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Abstract. Marine isotope stages (MIS) 11 has been proposedl.  Introduction
as an analog for the present interglacial; however, terrestrial

records of this time period are rare. Sediments from Lakeyjarine isotope stage (MIS) 11 has been proposed as an ana-
] / 1 1 i
El'gygytgyn (6730 N, 1725'E) in Far East Russia contain |44 to modern climate conditions, with orbital configurations
a 3.56 Marecord of climate variability from the Arctic. Here, gimilar to today and greenhouse gas concentrations at pre-
we present the first terrestrial Arctic reconstruction of envi- j,qustrial levels (Loutre and Berger, 2002; EPICA commu-
ronmental and climatic changes from MIS 8 through 12 (289yty members, 2004). Past studies indicate that MIS 11 was
to 464ka) using organic geochemical proxies. Terrestrialyne of the warmest and longest interglacial periods of the
vegetation changes, as revealed by plant leaf weadkane)  past 5Ma. The characteristics of this “super” interglacial
indices and concentrations of arborinol (a biomarker for(MeIIes et al., 2012) period have been expressed globally
trees), show increased tree cover around the lake during intetr, North Atlantic marine sediment core records (Voelker et
glacial periods, with higher concentrations observed duringy| 2010 Lawrence et al. 2009), as well as in Asian lacus-
MIS 11 as compared to MIS 9. A similar patter is also 0b- yrine sedimentary records from Lake Baikal, which indicate
servgd in records of aquatic productl\(ny revealed by_ molec-4 prolonged interglacial period of 30 kyr (Prokopenko et
ular indicators from dinoflagellates (dinosterol), eustigmato-5| 2010). However, terrestrial records from high latitude re-
phyte algae (long-chain ¢g-Cs2) 1, 15n-alkyl diols) in ad-  gigns of the Asian continent are almost non-existent, yet can
dition to short-chaim-alkanes, where aquatic productivity is pjay a crucial role in understanding aspects of the climate
highest during MIS 11. Changes recorded in these molecgystem that currently are not well characterized. The sed-
ular proxies show a similar structure to relative tempera-iment record obtained from Lake EI'gygytgyn in Far East
ture variability as recorded by the MBT/CBT (Methylation arctic Russia contains a continuous archive of climate vari-
of Branched Tetraether/Cyclization of Branched Tetraether)pjity since the middle Pliocene and permits critical analysis
paleothermometer, based on branched glycerol dialkyl glycf the structure, and corresponding response of this western
erol tetraethers (GDGTSs). Additionally, relative MBT/CBT Beringian ecosystem to changes during the MIS 11 “super”
temperature changes generally track pollen and diafd@ interglacial period.
temperature estimates, compiled by other studies, which sug- The jnterval spanning MIS stages 9 through 12 is of par-
gestglacial-interglacial temperature changes &10 12°C.  icylar interest to paleoclimatic studies as higher magni-
These records of environmental and climatic change indicatg,qe glacial-interglacial transitions, such as the MIS 12 to
Arctic sensitivity to external forcings such as orbital variabil- \y15 11 (Termination V) transition, was of larger magni-
ity and atmospheric greenhouse gas concentrations. Overallyge when compared to previous glacial-interglacial transi-
this study indicates that organic geochemical analyses of thgy,g (EPICA community members, 2004). During the peak
Lake EI'gygytgyn sediment archive can provide critical in- \yarmth of MIS 11, global sea levels are understood to have
sight into the response of lake ecosystems and their sensitijeen significantly higher than other interglacials over the
ity in high latitude regions. past 400 000 yr possibly due to significant collapse of both
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the Greenland ice sheet and the West Antarctic Ice ShediNolan, 2012). Strong winds also affect the El'gygytgyn
(Raymo and Mitrovica, 2012). This interval, known as the area, with dominant directions out of the north or south and
mid-Bruhnes transition, marks a period when the ampli-strongest winds in winter (Nolan and Brigham-Grette, 2007).
tude of interglacial-glacial variability increases following The modern vegetation around the lake can be character-
~430ka. Furthermore, past studies on Lake El'gygytgynized as arctic tundra consisting of lichen and herbaceous taxa
sediments by Melles et al. (2012), label MIS 11c as a “super’(Lozhkin et al., 2007a). Around the high-relief slopes of the
interglacial where lake sediments reflect high diatom and tercatchment basin this flora is often limited and discontinuous.
restrial plant productivity. The closest modern day forests4iel50 km SW of the lake,

In this study we examine biogeochemical processes irmpccurring as light conifer forest (Lozhkin et al., 2007a).
Lake EI'gygytgyn during the period of MIS 9 through 11
(289 to 464 ka) using multiple organic geochemical-based2.2 Chronology
proxies. Specifically, this study uses organic biomarkers
in lake sediments as proxies for reconstructing changes irsediment used by this study was taken from ICDP core 5011-
past environmental conditions. Here, we estimate relativel (Fig. 1), extracted from Lake El'gygytgyn in 2009. Thirty-
temperature changes using the MBT/CBT (Methylation of nine samples were taken at varying depth intervals between
Branched Tetraether/Cyclization of Branched Tetraether) pa13.9 m and 20.7 m with each sample representing00 to
leothermometer (Table 1), which relates changes in the de1000yr. The composite core record was tuned from fixed tie
gree of methylation and cyclization of branched glycerol points based on magnetostratigraphic investigations and the
dialkyl glycerol tetraethers (brGDGTS) to mean annual airages of magnetic reversals from Lisiecki and Raymo (2005),
temperature and pH (Weijers et al., 2007b). Compounds spewhich has a reported error of 4 kyr for the 0-1 Ma interval.
cific to trees and aquatic organisms demonstrate variabilityThis work and synchronous tuning of 9 data sets between the
in terrestrial vegetation and aquatic inputs through time, andnagnetic tie points is reported in Melles et al. (2012). Due
show responses to changing climate regimes. Finally, outo a sediment slump feature in the ICDP core during MIS 10,
record is comparable to published records from both maringhe samples from MIS 11 (21 samples) were furthered shifted
and terrestrial settings, fitting the Lake EI'gygytgyn record by approximately~ 2000 yr to compensate for missing time
into a global context. This paper complements the focusedn the sediment record, well within the error of the Lisiecki
summary of other proxies from MIS 11 reviewed by Vogel et and Raymo (2005) benthic stack, and the Lake EI'gygytgyn
al. (2012). age models.

