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Abstract Branched glycerol dialkyl glycerol tetraethers (brGDGTs) are analyzed in different lakes of the
Mackenzie (Canadian Arctic) and Kolyma (Siberian Arctic) River basins to evaluate their sources and the
implications for brGDGT-based paleothermometry in high-latitude lakes. The comparison of brGDGT
distributions and concentrations in the lakes with those in river suspended particulate matter, riverbank
sediments, and permafrost material indicates that brGDGTs in Arctic lake sediments have mixed sources. In
contrast to global observations, distributional offsets between brGDGTs in Arctic lakes and elsewhere in the
catchment are minor, likely due to the extreme seasonality and short window of biological production at high
latitudes. Consequently, both soil- and lake-calibrated brGDGT-based temperature proxies return sensible
temperature estimates, even though the mean air temperature (MAT) in the Arctic is below the calibration
range. The original soil-calibrated MBT-CBT (methylation of branched tetraethers–cyclisation of branched
tetraethers) proxy generates MATs similar to those in the studied river basins, whereas using the recently
revised MBT′-CBT calibration overestimates MAT. The application of the two global lake calibrations,
generating summer air temperatures (SAT) and MAT, respectively, illustrates the influence of seasonality on
the production of brGDGTs in lakes, as the latter overestimates actual MAT, whereas the SAT-based lake
calibration accounts for this influence and consequently returns more accurate temperatures. Our results in
principle support the application of brGDGT-based temperature proxies in high-latitude lakes in order to
obtain long-term paleotemperature records for the Arctic, although the calibration and associated transfer
function have to be selected with care.

1. Introduction

About half of the total amount of organic carbon (OC) stored on the continents is held in permafrost soils at
high latitudes [Tarnocai et al., 2009]. With Arctic regions currently warming 2 to 3 times faster than other
regions [Richter-Menge et al., 2011], thaw and decomposition of OC previously held in permafrost soils may
release additional greenhouse gases to the atmosphere, triggering a positive feedback to global warming
[McGuire et al., 2009; Schaefer et al., 2011]. These anticipated changes highlight the need for a better
understanding of the relationships between climate, permafrost dynamics, and ecosystem adaptation,
including refined estimates of past climatic variability, in order to improve our ability to make long-term
predictions. However, continuous instrumental temperature records are fragmented for high latitudes and
mostly only cover the past century [Chylek et al., 2009; Callaghan et al., 2010].

One way to reconstruct past temperatures beyond the instrumental record is through the use of paleoclimate
proxies. So far, studies of tree rings and varve thicknesses have extended the Arctic paleoclimate record
to the past four centuries [e.g., Overpeck et al., 1997]. Recent analytical advances in the field of organic
geochemistry however have enabled the reconstruction of past continental air temperature variability over
much longer time scales using biomarkers. For example, the molecular distributions of a group of soil
bacterial membrane lipids, the branched glycerol dialkyl glycerol tetraethers (brGDGTs; Figure 1), were found
to be related to the annual mean air temperature (MAT) and soil pH of their habitat [Weijers et al., 2007b].
Based on empirically derived relationships between these environmental parameters, and the number of
cyclopentanemoieties andmethyl branches attached to the GDGT backbone, a new paleotemperature proxy
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was proposed. This so-called MBT-CBT (methylation of branched tetraethers–cyclisation of branched
tetraethers) proxy [Weijers et al., 2007b], recently revised as MBT′-CBT by Peterse et al. [2012], excluding
brGDGT-IIIb and IIIc (Figure 1), has so far mainly been applied in terrestrially influenced coastal margin
sediments, where brGDGTs are interpreted as an integrated climate signal of the adjacent river basin
[e.g.,Weijers et al., 2007a; Rueda et al., 2009; Bendle et al., 2010], as well as in a few terrestrial archives [e.g., Hren
et al., 2010; Peterse et al., 2011b; Gao et al., 2012].

Lake sediments may also contain high-temporal-resolution archives of past terrestrial climate. Over the past
few years, there have been several reconstructions of past continental air temperature based on brGDGTs in
lacustrine sediments [e.g., Fawcett et al., 2011; Loomis et al., 2012; Sinninghe Damsté et al., 2012a]. The
MBT-CBT proxy is calibrated on brGDGT distributions in surface soils, so that its application in lacustrine
settings depends on the assumption that brGDGTs in lake sediments are exclusively derived from soils that
are delivered to the lake by erosion and subsequent runoff. However, several studies have now shown
that brGDGTs in lakes may also be produced in situ [e.g., Sinninghe Damsté et al., 2009; Tierney and Russell,
2009;Wang et al., 2012; Schoon et al., 2013]. The latter source of brGDGTs seems to result in a “cold” bias in the
relative distribution and hence an underestimation of reconstructed MATs [e.g., Sinninghe Damsté et al., 2009;
Tierney and Russell, 2009; Tierney et al., 2010; Loomis et al., 2011; Naeher et al., 2014].

In efforts to correct for in situ-produced brGDGTs and improve the reconstruction of paleotemperatures
using brGDGTs in lacustrine settings, lake-specific proxy calibrations based on brGDGTs in surface sediments
of globally distributed [Pearson et al., 2011; Sun et al., 2011] and tropical African lakes [Tierney et al., 2010;
Loomis et al., 2012] have been proposed. However, the Arctic is generally underrepresented in the global lake
calibration data sets, so that compared to the relatively well-studied tropical lakes, little is known about
the sources and temperature sensitivity of brGDGTs in high-latitude lakes, where environmental conditions
(e.g., temperature, precipitation, light availability, and ice cover) and their large seasonal variation are
markedly different from in the tropics.

Here we investigated brGDGT abundances and distributions in lakes from two different high Arctic regions,
the Kolyma watershed in northeastern Siberia, Russia, and the Mackenzie Delta in Northwest Territories,
Canada. In addition, brGDGTs in the main sources of sediment to the lakes, i.e., river suspended particulate
material (SPM), riverbank sediments, and permafrost material, were analyzed to constrain brGDGT sources.
This subsequently enabled us to assess the applicability of soil- and lake-specific brGDGT calibrations on
Arctic lake sediments and the reliability of resulting estimates of MAT.

2. Study Area
2.1. Siberian Arctic

Seven lakes from two distinct systems occurring in the Kolyma watershed in Russia were included in this
study (Figure 2). The Kolyma River drains the Earth’s largest catchment that is completely underlain with
continuous permafrost (650,000 km2 [Holmes et al., 2012]). The MAT in the region varies from �11.5°C in
Cherskiy, close to the river mouth and �3.2°C in Magadan, near the southernmost part of the watershed.

