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Abstract Lake Elsinore is the largest natural
lake in Southern California. As such, the lake
provides a unique opportunity to investigate
terrestrial climate on timescales otherwise under-
represented in the region’s terrestrial environ-
ment. In November 2003, three ~10 m drill cores
were extracted from the depocenter region of
Lake Elsinore. These drill cores, spanning the past
9,500-11,200 calendar years, represent the first
complete Holocene record of terrestrial climate
from Southern California. In this paper, we focus
on two adjacent, depocenter cores (LEGC03-2
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and LEGCO03-3), which have been correlated to
develop a single composite core. Twenty-two
AMS 'C dates on bulk organic matter and one
cross-correlated exotic pollen age constitute the
composite core’s age control. Several methods of
analysis, including mass magnetic susceptibility,
% total organic matter, % total carbonate, %
HCl-extractable Al, and total inorganic P are used
to infer climate for the past 9,500 calendar years in
Southern California. Together, these data indicate
a wet early Holocene followed by a long-term
drying trend. Recent lake-level reconstructions
from Owens Lake and Tulare Lake support our
contention for a wetter-than-today early Holocene.
Lacustrine sediments from the Mojave Desert also
support our conclusions. We suggest that over the
duration of the Holocene changing summer/
winter insolation alters the region’s long-term
hydrologic balance through its modulation of
atmospheric circulation and its associated storm
tracks. Minimum early Holocene winter insolation
and maximum summer insolation act together to
increase the region’s total annual precipitation by
increasing the frequency of winter storms as well
as enhancing the magnitude and spatial extent of
the North American monsoon, the frequency of
land-falling tropical cyclones in Southern California,
and regional convective storms, respectively.
Gradual decreases in summer insolation and
increases in winter insolation produce the opposite
effect with maximum drying in the late Holocene.
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Introduction

Southern California is highly sensitive to climate
variability (Inman and Jenkins 1999; Wilkinson
et al. 2002; Beuhler 2003; Miller and Strem 2003).
Predictions of future climate change in a global
warming world indicate that larger-than-present
amplitude variability will characterize the climate
system (IPCC 2001). This shift in the dominant
scale of climate variability includes more severe
floods and droughts (IPCC 2001; Beuhler 2003).
To properly assess present and future climate
variability in Southern California, the reconstruc-
tion and interpretation of a baseline of past
climate variability under different climate states
and forcings is essential. It should be noted that in
this paper, the term Southern California is used to
represent the highly populated coastal region
south of Santa Barbara to the Mexican border
and east, including the Transverse and Peninsular
Ranges.

Historical records of climate variability in
Southern California have been maintained for
less than 150 years, too short a period to provide
a robust understanding of the forcing mechanisms
and dynamics of multi-scale (e.g. multi-decadal-
to-centennial scale) climate variability. This inter-
val is also too short to provide a robust, frequency
distribution analysis of extreme climate-related
events, such as large storms and severe droughts.
In turn, the prehistoric record (>150 years) of
climate variability in Southern California is
sparsely documented, and limited to Mission
diaries, tree-ring studies, some palynology, and
low-resolution lake studies (Lynch 1931; Heusser
1978; Meko and Boggess 1980; Rowntree 1985;
Davis 1992; Enzel et al. 1992; Filippelli and Souch
1999; Cole and Wahl 2000; Filippelli et al. 2000;
Biondi et al. 2001; D’Arrigo et al. 2001; Byrne
et al. 2003; Kirby et al. 2004, 2005, 2006; Gervais
2006; Bird and Kirby 2006).

The high-resolution marine records from Santa
Barbara Basin (SBB) are the most complete
Holocene records for the region (e.g. Heusser
1978; Pisias 1978; Friddell et al. 2003; Kennett
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2005). It remains unclear, however, how the
ocean’s response to climate change transfers to
the terrestrial realm. For example, how does a
2°C change in sea surface temperature off the
coast the Southern California relate to the
region’s terrestrial climate? This dearth of com-
plete, high-resolution, terrestrial, Holocene
records from Southern California has limited
scientists’ ability to evaluate and compare existing
records of Holocene climate variability in western
North America (e.g. Tulare Lake, Owens Lake,
and Pyramid Lake) to Southern California. Con-
sequently, there are many unresolved questions
concerning the causal mechanisms driving Holo-
cene climate in western North America and how
climate is manifest in terms of development,
variability, and spatial-temporal patterns.

In Southern California there is a relatively
untapped resource for documenting both histori-
cal and pre-historical/geological patterns of cli-
mate variability—lakes (Davis 1992; Filippelli and
Souch 1999; Cole and Wahl 2000; Filippelli et al.
2000; Kirby et al. 2004, 2005, 2006; Bird and Kirby
2006). Lakes have the capacity to record climate
information over a wide range of spatial and
temporal scales; therefore, lakes provide an excel-
lent archive for documenting multi-scale climate
variability (e.g. Kelts and Talbot 1990; Drum-
mond et al. 1995; Benson et al. 1996; Anderson
et al. 1997; Teranes and McKenzie 2001; Kirby
et al. 2002a, b; Rosenmeier et al. 2002).

As part of an on-going investigation of past
climate variability in Southern California, there
are several lakes under study from a variety of
environments (i.e. elevations, sizes, drainage
basins). For this part of the research project, we
focus on Lake FElsinore, a natural lake located
120 km southeast of downtown Los Angeles and
present results from two recently acquired drill
cores from the lake’s depocenter (Figs. 1, 2). This
paper’s objectives are threefold: (1) to present the
initial drill core results from Lake Elsinore in the
context of the composite core and its chronology;
(2) to present the initial sedimentological analy-
ses including mass magnetic susceptibility, %
total organic matter, % total carbonate, % HCI-
extractable Al, and total inorganic phosphorus;
and, (3) to interpret these data in the context of
orbital-scale Holocene climate change.
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Fig. 1 Regional map
view of study site.

NA = North America;
PO = Pacific Ocean;

LE = Lake Elsinore;
CA = California;

NV = Nevada;

OL = Owens Lake;

TL = Tulare Lake;

SL = Silver Lake;

SJM = San Joaquin
Marsh; Dashed line with
arrows show location of
TR = Transverse Range
and PR = Peninsular
Range, which delimit the
boundaries of Southern
California as discussed
in the text

Fig. 2 Study site map
with relevant cores. Deep
basin floor was 5 m below
2003 surface of ~376 m
above sea level. Cores
LESS02-5, 8, and 10 are
the littoral cores discussed
in Kirby et al. (2004,
2005). Inset photo shows
Elsinore Mountains
looking southwest

from the lake center
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Background

Relationship between Lake Elsinore
and regional climate

Precipitation variability in present-day Southern
California is dominated by the winter season
(defined here as December-February) (Lynch
1931; Redmond and Koch 1991). In Southern
California, the amount of precipitation is related
to the average position of the winter season polar
front, which responds to changes in the position
of the eastern Pacific subtropical high. Histori-
cally, dry winters in Southern California are
associated with a strong high-pressure ridge off
the western coast of the United States, which
steers storms over the northwestern United
States. Wet winters are linked to a weakening of
the subtropical high, causing the storm track to
shift southward (Pyke 1972; Cayan and Roads
1984; Lau 1988; Schonher and Nicholson 1989;
Redmond and Koch 1991). In turn, the large-scale
atmospheric patterns that control the average
position of the polar front are modulated by
Pacific Ocean sea-surface conditions (Namias and
Cayan 1981; Douglas et al. 1983; Latif and
Barnett 1994; Trenberth and Hurrell 1994; Cayan
et al. 1998; Dettinger et al. 1998). Interannual
precipitation variability over Southern California
is also linked with El Nino-Southern Oscillation
(ENSO hereafter; El Nifio = higher ppt. in South-
ern CA and vice versa in northern CA) and inter-
decadal precipitation variability to the Pacific
Decadal Oscillation (PDO hereafter; +PDO sim-
ilar to El Nifo effects) (e.g. Schonher and
Nicholson 1989; Redmond and Koch 1991; Biondi
et al. 2001; Mantua and Hare 2002).

