) Antarctic pCO, record (Liithi
et al., 2008), B) LR04 §'*0 benthic foraminifera stack (Lisiecki & Raymo, 2005), C) plant
wax Cs; n-alkane 6D (blue curve) and inferred precipitation oD after apparent fractionation
and ice volume correction (black curve). D) BayMBT, and E) shrub pollen%. Upper labels:
“Hol” = Holocene, “LGM” = Last glacial maximum, “LIG” = Last interglacial, “PGM” =
Penultimate glacial maximum. Lower labels: “MIS” = Marine isotope stage.

Figure 5. Comparison of plant wax and speleothem isotopic records. A) Searles Lake 6Dprecip
(black, this study), Leviathan composite record 81800alcite (orange; Lachniet et al., 2016) and
Devils Hole 8" O¢ycite (red; Moseley et al., 2016) with the 8'%0 axis scaled to account for the
8x greater mass dependent fractionation for hydrogen. B) Searles Lake dD..ip (black) and
summer insolation at 65°N (gray). C) Devils Hole slgocalcite and summer insolation at 65°N
(gray). D) Leviathan composite record 8'*Ocarcite (left) as in A but showing the individual
caves, two of which (Lehman and Pinnacle), were adjusted for spatial gradients in
precipitation isotopes (Lachniet et al., 2016). Black and white bars represent MIS stages. E —
G) Weighted wavelet z transform frequency spectrum for the records in B, C, and D. H) 5 to
95 % quartile range for measured values (blue), and after corrections for ice volume (grey),
cave temperature (Leviathan record, black bar) and plant wax &y.xw (green). The 8'%0 axis is
scaled to account for the 8x difference in mass dependent fractionation between H and O. Ice
volume-corrected Devils Hole shows the smallest range, whereas larger and comparable
magnitudes are recorded at the temperature-corrected Leviathan composite record and Searles
Lake.

Figure 6. Biomarker evidence that the late MIS 6 pluvial was a fresher water lake than the
late MIS 2 pluvial. Water balance reconstructions Searles Lake: A) ACE, B) IR¢+7me, C) BIT
D) %GDGT-0, and E) Devils Hole water table elevation (Wendt et al., 2018). Age model
without tie point is plotted for all GDGT indices as a thin faint line. Terminations 1 and 2 are
highlighted with yellow shading and Heinrich 1 and 11 are highlighted with blue shading.
Upper labels: “LGM” = Last glacial maximum, “LIG” = Last interglacial, “PGM” =
Penultimate glacial maximum. Lower labels: “MIS” = Marine isotope stage.

Figure 7. Local and regional temperature records over the past 200 kyr. A. Searles Lake
(blue line; this study) and Lake Elsinore (orange line; Feakins et al., 2019) recalibrated to
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MAF using Martinez Sosa et al., (2021) brGDGT temperature records, using the lake

MBT 5y BayMBT) calibration to mean temperature from months above freezing (MAF)
with an RMSE of 3°C. TEXgg calibrated to lake surface temperature (black dot) (Tierney,
Mayes, et al., 2010). B) Noble gas derived ground water temperature records (Mojve:
Kulongoski et al., 2009; San Diego: Seltzer et al., 2021). Comparison temperature responsive
vegetation change showing C) shrub pollen % (Amaranthaceae and Asteraceae; this study).
D) Alkenone based sea surface temperature (SST) records (ODP 1012, ODP 893: Herbert et
al., 2001, 1995).
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Supplementary methods

Extended palynology methods

An initial set of 115 pollen analyses were performed at the U.S. Geological Survey’s Florence
Bascom Science Center in Reston, VA by Ronald Litwin and Nancy Durika. To extract pollen,
2—12 g of wet sample were initially washed using deionized water to remove salts. Sediments
were then decalcified using HCI, and siliciclastic material was removed using HF and heavy
liquid separation in ZnCl», and mounted in glycerin jelly. One calibrated tablet of exotic
Lycopodium clavatum spores (62,712,2081 spores per tablet) was added to each sample to
enable calculation of absolute pollen concentrations and pollen accumulation rates.

A subsequent set of 115 samples were processed at Syracuse University and the University of
California, Berkeley’s Quaternary Paleoecology Laboratory. We sampled 2 g of dry weight
from each sample, added a tablet of Lycopodium clavatum, and used deionized water washes to
dissolve salts and disaggregate samples, then subjected the sample to HCl and HF acid
digestion, following by KOH to remove organic acids, and acetolysis. Samples were stained
with safranin and suspended in silicone oil. We processed 2—3 samples using both methods,
and found no systematic offsets in the pollen counts yielded by each method.