The lake systems can be distinguished in the way that OC is delivered to the lake; the lakes situated in the
Kolyma floodplain (floodplain lakes; FP) are primarily fed by the river and receive the largest supply of organic
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Figure 1. Molecular structures of brGDGTs and crenarchaeol.
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matter during the freshet, the brief but intense spring flood after the onset of snowmelt. Thermokarst lakes
(TK) on the other hand receive no input from the river and are formed through landscape collapse
following belowground ice wedge melt and permafrost thaw. Surface Holocene soils and thick yedoma
deposits (~25m [Zimov et al., 2006b]) are the major suppliers of organic matter to the TK lakes. Yedoma is a
relatively organic-rich late Pleistocene deposit with a high ice content that covers parts of the Siberian
Arctic and Alaska and is formed by the rapid incorporation of sediments (eolian, alluvial, colluvial, and/or
nival) into the permafrost [Schirrmeister et al., 2011]. Yedoma underlays about 25% of the land surface in the
Kolyma basin [Zimov et al., 2006a].

2.2. Canadian Arctic

The 15 lakes from the Canadian Arctic included in this study are located in the delta of the Mackenzie River
(Figure 2). The Mackenzie River drains a watershed of 1,780,000 km2 [Holmes et al., 2012] and is the largest
supplier of fluvial sediments to the Arctic Ocean [Holmes et al., 2002]. The MAT in the basin ranges from 0.7°C
in the south (Fort McMurray) to �8.8°C at Inuvik in the delta. Several large lakes (notably Lake Athabasca,
Great Slave Lake, and Great Bear Lake) serve as natural sediment traps along the course of the river and its
tributaries, so sediment discharge to the delta is likely to be more strongly influenced by inputs downstream
of these lakes. Hence, the MAT in the area of these lakes (�4.6°C at Yellowknife, on the north bank of Great
Slave Lake) is more likely upper MAT end-member for this study.

All of the studied lakes receive organic material from the Mackenzie River, but their sediments and OC inflow
depend on their connection time with the river. The lakes can be classified into three different groups based
on the frequency and length of their connection time with the river. No closure (NC) lakes have a continuous
connection with the main channel, whereas low closure (LC) lakes only flood in spring and lose their
connection with the river when their water levels fall below average flood level. High closure (HC) lakes are
only in contact with the river during higher-than-average floods, generally happening every 1–4 years for
spring floods and >50 years for summer floods [Marsh and Hey, 1989].

3. Methods
3.1. Sample Collection
3.1.1. Kolyma
Lake surface sediments (Figure 2) were collected in July 2011 with a Van Veen grab sampler, subsampled,
and dried overnight at 60°C at the Northeast Science Station (Cherskii, Russia). Yedoma cliff material was
collected in July 2010 from Duvannyi Yar, a well-known Yedoma exposure along the Kolyma River, and stored
frozen after collection. Yedoma thaw streams from the same exposure were sampled in July 2010 and July
2011 and filtered through 0.7μm preashed GF/F filters within 24 h after collection and frozen until further

Mackenzie Kolyma 

Figure 2. Overview map of Arctic river catchments with blowup maps of the Mackenzie and Kolyma River basins and sample locations. TK = thermokarst lake,
FP = floodplain lake, SPM= suspended particulate material, HC=high closure lake, LC = low closure lake, and NC=no closure lake.
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analysis. The Yedoma deposits from this exposure exhibit conventional 14C ages of between 13 and 45 kyr
[Vasil’chuk and Vasil’chuk, 1997], and corresponding ages for suspended material from the thaw streams
are between 19 and 38 kyr [Vonk et al., 2013]. Kolyma River SPM (Figure 2) was collected in May–July 2011 and
2012 and filtered through 0.7μm preashed GF/F filters within 24 h after collection, except for the freshet
and under-ice samples that were frozen for approximately 1month, then thawed and filtered. All samples
were collected as part of the Polaris Project (www.thepolarisproject.org).
3.1.2. Mackenzie
Sediment cores (piston cores) were collected from delta lakes (Figure 2) in March 2007 and March 2009
(L. Giosan and T. I. Eglinton, personal communication, 2014). The cores were shipped in insulated boxes
(cold but unfrozen) to Woods Hole Oceanographic Institution (USA) and split lengthwise using metal
cutting shears, wrapped, and put into refrigerated storage. Core tops were subsampled in February 2011.
Channel sediments from Middle and Reindeer Channel of the Mackenzie River (Figure 2) were collected
with a Smith–McIntyre grab sampler as part of a large sampling program in 1987 in the Mackenzie River
and Beaufort Sea [Macdonald et al., 1988]. Mackenzie River SPM was collected in May–June 2011 as part of
the Arctic Great Rivers Observatory (www.arcticgreatrivers.org) from the East Channel near Inuvik (18 May,
27 May, and 11 June) and from the main channel near Tsiigehtchic (other dates). During the same
month, freshly deposited riverbank sediments were collected after the spring flood at East Channel and
Peel River. The soil sample was collected in April 2007 from a ridge out of reach from the spring freshet,
close to the East Channel.

3.2. Total Organic Carbon Analysis

Freeze-dried, homogenized material was treated with 1M HCl to remove potential carbonates prior to
total organic carbon (TOC) content measurements using an elemental analyzer EA 3000 (EuroVector, Italy) at
ETH Zürich.

3.3. BrGDGT Analysis

The 0.1–2.5 g freeze-dried and homogenized material was extracted with a MARSXpress microwave
extraction system using dichloromethane (DCM):MeOH 9:1 (vol/vol). The total lipid extracts (TLEs) were dried
under N2. For selected samples, an aliquot was saponified with 0.5M KOH in MEOH at 70°C for 2 h, after
which Milli-Q water was added, and hexane was used to retrieve a neutral fraction. The remainder was
acidified to pH=2 with HCl, from which an acid fraction was retrieved using hexane:DCM 4:1 (vol/vol).

