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a Department of Earth Sciences – Geochemistry, Utrecht University, P.O. Box 80.021, 3508 TA Utrecht, The Netherlands
b Large Lake Observatory and Department of Chemistry & Biochemistry, University of Minnesota Duluth, 10 University Dr., Duluth, MN, USA

c Department of Marine Organic Biogeochemistry, Royal Netherlands Institute for Sea Research (NIOZ), P.O. Box 59,

1790 AB Den Burg-Texel, The Netherlands
d Centre for Water Research, University of Western Australia, Crawley, Western Australia and WA – Organic and Isotope Geochemistry Centre,

Curtin University of Technology, Bentley, WA, Australia
e Sustainable Soils and Grassland Systems Department, Rothamsted Research – North Wyke, Okehampton, Devon EX20 2SB, United Kingdom

Received 5 October 2010; accepted in revised form 7 March 2011; available online 16 March 2011
Abstract

The degree of methylation and cyclization of bacteria-derived branched glycerol dialkyl glycerol tetraether (GDGT) mem-
brane lipids in soils depends on temperature and soil pH. Expressed in the methylation index of branched tetraethers (MBT)
and cyclization ratio of branched tetraethers (CBT), these relationships are used to reconstruct past annual mean air temper-
ature (MAT) based on the distribution of branched GDGTs in ancient sediments; the MBT–CBT proxy. Although it was
shown that the best correlation of this proxy is with annual MAT, it remains unknown whether a seasonal bias in temperature
reconstructions could occur, such as towards a seasonal period of ‘optimal growth’ of the, as yet, unidentified soil bacteria
which produce branched GDGTs. To investigate this possibility, soils were sampled from eight different plots in the USA
(Minnesota and Ohio), The Netherlands (Texel) and the UK (Devon) in time series over 1 year and analyzed for their
branched GDGT content. Further analyses of the branched GDGTs present as core lipids (CLs; the presumed fossil pool)
and intact polar lipids (IPLs; the presumed extant pool) were undertaken for two of the investigated soil plots. The amount
of IPL-derived branched GDGTs is low relative to the branched GDGT CLs, i.e. only 6–9% of the total branched GDGT
pool. In all soils, no clear change was apparent in the distribution of branched GDGT lipids (either core or IPL-derived) with
seasonal temperature change; the MBT–CBT temperature proxy gave similar temperature estimates year-round, which gen-
erally matched the mean annual soil temperature. In addition to a lack of coherent changes in relative distributions, concen-
trations of the branched GDGTs did not show clear changes over the seasons. For IPL-derived GDGTs these results suggest
that their turnover time in soils is in the order of 1 year or more. Thus, our study does not provide evidence for seasonal effects
on the distribution of branched GDGTs in soils, at least at mid-latitudes, and therefore, no direct evidence for a bias of MBT–
CBT reconstructed temperatures towards a certain season of optimal growth of the source bacteria. If, however, there is a
slight seasonal preference of branched GDGT production, which can easily be obscured by natural variability due to the het-
erogeneity of soils, then a seasonal bias may potentially still develop over time due to the long turnover time of branched
GDGTs.
� 2011 Elsevier Ltd. All rights reserved.
0016-7037/$ - see front matter � 2011 Elsevier Ltd. All rights reserved.

doi:10.1016/j.gca.2011.03.015

⇑ Corresponding author. Tel.: +31 0 30 2535068, fax: +31 0 30
2535302.

E-mail address: j.weijers@geo.uu.nl (J.W.H. Weijers).
1 These authors contributed equally to this work.
1. INTRODUCTION

Branched glycerol dialkyl glycerol tetraethers (GDGTs)
are core membrane lipids synthesised by as yet unknown
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bacteria (Weijers et al., 2006a). They occur in peat bogs and
soils worldwide (Sinninghe Damsté et al., 2000; Leininger
et al., 2006; Weijers et al., 2006b, 2007c; Huguet et al.,
2010a,b). Branched GDGTs consist of two alkyl chains
ether bound to two glycerol units. The alkyl moieties con-
tain two or three methyl groups each and in some, one of
these methyl groups is incorporated into a cyclopentane
moiety likely formed via internal cyclization (Weijers
et al., 2006a). It has been shown previously that the relative
distribution of the different branched GDGTs relates to soil
pH and temperature (Weijers et al., 2007c; Peterse et al.,
2009b, 2010). The degree of cyclisation of the membrane
lipids, expressed in the cyclization ratio of branched tetrae-
thers (CBT) relates to soil pH, and the degree of methyla-
tion, expressed in the methylation index of branched
tetraethers (MBT) relates to both soil pH and temperature.
These relationships are explained as adaptations by the
GDGT-synthesizing microbe to ambient conditions in or-
der to maintain the cell membrane in a liquid crystalline
state, which is necessary to carry out essential cell mem-
brane functions. In soils, the ambient temperature to which
branched GDGT-producing bacteria adapt their cell mem-
brane is most certainly soil temperature. As soil tempera-
ture data were not available in the global soil dataset
studied by Weijers et al. (2007c), a correlation was made be-
tween branched GDGT distributions and annual mean air
temperature (MAT), under the assumption that soil and
air temperature are strongly related to each other and, on
a yearly average basis, do not differ substantially from each
other. Since these branched GDGTs are preserved in the
sedimentary record, this relationship between MBT–CBT
and annual MAT could be used as a proxy to reconstruct
past temperatures (Weijers et al., 2007c).

