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n-Alkane biomarker distributions in sediments from Swamp Lake (SL), in the central Sierra Nevada of California
(USA), provide evidence for an increase inmean lake level ~3000 yr ago, in conjunctionwithwidespread climatic
change inferred from marine and continental records in the eastern North Pacific region. Length distributions of
n-alkane chains inmodern plants growing at SLwere determined and compared to sedimentary distributions in a
core spanning the last 13 ka. As a group, submerged and floating aquatic plants contained high proportions of
short chain lengths (bnC25) compared to emergent, riparian and upland terrestrial species, for which chain
lengths >nC27 were dominant. Changes in the sedimentary n-alkane distribution over time were driven by vari-
able inputs from plant sources in response to changing lake level, sedimentation and plant community composi-
tion. A shift toward shorter chain lengths (nC21, nC23) occurred between 3.1 and 2.9 ka and is best explained by an
increase in the abundance of aquatic plants and the availability of shallow-water habitat in response to rising lake
level. The late Holocene expansion of SL following a dry mid-Holocene is consistent with previous evidence for
increased effective moisture and the onset of wetter conditions in the Sierra Nevada between 4.0 and 3.0 ka.

© 2012 University of Washington. Published by Elsevier Inc. All rights reserved.

Introduction

A growing network of paleoclimatic records from western North
America and the Northeast Pacific provides evidence for amajor change
in regional climate occurring between 4.0 and 3.0 ka, marking the
boundary between the middle (MH) and late Holocene (LH) (Barron
and Anderson, 2011). Baseline shifts in paleoceanographic conditions
along the NE Pacific margin, including warmer fall–winter sea-surface
temperatures (SSTs), enhanced productivity in the Gulf of Alaska, and
seasonal shifts in the strength of upwelling in the California Current sys-
tem (e.g., Barron et al., 2003; Barron and Bukry, 2007; Kennett et al.,
2007; Barron et al., 2008; Fisler and Hendy, 2008; Addison, 2009), oc-
curred in a pattern broadly similar to modern responses to the positive
phase of the Pacific Decadal Oscillation (+PDO) and warm east Pacific
(El Niño) phase of the El Niño–Southern Oscillation (ENSO). The timing
of the MH–LH transition in the North Pacific is also roughly contempo-
raneous with an intensification of ENSO cycles in the equatorial Pacific,
marked by a higher frequency of El Niño events, and a long-term reduc-
tion in the zonal SST gradient of the equatorial Pacific, (i.e., a more “El
Niño-like” baseline condition) (Moy et al., 2002; Koutavas et al., 2006;
Conroy et al., 2008). These observations beg the question of whether

this apparent long-time scale PDO/ENSO analog in North Pacific vari-
ability had discernible effects on continental climate, and if so, whether
the spatial pattern of teleconnections resembled those of the instru-
mental record.

Evidence for coherent, long-timescale variability in continental
climate records from the Holocene, including a major transition be-
tween 4.0 and 3.0 ka, has been found in records from Alaska to the
American Southwest (Barron and Anderson, 2011, and references
therein). However, the relationships between the reconstructed
changes and modern teleconnection patterns remain ambiguous.
The Sierra Nevada range of eastern California lies near the modern
north–south PDO and ENSO response transition zones and correla-
tions between hydrologic variability in the range and modern indices
of Pacific Ocean conditions tend to be weak (Fig. 1) (e.g., Redmond
and Koch, 1991; Mantua et al., 1997; Dettinger et al., 1998; Wise,
2010). Paleoclimate reconstructions from the Sierra are thus impor-
tant for testing the idea that North Pacific teleconnections have
shifted over time. These records also provide insight into how the
water resources of the large Sacramento–San Joaquin River water-
shed have varied on long timescales in response to low-frequency
North Pacific variability. Here we present new evidence for a hydro-
logic shift towards wetter conditions in the central Sierra Nevada dur-
ing the MH–LH transition, ~3.0 ka, based on changing chain-length
distributions of n-alkane lipid biomarkers in sediments from Swamp
Lake (SL) in northwestern Yosemite National Park.
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n-Alkanes are produced in variable quantities by plants, algae, and
bacteria in many environmental settings, and due to their resistance to
degradation and early diagenetic alteration, preserve the history of
lipid input to sediments (Giger et al., 1980; Meyers, 1997; Radke et al.,
2005). Long carbon-chain (>nC23) n-alkanes with a strong preference
for odd-numbered chain lengths (“odd-over-even preference,” OEP)
are found in abundance in higher plants, particularly in the epicuticular
leaf-waxes of terrestrial plants (Eglinton and Hamilton, 1967; Giger et
al., 1980; Cranwell, 1984; Jetter and Schaffer, 2001). Leaf waxes, of
which n-alkanes are just one component, are thought to protect leaves
from water loss, pests, frost, temperature fluctuations, and other envi-
ronmental perturbations (Eglinton and Hamilton, 1967; Schwark et al.,
2002; Maffei et al., 2004). The characteristic predominance of odd
chain-lengths in plant-derived n-alkanes arises from the biochemical
pathway bywhich these compounds are synthesized. During the biosyn-
thesis of long-chain n-alkanes, a precursor molecule, palmitic acid (C16
n-alkanoic acid) is progressively elongated by the addition of two carbon
units to form a long-chain n-acid (e.g., C28 acid), which is then
decarboxylated to yield an odd chain-length n-alkane (e.g., nC27)
(Eglinton and Hamilton, 1967; Lichtfouse, 1998). Sedimentary n-alkane
distributions with a high OEP and a predominance of long chain lengths
(>nC23) are thus indicative of a higher plant origin (e.g., Cranwell et al.,
1987; Rieley et al., 1991; Meyers, 1997). In contrast, algal n-alkanes tend
to maximize at shorter chain lengths (nC17–nC19) (Giger et al., 1980;
Cranwell et al., 1987; Meyers, 1997), whereas n-alkane distributions in
bacterially reworked or diagenetically altered sedimentary OM may
lack the strong OEP of primary plant-wax n-alkanes (e.g., Meyers and
Ishiwatari, 1993).

