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ABSTRACT OF THE DISSERTATION

Southern California Climate and Vegetation
Over the Past 125,000 Years

from Lake Sequences in the San Bernardino Mountains

by

Katherine Colby Glover
Doctor of Philosophy in Geography
University of California, Los Angeles, 2016

Professor Glen Michael MacDonald, Chair

Long sediment records from offshore and terrestrial basins in California show a history of
vegetation and climatic change since the last interglacial (130,000 years BP). Vegetation
sensitive to temperature and hydroclimatic change tended to be basin-specific, though the
expansion of shrubs and herbs universally signalled arid conditions, and landscpe conversion to
steppe. Multi-proxy analyses were conducted on two cores from the Big Bear Valley in the San
Bernardino Mountains to reconstruct a 125,000-year history for alpine southern California, at the
transition between mediterranean alpine forest and Mojave desert. Age control was based upon
radiocarbon and luminescence dating. Loss-on-ignition, magnetic susceptibility, grain size, x-ray
fluorescence, pollen, biogenic silica, and charcoal analyses showed that the paleoclimate of the
San Bernardino Mountains was highly subject to globally pervasive forcing mechanisms that

register in northern hemispheric oceans. Primary productivity in Baldwin Lake during most of its

il



history showed a strong correlation to historic fluctuations in local summer solar radiation
values. Rapid organic perturbations in the Baldwin Lake core were coeval with Dansgaard-
Oeschger (D-0) events from the North Atlantic, which were evident in records from the Santa
Barbara Basin. The predominant vegetation signal at Baldwin Lake was one of temperate conifer
forest expansion during moist conditions, and contraction during dry conditions. This expansion
and contraction was paced with summer insolation fluctuations during Marine Isotope Stage 5
(110,000 — 71,000 years BP), before a regime change towards more rapid, shorter-lived
hydroclimate extremes. Wildfire is an important agent of landscape change throughout the
Valley’s history, with two hiatuses during cold and moist conditions from 25,000 — 14,000 years
BP, and arid conditions 7,000 — 3,000 years BP. Taken together, this multi-proxy dataset
suggests that paleoclimatic changes in alpine southern California have been highly sensitive to
three climate drivers: 1) shifts in local summer insolation, 2) rapid warming in the North
Atlantic, and 3) changes in the strength of the California Current. The record also showed a wide
range of possible moisture states in southern California’s past that vary from present conditions,

including multi-millennial states of long-term aridity and pre-glacial deep lake conditions.
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1. Introduction

Climate model projections for the rest of the 21st century suggest that increased radiative
forcing will manifest as enhanced temperatures, and changes to the water cycle, throughout
Earth. Improving and understanding these projections is especially important in Southern
California and the U.S. Southwest, where population has expanded at some of the nation’s highest
rates in recent decades (Georgescu et al., 2012). This area lies on the boundary between projected
precipitation increases in the north, and decreases in the south (IPCC, 2013), portending
enhanced aridity and increased limits on valuable water resources for Southern California
(MacDonald, 2010; MacDonald et al., 2008; Overpeck et al., 2013).

The effects of these projections have already become apparent in recent years. “California
Drought” conditions are constantly being assessed statewide, and the topic is frequently in the news.
The hottest years in California since instrumental record-keeping began (~150 years ago) were 2014
and 2015 (Hanak et al., 2015), and the last two decades anomalously hotter than the preceding
century (Diffenbaugh et al., 2015). Lasting from 2012-2016, and at times designated as “exceptional
drought,” this has been a record-breaking event. While annual precipitation amounts have shown no
discernible trend over instrumental record-keeping (Mann and Gleick, 2015), Diffenbaugh et al.
(2015) find that, historically, 1) drier-than-average years co-occur with years of anomalously high
temperatures, and 2) over the past century, drought years have been the most frequent during the
years 1995-2015. Despite increased precipitation from El Nifio in 2016, precipitation deficits can
persist and have impacts years afterwards, and several central and southern California reservoirs
remain below capacity (Hiltzik, 2016).

These projected temperature and water cycle changes have potential to reshape the

landscape of California’s biomes, renowned for their endemism and biodiversity. Wildfire and



hydroclimatic extremes have helped shape this landscape, particularly in mediterranean biome
portion of the state, where biodiversity is promoted when low- to moderate-severity ground and
surface fires occur (Keeley et al., 2012). Over the last two decades, however, wildfire has had
increasingly long seasons in California, and forests throughout the U.S. Southwest and
Cordilleran (Westerling, 2006). Recent widespread tree mortality in the alpine forests of the U.S.
West have been documented, including California’s coniferous forests (van Mantgem et al.,
2009). The California Department of Forestry and Fire Protection spent nearly $550 million on
fighting wildfires in 2015, marking its most expensive year since 1980 (Guerin, 2016). This is
just one example of the potential economic drain that climate change will have upon the state.

These drier, warmer, and more flammable conditions may be unprecedented within ~150
years of scientific study and record-keeping, yet we know that ecosystems were present before
under different precipitation and temperature regimes. This is where paleoclimate studies help
extend our knowledge of climate and ecosystem composition and dynamics, and find past
analogues to inform the modern management of national forests, wildlife, and water resources
Southern California (Overpeck et al., 2013). Retrospective studies are also key to illustrate the
potential range of variability for landscape response, and elucidate how a complex climate
system operated and was teleconnected.

High-resolution Holocene studies have shown that prior arid events have occurred, with
potential to be long-lasting. Termed “megadroughts” due to their decades-long duration, the
Medieval Warm Period (1 — 0.7 ka') in particular supported long periods of reduced precipitation
(MacDonald et al., 2008; MacDonald and Case, 2005; Woodhouse et al., 2010). A recent review

of Great Basin paleoclimate records from the last few millennia demonstrate that the Late

1 Throughout the dissertation, “ka” denotes an approximate date in thousands of years before present, and “kyr”
denotes “thousands of years”



Holocene Dry Period broadly impacted the region (Mensing et al., 2013). West of the Great
Basin in the Sierra Nevada, Kirman Lake (Figure 1.1) showed a protracted arid period from ~8 — 3
ka (MacDonald et al., 2016). Records and studies that pre-date the Holocene are more rare, but
similarly document long-lasting drought. At Lake Elsinore in Southern California (Figure 1.1),
for example, a series of extended megadroughts were the norm just prior to the Last Glacial
Maximum from 27.5 - 25.5 ka (Heusser et al., 2015).

Conversely, episodes of enhanced precipitation delivery to California are possible. The
arrival of atmospheric rivers abruptly ended 33-40% of California droughts from 1950-2010
(Dettinger, 2013). Paleoclimatic records also show periods of anomalously high precipitation,
particularly in Southern California. Physical and geochemical proxy data suggest pluvial episodes
in a ~9,200 kyr record from Lower Bear Lake in Big Bear Valley of the San Bernardino Mountains
(Figure 1.1) during the Early and Late Holocene (Kirby et al., 2012). In a recent review of records
dating to the Last Glacial Maximum (LGM, c. 22 ka), Oster et al. (2015) found that Pacific-derived
storms were steered toward Southern California at the LGM, creating unusually wet conditions.
Lake highstands have been documented in the Lake Manix Basin (Figure 1.1) of San Bernardino
County prior to the Last Glacial Maximum, with multiple episodes of basin overflow supporting
times of sudden moisture influx to the region (Reheis et al., 2015).

Reconstructing these climate events, and their impact on terrestrial ecosystems, relies
heavily upon lacustrine records. Lake records with continuous sedimentation can extend beyond
the limits of dendrochronologic and before the Holocene. However, closed-basin lakes with
continuous deposition prior to the Last Glacial Maximum are rare in Southern California and the
U.S. Southwest, due to its natural aridity/semiaridity. Southern California, for example, only

receives an annual total of <400 mm precipitation a year, compared with >1000 mm/yr in Northern
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Figure 1.1 Location of paleoclimatic records mentioned in Ch 1 that exhibit paleohydrologic
extremes (i.e. extended aridity, or moisture influx). The dissertation sites Baldwin Lake and
Lower Bear Lake are located in Big Bear Valley, San Bernardino County.



California (Lyle et al., 2010). Drier-than-average events can therefore lead to desiccation of lake
basins and disrupted sedimentation.

This dissertation focuses on a pair of lake records in Big Bear Valley (elevation 2060 m)
of the San Bernardino Mountains, an alpine environment in Southern California. Situated at the
transition between the Transverse Ranges and Mojave Desert (Figure 1.1), Big Bear Valley is
sensitive to dynamic shifts in Pacific moisture delivery, vegetation and resulting sedimentation
from the surrounding mountains. Over the past 125,000 years, it has possessed the rare set of
circumstances that have allowed near-continuous deposition in Baldwin Lake before basin
desiccation ~10 ka. The Big Bear Lake core began lacustrine deposition c. 10 ka (Kirby et al.,
2012), which continued through most of the Holocene. Taken together, the records in Big Bear
Valley’s represent the longest high-resolution terrestrial record in Southern California that
extends to Marine Isotope Stage Se, the last interglacial. The primary two-part question guiding
this research is:

Over the past 125,00 years in alpine Southern California:

1) how can temperature and available moisture changes at these lake sites inform our

understanding of climate phenomena that affect California?

2) how has vegetation changed, and what role does wildfire play in past ecosystem dynamics?

In structuring this dissertation, I have parsed out different facets of the study, with more
specific research questions, into four chapters. Chapter 2, Palynology in California: Vegetation
and Climate Change Patters over the past 130 kyr, details the available pollen record
throughout the state, and notes that forest contraction is a common signal linked to aridity.
Chapter 3, Insolation and North Atlantic Climate Forcing in alpine Southern California

since 125 ka, reports the age and lab results from the newly-recovered Baldwin Lake core



(BDL12), which suggest that local summer insolation and rapid warming events in the North
Atlantic were long-term climatic drivers affecting Southern California. Chapter 4, Terrestrial
Organics, Vegetation, and Wildfire in alpine Southern California 120 - 10 ka, include results
of stable isotope, pollen, and charcoal analyses on BDL12, which further illuminate the
hydroclimatic history of the site, changes in the forest canopy, and wildfire’s active role in
ecosystem dynamics for the majority of the last 125 kyr. Chapter 5, Holocene Vegetation,
Wildfire, and Hydroclimatic History from Lower Bear Lake, San Bernardino Mountains,
Southern California, applies similar methods to subsamples from the Lower Bear Lake core to
show that proposed pluvial events in the San Bernardinos during the Holocene

(Kirby et al., 2012) had a complex landscape response, in terms of forest composition and
wildfire activity.

Throughout the dissertation, I contextualize the results from Big Bear Valley lake cores
with other paleoclimatic and paleoecological sites from the Pacific margin, California, the Great
Basin, and U.S. Southwest. I offer conclusions at the end regarding Southern California’s
responsiveness to climatic forcing, and most-important climatic drivers, including the role of
local insolation and sea surface temperatures. This reconstruction of vegetation, wildfire, and
precipitation in the SBM is timely, as it investigates the natural range of variability possible in
this biome and these mountains prior to human occupation. This study can therefore inform 21*
century expectations for ecosystem change in a Southern California future that is projected to be

warmer and drier.



2. Palynology in California: Patterns, Challenges, and Future Research

Potential from 130,000 years of vegetation data
2.1 Abstract

Pollen datasets from California were compiled, and examined for patterns in age, location,
and ecological change during key climate events. These events included 1) the last interglacial
Marine Isotope Stage Se (MIS 5Se, 130 - 120 ka, 11% of sites), 2) the Last Glacial Maximum c.
20 ka (LGM, 16% of sites), and the Holocene from 11 - 0 ka (73% of sites). Disturbance-loving
Alnus typically indicated the onset of interglacial conditions at northern marine sites for both
MIS 5e and the Holocene, followed by successive increases in Sequoia sempervirens and
Quercus. Warming at terrestrial sites was best shown with a most-sensitive taxon, depending on
the site’s ecoregion. Aridity was widespread in Northern and Central California at the LGM with
steppe expansion, while moist conditions prevailed in the south. The majority of pollen sites
(73%) span only the Holocene, showing a pattern of complex change over the past 10 kyr.
Aridity in the north was coeval with moisture in the south during the Early Holocene, then
shifted to widespread drying in the south and Sierra Nevada during the Middle Holocene. The
avariable Late Holocene was variably wet and dry, due to enhanced El Nifio Southern Oscillation
(ENSO). Almost universally, increases in herbaceous-shrub taxa, particularly Artemisia, signaled
relatively arid conditions, while rises in coniferous taxa indicate enhanced forest cover and thus
moisture. This review shows several gaps in the existing record, both in geography and usability.
Prior work in southern California (i.e. below 35°N) has primarily targeted available Holocene
sites in coastal and marine areas, highlighting the need for work on long alpine records.
Consistent data archival in the North American Paleoecological Database Neotoma is suggested
as a best practice for future research endeavors to improve data accessibility and meta-analysis

between sites, particularly for pre-Holocene work.



2.2 Introduction

Significant changes in ocean-atmospheric processes, moisture, and vegetation assemblages
have occurred throughout the Late Quaternary. In this review, I discuss the available
palynological record of California over the past 130,000 years, and how these data can inform 1)
past change in vegetation cover, and 2) climatic conditions. I limit the geographic scope of this
review to the political boundaries California, where the precipitation gradient from north-to-
south is strongest (Lyle et al., 2010). The Pacific Northwest is dynamically different once it
transitions to a marine ecoregion just north of the California-Oregon border (Figure 2.1, Bailey,
2009), with lower plant diversity and incidence of wildfire (Briles et al., 2011; DellaSala et al.,
2011; Taylor and Douglas, 1995). As records are available, I include those dating to Marine
Isotope Stage Se (MIS 5Se, 130 - 120 ka), the oldest limit of terrestrial sites discovered thus far in
California. MIS 5e has generally been characterized as warm and climatically stable (Kukla et
al., 2002; Maslin et al., 1998; Willis and MacDonald, 2011), and been examined as a possible
analogue for Holocene climate and vegetation (Leduc et al., 2010; Maslin et al., 1998; Sanchez
Goii et al., 2000).

Currently, the terrestrial palynological record has been highly focused on mountain lakes, the
northern part of the state, and the Holocene. Several of the longer records that capture MIS Se
came from marine cores. With the available record, the following can be asked to address the
broader concern of how temperature and moisture change have driven past flora:

1) how does the terrestrial palynology record differ from marine studies?

2) are there identifiable ecological patterns to past climate change?

3) is MIS 5e a proper analogue for the Holocene?



Deciphering the record is a challenge for several reasons. Firstly, California’s inherent
landscape heterogeneity results in diverse vegetation cover, leading to the state’s designation as
the California Floristic Province (CFP), with unique and endemic floral species numbering over
3,500 (Mittermeier et al., 1999). Secondly, California experiences precipitation extremes on
timescales that range from the seasonal (i.e. summer-dry conditions characteristic of
mediterranean biomes) to multi-year, even decadal, mega-droughts (Heusser et al., 2015;
Woodhouse et al., 2010). Dry conditions are not conducive to lake persistence and pollen
preservation, which has left gaps in the microfossil record, particularly towards the south.
Finally, data from several long sites and records are still not digitized, preventing broader meta-
analysis that could include these sites.

2.3. Present-Day Pacific Dynamics and Terrestrial Vegetation
2.3.1 Ocean-Atmosphere Dynamics

Current oceanic and atmospheric dynamics of the Pacific include the persistent North
Pacific High (NPH) in the eastern Pacific, and the North American Low (NAL) in the
southwestern states (Figure 2.1). High moisture regions can be found along the coastline,
particularly towards the north, and in high-altitude regions in California’s many mountain ranges
(Thompson et al., 2005). Both the seasonal migration and variations of the NPH and NAL
influence several processes that impact West Coast climate, including directional changes in
surface winds, the position of the jet stream and Westerlies wind belt, and storm tracks. The
NPH migrates northward in the spring, resulting in three major changes: wind direction shifts
towards the south, coastal upwelling is induced, and precipitation ceases for a summer season
(Barron et al., 2003; Hendy et al., 2004; Sancetta et al., 1992). In summer, the NPH strengthens

and migrates to a more central location that drives storms northward towards Canada. Both the
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NPL and NPH weaken during winter, with the NPH and the jet stream moving southward and
changing the storm trajectory towards California (Barron et al., 2003; Lyle et al., 2010).

Major ocean currents include the North Pacific Drift, which flows eastward between 40 —
45°N, partitioning at the coastal region just offshore of Washington and Oregon. The south-
flowing portion becomes the California Current, and the northbound waters become the eastern
section of the Alaskan Gyre (Figure 2.1; Pisias et al., 2001). Thus, maritime proximity and the
prevailing westerly winds moderate West Coast climate, resulting in minimal temperature
variation along the coast (Hendy et al., 2004; Heusser, 1992). Ekman transport supports strong
upwelling along the coast to maintain cool, consistent sea surface temperatures (SSTs), a
phenomenon that produces seasonal fog (Hendy et al., 2004) and influences primary productivity
in the ocean surface (Poore et al., 2000).

Summer aridity is more pronounced towards in the Southwest, which experiences warm-
weather, continental precipitation during the late summer and early fall. These processes include
the North American Monsoon (NAM) and convective uplift in high-relief areas, and largely
affect New Mexico, Arizona, and inland portions of southern California (Kirby et al., 2013;
Sheppard et al., 2002). NAM moisture sources include tropically-sourced air surges that follow
the Gulf of California northward, and from dissipating tropical storms of the eastern Pacific
(Redmond, 2009; Vera et al., 2006). The Gulf of Mexico is a secondary source of moisture, with
greater impact southeast of California (Adams and Comrie, 1997). In California, convective
uplift can result in thunderstorms and late-summer precipitation. These variations in precipitation
directly influence California’s native vegetation.

2.3.2 Ecoregions and their dominant vegetation

In any geographic study, choosing appropriate boundaries to categorize change and
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constrain discussion is a challenge, with several options available. I use the ecoregion boundaries
of Bailey (2009), which capture elements of the physiography, temperature, and precipitation on
the landscape that directly influence vegetation. Ecoregion boundaries have been actively
adapted over the years, and now include the North American continent. Available at several
scales, they are currently in use with the United States Forest Service, the managing entity for the
San Bernardino National Forest and much of the SBM. While these ecoregion boundaries do
over-generalize transition zones between vegetation groups and simplify the complexity of
altitudinal zonation in mountains, this broad framework is appropriate for capturing floristic
change that can be rapid over the physiographic boundaries on the West Coast (Thompson et al.,
2005). Ecoregions also do not consider human-induced land use change, which, while significant
and has influenced California’s recognition as a biodiversity hotspot, has not impacted the
landscape for the majority of the 130 kyr time span considered here. Finally, in this system, the
distribution of dominant woody vegetation is used as a climate proxy to infer boundaries in many
remote areas that lack empirical data from meteorological stations. Such an exercise bears some
similarity to palynological work, where fossil pollen serves as a proxy for past vegetation
assemblages and thus, paleoclimate (Bailey, 2009; Thompson et al., 2005). Figure 2.2 aggregates
these ecoregions into three sectors based on overall climate, providing a simple framework in
which to discuss paleoclimate sites located therein and the dominant vegetation.

California ecosystems are world-renowned for their high degree of diversity and
endemism, with major plant structure of the different ecoregions described below. It is these
woody taxa that tend to be the most telling indicators of past vegetation climate in palynology, as
woodland expansion and contraction will occur with fundamental changes in moisture and

temperature. Present-day distribution and diversity in the study region, with a focus on key
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arboreal taxa, are summarized in Table 2.1, alongside a summary of prevailing climate,
ecosystem patterning, and present-day fire regime.

2.3.2.1 Mediterranean Ecoregion

The Mediterranean sector is located largely along coastal California (Figures 2.1, 2.2).
Latitudinal annual temperature variation is low in California (in the range of 4-6 °C), but the
precipitation gradient is much stronger, ranging from >1200 mm/year at the Oregon border, to
<500 mm/year at the border with Mexico (Lyle et al., 2010). This strong moisture gradient drives
diversity, in addition to genetic isolation during relatively recent mountain building (Calsbeek et
al., 2003), high relief, and the frequent disturbance of wildfire. Mosaic habitats abound and lend
to endemism, with significant taxa changes that often occur on a small scale with variations in
hillside exposure, slope, soil composition, water table depth, and relief.

