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Abstract We studied the distribution of glycerol
dialkyl glycerol tetraethers (GDGTs) in water-column
particulate matter and the top 5 cm of sediment from
47 lakes along a transect from southern Italy to the
northern part of Scandinavia. Our objective was to
investigate the biological sources and potential palae-
oenvironmental applications of GDGTs in lacustrine
sediments. Both archaea-derived isoprenoid and bac-
teria-derived branched GDGTs, produced by yet
unknown soil bacteria, were identified in all lake
sediments. GDGT distributions varied substantially.
Crenarchaeotal GDGTs, including the characteristic
GDGT crenarchaeol, were found in varying relative
concentrations, and were more dominant in lakes from
the Alps and some of the lakes from the more southern
part of the latitudinal transect. In some lakes,
we observed high amounts of the GDGT with no
cyclopentane moieties relative to crenarchaeol. As
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methanogenic Euryarchaeota are known to biosyn-
thesise this GDGT predominantly, these Archaea,
rather than Crenarchaeota, may be its dominant
biological source. In most of the lakes, high amounts
of soil-bacteria-derived, branched GDGTs (>40% of
total GDGTs) indicated a substantial contribution
from soil erosion. Branched GDGTs dominated,
especially in the northern lakes, possibly related to
high soil-erosion rates. In many of the lakes, soil input
affects the distribution of isoprenoidal GDGTs and
prevents the reliable application of the TEXgs tem-
perature proxy for lake water temperature, which is
based on in situ crenarchaeotal GDGTs production. In
9 out of the 47 lakes studied, the TEXgs temperature
proxy could be used reliably. When we compared the
TEXge correlation with annual and winter lake-surface
temperature, respectively, the relationship between
TEXge and winter temperature was slightly stronger.
This may indicate the season in which these GDGT-
producing organisms have their peak production.

Keywords Organic geochemistry -
Palaeoenvironmental reconstructions -

Archaea - Lake water temperatures

Introduction

Our knowledge of how climate varied in the past is

based mostly on proxy indicators in environmental
archives, such as the fossil remains found in marine and
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lacustrine sediments. Lake sediments are potentially
detailed, accurate, and high-resolution recorders of
continental climate, in part due to their rapid accumu-
lation rates. Because of high biological productivity in
inland water bodies and good preservation conditions,
lake sediments typically contain more organic matter
than marine sediments. The complex mixture of lipids,
carbohydrates, proteins and other organic components
(Meyers 2003; Rullkotter 2000) derived from organ-
isms that lived in and near the lake holds information
for reconstructing changes in both local and regional
environments. However, to date, most organic geo-
chemical methods used for environmental reconstruction
were developed almost exclusively for the marine
environment. In most cases, climate proxies estab-
lished in the marine environment cannot be applied in
lacustrine settings. For example, in contrast to marine
sediments (Brassell et al. 1987; Schouten et al. 2003),
organic geochemical proxies for reconstructing lake-
water temperature were, until recently, scarce (Liu
et al. 2006; Hou et al. 2007). Recent investigations
indicate that membrane lipids of Crenarchaeota, a sub-
group of the Archaea, also hold promise as recorders of
past lake-surface temperature (Powers et al. 2004).
Archaea, one of the three domains of life, comprises
three phyla: Crenarchaeota, Euryarchaeota and
Korarchaeota. The first two occur ubiquitously in the
environment. One characteristic by which Archaea
can be distinguish from Bacteria and Eucarya is their
core membrane lipid composition. This manifests
predominantly in the isoprenoidal versus n-alkyl chain
architecture, the sn-2,3 versus sn-1,2 stereochemistry
of the glycerol moieties, and to a lesser degree, in the
presence of ether instead of ester linkages (Koga et al.
1998a, b). In mesophilic environments such as marine
and lacustrine water and sediments, an important
group of Archaea that produce glycerol dialkyl
glycerol tetraethers (GDGTs) are the non-thermo-
philic, pelagic Crenarchaeota, an abundant group of
the marine and lacustrine picoplankton (Karner et al.
2001; Keough et al. 2003). The core membrane lipids,
known to occur in the mesophilic Crenarchaeota,
consist of GDGTs, which contain two glycerol head
groups linked by two biphytanyl moieties with O to 3
cyclopentane moieties. The number of cyclopentane
moieties in the GDGT structure is considered to be a
key factor in the adaptation to temperature change.
Crenarchaeol, the tetraether membrane lipid with one
cyclohexane moiety and four cyclopentane moieties
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(Sinninghe Damsté et al. 2002) and its regio-isomer
form, together with GDGT-0, are characteristic mes-
ophilic crenarchaeal GDGTs. Crenarchaeol is
considered to be a specific marker for “cold” Crenar-
chaeota because it has been found primarily in
the membrane composition of non-thermophilic
Crenarchaeota from aquatic environments (Schouten
et al. 2008a, b) although it has also been reported
recently in a thermophilic nitrifier (de la Torre et al.
2008). Crenarchaeol was also found in terrestrial
environments in relatively small amounts (Weijers
et al. 2006a). GDGTs with 0-3 cyclopentane moieties
have been shown to derive also from mesophilic
Euryarchaeota capable of anaerobic oxidation of
methane (Pancost et al. 2001; Aloisi et al. 2002).