Although physiological and environmental factors may influence
the n-alkane compositions of plant tissues (e.g., Jetter and Schaffer,
2001; Shepherd and Griffiths, 2006), differences in chain-length dis-
tributions between and within plant taxa are conservative enough
to have been utilized in chemotaxonomic studies (Maffei et al.,
2004 and references therein) and reconstructions of paleovegetation
and past environments (e.g., Ficken et al., 1998; Brincat et al., 2000;
Pancost et al., 2002; Schwark et al., 2002; Theissen et al., 2005;

Nichols et al., 2006). Most critically for the present study, there ap-
pear to be consistent differences between the n-alkane chain length
distributions of terrestrial plants and aquatic macrophytes, with
aquatic species containing greater relative abundances of the middle
chain lengths (nC21–nC25) than terrestrial plants (e.g., Cranwell,
1984; Ogura et al., 1990; Ficken et al., 2000). At SL, we use changes
in the sedimentary odd chain-length n-alkane distribution to recon-
struct vegetation shifts and climatic changes over the Holocene.

Materials and methods

Site description

SL is a mid-elevation lake in Yosemite National Park in the Tuol-
umne river drainage of the central Sierra Nevada (1554 m elevation,
37°57′N, 119°49′W) (Fig. 1). Sediment accumulating here over the
last ~20,000 yr provides the longest continuous record of climatic
and environmental change yet recovered from the western Sierra
(Street et al., 2012). The small SL drainage basin (Fig. 1b) covers
1.3 km2, whereas the lake itself has a surface area of 0.08 km2 and
reaches a maximum depth of 20 m (Fig. 1c). Seasonal inflow occurs
from a small stream at the east end of the lake; outflow occurs sea-
sonally from the shallow western marsh. The modern bathymetry of
SL is characterized by a deep central basin rising steeply to an apron
of shallower water (0–5 m) along the lake margins, which is most ex-
tensive at the western (outlet) end of the lake (Fig. 1c).

The SLwatershed supports a diverse assemblage of terrestrial, ripar-
ian, and aquatic plants. Terrestrial vegetation at the site is of the Sierra
lower montane forest type (Smith and Anderson, 1992). Ponderosa
pine (Pinus ponderosa) and incense cedar (Calocedrus decurrens) are
the dominant tree species, with sugar pine (P. lambertiana), white fir
(Abies concolor) and black oak (Quercus kellogii) also common. Under-
story shrubs, such as western azalea (Rhododendron occidentale) and
deerbrush (Ceanothus integerrimus) are most common along the lake
margin as part of a dense shoreline flora including white alder (Alnus
rhombifolia), willow (Salix spp.), and dogwood (Cornus spp.).Manzanita

Figure 1. (a) Correlation coefficients between Nov–Apr precipitation and PDO index, 1948–2008, showing the location of Swamp Lake (start). Image generated from NCEP
reanalysis seasonal/monthly composites, provided by the NOAA/ESRL Physical Sciences Division (Kalnay et al., 1996; http://www.esrl.noaa.gov/psd/), using the UDel_AirT_Precip
dataset. (b) Topographic map of the SL drainage basin near Hetch Hetchy Reservoir in northwestern Yosemite NP. Adapted from Roach (2010). (c) Bathymetric map of SL and coring
locations discussed in the text. Contour interval is 2 m.
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(Arctostapylos viscida) is the dominant shrub in themore exposed, upland
slopes of the drainage. The western marsh (Fig. 1c) and shallow waters
around all shores of the lake support an array of emergent, floating, and
submerged aquatic plants, including three-way sedge (Dulichium
arundinaceum), bogbean (Menyanthes trifoliata), tule (Schoenoplectus
acutus), Carex spp. sedges, watershield (Brasenia schreberi), floating
pondweed (Potamogeton natans), yellow pond lily (Nuphar lutea), and
swaying bulrush (Schoenoplectus subterminalis).

Sediment cores

A series of sediment cores was collected from SL in June 2002. In
this study we used a composite core collected in 19.7 m of water
from the deep basin of the lake (Fig. 1c), consisting of a 9-drive,
947-cm livingstone core (core 02-5) and a frozen finger (core
02-8a) of the upper 83 cm. The two cores were composited based
on the uppermost radiocarbon ages in each core (Table 1) and a
co-occurring tephra (57 cm in core 02-8a) (Starratt and Anderson,
in press). The oldest sediments considered in this study include inter-
vals of peat, layered clay, massive and laminated gyttja, and sand
(641–570 cm, 12.8–10.8 ka) (Fig. 2). The Holocene section of the se-
quence (566–0 cm; 10.7–0 ka) consists largely of laminated gytjja
with high organic content (5–27 wt% OC), with infrequent, narrow
intervals of massive gyttja, clay or sand (Street et al., 2012). Previous
studies have determined that the laminations in SL Holocene sedi-
ments represent annual varves (Roach, 2010; Anderson, 2011). A
peat layer occurs from 411 to 401 cm (7.8–7.6 ka). A thicker interval
of massive gyttja occurs in sediments sampled by the freeze core
(48–19 cm; 0.4–0.1 ka). For the purposes of this study, sediment
samples were collected at 5–20 cm intervals over the Holocene and
upper portion of the late Pleistocene sections.