Modern plant study

As a complement to the downcore plant wax compound specific isotope work presented in the
main paper, we provide a supplementary study of representative taxa in modern vegetation.
These plant samples and lipid extractions were described previously (Peaple et al., 2021). They
are newly analyzed for compound specific carbon and hydrogen isotopic composition for this
study, using the same isotopic methods described in the main text. We studied representative
desert shrub vegetation in Searles Valley (SV) including C; creosote bush, Larrea tridentata (n
= 2) and rabbit brush, Ericameria nauseosa (n = 1) as well as C4 saltbush (Atriplex
hymenelytra, Atriplex confertifoli and Atriplex canescens n = 4). From the valley slopes we
sampled the C3 wild buckwheat, Eriogonum pusillum (n = 1) and spiny menodora, Menodora
spinescens (n = 1) as well as the Crassulacean Acid Metabolism (CAM) prickly pear, Opuntia
chlorotica (n = 1). We sampled conifers at 2150 m asl from the San Bernardino Mountains
(SBM), CA (165 km to the south of Searles Lake) including: jeffrey pine, Pinus jeffreyi (n =
9), western juniper, Juniperus occidentalis (n = 4), and white fir (4bies concolor) (n = 3).



Supplementary results
Modern plant survey

As context for the downcore plant wax isotope distributions (Figure S1a, b), we report '°C
and oD values for dominant homologues of the long chain n-alkanoic acids and n-alkanes in a
survey of living plants (Figure Sl¢, d). The availability of isotopic data varies as the molecular
abundance distributions differ between species.
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Figure S1. Violin plots showing a) §'°C and b) 8D values n-alkanoic acids (blue) and n-
alkanes (orange) in SLAPP-SL17 and c) §'°C and d) 8D distributions for plants collected in the
San Bernadino Mountain (SBM, green) and Searles Valley (SV, pink).

Carbon isotopes

The desert plant community from Searles Valley has a large range in carbon isotopic values
indicating the use of C3, C4 and CAM pathways (Nobel and Bobich, 2002; Yu et al., 2019).
Individual plants yielded 8'*Casacia values ranging from -17.3%o to 31.5%o and 8'*Caoaix ranging
from -20.3%o to -34.7%o (Figure S1c, d). The most negative values were measured in Cs3
shrubs including Menodora spinescens (8'*Caoaik = -32.5%o, 8'*Cagacia = -26.6%0, n = 1) and
Larrea tridentata (8" Caoaic = -31.6%o0, 8'3Casacia = -28.3%o, n = 1). Cacti including Opuntia
chlorotica (8" Casacia= -19.7%o, 8> Ca9aik = -20%o0, n = 1) and Cylindropuntia bigelovii



(8" Casacia= n.d. 8°Caoai = -19.4%o0, n = 1) have values denoting use of Crassulacean Acid
Metabolism (CAM). CAM plants are today a minor component of the mixed shrub cover and
are likely at their maximum prevalence (arid conditions); as their carbon isotopic compositions
are intermediate between the C3 and C4 plants, they are not explicitly considered for
sedimentary contributions. We detect significant and varying contribution of C4 xerophytic and
halophytic taxa both in the pollen and in '*C downcore. High 8'*C values were measured in
Atriplex (mean §'3Casgacia = -18.2%o, ' Ca9aik = -21.7%o0, n = 1) using the C4 pathway.

In conifers in North America, n-alkanoic acids are usually more abundant than n-alkanes
(Diefendorf et al., 2015) as corroborated by sampling of pine and fir species present in the San
Bernardino Mountains today, where Cs31 n-alkanes were rarely detectable. Thus conifers are
unlikely to contribute to the n-alkane downcore record, with the exception of junipers which
have high concentrations of C31-C3s n-alkanes (Peaple et al., 2021). For the dominant n-alkane
homologs: Juniperus occidentalis §'3Cs3ai (mean -31.3%o, 16 = 0.8%o, n = 5), 83 Caoaik, 4.
concolor (mean -28.1%o, 16 = 0.98%o, n = 3) and §'*Caoai Pinus jeffreyi (mean -28.6%o, 16 =
0.7%0, n = 9). We report data for the Cag n-alkanoic acid homolog, often modal in plants, and
reported downcore. We find §'*Casacia range from -32.4 to -23.1%o. J. occidentalis had the
lowest mean §'3Casacia of -29.6%0 (16 = 3.2%o, n = 4); A. concolor had a mean of -24.7%o (16 =
0.2%0, n = 3) and P. jeffreyi a mean of -24.4%o (16 = 1.1%o, n = 9). These conifers’ abundant
fatty acids may dominate the leaf wax transport in episodic montane runoff as seen in the Lake
Elsinore catchment (Feakins et al., 2019). Our compound class comparison in modern species
shows that the fatty acids are more abundant in conifers as expected, and also more enriched.
We show the §'3C,ciq in these species are very enriched for Cs plants, with values of -24 to -
25%o0 measured in these Cs conifers growing at 2 km (Figure S1c¢), values that could easily be
misconstrued for a C3-Cs mixture, when measured downstream in fluvial sediments or lakes.