The membrane lipid composition of marine Cre-
narchaeota is strongly correlated with sea-surface
temperature (Schouten et al. 2002; Kim et al. 2008).
The strong control of sea-surface temperature on
crenarchaeotal lipid composition probably reflects a
biological adaptation to the environment in which the
microorganisms thrive. Based on this compositional
difference related to temperature, the TEXgq (Tet-
raEther indeX of tetraethers consisting of 86 carbon
atoms) temperature proxy was developed and has
been used to reconstruct seawater temperatures from
different settings and time periods (e.g. Schouten
et al. 2003; Sluijs et al. 2006; Huguet et al. 2006).
The linear relationship between SST and TEXgg
values in marine sediments is expressed by:

TEXgs = 0.015%SST+0.28 (r* = 0.92,n = 41).
(1)

Powers et al. (2004) studied four large lakes from
different climatic and geographic settings to test the
applicability of the TEXgg proxy in freshwater
environments and suggested that the TEXgq palae-
othermometer can be used in lakes as well. In a
follow-up study, this observation was extended to
encompass 10 lakes (Powers 2005); the linear
relationship between the mean annual lake surface
temperature (LST) and the TEXgq values was almost
identical to the one from the marine environments:

TEXgs = 0.015«LST 4+ 0.29 (r* = 0.92, n = 10).
(2)

The TEXge-surface temperature relationship in
marine and freshwater systems is in good agreement
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with mesocosm studies by Wuchter et al. (2004),
who noted that salinity had no significant effect on
TEXge. In the study by Powers (2005), the TEXgq
palaeotemperature proxy was tested for 48 globally-
distributed lakes and it was noted that TEXgg can be
applied successfully only in large lake systems,
while in small-sized lakes its applicability is limited
by several factors that affect the GDGT distribution.
First, in aquatic systems, other Archaea, not neces-
sarily limited to the water column (e.g. non-
extremophilic Euryarchaeota like methanogens),
can thrive and biosynthesize some GDGTs that are
identical to the ones produced by the aquatic
Crenarchaeota. This may affect the distribution of
sedimentary GDGTs and thus potentially bias
TEXge values and the reconstructed temperatures
(cf. Weijers et al. 2006b). Second, allochthonous
input of archaeal membrane lipids may influence the
GDGT distribution in lake sediments. To estimate
the input of allochtonous terrestrial isoprenoid
GDGTs, Weijers et al. (2006b) suggested using the
Branched and Isoprenoid Tetraether index (BIT;
Hopmans et al. 2004) before calculating tempera-
tures by means of TEXgq analysis. This index is
based on the relative abundance of crenarchaeol and
the three main, branched GDGTs produced by
anaerobic soil bacteria. Values of this index range
from 0, implying no input of soil organic matter, to
1, indicating a dominant soil organic-matter input.
Although the branched GDGTs by themselves do
not pose a problem for calculating TEXg4 values,
high concentrations of these components indicate a
high likelihood that crenarchaeol and other isopre-
noidal GDGTs are partly soil derived (Weijers et al.
2006b).

For a broader application of the TEXgq temper-
ature proxy to lake sediments, greater insight is
needed into the overall distribution of crenarchaeotal
lipids and possible confounding of TEXgs values,
and thus temperature reconstructions. The aim of the
present study is to: (i) investigate whether GDGTs
in general are present along a north—south transect
in European lakes, (ii) establish the relative distri-
bution of the GDGTs in relation to ambient
temperatures, and (iii) test for the different relative
contribution of GDGTs produced by non-thermo-
philic Crenarchaeota, other archaea and anaerobic
soil bacteria.

Methods
Study sites

Two field campaigns were carried out in January and
July 2006, sampling 31 lakes along a south—north
transect from Italy (Lago Grande di Monticchio
40°55’ N, 15°36' E) to the northern part of Scandi-
navia (Tornetrisk 68°21’ N, 18°48' E) (Fig. 1). Water
samples were taken from near the lake surface (ca. 1 m),
at mid depth in the water column (which varied
depending on the maximum depth of the lake), and at
the lake bottom (to a maximum depth of 110 m). One
to five litres of water were filtered through 0.7-um
glass fibre filters until the capacity of the filter was
reached. Lake sediments were collected using a
gravity corer. In addition to this sample set, 16
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Fig. 1 Location of the 47 lakes studied. Some of the dots
plotted in Switzerland represent more than one lake
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sediment-core tops, collected previously from
lakes in the Swiss Alps and from Lake Ohrid
(Albanian—-Macedonian border), were analysed. The
surface area, trophic conditions, convective turnover,
surface-water temperature, pH and other environ-
mental variables of the lake water all vary greatly
among lakes because of the large latitudinal gradient,
the different soils, diverse vegetation communities,
and different land uses in their catchments.

Extraction, fractionation and high-performance
liquid chromatography (HPLC)