2.3 Biomarkers
2 Background information

Various classes of organic molecules (lipids) have been ex-
2.1 Lake catchment and site description tensively studied and proven to be useful biomarkers due to

their relative resistance to degradation and source specific
Lake El'gygytgyn is located in the Chukotka Peninsula in molecular configurations (e.g. Eglinton and Hamilton, 1967;
the Far East Russian Arctic (830 N, 1725 E) (Fig. 1).  Volkman, 1986; Cranwell, 1973). In this paleolimnological
The catchment area sits in an impact structure formed astudy, the lipid compound classes of aliphatic hydrocarbons
3.58+0.04 Ma (Layer, 2000), with a rim-to-rim diameter (n-alkanes), long chain 1, 1b-alkyl diols, sterols, penta-
of 18km and a catchment area of approximately 293 km cyclic triterpenes and glycerol dialkyl glycerol tetraethers
(Nolan and Brigham-Grette, 2007). A network of 50 streams(GDGTSs) have been identified, quantified, and used to ex-
carries surface runoff into the lake, and the Enmyvaam Riveramine variability in terrestrial and aquatic community struc-
serves as the outlet to the Bering Sea (Nolan and Brighamtures during MIS 9 and 11. Using records of these compound
Grette, 2007). Lake El'gygytgyn is seated within the bot- classes produced in and around Lake EI'gygytgyn, we inves-
tom of this crater, and is 12km wide and 175 m deep withtigate the relationship between changes in chemical remains
an approximate volume of 14.1BnfNolan and Brigham- preserved in the lacustrine sedimentary record and climatic
Grette, 2007). The lake is an oligotrophic and monomictic changes during this critical period of time.
lake, with modern lake temperatures which do not exceed Aliphatic hydrocarbons r{-alkanes) are organic com-
4°C and with annual overturning in late summer (Nolan andpounds derived from both autochthonous and allochthonous
Brigham-Grette, 2007). Lake ice formation occurs by Octo-sources (e.g. Eglinton and Hamilton, 1967; Didyk et al.,
ber, and persists to July. 1978; Meyers and Ishiwatari, 1993) and are widespread

Modern air temperatures at the lake range fre#6°C biomarkers in lacustrine sedimentary archives. The principal

in the winter to as high asg-26°C in summer with a mean sources of biogenic aliphatic hydrocarbons to lake sediments
annual temperature 6f10.3°C (Nolan and Brigham-Grette, are algae, bacteria and vascular plants that live within a lake,
2007). Precipitation levels are generally low, with cumulative and vascular plants that live around it. These compounds are
precipitation from 2002 to 2007 ranging from 70 to 200 mm often used as recorders of local environmental changes. Short
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Fig. 1. Location of Lake El'gygytgyn (red star) and corresponding ICDP 5011-1 drill site (green star, inset map) are indicated. Other points
of interest to this study and in the region are Lake Baikal (blue star) and the Baldwin Peninsula in Alaska (orange star).

chainn-alkanes @5—Cy; (especially G7) are attributed to al-  of aquatic sources, using the basic premise of carbon chain
gae and photosynthetic bacteria (e.g. Cranwell et al., 1987tength variations specific to organism sources (Bourbonniere
Meyers, 2003, and references therein), submerged and emesnd Meyers, 1997).

gent aquatic plants are the main producers of mid-chaip, (C Compounds such as sterols (and their saturated analogs,
Co3, and Gs) n-alkanes (Ficken et al., 2000), while long- stanols) are useful biomarkers because carbon number, po-
chain homologues ((5—Cs3) are characteristic of higher sition of methyl groups, and double bonds in the molecule
order terrestrial plants (e.g. Eglinton and Hamilton, 1967;are indicative of certain groups of organisms (Volkman,
Cranwell et al., 1987). The-alkane indices such as the 1986, 2003; Volkman et al., 1998). For example, dinoflag-
Terrestrial to Aquatic Ratio (TAR) (Bourbonniere and Mey- ellate (Pyrrophyta) species are characterized by high con-
ers, 1997) and the Carbon Preference Index (CPI) (Bray andentrations of 4-methyl sterols with dinosterol ¢4 23, 24-
Evans, 1961) (Table 1) can provide important constraintstrimethyl-5x-cholest-22-en-8-ol) as the main constituent in

on the characteristic molecular distributions in each sam-some species (Withers, 1983 1987). Additionally, dinosterol
ple; these indices can reveal trends in the patterns and digs not known to be produced from terrestrial sources and is
tributions of short-to-long carbon chain number and odd-relatively absent from other aquatic species (Volkman, 1986).
to-even carbon number predominance in thalkane pro- However, it has been noted that dinosterol is not necessar-
files from our lake sediment samples. Thalkane CPl can ily produced by all species of dinoflagellates (Rampen et
provide information on both preservation/degradation pat-al., 2010). Nevertheless, dinosterol has been extensively used
terns in sedimentary records and/or source organism distrias a biomarker for dinoflagellates (Cdsda and Schouten,
butions helping to differentiate contributions from terrestrial, 2011, and references therein), and is useful for examining
aguatic, and bacterial sources, with terrestrial sources usupast changes in dinoflagellate productivity (e.g. Cestia et

ally showing the highest CPI values, followed by aquatic, andal., 2011).

then bacterial sources (Bray and Evans, 1961; Eglinton and The presence of long-chain £6&-Cs») 1, 15n-alkyl diols
Hamilton, 1967). Thei-alkane TAR index can provide use- in lake sediments may indicate input from algae, as these
ful information on organic matter (OM) sources, helping to compounds are common constituents of marine sediments
distinguish the contributions of land-derived OM from that where they are thought to be produced by Eustigmatophyte
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Table 1. Equations and indices used in this study.

