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Abstract

This study investigated the vertical and temporal distribution of Thaumarchaeota derived core isoprenoid glycerol dialkyl
glycerol tetraether (GDGT) lipids through sampling and analysis of both suspended particulate matter from the water column
at different times in the annual cycle and a 3 year long record of settling particles in two sediment traps at different depths at
an open lake location in Lake Superior. Results from these analyses suggest that Thaumarchaeota were present throughout the
water column during times of overturning, but mainly resided below the depth of the thermocline (20–40 m) during the period
of thermal stratification. Fluxes of thaumarchaeotal produced GDGTs were highly periodic and mainly occurred during two
periods of the annual cycle (winter and late spring/early summer). A covariance of both branched and isoprenoid GDGT
fluxes with the mass accumulation flux combined with the observation that those periods of maximum fluxes were associated
with increased BIT index values, however, suggest that these two periods of elevated fluxes may be related to an influx of
resuspended particles transported from shallower near shore regions of Lake Superior. During all sampling periods TEX86

inferred temperatures from SPM were in good agreement with in situ water temperatures of the depths at which the SPM
was sampled. The observed range of TEX86 inferred temperatures in 3 years of settling particles is relatively small and does
not show significantly higher inferred temperatures during the thermally stratified period, indicating that the sedimentary
TEX86 signal during the summer thermally stratified period mainly originated from depths below the relatively shallow ther-
mocline. Additionally, TEX86 values during the winter period of increased fluxes did not capture the decrease in water tem-
peratures observed throughout the water column during this period, and thus may be a further indication that the
thaumarchaeotal lipid flux was the result of sediment focusing. Flux-weighted TEX86 inferred temperatures from both sedi-
ment traps were in good agreement with TEX86 temperatures from surface sediments from the same location in Lake Supe-
rior. Both flux weighted TEX86 temperatures from the sediment traps and average TEX86 temperatures from surface
sediments were similar to averaged measured water temperatures at below �40 m depth within the error of the lacustrine
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TEX86 calibration. Based on the observed depths of Thaumarchaeota in the water column, TEX86 values in sediments of Lake
Superior likely reflect a combination of mixed-season and sub-thermocline temperatures. This is effectively the same as the
annual averaged water temperature observed at depths below 40 m in Lake Superior. Thus, trends in TEX86 inferred temper-
atures in sediment records of Lake Superior, and similar lakes, are likely to reflect subsurface temperature variability rather
than that of surface temperatures.
� 2012 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Lake sediments provide important archives for climate
records that span the continental interior. Sediment
archives of lakes can produce continuous high-resolution
records of past climate change (Meyers, 1997; Cohen,
2003). Lakes are located throughout the continents, span
a wide range of latitudes, and show an integrated response
to climate variability within their drainage basins. Lake re-
cords not only provide information on how climate has
changed in the past, but also yield valuable insights of
how past life in the lake and its drainage basin responded
to climate change. Thus, lake archives are relevant to assess
potential societal impacts of future climatic changes on a
regional scale.

Recently, the application of the TEX86 proxy has
emerged as a new tool to reconstruct past lake surface water
temperature, and associated continental air temperatures,
from lake sediments (Powers et al., 2004; Tierney et al.,
2008). This proxy was originally developed and applied in
marine settings and is based upon the relative degree of
cyclization in core isoprenoid glycerol dialkyl glycerol tet-
raether (GDGT) membrane lipids that can contain 0–4 cyl-
opentane moieties (GDGT-0–GDGT-3) or including an
unusual GDGT, crenarchaeol that contains a cyclohexane
moiety in addition to four cyclopentane moieties (Schouten
et al., 2002). These are mainly produced by archaea belong-
ing to the Marine Group 1 Crenarchaeota (Sinninghe
Damsté et al., 2002), which recently have been reclassified
to Thaumarchaeota, a separate phylum in the domain of ar-
chaea (Brochier-Armanet et al., 2008; Spang et al., 2010).
Mesocosm studies of sea water have shown that Tha-

umarchaeota increase the relative amount of GDGTs con-
taining cyclopentane moieties in response to temperature
(Wuchter et al., 2004), probably to increase the rigidity of
its cell membrane as an adaptation to higher water temper-
atures as was previously observed in (hyper)thermophilic
Crenarchaeota (Gliozzi et al., 1983). Thaumarchaeota simi-
lar to those present in the marine environment have been
identified in a number of lacustrine systems (MacGregor
et al., 1997; Schleper et al., 1997; Pernthaler et al., 1998;
Keough et al., 2003) and their core GDGTs, i.e. those with-
out a polar head group formed after cell lysis, were also
identified in different lacustrine surface sediments (e.g.
Schouten et al., 2000; Powers et al., 2004, 2010; Blaga
et al., 2009; Bechtel et al., 2010), confirming the widespread
occurrence of Thaumarchaeota in freshwater ecosystems. A
strong correlation between TEX86 values from lacustrine
surface sediments and annual mean lake surface water tem-
perature (ALST) was observed in some, mainly larger lake
systems that is similar to that identified in the marine envi-
ronment (Powers et al., 2004, 2010; Blaga et al., 2009).
These studies revealed that not all lakes contain the whole
suite of lipids used in the TEX86 and that a large contribu-
tion of soil organic matter into lakes leads to an input of
isoprenoid GDGTs that are not produced in the lakes,
therefore potentially interfering with the TEX86 proxy
(Weijers et al., 2006a,b). This observation suggested that
the use of the TEX86 might be limited to intermediate to
large lakes that are only marginally influenced by terrestrial
runoff (Blaga et al., 2009; Powers et al., 2010). In such large
lakes there is a strong correlation between TEX86 values
from surface sediments and both mean winter lake surface
temperature (WLST) and annual mean lake surface temper-
ature (ALST) (Blaga et al., 2009; Powers et al., 2010). To
date, the TEX86 proxy has been applied in several East
African rift lakes to reconstruct long continental tempera-
ture records (Powers et al., 2005; Tierney et al., 2008;
Woltering et al., 2011).

Despite the obvious importance, relatively little is
known about the ecology of Thaumarchaeota in lacustrine
ecosystems, and it therefore remains uncertain whether
the TEX86-reconstructed temperatures from different lacus-
trine systems are biased by factors such as seasonality and/
or preferred depth habitat. Lliros et al. (2010) observed that
in Lake Kivu, Thaumarchaeota are present throughout the
epipelagic waters (0–100 m) and were associated with both
maxima in nitrite and nitrate, suggesting a role of the Tha-

umarchaeota as aerobic ammonium oxidizers in Lake Kivu.
Sinninghe Damsté et al. (2009) observed that in Lake Chal-
la, isoprenoid core GDGTs (excluding GDGT-0) were
dominantly produced by Thaumarchaeota in the upper part
of the water column and that downward fluxes of isopren-
oid GDGTs were highest in January and February, follow-
ing the principal phytoplankton bloom that occurred just
after the local short rainy season. TEX86 inferred tempera-
tures derived from descending particles during this time ap-
pear to correspond to lake surface water temperatures of
Lake Challa; however, there is evidence of significant
in situ production of GDGT-2 in the deeper anoxic waters
or the sediment water interface, by an unknown archaeal
source, which influences the TEX86 in sediments to such
an extent that the proxy in this lake may not be applicable
for paleotemperature reconstructions (Sinninghe Damsté
et al., 2009). Before the TEX86 temperature proxy can be
confidently applied for continental paleotemperature recon-
structions, it is important to obtain a better understanding
of what, if any, temperature the TEX86 proxy represents in
different lakes, including gathering insights about the verti-
cal and temporal distribution of Thaumarchaeota and
associated lipid fluxes to the sediments of different lacus-
trine systems.
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Here, we present results of a study of core GDGTs
(i.e. membrane lipids that lost their polar head groups,
hereafter referred to as GDGTs) in the water column of
Lake Superior, in which the vertical distribution was
examined through in situ filtration of suspended particu-
late matter (SPM), and temporal variability through a
three-year time-series sediment trap deployment. SPM
filtered from throughout the water column was also stud-
ied by quantitative polymerase chain reaction (qPCR)
analysis to survey the vertical distribution of 16S rRNA
genes of all living archaea in Lake Superior, and how it
varies seasonally. Isoprenoid GDGT lipids were quanti-
fied in SPM to track the fate of the thaumarchaeotal lip-
ids in the water column. TEX86 values of SPM were
compared with instrumental water temperatures at the
depths sampled and TEX86 values from descending partic-
ulate matter collected in sediment traps to determine
where in the water column the GDGTs present in settling
particles are produced. The major bacterial branched
GDGTs were quantified and compared to trends of iso-
prenoid GDGT concentrations, while the branched iso-
prenoid tetraether index (BIT index; Hopmans et al.,
2004) was used to assess the relative contribution of
branched GDGTs relative to the concentration of crenar-
chaeol. Records of fluxes in the sediment traps provide
information on the seasonality of the transport of
branched and isoprenoid GDGTs towards the sediments,
particularly during the winter when the lake is not acces-
sible by boat (for in situ filtration) due to the presence of
ice cover. This study provides insight into the spatial and
temporal distribution of thaumarchaeotal production in
Lake Superior, thereby placing constraints on the applica-
bility of the TEX86 as a paleotemperature proxy in this
and other similar systems.
Fig. 1. Map of Lake Superior region showing the sample site (star, 47�19.
open lake location with 180 m water depth, distanced away from upwell
2. METHODS

