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ABSTRACT OF THE DISSERTATION

Diatom-Inferred California Hydroclimatic Variability
during the Late Quaternary

and Applicability of Transfer Functions from a Single Lake

by

Jiwoo Han

Doctor of Philosophy in Geography

University of California, Los Angeles, 2023

Professor Glen Michael MacDonald, Chair

In recent years, California has been suffering from severe hydroclimatic related
challenges, such as droughts, fires, and deluges. Despite many ongoing efforts, uncertainties
remain regarding the natural variability of hydroclimatic system and how anthropogenic
impacts will affect future climate dynamics. To better understand the issues, it is essential to
understand paleo-hydroclimatic variability over the long-term during the period that human
beings had little impact on the climate. This dissertation aims to investigate long-term
centennial to millennial hydroclimatic changes to understand natural variability to help
differentiate this from anthropogenic impacts on the current climate and to plan for future
climate change (e.g. formulating relevant policies, proposing contingency plans, etc.). Lake

sediments preserve long hydroclimate records useful for resolving long-term variability.



Among the feasible proxy indicators used to reconstruct paleo-hydroclimate, | utilized diatom
microfossils (microscopic algae) because they have been shown to record lake level and
salinity changes within lakes that reflect changes in precipitation and evaporation. | analyzed
the fossil and modern diatom flora from Kelly Lake in Northern California and from Baldwin
Lake in Southern California. This dissertation focuses on the late Quaternary overall while
focusing specifically on the Holocene changes in Northern California and Pleistocene
changes in Southern California. From Kelly Lake, I established diatom-inferred water depth
transfer functions to quantitatively infer the past lake level changes during the Holocene. The
results show a meaningful correlation between modern diatom assemblages and water depths,
allowing the construction of statistical transfer functions with high R? values (>0.95). This is
the first such single-lake transfer function developed in California and one of only a handful
worldwide. The transfer functions are then applied to the fossil diatom flora from a
Holocene-length sediment core from Kelly Lake. The quantitatively reconstructed lake level
changes in Kelly Lake indicate appreciable variations over the Holocene and suggest the
influences from global drivers such as solar radiative and El Nifio-Southern Oscillation
forcings to the hydroclimatic variability in the Northern Coast Ranges. In Southern
California, the qualitatively inferred salinity and water depth changes in Baldwin Lake
showed abrupt change at about 70,000 cal yr BP when the orbitally controlled radiative
forcing transitioned high seasonal variability to low seasonal variability. In both Northern and
Southern California, the diatom records indicate a high degree of sensitivity by hydroclimate
to external drivers related to external forcing factors such as ocean conditions and orbital

variations.
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Chapter 1 Introduction

As California has a large population and often limited water availability, and increasing
drought impacts (Mann and Gleick 2015). It is becoming more and more important to
understand prolonged hydroclimate anomalies such as droughts in the context of natural
variability and what drives such fluctuations naturally over the long time-period of the late
Quaternary (MacDonald et al. 2008; Woodhouse et al. 2010; Feakins et al. 2014; Kirby et al.
2014, 2019; Glover et al. 2017). Hydroclimate is a subdiscipline that investigates moisture
fluxes in the atmosphere and surface (Legates 2000), so it examines the linkage between
hydrologic cycles and the climate system. Due to the importance of understanding long-term
base levels and variability in hydroclimate systems, especially in water-stressed regions, there
are numerous paleoclimate studies in California because paleoclimate records are vital to
understanding hydroclimate variability in the long-term. Long-term records provide
important perspectives to future climate change in regards to potential human impacts on
natural climatic variability (Smol and Cumming 2000; Colombaroli and Gavin 2010;
MacDonald et al. 2016). In California, it is also important to provide a long-term perspective
on the relationship between hydroclimatic variability and orbital and oceanic external
forcings. This can be accomplished by reconstructing paleoclimate changes and comparing

such records (Kirby et al. 2014; MacDonald et al. 2016).

Both Northern and Southern California have experienced varying degrees of prolonged
aridity and associated vegetation impacts over the 21% century (Dong et al. 2019). There are
many studies of terrestrial conditions in Northern California using fossil pollen and charcoal
from lake sediments that have detected long-term climatic changes and their impacts in
Northwestern California (Mohr et al. 2000; Whitlock et al. 2004, 2008; Bradbury et al. 2004;

Briles et al. 2008, 2011; Colombaroli and Gavin 2010; Crawford et al. 2015; Briles 2017;
1



Knight et al. 2021, 2022; Leidelmeijer et al. 2021; Glover et al. 2021). However, research on
hydroclimate variability within lakes is still needed. The earlier mid- to late Holocene and the
glacial-interglacial transitions are optimal time periods to apply paleolimnological studies to
decipher prolonged hydroclimatic anomalies (Smith et al., 2002) for better understanding
near future climate change. Consequently, reconstructing paleohydroclimatic changes in
Northern California Coast Ranges over the late Quaternary period using paleolimnological

records would be of great value.

Southern California has also experienced periods of prolonged hydroclimate change over
the late Quaternary (MacDonald 2007; Glover et al. 2017, 2021; Kirby et al. 2018). Sites
such as Baldwin Lake and Lake Elsinore provide sedimentary records that extend into
Pleistocene, providing paleohydroclimatic perspectives extending tens of thousands of years
(Kirby et al. 2006, 2007, 2018; Glover et al. 2017, 2020; Martinez 2020). These long-term
records from interior Southern California can be very helpful to comprehend the relationship
between regional hydroclimate major climatic forcing factors such as the Earth’s orbital

variations.

There are various paleoclimatic archives (tree-rings, speleothems, oceanic sediments,
etc), but lake sediment is one of the most valuable archives to provide long and continuous
records of hydroclimate change in the past (Kirby et al. 2015; Saulnier-Talbot 2016; Melles
et al. 2022) despite some difficulties in lake record interpretation (Mills et al. 2017). Lake
sediment contains various sources of environmental information such as hydrology related
biological and geochemical changes in the lake and inputs of materials outside lakes —

sediment, pollen, charcoal, etc (Woodhouse 2004).

Salinity and lake level changes are perhaps the most robust paleolimnological indices to

explore hydroclimate variability. Changes in salinity and lake water depth are sensitive
2



indicators of the variations in the precipitation to evaporation ratio (P/E), especially for
closed lakes in arid and semi-arid regions (Fritz et al. 2010; Ramon Mercau and Laprida
2016). First, salinity reflects the amount of evaporation of lake waters. The evaporation of a
closed lake exceeds water input during dry seasons, and it causes an increase in ion
concentration of the lake, which leads to a rise of salinity (Fritz et al. 2010; Ramén Mercau
and Laprida 2016). Salinity will increase based on the evaporative concentration, which
usually is increased by climate drying, human-induced pollution, and seawater intrusion
(Holmes 2001). Furthermore, salinity fluctuations can be interpreted as indicators of the
frequency of droughts; high salinity indicates more prolonged and frequent drought (Fritz et
al. 2000). Lake level change is another important indicator to comprehend hydroclimate
variability from lake sediments. Water depth changes, especially from a closed lake, are
influenced by the hydrological status of the lake, and it is triggered by the changes in
temperature and/or the circulation of atmosphere and precipitation (Guo et al. 2016). Even if
such changes are relatively small, the lake’s biological, chemical, and physical environment
fluctuate sensitively (Laird et al. 2011). Moreover, it has been shown that lake level change
can be related to long-term radiative factors such as orbital forcing (Park and Cohen 2011).
Lastly, lake level affects salinity for water bodies (Battarbee 2000), and lake levels and
salinity changes are correlated with respect to effective moistures (Fritz et al. 2010), which
indicate water balance (Davies et al. 2002). Therefore, fluctuations in salinity and lake level

are significantly essential factors for rigorous hydroclimatic variability reconstruction.

Diatoms in lake sediments are a good indicator to estimate the variation of salinity and
lake level. There are other bioindicators in lakes, such as ostracods and chironomids, but they
are not as good as diatoms for salinity and lake level reconstructions (Battarbee 2000; Zhang

et al. 2007). There are several reasons why diatoms are a good proxy indicator for both



factors: 1. Salinity and lake level are critical factors that shift diatom assemblages (Fritz et al.
2010). Salinity can be closely tied to the equilibrium of diatom assemblages in closed-basin
lakes in arid and semi-arid regions, and it is related to the balance of evaporation and
precipitation, such as drought frequency (Smol and Cumming 2000), 2. There are different
dominant diatom species depending on salinity levels within a lake basin (Gasse et al. 1997;
Fritz et al. 2010), 3. Additionally, there are benthic and planktonic diatom species, and the
planktonic to the benthic ratio (P:B ratio) is one of the most reliable lines of evidence to
detect lake level changes (Wolin and Stone 2010). There are several practical reasons why
diatoms are an ideal indicator for paleolimnological studies; they are the prominent algal
community in lake systems, well-preserved in sediments, well-studied in paleo- and neo-
limnology (Gushulak et al. 2017). Therefore, investigating the variations of diatom fossil
assemblages from lake sediments will provide a robust reconstruction of hydroclimate
variability in the past. Although such reconstructions can be qualitative in nature, quantitative
reconstructions of lake-level variations can also be derived from diatom-based statistical
transfer function. Most importantly for regions of relatively scarce natural lakes, new
research has shown that such quantitative transfer functions have recently been shown to be
developable using transects of sediment samples from single lakes (Laird et al. 2010, 2011;

Gushulak et al. 2017).

With the above research drivers and methodological considerations in mind, my

dissertation consists of four research questions:

1) Isasingle lake, with small size and relatively shallow water depth, sufficient to
establish a diatom-inferred transfer function for lake depth from coastal Northern

California where there are not many natural lakes?



2) Can the diatom-based transfer models be applied to fossil diatom flora and reconstruct
lake level well, and if so, how has the hydroclimate of coastal Northern California
changed over the Holocene?

3) How has the hydroclimate changed over the late Quaternary (MIS 5 — MIS 2) in
Baldwin Lake, subalpine Southern California? How did the lake water depth and
salinity change?

4) How do the past hydroclimatic variations revealed in the Northern California and
Southern California paleohydroclimatic records relate to past changes in ocean
conditions or radiative forcing such as produced by the Earth’s orbital variations?

This dissertation consists of three linked studies in Chapter 2, 3, and 4 that are prepared in

the context of producing peer-reviewed publications. Chapter 2, A Diatom-Inferred Water-
Depth Transfer Function from a Single Lake in Northern California Coast Ranges,
demonstrates developing diatom-based transfer functions is applicable to a small single lake
in the Klamath Mountains, Northern California where there are not many natural lakes
available for traditional development of a transfer function from multiple lakes. Chapter 3,
Holocene Hydroclimate Variations Reconstructed from Past Lake Level Fluctuations
(10,100 cal yr BP to Present) in the Northern Coast Ranges of California, validates the
application and usefulness of the developed transfer functions from Chapter 2 and to
reconstruct Kelly Lake water depth changes during the Holocene quantitatively and compare
these to likely forcing factors. Chapter 4, A 110 ka Late Quaternary Diatom Record of
Salinity and Water Depth from Baldwin Lake, Subalpine Southern California,
demonstrates the late Quaternary hydroclimatic variations in San Bernardino Mountains
focusing on salinity and water depth changes in Baldwin Lake and scrutinizes which drivers,

how likely external drivers influenced on the hydroclimate.



Chapter 2 A Diatom-Inferred Water-Depth Transfer Function

from a Single Lake in the Northern California Coast Ranges

(in Press as Han, J., Kirby, M., Carlin, J., Nauman, B., MacDonald, G. A diatom-inferred
water-depth transfer function from a single lake in northern California Coast Range. J
paleolimnol (2023). https://doi.org/10.1007/s10933-023-00281-0)

2.1 Abstract

This study examines the relationship between water depth and diatom assemblages
from lake sediment surface samples at Kelly Lake, California. A total of 40 surface sediment
samples (integrated upper 5 cm) were taken at various depths within the small (~3.74 ha) 5.7-
meter-deep lake. Secchi depths, water temperature, pH, salinity, conductivity, and total
dissolved solids were also measured. Some diatom species showed distinct association with
depth (e.g., Fragilaria crotonensis, Nitzschia semirobusta). The relationship between the
complete diatom assemblages and water depth was analyzed and assessed by depth cluster
analysis, a one-way analysis of similarity, principal components analysis and canonical
correspondence analysis. Statistically significant differences were found between the
assemblages associated with shallow depth (0 m — 1.25 m), mid-depth (1.25 m — 3.75 m), and
deep-water (3.75 m — 5.2 m) locations. The relationship between diatom assemblages and
lake depth allowed two transfer models to be developed using the Modern Analogue
Technique (MAT) and Weighted Averaging Partial Least Squares (WA-PLS). These models
were compared and assessed by residual scatter plots. The results indicate that diatom-
inferred transfer models based on surface sediment samples from a single, relatively small

and shallow lake can be a useful tool for studying past hydroclimatic variability (e.g., lake



depth) from similar lakes in California and other regions where the large numbers of lakes

required for traditional transfer function development may not exist.

2.2 Introduction

Paleolimnological transfer functions are often developed from multi-lake training sets
and can be a useful paleolimnological tool for reconstructing many variables including lake
depth (Gregory-Eaves et al. 1999; Gomes et al. 2014; MacDonald et al. 2016). However, in
many hydrologically sensitive regions, including much of California (CA), natural lakes are
relatively rare, making the use of multi-lake training sets unfeasible. CA has experienced
prolonged hydroclimatic anomalies over the 21st century (e.g., severe droughts) that appear
to be, at least in part, related to anthropogenic climate change (MacDonald et al. 2016; Swain
et al. 2018; Dong et al. 2019; Glover et al. 2020; Zamora-Reyes et al. 2021). Understanding
how recent CA hydroclimate variability relates to longer timescales (e.g., Holocene), natural
variability has been an important topic of research over the past decade (Briles et al. 2011;
MacDonald et al. 2016; Kirby et al. 2019). Unfortunately, instrumental climate records only
extend back a little more than a century and do not capture the full range of potential natural
hydroclimatic variability. Paleoclimatic approaches can provide proxy hydroclimatic records
that extend back millennia. The proxy-climate archives provided by lake sediments are one
useful source of such information, and although not as plentiful as in some regions, such lake

archives are available in areas of CA.

Diatoms (Class: Bacillariophyceae), single-celled algae and phytoplankton, have been
shown to be an important proxy indicator useful to investigate hydroclimatic variability as
manifest in lake-level changes or changes in lake salinity (Fritz et al. 1991; Gasse et al. 1995;

Smol and Cumming 2000; Battarbee 2000; Zhang et al. 2007; Kingsbury et al. 2012; Ramon



Mercau and Laprida 2016; Gushulak et al. 2017; Gushulak and Cumming 2020). There are
several reasons why diatoms are good paleoenvironmental indicators — they are common in
lake environments, they are sensitive to hydrological and limnological changes (e.g., lake
depth, water chemistry), and their distinctive silica frustules are well-preserved and readily
identified in lake sediments. Many studies have shown that diatoms can be used to
reconstruct past variations in lake depths, including providing quantitative estimates using
statistical transfer functions based on modern diatom-water depth relationships (‘Yang and
Duthie 1995; Gregory-Eaves et al. 1999; Wolin and Stone 2010; Laird et al. 2010, 2011,

Gomes et al. 2014; MacDonald et al. 2016).

This research will focus on diatom flora and water depth. Lacustrine hydrologic
budgets, which are related to lake water depth, are closely associated with regional
hydrologic budgets and the interplay between precipitation and evaporation. This association
is especially robust in regions with strong seasonal precipitation/evaporation contrasts, such
as CA and the American West, where winter precipitation and summer evaporation dominate
the annual hydrologic budget of lakes (Shuman and Donnelly 2006; Wigdahl-Perry et al.
2016). Changes in lake level are closely related to paleohydroclimatic changes (Fritz 1990;
Smol and Cumming 2000; Kirby et al. 2007; Blazevic et al. 2009; Laird et al. 2010;

Kingsbury et al. 2012; MacDonald et al. 2016).

There are very few diatom-inferred paleoecological transfer functions from
Californian lakes. Bloom et al. (2003) published a paper that established a diatom-inferred
salinity and water temperature transfer function from a network of lakes (n = 57) in the Sierra
Nevada. While the initial study was about salinity and water temperature, not water depth,
this was expanded to include a water-depth transfer function in a subsequent publication
(MacDonald et al. 2016). Unfortunately, few areas of CA outside formerly glaciated Sierra
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Nevada contain an adequate lake density to make a traditional multi-lake-based diatom

transfer function model.

In recent years, studies have shown that diatom-depth transfer functions can be
successfully developed using multiple sediment surface samples taken from different depths
in a single lake (Laird and Cumming 2009; Laird et al. 2010, 2011; Gushulak et al. 2017).
The resulting transfer function can then be applied to sediment cores from the same lake
(Laird and Cumming 2009; Laird et al. 2010; Faith and Lyman 2019). This approach is ideal
for CA where lake basins in many regions are rare and the development of a multi-lake
transfer function, which requires 30 lakes or more, is not possible. In this study, we address
the question of whether or not there is a statistically significant difference in the diatom floral
assemblages found in the sediments taken at different depths from a single lake. Moreover,
we explore whether or not these relationships are statistically strong enough to develop
diatom-depth transfer functions that could be applied to sediment cores from that same lake.
The study site is Kelly Lake, a small lake in the mountains of northwestern CA. The results
of this study support the potential wider usefulness of single-lake transfer-function
development in other regions where there are insufficient lakes for traditional training-set
development. Kelly Lake is also smaller and deeper than previously published sites from
which such transfer function has been derived, increasing the range of lakes this approach

might be applied to.

2.3 Study Site

Kelly Lake (41.91°N, 123.52°W; 1346 m asl) is located in the Klamath Mountains
(Northern California Coast Range), approximately 10 km from the Oregon border (Figure 2-
1). The study site is in the Confederated Tribes of Grand Ronde, Karuk, Cow Creek Umpqua,

and Cayuse, Umatilla and Walla Walla Tribes’ territory (Native Nation Digital 2021). The
9



lake is landslide formed, small (~3.74 ha), with a maximum water depth of 5.7 m. The
surface drainage basin is small (~47 ha) and sits in sedimentary rocks and meta-volcaniclastic
sedimentary rocks (Irwin 1994). Although presently a closed basin (as of 2019) with a small
inlet, there is a spill point at the east shoreline, approximately 3 — 4 m above modern lake
level, indicating that overflow is possible during wet years. Dead and felled trees are
concentrated at the outlet area and suggest a dynamic lake level with flow over the spill.
Some active springs characterize the surrounding drainage basin with modern inflow
observed occurring at the lake’s northwest shoreline. The vegetation surrounding the lake’s
fringe is mostly reeds and sedges, with submergent macrophytes and mosses near the
shoreline. Above the shoreline, there is forested vegetation with an overstory of Jeffrey pine
(Pinus jeffreyi Grev. & Balf.), Douglas fir (Pseudotsuga menziesii (Mirb.) Franco), sugar
pine (Pinus lambertiana Douglas), incense cedar (Calocedrus decurrens (Torr.) Florin) and

white fir (Abies concolor (Gord. & Glend.) Lindl. ex Hildebr.).

41° 55

-123° 32' -123° 31

Figure 2-1 Map and field picture of Kelly Lake in Klamath Mountains, California, USA. The
view is from the outlet location approximately 3 — 4 m above modern lake level.
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The mean January and July temperatures of the region are approximately 3°C and
19°C, and the mean annual precipitation is 176 mm (Western Regional Climate Center
2016a; Figure 2-2). This data was collected from the Elk Valley Station (42.00°N,
123.43°W), which is the nearest station to the study site (~12km linear distance) at 521 m asl.
The average winter precipitation (December, January, February) is approximately 353 mm,
while the average summer precipitation (June, July, August) is roughly 17 mm. Kelly Lake
experiences some snow during fall and winter, with ~ 1148 mm of total snowfall. Therefore,
Kelly Lake’s annual hydrologic budget is typical of the Mediterranean climate type and

driven by variations in winter precipitation and summer evaporation.
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Figure 2-2 Monthly mean precipitation and temperatures from Elk Valley in California, USA

(site: 042749), which is the nearest climate station to Kelly Lake (Source: Western Regional
Climate Center 2016).
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2.4 Methods

2.4.1 Fieldwork

In July 2019, 40 surface sediment samples were obtained at various lake-water depths
from the upper 5 cm of the sediment-water interface using a mini-Glew gravity corer (Figure
2-3). Our sampling technique captured the sediment-water interface, visible in the clear
plastic tube, ensuring that we did not over-penetrate into older sediments. The topmost
sediments were extremely water-saturated with a diffuse sediment-water interface. We
wished to obtain sufficient sediment for diatom analysis and other analyses from each surface
site. We also were not aiming at the annual or near-annual resolution, but rather the
integration of diatoms from the past decade or so to have an averaged observation of the
diatom flora. We have obtained 13’Cs data from the central portion of the lake that indicate
that the 1963 peak is deeper than 5 cm (5 — 10 cm) and #'°Pb data suggests sedimentation
rates of ~3 yr/cm (Table 6-S2), therefore the upper 5 cm generally represents perhaps 15
years or so of time. Although there may have been some slight variations in lake conditions
over this time period, we believe that our sampling regime captures a reasonable
representation of the overall recent conditions of Kelly Lake. The samples were designated as
KLSS2019 #. KLSS2019 1 to 26 and KLSS2019 33 to 40 were taken along three transects:
nine samples from Transect 1, seventeen samples from Transect 2, and eight samples from
Transect 3 (Figure 2-3, Figure 6-S1). Each sediment sample was collected at approximately 2
m distance from adjacent samples. KLSS2019 27 to 32 were collected at the very margin of
the lake and from the lake’s inlet emergent vegetation (Figure 2-3). Lake-water depths were
measured at each sampling point. Secchi-disc depths were also measured at each sampling

point to delineate the average depth of the modern photic and aphotic zones and the light

12



conditions at the sediment surface for each sampling point. Each sampling point with

coordinates, the observed water depths, and Secchi-disc water depths were provided in Table

6-S3.

Figure 2-3 Surface sediment samples from Kelly Lake (KLSS2019) were obtained along three
transect lines (three blue lines with numbers 1, 2, 3) mostly (two yellow lines are ropes tied
for the transects). Most samples were taken within the lake except for a few points near the
margin and exposed shoreline outside of the lake (x marks). The samples along the transects

were taken ~2 m apart at a constant interval.
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The lake’s water chemistry was also measured near the surface at the center of the
lake three times and averaged. Table 2-1 shows the average values of all the measurements.
Five variables, such as pH, conductivity, water temperature, total dissolved solids, and
salinity, were measured with a digital water testing meter (Apera Instruments PC60 Premium

Multiparameter Tester Meter).

Table 2-1 Average (n = 3) water chemistry and depth of photic zone in deep waters for Kelly
Lake in July 2019.

pH  Conductivity Water temperature Total dissolved solids Salinity ~Avg. photic zone depth

821 66.27us/cm 23.4°C 42.57 ppm 0.03 ppt 4.12m

2.4.2 Diatom sample preparation and identification

Approximately 0.2 g of wet surface sample was treated with 5 ml of 30% H20:2 in a
100-ml beaker with 10 ml of distilled water to remove organic materials in the sediments.
After the sample was heated on a hot plate at 120°C for an hour, the top solution was
decanted. A micro spatula of sodium hexametaphosphate was put in the beaker for
deflocculation. After 15 — 30 minutes of reaction, the beaker was filled with distilled water,
and let the diatoms be deposited. The prepared diatoms were mounted using Pleurax
(mountmedia) on microscope slides. At least 400 diatom valves were counted per sample at
1000x magnification under a light microscope (Nikon Labophot-2) with oil immersion. For
diatom species identifications we followed the taxonomy of Krammer and Lange-Bertalot
(1986, 1988, 1991a, 1991b) with supplementary printed and online sources (Kulikovskiy et

al. 2016; Spaulding et al. 2019; Potapova et al. 2020; Juttner et al. 2022).

