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lakes (Fig. 2B). Fossils of Chironomini, a
group with many species whose larvae
live in and burrow into the sediments,
tend to have lower §'C than other groups
(e.g., Tanytarsini, Orthocladiinae), suggest-
ing that methanotrophic bacteria play a
more important role in their diet than in
the diets of other chironomids. This find-
ing, together with the observed low §C
in tissue and fossils of other aquatic inver-
tebrates, such as cladocerans (water fleas)
(Kankaala et al., 2006; Fig. 2B), suggests
that carbon derived from methanotrophic
bacteria can be consumed by a range of
invertebrate groups where methanotro-
phic bacteria are an available food source
in lakes. Hence, 6"*C of fossil aquatic inver-
tebrates can provide insights into the past
availability and importance of methano-
trophic microorganisms in different parts
of lake ecosystems and, indirectly, on past
methane production and oxidation in
lakes (van Hardenbroek et al., 2009a). Simi-
larly, analyses of aquatic invertebrate §™N,
and especially the comparison of §'*C and
6"N, can provide valuable information on
changes in the past trophic position of in-
vertebrate groups within lacustrine food
webs.

Future directions
Analytical methods available for analyz-
ing stable isotopes in organic remains of

aquatic invertebrates have progressed to
the stage where fossils of individual taxa
(e.g., species, genera, or subfamilies) can
be measured. This allows inferences to
be made in respect to past environmen-
tal conditions in different parts of lake
ecosystems and about past food sources
and the past trophic position of aquatic
invertebrate taxa. However, the structural
integrity of organic microfossils does not
guarantee that the chemical composition
of these structures has not been altered by
degradational or diagenetic processes. Ef-
forts are necessary to assess how degrada-
tion potentially affects the stable isotopic
composition of these fossils. Moreover,
fractionation processes associated with
intake of diet and water by aquatic inver-
tebrates need further detailed investiga-
tions. In particular, the complex biochemi-
cal reactions associated with the formation
of the invertebrate exoskeleton could
influence the stable isotopic composition
of fossilizing structures. Laboratory experi-
ments studying stable isotopes in aquatic
invertebrates and their fossilizing struc-
tures in respect to the isotopic composi-
tion of their food (e.g., van Hardenbroek
et al., 2009a) and of lake water (e.g., Wang
et al., 2009) are therefore needed to better
constrain the interpretation of these sta-
ble isotope records from sediments. To de-
velop this approach further, datasets that

document the stable isotope composition
of aquatic invertebrates in lakes, covering
a wide range of environmental conditions,
will be necessary. It can be expected that
such detailed calibration datasets will al-
low quantitative paleoenvironmental re-
constructions based on stable isotopes
of fossil invertebrate remains, and signifi-
cantly expand both the applicability and
reliability of this new approach.
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Microbial membrane lipids in lake sediments as a
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New organic geochemical technique has potential for reconstructing absolute lake surface and lake catchment
temperatures in paleolimnological studies

Lake sediments are an essential source of
data on past climate change on the con-
tinents. Paleolimnological techniques de-
signed to reconstruct continental temper-
ature changes have primarily focused on
carbonate sources and oxygen isotopes
in biogenic silica (e.g., von Grafenstein et
al,, 1994; Rietti-Shanti et al., 1998). Transfer
functions aimed at absolute temperature
reconstructions from biological records
are promising for pollen and chironomids
(e.g., Walker et al., 1991; Lotter et al., 1997).
Obviously, not all lake records contain car-
bonates, chironomids or pollen. Clearly, it
is desirable to have different tools at hand
for temperature reconstructions as the
best reconstructions are to be obtained

by means of multi-proxy approaches. An
opportunity to expand this proxy “tool-
box"” comes from microbial cell membrane
lipids, which might be used to reconstruct
lake surface water temperatures and
catchment air temperatures.