2.1. Study site

Lake Superior, the largest freshwater lake in the world
by surface area (82,413 km2), is an ultra oligotrophic lake
of glacial origin, located centrally on the North American
continent. The ratio of the drainage area of the watershed
to the Lake Superior surface area is �1.55 (Cotner et al.,
2004), an extremely low value for a lake. One implication
of this low ratio in Lake Superior is that the lake is influ-
enced far less by the surrounding watershed than most
lakes. Because of its size, water in Lake Superior has a res-
idence time of ca. 190 years based on the volume of water in
the lake and the mean rate of outflow (Quinn, 1992). Most
of the forested, granitic Superior Basin is sparsely popu-
lated, with little agriculture because of a cool climate and
poor soils (Cotner et al., 2004; Urban et al., 2005).

Our study site is located in the western arm of Lake
Superior at 47�19.1100 N, 89�52.1000 W in 180 m water depth
(Fig. 1) in an open lake location more than 50 km from
shore in each direction. This site was selected to avoid com-
plicating factors in the thermal structure of the lake associ-
ated with e.g. riverine inputs and upwelling.

Lake Superior is a cold, dimictic lake in a highly sea-
sonal, continental climate. The lake is dominated by a cold
hypolimnion (mean annual temperature �3.5 �C) with a
thin epilimnion typically forming from July to November
that reaches temperatures above 15 �C (Fig. 2). The starting
date and duration of winter thermal stratification in Lake
Superior is very sensitive to annual variations in climate;
the degree of ice formation in winter is the main control
on the date of onset of summer thermal stratification
(Austin and Colman, 2007). As a result of Lake Superior’s
1100 N, 89�52.1000 W) in the western arm of Lake Superior. This is an
ing areas and riverine inputs.



Fig. 2. Contour plot of water temperatures at the study location from September 2005 to 2008. In situ water temperatures were recorded by
thermistors on the mooring while surface water temperatures were linearly interpolated using surface temperatures from NOAA buoy Station
45006 located �1.5 miles from the sample site. The white boxes during the stratified periods represent times when the NOAA buoy surface
water thermistor was defective.
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relatively deep waters and high thermal mass of the hypo-
limnion, warming of the water column at the open lake
takes a relatively long time. Thus, “spring” overturn at
the study site occurs at the end of spring/beginning of sum-
mer (June), pushing the spring diatom bloom to late spring/
early summer followed by the onset of summer stratification
around July (Fig. 2). As a result of this temperature behav-
ior of off shore Lake Superior we define summer at the study
site as the start of thermal stratification of the water column.

2.2. Sample collection

SPM samples were collected at our study site during 4
cruises in May (24–26), July (12–16), August (22–24) and
September (26–28) 2007 onboard the R/V Blue Heron, rep-
resenting the mixed (May and July) and the thermally strat-
ified (August and September) periods. Water column
profiles of temperature and chlorophyll-a concentrations
were obtained using a SeaBird Model 911� plus CTD with
fluorometer, transmissometer, PAR sensor, DO sensor, pH
meter and water pressure sensor. Water for Quantitative
PCR analyses (21–40 L) was collected in 8 L Niskin bottles
and filtered onto 142 mm (0.22 lm pore, Millipore Corp.)
Durapore filters. In all cases, water was passed until filters
clogged or until 40 L passed through the filters. All filters
were stored at �80 �C until DNA was extracted and ana-
lyzed. SPM for core GDGT analysis was sampled by a
McLane WTS-LV in situ filtration system using 142 mm
diameter pre-combusted 0.7 lm nominal pore size What-
man GF/F filters. Typically, �500 L of water was filtered
at each depth. The filters were stored at �20 �C until
analysis.

A mooring was deployed in 180 m of water at the study
site for 36 months from September 2005 to September 2008,
and serviced each September and May, resulting in “winter”

and “summer” deployments. The mooring contained a Sea-
Bird SBE 39 temperature/pressure sensor at 26 m, nine
Brancker TR-1050 temperature loggers located at 17, 20,
31, 37, 70, 81, 91, 101 and 120 m, and two McLane Parflux
21 cup sequential sediment traps with a diameter of 0.92 m2

deployed at 65 and 145 m below the water surface. The sam-
ple cups in the sediment traps collected descending particu-
late matter for 11 days during winter and 6 days during
summer deployments. Sediment trap samples were alter-
nately preserved in deionized water from a MilliQ system
and 3% formaldehyde solution in deionized water to assess
the potential impact of formaldehyde on RNA and/or lipid
preservation. The sediment trap bottles were stored at
�20 �C until analysis. A fraction of the material collected
by the sediment trap was prepared for microscopic analysis
by smearing it out to a thin layer onto a microscope slide
which was placed into an Olympus� PM-10AD microscope
and investigated 100 times magnification. Surface water
temperatures were obtained from NOAA Buoy Station
45006 located�1.5 mile for the study site, which is generally
deployed in the western arm of Lake Superior from April
through December. In September 2008 a multi-corer was
deployed at the study site to obtain four shallow sediment
cores. The top half cm of sediment was sliced off of three
cores to obtain a core top sediment sample.

2.3. Isoprenoid and branched GDGT analysis

SPM, sediment trap and core top sediment samples were
freeze-dried and homogenized prior to extraction. All freeze
dried homogenized samples were ultrasonically extracted
with 3� methanol, 3� methanol/dichloromethane (DCM)
1:1 v/v, and 3� DCM. The supernatant was removed,
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combined and concentrated by rotary evaporation to pro-
duce the total extract. The total extract was separated into
apolar and polar fractions by column chromatography
using an activated Al2O3 column and eluting with hexane/
DCM 9:1 (apolar fraction, archived for future analysis)
and DCM/methanol 1:1 (polar fraction, described below).
A known amount of C46 tetraether lipid was added to the
polar fraction as internal standard (Huguet et al., 2007a).
The polar fraction was dried, dissolved in hexane/2-propa-
nol and filtered over a 0.45 lm PTFE filter prior to analysis.
Measurement of the core GDGTs was performed on an HP
1100 series LC-MS using an Alltech Prevail Cynano col-
umn (2.1 � 150 mm, 3 lm) with isocratic elution of hexane
and 2-propanol. Core GDGTs were detected using an
atmospheric pressure chemical ionization mass spectrome-
ter (ACPI-MS) operating in selected ion monitoring
(SIM) following Schouten et al. (2007). The BIT index,
which may be used as a proxy for soil derived organic mat-
ter relative to aquatically produced organic matter, was cal-
culated from the concentrations of the branched GDGTs
and crenarchaeol according to Hopmans et al. (2004) where
values of close to 1 would represent predominantly soil de-
rived organic matter and close to 0 pure aquatically derived
organic matter.

TEX86 values were calculated according to Schouten
et al. (2002) and converted to temperatures using the Powers
et al. (2010) lacustrine TEX86 calibration curve of
ALST = �14.0 + 55.2*(TEX86) which has a calibration er-
ror of ±3.6 �C. In addition, the analytical error was
±0.4 �C (observed analytical error in duplicate measure-
ments of the Lake Superior SPM was �0.4 �C). The rela-
tively large estimated calibration error of Powers et al.
(2010) is likely caused by a combination of factors, primarily
the limited number of lakes in the calibration (N = 12), inac-
curate annual mean surface water temperature data, ecolog-
ical differences among the different lakes that are yet to be
determined, the possibility that some samples in the calibra-
tion are older than surface sediments (and so do not corre-
late with present-day annual mean water temperatures),
and in-lake temperature variability rendering samples from
a given site not representative of the whole lake average tem-
perature. Powers et al. (2010) calculated the standard error
of estimation for their linear regression, which is a relatively
conservative estimate of error. An alternative approach of
estimating calibration error is by applying a leave-one-out
cross validation method (Efron, 1983) and using surface sed-
iment from the study location to calculate the maximum
deviation of TEX86 derived temperature from a surface sed-
iment as result of removing individual calibration points
from the calibration curve (as described in Supplementary
material in Tierney et al., 2010). Utilizing this approach
yields a leave one out estimation error of 1.0 �C (2r) and
combining this error with the analytical standard error
determined from duplicate sample measurements (0.4 �C)
would yield a total estimated error of about 1.1 �C.

