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The Pliocene epoch represents an analog for future climate, with atmospheric carbon dioxide concentra-
tions and continental configurations similar to present. Although the presence of multiple positive 
feedbacks in polar regions leads to amplified climatic changes, conditions in the Pliocene terrestrial Arctic 
are poorly characterized. High latitude sedimentary records indicate that dramatic glacial advance and 
decay occurred in the Pliocene Arctic, with attendant effects on global sea-level. Understanding these 
deposits and their implications for Earth’s future requires developing a sense of climatic evolution across 
the Pliocene–Pleistocene transition and during the intensification of Northern Hemisphere Glaciation 
(iNHG) ∼2.7 million yr ago (Ma). Here we reconstruct Arctic terrestrial environmental change from 
2.82–2.41 Ma (Marine Isotope Stages (MIS) G10–95) using the distribution of branched glycerol dialkyl 
glycerol tetraethers (brGDGTs) and the isotopic composition of plant leaf waxes (δDwax) in a sedimentary 
archive from Lake El’gygytgyn, Northeast Russia. Our records reveal changes in proxy behavior across this 
interval that we attribute to changing boundary conditions, including sea level, sea ice, vegetation and 
pCO2 during different MISs. We find that brGDGT temperatures and δDwax are decoupled for most of the 
record, although both show an increasing range of glacial–interglacial variability following iNHG. δDwax

is stable from MIS G10–G4 despite changes in vegetation and temperature, suggesting different sources 
or pathways for moisture to Lake El’gygytgyn during the Late Pliocene.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

The Pliocene was a global warm period 5.332–2.588 million yr 
ago (Ma) (Gibbard et al., 2010) when atmospheric carbon dioxide 
(pCO2) was 350–450 ppm (Zhang et al., 2013; Martínez-Botí et al., 
2015), and it has been proposed as an analog for future warming 
(Thompson and Fleming, 1996). Of particular interest is the in-
tensification of Northern Hemisphere glaciation (iNHG) ∼2.73 Ma, 
during Marine Isotope Stage (MIS) G6, which has been studied in 
many high-latitude marine records (Fig. 1) (e.g. Haug et al., 2005;
Naafs et al., 2012; Hennissen et al., 2015; Bailey et al., 2013;
Kleiven et al., 2002; Martínez-Garcia et al., 2010). Northern land-
masses were permanently altered by the growth of large ice sheets 
after iNHG, yet few terrestrial records from this period have been 
studied. Unfortunately, high-resolution, continuous terrestrial sec-
tions of Pliocene age are rare in the high latitudes. Pleistocene 
glaciations repeatedly scoured the continents, precluding the un-
interrupted deposition of sediment necessary to develop a contin-
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uous view of terrestrial Arctic climate change since the Pliocene 
(Miller et al., 2010).

In 2009, a sediment core from Lake El’gygytgyn, Russia, span-
ning the last ∼3.6 Ma was recovered. This record provides a unique 
view of environmental change preceding, during, and following 
iNHG. Although pollen-based temperature estimates have been 
published for Lake El’gygytgyn (Melles et al., 2012; Brigham-Grette 
et al., 2013), these are regional in nature and potentially subject 
to large errors based on the modern analogue approach (Andreev 
et al., 2014). Organic geochemical proxies provide an indepen-
dent means of examining terrestrial temperature and hydrological 
change (e.g. Weijers et al., 2007a; Pautler et al., 2014) and may 
provide a more local signal in a lacustrine environment (Buckles et 
al., 2014). Here we apply two such proxies that have previously 
been used to reconstruct past Arctic temperature from marine 
and lacustrine sediments (e.g. de Wet et al., 2016; Pautler et al., 
2014). Firstly, we use the methylation/cyclization (MBT/CBT) ratio 
based on branched glycerol dialkyl glycerol tetraethers (brGDGTs) 
(Weijers et al., 2007b; Peterse et al., 2012). Secondly, we measure 
the deuterium to hydrogen ratio on terrestrial higher plant leaf 
waxes (n-alkane δ2H, δD, or δDwax) (e.g. Sachse et al., 2012).
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Fig. 1. Lake El’gygytgyn and surrounding records. The dashed black line indicates 
approximate September sea-ice extent; dotted black line indicates March sea-
ice extent (http :/ /neo .sci .gsfc .nasa .gov). The hatched area marks modern seafloor 
that becomes subaerial during Last Glacial Maximum (LGM) style glaciations (the 
−120 m bathymetric contour). The transparent gray areas mark the approximate 
extent of LGM ice sheets; a dotted black line in Siberia from 90–180◦ longi-
tude marks the hypothesized extent of the East Siberian Ice Sheet, which ex-
isted during some Plio-Pleistocene glacial stages (Niessen et al., 2013). Records 
and localities discussed in the text are marked: (1) Lake El’gygytgyn (this study), 
(2) Fish Creek (Brigham-Grette and Carter, 1992), (3) Kap København (Funder 
et al., 2004), (4) ODP 882 (Haug et al., 2005), (5) U1313 (Naafs et al., 2012;
Hennissen et al., 2015), (6) ODP 611 (Bailey et al., 2013), (7) Yukon (Duk-Rodkin 
and Hughes, 1994), (8) Vøring Sea (Kleiven et al., 2002), (9) Lake Baikal. Arrows in-
dicate prevailing winds around the approximate mean position of the Aleutian Low 
(L) and Siberian High (H).

2. Study area and regional setting

Lake El’gygytgyn is located in northeastern Arctic Russia (67.5◦N, 
172◦E, Fig. 1). A bolide impact created the lake, resulting in a small 
catchment with a high degree of topographic relief (Layer, 2000;
Nolan and Brigham-Grette, 2007). The lake and its catchment are 
roughly circular, with diameters of ∼12 km and ∼18 km, respec-
tively. The 175-meter deep lake is ice-covered for ∼10 months of 
the year, with most inflow during the early June freshet, delivered 
by 50 small creeks around the perimeter (Nolan and Brigham-
Grette, 2007).

Lake El’gygytgyn was unscathed by the periodic glaciations of 
the Plio-Pleistocene, perhaps due to the arid climate of northeast 
Chukotka (Barr and Clark, 2011). As such, it has accumulated a 
continuous sedimentary record since its formation (Brigham-Grette 
et al., 2013). In 2009, the International Continental Scientific 
Drilling Program recovered 318 m of composite core from the lake 
(Brigham-Grette et al., 2013; Melles et al., 2012). Three separate 
drives comprise the composite core, which were correlated based 
on their lithological properties (Gebhardt et al., 2013). The age 
model is based on a three-tiered system of tie points: primarily, 
on twelve magnetic reversals dated by the geomagnetic polarity 
timescale; secondarily, by tuning the elemental ratio of silica/ti-
tanium and hue angle to the benthic oxygen isotope (δ18O) stack 
of Lisiecki and Raymo (2005); and lastly, by tuning of magnetic 
susceptibility and percent total organic carbon (%TOC) to Northern 
Hemisphere summer insolation (Nowaczyk et al., 2013). The un-
certainty in absolute age is 3–15 thousand years (kyr), with higher 
uncertainties during the Pliocene portion of the record (Nowaczyk 
et al., 2013). Differences in spatial and temporal averaging in sed-
iments of the three proxies used (n-alkanes, brGDGTs, and pollen) 
may account for some of the differences discussed here, and is 
further explored in the supplementary materials. However, we 
anticipate these to be minimal as the mean sedimentation rate 
during our study interval results in each 1-cm thick sample rep-
resenting ∼300 yr. In addition, measuring proxies (MBT/CBT and 
δDwax) on the same samples permits observations that are unaf-
fected by changes to the age model.

