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Palynological, geophysical, and geochemical proxy data from TL05-4A/B core and TL12-1B
trench localities of Tulare Lake, California provide a record of regional paleoclimate and
paleolake-levels for most of the past 19,000 years. Hydrologic balance modeling has shown
that water levels in Tulare Lake in the San Joaquin Valley are highly responsive to climatic
and hydrologic changes in the Sierra Nevada Mountains, the principal source of the discharge
that feeds the lake. Previous studies of paleolake levels on Tulare Lake sediments have
utilized magnetic susceptibility, grain size analysis, organic carbon-nitrogen (C/N) ratios,
total inorganic carbon, and total organic carbon as paleolake-level and paleoclimate
reconstruction proxies. This study contributes to previous studies on Tulare Lake with pollen
as an additional proxy. This study examines Tulare Lake sediments in two locations at 2 cm
and 10 cm intervals, from TL05 core and TL12 trench samples, respectively, for
palynological species changes. Pollen abundance per cubic centimeter of Tulare Lake
sediments is sparse compared to other lakes in the western United States, which may be
attributed to poor preservation and changes in lake geochemistry, particularly fluctuating
organic C/N ratios. Nevertheless, a change in algae and aquatic pollen reflects a shifting
lacustrine environment between brackish marsh, deep-water marsh, and shallow water marsh
and terrestrial pollen species reflect transitions between arid, humid, cool, and warm regional
climates. This study demonstrates that sediment intervals with a low C/N ratio are
accompanied by low terrestrial pollen counts and high algal counts and vice-versa as
predicted in the paleolimnological literature. Accordingly, low C/N values suggest lacustrine
environments with relatively low input of terrestrial pollen via high discharge events. Low
lake conditions are characterized by the presence of the pelagic algae Botryococcus braunii,

found in eutrophic lake conditions, while higher lakes are characterized by the presence of

vii

Pediastrum species, found in mesotrophic lake conditions. On the whole, the lake-level and
regional climate conditions indicated by the palynological analyses of this study confirm
results of previous studies based on mapping of trench exposures and geochemical and
geophysical proxy data from cores.
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Lindsey D. Medina

1. Introduction
1.1 Overview
The Tulare Lake basin is located in southern San Joaquin Valley of California, west
of the Sierra Nevada and east of the Coast Ranges. The surface elevations and volumes of
Tulare Lake varied over the past 20,000 years due to changes in regional climate and the
aggradation of the alluvial fan dam formed in the northern margin of the lake basin (Atwater
et al., 1986; Davis, 1999; Negrini et al., 2006; Blunt and Negrini, in review). The
responsiveness of lake-levels to regional climate fluctuations allows for the use of the Tulare
Lake-level history as a potential reference for understanding paleoclimate and water
resources since the last ice age in western North America. Additionally, this Tulare Lake
study, which is located in central California’s agriculturally-rich San Joaquin Valley, will
provide crucial data on past and future water resource availability within the region.
Often considered the “salad bowl” of the world, the San Joaquin Valley is home to a
multibillion-dollar agriculture industry that produces ~25% of food of the United States (Fig.
1) (Galloway, 2006). Recent droughts and California water laws have caused serious
economic and political issues from Sacramento to Washington D.C. Consequently, the
availability of freshwater is a tangible concern not only for farmers in the region, but for the
food security of the entire nation. The ability to predict future water resources is paramount
to maintaining the sustainability of agricultural practices in the San Joaquin Valleys, the

multibillion dollar agricultural economy within the region, and protecting the ability to

2

produce a quarter of the nation's food.

Figure 1. Map of the San Joaquin Valley (SJV) within the context of the state of California (Gronberg et al.,
1998). The northern SJV contains the San Joaquin Basin, while the southern SJV is considered the Tulare
Basin, where Tulare Lake is located.

1.2 Previous Work
Previous studies of Tulare Lake have developed lake-level and paleoclimatic histories
for the late Pleistocene and Holocene using geomorphology, lithologic mapping in trenches,
and various proxies in core (Atwater et al., 1986; Davis, 1999; Negrini, 2006; Blunt, 2013).

Atwater et al. (1986) proposed that the deposits of Tulare Lake provided a long-term
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indicator of the effects of Sierra Nevada glaciation. Davis (1999) created a palynological
record and subsequent paleolake-level history from Tulare Lake core to construct a record of
regional latest Quaternary climate change, determining that central California paleoclimate
reflected the conditions in the coastal ranges. Negrini et al. (2006) enhanced the resolution of
the previous studies on Tulare Lake and constrained absolute magnitudes of lake levels using
shoreline and trench stratigraphy. These results were confirmed with similar findings from
southern California lakes suggesting that Tulare Lake records regional changes in climate
rather than local climate change and/or changes in geomorphology (Kirby et al., 2012). Using
a multi-proxy approach, Blunt (2013) further expanded previous studies by Negrini et al.
(2006) and Davis (1999), with detailed lithologic descriptions, carbon geochemistry, and
micropaleontology to produce a high-resolution paleolake-level history linking Tulare Lake
and Sierra Nevada glaciation to Pacific sea surface temperatures.
1.3 Research Objective
This study will further test paleolake level records for Tulare Lake from Negrini et al.
(2006) and Blunt (2013) using pollen and geochemical records from the TL05-4A/B cores.
Pollen analysis was conducted on samples from the TL05-4A and TL05-4B cores, from
which Blunt (2013) collected samples for her geochemical and geophysical data to produce
relative paleolake level history of Tulare Lake. This investigation will also utilize a new
trench exposure (TL12-1B) from Pixley National Wildlife Preserve, Pixley, California to
produce an initial record from the eastern edge of the Tulare Basin. Palynological,
geophysical, and geochemical data collected from the TL12-1B trench contributes a record of
the most recent millennium to the existing Tulare Lake level record.

