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Abstract

Reconstructions of past hydroclimate provide a means to understand precipitation responses to
global ocean-atmosphere climate dynamics beyond the scope of that in the instrumental record.
Late glacial climate was characterized by abrupt variability in ice and ocean dynamics, however
the implications for hydroclimate are not as well known. Here we present organic geochemical
proxy evidence for precipitation isotopes based on plant leaf wax hydrogen isotopic
compositions (0Dyax) and temperature proxy evidence based upon the branched glycerol dialkyl
glycerol tetraethers (brGDGTs), that derive from the membrane lipids of bacteria, each extracted
from a sedimentary archive in Lake Elsinore, California spanning 32 — 9 ka. We add proxy
evidence for vegetation and salinity from additional biomarker analyses and compare to prior
pollen and sedimentological evidence from the same core. Our record indicates a strong deglacial
warming of 10°C in Lake Elsinore (beginning at 14.5 ka) that accompanied a D-enrichment of
precipitation of +90%o and more C,4 vegetation (12 — 10 ka), after a cold, wet and Cs;-dominated
phase (20 — 14.5 ka), indicating winter-dominated precipitation during the Last Glacial
Maximum and Heinrich Stadial 1. During the late glacial (32 — 20 ka) we find abrupt variability,
with precipitation isotopic shifts (~70%o) that are independent of temperature swings implicating
changes in storm track, rather than local temperature as drivers of the precipitation isotope signal.
Temperature is however not irrelevant for hydroclimate: we find extreme warmth at 29.4 ka and
26.8 ka, the latter coincident with existing reports of an extended dry period (27.5 —25.5 ka),
suggesting a long hot and dry interlude during the generally cooler glacial period. We compare
ODyax With speleothem 8'°0 from Nevada, also within the winter-dominated precipitation region.

Our results corroborate the Last Glacial Maximum and deglacial signals, and fill gaps revealing



36 storm-track instability from 32 — 20 ka, however the pacing and magnitude of the biomarker

37 signals merit cautious interpretation.
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1. Introduction

Southern California experiences substantial interannual variability in precipitation, with longer-
duration hydroclimate shifts potentially leading to widespread drought and reduced water
availability. Future climate projections suggest that southern California may be prone to more
extreme drought under rising greenhouse gas concentrations, due to a combination of reduced
precipitation and elevated temperatures (Williams et al., 2013). These concerns have motivated
further study of the nature, magnitude and causes of hydroclimate variability in this subtropical,
arid region both from climate modeling (Wei et al., 2016) and recent paleoclimate (tree-ring)
perspectives (Griffin and Anchukaitis, 2014). Sedimentary records of hydroclimate provide a
way to develop an even longer-term perspective on the range of variability that is possible for

this region.

The isotopic composition of precipitation (oxygen and hydrogen) integrates the history of a
water parcel in the atmosphere, including the source of moisture and rainout processes such as
temperature of condensation and raindrop re-evaporation on descent (Dansgaard, 1964). In the
coastal sector of the southwest US, storms sourced from tropical and subtropical North Pacific
deliver more 'O and D-enriched precipitation, whereas those sourced from the northern North
Pacific are more depleted in the heavier isotope (Friedman et al., 1992). Trajectory analysis of
individual storms reaching the southern Sierra Nevada during 2001 — 2005 finds that tropical
storms have precipitation 0D (0Dprecip) Values from —23 to —68%o whereas north Pacific storms
have values of —98 to —158%o (Berkelhammer et al., 2012). Changes in storm tracks are related
to the mean position and strength of the polar jet stream, steered by the location and intensity of
the characteristic North Pacific high and Aleutian low-pressure cells. This pressure cell steering

occurs in the present climate and also during the glacial climate, in the latter case associated with
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pressure differences related to the cooling and topographic presence of the Cordilleran and
Laurentide ice sheets (Oster et al., 2015a). Since precipitation isotopes reflect storm track
direction, they offer proxy evidence for atmospheric circulation in the past, commonly
reconstructed from speleothem archives of 510 (Asmerom et al., 2010; Wagner et al., 2010;

Lachniet et al., 2014; Oster et al., 2015b).

Past 0Dyyrecip can be reconstructed using the hydrogen isotopic composition of the waxy
molecules from plant leaves (0Dya,x) that are well-preserved in sediments (Sachse et al., 2012). In
California, the plant leaf wax n-alkanoic acids have been used as a proxy for 6Dpyecip in marine
sediments from the Santa Barbara Basin spanning 1.4 ka (Li et al., 2011); from Zaca Lake,
spanning the last 3 ka (Feakins et al., 2014); and in a deglacial sequence, 19 — 13 ka, from Lake
Elsinore (Kirby et al., 2013). Here we extend the Lake Elsinore reconstruction back to 32 ka, add
sampling resolution across the deglacial and early Holocene interval, and integrate a late
Holocene record from nearby Zaca Lake to provide a more complete history of precipitation
isotope variability in southern California. We have constraints on the fidelity of the hydrogen
isotopic composition of plant leaf wax n-alkanoic acids, 0Dyax, as a recorder of 0Dpyrecip in the
Lake Elsinore catchment from stream transported particulate organic matter (POM; this study),
modern plant studies (Feakins and Sessions, 2010) and palynological reconstructions (Heusser et
al., 2015). In addition, we measure the carbon isotopic composition of the plant wax molecules,
0 13Cwax, in order to detect variations in aridity or a predicted increase in plants using the Cy4
pathway during lower glacial atmospheric pCO,, if temperatures were similar to or warmer than
today, or if a change in precipitation seasonality led to water availability in the warmer months

(Cotton et al., 2016).
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We add an independent temperature reconstruction derived from another biomarker proxy, the
brGDGT lipids, which allows us to evaluate the importance of temperature in driving
hydroclimate variations. BrGDGTs derive from the membranes of bacteria that live in the surface
waters of lakes as well as the soils in the surrounding catchment (Weijers et al., 2007; Tierney &
Russell, 2009). The molecular structures have been shown to respond to temperature, a possible
physiological response in order to maintain membrane fluidity (Weijers et al., 2007). Lake
sediment calibrations of brGDGT indices show strong correlations with mean annual air

temperature in a series of 65 East African lakes spanning 2 to 27 °C (Russell et al., 2018).