Equations and

indices Summary Reference

Carbon Preference CP| = - C23+2:(Ca5+Co7+Coo+Cay) Bray and Evans (1961)
Index (CPI) C33+2-(C24+C26+C28+C30+Cs2)

Terrigenous to Aquatic TAR = ZCor+Coa+Ca1 Bourbonniere and
Ratio (TAR) ~ 3C17+C19tCa1 Meyers (1997)
Average Chain Length Modified from

(ACL) ACL = 17(nC17)+19(nCyq9)...31(nCz1)+33(nC33) Poynter and

nCq17+nCiqg...nC31+nCz3
Eglinton (1990)

Methylation of MBT = 11-+[1b]+[Ic Weijers et al. (2007b)
Branched Tetraethers (MBT) ([I]+[|5]+[|C]>+([II]+[|Ig]+[“¢])+([lll]+[|ll5]+[“|C])

Cyclization of Branched CBT=— Iog(['b]+[”b] ) Weijers et al. (2007b)
Tetraethers (CBT) [1+{m]

GDGT Specific MAAT T (°C)=5047—74.18- fGDGT Illl —31:60- fGDGT Tierney et al. (2010)
Calibration (Lake) I-34:69- fGDGT I

GDGT Specific Summer T(°C)=474— (209 GDGT I) — (37.1- GDGT II) Pearson et al. (2011)
Temperature —(535.GDGT Ill)

Calibration (Lake) ’

MBT/CBT MAAT Sun et al. (2011)

Calibration (Lake) T (°C)=6.803—7.062- CBT + 37.090- MBT

MBT Temperature Zink et al. (2010)

Calibration (Lake)

MBT'/CBT MAAT
Calibration (Soil)

MBT/CBT MAAT o _ Weijers et al. (2007b)
Calibration (Soil T (°C)=1184+3254-MBT —9.32-CBT

T (°C)=5501- MBT — 6.055

T (°C)=081—5.67- CBT+ 31 MBT’ Peterse etal. (2012)

algae (Volkman et al., 1992, 1999; Versteegh et al., 1997remains unknown (Weijers et al., 2007b). Acidobacteria are
Rampen et al., 2007, 2008), although we note that other proanother possible source of brGDGTs in soils, as it has
ducers may exist in lakes (CaBtda and Schouten, 2011, been shown that in laboratory cultures, some strains produce
and references therein). Long-chainy§Ss,) 1,15 n-alkyl the brGDGT-I compound (Sinninghe Darastt al., 2011).
diols have been detected in a variety of marine and freshwa€hanges in the degree of methylation (MBT) and cycliza-
ter sediments (Cadiada et al., 2009, and references therein)tion (CBT) of branched GDGTs (Table 1) are a temperature
and these compounds can be used to reconstruct aquatic pand pH dependent process (Weijers et al., 2007b) and the
mary productivity within lacustrine systems, which has beenMBT/CBT paleothermometer has been used to examine past
shown to have the potential for tracking climatic and envi- continental temperature variability (e.g. Weijers et al., 2007a;
ronmental variability (Rampen et al., 2012). Fawcett et al., 2011). The main source of brGDGTs to marine
Pentacyclic triterpenes and their respective derivativessettings is generally fluvial transport and thus MBT/CBT-
such as arborinol (arbor-9(11)-en-3a-ol) are characteristiadlerived temperatures can represent the mean annual air (soil)
triterpenes of higher-order terrestrial vegetation (Albrechttemperature of the river drainage (e.g. Weijers et al., 2007b).
and Ourisson, 1969; Vliex et al., 1994; Jacob et al., 2005).In lacustrine systems application of the MBT/CBT paleother-
Specifically, arborinol has been extracted from the leavesnometer is not as straightforward (Cdstda and Schouten,
of numerous species of trees, and can provide a record a2011) as there is strong evidence that brGDGTs can also be
changes in the extent of forest cover in an area (Jacob et alproduced in situ from within the water column (Peterse et
2005, and references therein). al., 2009; Tierney and Russell, 2009; Sinninghe D&net
Branched GDGTs (brGDGTs) are commonly found in al., 2009; Bechtel et al., 2010; Blaga et al., 2010; Tierney et
soils and peats and are believed to be produced by anaerobat., 2012). Despite uncertainties pertaining to the origin of
soil bacteria although the source organism(s) presenthbrGDGTs in lake sediments, several studies have applied the
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MBT/CBT paleothermometer to sediment cores to examineMass scans were made over the interval from 50 to® Q9

past temperature variability (e.g. Zink et al., 2010; Fawcett etCompound identification was achieved by interpretation of

al., 2011; Blaga et al., 2010). It should be noted that regionakharacteristic mass spectra fragmentation patterns, gas chro-

or lake specific calibrations are likely needed when applyingmatographic relative retention times, and by comparison with

the MBT/CBT paleothermometer to lakes (e.g. Tierney et al. literature.

2010; Zink et al., 2010; Cadtada and Schouten, 2011) and  Quantification was performed using a Hewlett Packard

without a site-specific calibration, MBT/CBT-derived tem- 6890 series GC-Flame lonization Detector (GC-FID)

peratures should only be interpreted in terms of relative tem-equipped with the same capillary column and using the same

perature change and not absolute temperatures. temperature program as described above. Compound con-
centrations were calculated by comparing integrated sample
peak areas with the integrated peak areas of an added internal

3 Methods standard (hexatriacontane, thg;@-alkane).

3.1 Sample extraction 3.3 Compound identification and quantification

Thirty-nine sediment samples-6—12 g) were selected for by HPLC — MS

molecular analyses at a coarse Samp"f‘g resolutm_ncmﬂe Splits of the polar fractions were filtered through a 0.45 pm
sample per 10kyr for the 200 kyr study interval, which sPanSp e syringe filter in 991 hexane : propanol (vol/vol) and

from 289 to 464 ka. Freeze _drled_, homogenized sedimen, ere subsequently analyzed on an Agilent 1260 HPLC cou-
samples were extracted with dichloromethane/methanol .\~ Agilent 6120 MSD, for identification and quan-

(9:1, vIv) mixture at a temperature of 100, usingaDiqnex tification GDGTs following the methods of Hopmans et
automated solvent extractor (ASE). The results of this studyal_ (2000), with minor modifications (Schouten et al., 2007).

represent processing of samples at different times usinQA C46 GDGT was used as an internal standard. Separation
slightly different methods. For 26 of the samples, the totalWaS achieved on a Prevail Cyano column (150 mgh1 mm

lipid extract was split in half and one half was separated into3 um) using 99 1 hexane : propanol (vol : vol) as an eluént
f|ye frgctlons by silica-gel column-chromatography: (F1) After the first 7 min, the eluent increased by a linear gradient
aliphatic hydrocarbons (hexane), (F2) ketones (4:1 hex'up to 1.8 % isopropanol (vol) over the next 45 min at a flow

gr(lfl\;l!DCI\/tl, VOI:\II(_)I)' I(F?IQZ-?Il:?nolgéste;o()l/s/fstanpls (%: .1 rate of 0.2mLminm!. Scanning was performed in selected
:acetone vol: vol), (F4) fatty acids (2 % formic acid in ion monitoring (SIM) mode.