4
2. Background and Setting
2.1 Modern Climate
The San Joaquin Valley, in which Tulare Lake lies, is classified as a semi-arid
environment, characterized by low relative humidity and low levels of precipitation that is
less than the potential evapotranspiration (Köppen, 1936). Mean annual precipitation values
range from 15–23 cm/yr (6-9 in/yr) (Preston, 1981). The heaviest rainfall occurs from
January through March, while the driest months are June and July. Mean summer high
temperatures range between 37–38 °C (98 – 100 °F) and mean summer lows between 18 – 20
°C (64 – 68 °F), while mean winter temperatures range from highs of 12-13 °C (54 – 56 °F)
to lows of 0 – 2 °C (32 – 34 °F). Prevailing winds are from the northwest and west-northwest
between 5 and 25 kilometers per hour (3 – 15 mph) (Preston, 1981). Based on regional high
temperatures and low precipitation values (Atwater et al., 1986), evaporation rates of
standing water in the Tulare Lake basin exceeds precipitation by approximately 2 m/yr.
Consequently, precipitation does not significantly contribute to water volume of Tulare Lake
and confirms that the bulk of the water originates from Sierra Nevada stream runoff.
The southern Sierra Nevada part of the Tulare Lake drainage basin has cooler annual
temperatures and higher precipitation than the San Joaquin Valley. These conditions are
conducive to creating winter snowpack that sources freshwater in central California.
Summers are warm and dry, with temperatures averaging 20.4°C (68.7 °F). Winters are cool
and wet, with a mean temperature of 4.1 °C (39.4 °F). Mean annual precipitation values
range from 81 – 163 cm (32 – 64 in). Mean snowfall ranges from 182 – 402 cm (75 – 158

in). Snowfall represents from 25 – 40% of precipitation values. Over 90% of the annual
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precipitation occurs between November and May.
2.2 Geologic Setting
Tulare Lake is located in the San Joaquin Valley flanked between the Coastal Range
to the west and the Sierra Nevada mountain range to the east. Prior to 1850, Tulare Lake was
the largest freshwater lake in the continental United States west of the Great Lakes (Preston,
1981). However, agricultural diversion for water irrigation beginning in 1850 caused a rapid
decline in the size of Tulare Lake, until about 1880 when the lake was completely diverted
(Davis, 1999). As a result, the lake is currently desiccated. Four major rivers sourced from
the Sierra Nevada snowpack feed the Tulare Lake basin: Kings River, Kaweah River, Tule
River, and Kern River. Precipitation rates in the region are low, so discharge from these four
Sierra Nevada rivers controls lake level in the Tulare Lake Basin (Atwater et al, 1986;
Negrini et al, 2006).
Due to constant lake level fluctuations, vegetation near the Tulare Lake shore was
ephemeral (Atwater et al, 1986). Prior to settlement around 1770, terrestrial vegetation
surrounding Tulare Lake consisted predominantly of grassland and oak savanna (Davis,
1999). Especially abundant littoral species were Scirpus (Tule marsh) along the southern part
of the lake, and in areas on the eastern and western regions of the lake subject to fluctuating
water table and higher salt accumulation, Atriplex (saltbrush scrub) predominated (Davis,
1999).

3. Methods
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3.1 Core Acquisition and Sampling
Samples were procured from various locations within the Tulare Lake bed. One
trench, TL12-1B, was sampled in the Pixley National Wildlife Refuge located at 35.414444,
-119.414444, while two cores, TL05-4A and TL05-4B, were previously obtained from
localities (36.0066094, -119.936270) and (36.0065750, -119.9362444), respectively. These
sample and core localities represent two different depositional environments: the TL12-1B
samples are characteristic of shoreline facies, and the TL05-4A/B cores are characteristic of
deep lake facies.
3.2 Geophysical and Carbon Geochemical Analysis
3.2.1 Grain Size
A total of 67 samples taken at 2 cm intervals from the TL12-1B trench were analyzed for
grain size with the Malvern Mastersizer 2000 laser particle analyzer. Sieved samples, smaller
than 1 mm, measured at 0.5 g were prepared for the Malvern Mastersizer 2000 at least 24
hours prior to analysis using 5 ml of hexametaphosphate and 5 ml deionized water. Two
methods of grain size analysis were implemented: 1. The splitter method, by which a splitter
aliquot is used to split samples up to 1/8 of the original sample for idealized laser
obscuration; 2. The coarse grain method, by which the grains are vigorously stirred and
allowed to settle for 1 minute.
Grain size distribution provides critical information on hydrologic changes within lakes
due to regional climate fluctuations (Xiao et al., 2014; Friedman and Sanders, 1978; Lerman,
1978; Hakanson and Jansson, 1983; Talbot and Allen, 1996). For optimal grain size analysis
results, interpretations of the grain size distribution were determined per the

recommendations of Sperazza et al. (2004). Sand-sized grains indicate shallow, shoreline