Age control

Age control is provided by ten AMS radiocarbon dates on bulk sed-
iment OM (Table 1), a tephra geochemically identified as the Mazama
ash at 400 cm (7.6 ka) (Hallett et al., 1997; Anderson, 2011), and in
the upper sediments of the freeze core, measurements of 137Cs
(peak at 1963 AD) (Anderson, 2011). Radiocarbon ages were
converted to ‘calendar’ ages before 1950 AD (cal yr BP) using CALIB
5.0.2 and the IntCal04 calibration dataset (Reimer et al., 2004;
Stuvier et al., 2005). An age-depth model was developed using linear
interpolation between calendar ages (Fig. 2). All ages given in the text
refer to calibrated, calendar ages. The small size of the SL catchment
and the absence of carbonates in the bedrock and lake sediments
minimize the risk of age errors associated with the use of bulk sedi-
ment for radiocarbon analysis.

Field sampling

In order to determine the n-alkane distributions characterizing
modern OM sources to SL sediments, samples of the most common
modern terrestrial and aquatic plant species were collected during
the spring–summer growing season (May–Oct., 2007–2010) (Fig. 3).
Samples of a filamentous green algae growing in the lake on hard sub-
strates (e.g., fallen logs) were also taken. Large volume samples
(~10–20 L) of suspended particulate organic matter (POM) were col-
lected in the lake surface layer (0–3 m) and at depth (~10 m) on
Whatman GF/F filters. Plant and POM samples were stored on ice in
the field and frozen upon returning to the lab.

Analysis

Dried, homogenized sediment and plant samples were extracted
in a two-step procedure using a MARSx (CEM Corp.) microwave ex-
traction system (POM samples were extracted intact). Samples were
extracted in 40 mL 1:1 (v/v) hexane/acetone for 8 min at 95°C, fol-
lowing a 20-min temperature ramp. The solvent was decanted and
saved, and a second extraction performed in 40 mL 2:1 (v/v)
dichloromethane/ methanol. The extracts were then combined,
evaporated to dryness under high-purity N2, and redissolved in
1 mL hexane. Aliphatic (F1) fractions containing the n-alkanes were
separated using glass chromatography columns packed with activat-
ed silica gel (60 mesh). The total extract was added to the column,
and aliphatic hydrocarbons eluted with 10 mL of hexane. Samples
were evaporated to 1 mL, capped and stored at 4°C until analysis.
Sample recovery for this procedure is estimated at ~70%, based on ad-
dition of an internal standard (α-androstane) to a subset of samples.

Hydrocarbon compound identities and abundanceswere determined
for 33 plant samples and 73 sediment samples at the U.S. Geological
Survey, Menlo Park, via gas chromatography–mass spectrometry (GC–
MS) using aHewlett-Packard 6890 gas chromatograph directly interfaced
to an HP 5973 MSD mass spectrometer. Compounds were separated
using a DB-5 ms capillary column (30 m×0.25 mm I.D., containing a
0.25-μm bonded phase), with the GC programmed to ramp from 90 to
310°C at a rate of 5°C/min, holding at 310°C for 54 min. The
n-alkanes were identified by comparison of mass spectra and reten-
tion times with published spectra and comparison to a suite of exter-
nal n-alkane standards (AccuStandard, nC15–C37). The n-alkanes
were quantified using extracted ion chromatograms (m/z 57), to
minimize interferences, and calibration curves generated by analysis

Table 1
AMS radiocarbon age data for Swamp Lake cores 02-5 and 02-8a. All ages measured on
bulk sediment.

Lab ID Core Composite
core depth
(cm)

14C age
(14C yr BP)

Calendar
age
(cal yr BP)

Error
(±2σ)
(cal yr)

WW4885L 02-5 63.5 566±42 595 36
WW4887L 02-5 79.5 969±42 862 84
WW4888L 02-5 123.5 1912±35 1859 81
WW4889L 02-5 169.7 2683±37 2789 52
WW4890L 02-5 221.8 3196±38 3418 65
WW4891L 02-5 250.9 3871±46 4303 101
WW4892L 02-5 566.6 9495±52 10,775 179
WW4893L 02-5 607.6 9929±53 11,343 137
WW4894L 02-5 619.7 10,479±58 12,477 188
WW4886L 02-8a 60 585±44 600 54

Figure 2. (a) Age-depth model for SL composite core, with generalized sediment stra-
tigraphy (right). Error bars represent 2σ range.

16 J.H. Street et al. / Quaternary Research 79 (2013) 14–23
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of the external standard suite diluted to known concentrations. Since in-
ternal standardswerenot added tomost of the samples used in this study,
we draw our conclusions based on ratios and relative abundances, and
treat absolute concentrations with caution. n-Alkanes were undetectable
in procedural blanks included in each set of samples.