Lake El’gygytgyn sits between two prominent atmospheric pres-
sure centers in the Northern Hemisphere, the Siberian High and 
the Aleutian Low (Fig. 1). Although their position and strength 
show significant interannual variability, their mean position causes 
extreme windiness at the lake (Fig. 1) (Mock et al., 1998). Aloft, 
the persistent East Asian Trough in the jet stream brings southerly 
flow to the lake (Mock et al., 1998). In summer, the Pacific subtrop-
ical high sits over the northeastern Pacific, bringing predominately 
southerly surface flow (Mock et al., 1998). Historical observations 
of atmospheric circulation patterns are consistent with weather 
station data spanning 2002, which showed winds were predomi-
nantly south-easterly and north-westerly (Nolan et al., 2013). The 
lake is extremely arid (<200 mm a−1), with precipitation occurring 
in approximately equal amounts in summer and winter (Nolan and 
Brigham-Grette, 2007). Although the Siberian High and Aleutian 
Low are persistent features of the climatology, they are subject to 
change as the jet stream kinks and migrates, and the mean clima-
tology at the lake may have shifted over time, especially over the 
long duration of this study. In addition, the imposition of large ice 
masses in the Northern Hemisphere has dramatic consequences for 
the atmospheric pressure centers mentioned here. Studies of the 
Last Glacial Maximum indicate an intensified Aleutian Low, and a 
potential splitting of the jet stream aloft advecting more southerly-
sourced air over Lake El’gygytgyn (Bromwich et al., 2004). In sum, 
the position of Lake El’gygytgyn makes it sensitive to changes both 
in the Chukchi Sea and terrestrial Siberia (Fig. 1).

3. Sampling and methods

3.1. Sample preparation

Sediment samples were collected at one-centimeter intervals 
from the working half of each core section where possible, and 
the archive half where necessary. For this study, we analyzed sam-
ples every ∼10 cm throughout the composite core, resulting in a 
climate reconstruction with ∼2 kyr resolution from 2.82–2.41 Ma 
(mean sample spacing = 2.3 kyr, median = 1.3 kyr). Freeze-
dried, homogenized samples were extracted using a Dionex ac-
celerated solvent extraction (ASE 200) system with a mixture of 
dichloromethane (DCM):methanol (9:1, v:v). Total lipid extracts 
(TLEs) were dried under a stream of N2 and separated into apo-
lar, ketone, and polar fractions by sequential elution over activated 
Al2O3 using DCM:hexane (9:1, v:v) (apolar), DCM:hexane (1:1, v:v) 
(ketone), and DCM:methanol (1:1, v:v) (polar).

3.2. brGDGT analysis

One half of each polar fraction was filtered through a 0.45 μm 
PTFE filter in hexane:isopropanol (99:1, v:v), then dried under a 
stream of N2 and dissolved in 100 μl hexane:isopropanol con-
taining 0.1 μg of a C46 GDGT internal standard. BrGDGTs were 
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Fig. 2. BrGDGT-based proxies measured on Lake El’gygytgyn sediments. A) Methylation of Branched Tetraethers (MBT), B) Cyclization of Branched Tetraethers (CBT). Circles are 
the initial measurements, squares show duplicate measurements, and diamonds indicate measurement with a new UHPLC method (Hopmans et al., 2016). C) Temperature 
reconstruction applying the lacustrine MBT/CBT calibration of Sun et al. (2011). Orange vertical line near the y-axis shows the published calibration error (4.27 ◦C). Glacial 
marine isotope stages based on the chronology of Lisiecki and Raymo (2005) are labeled at the top and shaded in gray. The black dashed line indicates the approximate 
start of iNHG at 2.73 Ma. The triangles indicate second- or third-order age model tie points for the Lake El’gygytgyn core, with solid triangles falling in the Gauss chron 
(Nowaczyk et al., 2013).
quantified with respect to the C46 standard, assuming equal ioniza-
tion efficiency for all compounds. BrGDGTs were analyzed using an 
Agilent 1260 High Performance Liquid Chromatograph (HPLC) cou-
pled to an Agilent 6120 Mass Selective Detector (MSD), equipped 
with a Prevail Cyano column (150 mm × 2.1 mm × 3 μm) run in 
selected ion monitoring (SIM) mode for the major brGDGT proto-
nated molecules [M + H]+ . GDGTs were eluted by 99:1 hexane:iso-
propanol for 7 min, then by a linear solvent gradient culminating 
in 1.8% isopropanol after 32 additional minutes (Hopmans et al., 
2000; Schouten et al., 2007).

Weijers et al. (2007b) proposed the MBT/CBT proxy for mean 
annual air temperature (MAAT) based on the distribution of 
brGDGTs. brGDGTs are comprised of two ether-linked dialkyl 
chains containing zero to two methyl branches (prefixes I, II, and 
III) and zero to two cyclopentane moeities (suffixes a, b, and c). 
Based on the abundance of these structures, Weijers et al. (2007b)
developed the MBT (methylation of branched tetraethers) and CBT 
(cyclization of branched tetraethers) indices.

M BT

= [Ia + Ib + Ic]
[Ia + Ib + Ic] + [IIa + IIb + IIc] + [IIIa + IIIb + IIIc] (1)

C BT = −log
[Ib] + [IIb]
[Ia] + [IIa] (2)

Between ca. 2–14 grams of sediment (gsed) were extracted for 
each sample, resulting in brGDGT concentrations ranging from 
7 ng/gsed to 1.58 μg/gsed . Crenarchaeol concentrations ranged from 
0.1 ng/gsed to 0.8 μg/gsed . Duplicates of 69 samples were run 
5–8 months after the first injection with root mean square errors 
(RMSE) on BIT, MBT, and CBT measurements of 0.015, 0.007, and 
0.041, respectively (Fig. 2). In addition 41 samples were run using 
a new method that improves the separation of brGDGTs (Hopmans 
et al., 2016). For samples run on both methods, the RMSEs were 
0.08, 0.05, and 0.10 (n = 41) (Fig. 2). A complete comparison of the 
two methods is available in the supplementary materials.

3.3. n-alkane analysis

Plant leaf waxes (n-alkanes) form the waxy surface of terres-
trial plant leaves, and can be short- (e.g. C17–C21, characteristic of 
aquatic organisms) or long-chained (C27–C33, characteristic of ter-
restrial higher plants) (Eglinton and Hamilton, 1967). For n-alkane 
analyses, apolar fractions were first injected on a Agilent 7890A 
dual gas chromatograph-flame ionization detector (GC-FID) with an 
Agilent 7693 autosampler equipped with a 5% phenyl methyl silox-
ane column (HP-5, 60 m × 0.32 mm × 0.25 μm). The oven program 
ramped from 70 ◦C to 130 ◦C at a rate of 10 ◦C min−1, then from 
130 ◦C to 320 ◦C at a rate of 4 ◦C min−1, and held the final tem-
perature for 10 min. Quantification was achieved by an external 
calibration curve of squalane ranging in concentration from 1 ng/μl
to 100 ng/μl. The n-alkanes were identified by a Hewlett Packard 
6890 gas chromatograph coupled to an Agilent 5973 Mass Selec-
tive Detector equipped with a 5% phenyl methyl siloxane column 
(HP-5MS, 60 m × 0.25 mm × 0.25 μm), with an identical oven pro-
gram to the GC-FID. We calculate average chain length (ACL) using 
the fractional abundance ( f (Cn)) of odd-carbon-number n-alkanes 
between C21 and C33 (Poynter and Eglinton, 1990).