2.4.3 Data selection and analysis
The taxa used for statistical analysis and calibration-set development were selected
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after screening the diatom data. Taxa that appear at more than 5% abundance were selected
for constructing the stratigraphic diatom diagram and constrained clustering, and taxa
occurring at more than 1% abundance in at least one sample were chosen for statistical
analyses and transfer function development. A diatom stratigraphy diagram was drawn in R
version 4.1.3 (RStudio Team 2020) using the rioja package (Juggins 2020). A depth-
constrained cluster analysis (CONISS) was also performed in R with the vegan package
(Oksanen et al. 2020) to determine if lake-depth zones could be discerned in the diatom
assemblages from Kelly Lake. The cluster analysis-based zones were calculated with the
Bray-Curtis distance method to measure the dissimilarity between communities (Grimm
1987). A one-way analysis of similarity (ANOSIM) was also conducted using PAST
(PAleontological STatistics, version 4.01) software package to test statistically the
differences in the distribution of diatom assemblages among the identified depth zones
(Hammer et al. 2001). Principal component analysis (PCA) was conducted in R on the
covariance matrix to further explore differences in the diatom assemblages from different
lake depths and the important diatom taxa contributing to those differences. Canonical
correspondence analysis (CCA) with Monte Carlo permutation tests (999 permutations) was
also performed in R with the vegan and CCP packages to examine if water depth is a
significant variable on the diatom distribution for developing a transfer function (Oksanen et
al. 2020; Menzel 2022). The CCA incorporated 22 diatom taxa from 40 surface samples and
two environmental variables — water depth of the surface sample location and its depth below
the photic zone as measured using the Secchi disc. Lastly, two diatom-inferred water-depth
transfer functions were developed with the modern analogue technique (MAT), and with
weighted average partial-least squares (WA-PLS) using the PAST software. The dissimilarity
for MAT was measured using squared chord distance. The root mean square error of

prediction (RMSEP) was estimated for both models, and the RMSEP values are based on the
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degree of error between the observed and the expected value. Thus, the lower the value, the

more significant it is.

2.5 Results
2.5.1 Diatom diagram

| identified over 150 diatom taxa in Kelly Lake. Among them, 21 taxa (14 genera and
17 species) were selected for statistical analysis. These all appeared at >5% abundances in at
least one sample (Figure 2-4). There were thirteen benthic taxa (Navicula spp.,
Achnanthidium spp., Achnanthicium rosenstockii (Lange-Bertalot) Lange-Bertalot,
Gogorevia exilis (Kutzing) Kulikovskiy & Kociolek, Gomphonema acuminatum Ehrenberg,
Grunowia tabellaria Rabenhorst, Meridion constrictum Ralfs, Nitzschia semirobusta Lange-
Bertalot, Pseudostaurosira parasitica (W.Smith) E. Morales, Staurosira construens
Ehrenberg, S. venter (Ehrenberg) Cleve & J.D.Mdller, Melosira spp., Fragilariforma
nitzschioides (Grunow) Lange-Bertalot), five planktonic taxa (Aulacoseira spp., A. italica
(Ehrenberg) Simonsen, A. pusilla (F.Meister) A.Tuji & A.Houki, Fragilaria crotonensis
Kitton, Fragilaria spp.), and three tychoplanktonic taxa (Achnanthidium minutissimum
(Kutzing) Czarnecki, Staurosirella pinnata (Ehrenberg) D.M.Williams & Round,
Pseudostaurosira brevistriata (Grunow) D.M.Williams & Round). Due to the difficulties in
identification under 100x light microscopy, some Staurosira spp., Staurosirella spp., and
Pseudostaurosira spp. are counted together as S & S & P spp. Figure 2-4 shows the diatom
diagram and the CONISS dendrogram where the Kelly Lake surface sediment samples are
divided into three diatom-water depth zones: shallow (0 — 1.25 m), mid-depth (1.25 - 3.75

m), and deep-water zones (3.75 — 5.2 m).
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Figure 2-4 Diagram of diatom taxa which appear in more than 5% in at least one sample in surface sediment samples from Kelly Lake
(KLSS2019). The y-axis indicates lake-water depth. The x-axes indicate the relative abundances in % for the diagram part and the total sum
of squares for the CONISS part. Yellow color-coded indicates benthic, green color-coded means tychoplanktonic, blue color-coded indicates
planktonic, and red-color coded means sum of broken or unidentifiable girdle-view species from Staurosira spp., Staurosirella spp., and
Pseudostaurosira spp.



2.5.2 A one-way analysis of similarity (ANOSIM)

According to the CONISS analysis, Kelly Lake was divided descriptively into three
depth zones, which are shallow (0 — 1.25 m), mid-depth (1.25 — 3.75 m), and deep (3.75 - 5.2
m). The deep-water zone generally represents samples where the sediment-water interface is
in the aphotic zone of the lake. A cluster analysis that was unconstrained by depth and thus
allowed samples to be freely grouped was also performed (Figure 6-S2). It displays
prominent clusters of samples from the constrained cluster zones, particularly samples from
the shallow and deep-water zones. However, there are also some clustering of mixed samples
and some samples which do not cluster closely with any others. ANOSIM was subsequently
conducted to determine whether there was a statistically significant difference between the
three depth zones by examining the similarity of the diatom communities (EImslie et al.

2020).

There are statistically significant differences between the three depth zones based on
the result of ANOSIM. The P values in Table 2-2(a) indicate significant differences between
the groups. The values are close to 0, which allowed us to reject the null hypothesis (“there is
no difference”) and indicated that there were statistically significant differences between the
diatom assemblages from the three different water depth zones (i.e., shallow, mid-depth, and

deep zones).

R values were also calculated in ANOSIM, which showed the strength of the depth
factors on the samples. Generally, if an R value is lower than 0.2, it means that the factors
had a small effect on the variables. However, the R values in Table 2-2(b) were larger than
0.2. Accordingly, it further indicates that the lake depth was influential on the composition of
diatom communities observed in the lake sediments and the differences between the depth

Z0nes.
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Table 2-2 Results of ANOSIM significance parameters between depth zones of surface
sediment samples from Kelly Lake. (a) indicates P values showing significance levels, (b)
indicates R values showing the strength of the factors on the samples.

(@) P values (b) R values
Shallow Mid-depth Deep Shallow  Mid-depth Deep
Shallow 0.0027 0.0001 Shallow 0.2983 0.5265
Mid-depth 0.0027 0.0001 Mid-depth 0.2983 0.4732
Deep 0.0001 0.0001 Deep 0.5265 0.4732

Therefore, the ANOSIM results indicate that there were differences in the diatom
communities by specific depth zones, and lake depth was an influential factor in the diatom

assemblage composition in the sediments of Kelly Lake.

2.5.3 Principal component analysis (PCA)

The cumulative variation of PCA Axis 1 and Axis 2 was 70.5%, the first two axes
were considered in this study (Figure 2-5). The diatom assemblages were clustered on the
PCA biplot by depth, reinforcing the conclusion that lake depth has a strong control on the
diatom assemblages preserved in the sediments. PCA Axis 1 appears to represent water
depths between middle to deep, while PCA Axis 2 reflects shallow to middle water depths.
The three most important diatom taxa in determining these PCA axes were Staurosirella

pinnata, Staurosira venter and Nizschia semirobusta.
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Figure 2-5 Principal component analysis biplot showing main diatom taxa and the surface
sediment samples by water-depth groups from Kelly Lake. Water-depth groups are: D: deep
(3.75-5.2 m), MD: mid-depth (1.25 — 3.75 m), S: shallow (< 1.25 m). The diatom taxa codes
are as follows: 1=Achnanthidium minutissimum, 2=Achnanthidium spp., 3=Aulacoseira
italica, 4=Aulacoseira pusilla, 5=Aulacoseira spp., 6=Fragilaria crotonensis, 7=Fragilaria
spp., 8=Fragilariforma nitzschioides, 9=Gogorevia exilis, 10=Gomphonema acuminatum,
11=Melosira spp., 12=Meridion constrictum, 13=Navicula sp. 1, 14=Nitzschia semirobusta,
15=Grunowia tabellaria, 16=Achnanthidium rosenstockii, 17=Pseudostaurosira
brevistriata, 18=Pseudostaurosira parasitica, 19=Staurosira & Staurosirella &
Pseudostaurosira spp., 20=Staurosira construens, 21=Staurosira venter, 22=Staurosirella
pinnata

2.5.4 Canonical correspondence analysis (CCA) with Monte Carlo permutation tests
Analysis of diatom-lake environment variables using CCA analysis, including data
sets used for transfer function development, typically yield a percentage of diatom variance
explained of between 4% to 23% (Weckstrom and Korhola 2001; Finkelstein et al. 2014).
The CCA analysis indicates that the depth of the sampling site is important in determining the
taxonomic composition of the diatom flora recovered. CCA Axis 1, which is strongly
associated with lake depth at the surface sample location, accounted for 15.5% of the

variance (Figure 2-6). CCA Axis 2 is more associated with the depth below the photic zone
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and accounted for 1.3%. CCA Axis 1 was indicated as significant by Monte Carlo
permutation texts (p < 0.01; Fig. S3). Species 8 = Fragilariforma nitzschioides and 12 =
Meridion constrictum are associated with shallow and ephemeral sites and were found at the
shallowest sampling sites at the edge of the lake and ordinate at the extreme negative end of
CCA Axis 1, while 6 = Fragilaria crotonensis, 20 = Staurosira construens, 21 = Staurosira
venter, 22 = Staurosirella pinnata are considered as planktonic and tychoplanktonic species,

more likely to be relatively abundant in deeper waters, and ordinate at the positive end of
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Figure 2-6 CCA axis 1 vs. axis 2 biplot showing ordination of the main diatom taxa

indicated by taxon species code (see Figure 2-5 for diatom taxa and codes) and with the axes
loadings for the variables Lake Depth and Depth Below the Photic Zone.

2.5.5 Diatom-lake depth transfer function models

Two diatom-lake depth transfer functions were developed using MAT and WA-PLS.

Model construction incorporated diatom taxa that occur >1% in at least one sample.
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The first diatom-inferred water depth inference model was developed using WA-PLS (Figure
2-7a). The R? value is 0.96 and indicates a high degree of correlation between the observed
depths and diatom-inferred depths. In this study, the third component for WA-PLS has the
lowest RMSEP value (0.66). Therefore, the third component was selected for the WA-PLS
transfer function. As seen in the graphs (Figure 2-7a), the WA-PLS model performed better

in mid-depths between 2 and 3 m than in shallow and deep depths.

The second transfer function was developed using the MAT method (Figure 2-7b).
The R? value of the MAT transfer function is 0.98, and the RMSEP value is 0.39. In general,
the MAT model displays good performance; it performs well in shallow and deep zones and

shows a slight over-representation in the mid-depths.
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Figure 2-7 a. Diatom-inferred water-depth transfer function using WA-PLS, b. Diatom-
inferred water-depth transfer function using MAT. The 95% confidence ellipses are
indicated.
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2.5.6 Residual scatter plots

Residual scatter plots (Figure 2-8) determined whether there is a trend, and thus a bias, in
the models. This was done to determine whether there is a trend in residuals, and thus a bias, in
the models. The residuals in the MAT model show a lower trend than the residuals in the WA-
PLS model according to the R? values. The residuals in MAT are more scattered in the mid-
depths, while the ones in WA-PLS are more scattered at the edges of the depths. Even though
MAT shows a lower trend than WA-PLS, both have small R? values and small slopes. Thus, the

residuals in both MAT and WA-PLS do not suggest a strong bias.
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Figure 2-8 Residual scatter plots for the two diatom-inferred water-depth transfer functions
developed for Kelly Lake. a. Residuals of the MAT transfer function, b. residuals of the WA-PLS
transfer function.

2.6 Discussion

The statistical analysis indicates that the diatom assemblages found in the surface
sediments at Kelly Lake can be statistically grouped into three different depth zones. There are at
present a few studies that have examined the relationship between the composition of the diatom
community and water depth from a single small lake (Laird and Cumming 2009; Laird et al.

2010, 2011; Gushulak et al. 2017). It is notable that the studies cited above are from boreal
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Canada and represent lakes that are both much larger (19 ha — 1,808 ha) and deeper (18 m — 32
m) than Kelly Lake. Not only do our results extend the potential usefulness of single lake
transfer functions to the Mediterranean climate region of CA, but they also demonstrate its
applicability to relatively small and shallow lakes. Our study adds to growing evidence that
differences in diatom assemblages related to lake depth are preserved in the sediments of small
lakes and have the potential for developing lake-specific diatom-depth transfer functions. Some
aspects of diatom ecology pertinent to the results, and the water depth inference models

developed here are discussed below.

2.6.1 Diatom ecology

Although there are a variety of factors that affect diatom assemblages in the lacustrine
environment, this study indicates that the diatom assemblage compositions in Kelly Lake have a
clear correlation with lake-water depths. There are three depth zones identified in Kelly Lake:
shallow (0 — 1.25 m), mid-depth (1.25 — 3.75 m), and deep zones (3.75 — 5.2 m). These three
distinct depth zones are similar to those discerned for a previous single lake conducted in
Canada; although there are many co-occurring diatom species in the Canadian lakes and this
study, there were few equivalent major diatom assemblages (Laird and Cumming 2009; Laird et
al. 2010). Recent work by Gushulak and Cumming (2020) indicates that light availability may be
the most important factor controlling such depth-dependent diatom assemblage distributions
within individual lakes. It is notable that at Kelly Lake the deep zone identified by the
constrained cluster analysis is largely within the aphotic zone that ranges in depth from 3.32 —

490 m.
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Although details of the ecology of many diatom species remain uncertain, the statistical
results from Kelly Lake regarding depth and diatom assemblages can be assessed in light of the
known ecology for some individual diatom taxa that show strong depth preferences. Some
individual diatom taxa show strong depth preferences. For example, Fragilaria crotonensis
rarely appears at shallow depths, but it begins to appear at middle depths and becomes dominant
in deep zones (Figure 2-4). F. crotonensis is known as planktonic and non-motile (Morales et al.
2013). The species forms ribbon-like floating colonies and are associated with the pelagic zone.
They prefer strong turbulence to stay afloat (Rioual 2000). Staurosirella pinnata is also one of
the predominant species in the deep zone. Although some studies demonstrated S. pinnata as
benthic or planktonic (Fluin et al. 2010; Laird et al. 2011; Park et al. 2017; Hofmann et al. 2020),
it can be considered as tychoplankton because of its lifestyle (Hobbs et al. 2017). The species is
also known as well adapting to low light penetration conditions (Laird et al. 2010). These
characteristics of S. pinnata explain why it appears dominantly at larger depths in Kelly Lake,
even under some low photic or aphotic conditions (Figure 6-S1) because it could inhabit greater

depths as tychoplankton, or as a benthic form tolerant to low light conditions.

There are also many distinguishing species for mid-depth zones in Kelly Lake. Nitzschia
semirobusta is the predominant species for the mid-depth zone. This species is known as a motile
benthic species and has a wide tolerance for trophic status even though it favors oligotrophic
conditions (Bartozek et al. 2018). As the water chemistry results from Kelly Lake indicate
oligotrophic to mesotrophic conditions, it seems the water chemistry of the lake is favorable to
N. semirobusta. Also, the environment with enough light penetration and the species’ motility

helped this species to be dominant in mid-depth areas.
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Pseudostaurosira parasitica is mainly found in shallow depth zones, and this is readily
explainable because the species is benthic and must remain in the photic zone to survive
(Morales 2010b). Abundant Aulacoseira spp. are indicative of the shallow zone. The genus is
well-known for including a variety of planktonic species, especially meroplankton (having both
benthic and planktonic characteristics depending on their life cycle stages). There are possible
reasons why Aulacoseira spp. appear more predominantly in the shallow than the deep in Kelly
Lake. Some Aulacoseira spp. (e.g., A. pusilla) prefer shallow depths to take in more nutrients
and light (Rioual 2000) or low lake level and enhanced convective mixing (Dean et al. 1984,
Rioual 2000). These reasons might suggest why Aulacoseira spp. appears in shallow depth

sediments in Kelly Lake.

In addition to the relationships between taxa and three depth zones, there are also a few
species typically found in environments at the very margin/edge of the lake or near the shore
(e.g., Meridion constrictum and Odontidium mesodon). These species inhabit very shallow or

flowing water or live on emergent plants (Potapova 2009a; Hoidal 2013; Leira et al. 2017).

Conversely, some species are abundant at a wide range of depths, such as Achnanthidium
minutissimum and Pseudostaurosira brevistriata. For example, A. minutissimum is ubiquitous in
diatom-based, paleolimnological studies. Although they are normally classified as benthic, their
habitat preferences are variable. Some studies have found that A. minutissimum occurs at ~2 m or
shallower depths (Yang and Duthie 1995; Moos et al. 2005), while another study found it occurs
at a broad range of depths (Laird et al. 2010). One study concluded that the species is largely
found on submerged Isoetes (Haberyan 2018). While A. minutissimum may not be a useful
species for representing distinct depth zones, it may signify zones of overall ecotone changes

within a lake (Moos et al. 2005). Similarly, P. brevistriata has a complex ecology, classified as
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tychoplanktonic and non-motile (Morales 2010a). As a result, it is not surprising that P.

brevistriata is found at various depths at Kelly Lake.

By interpreting diatom assemblages according to each species’ habitat preferences and
the subsequent statistical results, we conclude that there are clear divisions based upon water
depth zones, and water depth is a crucial factor in the composition of diatom assemblages

preserved in the Kelly Lake surface sediments.

2.6.2 Water depth inference models

A good transfer-function model should meet two conditions: 1) observations and
estimates must be strongly positively correlated, 2) there should be no trends in the residuals
(Yoon et al. 2017). There are many ways to develop a transfer function, and WA-PLS and MAT
are the two of the most common techniques (Bloom et al. 2003; Cunningham et al. 2005; Laird
et al. 2011; Park 2011; Faith and Lyman 2019). In this study, both MAT and WA-PLS perform
well in terms of the requisite conditions. However, overall, the MAT transfer model showed
better performance than the WA-PLS model with higher R? and lower RMSEP values. However,
for both transfer functions, the R? values were higher than 0.95, and both models showed good

representations of diatom-inferred water depths.

In this study, the dissimilarity measure for MAT was determined using a squared chord,
which is a metric to assess the signal-to-noise relationship. This distance metric is considered the
best for evaluating modern analogs (Jackson and Williams 2004; Kemp and Telford 2015). It is
said that chord-squared distance is more acceptable for closed compositional assemblage data,
such as relative abundances, because it highlights the major patterns, while it down-weights rare

species (Kemp and Telford 2015). Both MAT and WA-PLS are vulnerable to uneven sampling
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of the elevation gradient (Kemp and Telford 2015), but most of the samples in this study have

been collected evenly, so the weakness should not be influential here.

There are over- and under-estimations at deep and shallow depths in the WA-PLS model
within the 95% confidence ellipse, and this could reflect the “edge effect” problem common for
weighted average-based models, such as WA and WA-PLS (Birks 2010). This problem causes
over- or under-estimations at the edges of the sample depths. However, Kemp and Telford
(2015) argued that the influence of “edge effects” is lessened in WA-PLS. The results of our
study show that WA-PLS does seem to present some “edge effect” as there are more variable
residuals at deep and shallow depths (the edges; Figure 2-8b). The WA-PLS in this study
performs better for the middle depths. Conversely, there are over-estimations in the MAT model
for the mid-depth ranges, especially in the range of 2 and 3 m. Both models have over- or under-
estimations at different depth zones; therefore, inferences of past depths might best be made by

using both models.

2.7 Conclusion

There are clear, statistically significant differences between diatom assemblages and lake-
depth in the surface sediments of Kelly Lake. The correlations are strong enough to develop
single-lake diatom-inferred lake depth transfer models. Our findings indicate that a quantitative
reconstruction of past lake depth using diatom assemblages is reasonable for Kelly Lake. As in
many parts of the world, CA has few natural lakes outside of the formerly glaciated Sierra
Nevada Mountains, yet regional information on long-term hydroclimatic variability throughout
the state is very important in providing a context for 21% century climate change. Kelly Lake is in

a different climatic zone and is also smaller in area and shallower in depth than the Canadian
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lakes previously examined to develop single lake transfer functions for depth. This suggests a
potentially wider applicability of this approach in terms of region being studied and lake
characteristics. The ability to use surface samples from a single lake, coupled with a core from
that lake to reconstruct past lake depths, is an important and still developing methodological

advance for reconstructing past hydroclimatic variations.
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Chapter 3 Holocene Hydroclimate Variations Reconstructed from Past Lake
Level Fluctuations (~ 10,100 cal yr BP to Present) in the Northern Pacific

Coast Ranges of California

3.1 Abstract

The diatom-inferred water depth transfer functions that were previously developed in
Chapter 2 are applied to the Kelly Lake long core to reconstruct Holocene paleohydroclimatic
variability in the Northern Pacific Coast Ranges of California. Both Modern Analogue
Technique (MAT) and Weighted Averaging Partial Least Squares (WA-PLS) models
successfully reconstructed the lake level changes at Kelly Lake, but the WA-PLS component 3
reconstruction performed better than the MAT reconstruction. Kelly Lake’s water depth
variations during the Holocene can be divided into three distinctive phases — early, mid, and late
Holocene (i.e., Zone 1, 2, 3). The lake sediments captured the 8.2 ka event (shallowest, ~ 0.98 m)
at ca. 8,100 cal yr BP, the Medieval Climate Anomaly (shallow, ~1.5 m) at ca. 950 cal yr BP,
and the Little Ice Age (deepest, ~7.6 m) at ca. 800 cal yr BP. These records are consistent with
some of the previous hydroclimatic studies in Northern California. The reconstructed
paleohydrologic variability in the Northern California Coast Ranges suggested that the region
was influenced by oceanic and atmospheric dynamics, based on the record of the sea surface
temperatures off the coast of California (ODP 1019) and solar forcing records from the
temperatures in the Northern Hemisphere (530 NGRIP). This study contributed to supporting
the use of the single lake transfer function methodology to a wider scope of geographic and

environmental research sites.
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3.2 Introduction

California has experienced enhanced hydroclimatic variability over the last decades.
Hydroclimatic-related disasters such as severe droughts, wildfires, and deluges (e.g., Dixie Fire
in 2019, 2022-2023 winter deluge) have become major problems in the state (Kirby et al. 2010;
Swain 2015; MacDonald et al. 2016; Wang et al. 2017; Loisel et al. 2017; Dong et al. 2019;
Zamora-Reyes et al. 2021; Williams et al. 2022). The California state government invested
approximately $53.9 billion budget in 2022 to tackle extreme weather problems and the climate
crisis (California 2022). It is important to place the hydroclimatic conditions of the present and
anticipated future within a longer-term context. The goal of the research presented in this chapter
is to reveal Holocene variations in hydroclimate in the Northern California Coast Ranges by
quantitatively reconstructing paleo-lake level changes. The transfer functions developed in
Chapter 2 are applied in this chapter to reconstruct quantitatively the past lake level changes at

Kelly Lake over the Holocene.

Such regional studies are required as distinct patterns in Northern and Southern California
in terms of hydroclimatic variations seem to be related to a hydroclimatic dipole between the
north and the south (Dong et al. 2019). The hydroclimate/precipitation dipole defines the
boundary, which is around 40°N, where precipitation see-saw signals occur (Dettinger et al.
1998; Wise 2010). This precipitation anomaly is influential to the hydroclimatic variability in

California (Dettinger et al. 1998; Wise 2010; Dong et al. 2019).