After initial application in the Congo deep sea fan to
reconstruct past MATs for tropical Africa since the last
deglaciation (Weijers et al., 2007a), the MBT–CBT proxy
is increasingly being used to reconstruct past MATs. These
include, among others, deglacial Amazonia (Bendle et al.,
2010) and East Asia (Peterse et al., 2011), the middle Pleis-
tocene of southwestern North America (Fawcett et al.,
2011), the Miocene of northwestern Europe (Donders
et al., 2009), the Eocene–Oligocene boundary for East
Greenland (Schouten et al., 2008), the early Eocene of the
Sierra Nevada (Hren et al., 2010) and the Palaeocene–Eo-
cene thermal maximum (PETM) in the Arctic (Weijers
et al., 2007b). In some cases these palaeotemperature esti-
mates are in agreement with those of other proxies (e.g.
Schouten et al., 2008; Ballantyne et al., 2010), however, a
potential bias to summer temperatures could not always
be excluded. For example, reconstructed MATs for the
Arctic at the PETM are high (ca. 25 �C, Weijers et al.,
2007b) and, although comparable to sea surface tempera-
ture estimates, the authors suggested that due to 3 months
of darkness during polar winter these estimates might be
biased towards summer temperature. A comparison with
much lower MAT estimates obtained from oxygen isotope
ratios of biogenic phosphate led Eberle et al. (2010) to sug-
gest that MBT–CBT temperature estimates for the Arctic
during the PETM and early Eocene are indeed seasonally
biased, i.e. towards the summer. Nevertheless, a recent
study by Pucéat et al. (2010) pointed out that, because of
methodological biases, it could in fact be the MAT estimate
based on these oxygen isotope ratios of biogenic phosphate
that might be underestimated by 4–8 �C. In addition to
these deep time applications, Peterse et al. (2009a) showed
for high latitude soils at Svalbard that MBT–CBT temper-
ature estimates were equal to measured annual MAT. How-
ever, Rueda et al. (2009) compared MBT–CBT derived
MAT estimates from a sediment record of the Skagerrak
with instrumental temperature data for the last 200 years
and found that it best compared with summer tempera-
tures. Thus, there may be a seasonal bias in some MBT–
CBT records, although Weijers et al. (2007c) did not find
better relationships between MBT–CBT and seasonal tem-
peratures than with annual mean temperatures.

Soil microbial communities are (indirectly) affected by
changes in environmental conditions; temperature being
one of them (e.g. Frey et al., 2008 and references therein).
In a recent study where soils were incubated at elevated
temperatures, Feng and Simpson (2009) observed that,
although the biomass and activity of soil microorganisms
remained by and large constant, shifts in the overall com-
munity composition of microorganisms (i.e. fungi vs. bac-
teria and gram-negative vs. gram-positive bacteria) might
occur as a result of temperature-induced substrate con-
straints. Similar constraints occur for microbes when tem-
peratures drop below optimum conditions, resulting in
limited microbial growth (Nedwell, 1999), and it is gener-
ally assumed that microbial activity slows down and shifts
to a maintenance-related metabolism when soil freezes.
Contrary to this view, however, Drotz et al. (2010) re-
cently reported that both catabolic and anabolic activities
of heterotrophic microorganisms proceeded in frozen bor-
eal forest soil, including the biosynthesis of membrane
lipids.

It is, therefore, not entirely clear whether the activity of
branched-GDGT synthesizing bacteria in soils is dependent
on temperature. If this were to be the case, for example via
temperature-induced nutrient input to the soil which may
vary according to the growing season of vegetation, this
could give rise to a preferential period of prosperity of
branched-GDGT synthesizing bacteria. Potentially, this
might result in a seasonal bias in the temperature ‘recorded’
in the membrane lipid composition in the soil. In order to
investigate this hypothesis, we analyzed the branched
GDGT compositions in 1 year-long time series from eight
different soil plots in Minnesota and Ohio in the USA, in
Devon in the UK and on the island of Texel in The Neth-
erlands. The sites are all located at mid-latitudes where the
seasonal contrasts in temperature and growing season are
pronounced. In addition to analyzing branched GDGTs
as core lipids (CL), i.e. without polar head groups and rep-
resenting the fossil pool of GDGTs, we also analyzed, in
two soil plots, intact polar lipid (IPL)-derived branched
GDGTs, i.e. those with a polar head group and presumably
derived from living cells. The results were compared with
temperature data from local weather stations as well as with
in situ measured soil temperatures.
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2. MATERIALS AND METHODS

2.1. Soil locations and sampling

2.1.1. Itasca State Park and Bath Nature Preserve, USA

Six soils were sampled in the US, three in northwestern
Minnesota near Elk Lake in Itasca State Park, Clearwater
County, and three in northeastern Ohio near Bath Pond,
within Bath Nature Preserve, Summit County. Northwest-
ern Minnesota is characterized by a continental climate
with warm, humid summers and very cold winters (Peel
et al., 2007). The annual MAT in this part of the state is
ca. 4 �C and annual precipitation ca. 700 mm (KNMI,
1997). The climate of northeastern Ohio is typical of humid
continental regions with hot summers and cold winters
(Peel et al., 2007). The annual MAT in this area is ca.
10 �C and annual precipitation ca. 900 mm (KNMI,
1997). At both sites, soils with three types of vegetation cov-
er were sampled, i.e. pine, deciduous and open field vegeta-
tion. The Itasca State Park soils were sampled from
September 2008 until August 2009, and the soils in Bath
Nature Preserve from October 2008 until September 2009
by colleagues from the University of Akron. Duplicate soil
cores were collected at each sampling plot of 3 � 3 m using
a hand auger or, in case of frozen soil, with hammer and
chisel. The 0–5 cm interval was used for analysis. All soil
samples were stored frozen at �20 �C in ashed glass jars un-
til further processing. Thermistors (NexSens micro-T tem-
perature loggers) were buried at a depth of ca. 15 cm in
each of the soil plots in Minnesota and Ohio (slightly dee-
per than the depth interval used for lipid analysis) to record
soil temperature 10 times a day (i.e. every 144 min). An
additional thermistor was set �1.5 m above ground level
to record ambient air temperatures at the sites. Thermistors
recorded temperature approximately every 2.5 h from Sep-
tember 2008 until October 2009.