A known amount of C46 GDGT standard was added to either the neutral fraction or directly to the TLE (when
not subjected to saponification). The TLEs/neutral fractions were dissolved in 9:1 (vol/vol) hexane:DCM and
passed over a silica column (deactivated with Milli-Q water, 1% dry weight) to separate the extract into an
apolar and a polar fraction, using 9:1 (vol/vol) hexane:DCM and 1:1 (vol/vol) DCM:MeOH, respectively. The
polar fraction (containing the GDGTs) was dried under N2, dissolved in 99:1 hexane:isopropanol, and filtered
over a 0.45μm polytetrafluorethylene filter prior to analysis with high performance liquid chromatography
(LC)/atmospheric pressure chemical ionization–mass spectrometry (MS) on an Agilent 1260 Infinity series
LC-MS according to Schouten et al. [2007]. The separation of the GDGTs was achieved with a Grace Prevail
Cyano column (3μm, 150 × 2.1mm) after passing through a Guard column of the same material (5μm,
7.5 × 2.1mm) with hexane:isopropanol (99:1, vol/vol) as an eluent. Flow rate was 0.2mL/min. Each GDGT
fraction was eluted isocratically with 90% A and 10% B for 5min, and then with a linear gradient to 18% B for
34min, where A= hexane and B= hexane:isopropanol 9:1 (vol/vol). Selective ion monitoring of the [M+H]+

was used to detect and quantify the different GDGTs, according to Huguet et al. [2006], except that a similar
response factor was assumed for the GDGTs and the internal standard.

3.4. BrGDGT-Based Proxy Calculations

Annual mean air temperatures (MATs) were calculated according to the original soil calibration ofWeijers et al.
[2007b], using the MBT and CBT indices and the following transfer function in which roman numerals refer to
structures in Figure 1:

MBT ¼ Iaþ Ibþ Icð Þ= Iaþ Ibþ Icþ IIaþ IIbþ IIcþ IIIaþ IIIbþ IIIcð Þ (1)

CBT ¼ � log Ibþ IIbð Þ= Iaþ IIað Þð Þ (2)

MAT ¼ MBT–0:122– 0:187*CBTð Þð Þ=0:02 (3)
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as well as according to the revised soil calibration of Peterse et al. [2012], using the previously defined CBT
index (equation (2)), the MBT′ index, and the newly derived transfer function:

MBT’ ¼ Iaþ Ibþ Icð Þ= Iaþ Ibþ Icþ IIaþ IIbþ IIcþ IIIað Þ (4)

MAT’ ¼ 0:81–5:67*CBTþ 31:0*MBT’ (5)

The MAT was also calculated based on the lake-specific calibration of Sun et al. [2011], who use the MBT and
CBT indices (equations (1) and (2)) and the following function for worldwide application for lakes
with pH< 8.5:

MAT ¼ 6:803–7:062*CBTþ 37:09*MBT (6)

Finally, the global lake calibration of Pearson et al. [2011] was applied to derive mean summer air
temperatures (SATs) based on the fractional abundance of a selection of brGDGTs:

SAT ¼ 20:9þ 98:1*f Ibð Þ–12:0*f IIað Þ–20:5*f IIIað Þ (7)

The branched and isoprenoid tetraether (BIT) index was calculated according to Hopmans et al. [2004]:

BIT ¼ Iaþ IIaþ IIIað Þ= Iaþ IIaþ IIIaþ crenarchaeolð Þ (8)

3.5. Statistical Analysis

The significance of differences between the GDGT concentrations and the GDGT-based index values for each
sample set was tested using the distribution-independent bootstrapping method [cf. Efron, 1979]. In short,
each data set of n observations was resampled (or bootstrapped) by sampling with replacement to form a
new sample that is also of size n, using MetaWin 2.1. This process was repeated 5000 times for each sample
set, after which the mean was computed. Average values were considered significantly different if their 95%
confidence interval did not overlap. Significantly different groups are indicated with a letter.
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Figure 3. Amount of (a) particulate organic carbon (POC) and (b) brGDGTs transported by the Kolyma (black) and
Mackenzie (grey) Rivers; (c) CBT, (d) MBT′, and (e) BIT indices for river SPM, with river discharge indicated in black
(Kolyma, average 1999–2010) and grey (Mackenzie, 2011); brGDGT-derived temperatures based on the (f ) soil (triangles
[Weijers et al., 2007b]; circles [Peterse et al., 2012]) and (g) global lake calibrations (triangles [Sun et al., 2011]; circles [Pearson
et al., 2011]) versus time. The vertical bars indicate the range of annual and summer temperatures in the catchments of the
Kolyma (black) and Mackenzie (grey) Rivers.
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Table 1. Sampling Date, Coordinates, and Total Organic Carbon (TOC) Content for the Lakes, SPM, Yedoma, Soil, and
Riverbank Sediments in the Kolyma and Mackenzie River Basins

Sample Name/ Latitude Longitude TOC
Sample Type Location Sample Date (°N) (°E) (% or mg/L)