7

environments, while clay-rich sediments generally indicate deeper lake environments
(Boggs, 2011; Negrini et al., 2006). The coarse grain fraction has also been used to identify
flood events with high enough discharge to send pulses of coarser grains into an otherwise
fine-grained depositional environment (Kirby et al., 2012).
3.2.2. Magnetic Susceptibility
Magnetic susceptibility has been used to correlate ages between adjacent cores from a
single locality. It is indicative of the amount magnetic minerals influx, usually from
increased levels of discharge from plutonic sources, such as the granites of the Sierra Nevada
(Rosenbaum et al., 1996). This suggests a possible direct relationship between increased
magnetic susceptibility and increased stream runoff from the Sierra Nevada. This can be
further substantiated by its correspondence with increased sand content. These can then used
as proxies to determine relative stream discharge into lakes (Kirby et al., 2012). Additionally,
magnetic susceptibility can be inversely related to increased abundance of organic and
carbonaceous sediments (Gale and Horne, 1991; Negrini et al., 2000; Blunt, 2013), primarily
due to dilution or dissolution.
A Bartington MS2 magnetic susceptibility meter was used to determine volumenormalized magnetic susceptibility measurements. Results are presented in mass normalized
magnetic susceptibility (χ).
3.2.3. Carbon Geochemistry
TIC was determined by analyzing 100 mg samples with a UIC acidifier module and
coulometer CM135. Samples were ground and dried in an oven for a minimum of 24 hours,

placed into a desiccator for a minimum of one hour, then placed into silicon capsules to be
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acidified then measured for mass of remaining CO2 (Blunt, 2013).
Splits of these samples were analyzed using a Costech 4010 Elemental Analyzer to
determine total carbon and nitrogen content. Samples weighed at 10 mg were dried using the
same method as coulometer preparation, then wrapped in tin capsules using tweezers and
spatulas. These tin capsules were then placed into the elemental analyzer for combustion to
procure total carbon and nitrogen content of each sample.
Total organic carbon (TOC) was calculated as the difference between total carbon (TC)
and TIC (Meyers and Doose, 1999). The TOC and total nitrogen (N) for each sample was
used to produce atomic C/N ratios.
Carbon/Nitrogen (C/N) ratios indicate the relative amount of terrestrial plant matter
versus aquatic plant matter. High C/N indicates more terrigenous plant matter often
associated with increased runoff (Meyers and Doose, 1999; Cohen, 2003; Kirby, 2012).
Terrestrial, vascular plants have a C/N signature of >20, lacustrine algae is typically <10, and
values between 10 and 20 indicate a mixture of algal and terrestrial plant input into the lake
(Meyers and Lallier-Verges, 1998). Total inorganic carbon (TIC) can vary significantly in
response to lake depth. Higher inorganic carbon can indicate lower lake levels while less
inorganic carbon indicates higher lake levels (Benson, 2004; Benson et al., 2011).
3.3 Palynological Analysis
3.3.1 Pollen
Samples, measured at 150 cc, were collected from trench site, TL12-1B, at 10 cm
intervals, and from TL05-4A/B cores at 2 cm intervals. Silt and clay-sized sediment was
separated from the sands using a swirl technique. The silt and clay suspension was poured

into a second beaker after the samples were swirled and the sands had settled. Clays were
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poured off after the silt and clay mixture in the second beaker was swirled, and silts were
allowed to settle. Silt-rich samples were vortexed, centrifuged, and rinsed with boiling
deionized water until remaining clay was removed. Pollen extraction was conducted using a
heavy liquid density (sodium polytungstate) separation method at specific gravity of 2.2. The
resulting pollen-rich float was washed with hot distilled water, concentrated by centrifuging
then dried with ETOH alcohol, stained with Safrinin mixed with 2000cs silicone oil, and
mounted on glass slides with cover slips. Pollen was counted at 400X using a Micromaster
microscope.
Charcoal abundance was also analyzed using the prepared pollen slides. The relationship
between vegetation, climate, and charcoal is integral to understanding climatic dynamics of
the past and future, particularly in arid, fire-prone regions such as the central California
(Beaty and Taylor, 2009; Taylor and Beaty, 2005; Beaty and Taylor, 2008). As with pollen,
the identification of charcoal abundance in lacustrine sediments can be an effective approach
to developing an understanding of the dominant forces driving environmental changes over
both long and short temporal scales (Davis, 1986; Tausch et al., 1993). Charcoal abundance
and size is used as an indicator of regional moisture: in that, extended episodes of dry
climates result in decreased fuel availability and thus in fewer fires and decreased abundance
and size in charcoal in the record, and extended episodes of wetter or fluctuating climates
result in increased abundance and size of charcoal (Wigand, 2013). Charcoal can also
indicate the proximity of fires. Nearby fires contribute larger charcoal, and smaller charcoal
can indicate more distant fires.

4. Results
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4.1 Age Control
Radiocarbon dating provided age control of the TL05-4A, TL05-4B, and TL12-1B
cores, and the results were processed and interpreted by Blunt (2013). Her results are
summarized as follows:
The minimized sum of squared residuals for exponential (r2 = 0.872; n = 14; p =
0.0001) and 2nd order polynomial (r2 = 0.952; n = 6; p = 0.0002) curves from twenty AMS
14

C dates were used to construct a two-part age model of the TL05-4A and TL05-4B cores.

Using this model, the cores are dated from approximately 1800 to 19,000 yr BP, with each 1
cm interval spanning a time interval from 11.7 – 122.6 yr/cm for an average of 42.9 yr/cm.
Sedimentation rates of the TL05-4 core have an average of 0.032 cm/yr, with rates ranging
from 0.012 – 0.086 cm/yr.
The ages on the TL12-1B trench were provided using seven AMS 14C dates: five on
Anodonta fragments, two on gastropod fossils (Jackson et al., 2014). The dates acquired from
the TL12-1B trench span 970 – 5710 cal year BP (Jackson, 2014). Almost all dates were
rejected because of inconsistent age-depth relationships. The one exception was the date
associated with an articulated Anodonta found at a depth of 20 cm. It’s age is reported at 290430 cal yr B.P. (Prosser et al, 2014)
4.2 Lithology
The stratigraphy of the first 3 consecutive drives of TL05-4A and drive 2 of TL05-4B
are summarized below from bottom (440 cm depth) to top (0 cm), as per Blunt (2013):
From 440-429 cm, sediment is pale olive fine- to medium-grained sand with clay.
The overlying unit from 429-407 cm is composed of a fining upward sequence of olive to