Water filtrates and sediment core tops (5 cm) that
were extruded in the field were stored at —20°C.
After freeze-drying and, if necessary, homogeniza-
tion with a mortar and pestle, lipids were extracted
from filters and from 1.5 to 2 g dry sediment. Filters
were ultrasonically extracted with methanol, dichlo-
romethane (DCM)/methanol (1:1, v/v) and DCM,
each three times. Sediments were extracted using an
Accelerated Solvent Extractor (DIONEX ASE 200).
A mixture of DCM/methanol (9:1; v/v) was flushed
through at a temperature of 120°C and a pressure of
7.6%10° Pa three times, with 5 min intervals between
flushings. Extracts were condensed by rotary evapo-
ration, and after drying over a Na,SO,4 column using
DCM as an eluent, they were separated by column
chromatography for analyses. By using an activated
Al,O; column, the apolar and polar fractions were
obtained with hexane:DCM 9:1 (v/v) and DCM:
MeOH 1:1 (v/v), respectively, as an eluent. The polar
fraction was dried under a nitrogen flow, dissolved in
hexane:isopropanol 99:1 by sonication, and prior to
injection, filtered through a 0.45-um PTFE filter.
GDGTs were measured (injection volume 10 pl)
using HPLC/atmospheric pressure positive-ion chem-
ical ionization (APCI)/MS according to Schouten
et al. 2007a, b. To enable detection of low concen-
trations of GDGTs, a modification in the scanning
procedure was made, as the single ion monitoring
(SIM) mode was used to increase sensitivity and
reproducibility (m/z 1302, 1300, 1298, 1296, 1292,
1050, 1036 and 1022 for the different GDGT
isomers) (Schouten et al. 2007a). Samples used for
TEXge analyses were used also for BIT index
analyses (Hopmans et al. 2004). After analyzing the
mass chromatograms, peaks that were at least one
order of magnitude greater than the background noise
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were integrated and used for TEXgs and BIT
calculation. TEXg¢ values were determined according
to the equation given by Schouten et al. (2002):

GDGTII+GDGTII+GDGTIV’

TEXge=
* "~ GDGTI+GDGTII+GDGT I+ GDGTIV"’
(3)
where I-IV’ refer to GDGT structures presented in
Fig. 2.

BIT index values were calculated following the

equation given by Hopmans et al. (2004) as follows:
GDGT V+GDGT VI+GDGT VII

GDGTIV +GDGTV +GDGT VI+GDGT VII'

(4)

BIT =

Results

Figure 2 shows HPLC/MS base peak chromatograms
revealing the distributions of GDGTs in the surface
sediments of three lakes. The distribution of mem-
brane lipids varies greatly among the studied lakes.
Isoprenoid and branched GDGTs are found in most of
the samples, but there is considerable variation in the
distributions. Whereas some distributions are domi-
nated by branched GDGTs, in others GDGT-0 is the
major component, and still another group of sedi-
ments shows relatively high amounts of crenarchaeol
and the other isoprenoid GDGTs produced by Cre-
narchaeota (Fig. 2). This is also clear from the
ternary diagram (Fig. 3a) showing the relative abun-
dance of the major GDGTs (i.e. GDGT-0,
crenarchaeol, and the branched GDGTs). In the
investigated lacustrine sediments, crenarchaeol is
present in concentrations that vary between 0.2 and
49% of total GDGTs, 29% on average (Table 1).
Overall, crenarchaeol (IV) is the dominant individual
isoprenoid GDGT, however, in a substantial number
of lake sediments, crenarchaeol is present only in low
amounts, whereas it is found in relatively high
amounts (26-49% of total GDGTs) in only 13 of
the 47 studied lake sediments (Table 1). In 10 of the
investigated lake sediments, some GDGTs were
below the detection limit (Table 1). The regio-isomer
of crenarchaeol (IV’) was detected only in trace
amounts in most lake sediments (0.02-0.9% of total
GDGTs), with the exception of Lake St. Moritz,
Laachersee, Grosser Ploner See, Maarseveenseplas-
sen, Pfiffikersee, Arendsee and Lago Grande di
Monticchio, in which GDGT IV’ was below the
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Fig. 2 HPLC/MS base peak chromatograms showing the
relative distribution of GDGTs in (a) Lake Vuolgamjaure
(Sweden), (b) Lake Lucerne (Kiissnachterbecken) (Switzer-
land), and (¢) Lago Grande di Monticchio (Italy). Roman
numbers refer to structures of GDGTs indicated in the right

detection limit. In the sediments of these lakes,
crenarchaeol was also found in relatively small
amounts. GDGT-0 was present in all sediments in
substantial amounts (4—72% of total GDGTs, 28% on
average). GDGT-I, -1I and -III were detected, but in
smaller amounts and in some lake sediments they
are absent (Table 1). Finally, the branched GDGTs
(V-VII), produced by an unknown group of anaer-
obic soil bacteria (Weijers et al. 2006a), dominate the
GDGTs in the northern European lake sediments
(Fig. 4) and in a few relatively small and shallow
lakes from the south.

Particulate organic matter (POM) from the water
column of 31 lakes was sampled by filtration of 1-51 of
lake water. GDGTs were analysed in these samples, but
the amount of material was sometimes not sufficient to
obtain reliable distributions of GDGTs. In 24 lakes,
however, it was possible to quantify all the major
GDGTs (GDGT-0, crenarchaeol and the branched
GDGTs) (Table 2). As in the sediments, a large
variation in distributions of GDGTs was observed
(Fig. 3a). GDGT distributions of POM in some lakes is
dominated by crenarchaeol (Lago Maggiore, Lac du
Bourget), in other lakes by GDGT-0 (Lac du Joux), but
in most lakes by the branched GDGTs.

panel. The three base peak chromatograms provide examples
of the three end-member GDGT distributions observed in this
study: i.e. dominated by soil-derived GDGTs (a), dominated by
aquatic crenarchaeotal GDGTs (b), and dominated by a GDGT
presumed to derive from methanogens (c)

Discussion
Potential biological sources for GDGTs

Surface (top 5 cm) sediments and POM from the
water column of 47 lakes along a south—north transect
in Europe show variable distributions of GDGTs.
Since GDGTs are membrane lipids produced by both
Archaea and Bacteria, sources of GDGTs in lake
sediments can be diverse, as in marine environments,
soils, peat bogs and hot-water springs (e.g. Schouten
et al. 2000; Weijers et al. 2004, 2006b; Pearson et al.
2004).