AC L =
33∑

n=21

n × f (Cn) (3)

Samples with sufficiently high n-alkane concentrations for iso-
tope analysis were separated into saturated and unsaturated frac-
tions by elution over activated AgNO3 columns with hexane (satu-
rated fraction) and ethyl acetate (unsaturated fraction). δDwax mea-
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Fig. 3. Previously published temperature and hydrological reconstructions from Lake El’gygytgyn. MIS and age-model tie points (triangles) are as in Fig. 2. Colored envelopes 
give the absolute error for the reconstructions. A) The δ18O record from ODP Site 1208 in the North Pacific (Woodard et al., 2014). Integrated summer (MJJA) insolation 
from Laskar et al. (2004) is plotted on the right-hand axis. B) Reconstructed mean temperature of the warmest month (MTWM) from pollen assemblages (Brigham-Grette et 
al., 2013). C) Reconstructed mean annual precipitation from pollen assemblages (Brigham-Grette et al., 2013). D) Percentage abundance of Pinus, Picea, Larix and Sphagnum
pollen (Brigham-Grette et al., 2013).
surements were achieved on C29 n-alkanes by gas chromatography-
isotope ratio monitoring mass spectrometry (GC-irMS). A Thermo 
Trace GC Ultra equipped with a 5% phenyl methyl siloxane col-
umn (HP-5, 60 m × 0.32 mm × 0.25 μm) was coupled to a re-
actor operated at 1450 ◦C, which was connected to a Thermo 
Delta V Advantage iRMS. The oven program held 70 ◦C for 2 min, 
ramped at 20 ◦C min−1 to 145 ◦C, then ramped at 4 ◦C min−1 to 
320 ◦C and held for 13 min. Molecular deuterium/hydrogen ra-
tios are reported in standard delta (�) notation relative to the 
Vienna Standard Mean Ocean Water (VSMOW) and calculated fol-
lowing Polissar and D’Andrea (2014). All samples were run in 
duplicate or triplicate, bracketed by three injections of H2 refer-
ence gas, with lab internal standards of known isotopic compo-
sition run between each sample and three times at the begin-
ning and end of each instrument run to track inter-sample drift. 
A standard mixture containing C16–C30 n-alkanes (Schimmelmann 
A5 standard) with known δD values ranging from −9 ± 1.4�
to −254 ± 1.5� versus VSMOW was run upon reactor instal-
lation to determine the isotopic composition of the reference 
gas.

3.4. Time series analysis

To estimate the spectral characteristics of our reconstruc-
tions, we used the robust locally-weighted regression spectral 
background estimation (LOWSPEC) in the Astrochron R program 
(Meyers, 2012, 2014), which has high statistical power for cor-
rectly identifying frequencies in the obliquity and precession 
bands (Meyers, 2012, 2014). Briefly, the algorithm includes pre-
whitening, spectrum estimation using the multitaper method 
(Thomson, 1982), estimation of the spectral background and as-
signment of confidence levels using a Chi-square distribution. 
Using the LOWSPEC method, we identified the frequencies that 
satisfied a 95% LOWSPEC confidence level and a 95% multitaper 
method harmonic F-test confidence level (Meyers, 2012). All time 
series were analyzed by interpolating the data every 2.5 kyr from 
2.41 to 2.82 Ma. For all LOWSPEC parameters, Astrochron default 
values were used (Meyers, 2014).
4. Results and discussion

In the following discussion, we make reference to the dis-
tinctive Lake El’gygytgyn sedimentary facies described in previous 
studies and the supplementary materials (Gebhardt et al., 2013;
Brigham-Grette et al., 2013). The two facies of note are glacial fa-
cies A, a gray laminated facies thought to represent year-round 
lake ice cover, and super-interglacial facies C, a red laminated fa-
cies thought to represent extreme warmth and high autochthonous 
productivity (Gebhardt et al., 2013). We also compare our observa-
tions with previously published, pollen-based estimates of temper-
ature and precipitation (Fig. 3) (Andreev et al., 2014). MIS defini-
tions are from Lisiecki and Raymo (2005) and all data are on the 
original age model of Nowaczyk et al. (2013). We begin with a dis-
cussion of proxy interpretation and then examine notable features 
of the Lake El’gygytgyn record.

4.1. Proxy interpretation

There are several potential sources of brGDGTs to Lake El’-
gygytgyn sediments including the watershed soils/permafrost, in-
flowing streams, aeolian inputs, and in-situ water column produc-
tion. Aeolian inputs are unlikely to be a major source of brGDGTs 
at Lake El’gygytgyn because they comprise less that 2% of the 
total sediment supply (Fedorov et al., 2013). Lake El’gygytgyn is 
surrounded by permafrost with a shallow active layer (<0.5 m) 
and brGDGTs are present in this material (Bischoff et al., 2014). 
However, watershed soils/permafrost are unlikely to comprise the 
main source of brGDGTs because snowmelt is the main yearly hy-
drological event and occurs when the ground is frozen, which 
limits erosion (Nolan and Brigham-Grette, 2007). Likewise, it is 
unlikely that the 50 small streams surrounding the lake repre-
sent the main brGDGT source as many are only active during the 
snowmelt period. Previous studies have noted that brGDGTs are 
abundant in Lake El’gygytgyn sediments and that the MBT/CBT 
palaeothermometer is sensitive to temperature changes on glacial–
interglacial timescales there (D’Anjou et al., 2013; de Wet et al., 
2016; Holland et al., 2013). Given ample evidence for in situ pro-
duction of brGDGTs at other lakes, either within the water col-
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umn or in the sediments themselves (e.g. Buckles et al., 2014;
Loomis et al., 2014), we assume that brGDGTs are produced within 
the Lake El’gygytgyn water column. A main source of brGDGTs 
from within the sediments seems improbable as bottom water 
temperatures exhibit little variability (3–4 ◦C between winter and 
summer) (Nolan and Brigham-Grette, 2007) and in such a large, 
deep lake are unlikely to change much even on glacial–interglacial 
timescales. Thus, we assume that brGDGTs are produced in the 
lake surface waters and surmise that they likely reflect mean sum-
mer temperature (MST (◦C)) given that at Lake El’gygytgyn, ice-
cover for 10 months of the year restricts most primary produc-
tion to July and August. Similarly, Shanahan et al. (2013b) found 
that MBT/CBT-derived temperatures inferred from lake sediments 
across Baffin Island reflected mean summer temperatures while 
several other studies have suggested summer brGDGT production 
(e.g. Schoon et al., 2013; Foster et al., 2016).

In addition to the aforementioned global soils calibrations 
(Weijers et al., 2007b; Peterse et al., 2012), numerous lacustrine 
brGDGT calibrations from different environments have been pro-
posed (e.g. Tierney et al., 2010; Loomis et al., 2012; Foster et al., 
2016). For this study, we choose to apply the calibration of Sun et 
al. (2011) for lakes with pH < 8.5.

M A AT (◦C) = 3.949 − 5.593 × C BT + 38.213 × M BT (4)

Sun et al. (2011) studied lakes on the arid Tibetan Plateau, 
representing some of the geographically closest samples to Lake 
El’gygytgyn analyzed for brGDGTs. In support of our assump-
tions, reconstructed MST from Holocene sediments using this cal-
ibration (6.5 ◦C) (Holland et al., 2013) are within calibration er-
ror of pollen-based mean temperature of the warmest month 
(MTWM) estimates (10 ◦C) and observed summer temperatures 
(9 ◦C) (Brigham-Grette et al., 2013). However, we note that apply-
ing different lacustrine brGDGT calibrations also yields Holocene 
temperatures in general agreement with the pollen based esti-
mates. For this reason, we recommend considering the MBT/CBT 
data presented here as a relative temperature indicator because 
overall trends observed (e.g. warmings and coolings) are unaffected 
by the choice of calibration. Therefore, we interpret the MBT/CBT 
record as an in situ-produced signal reflecting mean summer tem-
perature at Lake El’gygytgyn.