Vegetation undergoes a gradual change in forest structure from north to south. Picea
(spruce) and Tsuga heterophylla (western hemlock) continue southward from the Pacific
Northwest forests, with greater inclusion of endemic Sequioa sempervirens (redwood; Lyle et al.,
2010; Poore et al., 2000). S. sempervirens requires persistent coastal fog and enhances moisture
retention and drip within its forests, and is often associated with A/nus (alder) spp. (Lyle et al.,
2010). Away from the foggy coast and in the rain shadow of the Coastal Ranges, the landscape
inland and southward tends to be chaparral, scrubland, and oak woodland — by far the dominant
land cover of this ecoregion at lower elevations, and a clear marker of decreased precipitation.
Perennials flourish during wet months and die off during summer drought. Sclerophyllous shrubs
and trees persist year-round on the landscape and are abundant in this sector, with hard leaves
that are adapted to withstand several months of summer aridity, yet still maintain optimal surface

area for solar intake (Bailey, 2009; Mooney and Dunn, 1970). Many shrub taxa naturally
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produce flammable oils to promote burning, and wildfire is important to restore soil nutrients and
facilitate plant regeneration. Sclerophyll scrub species grow densely together, creating highly
impenetrable thickets that readily burn (Quinn, 2006). Chaparral is closely associated with oak
and pine woodlands, and coastal sage scrub with deciduous, rather than evergreen, Artemisia
(sagebrush; Quinn, 2006). In low-elevation woodlands, varieties of Quercus (oak) are the
primary woody evergreen vegetation. Pinus (pine), Abies (fir), and 7. heterophylla reappear at
high elevations inland (Poore et al., 2000).

2.3.2.2 Temperate Desert Ecoregion

The Temperate Desert includes much of the Great Basin, the Modoc and Columbia
Plateaus, and the western flank of the Rocky Mountains. In California, the eastern northeastern
and east-central edge of the state lie in the rain shadow of the Sierra Nevada, and are designated
as temperate desert. Much of the year’s precipitation budget occurs as Pacific-derived winter
snow. Evaporation is strong and can lead to salinization on dry lake beds (Anderson, 2003;
Bailey, 2009). Due to changing relief, the temperate desert is highly mosaicked, with several
subalpine, alpine, and riparian assemblages.

Plants are thus adapted to withstand this seasonal and interannual water stress (Redmond,
2009). Sagebrush scrub, comprised primarily of Artemisia tridentata (Big sagebrush), is
common, often growing in association with Sarcobatus vermiculus (greasewood) and native
bunchgrass in the nutrient-rich soils of low-lying regions (Baldwin, 2002; Booth et al., 2003;
DeLucia et al., 1989; Naumburg et al., 2005). Other shrubs include: Coleogyne ramosissima
(blackbush), Ephedra nevadensis (Mormon tea), Grayia spinosa (hop-sage), Krascheninnikovia
lanata (winter fat; Baldwin, 2002). Populus spp. (cottonwood) occurs in riparian areas, and xeric

pine species and pinyon-juniper assemblages create subalpine woodland. Pinus species include
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monophylla, jeffreyi, and ponderosa, which are considered xeric, i.e., they are adapted to greater
water stress and soil that is often nutrient-poor. Pygmy forests and some of the oldest trees in the
world, Pinus longaeva (bristlecone pine), occur at higher elevations. Woodland gives way to
alpine tundra at the highest altitudes of the region (Anderson, 2003; Baldwin, 2002; DeLucia et
al., 1989).

2.3.2.3 Tropical-Subtropical Arid Southwest

The boundary between temperate and tropical-subtropical deserts is rather diffuse, with
floristically similar plants, though they are increasingly adapted to aridity and warmer
temperatures towards the south. Separated from the moisture source of the Pacific Ocean, the
Mojave and Sonoran Deserts largely comprise the tropical-subtropical desert ecoregion. With a
precipitation average of less than 200 mm a year, evaporation is strong and winter precipitation
is episodic, occurring when the jet stream migrates southward to bring a supply of subtropical
moisture to the region (Redmond, 2009). The North American Monsoon (NAM) delivers
summer precipitation to the Southwestern states of Arizona and New Mexico, while the portion
in California is at the farthest reaches of NAM extent (Metcalfe et al., 2015). A high degree of
diurnal variability exists, but no monthly temperature average is below freezing (Bailey, 2009).

Vascular plants are highly adapted and diverse throughout southwestern deserts and
varied terrain, and must survive extreme short-term temperature variability with long-term
aridity. Endemic species are abundant due to geographic isolation and high relief (Baldwin,
2002). Surfaces that are inhospitable to all but the most specialized types of vegetation are
common, including salt playas, shifting dunes, caliche, and desert pavement. Sarcobatus
(greasewood), Salicornia (pickleweed), Allenrolfea (iodine bush), and Distichlis (salt grass) can

grow on such surfaces (Collins, 1976). Mojave-type desert towards the north has greater
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temperature extremes than Sonoran Desert, and Larrea tridentata (creosote bush) and Ambrosia
dumosa (burro weed) are common (Redmond, 2009). The Sonoran Desert exhibits a warmer
temperature gradient. Thriving taxa here include Fouquieria splendens (ocotillo), Justicia
California (chuparosa), and Olneya tesota (ironwood; Baldwin, 2002). Perrennials appear after
rainfall, and some plants are large enough to mimic an open woodland, such as the iconic Yucca
bevifolia (Joshua Tree).

Arboreal vegetation is reserved for the higher altitude environments where lower
temperatures control lower evaporation rates. As with the Great Basin, pinyon-juniper
woodlands prevail in subalpine environments and along stream courses (Anderson, 2003; Bailey,
2009; Baldwin, 2002). Low-lying riparian habitats support cottonwood (Populus) and willow
(Salix; Baldwin, 2002). Fire has historically been neither important nor frequent for deserts,
where drought and high temperature remain the more significant ecosystem stressors. The fuel
load is generally low, with a lack of dense ground cover and trees that do not readily burn
(Brooks and Minnich, 2006). However, the spread of invasive grasses in low to mid-altitude
regions in the desert southwest has allowed increased wildfire proliferation. This may be a
fundamental ecosystem change, with the introduction of a new, more frequent fire regime
(Brooks and Matchett, 2006).

2.4 The Nature of the Pollen Record
2.4.1. Pollen as a Proxy: Preservation Dynamics and Sources of Bias

Plants produce pollen grains that possess distinctive patterns on their exine (i.e. outer
layer) that help differentiation at the family, and often, genera, level. Palynology uses fossil
pollen, often from lake or marine deposits, to elucidate past vegetation assemblages. It is best-

preserved in anaerobic depositional environments. Changes in the pollen assemblage over time
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are a proxy for vegetation change on the terrestrial landscape, assuming that plant preferences
and adaptations are unchanged (Bennett and Willis, 2001; Birks et al., 2010). The production,
transport, deposition and preservation of fossil pollen is a suite of dynamic processes that can
shift over time. Many of the processes involved can alter with changing climate, and further
complicate the depositional history of a basin and its site interpretation.

Pollen deposition also varies widely between taxa, as plants have different pollen
production, transport, and reproductive adaptations. For example, Pinus spp. tends to output
pollen grains a few orders of magnitude greater than other conifers. Its overrepresentation is
commonplace in pollen records from around the world, such as the Pacific Northwest (Heusser
and Shackleton, 1979), the North Sea and northern Atlantic (Mudie and McCarthy, 2006), and in
marine sediments globally (Tzedakis, 2004). Arboreal pollen usually disperses via wind and air
currents, a process that allows mixing of taxa into a “pollen rain” (Bennett and Willis, 2001).
The majority of airborne pollen is deposited close to its source area, but turbulent eddies can also
keep grains aloft for long periods, often overcoming gravity and allowing transport over great
distances for small-sized, robust grains with air bladders (Sofiev et al., 2013). Pinus is
transported further afield than the similarly bisaccate, but larger, Picea (spruce; Heusser and
Basalm, 1977). Analysis of Picea transport dynamics supports this, documenting long transport
distances in fluvial systems and preferential sinking (Wu et al., 2013), and a high fall speed due
to its size when transported in the atmosphere (Theuerkauf et al., 2012). Transport via runoff
poses risk of destruction to grains, particularly those that are thin-walled; Populus, for example,
is often damaged during sample processing, if it first survives original deposition. Insect-
pollinated annuals, perennials, and members of the Poaceae family tend to be deposited locally,

often never leaving the host basin (Heusser, 1972).
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In lake systems, site size influences the pollen rain received. Small lakes provide insight
to the specific locality, while larger lakes receive more of the “background” pollen rain and are
therefore a better regional representation (Bennett and Willis, 2001; Sugita, 1994). In literature,
the meaning of “large” varies somewhat, ranging from a minimum diameter of 1 km (Hicks and
Hyvérinen, 1999) to 1.5 km (Sugita, 1994). By comparison, marine pollen deposition is subject
to larger-scale processes that influence the quality and diversity of the record, including direction
of prevailing winds, ocean currents, location of biomes with pollen-producing plants, runoff and
stream intermittency, and anaerobic conditions. Deposition is also largely point-source driven,
with greater abundance and diversity close to major stream outlets (Mudie and McCarthy, 2006),
but this may not correlate with the position of the associated biome on-shore (Hooghiemstra et
al., 2006). In the eastern Pacific, fluvial systems deposit much of the pollen off the coast of Chile
where prevailing westerlies have little influence (Montade et al., 2011), and similar processes
operate off the North American West Coast during interstadials (Heusser and Basalm, 1977).
Marine and terrestrial records are by nature differentially suited for gleaning paleoclimatic
information. As Ch 3 shows, the decadal- and centennial-scale arid phases can be “muted” in
lakes, not readily apparent from multi-proxy analysis. Meanwhile, the signal of hydroclimatic
shifts is challenging to detect in marine cores.

For the design of new investigations using fossil pollen, site selection must be informed
by 1) an understanding of these biases, and how marine and terrestrial settings can be
dynamically different, and 2) clear and focused research questions appropriate to the record
likely to be recovered. The importance of site knowledge also cannot be understated, including
present vegetation, glaciation history, hydrology, drainage, and local geology. These aspects of

the site inform the vegetation reconstruction from the resulting pollen counts, and help selection
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of other proxy analyses to aid the broader paleoecological and paleoclimatological interpretation
(e.g. Dean, 2010).
2.4.2. Current Data Quality and Availability

Fossil pollen investigations have been conducted along the California coastline since the
1970s, with several sites dating to at least MIS 5Se. Pacific-derived moisture and storms,
orographic uplift, and fluvial deposition are dominant processes in this sector of the North
American coastline (Montade et al., 2011), resulting in fluvially-dominated pollen transport
(Mudie and McCarthy, 2006). Pollen grain abundance is highest (up to 10,000 grains/cm’) in the
outflow of large river systems, such as the San Joaquin-Sacramento Rivers (Heusser and Basalm,
1977). Arboreal taxa such as P. menziesii., Abies, Tsuga, Pinus, and Picea are common in the
Pacific Northwest, and persist southward to the central coast of California, but with greater
influence of Sequoia sempervirens, Quercus and Alnus. S. sempervirens disappears from the
record south of the Southern California Bight, with the increased presence of herbaceous pollen
in regions with coastal sage scrub (Heusser and Basalm, 1977; Lyle et al., 2010, 2012).

Well-preserved lacustrine records are more common with higher effective moisture,
including towards the northern part of the state, and mountain ranges. Great Basin lakes in the
Temperate Desert ecoregion are more prone to desiccation and the record may have hiatuses (e.g.
Owens Lake, Searles Lake); further south into the Tropical-Subtropical Arid ecoregion from this
site, continuous lake records are scarce. Palynology data have been recovered from packrat
middens (e.g. Holmgren et al., 2010), which are omitted from this review. Compared to marine
records, lake basins have rates of pollen deposition that can be orders of magnitude greater and

range from 10,000 to 1,000,000 grains/cm3 (Hooghiemstra et al., 2006). Lacustrine assemblages
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are most dependent on the surrounding watershed, often with a key taxon or taxa (e.g. Juniperus,
Quercus, Artemisia) that are most sensitive to climate change preserved at that locality.

Table 2.2 catalogues both marine and terrestrial pollen datasets from California (Figure
2.2). Most of those listed are archived at the North American Paleoecological Database

(NeotomaDB.org; Grimm, 2008; Grimm et al., 2013); a current search within California’s

borders yields 78 results. For inclusion in Table 2.2 and Figure 2.2, selection criteria were 1) at
least 10 horizons of continuous pollen counts during at least one of three climatic events listed
below, 2) an age model, and 3) at least 2 kyr of data. Sites are grouped into three major climatic
shifts most relevant to this dissertation: the Holocene, the Last Glacial Maximum, and MIS 5e
(130 - 120 ka). This results in 37 sites from Neotoma, 66% of all listed in Table 2.2. Pollen
datasets that include the last interglacial come from offshore coring, the Coast Ranges of
Northern California, and the Mojave Desert. Of the datasets shown in Table 2.2 and Figure 2.2,
73% are from the Holocene, highlighting that younger sites are more prevalent, better preserved,
and more often studied.

2.5. Patterns of Change

2.5.1 The Record from the Last Interglaical (MIS Se, 130 - 120 ka)

In several global localities, the record of Marine Isotope Stage Se (130 — 120 ka) provides
evidence of the last sustained, warm interglacial. What climate and vegetation cover changes did
this impose on California’s landscape? Available site data are listed in Tables 2.2 and 2.3. A
successional pattern is evident in Northern California marine sites, where disturbance-loving
Alnus increased prior to, or at, the onset of the last interglacial c. 130 ka. This was followed by
an increase of Sequoia sempervirens and Quercus (Figure 2.3a&b; Heusser, 2000; Lyle et al.,

2010). Southward, Quercus peaked 125 ka in the Santa Barbara Basin at slightly higher
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Table 2.2. California sites in California dating to at least 2 ka, organized by three major climate events:
the last interglacial MIS 5e, the Last Glacial Maximum (c. 26 — 19 ka), and the Holocene. Color-coding
matches the ecoregions described in text and shown in Fig 2.1.
*Dataset available on neotomaDB.org. Note that site elevation is not readily available from the database.
tInstances where original source reports ages only in radiocarbon years, and have been converted to
calendar year estimates using www.calpal-online.de/index.html with a +50 error.

Site Name Lat Long Elev. Age Reference(s)
(m) (ka)
Sites dating to MIS Se
ODP 1019 41.678 | -124.933 -989 160 - 0 | Heusser (2000)
ODP 1018 36.989 | -123.276 -2477 613.6— | Lyle etal. (2001), Lyle et al. (2010),
2.7 Heusser, L. E. (2000), Poore et al.
(2000)
Clear Lake 39.058 | -122.831 404 130—0 | Adam etal., (1981); Adam and
Robinson, (1988); Adam and West
(1983)
ODP-893 34.28 | -120.03 -577 Heusser (1998, 2000)
Owens Lake 36.381 | -117.966 1067 180 — Benson et al. (1996); Litwin et al.
10.2 (1997); Woolfenden (2003, 1996)
Searles Lake 35.716 | -117.330 494 240 -0 | Litwin et al. (1999)
Sites dating to MIS 2
Grass Lake* 42.662 | -122.167 1537 355-— Hakala and Adam (2004)
0.5
Tulare Laket 36.029 | -119.800 54 29.6 — Davis (1999a)
21.5,
11.6-0
F2-92-P3 35.623 | -121.605 -803 32-2 Heusser (1998)
F2-P29 32915 | -119.737 -1475 40-3 Heusser (1998)
Nichols Meadow* 37.424 | -119.579 22.1 —0 | Koehler and Scott Anderson (1994)
Tulare Lake* 36.052 | -119.78 29.6 — 0 | Davis (1999)
Swamp Lake, YNP 37.128 | -119.070 1554 20-0 Smith and Anderson (1992); Street et
al. (2012)
Caledonia Marsh 42311 | -121.907 1263 38-0 Adam (1985); Colman et al. (2004);
Hakala and Adam (2004)
Tulelake 4195 | -121.48 1231 27-0 Adam et al. (1989); Hakala and
Adam (2004)
Holocene Sites
Sanger Lake 41.902 | -123.647 1550 14.5 -0 | Briles et al. (2008)
Benicia State Park* 38.073 | -122.193 0 2.2-0 | Malamud-Roam and Ingram (2004)
Roe Island* 38.072 | -122.033 0 2.2-0 | Malamud-Roam and Ingram (2004);
May, (1999)
Taylor Marsh* 38.938 | -120.060 1896 2.5-0 | West, G. J. (unpubl)
Browns Island* 38.042 | -121.868 0 2.6—-0 | Malamud-Roam and Ingram (2004);
May, (1999)
Mud Pond* 34.788 | -120.587 21 2.8—0 | Anderson et al. (2015)
Fish Lake* 41.264 | -123.683 541 2.9-0 | Crawford et al. (2015)
Ten Lakes*f 37.9 -119.533 2743 3.6—0 | Anderson (1987)
Ogaromtoc Lake* 41.486 | -123.541 596 34—-0 | Crawford etal. (2015)
Los Penasquitos Lagoon* 32.931 | -117.253 0 39-0 | Cole and Wahl (2000)
Las Flores Arroyo* 33.291 | -117.461 6 4.0-0 | Anderson and Byrd (1988)
Dinkey Meadow*t 37.000 | -119.083 1683 5.6—0 | Davis and Moratto (1988)
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Site Name Lat Long Elev. Age Reference(s)
(m) (ka)

CA-HUM-558 Pilot Ridge* | 40.662 | -123.670 1250 5.1—0 | Hildebrandt and Hayes (1983)
Abalone Rocks Marsh*f 33.956 | -119.977 0 6.0—0 | Cole and Liu (1994)
Elkhorn Slough* 36.825 | -121.764 0 6.5—0 | Dietz et al. (1988)
San Joaquin Marsh*} 33.658 | -117.858 2 7.7—0 | Davis (1992)
Flycatcher* Basin 41.015 | -121.573 924 8.1—0 | Anderson et al. (2008)
Tule Lake* 39.490 | -123.036 1340 89-0 | West(1993)
Tahquitz Meadow* 33.772 | -116.661 2399 9.2 — Wahl (2002)

0.4
Balsam Meadow* 37.196 | -119.260 2015 11.2—0 | Davis et al. (1985)
Tioga Pass Pond*f 37.908 | -119.258 3018 11.6 — 0 | Anderson (1990)
Secret Valley Marsh* 40.572 | -120.265 1359 10.6 — 0 | West and McGuire (2000)
Lily Lake* 41.977 | -120.210 2047 10.8 — 0 | Minckley et al. (2007)
McMurray Lake*t 39.460 | -120.649 2438 13.8—0 | Edlund (1996)
Cedar Lake* 41.207 | -122.497 1737 12.3 — West (1989)

0.1
Bunker Lake* 39.054 | -120.386 1995 12.6 — 0 | Edlund (1996)
Siesta Lake* 37.851 | -119.660 2430 12.7—-0 | Brunelle and Anderson (2003)
Barrett Lake* 37.560 | -119.008 2816 15.9—-0 | Anderson (1990)
Exchequer Meadow* 37.000 | -119.833 2219 16.1 — 0 | Davis and Moratto (1988)
Bluff Lake* 41.347 | -122.560 1926 13.4— Mohr et al. (2000)

0.3
Mumbo Lake* 41.191 | -122.511 1860 14.0 — 0 | Daniels et al. (2005)
China Camp*¥ 38.008 | -122.493 0 18.3 — 0 | Malamud-Roam and Ingram (2004)
Lilypad Lake* 36.982 | -118.994 1982 15.7—0 | Edlund (1996)
Swamp Lake*f 37.95 | -119.817 1554 19.0—0 | Smith (1989)
Little Willow Lake* 40.412 | -121.390 1829 16.2—0 | West (2003)
Bolan Lake 42.025 | -123.458 1638 17-0 Briles et al. (2005)
V1-80-P3 38.425 | -123.796 -1600 16 -1 Heusser (1998); Heusser and King

(1988)

Starkweather Pond 37.663 | -119.068 2438 12.9—-0 | Anderson (1990)
Barrett Lake 37.596 | -119.008 2816 13.8—0 | Anderson (1990)
Black Lake 37.816 | -118.578 1962 13.4—0 | Batchelder (1970)
Mono Lake¥ 38.008 | -119.026 1945 13.5-0 | Davis (1999b)
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percentages, with no accompanying rise in A/nus nor S. sempervirens. This illustrates the north-
south precipitation gradient in California, and the greater prevalence of a mosaic of oak
woodland, chaparral, and sage scrub southward (Heusser, 1992).