Crenarchaeol was found in all sediments ana-
lysed, with highest concentrations (up to 49% of
total GDGTs) in the Alpine lakes, Lake Ohrid and
Lago di Albano, and was also often detected in
POM in highly variable relative amounts (0-58% of
total GDGTs) (Fig. 4). Crenarchaeol is considered
to be a specific biomarker for the mesophilic
Crenarchaeota Group I (Sinninghe Damsté et al.
2002) and has been detected in marine and lacus-
trine environments (e.g. Schouten et al. 2000;
Powers et al. 2004), in peat bogs (Weijers et al.
2004), and, in relatively low concentrations, in soils
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Fig. 3 (a) Ternary diagram
showing the composition of
the major GDGTs in the
sediments and particulate
organic matter from
different depths from the 47
lakes of our North-South
transect. (b) Ternary
diagram showing the
composition of the major
GDGTs in the sediments
from the European lakes in
comparison with the
composition of the major
GDGTs in soils (data from
Weijers et al. 2006b), open
marine sediments and costal
marine sediments as
reported by Schouten et al.
(2000). The increasing dark
grey areas represent the
increase in BIT values
showing that the lake
sediments with high BIT
values have a GDGT
composition similar to the
one observed in soils. Also
shown is the line
corresponding to a GDGT-0
vs crenarchaeol ratio of 2 in
order to indicate that in the
lakes where this ratio is
higher then 2, GDGT-0
originates from other
Archaea than aquatic
Crenarchaeota as well (i.e.
predominantly
methanogens, see text).
Lakes plotting in the area of
the ternary diagram defined
by BIT <0.4 and GDGT-0/
crenarchaeol <2 (indicated
by a bold line) have a
potential for TEXge
palaeothermometry. This
plot indicates that only 9
of the 47 investigated
European lakes fall in this
area
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(Weijers et al. 2006b; Leininger et al. 2006),
confirming the widespread environmental occurrence
of species falling in the Group I Crenarchaeota.
Crenarchaeol was also reported in hot springs
(Pearson et al. 2004; Zhang et al. 2006), suggesting
that crenarchaeol can also originate from thermo-
philic archaea, as was recently confirmed using an
enrichment culture (de la Torre et al. 2008).
Schouten et al. (2007b) showed, however, that
crenarchaeol in hot springs >50°C most likely
derives from erosion of soil. In any case, thermo-
philic Archaea are an unlikely source for
crenarchaeol in the lakes studied. Mesophilic, Group
I Crenarchaeota also produce small amounts of the
regio-isomer of crenarchaeol (GDGT IV’) (Sinninghe
Damsté et al. 2002). GDGT-IV’ was detected in
almost all the sediments, but only in small amounts.
In POM it was usually below the limit of detection.
The crenarchaeol regio-isomer is known to be
abundant in marine environments with temperatures
higher than 25°C (Wuchter et al. 2004). Considering
that our lakes have annual mean water temperatures
between 5 and 15°C, the lack of substantial amounts

M Archaeal GDGTs  mmmm Crenarchaeal GDGTs

m Soil derived GDGTs

of the regio-isomer is probably explained by these
low temperatures.

GDGT-0 was found in all sediments studied, in
relative abundances varying from 3 to 72% of total
GDGTs. It was also detected in relatively high
amounts in POM (up to 55% of total GDGTs)
(Fig. 4). GDGT-0 is a rather common membrane
lipid of Archaea. It has been reported to occur in both
thermophilic Crenarchaeota and Euryarchaeota
(Kates et al. 1993), mesophilic Group I Crenar-
chaeota (Sinninghe Damsté et al. 2002), as well as in
methanogens (Koga et al. 1993) and Euryarchaeota
that mediate the anaerobic oxidation of methane
(Pancost et al. 2001). In POM and sediments from
lakes, methanogens and Group I Crenarchaeota are
the most likely sources for GDGT-0. In Group I
Crenarchaeota the GDGT-0O/crenarchaeol ratio is
temperature-dependent, but typically varies between
0.2 and 2 (Schouten et al. 2002). Thus we propose
that if this ratio is >2, it indicates a substantial
methanogenic origin for GDGT-0 (see below).

Isoprenoid GDGTs containing 1-3 cyclopentane
moieties, together with GDGT-0 and crenarchaeol,

GDGT-0 vs Crenarchaeol
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and IV’; soil derived, GDGT V, VI, VII. BIT index and
GDGT-0 vs crenarchaeol ratios from the particulate matter
from the corresponding lakes are also shown. Note that the
GDGT-0/crenarchaeol ratios are plotted on a logarithmic scale
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Table 2 Relative abundance (% of total) of GDGTs present in lake particulate matter, BIT and TEXgs values