2.1.2. Rowden Moor, UK

The time series from the UK was obtained from a grass-
land soil from the long-term experimental research plat-
form site at Rowden Moor near Okehampton (Devon,
SW England). Southwestern England is characterized by a
humid maritime climate, which means that, in contrast to
the USA soils, seasonal extremes in temperature are smaller
and that soil temperature is above freezing point virtually
all year round. The annual MAT at this site is 9.6 �C and
the mean annual precipitation is 1056 mm (Harrod and Ho-
gan, 2008). The soil has a silty clay texture and remains very
wet from autumn until early spring due to the virtually
impermeable clay layer at 30 cm depth (Harrod and Hogan,
2008). Samples were taken from the control plot, a gently
sloping undrained meadow that receives no fertilizer,
although cows graze the meadow for a defined period dur-
ing the year. The vegetation consists of Lolium perenne with
patches of Juncus effuses. The soil was sampled at eighteen
time points from November 2008 until November 2009. In
order to minimize effects caused by the heterogeneous nat-
ure of a soil, sampling was performed by taking five 30 cm
long cores with a 3 cm diameter augur in an X-shape over
an area of approximately 30 � 30 m. The short cores were
sliced in 10 cm depth increments and stored at �20 �C until
sample processing. Upon freeze drying and removal of the
grass cover, the 0–10 cm interval increments were pooled
and powdered using a ball mill and subsequently extracted.
Meteorological data (air temperature, precipitation and soil
temperature at 10 cm depth, all at hourly resolution) were
obtained from the on-site official UK MET-Office meteoro-
logical station.

2.1.3. Texel, The Netherlands

A sandy grassland soil was sampled near the Royal
NIOZ on the island of Texel, which is in the northwest of
The Netherlands. The Netherlands is, like England, charac-
terized by a maritime climate with wet summers and mild
winters. The annual MAT near Texel is 9.4 �C and mean
annual precipitation is 750 mm (KNMI, 1997). The upper
10 cm of the soil was sampled monthly from March 2008
until February 2009. Three samples were taken in a triangle
shape on a 1 � 1 m plot and merged in order to minimize
variability due to soil heterogeneity and stored frozen at
�20 �C until further processing. Upon freeze-drying and
grinding, the triplicate samples were pooled. In-situ soil
temperatures were measured at the time of sampling (al-
ways in the morning) using an Ama-Digit ad 20th digital
thermometer. Thus, in contrast with the soil plots from
the USA and the UK, these soil temperatures do not repre-
sent daily averages. Average monthly MATs were obtained
from the nearest official weather station at De Kooy, which
is located on the mainland ca. 10 km from Texel (KNMI,
1997).

2.2. Soil extraction and fractionation

The soils from Elk Lake watershed and Bath Nature
Preserve were processed at the Large Lakes Observatory
of the University of Minnesota, Duluth. Soils were freeze-
dried and homogenized with mortar and pestle after re-
moval of root clumps and other large pieces of soil debris.
Around 10 g of soil were solvent extracted using a DIO-
NEX Accelerated Solvent Extractor (ASE) using in n-hex-
ane/dichloromethane (DCM) 9:1 (v/v) at 100 �C and
7.6 � 106 Pa to obtain a total lipid extract (TLE). TLE ali-
quots were evaporated under nitrogen until dry, re-dis-
solved in n-hexane/DCM 9:1 (v/v) and applied to an
activated Al2O3 column. Apolar and polar fractions were
eluted with n-hexane/DCM 9:1 (v/v) and DCM/methanol
(MeOH) 1:1 (v/v), respectively.

The Texel soil was processed at Royal NIOZ, and the
Rowden Moor soil at both Rothamsted Research – North
Wyke (extraction) and Utrecht University (hydrolysis).
For both soils, samples were extracted using a modified
Bligh & Dyer method in order to analyze both IPLs and
CLs (Bligh and Dyer, 1959). Freeze dried and powdered
soil (ca. 10 g for the Rowden Moor soil and ca. 3 g for
the Texel soil) was ultrasonically extracted three times for
10 min. using a single-phase solvent mixture of MeOH/
DCM/phosphate buffer 10:5:4 (v/v/v). Upon centrifuga-
tion, supernatants were collected and combined. DCM
and phosphate buffer were added to the combined extracts
to create a new volume ratio of 5:5:4 (v/v/v) and obtain
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phase separation. The extract (DCM phase) containing the
GDGTs was separated from the residue (MeOH/phosphate
buffer phase) by centrifugation and collected. The residue
phase was extracted twice more with DCM and the com-
bined extracts evaporated to near dryness using a rotary
evaporator. The extract was passed over a small column
plugged with extracted cotton wool to remove any remain-
ing soil particles and then completely dried under a steady
stream of pure N2. The extract was subsequently separated
into a CL and IPL fraction over a small silica gel column
according to Pitcher et al. (2009) with minor modifications.
The CL fraction was obtained by eluting with 5 column vol-
umes of n-hexane:ethylacetate 1:1 (v/v) and the IPL frac-
tion was obtained by eluting with 5 column volumes of
MeOH. A small aliquot of the obtained IPL fraction was
analyzed directly using high performance liquid chromatog-
raphy/mass spectrometry (HPLC/MS) to determine any
carryover of CLs into the IPL fraction (see below). In order
to analyze IPLs as CLs, the IPL fraction was hydrolyzed to
cleave off the polar head groups. To this end the IPL frac-
tion was refluxed for a minimum of 2 h in 1.5 N HCl in
MeOH, cooled down and neutralized to �pH 5. To recover
the sample, a small amount of double distilled or extracted
demineralized water was added and the mixture was ex-
tracted three times with DCM, which was subsequently col-
lected and evaporated to dryness. In addition to this acid
hydrolysis, an aliquot of the Rowden Moor soil IPL frac-
tion was subjected to base hydrolysis in order to cleave
off phosphate bound head groups only. To this end the
sample was refluxed for ca. 2 h in a 1 N KOH in MeOH:-
H2O 95:5 (v/v) mixture, cooled down, neutralized and
recovered by extraction with DCM similar as for the acid
hydrolysis.