In addition, we analyze archaeol and the isoprenoidal GDGTs in order to measure the Archaeol
and Caldarchaeol Ecometric (ACE) index (Turich and Freeman, 2011). The ACE index is the
relative proportion of archaeol, a biomarker for hypersaline archaea, to caldarchaeol, a
cosmopolitan isoOGDGT that reflects Euryarchaeotal and Thaumarchaeotal inputs (Turich and
Freeman, 2011). We use ACE as a qualitative proxy for salinity, that presumably tracks
heightened evaporation relative to inputs and lake level decline. By employing both leaf wax and
GDGT proxies, we are able to provide independent constraints on multiple components of
hydroclimate — namely, the change in precipitation source as well as the balance of precipitation

and evaporation.
2. Study Region
2.1. Lake Elsinore

Lake Elsinore (33.66 °N, 117.35 °W, 380 masl, Fig. 1) is the largest natural freshwater lake (25
km?) in southern California (36 km inland). The modern lake is a closed basin with ~8 m water

depth; overflow occurs when lake levels exceed 13 m depth (Kirby et al., 2013). Lake Elsinore is
6
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fed by inflow from the ephemeral San Jacinto River (SJR) which originates in the San Jacinto
Mountains (maximum elevation 3302 m) and drains a catchment of about 1870 km? (Fig. 1).
Some minor additional discharge into the lake comes from surface runoff from the north slope of
the Santa Ana Mountains, proximal to the lake. The flow of the SJR is highly episodic. Most
runoff occurs during and following storm events a few days a year and during snowmelt from
high elevations between January and April (U.S. Geological Survey, 2013). The mean discharge
rate of the SIR is 0.46 m>s™", but flow can reach as high as 453 m’ s~ as recorded in Feb 27,
1927 (U.S. Geological Survey, 2013). We sampled the SJR in this study to obtain an estimate of
the integrated precipitation isotopes and leaf wax isotopic composition exported from the

landscape towards the lake in the modern climate state.
2.2. Climate and vegetation

California experiences a winter-dominated precipitation seasonality with almost all precipitation
falling between the months of October to May as westerly storm tracks from the Pacific (Cayan
and Rhoads, 1984). Mean annual precipitation (MAP) in the Lake Elsinore catchment ranges
from 300 mm yr' at lowland elevations (~400 — 700 masl, comprising >80% of the catchment

U at

area), to orographically enhanced precipitation (rain and snow) of 800 mm yr
elevations >1500 masl on Mt. San Jacinto (PRISM Climate Group, Oregon State University,
2013). At lake level, mean annual temperature (MAT) averages 18°C, with summer average

temperatures of 25°C, resulting in high potential evaporation rates and lake water loss of >1.4 m

yr (Kirby et al., 2013).

Vegetation in the lake catchment consists of sage scrub (Artemisia), and chaparral (Ceanothus) in

the lowlands transitioning into scrub oak (Quercus) chaparral at mid elevations. Above ~1300
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masl (Fig. 1C), full-stature oak and pine (Pinus) woodlands transitioning into open mixed conifer
forests on the peaks of the San Jacinto Mountains above 2500 masl. Forest is sustained with the
greater orographic precipitation at higher elevations and where snow cover is found in winter-
months, as this provides infiltration rather than runoff, with the mean snowline at 2300 masl

(Minnich, 1968).
3. Materials and methods
3.1. Sampling of river water and suspended sediment

River water samples were collected from three tributaries of the San Jacinto River, including
above and below the chaparral to forest transition at 1300 masl (Fig. 1B and C) during an
ephemeral flow event in the San Jacinto River on 27 Jan 2013 (peak flow ~0.5 m>s™"). Samples
were collected from the banks by immersing 20 L vessels into the stream. Suspended

sediment >0.2 um was collected on polyethylsulfone (PES) filters (147 mm diameter) within
pressurized filter units (similar to the methods of Galy et al., 2011). Particulates were rinsed off
the filter with milliQ water and freeze-dried to yield sediment samples. Water samples were

collected into tightly capped glass vials for isotopic analysis.
3.2. Water isotopic analysis

oD and 0'*0 values of river water were measured on 8 replicate injections of 1 pL water samples
using a Los Gatos Research DLT-1000 liquid water isotope analyzer. Replicate measurements
yielded a mean precision (15) of 0.3%o (n = 24) and were calibrated using 3 working standards

(Maui Water, oD = —10.6%o, 50 = —3.3%e: Caltech internal standard, 5 D = —73.4%o, 6 130 =
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—9.7%o0; and LGR Water # 2, 6D = —117.0%o, o180 = —15.5%0) to the VSMOW-SLAP isotopic

scale with accuracy better than 0.2%o (6D) and 0.1%o (6'*0) respectively.
3.3. Lake Elsinore sediment core