The Northern Pacific Coast Ranges are a good place to capture natural hydroclimatic
variations of the past and potential precipitation dipole effects. The latitude where Kelly Lake is

located is approximately 42°N, which is close to the proposed 40°N boundary of the dipole. As
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lake sediment preserves a good archive of long-time natural climatic records, the Kelly Lake
downcore sediments will be studied in this chapter to research the past hydroclimatic variations

of the region.
With this background in mind, the research questions from this chapter are as below:

1) Are the diatom-based MAT and WA-PLS transfer functions applicable to a small size
and mid-water depth reconstruction at Kelly Lake? How close are the fossil diatom
assemblages to the modern diatom assemblages?

2) What is the hydroclimatic variability over the Holocene in the Northern Pacific Coast
Ranges apparent in the Kelly Lake fossil diatom record? Are these diatom-reconstructed
variations supported by other sediment-based proxies from the lake?

3) How do major hydroclimatic variations in the North Pacific Coast Ranges as deduced

from Kelly Lake compare to global drivers of climate change over the Holocene?

3.3 Background

3.3.1 Previous postglacial paleoenvironmental works in the Northern Pacific Coast Ranges
There are several postglacial paleoenvironmental and paleolimnological studies that have
been conducted around the Northern California and Southern Oregon border region. These

studies can be somewhat inconsistent in paleoclimatic interpretations.

Mobhr et al. (2000) reconstructed fire history using charcoal and pollen records from Bluff
Lake (41.33°N, 122.55°W, 1,921 m elevation) and Crater Lake (41.40°N, 122.58°W, 2,288 m
elevation) in the eastern Klamath Mountains for the past 15,500 years. According to the study,

the inferred climate was warm and dry during the early Holocene and wetter and cooler during
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the late Holocene. The two lakes’ records showed consistent fire event frequencies: high at ~

8,400, 4,000, and 1,000 cal yr BP, and low at ~ 4,800 cal yr BP.

Bradbury et al. (2004) analyzed fossil diatom records from Upper Klamath Lake
(42.40°N, 121.88°W, 1,263 m elevation) in south-central Oregon and inferred increased diatom
productivity occurred after 15,000 cal yr BP. Dry conditions with lowering lake levels and
extended marsh environments occurred during the mid-Holocene, returning shallow but open

water environments after the mid-Holocene.

Briles et al. (2008) reconstructed vegetation and fire history from Bolan (41.90°N,
123.65°W, 1,550 m elevation) and Sanger (42.02°N, 123.46°W, 1,638 m elevation) Lakes in the
Siskiyou Mountains and suggested low fire frequencies with increased Pacific Ocean upwelling

and fog production during the early Holocene and cooling climate during the Late Holocene.

Starratt (2012) reconstructed Holocene lake level changes in Medicine Lake (41.61°N,
121.55°W, 2,036 m elevation) to the northeast of Mount Shasta in Northern California mainly
using Cyclotella/Navicula diatom ratio and Abies/Artemisia pollen ratio. He concluded that the
climate was relatively dry during the early Holocene followed by increased lake level with
organic-rich fine-grained sediment deposited in the lake basin during the early to mid-Holocene.
The Medicine Lake water level fluctuated with variations in effective moisture availability
during the mid- to late Holocene after the lake was divided into two small shelf areas at around

5,500 years ago.

Crawford et al. (2015) researched the human land-use impacts on vegetation from
sediment cores of Fish Lake (41.23°N, 123.46°W, 541 m elevation) and Lake Ogaromtoc

(41.53°N, 123.57°W, 596 m elevation) in the western Klamath Mountains. They distinguished
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human impacts from climate-driven vegetation changes by analyzing pollen and charcoal. They
reconstructed that the mid-Holocene experienced a cooling pattern with increase in shade-
tolerant vegetation, the Medieval Climate Anomaly (MCA) was warmer and drier with increased
charcoal input and favored by shade-intolerant vegetation, the Little Ice Age (LIA) was a cool
period with less fires and favored by shade-tolerant taxa. At the end of the LIA, the climate

warmed with increased fires and open-forest and shade-intolerant vegetation developed.

Leidelmeijer et al. (2021) reconstructed the hydrological history of Barley Lake
(39.58°N, 122.98°W, 1,658 m elevation) in the Mendocino National Forest during the Younger
Dryas to the early Holocene. They revealed that during the Younger Dryas, biological
productivity was low, and the lake was shallow and subsequently higher productivity developed

during the early Holocene.

Kirby et al. (2023, accepted) studied relative lake level changes of Maddox Lake
(40.55°N, 123.42°W, 857 m elevation) in Trinity County, California, by analyzing geochemical
proxies. They observed high lake level during the 8.2 ka cooling event, lower lake level during

the mid- to late Holocene including the MCA, and increased lake level during the LIA.

3.3.2 Study site

Kelly Lake (41.91°N, 123.52°W) is a small lake with a 4 ha lake area and 47 ha surface
drainage basin. It is located at 1,346 m asl near Happy Camp, California (Figure 3-1). The lake
sits in sedimentary and volcanic clastic rocks (Irwin 1994). The Klamath Mountains where the
lake is located are in the northern California Coast Range. The site is in the traditional territory
of the Confederated Tribes of Grand Ronde, Karuk, Cow Creek Umpqua, and Cayuse, Umatilla

and Walla Walla Tribes (Native Nation Digital 2021).
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The climate of the Klamath Mountains is a Mediterranean climate (dry warmer summer
and wet cool winter) and under the influence of Pacific Tropical High (summer) and Aleutian
Low (winter) (Bradbury et al. 2004; Crawford et al. 2015; Briles 2017). The Klamath Mountains
stretch from the coast to over 200 km inland, so the temperature and precipitation varies
latitudinally within the range. According to Briles (2017), the coastal regions in the mountains
have more than 250 cm mean annual precipitation, while inland (near and east of Highway 1-5)
regions have mean annual precipitation between 30 to 80 cm. Kelly Lake near Happy Camp is
located mid-way between the Pacific Ocean and I-5. The annual mean precipitation around the
Kelly Lake region is ~125.7 cm (Western Regional Climate Center 2016a), which was measured
at the closest station (Elk Valley, 42.00°N, 123.43°W) from the Happy Camp (Figure 3-2). The
nearest station is at 521 m asl. and about 12 km far from Kelly Lake. The average winter
precipitation (DJF) is ~ 35.3 cm with ~ 114.8 cm of total snowfall. The average summer
precipitation (JJA) is ~ 1.7 cm. The surrounding vegetation around Kelly Lake in July 2019
mainly consisted of forest dominated by sugar pine (Pinus lambertiana Douglas), Jeffrey pine
(Pinus jeffreyi Grev. & Balf.), incense cedar (Calocedrus decurrens (Torr.) Florin), Douglas fir
(Pseudotsuga menziesii (Mirb.) Franco), and white fir (Abies concolor (Gord. & Glend.) Lindl.
ex Hildebr.). Sedges, reeds, and mosses surrounded the lake margin, and there were a lot of
submergent macrophytes in the water. More details of vegetation and field site of Kelly Lake can

be found in 2.3 Study Site in Chapter 2.
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Figure 3-1 A & B) A map and picture of Kelly Lake with KL19 coring point (pink dot) and C)
shoreline changes at Kelly Lake (photo taken in July 2019).
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Figure 3-2 A) Average total precipitation and average maximum and minimum temperatures, B)
Average total snowfall and snow depth. The climate data was measured in the Happy Camp RS
in the Klamath Mountains, which is the closest weather station from Kelly Lake (Western
Regional Climate Center 2016a).
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3.4 Methods
3.4.1 Collecting sediment samples and data in the field

The sediment samples collected from the coring of Kelly Lake were designated cores
KLGC19-1 and KLRC19-2 respectively. | refer to both cores as KL19 for simplicity. We
recovered the two cores from the same spot because we could not recover the first 87.5 cm of
KLRC 19-2 core. Therefore, KLGC19-1 (Gravity core) provides samples from the top of the
sediments to a depth of 87.5 cm and KLRC19-2 (Russian core) provides samples for the rest of

the core, which went down to 462 cm, and were used in this study.

The sediment coring was conducted July 16", 2019. Immediately after the cores were
extracted from the lakebed, they were moved to the lake shore and treated separately. After the
Gravity core (KLGC 19-1) was collected, it was moved to a flat ground and subsampled. After
letting the sediment core stabilize, it was subsampled at 1 cm intervals and bagged in whirl-paks.
The Russian core, KLRC 19-2, was carefully opened in the field site over a clean tarp and the
core stratigraphy described in notes and pictures. The core segments were wrapped in plastic and
foil and placed in PVC pipes for protection during transport. We stored the cores at the
University of California Los Angeles MacDonald Paleoclimate Laboratory (KLRC 19-2) and at

California State University Fullerton Paleoclimatology Laboratory (KLGC 19-1) separately.

The water chemistry from the lake was also measured. The average water chemistry
values (n = 3) indicated that Kelly Lake during the summer contained freshwater with low
salinity, is oligo- to mesotrophic, and is warm (salinity = 0.03 ppt, pH = 8.21, conductivity =

66.27 uS/cm, water temperature = 23.4 °C, total dissolved solids = 47.57 ppm) (Han et al. 2023).
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3.4.2 Geochemical analyses: magnetic susceptibility (MS), % total organic matter (% TOM),
% total carbonate (% TC), grain size

Geochemical analyses, such as MS, % TOM, % TC, and grain size, were performed at
CSU Fullerton Paleoclimatology Laboratory. All the analyses were conducted at 1 cm intervals.
MS was also measured by a Bartington MS2 magnetic susceptibility meter. The same samples
were combusted to measure the sequential loss on ignition (LOI), such as % TOM and % TC, at
550°C and 950°C for 2 hours. To measure grain size, the samples were treated with 30% H20z,
1N HCI, and 1N NaOH using a Malvern Mastersizer 2000 grain size analyzer with a Hydro
2000G dispersion unit. The same method was used following CSU Fullerton Paleoclimatology
Laboratory protocols as referred to Kirby et al. (2007), Leidelmeijer et al. (2021), and Kirby et
al. (2023, accepted) with references to Dean (1974) and Heiri et al. (2001). MS and % TOM
were measured for both KLGC19-1 and KLRC19-2 cores, while %TC and grain size

measurements were conducted only at KLRC19-2.

3.4.3 Radiocarbon dating: Bacon in R

Materials, such as woody material, pine needles, pieces of bark or pinecone, seeds,
leaves, etc. from KLGC 19-1 and KLRC 19-2 were dated at W. M. Keck Carbon Cycle
Accelerator Mass Spectrometer (KCCAMS) Facility at UC Irvine. The samples for radiocarbon
dating were prepared with a three-day lab treatment including Acid-Base-Acid treatment (1N
HCI, 1N NaOH, 1N HCI), combustion lab, and graphitization. Cs-137 and Pb-210 dating were
also performed for the very upper part of the Gravity core in the Coastal and Marine Geology
Laboratory at CSU Fullerton. A total of 23 dates were obtained. With the 23 dates, an age-depth
model was established using rbacon age-depth modeling package using Bayesian statistics in

RStudio to produce the KL 19 chronology (Blaauw and Christen 2011).
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3.4.4 Diatom sampling and analysis

The sediment cores were subsampled at 8 cm intervals with ~ 137 years resolution, and a
total of 59 samples were prepared for diatom analysis. To remove organic matter from the
sediments, 0.1 g of wet samples were treated with 30% hydrogen peroxide (5 mL) and distilled
water (10 mL). The samples were boiled at 120°C for an hour and the top solution was decanted.
To disaggregate diatoms from the sediment, one micro spatula of sodium hexametaphosphate
was added for reaction (15 to 30- min). After doing 8-hr precipitation twice, the final solution
was syringed on microscope scope slides using a micropipette, and diatoms are fixed on the
slides using Pleurax (mountmedia). Hydrogen chloride was not applied because there were no

carbonates at the study site.

Approximately 400 diatom valves were counted for each sample using a Nikon
Labophot-2 light microscope at 1000x oil magnification. Diatom identification used the
following references: Krammer and Lange-Bertalot (1986, 1988, 1991a, 1991b), Identification
Book of Diatoms from Russia (Kulikoyskiy et al. 2016), and online sources (Kulikovskiy et al.

2016; Spaulding et al. 2019; Potapova et al. 2020; Jlttner et al. 2022).

3.4.5 Diatom stratigraphic data analyses

The diatom data from KL19 was cleaned and selected for stratigraphic and statistical
analyses. First, the data was cleaned by identifying unknown species and/or merging down some
unknown species that turned out to be similar/same taxa. After that, the raw data was
transformed into a relative abundance (%) to select diatom taxa that appear at more than 5%
abundance in at least one sample as dominant taxa. Depending on the characteristics of analyses,

all data or 5% dominant taxa data were chosen for each analysis.
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The stratigraphic diagram of diatom data was drawn in RStudio version 2022.12.0+353
(RStudio Team 2020). The rioja package was used for a stratigraphic diagram (Juggins 2020) to
illustrate the changes in diatom assemblages over time. The variations in the diagram were zoned
by a depth-constrained cluster analysis (CONISS) using the vegan package (Oksanen et al.

2020).

Diatom concentration (in valves/g of dry sediment) was also calculated using the

modified equation (Equation 2) from Katsuki et al. (2003) with Dr. Katuski’s advice.

Diatom vavles per 1g of dry sediment [valves/1g of dry sediment]=counted diatom
valves [valves]xcover slide glass area [mm2]counted area [mm2]xbeaker water

volume [mL]pipet water volume [uL]x1000 [mL—uL]x1dry sediment volume [g]

(Dry sediment volume | gl=wet sediment volume | g| % (1—water content rate)) ...
Equation 3-1

Diatom concentration shows the absolute number of diatom valves per 1 g of dry
sediment in a unit of [valves/1g of dry sediment]. The absolute number of diatom valves can be
impacted by water temperature, lake productivity, runoff, and so on (Han 2015), so it can be an

indicator of lake productivity and other related environmental variables.

3.4.6 Principal Component Analysis (PCA)
PCA was performed with the 5% dominant taxa data to explore if there are distinctive
groups of diatoms in the samples that may have ecological explanations related to lake depth.

The analysis was conducted in CANOCO 5.15 (ter Braak and Smilauer 2012).
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3.4.7  Shannon-Wiener species diversity (H’), Hill’s N2, Pielou’s evenness (J’), and richness
indices (S)

Community ecology analyses were applied to measure the ecological diversity of the
diatom flora. Species diversity was measured by the Shannon-Wiener diversity index (H’) and
Hill’s N2. Hill’s N2 provides more sensitive values in common species changes because H’
examines the number of species that appear in a sample (relative abundance), while Hill’s N2
shows the species’ effective existence in a sample (Shannon 1948; Hill 1973; Weckstrom and
Korhola 2001). Pielou’s evenness index (/) was also performed to examine how even the
species in the samples were (Pielou 1966). If all the diatom species occur in equal numbers in a
sample, then J’=1. If one species dominates then J’ will be close to zero (Pielou 1966). Species
richness (S) is a simple way of measuring biodiversity, which counts the number of different
species in a sample. As the S from a sample is higher, it means the sample has richer taxa with

more ecological complexity.
Each index was calculated with the following equations.

Shannon-Wiener species diversity index (H’) = -2Pi(InPj) ... Equation 3-2
Pielou species evenness index (J') = H’/In(S) = H'/H 'max ... EqQuation 3-3

Hill’s N2 = 1/2Pi ... Equation 3-4

3.4.8 Planktonic to benthic (P:B) ratios

The dominant species which appear more than 5% in at least one sample was included to
calculate P:B ratio with the following Equation 1 in Excel. A P:B ratio is an indicator of water
depth. The higher P:B ratio, the more planktonic species, and it normally means that the water

depth is deeper. In this study, plankton includes both planktonic and tychoplanktonic taxa.
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P.B ratio= Zplanktonic taxaX(planktonict benthic tara) *100 ... Equation 3-5

3.4.9 Application of the transfer functions (MAT and WA-PLS) to downcore sediment samples
The diatom-lake depth transfer functions developed in Chapter 2 were applied to the
downcore sediment samples from Kelly Lake (KL19) using C2 version 1.8.0 (Juggins 2007).
After both surface sediment and downcore sediment data were input in C2, the software program
applied to the transfer functions and calculated past lake levels. Both Modern Analogue
Technique (MAT) and Weighted Averaging Partial Least Squares (WA-PLS) were applied with

cross-validation such as leave-one-out and bootstrapping.

3.5 Results
3.5.1 Core stratigraphy

KLGC 19-1 was driven from 0 — 87.5 cm using a Gravity corer (Figure 3-3A). The core
was homogenous medium to dark brown mud. KLRC 19-2 was driven from 87.5 — 462 cm
using a Russian corer (Figure 3-3B, C, D, & E). The overall color of the cores was mostly
brown, in variations from light brown to dark brown. The color gradually became grayish toward
the bottom of the core. At the top of the core, it was medium-brown organic-rich sediment with
gyttja until 275 cm (D1, D2 or Figure 3-3B & C). The D3 (Figure 3-3D) core from 275 to 375
cm was also organic-rich with color variations in light, red, and medium brown with faintly
banded layers (~ 0.25 — 2 cm width). Also, there were many organic macrofossils. At the bottom
of the cores (D4, Figure 3-3E) between 375 to 387.5 cm, there were faint laminated layers with
clastic-rich sediment. At 413.5 — 414 cm, the layer was a pinkish tan layer with possibly a tephra
layer. Based on the age-depth model, the thin tephra layer was at ~ 7,700 cal yr BP, so it is likely
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to be related to Mazama Ash, but it was not sent and examined at the USGS for accuracy. At 406
to 412 cm, a large pinecone was found. Overall, the core was brown and organic-rich with a

good number of macrofossils (e.g., seeds, woody fragments, pinecones, twigs, etc.).
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Figure 3-3 Core stratigraphy images of KLGC 19-1 and KLRC 19-2. A) KLGC19-1 (0 —87.5
cm), B-E) KLRC19-2 Drive(D) 1 (87.5— 175 cm), D2 (175 — 275 cm), D3 (275 — 375 c¢m), and
D4 (375 — 462 cm).

3.5.2 Chronology of KL19 using a Bacon Age-depth model

The result of 23 dates was provided in Table 3-1.
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Table 3-1 KL19 calibrated dating result (**C, 22°Ph, and '3’Cs) measured at UCI Keck Lab and
CSU Fullerton Coastal and Marine Geology Lab.

Depth fraction cy BP for surface, Material Dated ALL USED IN AGE
+ 14 + 14, +
UCIAMS ID Sample name (cm)  modern o DHC(%) ot Cage(BP) £ (137 and Pb210 MODEL (Bacon 07/12/22)
KLGC19-2 surface 0.5 0 -69 surface
KLGC19-3 Cs-137 7.5 2 -13 Cs-137
KLGC19-4 Pb-210 22.5 27 61.1 Pb-210 (PLUM)
KLGC19-1 :
264234 KLGC19-1 40-41 cm .15mgC 40.5 0.9565 0.0016 -43.5 1.6 355 15 woody material
KLGC19-1 .
264235 KLGC19-1 80-81 cm .015mgC 80.5 0.8581 0.0103 -141.%5 103 1230 100 woody material
KLRC19-2 .
229282 KLRC19-2 129-130cm .13mgC 129.5 0.8701 0.0020 -129.9 2.0 1120 20 pine needle
229283 KLRC19-2 142-143cm 142.5 0.8557 0.0019 -144.3 1.9 1250 20 pine needle
264236 KLRC19-2 176-177 cm .10mgC 176.5 0.7496 0.0018 -250.4 1.8 2315 20 charred wood and insect parts?
229284 KLRC19-2 196-197cm 196.5 0.7700 0.0018  -230.0 1.8 2100 20 piece of pine cone or bark?
229285 KLRC19-2 204-205¢cm 204.5 0.7636 0.0019  -236.4 1.9 2165 25 pine needle
229286 KLRC19-2 240-241cm .21mgC 241.5 0.7145 0.0016  -285.5 1.6 2700 20 pine needle
229287 KLRC19-2 268-269cm 268.5 0.6869 0.0015  -313.1 15 3015 20 piece of pine cone?
264237 KLRC19-2 280-282 cm combo .054mgC 281 0.6433 0.0046  -356.7 4.6 3540 60 woody and charred material
229288 KLRC19-2 306-307cm 306.5 0.6239 0.0014  -376.1 1.4 3790 20 pieces of bark?
229289 KLRC19-2 327-328cm 327.5 0.5986 0.0013  -401.4 1.3 4120 20 wood - not charred
229290 KLRC19-2 350-351cm 350.5 0.5615 0.0013  -438.5 1.3 4635 20 pine needle
- - > -
229291 KLRC19-2 365-366cm 3655 05205 00014 -479.5 14 5245 25 piece of pine cn"E";‘l:”d small pine
229292 KLRC19-2 397-398cm 397.5 0.4742 0.0013  -525.8 1.3 5995 25 pine needle
229293 KLRC19-2 404-405cm 404.5 0.4474 0.0011  -552.6 1.1 6460 20 pieces of wood - uncharred
229294 KLRC19-2 425-426cm 425.5 0.4038 0.0010  -596.2 1.0 7285 25 leaf
264238 KLRC19-2 435-437 cm combo 436 0.3864 0.0009 -613.6 0.9 7640 20 woady and charred material
264239 KLRC19-2 446-447 cm 446.5 0.3376 0.0008  -662.4 0.8 8725 20 seeds
264240 KLRC19-2 456-457 cm .11mgC 456.5 0.3261 0.0023 -673.9 23 9000 60 seeds
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The weighted mean average ages of KL19 sediments from rbacon age model in RStduio were
turned out from -65 cal yr BP (Ocm) to 10,062 cal yr BP (462 cm); — 65 cal yr BP is 2,015 CE

(common era), and 10,062 cal yr BP is 12,012 BCE (before the common era).

3.5.3 Sediment analyses: MS, % TOM, % TC, grain size

The results of MS, % TOM, % TC, and grain size are provided in Figure 3-5 at 1cm
intervals. In the paleolimnology field, MS is an indicator of soil erosion, runoff, and clastic input
from lake watersheds (Blumentritt and Lascu 2014; Leidelmeijer et al. 2021). Normally, a high
value indicates more runoff/high precipitation/deep water depth, while a low value means less
runoff/low precipitation/shallow water depth (Kirby et al. 2023, accepted). According to the MS
result, Kelly Lake had high runoff and clastic input during the early Holocene in general with
peaks at 9,716 and 9,752 cal yr BP (MS = +0.6). During the mid-Holocene, there is another peak
at 5,850 cal yr BP (MS = +0.7). Afterward, the MS kept decreasing and maintained a fairly flat

except for the big trough at 1,910 cal yr BP (MS = -1.4).

The LOI results such as % TOM and % TC are also provided in Figure 3-5. It shows the
organic matter and carbonate contents in Kelly Lake sediments. There was not enough material
left after LOI 550°C above 88.5 cm, so there was no data for % TC above the depth.
Allochthonous (terrestrial origin) and autochthonous (in situ origin) sources can be detected by
% TOM (Kirby et al. 2007). A high % TOM indicates a shallow lake level (Kirby et al. 2007).
Also, % TC indicates relative lake levels; a high % TC represents shallow lake depth (Kirby et
al. 2007). In Kelly Lake, the low % TOM and % TC suggested consistency with what the MS
results represented in deep water during the early Holocene. The changes in % TOM and % TC
from Kelly Lake’s downcore record have an increasing trend at a long-time scale with higher
variability as it goes to the late Holocene. % TC increased a little bit during the early and mid-
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Holocene, but it dropped abruptly at 4,408 cal yr BP, and it showed several troughs (856, 1,000,
1,349, 2,335, & 2,590 cal yr BP) and high ridges (1,861 & 2,106 cal yr BP) during the late
Holocene. % TOM displayed more variability than % TC. It abruptly declined at 9,716 cal yr BP
during the early Holocene and continued to increase before the mid-Holocene. During the mid-
Holocene, it maintained steady in general except for the maximum peak at 7,623 cal yr BP. It

reached the minimum at 1,519 cal yr BP and began to oscillate a lot at around 1,070 cal yr BP.