DCM) and (F5) polar compounds (methanol). For the re-
maining half of the TLE from these 26 samples along with
13 additional samples, the TLE was separated into apolay Resylits

(9:1 DCM:hexane, vol/vol), ketone (1:1 DCM:hexane,

volivol) and polar (1:1 DCM:MeOH, vol/vol) fractions C,g Czpand Gy n-alkyl 1, 15-diols are present in high con-
using alumina oxide column chromatography. One sam-centrations during interglacial periods MIS 9 and 11 (Fig. 2b)
ple at~ 460 ka (480 ka) was not included in the brGDGT with total concentrations (sum szg C3O and QZ 1, 15n-
analysis due to complications in laboratory proceduresgjkyl diols) ranging from 1.16 to 20.17 HQ}Q and average
however was processed for all other analyses. The .,ncentrations of 9.30 and 16.25 ps‘gl(gfor MIS 9 and 11,

aIkanoI/stgroI/stanol fraction (F3) and the polar frgctiqns respectively. During glacial periods long-chain 1,28lkyl-
from the first and second column schemes, were derivatize iols are present in low concentrations (Fig. 2b), with total

to their trimethylsilyl-ethers using bistrimethylsilyltrifluo- ., entrations ranging from 0.92 to 4.97 gd;gand aver-
roacetamide (BSTFA) with acetonitrile as a catalyst (1:1,a es of 2.22 1.39 and 3.01 _jEfor MIS 8. 10 and 12
V:V) at 60-70°C for roughly one hour prior to GC analy- regspective.ly T O ' ’

sis. : . -
Dinosterol concentrations show a similar overall trend to
3.2 Compound identification and quantification those of the long-chain 1, 16-alkyl-diols, with relatively
by GC and HC-MS high average concentrations of 3.18 and 4.089@9 dur-
ing respective interglacial stages 9 and 11 (Fig. 2d), while
Compound identification was performed using a Hewlettpresent in very low concentrations during glacial periods
Packard 6890 series gas chromatograph (GC) — mass spewith average concentrations of 0.38, 0.41 and 0.57gfor
trometer equipped with a 5 % phenyl methyl siloxane columnMIS 8, 10 and 12, respectively. Arborinol concentrations are
(HP-5, 60 mx 0.25 mmx 0.25 pm). The GC-MS oven tem- highest during interglacial periods (MIS 9 and 11; Fig. 2c)
perature program for running the F1/apolar and the F3/polavarying in concentration between 1.69 and 28.53gigwith
fractions initiated at 70C, increased at a rate of 2@ min—! an average concentration of 13.57 and 21.635‘@9@1ring
to 130°C and then next increased at a rate 6&4min~! to MIS 9 and 11, respectively. Arborinol concentrations drop
320°C. The final temperature of 32C was held for 20 min.  off rapidly during interglacial to glacial transitions, and are
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Fig. 2. (athroughg) Calculated and measured organic geochemical proxies for the period of 275 Ka to 47%&jadtal aquatic biomarkers,
defined as th& [C17]+[C19] + [C21] + [dinosterol] + [X long chain (Gg, Czp, C32) n-alkyl diols]; (b) sum of long chain (gg, Czp, C32)
1, 15n-alkyl diols; (c) arborinol (ug geld); (d) dinosterol (ug gelcp. (e) Concentrations of total branched GDGTs (gglcg (f) BIT index;
(g) crenarchaeol (ug;gld). Gray bars indicate the timing of MIS 9 and MIS 11 interglacial periods.

below detection limits during most of the glacial periods global soils calibration of Weijers et al. (2007b) and from

(MIS 8, 10, and 12) varying between 0 and 4.14 g@,gyith —3.5 to 6.4°C when applying the MBTCBT soils calibra-
an average concentration of 1.69 g—d;gor all g|acia| peri- tion of Peterse et al. (2012) USing other pUb'lShEd lacus-
ods. trine calibrations, the temperatures range from 6.7 to 16.5

Branched GDGT concentrations range from 0.09 to(Tierney et al., 2010), 8.1 to 17°€ (Pearson et al., 2011),
0.99pug g, and on average are more abundant duringl.4 to 13.4°C (Sun et al,, 2011) and 0.2 to 9B(Zink
interglacial periods (Fig. 2e). MBT/CBT derived tempera- €t al., 2010) (Fig. 3a—f). The lowest temperature according
ture estimates range from9.2 to 3.0°C when app|y|ng the to the Weijers et al. (2007b) calibration is noted at 440 ka
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Fig. 3. (athroughj) MBT/CBT TemperatureC) calculated from brGDGTs based on calibrationga)fWeijers et al. (2007b)b) Tierney

et al. (2010);(c) Pearson et al. (2011jd) Sun et al. (2011){e) Zink et al. (2010) andf) Peterse et al. (2012(g) MBT values;(h) TOC
data;(i) TAR values, where the arrow indicates increased terrestrial inpufja@®P| values, where the arrow indicates increased terrestrial
input and/or OM preservation. Gray bars indicate the timing of MIS 9 and MIS 11 interglacial periods.