Lake Elsinore sediment core LEDC10-1, extending from 9 to 30 m below lake floor, was
collected in 2010 as reported in Kirby et al. (2013a). Macrofossil radiocarbon dating and the
Bayesian software Bacon were used to develop an age model using 28 AMS radiocarbon dates.
(Heusser et al., 2015; Kirby et al., 2018). Radiocarbon uncertainties range from 35 years to 290
years with the largest calibration uncertainties between 13.4 and 16.1 ka BP. A lack of dated
macrofossils <10 ka and between 26.1 and 30.7 ka BP means that the uncertainty expands to >1
ka (Kirby et al., 2018). The core was subsampled every 30 cm (~ 400 yrs) for biomarker analyses
collecting samples spanning <2 cm (~25 yrs) with a metal tool. Our organic geochemical
analyses extend the record of 0Dy, values reported for the deglacial as published in a regional
review (Kirby et al., 2013), and add to what is known from this core from pollen (Heusser et al.,

2015) and sedimentology (Kirby et al., 2018).
3.4. Lipid extraction

Sediment samples (5 g) were freeze-dried and homogenized. Sediments were solvent-extracted
with 9:1 v/v dichloromethane (DCM) to methanol (MeOH) at 100°C and 1500 psi for 30 minutes
using an Accelerated Solvent Extraction system (ASE 350®, Dionex). Total lipid extracts were
separated by column chromatography through LC-NH; gel into a neutral fraction and acid
fraction, using 2:1 DCM:isopropanol and 4% formic acid in diethyl ether respectively. The
neutral fraction contained the GDGTs and the acid fraction contained the n-alkanoic acids. The

acid fraction was methylated using MeOH of known isotopic composition in hydrochloric acid
9
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(19:1 v/v) at 70°C for 12 h. The product was then diluted with milliQ water and partitioned into
hexane. The hexane fraction was then further separated over column chromatography through
silica gel (5% water-deactivated, 5 cm column) using hexane and DCM respectively. The DCM

fraction contained the n-alkanoic acid methyl esters.

3.5. Plant wax n-alkanoic acid identification

Compound identification and molecular abundance distribution of long chain n-alkanoic acid
methyl esters were determined by gas chromatography (Agilent 6890, for separation) mass
spectrometry (Agilent 5973, for compound identification) and flame ionization detection (for
quantification). Compound identification was based on mass spectra of target peaks compared to
library and retention time compared to standards. We calculated relative abundance of n-alkanoic
acids (Cy; — Cs4) from peak area response on the FID. We report the average chain length (ACL)

and carbon preference index (CPI):

ACL=Y1nx[Cy]) (Eq. 1)

where n indicates the chain length (n = 22 — 34 for n-alkanoic acids), and [C,] indicates the

proportional abundance of that chain length, as well as:

CPT= ([Coa]* [Coni]) / 2 [Ci] (Eq. 2)

where n = 23 — 33 odd chains.

3.6.Hydrogen isotopic analyses

oD values of long chain n-alkanoic acid methyl esters were measured by a Thermo Scientific

Trace gas chromatograph connected to a Delta V Plus isotope ratio mass spectrometer via an

10
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Isolink pyrolysis furnace at 1400°C. oD values were normalized to the Vienna Standard Mean
Ocean Water/Standard Light Antarctic Precipitation (VSMOW/SLAP) hydrogen isotopic scale
by comparing with an external standard (A5-Mix) containing 15 n-alkane compounds (C;¢ to Csp)
obtained from A. Schimmelmann, Indiana University, Bloomington. The oD values of the
external standard mixture span —9 to —254%o. The RMS error of replicate measurements of the
standard was 3.2%o. An internal standard (C;4 n-alkane) was co-injected with each sample to
check for stability throughout the sequence. The standard deviation of the internal standard was
3.6%o across all analyses. 0D values were then corrected for the oD of the added methyl group by
mass balance (0D of methanol =—198.3 + 3.9%o, based on derivatization of phthalic acid of
known isotopic composition, and back calculating the 0D of methanol). oD values were further
corrected for ice volume-related changes in ocean water isotopic composition, accounting for the
observations that the Last Glacial Maximum (LGM) ocean water was D-enriched by 8%o relative
to today, with temporal variations scaled to the stacked benthic foraminiferal 5'*0 record
(Lisiecki and Raymo, 2005). We report 0D values of the C,s n-alkanoic acid as this homolog was
abundant in the core, is representative of terrestrial vegetation, and has been well-characterized

in our modern river and plant survey.
3.7. Carbon isotopic analyses

We also measured the 8°C values of plant wax n-alkanoic acids. Analytical conditions were as
above except we used a combustion interface (instead of pyrolysis) at 1000°C. &6"*C values were
normalized to the Vienna Pee Dee Belemnite (VPDB/LVSEC) carbon isotopic scale using the
external standard mixture of C,¢ — Csy n-alkanes (A6-mix obtained from A. Schimmelmann,

Indiana University) whose &"°C values span —26.2 to —33.8%o. The RMS error of replicate

11
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measurements of the standard was 0.12%o. 6"°C values were corrected for the added methyl

group by mass balance (8 °C of methanol = —25.45 + 0.37 %o, based on bulk measurement).
3.8.GDGT analyses

The neutral fractions were dissolved in hexane:isopropanol (99:1) and filtered through a 0.45
micron PTFE filter prior to injection on an Agilent 1260 High-Performance Liquid
Chromatography (HPLC) coupled to an Agilent 6120 mass spectrometer. Separation of the
GDGTs was accomplished using two BEH HILIC silica columns (2.1 x 150 mm, 1.7 um; Waters)
following the methods of Hopmans et al. (2016). Archaeol, the isoprenoidal GDGTs, and
branched GDGTs were detected in single ion monitoring mode, and quantified by comparison to
a Cy¢ internal standard. The relative methylation of the 5° isomers of the brGDGTs is expressed

as the MBT s, index (De Jonge et al., 2014),
MBT’spe = (Ia+1Ib +1c) / (Ia+ Ib + Ic + IIa + IIb + Ilc + Ila), (Eq. 3)

where the Type I, II and Il brGDGTs have four, five, and six methyl groups respectively and the
Type a, b, and ¢ brGDGTs has zero, one, and two rings, respectively. Duplicate analyses as well
as analyses of an internal laboratory standard throughout the runs yielded an error of 0.009

MBT’ 5pc units (1-sigma).