All branched GDGTs were quantified against a known
amount of a C46 GDGT standard (Huguet et al., 2006) that
was added to each fraction. Prior to analysis, the samples
were ultrasonically dissolved in a n-hexane:2-propanol
99:1 (v/v) solvent mixture in a concentration of ca 2 mg/
ml and filtered over an 0.45 lm PTFE filter (Alltech) to re-
move any particulates.

2.3. GDGT analysis

All samples were analyzed at Royal NIOZ. GDGTs
were analyzed using high performance liquid chromatogra-
phy – atmospheric pressure chemical ionization/mass spec-
trometry (HPLC–APCI/MS) on an Agilent 1100 series LC/
MSD SL according to Schouten et al. (2007) with minor
modifications. Briefly, separation was achieved on an ana-
lytical Alltech Prevail Cyano column (150 � 2.1 mm,
3 mm). Branched GDGTs were eluted with 90% A and
10% B, where A = n-hexane and B = n-hexane:2-propanol
9:1 (v/v), isocratically for the first 5 min (flow rate
0.2 ml min�1), thereafter with a linear gradient to 18% B
in 45 min. Injection volume was 10 ll for all samples. The
different GDGTs were detected by scanning for their
[M+H]+ ions (protonated mass) in selected ion monitoring
(SIM) mode and the peak area was used for quantification.
Absolute quantification was performed according to Hugu-
et et al. (2006). MBT indices and CBT ratios were calcu-
lated using peak areas and translated into annual MAT
estimates following the soil calibration described in Weijers
et al. (2007c).

The standard error of estimate of the calibration for-
mula is 5.5 �C. The instrumental reproducibility of the
MAT estimate, based on several duplicate HPLC/MS anal-
yses, was ±0.3 �C. The analytical error due to sample pro-
cessing and analysis was determined by duplicate
processing of all Minnesota soil samples and by triplicate
processing of four of the Rowden Moor soil samples. For
the Minnesota soils, the average standard deviation of the
MAT estimates was 1.1 �C and for the Rowden Moor soil
the average standard deviation was 0.4 �C for the CLs
and 1.0 �C for the IPLs. For the concentration of GDGTs,
the analytical error was ca. 25% for the Minnesota soils and
ca. 10% for the Rowden Moor soil.

2.4. Correction for carryover of core lipids

As concentrations of IPL-derived branched GDGTs are
substantially lower than those of the CL fractions and sep-
aration of both fractions over a silica-gel column does not
always results in a full separation (likely depending on the
extract composition, see Pitcher et al., 2009), small aliquots
of the IPL fraction were analyzed using HPLC/MS without
further hydrolysis to screen for the presence of branched
GDGT CLs. It appeared that the carryover of CLs into
the IPL fraction is minor, i.e. ca. 2% of all CLs ended up
in the IPL fraction, both for Rowden Moor soil and for
the Texel soil. However, given the much lower concentra-
tions of GDGTs in the IPL fraction relative to the CL frac-
tion, this pool of leaked CLs accounted for ca. 23% of all
GDGTs measured in the hydrolyzed fraction in Rowden
Moor soil and ca. 30% for the Texel soil. Therefore, the re-
ported concentrations of IPL-derived branched GDGTs
were corrected for this.

As this (small) fraction of leaked branched GDGT CLs
might have a distribution (and thus ‘temperature signa-
ture’) that could deviate from the IPL-derived GDGTs, a
correction has also been made for the reconstructed MAT
based on the IPL-derived GDGTs. This correction was
made by subtracting concentrations of individual branched
GDGTs of the leaked CL fraction from the concentrations
of branched GDGTs in the IPL-derived fraction, and recal-
culating MAT based on the new distribution. The resulting
correction was minimal in the Rowden Moor soil, i.e.
0.4 �C on average. For the Texel soil this correction is
slightly larger, i.e. 1.4 �C on average.