Lake surface paleothermometer

Because of their wide application in ma-
rine environments, considerable interest
has developed in recent years for the ap-
plication of isoprenoid Glycerol Dialkyl
Glycerol Tetraether (GDGT) membrane
lipids as temperature indicators of lakes. In
the marine environment, these lipids are
synthesized by pelagic non-thermophilic
Crenarchaeota and the degree of inter-
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nal cyclization of GDGTs, expressed in the
TEX,, (TetraEther indeX of molecules con-
taining 86 carbon atoms) shows a strong
relation with sea surface temperature
(Schouten et al., 2002; Kim et al., 2008).
This proxy has since found many appli-
cations in marine sediment records (e.g.,
Sluijs et al, 2006). Further, preliminary
analyses of surface sediments from four
globally distributed large lakes by Powers
et al. (2004) demonstrated the presence of
crenarchaeotal GDGTs, and thus showed
potential for application of TEX,, in lacus-
trine systems. The initial calibration curve
of TEX,, in lakes, based on comparison
of the GDGT composition of lake surface
sediments with published mean annual
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Figure 1:A) Location map of European lakes (left) investigated for the presence of different types of Glycerol Dialky!
Glycerol Tetraether (GDGT) membrane lipids (right). Redrawn from Blaga et al. (2009). B) GDGTs 1, 2, 3 and the regio-
isomer of crenarchaeol (cren’; a different stereochemical structure) are used in the TEX, lake surface temperature
proxy. Both crenarchaeol and its regio-isomer are uniquely synthesized by Crenarchaeota, whereas the other GDGTs
(0-3) could also be produced by other Archaea, e.g., methane producing Euryarchaeota. C) Branched GDGTs (I-11l)
are synthesized by as yet unknown bacteria predominantly occurring in soils and peat. The abundance of these
branched GDGTs relative to Crenarchaeol (the Branched vs. Isoprenoid Tetraether (BIT) index) is a measure of the
relative input of soil organic matter to aquatic sediments. The degree of branching (GDGTs I-lll) and the degree of

cyclization (GDGTs a-b) of these GDGTs are reflecting both annual mean air temperature and soil pH.

lake surface water temperatures (LSTs),
was almost identical to the one obtained
by Schouten et al. (2002) for the marine
system. Using this calibration, down-core
applications of TEX,, in lakes have been
described for Lake Malawi and Lake Tang-
anyika (Powers et al., 2005; Tierney et al.,
2008). In order to extend the calibration
curve forTEX%, Blaga et al. (2009) analyzed
surface sediments from 47 lakes distribut-
ed over a temperature gradient in Europe
(Fig. 1). This study indicated that the rela-
tionship between TEX, and LST in lacus-
trine environments may be hampered by
several factors.

Sources of GDGTs in lakes

Of crucial importance for the GDGTs found
in lake sediments is that their origin is not
necessarily restricted to a single group of
Archaea. Next to the aquatic Crenarchaeo-
ta, which produce the TEX,, signal, soil
Crenarchaeota and Euryarchaeota (mainly
methanogenic Archaea) also synthesize
some of the lipids used in TEX,, (Wake-
ham et al., 2003; Weijers et al., 2006). The
ternary diagram in Figure 2 shows the dis-
tribution of the major GDGTs in sediments
from the European lakes, as well as in soils
and marine sediments. Crenarchaeol is
uniquely synthesized by Crenarchaeota,

whereas GDGT-0 is synthesized by both
Crenarchaeota and methanogenic Eu-
ryarchaeota. Branched GDGTs are a dif-
ferent class of GDGT lipids synthesized
by bacteria predominantly occurring in
soils and peat. The Branched vs. Isopren-
oid Tetraether (BIT) index is a measure for
the relative input of soil organic matter
(OM) to aquatic sediments, i.e., BIT values
near 0 and 1 indicate a predominance of
aquatic and soil OM, respectively. Figure 2
shows that the GDGT composition in lake
sediments with a high BIT index is similar
to that observed in soils and thus these
lakes likely receive a considerable fraction
of GDGTs from soil Crenarchaeota, which
obstructs the use of TEX,, (Weijers et al,,
2006). In lakes where the GDGT-0 vs. cre-
narchaeol ratio is >2, methanogenic Eu-
ryarchaeota are likely an additional source
of GDGT-0 next to aquatic Crenarchaeota.
Lakes plotting in the red boxed area of
Figure 2 defined by a BIT index <0.4 and a
GDGT-0/crenarchaeol ratio <2 have poten-
tial for TEX, paleothermometry. The linear
relationship between TEX,, and LST could
be established for 8 lakes. Based on these
lakes, the relation suggests that the values
of the proxy might reflect winter tempera-
tures rather than mean annual tempera-
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tures, but molecular ecological studies of
lakes are required to confirm this.

Sediment traps

Support for the potential, and a clarifica-
tion of the constraints of TEX,, applica-
tions in lakes is provided by a recent study
involving a sediment trap in African Lake
Challa (Sinninghe Damsté et al., 2009).
TEX,, values derived from sinking particu-
late OM collected at 35m depth in the wa-
ter column correctly reflect in situ ambi-
ent water temperatures of the oxygenated
part of the water column. TEX_, values of
contemporary lake surface sediments,
however, were obscured by a contribution
of similar GDGTs most likely derived from
deep-water anaerobic Archaea, and there-
fore do not reflect LST. These and previous
results illustrate that the full complement
of GDGTs necessary to calculate TEX86
values is present in many lakes, and thus
show promise for the reconstruction of
LSTs. However, these studies also demon-
strate that the source of GDGTs in lake sed-
iments should be well constrained before
applying the TEX paleothermometer.