Kirby et al. (2004) examined the relationship
between historic lake levels at Lake Elsinore and
regional winter precipitation. The analysis indi-
cates a strong positive correlation between total
winter precipitation for Los Angeles/San Diego/
Lake Elsinore and Lake FElsinore lake level for
the historic record (Fig.3). A comparison
between PDO and lake-level also shows
a positive relationship, which indicates that
large-scale ocean—atmosphere interactions are
recorded at our study site (Fig.3). Together,
these analyses suggest that Lake Elsinore
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responds to a broad range of spatial and
temporal hydrologic forcings.

Under present conditions, the contribution of
summer—fall precipitation to Southern California
is considered small (Tubbs 1972; Tang and Reiter
1984; Douglas et al. 1993; Adams and Comrie
1997). Although summer precipitation is rare, the
effects can be severe, resulting in floods, land-
slides, and lightning produced forest fires (Tubbs
1972). Generally, summer precipitation is pro-
duced by either an expansion of the North
American monsoon, which enhances local atmo-
spheric convection and its associated thunder-
storms, or waning tropical cyclones (Tubbs 1972).
In fact, there have been 39 years with measurable
precipitation attributed to waning tropical
cyclones in Southern California between 1900
and 1997 AD (Williams 2005).

Lake Elsinore as a study site

Lake Elsinore, located 120 km SE of Los Ange-
les, California, is the largest of only a few natural,
permanent lakes in Southern California (Figs. 1,
2). Known to the Pai-ah-che Indians as Etengvo
Wumoma—or Hot Springs by the Little Sea—
Lake Elsinore has long been a site of human
occupation (Hudson 1978). In fact, Grenda (1997)
found evidence for continuous human activity
along the shores of Lake Elsinore for the entire
time frame studied—8,400 years.

Lake Elsinore is a structural depression formed
within a graben along the Elsinore fault (Mann
1956; Hull 1990). Geologically, Lake Elsinore is
surrounded by a combination of predominantly
igneous and metamorphic rocks (Engel 1959; Hull
1990). Lake FElsinore is constrained along its
southern edge by the steep, deeply incised
Elsinore Mountains that rise to more than
1,000 m. The Elsinore Mountains likely provide
a local sediment source particularly during
extreme precipitation events (Fig. 2; Kirby et al.
2004). Two exploratory wells have been drilled at
the east end of the lake to 542 and 549 m,
respectively, with sediment described as mostly
fine-grained (Anonymous 1979; Damiata and Lee
1986). Gravimetric studies indicate that the Elsi-
nore trough may extend to greater than 900 m
depth (Hull 1990).
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Lake Elsinore has a relatively small drainage
basin (<1,240 km?) from which the San Jacinto
River flows (semi-annually) into and terminates
within the lake’s basin (Fig. 2) (USGS 1998;
Kirby et al. 2004). Lake Elsinore has overflowed
to the northwest through Walker Canyon very
rarely, only three times in the 20th century and 20
times since 1769 AD based on Mission Diaries
(Lynch 1931; USGS Lake level Data). Each
overflow event lasted less than several weeks
demonstrating that Lake Elsinore is essentially a
closed-basin lake system (Lynch 1931; USGS
Lake level Data). Conversely, Lake Elsinore has
dried completely on only four occasions since
1769 AD (Lynch 1931; USGS Lake level Data).

During this period of historical observation, the
deepest parts of the lake remain wet mud while
the remaining areas desiccated (Hudson 1978;
Lake Elsinore Historical Society per. com. and
pictorial archives). Consistent with the historical
observations, cores extracted from the deepest
part of the profundal zone show no evidence for
sediment hiatuses during the documented twen-
tieth century low stands (Kirby et al. 2004).
Sedimentologically, lake desiccation events may
be characterized by periods of slow or no depo-
sition, but limited, if any, sediment removal
within the deepest basin.

Limnologically, Lake Elsinore is a shallow,
polymictic lake (13 m maximum depth based on
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historic records) (Anderson 2001). A recent study
by Anderson (2001) indicates that the hypolimnion
is subject to short periods (i.e. days to weeks) of
anoxia. Frequent mixing of oxygen rich epilimnion
waters into the hypolimnion precludes permanent,
sustained anoxia, at least during the period of
observation. Water loss to evaporation is >1.4 m/
year; consequently, water residence time in Lake
Elsinore is projected to be short at all times and
shorter during drought periods (Mann 1947; USGS
1998; Anderson 2001). Sediment trap studies also
indicate that CaCOj; is produced within the water
column, likely linked to photosynthetic uptake of
CO, by phytoplankton (Anderson 2001). SEM
analyses of lake sediment show distinct micron
sized CaCO; grains dispersed throughout the
sediment (Anderson 2001).

Methods
Sediment analyses

Three sediment cores (LEGC03-2 [949 cm],
LEGC03-3 [1074 cm], and LEGC03-4 [994 cm])
were recovered using a barge-mounted, split-
spoon corer operated by Gregg Drilling Company
(Fig. 2; Table 1). Core LEG03-2, composed of 13
sequential segments (Fig. 1), recovered sediments
to a depth of 949 cm below lake bottom with 76 %
recovery; core LEG03-3, composed of 15 sequen-
tial segments (Fig. 1), recovered sediments to a
depth of 1,074 cm with 85% recovery. Core
LEGO03-4 is not discussed in this paper. Cores
LEGC03-2 and LEGCO03-3 were taken from
within 200 m horizontal distance from one
another in the lake’s present day deepest basin
(Fig. 2). Our assumption regarding sediment gaps
is that all core drives using the hollow-stemmed
auger drill core were to the measured depth. Any

Table 1 Core information (water depth as of November
2003)

Core ID Water Latitude Longitude Core
depth length
(m) (cm)

LEGC03-2 5.0
LEGC03-3 4.9
LEGC03-4 40

N33°40.330 W117°21.186 949
N33°40.395 W117°21.250 1,074
N33°40.044 W117°21.848 994

@ Springer

“missing’’ core sections were subtracted from the
top of core’s individual drive and assumed a
product of over-auguring between drives. Simi-
larly, any “re-worked” sediment at the core top
was assumed a product of drilling and was not
used for sediment analysis. Lastly, each segment
was split in the laboratory, digitally photo-
graphed, and archived in cold storage at the
Cal-State Fullerton Paleoclimatology Laboratory.