Long-chain n-alkanes with odd-over-even chain-length predom-
inance are characteristic of terrestrial higher plants. At some lo-
cations ACL is positively correlated to temperature (e.g. Bush and 
McInerney, 2015) but increased aridity can also result in higher 
ACL values (e.g., Andersson et al., 2011). Although ACL has not 
been investigated in Arctic lakes, we expect ACL to share variance 
with pollen-based reconstructions of temperature or precipitation 
from Lake El’gygytgyn, since the n-alkanes and pollen likely have 
a similar source. Short-chain n-alkanes can be produced by aquatic 
organisms, and thus changes in ACL could be driven by an aquatic 
rather than terrestrial signal. However, some of the local vegetation 
around Lake El’gygytgyn produces high concentrations of C20–C24
n-alkanoic acids suggesting the shorter n-alkanes may be terrestri-
ally derived as well (Wilkie et al., 2013). Therefore, we interpret 
changes in ACL as reflecting changes in terrestrial vegetation.

The deuterium to hydrogen ratio (δD) of plant leaf waxes re-
flects the δD of precipitation (δDP ), which depends on the extent 
of Rayleigh distillation of a precipitating water mass (Dansgaard, 
1964). At high latitudes, modern δDP is strongly correlated with 
MAAT (◦C). However, other factors contribute to the final δDwax
signal. Changes in δDwax may also reflect changes in local veg-
etation via changes in mean biosynthetic fractionation, because, 
for example, woody gymnosperms fractionate less strongly than 
grasses during alkane synthesis (Sachse et al., 2012). Previously 
published pollen records from Lake El’gygytgyn provide an inde-
pendent means of assessing when vegetation turn-over may in-
fluence the δDwax reconstructions. Moisture sources and trajecto-
ries also exert a secondary effect on δDP , which would be en-
trained in the δDwax signal (Dansgaard, 1964), although there is 
currently no independent method for assessing this. Additional 
details about the numerous controls on this proxy are available 
in the supplementary materials. However, because of the strong 
coherence between instrumental temperatures, MBT/CBT temper-
atures, and δDP in the modern Arctic (Shanahan et al., 2013b;
Shanahan et al., 2013a), we expect MBT/CBT and δDwax to share 
a majority of their variance on glacial–interglacial timescales. We 
interpret divergence of the MBT/CBT and δDwax as reflecting a 
change in proxy systematics, with the dominant control on one or 
both of the proxies differing in the palaeo-setting from what it is 
today. The most likely factors to have influenced either of these 
proxies are changes in vegetation, insolation, seasonality, ocean 
temperatures, sea level, and the extent of both sea and land ice, 
all of which were considerably different during the Pliocene. In 
the forthcoming sections, we discuss the coherence of the newly 
presented proxy records (MBT/CBT and δDwax) in the context of 
known variations of these other factors. We find that δDwax does 
not covary with our MBT/CBT temperature reconstruction or pre-
viously published pollen-based temperature reconstructions, sug-
gesting shifting moisture sources were an important control on 
Pliocene δDwax values.

4.2. Main features noted during MIS G10–95

To facilitate comparison between different glacial and inter-
glacial periods, below we report mean values for MBT/CBT temper-
atures when applying the Sun et al. (2011) calibration. However, 
we wish to emphasize that the values reported here are calibra-
tion dependent and absolute temperatures should be interpreted 
with caution.

4.2.1. MIS G10–G4
MIS G10–G4 show glacial–interglacial variability in the MBT/CBT 

and pollen records (Fig. 4D). MBT/CBT temperatures range from 
5.5 ◦C (G6) to 11 ◦C (G7). For MBT/CBT, mean glacial (interglacial) 
temperatures are 8.2 ◦C (8.7 ◦C), and for pollen they are 11.8 ◦C 
(12.8 ◦C). Temperature reconstructions accord with physical sedi-
ment changes, with facies C occurring during the warm periods 
MIS G9 and G7. The δDwax record documents broadly stable val-
ues between −265� and −275� until MIS G4. δDwax values 
decrease from −265� to −275� over ∼10 kyr during the transi-
tion from MIS G7 to MIS G6 (Fig. 4C). Variability within MIS stages 
is greater in the MBT/CBT and pollen records compared with the 
stable δDwax values during this period (Fig. 3B, Fig. 4C, D). The 
mean ACL value for MIS G10–G4 is 28.5, with slightly higher ACL 
during MIS G10 and G6 and slightly lower ACL during G8 and G7. 
Changes in ACL generally track changes in MBT/CBT during this 
period (Fig. 4B, D).

4.2.2. MIS G3–101
From MIS G3–101, intra-MIS variability is greater than inter-MIS 

variability. As a result, changes in mean values between glacial and 
interglacial periods are small (Fig. 4D). The most extreme glacial 
(interglacial) values in the MBT/CBT record reach 5 ◦C (14 ◦C), an 
increased range compared to MIS G10–G4. For MBT/CBT, mean 
glacial (interglacial) temperatures are 9.2 ◦C (9.5 ◦C), and for pollen 
they are 11.8 ◦C (12.1 ◦C). The two records show many similar 
features, including pronounced warmth during MIS G3 and mild 
glacial conditions during MIS 104 (Fig. 4D, Fig. 3B). The first ap-
pearance of glacial facies A at MIS 104 contrasts with the modest 
cooling observed in the temperature reconstructions, and multi-
ple excursions to similarly low temperatures during other glacial 
stages (e.g. MIS 100) do not feature facies A. After a period of rapid 
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Fig. 4. New temperature and hydrological reconstructions from Lake El’gygytgyn. MIS and age-model tie points (triangles) are as in Fig. 2. A) Total n-alkane concentrations. In 
purple, the sum of all C27 to C33 n-alkanes. In red, the sum of all C21 to C25 n-alkanes. All data points are shown in the background and the thick lines represent a 7-point 
(∼10 kyr) running mean. B) Average chain length (ACL) of C21 to C33 n-alkanes, with high values indicating warm or arid conditions, and low values indicating cool or dry 
conditions. C) δDwax on the VSMOW scale, calculated following Polissar and D’Andrea (2014). D) Reconstructed temperatures from MBT/CBT using the calibration of Sun et 
al. (2011).
isotopic enrichment during MIS G3, the δDwax record shows posi-
tive trend culminating in a mean value of −261� during MIS G2, 
followed by a negative trend to a minimum mean of −272� dur-
ing MIS 104 and, after an increase to −260� during MIS 103, falls 
to −290� during MIS 102 (Fig. 4C). MIS 102 is differentiated by 
cool but especially variable MBT/CBT temperatures (Fig. 5F). The 
mean ACL value for MIS G3–101 is 27.8. The lowest ACL values in 
the record occur during MIS G3. As in MIS G10–G4, changes in ACL 
track changes in MBT/CBT (Fig. 4B, D).

MIS G3 is the warmest interval of both pollen- and brGDGT-
based temperature reconstructions. Initially we found an unknown 
compound co-eluting with brGDGT Ib in the 15 kyr interval span-
ning 2.651 to 2.665 Ma that led to unrealistically high recon-
structed temperatures (>30 ◦C). However, when re-analyzed using 
a newer method that dramatically improves chromatographic sepa-
ration of brGDGT isomers (Hopmans et al., 2016), the formerly co-
eluting compound was completely separated, yielding maximum 
temperatures of <15 ◦C. MIS G3 is marked by a large increase in 
the amount of Picea pollen (Fig. 3D), high reconstructed precipi-
tation, and 2H-enriched δDwax (−260�), suggesting a short-lived, 
but perhaps dramatic, climatic change.