3. RESULTS AND DISCUSSION

3.1. Instrumental temperature data

All four sites showed clear differences in seasonal air
temperature. Due to the maritime climate of western Eur-
ope, however, the maximum difference in monthly mean
air temperatures at Texel and Rowden Moor, i.e. 16 and
14 �C, respectively, was lower than at the sites in Itasca
State Park (Minnesota) and Bath Nature Preserve (Ohio),
i.e. 33 and 26 �C, that experience a continental climate
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(Fig. 1). Daily soil temperatures as measured in the Minne-
sota, Ohio and Rowden Moor soils showed lower extremes
than the measured air temperature due to the heat capacity
of soils. Among the Minnesota soils, the pine plot showed
slightly lower amplitudes in soil temperature than the open
field plot and a delayed response to warming in spring, both
most likely as a result of the insulating effect of the vegeta-
tion cover. This effect was less pronounced for the Ohio
soils. Unfortunately, the thermistor from the deciduous
plot in Ohio could not be recovered and the one from the
deciduous plot in Minnesota malfunctioned, so we did
not obtain in situ temperature data for these soils. Under
the assumption that the temperature in the deciduous forest
soil will not deviate substantially from the temperature in
the pine forest soil, the latter was used for comparison with
the MBT–CBT derived MATs in the deciduous forest soil.
For all soils for which in situ soil temperature data were
available, the annual mean soil temperature was higher
than the annual MAT (Fig. 1). In the Minnesota and Ohio
soils this was mainly due to the fact that winter soil temper-
atures never reach far below freezing point. For Rowden
Moor soil this is principally due to soil temperatures in
summer that are about 2 �C higher than air temperatures,
probably due to the insulating effect of the grass cover at
night. This difference between mean air and mean soil tem-
Fig. 1. Overview of reconstructed annual mean air temperatures
using the MBT–CBT proxy (triangles) and the measured annual
mean air (gray horizontal bar) and soil (brown horizontal bar)
temperatures among the different soils. The range in monthly
average air temperatures is indicated by the gray surface area; the
range in monthly average soil temperature is indicated by the
vertical brown bars. Note that the vertical bars behind the triangles
do not represent the standard error of the mean but represent the
total range in temperatures reconstructed with the MBT–CBT
proxy during the year. Triangles are color-coded: green represent
core lipid (CL) branched GDGTs, red represents intact polar lipid
(IPL)-derived branched GDGTs upon acid (H) hydrolysis, and
blue represents IPL-derived branched GDGTs derived upon base
(OH) hydrolysis, see also bottom axis. (For interpretation of the
references to color in this figure legend, the reader is referred to the
web version of this article.)
perature was smallest in the pine forest soil in Ohio (0.4 �C)
and largest in the open field soil from Minnesota (4.4 �C).
The difference for the open field grassland at Rowden Moor
was 1.3 �C.

3.2. Branched GDGT core lipids

Concentrations of branched GDGT CLs were deter-
mined for all soils and fall within ranges reported in other
studies (Kim et al., 2006; Weijers et al., 2006b; Peterse
et al., 2009b; Huguet et al., 2010b). For the Minnesota soils,
annual averaged concentrations were 240 ± 60 (standard
deviation) ng g�1 dry weight soil (dws) for the open field,
290 ± 70 ng g�1 dws for the pine forest and 430 ± 110
ng g�1 dws for the deciduous forest time series, respectively
(Fig. 2a). For the Ohio soils the annual averaged concentra-
tions were 170 ± 70 ng g�1 dws for the open field, 2500 ±
1250 ng g�1 dws for the pine forest and 310 ± 170
ng g�1 dws for the deciduous forest (Fig. 2b). Annual aver-
aged branched GDGT CL concentrations for the Texel and
the Rowden Moor grassland soils were 600 ± 120 ng
g�1 dws (Fig. 2c) and 1600 ± 300 ng g�1 dws (Fig. 2d),
respectively. In the Minnesota open field soil, the Ohio
soils, the Texel soil and the Rowden Moor soil no seasonal
trend in branched GDGT CL concentrations was apparent
(Fig. 2). For the Minnesota pine forest and deciduous forest
soils somewhat higher concentrations seem to be present in
July and August. For the Rowden Moor soil, precipitation
data were available, but no relation with precipitation was
found.

MBT–CBT reconstructed temperatures (based on the
CLs) remained constant throughout the year in all soils,
with variations in MAT estimates within the same soil usu-
ally <5 �C in the Minnesota and Ohio pine forest soils
(Figs. 3 and 4), <3 �C in the deciduous forest and open field
soils from the same sites (Figs. 3 and 4), <2 �C in the Texel
soil (Fig. 5) and <1 �C in the Rowden Moor soil (Fig. 6).
The observed variations did not coincide with seasonal
variations in soil temperature. The average MBT–CBT de-
rived temperatures for the Minnesota soils were 10.3 ±
1.2 �C (standard deviation) for the open field site and
9.9 ± 1.9 �C for the pine site, which are clearly warmer than
the annual MAT of 3.8 �C but closer to the annual mean
soil temperature of 8.2 �C at the open field site and 6.0 �C
at the pine site (Fig. 1). For the Ohio soils, the average
MBT–CBT derived temperatures were 8.4 ± 0.9 �C for the
open field and 12.6 ± 1.6 �C for the pine plot, which are
both close to the annual MAT of 9.9 �C and the measured
annual mean soil temperature of 10.4 �C at the open field
site and 10.0 �C at the pine site (Fig. 1). Strikingly, MBT–
CBT reconstructed temperatures for the deciduous soils in
both Minnesota and Ohio were high, i.e. 14.0 ± 0.9 �C
and 19.2 ± 1.0 �C, respectively (Figs. 3 and 4). This is
10.2 and 9.6 �C, respectively, higher than measured annual
MAT and 8.0 and 9.2 �C, respectively, higher than annual
mean soil temperature under pine forest (Fig. 1). Unfortu-
nately, no soil temperature data were available for both
deciduous plots, but it seems unlikely that these would be
that much higher than under pine forest. This makes these
soils the only two in this set of eight to give reconstructed