To date, a global calibration of brGDGTs in lakes using the separation method of Hopmans et al.,
2016 does not yet exist, so to convert MBT sy into temperature we apply the African lakes

calibration (Russell et al., 2018) using the equation:

MAAT =32.42 x MBT 5 — 1.21 (Eq. 4)

12



231 with reported calibration RMSE of 2.4°C (n = 65, R* = 0.92).

232 We also calculated the index of two isoGDGT compounds, the Archaeol and Caldarchaeol

233 Ecometric (ACE) with the equation:
234  ACE = [archaeol]/[archaeol + caldarchaeol] x 100 (Eq. 5)

235 introduced as proxy for salinity (Turich and Freeman, 2011). Since we did not correct our
236 analyses for differential ionization of archaeol and caldarchaeol, we interpret the ACE index
237  exclusively in a qualitative sense (higher ACE = higher salinity). Duplicate analyses yielded an

238 average ACE error of 1.3 (1-sigma).
239 4. Results and Discussion
240 4.1. Catchment constraints on plant wax as a proxy for 6Dpyecip

241 Normally the SJR is a dry river bed, however we captured a rare runoff event on 01/27/2013. We
242 found 0Dy, to be —73.7 + 0.4%o at 1630 masl in and —71.9 + 1.1%eo at the lower elevation pair of

243  sites at 615 and 630 masl (Table 1). This is consistent with mean annual precipitation values of

244 —84 %o across 1982 — 1989 from 2540 masl (Friedman et al., 1992) and elevation trends of —10%o
245 km™ (Williams and Rodoni, 1997). Two suspended sediment samples from the SJR at lower

246 elevations (~600 masl) yielded enough C,g n-alkanoic acid for isotopic analyses. 0Dy,x averages
247  —151 £ 5%o. The third sample at 1630 masl contains high concentrations of short-chains but low
248 abundance of long-chain (>C,) n-alkanoic acids, likely due to the dominance of Pinus species,

249  which produce little n-alkanoic acids >C,4 (Feakins et al., 2014). Thus, plant wax inputs to Lake
250 Elsinore are likely dominated by mid and low elevations, which also dominate the catchment by

251 area (Fig. 1).
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Using the measured stream water and suspended sediment plant wax measured values, we

calculate the net fractionation (&ywaxw) using the equation:
Ewax/iw = [(5Dwax + 1) / (5Dw+ 1) - 1] (Eq~ 6)

and obtain an gy,yw 0f —86 = 5%o (1c.o; Table 1). We do not suggest that the stream water is
directly taken up by plants, but 0Dy, is similar to that of xylem water from plants in the
catchment (Feakins and Sessions, 2010) in both cases reflecting an averaging of precipitation.
Feakins and Sessions (2010) determined a weighted mean ey,xw 0f =91 £ 23%0 for Cy7.31 n-
alkanes relative to xylem water for 9 species collected at 1620 masl within the SJR catchment,
similar to fractionations found across southern California (ewaxw = —94 £ 22%o;). About 300 km
north in Zaca Lake, Feakins et al. (2014) determined a mean &y 0f =95 £ 22%o for the Cyg n-
alkanoic acid compounds relative to precipitation from Quercus. €yaxw are similar in the southern
California region, and we use the SJR value here. For reference, SIR 513 Cywax values average
—32%o, consistent with Cs vegetation and the lower values observed downcore during the late
glacial. Relative abundance and central measure ACL = 26.1 are typical of those in the core, and

CPI = 4.4 are consistent with the early Holocene values in the core (Appendix A).
3.9.Biomarker reconstructions and multiproxy comparison

The late glacial (32 — 20 cal. kyr BP) Lake Elsinore oDy, record oscillates multiple times
between ~—140%o0 and —215%o on multi-millennial time scales (Fig. 2A). While the mean values
during late glacial are depleted relative to the early Holocene, the several abrupt 0Dy, shifts of
~70%o (between 32 and 20 ka) are comparable in magnitude to that of the deglacial sequence

(~90%o). The molecular abundance distributions (ACL mean =27.4 £0.7; CPI1 5.5 £ 1.5,

14
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Appendix A) show minimal variations, other than elevated CPI possibly associated with
increased juniper or better preservation in cold and wet conditions. 513Cwax range from Cy4
dominated, —18.1%o, to C3 dominated —34.4%o0 (mean = —28.1 & 3.1%o, i.e., dominantly C; from n
= 59 sediment core samples; Appendix A). We observe similar features in the 53 Cywax and oD yax
(Fig. 2A) and a significant positive correlation (r = 0. 55, p < 0.05) determined by non-
parametric methods that account for serial correlation (Ebisuzaki, 1997). We infer C; vegetation
dominates during cold and wet conditions with winter-dominated precipitation and C4 emerges in

the warmth of the early Holocene.

The brGDGT record of lake temperatures indicates large temperature swings during the late
glacial and deglacial (Fig. 2B). We use an East African calibration (Russell et al., 2018), and
despite likely microbial community differences in California, the reconstructed temperatures are
reasonable with early Holocene values close to modern (18°C). The lowest temperature, 10°C,
occurs at 23.5 ka and the deglacial warming from 14 — 12 ka is >10°C, agreeing with the pollen

interpretations of ~11°C warming at the glacial termination (Heusser et al., 2015).