2.4. Nucleic acid extraction

DNA for quantitative PCR was extracted from large
membrane filters (142 mm) using a previously established
sodium chloride–Tris–EDTA (STE) method (Fuhrman et
al., 1988; Pascoe and Hicks, 2004). Cells were lysed in
STE buffer, generating a crude extract. The extract was
rinsed with ethanol followed by protein removal using phe-
nol:chloroform:isoamyl alcohol (25:24:1). Lipid extraction
was performed on ethanol rinsed extract using chloro-
form:isoamyl alcohol (24:1). Purified extracts were stored
in Tris–EDTA buffer at �80 �C until needed. Approxi-
mately 52% of added DNA was recovered during this
extraction procedure. This recovery was used to correct
qPCR results.

2.5. Quantitative PCR of the archaeal 16S rRNA gene

Quantitative PCR (qPCR) analyses utilized the Brilliant
II SybrGreen Master� Mix system (Stratagene). Forward,
Parch519F (50 CAG CCG CCG CGG TAA 30), and re-
verse, Arch915R (50 GTG CTC CCC CGC CAA TTC
CT 30), PCR primers were used to amplify the archaeal
16S rRNA gene from picoplankton DNA (cf. Wuchter
et al., 2006). The qPCR cycling profile held at 95 �C for
5 min, and then cycled 40 times at 95 �C for 30 s, 63 �C
for 30 s, 72 �C for 30 s, and acquired data after holding at
81 �C for 15 s. Melt curves were generated by ramping tem-
perature from 72 to 95 �C by 1 �C steps (Wuchter et al.,
2006). A 16S rDNA fragment amplified from an archaeal
clone (SU10h3a) previously isolated from Lake Superior
(Keough et al., 2003) was used to construct standard curves
to calculate the number of archaeal 16S rRNA gene copies
in samples.

3. RESULTS

3.1. Temperature pattern of the water column of Lake

Superior

Our thermistor data show that Lake Superior surface
waters experienced a wide range of water temperatures
during the 3-year deployment (Fig. 2). The year 2006
stands out as an exceptionally warm year compared to
2007 and 2008, with temperatures at 17 m water depth
increasing during summer to above 15 �C compared to
�11 �C in 2007 and 2008 (Fig. 2). Fig. 2 clearly shows
the dimictic nature of Lake Superior; the water column
mixes twice a year in winter and in early summer. Thermal
stratification starts around July with strongest stratifica-
tion in August, after which mixing deepens the thermo-
cline in September to November before reaching
temperatures of 4 �C and overturning in mid/late Decem-
ber. In winter, the whole water column cools down to tem-
peratures below 4 �C before inverse thermal stratification
sets in and ice formation commences in late winter. In
spring, winter stratification is broken down and the whole
water column cools to 1–2 �C as a result of vertical mixing
of the water column and eventually warms to 4 �C. War-
mer atmospheric temperatures in 2006 resulted in a short
inverse stratification season in 2006 compared to 2007
and 2008. The duration of the summer stratification period
at our study site was less sensitive to the temperature
changes among the three annual cycles.



Fig. 3. Vertical profiles of TEX86 inferred water temperature from SPM and CTD measured water temperature, chlorophyll-a concentration,
crenarchaeol concentration, archaeal 16s RNA gene copies and branched GDGT abundances and BIT values in SPM. TEX86 derived
temperatures from SPM show good agreement with the in situ water temperatures where the SPM was sampled.
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The vertical temperature structure as measured by the
CTD in Lake Superior shows a large temperature variation
between the cruises performed in 2007 (Fig. 3). In May 2007
a well-mixed water column was observed with temperatures
ranging from 2.5 �C at the surface to 2.9 �C close to the sed-
iment water interface (Fig. 3). In July 2007, a stable strati-
fication was not yet established as water temperatures
showed no clear indication of a thermocline (Fig. 3). Water
temperatures ranged from 4.5 �C at the surface to 3.8 �C
close to the sediment water interface. In August 2007, a
well-established thermocline between 12 and 21 m depth
was observed (Fig. 3). Water temperatures range from
14.4 �C at the surface to 3.7 �C in the hypolimnion close
to the sediment water interface. In September 2007, a dee-
per thermocline compared to August was observed. Water
temperatures were 11 �C at the surface and �3.8 �C in the
hypolimnion. The thermocline was located between 20
and 30 m depth (Fig. 3).

3.2. Chlorophyll-a concentrations in the water column of

Lake Superior

During May 2007 a nearly uniform distribution of chlo-
rophyll-a concentration throughout the water column was
observed with a range of 2.7 lg/L near the surface to
2.5 lg/L at 170 m depth (Fig. 3). In July 2007, lowest chlo-
rophyll-a concentrations (�0.6 lg/L) were observed near
the surface, increasing to �20 m depth below which chloro-
phyll-a concentrations remain stable at �2.4 lg/L to �70 m
depth (Fig. 3). Below 70 m, chlorophyll-a concentrations
decreased with depth to �1.8 lg/L close to the sediment
water interface. In August 2007, chlorophyll-a concentra-
tions were low at the surface and increased with depth to
a deep chlorophyll maximum (DCM) of 5.1 lg/L at
�31 m water depth. Below the DCM, chlorophyll concen-
trations decreased with depth to �0.6 lg/L (Fig. 3). In
September 2007, chlorophyll-a concentrations were
�2.4 lg/L from the surface to �21 m water depth, below
which chlorophyll-a concentrations increase to a DCM at
�32 m and then decrease to a background concentration
of 0.6 lg/L in deeper waters (Fig. 3).

3.3. Archaeal 16S rRNA gene copies in SPM

Quantification of total archaeal 16S rRNA gene copy
numbers in May 2007 showed a large variation among
depths with a range of 4–15 � 105 gene copies/L from 5
to 40 m, 2–10 � 105 gene copies/L from 45 to 100 m and
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1.7–2.4 � 106 gene copies/L from 120 to 165 m (Fig. 3). In
July 2007, archaeal 16S rRNA gene abundances were more
stable with a range from 2.6 to 22 � 105 gene copies/L with
highest copy numbers again occurring in the deep hypolim-
nion (Fig. 3). In August 2007, low amounts of archaeal
gene copies (average 3.1 � 104 gene copies/L) were mea-
sured above the thermocline, with increasing abundances
observed with depth below the thermocline to an average
of 1.20 � 106 gene copies/L for water depths between 50
and 165 m (Fig. 3). In September 2007, we observed a sim-
ilar trend of low archaeal gene abundances (average
1.6 � 104 gene copies/L) above the thermocline, with an in-
crease below the thermocline to an average of 1.2 � 106

gene copies/L at depths greater than 80 m (Fig. 3).

3.4. Isoprenoid GDGTs and TEX86 in SPM of Lake Superior

Isoprenoid GDGTs in SPM of Lake Superior were dom-
inated by GDGT-0 and crenarchaeol, which together make
up �95% of the total isoprenoid GDGTs. A cross plot of
crenarchaeol versus (crenarchaeol + GDGT-0) concentra-
tions shows a near one to two relationship (Fig. 4). The ra-
tio of crenarchaeol/(crenarchaeol + GDGT-0) shows stable
values of 0.47 for May 2007, and 0.50 in July 2007, and
ranges from 0.48 to 0.53 in August 2007 and 0.47 to 0.57
in September 2007, with the highest ratios observed in
SPM from the warm surface water during the stratified per-
iod and lowest ratios in SPM sampled from the coldest
waters.