4.2.3. MIS 100–95
MIS 100–95 show the most pronounced change between glacial 

and interglacial periods of any part of the MBT/CBT and δDwax
records. MBT/CBT temperatures range from 5 to 14 ◦C, simi-
lar to MIS G3–101, but the mean changes now show coher-
ence on glacial–interglacial timescales, in contrast to MIS G3–101. 
For MBT/CBT, mean glacial (interglacial) temperatures are 8.2 ◦C 
(9.1 ◦C), and for pollen they are 10.2 ◦C (11.9 ◦C). Mean glacial 
(interglacial) δDwax values are −271� (−264�). In addition, 
δDwax and MBT/CBT-derived temperature are strongly correlated 
from MIS 100–98 (2446–2518 kyr, r = 0.76, n = 12, p = 0.01, see 
supplementary materials). Nevertheless, the MBT/CBT and δDwax
records each show unique features during this interval. A 4 ◦C cool-
ing in the MBT/CBT record during MIS 100 (ca. 2520 kyr) is not 
expressed in the δDwax record (Fig. 5E, F). In addition, 2H-depleted 
n-alkanes are observed during MIS 98 in the absence of cooling in 
the MBT/CBT record (Fig. 4C, D). Laminated glacial facies A appears 
Fig. 5. Detail view of MIS 100–102 and G5–G7. A) The benthic δ18O record from 
ODP Site 1208 in the North Pacific (Woodard et al., 2014). Integrated summer (MJJA) 
insolation from Laskar et al. (2004) is plotted on the right-hand axis. B) Alkenone-
based SST reconstruction from ODP Site 882 (Martínez-Garcia et al., 2010). C) Re-
constructed mean temperature of the warmest month (MTWM) from pollen assem-
blages (Brigham-Grette et al., 2013). D) Reconstructed mean annual precipitation 
from pollen assemblages (Brigham-Grette et al., 2013). E) δDwax on the VSMOW 
scale, calculated following Polissar and D’Andrea (2014). F) Reconstructed temper-
atures from MBT/CBT using the calibration of Sun et al. (2011). Numbers annotate 
features discussed in the text: 1) North Pacific warming at iNHG, 2) crash in pre-
cipitation and depletion of δDwax at iNHG, 3) gradual cooling at Lake El’gygytgyn 
following iNHG.
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Fig. 6. Summary of Arctic palaeoenvironmental reconstructions. MIS and age-model tie points (triangles) are as in Fig. 2. A) Alkenone-based SST reconstruction from ODP 
Site 882 (Martínez-Garcia et al., 2010). Integrated summer (MJJA) insolation (Laskar et al., 2004) is plotted on the right-hand axis. B) In pink, times reconstructed pCO2 from 
Martínez-Botí et al. (2015) falls below the threshold for Northern Hemisphere glaciation (in light pink, within one sigma) (DeConto et al., 2008). C) In purple, periods where 
southern component water bathed the North Atlantic (Lang et al., 2016). D) In brown, times of Bering Strait closure estimated from the global sea-level record of Miller et 
al. (2012). E) In blue, onset of sea-ice from Knies et al. (2014). F) In gray, onset of North Pacific stratification inferred by Haug et al. (2005). G) Below, pollen based biome 
reconstructions from Lake El’gygytgyn (Brigham-Grette et al., 2013) are as follows: taiga (light green), cold deciduous forest (dark green), cold steppe (blue), tundra (indigo). 
H) Lake El’gygytgyn δDwax . I) Lake El’gygytgyn MBT/CBT temperature.
during MIS 98 and 96, two of the coldest and most 2H-depleted 
parts of the reconstruction (Fig. 4C, D). The mean ACL value during 
this period is 27.8. Higher ACL values (29) occur during MIS 100, 
and lower ACL values (27.1) occur during MIS 95 (Fig. 4B).

4.3. Proxy coupling and time series analysis

Interestingly, MBT/CBT temperatures and δDwax are decoupled 
for most of the record. The only period when they share significant 
variation is MIS 100–96 (Fig. 4C, D). In addition, both proxies show 
an increase in range following MIS G6. The range of the MBT/CBT 
record increases from 5.5 to 11 ◦C before MIS G6 to 5 to 14 ◦C af-
terwards (Fig. 4D). δDwax also shows an increase in range, from 
−275 to −265� before MIS G6 to −290 to −240� afterwards 
(Fig. 4C). Nevertheless, the distinct behavior of the MBT/CBT and 
δDwax proxies, which we expect to be highly correlated, suggests 
one or both are recording changes in environmental parameters 
other than temperature. The pollen and MBT/CBT records generally 
show similar features and are positively correlated for the dura-
tion of our study (r = 0.5, n = 182, p = 0.01). Thus we conclude 
that the MBT/CBT record is a good representation of past temper-
ature, as expected. In contrast, the δDwax record shares very little 
variation with the pollen and MBT/CBT records, suggesting temper-
ature was not the dominant control on this proxy for most of the 
interval studied. Instead, changes in moisture source likely exerted 
an important control on the δDwax record in addition to tempera-
ture.

To further interrogate the distinct proxy responses across the 
study interval, we looked at the spectral characteristics of each of 
these signals. First, we analyzed the benthic δ18O stack (Lisiecki 
and Raymo, 2005) and integrated summer insolation (Laskar et 
al., 2004). The dominant frequencies identified by LOWSPEC were 
40 kyr for the benthic δ18O stack and 40, 29, 22, 18, 16 and 11 kyr 
for the integrated summer insolation (Fig. 7A, B, C). Next, we per-
formed the same analysis on our time series. The dominant fre-
quencies identified for our proxy records were: 39 kyr for MBT/CBT 
(Fig. 7D); 39.6 kyr for the pollen-based temperature reconstruc-
tion (Fig. 7E); 25, 15, and 5 kyr for the ACL record (Fig. 7F); 
and 30 kyr for the δDwax record (Fig. 7G). From this analysis, it 
is apparent that the brGDGTs and pollen are both responding to 
obliquity-band forcings (i.e. glacial–interglacial cycles) shared with 
the benthic δ18O stack. In contrast, the n-alkane records, ACL and 
δDwax, vary in response to precession-band forcings shared with 
the integrated summer insolation (Laskar et al., 2004) (Fig. 7H). 
This result confirms that temperature variability in Siberia was par-
tially decoupled from hydrological and vegetation changes during 
the Late Pliocene. In the following sections, the potential influences 
of vegetation, pCO2, insolation, seasonality, changes in oceanogra-
phy, sea ice, and land ice on the new MBT/CBT and δDwax records 
are discussed.

4.3.1. Influence of vegetation change on the n-alkane records
ACL varies out-of-phase with MBT/CBT reconstructed tempera-

ture, with low ACL values during warm interglacial periods (r =
−0.34 with 5-point smooth, n = 164, p < 0.01) (Fig. 4B). This sug-
gests that ACL may be partially controlled by temperature at Lake 
El’gygytgyn. If n-alkane distributions are also controlled by aridity 
at Lake El’gygytgyn, we expect to see a correspondence between 
ACL and reconstructed precipitation. Indeed, the most pronounced 
precipitation peak inferred from the pollen record corresponds to 
the lowest ACL values (MIS G3, Fig. 3C, Fig. 4B). However, dur-
ing the earliest part of the record (MIS G10–G7), when pollen 
assemblages suggest high reconstructed precipitation, ACL values 
are also high. The stepped transition from a forest- to tundra-
dominated landscape during this period undoubtedly complicates 
the use of ACL as an aridity proxy (Brigham-Grette et al., 2013). 
However, large fluctuations in ACL occur after tundra became 
firmly established during MIS 102 (Fig. 6G). It is possible that our 
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Fig. 7. Spectral characteristics of global climate records and Lake El’gygytgyn proxy 
records. Black dotted lines indicate the LOWSPEC background (Meyers, 2014). Peaks 
in C) and H) are only shown if they satisfy both the LOWSPEC and MTM harmonic 
F-test 95% confidence levels. A) The benthic δ18O stack (Lisiecki and Raymo, 2005). 
B) Integrated summer (MJJA) insolation (Laskar et al., 2004). C) Spectral peaks 
reaching the 95% confidence level for panels A and B. D) MBT/CBT temperature 
(this study). E) Pollen temperature (Brigham-Grette et al., 2013). F) n-alkane av-
erage chain length (ACL, this study). G) δDwax . H) Spectral peaks reaching the 95% 
confidence level for panels D–G.

n-alkane record reflects climatically-driven changes in plant com-
munity composition that are not captured by the lower-resolution 
pollen record (Fig. 3D). Such fluctuations would serve as a posi-
tive feedback to climatic change via changes in albedo, although 
the length of this record is not adequate to address whether such 
a mechanism was firmly developed by the Early Pleistocene.