olive-grey silt to medium-grained sand that is likely representative of the termination of an
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alluvial fan building event at the end of the last glacial maximum (Atwater et al., 1986). A
still, relatively deep lake-level event is indicated by iron-stained, thick olive to olive-grey
clayey silts at the depth interval between 407 – 272 cm. Dark grey-brown to light olivebrown clayey silt to silty clays with gypsum and occasional iron staining comprises the
interval between 272 – 103 cm. A section of the core between 103 and 79 cm remains
unrecovered. From 79 to 64 cm, is characterized by laminated light olive-brown silty clay to
fine-grained sand. The overlying unit from 64 – 51 cm consists of dark grey-brown mottled
clay and silt containing gypsum. Dark grey-brown clay, silt, and sand fluctuate throughout
the unit between 51 – 33 cm (2050 – 1800 cal yr BP), suggesting frequent changes in lake
level during this time. The top unit from 33 – 0 cm consists of fine- to medium-grained sand
deposited by an alluvial fan from the Kettleman Hills migrating eastward onto the Tulare
Lake plain (Negrini et al., 2006).
The TL12-1B trench exposure in Pixley National Wildlife Refuge, measuring 146
cm, is divided into two stratigraphically distinct layers, separated by a sharp contact. The first
layer at the bottom of the trench exposure consists of moderately well-sorted, fine-grained
sand. A grey-brown non-oxidized sand at the base continues to a reddish-brown oxidized
sand from the lower-middle to middle of the layer. Upward in the section, the fine-grained
sand returns to a non-oxidized state and is light brown in color (grey-brown when
weathered). At the contact between the two layers at 76 cm, there is a sharp contrast between
the moderately well-sorted, light brown, fine-grained sand of the bottom layer and the
moderately sorted, very fine-grained silts of the top layer. The silty top layer is light brown in

12

color, weathers to grey, and is abundant in Anodonta test fragments. Approximately 16 cm of
disturbed silt overlays the top layer of the TL12-1B trench.
4.3 Lacustrine proxies
4.3.1 Carbon Geochemistry
C/N, TC, TIC, TOC, and N values from the TL05-4A/B core and TL12-1B trench
barely fluctuate throughout the latest Pleistocene and early Holocene. During the interval of
~19 – 6 cal kyr BP values of C/N are generally <10, N < 0.25%, TOC <2%, while TIC is
nearly indiscernible. All proxies fluctuate with greater amplitude during the latter part of the
Holocene (Fig. 2).
Geochemical data collected from the TL12-1B trench (Fig. 3) are described with
respect to depth, as age controls are uncertain from this locality. TC, TIC, and TOC, and C/N
generally increase upward in the trench exposure, while N and magnetic susceptibility are
generally decreasing up the trench. TC exhibits a gradual increase upward in the section
beginning with negligible values and rising to ~2%. TIC values also show a dramatic
increase between 1.2 and 1 m, followed by a decrease at 0.9 m and a subsequent gradual
increase in TIC values up the trench. TOC values are low until approximately halfway up the
trench exposure, then begin to oscillate between high and low values. However, the overall
trend is of increasing magnitude from the middle to top of the trench, although they never
reach more than 1%. Nitrogen values decrease upward in the trench exposure. This is
reflected somewhat in the C/N values, which are low until the upper-middle of the trench,
then increase in magnitude for the remainder of the trench length. Grain size decreases and
C/N spikes at a depth of ~7 cm, likely indicative of a flood event in the lake basin.
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Figure 2. Carbon geochemistry and geophysical data of TL05-4A/B core from 0 – 20 kyr BP. A) Total carbon, B) Total inorganic carbon by mass percent,
C) total inorganic carbon by mass percent, D) total nitrogen by mass percent, E) carbon/nitrogen ratio, F) mean bulk grain size, G) mean coarse grain
size, H) clay percent, I) silt percent, J) sand percent, K) magnetic susceptibility. All data are from Blunt (2013) but data from a-c and e are improved by
replacement of incorrect TIC data due to equipment malfunction discovered after publication of Blunt (2013).
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Figure 3. Geochemical data for TL12-1B: a) total carbon by weight percent b) total inorganic carbon by weight percent c) total organic carbon by weight
percent d) nitrogen content by weight percent e) molar organic carbon-nitrogen ratio.

4.3.2 Pollen
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Regional vegetation may be reconstructed from the pollen grains produced by both
local and more distant vegetation (Faegri et al., 1989). Pollen can be preserved over long
periods of time in lake sediment. These types of plants represented by the pollen within a
lake or marsh record are predominantly constrained by regional moisture, which affects the
distribution of local vegetation (Wigand, 2013; Bradley, 1999; Jacobson and Bradshaw,
1981). The relationship between types of plant pollen and levels of moisture due to climatic
influence allow for pollen to be used as an effective paleoclimate indicator, especially when
used in conjunction with other paleoenvironmental proxies.
Pollen data are only available for Tulare Lake during the Holocene in this study, and
are a conglomeration of data acquired from the TL05-4A and TL05-4B cores by previous
Tulare Lake studies by Blunt (2013), Blunt and Negrini (in review), and this study. All pollen
data recovered from the TL12-1B trench exposure are from this study.
Pollen preservation in the Tulare Lake cores is poor in most samples, with pollen
counts generally under 100 per sample. Ideally a palynological study should have a minimum
of 300 or more pollen grains per sample, however due to poor pollen preservation in the
Tulare Lake samples this was not feasible (Nguyen et al., 2013). Such poor preservation is
likely due to periods of lake sediment desiccation and ensuing pollen grain degradation
(Davis, 2002).
Pollen from the TL05-4A core has fluctuated between terrestrial to aquatic species’
dominance and pelagic algae abundance since 9,000 cal yr BP. The algae Botryococcus
braunii is abundant from 8,000–7,000 cal yr BP together with high values of terrestrial pollen
(particularly Pinus and Artemisia). Botryococcus decreases after 8,000 cal yr BP until it