Kolyma Region, Northeast Siberia, Russia
Thermokarst lake Tube Dispenser Lake 11 July 2011 68.765 161.402 4.8
Thermokarst lake Duvannyi Yar Lake 13 July 2011 68.628 159.147 20.8
Thermokarst lake Shuchi Lake 7 July 2011 68.746 161.393 22.6
Floodplain lake Fire Lake 10 July 2011 68.719 161.451 6.2
Floodplain lake Pantaleikha Lake 8 July 2011 68.734 161.446 2.0
Floodplain lake Airport 33 Lake 15 July 2011 68.736 161.329 4.1
Floodplain lake Airport 34 Lake 18 July 2011 68.733 161.332 2.3
Floodplain lake Leonid Lake 12 July 2011 68.579 160.090 4.2
Yedoma Duvannyi Yar cliff 27 July 2010 68.631 159.151 1.7
Yedoma streama Duvannyi Yar stream A 27 July 2010 68.631 159.150 8580
Yedoma streama Duvannyi Yar stream B 27 July 2010 68.631 159.148 8480
Yedoma streama Duvannyi Yar stream C 27 July 2010 68.631 159.126 9240
Yedoma streama Duvannyi Yar stream D 27 July 2010 68.631 159.122 6700
Yedoma stream Duvannyi Yar stream 3 22 July 2011 68.631 159.150 -
Yedoma stream Duvannyi Yar stream 4 22 July 2011 68.631 159.148 -
Yedoma stream Duvannyi Yar stream 5 22 July 2011 68.631 159.126 -
Yedoma stream Duvannyi Yar stream 6 22 July 2011 68.631 159.122 -
SPM under icea Kolyma River 29 May 2011 68.734 161.387 0.3
SPM fresheta Kolyma River 4 June 2011 68.734 161.387 7.6
SPM fresheta Kolyma River 5 June 2012 68.734 161.387 2.4
SPM low flowa Kolyma River 3 July 2012 68.734 161.387 0.9
SPM low flowa Kolyma River 18 July 2012 68.734 161.387 0.3
SPM low flowa Kolyma River 23 July 2011 68.734 161.387 0.8
Mackenzie Delta, Northwest Territories, Canada
No closure MD-2 March 2009 68.4 �133.8 1.6
No closure MD-4 March 2009 68.3 �133.9 1.9
No closure MD-6 March 2009 68.3 �133.9 1.6
Low closure LD-1 March 2007 68.7 �134.6 1.2
Low closure MD-10 March 2009 68.3 �134.8 1.8
Low closure LD-2 March 2009 68.7 �134.2 3.5
Low closure MD-12 March 2009 68.2 �135.1 4.8
Low closure UD-1 March 2009 67.9 �134.8 2.8
Low closure UD-3 March 2009 67.9 �134.2 2.5
Low closure UD-4 March 2009 67.9 �134.2 1.6
Low closure MD-8 March 2009 68.3 �134.5 1.3
Low closure LD-3 March 2009 68.5 �135.2 1.5
High closure MD-8 March 2009 68.3 �134.5 3.2
High closure LD-4 March 2009 68.5 �135.3 2.6
High closure MD-5 March 2009 68.3 �133.8 5.7
Riverbank sediment East Channel 31 May 2011 68.3 �133.7 1.9
Channel sediment Middle Channel June 1987 69.2 �135.0 1.1
Channel sediment Reindeer Channel July 1987 68.9 �135.0 1.5
Riverbank sediment Peel River 5 June 2011 67.3 �134.9 0.8
Riverbank sediment Tsiigehtchic 8 June 2011 67.5 �133.7 3.3
Levee sediment Lake LD-1 March 1994 68.7 �134.5 0.9
Surface soil Mackenzie soil April 2007 68.9 �134.6 1.3
SPM under icea Mackenzie River 18 May 2011 67.45 �133.76 0.5
SPM fresheta Mackenzie River 27 May 2011 67.45 �133.76 4.3
SPM low flowa Mackenzie River 8 June 2011 67.45 �133.76 3.4
SPM low flowa Mackenzie River 11 June 2011 67.45 �133.76 3.2
SPM low flowa Mackenzie River 11 June 2011 67.45 �133.76 3.2
SPM low flowa Mackenzie River (middle channel) 14 June 2011 68.25 �134.39 -
SPM low flowa Mackenzie River (Tsiigehtchic) 14 June 2011 67.45 �133.76 2.7

aTOC content in mg/L.
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4. Results
4.1. Total Organic Carbon
4.1.1. Kolyma
The concentration of particulate organic carbon (POC) in river SPM
varied between 0.28mg/L in late May, when the river was ice
covered, and 2.37–7.64mg/L in early June, during the peak of the
freshets in 2011 and 2012 (Figure 3), whereas that in the yedoma
streams is 3 orders of magnitude higher (6700–9240mg/L). The
TOC concentration in the lake surface sediments is higher in the TK
lakes than in the FP lakes and varies between 4.8–22.6% and
2.0–6.2%, respectively (Table 1).
4.1.2. Mackenzie
POC in the Mackenzie River varied between 0.5mg/L under ice and
reached 4.3mg/L during the freshet in 2011 (Figure 3). Bank,
channel, and levee deposits contain 0.8–3.3% TOC. The
concentration of TOC in the sediment of the different lake types
increases with a decrease in river contact and is 1.7 ± 0.1% (n= 3) in
the NC lakes, 2.3 ± 1.2% (n= 9) in the LC lakes, and 3.8 ± 1.7% (n= 3)
in the HC lakes. The one soil sample contains 1.3% TOC (Table 1).

4.2. GDGT Concentrations
4.2.1. Kolyma
BrGDGT concentrations transported by the river follow the trend of
POC and are lowest under ice and highest during the freshet
(2–531 ng/L; Table 2 and Figure 3). The concentration of brGDGTs in
the lake surface sediments is quite variable (4.5–47.7μg brGDGTs/g
dry weight sediment; Table 2) but is up to an order of magnitude
higher in the TK lakes than in the FP lakes. However, OC-normalized
brGDGT concentrations in both lake types are not significantly
different (182 ± 33 and 229± 59μg/g TOC for the TK and FP
lakes, respectively; Table 2 and Figure 4). Compared to the lake
sediments, the yedoma streams contain very low concentrations of
brGDGTs (0.03–0.2μg/g dry weight yedoma), especially when
normalized to TOC (0.4–9.2μg/g TOC; Table 2).
4.2.2. Mackenzie
The concentration of brGDGTs in the SPM of the Mackenzie River
varies between 2 and 105 ng/L and is lowest under ice (Table 2;
Figure 3). In contrast to the brGDGT concentrations in SPM
transported by the Kolyma River, brGDGTs in Mackenzie SPM do
not show the same trend as POC. The abundance of brGDGTs in the
lake surface sediments varies widely among the lakes (0.3–22.8μg/
g dry weight sediment; Table 2) but does not show a clear relation
with lake type. BrGDGT concentrations are all in the same range
when normalized to TOC (Table 2 and Figure 4). The amount of
brGDGTs in the soil was not quantified, but riverbank, channel, and
levee deposits contain 0.1–0.7μg brGDGTs/g dry weight sediment
(Table 2). The lowest concentrations are found in bank sediments
from Peel River, which drains a different watershed than
the Mackenzie.