Lake Latitude Depth Relative abundance (%) BIT GDGT-0/
(°N) of POM?* Crenarchaeol
GDGT 0 crenarchaeol Branched GDGTs
Hapsajaure 67.01 S 11 0 89 1.00 NAP
Hornavan 66.18 S 45 36 20 0.36 1.3
b 44 38 19 0.33 1.2
Vuolgamjaure 65.67 b 5 0 95 1.00 NA
Vojmsjon 64.94 b 32 26 42 0.62 1.2
Malgomaj 64.77 s 13 79 0.91 1.7
b 27 17 56 0.76 1.5
Mellan Rissjon 64.75 s 6 1 93 0.99 7.5
Kallsjon 63.66 m 11 6 83 0.93 1.8
b 14 6 80 0.93 2.2
Navarn 62.59 b 10 5 85 0.94 2.0
Siljan 60.89 S 14 7 78 0.91 2.0
m 13 7 80 0.92 1.9
b 24 14 62 0.81 1.6
Hjélmaren 59.15 S 27 22 51 0.70 1.2
b 9 1 90 0.98 6.1
Vinern 58.96 s 39 26 35 0.58 1.5
Arendsee 52.89 m 20 6 74 0.92 3.1
Gerardmer 48.07 b 13 83 0.95 3.0
Titisee 47.89 s 14 4 82 0.96 3.6
b 13 84 0.96 39
Mondsee 47.82 S 32 10 58 0.85 3.1
Pfiffikersee 47.35 s 50 10 40 0.80 5.0
b 55 7 38 0.85 8.2
Sempachersee 47.16 S 34 21 45 0.69 1.6
b 37 23 40 0.64 1.6
Lac du Joux 46.63 b 25 1 73 0.98 18.7
Lago Maggiore 45.9 S 40 58 2 0.04 0.7
b 41 58 1 0.02 0.7
Lac du Bourget 45.74 S 41 54 5 0.09 0.8
b 39 51 10 0.17 0.8
Lago Trasimeno 43.12 s 15 11 74 0.87 1.4
Lago di Vico 42.31 s 19 3 78 0.96 5.8
Lago di Albano 41.75 b 39 34 27 0.44 1.1
Lago G. di Monticchio 40.93 29 3 68 0.96 9.8
Hapsajaure 67.01 s 11 0 89 1.00 NA
Hornavan 66.18 s 45 36 20 0.36 1.3
b 44 38 19 0.33 1.2
Vuolgamjaure 65.67 b 5 0 95 1.00 NA
Vojmsjon 64.94 b 32 26 42 0.62 1.2
Malgomaj 64.77 s 13 8 79 0.91 1.7
b 27 17 56 0.76 1.5
Mellan Rissjon 64.75 s 6 1 93 0.99 7.5
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Table 2 continued
Lake Latitude Depth Relative abundance (%) BIT GDGT-0/
(°N) of POM* Crenarchaeol
GDGT 0 crenarchaeol Branched GDGTs
Kallsjon 63.66 m 11 6 83 0.93 1.8
b 14 6 80 0.93 2.2
Navarn 62.59 b 10 5 85 0.94 2.0
Siljan 60.89 s 14 7 78 0.91 2.0
m 13 7 80 0.92 1.9
b 24 14 62 0.81 1.6

* s = surface water, m = mid depth, b = bottom water

® NA = not applicable

Note that for these analyses only GDGT-0, crenarchaeol and the branched GDGTs could be quantified and therefore, these data are not
directly comparable with those in Table 1. For a number of lakes, the amounts of GDGTs in particulate matter were below the level of

quantification

are relatively abundant in the lakes from the southern
part of the transect. GDGTs I-III have initially been
described in cultures of hyperthermophilic Archaea
(De Rosa and Gambacorta 1988), but recent work has
shown that GDGTs with cyclopentane moieties are
present also in non-extreme environments (Schouten
et al. 2000, 2002; Pancost et al. 2003 and references
therein). In thermophiles, the biosynthesis of cyclo-
pentane moieties is considered a temperature
adaptation (Schouten et al. 2000). Group I Cre-
narchaeota also produce small amounts of these
GDGTs (Sinninghe Damsté et al. 2002) and these
components are used in fine-tuning the physical
properties of their membrane as an adaptation to
temperature (Schouten et al. 2002). Weijers et al.
(2006b) found small amounts of GDGTs I-III in soils
in a distribution not corresponding to the distribution
pattern observed in Group I Crenarchaeota (i.e.
dominated by GDGT-0 or crenarchaeol), suggesting
an alternative mesophilic crenarchaeal and/or eury-
archaeal, potentially methanogenic, source of these
components, although they have not yet been
reported in mesophilic methanogens (see Table 1 in
Schouten et al. 2007b). Certain groups of Archaea
involved in the anaerobic oxidation of methane in
marine sediments produce GDGTs with 1-3 cyclo-
pentane moieties as major membrane lipids (Pancost
et al. 2001; Blumenberg et al. 2004).

The branched GDGTs V-VII were found in all
sediment samples and appear to be the most important
GDGTs in the POM and sediments of lakes from the
northern part of the studied transect (Fig. 4). These
GDGTs were discovered in a Dutch peat (Sinninghe

Damsté et al. 2000) and were subsequently detected in
coastal sediments, but not in open marine sediments
(Schouten et al. 2000; Hopmans et al. 2004). An
extended analysis of soils revealed that branched
GDGTs occur ubiquitously in soils and are the most
important GDGTs (Weijers et al. 2006b). Taken
together, this implies that the branched GDGTs are
soil-derived and are transported into the aquatic
environments predominantly through erosion of soils.
The stereochemistry of the glycerol moieties of the
branched GDGT's was found to be the bacterial 1,2-
di-O-alkyl-sn-glycerol stereoconfiguration and not the
2,3-di-O-alkyl-sn-glycerol stereoconfiguration as in
archaeal membrane lipids (Weijers et al. 2006a). This
demonstrated the bacterial origin of these GDGTs.
However, the mesophilic anaerobic bacteria that are
thought to produce these membrane lipids are as yet
unknown.