(MIS 12) while the highest value occurs 25kyr later, at  number with the maximum abundance varies considerably
415ka (MIS 11). between samples, with some samples having bimodal dis-
Carbon numbers for-alkanes range from G to Cgs. tributions peaking at & and Gz, Cyg, or Cz1, and others

Carbon-preference index values (CPI) forzCto Cs3 showing a monomodal distribution with a single maximum
n-alkanes show values between 1.8 and 6.1 for all samplat G7, Cog or C31. Average chain lengths (ACL) (Poynter
depths, with an average of 3:10.7 (Fig. 3j). The terrestrial and Eglinton, 1990) range from 25 to 28 (not plotted) but do
to aquaticz-alkane ratio (TAR) has values between 1.07 andnot show distinct patterns between all glacial and interglacial
7.59, with an average value of 3.72 (Fig. 3i). The carbonperiods.
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5 Discussion normalizing biogeochemical data to grams of organic car-
bon using %TOC values is a common method to investigate
Previous studies of Lake El'gygytgyn point toward both a the effects of preservation vs. production on biomarker con-
global and regional response of the lake environment to vareentrations, the nature of TOC data in Lake El'gygytgyn, es-
ious climate forcings (Lozhkin et al., 2007a, b; Melles et al., pecially during MIS 9 and 11, prevents the confident use of
2007, 2012). A record of pollen counts and diatom produc-the TOC data to normalize the biomarker data. Ongoing or-
tivity (the latter inferred from the Si/Ti record as shown by ganic geochemical research suggests that the non-solvent ex-
Melles et al., 2012; Fig. 4d) shows the highest terrestrial andractable portion of TOC varies considerably, and indepen-
aquatic productivity during MIS 11, while MIS 9 is charac- dently of glacial-interglacial cycles, at Lake El'gygytgyn.
terized by slightly diminished productivity relative to MIS 11  As such, the biomarker concentration data is normalized to
(Melles et al., 2012). The overall paleo-environmental recordg sediment extracted ;Q,)
presented here corroborates past work, and our results fur-
ther elucidate subtle differences in ecological community5.2 Preservation of Organic Matter
structure and productivity during MIS 9 and MIS 11. Tem-
peratures recorded by the MBT/CBT paleothermometer arérhe CPlI is often used to examine preservation of OM, yet the
often correlated strongly with other biogeochemical proxy relationship between-alkane CPI values and degradation
records of terrestrial vegetation changes and aquatic prois less clear in aquatic environments due to the weaker odd
ductivity, showing a clear response of each to local tem-over even preference of bacteria and aquatic algae (Grimalt
perature variability during interglacial-glacial transitions as and Albaiges, 1987) that results in lower CPI values com-
well as within interglacial periods. Biogeochemical proxy pared to terrestrial OM (Cranwell et al., 1987). OM in aquatic
records also show a high degree of correlation with varioussediments is usually considered substantially degraded when
other paleorecords such as those from continental Asia (Lak€PI values are below 1 (Bray and Evans, 1961) Because
Baikal), the Bering Sea, the North Atlantic, and Antarctica, CPI values ofi-alkanes (1.8—6.1) are higher than 1 through-
indicating an integrated global response (Fig. 4, cf. Vogel etout this record (avg=3.20.7), and there are no observ-

al., 2012). able trends in decreasing CPIl down-core, progressive OM
biodegradation through time is likely to be limited in this
5.1 Biogeochemical records and normalization record. However, it has been proposed that the bottom wa-

ters of Lake EI'gygytgyn become anoxic/suboxic during var-
The percent of total organic carbon (%TOC) may be usedous glacial periods, in which case OM degradation may have
as a proxy for primary productivity in lakes (Meyers and had a greater influence on the preservation of OM in the
Ishiwatari, 1993, 1995; Meyers, 1997) although TOC in la- lake throughout glacial-interglacial transitions (Holland et
custrine sediments represents contributions from both aual., 2013). During interglacial periods (MIS 9 and 11) the
tochthonous and allochthonous sources. Overall %TOC valCPI record exhibits the highest values, which quickly drop
ues in Lake El'gygytgyn are low and range from 0.1-3 % off to significantly lower values as the record transitions to
over the interval of study, reflecting the monomictic olig- glacial periods (MIS 8, 10 and 12). This trend can be at-
otrophic to ultra-oligotrophic nature of the lake (Melles et tributed to either a decrease in biodegradation of OM during
al., 2012). Interestingly, we note that the response of TOC ininterglacial periods or it otherwise may represent an increase
Lake EI'gygytgyn during Quaternary glacial and interglacial in terrestrial OM input. However, based on our records we
periods is not consistent throughout the record (Fig. 3g), anadlo not have the necessary information to designate the rel-
the mechanisms behind this variability are not well charac-ative amounts either of these mechanisms may have had on
terized. An example of the variable nature of the TOC recordthe observed trends in CPI and OM preservation.
occurs during the MIS 2 glacial period, where %TOC is
much higher than during the two surrounding interglacial pe-5.3 Temperature variability
riods, MIS 1 and 3 (Holland et al., 2013). The TOC data from
MIS 9 and 11 reveal a somewhat contrasting response witliRelative temperature changes at Lake EI'gygytgyn were ex-
slightly elevated TOC values during MIS 11 in comparison amined using the MBT/CBT paleothermometer by applying
to the surrounding glacials, MIS 10 and 12 (Fig. 3g). How- several different calibrations (Weijers et al., 2007b; Tierney
ever, TOC data from MIS 9 cannot readily be demarcatedet al., 2010; Zink et al., 2010; Pearson et al., 2011; Sun
from the surrounding interglacials MIS 8 and 10, as theyet al., 2011; Peterse et al., 2012) (Fig. 3a—f). We note that
are all characterized by relatively similar values. In contrast,without a modern calibration set and without knowing if
all other biological based proxies from Lake EI'gygytgyn the main source of brGDGTSs in Lake El'gygytgyn is from
(i.e. biogenic silica) clearly show elevated values correspondwithin the lake or the watershed, it is not clear which of
ing to interglacial periods throughout the Pleistocene, in-the presently available MBT/CBT calibrations is the most
cluding MIS 9 and 11 (Fig. 4h), making them easily dis- suitable to apply. It has been suggested that site specific
cernible from the surrounding glacial periods. Although or regional calibrations may be needed for MBT/CBT and
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Fig. 4. (a throughk) (a) Measured arborinol concentrations (gg];g (brown line and points) witlib) measured tree pollen counts (green
line) (from Lozhkin and Anderson, 2013; Lozhkin et al., 2007l);dinosterol (ug geld) (green points and line), compared wiidh) Si/Ti
ratio (red line) from Melles et al. (2012fe) calculated mean temperature of the warmest month (Melles et al., 201 2ffvithlculated
MBT ratio. (g) The sum of insolation from May, June, July and August (MJJA) from Laskar et al. (2004he Lake Baikal biogenic silica
record (Prokopenko et al., 200Ti); North Atlantic sea surface temperature (SST) record from alkenorggs) {tdm Lawrence et al. (2009);
(i) global benthic Foraminiferal®0 stack from Lisiecki and Raymo (2005); afk) atmospheric C@ concentrations measured from the
EPICA Antarctic Ice Core (EPICA Community Members, 2004), with red dots indicating average@@entrations for the MIS 9 and
MIS 11 interglacial periods. Gray bars indicate the timing of MIS 9 and MIS 11 interglacial periods.