The grain size results are shown in Figure 3-5, such as % clay, % silt, and % sand. In
general, high % clay values are often used for an indicator of deep-water depth, and higher %
sand values are considered as higher precipitation with more runoff into a lake basin (Kirby et al.

2014; Leidelmeijer et al. 2021; Kirby et al. 2023, accepted).

Overall, % clay is negatively correlated with % silt. The % sand is partially negatively
correlated with % silt. All the values had relatively low variability during the early Holocene,
and as it entered mid-Holocene, the values began to fluctuate greatly until the early Holocene.
During the Holocene, % clay had a decreasing trend line, while % sand showed a slightly
increasing trend line. % clay maintained high during the early Holocene with an abrupt increase
at around 9,000 cal yr BP. % clay slowly decreased and maintained slightly low until and started
to rise at around 1,500 cal yr BP. % sand values maintained relatively low (~ 10%) until ~ 5,000
cal yr BP, and it rose to ~ 15% after then. It decreased ~ 0% at around 3,800 cal yr BP and
increased again ~ 3,150 cal yr BP. % sand maintained fairly steady afterward with the highest

peak (36%) at 1,150 cal yr BP. % silt showed a similar trend with % sand overall.
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Figure 3-5 Geochemical results such as magnetic susceptibility (MS), LOI (% TOM & % TC),
and grain size (% clay, % silt, & % sand) at 1cm intervals.

3.5.4 Diatom stratigraphy and diatom concentration

Approximately 160 taxa were identified from Kelly Lake downcore sediment samples. 25
taxa were chosen as major species which appeared at more than 5% in at least one sample. There
were 25 taxa with 5 spp. level identification. The major diatom assemblages’ stratigraphy is
shown in Figure 3-6 with CONISS clustering results (Bray-Curtis distance method). The diatom
taxa are colored yellow (benthic), green (tychoplanktonic), and blue (planktonic) based on
habitat preferences. Several species are 3 times exaggerated by the grey shading to indicate very

low values in certain ranges. Based on the diatom assemblages from KL19, three zones can be
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recognized with boundaries at 8,293 and 2,520 cal yr BP with the similarity in diatom

assemblage changes and the reconstructed lake level changes (Figure 3-6).

Three zones were determined based on CONISS. Zone 1 (0 — 2,520 cal yr BP, 0 — 225
cm) has dominant species of Encyonema minutum (Hilse) D.G.Mann, Melosira spp., Navicula
sovereignii Bahls, Navicula spp., Navicula sp.1, Nitzschia fonticola (Grunow) Grunow, Nitzschia
semirobusta Lange-Bertalot, Punctastriata mimetica E.A.Morales, Achnanthidium pusillum
(Grunow) Czarnecki, Sellaphora pupula (Kitzing) Mereschkovsky, Achnanthidium
minutissimum (Kutzing) Czarnecki, Staurosira construens Ehrenberg, Staurosira venter
(Ehrenberg) Cleve & Mdller, Staurosira sp.1, Staurosirella pinnata (Ehrenberg) D.M.Williams
& Round, Fragilaria crotonensis Kitton, Zone 2 (2,520 — 8,293 cal yr BP, 225 — 433 cm) appear
dominated by Encyonema minutum, Encyonema perelginense Krammer, Encyonopsis subminuta
Krammer & E.Reichardt, Melosira spp., Navicula radiosa Kutzing, Navicula spp., Navicula sp.1,
Nizschia fonticola, Sellaphora pupula, Achnanthidium minutissimum, Staurosira construens,
Staurosira venter, Staurosirella pinnata, Fragilaria crotonensis, Fragilaria spp. as the dominant
species, and Zone 3 (8,293 — 10,062 cal yr BP, 433 — 462 cm) is typified by Epithemia spp.,
Gomphonema gracile Ehrenberg, Gomphonema spp., Melosria spp., Navicula sp.1, Placoneis
explanata (Hustedt) S.Mamaya, Sellaphora pupula, Staurosirella pinnata, Fragilariforma

mesolepta (Rabenhorst) Kharitonov dominantly.
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Figure 3-6 Diatom stratigraphic diagram showing the 25 major diatom taxa (>5%) from Kelly Lake downcore (KL19) with zonation
based on CONISS. The grey shades indicate 3 times exaggeration of the original data.
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There are several species that only appeared dominantly in one zone, such as Nitzschia
semirobusta, Punctastriata mimetica, Achnanthidium pusillum, Staurosira sp.1 (Zone 1),
Encyonopsis subminuta, Navicula radiosa, Fragilaria spp. (Zone 2), and Epithemia spp.,
Gomphonema gracile, Gomphonema spp., Placoneis explanata, Fragilariforma mesolepta (Zone

3).

Diatom concentration is shown in Figure 3-7. The absolute number of diatom valves in
Kelly Lake maintained low values from the early to mid-Holocene. It reached a minimum
number at 8,086 cal yr BP, while the maximum peak was at 2,246 cal yr BP. Afterward, it
declined for the rest of the period. Overall, the diatom assemblages in Kelly Lake stayed quite

steady with several abrupt changes in diatom concentration.
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Figure 3-7 Diatom concentration of KL19.

3.5.5 PCA

Figure 3-8 shows the biplots of the PCA results of KL19. The cumulative explained
variation of Axis 1, 2, and 3 is 45% (Table 3-2). Up to Axis 6, the cumulative explained variation

was about 65%. The eigenvalue of Axis 1 was 20%, Axis 2 explained 14.2%, and Axis 3
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explained 10.2%. Axis 1 was associated with the CONISS zonation. Positively high Axis 1
values were associated with Zone 3, while the lesser values seemed to be related to Zone 1 and 2.
Based on diatom taxa loadings, Axis 2 was assumed as indicating water depth. High Axis 2

values represent deep water depth, Axis 2 negative values indicate shallow water depth.

Table 3-2 PCA eigenvalues and explained variation of KL19 diatom taxa.

Axis 1 AXxis 2 Axis 3 Axis 4
Eigenvalues 0.202 0.142 0.102 | 0.0753

Explained variation
(cumulative)

20.20 3440 | 44.56 52.09
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Figure 3-8 PCA results of the diatom assemblages from KL19. A) Axis 1 and 2, B) Axis 1 and 3,

C) Axis 2 and 3.

3.5.6 Species diversity (H’), Hill’s N2, Pielou’s evenness (J’), richness indices (S)

The results of Shannon-Wiener diversity (H’), Hill’s N2, Pielou’s evenness (J°), and
species richness (S) indices are provided in Figure 3-9. As shown in Figure 3-9, H’, Hill’s N2,
and J~ appeared to have similar trends over time, while S showed variations for certain periods
(e.g., the beginning of the Holocene, ~ 7,500 cal yr BP). The overall indices remained stable
during the mid-Holocene after rising at the onset of the Holocene, but they have pronounced
variations in the late Holocene. This result was similar to diatom assemblage changes, the P:B
ratio, and the reconstructed lake level by transfer functions. These will be compared in the

discussion.
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Figure 3-9 KL19 Species indices. H’ = Shannon-Wiener diversity index, J’ = Pielou’s evenness
index, S = species richness.

3.5.7 P:Bratio

The planktonic and benthic variation results are provided in Figures 3-10. In Figure 3-
10A, the variations of planktonic and benthic species were drawn separately, and Figure 3-10B
offers the P:B ratio. P included only planktonic taxa, while B included only benthic taxa. No
tychoplanktonic taxa were included in the first graph. In the P:B ratio, P included planktonic taxa

and tychoplanktonic taxa, and B included benthic taxa.
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The benthic species changes showed that a number of benthic species gradually thrived at
the onset of the Holocene. During the mid-Holocene, it oscillated but maintained flat values
overall. Around 2,200 cal yr BP, the benthic ratio dropped abruptly and rose after that. It dropped
again at ~ 800 cal yr BP, oscillated until ~ 600 cal yr BP, and gradually decreased after 120 cal

yr BP (Figure 3-10A). The change in planktonic ratio is similar to the P:B ratio.

According to the P:B ratio, planktonic species rose abruptly during the early Holocene.
Throughout the Holocene, planktonic diatoms gradually decreased after around 8,000 cal yr BP.
There were fluctuations in the number of planktonic species in Kelly Lake during the mid-
Holocene, but the main trend was downward with occasional peaks. In the late Holocene,

planktonic diatoms fluctuated more and rose again but less than in the early Holocene.
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Figure 3-10 A) respective planktonic and benthic variations over time, B) P:B ratio.

The overall P:B ratio trend showed that the planktonic diatom ratio kept declining

gradually until ~ 1,000 cal yr BP with several humps, and it turned into an abrupt increasing

trend in recent ages.

3.5.8 Application of transfer functions to KL19

The past lake level reconstruction was conducted using the MAT and WA-PLS transfer

functions described in Chapter 2 (Figures 3-11 A & B). As aforementioned, both leave-one-out

cross-validation (LOOCV) and bootstrapping were performed for cross-validation, and the

results turned out the same. LOOCYV is a validation method by extracting one validation set and

estimates the error rate of the set from the training set (the remaining dataset, n-1). This is
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repeated for every validation set. The estimated error rates are going to be averaged to estimate
the test error. Therefore, LOOCYV is one of the best ways to estimate test error, which does not

over-estimate (Fauvel et al. 2014; Rushing et al. 2015).

Bootstrapping is also one of the most widely used statistical techniques for validation,
especially for estimating uncertainty that is difficult to calculate (Chen et al. 2012).
Bootstrapping extracts new sets of samples from the original dataset and repeats the process
numerous times (e.g., 1000 times), and this technique estimates standard error in this way
(Bonnell and Vilette 2021). After both cross-validation methods ran, the results came out the

same; therefore, the results with LOOCYV were provided in this study.

The total number of samples for the transfer functions was 40, and a total of 68 taxa were
included for the transfer models, which appeared at least 1 % in at one sample. The details were

explained in Section 2.4.3 in Chapter 2. Each model’s detailed result is explained as follows.

Using the established diatom inferred transfer functions of the Modern Analogue
Technique (MAT) and Weighted Averaging Partial Least Squares (WA-PLS), the lake level
changes in Kelly Lake during the Holocene were reconstructed (Figures 3-11 A & B). For WA-
PLS reconstruction, component 3 was chosen as described in Chapter 2. This component had the
lowest RMSEP, largest Jack_R?, second lowest Jack_Max_Bias, low % Change, and high R?
values. For MAT reconstruction, weighted average MAT was selected as it provided higher R?,
lower Jack_Max_Bias, and lower RMSEP. The values of Estimated ObservedDepth by cross-
validation by average of 10 closest analogues were selected for MAT, and the values of

Jackknife estimated ObservedDepth by WA-PLS Component 3 were chosen for WA-PLS.

58



A = 5o T

E 1

N 1

c = - |

(o] 1

B ’ '

(&) 4.0 ]

3 i

= i

» | |

C 1

O ]

O |

()] 3.0+ 1

S 1

[ - - i

) i i
1 1

3 2.0+ :

o i \

= ’ : :

< Zone 1 i Zone 2 . Zone 3
1 |

E 1.0 T T T T T T T T T T T T T T T T T T T

-1200 0 1200 2400 3600 4800 6000 7200 8400 9600 10800
Age (cal yr BP)
—
B & 8.0

p i

S 704

2=

3 i

o 6.0

=

8 .

(o) 5.0 @

O —

(0]

= 4.0

(0] _

>

Q 3.0

Q - v !

% 2.0 i

%) iy B i

il | 1.0 i !
1 |

i . Zone 1 : Zone 2 ; Zone 3

< 0.0 T T T T T = T T T T T T T T T | T T T

= -1200 0 1200 2400 3600 4800 6000 7200 8400 9600 10800

Age (cal yr BP)

Figure 3-11 A) MAT reconstruction of lake level changes of Kelly Lake during the Holocene, B) WA-PLS reconstruction of lake level
changes of Kelly Lake over the Holocene.
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The reconstructed lake level changes by MAT and WA-PLS seemed similar overall but
not identical. The MAT reconstruction provided the Kelly Lake level changed between 1.83 and
4.52 m, while the WA-PLS reconstruction suggested that it changed between 1.28 and 7.61 m.
The water depth where the KLGC 19-1 and KLRC 19-2 were taken ranged from 5.3 - 5.7 m;
therefore, the MAT reconstruction came out a little lower than its actual depths. There are

reasons why the MAT reconstruction had this error and will be explained in Section 3.6.1.

The reconstructed lake level showed less fluctuations during the mid-Holocene and more
variability as getting into the late Holocene. Both clearly showed the 8.2ka event, MCA (~ 952
cal yr BP), and LIA (~ 793 cal yr BP) with abrupt changes in reconstructed lake level. Late

Holocene levels, although variable, were the deepest of the record.

3.6 Discussion
A number of water depth-related proxies were measured in the Kelly Lake sediment core.
The application of MAT and WA-PLS transfer function was successfully conducted, and the lake

level of Kelly Lake during the Holocene was reconstructed from this.

There are four sections in the Discussion. First, | will discuss the similarities and
differences in the MAT and WA-PLS reconstructions of lake depth. Second, I will compare the
transfer function lake depth reconstructions to the P:B ratio and to the other sedimentary and
diatom-based indicators of lake level changes and their impacts found in the Kelly Lake core. |
will then briefly compare the Kelly Lake results to other regional reconstructions. In the final
section, the reconstructed hydroclimatic variations from this study will be compared to potential

climatic forcing factors.
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3.6.1 Differences between the MAT and WA-PLS reconstruction

The MAT and WA-PLS reconstruction displayed some differences in the reconstructed
water depth although they had similar overall trends. The MAT reconstruction may
underestimate lake depth and the WA-PLS reconstruction matches better in comparison to the
recent lake depth. Therefore, in this section, | will explore why there were differences in the

MAT and WA-PLS reconstruction.

Table 3-3 Comparison between measured water depth and reconstructed water depths from MAT and
WA-PLS (component 3) at Kelly Lake.

Measured MAT WAPLS3
in the field reconstruction reconstruction
Modern water
~5.7m ~3.7m ~6.2m

depth

The WA-PLS transfer function reconstruction was better than the MAT reconstruction
with more reasonable estimated lake depth values. The reconstructed depths provided the lake
water depth at the sample site. When the KLGC19-1 and KLRC19-2 were cored, the water
depths were ~ 5.35 m and ~ 5.70 m respectively. The core site water depth where the KLRC19-2
was obtained was not recorded accurately, but it is assumed ~ 5.6 m due to the proximity to the
coring point where the KLRC 19-1 was taken at 5.65 m of water depth. The deepest water depth
from the MAT was ~ 4.50 m, and the reconstructed lake depth at the most recent period (present)
was just ~ 3. 70 m. On the other hand, the deepest lake depth reconstructed by the WA-PLS was

~ 7.50 m, and the reconstructed recent water depth was 6.2 m (Table 3-3).

When MAT is used for reconstruction, it compares the modern and fossil samples and
measures the mathematical dissimilarity of the assemblages. To calculate the dissimilarity

coefficients, it uses squared chord distance (Overpeck et al. 1985). With the dissimilarity
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coefficient formula (dij = Y (p
samples, pik: proportion of species k in sample i), the dissimilarity between the modern and fossil
samples are measured, and paleo-lake level can be reconstructed (Overpeck et al. 1985). That is,
the MAT method to estimate the past lake level based on the modern data collected at Kelly
Lake. By finding and matching the closest modern data with the fossil data, the average of 10
closest analogues are selected and used for the reconstruction. The fossil data (KLRC19-2) was
obtained with the water depth of ~ 5.70 m, but the modern data (KLSS2019 from Chapter 2)
only had samples that were taken from depths down to 5.20 m. Therefore, the MAT model from
this dissertation could not show more than 5.20 m depth in the reconstruction. Also, thus, the
dissimilarity (or mathematical distance between the modern and fossil samples) was large.
Probably, the dissimilarity measure at other depths such as 3.00 or 4.00 m was good and
reconstructed well. Due to these reasons, the MAT reconstruction provided at least 2.00 m
shallower estimate than the WA-PLS reconstruction. Because there are no other quantitative
estimates of the lake level changes at Kelly Lake during the Holocene, | cannot check whether
the MAT and WA-PLS reconstruction is perfectly right or wrong. However, | can deduce that
the reconstructed water depth that the MAT transfer function is lower than observed water depth
at the coring point, which was ~ 5.60 m. Therefore, using the MAT transfer function, it is
unlikely to reconstruct the past lake level changes in specific properly because of absence of
modern data deeper than 5.20 m.
3.6.2 Comparison of WA-PLS reconstruction with other diatom and sedimentary data from

Kelly Lake

The diatom-inferred lake level reconstruction by the WA-PLS component 3 transfer

function will be compared here to other indices from Kelly Lake. According to the Kelly Lake
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downcore diatom data, the Holocene can be divided into early (10,100 — 8,300 cal yr BP), mid
(8,300 — 2,500 cal yr BP), and late Holocene (2,500 cal yr BP — present). These will cover
Preboreal (10,000 — 9,000 cal yr BP) and Boreal (9,000 — 8,000 cal yr BP) for the early
Holocene, Atlantic (8,000 — 5,000 cal yr BP), Subboreal (5,000 — 2,500 cal yr BP) for the mid-
Holocene, and Subatlantic (2,500 cal yr BP — present), which are recognized chronozones
(Mangerud et al. 1974). The division of the Holocene used here is fairly close to that used in the
previous studies from the region (Mohr et al. 2000; Bradbury et al. 2004; Briles et al. 2008;
Starratt 2012; Crawford et al. 2015; Leidelmeijer et al. 2021; Knight et al. 2022). In this
subsection, I am going to infer Kelly Lake’s water level changes during the early Holocene by

focusing on diatom-related and geochemical proxies.

3.6.2.1 Early Holocene (~ 10,100 — 8,300 cal yr BP)

At around 10,000 cal yr BP, the climate around the Klamath Mountains was becoming
warmer than prior to the onset of the Holocene. According to the reconstructed Kelly Lake water
depth, the deepest water depth was close to 5 m during the early Holocene. It started to fall
sharply around 9,700 cal yr BP (Figure 3-12). The sharp fall in water depth continued until 8,100

cal yr BP during the beginning of the mid-Holocene (Zone 2).

In Figure 3-12, the WA-PLS component 3 reconstruction (WAPLS3), P:B ratio, diatom
concentration, and the diatoms that only appeared dominantly during the early Holocene are
presented. At the end of the early Holocene there was a sharp decrease in the reconstructed lake
level by WAPLSS3, P:B ratio decreased sharply, and diatom concentrations decreased. The Zone
3 diatoms, Fragilaria mesolepta, Gomphonema gracile, Gomphonema spp., Placoneis
explanata, Surirella spp., and Epithemia spp., also fell sharply at the end of the early Holocene.

Normally Gomphonema gracile occurs in (mild) eutrophic and alkaline water (pH above 7.0)
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with high conductivity (Karthick et al. 2011; Zorzal-Almeida and Fernandes 2013) and favors a
moderate P concentration levels (Slate and Stevenson 2007). Fragilaria crotonensis has a low
optimum for nitrogen (Bahls et al. 1985), and F. crotonensis shows the abrupt decline as well.
Another Zone 3 diatom, Epithemia spp. prefers alkaline hard water as well but with low N/P
microhabitats (poor in NOs, NHs, and high phosphorus availability from the submerged aquatic
plants) (Wehr et al. 2015). Considering these, Kelly Lake’s hydrologic environment during the
early Holocene was nitrogen-limited, alkaline, high nutrient content, and high conductivity
water. | included Surirella spp. even though it is not a dominant species in KL19 samples
because of the distinctive characteristics of the taxa. The taxa appeared at very low abundance
during the Holocene except for the early Holocene. Surirella spp. is motile, and they inhabit a
wide water chemistry range (Spaulding et al. 2021). Also, the species is epipelic, which means
that Surirella spp. lives on organic and inorganic sediments which is the interface of water and
sediment (Round et al. 1990; Spaulding et al. 2021). With the characteristics, it can be deduced
that the photic zones of Kelly Lake would reach the bottom or close to the bottom of the lakebed,
which makes sense that the reconstructed water depth was less than 5.00 m in comparison to the

average photic zone depth in deep waters was 4.12 m (Chapter 2, Table 2-1).
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Figure 3-12 Kelly Lake level changes reconstruction, the P:B ratio, diatom concentration, and
Zone 3 diatoms with zonation. distinctive variability around 8,086 cal yr BP.

Based on the information from Zone 3 diatoms, the diatom-related indicators and
geochemical proxies were also compared (Figure 3-13). Newly in this figure, PCA Axis 2 (PC2),
species richness (S), Shannon-Wiener species diversity index (H’), species evenness (J°)
(diatom-related indicators), LOI (total organic matter in % at 550°C and total carbonate in % at
950°C), magnetic susceptibility grain size (% clay, % silt, % sand) (geochemical indicators) are
provided. The three a-diversity indicators, S, H’, and J’, are useful to assess environmental
impacts and biodiversity (Stevenson 1984). During the early Holocene, S, H’, and J’ maintained
high values, and they suggest that the aquatic environment of Kelly Lake was favorable to a
diversity of diatom species. The high MS, low % TOM, and high % clay suggest that Kelly Lake
experienced wet climate and moderately high-water levels during the early Holocene, which is
consistent with the high lake levels reconstructed by WA-PLS transfer function. The diatom-

related diversity indicators (/’, J’, S) did not show a prompt response to the sediment dynamics,
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but there could be some delays in ecological response of the diatom assemblages in Kelly Lake

as the Holocene developed.
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Figure 3-13 Diatom-related and geochemical proxies over the Holocene: PCA Axis 2 (PC2),
species richness (S), Shannon-Wiener species diversity (H’), Pielou’s evenness (J’) (8cm-
interval), % total organic matter (TOM), % total carbonate (TC), Magnetic susceptibility
(Mags), and grain size results such as % clay, % silt, and % sand (1cm-interval).

3.6.2.2 Mid-Holocene (8,2300 — 2,500 cal yr BP)

Mid-Holocene is a long period that appears to have had somewhat a steadier
hydroclimate than the early and late Holocene. Previous studies have mainly concluded that the
area of the Klamath Mountains was dry during the mid-Holocene (Bradbury et al. 2004; Hudson
et al. 2021), while Kelly Lake level and downcore diatoms showed that there were some
variations at the lake level, it was generally lower than the subsequent late Holocene. Figure 3-14
provides the reconstructed lake level, the P:B ratio, diatom concentration, and diatoms that only
appeared in Zone 2 (Zone 2 diatoms). Encyonopsis subminuta, which was a dominant species

from KL19 and a Zone 2 diatom, mainly thrived during the mid-Holocene. The species is
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epilithic inhabiting the surface of rocks (Hofmann et al. 2020). Navicula radiosa inhabits high
conductance and high nutrient status and is known as a species with high tolerance to humans
(Yang and Duthie 1995; Potapova 2011). Based on the characteristics of the two taxa, Kelly
Lake during the period was likely to be in high nutrient condition with high conductivity and low

to intermediate water depths.
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Figure 3-14 Reconstructed Kelly Lake level, the P:B ratio, and mid-Holocene diatoms from
Kelly Lake. The red lines indicate zone divisions.