Hydrogen isotopes

San Bernardino Mountain (SBM) conifers yielded dD2gacid values from -155%o to -190%o0 with a
mean of -166%o. dD2gacia mean values for individual species were determined for J.

occidentalis (-160%o, n = 1), P. jeffreyi (-186%o, 16 = 5%, n = 3) and A. concolor (-155%o, n =
1) and co-occurring Artemisia tridentata (-142%o, 16 = 0.8%o, n = 2). Although the conifers do
not have abundant n-alkanes, the angiosperm shrub A. tridentata yields 6D2oaix (-152%o, 16 =
10%o, n = 3). Desert plant taxa sampled in Searles Valley (SV) have 8D2gacia values ranging
from -121%o to -217%o (mean =-163%o, 16 23%0, n = 15) and 6D2gaik ranging from -98%o to -
190%o (mean =-155%o, 16 =25%o0, n = 13).

We found no systematic offset in hydrogen isotopic compositions between photosynthetic
pathway (Cs3, C4 and CAM in order of prevalence on the landscape) suggesting that an apparent
fractionation correction for the Cs versus C4 proportions is unlikely to be appropriate. The
conifers had a smaller range in dDc2sacid than the desert plants (35%o vs 95%0) which could
reflect the greater diversity of plant types (i.e shrubs, grasses and cacti) sampled in the Mojave
Desert. 0Dc29aik shows a similar distribution compared to dDc2sacid in desert plants (Figure S1)
although the mean value is slightly more enriched ( -155%o vs -166%0). Among the SBM
vegetation we find a large range between 6Dc31ai measured in J. occidentalis compared to the
d0Dc29 measured in A4. tridentata (-77%o vs -152%o). This might reflect different water uptake



strategies of the plants, as junipers uptake water throughout the year and respond quickly to
even small summer precipitation events (Williams and Ehleringer, 2000). However, we do not
see similarly enriched dDc2sacid, perhaps consistent with reports of seasonal offsets in
production of n-alkanes and n-alkanoic acids in conifers (Freimuth et al., 2017).

Sediment core plant wax isotopic results

In the main text we report two homologues, here we show results for additional compounds in
the homologous series as distributions (Figure S1) and downcore (Figure S2).

Carbon isotopes

For the n-alkanes (Figure S1a), §'*Cca7ai ranges from -34.0%o to -21.7%o (mean -26.0%o),
813Caoai ranges from -33.5%o to -26.9%o (mean -28.9%o) and §'3C31ai ranges from -32.5%o to -
27.0%o (mean -29.4%o). §'*Ca7zai has a moderate positive correlation with 8'*Ccasacia (r = 0.64),
although the correlations with the shorter chain 8'*Ccasacia and 8'*Caaacia are lower (r=0.2, r =
0.38 respectively). The correlations between §'*Casacia and the longer chain 8'*Cagai and
8'3C31ai are moderate (r = 0.45 and r = 0.4 respectively). There is no correlation between the
long chain §"*C31ai and the shorter chain §'*Casacia and 8'*Casacia (r = 0.12 and r = 0.15
respectively). There is a strong correlation between §'°Cazai and 8'*Caoai (r = 0.82) and
between 8'*Cagai and 8'°Csyai (r = 0.78) although there is a weaker correlation between
813Ca7ai and 8 Cs1aik (r = 0.64) indicating a difference in sourcing. For the n-alkanoic acids
(Figure S1a), 5'3Casacia ranges from -38.5%o to -22%o, 8'*Casacia ranges from -33.3%o to -23.2%o
and 8" Casacia ranges from -32.0%o to -23.4%o with a mean of -27.4%o.