The greatest Quercus increase to nearly 80% was documented at terrestrial site Clear
Lake (Figures 2.2, 2.3¢c; Adam et al., 1981; Adam and Robinson, 1988). In both the Santa
Barbara Basin and Clear Lake record, Quercus is invoked as a temperature proxy (Heusser,
1998), with its percent changes shown to be strongly correlative to the marine 8'*O record
(Adam and West, 1983). The other two terrestrial pollen sites dating to the last interglacial are
Mojave desert sites, where decreases in arboreal taxa occurred, most notably Juniperus at Owens
Lake (Figure 2.3d; Litwin et al., 1999; Woolfenden, 2003).

2.5.2 The Record from the Last Glacial Maximum (26 - 19 ka)

MIS 2 is a global event that spans 29 — 14 ka (Lisiecki and Raymo, 2005), with the Last
Glacial Maximum (LGM) is generally attributed to 26 - 19 ka (Clark et al., 2009). Sites dating to
a minimum of 21 ka are considered here (Table 2.1). While cold conditions prevailed along the
continental margin, precipitation conditions varied due to the high amount of topographic
variability, and storm tracks that shifted along a north-south gradient. Mountain glaciation
dominated the North American West Coast, and was often subject to regional climatic effects
that caused the maximum extent of local glaciers to be asynchronous with continental ice sheet
volume (Hughes et al., 2013; Thackray et al., 2008).

Herbaceous and shrubby areas expanded their range throughout Central and Northern
California, largely replacing arboreal taxa. This paleoenvironment was prevalent at northern
marine sites, the Modoc Plateau in northeastern California, the Sierra Nevada, and Central

California (Table 2.3). Anomalously, Clear Lake is inset in this suite of paleoclimatic sites, and
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showed Pinus expansions during the last glacial, with conditions interpreted to be cool (Adam et
al., 1981). Southern California sites had a different response, with moist conditions during the
LGM supporting forest expansion. Reduced Quercus indicates colder temperatures, while Pinus,
Cupressaceae, Taxodiaceae, and Taxaceae increase in the Santa Barbara Basin (Heusser 1992).
Juniperus expanded downslope in the Owens Valley (Figure 2.3d), though this taxon has been
interpreted as a temperature indicator that expands during glacials (Koehler and Anderson, 1995;
Woolfenden, 2003). During the LGM, Juniperus is associated with xeric taxa (e.g. Yucca,
Artemisia), suggesting dry conditions overall.

2.5.3. The Holocene (10— 0 ka)

Holocene pollen records are more abundant and often higher-resolution than well-
preserved, continuous records dating to MIS 5Se, and have thus illuminated finer-scale changes in
temperature and moisture over the past 10 ka. Of 37 datasets extracted from Neotoma that satisfy
the criterion of data spanning at least 2 ka, 92% are Holocene-age sites. As the Holocene sites
represent, in aggregate, a greater number of sites often analyzed at higher resolution than older
records, I have parsed the summary of their hydroclimatic history into Early (c. 10 - 7.5 ka),
Middle (7.5 - 3 ka), and Late Holocene (3 - 0 ka; Table 2.4).

Although relatively warmer with more abundant forests statewide, prevailing moisture
during the Early Holocene exhibited a dipole similar to the LGM. Drier conditions were present
in the north, particularly in the Klamath Mountains, Sierra Nevada and Central Valley, while the
Santa Barbara Basin and sites located southward favored moister-than-present conditions.
Conditions during the Middle Holocene were relatively stable for several millennia. Aridity was
widespread in the Sierra Nevada and southern California, while marine and northern sites

underwent gradual change. For example, Klamath Mountain sites exhibited a slow transition
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towards wetter conditions from 8 - 3 ka (Briles et al., 2008) while ODP 1019 sea surface
temperatures gradually decreased by 1°C (Barron et al., 2003). A characteristic of the Late
Holocene has been its widespread variation, often attributed to a higher degree of El Nifio
Southern Oscillation (ENSO) variability since 3 ka (Kirby et al., 2014; MacDonald et al., 2016).
Sierra Nevada sites, for example, have been generally moist, punctuated by dry events lasting
several decades or centuries. The Medieval Climate Anomaly (1 - 0.7 ka) and Little Ice Age (0.7
- 0.16 ka) have a documented hydroclimatic and sea surface temperature response statewide.
These are centennial-scale events at a finer scale than the scope of this review, however, and are
examined further in Ch 5 with the Lower Bear Lake record.

2.6 Summary

2.6.1 Review Questions

1) How does the terrestrial palynology record differ from marine studies?

Many of the records that date to the last interglacial MIS 5e were marine. California’s north-
south precipitation gradient, glaciation in the Sierra Nevada, and past megadroughts and arid
states do not favor continuous lake deposition; long terrestrial sites are therefore rare. Marine
patterns for interglacials (e.g. MIS 5Se and the Holocene) towards the north tend to be
successional, while documenting change at terrestrial sites across longer timescales has largely
depended on an indicative temperature-proxy taxon (e.g. Quercus, Juniperus). Terrestrial sites
have potential to be higher resolution, with more rapid sedimentation and pollen focusing in
individual basins. This is particularly true for the Holocene, where detailed palynological studies
have shown distinct centennial-scale climate events such as the Medieval Climate Anomaly and

Little Ice Age, and decadal-scale phenomena such as ENSO.
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2) Are there identifiable ecological patterns to past climate change?

In coastal Northern California, currently one of the wettest portions of the state, interglacial
periods (MIS 5e and the Holocene) in marine records had the abovementioned distinctive
signature with early and rapid A/nus colonization. Inland (e.g. Clear Lake) and southward (e.g.
Santa Barbara Basin), Alnus and S. sempervirens were not present, and Quercus became more
prevalent with enhanced aridity. Throughout the state and all climatic events examined, the
expansion of herbs and shrubs — particularly Artemisia as an indicator of steppe — signaled
long-term dry conditions. Conversely, the expansion of coniferous forest occurred under wet
conditions. Higher moisture availability cannot be inferred from high arboreal or Pinus counts
alone, examining the arboreal assemblage with Pinus is key. The combination of Abies, Pinus,
Cupressaceae, Taxadiacaeae, Taxaceae and reduced Quercus has generally indicated enhanced
moisture.

3) Is MIS 5e an analogue for the Holocene?

A direct comparison of MIS 5e and the Holocene conditions in California from available
pollen data is problematic, largely due to varying resolution of studies between the two time
periods, and age model uncertainties. While marine sites 1018 and 1019 followed similar
successive “patterns” at interglacials, the most-sensitive taxa shown in Figure 2.3 for four sites
often do not replicate the same abundance. Studies of non-pollen proxies have shown disparity
between both interglacials: Holocene summer insolation was lower and declining than peak MIS
Se values (Laskar et al., 2004). The eastern Pacific has also shown a combination of high
productivity and warm SSTs during the Holocene that were unique, and not replicates of MIS 5

conditions (Lyle et al., 2001).
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2.6.2 Best Practices for Palynological Data

As data are increasingly generated and used to inform conservation and climate models, more
sites will be available to examine these questions. Digital data availability is key to streamline
this analysis, and to study the relationships between geographically disperse sites. I recommend
Neotoma data archival as a best-practice for palynologists working on the West Coast, which is
actively managed (Grimm et al., 2013), and increasingly integrated with mobile apps (e.g.

Flyover Country; Myrbo, 2015) and R code packages to extract data (Goring et al., 2015).
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3. Insolation and North Atlantic Climate Forcing in alpine Southern

California since 125 ka

3.1 Abstract

Paleoclimatic records in the North American West have increasingly shown that solar
radiation shifts and rapid change in the North Atlantic were important influences on past
temperature and moisture regimes. However, their impact on terrestrial climate in Southern
California over long timescales remains unclear. A new, multi-proxy record from Baldwin Lake
in alpine Southern California spanning 125 — 20 ka shows that local summer insolation directly
influenced lake temperature and productivity in MIS 5 (125 — 71 ka). From 60 — 57 ka,
hydrological state changes and events occurred in California and the U.S. Southwest, though the
pattern of response varied geographically. Intermediate, less variable levels of winter and
summer insolation followed during MIS 4 — 3 (71 — 29 ka), which maintained moist conditions
in Southern California that were interrupted with Dansgaard-Oeschger (D-O) events.
Paleoclimate records in the region suggest that D-O events were times of enhanced sea surface
temperatures (SSTs) and terrestrial aridity throughout the Southwest and Southern California,
while Great Basin sites had a more varied response. Ice age conditions of low temperatures and
reduced evaporation are widespread during MIS 2, though there is increasing evidence for
moisture extremes 29 — 20 in Southern California. This record shows that prior to the last ice
age, Southern California climate was impacted by 1) orbital-scale radiative forcing, and 2) rapid

North Atlantic temperature perturbations.
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3.2. Introduction

Throughout the U.S. Southwest and California, model projections for the 21st century
suggest a response to increased radiative forcing that will manifest with enhanced temperatures,
aridity, and climate variability (Overpeck et al., 2013). These projections prompt important
questions about regional sensitivity to climatic change: what forcing mechanisms exert the most
change? What teleconnections exist between regions? How do anticipated magnitudes of
regional climate change compare to past variations? These questions are especially important in
California, the adjacent Great Basin and Southwest, regions that are already water-stressed and
increasingly populous (Georgescu et al., 2012).

Retrospective studies are crucial for deepening our understanding of large-scale climate
dynamics and teleconenctions, and assessing the potential range of temperature and hydrological
variability. Recent studies have documented long-lasting droughts in the West during the Late
Quaternary (e.g. Brunelle and Anderson, 2003; Heusser et al., 2015; MacDonald and Case, 2005;
Mensing et al., 2013), most of which were associated with warm intervals (Woodhouse et al.,
2010). Conversely, extreme and long-lasting wet events were also a feature of West Coast
climates (e.g. Bird and Kirby, 2006; Kirby et al., 2013, 2012). These prolonged hydroclimatic
events have no analogue in the past 150 years of instrumental records.

A growing body of climatic records from the U.S. Southwest and Coastal Southwest
suggests regional sensitivity to a variety of climate drivers that include an atmospheric-oceanic
teleconnection with the North Atlantic (Asmerom et al., 2010; MacDonald et al., 2008; Oster et
al., 2014; Reheis et al., 2015; Wagner et al., 2010), Pacific Ocean (Ingrid L. Hendy and Kennett,
2000; Heusser, 1998; Lund and Mix, 1998) boreal insolation (Lachniet et al., 2014), and

migrating storm tracks (Garcia et al., 2014; Kirby et al., 2006; Owen et al., 2003). Offshore
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marine cores have documented long histories through several Marine Isotope Stages (MISs),
though the temporal resolution of records prior to MIS 2 is often low, and the response
dynamically different from terrestrial sites (Heusser and Basalm, 1977; Hooghiemstra et al.,
2006). The longer-term climate history of terrestrial Southern California throughout past
glaciations and multiple MISs is lesser-known, compared to abundant studies on the Holocene
and Last Glacial (MIS 2).

A newly-acquired core from Baldwin Lake, California in the San Bernardino Mountains
(SBM) that dates to 125 — 10 ka provided insight to the long-term temperature and hydrology of
Southern California, and associated climatic drivers. We use this material, in combination with
other records from the Great Basin and Southwest, to address the following questions: What
environmental changes occurred at the site over the past ~125 — 20 ka? How does the record of
climatic variability at Baldwin Lake compare to other California, Great Basin and Southwestern
sites? Finally, how did orbital-scale and millennial-scale climatic drivers influence the
paleoenvironmental changes observed at the site, and throughout the broader region?
3.3. Setting

The SBM are part of the Transverse Ranges surrounding the Los Angeles Basin, with
some of the highest elevation peaks in Southern California. They form a barrier between the
interior Mojave Desert and U.S. Southwest, and the summer-dry, winter-wet Mediterranean
conditions of the U.S. Coastal Southwest. The lateral strike-slip San Andreas and Mill Creek
Faults bound either side of the range. Granitic rocks dating from the Triassic to Cretaceous
dominate the range (Morton and Miller, 2006), with other allocthonous sedimentary terranes of
Precambrian and Mesozoic age (Owen et al., 2003). High relief valleys and slopes are often

covered with Quaternary deposits, including alluvium, talus, and fanglomerates.

36



Baldwin Lake (34.275°N, 116.8°W) lies at an elevation of 2040 m in the Big Bear Valley
of the SBM, approximately 160 km east of the Pacific coastline (Figure 3.1). It is one of two
major lake basins in the valley with a 79 km” watershed, and an intermittent lake (Big Bear Lake
TMDL Task Force, 2012). To the west, the Big Bear Lake watershed is 96 km?, and the basin
supported a lake throughout the Holocene (Kirby et al., 2012; Paladino, 2008). Sugarloaf
Mountain to the south (3033 m) is the source of most sedimentation into the Baldwin basin, with
the 14 km? Sugarloaf fan (Flint and Martin, 2012; Leidy, 2006). Smaller-scale faults occur
throughout Big Bear Valley, including a thrust fault <I km east of Baldwin Lake on Nelson
Ridge (Flint and Martin, 2012). During the last ice age (MIS 2), glaciation occurred at the
highest elevations of the Transverse Ranges at Mount San Gorgonio (3,506 masl), with moraines
still evident on the landscape (Owen et al., 2003) and in small, high-altitude lakes (e.g. Dry
Lake; Bird and Kirby, 2006).

Mediterranean winter-wet and summer-dry conditions prevail throughout the SBM and
Southern California, modulated by upwelling and currents on the North American Pacific
margin. The configuration of the North Pacific High and North American Low, and westerly
winds, drive this strong precipitation seasonality (Barron et al., 2003; Cayan and Peterson, 1989).
Seasonal migration of the Polar Jet Stream (PJS) brings Pacific-derived moisture in the winter
months, and Southern California’s yearly precipitation averages 70-100 cm (Owen et al., 2003).
Annual precipitation averages are comparatively higher in the mountains at ~220 cm/yr in Big
Bear Valley (U.S. Climate Data, 2016), largely derived from North Pacific-derived winter storms
(Owen et al., 2014; Wise, 2010). Other precipitation sources include orographic uplift, lateral

snow drift (Minnich, 1984), and summer storms due to convection and the occasional dissipating
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late-summer tropical cyclones (Tubbs, 1972). Average July high temperature at Big Bear City is
27.2 °C, and January’s average high is 8.3 °C (U.S. Climate Data, 2016).

3.4. Materials and Methods

3.4.1. Core recovery and Initial Core Description (ICD)

Baldwin Lake was re-cored August 2012 with a CME-95 truck-mounted hollow stem
auger drill. We targeted the basin depocenter (34°16.56633°, -116°48.61182"), located slightly
west of the BLDCO04-2 core site (Figure 3.1; Kirby et al., 2006). We refer to this sequence of
cores as BDL12, which consisted of overlapping 2.5 foot sections from two separate holes.
BDL12 is archived at UCLA. Cores were split at UCLA in 2013, then photographed and
described at the Limnological Research Center (LRC) in 2014, following conventions for Initial
Core Description (ICD; Schnurrenberger et al., 2003).

3.4.2. Chronologic control

Seven wood and charcoal samples from the upper 8 m of BDL12 (Table 3.1) were dated
with accelerated mass spectrometry (AMS) radiocarbon methods. These macrofossils were
preferable to the aquatic plant material, stems and bulk dates of the BLDCO04 chronology (Kirby
et al., 2006; Marty and Myrbo, 2014; Zimmerman and Myrbo, 2015). For the lower sections of
core, Infrared Stimulated Luminescence (IRSL) single-grain analysis was conducted on two
sections of the sequence with a high sand fraction (Buylaert et al., 2009; Rhodes, 2015). IRSL
was applied to 150-175 pm K-feldspar grains, a technique increasingly used in Southern
California, where quartz demonstrate low sensitivity in many locations (Garcia et al., 2014;
Lawson et al., 2012). Four 20-cm sections of core were removed with a handsaw under
luminescence laboratory lighting conditions, and a ~1.5 cm diameter cylinder of sediment

extracted from the interior for IRSL dating. Once disturbed, these sections were not further
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analyzed. Preparation procedures, measurement at UCLA, and analysis followed Rhodes (2015).
Fading measurements were used to correct both the IRSL signal measured at 50°C and the post-
IR IRSL signal at 225°C, which demonstrated mean g-values of 0.03 and 0.015 respectively.
Dose rates were calculated using ICP-MS (for U, Th) and ICP-OES (for K) determinations at
SGS, Vancouver, Canada.

We modeled age and depth with Bacon 2.2 (Blaauw and Christen, 2011) software, using
default prior settings and the input of '*C dates, luminescence dates, and five tie-points (Table
3.1, Figure 3.2a). Above the youngest radiocarbon date at 152 cm, the age and history of the
modern lake surface is uncertain, and thus Bacon 2.2 extrapolated the model between 0 — 152 cm
with no constraints. For the lower 8 — 27 m of core, we employ visual curve matching (Groot et
al., 2014) between local summer insolation and BDL12’s percent organic content proxy data.
The two datasets shifted in tandem 40 to 20 ka in the already-dated section of BD112. We
believed that the correlation between primary productivity and organic content (described below)
persisted throughout the sequence, illustrating the lake’s rapid response to changes in local
insolation. Record “tuning” with visual curve matching is often used in the absence of other
chronologic data or techniques (e.g. Tzedakis et al., 2001), or to supplement existing dates (e.g.
Cacho et al., 1999). Tie-points with a 2 kyr error (e.g. Mahan et al., 2014) were established
between maxima and minima of summer insolation at 34°N over the last 128 kyr (Laskar et al.,
2004), and corresponding maxima/minima from a loess smooth of organic content (Figure 3.2b).
3.4.3. Sedimentary Analyses

Initial magnetic susceptibility data were collected at UCLA with a Bartington MS2e
sensor, and replicated at LRC. Finer-resolution magnetics were recorded with a GeoTek Multi-

Sensor Core Logger at LRC in 0.5-cm intervals. Loss-on-ignition (LOI) was conducted at 1-cm
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Table 3.1. AMS radiocarbon dates, infrared-stimulated luminescence dates, and tie points used
for BDL12’s age model. Mean age from Bacon 2.2 (based upon IntCall3; Reimer et al., 2013) is

used for the calendar-years age model; see text and Figure 3.2 for details.

Accelerated Mass Spectometry Radiocarbon Dates
W. M. Keck Carbon Cycle AMS Radiocarbon Lab, UC-Irvine

Sample No. | Depth (cm) Material Raw "“C Age Approximate
Calendar Age
UCI-121791 152 charcoal 10,010 + 320 ~11,868
UCI-124533 262 charcoal 21,150 £ 810 ~24.307
UCI-124534 389 charcoal 25,170 £ 280 ~29,339
UCI-121792 440 pine cone piece | 25,990 £ 140 ~30,400
UCI-124535 529 charcoal 27,240 + 180 ~31,474
UCI-124536 745 charcoal 35,710 £ 790 ~40,417
UCI-121793 815 twig 41,010 + 700 ~43,997
Post-IR Infrared Stimulated Luminescence dates
Earth and Planetary Sciences Dept., UCLA
Sample No. | Depth (cm) Material 50°C IRSL Signal 225°C IRSL Signal
(cal yr BP) (cal yr BP)
JO395 2075 massive silt 88,500 + 6,200 87,800 + 6,100
J0396 2173 clayey silt 55,800 + 5,400 44,900 + 3,900
J0397 2570 sand 117,000 + 8,000 109,000 + 8,000
JO398 2700 sand 136,000 + 10,000 124,000 + 8,000
Tie-Points for orbital tuning
Depth (cm) Age (cal yr BP)
1585 72,000 = 2000
1748 83,000 + 2000
2042 95,000 + 2000
2212 105,000 + 2000

2432

116,000 + 2000
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Figure 3.2. a) Bacon 2.2 age-depth model from radiocarbon and lumninescence
dates, and tie-points (Table 1). b) Tie-points established between insolation peaks
and troughs from summer insolation values at 34°N (Laskar, 2004), and correspond-
ing maxima amd minima from a loess smooth of high-resolution organic content
data in BDL 12.
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intervals throughout BDL12 to determine the organic and carbonate content of the sediment
(Dean, 1974; Heiri et al., 2001). Organic content was determined from mass lost after 1-hour
burns at 550°C in a muffle furnace, and carbonate content was calculated after subsequent 1-hour
burns at 950°C. Core density was calculated from the dry weight values of the 1-cm® LOI
samples. Bulk inorganic values are the remaining percent of core after percent organic content
and carbonate content (both determined from the LOI analysis) were subtracted. The high-
resolution LOI and MS data were used to determine the correlation between core sections. Mass
accumulation rates (MARs) were calculated by multiplying a horizon’s dry density by its
sedimentation rate derived from the age model (Rack et al., 1995).