Influence of methanogenesis on GDGT
distributions

Approximately half of the lakes investigated in our
study are meso- to eutrophic. Because of the relatively
high primary productivity in the lakes, there is a
substantial organic-matter flux to the sediments,
which rapidly becomes anoxic. The dominant anaer-
obic mineralisation process in lake sediments is
methanogenesis. In some of the lakes, even part of
the water column is anoxic, so methanogenesis can
also occur in the water column. Consequently,
methanogenic Archaea may be an important source
of GDGTs in POM and sediments of lakes.
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The ratio between GDGT-0 and crenarchaeol can
be used to investigate whether methanogenic Archaea
are a major source of GDGTs in these sediments. The
rationale behind this ratio is that crenarchaeol as well
as GDGT-0 can be derived from Group I Cre-
narchaeota, whereas methanogens synthesize GDGT-
0, but no crenarchaeol. Using compound-specific
carbon isotope analyses of biphytanes released from
GDGTs, Schouten et al. (1998) have shown that in
sediments where GDGT-0 was much more abundant
than crenarchaeol, there was a significant offset in the
stable carbon isotopic compositions of the acyclic and
tricyclic biphytane. This suggested an additional,
probably methanogenic source of the acyclic GDGT.
The lakes that cluster in the right-hand corner of the
ternary diagram (Fig. 3a) are characterized by high
relative concentrations of GDGT-0, which is indica-
tive of methanogenic activity in the lake. In this
ternary diagram, the line for GDGT-0/crenarchaeol
ratio = 2 is plotted: all samples that fall below this
line probably have a source for GDGT-0 other than
Group I Crenarchaeota. A substantial fraction (47%)
of both sediment and POM samples fall in this area.
However, within this group, there is substantial
variation: for the sediments, the GDGT-0/crenarchae-
ol ratio can be as high as 250, whereas for POM the
highest value is 19. In nine of the lakes (Lago Grande
di Monticchio, Lago di Vico, Pfiffikersee, Sempach-
ersee, Mondsee, Titisee, Arendsee, Hjidlmaren, and
Navarn) the GDGT-0 versus crenarchaeol ratio for
both water column and sediment shows significant
differences (Fig. 4), with higher values of the ratio in
the sediment, indicating that GDGT-0 is predomi-
nantly derived from methanogens in the sediment. For
the other lakes, the values for the ratio are identical.
These results strongly suggest that methanogenic
Archaea can be an important source of GDGTs in
lake settings. However, the fact that in some POM
samples from the aerobic part of the water column
GDGT-0/crenarchaeol ratios were also >2 indicates
that in some settings other Archaea than methanogens
and Group I Crenarchaeota also produce GDGT-O0.

The GDGT-0/crenarchaeol ratio of the sediment
from Sempachersee (i.e. 7.8) was substantially
higher than that of POM (i.e. 1.6). To investigate
the potential contribution of in situ GDGT production
by sedimentary methanogenic Archaea, one-centime-
tre slices of the first 5 cm from the core top sediment
were analysed. A change in the GDGT-0/
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crenarchaeol ratio was observed, with values increas-
ing from 3.8 in the first centimetre to 14.3 at 4-5 cm
depth (Fig. 5). This strongly suggests in situ produc-
tion of GDGT-0 in the sediments from Sempachersee
because of ongoing methanogenic activity, altering
the GDGT distribution of the lake sediments.

Influence of soil organic-matter input

In soil, the GDGT composition is dominated by
branched, glycerol dialkyl glycerol tetraether mem-
brane lipids (Fig. 3b; Weijers et al. 2006a), which are
most likely produced by anaerobic bacteria involved
in organic-matter mineralization (Weijers et al.
2006b). In many of the lake sediments, the GDGT
distribution is similarly dominated by branched
GDGTs (Fig. 3b). In marine settings, branched
GDGTs are thought to be brought in by rivers through
erosion of soils (Hopmans et al. 2004; Herfort et al.
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Fig. 5 Ratio between GDGT-0 and crenarchaeol, versus depth
in the water column and in the top 5 cm of sediment from
Sempachersee (Switzerland). The stippled line indicates the
value of the BIT index for the 0-5 cm surface sample and
reflects the average of the five 1-cm slices
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2006; Kim et al. 2006). In this way, the BIT index is
considered to represent the input of terrestrial (i.e.
soil) organic matter. Weijers et al. (2006b) measured,
in pure soil samples, values for the BIT index mainly
between 0.8 and 1 (Fig. 3b). A similar approach can
be used for lake settings, although we lack hard
evidence that branched GDGTs are not produced in
situ in lake waters or sediments. For the set of lakes
studied here, BIT index values ranged between 0.08
(Lac du Bourget) and 1.00 (Arendsee) (Table 1;
Fig. 4) for the sediment and between 0.02 (Lago
Maggiore) and 1.00 for two lakes at high latitude
(Hapsajaure, Vuolgamjaure) for POM (Table 2;
Fig. 4). Out of the 47 lake sediments and 35 POM
samples, 38 and 29, respectively, had BIT values
higher than 0.4 (Fig. 3a), a value indicative of a
substantial input of terrestrial GDGTs. Significant
differences between POM and sediments could be
observed in the case of Lago Maggiore, where the
values measured in the sediment are higher than the
ones from the water column. On the other hand, in
Lago Albano the BIT values in the sediment are lower
than the ones from the water column. These differ-
ences could be explained by the fact that the
composition of POM represents only a snapshot of
the conditions present in the lakes during the year. The

contribution of soil organic matter to the lake, and
thus the input of branched GDGTs, may vary through
the year, whereas we do not know anything about
variations in the seasonal abundance of Group I
Crenarchaeota in lakes. In the North Sea there is a
strong seasonal cycle in their abundance, with high
densities in winter and undetectable levels in summer
(Wuchter et al. 2006).