Hydrogen isotopes

For the hydrogen isotopic composition of the n-alkanes, both 6D31aik and dD29aik show very
similar trends downcore (Figure S2c¢), in addition to having similar means (-202%o and -196%o
respectively) and ranges (-223%o to -170%o and -217%o to -164%o respectively, Fig S1b).
dD27a1k 1s more enriched on average (mean = -190%o) but has a similar amplitude of variability
(-223%o0 to -173%0). For the n-alkanoic acids (Figure S1b), Cos homologue, dDc2gacid ranged
from -227%o to -141%o with a mean of -182%o. 6D2sacid has a larger range (-209%o to -92%o) and
is on average more enriched (mean = -148%o) than 0D2gacid, as 1S 0D24acia Which ranges from -
192%o to -128%0 with a mean of -167%o. There is a positive correlation between the hydrogen
isotopic compositions by n-alkanoic acid chain length, with the strongest correlation between
OD26acid and 0Da2sgacid (r = 0.6) (Figure S2d). There is no correlation between the C3z1 n-alkanes
and Cog n-alkanoic acids (r = 0) indicating different sources of these molecules.
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Interpretation

Given the strong correlations between the Ca9 and Cs; alkanes in both 8D and §'°C (Figure
S2a, C) it is likely that they have a similar source. Even though bacteria and macrophytes have
been recorded as producing long chain alkanes (Aichner et al., 2010; Makou et al., 2018),
terrestrial plants are likely to be the dominant producers in most settings and thus we interpret
Ca9ai and Cs1ai as having a terrestrial plant origin. The mean §'3C of both Ca9ai and C31aik as
well as the small range downcore (Figure S2a) suggests that these chain lengths have a Cs3
source that is relatively invariant through time. Previous pollen studies from Owens Lake
(Litwin et al., 1999; Woolfenden, 2003) in addition to pollen data presented here (Figure S3a)
find that Artemisia and Juniper were the dominant plants in SV and thus we assume that these
plants dominate contributions to C9aik and Csiaik. The proportion of Amaranth pollen covaries
with §"3Caoaik and §'°C31ai (Figure S3d) suggesting that C4 desert plants also contribute.

C24acia and Caeacia likely had a different source to the long chain n-alkanes given the lack of
correlation between their respective 8'°C and 8D. The very negative §'3Caaacia between 56 m to
60 m (-38.5%0), combined with the inferred fresher water conditions (Figure S2d) during this
interval could imply that there is Ca4acia algal input, as algae have been recorded as having lipid
313C as low as -40%o (McCallister and Del Giorgio, 2008), and no measured modern terrestrial
plants in this study have such low 8'*Cacia values (Figure S1a). The lack of such depleted
813Ca4acia values in the rest of the core could suggest that algae production was suppressed by
the higher water salinities and thus the relative contribution of algae Ca4acia decreased.
Throughout the rest of the core other macrophyte and terrestrial plant inputs likely contribute
Ca4acid to Searles Lake and as such the source of Ca4 1s interpreted as changing downcore. The
very enriched values of dDasacid relative to other n-alkane and n-alkanoic acid chain lengths and
the moderate positive correlation between dD2sacia ACE (r = 0.4) suggests that the source of
Ca6acia Was living in Searles Lake/Owns Lake and thus the 6Daeacid likely reflects both the 6D of
lake water in addition to the salinity of the lake water which modulates the fractionation
between water and lipid (Sachse et al., 2012). Given that we see an increase in 6D26acid in
association with an increase in lake salinity implies an algal source, as bacteria and algae
epsilon decreases with increases in salinity (Sachse et al., 2012) whereas macrophyte
fractionation increases with increasing salinity (Aichner et al., 2017).