For mass magnetic susceptibility, samples were
extracted from LEGO03-2 and -3 at 1.0 cm inter-
vals (n = 1,693). The samples were placed in pre-
weighed 8 cm® plastic cubes. Mass magnetic
susceptibility was measured twice on each sample
with the y-axis rotated 180° once per analysis. All
samples were analyzed using a Bartington MS2
Magnetic Susceptibility instrument at 0.465 kHz.
Measurements were made to the 0.1 decimal
place and reported as mass magnetic susceptibil-
ity in SI units (x10”7 m? kg™).

Total organic matter (%TOM) and total car-
bonate (%TC) were determined by loss-on-igni-
tion at 550 and 950°C for 2 h each, respectively
(Dean 1974; Heiri et al. 2001). Samples were
extracted from cores LEGC03-2 and LEGC03-3
at 1.0 cm intervals (n = 1,693). As shown by Dean
(1974), three to four percent total weight loss
after 950°C may be a function of clay de-watering.
Consequently, we interpret values less than three
to four percent as essentially zero percent total
carbonate.

Percent HCl-extractable Al (%Al) and total
inorganic phosphorous (IP) were measured on
samples from core LEGC03-3 at 10 cm intervals,
except for depths of 0.7-1.4 m, where sediment
was collected at 3 cm intervals. Total inorganic P
was extracted from separate (unashed) samples of
known dry-weight with 1 M HCI for 24 h (Aspila
et al. 1976). Dissolved P in the extracts was
quantified on an Alpkem autoanalyzer. 1 M HCI-
extractable Al was also measured on the IP
extracts using a Perkin-Elmer Optima 3000 DV
ICP-OES.

Composite core
Cores LEGO03-2 and LEG03-3 were correlated to

create a composite core in the following a
similar procedure as that used by the Ocean
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Drilling Program (e.g. McGuire and Acton
2003). First, eight distinctive and correlative
stratigraphic horizons from the two cores were
identified based on inspection of the digital color
photographs. Next, a plot was made of each core
segment at the same stratigraphic scale to
compare the digital color photograph, mass
magnetic susceptibility, total organic matter,
and total carbonate. Using these plots and the
eight distinctive correlative horizons as starting
points, the two cores were separately correlated
in detail using the core segment plots. Core
LEGO03-3 was used as the master core because it
is longer and contains a higher recovery per-
centage. Core LEG03-2 was correlated to core
LEGO03-3 by noting LEG03-2 depths and equiv-
alent LEGO03-3 depths. Finally, the individual
correlations were compared and minor discrep-
ancies resolved. In most cases, the majority of
variability in one core segment could be corre-
lated to a single core segment from the replicate
core. The initial correlations for each core
segment generally were not pushed to the very
upper and lower edges of the segment because
of concern that coring artifacts might bias the
segment-boundaries data.

Age control

In the absence of salvageable macro- or micro-
organic matter, bulk organic matter was used for
AMS 'C dating. Samples were pre-treated with
an acid wash to remove carbonate. Eight dates
were obtained on core LEGC03-2 and 18 dates
were obtained on core LEGCO03-3. All dates were
measured at the University of California, Irvine
Keck AMS Facility. The age model for the past
200 years is based on a combination of exotic
pollen stratigraphy, '*’Cs, and elemental lead
(Kirby et al. 2004).

Results
Core descriptions
Sediment descriptions are based on visual esti-

mates of sand, silt, and clay (Fig. 4). Color
changes and other notable sedimentological

features are also noted. Core descriptions show
the depth of dating analyses. Both cores are
characterized by dominantly clay sediments. The
cores contain infrequent, but visible CaCOj;
nodules between 750 cm and the core bottom.
Thin (<2 cm) silt horizons are present in the
lower half of both cores. Core LEGCO03-2 con-
tains dispersed faint laminae between 700 cm and
250 cm. A distinct color change occurs in core
LEGCO03-2 and LEGCO03-3 between 695 cm and
690 cm and 715 cm and 610 cm, respectively. In
core LEGCO03-3, rounded mud clasts(?) occur at
670 cm. Both cores are also characterized by
sediment with secondary features such as mud
cracks(?) and distinct bioturbation(?) in the
upper 350 cm of core LEGCO03-2 and the upper
250 cm of core LEGCO03-3.

Mass magnetic susceptibility, total organic
matter, and total carbonate

Mass magnetic susceptibility values per depth for
cores LEGCO03-2 and -3 show very similar
decreasing trends from the core bottom to the
core top (Figs.5, 6). The highest and most
variable values are near the core bottom for both
cores. Both cores also show occasional spikes
in magnetic susceptibility, some of which are
associated with silt-rich layers.

Total organic matter for both cores LEGCO03-
2 and LEGCO03-3 show similar weak increasing
trends from the core bottom to the core top
(Figs. 5, 6). In addition to this trend, there is
also an abrupt increase in the average %TOM
values at 400 and 350 cm in cores LEGCO03-2
and LEGCO03-3, respectively. This abrupt in-
crease in %TOM is also characterized by an
increase in the amplitude of variability. Core
LEGC 03-3 also shows evidence for an abrupt
increase in %TOM at 850 cm. This change is
not seen in core LEGC03-2 due to its shorter
total length. We also note that there is a strong,
positive logarithmic relationship between mag-
netic susceptibility and %TOM for both cores
(Fig. 7).

Total carbonate for both cores LEGCO03-2 and
LEGCO03-3 show similar increasing trends from
the core bottom to the core top (Figs. 5, 6). In
addition to this trend, there is also an abrupt
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Fig. 4 Core LEGC03-2
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increase in the average values and the amplitude
of variability at 530 and 570 cm in cores LEGCO03-
2 and LEGCO03-3, respectively. We note, how-
ever, that the several sections of missing data (i.e.
sediment) in core LEGCO03-2 preclude the abso-
lute depth identification of this increase. There is
a moderately strong, positive logarithmic rela-
tionship between magnetic susceptibility and
%TC for both cores (r = 0.55 avg. for cores 2
and 3; figure not shown). Lastly, there is a weak,
positive linear relationship between %TOM and
%TC (r = 0.35 avg. for cores 2 and 3; figure not
shown).
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complex sediment
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Total inorganic phosphorus and aluminum
(core LEGCO03-3 only)