Temperatures >20°C are reported for six late glacial samples, including a high of 22°C at 29.4 ka
and a maximum of 23°C at 26.8 ka which coincides with the pollen-inferred warm and dry
period from 27.5 — 25.5 ka (Heusser et al., 2015) when the lake was shallow (~3.2 — 4.5 m deep;
Kirby et al., 2018). All evidence points to dry conditions caused by high temperatures and
increased evaporation, though a shallower lake would experience greater seasonal temperature
range and altered water column production, perhaps shifting from surface-dominated production
(Loomis et al., 2014) to depth-integrated production (Weber et al., 2018). It is not clear what, if

any, bias this would exert on temperature reconstructions relative to the deeper lake. As a cross-
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check on variations in lake conditions, we investigated relative salinity changes with the ACE
index. The ACE data show increases in salinity associated with elevated temperatures,
representing a coherent record of increased temperature, evaporation and salinity (Fig. 2B). One
exception is the low ACE in the sand layer (yellow shading; Fig. 2) that might reflect

allochthonous (non-saline) inputs.

We see covariations between temperature and &> Cyex (Fig. 2, but the positive correlation is not
significant r = 0.45, p = 0.07, calculated using the Ebisuzaki method). We find more '*C-enriched
values from 31 to 25 ka as well as from 11 to 10 ka, both warm times based on the brGDGT
evidence. Warmer conditions in the low-pCO; glacial, could support an increase in C4 vegetation
in this region (Cotton et al., 2016). A '*C enrichment from 24 — 22.5ka does not correspond to
warmth, although it does correspond to D-enrichment, perhaps indicating summer precipitation,

a variable known to support C4 (Cotton et al., 2016).

After applying the local net fractionation (&yaxw —86 = 5%o0) and correcting for glacial ice volume,
we calculate 0Dprecip Values between ~—50%o and —130%o. The main uncertainties are changes in
the plant community that may drive fractionation changes. Pollen reveals that glacial ecosystems
differed from the modern with Pinus (not shown) and Cupressaceae (juniper, Fig. 2D) co-
dominant through most of the late glacial and deglacial period, reflecting a descent of montane
forest ecosystems by ~1000 m (Heusser et al., 2015). Between 27.5 — 25.5 ka dry taxa including
Amaranthaceae, Artemisia and Asteraceae are abundant (Heusser et al., 2015). The transition to a
modern ecosystem occurred between 14.4 to 10.8 ka when Quercus replaced Cupressaceae (Fig.
2) (Heusser et al., 2015). Grasses (Poaceae) were relatively constant and low (<10%) throughout

the late glacial interval, with only one spike that reached 25% at ca. 25.5 ka BP (Heusser et al.,
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2015). Aquatic pollen inputs comprise <5% of pollen (species including Typha, Potamogeton and
Isoetes), except for two pulses of 30% Typha at 31 and 25 ka, which are unlikely to reflect the
fractional input of plant waxes from species on the landscape. As downcore pollen variations are
not consistent with plant wax isotopic variations within the glacial, we infer that vegetation
changes do not substantially modulate the proxy, but there may be some amplification of the

deglacial precipitation isotope signal.

Based on calibration of the plant wax proxy with stem and leaf waters across the aridity gradient
in the region today (Feakins and Sessions, 2010), we do not anticipate much influence from
heightened soil evaporation in dry times. As noted in that study, woody vegetation in California
is adapted to the climate making use of winter precipitation by spring growth or deep roots and
episodic precipitation, via shallow roots. Soil evaporation occurs, but that D-enriched water is
scarce and not available to woody plants. Grasses, in contrast may see some soil water
evaporated signal (Smith and Freeman, 2006) however their fractionations are larger than those
of dicots (Sachse et al., 2012), so this effect may cancel out, and they have minor pollen
representation here. Neither do we expect variations in leaf water evaporation to lead to D-
enrichment in drier conditions as plants regulate water loss in water limiting conditions; for
example, Feakins and Sessions (2010) did not observe a sensitive response in leaf water between

coast and inland along an aridity gradient.

Each reported measurement represents a multidecadal mean, and we see values that are slightly
more positive (more southwesterly moisture and/or drier) and more negative than today (much
more northerly, colder or wetter). Given the D-enrichment at 27 ka occurs at a time identified as

dry, it seems like drought may contribute modestly to the signal, perhaps most likely due to the
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process of rain-drop re-evaporation on descent through a dry atmosphere, rather than soil/leaf
evaporation for the reasons noted above, or there may have been a slightly greater proportion of
southwesterly storm tracks, although dry conditions prevailed. Between 25 and 19 ka during the
glacial we see variability, with peaks at around 24 to 23 and around 20 ka when D-enriched
values occur during the glacial maximum. Otherwise we see deviations to much more negative
values than modern, in the glacial record from 19 — 15 ka in line with expectations from other
records. More D-depleted precipitation can be produced by a greater amount of precipitation, a
higher elevation of condensation or colder condensation temperature and a more northerly
moisture source. Reconstructed dDprecip 0f =130 %o is therefore consistent with cold, distilled

moisture from strong westerly flow to this location.

Evidence for wetter conditions comes from low salinity (Fig 2B), low proportions of xeric taxa,
increased proportions of juniper-types (Fig. 2C) and increased sand-sized grains in the core as
evidence for increased runoff (Kirby et al., 2018; Fig 2D). Based on these multi-proxy lines of
evidence we find wetter conditions from 25 — 15 ka (blue shading, Fig. 2) especially during 20 —
15 ka. These are also cooler years as evidenced by the brGDGTs (Fig. 2B). Conversely, we see
generally drier conditions associated with warmer temperatures in the remainder of the record,

confirming the dominant role for temperature in modulating precipitation-evaporation patterns.