Lake catchment
paleothermometer

Where a large soil OM flux complicates use
of TEX,,, it could provide an opportunity to
apply another recently developed temper-
ature proxy based on the branched GDGT
lipids derived from soils. These GDGTs,
synthesized by as yet unknown bacteria,
differ in the amount of rings and branches
in their carbon structure (Fig. 1). Com-
parison of branched GDGT distributions
in >100 worldwide distributed soils with
environmental parameters showed that
their composition is determined by both
soil pH and annual mean air temperature
(MAT). This relation led to the develop-
ment of the MBT-CBT proxy (Methylation
index and Cylcization ratio of Branched
Tetraethers, respectively) for MAT, which
has been successfully applied in marine
sediment archives (Weijers et al., 2007a; b;
). Therefore, this proxy bears potential for
application in lake sedimentary archives
to reconstruct MATs of the lake catchment
area. Preliminary analysis of some lake
sediments showed promising results, e.g.,
Lago di Vico (Italy) and a small lake from
Brazil, where reconstructed MATs are close
to measured MATs from nearby weather
stations (Blaga et al., unpublished). Also in
a long sediment core from Valles Grande
Caldera in New Mexico (USA), the MBT-
CBT proxy captures glacial-interglacial
transitions and matches the pollen re-
cords from this lake (Werne et al., unpub-
lished). In some other cases, however, re-
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Figure 2: Ternary diagram showing the relative distribution of the three main types of GDGTs (drawn in Fig. 1) in
different sedimentary environments. Lakes plotting in the red boxed area have potential for application of the
TEX,,, proxy. See text for further explanation. Adapted from Blaga et al. (2009).

constructed MATs from surface sediments
seem to be lower than measured MATs.
An explanation for this mismatch could
be the production of branched GDGTs in
situ in lake sediments, which are in fact
aquatic soils. Recently, this possibility
has indirectly been shown for sediments
from a fjord (Peterse et al., 2009) and two
tropical lakes (Tierney and Russel, 2009;

Sinninghe Damsté et al., 2009) by a dif-
ferent distribution of branched GDGTs in
these sediments than in soils surrounding
the fjord and lakes. This indicates that es-
timated MATs based on branched GDGT
distributions in lake sediments with high
in situ GDGT production might be biased
towards lake bottom water temperatures.

Conclusions

Both organic geochemical paleother-
mometers, TEX86 and MBT-CBT, are prom-
ising new proxies for reconstructing LST
and MAT, respectively, from the GDGT lipid
distribution in lake sediments. Care should
be taken, however, where these proxies
are applied: TEX,, seems mainly applicable
in larger lakes that receive little soil OM in-
put and do not contain large communities
of methane-producing Archaea, whereas
MBT-CBT seems to be most useful in lakes
that do receive a large influx of soil OM
relative to in situ production of branched
GDGTs in the lake sediments.
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Ancient DNA in lake sediment records
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Ancient DNA in lake sediments offers a novel window into past aquatic ecosystems and the environmental
changes that triggered past species successions.

The geological record offers our best op-
portunity for understanding how biologi-
cal systems function over long timescales
and under varying paleoenvironmental
conditions. Understanding these ecosys-
tem responses to change is critical for bi-
ologists trying to understand how organ-
isms interact and adapt to environmental
changes, and for geologists seeking to use
these biology-geology relationships in
order to reconstruct past climate condi-
tions from sediment records. For example,
enumeration of microscopic fossilizing
protists, such as diatoms, has become a
standard paleoecological approach in
the fields of paleoclimatology and pa-
leolimnology. However, the identification

of morphological remains is not always
straightforward, as many taxa lack diag-
nostic features preserved upon fossiliza-
tion. Lipid-based records can be particu-
larly valuable for species that do not leave
diagnostic features in the sedimentary
record. Nevertheless, the interpretation of
these molecular stratigraphic records is of-
ten complicated by the limited specificity
of many lipid biomarkers.

There is thus a need to find new bio-
markers with greater source-specificity
that can be used to complement and en-
hance interpretations based on existing
methods. The field of molecular biology
offers a most promising approach/tech-
nique that is just starting to gain wider
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utility: The use of ancient DNA preserved
in the sedimentary record (i.e., fossil DNA
or fDNA) to reconstruct past ecosystems.
Fossil DNA has been successfully em-
ployed to study the succession of spe-
cies as a result of environmental changes
in terrestrial (e.g., Willerslev et al., 2007),
marine (Boere et al., 2009; Coolen et al.,,
2007; 2009; Coolen and Overmann, 2007;
Manske et al.,, 2008), and lacustrine set-
tings (Bissett et al., 2005; Coolen et al.,
2004; 2008; Coolen and Overmann, 1998;
D'Andrea et al., 2006; Epp et al.,, 2009). A
major advantage of this molecular paleo-
ecological approach is that ancient spe-
cies can be studied, including those with-
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