Total inorganic P (as defined by Aspila et al.
1976) averaged 779 + 95 mg/kg through the en-
tire LEGCO03-3 core, or 86% of the total P in the
sediments (Fig. 6). Total inorganic P is somewhat
higher in the lower portion of the core than in the
upper section. The greatest variability occurs
between the core bottom and 450 cm. From
450 cm to 150 cm, the amplitude of variability
decreases until the modern anthropogenic zone,
which begins at 150 cm where the data are
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Fig. 5 Core LEGC03-2 () Y P S I 0
raw sediment data. From <
. : =  LEGC03-2 |
left to right: mass =
magnetic susceptibility; '
total organic matter; and, [
total carbonate 200 { zone of 200 -
ﬁ\'" human
= disturbance
-“i.'_: |
B S
400 - <. - 400
‘é“ e
=2 i g =
E < =
o =8 1 E r
600 o Lo600- L 600 -
= i = —
‘5_. = ——a __'_____.==_
800 = 800 — —— o800 T ——
o _ —
= ——— L =
e = e
ey o | =
— _F | =
1ODQ - 1000 1000 - NN TR S T W—
005115225 6 8 10 12 14 16 425 8.5 12.75 17
CHI (x1 U'ijkg'l) Total Organic Matter (%) Total Carbonate (%)
Fig. 6 Core LEGC03-3 Al (%)
raw sediment data. From 0608 1 121416
left to right: mass 0L .gt‘ I-E(.;(jn;‘_s... | R I N 0 { | 0 LR R neaa tan 0
magnetic susceptibility; = | | 4-_._5__—_—__ =
total organic matter, total = / o -
carbonate, % HCl- 00+ = gndor 200 —— 200 200 -, - 200
extractable Al; and, total { b .
inorganic phosphorus = I
400 = 400 | 400 — -~ 400
"E == ( = i
£ 600 ol 600 600 i 600
800 ‘:—‘_‘— | so0  F=_ 800 800 . os00
E —— = —
-3 2 I el
1000 N = 1000 .‘;f; 1000 1000 — 1~ 1000
f!”(‘l:ﬁmi””l:s 2. 2" [ 3 IU I.E. .I-l .lG E‘] . 5 Iﬂ .I.ﬁ. .2.11 GO0 1[‘5(‘] S® 900 1000
CHI (x107m'ke™") Total Organic Matter (%) Total Carbonate (%) IP (mg/kg)
characterized by large amplitude, high frequency characterized by a relatively smooth sinusoidal
variability (Fig. 6). The HCl-extractable Al aver- curve returning to lower values at 700 cm (Fig. 6).
ages 1.07% for the entire core (Fig. 6). The From 700 cm to 150 cm, %Al remains low with
highest pre-anthropogenic Al values occur near relatively subdued variability until concentrations
the core bottom to a peak at 1,030 cm (Fig. 6). increase dramatically in the anthropogenic zone,
From 1,030 cm to 700 cm, the Al data are a time period that includes construction of the
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One of this paper’s objectives is to present the
initial drill core results in the context of the
composite core and its chronology. To accomplish
this objective, we focused on the two cores
extracted from the same deep basin—LEGC03-2
and -3 (Fig. 2). Our interpretation is that these
two cores should contain similar sedimentologies
assuming that the deep basin records whole lake
process signals. Through the correlation of these
cores, a single composite record is constructed in
order to maximize the total length of sediment
recovered for analysis.

The grey regions in Fig. 8 show the initial
section correlations between cores LEGC03-2 and
-3. White regions simply indicate intervals where
no serious attempt was made to initially correlate
the cores. The initial depth/depth correlation
between cores LEGO03-2 and LEGO03-3 yields a
r-values of 0.99, which indicates a constant pro-
portion between sedimentation rates (Fig. 9).

@ Springer

Fig. 8 Schematic illustrating the adjusted depth-depth
correlation between LEGC03-2 and LEGC03-3. See text
for more details

During the correlation process, it was apparent
that ~10 cm errors could be made in the exact
depth of each cored interval. Also, when sedi-
ment recovery in a segment was less than the
interval cored, there was some uncertainty in
exactly where the recovered sediment occurred
within the cored interval. The correlations shown
in Fig. 8 permitted us to revise slightly the
stratigraphic depths of selected core segments to
correct some of these errors. The logic used was
that the two cores have almost identical sediment
accumulation rates and thus the thickness of
distinguishable intervals in one core should be
comparable in the other core. For example, the
gap between the base of correlations (grey interval)
in segment 3-D1 (core LEG03-3 segment 1) and
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Fig. 9 Scatter diagram showing the tie-points using
sediment description, mass magnetic susceptibility, total
organic matter, and total carbonate for LEGC03-2 and
LEGCO03-3

the top of correlations in 3-D2 is 10 cm (Fig. 12).
But, the gap between the equivalent base of
correlations in 2-D1 and the top of correlations in
2-D2 is 15 cm (Fig. 8). There is a physical gap
between segments 2-D1 and 2-D2 that would
permit 2-D2 (and all core segments below it) to
be raised by 5 cm (arrow with ‘5’ in Fig. 8). This
change would make the gap between correlative
horizons in the two cores the same, 10 cm. As
another example, the gap between the base of
correlative horizons in 3-D3 and the top of
correlative horizons in 3-D4 is 30 cm (Fig. 8).
The gap between the same correlative horizons in
2-D3 and 2-D4 is 21 cm (Fig. 8). If 2-D4, and all
core segments below it, are lowered by 9 cm
(arrow and ‘9’ in Fig. 8), then the gaps between
the correlative horizons become the same thick-
ness. In this way, the seven intervals indicated by
arrows in Fig. 8 were revised. The overall effect
of this stratigraphic revision was to shorten core
LEGO03-2 by 17 cm and core LEG03-3 by 25 cm.
The effect of the revision is to make the cores
appear even more similar in their overall sedi-
ment accumulation rates. The revised strati-
graphic depths in core LEGO03-3 and the
equivalent revised depths based on correlation
of core LEG03-2 to core LEG03-3 were used for
all further analysis; this new composite core is

Table 2 Gaps in the composite Lake Elsinore record
(core LEGO03-3 revised depth scale)

GAP no. Sediment interval Data interval

1 0-6.5 cm (6.5) 0-8.5 cm (8.5)

2 147-153 cm (6) 141.9-153.1 cm (11.2)
3 481-491 cm (10) 480.5-493.5 cm (13.0)
4 552-568.5 cm (16.5)  551.5-569.5 cm (18.0)
5 636-637 cm (1) 634.5-637.5 cm (3.0)
6 694-704 cm (10) 693.5-706.5 (13.0)

7 836-843 cm (7) 835.5-843.8 cm (8.3)
8 907-934 cm (27) 906.5-934.5 cm (28.0)
9 978-981 cm (3) 977.5-981.5 cm (4.0)

hereafter referred to as composite core LEGCO03.
All data were averaged per depth between the
two original cores when applicable; where sedi-
ment exists for one core only, the data for that
core’s depth was used for the composite core. All
final data, except IP and Al content, were
smoothed with a 5-point running average for
plotting (Table 2).

Age control

A total of 22 AMS '*C dates and one cross-
correlated pollen date from Kirby et al. (2004)
were used in calculating an age model for
composite core LEGCO03 (Table 3; Fig. 10). All
dates were converted to calendar years before
present (hereafter cy BP) using CALIB 4.2.2
(Stuiver et al. 1998). Two dates were discarded
based on their position relative to a known pollen
age, correlated from core LESS02-11 to LEGCO03-
2 and LEGCO03-3 using sediment descriptions,
magnetic susceptibility, total organic matter, and
total carbonate (see Kirby et al. 2004); two
additional dates were also discarded because of
their low 513C(organic mattery Values, which sug-
gested a re-worked origin. Dates not used in the
calculation of the age model are also shown in
Fig. 4 and Table 3. As shown by Kirby et al.
(2004) surface sediments from the lake’s deepest
basin provide a modern date; as a result, we do
not consider our bulk sediment organic carbon
dates to be affected significantly by old carbon.
Precaution, however, was taken not to select
sediment for dating from intervals interpreted as
low stands to avoid obtaining false ages via
obvious reworked older carbon (Kirby et al.
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Table 3 Radiocarbon analyses® not used in age model