Fig. 2. Concentrations of branched GDGTs over the 1-year time series analyzed in the different soils. (A) core lipids (CLs) in the soils at
Itasca State Park, Minnesota, USA. (B) CLs in the soils at Bath Nature Preserve, Ohio, USA. (C) CLs and intact polar lipid (IPL)-derived
branched GDGTs in the grassland soil at Texel, The Netherlands. (D) CLs, total IPL-derived branched GDGTs and branched GDGTs
derived from phosphate-bound IPLs in the grassland soil from Rowden Moor, UK.
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MATs that show offsets to measured temperature larger
than the standard error of estimate of the soil calibration
dataset of ca. 5.5 �C (Weijers et al., 2007b). The reason
for this deviating pattern is, at present, not clear. For the
Texel soil, the MBT–CBT reconstructed temperature based
on the CLs was 7.1 ± 0.8 �C, which is slightly lower than
the annual MAT for this area of 9.4 �C (Figs. 1 and 5).
Of the eight soils sampled, the reconstructed temperature
based on CLs in the Rowden Moor soil was the most stable
throughout the year at 11.1 ± 0.7 �C, which is close to an-
nual MAT of 9.6 �C and equal to the annual mean soil tem-
perature of 11.1 �C (Figs. 2 and 6). One exception is the
sample from May 15th that gave a reconstructed tempera-
ture of 9 �C. This is clearly lower than the reconstructed
temperature for the sample taken a week earlier (May
7th; 11.2 �C) and that of June 4th (11.6 �C). This particular
sample is also an outlier in terms of the concentration of
branched GDGTs.

In all soils for which continuous soil temperature data
are available, i.e. Minnesota open field and pine forest,
Ohio open field and pine forest and Rowden Moor soil,
the MBT–CBT reconstructed temperature was closer to
the measured annual mean soil temperature than to the
measured annual MAT. This is surprising as in the soil cal-
ibration dataset a calibration was made with annual MAT
and not with soil temperature (Weijers et al., 2007c). As is
also evident from the temperature data shown here, soil and
air temperature are not identical, and more importantly, the
offset differs with region and type of vegetation. The ob-
served variation depends on a range of factors, including
differences in vegetation cover, water content (which deter-
mines heat capacity) and latitude (intensity of winter frost
conditions) of the soil (e.g. Oliver et al., 1987). The fact that
MBT–CBT reconstructed temperatures do not always ex-
actly reflect annual MAT implies that, as suggested by
Weijers et al. (2007c), a substantial part of the scatter pres-
ent in the MBT–CBT calibration may result from this var-
iation in the offset between soil and air temperatures.

The branched GDGT CL assemblages in the eight soils
analyzed, clearly showed no response to seasonal changes in
temperature. This lack of any seasonal trend may be as-
cribed to a standing stock of CLs whose abundance is much



Fig. 3. MBT–CBT reconstructed MATs (dots) for (A) the open
field soil; (B) the pine forest soil; and (C) the deciduous forest soil
at Itasca State Park, Minnesota, USA, plotted against the daily
mean air temperature (gray line) and daily mean soil temperature at
15 cm depth (black line). The horizontal gray striped line represents
the measured annual MAT and the horizontal black striped line the
measured annual mean soil temperature at the site. Note that the
soil temperature curve in graph C is actually the soil temperature
measured in the pine forest soil (see text).

Fig. 4. MBT–CBT reconstructed MATs (dots) for (A) the open
field soil; (B) the pine forest soil; and (C) the deciduous forest soil
at Bath Nature Preserve, Ohio, USA, plotted against the daily
mean air temperature (gray line) and daily mean soil temperature at
15 cm depth (black line). The horizontal gray striped line represents
the measured annual MAT and the horizontal black striped line the
measured annual mean soil temperature at the site. Note that the
soil temperature curve in graph C is actually the soil temperature
measured in the pine forest soil (see text).
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Fig. 5. MBT–CBT reconstructed MATs based on core lipid (CL,
black circles) and intact polar lipid (IPL, white squares)-derived
branched GDGTs, for the grassland soil at Texel, The Netherlands,
plotted against monthly mean air temperature (black line) and the
measured soil temperature at 10 cm depth at the time of sampling
(black crosses).

Fig. 6. MBT–CBT reconstructed MATs based on branched
GDGT core lipids (CL, black circles), IPL-derived branched
GDGTs after acid hydrolysis (white squares) and IPL-derived
branched GDGTs after base hydrolysis (white diamonds), for the
grassland soil at Rowden Moor, UK, plotted against measured
daily mean air temperature (gray line) and measured daily mean
soil temperature at 10 cm depth (black line).
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larger than new production of branched GDGTs over a
seasonal cycle. Earlier work, comparing the amount of
branched GDGT CLs in a peat core with cell numbers of
the most dominant bacteria, suggested the presence of such
a standing stock of CLs (Weijers et al., 2009). Indeed, Weij-
ers et al. (2010) showed by means of the stable carbon iso-
topic composition of the branched alkanes released from
branched GDGTs that their turnover time, at least in
mid-latitude cropland soils, is near 20 years, and Peterse
et al. (2010) showed that the branched GDGT (CLs) com-
position in a grassland soil had fully adjusted to a manipu-
lated change in pH after 40 years. These studies indicate
that the standing stock of branched GDGT CLs turns over
on timescales of decades and that, consequently, the distri-
bution of branched GDGT CLs in a given soil is adjusted to
new environmental conditions at these time scales. This
turnover time of decades for branched GDGT CLs also im-
plies that the variation in CL concentration as found in
some soils has to be interpreted with care. It seems unlikely
that the pool of CLs is suddenly halved or doubled in a
month. These variations are likely to be, at least partly,
the result of the well-known spatial heterogeneity of soils.
From the work presented here, it is clear that the branched
GDGT CL distribution does not adjust to changes in ambi-
ent conditions (at least temperature) on time scales <1 year.
The turnover time of near 20 years implies that the MAT
signal documented by the branched GDGT CLs is a time-
integrated signal over previous years (with the potential
for a greater weighting for more recent years, though this
remains to be demonstrated).
3.3. Branched GDGT intact polar lipids