Also, the appreciable increase of Fragilaria crotonensis (Figure 3-6) during the transition
to the late Holocene suggests that the lake changed into mesotrophic or eutrophic from
oligotrophic and may have begun to experience more windy climates because F. crotonensis is
an indicative species with increased nitrogen (Bailey-Watts 1986; Morales et al. 2013) as well as
high summer turbulence and strong windy conditions (Rioual 2000). There is not much change
in geochemical indicators but increasing % TOM and decreasing % suggest increasing

productivity and some shallowing. Overall, Kelly Lake during the mid-Holocene was evolving
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into a meso- to a eutrophic lake with intermediate water depth, increasing nitrogen and nutrient

concentrations, windy climates, and stratification.

3.6.2.3 Late Holocene (2,500 cal yr BP — present)

The late Holocene is assumed to extend from ~ 2,500 cal yr BP to present in this study
according to the diatom-inferred zonation by CONISS (Figure 3-6). As shown in Figure 3-15,
Kelly Lake began to display higher variability during the late Holocene than before. During this
period, the MCA and LIA are distinctively observed from the Kelly Lake record: the MCA
appeared around at 950 cal yr BP and LIA around at 790 cal yr BP. The lake level reconstruction
and the P:B ratio showed similar timed fluctuations to the events with peaks approximately at
670, 790, and 2,250 cal yr BP and sharp troughs around at 950 cal yr BP. There was a little time
gap that might be caused by ecological inertia, but diatom concentration showed a similar sharp
increase with the times. The diatom taxa (Zone 1 diatoms) in Figure 3-15 that appeared only
during the late Holocene (Zone 1), such as Nitzschia semirobusta, Punctastriata mimetica,
Achnanthidium pusillum, Staurosira sp.1, represented differently from the changes in lake level
changes, the P:B ratio, and diatom concentration, but in general, the Zone 1 diatoms appear

similarly in a trend for a long-time scale.
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Figure 3-15 Late Holocene diatoms.

Kelly Lake during the late Holocene was likely mesotrophic with abundant nitrogen and

a deeper depth than before according to the favorable ecology conditions of Zone 1 diatoms. P.

mimetica prefers mesotrophic environments (Cremer and Koolmees 2010), low conductivity, and

alkaline water with moderate P concentrations and abundant N (Morales 2005). The S, H#’, and J’

values maintained high values and fluctuations during the late Holocene, and this can be

supported by abundant nutrient status with moderate P and rich N. A. pusillum prefers

oligotrophic and cold water (Potapova 2009b). They are benthic with slight motility and attach to

a surface flat (Potapova 2009b). The low (high) in A. pusillum is consistent with high (low) lake

levels from WAPLS3 Recon (Figure 3-15). N. semirobusta inhabits a wide range of nutrient

status and is benthic but with moderate motility (Underwood 2013; Bartozek et al. 2018).

Staurosira sp. 1 was not identified at a species level, but S. venter also very flourished during the

late Holocene. S. venter is epipsammic, which grows on sand grains (Hofmann et al. 2020). The

species sticks to a sand grain firmly even though the sand grain rolls over lakebeds and tolerates
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dark anaerobic environments even if the sand grain rolls down to a deeper depth (Hofmann et al.
2020). The deepened but fluctuated water depth at Kelly Lake can be supported by the prosperity

of S. venter during the late Holocene.

The diatom-related and geochemical proxies also showed that Kelly Lake underwent high
variability in water depth as well as ecological and geochemical conditions during the late
Holocene (Figure 3-13). S, H’, J’, % TOM, %TC, MS, % clay, % silt, and % sand have more
variability than previous periods except for magnetic susceptibility. This infers the climate
during the late Holocene fluctuated appreciably. As Kelly Lake’s water depth deepened,
planktonic species compared to benthic species became abundant, but this led to a decrease in
species richness, diversity, and evenness. The increase in % TOM suggests an increasing trend in
productivity. Although the % clay declines, and this could be interpreted as shallowing, the %
sand increased starting about 5,000 cal yr BP with some variations, but is generally high in the
late Holocene, consistent with greater runoff. The variations of MS, % TOM, % TC, % clay, %
silt, and % clay show long term trends through the mid- to late Holocene appear indicative of an
increasing productivity/preservation of organic matter and may not be tied to variations in lake

depth.

3.6.3 Comparison with other regional reconstruction of hydroclimatic variability in the
Northern Pacific Coast Ranges

The Kelly Lake reconstruction added to a range of differing Holocene hydroclimatic
inferences for the region (Figure 3-16 & Table 3-4). According to the WA-PLS component 3
reconstruction, Kelly Lake water depth reached up to 4.74 m during the early Holocene, but it

declined abruptly to 0.98 m at around 8,100 cal yr BP. Bradbury et al. (2004) similarly inferred
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initially moist conditions, followed by dry conditions with lowering lake levels and extended
marsh environments during the mid-Holocene. In contrast, Briles et al. (2008) also stated that it
was warm and dry from 10,000 to 9,000 cal yr BP in the Siskiyou Mountains, Northern
California, as summer insolation declined, with evidence of the lowest abundance in Abies and
Pseudotsuga that favor wetter environment. Mohr et al. (2000) also suggested a dry and warm
climate in the eastern Klamath Mountains in the early Holocene. Starratt (2012) also concluded
that the climate was dry during the early Holocene followed by increased lake level in the mid-

Holocene.
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Figure 3-16 The locations of previous studies and this study in Northern California.

Table 3-4 Hydroclimatic reconstruction in Northern California from previous studies and this study.
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There were fluctuations in Kelly Lake water depths during the early to mid-Holocene
transition (Figure 3-13, WAPLS3 Recon), and in particular, the lowest water depth is highly
likely to be associated with the 8.2 ka event (Thomas et al. 2007). The lake reached the lowest
lake level at around 8,100 cal yr BP, which was ~ 0.98 m at the start of the mid-Holocene. The
8.2 ka event was a global cooling event that lasted approximately 150 years (Thomas et al. 2007)
that was triggered by meltwater from Lake Agassiz flowing into the Labrador Sea. This caused a
collapse of the Atlantic Meridional Overturning Circulation (Aguiar et al. 2021). Evidence of the
8.2 ka event has been found by other regional studies from Northern California (Barron et al.
2003; Kirby et al. 2023, accepted) and coastal and/or Southern California (Kirby et al. 2006;

Oster et al. 2017; Starratt et al. 2021; Homann et al. 2022).

After the lake experienced the 8.2 ka event, the lake water depth abruptly decreased, but
it maintained ~ 2.73 m of water depth on average during the mid-Holocene. Noticeably, Kelly
Lake experienced the swift hydrologic changes, decrease in water depth, during the transition
period from early to mid- Holocene, and the lake also underwent the 8.2 ka event in the Klamath
Mountains, which were consistent with other lake sediment records in Northern California. As
noted above, the dry mid-Holocene conditions of Kelly Lake relative to the early Holocene are
consistent with some other studies from the region (Bradbury et al. 2004b) and at odds with

others (Mohr et al. 2000; Briles et al. 2008; Starratt 2012).

The Kelly Lake record suggests increased water depth and increased variability in the late
Holocene relative to the early Holocene. Not all studies find similar evidence. Crawford et al.
(2015) found out that shade-intolerant (e.g., Quercus) decreased and shade-tolerant (e.g.,
Pseudotsuga, Abies) increased between ~ 2,800 and 1,000 cal yr BP in the western Klamath

Mountains. This indicates a cool and wet climate. Similarly, Bradbury et al. (2004) concluded
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that the late Holocene was moister than the mid-Holocene based on lake level inferences.
According to Briles et al. (2008), however, the region experienced the maximum magnitudes in
fire frequency after 2,400 cal yr BP inferred by increase in Pseudotsuga. A late Holocene Dry
Period (LHDP) was proposed by Leidelmeijer et al. (2021) at Barley Lake (~ 2,300 — 300 cal yr

BP) and Kirby et al. (2023, accepted) at Maddox Lake (~ 2,800 — 1,850 cal yr BP).

The reconstructed lake level at Kelly Lake during the MCA at around 950 cal yr BP, was
shallow (the reconstructed water depth = 1.49 m). This is accordant with Knight et al. (2022)’s
suggested warm and dry climate conditions in the Klamath Mountains during the MCA, between
1,200 and 850 cal yr BP. Mohr et al. (2000) also stated that it was dry with high fire frequency in
the eastern Klamath Mountains around 1,000 cal yr BP. Not long after the MCA, the LIA
developed. Kelly Lake reached the maximum lake depth (the reconstructed water depth = 7.61
m) during the LIA at around 800 cal yr BP. This is consistent with Knight et al. (2022), who
inferred wet climatic conditions in the Klamath Mountains at ~ 750 cal yr BP to 50 cal yr BP.
This is also in accordance with Crawford et al. (2015) who concluded that the region experienced
a cool and wet climate at this time. Although the lake level at Kelly Lake dropped abruptly to
2.00 — 3.00 m at around 500 cal yr BP, it rose again afterward and maintained quite a deep-water
depth (~ 4.00 — 5.00 m). This might be consistent with low fire-episode frequency and increase

in Sequoia at Sanger Lake over the last 1,000 years (Briles et al. 2008).

The range of discrepancies between Kelly Lake and some other studies from the region,
and indeed between the previous studies may reflect that sites such as Kelly Lake and Upper
Klamath Lake are located at a higher latitude than the other sites mentioned and the differences
might be related to the precipitation dipole boundary (Dettinger et al. 1998; Wise 2010). In

addition, the distance of the sites inland and orographic factors might influence the local
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climates. Finally, the range of hydroclimatic proxies used and the many sources of variability in

ecosystems being studied may be making reconstructions and comparisons challenging.

3.6.4 External drivers of hydroclimatic variations at Kelly Lake and coastal Northern
California

The Kelly Lake downcore diatom records and global-scale proxy data are compared and
discussed here in order to consider the regional signals in the context of global drivers of climate
change. Summer solar insolation at 42°N has decreased, while winter solar radiation at 42°N has
increased over the Holocene. These insolation forcings could result in increased winter
precipitation and less evaporation during summer (Leidelmeijer et al. 2021). The long-term
Holocene cooling is apparent in the 580 NGRIP ice-core record that follows the changes in
insolation (Figure 3-17 A, B). This is consistent with the overall changes in lake level at Kelly
Lake, which increased in the late Holocene with increased winter solar insolation and decreased
summer solar insolation. Eastern tropical Pacific sea surface temperatures (SSTs) increased over
the Holocene (Figure 3-17G), which is consistent with increasing precipitation in California
(Allen and Luptowitz 2017). However, there is much additional hydroclimatic variation apparent

in the Kelly Lake record.

Once source of hydroclimatic variation at Kelly Lake may be the Pacific Ocean and
features such as El Nifio-Southern Oscillation (ENSO) system. Mark et al. (2022) reconstructed
paleo-flood frequency (EI Nifio event) from Laguna Pallcacocha in Ecuador (Figure 3-17F). The
results suggested moderate, reduced, and enhanced ENSO activities from the early to mid- to late

Holocene, and they inferred this El Nifio activity was associated with the long-term variations in
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tropical solar insolation. The flood frequency pattern displays some correspondence with Kelly

Lake’s water depth variations (Figure 3-17K).

The EIl Junco grain size (sand %) record from Galapagos Islands, eastern equatorial
Pacific also displays an ENSO-related signal during the Holocene (Conroy et al. 2008). More
sand is interpreted as representing wetter and more variable climate conditions in the late
Holocene. This may be reflected in the higher lake levels, but greater lake level variability
observed in the Kelly Lake record in the late Holocene. However, we also need to be aware that
California’s climate is strongly affected by upwelling (Huyer 1983), so it is not only influenced
by insolation. Upwelling brings a cooler climate, and ENSO activity interrupts this upwelling.
This might explain why Ocean Drilling Program Site (ODP) 1019 SSTs, discussed below, do not

fully follow the trend of eastern equatorial Pacific SSTs.

The alkenone-based reconstructed SST from ODP 1019 at 41.68°N by Barron et al.
(2003), which is almost the same latitude where Kelly Lake samples were collected. The ODP
1019 SST records were likely to be related to Pacific Decadal Oscillation (PDO) and ENSO. The
ODP 1019 SSTs suggested that the SSTs increased abruptly after the onset of the Holocene even
higher than the modern SST, stayed steadily lower than the modern SST during the mid-
Holocene, and increased to the modern SSTs. The increased SSTs can be linked to the higher
possibility of heavier precipitation and higher flood frequency (Hatsuzuka and Sato 2022) in this
Coast Ranges, which would influence the early, mid- and late Holocene lake level differences at
Kelly Lake (Figure 3-171, J, K). In particular, the latitudes between 38°N and 43°N are the
regions that respond to ENSO or other climatic cycles sensitively with the maximum magnitudes

seasonally (Strub et al. 1987; Barron et al. 2003). Therefore, the changes in lake level at Kelly
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Lake can be closely related to the past ODP 1019 SSTs regarding the characteristics as well as

the proximity of the two sites.

According to the eastern equatorial Pacific alkenone-based SST records (Figure 3-17G),
the SSTs kept increasing around the equator from the beginning of the Holocene (Dubois et al.
2011). The eastern equatorial Pacific SST change is an important driver of ENSO activity and
the climate mechanisms between the tropical Pacific and the high latitude areas (Dubois et al.
2011; Glover et al. 2020). The increasing trend in the eastern equatorial Pacific SSTs can be
linked to increasing heat energy around the equator over the Holocene, and it would influence
regional hydroclimate changes around the Pacific Coast Ranges in North America. That is,
warmer eastern equatorial Pacific SSTs mean more precipitation in California. Therefore, the
high variability during the late Holocene can be explained by the higher eastern equatorial
Pacific SSTs. Also, the moist conditions during the early Holocene in the Klamath Mountains

can be explained by the influence of the eastern equatorial Pacific SST.

Lastly, the high lake levels at Kelly Lake approximately from 10,000 to 9,000 cal yr BP
seems to be consistent with more precipitations from lower temperatures indicated by NGRIP,
fairly higher floods by Mark et al. (2022), and higher % sand by El Junco record. Therefore, the
Kelly Lake record suggests that the Klamath Mountains responded sensitively to orbital and

oceanic forcing over the Holocene.

California’s precipitation patterns are highly impacted by SSTs in the Pacific and
Northern Hemisphere temperature changes. Orbital changes and solar radiation are the main
drivers of such factors. Orbital changes (i.e., eccentricity, obliquity, precession) can affect the
distribution and amount of solar radiation received on Earth, and the insolation variability

influences temperature gradients. Northern Hemisphere (NH) temperatures inferred from ice
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cores also indicate the distribution of heat energy that received from the Sun, and it can provide
insights into past climate variations over centuries to millennia. NH temperature changes can
indirectly impact California’s precipitation by influencing atmospheric circulation patterns and
large-scale climate phenomena (e.g., Pacific Decadal Oscillation (PDO)). In particular, SSTs in
the equatorial and eastern Pacific Ocean play an important role in shaping California’s
precipitation patterns such as the development of atmospheric circulation patterns and the
position and intensity of the Intertropical Convergence Zone. The PDO reflects the impacts by
SSTs in the Pacific in a long-term perspective, and the occurrence of ENSO events that show
SST anomalies in the equatorial Pacific for short-term can also provide the variability of the
Pacific Ocean in a longer timescale. However, there are other factors that can modulate
California’s precipitation patterns, such as human impacts, and it makes the complexity of

precipitation patterns in California.
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Figure 3-17 Kelly Lake hydroclimatic variability in comparison to global drivers of climate
change over the Holocene. It is divided into three zones based on CONISS zonation. Each zone is
colored with different color bands; the early Holocene is colored yellow because it was the time
period that the climate was becoming dry. The mid-Holocene is colored pink because it is
Holocene Thermal Maximum (HTM), and late Holocene is colored blue because it was the
period when the lake experienced high variability in lake level changes. The data used in this
figure: (a) & (b) show summer and winter insolation (W/m?) at 42°N (Laskar et al. 2004), (c)
shows the NGRIP1 680 changes (%) (Grootes and Stuiver 1997h), (d) & (e) shows the % sand
and % clay changes in El Junco Lake from Galapagos (Conroy et al. 2008), (f) indicates the
reconstructed frequency every 100 years from Laguna Pallacocha, Ecuador (Mark et al. 2022),
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(9) represents the reconstructed eastern equatorial Pacific SSTs (°C) (Dubois et al. 2011), (h)
shows the ODP 1019 SSTs (°C) (Barron et al. 2003), and (i), (j), & (k) indicates PCA Axis 2, P:B
ratio, and the reconstructed lake level changes at Kelly Lake from this study.

3.7 Conclusion

This study provides a Holocene-length paleohydroclimate record from coastal Northern
California. The study provides evidence of the applicability of the WA-PLS and MAT transfer
functions that were established from Kelly Lake, a small size and mid-water depth single lake, to
reconstruct paleohydroclimatic changes from the same lake. Although there was a limitation
regarding differences between the fossil and modern diatom taxa, the reconstructions of
paleohydroclimatic variability in the Northern Pacific Coast Ranges were conducted well. The

reconstructions are supported in general by other diatom and sedimentary indices from the lake.

Accordingly, this study extended potential wider geographic and environmental scope of
the use of the single lake methodology that have been used in boreal lakes in Canada or glacial
lakes in Europe, which requires more than 50 natural lakes in general. Therefore, the
development and validation of the transfer functions from the mid-water depth and small-sized
lake provided an important empirical example of the methodological rationale and the potential

of single-lake approach.

The hydroclimate of the Klamath Mountains in the Northern Pacific Coast Ranges
underwent distinctive variations during the Holocene divided in to early, mid, and late Holocene.
The lake level of Kelly Lake was high at around 10,000 cal yr BP influenced by high
northeastern Pacific SSTs (ODP 1019), but the lake experienced abrupt dryness during the early
Holocene at around 8,100 cal yr BP, called 8.2 ka event that was found globally. The

temperatures in the Northern Hemisphere (520 NGRIP) remained fairly high with fairly high
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summer insolation. With this regard, the lake level at Kelly Lake during the mid-Holocene
declined over time influenced by the northeastern Pacific SSTs and the equatorial Pacific SSTSs.
This was also consistent with low ENSO activity found in Laguna Pallcacocha in Ecuador (Mark
et al. 2022). During the late Holocene, the lake level of Kelly Lake highly fluctuated while
indicating shallow water depth during the MCA and the maximum lake water depth during the
LIA. The eastern equatorial Pacific SST warming and increased ENSO during the late Holocene
(Mark et al. 2022) are associated with Kelly Lake water depth becoming deeper and exhibiting
higher variability by suggesting changes in the Pacific Ocean were important drivers of the

hydroclimatic variability in the Northern CA Coast Ranges.

In conclusion, the SSTs off the coast CA (upwelling) and NGRIP (solar forcing) were
considered as significant drivers in Northern CA’s climate dynamics between ocean and
atmosphere (Leidelmeijer et al. 2021). Kelly Lake diatom record was also the first quantitative
lake level record in the context of precipitation dipole in California. The paleohydroclimatic
variability reconstruction from Kelly Lake in the Klamath Mountains, Northern Pacific Coast
Ranges, suggested 1) the applicability and usefulness of the diatom transfer functions developed
from a single lake and contributed to the regional hydroclimate reconstruction, 2) the apparent
hydroclimatic changes in Kelly Lake from the diatom record, and 3) findings of the influence of

orbital and oceanic forcing on the Northern CA Coast Ranges.
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Chapter 4 A 110 ka Late Quaternary Diatom Record of Salinity and Lake
Water Depth History from Baldwin Lake, Subalpine Southern California

4.1 Abstract

Paleohydrologic indicators, such as salinity and water depth, at Baldwin Lake in the San
Bernardino Mountains during the late Quaternary were reconstructed to better understand long-
term hydroclimatic variability in Southern California by adding diatom data to the previous
studies in the site. Baldwin Lake contains one of the longest limnological records in Southern
California, and such long records of natural hydroclimatic variations are significant for
understanding future hydroclimatic sensitivity. According to the diatom record of the lake,
Baldwin Lake experienced a strong shift in the lake’s dynamics at around 70,000 cal yr BP. The
shift included a decrease in variability, which from 110,000 to 70,000 cal yr BP had been
strongly associated with orbitally forced seasonal changes in radiation. In addition, the salinity of
the lake decreased, but the lake also shallowed. From 110,000 to 70,000 cal yr BP, Baldwin Lake
had the highest species diversity, of diatoms, high productivity, along with the high values in
lake level and salinity, but also experienced high amplitude shifts in these variables. Also, there
were two intervals during this period of no-diatoms, and these coincide with times when the
summer insolation was the lowest. After the insolation variability became dampened at around
70,000 cal yr BP, most diatom-related signals began to decline sharply in variability amplitude.
This decline in productivity and diatom diversity and declines in the amplitude of variability
coincides with decreased values of summer insolation and decreased variability in seasonal
insolation, reflecting orbital changes. These diatom records were coeval with the previous
Baldwin Lake studies. Baldwin Lake diatoms following 70,000 cal yr BP until the last glacial

maximum at around 20,000 cal yr BP also suggest several abrupt warming events which appear
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to coincide with Dansgaard-Oeschger events, after 60,000 cal yr BP. This study shows good
links between the Baldwin Lake diatom records and solar irradiance variability and other global
drivers, such as the sea surface temperatures at the equatorial Pacific and the Pacific off the
northern California coast. In conclusion, the diatom records suggest sensitivity of regional hydro

climate in Southern California to radiative and oceanic drivers over the past 110,000 years.

4.2 Introduction

As Southern California (CA) has a high population density, it is vulnerable to abrupt
hydroclimatic changes such as prolonged drought and associated environmental impacts such as
fires (MacDonald 2007). Both natural climatic variations and anthropogenic climate change
impact the region and will do so in the future. Long records of natural hydroclimatic variations
and the sensitivity of the region to external climatic forcing factors are important lines of
evidence in understanding and anticipating future hydroclimatic variations in Southern California
(Glover 2016; MacDonald et al. 2016; Kirby et al. 2018; Shuman et al. 2018; Holmes et al.

2023).

There have been a number of previous paleolimnologically-based studies to reconstruct
hydroclimatic variability in Southern CA (e.g. Baldwin Lake — Kirby et al. (2006), Blazevic et al.
(2009), Glover (2016); Glover et al. (2017, 2020); Lower Bear Lake (Big Bear Lake) — Kirby et
al. (2012), Starratt et al. (2021); Lake Elsinore — Kirby et al. (2007, 2010, 2018), Martinez
(2020); Zaca Lake — Dingemans et al. (2014), Feakins et al. (2014), Kirby et al. (2014), Lund
and Platzman (2016), Platzman and Lund (2019); Silver Lake — Kirby et al. (2015), at various
time scales. Normally, the Holocene, also known as Marine Isotope Stage (MIS) 1, is the period

studied because it is the geologic epoch that we live in. In addition, many lake sediment records
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only extend into the Holocene. Understanding hydrologic variability not only during the
Holocene, but also back beyond the Holocene is important to understand the full range of natural

variability and the sensitivity of the regional climate to external factors.