other factors such as a seasonal production maximum ofemperature of-10.3°C (Nolan and Brigham-Grette, 2007).
brGDGTSs should be evaluated for individual sites (Castia ~ Water temperatures within the lake are always bel&\C 4
and Schouten, 2011). We note modern air temperatures atlthough shallow shelf areas can reach up t&€5n sum-
this site span from-40 to +26°C, with a mean annual air mer (Nolan and Brigham-Grette, 2007). Palynological data
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from Lake El'gygytgyn sediment cores has been previouslygiven the sampling resolution of this study, interglacial sub-
used to calculate the mean temperature of the warmest montllivisions are speculative and merely resemble subdivision
(MTWM) based on terrestrial vegetation pollen assemblagemade in previous studies (Lisiecki and Raymo, 2005). Higher
abundances over the MIS 11 to MIS 12 transition, and re-resolution analyses for this interval are required before fur-
veal a~ 12°C relative temperature change during this pe- ther interpretations can be made, but the 30 ka duration of
riod (Melles et al., 2012). Furthermore, temperature esti-the MIS 11 interglacial shown by Prokopenko et al. (2010)
mates from diatond'®0 (Chapligin et al., 2012) suggest in- in Lake Baikal records is nevertheless evident in our record.
terglacial to glacial changes 6f9°C, both of which support  During the MIS 10 glacial period, MBT/CBT-derived tem-
interglacial to glacial temperature changes which are simi-perature estimates are anomalously high in three of the sam-
lar to ranges reported from the multiple MBT/CBT recon- ples (Fig. 3a—f). The high variability exhibited in samples
structions. Yet given the wide range of temperatures noted irfrom the MIS 10 is not well understood, although variabil-
and around the lake, all of the currently available MBT/CBT ity in summer insolation is a possible explanation. Hao et
calibrations to temperature could be feasible, especially ifal. (2013) also demonstrate a weakening of the East Asian
seasonal biases are considered. Therefore, at present, absgnter monsoon, and therefore a weaker Siberian High, dur-
lute temperatures as recorded by MBT/CBT cannot be reing MIS 10. This weakening would result in persistent non
constructed with confidence at Lake EI'gygytgyn. Noteably, glacial conditions during MIS 10 based on records from the
MBT/CBT indices shown in Fig. 3a and b are similar to the Chinese Loess Plateau, providing a different potential mech-
MTWM index compiled by Tarasov in Melles et al. (2012). anism for the warmth recorded by the MBT/CBT proxy at
In marine settings, the Branched and Isoprenoid Tetraethethis time.
(BIT) Index (Hopmans et al., 2004) provides a proxy for
soil organic matter versus aquatic input and is based on &.4 Vegetation change
ratio of relative abundances of brGDGTSs to crenarchaeol,
a biomarker of aquatic thaumarchaeota (formerly crenarDuring the MIS 11 interglacial, values for thealkane in-
chaeota). BIT index values range from 0 to 1, with an aquaticdices (CPI and TAR) suggest OM in the sediment is largely
end member value of 0 indicating an aquatic end member irfrom terrestrial sources, a trend that is corroborated by tree
which crenarchaeol is the only compound present, while gpollen records and high arborinol concentrations (Fig. 2c),
value of 1 represents pure soil OM source (Hopmans et al.suggesting forestation of the lake catchment (Melles et al.,
2004). However, in lakes the interpretation of BIT index val- 2012; Lozhkin and Anderson, 2013). This is likely a result
ues is not as straightforward as brGDGTs likely also deriveof increased sensitivity of terrestrial vegetation in Arctic re-
from within the water column (Peterse et al., 2009; Tierneygions, as a drop in temperature can easily cause permanent
and Russell, 2009; Sinninghe Daf@st al., 2009; Bechtel et snow and nivation hollows to form, killing off most terres-
al., 2010; Blaga et al., 2010; Tierney et al., 2012). At Lake trial vegetation, while submerged aquatic plants and bacteria
El'gygytgyn, BIT values are quite high and range from 0.74 can continue to thrive as long as sunlight can still penetrate
to 0.99 (Fig. 2f) during MIS 8 to 12 but are driven mainly the ice-cover (Melles et al., 2007). The interpretations made
by variations in crenarchaeol concentrations rather than byrom ther-alkane CPI record are further supported byrthe
variations in inputs of brGDGTs. Lower BIT index values alkane TAR proxy, revealing changes in the amount of OM
(Fig. 2f) correlate to intervals when increased concentrationdeing delivered from terrigenous or aquatic sources. Mean
of crenarchaeol are noted (Fig. 29). n-alkane TAR values suggest higher overall terrestrial con-
For the reasons stated above, we strongly caution readributions in MIS 11.
ers against interpreting Lake EI'gygytgyn MBT/CBT derived  Following peak warmth at 415ka, vegetation records
temperatures either in terms of absolute temperatures or thikeased on arborinol concentrations and pollen data exhibit a
overall amplitude of the temperature signal. However, rel-gradual decrease in terrestrial vegetation, especially after the
ative temperature changes from the MBT/CBT record aredrop in temperature at 400 ka (MIS 11.b) before the on-
presented and show varying degrees of correspondence witket of MIS 10 (Fig. 4a and b). During the glacial interval
summer insolation for 67°9N (Fig. 4f). A comparison to at~ 395ka, arborinol concentrations are at or below the de-
local insolation (Laskar et al., 2004) shows some similari- tection limit, indicative of the return of tundra plant cover
ties, suggesting that MBT/CBT-derived temperatures couldand/permanent snow cover.
represent a signal of summer temperature, a concept previ- The response of the terrestrial and aquatic communities to
ously proposed by Pearson et al. (2011), although some ofIS 9 is somewhat weaker from that of MIS 11, supporting
the differences between the MBT/CBT record and insola-previous observations by Melles et al. (2012) that MIS 11
tion could arise as a result of the large uncertainties inherwas a “super interglacial” period. Biomarker data from
ent in the age model used. Furthermore, the MBT/CBT tem-MIS 9 indicate a clear interval of warmth (Figs. 2—4). Early
peratures demonstrate changes resembling interstadial peiih MIS 9, warmer interglacial MBT/CBT-derived tempera-
ods MIS 11.b and MIS 9.b (Fig. 3a—f), which is indicative tures suggest that the terrestrial community may have expe-
of the potential sensitivity of the MBT/CBT method. Yet, rienced full forestation, supported by the high concentrations
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of arborinol, and low CPI values during this time period water, as opposed to peak MIS 11 warm conditions where the
(325 to 335ka). Pollen records from the MIS 9 time pe- lake supports a diverse aquatic community of primary pro-
riod (Lozhkin et al., 2007b), together with the record of ar- ducer organisms. While our records do not show evidence
borinol, indicates MIS 9 overall was a weaker interglacial for a strong glacial—interglacial change in the preservation of
than MIS 11. The highest terrestrial productivity based onOM in Lake EI'gygytgyn, it is possible that preservation dur-
the Si/Ti ratio also coincides with the period of peak MIS 9 ing glacial versus interglacial periods is in fact different. If
warmth as recorded by the MBT/CBT record, indicating the so, biomarker concentrations in our records may show biases
growth of trees and shrubs with warmer temperatures (Figs. dased on preservation rates, especially when making glacial