In May 2007, isoprenoid GDGT concentrations were
fairly uniform with depth with a range of concentration
of crenarchaeol from 0.35 to 0.60 ng/L, GDGT-0 concen-
trations from 0.39 to 0.68 ng/L and total isoprenoid GDGT
concentration of 0.77–1.4 ng/L, with highest concentrations
at 170 m water depth (Fig. 3). In July 2007, concentrations
were low near the surface (0.20 ng/L for crenarchaeol and
GDGT-0 and 0.42 ng/L for total isoprenoid GDGTs at
Fig. 4. Crossplot of crenarchaeol and (crenarchaeol + GDGT-0)
concentrations in SPM showing that during all sampling periods
there was a near 1:2 relationship between these two lipids,
indicating a single source for the isoprenoid GDGTs in the water
column. Based on the molecular community analyses done at the
study site (Kish, 2010), we assume Thaumarchaeota are the major
archaeal producers of GDGTs.
�10 m water depth). Concentrations increased with depth
to a maximum concentration of 1.0 ng/L for crenarchaeol
and GDGT-0 and 2.1 ng/L for total isoprenoid GDGTs
at 160 m water depth (Fig. 3). In August 2007, concentra-
tions ranged from �0.02 to 1.2 ng/L for crenarchaeol,
0.01–1.4 ng/L for GDGT-0 and 0.03–2.7 ng/L for total iso-
prenoid GDGTs, with low concentrations observed above
the thermocline (Fig. 3); below the thermocline concentra-
tions increased (Fig. 3). A similar pattern of vertical distri-
bution of concentrations was observed during September
2007; concentrations were low in the epilimnion (average
crenarchaeol concentration �0.03 ng/L, GDGT-0
�0.02 ng/L and total isoprenoid GDGT �0.06 ng/l), and
increased below the thermocline to maximum concentra-
tions in the hypolimnion (�0.87 ng/L for crenarchaeol,
0.83 ng/L for GDGT-0 and 1.7 ng/L for total isoprenoid
GDGTs for depths >80 m) (Fig. 3). We note that the con-
centrations reported here might represent underestimations
as we used a 0.7 lm filter, which has been suggested to be
less efficient in filtering archaeal cells (Huguet et al.,
2010). However, we only analyzed core GDGTs (see
Methods), which are predominantly fossil and therefore
likely attached to larger aggregates and minerals. Indeed,
Herfort et al. (2007) found for North Sea waters that 90%
of core GDGTs was recovered using a 0.7 lm filter, proba-
bly due to a decreasing pore size of the filter due to clogging
with particulate matter.

In May 2007, TEX86 values throughout the water col-
umn were quite stable with a range of 0.30–0.31, which if
transferred into TEX86 derived temperatures according to
the Powers et al. (2010) calibration yields temperatures of
ca. 3 �C (Fig. 3). In July 2007, slightly higher TEX86 values
with a range of 0.31–0.34 are observed, which indicates
temperatures between �3 and 5 �C, without a clear pattern
between surface and deeper water (Fig. 3). In August and
September 2007, there was a wider range of TEX86 values
(0.31–0.46) with highest TEX86 values corresponding to
water masses from above the thermocline and lower
TEX86 values from water masses below the thermocline.
TEX86 derived temperatures range between 3 and 12 �C,
with a pattern similar to the actual thermal structure of
the water column at these times (Fig. 3).

3.5. Branched GDGTs and BIT values in SPM

In May 2007, branched GDGT concentrations in SPM
were always low with a range of 24–42 pg/L, with highest
concentration observed close the sediment water interface
(Fig. 3). The BIT index showed a small range of 0.06–
0.08 with highest BIT values observed in the deepest water.
In July 2007, branched GDGT concentrations were more
variable with a range of 14–90 pg/L with the highest abun-
dance at the deepest sampling depth. BIT values range from
0.06 to 0.08 with the maximum values occurring at the same
depth as where the highest branched GDGT concentrations
were observed (Fig. 3). In August 2007, branched GDGT
concentrations in SPM ranged from 3 to 84 pg/L (Fig. 3)
with the lowest concentrations in the epilimnion and
increasing concentrations with depth in the hypolimnion,
with the highest concentration at the deepest sampling
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depth. The BIT index ranges from 0.04 to 0.16 with the
highest BIT values in the epilimnion, which was caused
by the low crenarchaeol concentration in the surface water.
BIT values decrease with depth from 30 to 100 m depth,
Fig. 5. Fluxes in the sediment traps collected at 65 and 145 m depth duri
all fluxes are high in both traps. The 65 m trap malfunctioned during the M
September 2007 for this trap. Overall measured fluxes show a similar sea
spring. During these high flux periods BIT values increase in the top tra
after which BIT values increase with depth toward the lake
bottom (Fig. 3). The largest range in concentrations of
branched GDGTs in SPM was observed in September
2007 with a range 3–105 pg/L (Fig. 3). As in August, the
ng the period from 2005 to 2008. Shaded areas depict periods when
ay 2007 deployment, resulting in no data between June and end of

sonal pattern with two periods of high flux occurring in winter and
p, but this is less obvious in the deeper trap.
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lowest abundances of branched GDGTs were observed
within the epilimnion. In the hypolimnion, branched
GDGT concentrations increased with depth. BIT values
range from 0.04 to 0.16, again highest BIT values were ob-
served in the epilimnion (Fig. 3), due to relatively low cren-
archaeol concentrations in the surface water. BIT values
decrease between 30 and 80 m, due to higher crenarchaeol
concentrations in the hypolimnion (Fig. 3). The BIT value
at 135 m depth is substantially higher compared to the rest
of the hypolimnion (Fig. 3).

3.6. Fluxes and GDGT composition of settling particles

In the 65 m sediment trap total mass fluxes ranged be-
tween 0.002 and 1.1 g m�2day�1 with two periods of in-
creased flux over the annual cycle occurring from late
December through February and in June–July with gener-
ally low accumulation throughout the rest of the year
(Fig. 5). The deeper trap at 145 m revealed a large range
of mass fluxes from 0.001 to 1.2 g m�2 day�1 with the high-
est flux periods occurring in the same two periods as in the
65 m trap, but additionally shows multiple other periods of
increased mass accumulation, which are not visible in the
top sediment trap data.

The isoprenoid GDGT distribution in sediment trap
material is dominated by crenarchaeol (47 ± 2%) followed
by GDGT-0 (40 ± 3%), with all other isoprenoid GDGTs
representing only 13 ± 3% of the total isoprenoid GDGT
distribution combined. Isoprenoid GDGT fluxes in the sed-
iment traps show trends similar to those observed in total
mass flux (Fig. 5). In the 65 m sediment trap isoprenoid
GDGT fluxes range from 2 to 6 lg m�2 day�1 with high
and low fluxes at the same dates as the mass flux. Some-
times the maximum in isoprenoid GDGT flux trails the
mass accumulation by one sample period, but this is not
consistently the case. In the 145 m trap isoprenoid GDGT
flux ranges from 0.1 to 14 lg m�2 day�1; fluxes are gener-
ally higher than those observed in the 65 m trap (Fig. 5).
The trend in total isoprenoid GDGT fluxes again shows a
strong resemblance to the mass accumulation flux in the
same trap. Overall the peaks in isoprenoid GDGT fluxes
appear to occur at the same time or with a slight delay of
one sampling period (corresponding to 11 days in the win-
ter deployment or 6 days in the spring deployment) relative
to the peak in the mass accumulation flux.

TEX86 values in the sediment trap material ranged be-
tween 0.30 and 0.38 in the 65 m trap and 0.30 and 0.37
for the 145 m trap without a clear seasonal pattern
(Fig. 5). Based on the observed fluxes and TEX86 values
in sinking organic matter, it is possible to calculate a flux
weighted averaged TEX86 value, which would be analogous
to the composition of sediment formed over time from the
sinking particulate matter. Flux weighted averaged TEX86

values are 0.33 for the top and 0.32 for the bottom trap.
Transferring TEX86 values into temperatures using the
Powers et al. (2010) calibration yields temperatures that
span between 2.4 and 7.0 �C in the shallow trap and 2.4–
6.4 �C in the deep trap (Fig. 5). Flux weighted average tem-
peratures are 4.0 and 3.7 �C for the top and bottom traps,
respectively. Surface sediments from the sample site yield
an average TEX86 value of �0.32, which represents a water
temperature of 3.6 �C.