Following the cold and wet interlude, we see both deglacial warming and D-enrichment
occurring abruptly after 15 ka, but with different timing such that the brGDGTs and dDy,x are
not significantly correlated. This observation is consistent with old ideas about the displacement
of storm tracks around the retreating Laurentide ice sheet. One study suggests more sinusoidal

(northerlies) in LGM simulations (Oster et al., 2015a) with more zonal (westerlies) after the
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deglaciation, in the Bolling simulation (14 ka) (Wong et al., 2016). However, most dynamical
studies suggest a southward displacement of the jet stream in zonal configuration during the
LGM relative to the modern tilted orientation (e.g. Lofverstrom and Lora, 2017). An alternate
hypothesis proposes an increase in Atmospheric Rivers, as suggested by Lyle et al., (2012) and
represented in model experiments (Lora et al., 2017), with support from time-transient lake
highstands (McGee et al., 2018). However southerly moisture carries a clear D-enriched signal
integrated across AR landfalling events (Coplen et al., 2008) and we find no support for more
southerly D-enriched precipitation during the LGM. Instead cold, northwesterly or westerly

moisture advection during the LGM could explain D-depletion.

The divergence between temperature and 0D during the remainder of the record further support a
storm-track explanation. From 13 — 11 ka the records diverge, brGDGT temperatures dip by
~2°C from 11.5 — 10.8 ka, following a plateau in the precipitation isotopes (Fig. 2), neither of
which demonstrate a clear response to the Younger Dryas. During the late glacial period (33 — 20
ka), there is no coherence between the 0D and temperature oscillations, which further implies
that 0Dprecip 1S primarily controlled by changes in circulation (and not changes in temperature of

condensation or other local effects).

3.10. Paleoprecipitation isotope intercomparison

The late glacial (32 — 20 cal. kyr BP) Lake Elsinore oDy record indicates large, millennial-scale
abrupt fluctuations in hydroclimate (Fig. 2), with dDprecip values estimated to shift at times
abruptly between ~—50%o and —130%o (Fig. 3). As this is not the first plant wax reconstruction in
the southwest, we can compare values to proxy archives in the region, all reporting the same Cog

n-alkanoic acid. We find the Lake Elsinore early Holocene (9 — 8 kyr BP) values are slightly

19



383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

elevated above those for the late Holocene (3.5 — 0 ka) from Zaca Lake, NW of this site, near
Santa Barbara, California (Feakins et al., 2104; Fig. 3) and a 1.4 — 0 ka marine record offshore in
the Santa Barbara Basin (Li et al., 2011; not shown). A Holocene trend towards more depleted
values has also been observed in the speleothem 5'*0 from Nevada (Fig. 3). This trend has been
linked to a change in summer insolation (Lachniet et al., 2014), however the mechanisms linking
summer insolation to water isotopes are unclear given that the region experiences a winter-

dominated precipitation regime.

Across the deglacial (15 — 10 ka), the Lake Elsinore reconstructed dDprecip shows a steady trend
towards higher values (Kirby et al., 2013). As noted previously (Kirby et al., 2013; Oster et al.,
2015b), Lake Elsinore 0Dy,.x shows a muted response to the Younger Dryas event unlike
speleothem records from Moaning Cave, Sierra Nevada, California (Oster et al., 2015b) and
speleothems in the North American Monsoon region (New Mexico and Arizona) that show a

680 dip of 1%o equivalent to half the deglacial signal (Asmerom et al., 2010; Wagner et al., 2010)
as well as Leviathan Cave, Nevada (Lachniet et al., 2014). These records suggest that the
Younger Dryas was a modest hydroclimate perturbation in much of California and Nevada,

though amplified at high altitude or with temperature effects within caves.

The extended Lake Elsinore dDy,x record now allows us to consider variability in the late glacial
(back to 33 ka) and allows us to fill gaps in regional hydroclimate history (Fig. 3). A composite
cave record spanning 2 glacial cycles from Leviathan, Pinnacle and Lehman Caves, Nevada has
a hiatus from 32 — 13 ka, a gap that has been partially filled with a record from Pinnacle Cave,

Nevada spanning 20 — 16 ka, and extended from 105 — 175 ka with Lehman Cave to form the
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404  “Leviathan Chronology” (i.e. the composite of Leviathan, Lehman and Pinnacle Caves in

405 Nevada; Lachniet et al., 2014, Lachniet 2016).

406  Both the Elsinore and Leviathan records reveal analogous deglacial enrichments in the heavier
407 isotope, although the magnitude of the transition is larger in the plant wax archive, even after
408 scaling for mass dependent fractionations which are 8x larger for D/H than for '*0/'°O (Fig. 3).
409 The LGM component of the Leviathan Chronology includes adjustment of the Pinnacle Cave
410 record 5180C310ite_VpDB by —3%o to account for spatial differences between the two cave sites

411 (Lachniet et al., 2014). Our study corroborates the direction of calcite adjustment and further
412  suggests the precipitation isotopic offset may have been even larger between the LGM and

413 Holocene. It is not clear whether the difference reflects spatial differences in climate between
414 Nevada and California; changing plant wax fractionation (€yaxw) associated with relative

415 humidity and vegetation change; or whether karstic processes (e.g., temperature of calcite

416 precipitation, off-gassing rates, flow-paths and times) are attenuating the amplitude of the

417 precipitation isotopic composition captured by the cave calcite & O signals (Lachniet, 2009). If
418 cooler temperatures suppressed the magnitude of the cave recorded signal, and if vegetation
419 amplified that of plant wax, then the two approaches offer a complementary pairing to assess

420 precipitation isotopes across large Pleistocene swings in temperature.