and 4). to interglacial comparisons (Holland et al., 2013).
Possible explanations for the vegetation differences in- We searched for the compounds loliolide, isololiolide,
clude variability of both summer insolation and g@ur- gorgesterol, fucoxanthin, and various methyl-cholesterol

ing MIS 9 and 11 (Laskar et al., 2004; EPICA Community compounds, all of which have been used as molecular in-
Members, 2004). Although peak G@nd insolation values dicators for the presence of different diatom species commu-
are both highest in MIS 9, MIS 11 records indicate slightly nities (Rampen et al., 2010). Despite biogenic silica records
lower yet less variable C£and insolation values. These sta- indicating the presence of a substantial diatom community in
ble forcings could have resulted in the higher vegetation reLake EI'gygytgyn, thus far, we have been unable to identify

sponse; otherwise this could have also resulted from changeany of these diagnostic molecular markers in our sediment
in preservation, if for instance, there was increased anoxisamples.

during MIS 11. Although records from later glacial periods

such as the Last Glacial Maximum (MIS 2) show higher TOC 5.6 MIS 9 and 11 interglacial comparisons

and biomarker concentrations than interglacials (MIS 1 and ) o )

3) (Holland et al., 2013), recent work has also demonstrate(,pvera”* biomarker records indicate high temperatures dur-

that OM preservation/degradation during MIS 2 is an anomain9 MIS 11.c, and warm temperatures during MIS 9 as sug-
lous interval, for the period spanning 0 to 1.2 Ma (Snyder et9ested by the MBT/CBT paleothermometer. As such, the cli-

al., 2012). Therefore, MIS 2 may not serve as a good analogat€ both of MIS 11.c and MIS 9 supported a diverse range

for other interglacial and glacial period from deeper parts ofof organisms, including high productivity of terrestrial plants
the Lake Elgygytgyn record. as well as high numbers of diatoms, dinoflagellates, and algal

organisms (cf. Snyder et al., 2012). The transition from inter-
glacial to glacial periods is marked by a dramatically sharp
decline in long chain 1, 1b-alkyl diols (Fig. 2b), indicating

At Lake EI'gygytgyn, stable and warm temperatures duringthat @ critical threshold was reached.

interglacials could have allowed for increased aquatic pro- Following MIS 10 glaciation, GDGT temperatures show
ductivity and diversity, a point corroborated by high concen- €vidence for a single warm periods occurring during MIS 9

trations of the aquatic biomarkers of long-chain 1idikyl-  (Fig- 3). Temperatures during early MIS 9 reveal a warm
diols, dinosterol, and diatom productivity as indicated by the peak associated with increased diatom, algal, and terrestrial

lake Si/Ti ratio proxy (Melles et al., 2012). These increasesProductivity. The aquatic community is similar to the MIS 11

in biomarker concentrations may also reflect increases in th@eak, where high concentrations of all aquatic markers, abun-

preservation of organic matter due to changes in dynamics oflant diatoms and an increase in sediment accgmulatlon rates
the lake operating system as a response to climatic changdée'® measured (Snyder et al., 2012; Cunningham et al.,

(Snyder et al., 2012). During peak MIS 11 (420 to 400 ka), 2012). The record of long-chain £6-Cgo) 1, 15n-alkyl di-
the concentrations of the aquatic biomarkers reach the high?!S Suggests elevated contributions from eustigmatophyte al-

est values of the record (Fig. 2a), which correspond with92€ as well, although these compounds are not present at
a period (418.5 to 402ka) of peak warmth and precipita-the higher values measured for MIS 11. Early MIS 9 resem-
tion determined by Vogel et al. (2012). At the 400ka tem- bles the community structure of late MIS 11 following the
perature drop recorded by MBT/CBT, CPI values decreasd'00 ka temperature drop where diatom abundance decreased
rapidly, and slight decreases in long-chain 1,/i&lkyl- but dinoflagellate levels remained high. Recorded changes in

diols and dinosterol concentrations are evident (Fig. 2b). Fol-2duatic productivity are similar to our records of terrestrial
lowing this temperature drop, our biomarker records indi- vegetation variability, and the two demonstrate a high degree

cate a rebound in the dinoflagellate and algal communities®f correlation (Fig. 2a). In this sense, aquatic productivity
with higher productivity prior to the onset of MIS 10 while turther substantiates how the lake and catchment area has re-