Branched GDGTs generally constitute a small (ca. 8%)
portion of the total GDGT flux. Branched GDGT fluxes in
the sediment traps range from 0.04 to 800 ng m�2 day�1for
the 65 m trap and 0.03 to 1400 ng m�2 day�1for the deeper
trap (Fig. 5). Trends of branched GDGTs resemble both
the total mass accumulation and the isoprenoid GDGT flux.
The 65 m trap shows two periods of higher branched GDGT
flux, while the deeper trap shows more periods of increased
branched GDGT flux (Fig. 5). Maxima in branched GDGT
fluxes are observed to occur at the same time as the isopren-
oid GDGT fluxes.

The BIT index in the sinking particles varies from 0.04
to 0.22 and 0.06 to 0.22 in the 65 and 145 m trap, respec-
tively (Fig. 5). Maximum BIT values in the top trap are also
reflected in the deeper trap although more subtle; in the
upper trap BIT values tend to increase and decrease to-
gether with the total mass accumulation flux. This trend
is less visible in the deeper trap, although maximum BIT
values do appear to coincide with periods of maximum
mass accumulation flux. The flux weighted averaged BIT
value is 0.15 for both traps, which is exactly the same value
as observed in surface sediments from the study site.

4. DISCUSSION

4.1. Vertical distributions of archaeal genes and GDGT lipids

in Lake Superior

The primers utilized for qPCR in our study are not spe-
cific to Thaumarchaeota, but amplify archaeal 16S rRNA
genes that could be produced by all archaea. Therefore,
there is a possibility that the gene abundance profiles may
include archaea other than the Thaumarchaeota. However,
a molecular ecological study utilizing cloning and sequenc-
ing on the same water samples from the stratified period as
analyzed here, observed that the archaeal population in the
water column is largely comprised of Thaumarchaeota spe-
cies that phylogenetically are closely related to the Thaum-
archaeote Nitrosopumilus maritimus (Kish, 2010), a marine
isolate (Konneke et al., 2005). Euryarchaeota are observed
to comprise at most 15% of total archaea present in the
deep hypolimnion near the sediment water interface, and
there were no Euryarchaeota species observed in the epilim-
nion (Kish, 2010). Furthermore, during all sampling peri-
ods there is near one to two covariance between
crenarchaeol and (crenarchaeol + GDGT-0) lipid concen-
trations (Fig. 4), suggesting a common, thaumarchaeotal,
origin for these lipids in the water column since crenarchae-
ol is the characteristic membrane lipid for Thaumarchaeota

(e.g. Sinninghe Damsté et al., 2002; De La Torre et al.,
2008; Pitcher et al., 2010, 2011). Thus, it seems that most
of the isoprenoid GDGTs in the Lake Superior water col-
umn are derived from Thaumarchaeota. This observation
differs from observations in Lake Challa, where character-
ization of 16S rRNA gene sequences in SPM in water col-
umn indicated a probable additional archaeal source of
GDGT-0 and GDGT-2 in the anoxic water column or sed-
iment (Sinninghe Damsté et al., 2009).
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The vertical profile of the archaeal 16S rRNA gene
abundance in Lake Superior suggests that archaea, pre-
dominantly Thaumarchaeota, are distributed throughout
the water column of Lake Superior during isothermal con-
ditions when the lake is well mixed, but mainly reside in the
hypolimnion (i.e. below 20–40 m) during times of thermal
stratification. Although there are indications that over the
annual cycle resuspension and lateral transport of particles
may play a large role at this site in Lake Superior (discussed
below), none of the SPM sampling periods coincided with
times of significant resuspension. Instead, isoprenoid
GDGT lipid profiles show a pattern similar to that of the
16s rRNA gene abundance, suggesting that the GDGTs
are potentially derived from recently living archaea. This
is perhaps somewhat surprising considering that core
GDGTs are by definition of fossil origin resulting from re-
moval of polar head groups when intact polar GDGTs de-
grade after cell death (White et al., 1979; Harvey et al.,
1986; Lipp et al., 2008; Schouten et al., 2008; Huguet
et al., 2010). However, if the degradation of intact GDGTs
is relatively rapid upon cell death, it would result in a cor-
respondence between core GDGTs and archaeal 16S rRNA
gene abundances. During summer thermal stratification
both crenarchaeol and archaeal 16S rRNA genes were most
abundant in the hypolimnion at depths >40 m, below the
depth of the deep chlorophyll maximum (DCM). Although
in low concentrations, isoprenoid GDGTs and archaeal 16S
rRNA genes are present in the epilimnion at this time
(Fig. 3). This distribution differs from the non-stratified
period when both isoprenoid GDGT and archaeal 16S
rRNA genes abundances are observed to be quite constant
throughout the water column with only a marginal increase
with depth. These results suggest that the preferred location
of Thaumarchaeota in the water column of Lake Superior
during the thermally stratified period is in the colder hypo-
limnion at depths below the DCM.

One thing to consider is that suspended particulate mat-
ter was obtained using filters with different pore sizes
(0.2 lm for 16S rRNA and 0.7 lm fore core GDGT lipids).
As the size of Thaumarchaeota is typically well below 1 lm
(Konneke et al., 2005), an unknown proportion of the acha-
eal population could have been captured by the 0.2 lm filter
and used for 16S rRNA analyses, but may have passed
through the 0.7 lm filter. Herfort et al. (2007) analyzed
GDGT concentrations in the North Sea with sequential fil-
ters of 0.7 and 0.2 lm pore size and observed and recovered
only <5% of the total GDGTs on the 0.2 lm filters. This
observation may be explained by the high turbidity in this
coastal sea, where particulate matter can rapidly clog filters,
effectively reducing the nominal pore size. However, Pitcher
et al. (2011) filtered biomass from a Thaumarchaeota

enrichment culture and recovered only 12% on a 0.7 lm
compared to a 0.2 lm GFF filter. It is therefore likely that
in Lake Superior with its oligotrophic waters some of the
core GDGT lipids were lost through using large pore size
filters; however, it is impossible to say exactly how much.
Filtration efficiency changes with depth, e.g. due to turbid-
ity changes associated with depth of primary production in
the water column of Lake Superior could potentially have
caused mismatches between the archaeal 16S rRNA and
core GDGT numbers; however, the observed patterns in
the water column were generally similar suggesting that dif-
ferent filtration efficiencies did not play a large role.

4.2. thaumarchaeotal derived GDGTs in settling particles

The observed trends in settling fluxes of isoprenoid
GDGT lipids shows a strong resemblance to the timing
and trend of fluxes of both branched GDGTs and the total
mass accumulation (Fig. 5). In the top sediment trap (lo-
cated at 65 m depth) there were two main periods in the an-
nual cycle when all measured fluxes were observed to be
high (January–March and the month of June). In the top
trap these two periods comprise 83% of the annual GDGT
or total mass accumulation in the sediment trap (Fig. 5).
Fluxes in the deeper sediment trap (at 145 m depth) were al-
most always higher than in the top sediment trap, and show
much more variability and additional periods of higher flux
throughout the year (Fig. 5). As a result of these additional
periods of increased flux in the deeper sediment trap the
two main periods as observed in the top trap only comprise
51% of the total accumulation in the deep sediment trap.
The observed seasonal pattern of bulk accumulation in
the sediment traps may have resulted from several different
processes occurring in Lake Superior, including a spring
diatom bloom or an influx of previously deposited particles
that were originally produced in a shallower region of the
lake that were resuspended and laterally transported to-
wards the study site.

The period of increased flux that occurs in June corre-
sponds with the timing of the spring diatom bloom in Lake
Superior. During most of the year primary production in
Lake Superior is limited by light availability, but diatoms
bloom in June before the onset of thermal stratification
(Guildford et al., 2000). A diatom bloom occurring at this
time of the year could potentially cause the increase in
the bulk accumulation flux as observed in the traps. Some
supporting evidence for this can be seen in the results of
preliminary microscopic analyses of bulk settling particles
that were observed to contain large numbers of diatom tests
from Stephanodiscus spp. A diatom bloom in Lake Superior
would increase the amount of sinking particles in the water
column, which could scavenge GDGT lipids from the water
column, effectively increasing the transport of GDGT lipids
out of the water column. However, we also observed that
increased fluxes of GDGTs were associated with a slight in-
crease in the BIT index, suggesting that branched GDGT
lipids may be more effectively scavenged compared to iso-
prenoid GDGTs. There is no evidence that preferential
scavenging of branched GDGTs would result from a dia-
tom bloom. Furthermore, the winter peak in bulk fluxes
is not related to a diatom bloom as it occurs at a time when
primary production is very low due to the low water tem-
peratures and low light availability.