Sediment cores from four different basins in Lake
Lucerne were analysed (Fig. 6). Sediments from the
Uri basin are dominated by branched GDGTs, as the
BIT index has a value of 0.83, while in the other three
basins the index values are 0.1-0.2 (Figs. 4 and 5). A
major tributary, the river Reuss, enters Lake Lucerne
through the Uri basin thus contributing to the soil
organic-matter input which is reflected by the GDGT
distribution. The Uri basin is situated in a rectilinear
valley exposed to frequent storms that lead to
efficient turnovers of the lake (Biihrer and Ambiihl
2001). This could potentially result in enhanced
resuspension of organic matter. However, based on
the low BIT index of the other connected sub-basins
of Lake Lucerne, this organic matter is apparently not
effectively transported further. The decrease in the
relative contribution of branched GDGTs to the total
GDGTs along the four basins shows that the branched

Fig. 6 Map of Lake L
Lucerne showing the four
different basins and the
corresponding BIT values
measured in the surface
sediments

474

Muota

Gersau Basin

L
830 km
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Table 3 Morphometric and hydrologic characteristics of lakes with abundant aquatic GDGTs and low BIT values

Catchment area  Area Depth  Trophic Mixing ALST WLST pH- References
(kmz) (kmz) (m) state regime (°C) (°C) water
Lac du Bourget 560 42 145 mesotrophic meromictic? 15.5 622 83 Jacquet et al.
monomictic® (2005)
Paolini (unpublished
data)
Lake Lucerne 2124 113.6 214 oligotrophic meromictic® 11.5 53 8.6 Biihrer and Ambiihl
(Kiissnachter-, monomictic? (2001)
Gersauer-,
Horwerbecken)
Lago di Albano 4 6 175 mesotrophic meromictic  17.7 14 8.3 Cioni et al. (2003)
Messineo et al.
(2006)
Zugersee 204 39 198 eutrophic meromictic® 6.9 5.7 8.0 DBGZ Switzerland
monomictic®
Lake Ohrid 2600 358 288 oligotrophic oligomictic ~ 15.7 6.3 8.3 Ocevski and Allen
(1977)
Silsersee 46 4 71 oligotrophic dimictic 2 0 Blass et al. (2005)
Lago Maggiore 6600 213 370 oligotrophic monomictic® 13.2 7.2 8.4 Morabito et al.

(2002)

# Lake not thermally stratified during circulation period, may mix completely in some years

® Lake may show an inverse stratification during extremely cold years

GDGTs are likely not produced in situ in the lake, but
rather, originate from soil erosion and are brought
into the lake by river inflow.

On the European north—south lake transect
(Fig. 4), we observe that the GDGT composition
of the northern lake sediments and, to a lesser
extent, POM, is dominated by branched GDGTs.
This contrast between the northern and southern
lakes is likely due to differences in soil erosion in
the catchments, soil and bedrock types, precipitation
characteristics, the abundance of vegetation, hydrol-
ogy, topography, etc. It may also be related to the in
situ aquatic production of archaeal GDGTs in the
lakes; most northern lakes are oligotrophic, whereas
southern lakes are meso- to eutrophic. Since mes-
ophilic Crenarchaeota in lakes are probably
nitrifiers, as in the marine environment (e.g. Wuch-
ter et al. 2006), their production rate is likely
dependent on the availability of ammonium, which
is primarily derived from decay of organic matter
produced by primary producers. At lower in situ
production rates of Crenarchaeota, and thus of
crenarchaeol, input of soil-derived branched GDGTs
may become dominant, which is reflected by high
BIT indices.

@ Springer

Group I Crenarchaeota and TEXgg
palaeothermometry

The abundance of crenarchaeol in some of the lake
sediments and POM samples confirms that Group |
Crenarchaeota occur not only in marine environ-
ments, but also in lakes (cf. Powers et al. 2004;
Powers 2005). Crenarchaeol is detected in almost all
lake sediments and POM samples (Tables 1 and 2).
However, crenarchaeol has also been reported to
occur in soils, albeit in small relative amounts
(Leininger et al. 2006; Weijers et al. 2006b), and
the GDGT distribution of the lakes studied indicates
that many of them have a GDGT distribution
comparable to the one of soils (Fig. 3b). In these
cases, the presence of crenarchaeol should not be
taken as an indication of an active population of
Group I Crenarchaeota in the lake.

An interesting application in palaeolimnology is
the use of the distribution of fossil GDGTs of Group I
Crenarchaeota in the reconstruction of past lake
temperature (Powers et al. 2004; Powers 2005). The
TEXge palacothermometer is based on the distribu-
tion of GDGTs present in relatively low abundance
(GDGT I-III and IV’) (Schouten et al. 2002). As a
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consequence, TEXgq palacothermometry can only be
performed if the source of sedimentary GDGTs is
Group I Crenarchaeota. In lake settings, two other
known major sources of archaeal GDGTs may impact
the TEXgg-based palacotemperature reconstructions:
(1) methanogenic Archaea, and (ii) Archaea from
soils. GDGT-0 is produced by methanogenic Archaea
(Koga et al. 1998a, b) and analysis of environmental
samples has led to the belief that they may also
produce some of the cyclised derivatives (though in
much smaller amounts) (Weijers et al. 2006b;
Pancost and Sinninghe Damsté 2003), although this
is not confirmed by culture studies (see Table 1 in
Schouten et al. 2007b). As explained earlier, if the
GDGT-0/crenarchaeol ratio is >2, a non-Group I
crenarchaeotal origin is evident for GDGT-0, and we
believe that in that case GDGTs with cyclopentane
moieties may also be derived, in part, from metha-
nogenic Archaea. Therefore, in such a case, we feel it
is not appropriate to calculate TEXg4 values and infer
past lake temperatures.