Results

n-Alkanes in modern vegetation

Modern plant material collected in the SL watershed contained
n-alkanes with carbon chain lengths between C17 and C35, and the
strong odd-over-even chain-length preference characteristic of plant
leafwaxes (Eglinton andHamilton, 1967).n-Alkanedistributions varied
considerably between species and within habitat-based groupings (up-
land terrestrial, shoreline, emergent, and submerged/floating aquatic
plants) (Figs. 3 and 4). The average chain length (ACL) of the odd
n-alkanes for individual species ranged from 23.5 to 32.9, and the
chain length of peak abundance (Cmax) from 23 to 33. Nonetheless, if
species are grouped according to their habitats, distinct patterns and
differences emerge (Figs. 4a–d).

Among upland terrestrial plants (Group T, n=10; Fig. 4a), includ-
ing the dominant conifers (e.g., Pinus, calocedrus, Abies), the
concentration-weighted average n-alkane distribution is dominated
by long chain lengths (ACL=31.3; Cmax=33). The distribution is
weighted toward two species, C. decurrens and A. viscida, that pro-
duced high concentrations of long-chain n-alkanes (nC31–nC35). The
unweighted average distribution (Fig. 5a, light bars) (ACL=29.3,
Cmax=29) reflects the contributions of Pinus and Abies, which pro-
duced n-alkanes in low abundance.

Broad-leaved lowland and shoreline shrubs (Group S, n=6;
Fig. 4b) were characterized by an average chain length distribution
dominated by nC27, nC29, and (to a lesser extent) nC31, and relatively
minor fractions at other chain-lengths (ACL=28.2; Cmax=27). Emer-
gent plant species (Group E, n=5; Fig. 4c) growing in marsh habitats
in lake shallows had an average distribution dominated by nC29 and
nC31 (ACL=29.2; Cmax=29).

Floating and submerged aquatic species (Group A, n=12; Fig. 4d),
including filamentous algae and POM samples (Figs. 3r and u) had a
markedly different weighted-average chain-length distribution,
peaking at nC23, but with non-negligible fractions at nC21, nC25, nC27
and nC29 (ACL=24.6). Most aquatic species sampled produced
n-alkanes in low to moderate abundances, so the weighted average
distribution is strongly influenced by the floating species B. schreberi,
which contained higher concentrations of n-alkanes (Cmax=nC23).
The unweighted average distribution for group A (Fig. 4d, light
bars) is more uniform, with a broad maximum between nC23 and
nC29. POM collected at both surface and sub-surface (~10 m) depths
at SL contained not only low abundances of n-alkanes with maxima
at nC17 and nC19, but also longer chain lengths (Fig. 3u). Based on
bulk C/N and δ13C values, SL POM is derived largely from lake phyto-
plankton (Street et al., 2012); however the n-alkane component of
POM may be disproportionately influenced by detrital vascular plant
material (Meyers, 1997).

n-Alkanes in Swamp Lake sediments

n-Alkanes with chain lengths between nC17 and nC35 were mea-
sured in 73 sediment samples spanning the last ~13 ka. In all sam-
ples, a strong odd/even chain-length preference among the more
abundant chain lengths (nC21–nC35) is indicative of vascular plant-
dominated sources throughout the sedimentary sequence. ACL
varied over a limited range (26.7–28.6) (Fig. 5a), while nC27 and
nC29 remained the most abundant chain lengths (Fig. 6), implying
a relatively stable array of n-alkane sources. In spite of these
prevailing features, changes in the relative abundances of individ-
ual chain lengths, and in the overall shape of the sedimentary
n-alkane distribution, occurred at several junctures throughout
the Holocene. As illustrated in Fig. 5, permanent baseline shifts in
the distribution of odd chain length n-alkanes in SL sediments oc-
curred between ~11.4 and 10.3 ka (608–542 cm), after 7.5 ka
(397 cm), and 2.95 ka (183 cm). To varying degrees, these shifts

Figure 4. Average odd-chain length n-alkane distributions for plant ecotypes. (a) Upland
terrestrial species (Grp. T, brown,); (b) Riparian species (Grp. R, green); (c) Emergent spe-
cies (Grp. E, light green/yellow); (d) Submerged/floating aquatic species (Grp. A, blue).
Both concentration weighted (dark bars) and unweighted relative abundances (light
bars) shown.

18 J.H. Street et al. / Quaternary Research 79 (2013) 14–23
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are visible as changes in the ACL (Fig. 5a), kurtosis (Fig. 5b), and skewness
(Fig. 5c) of the distribution, and as changes in the relative abundance of
nC29 (Fig. 5d) and nC23 (Fig. 5e). For the purposes of discussion, we use
these shifts to delineate transitions between late Pleistocene (LP,
12.6–10.8 ka), early Holocene (EH, 10.7–7.5 ka), middle Holocene (MH,
7.5–3.0 ka) and late Holocene (LH, 2.9 ka–present) intervals, each with
a representative average n-alkane distribution (Fig. 6). In most cases,
these delineations are supported by statistically significant differences in
the n-alkane distributions between adjacent time intervals (see Suppl.
material).