Changes in δDwax may also reflect changes in local vegetation 
via changes in mean biosynthetic fractionation. If this were the 
dominant control, we would expect to see changes in biosynthetic 
fractionation due to the advance and retreat of the treeline, which 
represents a substantial change to the dominant biome and thus, 
the source of n-alkanes. However, the δDwax record does not track 
large changes in tree-cover (i.e. the return of Picea during MIS 
G3, Fig. 3D) supporting that the δDwax record mainly reflects δDP
rather than tracking changes in biosynthetic fractionation.

4.3.2. pCO2, insolation and seasonality
Reconstructed pCO2 through the Plio-Pleistocene transition 

lacks the resolution to assess the change in pCO2 forcing for each 
glacial and interglacial stage represented in the current study, but 
there are some similarities of note (Martínez-Botí et al., 2015). The 
largest excursion in the pCO2 record occurs across iNHG, with pCO2
dropping from ∼350 ppm at MIS G7 to ∼250 ppm at MIS G6, an 
interval across which we observe a MBT/CBT cooling and a change 
from stable to variable δDwax (Fig. 6B, H, I). The resolution of the 
pCO2 record is inadequate to assess the amplitude of pCO2 forcing 
for MIS 95–99, which are large amplitude glacial–interglacial cy-
cles in our record and most coherent between proxies (Fig. 6H, I). 
However, future work should take advantage of the high-resolution 
records we provide here to assess Arctic climate sensitivity to pCO2
during the Pliocene.

Although integrated summer insolation at 65◦N is an impor-
tant forcing of high-latitude climate change, the MBT/CBT record 
does not show a strong influence of insolation (Huybers, 2006). 
From MIS 95–99, we observe large fluctuations in MBT/CBT even 
though the changes in insolation are small (Fig. 6A, I). During 
MIS G3, peaks in MBT/CBT temperature and δDwax are offset from 
one another, but align with distinct peaks in summer insolation 
(Fig. 6A, H, I). Our time series analysis shows that the MBT/CBT 
and pollen records vary on 40 kyr timescales, in line with the im-
portance of obliquity forcing at high latitudes (Huybers, 2006). In 
contrast, the ACL and δDwax records also contain significant power 
at higher frequencies within the precession band (25–19 kyr).

Throughout the record changes in reconstructed tempera-
ture and δDwax are decoupled, with higher temperatures occur-
ring during periods of 2H-depleted precipitation (and vice-versa). 
Changes in seasonality might explain some of this behavior. In-
deed, Hennissen et al. (2015) found that seasonality in the North 
Atlantic increased following MIS G3, caused by a decrease in spring 
temperatures that was especially pronounced during glacial pe-
riods. If this led to a decrease in winter precipitation and an 
increase in summer precipitation at Lake El’gygytgyn, we would 
expect higher δDwax values even during glacial periods, which we 
see in parts of our record (i.e. MIS G2, 104, 102 in Fig. 4D). We 
also reconstruct only modest cooling during MIS 104, a glacial 
period with heavy ice rafting in the North Atlantic and Nordic 
Seas, which may suggest an imprint of seasonality on the MBT/CBT 
record as well (Kleiven et al., 2002). Hennissen et al. (2015) sug-
gest that the change in seasonality was a threshold effect resulting 
from dynamical consequences of growing Northern Hemisphere 
ice volume. We find that the coherence between MBT/CBT and 
δDwax varies between adjacent glacial periods, which could be 
related to changes in seasonality. For example, some glacial pe-
riods feature 2H-enriched precipitation despite much lower tem-
peratures (MIS 96, Fig. 4D, E) but other glacial periods show 
both 2H-depleted precipitation and reduced temperature (MIS 98, 
Fig. 4D, E). Our data, in combination with marine records, lends 
credence to recent modeling work that demonstrated seasonality 
during the Pliocene depends on the precise orbital configuration of 
the earth (e.g. Prescott et al., 2014).

4.3.3. Sea ice and oceanic influences
Haug et al. (2005) show that stratification and seasonal warm-

ing occurred in the North Pacific around 2.73 Ma (MIS G6), 
which would lead to increased annual precipitation and more 
2H-enriched precipitation in the Arctic. In contrast, pollen-based 
biome reconstructions at Lake El’gygytgyn suggest a dramatic 
decrease in mean annual precipitation at 2.73 Ma (MIS G6) 
(Brigham-Grette et al., 2013), when δDwax becomes more 2H-
depleted. Thus, the environmental changes at Lake El’gygytgyn 
during iNHG contradict what we expect to see.

Another component of the high-latitude climate system that 
underwent a dramatic transition around MIS G6 is sea ice. Un-
fortunately, Arctic sea-ice records across the Plio-Pleistocene lack 
the resolution to assess changes on glacial–interglacial timescales 
pertinent to this study. According to one study, around MIS 100 
sea-ice extent similar to the present day was possible (Knies et al., 
2014). In addition, the outlet of the Yukon river shifted from the 
North Pacific to the Bering Sea coincident with the first glaciation 
of the Canadian Arctic around MIS 104 (Duk-Rodkin and Hughes, 
1994). This new source of freshwater would have catalyzed pro-
duction of sea-ice, which intensified during iNHG in the Bering Sea 
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(Takahashi et al., 2011). If an ice-free Arctic Ocean was a source 
of precipitable moisture to Siberia during the Pliocene, sea-ice ad-
vance would cause reduced mean annual precipitation and more 
2H-depleted δDP (via increased Raleigh distillation). This is exactly 
the combination of changes we observe from pollen and δDwax

during MIS G6 (Fig. 5D, E). However, the paucity of sea-ice and 
SST records from the Pliocene Arctic make this mechanism diffi-
cult to directly test.

Recent modeling work indicates it is not clear what the net ef-
fect of increased sea-ice cover on δDP at Lake El’gygytgyn would 
be. The isolation of the Arctic Ocean and higher precipitation rates 
during the Pliocene would have resulted in a >10� isotopic de-
pletion of Arctic surface waters (Tindall and Haywood, 2015). Thus, 
we might expect a decrease in Arctic-sourced precipitation to re-
sult in isotopic enrichment of δDP , which would counter the iso-
topic effect of increased Raleigh distillation over the sea-ice. Our 
work demonstrates that the effects of sea-ice expansion from a 
Pliocene background climate state should be explored further.

Changes in surface ocean conditions also affect continental in-
terior temperatures. Haug et al. (2005) hypothesized that seasonal 
warming of the North Pacific resulted in greater moisture avail-
ability for high northern latitudes. Sea surface temperatures in the 
North Pacific (Martínez-Garcia et al., 2010) begin to warm during 
MIS G7, culminating in a period of prolonged higher temperatures 
from MIS G6–G2. In contrast, the pollen record from Lake El’gy-
gytgyn suggests a severe drop in precipitation at MIS G6, from 
Pliocene values of 800 mm a−1 to near-modern values of 200 mm 
a−1, and the MBT/CBT record shows a gradual cooling through MIS 
G7–G6 (Fig. 5E, F). Thus, the evidence from Lake El’gygytgyn is in-
consistent with increased advection of latent and/or sensible heat 
from the North Pacific following iNHG. On the other hand, previous 
studies have shown the important role that an open Arctic Ocean 
can play in warming continental interiors via the transport of la-
tent and sensible heat (Ballantyne et al., 2013). A reduction in heat 
and moisture transport to Lake El’gygytgyn following the establish-
ment of sea-ice during MIS G7/G6 is a more consistent mechanism 
for producing the changes we observe. Ballantyne et al. (2013) also 
found that the net radiative effect of sea-ice is to dramatically in-
crease the annual range of temperatures. The increased amplitude 
temperature variations we reconstruct following MIS G6 suggests 
that this radiative effect may also have been important on glacial–
interglacial timescales during the Late Pliocene.

