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ABSTRACT 
 

The present study was aimed at examining the distribution and abundance of glycerol 

dialkyl glycerol tetraethers (GDGTs) of archaeal and bacterial origin in peat samples from 

surface and deep (ca. 50 cm) horizons of a peat bog in the Jura Mountains (northeastern 

France). Two principal types of GDGTs are present: extractable GDGTs, recoverable by 

solvent extraction, and non-extractable GDGTs, linked to the soil matrix. Within the 

extractable pool, “free” (i.e. core lipids) and “bound” (i.e. intact polar and/or ester-bound 

lipids) GDGTs can be distinguished. Extractable “free” and “bound” GDGTs were extracted 

using both accelerated solvent extraction (ASE) and a modified Bligh and Dyer technique. 

Both methods were shown to allow adequate extraction of “free” archaeal and bacterial 

GDGTs from soil samples. Both extraction protocols afforded similar relative distributions of  

archaeal and bacterial GDGTs, although poorer extraction of “bound” GDGTs was observed 

for ASE relative to Bligh and Dyer. Even though only low amounts of bacterial GDGTs were 

released after acid hydrolysis of solvent-extracted samples, non-extractable and total 

extractable GDGTs showed different distribution patterns in some samples.  Consequently, 
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these two lipid pools potentially reflect different proxy records of mean annual air 

temperature (MAAT) and pH. Last, the distribution of bacterial GDGTs differed between the 

different samples. Samples from deep horizons gave lower GDGT-derived MAAT values 

than those from surficial horizons, in agreement with measured soil temperatures at 7 cm and 

50 cm depths from April to September. MAAT estimates more closely resemble spring and 

summer temperatures rather than annual soil temperature. The variability in bacterial GDGT 

distribution and resulting MAAT estimates probably also reflects the heterogeneity of peat 

samples and the variation in several environmental factors such as peat moisture level and 

oxygen availability. 

 
Keywords: Glycerol dialkyl glycerol tetraethers, extractable lipids, non-extractable lipids, bacteria, archaea, peat 
bogs 
 
 
1. Introduction 
 

Archaea are prokaryotic microorganisms, phylogenetically distinct from Bacteria and 

Eucarya (Woese et al., 1990). Besides the composition of 16S rRNA genes, Archaea and 

Bacteria also differ in their membrane lipid composition. Bacteria generally synthesise 

membrane lipids composed of straight or branched alkyl chains linked by ester bonds to the 

glycerol backbone. In contrast, archaeal membranes are generally composed of isoprenoid 

alkyl chains linked by ether bonds to the glycerol backbone, forming glycerol dialkyl diether 

and glycerol dialkyl glycerol tetraether lipids (GDGTs).  Archaeal GDGTs are complex lipids 

of high molecular weight (>1000 Da; see Appendix for structures) and are ubiquitous 

compounds in marine and lacustrine water columns (e.g. Karner et al., 2001; Keough et al., 

2003), sediments (e.g. Lipp et al., 2008; Teske and Sørensen, 2008), as well as in peat and soil 

(e.g. Buckley et al., 1998; Leininger et al., 2006; Weijers et al., 2009). 

Another group of GDGT lipids, containing branched instead of isoprenoid alkyl chains 

(cf. Appendix for structures), was discovered in peat bogs by Sinninghe Damsté et al. (2000). 
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Based on aspects of their structures and stereochemistry, branched GDGTs were suggested to 

be produced by unknown bacteria in soils (Weijers et al., 2006a). They were shown to occur 

ubiquitously in soils (e.g. Weijers et al., 2006b, 2007a; Peterse et al., 2009a), hot springs 

(Schouten et al., 2007), lake sediments (Blaga et al., 2009; Tierney et al., 2009), as well as in 

coastal and marine sediments (e.g. Hopmans et al., 2004; Kim et al., 2007), where they derive 

from fluvially transported terrestrial organic matter (OM). Through the analysis of a large set 

of soil samples collected from more than 90 different locations worldwide, Weijers et al. 

(2007a) showed that the relative distribution of branched GDGTs was determined primarily 

by two environmental parameters: air temperature and soil pH.  The degree of methylation, 

expressed in the methylation index of branched tetraethers (MBT), was shown to depend on 

mean annual air temperature (MAAT) and to a lesser extent on soil pH, whereas the relative 

abundance of cyclopentyl rings of branched GDGTs, expressed in the cyclisation ratio of 

branched tetraethers (CBT), was observed to correlate well with soil pH (Weijers et al., 

2007a). The MBT and CBT indices have recently been shown to be useful tools for the 

reconstruction of continental temperatures (e.g. Weijers et al., 2007b; Schouten et al., 2008; 

Rueda et al., 2009). 

In living cells, most of the tetraethers are bound to a polar head group (sugar or/and 

phosphate units; Nishihara and Koga, 1987). Upon cell death or lysis, polar head groups 

bound to core GDGTs are probably quickly lost, as shown for bacterial ester lipids (e.g. White 

et al., 1979). Intact polar lipids (glyco- and phospholipids) therefore indicate the presence of 

living microorganisms, whereas core lipids, which are degraded less easily than intact polar 

lipids, are considered biomarkers for dead or lysed cells. To date, most studies of GDGTs in 

soil have focussed on extractable core lipid GDGTs (e.g. Weijers et al., 2007a; Peterse et al., 

2009a, b), defined in this paper as extractable “free” GDGTs, and usually recovered using 

accelerated solvent extraction (ASE). Nevertheless, GDGTs can also occur as extractable 
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“bound” lipids in organic extracts, i.e. as intact polar and/or ester-bound lipids. This implies 

that extractable “free” GDGTs, which have been mainly investigated till now, are not 

necessarily representative of the total extractable (i.e. “free” + “bound”) soil GDGTs, as 

recently shown for several podzol samples (Huguet et al., 2010). Both the extractable “free” 

and “bound” lipid pools have therefore to be investigated. 