Previous sediment trap studies in the Laurentian Great
Lakes, including Lake Superior, have observed that highest
sediment fluxes in these lakes occur during the unstratified
periods. This is generally explained by storm induced resus-
pension occurring when these lakes are not thermally strat-
ified (Baker et al., 1991; Eadie et al., 1984). Mixing of the



Fig. 6. TEX86 derived temperatures from sediment traps compared
to measured water temperatures at different depths. The TEX86

derived temperatures from the traps do not follow the seasonality
pattern of water temperatures as measured at different water depths
throughout the water column.
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water column is confined to the epilimnion during thermal
stratification, allowing recently produced particles to settle
down and accumulate into a sediment boundary layer at
locations where no net sediment deposition occurs over
the annual cycle (Baker and Eisenreich, 1989). With subse-
quent break down of thermal stratification and mixing of
the water column, the particles that make up the sediment
boundary layer (SBL) are easily resuspended and trans-
ported towards the deeper, more quiescent depositional re-
gions of the lake where they settle out of the water column
(Baker and Eisenreich, 1989). Although particle dynamics
in Lake Superior during winter time are poorly studied, rel-
atively strong bottom currents in excess of 40 cm s�1 have
been observed in Lake Superior (Flood, 1989), and a com-
bination of bottom currents and waves generated at high
wind speeds was shown to cause resuspension and offshore
transport of particles during the winter season in Lake
Superior (Hawley, 2000). Furthermore, a recent 14C study
in the western arm of Lake Superior observed that sus-
pended POC in the water column was typically older than
co-occurring DOC, which is most likely caused by resus-
pension of lake sediments (Zigah et al., 2011). This process
may explain our observations of maximum bulk fluxes that
occur in winter and spring, as these periods of increased
flux occur at a time when Lake Superior is isothermal
and mixing and thus sensitive to storm induced resuspen-
sion and lateral transport.

Resuspension and lateral transport of previously depos-
ited particles toward our sample site (i.e., sediment focus-
ing) could very well bring in allochthonous fossil GDGT
lipids that were previously produced and deposited at a
shallower location in the lake. Although we do not have
supporting evidence to confirm that this process is actually
dominant during these periods, it would potentially explain
the observed covariance of all measured fluxes. Addition-
ally it would provide a mechanism for higher BIT values
observed during these periods as the particles transported
towards the site are likely derived from a more near-shore
location with a higher proportion of soil organic matter in-
put. An influx of particles to the study site could also en-
hance particle scavenging, and therefore fluxes, of locally
produced isoprenoid GDGTs. However, isoprenoid
GDGTs that settle out of the water column during the win-
ter period of increased flux do not appear to capture the ob-
served decrease in water temperatures recorded by
thermistors throughout the water column during this time
(Fig. 6) (discussed below). This lack of temperature corre-
spondence suggests that particle scavenging may not be
dominant. The strong covariance of the measured fluxes
to sediment traps more likely indicates a significant role
for influx of allochthonous particles from shallower loca-
tion in the lake towards the study site. This clouds the inter-
pretation of observed isoprenoid fluxes over the annual
cycle as reflecting periods of Thaumarchaeota production.

The observed fluxes of isoprenoid GDGTs in Lake
Superior (0.1–14 lg m�2 day�1) are mostly higher than
the range (0.1–0.4 lg m�2 day�1) that was observed in Lake
Lucerne (Blaga et al., 2011), but lower than those observed
in Lake Baikal (1–62 and 4–22 lg m�2 day�1) (Escala
Pascual, 2009) and Lake Challa (�5–25 lg m�2 day�1)
(Sinninghe Damsté et al., 2009). The GDGT fluxes ob-
served in the deeper trap during most of the annual cycle
are higher than observed in the top trap, and although
the main trend of maximum fluxes in the top trap is clearly
present in the deep trap, there is greater variability in the
deeper trap. Higher isoprenoid GDGT fluxes in the deep
trap relative to the top trap may indicate mid-depth pro-
duction of GDGTs. This interpretation agrees with the
observation that Thaumarchaeota are also present in signif-
icant abundance below the depth of the top sediment trap
(65 m). However the higher observed overall fluxes in the
deeper sediment trap are more likely the result collecting
a larger fraction of resuspended sedimentary material, as
the deeper trap is located substantially closer to the sedi-
ment water interface relative to the top sediment trap.

4.3. TEX86 values and inferred temperatures in Lake

Superior

Profiles of TEX86-reconstructed temperatures from
SPM in Lake Superior show a remarkable resemblance to
the in situ thermal structure of the water column at the time
of sampling during both thermally stratified and well mixed
periods (Fig. 3). Additionally TEX86 values from SPM sam-
pled from the epilimnion yield higher water temperatures,
indicating that the Thaumarchaeota in the epilimnion,
although only present in low abundance, produce core
GDGTs that reflect in situ temperatures. The apparent
accuracy of TEX86 inferred water temperatures from
SPM supports our hypothesis that the isoprenoid core
GDGTs measured were mainly derived from recently lysed
archaeal cells. Although these GDGT lipids are of “fossil”
origin, there is apparently a relatively quick turnover (on
the order of days to weeks) of these GDGT lipids in the
water column of Lake Superior.

These observations of a good correspondence between
observed TEX86 values and instrumentally measured tem-
peratures may be somewhat surprising considering as re-
sults from the sediment trap suggest a large role of
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suspended and laterally transported particles over the an-
nual cycle. However, further investigation of the sediment
trap data near the periods when water filtration for sus-
pended particles took place shows that sampling occurred
during periods when the influence of resuspended and later-
ally transported particles was relatively low. The observa-
tions in the suspended particulate matter therefore suggest
that these lipids were not old resuspended lipids, but instead
point toward a recent origin of the core GDGTs in the
water column.

Recent observations in the marine core top TEX86 cal-
ibrations documented a nonlinear response of the TEX86

at temperatures <5 �C (Kim et al., 2008), which lead to
the introduction of new calibrations for inferring temper-
atures from distributions of isoprenoid GDGTs (Kim
et al., 2010). Due to a lack in data points from lakes cov-
ering this temperature zone in the lacustrine calibration
(Powers et al., 2010), it is not possible to determine if this
non-linearity <5 �C also occurs in lakes. However, a cross
plot of TEX86 values from SPM and in situ temperatures
from <5 �C appears to show a linear relationship that is
consistent with the Powers et al. (2010) lacustrine calibra-
tion (Fig. 7), therefore arguing against a nonlinear rela-
tionship of the TEX86 <5 �C in lakes, though the data
are sparse. Furthermore, applying the newly introduced
TEXL

86 (Kim et al., 2010) to the Lake Superior SPM from
lower temperatures leads to unrealistically low tempera-
tures that are consistently more than 7 �C too low com-
pared to the actual temperature of the water column.
This could potentially indicate a difference in membrane
adaptation of marine and lacustrine Thaumarchaeota in
cold environments. Our observations are similar to those
of Shevenell et al. (2011) whom in the Southern Ocean
also observed a good correlation between TEX86 values
at low temperatures in a local calibration and that appli-
cation of the TEXL

86 calibration yielded unrealistically cold
inferred water temperatures.

During the thermally stratified period isoprenoid GDGTs
appear to be mainly produced below the thermocline,
Fig. 7. A cross plot of TEX86 values determined in suspended
particles from Lake Superior relative to observed water tempera-
ture at the depth the suspended particles were sampled show a
linear relationship that is relatively consistent to the linear
relationship of the Powers et al. (2010) lacustrine calibration.
suggesting that the TEX86 likely reflects a sub thermocline/
hypolimnetic water temperature during this period.
Although zooplankton grazing at the same study site in Lake
Superior was documented to be the highest in the epilimnion,
grazing was observed throughout the water column (max
depth surveyed was 80 m) (Seegers, 2009), thereby providing
a potential sedimentary transport mechanism for both iso-
prenoid GDGT lipids produced above and below the ther-
mocline. TEX86 values determined in settling particles from
the thermally stratified period were relatively similar to
TEX86 values obtained from samples of SPM sampled below
thermocline. Thus, isoprenoid GDGTs settling from the epi-
limnion appear to be overwhelmed by a much larger contri-
bution of isoprenoid GDGTs produced below the
thermocline that reflect hypolimnetic water temperature.
Over the entire annual cycle, however, the TEX86 signal that
gets incorporated into sediments likely reflects some combi-
nation of the mean temperature of the hypolimnion when
thermally stratified and the water temperature when the lake
is mixing, as Thaumarchaeota are observed throughout the
water column when the lake is mixing.