3.3.1. Acid-hydrolyzed IPLs

Since branched GDGT CL distributions did not show a
response to seasonal variations, we analyzed IPL-derived
branched GDGTs which are presumably a better reflection
of the extant soil bacterial population. Therefore, for the
Texel soil and Rowden Moor soil, IPL branched GDGTs
were separated from the CLs, hydrolyzed and analyzed as
CLs. Concentrations of these IPL-derived branched
GDGTs varied from ca. 40 ± 15 ng g�1 dws in the Texel
soil (Fig. 2c) to ca. 150 ± 30 ng g�1 dws in the Rowden
Moor soil (Fig. 2d). However, as observed for the CLs,
no relationship was apparent between the concentration
of the IPL-derived branched GDGTs and temperature
(Fig. 2). The IPL fraction of the branched GDGTs in the
soils only accounted for 6% (Texel soil) and 9% (Rowden
Moor soil) of the total branched GDGT pool, which is only
slightly higher than the value of 4% reported by Liu et al.
(2010) in a German peat bog. Assuming that all IPLs are
derived from extant biomass, this indicates that more than
90% of the branched GDGTs present in the soil are in a fos-
sil (CL) form.

Although temperature estimates reconstructed using
branched GDGTs from the IPL fraction were expected to
better reflect seasonal temperature, this is not the case. In
the Texel soil, temperature reconstructions based on the
IPL-derived branched GDGTs showed values that are sim-
ilar to the estimates based on the CL fraction (Fig. 5; aver-
age 6.7 �C ± 1.0 �C). Except for April and July, the
difference between the estimated temperatures from both
fractions was <1 �C, i.e. within analytical error. In the
Rowden Moor soil, temperature estimates based on
GDGTs from the IPL (acid-hydrolyzed) fraction differed
slightly more from the estimates based on the CL fraction
(Fig. 6; average 10.6 ± 2.2 �C). IPL based temperature esti-
mates were either up to 2.4 �C higher (September) or down
to 3.4 �C lower (February) than the CL based estimates of
the same months. Although these two extremes might sug-
gest some kind of adaptation, it has to be noted that higher
IPL-based than CL-based temperature estimates also oc-
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curred in winter and lower estimates in summer. A Stu-
dent’s t-test shows that IPL-derived MAT estimates for
the warm part of the year (in this case defined as May–
October) were not significantly higher than CL-derived
MAT estimates, and that IPL-derived MAT estimates for
the cool part of the year (November–April) were only just
significantly lower than CL-derived MAT estimates, in both
cases at a 95% confidence interval. This indicates that the
data indeed are scattered and that there is no unambiguous
clear trend in IPL-derived MAT related to seasonal changes
in temperature (Fig. 6).

These results suggest that, as with the CL branched
GDGTs, the turnover of IPL-derived branched GDGTs
in soil is rather slow, albeit perhaps faster than for CL
branched GDGTs. One potential cause for this would be
if IPLs are also preserved over time scales of months to
years, as this would result in a smoothing of the seasonal
temperature signal. Harvey et al. (1986) observed that bac-
terial phospholipids degrade relatively fast, whereas glyco-
sidically bound ether lipids degrade much more slowly.
Based on modeling of degradation rates in the marine envi-
ronment, Schouten et al. (2010) recently proposed that a
significant portion of glycosidic GDGTs could indeed be
preserved in the sedimentary record. Liu et al. (2010) re-
cently reported the occurrence of branched GDGT IPLs
containing glycosidic head groups in a German peat bog,
but no IPLs containing a phospho head group, suggesting
that glycosidic branched GDGT IPLs may indeed be pre-
served over time scales longer than those of phospho IPLs.

3.3.2. Base-hydrolyzed IPLs

To investigate whether the majority of the branched
GDGT IPL pool consisted of glycolipids, an aliquot of
the IPL fraction of the Rowden Moor soil samples was sub-
jected to base hydrolysis, which only cleaves ester bound
phospho head groups and not ether bound glycosidic head
groups. The average concentration of the phospho IPL-de-
rived branched GDGTs was ca. 110 ± 30 ng g�1 dws
(Fig. 2d). Comparison with the yield of the acid-hydrolyzed
IPL aliquot, which was ca. 150 ng g�1 dws and represents
the sum of phospho IPLs and glycosidic IPLs, suggests that
the majority of the branched GDGT IPLs contain ester
bound phosphate head groups. Given that glycosidic
branched GDGTs might even be enriched in abundance
over time relative to the phospho IPLs due to their suppos-
edly slower degradation rate, this suggests that the amount
of glycolipids produced by the branched-GDGT synthesiz-
ing bacteria is small relative to the phospholipids. This is in
apparent contradiction with the work of Liu et al. (2010)
who only found glycosidic head groups for the branched
GDGTs, although it needs to be stressed that this was in
a peat bog rather than a soil.

If the branched GDGTs released upon base hydrolysis
are derived from (more labile) phospholipid branched
GDGTs, then they may be a better reflection of the living
bacterial population. However, also in the base-hydrolyzed
fraction, GDGT concentrations showed no relationship
with temperature over the seasons (Fig. 6). The MBT–
CBT reconstructed MAT based on the base-hydrolyzed
IPL fraction (average 10.7 ± 2.1 �C) also showed no notice-
able difference with temperatures reconstructed for the
acid-hydrolyzed fraction or the CL fraction (Fig. 6). Except
for June (�1.2 �C), the differences between reconstructed
MATs in the acid- and base-hydrolyzed samples were with-
in 1 �C, and thus within analytical uncertainty. In fact, this
similarity is not strange given that the majority of IPLs
seems to consist of phospho bound IPLs, which are mea-
sured in both the acid- and the base-hydrolyzed fraction.
Thus, the small differences in estimated MAT over the
course of a year, based on the acid-hydrolyzed IPL frac-
tions both in the Texel soil and in the Rowden Moor soil,
is likely not due to the specific presence of larger amounts
of preserved glycosidic IPLs.