Branched GDGTs, produced by anaerobic bacte-
ria, are derived and transported in the lakes through
soil erosion. Soils also contain small amounts of
isoprenoidal GDGTs, including the ones used for
TEXge palacothermometry (Weijers et al. 2006b).
Therefore, the BIT index should not be >0.4 (cf.
Weijers et al. 2006b) when TEXgg will be used for
palaesotemperature reconstructions. These constraints
define an area in the ternary diagram (Fig. 3a, b) in
which lake sediment values should fall if TEXgg is to
be applied. Of the 47 lakes studied, only Zugersee,

(Kiissnachterbecken), Lake Lucerne (Gersauerbec-
ken), Silsersee, Lago Maggiore, Lac du Bourget,
Lago di Albano and Lake Ohrid had the full
complement of GDGTs necessary for calculating
TEXge, BIT values <0.4, and GDGT-0/crenarchaeol
ratios <2 (Fig. 3b, Table 3).

When the TEXgs values (Table 1) from these 9
lakes are plotted against annual lake-surface temper-
ature, together with data from the study of large lakes
by Powers (2005), eight of nine data points follow the
general trend (Fig. 7a), although the European lakes
studied here cover only a relatively small temperature
range. In the case of Silsersee, the TEXgs value
translates into an unrealistic lake-surface temperature
of 29.5°C, whereas the true mean annual temperature
is 2°C. In comparison with the other lake sediments,
Silsersee had relatively low GDGTs concentrations.
Even though the GDGT concentrations were suffi-
cient to be taken into account in the present analysis,
it is unclear why this lake represents an outlier. It
may be related to an additional, but unknown source
of GDGTs. Nevertheless, for calibration purposes we
eliminated this data point.

Linear regression of the TEXgs with the mean
annual lake-surface temperature for the eight lakes,
together with the previously published data set of
large lakes, gave the following equation:

TEXs6 = 0.018 x ALST +0.19 )
(¥ =0.76,n = 18).

TEXge values were also plotted against mean winter
lake-surface temperatures, in which case the correla-

Lake Lucerne (Horwerbecken), Lake Lucerne tion coefficient was slightly higher:
a) b)
0.8 08 l
0.74 A (- )
0.6
g 0.5
e
E 0.44
0.34
024 TEXgs = 0.018*ALST +0.19 0.2 TEXg6 = 0.017*WLST + 0.27
12=0.76 2=0.84
0.1 T T T T T 0.1 T T T T T
0 5 10 15 20 25 30 5 10 15 20 25 30
ALST (°C) WLST (°C)

Fig. 7 Linear regression and correlation of TEXge with: (a)
annual mean lake-surface temperature and (b) winter mean
lake-surface temperature. White dots represent lakes from the
European north—south transect from this study; black dots

represent large lakes sampled by Powers (2005). The data point
for Silsersee is between brackets as it was not included in
correlation calculations
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TEXgs =0.017«WLST+0.27 (r*=0.84,n=18).
(6)

The relationship between TEXge and winter mean
temperature appears to be stronger, suggesting that
Crenarchaeota bloom in winter or during the early
spring months. Indeed, we found in some of the
southern lakes that were sampled in winter that the
BIT index of POM was substantially lower than that
of the surface sediment, implying a higher winter flux
of crenarchaeotal GDGTs compared with terrestrial
GDGTs. This is in agreement with observations made
in the high-latitude lakes by Powers (2005), as well as
with time series from the North Sea (Wuchter et al.
2005, 2006).

These results, together with the ones from previous
empirical studies, suggest that in some of the lakes
GDGTs are being synthesized by mesophilic Cre-
narchaeota in amounts that allow TEXgs temperature
reconstructions. Although GDGTs are present also in
smaller lakes, the influence of the factors described
above limits the application of TEXgs palaeother-
mometry in these lakes. The large scatter in the lake
TEXgg calibration calls for a detailed investigation of
Crenarchaeota ecology in lakes to better understand,
for instance, how seasonal changes and water depth
influence the relative abundance of the GDGTs in
lake systems.

Conclusions

Our study shows that GDGTs derived from Group I
Crenarchaeota are ubiquitous in lakes of all sizes in
northern, central and southern Europe, based on the
analysis of a wide variety of core-top sediments and
water-column POM samples. Production of GDGTs
by methanogens in the water column or in the
sediments potentially hinders TEXgs-based tempera-
ture reconstructions. Furthermore, we suggest that the
BIT index, as a measure for the input of soil-derived
GDGTs, is a reliable tool for assessing which lake
sediments are suitable for application of the TEXgq
palaeothermometer. It also seems that not only large
lakes (Powers et al. 2004) are suitable for TEXgg
palacothermometry, but that this palaeotemperature
proxy can be applied to reconstruct past climate
changes in some intermediate-sized lakes. In some
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lakes, the ecology and abundance of freshwater
Crenarchaeota or other environmental factors might
contribute to an offset of TEXge values from the
general temperature-calibration equation.
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