We calculated the kurtosis (peakedness) and skewness (asymme-
try) of the odd chain-length distributions as a convenient means of
summarizing and combining the abundance changes occurring across
the full range of n-alkane chain-lengths (see Suppl. material for defi-
nitions). In practice, a shift toward higher (lower) kurtosis meant that
the abundance of the most abundant compounds (nC27 and nC29) in-
creased (decreased) relative to the other chain-lengths. More

negative skewness in the distributions resulted from a combination
of increased kurtosis and ACL, and thus a longer “tail” on the left
(shorter chain length) side of the distribution. Less negative skewness
resulted when the abundances of the shorter chain lengths increased
relative to nC27 and nC29, resulting in a broader abundance peak and
thus greater symmetry around the peak chain length.

The distribution shift at the LP–EH transition (~12.8–10.3 ka) was
characterized by increased kurtosis (Fig. 5b) and skewness (Fig. 5c),
and little or no change in ACL, reflecting an increased relative abun-
dance of the nC29 alkane (increasing from ~25% to 35% of total odd
n-alkanes) at the expense of both longer (nC31, nC33) and shorter
chain lengths (nC21–25) (Fig. 6). A relatively modest shift in the
n-alkane distribution occurred at the EH–MH transition (7.9–7.5 ka;
415–397 cm), characterized by reductions in the average skewness
and kurtosis of the distribution. Minor increases in the relative abun-
dances of nC21, nC23, and nC33, small reductions in nC29 and nC31, and
a more significant increase in nC35 led to a flattening and evening of

Figure 5. Sediment proxy records from SL composite core over the last 13,000 yr. (a) n-Alkane average chain length (ACL); (b) n-alkane distribution kurtosis; (c) n-alkane distri-
bution skewness; (d) relative abundance of C29 n-alkane; (e) relative abundance of C23 n-alkane; (f) bulk sediment total magnetic susceptibility (MS) (Street et al., 2012). Measures
of n-alkane distribution shape are based only on the abundances of odd-numbered chain lengths. Orange curves represent means in a 600-yr moving window. Shading highlights
Holocene transition intervals discussed in the text. Squares represent values for surface sediments from the aquatic plant-rich lake margin.

19J.H. Street et al. / Quaternary Research 79 (2013) 14–23
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the chain-length distribution. After ~4.8 ka (275 cm), the baseline
ACL increased, due to increased relative abundances of chain lengths
≥nC29, and became more variable.

The largest Holocene shift in the n-alkane profile occurred at the
MH–LH transition, after ~2.95 ka (183 cm). Increases in the relative
abundances of nC21 and nC23, coupled with reductions in nC27–nC31,
lowered the ACL, skewness and kurtosis of the average distribution.
In some LH samples the ratio of nC25:nC23 dipped below 1, producing
a slightly bimodal distribution. In samples collected from the LH mas-
sive sediment interval (47.5–19.5 cm, 425–112 ka) the alkane distri-
bution resembled that of the MH, with high ACL, skewness and
kurtosis and higher proportions of long-chain n-alkanes.

Discussion

Plant n-alkane distributions

The broad spectrum of odd chain-length n-alkanes produced by in-
dividual species in the modern SL plant assemblage limits their utility
as specific biomarkers. Grouping species by their habitats (groups T, R,
E, A) yields average distributions with unique shapes, but the degree
of overlap is such that no one group can be assumed to be the dominant
source of the more abundant middle chain lengths (nC25–nC31) in SL
sediments. However, both shorter (nC21, nC23) and longer (nC33, nC35)
chain lengths can be traced to aquatic and terrestrial sources with
some confidence. Aquatic species (group A) were characterized by
low nC29:nC23 and nC29:nC21 ratios in comparison to all other groups,
and one common species, Brasenia, produced nC21, nC23, and nC25 in
high abundances. These observations agree with previous studies
documenting high relative abundances of nC21–nC25 in floating and
submerged aquatic plants (Cranwell, 1984; Ogura et al., 1990; Ficken
et al., 2000). The nC33 alkane was produced in high abundance only by
incense-cedar andmanzanita, but could also found as a secondary com-
ponent in the n-alkane distributions of other species. C35 n-alkane was
produced in abundance only by incense-cedar.

A basic assumption of our analysis is that the n-alkane distributions
of modern plant species and communities are representative of past
plant assemblages at SL. It should be noted, however, that the abun-
dance and/or chain-length composition of leaf-waxes can change dur-
ing leaf ontogeny or in response to environmental stress (e.g., Jetter
and Schaffer, 2001; Shepherd and Griffiths, 2006; van Maarseveen et

al., 2009). Moreover, as shown in Figs. 3 and 4, the concentrations of
n-alkanes produced by the individual species sampled can influence
the shape of the group aggregate chain-length distributions that we
use to characterize the plant communities at SL (e.g., group A weighted
toward Brasenia). With these complexities in mind, we also consider
group average n-alkane distributions based on relative abundances,
and interpret the sedimentary record based only on the more robust
patterns in the modern plant n-alkane distributions (e.g., patterns less
sensitive to species weighting choices).

Sedimentary n-alkane distributions

Early and middle Holocene
The overall shape of the n-alkane distribution in SL sediments dur-

ing the Holocene was fairly stable (Fig. 6), with only minor changes
occurring prior to the MH–LH transition at ~3.0 ka (see below). In
part this is attributable to a relatively stable Holocene species compo-
sition in the lower montane forest ecosystem surrounding the site
(Smith and Anderson, 1992; Anderson, 2011). An additional factor
may be that the several plant communities and diverse species as-
semblage at SL contribute overlapping arrays of n-alkanes to the sed-
iments, such that an increased abundance of one species is likely to
partially compensate for a decrease in another, at least in terms of
n-alkane production. In other words, no single species, or even com-
munity, controls the aggregate sedimentary n-alkane distribution.