Number Core ID  Depth Composite  UCIAMS  4C (%) "CAGE = Calendar 2-Sigma
interval depth (cm) ID (BP) Years BP?  range

1 LEGO03-2  298-299 299.5 8260 -17.8 2,290 20 2,330 2,307-2,348
2 LEGO03-2  405-406 396.5 6832 -21.0 2,075 25 2,060 1,987-2,123
3 LEGO03-2  405-406 396.5 6695 -14.2 2,060 35 2,030 1,932-2,122
4 LEGO03-2 432-433 421.93 8261 -16.2 2,915 25 3,020 2,957-3,081
5 LEGO03-2 556-557 533.79 8262 -15.2 4,385 30 4,930 4,864-4,996
6 LEGO03-2 624-625 614.17 6833 -15.8 4,605 25 5420 5,396-5,449
7 LEGO03-2 850-851 818.69 6834 -14.4 6,825 30 7,650 7,606-7,697
8 LEGO03-2  947-948 899 6835 -17.7 7,350 30 8,160 8,106-8,196
9* LEGO03-3  105-106 105.5 8263 -20.7 860 25 740 694-794
10* LEGO03-3 162-163 173.5 8264 -20.4 650 20 580 559-602

11 LEGO03-3  195-196 206.5 8265 -17.9 1,180 20 1,110 1,055-1,171
12 LEGO03-3  264-265 275.5 8266 -17.5 1,115 25 1,010 962-1,062
13 LEGO03-3  324-325 325.5 8267 -18.4 2,270 30 2,220 2,179-2,265
14 LEGO03-3  395-396 370.5 8268 -20.3 2,610 20 2,750 2,734-2,774
15 LEGO03-3  469-470 444.5 8270 -17.6 3,160 25 3,400 3,341-3,453
16 LEGO03-3  536-537 5115 8271 -19.2 3,125 20 3,350 3,321-3,385
17° LEGO03-3 610-611 585.5 8272 -16.1 5,160 30 5,920 5,888-5,950
18 LEGO03-3  635-636 610.5 8274 -18.4 4,955 30 5,670 5,609-5,735
19 LEGO03-3  683-684 658.5 8275 -18.1 4,945 30 5,670 5,606-5,728
20 LEGO03-3 713-714 688.5 8277 -17.6 6,025 35 6,850 6,745-6,949
21 LEGO03-3  759-760 734.5 8278 -17.3 5,820 30 6,610 6,532-6,679
22 LEGO03-3  800-801 775.5 8279 -18.1 5,540 40 6,340 6,279-6,407
23 LEGO03-3  924-925 899.5 8280 -19.4 7,910 50 8,700 8,595-8,813
24? LEGO03-3  986-987 961.5 8283 -14.9 8,465 40 9,500 9,464-9,532
25 LEGO03-3 1048-1049 1023.5 8284 -17.0 8,225 40 9,180 9,057-9,301
26 LEGO03-3 1071-1072  1046.5 8286 -18.0 7,965 40 8,850 8,695-8,999

? Calib 4.2.2 Stuiver et al. (1998)

0- |
' Zone of Human Disturbance

Composite Core LEGCO03 Depth (cm)

1200 L+« o L0 Lo b b ]
0 2000 4000 6000 8000 1 10°
Age (cy BP)

Fig. 10 Age model for composite core LEGCO03. Age
model for the past 200 calendar years is from Kirby et al.
(2004)
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2004; Smoot and Benson 2004). Even with careful
sampling, it is apparent that some reworking of
older material occurs in the lake basin as shown
by the occasional age reversals (Fig. 4).

The purpose of an age model is to assign an
absolute date to each depth of analysis. In turn,
the data are compared to age directly. For this
research we chose to use a single “‘best-fit”’ line to
create an age model. The breadth of scatter
(Fig. 10) is large enough to preclude a more
precise point-by-point linear fit. For our age
model, a simple linear fit is used (r = 0.98). A
pollen age cross-correlated from LESS02-11 (see
Kirby et al. 2004) provides the upper boundary
to our age model at 200 + 20 cy BP at 161 cm in
composite core LEGC03. The best-fit line over-
estimates the pollen age by 153 years. To accom-
modate this over-estimation, 153 years were
subtracted to each date in the age model starting
after the 200 cy BP age-depth. Furthermore, we
recognize the temporal limitations of our age
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Fig. 11 Comparison illustrating centimeter scale mass
magnetic susceptibility data for composite core LEGC03
and corrected depths for LEGCO03-2 and LEGCO03-3
between 0 cm and 350 cm

model due to the scatter of the ages and possible
occurrence of sediment hiatuses or slow deposi-
tion during low lake levels. As a result, we feel
that our proxy data using this age model are, at
best, resolving multi-decadal-to-centennial scale
variability. The centimeter scale cross-correlation
supports this contention that the sediments truly
record high-resolution, multi-decadal-to-centennial
scale event stratigraphy (Fig. 11). Figure 11 shows
an example of the centimeter-scale, cross-core
correlation using magnetic susceptibility between
0 cm and 350 cm; a similar level of centimeter
scale, cross-correlation exists for the intervals
350-950 cm (data not shown). Although not
shown, both total organic matter and total
carbonate show similar centimeter scale cross-
correlations. This centimeter-scale coherency
adds confidence to our interpretation that the
composite core LEGCO03 records fine-scale event
stratigraphy when transferred to the age model.

Discussion

Proxy interpretations

For this research, a combination of a six sedi-
ment-based proxies are used to infer climate

change. These proxies include sediment descrip-
tion, mass magnetic susceptibility, % total organic
matter, % total carbonate, % HCl-extractable Al,
and total inorganic P.

Sediment lithology is a commonly used and
powerful descriptive proxy for interpreting cli-
mate change from lake sediments (e.g. Hardie
et al. 1978; Plummer and Gostin 1981; Rosen
1991; Smoot 1991; Hovorka 1997; Last and Vance
1997; Smoot and Benson 1998; Negrini et al.
2006). Similar to the latter papers, we interpret
mud cracks as direct evidence for desiccation.
Intervals of complex sediment structures includ-
ing possible mud cracks, rotational features asso-
ciated with drying/wetting, burrows and/or
distinct bioturbation are also interpreted as evi-
dence for low lake levels and/or possible desicca-
tion. Massive sediment with no evidence for
subaerial exposure is interpreted as evidence for
deeper lake levels. Thin silt layers are interpreted
as rapid depositional features associated with
storms events.