4.3.4. Ice sheets, sea level and the Bering strait
Prior to iNHG, it is assumed that most of the global eustatic 

sea-level variations were driven by changes in Antarctic ice vol-
ume. During iNHG, the pace of Northern Hemisphere glaciation 
accelerated rapidly and a semi-permanent ice-sheet was estab-
lished on Greenland (DeConto et al., 2008). While earlier glacia-
tions occurred in the Northern Hemisphere at least as early as 
the middle Pliocene, data suggests that North America certainly 
hosted a mature, marine-terminating continental ice sheet, begin-
ning at ∼2.64 Ma (MIS G2) (DeSchepper et al., 2014; Bailey et 
al., 2013). However, Late Pliocene/Early Pleistocene ice sheets were 
especially unstable. Funder et al. (2004) describe a Late Pliocene 
terrestrial sequence (Member A of the Kap København formation, 
ca. ∼2.5–2.4 Ma, MIS 98–95) from Northeast Greenland that im-
plies a 40 m marine transgression and summer warming in excess 
of 15 ◦C (Fig. 1). These data suggest near-complete deglaciation 
of the Northern Hemisphere and the return of Pliocene-like con-
ditions to the circum-Arctic after an early Pleistocene glaciation. 
Indeed, Brigham-Grette and Carter (1992) describe three marine 
transgressions of Late Pliocene/Early Pleistocene age from Alaska. 
The earliest two of these (the Colvillian and Bigbendian transgres-
sions) contain Pinus and Picea pollen, while the final (Fishcreekian) 
contains mostly tundra pollen with some Larix. It is tempting to 
link the Kap København formation and Colvillian transgression 
with the pronounced MIS G3 warmth at Lake El’gygytgyn, as all 
are coeval within age model uncertainty. However, large age model 
uncertainties in the discontinuous records preclude precise cor-
relations at this time. The Bigbendian transgression contains the 
Matuyama-Gauss magnetic reversal (MIS 103) and is therefore un-
equivocally represented in our study period. Our reconstructions 
do not show notably high temperatures or 2H-enriched precipita-
tion during this interval, both of which we might expect to see 
during a sea level transgression up to +40 m. Regional records 
also show unremarkable changes during MIS 103: benthic δ18O 
and alkenone SSTs from the North Pacific depict a mild interglacial 
climate (Woodard et al., 2014; Martínez-Garcia et al., 2010).

It is also uncertain how changes in sea level would affect 
our reconstructions. Due to the shallow bathymetry of the Bering 
Strait, changes in sea level can result in a dramatic increase in con-
tinentality for interior Beringia (Fig. 8C, D). New reconstructions of 
Pliocene palaeogeography argue for a closed Bering Strait ∼3 Ma, 
with global eustatic sea level more than 20 m above present, sug-
gesting that the region has seen significant erosional or tectonic 
subsidence since that time (Dowsett et al., 2016). However, ob-
servations of Pliocene shorelines on the Diomede Islands attest to 
hundreds of meters of regional uplift in the last few million years, 
which is difficult to reconcile with a subaerial Bering Strait dur-
ing the Pliocene (Gualtieri and Brigham-Grette, 2001). We find an 
increase in the glacial–interglacial range of MBT/CBT temperatures 
and δDwax following iNHG. While decreasing glacial temperatures 
are consistent with regional albedo changes from the establish-
ment of land-based ice sheets during glacial stages, increasing 
interglacial temperatures are more perplexing. As closure of the 
Bering Strait can enhance the Atlantic meridional overturning cir-
culation and heat transport into the Arctic Basin (Hu et al., 2015), 
this may have been a mechanism for increased interglacial warmth 
following the increasingly severe glaciations after iNHG. If, as sea 
level records would indicate (Miller et al., 2012), the first closures 
of the Bering Strait occurred after MIS G6, this mechanism is plau-
sible (Fig. 6D). However, this would also suggest that, at least for 
the earliest part of our record (2.82–2.73 Ma, MIS G10–G7), the 
Bering Strait remained open.

Our MBT/CBT and δDwax reconstructions underscore the com-
plex ways that expanding ice sheets drove, and responded to, Late 
Pliocene environmental change. For example, MBT/CBT reconstruc-
tions for MIS 102 indicate a very cold and variable glacial stage, 
corroborated by low δDwax values, but global and regional ben-
thic oxygen isotope records show a negligible change in global ice 
volume during this time (Fig. 5A, E, F) (Lisiecki and Raymo, 2005;
Woodard et al., 2014). These results are consistent with the re-
sponse we would expect to see from ice-sheet advance in Eastern 
Chukotka influencing both regional albedo and moisture pathways 
without affecting a significant change in bottom water oxygen iso-
topes (Niessen et al., 2013). The high percentage of Larix pollen 
(which is not subject to eolian transport, Andreev et al., 2014) 
during MIS G2, 104 and 100 suggests that these glacials were 
not particularly cold and/or the treeline persisted at 67.5◦N in 
the Siberian Arctic despite glacial advances in other parts of the 
Northern Hemisphere. In contrast, MIS 98 and 96 contain little tree 
pollen, low reconstructed MBT/CBT temperatures, and 2H-depleted 
δDwax. The diversity of proxy responses between adjacent glacial 
stages speaks to the range of mechanisms that can drive glacial–
interglacial climate changes in the terrestrial Arctic. Future model-
ing studies to explore the impact of ice-sheet advance in different 
regions of the Arctic could leverage the records presented here for 
deciphering the evolution of Northern Hemisphere vegetation and 
ice cover during the late Pliocene and early Pleistocene.