With these considerations inmind, it is perhaps not surprising that a
large shift in the sedimentary n-alkane distribution occurred during an
extended LP-EH transition (~12.8–10.3 ka, 608–559 cm) (Figs. 5 and
6), corresponding to the establishment of the dominant Holocene forest
assemblage in SL pollen reconstructions (Smith and Anderson, 1992;
Anderson, 2011) while subsequent shifts during the EH and MH
(~8.0–7.5 ka, 420–397 cm; ~4.8 ka, 275 cm) were relatively muted.
During the LP–EH transition, the warm-tolerant genera Quercus (oak)
and Alnus (alder) became major contributors to the pollen assemblage,
while genera favoring cool, mesic conditions, including Sequoiadendron
(giant sequoia), Abies and Tsuga (hemlock), all but disappeared from
the Core 02-5 record (Anderson, 2011). Pinus continued to be the dom-
inant pollen type, T–C–T was present but at relatively low abundance
and Salixwas consistently present beginning ~10.8 ka. Based onmodern
plant n-alkane distributions, a plant community with abundant pine,
oak, alder andwillowwould be expected to produce high relative abun-
dances of nC27 and nC29, matching the observed EH distribution. De-
clines in the relative abundances of shorter-chain alkanes (nC21–nC25)
across the LP–EH transition may indicate reduced contributions from
aquatic plants (see below). Based on the combined pollen and
n-alkane evidence, the relatively peaked (at nC29) and left-skewed
n-alkane distribution (Fig. 6) that characterizes the EH andMH intervals
most likely represents proportionately large OM contributions from ter-
restrial and riparian plant communities, growing under climate condi-
tions warmer and dryer than present.

Smaller changes to the average sedimentary n-alkane distribution
at the MH–EH transition (~8.0–7.5 ka) and ~4.8 ka likely reflect ad-
justments in the SL plant community and/or changing sedimentation
patterns rather than major community shifts. Lower relative abun-
dances of nC29 and nC31 and higher abundances of nC21 and nC23
after 8.0 ka, leading to reduced kurtosis and skewness (Fig. 5), may
reflect declines in certain terrestrial and shoreline species in favor of
aquatic species, as suggested by reduced percentages of alder, sage-
brush, and pine in pollen records from SL and other Sierra sites
(Davis et al., 1985; Anderson, 1996; Anderson, 2011). After 4.8 ka,
changes in the opposite direction (increased nC29, nC31, nC33; de-
creased nC21, nC23) may indicate decreased abundances of aquatic
species. Alternatively, the observed changes at 7.5 and 4.8 ka may re-
flect changes in the delivery of terrigenous sediment (and thus terres-
trial plant-derived n-alkanes) to the lake in response to changing
runoff patterns, lake level and/or vegetation cover in the watershed.

Figure 6. (a) Mean sedimentary n-alkane chain-length distributions during the late
Pleistocene (LP, 12.8–10.8 ka; white), early Holocene (EH, 10.7–8.0 ka; light gray),
middle Holocene (MH, 7.9–3.0 ka; dark gray) and late Holocene (LH, 2.9–0 ka, blue).
(b) (inset) n-Alkane chain length distribution in surface sediments from the modern
lake margin, in a zone of high aquatic plant density.
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In a previous study we documented declines in total sediment
magnetic susceptibility (a proxy for clastic sediment content) and
the C/N ratio of bulk organic matter across the MH–EH transition,
suggesting that inputs of terrigenous sediment and vascular plant
OM to the lake were lower, and runoff was reduced, during the mid-
dle Holocene (Street et al., 2012). The peat layer at 7.8–7.6 ka
(411–401 cm, Fig. 2), immediately preceding the EH–MH transition,
may represent increased accumulation of plant material during a
brief period of extreme low lake level (Street et al., 2012), supporting
the idea that very dry climatic conditions prevailed during the late EH
and early MH. The lack of a distinct n-alkane distribution in the peat
(Fig. 5) may reflect the similarity in the chain-length distributions
of emergent marsh species to terrestrial and shoreline plant types
(Fig. 4) rather than an absence of vegetation change at this time.

MH–LH Transition, 3.1–2.9 ka

The pronounced n-alkane distribution changes observed at the
MH–LH transition (3.1–2.9 ka, 194–179 cm) are best explained by
an increase in the relative contributions of n-alkanes from aquatic
plants (group A), at the expense of terrestrial, riparian, and emergent
plant sources. Among the modern species sampled in the SL water-
shed, only group A included species whose nC29:nC23 and nC29:nC21
ratios were low enough such that increasing their fractional contribu-
tions could have produced the lower nC29:nC23 and nC29:nC21 ratios
observed in LH sediments. Interestingly, there is little evidence for a
major vegetation transition at ~3.0 ka in SL terrestrial pollen recon-
structions (Smith and Anderson, 1992; Anderson, 2011). Thus, the
observed declines in the relative abundances of the long-chain
n-alkanes (≥nC27), and nC29 in particular, are not consistent with
shifts in the abundance of pollen-producing members of the upland
and riparian plant communities. Instead, we argue that the observed
shift toward shorter chain-lengths was driven by increases in the ab-
solute abundance of aquatic species, responding to changes in the
lake environment.