4.3. GDGT Distributions
4.3.1. Kolyma
The lake surface sediments are generally dominated by brGDGT-III,
whereas SPM and yedoma have a larger relative contribution of
brGDGT-II (Figure 5). The MBT′, CBT, and BIT index values for theTa
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different sample pools are given in Figure 4,
in which letters indicate significant
differences between the pools. The
absence of significant differences in
GDGT-based index values for the FP and TK
lake sediments indicates similar
distributions in both lake types. The GDGT
distribution in the SPM transported by the
Kolyma River is similar to that in the TK
lakes but slightly differs from that in the FP
lakes based on the significant offset in MBT′
index values between these sample sets
(Figure 4). The distribution of GDGTs in
yedoma is different from that in lakes
based on theMBT′ index and different from
that in the SPM based on the CBT index.
The distinct GDGT distribution is confirmed
by the BIT index values for yedoma, which
are significantly lower than those in lake
sediments and SPM (Figure 4).
4.3.2. Mackenzie
BrGDGTs of type II and III are most
abundant in the sediments of the
Mackenzie Delta lakes included in this
study (Figure 5). All river SPM and bank
sediments contain most of brGDGT-II,
except for the SPM sampled under ice,
which is dominated by brGDGT-III. The
relative distribution of the brGDGTs is
generally similar among the NC, LC, and HC
lake types, albeit that NC lakes have slightly
but significantly different MBT′ index values
(Figure 4). The MBT′ index values for the
NC lakes (0.20± 0.04) are higher than those
for the LC (0.14± 0.03) and HC lakes
(0.14± 0.01) but similar to river SPM
(0.22± 0.04) and bank sediments
(0.24± 0.04). In contrast, CBT index values

do not show significant differences between lake types and bank sediments, but the CBT for river SPM only
corresponds with that in the HC and LC lake sediments (Figure 4). Although bootstrapping indicates that the BIT
index is significantly different between sample pools within a 95% confidence interval, the index yields high

values for all samples (0.94–1.00). The only
sample with a clearly distinct BIT value is
the SPM collected under ice, for which the
BIT index is 0.69 (Table 2 and Figure 4).

5. Discussion
5.1. Presence of brGDGTs in Arctic Lake
Surface Sediments
5.1.1. Kolyma
The general dominance of types II and III
brGDGTs in the samples from the Kolyma
basin is in agreement with brGDGT
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distributions in high-latitude soils from the global soil calibration set [Weijers et al., 2007b; Peterse et al., 2012]
and with those recently reported for lake sediments from Baffin Island [Shanahan et al., 2013]. The
concentrations of brGDGTs are substantially different in the TK and FP lake sediments and are higher in the
TK lakes (Table 2), whichmay be a result of the generally anoxic conditions in the lower water column of these
particular lakes (e.g., dissolved O2< 1mg/L in Shuchi and Tube Dispenser Lake at depths >5m; n= 10,
July 2011 and 2012, www.thepolarisproject.org/data/). BrGDGTs generally appear to be preferentially
produced in anoxic environments, as, for example, has been observed in peat bogs, where not only the
absolute amount of brGDGTs but also the fraction of their living, intact precursor lipids (i.e., retaining the
polar head group) increases in anoxic zone below the water table [Weijers et al., 2009; Liu et al., 2010; Peterse
et al., 2011a]. However, the TOC content in the TK lakes is also considerably higher than in the FP lakes, so that
brGDGT concentrations fall within the same order of magnitude for all lakes when normalized against TOC
(Table 2 and Figure 4), suggesting that the higher absolute brGDGT concentrations in the TK lakes may be
a preservational feature. Additionally, the Kolyma River may be responsible for the delivery of additional
siliciclastic material to the FP lakes, contributing to the lower TOC content in these lakes compared to that in
the TK lakes. Nevertheless, the dilution of TOC by a varying input of siliciclastic material is unrelated to the
relative distribution of the brGDGTs. Hence, the coupling of brGDGT concentration and TOC content, in
combination with similar relative distributions between lake types, suggests that the majority of brGDGTs in
the lake sediments is likely derived from the same source.
5.1.2. Mackenzie
The dominance of type II and III brGDGTs in the Mackenzie Delta lakes fits with the results from the Kolyma
basin. The distribution of brGDGTs is generally similar among the lakes, except for the NC lakes, which have
slightly higher MBT′ index values. Since these lakes are in continuous connection with the river, this suggests
that the duration of river contact may influence the brGDGT distribution in the underlying sediment. In
contrast, the amount of brGDGTs preserved in the lake sediments does not seem to be influenced by river
contact, as their abundance varies widely among the lakes, and is not directly related to lake type (Table 2). Also,
TOC-normalized brGDGT concentrations are not significantly different between lake types (Figure 4). Like in
the Kolyma basin, the amount of brGDGTs in the lake sediments correlates with TOC content (r2 = 0.67),
suggesting that a large part of the brGDGTs and the OC in lake sediments share a common source.

5.2. Constraining the Sources of brGDGTs in Arctic Lakes
5.2.1. Kolyma
The largest contribution of particulate OC to the lakes is the Kolyma floodplain is delivered by the river.
This is especially true during the freshet, when the discharge and sediment load of the river reach their
maximum, enabling the inflow of river water into the FP lakes through connecting channels or overbank
flooding. The concentration of brGDGTs in the Kolyma SPM varies with that of the POC (Figure 3),
indicating that brGDGTs are part of the SPM-associated OC. It has been shown that the major part of river
SPM-associated OC is generally derived from soils [e.g., Hedges et al., 1986], and this has been confirmed
for the Kolyma River based on the occurrence, distribution, and isotopic composition of terrestrial
biomarkers in the SPM [Lobbes et al., 2000; van Dongen et al., 2008]. This would suggest that also the
brGDGTs in the SPM transported by the Kolyma River are mainly of soil origin, although recent studies
have indicated that additional brGDGT production may take place in rivers [e.g., Kim et al., 2012; Zell et al.,
2013; De Jonge et al., 2014]. Also, the generally invariant relative distribution of SPM-associated brGDGTs
would support a primary soil origin of the brGDGTs, although CBT values show a slight decrease over
the sampling period (Figure 3). The limited distributional variability may be expected given (i) the
relatively short period of sampling (approximately 2months in summer) and (ii) that the watershed is
uniformly underlain by permafrost soils. The similarity in MBT′ and CBT index values for the SPM and the
FP lake sediments would thus support that the brGDGTs in these lakes are primarily soil derived. Also,
TK lakes receive their largest part of OC from thawing permafrost soils and yedoma surrounding the lakes.
Indeed, brGDGTs in the TK lakes bear the same signature as those in the river SPM and FP lakes (Figure 4),
although the TK lakes are not in direct contact with the river. Hence, the brGDGT distribution in the
thawing permafrost soils that directly supply brGDGTs to the TK lakes must be similar to those indirectly
supplying the FP lakes after river transport.