Assuming then that IPL-derived branched GDGTs rep-
resent living biomass, it might be that branched-GDGT
synthesizing bacteria have low cell division rates and exhibit
relatively long regeneration times. This would have a simi-
lar smoothing effect as with fossil GDGTs in the CL frac-
tion, since part of the IPLs detected at a given point in
time could be produced several months earlier. Indeed,
many bacteria are known to grow slowly. An extreme
example are the anammox bacteria with cell division times
up to a month (Van de Graaf et al., 1996; Strous et al.,
1998). Also several Acidobacteria, the bacterial phylum
potentially containing the branched-GDGT synthesizing
bacteria (Weijers et al., 2009), are relatively slow growers
(Eichorst et al., 2007; Davis et al., 2011). Given that there
is no systematic variation over the year in the MBT–CBT
reconstructed temperatures for the IPL-derived branched
GDGTs, the combined effects of suspected slow regenera-
tion times of the responsible bacteria and the slow degrada-
tion rate of IPLs suggest a perceived turnover time of IPLs
in these soils in the order of a year.

4. IMPLICATIONS

Previous studies have shown that branched GDGT-syn-
thesizing soil microbes adapt their membrane lipid distribu-
tions to pH and temperature (Weijers et al., 2007c; Peterse
et al., 2009b, 2010). These are the ambient pH and temper-
ature and thus soil pH and soil temperature. Since for the
global soil calibration dataset no soil temperature data were
available, a calibration was made with annual MAT under
the assumption that the two are roughly equal. Although
on larger regional and global scales this will be true, on a
local scale, as is evident from our study, soil and air temper-
ature are not equal, and more importantly, also the offset
between the two is not the same everywhere. It is important
to realize, therefore, that, as also indicated by Weijers et al.
(2007c), a large part of the scatter in the MBT–CBT cali-
bration with annual MAT (which gives a standard error
of estimate of ca. 5 �C) may result from this offset between
soil and air temperature. As a consequence, absolute tem-
peratures reconstructed with the MBT–CBT proxy, though
calibrated with annual MAT, do not always exactly reflect
annual MAT, like in some of the soils studied here. On the
larger scale, nevertheless, the MBT–CBT proxy is still
thought to be able to provide reasonable estimates of past
annual MAT and, especially, of changes therein (e.g. Weij-
ers et al., 2007a). It is the reconstructed absolute tempera-
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ture that is associated with a slightly larger error (ca. 5 �C).
This could only be better constrained when pure cultures of
the branched-GDGT synthesizing bacteria are available or
when studies like the current one, where soil temperatures
are monitored over the annual cycle, are performed on a
wide variety of soils.

Our study clearly shows that in mid-latitude soils, no
seasonal trends are apparent in the concentration and dis-
tribution of branched GDGT CLs. Also in IPL-derived
branched GDGT concentration and distribution no clear
seasonal trends are apparent. Thus, from the data presented
here, it seems that palaeoclimate reconstructions based on
branched GDGT CL distributions do not suffer from par-
ticular seasonal biases. However, we cannot fully exclude
the hypothesis that production of GDGTs in a certain sea-
son could be slightly higher than in others, but that these
monthly differences are obscured as they are very small rel-
ative to the standing stock of GDGTs. A turnover time of
20 years for CLs implies that ca. 5% of the pool is refreshed
in a given year, or ca. 0.4% per month. Monthly variations
in this small percentage will not be detectable. Similarly, for
the IPL-derived GDGT pool small variations in its turn-
over rate of ca. 8% per month (based on an assumed turn-
over time in the order of a year), will likely be obscured by
variability due to the heterogeneity of soils. Over the course
of 20 years, these small seasonal biases might influence the
long term average distribution of branched GDGT CLs
and thus the temperature reconstructed using the MBT–
CBT proxy. This effect might be expected to be stronger
in soils experiencing stronger contrasts between seasons.
If such an offset exists, it is, however, not necessarily direc-
ted towards a particular season, given that the Texel soil, or
the Ohio open field soil, for example, gave reconstructed
temperatures lower than annual MAT while the Minnesota
soils give reconstructed temperature higher than annual
MAT.

The results presented here are derived from soils from
mid-latitudes. In the tropics, seasonal contrasts in tempera-
ture are much smaller and seasonal biases in MBT–CBT
reconstructed MATs are, therefore, expected to be much
less of an issue in these climates. Our study, however, can-
not completely rule out the presence of a seasonal bias at
high latitude sites like the Arctic, as a period of up to
3 months of darkness may have, indirectly via vegetation
and nutrient flows, substantial effects on the soil microbial
communities. For present-day Svalbard, nevertheless,
reconstructed MAT based on branched GDGT CL distri-
butions is close to measured annual MAT (i.e. �4 and
�6 �C, respectively, Peterse et al., 2009a).

The fact that branched GDGT CLs represent a standing
stock that has accumulated over the course of years (ca.
20 years, Weijers et al., 2010) not only explains why the
MBT–CBT proxy in soils relates with an annual average
temperature, it also implies that the proxy can only be ap-
plied on geological time scales with resolutions larger than
several decades. Most applications that used the MBT–
CBT proxy in obtaining records of MAT estimates have
been obtained from sites receiving fluvial transported sedi-
ments and are, therefore, already considerably temporally
smoothed (e.g. Weijers et al., 2007a), but this issue could
be important in cases where the proxy is used in high reso-
lution studies of peat or loess deposits.
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