In a previous study of bulk sediment geochemistry at SL, Street et
al. (2012) inferred an abrupt increase in lake algal and microbial pro-
ductivity occurring after 3.0 ka, in parallel with the n-alkane distribu-
tion shift discussed here. While it is possible that increased n-alkane
input from lake algae contributed to the observed distribution shift
in LH sediments, it is unlikely to have been the primary factor.
n-Alkanes were detected in very small quantities in lake POM, with
chain-length distributions maximizing at nC17 and nC19 (Fig. 3u). As-
suming that the sampled n-alkane distribution is representative, algal
sources alone could not account for the observed distribution shifts
across the MH–LH boundary (characterized by large increases in
nC21 and nC23 and a decline in nC29 as well as increases in nC17 and
nC19 relative abundances).

The increased relative abundances of mid-chain length (C21–C23)
n-alkanes across the MH–LH transition resulted primarily from the
development of a more abundant and widespread community of
floating and submerged aquatic plants, responding to an expansion
in shallow water habitats with a rising lake level. The most common
species in the modern aquatic community, B. schreberi, P. natans and
S. subterminalis, produce moderate to high abundances of n-alkanes,
and are the dominant contributors to the concentration-weighted ag-
gregate distribution for plant Group A (Fig. 4d). This group is charac-
terized by the high abundances of nC21–nC25 that would be necessary
to produce the observed MH–LH distribution shifts. Further support
for this interpretation is provided by the observation that beginning
in the LH, the sedimentary n-alkane distribution becomes more simi-
lar to that observed in surface sediments collected on the shallow lake
margin in an area of high aquatic plant density dominated by Brasenia
and Potamogeton (Fig. 6b).

The modern bathymetry of SL (Fig. 1c) provides clues as to why a
lake level increase at the MH–LH boundary would have promoted an

expansion of the aquatic plant community. The modern lake level af-
fords a relatively large area of the shallow water (1–4 m), high-light
habitat preferred by floating and submerged macrophytes (Osborn
and Schneider, 1988; Rooney and Kalff, 2000). Assuming that the
basic bathymetry of the basin has remained similar through time, re-
ductions in lake level would increasingly restrict the lake area to the
deep central basin. During a period of low lake level, such as we sug-
gest prevailed for much of the EH and MH, the steeply sloping bottom
of the central basin would limit the extent of the shallow-water hab-
itat used by aquatic plants. Conversely, during a lake-level rise, as we
propose for the MH–LH transition, the bathymetric profile of SL
would result in one or more “thresholds” (e.g., at 2 m belowmodern)
beyond which the shallow-water area would expand rapidly. This
scenario of MH–LH lake-level rise is supported the disappearance of
bryozoan and shallow-water Chara microfossils from the mid-depth
Core 02-6 (Fig. 1c, ~5 m water depth) after ~3.2 ka (Anderson,
2011). The distribution of bryozoans in lakes is often linked to that
of their macrophyte substrates, and these microfossils can be used
as markers for shallow-water, littoral habitats (Crisman et al., 1986;
Francis, 2001). The presence of bryozoans in Core 02-6 sediments
prior to 3.0 ka suggests that this site was in the littoral zone of the
MH lake, with mean lake levels up to 4 m lower than present, and
was consistently submerged to greater depths only after the MH–LH
transition.

Changes in the influx of terrigenous sediment and terrestrial plant
n-alkanes to SL could also have influenced the sedimentary n-alkane
distribution at the MH–LH transition. Namely, a decrease in the abso-
lute abundance of long-chain n-alkanes delivered to the lake would
result in an increase in the relative abundance of shorter chain
lengths. The patterns observed at the MH–LH transition however do
not indicate that the record is primarily driven by changes in the
input of long-chain n-alkanes associated with terrigenous sediment.
First, while the relative abundances of nC27, nC29, and nC31 decreased
from the MH to the LH (Fig. 6), the relative abundances of nC33 and
nC35 were not appreciably different, suggesting non-uniform controls
on these “terrestrial plant” chain lengths. Second, the absolute abun-
dance of n-alkanes increased across the MH–LH transition, but
without any significant change in sedimentation rate (Fig. 2) or mag-
netic susceptibility (Fig. 5f), a proxy for clastic sediment input, and
only a small decrease in bulk C/N (Street et al., 2012). Together,
these lines of evidence suggest that increased production of shorter-
chain n-alkanes was the primary driver of the observed distribution
changes.

Interestingly, the transition toward shorter chain lengths at
2.95 ka was preceded by a late MH period (~4.6–3.0 ka) punctuated
by several intervals (at 3.1, 3.3 and 4.1 ka) of high ACL and kurtosis
(high %≥nC29, low % nC23) (Fig. 5) that in some cases correspond
with minor peaks in magnetic susceptibility (Fig. 5f) and bulk C/N
(not shown). These features are consistent with increased clastic sed-
iment and terrestrial organic matter input, driven by increased runoff
into a relatively low lake, and may mark the early stages of the MH–
LH transition to wetter climate. An increasing lake level across the
MH–LH transition may have both abetted aquatic macrophyte estab-
lishment and reduced terrigenous sediment transport to the deep
basin of the lake if a greater fraction of sediment delivered via runoff
became trapped in the newly expanded shallow lake margins.