813 Ca8acia and 8" Ca7aik as well as SDasacia and 8Da7ai covary in the core and thus Cagacia and
Ca7aik likely share a similar source. Both §'*Cagacia and §'*Ca7aic show a similar down core trend
to the longer chain (Caoaik, C31aix) alkane §'°C, although they are more enriched by 1.5-6%o.
Additionally, whilst there is a strong correlation between dD2gacia and 0D27aik (r = 0.7) as well
as a strong correlation between dD27aik and both dD29aix and dD31aik, there is no correlation
between dDc2sacia and either 8D2oaik or dDs31aik. This suggests that the dDa27aik is receiving lipid
sourced from both the producers of long chain n-alkanes (terrestrial plants) as well as
aquatic/microbial producers. Cag n-alkanoic may include a mixture of aquatic and terrestrial
plant sources, given the moderate correlations between the 8D and §'*C of Casacia and both mid
chain length alkanes (C27.x) and mid length chain alkanoic acids (Caeacid). The lack of
correlation between the dD2gacia and dDs1aik indicates a difference in the signals captured by
these two compound classes in Searles Lake. The dDagacid 1s puzzling as it records D-
enrichment during glacials, opposite to hydroclimate expectations, suggesting the producers of
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n-alkanes and n-alkanoic acids differ. 0Da2sgacia anticorrelates with pines (Figure 3), likely
reflecting their abundant production of fatty acids. During the LGM (locally termed the Tioga
glaciation), the upper limit of tree production descended from 3.5 to 2.5 km as glaciers and
snowpack accumulated (Moore and Moring, 2013). The elimination of the highest elevation
conifer forests during glacials could increase the 6D value of exported plant wax n-alkanoic
acids by at most 10%o based on the expected altitude effect (Feakins et al., 2018). A glacial
expansion of lowland conifers could further add D-enriched lowland production. However, it
seems unlikely the altitude source effect could explain all of the 40%o variability observed
downcore (Figure 2e). Machine learning has suggested the possibility of aquatic macrophyte
inputs (Peaple et al., 2021), although unverified locally, given the lack of modern surface
water. There is some upstream macrophyte evidence from palynology of Owens Lake
(Woolfenden, 2003), although none in Searles Lake (this study). The D signal of aquatic
production (whether by macrophytes or microbial production) would be affected by changing
lake water 0D as well as lake salinity effects on fractionation (Sachse et al., 2012). Input of
snow and glacial melt to Searles Lake during interstadial periods would result in aquatic plants
acquiring a partially lagged precipitation 6D signal, which could obfuscate climatic
interpretations. Snow melt could also have indirect effects influencing water table levels,
which would impact the phreatophytic C4 shrubs that use shallow groundwater. We do not see
large changes in the dD2saciq Or signal associated with glacial terminations which could suggest
that snowmelt does not play a significant role in regulating lake 6D. There is a correlation
between 8'*Casacia and bayMBTy temperature (r = 0.48, p <0.05), possibly suggesting an
increase in aquatic production under warmer conditions. Rather than attempt to further theorize
about multiple unknowns, we suggest that both upland conifer and aquatic production may
contribute alkanoic acids, confounding the 8D22.28acia signal here. We therefore select the Cs1 n-
alkane as a proxy for terrestrial vegetation and hydroclimate in the main text.
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Modelling the apparent fractionation between plant wax and precipitation

The hydrogen isotopic composition of plant wax n-alkanes is of interest in order to reconstruct
the hydrogen isotopic composition of precipitation, but that interpretation requires knowledge
of the apparent fractionation between precipitation and plant wax in the modern system and an
informed estimation for the past. The reconstructed precipitation isotopic composition is
dependent upon the choice of apparent fractionation. In order to quantify the implications of
interpretive choices, we assess the sensitivity of 6Dprecip to changes in ewayp estimated using
four different methods (Figure S3f):

1.

il.

1il.

In the main text, we apply a “constant” ec3 of -93%o, based upon modern plant water
and plant wax n-alkane studies, that found a constant average fractionation of -93%o for
woody Cs plants sampled across a W-E aridity gradient from the coastal and montane
woodlands to the Mojave Desert (Feakins and Sessions, 2010). Apparent fractionations
are relatively invariant in this range of climate and vegetation, supporting the simplest
approach to downcore reconstructions here.

Pollen corrections have been applied in a few studies (Feakins, 2013; Inglis et al., 2020;
Tamalavage et al., 2020). We measured pollen and plant wax in parallel in the core, as
sampling depths differ, the data were each first interpolated onto the same timestep
using linear interpolation with a resolution of 1.7 kyr. The “pollen” approach calculates
ewaxp Using a mixing model (Figure S3f) based on the relative proportion of pollen
taxa, each assigned an epsilon from the literature, with the following equation:

Ewax/p “pollen” = fpine * Epine + fartemisia * Eartemisia + fasteraceae * Easteraceae+ (1)

f amaranthaceae * €amaranthaceae + fpoaceae * Epoaceae + fjuniper * Ejuniper

Where pine epsilon = -128%o (Tipple and Pagani, 2013), artemisia epsilon = -60%o
(Feakins, unpublished), asteraceae epsilon = -112%o (Sachse et al., 2012),
amaranthaceae epsilon = -81%o (Sachse et al., 2012), poaceae epsilon = -134%o (Sachse
et al., 2012) and juniper epsilon = -89 (Tipple and Pagani, 2013). We determine a mean
ewaxp pollen” of -113%o which is close to the value assigned to the pine component (-
128%o which is the dominant pollen Figure S3f) but reduced by the smaller apparent
fractionations of desert and juniper taxa. The downcore variation has a standard
deviation of 6.5%o, a small vegetation effect, as assessed by pollen.