Baldwin Lake was chosen as a study site for this study because the lake contains one of the
longest limnological records in Southern CA (Glover 2016). Kirby et al. (2006) examined
several geochemical proxies, such as magnetic susceptibility, % total organic matter, and % total
carbonate, and revealed a 65,000-year record representing winter storm variability and North
America monsoon variability driven by multi-millennial scale orbital changes and ocean-
atmospheric dynamics. Glover (2016) and Glover et al. (2017, 2020) also cored Baldwin Lake
but at a different location from the coring point of Kirby et al. (2006) and retrieved a much
longer record. Glover et al. (2017) revealed via sedimentational and geochemical analyses that
orbital radiative forcing and abrupt North Atlantic driven temperature swings affected the
regional climates in Southern CA from MIS 5 (121,000 — 71,000 cal yr BP) to MIS 2 (27,000 —
14,000 cal yr BP). Glover et al. (2020) focused on vegetation and wildfire during the same
period by adding more proxies (e.g., pollen, charcoal, molar C:N data). The main findings of the
study were 1) Baldwin Lake’s productivity has changed in the past being mainly influenced by
local summer insolation, and 2) the pollen, charcoal concentration, basin deposition, and summer
insolation were not linearly correlated. They also revealed that Baldwin Lake region was
characterized by weakened basin erosion, sagebrush expansion, and fires during MIS 4 (71,000 —
65,000 cal yr BP), while it had more weathering, increases in Juniperus and Pinus, and less fires.
Glover et al. (2020) concluded that the vegetation and terrestrial changes around Baldwin Lake

was not directly related to the global CO2 variations and Pacific sea surface temperatures (SSTSs).
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Previous studies showed that the long record of hydroclimate from Baldwin Lake was
useful in understanding natural variability of climate and environments in Southern California
and the factors that drove such variability. Therefore, this study will further advance the use of
the Baldwin Lake sediments to examine hydroclimate-related factors, such as salinity and water
depth, using diatom analysis and supplement the existing multi-millennial hydroclimatic records.
Diatom assemblage composition responds to lake environmental and climatic changes sensitively
(e.q., salinity, water depth) (Ruhland et al. 2015; Zou et al. 2021). Especially in a closed basin,
like Baldwin Lake, salinity and water depth changes are amenable to examination because other
factors that control salinity and water depth are limited, and precipitation and evaporation
account for most of the lake level and salinity changes (Kirby et al. 2006; Fritz et al. 2010; Wolin
and Stone 2010). Therefore, diatom microfossils will be an essential proxy to further resolve

hydrologic changes in the lake.

This study will contribute to understanding the hydroclimatic variability of Southern CA
over a long-timescale through diatom inferred-water depth and salinity, and discuss the regional

climate changes with the following research questions:

1. How has the diatom-inferred hydroclimate in Southern California changed over the late
Quaternary (MIS 5 — 2) — specifically how did the lake level and salinity change?

2. How does the diatom-based hydroclimatic record at Baldwin Lake compare with
previous records from the same site that extend back to MIS 2 and beyond?

3. What were the influences of orbital or oceanic forcings in driving such hydroclimatic

fluctuations around Baldwin Lake?
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4.3 Study site
Baldwin Lake (34.28°N, 116.8°W) is an intermittent lake in Big Bear Valley in the San

Bernardino Mountains (SBM) (~160 km east of the Pacific coastline), which is a part of the
Transverse Ranges in Southern CA (Glover et al. 2017) (Figure 4-1). The altitude of the lakebed
is 2,040.7 m with a 4.53 km? surface area (French and Busby 1974). The surface area of the
watershed is 79 km? (Glover et al. 2017). Baldwin Lake was separated from Big Bear Lake
(Lower Bear Lake) basin during the early MIS 5 (~ 120,000 cal yr BP) by sediment flowing into
the basin from Sugarloaf Mountain (Glover 2016). It is known that there is no surface flow

between Baldwin Lake and Big Bear Lake today (French and Busby 1974).

o

Baldwin Lake
Big Bear Lake

Figure 4-1 A map of Baldwin Lake (Upper Bear Lake) and Big Bear Lake (Lower Bear Lake) in
Big Bear Valley, San Bernardino Mountains, Southern California.
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The sediment of Baldwin Lake consists silt, clayey silt, and scattered sand grains with
deposited evaporites irregularly and quartzites from Gold Mountain (Miller 2004) (Figure 4-2A).
The surrounding area mainly contains the following sediments: 1) the lakebed sediments but
with wind-driven finer fluvial grains deposited (very young), 2) unconsolidated to moderately
consolidated undifferentiated surficial deposits (very young), and 3) quartzites with micaceous
rocks (late Proterozoic) (Miller 2004). Also, alluvial-fan deposits from the late Pleistocene to late
Holocene are also observed (Miller 2004). Figure 4-2B provides the overall geologic framework
and geographic landscape. More details about the map and related information can be found in

Miller (2004).
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Map showing regional geologic framework and location of Big Bear City 7.5 quadrangle. Faults modified from Matti and others (1992), Matti and Morton (1993), and Rogers (1967).
Faults shown in colors are strands of the San Andreas Fault; red indicates modem traces of the San Andreas Fault. BF—CVS, Banning Fault—Coachella Valley segment; GHS, San
Andreas Fault—Gamnet Hill strand; BPF, Beaumont Plain fault zone; CHH, Crafton Hills horst-and-graben complex; GHF, Glen Helen Fault; ICF, Icehouse Canyon Fault; MVF, Morongo
Valley Fault; SCF, San Antonio Canyon Fault; V7, Vincent Thrust

Figure 4-2 Geologic maps around Baldwin Lake and San Bernardino Mountains (Miller 2004).
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The contemporary climate of the Baldwin Lake region is Mediterranean with a wet cool
winter and warm dry summer. The amount of annual precipitation is under the influences of
changes in the position of the eastern Pacific subtropical high and the polar front (Kirby et al.
2006). According to previous studies, Baldwin Lake is a study site as a touchstone that shows the
regional precipitation oscillation and atmospheric conditions at a large scale (Kirby et al. 2006).
As Baldwin Lake is ephemeral, it can remain dry for several years, but also can hold water for

several years after a mesic period (French and Busby 1974).

The climate data for the study area is provided in Figure 4-3. According to the climate
data from 1960 to 2016 that were measured at Big Bear Lake (Station #: 040741), the annual
average maximum temperature was 16.83 °C and the annual average minimum temperature was
-0.06 °C (Western Regional Climate Center 2016b). The annual total precipitation water
equivalent was 55.47 cm, the average total snowfall was 159.00 cm (Western Regional Climate
Center 2016b). The hottest month was July (27.11 °C), the coldest month was January (-6.5 °C),
the highest precipitation and snowfall months were January (11.40 cm) and February (38.61 cm),
and the least precipitation and snowfall months were June (0.36 cm) and June to September (0

cm) (Western Regional Climate Center 2016b).
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Figure 4-3 A) Average total precipitation (cm) and Average maximum and minimum
temperatures in Big Bear Valley, B) Average total snowfall (cm) and average snow depth (cm) in
Big Bear Valley (Western Regional Climate Center 2016b).

4.4 Methods

The core (BDL12), which was used in this study, was obtained at the depocenter of the
lake basin using a CMF-95 truck-mounted hollow stem auger drill in August 2012 (Glover
2016). The recovered total core length was approximately 27 m from two adjacent cores (~ 76cm
apart). After BDL12 was analyzed by Dr. Katherine Glover, the cores have been stored at 7 °C in

the cold room at UCLA. In 2018, | checked and re-packed the BDL12 cores with plastic wrap
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and aluminum foil to see if there were missing or disturbed parts. Most cores were in good
shape, but there were missing samples and depths. In particular, the bottom of the core was
mostly clastic sediments in a dry condition even though it was wrapped, and it seemed disturbed.
More details of BDL12 core descriptions were explained well in the Supplementary Table 1 of

Glover et al. (2017).

4.4.1 Chronology

The current study used the same Bayesian age-depth chronology that Glover et al. (2020)
produced in Bacon 2.2 (Blaauw and Christen 2011 as mentioned in Glover et al. 2020). For
BDL12 age-depth model, radiocarbon dates (**C) using AMS radiocarbon dating, luminescence
dates using Infrared Stimulated Luminescence (IRSL) single grain analysis, and five tie points
were conducted (Glover 2016; Glover et al. 2017). Subsequently, the original BDL12 age-depth
model has been updated in Glover et al. (2020). The age-depth model was run using Bacon 2.2
(Blaauw and Christen 2011). The details can be found in Glover (2016) and Glover et al.

(2020)’s supporting information.

The core section from 180 to 2,299 cm of BDL12 was analyzed to focus on Marine
Isotope Stages (MIS) 5 — 2 and transitions during the late Quaternary. The MISs are based on
oxygen isotopes from deep sea core sediments and indicate the alternation of glacial and
interglacial periods. Glover (2016) identified the ages from MIS 5 to MIS 2 in the SBM region
as: 127,000 — 71,000 cal yr BP for MIS 5, 71,000 — 57,000 for MIS 4, 57,000 — 29,000 cal yr BP
for MIS 3, and 29,000 — 14,000 cal yr BP. Conducting the analyses at the same depth as Dr.
Glover’s work was a key for a comparison study, so | followed the same depths and intervals that

Dr. Glover analyzed for pollen analysis if there were sediment samples remaining. Most were
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available except for several depths that were missing or did not have enough sediment. Table 4-1

shows the depths that were analyzed in this study and those not analyzed in this study.

Table 4-1 Sampling depths from Glover (2016) and this study.

Study Depths (cm)

180, 190, 200, 210, 220, 230, 240, 250, 260, 270, 300, 310, 320, 340,
360, 380, 400, 420, 441, 461, 480, 501, 521, 541, 582, 600, 622, 642,

660, 680, 700, 730, 750, 798, 808, 818, 828, 837, 857, 877, 897, 917,
Both in Glover
944, 1060, 1080, 1100, 1120, 1140, 1160, 1200, 1220, 1240, 1300,
(2016) (pollen) and
1395, 1415, 1440, 1460, 1480, 1512, 1532, 1552, 1572, 1621, 1641,
this study (diatom)
1727, 1747, 1767, 1800, 1820, 1840, 1850, 1896, 1916, 1956, 2017,

2077, 2140, 2160, 2202, 2222, 2242, 2279, 2299 — A total of 83

samples

No samples were left
but done in Glover 285, 602, 1320, 1336, 1375, 1997, 2037 — A total of 7 samples

(2016) (pollen)

4.4.2 Diatom analysis

Diatom analysis was conducted for BDL12 sediment samples in the flowing manner.
Approximate of ~ 0.1 g sample was put in a 100 mL beaker. The samples were treated with 3 ml
of H202 and 6 ml of distilled water and heated for 1 — 2 hours to remove organic materials. After
the chemical reaction was done, the top portion of the solution was thrown out, and a
microspatula of sodium hexametaphosphate was added to the remained solution to disperse and

deflocculate diatoms from sediment grains and let react for ~ 15 minutes. While doing that, pH
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was constantly measured to make sure that the solution maintained acidic state because diatom
valves are weak in base (Ryves et al. 2001; Han 2015). The solution was filled with distilled
water and let deposit diatom valves for 8 hours. The top solution was decanted and filled with
distilled water again and left it for one night. Next day, the solution was decanted and
precipitated diatom valves were left in the beaker. Using micropipette, 200 and 300 pL of the
sample was put on the microscope slides and dried at low temperatures on the hot plate. After the
solution dried out, a drop of Pleurox mountmedia was applied to fix the sample on the

microscope slides.

Approximately 400 diatom valves were counted at species level from the prepared
microscope slides using light microscope (Nikon Labophot-2) at 1000x magnification oil lens.
Diatom identification was referred to Krammer and Lange-Bertalot (1986, 1988, 1991a, 1991b)
with books and online diatom sources (Kulikovskiy et al. 2016; Lange-Bertalot et al. 2017;

Spaulding et al. 2019; Potapova et al. 2020; Juttner et al. 2022).

Diatom diagram was drawn in R version 4.1.3 (RStudio Team 2020) using the rioja
package (Juggins 2020). Also, a depth-constrained cluster analysis (CONISS) with Bray-Curtis
distance method was applied to zonate the diatom assemblages in RStudio using the vegan

package (Oksanen et al. 2020).

Diatom concentration could not be calculated because there was no water content data

available for the BDL12 cores.

4.4.3 Diatom ratios related to lake level and salinity
Two diatom-related ratios were calculated to measure the lake water depth and salinity

changes in Baldwin Lake. The BDL12 diatom major species, which appeared > 5% in at least
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one sample, were selected to calculate the ratios because there were more than 190 taxa from the
downcore sediments, and there were some ambiguous species to be determined as

planktonic/benthic and brackish/freshwater.

To investigate lake water depth changes, planktonic to benthic (P:B) ratio was calculated.
Normally, tychoplanktons whose lifeform could be planktonic and benthic depending on the life
stage were included for P:B ratio calculation. However, one of the tychoplanktonic, S. pinnata,
counted dominantly for most of the whole core; therefore, the P:B ratio was calculated while

excluding tychoplanktons to minimize errors and to see the variations of benthos and planktons.

The brackish to freshwater (Br:Fr) ratio was also calculated to reconstruct salinity
changes in Baldwin Lake. There were distinctive brackish species from the downcore sediment,
such as genus Anomoeoneis, genus Halamphora, Fallacia pygmaea, etc. The apparent two
brackish species, such as Anomoeoneis spp. and Halamphora spp., were included as brackish
species. Epithemia spp. and E. adnata were also included as brackish taxa because the genus
inhabits both in brackish and freshwater (Kashima et al. 1997; Zalat and EI-Sheekh 1999; Woijtal
2009) and seemed to appear as brackish mostly in this study site. Amphora copulata was also
included as brackish because A. copulata thrives in hypersaline environments (Govindan et al.
2021). The abundance of A. copulata from Baldwin Lake went along with other brackish species
mostly; therefore, the species was also included in the brackish ratio. Overall, the four genera of
Amphora, Anomoeoneis, Halamphora and Epithemia that were common at Kelly Lake and were
calculated as brackish species for the Br:Fr ratio. Freshwater species were calculated with the

rest of major species except for the brackish taxa.

The equations for P:B and Br:Fr ratios are provided as below:
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P.B ratio= Zplanktonic taxaX(planktonict benthic tara) *100 ... Equation 4-1

Br:Fr ratio = Xbrackish taxalX(brackish+ freshwater taxa) <100 ... Equation 4-2
4.4.4 Species diversity indices

There were many different diatom species and various taxa in Baldwin Lake sediment
samples in comparison to the species from the Northern California lake discussed earlier in this
dissertation. To estimate the diatom species richness, diversity, and evenness of the data, the
Shannon-Wiener diversity index (H’), Pielou’s evenness (J°), and Species richness (S) were
calculated separately (Shannon 1948; Pielou 1966; Weckstrom and Korhola 2001). The H’ index
indicates how many different species appeared in a sample, which is relative abundance. J’ index
represents how uniform the species are in a sample. S index shows how many diverse species are

in a sample.

4.4.5 Principal Component Analysis (PCA)
PCA was performed on the major species to estimate how distinctive assemblage groups
are in the samples and to see ordinations between samples. PCA was conducted using CANOCO

5.15 (ter Braak and Smilauer 2012).

4.5 Results

4.5.1 Chronology (radiocarbon and luminescence dates)

A total of 7 AMS radiocarbon dates and 4 infrared-stimulated luminescence dates were
run, and 5 tie-points were selected for BDL12 age-depth model (Glover 2016; Glover et al.
2020). The details of dating can be found in Glover (2016) and Glover et al. (2020). The
youngest and oldest ages from BDL12 from the untuned age model were 4,746 cal yr BP at 1 cm
and 122,070 cal yr BP at 2,700 cm.
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Figure 4-4 BDL12 chronology done by Glover et al. (2017) and Glover et al. (2020) (Image
source: Glover et al. (2020)’s Supplementary Figure 1).

4.5.2 Diatom diagram with zonation

Approximately 190 taxa appeared from the site. Among them, 33 taxa were selected as
major species, which appeared at more than 5% in at least one sample. A diatom diagram was
drawn to see the changes in major diatom abundances (Figure 4-5). The gray-shading indicates 5
times the exaggeration from the original values for better visualization of the figure. The
CONISS-based zonation identified three zones, Zone 1, 2, and 3. Zone 1 is from 180 — 1100 cm
(15066 — 55251 cal yr BP), Zone 2 is 1100 — 1512 cm (55251 — 70608 cal yr BP), and Zone 3 is

1512 — 2299 cm (70608 — 108428 cal yr BP).

The 33 dominant species are Amphora copulata (Kitzing) Schoeman &
R.E.M.Archibald, Anomoeoneis spp., Cocconeis placentula Ehrenberg, Cymbella spp., Cymbella
affinis Kitzing, Cymbellonitzschia diluviana Hustedt, Encyonema minutum (Hilse) D.G.Mann,
Epithemia spp., Epithemia adnata (Kitzing) Brébisson, Gomphonema spp., Gomphonema

pumilum (Grunow) E.Reichardt & Lange-Bertalot, Halamphora spp., Melosira spp., Navicula
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spp., Navicula sp.1, Navicula radiosa Kitzing, Nitzschia spp., Nitzschia amphibia Grunow,
Nitzschia semirobusta Lange-Bertalot, Pinnularia spp., Planothidium joursacense (Héribaud)
Lange-Bertalot, Punctastriata mimetica E.A.Morales, Staurosirella martyi (Héribaud) Morales
& Manoylov, Pseudostaurosira brevistriata (Grunow) D.M.Williams & Round, Staurosira
binodis (Ehrenberg) Lange-Bertalot, Staurosira construens Ehrenberg, Staurosira venter
(Ehrenberg) Cleve & J.D.Mdller, Staurosirella pinnata (Ehrenberg) D.M.Williams & Round,
Cyclostephanos dubius (Hustedt) Round, Fragilaria spp., Fragilariforma mesolepta
(Rabenhorst) Kharitonov, Stephanodiscus minutulus (Kutzing) Cleve & Mdller, and

Fragilaria/Synedra/Ulnaria spp.

The dominant species for each zone with each maximum and minimum abundance are

described in Table 4-2.

Table 4-2 Dominant diatom taxa from BDL12 in each zone.

Major species (maximum and minimum in %) of BDL12

Zone 1 C. placentula (0.2-56.3), E. minutum (0-9.7), Melosira spp. (0-5.2), P. mimetica (0-29.6), P. brevistriata (0-11.8), S. construens (0-
180 - 1100 ecm 41.3), S. venter (0-10.1), S. martyi (0-10.4), S. pinnata (11.3-78.2)
15.1-553ka

Zone 2 C. placentula (19.8-81.2), P. joursacense (0-7.5), P mimetica (0-15.1), P. brevistriata (0-7.5), S. construens (0-8.4), S. pinnata (0-
1100 - 1512 cm 40.8), C. dubius (0-8.8), S. minutulus (0-13.3)
55.3-70.6 ka

A. copulata (0-12.1), Anomoeoneis spp. (0-7.8), C. placentula (2.6-33.1), Cymbella spp. (0.3-14.9), C. affinis (0-12.6), C. diluviana
Zone 3 (0-5.8), Epithemia spp. (0.8-6.9), E. adnanta (0-7.2), Gomphonema spp. (0-12.8), G. pumilum (0-9.5), Halamphora spp. (0-9.7),
1512 — 2299 cm Melosira spp. (0-10.8), Navicula spp. (0-8.5), Navicula sp.1 (0-12.9), N. radiosa (0-7.7), Nitzschia spp. (0-8.1), N. amphibia (0-6.0),
70.6 — 108.4 ka N. semirobusta (0-5.2), Pinnularia spp. (0-5.2), P mimetica (0-8.3), S. binodis (0-11.6), S. pinnata (0-18.6), C. dubius (0-18.1),

Fragilaria spp. (0-9.8), F. mesolepta (0-15.0), S. minutulus (0-7.6), Fragilaria/Synedra/Ulnaria spp. (0-5.6)
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Figure 4-5 The BDL12 diatom diagram with CONISS zonation.
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There were distinctive diatom species in the Baldwin Lake sediments that were not
observed in Kelly Lake, Northern California (Chapter 2 and 3), such as the genus Anomoeoneis,
genus Halamphora, etc. Out of 83 samples, there were seven samples with almost no diatoms -
1552, 1572, 1896, 1916, 1956, 2017, and 2077 cm. These depths contained very few Fallacia
pygmaea and plenty of silicic/glass materials that were glittery. Also, there were depths with a
paucity of diatoms at 1120, 1621, 1641, 2202, and 2299 cm. These depths were counted but

barely provided 400 valves and sometimes less.

4.5.3 P:Bratio, and Br:Fr ratio
P:B ratio and Br:Fr ratio were calculated and drawn (Figures 4-6 and 4-7) only including
major species. Each ratio was calculated after classifying major diatom taxa based on their

autecology.

P:B ratio as an indicator of the water depth of Baldwin Lake is provided below (Figure 4-
6B). Only planktonic and only benthic taxa were considered to calculate P:B ratio because one of
tychoplanktonic taxa, S. pinnata, accounted for the majority of the data throughout the samples.
The P:B ratio including S. pinnata as planktonic showed very different reconstruction from
Figure 4-6B, which is almost opposite. After considering Baldwin Lake history, the current P:B
ratio was selected which seemed to show the best scenario for Baldwin Lake. The variations of

planktonic and benthic species are described in Figure 4-6A as well.

The planktonic and P:B ratio showed similar patterns and reached maximum at 70,600
cal yr BP (Figure 4-6). The number of planktonic species appearance diminished, and P:B ratio

had less variation from 62,000 cal yr BP.
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Figure 4-6 A) Planktonic (blue) and benthic (orange) diatom taxa changes in Baldwin Lake
during the late Quaternary, B) P:B ratio from BDL12 over the late Quaternary.

Br:Fr ratio indicates the salinity changes in Baldwin Lake (Figure 4-7). Brackish species
such as Amphora copulata, Anomoeoneis spp., Halamphora spp., Epithemia spp., Epithemia
adnata were included as aforementioned (Robertsson 1995; Kashima et al. 1997; Zalat and El-

Sheekh 1999; Levkov 2009; Wojtal 2009; Olivares-Rubio et al. 2017; Ikehata et al. 2022).

As shown in Figure 4-7, Baldwin Lake seemed to maintain high salinity in Zone 2 and 3,
which is until around 75,000 cal yr BP. From ca. 72,000 cal yr BP, the salinity fluctuated a little

bit until ca. 53,000 cal yr BP and it became static afterward.
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Figure 4-7 A) Brackish (orange) and freshwater (blue) diatom taxa changes in Baldwin Lake
during the late Quaternary, B) The BDL12 Br:Fr ratio changes over the late Quaternary.

Figure 4-8 compares both P:B and Br:Fr ratios at the same time easily. Both ratios were
high until around 75,000 cal yr BP, but Br:Fr ratio reduced abruptly afterward, while P:B ratio
started to decline after 70,000 cal yr BP. Br:Fr ratio reached a maximum at ~ 86,200 cal yr BP,
and P:B ratio reached its maximum at ~ 70,600 cal yr BP. Both ratios showed high fluctuations

until they reached maximum values, and they became steady afterward.
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Figure 4-8 P:B ratio and Br:Fr ratio from BDL12 from MIS 5 to MIS 2.
4.5.4 Species diversity indices

Species richness (S), diversity (H’), and evenness (J’) were measured based on the whole
diatom data. All the species indices appeared very similar. In Zone 3, H’, J’, and S marked their
maximum. As they entered Zone 2, these indices decreased abruptly and maintained low values.

Even though they rose as they went into Zone 1, they fluctuated over time.
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Figure 4-9 Species diversity indices from BDL12 over the late Quaternary.
455 PCA

PCA was run with major diatom species. The cumulative explained variation is 52.7%
with four principal components. The eigenvalue percents were 24.51% for Axis 1, 12.55% for
AXxis 2, 8.70% for Axis 3, and 6.95% for Axis 4 (Table 4-3). The biplots of the PCA results are

provided in Figure 4-10.