A potential end-member for permafrost-derived brGDGTs is provided by yedoma, where the distribution of
brGDGTs should reflect the environmental conditions at the time of deposition and subsequent freezing

Journal of Geophysical Research: Biogeosciences 10.1002/2014JG002639

PETERSE ET AL. ©2014. American Geophysical Union. All Rights Reserved. 1747

http://www.thepolarisproject.org/data/


during the late Pleistocene rather than a modern climate signal. Yedoma indeed has a distinct brGDGT
signature and is characterized by a slightly higher relative contribution of type I brGDGTs, which may serve as a
tracer of yedoma-derived brGDGT inputs in lakes. Although CBT index values are not significantly different
for yedoma and lake sediments, the MBT′ index is (Figure 4). However, the absolute difference between the
lowest lake MBT′ index value and the highest yedomaMBT′ index value is only 0.10. This is similar to the natural
annual variation in MBT index values found in some midlatitude soils [Weijers et al., 2011], implying that the
difference in MBT′ between lakes and yedoma should not be overinterpreted, limiting the ability to assess
yedoma-derived brGDGTs to the total brGDGTs pool in the lakes solely based on their distribution. Regardless of
the (dis)similarities in yedoma and lake sedimentary brGDGT distributions, the concentration of brGDGTs in
yedoma is so low that the signal is hard to detect in lake sediments. Hence, we conclude that thawing Holocene
surface soils represent the largest source of brGDGTs supplied to the lakes. Radiocarbon measurements on
brGDGTs in the lake sediments may help to resolve this issue in the future [cf. Birkholz et al., 2013].

Another indication of limited yedoma input is provided by the presence of crenarchaeol (Figure 1) in yedoma,
whereas this is virtually absent in the lake sediments (Table 2). Crenarchaeol is an isoprenoid GDGT that is
commonly produced by marine planktonic archaea. Although it has recently also been detected in the
membranes of soil Thaumarchaeota [Sinninghe Damsté et al., 2012b], it normally dominates over brGDGTs in
a marine environment. As a result, the branched and isoprenoid tetraethers (BIT) index has been proposed as
a proxy for the relative input of soil OC to an aquatic system [Hopmans et al., 2004]. Soils typically have high
(>0.8) BIT index values [e.g., Weijers et al., 2006; Peterse et al., 2009; Tierney and Russell, 2009; Schouten et al.,
2013], although low soil BIT index values caused by increased crenarchaeol concentrations have recently
been linked to aridity [e.g., Dirghangi et al., 2013]. BIT index values in lakes can be quite variable [e.g., Blaga
et al., 2010; Pearson et al., 2011] and appear to reflect variations in the concentration of crenarchaeol rather
than the relative input of soil OC [e.g., Tierney et al., 2010; Pearson et al., 2011]. BIT index values for yedoma
range from 0.81 to 0.89, whereas all lake sediments have a BIT value of 1.00, confirming the minimal
contribution of yedoma-derived GDGTs to the lake sediments. Although yedoma makes up for about 25% of
the soil in this area [Zimov et al., 2006a], even its GDGT contribution to the river SPM is barely detectable
despite similar TOC-normalized brGDGT concentrations (Figure 4).

Since the concentration and signature of brGDGTs in Holocene permafrost soils is unknown, it is not possible to
confirm soils as exclusive source of brGDGTs in the lake sediments. Moreover, a growing number of studies
indicate that a substantial part of brGDGTs stored in lake sediments is actually produced in situ, causing a
substantial offset in MBT and CBT index values [e.g., Tierney and Russell, 2009; Sinninghe Damsté et al., 2009;
Tierney et al., 2010]. Any contribution from in situ production of brGDGTs in the Kolyma lakes should thus
become visible in offsets between brGDGT distributions in the lakes and the river SPM. Subsequent comparison
of brGDGT-based index values for the different sample sets indicates that distributional variations in the Kolyma
system are only minor and not systematic (Figure 4), suggesting limited in situ production. Nevertheless, the
TOC-normalized concentration of brGDGTs in the lake sediments is 1–3 orders ofmagnitude higher than in SPM
and yedoma (Table 2), which implies that the lakes should receive unrealistic amounts of SPM and permafrost
material in order to reach the detected brGDGT concentrations in the lake sediments. This offset in brGDGT
concentrations can consequently only be explained by a contribution of in situ production of brGDGTs.
Interestingly, this would mean that brGDGTs in Siberian Arctic lakes are produced with a near identical
distribution to that in soils, which is in contrast with what has been reported so far.
5.2.2. Mackenzie
All the Mackenzie Delta lakes included in this study receive river SPM from the Mackenzie River, but the
amount decreases from the NC to the LC and HC lakes. BrGDGTs are presumably mainly supplied to the lake
by freshet SPM, but additional sources should become visible by comparing their relative distribution in the
different lake types and that in the SPM.

As for the Kolyma River, the freshet is the period of highest discharge and sediment load, although the peak
in brGDGT concentration is slightly delayed (Figure 3). The SPM collected under ice (18 May 2011) clearly
stands out with a low concentration of brGDGTs, likely reflecting base flow conditions. Its more “aquatic” BIT
index value of 0.69 differentiates it from the presumably soil-influenced freshet SPM with BIT index values of
0.97 ± 0.00 (Figure 3). The distinct under-ice brGDGT signature may originate from the large and deep lake
that is the main source of the Mackenzie River (Great Slave Lake; 27,200 km2) and thus an important supplier
of the base flow. This change in source is also reflected in the distribution of brGDGTs, as the MBT′ index
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increases from 0.17 under ice to 0.30 later in the year, and the CBT index from 0.55 under ice to 0.77. The
distribution changes during the period of sampling may be a result of a contribution of sediments flushed
from flooded lakes upstream. Additionally, a varying contribution of river-produced brGDGTs may influence
the composition of SPM-associated brGDGTs. Nevertheless, the most important difference is observed
between under ice and (post)freshet conditions, likely representing the aquatic base flow signal and a more
soil influenced signal, respectively. Similarly, De Jonge et al. [2014] found that the low concentrations of
brGDGTs in SPM from the Yenisei River collected 2–3months after the freshet did not match the signature of
the brGDGTs in catchment soils but more likely represented a base flow signal instead. The low concentration
of brGDGTs in Mackenzie under ice/base flow SPM compared to during and after the freshet suggests that
the distributions of brGDGTs in the lake sediments should predominantly reflect the freshet signal. Any
riverine overprint would only be expected in the NC lake sediments, since these lakes are in continuous
contact with the river. Indeed, the BIT index is slightly but significantly lower in these lakes compared to the
LC and HC lakes. Also, the MBT′ index for the NC lake sediments is more similar to that of the SPM and the
bank sediments than those for the lake sediments exclusively receiving SPM during the freshet (Figure 4).