Carbon isotopic corrections have been applied in tropical settings (Tipple and Pagani,
2010; Fornace et al., 2016; Windler et al., 2020) to account for different apparent
fractionation for C; and C4 vegetation types (Sachse et al., 2012) and this works well in
the presence of tropical C4 grasses with more strongly differentiated fractionations. The
approach is tested here for xerophytic/halophytic C4 woody shrubs. We assigned &c3 of
-93%o denoting the apparent fractionation measured for C3 woody vegetation surveyed
across Southern California (Feakins and Sessions, 2010) and estimate the gc4
component as -81%o based on values reported for chenono-amaranth (n = 10 samples,
Bi et al., 2005; Krull et al., 2006; Liu et al., 2006) from a global collation (Sachse et al.,
2012). We measured hydrogen and carbon isotopes on the same samples in the SLAPP-
SRLS17 sediment core, thus used the '*Csai values to determine the fcs assuming that
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main driver of §'3C31ai was the presence of C4 plants, using a mixing model approach to
generate a carbon-isotope informed gwax/p, “C3 v C4” as follows:

Ewax/p “C3vCa” = fraa ™ €3+ fea* s 2)
This mixing model has a mean epsilon of -89%o 15 = 1.0%o.

iv.  Here we introduce a new approach to quantify the vegetation effect, and use the
machine learning of plant wax r-alkane and n-alkanoic acid plant wax distributions in
the dominant plant taxa and the downcore record (Peaple et al., 2021). The machine
learning vegetation correction is based on the modelled proportion of vegetation using
the SVM algorithm (Peaple et al., 2021). We assigned endmember fractionations for the
desert plants, macrophytes and conifers categories, identified in the machine learning
approach, as -81%o (Sachse et al., 2012), -86%o (Aichner et al., 2010) and -109%o
(Tipple and Pagani, 2013) respectively.

Ewax/p “ML” = fesert * €desert + fmacro ® €macro + feonifer * Econifer (3)
This results in a mean epsilon of -86.8%o0 15 = 0.7.

All four Ewaxp methods yield similar reconstructions (mean 1o = 2.6) apart from the pollen
correction (i1) which yields 6Dprecip estimates that are +20%o offset compared to the other
methods. We discount this pollen-based estimate (ii) because: a) the pollen record is dominated
by pine, which is likely overrepresented due to the wind dispersed nature of its pollen and b)
pines produce very little Cs1ax thus a correction dominated by changes of pine is potentially
spurious. We caution against the pollen correction method in n-alkane records in similar pine-
pollen dominated assemblages. While we could weight to lower or eliminate the pine
influence, our estimates by the other approaches indicate that this would only shift the absolute
value and have limited influence on the downcore variability. We discount the mixing model
approach (iii) due to the weakness of its assumption that changes in §'3C31aix would be driven
solely by changes in the relative proportions of C; and Cs4 plants. The approach is compromised
here as both the changing moisture variability and changing proportions of conifers would
affect the C; “endmember”. We also reject the machine learning approach (iv) as the plant
groups reconstructed using this method (conifers, desert plants and macrophytes) have large
intra group ranges in epsilon which cannot be constrained. We thus apply the regionally-
determined, constant apparent fractionation of -93%o (i) to convert dD31aik into an estimate of
the 6D value of precipitation (8Dprecip) as reported the main text. We correct for the changing
composition of seawater (source water for evaporation), due to changes in glacial ice volume
using the benthic §'%0 stack (Lisiecki and Raymo, 2005), in order to evaluate changes in storm
track and other regional climatic drivers of precipitation isotopic variability.
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Supplementary palynology results

Glacial to interglacial changes in pollen taxa composition occur downcore, with shrubs and
pines dominating glacial periods with Juniper and Artemisia expanding during cold glacial
periods (Fig S3a). A Nonmetric Multi-Dimensional Scaling analysis confirms that pollen taxa
composition is different during glacial and interglacial phases (Fig S4a). Changes in pollen
taxa % could be impacted by changes in pollen influx rates to lakes (Pennington, 1979). We
show that pollen influx rates show similar trends to pollen % composition (Fig S3b, ¢, d),
suggesting that pollen taxa % reflects changes in catchment vegetation change.
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Figure S4. Analysis of major pollen taxa in SLAPP-SRLS17 sediment core. a) Non-metric
multi-dimensional scaling (NMDS) analysis with glacial (blue diamond) and interglacial (red
circle) samples highlighted. b, ¢, d) Time series plots showing the pollen percentage and influx
rate.
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GDGT concentrations and indices