Magnetic susceptibility is a measure of the
amount of magnetic minerals in a sediment
sample (Thompson et al. 1975; Gale and Hoare
1991). As a climate proxy, magnetic susceptibility
of lake sediments can reflect a variety of pro-
cesses, which are often related to variations in
sediment source (Baker et al. 2001; Armour et al.
2002; Jenkins et al. 2002) and/or changes in
sediment flux (Cioppa and Kodama 2003; Brown
et al. 2002; Seltzer et al. 2002). Under certain
chemical conditions, post-depositional processes
confound the primary magnetic signal. These
processes can either enhance or suppress the
original magnetic signal (Hilton and Lishman
1985; Reynolds and King 1995; Tarduno 1995;
Reynolds et al. 1999; Geiss et al. 2004; Peck et al.
2004). For this paper, we suggest that magnetic
susceptibility is a proxy for relative lake level or
climate wetness, similar to Kirby et al. (2004).
Kirby et al. (2004) explain the positive relation-
ship between lake level and magnetic susceptibil-
ity through changes in the flux of magnetic
detritus in response to changing precipitation
amounts. In support of this hypothesis, Inman and
Jenkins (1999) show a strong positive relationship
between climate wetness and river sediment flux
over the 20th century. This observation between
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high (low) magnetic susceptibility and high (low)
lake level has been previously noted; however,
the underlying mechanism relating the two vari-
ables may vary from basin to basin (Benson et al.
1998; Negrini et al. 2000). Alternatively, simple
dilution by organics and carbonates may also play
an important role in determining the magnetic
susceptibility of the lake sediments. There is a
strong inverse relationship between total organic
matter and magnetic susceptibility; the same
relationship is true for total carbonate and mag-
netic susceptibility (Fig. 7). Higher productivity
and carbonate production during lower, or low-
ering, lake levels may dilute the magnetic suscep-
tibility signal. The magnetic susceptibility signal
may also reflect enhanced dissolution or diagen-
esis under reducing conditions caused by higher
organic matter rather than changes in sediment
run-off. Regardless of the above scenario, the net
effect—either through a change in sediment flux,
dilution, or dissolution—is to change magnetic
susceptibility in the same direction (i.e., wet (dry)
climate = higher (lower) magnetic susceptibili-
ties). As a result, magnetic susceptibility is inter-
preted as a proxy for relative climate wetness/lake
level.

Total organic matter through loss-on-ignition
at 550°C is an easily analyzed and insightful
measurement for lake paleoclimate studies (Dean
1974; Heiri et al. 2001). In lake systems, total
organic matter reflects a combination of autoch-
thonous and allochthonous sources. Allochtho-
nous organic matter derives from terrestrial
organic matter, which is eroded into the lake
basin. The total contribution of allochthonous
organic matter is controlled by several factors
including drainage basin flora, regional climate,
and basin topography (Meyers and Ishiwatari
1993). In most lakes, except for extremely oligo-
trophic lakes, the autochthonous source domi-
nates (Dean and Gorham 1998). Autochthonous
organic matter derives from in situ lake produc-
tivity of various types (Meyers and Ishiwatari
1993). The amount of autochthonous organic
matter in lake systems is often related to water
temperature, water column turbidity, and/or
nutrient availability (Dean 1981; Benson et al.
1998; Willemse and Tornqvist 1999; Kirby et al.
2005). CN data from Anderson (2001) show that
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autochthonous lake organic matter constitutes
the primary source of organic matter in Lake
Elsinore. Furthermore, Anderson (2001) has
shown that internal nutrient loading dominates
nutrient availability and thus productivity levels
in modern Lake Elsinore. Anderson (2001) con-
cludes that lower lake levels enhance the effect of
both wind-driven resuspension and bioturbation,
both of which enhance internal nutrient loading
and lake productivity. Using this modern lake
study, we interpret total organic matter as a proxy
for lake level change over the Holocene. In other
words, lower (higher) lake levels produce higher
(lower) total organic matter through a combina-
tion of enhanced internal nutrient loading
through wind-driven resuspension and/or biotur-
bation in the shallow to moderate lake regions.

Total carbonate determined through loss-on-
ignition at 950°C is also an easily analyzed and
insightful measurement for lake paleoclimate
studies (Dean 1974; Heiri et al. 2001). Sediment
carbonate in lake systems is produced within the
lake through a variety of possible processes
(Thompson et al. 1997; Mullins 1998; Hodell
et al. 1998; Benson et al. 2002; Kirby et al. 2002b).
Because there is no significant local source of
detrital carbonate within Lake Elsinore’s drain-
age basin, it is assumed that the carbonate in the
lake’s sediment is entirely autochthonous (Engel
1959); although, the influence of wind-blown
carbonate dust cannot be ruled out at this point
(Reheis and Kihl 1995). In addition, we cannot
rule out mixing of waters with different source
areas as a cause of changes in the relative
saturation of lake waters with respect to calcium
carbonate. In the modern lake system, Anderson
(2001) has shown that carbonate precipitates
directly within the water column in response to
CO, drawdown by phytoplankton. There is also a
strong seasonal contrast in carbonate precipita-
tion that indicates a temperature role. Further-
more, hydrologic models by Anderson (2001)
show that carbonate precipitation will increase as
lake-levels decrease in response to saturation of
the water column with respect to calcium and
carbonate. Similar to the total organic matter, we
interpret total carbonate as a proxy for relative
lake level (i.e., high (low) carbonate = low (high)
lake levels).



J Paleolimnol (2007) 38:395-417

409

Two additional sediment analyses, % HCI-
extractable Al and total inorganic P, were also
used to infer past climate conditions. Extraction
of sediments with 1 M HCI was originally pro-
posed by Aspila et al. (1976) for the measurement
of inorganic P. Although operationally defined,
the extraction process is thought to recover most
inorganic forms of P in sediments, including P
associated with iron and aluminum oxyhydrox-
ides, calcium carbonate, apatite and other phases;
it is not effective at solubilizing P within crystal-
line silicate minerals. Extraction with 1 M HCI
has also been recommended by the ASTM
D3974-81 Practice B (ASTM 1990) for the
recovery of bioavailable forms of metals and
trace elements in sediments. In this study, we
used 1 M HCI extractions to quantify both total
inorganic P and extractable Al contents in the
sediments. Numerous researchers use this extrac-
tion procedure to quantify the concentrations of
inorganic/organic P and Al in lake, marine, and
suspended sediments (e.g. Gunatilaka 1991; Rees
et al. 1991; Johnson et al. 2002; Vaalgamaa 2004).
For example, Berner and Rao (1994) found that
~70% of the P in the suspended sediment of the
Amazon River was in an inorganic form and that
the organic forms of P were lost during early
diagenesis while inorganic P was not altered;
although, some net transfer of P from organic to
inorganic forms occurs with increased time. Here,
we interpret total inorganic P and extractable Al
as relative measures of material derived princi-
pally from lithogenic sources (e.g. Hamilton et al.
2001). Therefore, total inorganic P and extract-
able Al are interpreted as proxies for relative
climate wetness and local run-off of weathered/
eroded lithogenic material (i.e., wetter climate/
more run-off = higher IP and %Al and vice
versa).