disappears at 7,800 cal yr BP, while the proportion of littoral to terrestrial pollen remains
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relatively low. Between 7,200 and 6,500 cal yr BP, Botryococcus increases sharply, the low
littoral-terrestrial pollen ratio persists, and Pediastrum sp. become present. Botryococcus
increases further until peaking at 6,700 cal yr BP, Pediastrum sp.in this interval remains
almost imperceptible, and the littoral-terrestrial pollen ratio slightly increases. After 6,700 cal
yr BP, the Botryococcus decreases until it becomes nonexistent. In the interval from 6,500–
5,500 cal yr BP Botryococcus remains absent, the littoral-terrestrial pollen ratio decreases,
and Pediastrum sp. peaks at 5,500 cal yr BP. Botryococcus appears from 5,500–5,100 cal yr
BP, Pediastrum sp. decreases, and the littoral-terrestrial pollen ratio increases. Between
5,100 and 3,900 cal yr BP Botryococcus decreases to zero, the littoral-terrestrial pollen ratio
decreases until 4,200 cal yr BP, then increases until 4,000 cal yr BP. From 3,900 to 2,500 cal
yr BP, Botryococcus increases slightly, littoral-terrestrial pollen decreases, and Pediastrum is
nonexistent. In the interval between 2,000 and 1,800 cal yr BP, Pediastrum and Botryococcus
increase, littoral-terrestrial pollen ratio increases.
Pollen from the TL12-1B trench is, again, presented by depth, as only the very top of
the section is well dated. Botryococcus is dominant, minimal littoral pollen and Pinus are
present from 150–130 cm depth. Pinus decreases to zero, while other arboreal species
dominate and littoral pollen and Pediastrum sp. increase in the interval between 130 and 105
cm. From 105 to 85 cm depth, nearly all arboreal pollen species decrease, however Pinus and
Botryococcus slightly increase, and Pediastrum and littoral pollen decrease. Pinus continues
to increase, while all littoral pollen and pelagic algae decrease to imperceptible amounts
between 85 and 70 cm. Pinus decreases to nearly zero, while shrub, grass, littoral, and algal
species increase throughout the 70–30 cm depth interval. From 40–16 cm, Pinus, arboreal,
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and littoral species increase, shrub and grass species disappear, and pelagic algae gradually
decrease to nearly zero.
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Figure 4. Relative pollen percentage diagram of palynomorphs from Tulare Lake cores TL05-4A/B. Total pollen count is presented as a raw count.
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Figure 5. Relative pollen percentage diagram of palynomorphs from Tulare Lake trench TL12-1B. Total pollen count is presented as a raw count.

4.3.3 Charcoal
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Charcoal was analyzed in TL12-1B samples taken at 10 cm intervals (Fig. 6).
However they were not analyzed in the TL05-4 cores due to the great abundance of oxidized
organic matter. Charcoal was absent from the bottom of the trench profile (146 cm) to
approximately 126 cm. Charcoal was rare at 116 cm, and dominated by the size category <25
µm (~62.5% of the sample), the 25 and 50 µm size category had ~33.3%, indicating that the
charcoal probably originated from a distant large-scale fire. Charcoal in the size range 25 –
50 µm dominates (~73.6%) at the 106 cm depth interval. At the 96 cm interval, charcoal
sizes <25 µm is ~56.1 %, 25-50 µm is ~35.3%, >50 µm is ~8.6%. Zero charcoal is found
between the 86 and 76 cm depth intervals. At the 66 cm depth interval, ~77.5% of the
charcoal is sized at <25 µm. The <25 µm charcoal size remains dominant in the 56 cm
interval (53.9%), with 26.9% in the 25-50 µm size interval, and 19.0% in the >50 µm. The
interval at the 46 cm depth is devoid of charcoal of any size. A distal fire source is evident at
the 36 and 26 cm depth intervals, with the <25 µm sized charcoal dominant at 60.2% and
53.9%, respectively. Charcoal is not present above the 26 cm interval.
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Figure 6. Charcoal percentages from TL12-1B trench pollen samples. Charcoal is distributed by three size
categories, <25 µm, 25-50 µm, >50 µm, to determine relative proximity to paleofires during dry
paleoclimates. A) <25 µm indicates a distant fire source, in which the charcoal likely was transported long
distances via floods, rivers, or wind. B)25-50 µm indicates a medial distance from the fire source. C) >50
µm indicates a fire within close proximity or within the lake basin. The exception would be if there were
many large-scale regional fires with the winds blowing from the east, in which case abundant larger
charcoal would be expected to appear in the record.