Table 4-3 PCA eigenvalues and explained variation from BDL12 diatom.
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Axis 1 Axis 2 Axis 3 Axis 4
Eigenvalues 0.2451 0.1255 0.087 0.0695
Explained variation (cumulative) 24.51 37.06 45.75 52.7

Based on the species scores and distribution in the biplots, each axis was environmentally
interpreted (Figure 4-10). Higher Axis 1 values were considered to reflect higher salinity. The
species scores were 0.73 for A. copulata, 0.66 for Anomoeoneis spp., and 0.69 for Halamphora
spp. Based on the high scores on salinity-favored species, Axis 1 seemed to reflect salinity.
Lower Axis 2 values were interpreted as higher water depth. The species scores of C. dubius and
S. minutulus were -0.16 and -0.06. The values were not highly negative, but other benthic
species’ values were highly positive. For example, N. radiosa and C. affinis were 0.81 and 0.69.
Axis 3 did not indicate a kind of environmental factor, but it was interpreted as the overall
change. In general, higher Axis 3 values corresponded with Zone 1 diatom assemblages, while
lower Axis 3 values represented Zone 2 and 3 diatom assemblages. For instance, the species
scores of the diatoms that were abundant in Zone 1, such as S. pinnata, P. mimetica, and
Navicula spp. were 0.38, 0.33, and 0.46. In contrast, the species scores of the fluent diatoms in
Zone 2 and 3, such as C. placentula, S. minutulus, C. dubius, and E. adnata, were -0.61, -0.49, -
0.29, and -0.28. High Axis 4 values appeared to correspond to low nutrient status or low
nitrogen, and low Axis 4 values were interpreted as reflecting high nutrient conditions.
Epithemia adnata and Epithemia spp. showed high species scores on Axis 4, such as 0.65 and
0.38, and the taxa are capable to fix nitrogen by themselves from the atmosphere because of
cyanobacteria in the cells (Lowe 2010; Spaulding et al. 2021). Thus, | interpreted that a high
Axis 4 value would indicate low nutrients or nitrogen or favorable environments for low-

nutrient-tolerant species. On the contrary, the species scores of C. dubius and S. minutulus were
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low (-0.15 and -0.34), and the species are often used as indicators of eutrophication (Anderson
1990; Reavie et al. 2000). Therefore, | interpreted that negative Axis 4 values would suggest

high nutrient status.
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Figure 4-10 BDL12 PCA biplots. A) Axis 1 and 2, B) Axis 1 and 3, C) Axis 2 and 3, D) Axis 1 and 4.
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Each axis sample score was drawn in Figure 4-11 with zonation. All the axes’ trends
were similar over time. In the discussion, Axis 1 will be mainly focused on in the later discussion

because the explained variations for Axes 2, 3, and 4 were too small to consider.
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Figure 4-11 Each PCA axis’ eigenvalue changes over the late Quaternary from BDL12 diatoms.
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4.6 Discussion

Based on the results from this study, the Baldwin Lake diatoms provide evidence of
changing lake conditions and hydroclimatic variability through salinity and lake-level changes as
the lake became intermittent. This discussion is organized to answer the three big research
questions raised in the Introduction of this chapter. First, the diatom-inferred reconstruction of
hydroclimatic variability at Baldwin Lake over the late Quaternary (MIS 5 — 2) from this study is
discussed. Second, the hydroclimatic record from this study is compared to the previous studies
from Baldwin Lake. Lastly, the potential influences of external, orbital, or oceanic drivers are
discussed that would impact the regional hydroclimatic variability around Baldwin Lake, SBM.
4.6.1 Diatom-inferred hydroclimatic variability and paleoenvironmental changes around

Baldwin Lake over the late Quaternary (MIS 5 — 2)

BDL12 diatom assemblages from the late Quaternary are graphed in Figure 4-5. The
major species’ typical habitat conditions and autecology are provided in Table 4-4. Several
species which appear at more than 3% in at least one sample are included in the table to provide
additional habitat information. Salinity, water depth, pH, nutrient status, water temperature,
conductivity/saprobity, and other environmental information can be deduced. C. placentula and
S. pinnata appeared in all three zones dominantly; therefore, they were considered as generalists
because these species are cosmopolitan and have a broad ecological tolerances (Jahn et al. 2009;
Fluin et al. 2010; Marohasy and Abbot 2015). Interestingly, they appeared alternatively

dominantly at the boundaries of Zone 1 and 2.

Based on the chronology and CONISS zonation, Zone 3 is considered as MIS 5, Zone 2

as MIS 4, and Zone 1 as MIS 2 — 3. MIS 5 has substages from MIS 5a to MIS 5e as described in
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detail in Table 2 in Glover et al. (2017). Zone 3 from this study includes all the substages of MIS

5 from Glover et al. (2017).

Table 4-4 The reconstructed environmental changes of Baldwin Lake from BDL12 dominant
diatom taxa.

. . . Water Nutrient Water Conductivity &
Dominent species Salinity pH . Note
depth status temperature Saprobity
5%: C.placentula, E. minutum, | Freshwater | Benthic, Weakly Meso- Low conductivity P. mimetica:
2”9"05”"’ spp., P mimetica, P Benthic or acidic eutrophic (179 mS/cm) Moderate P and
revistriata, S. construens, 5. : : total N needed
Zone 1 | venter, s. pinnata planktonic é‘;azll)ne (pH isan
(MIS 2 Hig-h oH opportunistic
_ 3) 3%_: F. mesolepta, Shallow SpEFIES and has
P. joursacense a wide
ecological
tolerance
5%: C. placentula, P. Freshwater, | Benthic High Eutrophic | 19.2°C Good water quality | P.joursacense:
f“"‘”‘e““f: mimetica, RS Brackish/ha alkaline Meso- High conductivity optimum of
revistriata, S. construens, S. P . 7
’ b2 C . lophile pH=7.3 eutrophic (430 pS/cm) total Pis 47.5
Zone 2 | pinnata, C. dubius, S. X /L
minutulus Deep but DO: 6.4 mg/L HE,
(MIS 4) T P shallower Low conductivity
: Melosira spp., Cymbella
spp., Gomphonema spp., A. than Zone 3 (179 pS/cm)
copulata
5%: C. placentula, A. copulata, | Brackish, Planktonic, Alkaline (pH | Eutrophic | 24 °C High conductivity Epithemia spp.:
Anomoeoneis spp., Cymbella | Freshwater | Benthic or =~87) High 19.2 °C (2788 pS/cm) can inhabit low
Zp?t’;’;:_if;ms' Céd;f::;c:ga, planktonic, nutrient DO: 13 mg/L N/P
| oy e 7 . i
G‘Zm h PP benthic concentrat Elevated levels of environment
phonema spp., G. . . High H. /. S
pumilum, Halamphora spp on dissolved and BN 7. Js
Zone 3 o " - . N. radiosa:
Melosira spp., Navicula spp., suspended solids benthic. i
(N"S 5) Navicula sp.1, N. radiosa, Deep en ) IC, In
Nitzschia spp., N. amphibia, turbid waters,
N. semirobusta, Pinnularia hluman
spp., P. mimetica, S. binodis, S. disturbances
pinnata, C. dubius, Fragilaria
spp., S. minutuls, F/S/U spp.

The salinity in Baldwin Lake seemed to decrease from MIS 5 to MIS 2. During MIS 5
(Zone 3), there were distinctive appearances in several diatom species that did not show up in
other periods, such as the genera Anomoeoneis and Halamphora. These species are known to be
brackish (Patrick and Reimer 1966; Levkov 2009; Olivares-Rubio et al. 2017). Besides,
Amphora copulata and the genus Epithemia are known as freshwater species, but they can also
inhabit high-salinity environments (Kashima et al. 1997; van Wirdum et al. 2019; Govindan et
al. 2021). Therefore, Baldwin Lake during MIS 5 seemed to be a somewhat saline lake, but
deeper than later periods. As it entered MIS 4 to 2, salinity-favorable or salinity-tolerant species

diminished. Overall, the salinity in Baldwin Lake decreased over time.
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Water depth at Baldwin Lake also showed a similar pattern with the salinity changes; it
was deep during MIS 5, deep but shallower than before during MIS 4, and became shallow
during MIS 2 and MIS 3. This was inferred by the numbers of planktonic taxa and their
abundances. During MIS 5, C. dubius, S. minutulus, Fragilaria spp., and Cyclotella
meneghiniana appeared, and three of them were dominant. As it entered MIS 4, C. dubius and S.
minutulus were still dominant, but the types and abundance of total planktons decreased.
Accordingly, the lake water depth was inferred to be shallower relatively than the previous. As it
entered MIS 3, there were no planktons as the dominant species, and benthos and tychoplanktons

flourished. These assemblages maintained steady fairly until MIS 2.

When salinity and water depth at Baldwin Lake decreased, the level of nutrients in the
lake also declined from MIS 5 to MIS 2. N. radiosa during MIS 5 and S. minutulus during MIS 4
and MIS 5 are found in high nutrient environments (Reavie et al. 2000; Potapova 2011). P.
mimetica, which is a major species during MIS 2 to 4 is often found in meso- to eutrophic
environments (Temoltzin Loranca 2018). E. minutum, a dominant species in Zone 1, favors
oligo- to mesotrophic nutrient concentrations (Lange-Bertalot et al. 2017). Consequently, the

nutrient concentration of Baldwin Lake reduced over the late Quaternary.

Changes in pH, water temperature, and conductivity at Baldwin Lake were not shown
clearly. Water temperature seemed to follow the atmospheric temperature, but there was not
enough information to infer. pH seemed to decline slightly over time because most dominant
species were found as alkaliphilic, while the subspecies of E. minutum, E. minutum var.
pseudogracilis, are acidophilous (Bishop 2017). Trends in conductivity did not show well, but it
seemed to decline over time as well. N. radiosa and N. semirobusta during MIS 5 are often found

in high conductance waters (Potapova 2011; Underwood 2013). Also, Anomoeoneis
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sphaerophora appear when dissolved and suspended solids increased (Bahls and Luna 2018).
However, there was not enough evidence to reconstruct changes in water temperature, pH, and

conductivity.

Furthermore, more paleoenvironmental changes can be inferred based on individual taxa’s
characteristics. C. placentula was in low abundance when the salinity was high during MIS 5 but
became dominant during MIS 4. This may be because C. placentula favors low temperature,
while it is less likely to be observed the taxa in brackish environments (Patrick and Reimer 1966;
Jahn et al. 2009). P. mimetica is an opportunistic species when there is a moderate P
concentrations and abundant N concentrations (Morales 2005), and Epithemia spp. can flourish
when there is a low N concentrations in water (Spaulding et al. 2021). Although P and N cycling
is closely related to water depth (Wang et al. 2023), the N concentrations at Baldwin Lake during
MIS 5 were low but increased gradually according to the two distinctive taxa. Also, P.
brevistriata is known as opportunistic species that increase quickly when there is a noticeable
environmental change (Dalton et al. 2018; Bergman et al. 2020). P. brevistriata appeared
abundantly during MIS 4 and MIS 3 (Zone 2 — Zone 1), and this can be related to the
unfavorable environmental conditions to diatoms and cold temperatures of MIS 4 and the abrupt
transition from MIS 4 to MIS 3, where there were big changes in diatom assemblages in Baldwin

Lake (e.g., C. placentula and S. pinnata).

4.6.2 Reconstruction of Baldwin Lake paleohydrology in comparison to previous studies

The diatom-based reconstruction corroborated that the salinity and water depth of
Baldwin Lake decreased gradually from MIS 5 to MIS 2. One distinctive change as shown in the
diatom diagram (Figure 4-5), is there was an abrupt change in diatom composition at ca. 70,000
cal yr BP. This suggested that something important was going on in the lake. Therefore, the
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subsections of Section 4.6.2 will describe the more comprehensive environmental changes from
MIS 5 — MIS 2 and focus on Dansgaard-Oeschger (D-O) events after MIS 3 at Baldwin Lake. D-
O events are known as global warming events during the late Pleistocene (~ 11,5000 — 11,000
cal yr BP) that are inferred from oxygen, nitrogen, and argon isotopes from Greenland ice core
records (Dansgaard et al. 1993; Saha 2015).
4.6.2.1 Hydroclimatic variability in Baldwin Lake over the late Quaternary (MIS
5-MIS 2)

There were two ranges of no diatoms from the BDL12 diatom data — between 73,000 and
76,000 cal yr BP and 86,000 and 97,000 cal yr BP, and they are called no-diatom-depths in this
study. The periods apparently had an unfavorable environment for diatoms. For diatom growth,
nitrogen (N), phosphorus (P), silicon (Si) are the limiting nutrient factors (Lgvstad and
Bjarndalen 1990; Nelson and Tréguer 1992). In particular, as diatom frustules are made of silica,
Si is one of the key elements for diatoms (Kréger 2007). The no-diatom-depths are consistent
with the time periods when biogenic silica (BSi) and organic content reached minimum values as
well as when bulk inorganic values reached maximum (yellow highlighted parts in Figure 4-12).
It is when summer insolation was low (~ 465 W/m?), and winter insolation was high (~ 220
W/m?). The factors suggest that Baldwin Lake at the no-diatom-depths was nonproductive. This

perhaps represents very low summer insolation.
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Figure 4-12 No-diatom-depths from BDL12 from MIS 5 to MIS 2. The no-diatom-depths are
highlighted yellow in the figure to indicate the correspondence between geochemical, insolation,
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and diatom data. BDL12 diatom data was compared to Glover et al. (2017) and 34°N Summer

and Winter insolation data (Laskar et al. (2004)). (a) Biogenic silica (wt perc), (b) Bulk organic
content (%), (c) Bulk inorganic content (%), (d) Species richness, (e) Br:Fr ratio, (f) 34°N June
insolation (W/m?), and (g) 34°N November insolation. The data sources are Glover et al. (2017)

for (a), (b), (c), this study for (d), (e), and Laskar et al. (2004) for (f), (g).

Also, there was a big shift at around 70,000 cal yr BP where there were big changes in

diatom assemblages (Figure 4-13). Let us call it Phase 1, which is almost the same period as MIS
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5 (or Zone 3), and Phase 2 after the time period starting ~ 70,000 cal yr BP, which includes MIS
4, 3, and 2 (or Zone 2 and 1). The division of Phases 1 and 2 does not perfectly match the
division of Zones 2 and 3, and it would be because the division of Phases are based on diatom

signals, and there would be ecological inertia.

During Phase 1, the P:B ratio was high, and several planktonic diatom taxa appeared. At
that time, the lake also had large amounts of carbonate and BSi and high Mn:Ti ratios, and this
can be related to high salinity at this time. High salinity means high ionic concentration and the
composition of total dissolved solids in a lake, and it also indicates high weathering with increase
in base cation (Fritz et al. 2010; Cho et al. 2022). Moreover, the high salinity is supported by
high abundance in the brackish genus Anomoeoneis and a high Br:Fr ratio (Figure 4-131 & K).
Although the pH changes in Baldwin Lake did not show a drastic change, the lake had fairly high
pH during Phase 1. This high pH can be also related to high primary production and high
decomposition (Cho et al. 2022). Accordingly, Baldwin Lake was deep and saline during Phase

1.

The abrupt shift from Phase 1 to 2 seems closely related to the shift in insolation from
high variability with periods of very high summer insolation to dampened variability (Figure 4-
13). When it entered Phase 2, there was a sudden shift in the lake conditions mineralogically,
geochemically, and biologically. Most diatom-related indicators and geochemical indicators
were in high variability during Phase 1 and showed seasonal differences, but they showed low
variability during Phase 2. Glover et al. (2020) elucidated that Baldwin Lake underwent the most
rapid changes in lake conditions during Phase 1 due to the highest amplitude in summer
insolation, while the lake during Phase 2 experienced minimal erosions, especially during MIS 4

— 3 and became unproductive eventually in MIS 2.
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As indicated with tie-points, Mn:Ti, carbonates, BSi, organics productivity, P:B ratio,
Br:Fr ratio, and PC 1 appeared to be positively correlated with summer insolation (Figure 4-13)
during Phase 1. When June insolation was high, the indicators appeared high, and they decreased
when June insolation was low. Although it showed an offset, the genus Anomoeoneis appeared
high with some ecological inertia. During Phase 1, Baldwin Lake’s water depth was deep
because it was a newly formed lake (Glover 2016). At that time, the high variability in insolation
led to high summer temperature, and high temperature caused high evaporation, so the lake was
likely to be loaded with soluble substances. This led to high salinity in the water of the lake, and
these salinity fluctuations can be supported by the changes in the brackish diatom genus

Anomoeoneis.

After the lake entered Phase 2, most of the values became somewhat stable even though
there were little peaks or humps when the dampened summer insolation was high. This was
caused by smaller seasonal differences in insolation (Glover et al. 2020). Diatoms need sunlight
for photosynthesis; therefore, the weakened insolation gave a high impact on the abundance
(Round et al. 1990; Sarthou et al. 2005). Lower summer insolation may have also decreased lake
water temperatures and impacted diatom productivity. The species richness diminished as well
during Phase 2 (Figure 4-12). On the contrary, S. pinnata became abundant, a the taxa which can
adapt to low-light environments (Laird et al. 2010). The low-insolation-tolerant diatom taxa

replaced the previously dominant species after Phase 2.
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Figure 4-13 A large shift in insolation and the paleolimnological variables is apparent at
approximately 70,000 cal yr BP. Phase 1 (pre ~70,000 cal yr BP) in blue and Phase 2 (post ~
70,000 cal yr BP) in red. The pink dotted lines connect the geochemical and diatom reaction in
the lake when the summer insolation was high. (a) June Insolation (W/m?), (b) November
Insolation (W/m?), (c) Mn:Ti ratio, (d) Carbonates (%), (e) Biogenic silica (wt perc), (f) Bulk
organic content (%), (g) P:B ratio, (h) PCA Axis 1, (i) Br:Fr ratio, (j) Staurosirella pinnata, (k)
genus Anomoeoneis, and (I) trace element Ca. The data sources are from Laskar et al. (2004) for
(@), (b), Glover et al. (2017) for (c), (d), (e), (f), (), and this study (g), (h), (i), (j), (k).

This study starts from 108,000 cal yr BP, and the P:B ratio was very low at that time. The
period was right after a prolonged drought at ~ 110,000 cal yr BP proposed by Glover et al.
(2020) with declined pine and increased sage and sagebrush. The planktonic taxa, such as C.
dubius, S. minutulus, Fragilaria spp. began to rise after the xeric period. The Baldwin diatoms,
therefore, implied that there was a dry period, consistent with Glover et al. (2020). In the pollen
record from Glover et al. (2020), another drought was detected approximately at 70,000 cal yr
BP with low tree abundance and low pollen concentration. This period is close to the boundary
between Phase 1 and 2 (Figure 4-13) where the abundances of planktonic taxa and P:B ratio
dropped sharply. At this time, a benthic species, C. placentula, became abundant abruptly
(Figure 4-5), and this was because it is an early colonizer that is a kind of species that
dominantly inhabits the new environment (Radloff et al. 2010). The fact that the early colonizer,
C. placentula, came in and became dominant conveyed that there was an abrupt environmental

change at 70,000 cal yr BP.

4.6.2.2 D-O events at Baldwin Lake after 60 ka
D-O events normally brought abrupt warming (~ 10°C) followed by rapid cooling (Ahn
and Brook 2007; Saha 2015). These patterns were also detected in the earlier records from
Baldwin Lake (Kirby et al. 2006; Glover 2016). Glover et al. (2017) observed D-O interstadials
and indicated them in numberings on the bulk organic stratigraphy from Baldwin Lake. This is
plotted in Figure 4-14 to investigate the presence of signals of D-O events in diatom-related
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values such as PC 1, species richness, Br:Fr ratio, P:B ratio, and S. pinnata from 60,000 to

12,000 cal yr BP. Information on orbital variations is also presented and considered.

Diatom-related indicators showed fluctuations as they entered 60,000 cal yr BP when the
solar insolation was dampened for about 30,000 years from ca. 60,000 to 30,000 cal yr BP
(Figure 4-14). That would cause a very mild climate in the region. This is almost coeval with the
period of Phase 2 that was discussed earlier. Most diatom signals seemed to be relatively flat
during this period compared to amplitude prior and before. However, when the variations only
over this period are considered, there are important and apparent fluctuations in diatom indices.
Accordingly, diatom records appear to have detected some D-O interstadials (tie-points in Figure
4-14). In the figure, the red dotted lines show the connections between the observed D-O events
in Glover et al. (2017) and the diatom-related indicators in this study. The blue long dashed
dotted lines were added to show some possible climatic signals that might be related to D-O

interstadials, which was not mentioned in Glover et al. (2017).

Due to the increased temperatures driven by D-O interstadials, Baldwin Lake became
productive during the warmer D-O periods. It was not as productive as it was during the high
summer insolation MIS 5 based on the geochemical and diatom indicators, but during the D-O
events, the lake appears to have had more organic materials available in the lake, became deeper,
had more dissolved solids in water (salinity), and more varied species diversity. Particularly,
species richness and Br:Fr ratio pointed out clearly the D-O interstadials 3, 4, 5, 6, 8a, 6, 10, 14,
and 15 followings the numbers from Glover et al. (2017). However, the diatom records are in
lower temporal resolution compared to the bulk organic contents from Glover et al. (2017), so

there are some latencies or missing signals.
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The BDL12 diatom records also provide evidence of extra environmental signals that the
bulk organic content data does not capture (pink highlighted column in Figure 4-14). At the pink
highlighted period, summer and winter insolation began to be dampened. The low-light-adapted
species, S. pinnata, began to become predominant about at this period (Figure 4-14H), and it is
consistent with the period when summer and winter insolation began to experience lower
seasonal variability. Species richness showed a fairly steep decline following a peak at the
beginning of the period (Figure 4-14E). The salinity indicators, Br:Fr ratio and PC 1, were in a
declining trend as well, especially right after hitting a huge peak in the beginning of the period
(Figure 4-14D & F). P:B ratio also decreased abruptly after its peak (Figure 4-14G). All the
sudden changes in the indicators would imply lowstand conditions at Baldwin Lake with
decreasing salinity. Correspondingly, Baldwin Lake experienced abrupt environmental changes
in that water depth became shallow, and salinity decreased at that time. It is likely suggested less
evaporation rather than more precipitation because of declining species richness, salinity, and

dampened the seasonal differences in solar radiation.

Kirby et al. (2006) and Glover et al. (2017, 2020) showed that lake productivity in terms
of organic contents seemed to track insolation changes at this high-altitude lake, but also there
were clear changes in lake conditions around 60,000 and 70,000 years ago. This high variability
from the diatom-based indicators seems to match the high variability in insolation, and the
variability was very dampened after that and lasted until the Last Glacial Maximum (LGM)
began. The diatom composition changes during the period basically support the biogenic silica
record and organic content in the lake, and the diatoms elucidated what the lake conditions were.
Therefore, the regional climate of San Bernardino Mountains where Baldwin Lake is located

experienced sudden and consequential changes at ca. 60,000 and 70,000 cal yr BP. The climate
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changes impacted the regional climates and lacustrine environments and brought about abrupt

and distinctive changes in the diatom composition of the lake.