TEX86 inferred temperatures from settling particles col-
lected in the sediment traps yield a relatively narrow range
of TEX86 derived temperatures during the 3 year long study
period (Fig. 5). TEX86 derived temperatures range from 2.4
to 7 �C in the 65 m trap and 2.4–6.4 �C in the 145 m sedi-
ment trap with no observed temperature increase during
the period of stratification. Overall, TEX86 derived temper-
atures from the sediment traps do not follow any of the sea-
sonal changes in water temperatures as observed
throughout the water column at different depths (Fig. 6).
The TEX86 in settling particles from the winter period of in-
creased flux did not capture an observed decline in water
temperatures observed throughout the water column during
this period (Fig. 6). One would expect to have observed an
eventual decline in the TEX86 values over this period if the
higher isoprenoid flux actually resulted from particle scav-
enging of recently locally produced isoprenoid GDGTs.
The lack of a cooling trend in the TEX86 values during
the winter period may thus be circumstantial evidence that
the GDGTs deposited at this time are older, allochthonous
lipids that were transported towards the study site, or are
recently produced GDGT lipids from other areas of the
lake, that are reflecting mixing water temperatures.

Flux weighted average TEX86 inferred temperatures
from settling particles from both traps are similar (4.0 �C
for the upper trap and 3.7 �C for the deep trap) and are
close to the TEX86 inferred temperature determined from
surface sediments at the study site (3.6 �C). Unfortunately,
the instrumentation on the nearby NOAA buoy, on which
this study relied on for surface water temperature measure-
ments, was not always online during the thermally stratified
periods. However, several thermistors located on the moor-
ing that recorded water temperatures over a range of differ-
ent water depths during the length of the sediment trap
deployment yield average water temperatures of which
many are relatively close to the TEX86 inferred tempera-
tures from the sediment traps: at 17 m water depth the aver-
age measured temperature is 4.7 �C, at 30 m it was 3.9 �C,
at 70 m 3.4 �C and at 121 m 3.5 �C. All these temperatures
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are within the calibration error of the TEX86 temperature
estimates, although the best agreement is observed for aver-
aged water temperatures below depths of 31 m.

Our study in Lake Superior observed that in the water
column Thaumarchaeota are present throughout all depths
when Lake Superior is mixing, while predominantly resid-
ing below depth of the thermocline (below 40 m depth) dur-
ing the period of thermal stratification, suggesting that the
TEX86 value in the sediment of Lake Superior likely reflects
a combination of water temperatures during mixing/over-
turning and sub-thermocline temperatures over the annual
cycle. As overturning water temperatures at the surface
and those at depths below 40 m are essentially the same,
the TEX86 of Lake Superior sediments is therefore likely
recording the average water temperature for water below
a depth of 40 m.

Recently Blaga et al. (2011) also observed a sub-thermo-
cline position of the Thaumarchaeota within Lake Lucerne,
where at present day TEX86 values appear to mainly reflect
the temperature from the sub-thermocline (below 50 m).
However, other studies in Lakes Lugano, Brientz (Bechtel
et al., 2010), Challa (Sinninghe Damsté et al., 2009) and
Kivu (Lliros et al., 2010) observed that Thaumarchaeota

there reside in the epilimnion. Bechtel et al. (2010) further
observed that in Lake Lugano and Lake Brientz TEX86 val-
ues in SPM show good agreement with the surface water
temperatures of these lakes, which is in contrast to what
was observed in Lake Superior.

The observations that the TEX86 in sediments among
different lakes reflect temperatures from different parts of
the water column may explain some of the observed scatter
in the Powers et al. (2010) calibration. Additionally, it
might explain why Blaga et al. (2009) in their European
core tops study observed a higher correlation between
TEX86 values and mean winter surface water temperatures
compared to annual mean surface water temperatures. If in
a portion of their lakes isoprenoid GDGT lipids were pro-
duced near the bottom or below the thermocline during the
summer stratified period, the sedimentary TEX86 signal
would be expected to be closer to a mean winter tempera-
ture rather than summer surface temperature.

4.4. Application of the TEX86 as a paleotemperature proxy in

Lake Superior

The question remains of how sensitive a combination of
mixing and hypolimnetic temperatures in Lake Superior
would be to changes in atmospheric temperatures
surrounding Lake Superior. While it is known that
epilimnetic/surface water temperatures of lakes can be
highly correlated with regional air temperatures and show
a rapid and direct response to climate forcing, the mixing
and sub-thermocline response to regional changes is slower
and more complex (Adrian et al., 2009). On short time
scales (months/years) the response of the hypolimnion
may depend on the morphometry of the lake (Gerten and
Adrian, 2001) and season (Robertson and Ragotzkie,
1990; Livingstone and Lotter, 1998; Straile et al., 2003).
Different warming rates of the epilimnion and hypolimnion
may result in a change of thermal stability and further affect
the duration of summer stratification (Livingstone, 2003).
The warming of the hypolimnion will have a subsequent ef-
fect on mixing temperatures, as overturning commences
when epilimnetic and hypolimnetic water temperatures re-
sult in a small enough density difference so that wind activ-
ity can mix the water column. On longer time scales the
hypolimnion will respond to changes in atmospheric tem-
perature, although these may not be parallel to the annual
evolution of atmospheric temperatures. Furthermore, due
to the high thermal mass of the hypolimnion compared to
the isolated epilimnion in Lake Superior, a warming or
cooling of the hypolimnion in Lake Superior may have sig-
nificant smaller amplitude relative to changes in atmo-
spheric temperatures.

Utilizing TEX86 as a temperature proxy in Lake Supe-
rior may provide information about past temperatures in
this region, but if the TEX86 in Lake Superior reflects a
combination mixed and hypolimnetic temperatures the ob-
served amplitude of temperature changes may be relatively
small compared to the absolute changes in atmospheric
temperatures. Thus, trends in TEX86 inferred temperatures
in sediment records of Lake Superior, and probably similar
lakes, are likely to reflect subsurface temperature variability
rather than that of surface temperatures.

As in Lake Superior, it was documented in Lake Lu-
cerne that Thaumarchaeota mainly resided at depths below
the thermocline, and the TEX86 in settling particles mainly
reflected a deep water (below 50 m depth) temperature (Bla-
ga et al., 2011). However, an investigation of a gravity core
from Lake Lucerne observed a possible effect of recent his-
toric eutrophication and recovery of Lake Lucerne on the
depth of production of thaumarchaeotal lipids (Blaga
et al., 2011). TEX86 values from before onset of eutrophica-
tion were higher relative to the more recent eutrophic and
the present day oligotrophic state of the lake, although
the instrumental record over this period shows no changes
in temperatures during these periods. These inferred tem-
peratures before onset of eutrophication in Lake Lucerne
are still lower than annual mean surface water temperature,
but were interpreted to indicate that the depth of Tha-

umarchaeota production during the original oligotrophic
state of the lake was higher in the water column compared
to the recent and present day depth of production of Tha-

umarchaeota (Blaga et al., 2011).
Compared to Lake Lucerne, Lake Superior is a substan-

tially larger, deeper and colder lake and historically has not
experienced substantial changes in trophic state that could
be an indication that the depth of Thaumarchaeota produc-
tion may have been different in the past. Therefore, it is
likely that TEX86 values in the past also reflected a similar
combination of overturning and hypolimnetic water tem-
peratures as observed at present day. These temperatures
likely relate to the atmospheric temperature in a more indi-
rect way relative to the epilimnetic water temperatures, as
most of the warmth collected in the water of epilimnion
during the stratified period is lost to the atmosphere and
only small fraction of this energy is ultimately mixed into
the deeper waters. Water temperatures throughout the
water column of Lake Superior will be affected by a signif-
icant increase or decrease of atmospheric temperature
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surrounding the lake. However, mixed and hypolimnetic
water temperatures are expected to change at a slower pace
and with smaller amplitude than changes in atmospheric
temperature, and observed changes on these water temper-
atures could be within the error of the TEX86 calibration.
Considering the current limited information of the ecology
of lacustrine Thaumarchaeota it would be speculative to
theorize on how changes of water temperatures and thermal
stratification of the water column of Lake Superior would
change the depth of Thaumarchaeota production in the
water column. In this study Thaumarchaeota were never ob-
served in substantial abundance at depths above the ther-
mocline. A deepening of the thermocline as a result of
increasing atmospheric temperatures may therefore result
in that Thaumarchaeota may reside deeper in the water col-
umn. While a cooling of Lake Superior may result in a shal-
lower thermocline compared to present, which could move
the niche of Thaumarchaeota closer to the surface,
although likely still below depths of thermocline.