Grain size sampling was initially done at 50 cm intervals (Silveira, 2014), with later
sampling that targeted the basal coarse-grained facies, and the slowly-deposited MIS 2 interval.
Samples (n=93) were digested in 30-35% H,O; to remove organics, 1N HCI to remove
carbonates, and 1M NaOH to remove biogenic silicates, with intermittent centrifuging. Analyses
were performed on a Malvern Mastersizer 2000 laser diffraction grain size analyzer. The results
were combined with high-resolution grain-size data from core BLDC04 (Blazevic et al., 2009)
after re-adjusting BLDCO04’s absolute depths (see Supplemental Data). We reported the grain
size mode (um) here, after averaging values at 25-cm intervals for the section above 15 m, and at
50-cm intervals for the section spanning 15 — 27 m. This was done to reduce noise and variable
sampling resolutions throughout the ~27 m sequence. X-ray fluorescence (XRF) values were
taken with a portable Innov-X Analyzer at 5 cm intervals along a split core surface that was lined
with Ultralene film. Elements reported here include titanium (Ti), iron (Fe), calcium (Ca),

potassium (K), and manganese (Mn).
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3.4.4 Biogenic Silica (BSi)

We selectively analyzed biogenic silica (BSi) throughout the core in order to determine if
organic content changes were driven by lake productivity, or terrestrial biomass. BSi wet-
alkaline extraction followed the methods of Conley and Schelske (2002). Samples (n=32) from
each of the Marine Isotope Stages were analyzed to characterize the relationship between organic
content and BSi in the various core facies.

3.5. Results and Proxy Interpretation
3.5.1 Age Model

Age results from BDL12 range from 125 — 4.5 ka cal BP, with AMS '*C dates converted
to calendar years during Bacon 2.2 modeling (Table 3.1, Figure 3.2a). The 11.9 ka cal BP date at
152 cm was younger than expected from prior work (Kirby et al., 2006), and obtained from a 3-
cm charcoal layer not captured in the BLDC04-2 core. Without any age constraints above 152
cm, Bacon 2.2 extrapolated to the core top, with dates that extend into the Middle Holocene. We
had low confidence that this is the true age of the core top, and have excluded the desiccated
upper 1 m of BDL12 from the ensuing figures and discussion. The fading-corrected IRSL ages
measured at 50°C and post-IR IRSL at 225°C are in approximate agreement, and within range of
the tie-points established (Table 3.1, Figure 3.2a-b). Sample J3096 was excluded from the age
model, as it provided age estimates that were not in stratigraphic agreement with the other three
samples (Table 3.1), had very low yield, and displayed non-standard TL during preheat
measurements.

3.5.2 Sedimentology and Summary of Proxy Data
The BDL12 sequence was 91.9% complete, with some missing portions due to coring

gaps and disturbances. Core stratigraphy and sedimentological data (dry density, inorganics,
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MARSs, and grain size) are shown by depth in Figure 3.3. Grain size mode results throughout the
sequence were consistently in the range of silt (2-50 um), except for the basal sand unit (mode
>400 pm). We summarized important changes in Table 3.2, with modifiers “sandy,” or “clayey”
when these grain size fractions measured 20% or greater, and silt remained the dominant grain
size (over 60%). Figure 3.4 shows proxy data by age and MIS, alongside shifting insolation for
34°N. MIS 5 notations with numbers (e.g. MIS 5.1) represent times of peak conditions for its five
substages, after the chronology of Lisiecki and Raymo (2005). Table 3.2 summarizes physical
and geochemical results and important shifts in proxy measurements for each MIS. MIS 5
substages are referenced with letters here (e.g. MIS 5a), though Imbrie et al. (1984) note that the
transition between these substages tended to vary geographically.
3.5.3 Relationships and Environmental Interpretation for Baldwin Lake Proxy Data

We assumed the following relationships between proxy data, environmental conditions,
and local summer insolation in our interpretation of site history. We noted first a strong
correlation between organic content and BSi throughout most of the sequence (Figures 3.4a-b;
r=0.8091, p<0.001), suggesting that primary productivity was the most important contributor to
organic variation (Colman et al., 1995; Conley and Schelske, 2002; Kaplan et al., 2002). Other
sites at either high latitudes or altitudes have shown bulk organic and BSi correspondence to
indicate lake water temperature (e.g. Blass et al., 2007; Hahn et al., 2013; McKay et al., 2008;
Nussbaumer et al., 2011; Vogel et al., 2013), including a detailed study in the Sierra Nevada
(Street et al., 2012). Light availability can be another control on length of the freshwater
photosynthetic season (e.g. Colman et al., 1995; Hu et al., 2003) and seasonal ice cover of the
lake surface (McKay et al., 2008; Melles et al., 2006; Prokopenko et al., 2006). We assumed that

our LOI-BSi concentration recorded a similar connection to paleotemperature, and was largely
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Figure 3.3. Stratigraphy, age horizons, and sedimentological data for BDL12, with approximate
boundaries of Marine Isotope Stages after Lisiecki and Raymo (2005). The entire age range for
three post-IR IRSL dates is shown. Substage lettering (MIS 5e-5a) is not bracketed at specific
time points, due to this age uncertainty.
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influenced by available light, variations in summer insolation at 34°N, and the length of ice-free
season. As BSi sampling resolution was low, we discuss the record in terms of relative
temperature changes that affected the SBM.

Low values of magnetic susceptibility and dry density generally corroborated times of
high biologic and autochthonous deposition (Table 3.2). Low MS values (<12 SI) throughout
most of BDL12 (Figure 3.4, Table 3.2) suggest this proxy detected a largely diamagnetic fraction
throughout basin history (Dearing, 1999). Magnetite-rich sediment was certainly produced from
nearby granodioritic bedrock, yet the MS signal was dampened at times of episodic, high-energy
clastic input. Likely magnetite-bearing sediment experienced oxidation at lake bottom, and
magnetite was dissolved in whole or in part (Bird and Kirby, 2006; Dearing, 1999; Kirby et al.,
2006; Nowaczyk et al., 2006).

Trace element data aided our interpretation of allochthonous deposition, lake level
changes, and lake ventilation. Phases of increased detrital, non-biologic deposition produced
relatively higher values of Ti and, in part, Fe (Kylander et al., 2011; Vogel et al., 2013). Warm
water temperatures and lake regression can produce Ca saturation, and high values in the
manganese to titanium ratio (Mn:Ti; Figure 3.4) have been interpreted as a proxy for a well-
mixed lake with bottom ventilation (Kylander et al., 2011). Ca concentration generally changed
in tandem with carbonate content (CaCOs) as measured with LOI (Figure 3.4); taken together,
we interpreted times of high Ca, CaCO; and Mn:Ti to reflect more shallow, ventilated, and warm
lake conditions. At times when Ca, CaCOs, Mn:Ti, and MS remained low, we interpreted the

lake to be deeper, stratified, and anoxic at bottom.
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Figure 3.4. Physical and geochemical data, plotted by age and with Marine Isotope Stage
boundaries noted. (a) Organic content, determined with loss-on-ignition. (b) Biogenic
silica. (¢) Summer and (d) winter insolation at 34°N, the approximate latitude of the study
site. (e) Trace element titanium (T1). (f) Trace element iron (Fe). (g) BDL12 magnetic
susceptibility (SI). (h) Magnetic susceptibility of Owens Lake core OL90 (Benson et al.,
2002), adjusted to calendar years with a Bacon 2.2 age model based upon tie-points to
NGRIP and radiocarbon dates of Benson et al. (2003). See Supplemental Data for details
of OL90 age conversion. (i) Trace element calcium (Ca). (j) Bulk carbonate content

(CaCO:s3), determined with loss-on-ignition. (k) Manganese to titanium ratio (Mn:Ti).
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3.6. Discussion
3.6.1. Baldwin Lake’s Environmental Change from 125 — 10 ka

Luminescence dates support MIS 5Se initiation of the BDL12 sequence, with high density,
coarse grain size, and extremely low clay and organic content (both <1%). This sedimentology
was likely produced in a high-energy environment, rather than closed-basin deposition. We
hypothesize that fluvial and colluvial processes dominated erosion and transport in the alpine
valley at this time. The transition to finer-grained clayey silt was abrupt and likely happened
early MIS 5d. Rapid sedimentation from Sugarloaf Mountain, including possible landslide
events, may have aided closure of the basin, and the separation of Baldwin and Big Bear Lake
basins (Leidy, 2006; Stout, 1976). The ensuing deposition into Baldwin Lake was largely
detrital, with high Ti and Fe and low organic content. It remained a deep, unproductive, cool lake
for the first half of MIS 5d during an insolation minimum at 116 ka. Ca, CaCOs3, and organics
later increased 112 ka while MS decreased, indicating the lake became warmer, shallower, and
more productive.

The period between MIS 5.4 — 5.3 (109 — 96 ka, Figure 3.4) was the basin’s first
productivity oscillation apparently driven by summer insolation, with organic values reaching
>30% twice from 106 — 103 ka, and BSi at 11.3 mg/g. Productivity reached minimal levels over
the next 8 kyr to match the insolation low 95 ka. During MIS 5b — 5a (95 — 71 ka), productivity
again increased and decreased, reaching >30% shortly after the insolation maximum 83 ka.
Lowstand conditions accompanied this, with high Ca, CaCOs, Mn:Ti. Abundant littoral mollusks
Lymnaea and Planorbella spp. (Burch, 1982) indicates that the lake shoreline had reached the

basin depocenter, where the core was taken. All Ca-based lowstand evidence quickly
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disappeared at 82 ka, and organics surged to 33% by 81.6 ka in the deeper water, before
declining alongside insolation to reach ~1% at 73 ka.

During MIS 4 and 3, these broad oscillations yield to a long-term state of moderate
productivity, while seasonal insolation was less variable. Organics were already increasing from
a low 73 ka, leading the insolation minimum at 71 ka by 2 kyr, and then maintained moderate
values (average = 16.4%) Early MIS 4 had relatively high levels of Ca, CaCOs3, and Mn:Ti
(Table 3.2, Figure 3.4) that tapered over the next ~5-6 kyr, while organic content rose, the lake
deepened, and deposition became more rapid with the constant autochthonous biologic material.
These conditions persisted into MIS 3, with continuous organic content (average = 18.8%) and
that underwent millennial-scale fluctuations, a unique feature of this Stage.

Phases of subtle laminae occurred during the first half of MIS 3 (57 — 46 ka), and are
described in greater detail for core BLDC04 (Kirby et al., 2006). While laminated and non-
laminated sediment may indicate lake water level shifts (Retelle and Child, 1996), we do not find
support for the alternating perennial-to-playa conditions during MIS 3 as proposed by Blazevic
et al. (2009). The sediments and their chemistry are not consistent with playa conditions and the
elemental “signature” of high Ca, CaCOs3, and Mn:Ti we found for Baldwin Lake’s eventual
desiccation in the Holocene (Figure 3.4). Instead, these elements are suppressed throughout MIS
3 along with low MS (Table 3.2, Figure 3.4), suggesting a lack of sustained bottom ventilation
events in the lake. Low MS and well-preserved microfossils during MIS 3 also support persistent
bottom anoxia. Baldwin Lake was thus a perennial, stratified lake for most of MIS 4 and the
duration of MIS 3, a timespan of at least 35 kyr.

After a final millennial-scale fluctuation in organic content that peaked 27.7 ka, this

proxy declined during the lower insolation and colder temperatures of MIS 2. Sedimentation
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slowed significantly and was largely detrital, with Fe and Ti increasing into the Last Glacial
Maximum (LGM, 26 — 19 ka). BSi declined to ~5 mg/g by the end of MIS 2, but its moderate
values throughout MIS 2 (Table 3.2, Figure 3.4) suggest continued productivity during this cold
time. Both an influx of potassium (K) to the basin (10-11%., compared to prior averages of ~5%o),
and high Pediastrum counts from preliminary pollen data, occurred during the LGM and indicate
persistence of algae, despite lower light availability and temperatures. The highest MS excursion
in the core occurred at 27 — 25.5 ka; aside from oxidation of the core since its collection, there
are no other unique sedimentary structures, nor shifts in other proxy data, that correspond to this
excursion. This likely represents a change in reducing conditions at lake bottom that
anomalously preserved the magnetic signal (Dearing, 1999). Owens Lake, located ~250 km
NNW of the SBM, underwent a similarly rapid, coeval magnetic susceptibility increase, before it
shifted towards relatively higher magnetic values for MIS 2 (Figure 3.4h; Benson et al., 2002).

Organic silt deposition did not resume after MIS 2; instead, the lake transitioned to an
intermittent, playa surface as summer insolation rose from 23 — 11 ka. Shallow-water indicators
Ca, CaCOs, and Mn:Ti increased suddenly 12 ka; afterwards, frequent dry episodes prevented
further preservation of biologic material. While the Holocene is a notable omission in BDL12,
studies on neighboring Big Bear Lake (Figure 3.1) have provided insight into Holocene climate
of the SBM (Kirby et al., 2012; Paladino, 2008).
3.6.2 Important Climatic Drivers in California

3.6.2.1 Orbital-Scale Radiative Forcing

Summer insolation has been invoked as a key influence in long vegetation records.
California pollen sites that date to MIS 5e have shown orbitally-induced landscape change,

including the Santa Barbara Basin (ODP 893; Heusser, 1998), ODP 1018 (Lyle et al., 2010), and
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Owens Lake (Woolfenden, 2003). ODP 1018 BSi and productivity also shifted with precessional
cycles (Lyle et al., 2010). Total organic carbon (TOC) from an Owens Lake record was
synchronous with summer insolation (Figure 3.5c, Benson et al., 2002). The influence of boreal
summer insolation, largely credited with driving continental ice sheet mass, was a primary driver
of change at interior Great Basin speleothem sites including the Leviathan, Pinnacle, and
Lehman Caves (Lachniet et al., 2014), and Devil’s Hole (Moseley et al., 2016). Baldwin Lake’s
history indicated that Southern California temperature and hydrology were sensitive to
Milankovitch-scale orbital variations over the past 125 ka. Our new results confirm the first-
order relationship between local insolation values and organic matter, first proposed by Kirby et
al. (2006). The relationship between summer insolation and organic content is best evident
during the high-amplitude changes in summer insolation during MIS 5 and its substages, a time
encompassing 42% of the record.

Globally, MIS 4 conditions were milder than the preceding MIS 6 and subsequent MIS 2
stadials, including in the North American West and Sierra Nevada (Brook et al., 2006; Forester
et al., 2005; Jiménez-Moreno et al., 2010; Phillips et al., 1996; Rood et al., 2011). In southern
California, both summer and winter insolation likely drove short-lived cold conditions, and rapid
recovery, compared to MIS 2. During intermediary MIS 3, both winter and summer insolation
were less variable and local seasonality was reduced (Figure 3.4). Summer insolation only varied
487 — 511 W/m?, while winter insolation was relatively static (Table 3.2). This allowed the lake
surface to remain ice-free, and primary productivity to continue, for longer durations each year.
During MIS 2, summer insolation declined to only 475 W/m? (23 ka) compared to 468 W/m® in
MIS 4, but winter insolation was slightly lower (206 W/m” vs. 211 W/m?). The rise of summer

insolation to 520 W/m® at 11 ka was the first time in ~70 kyr it had reached such levels, and this
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drove site desiccation at Baldwin Lake, as well as other sites in the semiarid ecoregions in
California, including Owens Lake (Bacon et al., 2006) and /Death Valley (Li et al., 1996).
3.6.2.2 Millennial-Scale Forcing during MIS 3

Orbital variation is a slow cycle over several millennia, and while major productivity
shifts in Baldwin Lake occurred at this pace, they are not without shorter-order minima and
maxima, particularly during MIS 3. What rapid processes account for such change? Kirby et al.
(2006) proposed these to be wet events corresponding to North Atlantic interstadials, or
Dansgaard-Oeschger (D-O) events. D-O events were North Atlantic millennial-scale temperature
oscillations that occur between 120 and 10 ka, first recognized in 8'°0 data from the Greenland
ice cores (Dansgaard et al., 1993). Interstadial-stadial couplets typically had a rapid onset,
followed by gradual cooling (Grootes et al., 1993; Johnsen et al., 1992). The North Atlantic
response included lower sea surface temperatures (SSTs), changes in freshwater flux to the North
Atlantic, and often variations in Atlantic Meridional Overturning Circulation. Rapid transmission
of a dynamic climate signal to the globe within decades was the net result (Elliot et al., 2002;
Gottschalk et al., 2015), though regional response, duration and precise timing differed from the
Greenland chronology.

Lund and Mix (1998) provided evidence that D-O events propagated to the North Pacific,
and Hendy and Kennett (2000) have documented D-O events in the Santa Barbara Basin (SBB)
with oxygen isotopes, and shifting benthic foraminifera assemblages. Right-coiling N.
pachyderma, indicative of warmer SSTs that characterized the interstadial phase of these events,
increased in parallel with the lighter-isotope events in Greenland (Figure 3.5a, 3.5b). Behl and
Kennett (1996) noted laminations driven by anoxia during D-O events. Thus, the SBB response

during MIS 3 interstadials was enhanced marine temperatures, driven by increased influx of
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Figure 3.5. (a) NGRIP 8'*0 shifts from 60 — 20 ka, with Greenland Interstadial (GI)
numbers (i.e. Dansgaard-Oschger events, Rasmussen et al., 2014). While many GIs have
substages, only GI-8 has the substages shown for simplicity’s sake. (b) Santa Barbara
Basin core ODP-893, with interstadials labeled after Hendy and Kennett (2000) and latest
age model (Hendy et al., 2007). (c) Owens Lake Total Organic Content (%) from OL90
(Benson et al., 2002), with summer insolation at 40°N (Laskar, 2004). Bold D-O
interstadial labels after Benson et al. (2003); later italic numbers our interpretation. See
Supplemental Data for OL90 age conversion to calendar years. (d) Baldwin Lake core
BDL12 bulk organic content from 60 — 20 ka, with summer and winter paleoinsolation

trends (Laskar, 2004), and proposed D-O interstadial numbering.
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subtropical waters and weaker California Current (Ingrid L. Hendy and Kennett, 2000). In
Owens Lake, total organic carbon (%TOC, Figure 3.5¢) fluctuated in millennial-scale events,
with the longer-term influence of summer insolation at 40°N apparent (Benson, 1999; Benson et
al., 2003, 2002).

We found a similar response in Baldwin Lake’s productivity and temperature. Within the
limits of dating uncertainties, there was apparent synchronicity of these three California records
with NGRIP §'°0 in timing, duration, and relative amplitude (Figure 3.5). We assign D-O event
numbers for BDL12 (Figure 3.5d) and OL90 (Figure 3.5c¢) after the chronology and Greenland
Interstadial (GI) numbering of Rasmussen et al. (2014). Core gaps and noisy data between 60 —
52 ka, however, complicated the BDL12 organic record, and winter insolation prior to 50 ka may
have dampened the amplitude of potential D-O events (Figure 3.5b). Rasmussen et al. (2014)
confirm that the North Atlantic response was complex at this time, with less defined D-O events
prior to c. 48 ka. Higher-resolution Greenland ice core studies have detected additional events of
similar amplitude since initial numbering. Thus, we do not assign GI 15 — 17 to a specific section
of BDL12, and such events may have been muddled in Baldwin Lake and escaped detection.
Despite these caveats, these records suggest that North Atlantic MIS 3 and MIS 2 perturbations
were strong enough to act as a secondary climate driver to intermediate, less variable insolation
in Southern California.