The distribution of brGDGTs in the LC and HC lakes results in the same CBT index values as those of the SPM
and bank sediments, while MBT′ index values are significantly lower (Figure 4). Although the difference in
MBT′ between these lake sediments and the river SPM is small (0.08–0.10), the offset may be introduced by a
combination of additional in situ production in the LC and HC lakes and the absence of the base flow
contribution as received by the NC lakes. Indeed, Mackenzie Delta lakes with shorter river-connection times
(i.e., LC and HC lakes) are typically less turbid and hence have a higher autochthonous production [Tank et al.,
2011]. The brGDGT distributions in these lakes are characterized by a higher relative abundance of
brGDGT-IIIa, which fits with the trend found in lakes worldwide [e.g., Blaga et al., 2010; Tierney et al., 2010;
Pearson et al., 2011; Sun et al., 2011] and suggests that the freshet signal in these lakes is altered by
additional in situ production. The one available soil sample from the Mackenzie Delta has MBT′ and
CBT index values that fit in the range of those of the SPM and lake sediments and would confirm their
primarily soil origin in these samples. However, due to the heterogeneity of soils [Weijers et al., 2007b;
Peterse et al., 2012] and the natural variability in brGDGT distribution in surface soils on a small spatial scale
or within a lake catchment [Naeher et al., 2014; Niemann et al., 2012], it is not appropriate to use this single
sample as a soil end-ember.

Even though in situ brGDGT production appears to take place in those lakes with less river contact, the
differences with brGDGT-based index values for river SPM and bank sediments, representing catchment
soil-derived brGDGTs, are surprisingly small. The MBT′ offset is about 0.08 on average, and CBT index values
even show no significant differences (Figure 4), which results in a spread in reconstructed temperatures that
falls within the calibration error (5.0°C for the MBT′-CBT soil calibration of Peterse et al. [2012] and 2.0°C for the
lake calibration of Pearson et al. [2011]). Hence, purely focusing on distribution data would lead to the
conclusion that the proportion of brGDGTs from in situ production is minor relative to those derived from
soils. However, absolute concentrations of brGDGTs in the lakes are substantially higher than in the river SPM
and bank sediments (Figure 4), arguing for an important additional input of in situ produced brGDGTs not
only in the LC and HC lakes but also in the NC lakes that are in continuous contact with the river. As observed
for the lakes in the Kolyma basin, this implies that the lacustrine brGDGTs are produced in near similar
distributions as in the catchment soils.

5.3. Influence of Seasonality on brGDGT Production in Lakes

The minor distributional differences in which brGDGTs are produced in aquatic and terrestrial environments
in the Kolyma and Mackenzie River basins render it hard to disentangle their sources once stored in lake
sediments. On a global scale, but especially in the tropics, brGDGT distributions in lake sediments are
substantially different from those in surrounding soils [e.g., Tierney and Russell, 2009; Sinninghe Damsté et al.,
2009; Tierney et al., 2010; Loomis et al., 2011]. One explanation for the contrasting observation in the Arctic
may be the extreme seasonality and short window of biological production at high latitudes, as has indeed
been suggested earlier [e.g., Pearson et al., 2011; Shanahan et al., 2013]. Even though it has been shown
that seasonality has no effect on brGDGT distributions in temperate soils [Weijers et al., 2011], the results from
our study add to a global trend of increasingly contrasting brGDGT distributions between lake sediment
and surrounding soil toward the equator and thus with decreasing seasonality and a longer growing season.
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This suggests that brGDGTs produced in lakes could be more sensitive to seasonal variations than brGDGTs
in soils.

For example, the distribution of brGDGTs in and around Lake Cadagno, located at high elevation in the Swiss
Alps with a MAT close to 0°C and strong seasonality, are very similar, with average differences in MBT and CBT
index values for the lake sediment and the surrounding surface soils of 0.01 and 0.07, respectively [Niemann
et al., 2012]. This led the authors to conclude that in situ production was minimal in this lake. Also, a high-
altitude lake on the Tibetan Plateau (Lake Qinghai, 3193m) has a relatively minor sediment-soil offset, i.e.,
0.10 for the MBTand 0.12 for the CBT index [Wang et al., 2012]. At a midlatitude site (Sand Pond, Rhode Island,
USA), larger average sediment-soil offsets of about 0.3 (MBT) and 0.6 (CBT) are already apparent [Tierney et al.,
2012]. Finally, sediment-soil offsets in tropical lake catchments with minor seasonal temperature variation,
such as Lake Towuti in Indonesia and Lake Challa in Tanzania, are even larger, averaging about 0.35 and 0.20
for the MBT index and 0.85 for the CBT index [Sinninghe Damsté et al., 2009; Tierney and Russell, 2009]. The
MBT and CBT index values are systematically higher in the surface soils surrounding the lakes, implying that
brGDGT-IIIa and brGDGTs with one cyclopentane moiety (mainly brGDGT-IIb and brGDGT-Ib) are
characteristics for brGDGTs of lacustrine origin. Although one study on brGDGTs in soils and lakes along an
altitudinal transect in Uganda does not fit the above trend, showing smaller offsets than expected based on
its tropical location (MBT offsets are 0.01 and 0.04, and CBT offsets are 0.32 and 0.31 for low- and high-
elevation sites, respectively), it does support the increased relative contribution of brGDGTs IIIa, IIb, and Ib in
lake sediments [Loomis et al., 2011].

5.4. Applicability of brGDGT-Based Temperature Proxies in Arctic Lakes

Working on the premise that the brGDGT signature in Arctic lake sediments is dominantly of soil origin, we
initially calculate MATs using the soil-based MBT-CBT (equation (3)) and MBT′-CBT (equation (5)) transfer
functions [Weijers et al., 2007b; Peterse et al., 2012]. Although theMAT in the Mackenzie and Kolyma basins lies
outside the temperature range of these soil calibrations, the Weijers et al’s. calibration has previously yielded
reliable MAT estimates for soils from areas with a MAT as low as �6°C, i.e., Svalbard [Peterse et al., 2009].
Application of this calibration in the Kolyma watershed results in average MATs ranging from �8.6 to �6.4°C
for the lakes and �8.9 to �6.1°C for river SPM (Figure 6). These temperatures are a little higher than the
measuredMAT in the delta (�11.5°C, Cherskiy); however, this is expected as river SPM, and the associated soil-
derived brGDGT signature is likely to be sourced from areas of the drainage basin that include warmer
regions feeding upstream sections of the river to the south (MAT =�3.2°C, Magadan, near the southernmost
portion of the watershed).