4.3.4 Grain Size
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All grain size results from TL05-4A and TL05-4B cores were previously determined
by Blunt (2013) and Blunt and Negrini (in review). These data were divided into 6 zones by
Blunt and Negrini (in review) based upon changes in sand/silt/clay percentages over the last
19 kyr. Zones 1 and 2 span from 19-14.5 cal kyr and are divided by a transition at 18 cal kyr
from a sand-dominated sediment to a silt-dominated sediment lasting until 14.5 cal kyr BP.
Zone 3, spanning from 14.5-10.3 cal kyr BP, is characterized by a sediment composition of
roughly equivalent silt and clay with nearly zero sand content. Zone 4, as described by Blunt
and Negrini (in review), is defined by a brief sand layer that transitions to into a claydominated sediment, in which the clay gradually decreases while silt increases slightly. A
gradual transition to increasing clay content occurs throughout Zone 5 from 7.5-3.0 cal kyr
BP. Zone 6 undergoes rapid, high amplitude fluctuations in sand/silt/clay composition for the
duration of interval from 2.5-1.8 cal kyr BP.
Mean grain size fluctuations in the TL12-1B core between 16 to 146 cm indicate
highly variable lake-levels (Fig. 3f). High amplitude bulk grain fraction exists from 146 to
130 cm depth indicating relatively shallow lake-levels. Higher lake-levels are implied by a
low mean bulk grain fraction from 130 to 100 cm depth. A return to a high amplitude bulk
grain fraction occurs at 98 cm with a decreasing trend until 75 cm indicating a deepening
lake, with 2 rapidly occurring low amplitude mean bulk grain size fractions at 90 cm and 82
cm; this entire interval is interpreted as a lake deepening event, which is validated by the
subsequent deep lake event present from 75-53.5 cm depth indicated by low amplitude mean
bulk grain size values. An increase in grain size from 49 – 19 cm indicates shallowing of
Tulare Lake. The remaining interval is comprised of low amplitude values of mean bulk

grain size that may indicate a flooding event in the Tulare Lake basin and subsequent

23

deepening of the lake.

4.3.5 Magnetic Susceptibility
Measurements of magnetic susceptibility from the TL05-4A/B cores are results from
Blunt (2013) (Fig. 2) and are generally higher in the Pleistocene and decrease to be lower in
the Holocene (Blunt, 2013).
Magnetic susceptibility from the TL12-1B trench exposure (Fig. 3) is generally high
(>2 gm-1 ) from 1.44 m to approximately 1.2 m, which an overall decreasing trend towards
the 1.2 m interval. The trend continues to decrease slightly from 1.2 m to the top of the
trench at .16 m, which values remaining <1.5 gm-1 and reaching as low as 0.56.
5. Discussion
5.1 Lake-level history of Tulare Lake
5.1.1 Late Pleistocene – 19,000 to ~11,000 cal yr BP
The Late Pleistocene period is characterized begins with a shallow lake with
moderately high runoff from Sierran stream discharge followed by a transition to a deeper
lake environment, which lasts through the remainder of the latest Pleistocene. The shallow
lake event is inferred by the high sand content with low silt and clay content from 18,800 to
18,100 cal yr BP along with low TIC and C/N values. A pulse in higher sand content occurs
along with an increase in C/N from 18600 to 18400 cal yr BP indicates an increase in stream
runoff from glacial outwash into the Tulare Lake basin (Blunt and Negrini, in rev.). A sharp
transition to a fresh, silt dominated lake occurs at 18,100 cal yr BP. Clay content increases
steadily until 14,000 cal yr BP and remains roughly constant from 14,000-11,000 cal yr BP.

24

This is supplemented with C/N values higher than 10 and low (<0.5) TIC values, indicating
that this was also a period of high Sierran stream runoff into the lake. These above
observations are the conclusions of Blunt (2013), but supported by the results of this study,
which includes improved TIC, TOC, and C/N data.
5.1.2 Holocene-~11,000 to 1,800 cal yr BP
Tulare Lake throughout the Holocene experiences higher amplitude and frequency
variations in both carbon geochemistry and lithology relative to the late Pleistocene, which
coincides with fluctuations in Pinus and pelagic algae in the pollen record. Tulare Lake
remains relatively deep until 7600 cal yr BP, at which point pelagic algae diminishes to
nearly zero and sediments coarsen slightly from clay-dominant to silt-dominant, while sand
content remains constant. Botryococcus appears from 7300-6500 cal yr BP which is

accompanied by high occurrence of Pinus (50-90%) and TIC values begin a steady increase
from <0.25 to >3.5 from 7600 to 4100 cal yr BP, indicating a shallowing of Tulare Lake.
This trend is supported by the absence of grass species and general decreasing trend of astertype pollen, which indicates a decrease in local moisture levels due to decreasing lake-levels
from waning stream runoff. Although the clay content continues to increase after 4100 cal yr
BP, other paleoclimate data such as high TIC, low C/N and magnetic susceptibility, and
occurrences of Pinus and Botryococcus (Fig. 7) suggest that, overall, Tulare Lake does not
attain extremely high levels in this interval. Very low pollen counts in the interval from
5,500-4,500 cal yr BP indicate that palynological results from this time interval should not be
weighted too heavily.
Paleolake-levels fluctuate greatly between 2500 – 1800 cal yr BP. From 2,500 to
2,400 cal yr BP, the lake remained relatively deep due to wet conditions, as indicated by low
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Pinus (probably reflecting greater local pollen production), low sand content, high clay and
silt content, and low TIC content (Fig. 7). A rapid shallowing event after 2,400 cal yr BP is

indicated by a sharp coarsening of grain size and an increase in TIC accompanied by a spike
in the algae Botryococcus. Grain size returns to roughly equal proportions of sand, silt, and
clay ~2,300 cal yr BP, after which grain size fines significantly, TIC returns to low values,
the C/N ratio decreases due to an increase in N indicating a lake deepening event lasting until
~2,000 cal yr BP. However, at this time, Pinus pollen values gradually decrease, as Grass
and Aster-type plants flourish under a late spring to early summer rainfall patter, this
suggests that there is a shift in the season of rainfall season to late spring and early summer.
This would explain both a deeper lake due to both spring and summer precipitation, but also
due to reduced evaporation, as a result of increased cloudiness. Pinus, which thrives in a
winter-dominated, but not a late spring or summer rainfall regime would decrease during this
period. There is evidence in the Ballona Estuary pollen record of this brief, but significant
shift to late spring and early summer rainfall (Wigand, 2007, 2013, 2014). From 2,000 to
1,900 cal yr BP, grain sizes fine then coarsen and C/N increases dramatically, indicating
rapid fluctuations from a deep lake to a shallow lake and changes in the influx of stream
runoff, which is analogous to sand percentages, C/N values, and a transition from Pediastrum
to Botryococcus. From 1,900 cal yr BP to the top of the core at 1,800 cal yr BP, the lake is at
a moderate level – neither deep nor shallow – as indicated by roughly equal grain size
distribution, C/N levels ~10 and TIC between 1.5 and 1. The slightly increasing trend of sand
content during this interval may indicate that runoff from the Sierras was increasing around
1,800 cal yr BP.
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Figure 7. Geochemical, geophysical, and palynological data from the Westside Tulare Lake core TL05-4A/B. Clay content is a reliable indicator of paleolake-levels, where
high clay % indicates a deep lake event and low clay % indicates a shallow lake event. High C/N and magnetic susceptibility are interpreted as high runoff. High total
inorganic carbon is indicative of low lake levels. The presence of Pinus indicates wet environmental conditions. Dotted lines indicate mark transitions in lake-level and