3.6.3 Pacific- and North Atlantic-induced events in California, the Great Basin, and Southwest
Insolation shifts explain first-order variation of Baldwin Lake’s long-term, overall

productivity over several millennia. However, changes still occurred that were more rapid than

the slow cycle of orbital variation. We examined other paleoclimate sites in California, the Great

Basin, and Southwest (Figure 3.6) for their response to rapid change, and asked 1) which events

59



(600T ‘Aarreg) UMOYS SUOIZI009 UBILIQWY YMON M “MITAJI SIY} UL PISSNOSIP SIIS ONBWI[O0J[E] *9°¢ INJI

M.G0L M.0LL M.GLL M.0CL M.GCL

N.OE N.O€
uouUDIg tom‘
DPUDIST @ .«
N.G€E 5 N.G€E
s,
- uesuelB)Ipay _H_
addae)s ajesadws] _H_ o 10 ysodo
[10S 10 }I d
addelg Jajempunols m
|eaidonygng-jeoidol | _H_
Jieseq _H_ swoayjosjadg 0
ajesadwsa | -|eaidos oe1 @
N.OV yese(q sjesodwia ] _H_ sulen W N.O¥
uoibaioog sadA] ays

M.G0L M.0LL M.GLL M.0cl M.GCL

60



are coeval to environmental changes in the SBM, 2) was there a temperature and/or hydrological
response at each site, and 3) is there a coherent geographic pattern of response? We focused
largely on 85 — 20 ka, the period with the most comparative sites to Baldwin Lake, mapped in
Figures 3.6-3.7 with the ecoregions of Bailey (2009).

MIS 5a events included lowstands at 87 and 82 ka, with the latter occurring during a
marine highstand along the California and Southern Oregon coasts 84 — 76 ka (Muhs et al.,
2012). Meanwhile, Devil’s Hole reached maximum §'°O values at 82.5 +0.7 ka (Moseley et al.,
2016). ODP 1017 SSTs increased at 82 ka, contemporaneous with Baldwin Lake’s sudden
transgression, and lasted until 58 ka (Seki et al., 2002). Elevated SSTs in late MIS 5a apparently
coincided with greater effective moisture reaching the SBM and ending the lake lowstand.

The next time of widespread climatic change was the period 60 — 57 ka that included
Heinrich Event 6 (H6; Hemming, 2004) and the MIS 4/3 transition at 57 ka. Several sites
underwent state changes towards either warmer, or hydrologically different, conditions. This
change generally persisted for several millennia and, in most cases, throughout MIS 3. Devil’s
Hole calcite growth ceased 60 ka, suggesting lower effective moisture in the northern Mojave
Desert (Winograd et al., 2006). At the nearby Death Valley core, deposition changed to a more
arid facies, shifting from mudflat to salt pan (Forester et al., 2005). Runoff to Lake Barbicora,
located at the southernmost extent of the region shown (Figure 3.7), also reduced (Roy et al.,
2013). In contrast, sites in Southern California became wet, including Baldwin Lake’s deep
phase throughout MIS 3, and the onset of groundwater flow in Valley Wells 60 ka (Figure 3.6;
Pigati et al., 2011).

Offshore, SSTs increased, and a high-resolution BSi record at ODP 1018 provided insight

to hydrological change. Enhanced marine productivity was linked to the suppressed upwelling,
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enhanced SSTs, and enhanced aridity. This combination of conditions began ~61 ka and lasted 8-
10 kyr into MIS 3 (Lyle et al., 2010). Both 1014 and 1017 exhibited SST warming 59-58 ka
(Hendy et al., 2004; Ingrid L Hendy and Kennett, 2000; Seki et al., 2002); SSTs at 1012 also
gradually increased after the MIS 4/3 transition (Herbert, 2001). Finally, two sites towards the
north on either side of the Sierra Nevada showed shorter-term change 60 — 57 ka. Peak moisture
included a wetter phase from 61.7 = 0.5 to 59.8 + 0.6 ka at McLean’s Cave, and then returned to
relatively dry conditions (Oster et al., 2014). Meanwhile, ice-rafted debris from increased
freshwater runoff reached a maximum 59 — 58 ka at Mono Lake (Zimmerman et al., 2011). Oster
et al. (2014) ascribed changes at McLean’s Cave to North Atlantic changes, with Heinrich 6 (60
+ 5 ka; Hemming, 2004) coinciding with wet conditions, and D-O events 15-18 coeval with
aridity in the Sierra Nevada foothills. Ultimately climatic change is not uniform throughout
California at the end of MIS 4, though wetter sites were largely grouped in the southern sector of
the Mojave Desert and the SBM. The response of generally wetter conditions in Southern
California to enhanced SSTs was similar to that observed at 82 ka in MIS 5a.

More studies have documented MIS 3, including a recent focus on sites that depend upon
groundwater infiltration, including speleothem records, soil precipitates, and groundwater/desert
wetland deposits. The trend of greater effective moisture in MIS 3 in the SBM has been observed
in the Transverse Ranges of the Santa Barbara area (Heusser, 1998), Valley Wells in the Mojave
(Pigati et al., 2011) and in the Great Basin (Mabher et al., 2014). Millennial-scale fluctuations in
temperature-driven lake productivity overprinted on “baseline” wet conditions at Baldwin Lake,
episodes when SSTs further increased during D-O events (Figure 3.5). Terrestrial records in
Figure 3.7 predominantly showed a hydroclimatic, rather than temperature, response.

High-resolution marine records ODP 1017 and 1014 responded to North Atlantic
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warming D-O events with even warmer SSTs (Ingrid L. Hendy and Kennett, 2000; Hendy and
Pedersen, 2005; Pak et al., 2012; Pospelova et al., 2015; Seki et al., 2002). Heusser (1998)
detected millennial-scale increases in ODP 893 oak pollen, a dry-adapted taxa, that correspond to
D-O interstadials. Enhanced aridity was the norm evident during D-O events at other terrestrial
sites, including Southwestern speleothem records Fort Stanton, Carlsbad Cavern, and Cave of the
Bells (Asmerom et al., 2010; Brook et al., 2006; Wagner et al., 2010). Not all sites in tropical-
temperate desert south of the Great Basin recorded D-O interstadials; those that do initiated late
at 35 ka, including Searles Lake (Lin et al., 1998), and Las Vegas Valley (Springer et al., 2015).
Phases of enhanced aridity after 35 ka correspond with D-O events. Sites that experienced
overall greater effective moisture throughout MIS 3, but did not exhibit consistent millennial-
scale variability, include Valley Wells (Pigati et al., 2011), the San Pedro Valley (Pigati et al.,
2009). Records in Mexico began to show a sensitivity to D-O events by mid-MIS 3 (42 — 40 ka),
with warmer SSTs in the Gulf of California (Price et al., 2013) and enhanced moisture at Lake
Barbicora (Roy et al., 2013).

Great Basin response to D-O events was the most complex, with enhanced moisture at its
margins, and no apparent influence in the interior. Higher lake levels during interstadials occur at
Mono, Pyramid, and Owens Lakes to the east of the Sierra Nevada (Benson et al., 2003). The
northeastern Great Basin, proximal to the Laurentide Ice Sheet margin during MIS 2, underwent
saline/hypersaline oscillations in the Great Salt Lake during MIS 3 (Balch et al., 2005), and
Benson et al. (2011) interpreted higher lake levels and wet D-O interstadials for this sector of the
Lake Bonneville Basin. Millennial-scale oscillations are absent from sites in the Great Basin
interior (Figure 3.7), namely Lehman, Leviathan, and Pinnacle speleothem records (Lachniet et

al., 2014), and groundwater precipitates (Franklin, Newark Valley, Diamond Valley, Barstow,
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and Yucca Mountain, Figure 3.6-3.7; Maher et al., 2014). Marginal Great Basin sites may have
been wet due to nearby glaciation.

In the SBM, Kirby et al. (2006) previously hypothesized that D-O events were wet
episodes based on laminated deposits in deep water conditions, but the laminated horizons
observed in BDL12 were not synchronous with the organic excursions we have identified as D-O
events. Age chronology for both the BLDCO04-2 and BDL12 cores is uncertain within the same
range as these ~1.48 kyr events, a problem noted in other studies from the region (Benson et al.,
2003; Denniston et al., 2007; Zimmerman et al., 2011). Recently-dated relict shorelines at
paleolake Manix to the north, part of the Mojave River watershed with its headwaters in the
SBM, showed that the stadials between D-O events were wet (Reheis et al., 2015). We revise our
interpretation of SBM’s hydrological response to D-O events, then, and propose that these
interstadials were arid in the SBM, based in part on this new Manix lake level data. This
interpretation also fits the emerging pattern throughout the Mojave Desert and Southwest (Figure
3.7), which was a response of enhanced aridity to D-O events.

Reduced insolation, reduced evaporation, and generally wet conditions prevailed through
the MIS 3/2 transition and into the LGM. Groundwater infiltration in the Great Basin was active
until 24 ka (Maher et al., 2014), while highstands persisted at Owens Lake (Bacon et al., 2006)
and Lake Manly (Li et al., 1996). Cave of the Bells (Wagner et al., 2010) and the San Pedro
Valley sites of Pigati et al. (2009) are wet from 25 — 20 ka. An arid episode just prior to the
LGM was evident at several of these sites, best documented with a well-dated, highly-resolved
pollen study at Lake Elsinore that showed a ~2 kyr drought from 27.5 — 25.5 ka (Heusser et al.,
2015). Other brief lake regressions and/or arid phases, as determined with pollen, apparently

interrupted conditions that were otherwise wet at several several sites, including Owens Lake at
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25-24 ka (Bacon et al., 2006), Pyramid Lake at 29 ka (Benson et al., 2013), and a pair of lakes on
the Colorado Plateau at 24.5 — 24 ka (Hay and Walker Lakes; Anderson et al., 2000). The high
magnetic susceptibility excursion at Baldwin and Owens Lakes was contemporaneous with the
Lake Elsinore drought, and could have been caused by rapid sediment burial or lake mixing
(Dearing, 1999).

An influx of moisture, likely derived from the North Pacific, reached southern California
by 22-21 ka (Oster et al., 2015). A highstand and possible valley spillover to the east are often
mentioned as Big Bear Valley Ice Age events (Krantz, 1983; Leidy, 2006; Stout, 1976), but the
evidence has not been previously dated. In the SBM, glaciation occurred on San Gorgonio, the
highest-elevation peak of the range, reaching maximum extent 20 — 18 ka (Owen et al., 2003).
Early MIS 2 drought, and subsequent moisture delivery, suggest that southern California had a
complex and dynamic hydrologic history during the first half of MIS 2, with changes occurring
on millennial, and perhaps submillenial, scales. Further study with tighter-resolution proxy
analyses are necessary to better resolve these events in space and time.

3.7. Conclusions

New analysis from Baldwin Lake shows that southern California climate change was
sensitive to orbitally-induced radiation over the past 125 ka. Variations in local summer
insolation during MIS 5e-5a (125 — 71 ka) were large, ranging 452 — 543 W/m®, and inciting an
immediate response in lake productivity. Summer insolation exhibtied lower-amplitude change
during MIS 4 — 3 (71 — 29 ka; 468 — 518 W/m?), while winter insolation was relatively stable.
During the combined effects of intermediate radiation and reduced seasonal variability, large
portions of the West Coast were 1) broadly wet throughout MIS 3, and 2) highly sensitive to

North Atlantic forcing, namely Dansgaard-Oeschger (D-O) events.
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Response to D-O events throughout California, the Great Basin, and U.S. Southwest was
geographically variable. In alpine Southern California, these manifested as short, rapid high-
productivity, higher-temperature excursions in the Baldwin Lake core. While we have no direct
measure of hydrologic change in BDL12 during these interstadials, we hypothesize that
enhanced aridity was the likely response, as this was observed at several sites in the surrounding
Mojave Desert and U.S. Southwest. Sites on the western and northeastern margins of the Great
Basin were wet during D-O events, and no consistent millennial-scale events have been detected
at Great Basin interior sites during MIS 3. MIS 2 brought depressed insolation and cold, glacial
conditions with variable moisture. While summer insolation did not quite reach MIS 5 maxima
(~530-540 W/m®) at the MIS 2/1 transition, climate was warm and/or dry enough to cause site
desiccation at Southern California lakes in semiarid ecoregions, including Baldwin Lake.

We show that the magnitude of past climate variation in the SBM and surrounding region
was quite large, and highly sensitive to large-scale, distant climatic drivers, including long-term
insolation shifts and North Atlantic SST depression. This highlights the need to better understand
how the ocean-atmospheric system transmits change throughout the Northern Hemisphere, and
its role in delivering precipitation extremes to the West Coast. This understanding is especially
urgent at present, with a rapidly-melting Greenland Ice Sheet, and the potential for further water
stress to Southern California and the Southwest. The region’s sensitivity to global change,
coupled with the radiative effect of enhanced greenhouse gases, support the findings of recent
studies (e.g. Cayan et al., 2010; Diffenbaugh et al., 2015; Overpeck and Udall, 2010) that

forecast an increasingly arid, high-temperature California.
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4. Terrestrial Organics, Vegetation and Wildfire in alpine Southern California

from 120 — 10 ka

4.1 Abstract

Macrocharcoal counts, fossil pollen counts, and coarse-resolution isotopic analysis were
conducted on the Baldwin Lake core (BDL12), which lies at 2060 m at an ecotone between
mediterranean alpine forest and desert in the San Bernardino Mountains of Southern California.
Molar C:N values support that summer insolation was a key driver of organic production within
the lake during the basin’s history. Fossil pollen counts from 108 — 14 ka included significant
shifts in coniferous taxa, and shrub and herb ground cover in the Asteraceae family. These
changes revealed times of forest expansion and contraction. Shrubland largely replaced forests at
107.4 - 103.9, 88.8, and 69 - 68.2 ka, and 25.6 ka. Comparison with events in the Lake Elsinore
pollen record suggested that in the BDL12 record, pollen data grouped by Asteraceae and
coniferous taxa may serve as proxies for available moisture, with forests supported during wetter
times, and dry conditions initiating landscape conversion to open shrubland (e.g. steppe). Forest
expansion and contraction was well-paced with insolation shifts during Marine Isotope Stage 5
(MIS 5; 110 — 71 ka), with increased summer insolation brining drier conditions and vegetation,
and summer minima allowing expansion of forests. Wildfire appeared to be most significant for
a few kyr as summer insolation rose in the midst of forest-to-shrubland conversion, but was
minimal during peak insolation. Vegetation cover, wildfire, and prevailing moisture shifted to be
independend of summer insolation after MIS 5, with rapid collapse of the forest and increased
wildfire at 71 ka. Forest recovered as a moist regime persisted in the SBM from 65 — 30 ka,
bringing with it enhanced wildfire. A 2-kyr arid event before the Last Glacial Maximum (LGM)

caused coniferous tree reduction and Artemisia expansion, but this recovered to reach a Pinus
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maximum by the LGM at 22.5 ka. The anomalously warm onset of sea surface temperatures in
Southern California during the last two glacials may explain the region’s propensity for past
extreme and rapidly-changing hydroclimates, as well as its divergence from a largely insolation-
driven climate regime.
4.2 Introduction

Ch 3 described climate fluctuations over the past 125 - 12 ka that were detectable from
physical and geochemical changes within Baldwin Lake sediment. Here, I aim to supplement this
climatic history with additional proxies of stable isotopes, charcoal, and fossil pollen. These
analyses provide insight into the paleoecological change in the San Bernardino Mountains
(SBM) from 120 — 15 ka. Vegetation cover responds primarily to shifts in moisture availability
in mediterranean biomes, and can influence the amount of runoff and erosion into lake basins. A
paleoecological history that highlights landscape response helps construct a more complete
picture of change already detected in the lake basin.

These analyses are guided by the following research questions on alpine Southern
California’s past ecosystems:

1) how has the vegetation shifted from 110 - 15 ka, and fire regime from 120 - 10 ka?

2) what prevailing climate conditions can be deduced from palynological data?

3) how do SBM paleoclimate conditions, and events, compare with regional studies?
The age and long-term anoxic conditions in Baldwin Lake have preserved fossil pollen well,
creating an ideal candidate for palynological analysis. This history also shows the range of past
variation in landscape cover, and may inform future expectations of vegetation change under

increasingly warm conditions.
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4.3 Background
4.3.1 Setting and Biogeographic Importance

Big Bear Valley (Figure 3.1) is a subalpine valley that lies in the northeast of the rugged
San Bernardino Mountains (SBM). In this sector of the SBM, the diverse geology and extremes
of climate influence the vegetation assemblage. The region receives some of Southern
California’s highest precipitation totals, due to the combination of east-traveling Pacific storms
and rapid orographic uplift. The climate is mediterranean, with winter-wet and summer-dry
conditions that support wildfire during the summer months, though summer thunderstorms also
contribute to the annual precipitation total. The Valley itself has a dramatic precipitation
gradient: as an example, 2010 precipitation data show a ~1300 mm/yr value at Big Bear Dam at
the Valley’s western end, while just 15 km away in the Baldwin Lake watershed, the total is
~850 mm/yr (Maurer, n.d.). Despite decreasing precipitation annual totals towards the eastern
SBM, the proportion of moisture delivered during the summer months increases towards the east,
largely derived from convection and orographic uplift (Anderson and Koehler, 2003).

This precipitation gradient is evident in the vegetation cover. Pine-dominated woodlands
of Pinus lambertiana, P. jeffreyi, and P. ponderosa surround Big Bear Lake, with 4bies
concolour, Calocedrus deecurrens and Quercus kelloggii intermixed. Toward easterly Baldwin
Lake (Figure 3.1), this assemblage transitions to pinyon-juniper woodland, with relatively xeric
taxa (e.g. Pinus monophylla, Juniperus occidentalis, Cercocarpus ledifolius). This woodland co-
occurs with Great Basin Sage Scrub (4rtemisia tridentata) as ample ground cover, particularly in
the higher elevations surrounding Baldwin Lake. The Basin surface itself and immediate terrain
is categorized as Great Basin Sage Scrub (Minnich, 1976; Minnich et al., 1995). Within 1 km

east of Baldwin Lake, desert taxa are admixed with the juniper-pinyon-sage woodland, including
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Yucca brevefolia, Ephedra spp., and Opuntia basilaris. This is an ecotone between alpine
mediterranean forest and subtropical-tropical desert; the Mojave Desert lies at the mountain
range’s eastern base, in its rain shadow.

In the Big Bear and the northerly Holcomb Valleys, there are clay and quartzite-rich
“pebble plains” with markedly different soil and vegetation from the surrounding forests and
woodlands. Absent of trees and shrubs, they are isolated much like biogeographic islands, with a
few rare perennials adapted to grow in the hardpan soil (Ciano, 1984). A few of these perennials,
including Caryophyllaceae Arenaria ursina (Big Bear Valley sandwort) Eriogonum kennedyi
(southern mountain buckwheat), and Linanthus killipii (Baldwin Lake linanthus) are endemic to
the San Bernardino Mountains, and listed as Forest Service Sensitive Species (Ciano, 1984;
Stephenson and Calcarone, 1999).

Big Bear Valley is thus one of the most diverse locations for plant life in the already-
diverse California Floristic Province, hosting at least 20 perennials that are endemic to the San
Bernardino Mountains (Krantz, 1990). The rugged terrain promotes vegetation patchiness, due to
microclimates, active wildfire, and diverse geology. Baldwin Lake is thus well-situated for the
study of shifting climate, and plant ranges, over time.

4.3.2 Prior work

Prior analyses on Baldwin Lake cores have focused on the physical and geochemical
changes of the sediment, and the long-term climatic drivers for these internal and within-
watershed changes (Glover et al., submitted; Kirby et al., 2006). Pollen and charcoal analyses
afford additional insight to landscape cover, its change, and moisture availability. Other lake
studies from the SBM are confined to the Holocene and include the hydroclimate of Dry Lake

(Bird et al., 2010) and Lower Bear Lake (Kirby et al., 2012). Pollen data from Lower Bear Lake
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show abundant Pinus and fluctuations in wetland plants, though this record is low-resolution
during the Late Holocene (Paladino, 2008).