421 Cave and lake records corroborate that precipitation during the LGM and Heinrich Stadial 1 (20
422 —14.5 ka), was depleted in the heavier isotopes, when other proxies indicate wet conditions.
423  There are two alternate dynamical explanations for the pluvial. The first invokes increased

424  summer, southerly-derived precipitation associated with Atmospheric Rivers (Lyle et al., 2012,

425 Loraetal., 2017, McGee et al., 2018). We do not find the summer precipitation hypothesis to be

21



426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

supported by proxy cave and plant wax evidence for 0 or D-depleted precipitation. Another
study of dDy,.x from the Gulf of California, within in the North American Monsoon influenced
region, also found weakened summer moisture inflow while the LIS was present (Bhattacharya
et al., 2017). In addition, we find Cs;-dominated vegetation, suggesting winter-season
precipitation dominated in the Elsinore catchment during the LGM, like today. A second
hypothesis invokes a glacial climate with more D-depleted wintertime precipitation from
westerly or northwesterly sources, with greater antecedent rainout and colder temperatures
driving D-depletion (Oster et al., 2015a, Lofverstrom and Lora, 2017). This hypothesis is
consistent with the cave records and &Dy.x. Lake Elsinore is within the winter-dominated
precipitation zone today and apparently even more so during the LGM (D-depleted rainfall,
dominance of C; plants). Our record spans critical gaps in the Leviathan Chronology and helps to
constrain the duration of this D-depleted LGM-type hydroclimate mode. We find that 20 ka was
the start of the most D-depleted precipitation at the LGM, and that the deglacial D-enrichment

began abruptly at 15 ka.

During the late glacial (32 — 20 ka), Lake Elsinore fills another gap in the Leviathan Chronology,
and reveals large magnitude variability of ~70%o. This is equivalent to the difference observed
between modern northern and tropical North Pacific-sourced storms reaching the southern Sierra
Nevada (~80%o; Berkelhammer et al., 2012). Based on the prior discussion, we suggest that
storm track shifts are the likely explanation, although we note that end-member 0Dprecip
characteristics from northern and tropical moisture sources likely differed between Holocene and
glacial times (e.g. due to changes in SST, prior rainout, temperature of condensation and raindrop
re-evaporation). Isotope-enabled climate model experiments find consistently more D- or *O-

depleted precipitation during the late glacial in the southwest North America suggesting greater
22
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upstream distillation during the late glacial than under modern climate (Jasechko et al., 2015).
While the model simulations differ in their spatial distribution of the boundary of this D- or '*O-
depleted precipitation zone, and the model resolution is insufficient to capture catchment scale
features relevant here, we note they generally indicate relatively little change in the isotopic
composition of precipitation near the coastal region in which Lake Elsinore lies. Jasechko et al.,
(2015) further suggest that there is a larger amplitude isotope distillation effect at high latitudes
and inland in the context of the steeper equator-to-pole temperature gradient of glacial climate

compared to today.

What then ultimately drives late glacial variability in Lake Elsinore paleoprecipitation isotopes
remains unclear. We do not find clear association between abrupt variability in high latitudes (e.g.
the Greenland archive shown in Fig. 4) and the variability in Lake Elsinore across 32 — 20 ka,
which may reflect dating or proxy uncertainties, a lack of a causal connection or insufficient

length record to make secure determinations.
3.11. Comparison to SSTs in the Santa Barbara Basin

Other evidence for late glacial climate variability in southern California, comes from high
resolution sea surface temperature (SST) archives available nearby from the Santa Barbara Basin
(SBB). We compare alkenone-based reconstructions (Seki et al., 2002) as well as Mg/Ca of the
planktic foraminifera species Globigerinoides bulloides (Pak et al., 2012) from the SBB, which
both show SST variability within the last glacial and a deglacial warming, each with some
similarities and differences to the Lake Elsinore record (Fig. 4). Differences may relate to greater

advection of alkenones relative to foraminifera, or seasonal or depth-based differences in growth
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habitat. The narrow temperature preference for the coccolithophores may damp the alkenone

variability relative to G. bulloides that grows year-round in the modern system (Pak et al., 2012).

Comparing Lake Elsinore temperatures and SST estimates from the SBB (Fig. 4) we find lake
temperatures are almost always warmer than ocean temperatures by up to 10°C during peak
warm conditions at 29, 27, 13 and 10 ka. The anomalous lake warmth finds local corroboration
in pollen records, that also differ between archives (Heusser et al., 2015). Land-sea temperature
differences are more commonly about 5°C and sometimes within 1 — 2°C, such as at 31, 25 and
15 ka. The deglacial temperature rise is similar in magnitude at least between the Mg/Ca and
brGDGT records, although it differs in timing, with the marine records warming early (~18 ka)
and being more gradual (with Mg/Ca warmer than alkenones across 15 — 10 ka), whereas Lake
Elsinore shows a large jump in temperatures similar to, but following, the abrupt transition at the
start of the Bolling-Allered (BA; Fig. 4). Between the BA and the previous interstadial, cool
temperatures are seen in the Lake Elsinore, the SBB and the Greenland records reflecting the
global cooling associated with ice expansion across northern North America during the Last
Glacial Maximum. Several interstadials (interstadials 6 — 3; Fig 5) interrupt conditions on
Greenland between 34 and 27 ka, but these are short-lived features. In contrast, we find a
sustained strong warming (> 15°C representing a +5 °C jump over prior conditions) between 31
and 24 ka in the lake brGDGT data, with two maxima of 22°C at 29.4 ka and 23°C at 26.8 ka.
The warmth at 26.8 ka also corresponds to dry conditions, with a shallow lake and these may be
interrelated: either, the shallower lake may have warmed considerably (but one would expect
greater seasonality rather than just warming), alternatively the extreme warming may have led to

drying and shrinking of the lake. ACE data (Fig. 2) indicates a saltier lake for much of 32 — 23 ka.
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Those locally warmer temperatures, during times of globally low pCO, may explain the

observation of increased C, vegetation here.
4. Conclusions

In this study, we take a multi-biomarker approach to investigate late glacial climate variability
from the sediments of Lake Elsinore, southern California. We reconstruct the isotopic
composition of precipitation based upon the plant wax proxy (0Dyax) and infer vegetation
changes from 513CW3X. We reconstruct temperatures from distributions of the brGDGT
compounds (MBT’s,¢) and salinity variations from ACE. The deglacial transition in 0Dy.x
matches the timing of that in the Leviathan Chronology, a speleothem archive of oxygen isotopes
in precipitation (Lachniet et al., 2014), although the amplitude of the plant wax signal is larger

that of the cave deposits.