climate.
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5.1.3 Holocene – Most recent
Data from the westside Tulare Lake TL12-1B trench exposure (Fig. 8) provide a
relative paleolake-level history presented vs trench depth. There are seven distinct paleolakelevel transitions interpreted by the geophysical, geochemical, and palynological indicators
from TL12-1B trench. From 146 – 120 cm existed a period of a deep lake with lowering lake
level and relatively dry paleoenvironmental conditions based on moderately high bulk grain
size and a low Pediastrum/Botryococcus ratio. Small grain size, high TIC, and a large spike
in Pediastrum/Botryococcus ratio indicate that a distinct freshwater, low lake-level event
occurs at 120 cm until a sharp transition to deep lake conditions at 92 cm. The duration of
this deep lake event is brief, followed quickly by lower lake levels accompanied with the
presence of Botryococcus, which indicates a tendency towards brackish water conditions
during this time interval. From 92-82 cm depth, larger grain size and very low
Pediastrum/Botryococcus ratio indicate lake level decreases while becoming more brackish.
The interval from 82-46 cm depth is characterized by a sharp increase in clay content and an
increasing Pediastrum/Botryococcus ratio, indicating rapid transition to a deep lake with
moderately freshwater conditions. This period is followed by a gradual decrease in lake level
and brackish water conditions from 46-31 cm depth, based on large grain size, low
Pediastrum/Botryococcus, and high TIC. The interval from 31-20 cm experienced an
increase in lake-levels and fresh water conditions, as indicated by decreasing grain size and a
high Pediastrum/Botryococcus ratio. A flood event is interpreted at ~15 cm based on a sharp
decrease in grain size and increase in C/N (Fig. 8).
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Figure 8. Geochemical, geophysical, and palynological data from the eastside Tulare Lake trench exposure TL12-1B. High C/N and magnetic susceptibility
is interpreted as high runoff. High total inorganic carbon is indicative of low lake levels. A large presence of Pinus indicates drier environmental conditions.
High Pediastrum/Botryococcus ratio indicates freshwater. The presence of Botryococcus braunii indicates brackish water. The high amplitude of
carbon/nitrogen (C/N) at ~ 7 cm likely indicates a lake flooding event. Dotted lines indicate mark transitions in lake-level and climate.
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5.2 Comparison with Other Tulare Lake Records
Despite poor preservation, the palynological data from this study generally support
paleolake-level and paleoenvironmental conditions of Tulare Lake during the Holocene
established by Davis (1999), Negrini et al. (2006), and Blunt (2013). The early Holocene
(11,500 – 7,800 cal yr BP) is considered a drying period by Davis (1999), during which
Tulare Lake-level decreases. However, Negrini et al. (2006), Blunt (2013), and this study
interpret two deep lake events based upon clay content, carbon geochemistry, trench mapped
lithology, and Pediastrum/Botryococcus algal ratio at ~10,000 cal yr BP and from 9,500 –
8,000 cal yr BP. Tulare Lake during the middle Holocene (7,800 – 4,500 cal yr BP) is
characterized as a lowstand event by Davis (1999), but as a series of highstand events by this
study, Negrini et al. (2006), Blunt (2013). These deep lake levels occurred at ~6,500 and
~5,800 cal yr BP, followed by low lake levels from ~5,800 – 4,500 cal yr BP (Fig. 7). Davis
(1999), Negrini et al. (2006), and Blunt (2013) characterize the interval between 3,900 –
2,600 ca yr BP as high lake-levels that are progressively deepening, which is replicated by
this study’s geochemical, geophysical, and palynological results (Fig. 7). Davis and Negrini
et al. interpret lower lake-level from ~2,500 – 1,000 cal yr BP, while this study interprets low
lake-level from ~2,500 – 2,300 cal yr BP followed by higher lake conditions from 2,300 –
1,800 cal yr BP (Fig. 7). Lake-levels, as inferred from the TL12-1B trench, fluctuate from
~1,200 – 300 cal yr BP but because this site is located at a high elevation, any sediment at
this site is consistent with a deepening trend presented by the Negrini et al. study during this
time.