In conclusion, some of the peaks in some of the diatom measures (e.g., sSpecies richness)
seemed to correspond to the positive D-O events, but the relationship between them is not
perfect. Also, variability in the diatoms was higher during the period of D-O variability than it
was after that; most diatom indicators, such as species richness, Br:Fr ratio, P:B ratio, and PCA
Axis 1, were flattened after ~ 24,000 cal yr BP, which was when seasonal differences in
insolation began to increase. This is also correlated to the fact that Baldwin Lake was
transitioned to intermittent lake during MIS 1 (~ 14,000 cal yr BP) with low sedimentation and
desiccation (Glover et al. 2017). During that period of low insolation variability between the
summer and winter insolation, the D-O interstadials were observed clearly, and there was
variability in the lake during that time period. Once it went back to high seasonal variability after
D-O interstadials 3, the lake did not seem to have the same ups and downs and to be as quite

variable reflecting higher frequency short-term perturbations like the D-O events.
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Figure 4-14 D-O events from diatom records in Baldwin Lake from 60,000 to 12,000 cal yr BP.
The pink highlighted column indicates the period when summer and winter insolations began to
be dampened. The red dotted lines show the correspondence between the observed D-O event in
Glover et al. (2017) and this study. The blue long dashed dotted lines display some additional D-
O related interstadials that could be observed from BDL12 diatom data. (a) June Insolation
(W/m?), (b) November Insolation (W/m?), (c) Bulk organic content (%), (d) PCA Axis 1, (e)
Species richness, (f) Br:Fr ratio, (g) P:B ratio, (h) Staurosirella pinnata. The data sources are
from Laskar et al. (2004) for (a), (b), Glover et al. (2017) for (c), this study for (d), (e), (f), (g),

(h).

4.6.3 External, orbital, or oceanic forcings that drove such hydroclimatic fluctuations in
Baldwin Lake, San Bernardino Mountains

Baldwin Lake experienced an abrupt shift as it entered MIS 3 and several D-O events as
explained previously. This shift can be seen with various proxies at a global scale to explore
external, orbital, or oceanic forcings that drove such hydroclimatic fluctuations in Baldwin Lake,
SBM. Baldwin Lake’s P:B ratio, Br:Fr ratio, PCA Axis 1, species richness, and bulk organics
were plotted in Figure 4-15, and 34°N summer and winter insolation, CO2 concentration changes
that were measured in Antarctica, GISP2 §'80, eastern equatorial Pacific SSTs, and ODP1012

(at 32°N) SSTs were also provided as global-scale proxies for comparison (Figure 4-15).

During MIS 5 (Zone 1), the seasonal differences in solar insolation were large, and
Baldwin Lake had high productivity and higher biodiversity when summer insolation was high,
and vice versa. In particular, the BDL12 diatom preservation was awful when solar irradiance
was the lowest and the lake had the lowest productivity (Figure 4-15A & J), and the no-diatom-
depths with poor diatom preservation contained literally no diatoms in sediments (the missing
ranges in Figure 4-15G, H, I, & K). The reason why there were no diatoms in the samples was
probably a very cold climate due to the low summer insolation, so that the lake environment was

not very productive for diatoms as the bulk organics were also low (Figure 4-15J).
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One possible explanation for the deep but saline lake conditions is that the SBM region
had high precipitation when it had high summer insolation, and it caused deeper water depth of
the lake. In addition, Baldwin Lake basin was new regime and newly formed (Glover 2016);
therefore, the lake might have had an active regime with a lot more suspended solids and mineral
debris in solution coming into the lake from the surrounding valleys and mountains by winds
and/or runoff at that time period of high summer insolation. Moreover, it is clear that the SBM
region was under the influence of coastal SSTs (Figure 4-15F) because diatom-related indicators
were coeval with the changes of the Northeastern Pacific SSTs; the no-diatom-depths match the
time period when the Northeastern Pacific SSTs declined (Herbert et al. 2001), and species
richness, PCA Axis 1, Br:Fr and P:B ratios roughly coincide with the rise in the Northeastern
Pacific SSTs at around 100,000 and 80,000 cal yr BP. In general, Baldwin Lake may have been
deeper, but it may have had a high evaporation regime during MIS 5. However, it is quite
difficult to assert so because there were no diatoms preserved during the period of low summer

insolation.

As the variability of insolation went down as it started transitioning into MIS 4, 3, and 2,
PCA Axis 1, Br:Fr and P:B ratio, and bulk organics declined gradually and showed low
variability (Figure 4-15) with some highest values that were associated with D-O events (Figure
4-14). The declining trends were because of the lessened seasonal variability in insolation,
particularly during MIS 2 (Figure 4-15). Moreover, Br:Fr ratio went along with species richness
between 60,000 and 12,000 cal yr BP (Figure 4-14E & F). Normally, species richness declines
with cooler temperatures (Sorvari et al. 2002; McCain 2007). Consequently, Baldwin Lake

sediments definitely captured the insolation variability.
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Baldwin Lake diatoms can also be related to other global proxies (Figure 4-15). During
MIS 5, the high CO2 concentration from Antarctica and high SSTs from eastern equatorial
Pacific Ocean were contemporaneous with the high trends in diatom-related indicators. CO2
concentration in the atmosphere is closely related to climatic changes between glacial and
interglacial periods (Ahn and Hur 2014). Also, Northeastern Pacific SSTs at 32°N (ODP1012)
also suggested the temperatures off the coast of California were higher during MIS 5, and the
warmer conditions would have been more conducive to higher precipitation in California (Ji et
al. 2019; Ilbay-Yupa et al. 2021; Barlow et al. 2021). In the meantime, GISP2 §'80 had low
variability during MIS 5, and it began to increase gradually during MIS 4 and had high
variability as it entered MIS 3. The SSTs around the equator gradually decreased over time,
while the SSTs off the coast of California maintained high values with fluctuations during MIS 5
and low values until the mid of MIS 2, and they rose again afterward. As the highly fluctuations
in seasonal insolation became dampened, the oceans at the equator and near California became
cooler. The lowered insolation variability caused less seasonal difference, and this is reflected in
changes in the diatom composition at Baldwin Lake, which is supported by the lowered species
diversity index (species richness). This was caused by the decrease in organic production in the
lake and low light conditions, which were essential for diatom growth (Round et al. 1990;
Sarthou et al. 2005; Thangaraj et al. 2020). Also, the lowered SSTs from the CA coast would
cause less precipitation, which caused less runoff into the lake (Ji et al. 2019; llbay-Yupa et al.

2021; Barlow et al. 2021).

In conclusion, Baldwin Lake and the SBM region were influenced by solar irradiance
largely, and the Baldwin Lake sediments contained a good record to detect the changes in it. The

SSTs at equator and California coast also affect the diatom records at the lake.
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Figure 4-15 BDL12 diatom records (this study) and bulk organics (Glover et al. 2017)
compared to global drivers. The data used in this figure: (a) & (b) show summer and winter
insolation (W/m?) at 34°N (Laskar et al. 2004), (c) Atmospheric CO2 concentration in Antarctica
(ppm) (Ahn and Brook 2007), (d) GISP2 680 changes (%o) (Grootes and Stuiver 1997a), (e)
eastern equatorial Pacific SSTs (°C) (Dubois et al. 2011), (f) ODP1012 SSTs (°C) (Herbert et al.
2001), (9) & (h) & (i) & (k) are P:B ratio, PCA Axis 1, Br:Fr ratio, and species richness from
this study, respectively, (j) Bulk organics (%) (Glover et al. 2017).

4.7 Conclusion

The current Baldwin Lake in SBM, an ephemeral lake, has little water all year round
except in years when it has enough rain. In contrast to the stability in current years, the lake’s
dynamic in the past shifted strong, especially at around 70,000 cal yr BP when it transitioned
from the MIS 5 to MIS 4. It was a time period when solar insolation was changed from in high
variability to the dampened variability. The strong relationship between radiation variability and

the regional climate changes in SBM was recorded in Baldwin Lake sediment.

During MIS 5 (or Phase 1 in this study), diatom assemblage in Baldwin Lake reached the
maximum species diversity, evenness, and richness, and a lot of brackish species appeared. The
lake water depth was also deep to inhabitable environments for many planktonic species. This
was closely associated with high amplitudes of summer radiation and high variability of
insolation during MIS 5. There were two big gaps in depths with no diatoms at ~ 76,000 to
73,000 cal yr BP and ~ 97,000 to 86,000 cal yr BP. The no-diatom-depths were coeval with the
periods when the minimum in summer insolation. The signals were also detected in bulk

organic/inorganic contents and BSi (Glover 2016; Glover et al. 2017).

After around 70000 cal yr BP (MIS 4 — MIS 2), the insolation variability became
dampened, and it caused a lot of environmental and ecological changes in Baldwin Lake. The

diatom-related signals, such as P:B ratio, Br:Fr ratio, and PC 1, had lowered variability. These
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were consistent with the high to low variability in changes in BSi, bulk organic content, bulk
inorganic content, Mn:Ti, Ca, and carbonates during the same period (Glover et al. 2017, 2020).
It was apparent that geochemical changes within the lake were largely influential to the diatom
composition. Pollen records from Glover et al. (2020) also showed that the surrounding
vegetation of Baldwin Lake also had a big shift at ~ 70,000 cal yr BP with abundant non-arboreal
(shrubs and upland herbs) pollens and abrupt decline in Pinus and low amount of other arboreal
pollens. One of diatom species from BDL12, Staurosirella pinnata, responded this big shift
oppositely to others, and this was because the species adapted to low light conditions during the
period with the dampened insolation variability and became dominant in the lake (Laird et al.

2010).

Several D-O interstadials were also found in BDL12 diatom record between 60000 and
12000 cal yr BP, which were compared to D-O events observed by Glover et al. (2017).
According to (Glover et al. 2017), there were fourteen D-O warmings (3, 4, 5, 6, 8a, 8c, 9, 10,
11, 12, 13, 14, 15) that were detected with two potential periods (16, 17) in Bulk organic content.
The BDL12 diatom-related indicators, such as species richness, PC 1, Br:Fr ratio, P:B ratio were
matched to the warmings, and it turned out that seven warmings (3, 4, 5, 6, 8a, 10, 15) were in a
good match or correlated. These abrupt warming events brought abrupt lake conditions as well,

and it changed Baldwin Lake’s diatom composition rapidly.

The regional climate in SBM was apparently well linked to solar insolation variability and
global drivers, such as eastern equatorial SSTs and Northeastern Pacific SSTs off the coast
California, atmospheric CO2 concentration, and the 580 NGRIP of hemispheric temperature was
also in alignment with the BDL12 records. During MIS 5, Baldwin Lake had high variability in

lake level and salinity, and the lake was relatively deeper and more brackish. As it entered MIS 4
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and 3, the indicators from the lake began to have lower variability, and it became very low or
close to flat during MIS 2. The changes in the variability were synchronous with the seasonal
variability in insolation at 34°N. Baldwin Lake is considered as located in the interior of CA, but
the BDL12 diatom record provided the influences of oceanic drivers apparently on the regional
climate changes in the SBM region and Southern CA as well as orbital forcing as Glover (2016)

and Kirby et al. (2006) postulated.

Baldwin Lake contained the longest record in Southern CA. The lake was thoroughly
researched by previous studies (Kirby et al. 2006; Blazevic et al. 2009; Glover 2016; Glover et
al. 2017, 2020). This study added diatom proxy to understand better hydroclimatic related factors
in the lake, such as salinity and water depth. The BDL12 diatoms showed a good record in
explaining that the lake experienced an abrupt big change in salinity (high — low) and lake level
(deep — shallow) at around 70,000 cal yr BP. The orbital forcings were more powerful to the
regional climate than expected, and it suggests that abrupt climatic and environmental shifts

could be anticipatable in the future.
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Chapter 5 Conclusions

This dissertation studies hydroclimatic variations during the late Quaternary both in
Northern and Southern California based upon evidence from modern and fossil diatoms found in
lake sediments. The research revealed that California hydroclimate has varied appreciably at
different timescales, impacted by not only orbital/radiative forcings but also oceanic forcings.
Kelly Lake represented the Holocene hydroclimatic changes in the Klamath Mountains, Northern
California Coast Ranges, and Baldwin Lake in the San Bernardino Mountains, subalpine

Southern California showed the hydrologic variations from MIS 5 to MIS 2.

The first research question of this dissertation was to examine the applicability of diatom-
inferred lake level transfer function using multiple sediment samples from a single lake with
small size and medium water depth (Kelly Lake, ~ 4 ha, maximum water depth of 5.7 m) in
coastal Northern California where there are not many natural lakes. The diatom-inferred transfer
function methods have been mostly conducted using single sediment samples from multiple
lakes (> 50) in Canada and Europe (Reed 1998; Rosén et al. 2000; Battarbee et al. 2001; Rihland
et al. 2003; Laird et al. 2010, 2011; Gushulak et al. 2017). The relationship between diatom
assemblages and lake water depth in Kelly Lake was assessed by a depth-constrained cluster
analysis, a one-way analysis of similarity, principal component analysis, and canonical
correspondence analysis. Two transfer functions to estimate lake-water-depth based on diatoms
were developed using the Modern Analogue Technique (MAT) and Weighted Averaging Partial
Least Squares (WA-PLS). The transfer functions provided good performances with high R? and
low RMSEP values. Both models showed no tendency in residuals and proved that they were
applicable for the quantitative reconstruction of Kelly Lake water depth changes during the

Holocene.
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This study validated the general veracity and potential wider geographic and environmental
scope of the use of the single lake methodology for constructing lake-depth transfer functions.
Many parts of the world lack the glacial history of Canada or Europe and the multitude of lakes
available for traditional training-set development. Kelly Lake also provides a shallower
maximum depth, smaller size, somewhat more temperate climate regime and likely different
bedrock geology/pedology than other single-lake sites published thus far. The results highlighted
the potential of wider application of paleolimnological research techniques to reconstruct past
environments in a wider range of lakes, geographies and environments. Thus, Chapter 2 study
showed that the single-lake approach could be applied to smaller and shallower lakes than had
been the norm for those used in this approach in the past. A lake like Kelly Lake is typical of the
lakes often used in paleolimnological studies. The results provided an important empirical
example of the methodological rationale and potential wider range of lakes for using a single-
lake approach. As such, it is possible that the single-lake approach will become as, or more,
widely used than the multi-lake approach, thus opening the door for more geographically

comprehensive studies, in regions where lakes are rare.

The second research question focused on the ability to reconstruct the quantitative lake level
history in Kelly Lake using the MAT and WA-PLS transfer functions and to examine whether
the lake water depth models could perform well in reconstruction. Although both transfer
functions represented similar trends in lake level variation of Kelly Lake during the Holocene,
the WA-PLS transfer function performed better than the MAT reconstruction; the reconstructed
deepest water depth from the MAT model was low in comparison with the current lake water
depth. It was because the MAT reconstruction estimates the past lake levels by measuring the

dissimilarity between the modern and fossil samples. The dissimilarity was fairly big because the
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deepest water depth from the surface sediment samples was 5.2 m, while the actual deepest Kelly
Lake water depth was 5.7 m. Therefore, the MAT reconstruction provided shallower estimates
than it was actually likely to be. Therefore, the WA-PLS lake level reconstruction received the

greatest consideration in the reconstruction of Kelly Lake water depth history.

Kelly Lake experienced three distinctive hydroclimatic periods during the Holocene, namely
early, mid-, and late Holocene. The lake also seemed to undergo abrupt cold and dry climate
event (i.e., 8.2 ka event) during the early Holocene, with the lowest lake level of ~0.98 m. The
lake water depth recovered slowly to the previous lake level experienced prior to the 8.2 ka
event. The lake level began to fluctuate with high variability from ~ 4,500 cal yr BP, and the lake
level began to rise during the late Holocene. The lake level changes and transitions from the
early to late Holocene were associated with increasingly strong oceanic variability such as El
Nifo-Southern Oscillation signals and the global drivers of sea surface temperatures in the

Eastern Equatorial Pacific and off the coast of California.

The last research question of this dissertation was to study how the hydroclimate of Baldwin
Lake in subalpine Southern California changed over the late Quaternary (MIS 5 to MIS 2) while
mainly focusing on salinity and lake water depth, which are essential indicators of hydrologic
variations (Gasse et al. 1997; Smol and Cumming 2000; Fritz et al. 2010; Wolin and Stone 2010;
Gushulak et al. 2017). The diatom-based reconstructed salinity and lake water depth changes
suggested that the lake was highly influenced by the insolation variability. When the radiative
forcing transitioned from high variability to low variability at around 70,000 cal yr BP, the
diatom flora reflected this. At the transition Baldwin Lake experienced abrupt changes

ecologically and geochemically. The results supported what the previous studies demonstrated in
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terms of the sensitivity of Baldwin Lake to large-scale climatic forcing, particularly orbital

changes in insolation (Kirby et al. 2006; Glover 2016; Glover et al. 2017, 2020).

The natural long-term hydroclimatic variability in California, and the drivers of that
variability, is significant to understand in the current situation when abrupt droughts, deluges,
and fires are becoming increasing challenges to the state. This dissertation examined past
hydroclimatic variability at different time scales to understand this better in the long-term
context of the Holocene and the late Pleistocene. Since the 21% century has begun, hydroclimatic
abnormalities and abrupt weather extremes are becoming an increasing peril, and it is becoming
a more and more serious problem to solve, especially in this populous state. Hopefully this
dissertation contributes to understanding the context for future projections of how California’s
hydroclimate will change in light of anthropogenic global warming and natural variations.
Perhaps the most important message being the sensitivity that California climate has shown to

external radiative and oceanic drivers in the past.
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Chapter 6 Appendix

6.1 Chapter 2 Supplemental Tables and Figures

Figure 6-S1 Observed depths and Secchi depths transects from Kelly Lake. The surface samples
were collected from three transects (A, B, C): Samples # 1 - 9 were taken from Transect A,;
Samples # 10 - 26 were taken from Transect B; Samples # 33 - 40 were taken from Transect C.
Sample # 27 and 28 were taken at the margin area of the lake, and Sample # 29 and 30 were
taken in a very shallow coastal area northwest of the lake, and Sample # 31 and 32 were taken on
the moss outside of the northwest of the lake where the inlet was.

Transect A Transect B Transect C

Depths (meter)

0 5 10 15 20 25 30 35 40 45

Sample #

—@®— Secchidepth —@—Observed depth
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Figure 6-S2 Unconstrained cluster analysis. Sample depth and zonation from Fig. 4 is indicated
(yellow = shallow zone), (green = mid-depth zone), and (blue = deep=water zone).
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Figure 6-S3 Monte Carlo permutation test (999 permutations) (p<0.01).
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Table 6-S1 Sample ID, depth, Secchi depth, and diatom counts.

Sample ID Observed depth | Secchi depth | Diatom counts

KLSS2019-31 0 0 445
KLSS2019-32 0 0 438
KLSS2019-23 0.1 0.1 440
KLSS2019-25 0.1 0.1 432
KLSS2019-28 0.25 0.25 459
KLSS2019-27 0.36 0.36 447
KLSS2019-26 0.44 0.44 455
KLSS2019-30 0.49 0.49 446
KLSS2019-22 0.55 0.55 447
KLSS2019-21 0.6 0.6 441
KLSS2019-29 0.61 0.61 436
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KLSS2019-8

KLSS2019-36

KLSS2019-7

KLSS2019-35

KLSS2019-6

KLSS2019-1

KLSS2019-5

3.33

3.4

3.5

3.59

3.95

4.3

4.56

4.69

4.83

4.9

4.96

4.97

138

3.33

3.32

3.5

3.32

3.83

3.91

3.35

3.66

3.4

3.9

4.6

4.59

451

435

440

463

432

488

428

414

518

431

478

428

469

438



KLSS2019-3 4.98 4.97 436

KLSS2019-4 5.1 4.7 496

KLSS2019-2 5.2 4.9 463
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Table 6-S2 137Cs and 210Pb data for core KLGC19-2.

Sample 137Cs Activitiy ~ Total 210Pb
Interval (cm) (dpm/g) Activity (dpm/g)
0-5 2.62+0.15 38.72+1.83
5-10 7.041+0.15 24.58+1.13
10-15 4.12+0.23 11.24+1.40
15-22 0.86%0.11 8.55+1.01
22-28 0.34+0.08 5.22+0.82
28-35 0.11+0.04 0.23+0.09
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Table 6-S3 Sampling points with coordinates and water depths (observed and Secchi-disc).

Sample #

KLSS 2019-1

KLSS 2019-2

KLSS 2019-3

KLSS 2019-4

KLSS 2019-5

KLSS 2019-6

KLSS 2019-7

KLSS 2019-8

KLSS 2019-9

KLSS 2019-10

KLSS 2019-11

KLSS 2019-12

KLSS 2019-13

Secchi
Depth

(m)

4.59

4.90

4.97

4.70

451

4.60

3.40

3.35

3.83

3.32

3.33

(3.08)

3.23

(3.12)

2.98

Actual
Depth

(m)

4.96

5.20

4.98

5.10

4.97

4.90

4.69

4.30

3.95

3.59

3.33

3.23

2.98

Coord.

41°54.790° N, 123°30.998° W

41°54.789° N, 123°30.994° W

41°54.792° N, 123°30.989° W

41°54.790° N, 123°30.989° W

41°54.791° N, 123°30.986° W

41°54.789° N, 123°30.982° W

41°54.786° N, 123°30.972° W

41°54.786° N, 123°30.968° W

41°54.785’ N, 123°30.962° W

41°54.785’ N, 123°30.965° W

41°54.788’ N, 123°30.959° W

41°54.788° N, 123°30.962° W

41°54.786° N, 123°30.957° W
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Note

Many submerged

aquatic plants

Many submerged

aquatic plants



KLSS 2019-14

KLSS 2019-15

KLSS 2019-16

KLSS 2019-17

KLSS 2019-18

KLSS 2019-19

KLSS 2019-20

KLSS 2019-21

KLSS 2019-22

KLSS 2019-23

KLSS 2019-24

KLSS 2019-25

KLSS 2019-26

2.73

2.49

2.16

1.75

1.40

1.00

0.81

0.60

0.55

0.10

1.21

0.10

0.44

2.73

2.49

2.16

1.89

1.40

1.00

0.81

0.60

0.55

0.10

1.21

0.10

0.44

41°54.789° N, 123°30.960° W

41°54.782° N, 123°30.957° W

41°54.788’ N, 123°30.948° W

41°54.787° N, 123°30.946° W

41°54.785° N, 123°30.943° W

41°54.786° N, 123°30.943° W

41°54.782° N, 123°30.940° W

41°54.781° N, 123°30.939° W

41°54.790° N, 123°30.930° W

41°54.790° N, 123°30.930° W

41°54.787° N, 123°30.940° W

41°54.823° N, 123°30.929° W

41°54.825° N, 123°30.932° W
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Due to

turbulence, the

Secchi depth and

the observed
depth were

different

A lot of aquatic

plants



KLSS 2019-27  0.36 0.36  41°54.85031° N, 123°30.60239° W

KLSS 2019-28  0.25 0.25 41°54.814° N, 123°30.958° W

KLSS 2019-29 0.61 0.61 41°54.848° N, 123°31.134° W At mud polygons

KLSS 2019-30  0.49 0.49 41°54.847° N, 123°31.144° W

KLSS 2019-31  0.00 0.00 41°54.836° N, 123°31.159° W Moss area
springs, cold

water

KLSS 2019-32  0.00 0.00 41°54.836° N, 123°31.159° W Moss area with

springs

KLSS 2019-33  3.50 3.50 41°54.969’ N, 123°31.995° W

KLSS 2019-34 391 4.00 41°54.775° N, 123°31.003° W

KLSS 2019-35  3.90 4.83 41°54.785° N, 123°31.004° W

KLSS 2019-36  3.66 4.56 41°54.783° N, 123°31.003° W

KLSS 2019-37  2.20 2.20 41°54.760° N, 123°31.005° W

KLSS 2019-38  3.32 3.40 41°54.764° N, 123°31.019° W

KLSS 2019-39  1.50 1.50 41°54.762° N, 123°30.997° W

KLSS 2019-40 1.31 131 41°54.763° N, 123°30.986° W
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