Insolation forcing of Holocene climate
in Southern California

Over the past 10,000 calendar years, hydrologic
variability in Southern California has been con-
trolled by two primary forcings: insolation
(incoming solar radiation due to earth—sun orbital
parameters—Milankovitch forcing) and waning
glacial conditions (i.e. retreat of continental ice

sheets in North America). Ice sheet dynamics
affect Southern California through its modulation
of atmospheric circulation as the ice front
advances and retreats (e.g. see Negrini 2002).
For this research, the impact of the North
American ice sheets is minimal because the vast
majority had disintegrated by 10,000 cy BP in
western North America, or the start of the
Lake Elsinore record presented in this study.
Insolation, on the other hand, is an entirely
external driver of the earth’s climate system.
Therefore, insolation should be one of the
primary drivers of Holocene climate variability
for almost any geographic location (Kutzbach
1981; Kutzbach and Guetter 1986; Kutzbach and
Gallimore 1988; Harrison et al. 2003; Diffenbaugh
and Sloan 2004; Wohlfahrt et al. 2004; Lorenz
et al. 2006). Insolation drives climate through its
affect on the strength of seasonality (e.g. mon-
soonal circulation: Kutzbach 1981; Kutzbach and
Guetter 1986; Harrison et al. 2003), the mean
position of the polar front jet stream (Kirby et al.
2002a, b), and its associated storm tracks (e.g.
Sawada et al. 2004). Therefore, it is our hypoth-
esis that changes in winter/summer insolation are
the primary forcing of long-term Holocene cli-
mate change in Southern California. The idea of a
connection between insolation and Holocene
climate has been suggested elsewhere (e.g. Baker
et al. 2001; Abbott et al. 2003; McFadden et al.
2005; Lorenz et al. 2006). In fact, Kirby et al.
(2005) has previously suggested this relationship
in Southern California using low-resolution sed-
iment cores from Lake Elsinore’s littoral zone. In
this paper, we re-visit this insolation hypothesis
using higher resolution, intact and complete
Holocene sediment cores from Lake Elsinore’s
modern depocenter.

As previously stated, insolation has changed
over the course of the Holocene. Today’s winter
and summer insolation values are 9% higher
and 7% lower than 10,000 years ago, respec-
tively (Fig. 12). It is well documented that
greater summer insolation in southwestern
North America increases the magnitude and
spatial extent of the North American monsoon
(NAM hereafter), generally manifest as local
convective thunderstorms (Tubbs 1972; Mitchell
et al. 2002; Spaulding 1990; Liu et al. 2003).
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Fig. 12 Composite core
LEGCO03 age model and
sediment data with
relevant climate features
as mentioned in the text.
Al and IP data are from
core LEGCO03-3 only and
are transferred to the
composite core depth
scale. Insolation values
from Berger (1978)
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Higher summer insolation should also favor an
increase in the frequency of occasional, land-
falling tropical cyclones in Southern California.
Global circulation models used to reconstruct
early Holocene climate consistently show great-
er than modern summer, and total, precipitation
in response to higher summer insolation and its
modulation of regional monsoonal circulation
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(Kutzbach 1981; Kutzbach and Guetter 1986;
Kutzbach and Gallimore 1988; Diffenbaugh and
Sloan 2004). It is also suggested that lower
winter insolation favors an increase in the
frequency of winter storms across southwest
North America in response to a lower latitude
polar front jet stream position (e.g. Kirby et al.
2005).
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Two early Holocene sediment records from
Dry Lake (Filippelli and Souch 1999; Filippelli
et al. 2000; Bird and Kirby 2006), a cosmogenically
dated glacial record from the Dry Lake area
(Owen et al. 2003), a low resolution littoral record
from Lake Elsinore (Kirby et al. 2005), and a
7,000 year marsh record from San Joaquin Marsh
(Davis 1992) all favor the interpretation that the
early Holocene was wetter than today (Fig. 1).
Kirby et al. (2005) and Bird and Kirby (2006)
argue that greater early Holocene summer inso-
lation enhanced the magnitude and spatial extent
of the NAM as well as the occurrence of tropical
cyclones. Combined with lower winter insolation,
which would have increased the frequency
of winter storms across the study region, there
should be an expected rise in total annual precip-
itation, thus favoring sustained, deep lakes. As a
result, it is our position that Southern California,
which today is minimally influenced by the NAM
and rarely affected by tropical cyclones, was
impacted more frequently in the early Holocene
by each of these late summer—early fall systems.
And, because the NAM is regionally character-
ized by short-lived, strong convective thunder-
storms, particularly in the mountains where Dry
Lake located (i.e., San Bernardino Mtns. in the
Transverse Range), it is often associated today
with flash floods and significant local erosion
(Tubbs 1972). In both Dry Lake records and the
low resolution Lake Elsinore record, the authors
observe distinct storm sediment facies, chemical
constituents, and/or sediment deposited by more
vigorous hydrologic processes during the early
Holocene (Filippelli and Souch 1999; Filippelli
et al. 2000; Kirby et al. 2005; Bird and Kirby 2006).
Owen et al. (2003) cosmogenically dated glacial
record from the Dry Lake area dates a small
glacial advance in the early to mid Holocene. Bird
and Kirby (2006) attribute this glacial advance to
the proposed 8.2 ka cold event (Barber et al.
1999). However, the entire early Holocene as
revealed in the Dry Lake sediment record indi-
cates a substantially wetter climate than today
both before and after the so-called 8.2 ka cold
event (Bird and Kirby 2006). The San Joaquin
Marsh record also indicates a wetter early—-mid
Holocene than today based on the occurrence of
freshwater pollen (Davis 1992).

Similar to the Southern California, early Holo-
cene paleoclimate records discussed above, the
new Lake Elsinore, high-resolution sediment
record presented in this study also favors an
interpretation of a wetter early Holocene. Lith-
ologic descriptions for cores LEGC03-2 and -3
show a preponderance of silty ‘‘storm layers”
during the early-to-mid-Holocene (Fig. 4). The
early Holocene sediments are also a largely
homogenous clays with no evidence for sustained
desiccation (i.e., mud cracks or deep bioturbation
via roots). Total organic matter and total carbon-
ate are both lowest in the early Holocene
(Fig. 12). In congruence with our proxy interpre-
tation, it is suggested that lower total organic
matter and total carbonate values reflect a
decrease in lake productivity in response to a
higher lake level. According to Anderson (2001),
a deeper lake should reduce internal nutrient
loading, which is essential in Lake Elsinore to
primary productivity, by diminishing the effect of
wave action resuspension and bioturbation. And,
because carbonate production is linked to pri-
mary productivity through photosynthetic draw-
down of CO,, carbonate production within the
water column should also decrease in response to
lower productivity caused by lower nutrient
concentrations in response to higher lake levels.
Conversely, magnetic susceptibility is character-
ized by the highest average values in the early
Holocene. These high magnetic susceptibility
values may reflect either, or a combination of,
enhanced erosion in response to a wetter climate,
reduced magnetic mineral dissolution and alter-
ation due to lower total organic matter, or a
simple decrease in dilution in association with
lower total organic matter and total carbonate. In
any case, these interpretations of magnetic sus-
ceptibility agree with the sedimentological and
the total organic matter/total carbonate interpre-
tations, which imply a wetter early Holocene. In
addition, Al content and total inorganic phospho-
rus, both interpreted as derived from eroded
lithogenic material, are highest in the early
Holocene supporting our interpretation that the
early Holocene was wetter than present (Fig. 12).