Temperatures warm with similar timing to the precipitation isotope and a C4 vegetation increase
at the deglacial, suggesting warming, drying and a shift in storm tracks. We find lake
temperatures rise by 10°C at the deglacial transition confirming estimates based on pollen
(Heusser et al., 2015). Overall temperatures do not covary with precipitation isotope shifts in the
longer record. Instead our isotope results are consistent with dynamical reorganization of
atmospheric circulation that link D-depleted moisture with the southward displacement of storm
tracks during peak LIS extent. C; vegetation confirms winter-dominated precipitation in this cold
and wet phase. Our extended record also reveals precipitation isotopic instability during the late
glacial, filling a gap from 32 — 20 ka in the late glacial Leviathan Chronology. During this time,
we find that dDpyecip shifted by as much as ~70%o. This late glacial precipitation isotope

variability is independent of temperature shifts. Lake temperature shifts show some similarity to
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temperature estimates from the Santa Barbara Basin. Within the late glacial from 31 to 25 ka
warm SSTs in the SBB are accompanied by additional warming on land, with lake temperatures
equivalent to those of the early Holocene with commensurate changes in salinity reflecting
reduced water balance changes, and a slight increase in water stressed or C4 vegetation. We find
an interval of extreme warmth in Lake Elsinore, ca. 27 ka, associated with prolonged dry
conditions, that implicates temperature, independent from atmospheric circulation, as a factor in

extreme, extended drought in southern California.
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Figure and Table Captions

Figure 1: A. Map of study region with location of Lake Elsinore (red star) and other
paleoclimate archives discussed in the text (yellow stars) including their age range. The arrows
represent two distinct storm trajectories carrying moistures of different isotopic compositions
towards the western US. B. Lake Elsinore catchment (red boundary) and topography; Lake
Elsinore catchment is part of the larger catchment of Santa Ana River (black boundary) which
flows into the North Pacific. Red diamonds show the locations of river sampling on the San
Jacinto River (SJR). Dashed line denotes transect in c. C. Profile of elevation across a transect
from Lake Elsinore to Mt. San Jacinto (Mt. SJ), with distribution of vegetation types and

elevations of river sampling (red diamonds).

Figure 2: Multi-proxy reconstruction for Lake Elsinore. A. Plant wax JD (black), and 6" Cyax
(green). B. BrGDGT estimates of temperature (blue) and ACE index for salinity (grey). C. Pollen
evidence for warmer and drier conditions showing oak (Quercus, black) and dry (xeric) taxa
(Amaranthaceae, Asteraceae and Artemisia, pink; Heusser et al., 2015). D. Showing sand
evidence for runoff (Kirby et al., 2018) and cooler and wetter conditions, juniper (Cupressaceae;
Heusser et al., 2015). Blue shading denotes consistently cold and wet conditions, all other times
are warm, dry or variable. Yellow shading denotes extremely dry conditions in the catchment
from 27.5 — 25.5 ka based on pollen (Heusser et al., 2015) and sandy sediments indicating when

Lake Elsinore was 3.2 — 4.5 m deep, about half modern depth (Kirby et al., 2018).

Figure 3: Comparison of paleoprecipitation oD values reconstructed from Lake Elsinore 0Dy,
including ice volume correction (black circles, this study; white circles, Kirby et al., 2013), and

Zaca Lake 0Dy, (gray; Feakins et al., 2014), uncertainties associated with calibration are 5%o
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(not graphed), alongside speleothem 6'*O calcite records from the Leviathan Cave (gold), and
Pinnacle Cave (orange) Nevada (including ice volume correction and adjusted to align into a
single location equivalent record, the Leviathan Chronology; Lachniet et al., 2014, Lachniet,

2016), with the second y-axis scaled x8 to enable direct comparison.

Figure 4: Comparison of late glacial and deglacial temperatures in southern California: blue -
from the MBT s, index of brGDGTs in Lake Elsinore (this study) using the calibration of

Russell et al. (2018); pink - from Mg/Ca in G. bulloides from ODP Site 1017E in the Santa

Barbara Basin (Pak et al., 2012); light blue - from alkenone-derived Uk, (Seki et al., 2002). For

global temperature context, showing the European Project for Ice Coring in Antarctica (EPICA)

pCO;, composite record (< 22 ka from Dome C and >22 ka from Vostok) showing gradual change

associated with global warming across the glacial termination (Monnin et al., 2001, Petit et al.,
1999). In contrast, North Greenland Ice Core Project NGRIP §'°0 data (North Greenland Ice
Core Project, 2004) with abrupt features of late glacial North Atlantic millennial scale climate

variability annotated.
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Table 1: River samples from Lake Elsinore catchment (additional data reported in Appendix A).

D Lat. Long. !Zlevat- 0Dy c oD, c "0, c €yayw €. G
ion (m) (%o) (%o) (%o) (%0) (%0) (%o) (%0) (%0)
SIR 1 33.736 -116.824 615 -152 2 -71.6 0.5 -10.2 0.2
SJIR 2 33.736 -116.816 630 -151 4 -72.2 1 -10.2 0.2
Mean (SJR 1&2) -151 5 -71.9 1.1 -10.2 0.3 -86 5

SJR 3 33.741 -116.718 1630 n.a. na. -73.7 04 -119 0.

* Combined 16 uncertainty
708
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