GDGT distributions in stratigraphic context

We report the concentration of the br and isoGDGTs and select compounds on the sediment
stratigraphic context (Figure S5). We find crenarchaeol has low concentrations (<1 ng/g)
throughout the core except during the interval 57 to 58.5 m (highlighted in blue) where
concentrations peak at 238 ng/g (Figure SS5a). This depth interval also shows a peak in the

> brGDGT concentration to 810 ng/g. Between 30 m to 76 m brGDGT concentrations are
variable between 1 to 140 ng/g and between 6 m to 30 m brGDGT concentrations are lower
and range from 1 to 11 ng/g. > isoGDGTs have peak concentrations between 44 m to 51 m, 57
m to 58.5 m and 65 m to 76 m, although unlike brGDGTs and crenarchaeol, > isoGDGTs have
a maximum concentration between 65 m to 75 m with a peak concentration of 1015 ng/g. Like
> brGDGT, }1soGDGT also have lower concentrations in the upper section of the core
between 6 to 30 m likely due to the higher salinity conditions as shown by the salts in the
SLAPP-SRLS17 sediment core and high ACE values. Salts have higher accumulation rates and
thus greater dilution of organics and the environment is also more inhospitable to many
organisms.

BIT and %GDGT-0 are uniformly high (>0.9) throughout much of the sediment sequence but
both show decreases between 57 to 58.5 m. The low BIT and %GDGT-0 between 57 to 58.5 m
is driven primarily by the increase in crenarchaeol concentration (Figure S5b) and represents
and expansion in the amount of Thaumarcheota in the lake, likely in response to an increase in
oxygen and a decrease in salinity.

Caldarcheaol (isoGDGT-0, Figure 5c¢) makes up the majority of the > isoGDGT (Figure 5a)
and thus shows the same abundance trends with depth. Between 63 m to 76 m depth archaeol
correlates with caldarchaeol (r = 0.64), although there is a lack of correlation between 6 m and
63 m (r = 0). There is peak in the archeaol at 35 m where concentrations reach 909 ng/g and
occur in muds interbedded in salts, suggesting hypersaline lake conditions.

ACE (Figure S5d) is driven by changes in the relative proportion of archeaol and caldarchaeol
(1soGDGT-0, Figure S5c¢). ACE is variable with depth, ranging from 1 to 99, representing
fresh water to water salinities > 300 psu (Turich and Freeman, 2011). Low ACE values are
recorded in association with mud layers, with higher ACE seen from sections containing
interbedded salts (Figure S5g). This can be seen visually in the core; between 33 to 50 m ACE
decreases from 95 to varying between 40 to 2 and this matches the change from interbedded
mud and salt layers to massive mud.
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Figure SS. Downcore GDGT concentrations and indices in SLAPP-SRLS17, showing
concentrations of a) summed and select GDGTs concentrations, b) BIT and %GDGT-0, c)
caldarchaeol and isoGDGT-0, d) ACE and IR6+7me index for salinity, €) CBT', f) reconstructed
MAF temperatures and g) composite core stratigraphic column. Overflowing lake conditions
with mud facies and low ACE salinity (blue shading) occurred during Termination 2 (T2),
associated with high productivity (a) and a well-mixed lake (b). Thick salt accumulations
without biomarker sampling (pale pink shading).
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Evaluation of two salinity proxies

To determine the relationship between the two salinity proxies ACE and IR6+7me, based on
Archaea and Bacteria respectively, we present a cross-plot and highlight the agreement at low

and high salinity and the challenge with mid-range salinity detection with either proxy (Figure
S6).
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Figure S6 — Cross plot of ACE and IR6+7me measured in the same samples. The region where
both ACE and IRe+7me are low (blue shading) represents lower salinity samples. The region
with high IRe+7me but with ACE <0.85 (green shading) represents medium salinity samples and
the region with ACE > 0.85 represents high salinity samples. Open diamonds represent
samples above 50 m core depth and filled diamonds represent samples below 50 m core depth.

We also compare their time series (Figure S7a) cross wavelet spectra (Figure S7b) and
frequency spectra (Figure S7¢). Both salinity proxies show precessional pacing, showing both
share a common signal of salinity variations, in contrast to the obliquity-dominated dDprecip
(Figure S5c¢). Cross spectral analysis shows both salinity proxies have phase coherence in the
precessional and obliquity bands (1/19—1/45 kyrs) between 175-90 kyrs (Figure SSb).
Substantial precessional variability is also present in the % total organic matter measured in
Baldwin Lake (Southern California) sediments, between 125—75 kyrs (Glover et al., 2017),
suggesting changes in summer insolation were important in controlling regional water balance
during MIS6-MIS5. We find higher frequency coherence between 1/10—1/17 kyrs than 90-50
kyrs and weaker antiphase coherence between 50—12 kyrs at Searles (Figure S5b).
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Figure S7. Time and frequency response of salinity proxies ACE (blue) and IR¢+7me (orange).
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Weighted wavelet Z transform frequency spectrum of ACE (blue) and IR¢+7me (orange).