5.3 Comparison with Global Records
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5.3.1 Pacific Sea Surface Temperatures
A significant result of particular relevance to this thesis is reported by Blunt (2013)
and Blunt and Negrini (in review). Clay content tracks Pacific sea surface temperatures
(SSTs) from the ODP 1017 core located off of the Central Californian coast (Fig. 9). Two
distinct proxies are used to provide SST data: alkenone-based SST data from 20,000-0 cal yr
BP (Seki et al., 2002). An increase in stream runoff from the Sierra Nevada from ~19,000 –
14,000 cal yr BP is interpreted from increasing Tulare Lake clay content at this interval. This
trend is reflected in increasing SSTs of alkenone based records during this time interval. Clay
content and SSTs remain relatively steady from ~14,000-10,000 cal yr BP, indicating steady
levels of temperature, precipitation, and lake depth. Trends during the mid-Holocene show a
decrease in clay content and slight decrease in SSTs, which suggest decreased Sierran runoff
resulting from a dry period. The late Holocene (~4,000 – 300 cal yr BP) experiences rapid
fluctuations in precipitation, shown by oscillating clay content, but generally indicates wet
paleoclimatic conditions. These fluctuating conditions are reflected in the alkenone SST
record during the late Holocene (Seki et al., 2002; Blunt, 2013). On the whole, fluctuations
within the Tulare Lake clay record varies in tandem with fluctuations in Pacific SSTs,
suggesting that the Sierra stream discharge and Tulare Lake level are likely driven by the sea
surface temperature of the Pacific Ocean.
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Figure 9. Comparison of Tulare Lake clay content with Pacific sea surface temperatures (SSTs). A) Clay
content from Blunt (2013) corrected with additional data from this study B) Pacific SSTs from ODP 1017:
Alkenone SST is in blue (Seki et al., 2002; Blunt, 2013).

5.3.2 El Niño – Southern Oscillation Events

The climatic responses to El Niño – Southern Oscillation (ENSO) within California
are region-specific (Brunelle and Anderson, 2003). The wettest years of the Sierra Nevada
occur contemporaneously with ENSO years (Schonher and Nicholson, 1989). Generally, the
onset of high amplitude ENSOs is synchronous with increased moisture, which is reflected in
the geochemistry, lithology, and pollen record from this study (Anderson and Smith, 1997;
Markgraf and Diaz, 2000).
The frequency of ENSO events displays both millennial and smaller-scale variability
that may be captured in lacustrine records such as that of Tulare Lake (Clement and Cane,
1999; Clement et al., 2000; Moy et al., 2002). Moy et al. (2002) identify ENSO events using
a time series event model that depicts the quantity of events during a 100-yr interval required
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to produce ENSO-band variance. Overall, in the interval of overlap between data from this
study and ENSO events from Moy et al. (2002) (Fig. 10), there does not appear to be a

correspondence between lake-level as defined by clay and ENSO frequency. There may be a
correspondence at specific events, for example, an event of abrupt low lake-level suggested
by clay content dropping as low as 20 percent in the interval from 5,300-5,000 cal yr BP.
Low lake-level and low Pinus during this interval may correspond to an abrupt increase in
ENSO events occurring at 5,200 yr BP. Such occurrences of low Pinus are likely due to low
preservation of pollen in sandy, desiccated lake sediments (Davis, 2002). This interval is the
only location in the record where a significant large amplitude spike in ENSO frequency
from Moy et al. (2002) can be compared to data from this study. Other spikes in ENSO
frequency either happen after the Tulare Lake record ends, or during the significant gap in
the record from 3,000-2,500 cal yr BP. A study by Kirby et al. (2012) suggests that an abrupt
increase in grain size is related to increasing frequency of storm events. These data from
Tulare Lake, though limited in scope, support this assertion.
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Figure 10. A) Clay content from this record over the past 10,000 years, B) Carbon/Nitrogen ratio over
the past 10,000 years, C) Pinus record over the past ~9,000 yrs , presented as percentage of total pollen
D) Record of El Niño/Southern Oscillation (ENSO) frequency over the past 10,000 years from Ecuadorian
lake Laguna Pallcacocha (Moy et al., 2002, Loubere et al., 2013). The ENSO band represents the minimum
number of events in a 100-year window needed to produce ENSO-band variance (~5). One major event
shown in

6. Conclusions
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This study tested existing paleolake-level records by Davis (1999), Negrini et al.
(2006), and Blunt (2013) from the latest Pleistocene and Holocene. Studies by Negrini
(2006) and Blunt (2013) suggest wet, deep lake conditions in the early Holocene, dry, low
lake-level conditions during the mid-Holocene, and wet, deep lake conditions through the
late-Holocene, which are supported by this study. Fluctuations in Tulare Lake level may be
to be linked to global scale climatic processes, such as Pacific sea surface temperatures and
an ENSO frequency extreme at 5300-5000 yr BP. Tulare Lake levels appear to be controlled
by Pacific sea surface temperatures averaged on a decadal to centennial scale. In contrast,
Tulare Lake levels are anomalously low during the aforementioned interval of high ENSO
frequency.
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Appendix A
Pollen Count Sheet

Locality ___________________________

Date counted _______________

Sample # ___________________________

Sample size _________________

Rows counted _______________________

Batch # ______________

Core # ____________________________

Counter ____________________

Sample extracted by __________________

Number of tracers ____________

Terrestrial Pollen
Pinus

undifferentiated

_____

Dip pine

_____

Hap pine
1/3 pine
2/3 pine

Abies (fir)

Picea (spruce)

Number of tracer tablets _______

Microscope type ________
Algae

_____

Pediastrum boryanum

_____

P. integrum ____________________

P. b. longicorne ________________

_____
_____

___________

P. simplex _____________________
_____

P. duplex _____________________

Botyococcus brauni _____________

Juniperus (juniper)

_____

Hi Spine Composites

_____

Aquatic Pollen

_____

Typha monad __________________

Artemisia

Lo Spine Composites
Poaceae

Chenopodiaceae
Sarcobatus

Unknown ______________

_____

Tetradron _____________________

Lycopodium recovered _________

_____

Typha tetrad ___________________

_____

Cyperaceae ____________________

_____

Unidentifiable _________________

Organic/Charcoal/Iron pyrite 0 1 2 3 4 5

Potemogeton/Triglochin _________
Myriophyllum _________________

Ceratophyllum leaf hairs _________
Particle size C F
Co-ordinates x______ y_____
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