Palynological work throughout Southern California generally derives from lower-
elevation terrestrial sites, and marine and island records (Figure 2.1, Table 2.1). Lake Elsinore in
Riverside County yielded a hydroclimatic record that spanned MIS 2 (Heusser et al., 2015). In a
Diamond Valley deposit dating to mid-MIS 3 (c. 41 ka), Anderson et al. (2002) identified
coniferous taxa that are typical of present-day montane environments at higher elevations of at
least +900 m. The longest continuous pollen study in Southern California is the 160 ka Santa
Barbara Basin (ODP 893) record, which showed depressed temperatures and wetter conditions
during glacials. Quercus in particular tracked relative temperature change for the easterly
Transverse Ranges (Heusser, 1998). Other pollen studies tended to target younger time periods,
with a particular focus on paleoenvironmental change since the MIS 2/1 transition (c. 12 ka) and
subsequent Holocene change.

Beyond Southern California, other California pollen records are similarly characterized
by 1) post-MIS 2 studies that prevent direct chronological comparison to our record, or 2)
discontinuity. Pollen studies from the Sierra Nevada (e.g. Anderson, 1990, 1987; Brunelle and
Anderson, 2003) post-dated alpine deglaciation and the LGM. Mojave Desert paleoecology has
been reconstructed with palynomorphs from pack rat middens that varied widely in time, though
were largely from the Holocene (Holmgren et al., 2010).

Similarly, montane macrocharcoal studies in California are from postglacial lakes (e.g.
Anderson, 1990; Brunelle and Anderson, 2003; Hallett and Anderson, 2010). Southern
California charcoal largely come from the Channel Islands, and have shown increased biomass

burning during the Beolling-Allerad (14.7 - 12.7 ka; Kennett et al., 2008) and the Middle
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Holocene (Anderson et al., 2009). Microcharcoal counts were collected in the course of Lake
Elsinore and Santa Barbara Basin pollen work, but are unpublished (Linda Heusser, pers.
comm). This study thus represents the first continuous long record (c. 85 kyr, 110 - 15 ka) of
changes in vegetation and fire regime from the Transverse Ranges that span multiple glacial
phases.
4.4 Materials and Methods
4.4.1. Stable Isotope Analysis

Coarse sampling from various facies was conducted throughout BDL12, similar to BSi
sampling. Horizons covering a wide range of organic matter values were targeted, and removed
from the split core surface with a metal scoopula. Samples were then dried in an oven at 60°C for
24 hours, disaggregated with a mortar and pestle, and weighed. The total CaCOs3 in each sample
was estimated using bulk carbonate results from the 950°C loss-on-ignition cook; a minimum of
weight of 20 pg CaCOs was needed for analysis. Analysis was conducted at the University of
Saskatchewan Isotope Laboratory for n=25 samples from 1.9 - 20.3 m depth in BDL12 (16.0 -
96.0 ka). Carbonate material was removed during acidification, then mounted in tin capsules for
analysis. Both 8"3C and 8"°N were determined, converted to molar values, and reported here as
the ratio of molar C:N.
4.4.2. Palynology

BDLI12 was initially sampled at ~20 cm intervals from 0.8 - 24 m depth throughout the
core; core gaps and later adjustment of absolute depths account for some discrepancy in the 20-
cm spacing. Portions of MIS 2 (27.1 - 13.3 ka) were subsequently sampled at 10 cm intervals,
due to the slow sedimentation rate during the last glacial. These 1 cm® samples underwent

standard chemical digestion (e.g. Bennett and Willis, 2001; Faegri et al., 1989), with some
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modifications. The initial processing utilized 10% HCI and then 10% KOH for acid and base
treatment, with 1 Lycopodium tablet (Batch 1031, Lund University) added per sample during
HCI digestion. Acetolysis was not performed after pilot sample batches, as grains were
identifiable. Fine grains can obscure pollen grains and influence counting, but clay content was
established as <20% throughout BDL12. Thus, sieving samples with a finer mesh (i.e. 7-15 um)
is a part of the standard processing that was skipped in this study.

Pollen identification and counting were conducted to a minimum of 300 terrestrial taxa
for each sample (n=89 samples). Percents for each taxa were derived from dividing the number
of a particular taxa counted over total terrestrial grains, computed automatically in Tilia 2.0.41
software. Pollen Accumulation Rate (PAR) was calculated for each sample with the following

formula:

total # terrestrial taxa / (Lycopodium counted /20,848) * sedimentation rate (cm per yr)

Sedimentation rates from Ch 3 were employed. The total percent of certain terrestrial vegetation
taxa, e.g. trees and herbs+shrubs, were calculated in Tilia 2.0.41. Totals for 1) coniferous trees,
and 2) all Asteraceae pollen, were subsequently calculated in Excel.
4.4.3 Charcoal

Wildfire exhibits a significant spatiotemporal variation, numerous ecosystem and climate
interactions, and second-order effects within ecosystems (Pyne et al., 1996). Thus, characterizing
this inherent dynamism remains a challenge, particularly in the heterogeneous landscape of
mediterranean, alpine ecosystems in California (Parisien and Moritz, 2009; Whelan, 1995). Lake

records offer the opportunity to examine wildfire fluctuations as a continuous time series from
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accumulated charcoal fragments, which preserve well and withstand harsh chemical processing.
Macrocharcoal fragments (>100 um in diameter) are typically attributed to fires of local, within-
watershed origin. Microcharcoal fragments (<100 pm in diameter) can travel over 100 meters,
often via wind, and are considered the “background,” or extralocal component (Figure 4.1a;
MacDonald et al., 1991; Whitlock and Larsen, 2001).

Macrocharcoal core sampling for BDL12 followed Ballard (2009), with longer individual
samples taken continuously through a core section (Figure 4.2b). While such analysis is often
done in 1-cm intervals, this approach quartered the number of total samples needed and enabled
analysis of the entire 27 cm core. Each slice was placed in an Erlenmeyer flask with 25 mL of
6% hydrogen peroxide (H,O,) for 72 hours at 50-60°C to digest most organic matter. Samples
were then sieved through a 125 pm mesh, and transferred to a petri dish. A few drops of 0.1%
sodium hexametaphosphate were added as a deflocculant, then dehydrated at 50°C (Myrbo et al.,
2005). Some samples did not complete organic digestion after the first round of H>O, processing;
these were usually identified at the sieving stage, washed back into their flask, and left to
dehydrate over the next 1-3 days. Another 25 mL of H,O, was added, and the digestion and
sieving repeated.

To count macrocharcoal, petri dishes were placed on a numbered grid and under a
binocular microscope with 40-60x magnification, and counted. These were converted to
Charcoal Accumulation Rate (CHAR) values, a measure of number of charcoal fragments
deposited per cm per year. For each macrocharcoal sample counted, the number of counts was
first divided by the number of centimeters sampled (typically 4), and then multiplied by the

sedimentation rate of the mid-point depth of that sample.
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4.5 Results
4.5.1 Stable Isotopes

Stable isotope data is shown in Figure 4.2(b), alongside relevant proxy data biogenic
silica and organic matter from Ch 3. This coarse-resolution dataset generally tracked total
organic matter in the lake, and summer insolation at 34°N, over the period 96.0 - 16.0 ka. Molar
C:N is low during MIS 5.3, at values <2. A section of higher-resolution sampling from 81.8 -
87.2 ka across MIS 5.1 and MIS 5.2 remained high, and highlighted the relationship to high
summer insolation values (Figure 4.2b). Molar C:N values ranged 14.3 - 18.9 at this interval.
Values then were relatively invariable for MIS 4-3 (75 - 29 ka), ranging between 6 - 9. By
comparison, high-resolution molar C:N data from BLDCO04-2, analyzed at the same lab, ranges
from 11.6 - 19.1 during the interval 7.75 - 8.10 m (42.0 - 43.9 ka; Kirby, unpubl. data). During
the last glacial, molar C:N declined in tandem with organic matter after the Last Glacial
Maximum, and remained low (<2) until the last data point at c. 16 ka.
4.5.2 Fossil Pollen

Thirty-five different taxa groups were identified in the course of pollen identification and
counting from samples that ranged c. 108 - 14 ka. A full list of identifiable taxa is shown in
Appendix 4.1; some of these groups have very minimal presence in the dataset, and are not used
in the ensuing figures and discussion. Those taxa that showed discernible change throughout the
record were used for cluster analysis, and are shown in Figure 4.3, including tree and shrub taxa
frequently found at other sites in California (e.g. Pinus, Quercus, Artemisia, Amaranthaceae).
Notably, Poaceae, a common taxa in Sierra Nevada records, was largely absent in BDL12.

Cluster analysis revealed eight major zones throughout the record that largely correlate

with shifts in Pinus, Artemisia, Quercus, Taxodiaceae-Cupressaceae-Taxaceae (TCT), and

77



June 34°'N (W/m2) Molar C/N BiSi (wt %)
460 500 540 O 5 10 15 0 5 10 15

0 | | | | | | ] ] ] | 1 | ]
s
1y - 7
\g =
% =
= \ ]
: = \ —
60 —_
s ¥ = /
(o)) —
* e 1T = = k 5.1
;f%_ / = (/ 5.2
5.3
100 4
—_— .
i§? |
120 - f

{ MIS-5.5

0 10 20 30 40 50
Organics (%)

Figure 4.2. (a) Bulk organic matter (%) from loss-on-ignition and summer insolation at
34°N, from Ch 3. (b) Molar C/N isotopic data with 34°N summer insolation (same units
and scale as [a]). (c) Biogenic silica (wt percent) and 34°N summer insolation (same units
and scale) from Ch 3.
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Amaranthaceae. Shifts and percents of these groups that changed with each zone, and details on
depth and age of each zone, are detailed in Table 4.1. About half of these zone boundaries occur
at “breaks” in the cluster analysis that may be an artefact of sampling/core gaps of at least 2 kyr
at these same horizons. Aquatic vascular plant taxa and algae underwent dramatic shifts
throughout the record (Figure 4.4). Pediastrum, in particular, is over 80% of the total (terrestrial
+ aquatic plants) pollen at times. However, these aquatic taxa do not show an obvious
synchronicity to other climate parameters known in the basin, or other proxy data.

The most striking shift in vegetation in Big Bear Valley since 108 ka was the ongoing
fluctuation between Pinus and Artemisia, which remained anti-phased throughout the history of
the basin. Pinus reached minima at 107.4 - 103.9 ka, 88.8 ka, 69 - 68.2 ka, and 25.6 ka. The plots
for total coniferous trees and all Asteraceae (Figure 4.4) closely mimicked the shifts in Pinus and
Artemisia, in timing and amplitude. The % Pinus was the largest contributor to the coniferous
total, and % Artemisia the major component of total Asteraceae.

4.5.3 Charcoal

CHARs data (Figure 4.5) show that influx of charcoal to Baldwin Lake remained at low
levels (<0.1 particles per cm®/yr) until c. 70 ka. The highest relative influx during this phase of
basin history was from 112.8 - 110.8 ka, and 91.1 - 84.6 ka. CHARSs rose quickly at the onset of
MIS 4 c. 70 ka and reached 0.1006 particles per cm*/yr. MIS 3 was a time of charcoal production
and deposition during the previous Stages. Peaks over 0.1 particles per cm?*/yr occurred during
MIS 3 at 54.6, 54.4, 53.1, 50.4, 35.8, 31.7, and 31.3 ka. Of these, CHARs at 31.7 ka were highest
for MIS 3, with 0.1859 particles per cm?/yr. Charcoal counts declined steadily during the

transition to MIS 2, with little-to-no charcoal production and deposition occurring. Values
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Table 4.1. Key changes within pollen zones for BDL12.

Zone Age and Depth Key Pollen changes
1 14.7 —23.8 ka * Pinus 64-76%, peaked at 22.4 ka
1.8—2.5m * Artemisia below 20%
* slight rise in Polygonaceae to 2.5 % at 16.9 ka
* Abies present throughout
2 23.8-31.0ka * Artemisia between 22 — 35%
25-50m * Pinus gradually declined from 57% to 47%
* TCT rises and sustains 6-7%
3 31.0-38.5ka * sustained Quercus (5-7%) and Amaranthaceae (5-7%)
50-7.0m throughout; Amaranthaceae declined to 2.7% by 36.7 ka
* variable Pinus (47-57%) and Artemisia (12-27%)
4 38.5-60.7 ka « relatively stable Pinus with some variation (50-68%)
70-124m * Artemisia fluctuates between 11-34%, variable Quercus
(0.7 = 13%), low TCT (<1%) for most of zone
5 60.7 — 68.2 ka » marked decline in Pinus (56% to 23%)
13.0-14.0m * Artemisia rises (30 to 47%) and so does Amaranthaceae
(7 to 10%)
6 68.2 —72.0 ka * lowest sustained Pinus (<30%) in record
144—-154m * abundant Artemisia 36-50%
* higher Amaranthaceae (9-12%), Ranunculaceae (up to
4%), Rhamnaceae (up to 5%)
7 72.0 —99.3 ka * change throughout, with high Pinus (68%) at onset and
154-213m 93.9 ka, and minimum of 34% at 88.9 ka.
* Artemisia had anti-phased change with Pinus, including
lows 7.8% (72.8 ka) and 2% (93.9 ka).
» Amaranthaceae fluctuated between 3.5-20%
* Quercus variable (1.2 — 8%), very gradual rise of TCT
throughout from <1% to ~4% at 88.8 — 91.2 ka.
8 102.9 - 108.4 ka « variable TCT (3-12.8%), Artemisia rose and maintained

21.9-23.0m

levels at 26-38%.
* high Myriophyllum (>20%) at 102.9 and 105 ka.
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remain low from 29.0 - 11.3 ka, below 0.03 particles per cm?/yr throughout, with mode = 0
particles per cm*/yr.

The return to charcoal deposition at 11.3 ka was sudden, reaching its highest values in the
record of 0.42 - 0.53 particles per cm?/yr from 9.3 - 8.7 ka. This was one of the most
chronologically uncertain sections of BDL12, however, with many previously-documented
indicators of site desiccation by this time.

4.6 Discussion
4.6.1 Does isotopic data reveal organic matter source?

New isotopic data (Figure 4.2) generally showed that molar C:N, like BSi and total
organic matter, changed in tandem with summer solar radiation values at 34°N. This suggests
that both terrestrial runoff, and primary productivity, were contributors to the total organic matter
at long, orbitally-induced timescales based on summer solar radiation.

The interpretation that BSi tracks autocthounous production, while molar C:N shows
allocthounous production, was not straightforward in this record. BSi in the Baldwin Lake core
actually shows higher-amplitude change at the MIS 4/3 boundary and throughout MIS 3,
compared to the relative staticity of molar C:N at values below 10. This suggests that the
landscape was relatively stable, with a consistent runoff regime that persisted for ~40 kyr. The
divergence and independent behavior of BSi and molar C:N data, with no clear link or
antiphasing between the two as organic sources “switch,” has been documented elsewhere
(Brenner et al., 1999; Michelutti et al., 2005). Organic matter measured in lakes tends to be
dominated by primary productivity (Dean and Gorham, 1998), and the §"°C of organic matter
can be affected by several processes that ultimately influence molar C:N values. These

influences may include including macrophyte growth, atmospheric CO, exchange, and
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photosynthesis rates within the lake (Brenner et al., 1999). Baldwin Lake may have been subject
to some of these effects. Some evidence for that is the co-occurrence of Myriophyllum (water
milfoil)’s secondary peak at c. 84 ka and the highest molar C:N detected in this analysis (~19).

Episodic change due to hydrologic extremes was not apparent in this isotopic dataset,
likely due to the coarse sampling resolution. Finer sampling and analysis may reveal centennial-
and decadal-scale changes, however, as the subset of MIS 3 data (Kirby, unpubl.) showed. In that
dataset, a lighter sediment package with reduced organic matter reached molar C:N values over
12, values that have been linked to increased allocthonous organic input (Lami et al., 1994).
Significant smaller-scale changes in basin erosion and runoff may have occurred during MIS 3.
4.6.2 Climate change from pollen data

In order to examine how Baldwin Lake’s vegetation responded to known hydroclimatic
events in the past, this dataset was compared to the high-resolution dataset at Lake Elsinore
during the MIS 3/2 transition, and MIS 2 (Figure 4.6). Rapid increases in Asteraceae and
Juniperus declines showed that arid conditions persisted from 27.5 - 25.5 ka, punctuated with
brief reversals to wet events. Baldwin Lake total Asteraceae exhibited the same double-peak and
reversal at this time, and a slow decline into the Last Glacial Maximum afterwards (Figure 4.6).
Total coniferous taxa from Baldwin Lake changed in tandem with its lower-elevation Juniperus
counterpart. Gradual decline started 32 ka, and reached minima during the arid phase; Heusser et
al. (2015) noted that available moisture throughout Southern California began a slow decline 32
ka. At 25.5 ka, Lake Elsinore Juniperus recovered rapidly wihtin 2 kyr, while Pinus and other
conifers at Baldwin Lake expanded over the course of 3 kyr to reach peak values at the LGM.

Recent synthesis of West Coast paleoclimate sites noted widespread moisture at Southern
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California sites during the LGM, and modeled that the most-likely cause of a moisture influx was
a heightened pressure gradient that directed storms into the region (Oster et al., 2015).

The interpretation that abundant conifers signaled wet conditions, while Asteraceae
signaled dry, was extended to the rest of the Baldwin Lake record. Several changes in forest
cover were apparent, particularly during MIS 5, when coniferous expansion was correlated to
increases in winter insolation. Summer insolation was coupled with the conversions to steppe-
like shrub cover, including abundant Artemisia. This suggests that insolation and changes in
available moisture from the Pacific were closely related from MIS 5d — 5a (110 — 71 ka).

This connection and tendency for slow, millennial-scale vegetation change was disrupted
at the onset of the penultimate glacial at MIS 4. Pinus declined from 60% to 24% between 72.0 -
71.2 ka, a period <800 years when summer solar radiation was at a minimum. Conifers gradually
recovered throughout MIS 4, paced with the increase in summer, instead of winter, radiation.
Wet MIS 3 followed, including the longest sustained forest of the record. High abundance of
coniferous taxa (>50%) continued for ~30 kyr until the above-mentioned arid, then moist, shifts
during the last glacial from 27.5 — 22 ka. The increase in coniferous taxa to a maximum (77.4%)
at 22.5 ka again does not follow its MIS 5 tendency to change with winter insolation, implying
other forcing mechanisms.

These results suggest that two different climate regimes affected forests in the San
Bernardino Mountains over the past 120 kyr: during MIS 5, high-amplitude shifts in insolation
drive both locally-available radiation and moisture for vegetation. After 71 ka, hydroclimate and
available moisture impacted the expansion and contraction of forests in alpine Southern
California on more rapid scales, and by mechanisms other than solar radiation. Intriguingly, the

past two glacials show different vegetation states: despite the decline of coniferous taxa from 29
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— 24 ka, percents remained relatively higher and didn’t exhibit the rapid contraction in under 1
kyr that marked the onset of MIS 4. Early MIS 4 was the sparsest forest in the record, with
expansive dry, cold, steppe-like ground cover. Meanwhile, Quercus is the only taxa that
exhibited shifts in its abundance that generally tracked summer insolation throughout the entire
record, and across the MIS 5/4 boundary (Figure 4.5). Quercus has been invoked as a proxy for
warmer temperatures in other California sites such as the Santa Barbara Basin (Heusser, 1998)
and Clear Lake (Adam and Robinson, 1988), which may explain its response to available
radiation, rather than moisture, over long timescales.

4.6.3 Linkages between wildfire, vegetation, and climate drivers

Despite the high-amplitude shifts of MIS 5 substages, charcoal deposition rates were
modest prior to MIS 4. Available fuel from forests largely existed during cold, moist periods,
climatic conditions that may have shortened the duration of California’s typically dry summers,
and suppressed evaporation. The highest charcoal deposition during in MIS 5 happened at the
leading edge of summer insolation rises at 112.8 - 110.8 ka, and 91.1 - 84.6 ka. This suggests
that a threshold in summer insolation (465 - 475 W/m?) was needed to produce dry fuel.