The increasingly variability of δDwax during MIS G5 coincides 
with the increased delivery of n-alkanes to the North Atlantic 
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Fig. 8. Schematic depiction of environmental change in Beringia that could produce the observed proxy behavior. Panels A) and C) indicate idealized Pliocene-age “transition” 
scenarios, whereas B) and D) indicate conditions similar to those inferred for the Pleistocene. In all panels, background colors are bathymetry, gray shading indicates subaerial 
land area, black line indicates modern coastline, green shading indicates the treeline, arrows indicate idealized atmospheric circulation around the Aleutian Low (“L”), colored 
contours indicate sea surface temperature (◦C), and white shading indicates sea-ice extent. All depictions are meant to be representative of mean annual conditions. The 
treeline contours are meant to be illustrative and do not represent real data. The sea surface temperature and sea ice contours are idealizations based on manual modification 
of satellite data (http :/ /neo .sci .gsfc .nasa .gov). The black dot indicates the position of Lake El’gygytgyn. The white dot indicates the location of ODP Site 882 (Martínez-Garcia 
et al., 2010). Interglacial panels A) and B) are depicted with sea level +40 m above present. Glacial panels are depicted with sea level −125 m below present. A) Pliocene 
interglacial with low insolation. An advanced sea ice edge, southerly treeline, and reduced SSTs are depicted. B) Pleistocene interglacial with high insolation. A retreated sea 
ice edge, northerly advance of the treeline, and increased SSTs are depicted. Black dots highlight areas where additional moisture might enter the atmosphere. This scenario 
represents an extreme high sea-level interglacial, similar to those inferred in the Early Pleistocene. C) Pliocene glacial climate with high insolation. A retreated sea ice edge, 
northerly advance of the treeline, and elevated SSTs are depicted. A local maximum in SSTs is depicted in the North Pacific extending into the Bering Sea, meant to represent 
the seasonal warming and stratification hypothesized by Haug et al. (2005). Black dots highlight areas where additional moisture might enter the atmosphere. D) Pleistocene 
glacial climate with low insolation. An advanced sea ice edge, southerly treeline, and reduced SSTs are depicted, consistent with what is generally inferred for the Last Glacial 
Maximum.
(Naafs et al., 2012), which is attributed to increasing glaciogenic 
dust sources following iNHG. Notably, we observe a slight increase 
in the concentration of n-alkanes at Lake El’gygytgyn beginning 
with MIS G3, suggesting that an increased production of long-chain 
n-alkanes may be partially responsible for these observations. 
However, n-alkane concentrations in the North Atlantic clearly 
peak during glacial stages. Although n-alkane concentrations vary 
at Lake El’gygytgynm we do not observe any measurable differ-
ence between mean glacial and interglacial values (Fig. 4A). This 
reinforces the interpretation that increased n-alkane deposition 
during glacial periods in the North Atlantic is a result of greater 
erosion by ice-sheets, not increased terrestrial n-alkane produc-
tion (Naafs et al., 2012). δDwax and MBT/CBT show pronounced 
changes during MIS 102, one glacial stage prior to increased de-
livery of ice-rafted debris to the North Atlantic (Shackleton et 
al., 1984). Similar to findings from the marine realm of contin-
ued glacial intensification following MIS 100, our records show 
pronounced and coherent glacial–interglacial variability from MIS 
100–95 (Fig. 4D, E) (e.g. Shackleton et al., 1984; Naafs et al., 2012;
Kleiven et al., 2002).

4.4. The Lake El’gygytgyn record in global context

The MBT/CBT and δDwax records presented here represent a 
continuous record of Arctic climate evolution. These reconstruc-
tions have implications for understanding independent compo-
nents of the Arctic climate system, including the carbon cycle, 
sea ice extent, and continental ice sheet development. Importantly, 
they allow us to begin placing discontinuous and time-uncertain 
terrestrial records into perspective. Interpreting temperature and 
hydrological change in the early Pliocene Arctic is difficult because 
of the scarcity of records, but the hypotheses laid out here can be 
more rigorously examined as new records are developed for com-
parison.

http://neo.sci.gsfc.nasa.gov
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Importantly, we document numerous stages when warm and 
dry, or cool and wet, conditions dominated at Lake El’gygytgyn 
during the Pliocene–Pleistocene transition. Due to the wide range 
of processes and mechanisms that could affect our reconstruc-
tions, there are multiple scenarios consistent with the MBT/CBT 
and δDwax records (Fig. 8). Based on the results of our reconstruc-
tions and time series analysis, we find that vegetation (ACL) and 
moisture source (δDwax) changes respond to changes in insolation. 
In our conceptual model of climate evolution during this interval, 
this corresponds to changes in the latitude of the treeline, the sea-
ice edge, and North Pacific sea surface temperatures. In contrast, 
the MBT/CBT record follows glacial–interglacial variability in global 
climate and sea level. For Pleistocene interglacial and glacial peri-
ods, it is assumed that all of these factors vary, for the most part, 
synchronously (Fig. 8B, D)). For most of our record, the data indi-
cate an alternative configuration was possible at Lake El’gygytgyn 
(Fig. 8A, C).

We suggest the following sequence of environmental changes 
best agrees with the multiple proxy records presented here. Stable 
warm conditions persisted from MIS G10–G7 in the Siberian Arc-
tic, with at least seasonally ice-free conditions in the Bering and 
Chukchi Seas (Fig. 6E, Fig. 8B). North Pacific warming and strat-
ification accompanied a crash in precipitation rates at Lake El’gy-
gytgyn, coeval with a decrease in δDwax values and gradual cooling 
(Fig. 5A, E, F, Fig. 8C). As at least some of the moisture reaching 
Lake El’gygytgyn today comes from the North Pacific, there must 
be another mechanism for reducing precipitation (and δDP ) at this 
time. We posit that the expansion of winter sea ice led to reduced 
precipitation at the lake and increased Raleigh distillation of pre-
cipitation en route, resulting in less latent heat export to interior 
Beringia (Fig. 8C). A change in the seasonality of precipitation (i.e. 
less summer precipitation) would also explain the isotopic change, 
but would not account for the crash in precipitation amount or 
cooling. During MIS G5, as the North Pacific reached a stable warm 
state, temperatures at Lake El’gygytgyn began to gradually rise due 
to increased sensible heat transport, while δDwax remained un-
changed (Fig. 5B, E, F). During MIS G5, we reconstruct a rapid 
enrichment of δDwax followed by a marked increase in variability. 
We attribute this change to further establishment of sea-ice, per-
haps extending into spring and fall (Fig. 8A). In addition, changing 
seasonality during MIS G3 may have contributed to the increased 
variability of δDwax (Hennissen et al., 2015). We note that the 
shifts in δDwax are coeval with the strengthening of North Amer-
ican dust sources, demonstrating clear linkages between land-ice 
and sea-ice occurring across iNHG (Naafs et al., 2012). Finally, be-
ginning with MS G3, the amplitude of glacial–interglacial cycles in 
δDwax and MBT/CBT increased due to both warmer interglacial and 
cooler glacial periods (Fig. 6H, I). This is consistent with expand-
ing ice growth in the northern hemisphere (Shackleton et al., 1984;
Kleiven et al., 2002), expansion of sea ice in the Arctic Basin (Knies 
et al., 2014), and increasing dominance of tundra vegetation at 
Lake El’gygytgyn (Brigham-Grette et al., 2013). Discrepancies be-
tween MBT/CBT and δDwax throughout the record are a conse-
quence of the different processes that affect the two proxies, es-
pecially difficult-to-constrain changes in vegetation and moisture 
sources that impact δDwax.

5. Conclusions

The Lake El’gygytgyn terrestrial sequence documenting the 
transition of high northern latitudes from the warm Pliocene 
into the frequently glaciated Pleistocene is the first of its kind. 
Our application of the MBT/CBT palaeotemperature proxy captures 
glacial–interglacial temperature variability during the Pliocene–
Pleistocene transition, demonstrating the potential for long-term 
environmental reconstruction using brGDGTs in the terrestrial Arc-
tic. Cooling and drying are inferred coincident with major glacia-
tion of the Northern Hemisphere during MIS G6. Temperature and 
vegetation change are closely linked, but vary independently of 
δDwax for most the record. The δDwax shows distinct shifts at 
2.73 Ma (MIS G6) and 2.69 Ma (MIS G5), which we attribute to 
changes in moisture source and Raleigh distillation via the expan-
sion of sea ice. Beginning with MIS 102, high-amplitude climate 
cycles are observed in MBT/CBT and δDwax. We suggest this shift 
may represent a far-southern retreat of the treeline, expansion of 
land ice, and development of persistent sea-ice conditions simi-
lar to the Holocene. Existing pCO2 records are not clearly linked 
with the terrestrial changes we reconstruct. This may be related 
to the resolution and precision of pCO2 records, or may indicate 
that the carbon cycle, which has important high-latitude compo-
nents (i.e. permafrost), had not fully synchronized with other parts 
of the climate system by MIS 95. Although insolation and pCO2
are important drivers of ice-sheet expansion, these do not appear 
to be the sole drivers of Arctic environmental change during the 
Late Pliocene. Instead, our records suggest high-latitude climate 
feedbacks played a critical role in the intensification of Northern 
Hemisphere glaciation.
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