The brGDGTs in the Mackenzie River delta lake sediments correspond to a relatively wide range of MATs (�9.5
to 0.4°C using the calibration of Weijers et al. [2007b]) and fall within approximately the same range as
measured MAT around Great Slave Lake (�4.6°C, Yellowknife) and that in the delta (�8.8°C, Inuvik),
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Figure 6. Average brGDGT-based temperatures and standard deviation based on the soil (diamond [Weijers et al., 2007b];
square [Peterse et al., 2012]) and global lake (triangle [Pearson et al., 2011]; circle [Sun et al., 2011]) calibrations compared
to the mean annual air temperature variability, MAT (straight line), and SAT (dashed line) in the source (grey) and delta
(black) areas in the Kolyma and Mackenzie Rivers.
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considering the calibration error. The brGDGTs in the NC lakes return higher MAT values than those in the
LC and HC lakes (respectively,�1.6 ± 1.8°C versus�5.6 ± 2.5°C and�4.4 ± 1.4°C; Figure 6), which may be due
to a larger proportion of soil- or river-derived brGDGTs delivered by the Mackenzie River. However, the ranges
of reconstructed temperatures for the different lake types overlap, and average differences are all within
the calibration error of the proxy. The MAT of �4.6°C derived from the brGDGTs in the single soil sample
analyzed from this region suggests that the MBT-CBT-temperature relation can be extrapolated beyond the
minimum temperature of the calibration. The brGDGT distribution in the bank sediments translates to slightly
higher temperatures, with values around �1°C in the Mackenzie Delta bank sediments (East, Middle, and
Reindeer Channels, Tsiigehtchic, Lake LD-1) and a temperature of 3.5°C for the Peel River. However, the latter
drains a different watershed (younger material, more mountainous, and relatively high sediment load [e.g.,
Millot et al., 2003]) than the Mackenzie, and these differences may be reflected by the brGDGTs. Also, the
brGDGTs in the river SPM reflect temperatures that are generally higher than in the delta lakes and increase
from �3.2°C under ice to 1.2°C in summer (Figure 6). The higher-than-in-the-delta temperatures fit with a
general provenance of the SPM in the relatively warmer lake area upstream the river.

Application of the revised MBT′-CBT calibration (equation (5) [Peterse et al., 2012]) results in MATs for
both the Kolyma and the Mackenzie systems that are up to ~8°C higher than those using the original
MBT-CBT calibration, although the overall trends remain unchanged (Figure 6). The higher temperatures
are likely a consequence of the difference in slope of the revised and original soil calibrations. While
the shallower slope of the revised calibration supposedly better tunes the proxy for mid-latitude and
lower latitude MAT calculations [e.g., Peterse et al., 2012; Ernst et al., 2013], in return it appears to lead to
overestimated MATs at higher latitudes where measured MAT is below the calibrated temperature range.
Hence, the original soil calibration seems better suited to generate reliable MAT estimates for Arctic
paleotemperature reconstruction.

With the exception of yedoma samples, the brGDGT-derived MATs in the Kolyma basin are all in the same
range (Figure 6), supporting the likelihood of a common origin of the brGDGTs in sediments of the FP and
TK lakes. In the Mackenzie watershed, however, only MATs derived for the NC lakes resemble those for the
SPM and bank sediments, whereas the brGDGTs in the LC and HC lakes reflect lower temperatures (Figure 6).
This offset suggests that these lake types must indeed receive additional brGDGTs, which could either
originate from local soils with a cooler brGDGT distribution, or from in situ production. Alternatively, the in
situ signal in these lakes is less swamped by the SPM contribution in the NC lakes. Since brGDGT
concentrations indicate that additional in situ production is likely for all lakes included in this study, global
lake-specific temperature calibrations should also generate sensible temperature estimates, as these are
designed to correct for any brGDGT production in the water column and/or lake sediments. Unfortunately,
MATs obtained when applying the Sun et al. [2011] calibration for lakes with pH< 8.5 (equation (6))
overestimate the actual MAT in the Kolyma and Mackenzie catchments. In contrast, the application of
the transfer function derived by Pearson et al. [2011] (equation (7)), who specifically used summer air
temperatures for their calibration, generates temperatures for both river systems that generally reflect those
of the summer season (Figure 6 and Table 2). If in situ production of brGDGTs in Arctic lakes primarily takes
place during the summer season instead of throughout the whole year, this will likely introduce a warm bias
upon the application of transfer functions based on lake data sets in which Arctic lakes are currently
underrepresented and calibrated on the annual mean air temperatures. Thus, the contrasting results from
both lake calibrations are likely caused by the extreme conditions and seasonal variability in the Arctic.

6. Conclusions

The comparison of brGDGT distributions in thermokarst, floodplain, and deltaic lake sediments, as well as in
yedoma permafrost and river SPM in the lower Kolyma andMackenzie River systems suggests that the majority
of brGDGTs in Arctic lake sediments is derived from soils, either indirectly delivered by the river, or directly
through thawing permafrost collapse. However, the high brGDGT concentrations in the lake sediments imply
either exceptional preservation of the soil-brGDGTs after deposition or additional in situ brGDGT production
in lakes. Nevertheless, the limited variability in brGDGT signatures of the different sample sets indicates that
even if aquatic brGDGT production is significant, it must yield similar distributions to those in soils. This is likely a
consequence of the extreme seasonality and short-growing season at high latitudes.
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While MATs in the study areas are below the current calibration range of the brGDGT-based paleotemperature
proxies, application of the original MBT-CBT soil calibration [Weijers et al., 2007b] generates MAT estimates that
closely resemble measured MAT. The revised MBT′-CBT calibration [Peterse et al., 2012] however results in
overestimated MATs, probably due to the more gentle slope of this calibration. Interestingly, the global lake
calibration of Pearson et al. [2011] also yields reasonable summer air temperatures despite any evidence for
significant contribution from in situ-produced brGDGTs. Therefore, our data support the applicability of
brGDGT-based paleothermometry in high-latitude lakes provided that the transfer function is selected with
care and that potential implications of mixed brGDGT sources are taken into account.
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