Rapid increase in charcoal deposition occurred at 71 ka, concurrent with forest collapse.
Wildfire gradually declined as shrubland persisted throughout MIS 4, and began increasing
towards the MIS 4/3 boundary as forests expanded again. Wildfire exhibited its longest period of
dynamic activity during MIS 3. With broad peaks in CHARs at 57 - 49 ka and 40 - 28 ka, and a
decline in the middle spanning 47 - 40 ka, data of this proxy mimicked the low-amplitude cycle
of summer insolation between 60 - 29 ka (Figure 4.5). The two summer insolation peaks reached

over 500 W/m?, times when abundant forest cover (and fuel) remained on the landscape.
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The second-highest CHARs peak in the record occurred at 32 ka, coincident with the
onset of drier conditions in Southern California (Heusser et al., 2015). Macrocharcoal deposition
was suppressed throughout the last glacial in the Baldwin Lake basin for 18 kyr (28 - 14 ka),
perhaps initiated with forest contraction during the arid phase from 27.5 — 25.5 ka. Declining
summer insolation and lower evaporation rates in the mountains likely prevented the vegetation
drying necessary for wildfire, though microcharcoal spikes occurred during the LGM at lower
elevations (Pospelova et al., 2015; Heusser, unpubl. data). The highest CHARs peak in BDL12
coincided with the large charcoal pieces recovered from a trash layer and radiocarbon-dated to
~11.8 ka. Comparable fossil pollen data was not well-preserved after 14.6 ka, however.

4.6.4 The Role of the Pacific

Herbert et al. (2001), in a review of alkenone-derived sea surface temperatures (SSTs)
along the California Coast, noted that Southern California SSTs were tightly coupled in timing,
pace and duration with global benthic oxygen records during MIS 5 and MIS 4. Comparison of
the LR04 stack (Lisiecki and Raymo, 2005) with Southern California sites ODP 1012 and ODP
1014 show this similar pacing during MIS 5 and 4 (Figure 4.7). After MIS 4, SST warming along
the California coast was 5-10 kyr premature to terrestrial deglaciation, with the largest anomaly
in Southern California. Herbert et al. (2001) attribute this to a weaker California Current, which
would have lessened cooler water brought to Southern California, and allowed greater
propagation of subtropical waters northward. In the Western Pacific, SSTs off the coast of Japan
are anomalously colder as southern California SSTs warm prematurely during the last glacial at
24 ka. A weaker North Pacific High (NPH) would have produced these temperature differences

at opposite ends of the Pacific (Yamamoto et al., 2007).
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SST data from ODP 1012, the closest to the Los Angeles Basin, show that Southern
California’s divergence from global benthic isotopes may have started during MIS 4. SSTs
increased in the first half of MIS 4, a perturbation not observed at ODP 1014, nor at other
northerly offshore sites (Herbert et al., 2001). This was coeval with the widespread aridity and
contraction of forests observed in the SBM during early MIS 4.

Both ODP 1012 and 1014 showed the “early onset” of warm SSTs during MIS 2, with a
slow rise that began 25 ka, and led the increase of the global benthic record by 4-5 kyr (Figure
4.7). Notably, ODP 1012 increased over 2°C from 23.5 - 21.8 ka, during summer insolation
minima, the midst of the LGM, and enhanced moisture delivery to southern California (Oster et
al., 2015). This enhanced moisture supported the forest expansion that began c. 25 ka in the San
Bernardino Mountains, and warmer SSTs may indicate that offshore southern California was a
potential source. A weaker NPH and California Current has been invoked as causes for these
warmer SSTs (Yamamoto et al., 2007), though this does not agree with a stronger NPH, the
suggested cause for moisture influx to southern California during the LGM (Oster et al., 2015).
4.7 Conclusions

New coarse-resolution stable isotope data from BDL12 showed coupling between molar
C:N values, summer insolation, and total organic matter from 100 — 16 ka. Finer-resolution
analysis would be necessary to examine times when terrestrial runoff contributes more or less to
this organic matter than biogenic silica, another coarse-resolution dataset that serves as a proxy
for lake primary productivity.

Pollen data largely revealed the influence of available insolation and moisture on the
vegetation in alpine Southern California. Quercus abundance was closely tied to changes in local

summer solar radiation throughout the record. Pollen in the Asteraceae family and aggregated
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coniferous tree taxa were also influenced primarily by solar radiation during MIS 5 (108 — 71
ka). Conifers expanded with winter radiation increases, while herb and shrub cover expanded
with summer radiation. This suggests that moisture availability shifted over long and gradual
timescales, with winter insolation increases as the primary driver that promoted moisture
delivery to southern California. CHARs remained below 0.1 particles per cm*/yr, implying that
wildfire was not a major agent of landscape change compared to modern fire regimes. Fire
largely appeared at the leading edge of summer insolation rises just prior to MIS 5.4 and MIS
5.2, as vegetation shifted from forest cover to more open shrubland. Offshore SSTs were
predictably paced with global isotopic shifts during MIS 5.

Rapid decline of coniferous pollen occurred at 71 ka, with a large increase in charcoal
production. Coniferous forests ultimately recovered by 65 ka and persisted for ~30 kyr
throughout wet MIS 3. Available fuel and some fluctuations in summer insolation produced a
more dynamic fire regime. Pollen data from Lake Elsinore and BDL12 show that the onset of the
last glacial (MIS 2) was hydrologically dynamic, with heightened aridity 27.5 — 25.5 ka, and
regrowth of dense coniferous forest by the LGM (22.5 ka).

Overall, southern California paleoclimate and vegetation since the penultimate glacial (c.
71 ka) shows the influence of local insolation shifts, but this was not the primary driver for
hydroclimate and vegetation. Rapid (2-3 kyr) vegetation response at terrestrial southern
California sites, including Baldwin Lake, suggests that rapid changes in moisture delivery to the
region occurred. Anomalously warm SSTs developed 4-5 kyr early offshore of southern
California during glacial periods MIS 4 and 2; this may have in turn influenced anomalous local

aridity, though the mechanisms of this potential feedback are not fully understood. A weaker
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California Current would have allowed these warm pools to develop locally, though the state of

the North Pacific High during the LGM remains uncertain.
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Appendix 4.1 Pollen taxa identified in BDL12. *=those taxa used in cluster analysis, and shown
in Figure 4.3.

Trees

Pinus undiff.*

Abies*

Quercus*

Fagaceae undiff.
Betula
Caryophyllaceae
TCT undiff.*
Pseudotsuga menziesii
Alnus

Julgans

Yucca spp.*
Celasteraceae
Polemenaceae
Sequoia sempervirens
Papavaraceae
Grossulariaceae
Tsuga

Upland Herbs and Shrubs
Artemisia*
Ambrosia*
Asteraceae undiff.*
Amaranthaceac*
Ranunculaceae*
Rhamnaceae*
Polygonaceae*
Convolvulaceae
Poaceae

Rosaceae*
Umbelliferaceae
Ephedra

Onagraceae

Aquatic Vascular Plants
Myriophyllum

TBypha spp.
Potamogeton spp.
Nymphaceae Nuphar
Algae

Pediastrum
Unidentified pollen and spores
Unknown
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5. Holocene Vegetation, Wildfire, and Hydroclimatic History from Lower

Bear Lake, San Bernardino Mountains, Southern California

5.1 Abstract

Prior sedimentological and geochemical work on a 4.5 m sequence from Lower Bear
Lake showed that enhanced Pacific moisture delivery reached the San Bernardino Mountains
throughout the Holocene as a series of centennial-scale pluvial events. Here I present a new age
model, stable isotope analysis 8'°O of Valvata mollusk shells, charcoal counts, and pollen counts
to examine landscape response to Lower Bear Lake’s hydroclimatic history. Tree taxa,
especially conifers, showed the highest degree of change during pluvial episodes.
Amaranthaceae increased throughout the Middle Holocene, suggesting underlying aridity that
has been documented northward in the Owens Lake Valley and Seirra Nevada. Charcoal
deposition, and by extension wildfire, is most active in the Early Holocene, and second half of
the Late Holocene. Supported in part with 8'°0 data, Lower Bear Lake’s hydroclimate reflects
paleoclimate conditions that extended throughout California, the Great Basin, and U.S.
Southwest. These widespread events include Early Holocene wet conditions 9.2 — 8.6 ka, the
onset of aridity at § ka, a generally dry Middle Holocene, wet conditions from 3.3 —3.0 and 1.5
— 0.9 ka, and dry conditions 3.0 — 2.1 ka that are coeval with the Late Holocene Dry Period.
Overprinted on these events are centennial-scale wet episodes, detected with highly-resolved
physical and geochemical analyses, that demonstrate the complex, variable nature of Southern

California’s Holocene hydroclimate.
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5.2 Introduction

Holocene (10 — 0 ka) records are abundant and the subject of high-resolution study in
California (Figure 2.2), particularly in alpine regions. Such work has improved our
understanding of climatic shifts, terrestrial response, and how climate change manifests in the
Pacific Ocean and can impact moisture availability in a state subject to water stress. Several
megadroughts have been documented during the Holocene in California, at decadal-to-centennial
timescales much longer than the current drought (MacDonald and Case, 2005; Mensing et al.,
2013, 2004; Stine, 1994). Wet events are extreme and long-lasting in their own right, as
evidenced in coastal areas such as the storm events documented at Lake Elsinore (Figure 3.6,
Kirby et al., 2013) and the Santa Barbara Basin (Hendy et al., 2012). These events have no
analogue in the past 150 years of instrumental records in the Western U.S.

Stratigraphy and analyses from Ch 3 show that Baldwin Lake did not have the continuous
sedimentation, nor preservation, for a reliable Holocene history to test the veracity of
hydroclimatic events in the San Bernardino Mountains (SBM) that have been documented
elsewhere. Here, I supplement the Baldwin Lake record with new analyses of the lake core from
the neighboring basin, Big Bear Lake (Figure 3.1). The Big Bear Lake core, referred to as Lower
Bear Lake in scientific literature, has been well-dated and the subject of prior sedimentological
and geochemical study (Kirby et al., 2012). New trace element, charcoal, and stable isotope
datasets and are presented, and past datasets re-examined for insight into moisture delivery and
landscape change in the Big Bear Valley during the Holocene. The motivating research
questions are:

1) What was Holocene vegetation and wildfire response at a semi-arid montane site

during the Holocene?

96



2) Do new data support the current hydroclimatic interpretation for the SBM, which is a

series of Holocene pluvial events?

3) Is the Lower Bear Lake record sensitive to wet and arid episodes documented

throughout southern California, the U.S. Southwest, and Great Basin?
5.3 Background

Our current understanding of Holocene climate change in California is one of highly
variable hydroclimatic states, with wet and dry extremes that varied in time, or by region.
Summer insolation values were highest during the Early Holocene (10 - 7.5 ka), supporting a wet
southern California (Heusser, 1998; Holmgren et al., 2010) and aridity in the northern sector of
the state and Pacific Northwest (Briles et al., 2008; Hakala and Adam, 2004). The Middle
Holocene (7.5 - 3 ka) was a time of widespread warmth and aridity at marine sites (Heusser,
1998), and low-lying terrestrial sites throughout the state (Davis, 1999a; Wahl, 2002). Higher-
elevation sites in the Klamath Mountains and the western Sierra Nevada exhibited moist
conditions (Briles et al., 2008; Davis et al., 1985; Street et al., 2012), yet Kirman Lake on the
eastern flank of the Sierra Nevada entered its driest state (MacDonald et al., 2016). During the
Late Holocene (4.0 ka - present), hydroclimatic variability was more widespread as the Pacific
Decadal Oscillation strengthened and the influence of El Nifio Southern Oscillation (ENSO)
expanded northward into California (Barron and Anderson, 2011).

In the SBM, sedimentological analysis of Dry Lake (2760 m) during the Early Holocene
supports enhanced storminess and moisture delivery from 9 - 7.5 ka (Bird and Kirby, 2006). A
lake lowstand occurred 5.5 ka during an arid Middle Holocene, though sedimentation rates began
to increase 4.5 - 4 ka as the Late Holocene approached, coeval with Lake Mojave highstands

(Bird et al., 2010).
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The Big Bear Basin, a watershed area of 96 km?, lies north of Dry Lake and the Sugarloaf
Mountain ridge in the Big Bear Valley (Figure 2.1). Lower/Big Bear Lake is in the western
sector of the valley, and presently a reservoir. Prior to damming in the 19" century, this basin
had up to 3000 acres of wetland meadow habitat (Krantz, 1990). As described in Ch 4, this
section of the valley is wetter and more diverse in its mesic vegetation than the Baldwin Lake
Basin. Prior work on the Lower Bear Lake core showed five horizons of markedly higher total
organic matter and molar C:N throughout the ~9 kyr record, interpreted as times of increased
terrestrial biomass delivery into the lake, transported via enhanced runoff. These proposed
pluvial episodes suggest more episodic, rapid delivery of moisture to southern California and the
SBM than the general hydroclimatic history in the region (e.g. a wet Early Holocene, dry Middle
Holocene, variable Late Holocene). Enhanced atmospheric rivers to Southern California, due to
insolation shifts, variable Pacific atmospheric conditions, and sea surface temperatures, may
have produced these wet episodes (Table 5.1; Kirby et al., 2015, 2012). The pollen data reported
in Paladino (2008) support the more general Holocene moisture trends for Southern California,
rather than punctuated pluvial episodes, though this may be due to differences in analytic
resolution between the two studies.

5.4 Materials and Methods
5.4.1 Bayesian Age Modeling

Core BBLVCO05-1 was dated with accelerated mass spectrometry (AMS) radiocarbon
dating on 33 samples, including 31 discrete materials (e.g., seeds, wood, charcoal) and two on
bulk organic matter (Kirby et al., 2012). The Lower Bear Lake chronology has been updated
here, in order to utilize the most recent radiocarbon calibration curve (IntCall3; Reimer, 2013),

Bayesian age modeling software Bacon 2.2 (Blaauw and Christen, 2011), and improved
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Table 5.1. Lower Bear Lake pluvial episodes (Kirby et al., 2012), adjusted for new age
Bacon 2.2 age model.

Pluvial Episode Initial timespan (yrs BP) Adjusted timespan (BP)
and duration and duration
PE-V 9170-8250; 920 yrs 9241 — 8586; 655 yrs
PE-IV 7000-6400; 600 yrs 6913 — 6428; 485 yrs
PE-III 3550-3000; 550 yrs 3317 —2962; 355 yrs
PE-II 850-700; 150 yrs 834 — 745, 89 yrs
PE-I 500-476; 24 yrs 239 — 164; 75 yrs
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understanding of suitable lacustrine macrofossil material that yields optimal radiocarbon dates
(Marty and Myrbo, 2014; Zimmerman and Myrbo, 2015). The initial age model interpolated
between 23 dates after 10 were rejected for various reasons (Kirby et al., 2012). Re-examination
of the initial dataset of 33 included the original set of 23 in the new age model, and an additional
date from wood (sample #32; Kirby et al., 2012). Nine dates were still excluded, on the basis of
either being 1) bulk material, 2) generated from lower quality material (e.g. roots, stems or
leaves), or 3) duplicates from woody material that exhibited an offset from another date at the
same horizon on preferable material (e.g. seeds). Bacon 2.2 was run at 5-cm intervals with
default priors for the 0 — 450 cm sequence, and extrapolated to the core top and bottom. Since the
lake has been highly modified during the last ~150 years (e.g. dredging, impoundment), the exact
age of the sediment-water interface is unknown.
5.4.2 Charcoal Analysis

Preparation for charcoal counts was conducted at 1-cm resolution for 0 - 400 cm of core
BBLVCV05. Subsampling was done at CSU-Fullerton, with 2 cm’® sample volume taken from 1-
cm intervals. Half of each of these subsamples (1 cm’® volume) were dissolved for charcoal
counting, following the methodology of the Limnological Research Center (2005). Samples were
digested in individual Erlenmeyer flasks with 25 mL of 6% H>O, for 48 hours at 50-60°C.
Samples were then rinsed upon a 125 pm mesh sieve, and the remaining fraction washed onto its
own petri dish. A few drops of 0.1% sodium hexametaphosphate were added as a deflocculant,
then dehydrated at 50°C. Some samples did not complete organic digestion after the first round
of H,O, processing; these were usually identified at the sieving stage, washed back into their
flask, and left to dehydrate over the next 1-3 days. Another 25 mL of H,O, was added, and the

digestion and sieving repeated.
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To count macrocharcoal, petri dishes were placed on a numbered grid and under a binocular
microscope with 40-60x magnification, and counted. These were converted to Charcoal
Accumulation Rate (CHARs) values, a measure of number of charcoal fragments deposited per
cm’ per year.

5.4.3. Mollusk identification, and geochemical analyses

Mollusks and ostracods had been separated and counted in 10-cm intervals; mollusk-rich
horizons of BBLVCVO05 include 20 cm, 140 - 160, 180 - 280, and 290 - 320 cm (Kirby et al.,
2012). Carbonate-rich samples from the charcoal petri dishes were inspected for shell and
precipiate material, and ostracods, mollusks, and CaCOs precipitates (e.g. Chara stems and
calcified seeds) were removed and separated. We identified mollusks to family and (when
possible) genus level with the aid of Burch (1982). Valvata spp. shells, the most-abundant
obligate aquatic organisms in the sample collection, were sent for stable isotope analysis at the
UCSB Marine Science Institute. For their preparation, samples were weighed, sonicated in
distilled water, dehydrated, and disaggregated with a mortar and pestle. At UCSB, 200 ug of
sample were analyzed with a Finnigan Gas Bench and Delta XP Isotope Ratio Mass
Spectrometer for 8"°C and §'*0.