SifTi ratios (an indicator of diatom productivity) fail to re- SPonded to stable versus more variable climate forcings in

cover. The lack of diatoms and high concentrations of di-the Past.
nosterol and long-chain 1, kbalkyl-diols points to biolog-

ical niche conditions where decreasing temperatures are co-
incident with less diversity of primary producers in the lake

5.5 Aquatic productivity
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5.7 Global context of MIS 11.b interstadial was demonstrated by a flux of ice
rafted debris and a drop #80-based North Atlantic surface

Orbital parameters vary notably between MIS 11 and MIS 9temperatures (Voelker et al., 2010). Additionally, alkenone
(Yin and Berger, 2010), as evident in the July insolation (U’§/7) sea surface temperatures in the North Atlantic
curve at 67.5N (Laskar et al., 2004) (Fig. 4g). Discrepan- (Lawrence et al., 2009) demonstrate a similar temperature
cies in local insolation during these periods are one possiblelecrease suggesting these events were not isolated to Lake
mechanistic explanation for the observed variability of lo- EI'gygytgyn. Evidence for early glacial inception from
cal temperatures estimated by the MBT/CBT index. Yet dur-central Beringia suggests that at this time, the Arctic regions
ing these two interglacial periods there are also differencesvere beginning to cool with small changes in insolation
in global atmospheric concentrations of £€Qwith average  (Huston and Brigham-Grette, 1990; Brigham-Grette, 2001).
concentrations at 260 ppm and 270 ppm during MIS 9 and Diatom assemblages in the Bering Sea also indicate cooler
11, respectively (EPICA Community Members, 2004). The conditions, with increased percentages of sea ice species
slightly higher and more stable average atmospheric conduring this interval~ 400 ka (Caissie, 2012). Although sea
centrations of global C®during MIS 11 present a possible level was high (Raymo and Mitrovica, 2012) the presence
mechanism behind the distinctively warm and stable condi-of glacio-marine sediments overlain by till indicates the
tions that characterize the MIS 11 interglacial period in ouradvance of glaciers coincident with the400 ka tempera-
records even though total insolation is less than that of MIS Qure drop (Huston and Brigham-Grette, 1990). During the
by ~ 20 W2 (Laskar et al., 2004). While MIS 9 peak at- mid-stage MIS 9 interstadial (9.b), changes in the Lake
mospheric C@levels were higher than during MIS 11 (Luthi Baikal biogenic silica (Prokopenko et al., 2007) record can
et al., 2008), the stability and duration of elevated,@on- be roughly aligned with MBT/CBT temperature estimates as
centrations during MIS 11 results in higher average€an-  well (Fig. 4). The response of the Lake El'gygytgyn record
centrations. Melles et al. (2012) proposed that evidence for @o these changes indicates the lake is sensitive to these global
collapsed Greenland ice sheet (Raymo and Mitrovica, 2012and regional changes, and thus is not solely recording local
and higher sea levels during MIS 11.c could allow for in- climate conditions.
creased throughflow of warm water into the Arctic Ocean
through the Denmark Strait, Fram Strait and Bering Strait,
modulating warm conditions in the Russian Arctic.

Detailed changes in the local ecology of the lake and sur-,. . L .

. ) Biomarker investigation allows for the reconstruction of not

rounding catchment observed in our records supports the la-

) P . - R only temperatures based on the MBT/CBT paleothermome-
beling of MIS 11.c as a “super interglacial”, as its diverse

and abundant oraanism community is not matched in MIS 9ter, but also a semi-quantitative analysis of both terrestrial
9 y ‘and aquatic productivity in the lake during MIS 11 and

\\//v:u:: gfgonzsérlagzs Asggi?igﬁ;ﬁ un:ggﬂgfﬁ';%%g fgfm?gbgif'MIS 9. Results from this study corroborate the long dura-
9 " ) Y. 9 tion of MIS 11 warmth of~ 30 kyr found in Lake Baikal

'chr;gil;?;aaggrigmiﬁg tﬁ;ersﬁgpﬁigﬁizek? ;rno dngePrfglcby Prokopenko et al. (2010) and in ice core records (EPICA
9 P ymo, Community Members, 2004). In concert with the long du-

E)OnOSe)rdl\l/ngalylncoga}sb(liim:?ergltej’I\jlpseglﬂlga;&%\g?:gnnfrL:rllgration, the MIS 11 “super interglacial” interpretation by
9 X P ' Melles et al. (2012) is supported by our results, with a di-

Baikal indicate a particularly long MIS 11 (Prokopenko et . LT : .
. . . . verse aquatic community indicated by high concentrations
al., 2010), suggesting connections in the climate system over

X : . ; of all measured biomarkers. The overall record of MIS 9
the Asian continent. Comparison of our biomarker record to ) .
: . C -~ and MIS 11 agrees with other records from various global
the Lake Baikal biogenic silica record also shows a similar

pattern and response to summer insolation. Additionally, inlocat|ons as_well, linking the Lake EF'gygytgyn record to
. . °' the global climate system. However, to further understand
the Bering Sea, increased percentages of warm water diatom . - .
. . the ecological changes indicated by the biomarkers, future
species, as well as decreased abundances of sea ice species

further indicate the ubiquitous warmth characteristic of thiswor!( musF .|nvolve h!ghe.r resolution sampling and analy-
. . o sis in addition to calibrations of the MBT/CBT paleother-
time period (Caissie, 2012).

. . mometer so that absolute temperature may be reconstructed.
While the temperature estimates made from the : oo )
. Nonetheless, the results of this study indicate these biomark-
MBT/CBT index also record the stable, peak warmth . . . :
. . ers can provide critical information about paleo-ecological
of MIS 11, our reconstructions also reveal considerable ", : .
. . . conditions, and shed light on how these climate changes are
variability absent in many records of global signals. For

instance, temperature decreases notee 400 ka during reflected in sensitive environments from Arctic regions.
MIS 11 and at~ 325ka during MIS 9 are not recorded

in globally averaged records such as benthic Foraminifera

stacks. Initial comparisons of the 400 ka temperature drops

with mid-latitude Atlantic Ocean records indicate the onset

6 Conclusions
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