Relationship to regional climatic change

Previous studies from the Sierra Nevada have identified a broadly
defined MH–LH transition as a period of widespread environmental
and climatic change, but it has proven difficult to evaluate the rate
of change and the degree of synchronicity between sites. On the one
hand, pollen reconstructions suggest relatively gradual changes in
western Sierra forest vegetation, with long-term increases in taxa
adapted to cooler summer conditions and increased effective
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moisture (e.g. Abies) beginning ~6 ka (e.g., Anderson, 1990; Smith
and Anderson, 1992; Brunelle and Anderson, 2003). On the other
hand, several other lines of evidence point to 4.0–3.0 ka as a distinct
period of climatic transition. These include peat deposition and in-
creased soil moisture in mid-elevation meadows in the central Sierra
(Anderson and Smith, 1994), increased aquatic plant pollen/spore
abundances and lower fire frequency in the record from Siesta Lake
in Yosemite (Brunelle and Anderson, 2003), lake level increases and
local high stands in basins draining the Sierra (Stine, 1990; Davis,
1999; Benson et al., 2002; Bacon et al., 2006; Negrini et al., 2006),
and resumed overflow from Lake Tahoe into the Truckee River system
(Benson et al., 2002). Pollen and diatom evidence from Pyramid Lake
also suggests a transition to more variable climate after ~3.5 ka
(Mensing et al., 2004). Mountain glacier initiation and advance
(Konrad and Clark, 1998; Bowerman and Clark, 2011) and retreating
treeline elevation (Scuderi, 1987) at Sierra Nevada sites by ~3.2 ka
imply some combination of seasonal cooling and increased snowfall
at high elevations. In a previous study at SL (Street et al., 2012), we
noted an abrupt increase in lake productivity proxies (total organic
carbon, biogenic silica) beginning at ~3.0 ka, which we attributed to
increased winter–spring temperatures and enhanced nutrient cycling
within the lake. The n-alkane evidence presented here indicates that
this seasonal warming was accompanied by a lake level rise driven
by increased effective moisture (a higher precipitation to evaporation
ratio) in the SL drainage. As discussed above, the onset of wetter con-
ditions at SL may have begun as early as ~4.6 ka, but the largest shift
in the n-alkane occurred within a 5 cm (~100-yr) interval, suggesting
a rapid expansion of the lake after 3.0 ka. Though the bathymetric
profile of SL may have contributed to the apparent speed of lake
level rise we suggest that the hydrologic regime change observed at
SL, and by extension, the central Sierra Nevada, was concentrated in
just a few centuries.

Taken along with previous studies, the evidence from SL supports
the notion of a distinct climatic regime shift to wetter andwarmer win-
ters, increased spring runoff, cooler summers, and increased effective
moisture occurring in the Sierra Nevada ~4.0–3.0 ka. The close corre-
spondence between these changes and MH–LH rearrangements in sur-
face ocean conditions along the NE Pacific margin (e.g., SST, upwelling,
productivity) (Barron and Anderson, 2011 and refs. therein) implies a
common driver in the large-scale oceanic–atmospheric circulation of
the North Pacific. Barron and Anderson (2011) argued that changes in
proxy records from throughout the Pacific-North America region
reflected a shift in the long-termmean circulation toward a state remi-
niscent ofmodern El Niño and+PDO phases, characterized by a general
deepening and eastward shift of the wintertime Aleutian Low, and a
weakening and southward shift of the summer Pacific High. The mod-
ern warm phases of ENSO and PDO do not produce consistent climatic
responses in the central Sierra Nevada. +PDO conditions are associated
with somewhat warmer than average winter conditions, but near-
average precipitation (Mantua et al., 1997; Fig. 1). Historical El Niño
events have resulted in both wet and dry winters in central California
but are on average associated with above normal precipitation, largely
due to very high precipitation during strong El Niño events (Schonher
and Nicholson, 1989; Monteverdi and Null, 1997; Castello and
Shelton, 2004). The reconstructed changes at SL and other Sierra sites
at the LH–MH transition combine attributes of these modern analogs,
and may record an expanded geographic zone of positive precipitation
and temperature responses towarm SST conditions in the eastern Pacif-
ic relative to the modern.

Conclusion

The most prominent feature of the Holocene n-alkane abundance
record from Swamp Lake is an increase in the relative abundance of
shorter chain lengths (nC21–nC25) occurring ~3.0 ka. Based on
n-alkane distributions in the modern plant assemblage, this shift

was most likely caused by an increasing abundance of submerged
and floating aquatic plants, in response to a relatively rapid rise in
mean lake level. The bathymetry of SL indicates that during high
stands the area of shallow-water, high-light habitat suitable for
aquatic plants expands considerably, while during low stands, the
lake is more confined to its deep central basin, reducing the extent
of shallow water areas. Relatively low sediment abundances of nC21
and nC23, along with high abundances of nC27 and nC29, during the
early and middle Holocene (10.7–3.1 ka) reflect high inputs of
n-alkanes from terrestrial and riparian plant communities, and low
mean lake level relative to the present. The increase in lake level cen-
tered at 3.0 ka resulted from some combination of increased winter
precipitation and reduced summer evaporation, corroborating previ-
ous evidence for the onset of a wetter climate regime in the central
Sierra Nevada between 4.0 and 3.0 ka. Taken along with evidence
for a concurrent increase in winter temperature (Street et al., 2012),
the inferred lake level increase at SL supports the idea of a distinct
mid-late Holocene climatic transition in western North America, driv-
en by a shift to a more El Nino/+PDO-like mean state in North Pacific
circulation.
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