X-ray fluorescence (XRF) values of the BBLVCVO05 subsamples were taken with a portable
Innov-X Analyzer at 5 cm intervals. Remaining subsamples of ~1 cm® volume were removed
from Whirlpaks into individual weighing trays, and covered with a 4 x 4 cm square of Ultralene
film. The pXRF device was then pressed into the covered sample to take a 2-minute close
reading. Detectable elements include potassium (K), calcium (Ca), titanium (Ti), manganese

(Mn), iron (Fe), zinc (Zn), strontium (Sr), and zircon (Zr).
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5.4.4 Fossil Pollen Data

Chemical processing methods for pollen data are reported in Paladino (2008), with pollen
counts typically achieving at least 200 total terrestrial grains. Pollen counting was conducted at
5-10 cm intervals for the lower 1.5 m of the record, which spanned 9.2 - 4.5 ka. Sample spacing
ranged 20-30 cm afterwards, with the exception of the uppermost 10 cm of the core, where I
added counts from samples at 5 cm and 10 cm. Data of Paladino (2008), the original sample
vials, slides, and counting notes were reviewed. Most grains initially reported as “unknown” in
Paladino (2008) had been carefully sketched; I moved these counts into identifiable groups. For
the most part, these unknowns resemble Ranunculaceae, Rosaceae, or Quercus. Terrestrial pollen
totals represent all trees, upland herbs, and shrubs, while the total pollen sum includes these plus
aquatic plants and unknown spores, pollen, and palynomorphs. These were used to calculate
percentages in Tilia 2.0.44 software, and the adjusted dataset was replotted with the new age
model, and resultant cluster analysis.
5.5 Results
5.5.1 Bayesian Age Modeling

The new age model (Figure 5.1) shows a 300-400 year deviation for boundaries of the
Early Holocene, compared to the one presented in Kirby et al. (2012). Although the boundaries
of the Early, Middle, and Late Holocene are not substantially changed, the timing of PE-V, the
earliest and longest lasting of the pluvial events, starts about 300 years earlier. The extrapolation
to the bottom of the core (450 cm) shows a large degree of uncertainty, but this extends beyond
the relevant paleocological data reported here, which are limited to the finer-grained sediments

of the upper 4 m of core. The age of the top 25 cm of core is younger than the model of Kirby et

102



Age (ka BP)

0 2 4 6 8 10
| | | | | |

0 ...
"""""""" Mean age (ka) < acc.shape: 1.5
{- o~ acc.mean: 20
3 . [}
B Envelope of minimum/
& maximum age range 8
[=}
3
= S|
5
[=}
8
’é‘ = 1 T T T 1
- 0 50 100 200 300
£ 24 Acc. rate (yr/cm)
=
o
A
© - mem.strength: 4
mem.mean: 0.7
0 — 91 5¢cm sections
3 -
4 -

Figure 5.1 Bacon 2.0 age model for Lower Bear Lake, based upon 24 14C dates from Kirby et
al. (2012).
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al. (2012) by ~300 years, and the ages of the pluvial events have shifted to those shown in Table
5.1. Notably, the first pluvial (PE-V) is shorter by 265 years with this new chronology.
5.5.2 Charcoal

Charcoal Accumulation Rate (CHARs) ranged from 0 to 28.12 particles per cm*/yr, values
higher than Baldwin Lake results by up to two orders of magnitude. The longest sustained maximum
in CHARSs occurred during the Early Holocene from 9.1 - 8.9 ka, during the first half of pluvial PE-V
and corresponding to an increase in trace element Ca and molar C:N (Figure 5.2g). Charcoal
deposition was quiescent during the rest of the Early Holocene. During the Middle Holocene, values
were generally low (<4) but noisy, with moderate excursions of up to 8.5-9.29 particles per cm*/yr that
were centered around 7.3 and 4.4 ka. In the Late Holocene, the longest span of lowest CHARs
transpired after pluvial PE-III, lasting 2.9 - 2.0 ka. CHARs maxima of the Late Holocene did not
occur until after 2 ka; excursions above 10 particles per cm®/yr are shorter-lived (<50 years duration)
than their counterparts in the Early Holocene, the last time charcoal deposition approached such
values. These Late Holocene increases in charcoal deposition occurred 1.68, 1.25, 1.01 - 1.00, .92 -
.88,.74-.71, and .29 ka (Figure 5.2g).
5.5.3 Mollusk Identification, Stable Isotope, and Trace Element Geochemical Data

Mollusks identified in the Lower Bear Lake sediments include members of the families
Planorbidae and Lymnaeidae, including organisms that largely tend to occupy the littoral
(shoreline) area of freshwater systems. Of the extracted mollusks, Valvata spp. is the most reliably
obligate aquatic (Saxon Sharpe and Peter Hovingh, pers. communication). Valvata spp. are valve
snails adapted to a specific lake environment: alkaline water, with a tolerance for total dissolved
solids up to ~6000 mg/L (Sharpe and Forester, 2008). Mollusk shells were present to ~380 cm in

BBLVCV05, but not substantial enough for isotopic analysis below 310 cm (c. 7.3 ka).
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Values for 8'°O are reported as Vienna Pee Dee Belemite (vpdb), and range between shells
that are most-enriched in '*O at 1.3 ka (8'*0 = -2.081 vpdb), and the least-enriched '*O shells at c.
6.0ka ('O =-6.274 vpdb; Figure 5.2d). They generally shifted in tandem with bulk carbonate in
the record (Figure 5.2¢), with a few exceptions. The paucity of samples below 310 cm (c. 7.3 ka)
yielded only one sample during the Early Holocene, with §'*0 = -3.686 vpdb at 7.3 ka. Seven
samples of largely moderate '*O enrichment (8'*0 = -4.046 to -2.561 vpdb) span the Middle
Holocene from 7.2 - 4.1 ka, and include the least-enriched sample (8'*0 = -6.274 vpdb) at 6.0 ka.
This anomalously low observation is the only one available from the period 7.1 - 4.7 ka, the core part
of the Middle Holocene. Mollusk shells were especially abundant during the Late Holocene; 18 of
the 26 samples analyzed are younger than 4.0 ka, and nearly half (n=12) of the total samples
analyzed span the period from c. 1.5 - 1.2 ka. This higher-resolution section shows that Valvata §'*O
was relatively stable and highly enriched from 1.51 - 1.32 ka; §'°0 values range between -2.927 to -
2.081 vpdb, with one outlier of -4.139 vpdb at 1.34 ka. Valvata §'°O enrichment then decreases to -
4.192 to -3.078 vpdb for the next 0.6 kyr (1.24 - 1.30 ka).

Of the trace element x-ray fluorescence data, Ca and Ti are reported here (Figure 5.2c and
5.2f). The Ti record initiated at relatively high values (4000-5000 ppm) alongside coarse-grained
deposition until 9.5 ka, then remained <3000 ppm for most of the record, with the exception of a short
excursion above 6000 ppm at c. 1.27 ka. Ca was highest during the Early Holocene, peaking at
~124%o c. 9.0 ka in the midst of the first proposed pluvial PE-V (Figure 5.2; Kirby et al., 2012).
Values for Ca remained relatively stable and below 60%o after this excursion. Unlike the Baldwin
Lake record, Ca from trace element analysis and Ca deposited to the basin as bulk carbonate (CaCO»)

do not correspond throughout its history (Figure 5.2d and 5.2f).
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5.5.4 Fossil Pollen

Coniferous taxa observed and counted included undifferentiated Pinus, Abies, Pseduotsuga
mertenzii, Tsuga, Taxaceae, Cupressaceae, and Juniperus. Of these, Pinus was the most abundant,
ranging 41.1 - 86.1% throughout the record (Figure 5.3); Abies ranged 0 - 3.7%, and TCT (combined
Taxaceae, Taxodiaceae and Cupressaceae) up to 14.2%. Remaining coniferous taxa are not shown in
Figure 5.3, as they were 0% for the majority of samples counted. Most abundant of the hardwood
trees was Quercus, ranging 1 - 8.2% throughout the record. Ranunculaceae, Rosaceae,
undifferentiated Asteraceae, Ambrosia, Artemisia, Malvaceae and Amaranthaceae were perennial and
shrub pollen that were present throughout the record, typically in amounts that varied between 0 -
20%. Rhamnaceae did increase to 33.2% at c. 7.2 ka, and fluctuations for individual taxa are discussed
in more detail in the following section, along with environmental interpretations.

Aquatic taxa identified throughout the core included Cyperaceae, Typha latifolia,
Myriophyllum, Nymphaceae, and Potamogeton. Cyperaceae varied throughout the sequence, with
values up to 16.2%. Typha latifolia is most abundant from 9.1 - 4.4 ka, and Myriophyllum from 7.3 -
6.7 ka, and 2.3 - 0.3 ka. Cluster analysis to the second order demarcated four zones, 9.1 —7.1, 7.1 —
6.5,6.5—4.1,and 4.1 — 0.3 ka (Figure 5.3). Vegetation data are generally limited for the Late
Holocene, comprising only eleven samples with up to 400-500 years between horizons sampled.
5.6 Discussion

Paleoenvironmental and paleoecological change within the Lower Bear Basin during the
Holocene is discussed below by the Early, Middle, and Late stages of the Holocene. Overall, the
Bayesian age model has refined the BBLVCVO0S5 sequence, but boundaries between the Early,

Middle, and Late Holocene are not markedly different from prior work (Kirby et al., 2012).
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Evidence that led to interpretations of paleoclimatological events described below is detailed in
Table 5.2, along with briefly-summarized events from other regional sites.

Coarse-grained deposition marked the onset of the Early Holocene in the Lower Bear
basin, with lake sediments and anoxic preservation of fossil pollen beginning 9.5 - 9.2 ka. Sand
was still being deposited during PE-V (9.2 - 8.6 ka), and the highest Ca values of the record at
this time, along with high CHARs, support high-energy deposition. Pinus reduced during PE-V
while Artemisia expanded towards this end of the valley, suggesting a more xeric vegetation
assemblage, though other conifers appear at this time (e.g. TCT). During 9 ka, summer solar
radiation averaged 515 W/m? at 34°N, compared to today’s 481 W/m” (Laskar et al., 2004). The
enhanced radiation may have driven shrub expansion, while still the supporting wetter-than-
modern conditions that have been documented in the Mojave Desert (Holmgren et al., 2010;
Kirby et al., 2015) and at Lake Elsinore (Kirby et al., 2007) during the Early Holocene. Such wet
conditions may have supported the Pinus re-expansion by the end of PE-V at 8.6 ka. Evidence
for a more arid landscape in the Lower Bear basin began 8.1 ka, with lower-energy
sedimentation, high CaCOj values in lake deposits, and gradual expansion of herbs and shrubs.
Onset of similar dry conditions occurred in the Sierra Nevada (MacDonald et al., 2016; Street et
al., 2012) at 8-7.5 ka. This dry regime lasts until c. 6.9 ka at Lower Bear Lake.

Centered around 7.2 - 6.9 ka at the beginning of the Middle Holocene, episodic
sedimentation occurred including charcoal deposition, and Rhamnaceae reaches unprecedented
levels of 33% of pollen counts. Intriguingly, zonation independently identified a distinct pollen
zone that is near-parallel with PE-IV, spanning 7.1 - 6.5 ka. TCT reappeared for the duration of
PE-1V, but other aspects of the vegetation response are ambiguous on moisture conditions:

shrubs and herbs continued to expand throughout, and wildfire was quiescent. If PE-IV was
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indeed a period of enhanced moisture from the Pacific, it would be an anomalous response for
California sites: Owens lake reached a ~1.6 kyr lowstand at 6.9 ka (Bacon et al., 2006), and
sedimentation slowed in the SBM at Dry Lake (Bird et al., 2010).

Mollusk 8'®0O data became available at the onset of the Middle Holocene. This proxy can
potentially capture numerous environmental processes occurring in lacustrine sites; analysis of
modern fauna can provide insight to most-important factors, and is not available for this study.
Generally, these data are interpreted as a measure of temperature or the precipitation-evaporation
ratio at the site, with more-enriched values indicating higher temperatures and greater
evaporation (Leng and Marshall, 2004). At Lower Bear Lake, 6.0 ka was least-enriched,
suggesting the lowest evaporation regime of the record at a time when other proxies and regional
records signal widespread aridity. From 6.4 - 4 ka, deposition slowed again and physcial and
geochemical proxies resembled those of the second half of the Early Holocene, though with
more apparent small-order variability (Figure 5.2). Enhanced moisture in the Sierra Nevada at
5.5 ka (Street et al., 2012; MacDonald et al., 2016) apparently did not affect the SBM, as Dry
Lake’s lowstand occurred at this time (Bird et al., 2010), and Silver Lake, a basin fed by waters
originating in the SBM, was persistently dry during the Middle Holocene (Kirby et al., 2015).
Upland herbs and shrubs, including Amaranthaceae, maintained relatively high levels during this
time. At 4.5 - 4.3 ka, changes occurred at Southern California lakes: a brief highstand at Owens
Lake was detected 4.3 ka (Bacon et al., 2006), and CHARs increased at Lower Bear Lake,
though all other proxy data remain remain static. Sedimentation increased at Dry Lake 4.5 - 4.0
ka (Bird et al., 2010),

Low-organic and high-carbonate deposition into Lower Bear Lake and a stable vegetation

cover of Pinus and shrub+herb cover continued into the first part of the Late Holocene, 4.0 - 3.5
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ka. PE-IIT was designated at 3.3 - 3.0 ka, and Abies and Cyperaceae expanded. Aquatic
vegetation expanded in the millennium afterwards, with Typha latifolia disappearing from the
record as Myriophyllum expanded in apparently quiet waters from 3.0 - 2.1 ka. CHARs
deposition was particularly reduced 2.8 - 2.2 ka. This evidence shows that the Late Holocene Dry
Period, first documented in the southern Great Basin from 2.8 - 1.85 ka (Mensing et al., 2013),
expanded its influence to coastal California. Already documented at Zaca Lake from 2.7 - 2.0 ka
(Dingemans et al., 2014), the Lower Bear Lake record shows that alpine Southern California also
experienced extended aridity until as late as 1.5 ka, a horizon where the second-most enriched
8'%0 Valvata were sampled, suggesting higher evaporation rates. At this time, sedimentation
increases at Dry Lake (Bird et al., 2010), and declining 8'*O values from 1.5 - 1.3 ka support
reduced evaporation, and a possible return to cool and wet conditions. Conifer taxa are abundant
and wildfire dynamic, with charcoal deposition occurring at levels not observed since the Early
Holocene. Lower Bear Lake’s response to the Medieval Climate Anomaly was not clear. While
the MCA was consistently dry in the Sierra Nevada from 1.0 - 0.7 ka (Street et al., 2012;
MacDonald et al., 2016), the Zaca Lake record showed a more complex hydroclimatic history,
with reversed (i.e. wet) conditions from 0.9 - 0.7 ka, perhaps due to its more coastal location
(Dingemans et al., 2014). In addition, Lower Bear pollen data are coarser-resolution for the Late
Holocene, which obscured centennial-to-decadal scale changes. PE-II spans 0.83 - 0.75 ka in the
midst of MCA detected elsewhere, although the fine resolution of this event is difficult to
compare to other datasets. Only CHARs show rapid reversal to near-zero values during this
hypothetically wet time.

The finer-resolution data that are available for Lower Bear Lake do show that the Late

Holocene was a time of high-amplitude, rapid change. In particular, the CHARSs record over the
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last 2 ka shows a dynamism not observed in other parts of the sequence. This may be due to
shorter-term, higher-amplitude hydroclimatic variability induced by a more variable El Nifio
Southern Oscillation after 3 ka (Conroy et al., 2008). The Serrano tribe also occupied Big Bear
Valley seasonally during the Late Holocene (Chong, 2003), and harvested Pinus monophylla
seeds employing fire (Benedict, 1924). Throughout the U.S. Southwest, Juniperus was a
preferred fuel for Native American cooking fires, as it is a slow burning wood (Lanner and
Lanner, 1981). Eastward in Big Bear Valley towards the Baldwin Lake basin, the co-occurrence
of P. monophylla and J. occidentalis would have provided this food-fuel combination to Native
Americans, and potentially been an important source of charcoal production.

5.7 Conclusions

Existing and new data from Lower Bear Lake show Holocene record that had a dynamic
response both to regional climate trends observed at other sites, and the Pacific-derived pluvial
episodes proposed by Kirby et al. (2012) that range from 655 — 14 years in duration. The
following research questions have been addressed:

1) What was Holocene vegetation and wildfire response at a semi-arid montane site

during the Holocene?

Coniferous forests, largely comprised of Pinus, persisted in the Big Bear Valley during
the Holocene. Significant terrestrial vegetation shifts and excursions tend to be short-lived (<400
years, often coeval with pluvial events. Increases in shrubs and herbs occurred during the Middle
Holocene, evidence that supports an arid state in the SBM for most of the Middle Holocene.
Wildfire activity was evident from CHARs c. 9.1 ka, then followed by relatively slow deposition

during the Middle Holocene. The higher-amplitude, shorter-lived shifts in CHARs during the
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Late Holocene, particularly since 1.6 ka, attest to a greater variability in wildfire occurrence and
extent.

2) Do new data support the current hydroclimatic interpretation for the SBM, which is a

series of Holocene pluvial events?

Pluvial events were identified with positive excursions towards more organic matter and
molar C:N, caused by enhanced water availability, runoff, and deposition into the basin. The
vegetation and wildfire response reported here were not consistent for all pluvials. Early and
Middle Holocene pluvial events involved declines in Pinus, while other conifers (TCT,
Taxaceae-Cupressaceae-Taxodiaceae) expanded. Higher concentrations of shrubs and herbs were
also detected during pluvials, suggesting these too expanded and created a more open landscape.
Enhanced charcoal deposition occurred at the onset of Early Holocene and Late Holocene events,
but not all. Late Holocene events coincide with apparent expansion of Abies, though fossil pollen
data was collected at coarser intervals. While the landscape response was inconsistent across
events, it is key to remember that these varied in duration, and each occurred at times when
different climatic drivers may have been impactful (e.g. enhanced summer insolation during the
Early Holocene).

3) Is the Lower Bear Lake record sensitive to wet and arid episodes documented

throughout Southern California, the U.S. Southwest, and Great Basin?

Lower Bear Lake experienced several well-known events documented during the
Holocene. These include wet conditions during the Early Holocene from 9.2 — 8.6 ka, the onset
of dry conditions c. 8.0 ka that lasted into the Middle Holocene and became drier c. 6.0 ka.
Greater hydroclimatic variability persisted through the Late Holocene, with wet conditions 3.3 —

3.0 ka, dry conditions 3.0 — 2.1 ka correlating with the Great Basin Late Holocene Dry Period,
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and cool and wet conditions 1.5 — 1.2 ka. Overprinted on these widespread events, there was an
apparent site-specific hydroclimatic variability and complexity, evidenced by the repeated
pluvials, and the complexity of the Medieval Climate Anomaly. This may be due to the SBM’s
proximity to a marine moisture source, though determining the precise origin and mechanism for

enhanced storm delivery from the Pacific remains to be investigated.
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6. Dissertation Conclusions

Over the past 125,000 years in alpine southern California, its climate and landscape have
undergone significant change, as evidenced from a pair of lake cores in the Big Bear Valley of
the San Bernardino Mountains (SBM). The first general research question of the dissertation
asked: how can temperature and available moisture changes in the SBM inform our
understanding of climate phenomena that affected southern California? Evidence from these sites
demonstrated that millennial-scale fluctuations in local insolation, and shifts in eastern Pacific
Ocean sea surface temperatures (SSTs), were key phenomena that drove climate change in the
region. Summer insolation was the primary influence on lake level and primary productivity
changes in Baldwin Lake during Marine Isotope Stages Se - 5a (c. 125 - 71 ka). During the
penultimate glacial, shifts in summer and winter insolation became lower-amplitude and less
divergent. This allowed wet conditions to prevail for ~35 kyr until the onset of the last glacial c.
29 ka. Two millennia of aridity marked the onset of the last glacial, with subsequent rapid return
of focused moisture to the region by 24-23 ka. These events showed Southern California’s
proclivity for hydroclimatic extremes, even at times when cold temperatures were present and
summer insolation was minimal.

The influence of the Pacific Ocean on these terrestrial climate changes was constant over
the past 125 kyr, though it manifested in various ways. Like the coupled insolation and moisture
shifts in the SBM during MIS 5, marine records of offshore California are synchronous with
summer insolation and the globally-averaged isotopic shifts that demarcate glacial and
interglacial periods. This association was less robust during the last glacial; early onset of SST
warming during MIS 2 by 5-10 kyr was well-documented along the California margin, and

attributed to a weaker California Current. The closest marine record to Southern California
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exhibited this decoupling earlier, during the prior glacial MIS 4. This provides a possible cause
for the rapid hydroclimatic changed observed c. 71 ka in the SBM. While broadly wet conditions
followed during MIS 3, rapid warm excursions in the Santa Barbara Basin are paced with
Dansgaard-Oeschger SST increases in the North Atlantic, and caused comparable warm
excursions at Baldwin Lake. A dry response at terrestrial sites to these ~1.48 kyr events was
widespread throughout California and the U.S. Southwest.

The second broad research question this dissertation addressed was: how has vegetation
changed over time, and what role does wildfire play in past ecosystem dynamics? The most
pronounced landscape response to temperature and moisture shifts was the expansion and
contraction of forests; reduced trees allowed a more open cover of shrubs and perennials. During
MIS 5, conifer expansion followed rising insolation, and shrubland increased with summer
insolation. This slower, orbitally-paced pattern of change suggests that insolation shifts were the
primary influence on the prevailing hydroclimate regime. This vegetation-insolation association
changed suddenly 71 ka, shifting toward a hydroclimate subject to high amplitude changes
during glacials that had potential to be relatively shorter (i.e. 2-5 kyr, compared to a 10+ kyr
insolation cycle), with rapid onset (<1 kyr). Vegetation response to aridity continued to be forest
canopy loss and shrubland/steppe expansion, though dry states after MIS 5 were never as long
nor pronounced, and moderate-to-high forest density was maintained through the Holocene.
Evidence from both lake records showed that wildfire was particularly active in two scenarios:
1) during vegetation shifts from forest-to-shrubland as summer solar radiation increased to
values above ~480 W/m?, and 2) during times of high-amplitude hydroclimatic variability and

forest cover, such as MIS 3 and the last ~1.6 ka of the Late Holocene.
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Despite differences in duration and timing of Pacific SST changes off the California
margin over the past 125 ka, local marine dynamics consistently transmitted climatic change to
alpine Southern California. Local increases in SSTs (i.e., within and southward of the Santa
Barbara Basin) in particular seem to be the harbinger of dry terrestrial conditions prior to the
Last Glacial Maximum, though #ow atmospheric circulation may have changed to accommodate
moisture differences between the land and sea is beyond the scope of this project. Still, a
sensitivity localized to southern California seems apparent, with past examples of hydroclimatic
extremes demonstrating that high-amplitude climate change can manifest rapidly in the area.
Coupled with projections that southern California will be warmer and drier for the remainder of
the 21% century as greenhouse gas emissions enhance radiative forcing, this is a precarious

situation for an already populous and water-stressed region.
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