Temperature

The BayMBT, temperature calibration (Martinez-Sosa et al., 2021) applied to the measured
MBT'sme downcore yields months above freezing (MAF) between 7 to 25°C (Figure S5f).
MBT'sme decreased between 76 to 57 m to a minimum of 7°C when Searles Lake is interpreted
to have overflowed into Lake Panamint. MBT'sye then rapidly increased to higher temperatures
(23-25°C) between 56 to 40 m. Temperatures then decreased between 40 to 30 m to 12-15°C in
association with the appearance of salts in the core. Temperatures were variable between 30 to
6 m and ranged from 15-23°C, with a cooler period of 16-17°C occurring between 22 to 26 m
in association with mud deposits. There is a positive association between BayMBT)
temperature and the presence of desert shrub pollen in the core which suggests that in spite of
the hypersaline and hyperalkaline lake chemistry the MBT sme is primarily responding to
changes in water temperature.

In order to interrogate the choice of calibration, we compared compilations of soil (Dearing
Crampton-Flood et al., 2020) and lake brGDGTs (Martinez-Sosa et al., 2021) filtered to only
consider those between 25 — 14 °C equivalent to the temperature range experienced in Searles
Valley (Figure S8). This lends confidence in the choice of lake temperature calibration for
temperature reconstructions. This test also indicates that the salinity variations do not yield a
community of producers with a different brGDGT distribution, which is reassuring as salinity
can lead to “warm” biases in some lakes including nearby Mono Lake (Martinez Sosa et al.,
2021).
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Figure S8. Violin plots of brGDGT distributions from soil (Dearing Crampton-Flood et al.,
2020) and lake (Martinez-Sosa et al., 2021) compilations, selecting those entries with MAT of
14-25 °C, for comparison to brGDGT distributions from Searles Lake SLAPP samples. Searles
appears to have lake-like distributions.

la

We also calculate the IIla/Ila index used to determine the source of brGDGTs, with soils
typically having lower Illa/Ila compared to lacustrine brGDGTs (Xiao et al., 2016), where

[Ma/Ila = (ITa+1I1a")/(ITa+11a") 4)

We compared the distributions of Searles Lake I1la/Ila with the global compilations of
lacustrine and soil I1Ia/Ila values and found that Searles Lake I1la/Ila were more similar to
lacustrine values (Figure S9). The relative proportion of tetramethyl, pentamethyl and
hexamethyl measured in Searles Lake samples is more similar to the distribution of lacustrine
samples than the soil samples (Figure S10). These tests indicate the dominant source of
brGDGTs to Searles Lake were bacteria living in the lake, and thus brGDGT distributions
likely record lacustrine conditions (Figures S8-10).
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Figure S9. Violin plots of distributions of I1la/Ila from soil (Dearing Crampton-Flood et al.,
2020) and lakes (Martinez-Sosa et al., 2021). Searles appears to have lake-like distributions.

17



a Pentamethyl brGDGTs b Pentamethyl brGDGTs
10 10
@ Searles Lake
O Lake compilation

2 s 0.8 0.2 0.8 0.2
O Soil compilation

0.6 0.4 0.6 0.4

1 0.8 0.2 ] 1 0.8 0.2 0
Hexamethyl brGDGTs Tetramethyl brGDGTs Hexamethyl brGDGTs Tetramethyl brGDGTs

Figure S10. Ternary phase diagrams showing the proportion of tetramethyl, pentamethyl and
hexamethyl brGDGTs from Searles Lake sediments, soils (Dearing Crampton-Flood et al.,
2020) and lakes (Martinez-Sosa et al., 2021).

Assessing the effect of removing Pinus spp. pollen on the PCA analysis

The PCA analysis in the main text includes Pinus spp (Figure 3). Here we compare the effects
of including or excluding Pinus spp. (Figure S11). Biomarker and pollen loadings are similar
in both PCAs indicating that Pinus spp. pollen does not significantly affect the PCA analysis.
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Figure S11. PCA to assess biomarker and pollen covariations (Shrub = sum of Amaranthaceae
and Asteraceae pollen abundance). Pinus spp. pollen was included in Figure 3 PCA (left) and
excluded in the PCA (right).
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