The current lacustrine calibration of the proxy by
Powers et al. (2010) assumed that the GDGT signal that
was incorporated into the sediment predominantly origi-
nated form surface waters. Recent results from Lake Lu-
cerne (Blaga et al., 2011) and Lake Superior (this study),
but also from marine systems (e.g. Lopes Huguet et al.,
2007c; dos Santos et al., 2010) show that thaumarchaeotal
GDGT lipids that are produced around or below the ther-
mocline (i.e. slightly deeper in the water column) can dom-
inate the signal that is transported to the sediment. Other
studies observed through empirical correlations of GDGT
lipid abundances and TEX86 values suspended in the water
column and in sediments that the GDGT signal in Lake
Lugano and Brienz originated from the surface waters
(Bechtel et al., 2010). The observed differences in the loca-
tion of Thaumarchaeota export production in the water col-
umn among lakes signify differences among lacustrine
systems, which may partially explain some of the observed
scatter in the lacustrine TEX86 calibration. Currently there
is limited information available about the vertical niche of
Thaumarchaeota and origin of the TEX86 signal in the sed-
iments for the other lakes that were incorporated in the
Powers et al. (2010) lacustrine TEX86 calibration, and
therefore it is speculative to hypothesize if or in what other
lakes the TEX86 in the sediment may also reflect sub-ther-
mocline water temperatures. A sediment trap study in Lake
Baikal argued to be mainly reflecting surface temperatures
with a certain bias to observed surface temperatures in au-
tumn as TEX86 inferred temperatures using an early lacus-
trine calibration of Powers et al. (2005) were warmer than
the observed water temperatures at depths below the ther-
mocline (Escala Pascual, 2009). However, applying the
new Powers et al. (2010) calibration to the data from this
study would shift inferred temperatures downwards to-
wards the range of average water temperatures observed be-
low the thermocline in Lake Baikal and therefore cannot
exclude that the TEX86 may reflect a sub-thermocline tem-
perature in this lake. In the future it might be necessary to
revisit the lacustrine TEX86 calibration as more informa-
tion about the ecology of Thaumarchaeota come available
that provides a better understanding of both the seasonality
and variability in the vertical nice of Thaumarchaeota in
lacustrine systems. This will likely yield a more robust cal-
ibration that allows for accurate interpretations of records
of past temperature variability using the TEX86 tempera-
ture proxy in lacustrine sediment archives.

4.5. The vertical distribution of branched core GDGTs

Branched GDGTs are thought to be produced primarily
by soil bacteria, possibly Acidobacteria (Sinninghe Damsté
et al., 2011), and until recently the presence of branched
GDGTs in aquatic systems was therefore interpreted as so-
lely coming from soil erosion by terrestrial runoff
(Hopmans et al., 2004; Huguet et al., 2007b; Walsh et al.,
2008; Verschuren et al., 2009; Smith et al., 2012). Recent
studies, however, suggest that branched GDGTs may also
be produced within lacustrine water columns or sediments
or within marine sediments (Peterse et al., 2009; Sinninghe
Damsté et al., 2009; Tierney and Russell, 2009; Blaga et al.,
2009; Tierney et al., 2010). Fluxes of branched GDGTs and
BIT values in settling particles collected by sediment traps
are discussed above as mainly reflecting resuspended and
laterally transported particles towards the sample site.
Branched GDGT concentrations in SPM were generally
quite low, but in the hypolimnion concentrations increased
significantly with depth to maximum abundances close to
the lake bottom. During the stratified period, branched
GDGT concentrations were very low (�3 pg/L) in the epi-
limnion, but increase 1–2 orders of magnitude in the hypo-
limnion (Fig. 3). Generally, this pattern is similar to that
previously documented in Lake Challa, in which branched
GDGTs are thought to be delivered to the lake by terres-
trial runoff as the highest flux of branched GDGTs occurs
just after the short rainy season (Sinninghe Damsté et al.,
2009). However, it was noted that the distribution of
branched GDGTs in Lake Challa SPM suggests an addi-
tional source of branched GDGTs, possibly in situ produc-
tion in the lake sediments or water column or groundwater
transport (Sinninghe Damsté et al., 2009). The vertical pat-
tern of the branched GDGT abundance in Lake Superior
resembles that of isoprenoid GDGTs; however, there are
some marked differences. In the surface waters the
branched GDGTs are relatively more abundant compared
to crenarchaeol during the periods of thermal stratification
resulting in higher BIT values observed in the top water lay-
ers (Fig. 3). This may be explained by the extremely low
crenarchaeol concentrations observed at those depths.
Additionally, the increase in branched GDGTs at greater
depths appears to be slightly stronger compared to isopren-
oid GDGTs as can be seen by a higher BIT index at greater
depths (Fig. 3). The generally ubiquitous distribution of
branched GDGTs during the unstratified period in Lake
Superior can be explained by mixing of the water column
during overturning conditions. The vertical distribution of
branched GDGTs during the stratified period may be an
indication of in situ production of branched GDGTs at
the sediment water interface or slightly deeper in the sedi-
ments, or even potentially in the oxic water column,
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although this would contradict the hypothesis that they are
synthesized by anaerobic bacteria (Weijers et al., 2006a,b).
Since we only studied branched GDGT lipids we cannot
further constrain their potential sources; analysis of intact
polar branched GDGTs would be required (cf. Liu et al.,
2010; Peterse et al., 2011).

5. CONCLUSIONS

We investigated the vertical and temporal distribution
of Thaumarchaeota derived core isoprenoid GDGT lipids
in Lake Superior through sampling and analysis of sus-
pended particulate matter profiles from the water column
combined with a 3 year long sampling of settling particles
in sediment traps at an open lake location in Lake Supe-
rior. The results from this study indicate that Tha-

umarchaeota are present throughout the water column
during times of overturning, but mainly reside below the
thermocline (�40 m) during periods of thermal stratifica-
tion. Fluxes of thaumarchaeotal produced GDGTs mainly
occurred during winter and late spring/early summer and
start when the lake is isothermal. A strong covariance
among the total mass accumulation flux and isoprenoid
and branched GDGT fluxes was observed, where maxi-
mum fluxes are associated with elevated BIT index values.
This suggests that the elevated fluxes may be related to an
influx of previously deposited, resuspended and laterally
transported particles from shallower near shore regions
of Lake Superior and therefore clouds the interpretation
of the observed fluxes in terms of the seasonality of the
Thaumarchaeota production in Lake Superior.

TEX86 values in SPM were in good agreement with the
in situ water temperatures during all sampling periods.
TEX86 values from three years of settling particles showed
a small range of observed temperatures and revealed that
the sedimentary TEX86 signal during the thermally strati-
fied period likely originated from depths below the thermo-
cline. The TEX86 in settling particles during the winter
period of maximum flux did not capture the cold water tem-
peratures that are observed throughout the water column
during this period, which supports our hypothesis that
these fluxes were caused by sediment focusing. Flux
weighted TEX86 temperatures from the sediment traps
agree well with TEX86 temperature from surface sediments
from the same location and, within the error of the calibra-
tion, are close to the averaged water temperatures observed
at subsurface at �40 m water depth.

Based on the observed vertical distribution of Tha-

umarchaeota in the water column of Lake Superior, the
measured TEX86 values in surface sediments appear to re-
flect a combination of mixed and sub-thermocline (below
40 m depth) water temperatures. This is effectively the same
as the annual average water temperature observed at depths
below 40 m in Lake Superior. These deeper water tempera-
tures can change as a result of changes in the atmospheric
temperatures, but due to the high thermal mass of the hypo-
limnion in Lake Superior and the fact that water at those
depths is physically separated from the epilimnion and
atmosphere during the stratified period, the overall ampli-
tude of temperature change is expected to be smaller than
the observed atmospheric temperature change surrounding
the lake. Thus, trends in TEX86 inferred temperatures in
sediment records of Lake Superior, and similar lakes, are
likely to reflect subsurface temperature variability rather
than that of surface temperatures.
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J. S. (2000) Widespread occurrence of structurally diverse
tetraether membrane lipids: evidence for the ubiquitous pres-
ence of low-temperature relatives of hyperthermophiles. Proc.

Natl. Acad Sci. 97, 14421–14426.

Schouten S., Hopmans E. C., Schefuss E. and Sinninghe Damsté J.
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