Similar to the interpretation of Kirby et al.
(2005) and Bird and Kirby (2006), the wetter-
than-today early Holocene climate in Southern
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California is attributed to insolation forcing.
Lower winter insolation in the early Holocene
likely increased the frequency of winter storms
across the study region. From modern lake level-
precipitation analyses of Lake FElsinore, it is
apparent that a slight increase in winter storm
activity produces a significant impact on the lake’s
depth (Fig. 3; Hudson 1978). Combined with the
proposed increase in late-summer/early-fall pre-
cipitation, perhaps linked to a more spatially
expansive and greater magnitude NAM as well as
a concomitant increase in the occasional land-
falling tropical cyclone, the net result is to
increase total annual precipitation, which creates
optimum conditions for a wet early Holocene.
Following the wet early Holocene climate, all
proxy data from composite core LEGCO03, includ-
ing the physical sedimentology, indicate a long
term Holocene drying (Figs. 4, 12). Only in the
latest Holocene, however, is there evidence in the
form of sedimentary structures for sustained drying
events or low lake level (e.g. mud cracks, distinct
bioturbation, rotational features). Despite the
occurrence of these structures, and perhaps due
to limited age resolution, we cannot conclude that
any significant sediment hiatuses exist. Certainly,
we do not see any evidence for the prolonged mid-
Holocene drying (i.e., desiccation) events that
characterize Pyramid Lake (Benson et al. 2002),
Owens Lake (Benson et al. 2002), Walker Lake
(Benson et al. 1991), and Lake Tahoe (Lindstrom
1990). Both total organic matter and total carbon-
ate increase slowly over the Holocene, which are
interpreted to reflect lower lake level and its effect
on moderating lake productivity through internal
nutrient loading. The rise in total carbonate in the
sediments may also indicate an increase in precip-
itation of CaCQO5 within the water column due to
evapoconcentration of Ca®" and CO3 as lake
levels decreased in response to less total precipi-
tation (Fig. 12). Al content and total inorganic
phosphorus decline over the Holocene perhaps in
response to a drier climate and a reduction in
drainage basin erosion and/or dilution due to
increased autochthonous organic matter and car-
bonate production. Noteworthy is the strong cor-
relation between total organic matter and total
carbonate (/* of 0.55), while no correlation is
present between total organic matter and inorganic
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P (7* of 0.05). This lack of correlation of the latter
supports our interpretation that inorganic P con-
centrations reflect changes in the amount of eroded
lithogenic materials rather than simple dilution by
higher organic matter and carbonates. Magnetic
susceptibility also decreases over the Holocene.
Here again, however, it is not clear if this decrease
in magnetic susceptibility is due to a decrease in
run-off, dilution, or enhanced alteration in the
presence of higher total organic matter. Nonethe-
less, when taken together, the six proxies above are
explained, with the least controversy, as evidence
for a long term Holocene drying. Similar to the
Lake Elsinore record, both the Dry Lake (Bird
2005) and the San Joaquin Marsh records show
evidence for a long term Holocene drying trend.

Here again, insolation forcing is used to
explain this Holocene-length climate trend
(Fig. 12). Summer insolation steadily decreased
over the past 10,000 years reducing the impact
and spatial extent of the North American Mon-
soon and the occasional land-falling tropical
cyclone. As a result, only the mountainous
regions and deserts of Southern California receive
occasional monsoonal rains in the present climate
regime (Tubbs 1972; Bird and Kirby 2006). At the
same time, winter insolation increased. Although
slight, this steady increase in winter insolation
may have reduced the frequency of large winter
storms across the study region. Again, as shown
by an analysis of modern lake level-precipitation
relationships, a slight decrease in winter precip-
itation can lead to a rapid lowering of lake level
(Fig. 3; Hudson 1978). As a result, it is hypoth-
esized that the combined reduction of summer
and winter precipitation through insolation
changes produced a long term Holocene drying
as recorded in sediments from Lake Elsinore.

Regional comparison

For a regional comparison, we focus on three
terrestrial sites surrounding Southern California,
which contain well-dated, climate records: (1) the
southern Great Valley (Tulare Lake); (2) south-
ern Sierra Nevadas (Owens Lake); and, (3) the
Mojave Desert (Silver Lake and Soda Lake)
(Fig. 1). Our comparison is not bounded to the
south (i.e., Baja) because there are no known,
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well-dated early Holocene, terrestrial records
from the region for comparison.

The reason for focusing on the three terres-
trial paleoclimate records above is that each of
the sites selected contain well-dated paleo-lake
level reconstructions. Admittedly, there are a
variety of proxies used for inferring past climate.
However, paleo-shoreline, raised lacustrine sed-
iments, and raised deltas provide one of the only
ways to quantify, volumetrically, ‘“how wet” past
climates were when compared to present cli-
mate. At Tulare Lake, a recent lake level
reconstruction using paleo-shoreline features
tied to depocenter sediment cores indicates
that the highest Holocene lake level occurred
between 9,400 and 8,200 cy BP (Negrini et al.
2006). Two additional near high stands
occurred at 10,000 cy BP and between 7,000
and 6,500 cy BP at Tulare Lake (Negrini et al.
2006). A methodologically similar study at
Owens Lake using raised fluvio-deltaic and
lacustrine sediments also indicates that the
highest Holocene lake level occurred in the
early Holocene between 10,000 and 8,000 cy BP
(Bacon et al. 2006). From the Mojave region,
paleo-shoreline features and depocenter sedi-
ment core stratigraphies from Silver Lake, the
terminal basin of the Mojave River, indicate
permanent lake conditions until sometime be-
tween 8.7 ka and 9.3 ka (Wells et al. 2003).
Together, these three regionally disparate study
sites support our interpretation that the early
Holocene was wetter than today, and perhaps,
the wettest of the Holocene. Each of these
records also indicate a general decrease in lake
level over the Holocene; although, there are
occasional high stands, but none as high as the
early Holocene.

The region included in this comparison repre-
sents both a spatially diverse assemblage and a
climatically complex region. As a result, these near
contemporaneous records of a wetter-than-mod-
ern early Holocene followed by a drying trend
require a forcing that is independent of regional-
scale idiosyncrasies. We suggest that insolation
forcing, and its affect on the seasonality of precip-
itation, explains best the wet early to dry late-
Holocene trend. Future research will evaluate
sub-orbital scale climate change for the region to

determine the spatial and temporal phasing of
higher-frequency climate change and its potential
forcings.

Conclusions

A composite drill core from Southern California’s
largest, natural lake—Lake Elsinore—reveals a
wetter-than-modern early Holocene followed by
long-term Holocene drying trend. The wetter-
than-modern early Holocene is attributed to
changes in winter/summer insolation. These
changes increased the frequency of winter storms
and the spatial extent/magnitude of the NAM. It is
also possible that higher early Holocene summer
insolation favored an increase in the occasional
land-falling tropical cyclone. The long-term drying
trend is a potentially linear response to changing
summer/winter insolation and its modulation of
seasonal precipitation variability. The results from
Lake Elsinore are supported locally by Dry Lake
sediment and glacial records as well as by the San
Joaquin Marsh sediment record. Regionally, the
Lake Elsinore paleoclimatic interpretations are
supported by paleo-lake level reconstructions from
Tulare Lake, Owens Lake, and Silver Lake, which
indicate the highest lake levels in the early Holo-
cene followed by a general decline.

As a side note, Berger and Loutre (2002)
suggest that our present interglacial may be longer
than previously thought in response to less vari-
able insolation. If their hypothesis is correct, our
data indicate that Southern California may be
especially sensitive to insolation forcing and may
therefore experience continued drying well into
the future with severe implications for population
growth and water availability.
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