  A modified Bligh and Dyer solvent extraction is typically used for the analysis of intact 

polar lipids (e.g. Pitcher et al., 2009). Nevertheless, this method is relatively time consuming, 

unlike ASE, which is a rapid and automated extraction technique, employing very small 

extractant volumes (Bodin et al., 2009). In the frame of the present study, we assess the 

potential of using ASE instead of the conventional Bligh and Dyer technique for the 

extraction of both extractable “free” and “bound” GDGTs from soil samples. 

In addition to the aforementioned extractable “free” and “bound” pools, lipids in soils can 

occur as non-extractable lipids, covalently linked to the mineral or organic matrix. Non-

extractable lipids can be released from solvent extracted soils through different chemical 

treatments, such as acid hydrolysis and base hydrolysis, and are often better preserved than 

extractable lipids (e.g. Albaigès et al., 1984; Kawamura and Ishiwatari, 1984) because of the 

protection provided by the soil matrix. Non-extractable lipids can therefore provide detailed 

biogeochemical information concerning the origin and input of lipids in soils or sediments 

(e.g. Garcette-Lepecq et al., 2004; Disnar et al., 2005; Otto et al., 2006). In addition, the 

environmental data obtained from the extractable and non-extractable lipid pools may differ. 

Thus, we recently compared the abundance and distribution of bacterial and archaeal GDGTs 

in the extractable and non-extractable fractions of two podzols located in temperate and 

tropical environments (Huguet et al., submitted). We observed that extractable and non-

extractable GDGTs could have different distribution patterns and that different MAAT values 

could be derived from the two lipid fractions,emphasising the interest in investigating both the 
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extractable and non-extractable GDGT pools.  

In this study, GDGT composition and abundance were therefore examined in the 

extractable “free”, total extractable (i.e. “free” + “bound”) and non-extractable lipid pools in 

order to obtain comprehensive information on bacterial and archaeal GDGTs (Fig .1). To this 

end, ASE and a modified Bligh and Dyer technique were both applied to the extraction of 

total extractable GDGTs from soil samples, allowing comparison of the efficiency of the two 

methods for the extraction of “free” and “bound” GDGTs. Non-extractable GDGTs were then 

recovered using acid hydrolysis of ASE-extracted soils.  

The distribution and abundance of extractable “free”, extractable “bound” and non-

extractable GDGTs obtained from a French peat bog were compared. To date, few studies 

have investigated the distribution and abundance of archaeal and bacterial GDGTs in peat 

bogs (Sinninghe Damsté et al., 2000; Schouten et al., 2000; Weijers et al., 2004, 2006a). 

Nevertheless, Sphagnum-dominated peat bogs represent one of the most extensive types of 

northern wetlands in Eurasia and North America (Kotsyurbenko et al., 2004; Dedysh et al., 

2006). They are specific soils, characterized by high acidity (pH 3.5 to 5.0), high organic 

matter (OM) content, low concentration of nutrient salts and low temperatures (Dedysh et al., 

2006). Even though they occupy only ca. 3% of  the  terrestrial surface (Kivinen and 

Pakarinen, 1981), the environmental and ecological significance of peat soils is immense, 

since northern wetlands contribute up to 50% to the global production of the greenhouse gas 

methane (Matthews and Fung, 1987; Harriss et al., 1993) and they represent ca. 30% of the 

global reserves of soil organic carbon (Gorham, 1991), as a result of low biodegradation 

activity in these ecosystems (Comont et al., 2006). In addition to the high organic carbon 

preservation, ombrotrophic mires are of great interest for climate studies since they are 

hydrologically independent of groundwater (Laiho, 2006) and consequently their substrate 

moisture levels are directly related to atmospheric conditions. In the perspective of global 
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climatic changes, it is not known how a moderate temperature rise will affect the pool of peat 

OM and hence the long term carbon sequestration potential. Peat bogs consist of two distinct 

layers: an upper aerobic layer in which the water table level fluctuates (acrotelm layer) and a 

deeper, anoxic part which is continuously water saturated (catotelm layer). The aim of the 

present work was to study the distribution and abundance of archaeal and bacterial GDGTs in 

both acrotelm and catotelm parts of a Sphagnum-dominated peatland in Northeastern France.  

 

2. Materials and methods 
 
2.1. Sample collection 
 

Samples were collected in June 2008 from the Frasne peatland (46° 49’ N, 6° 10’ E), an 

undisturbed Sphagnum-dominated mire in the Jura Mountains (France), which has been 

described in detail (Laggoun-Défarge et al., 2008). The site is protected by the EU Habitat 

Directive of Natura 2000 and has been classified as a Region Natural Reserve for more than 

20 yr. Annual precipitation is about 1300-1500 mm per year, with a mean annual air 

temperature of 7-8 °C. 

Samples were collected from two contrasting sites: (i) a transitional Sphagnum-dominated 

poor fen site and (ii) an open bog site with mixed vegetation (Sphagnum spp., Eriophorum 

and other vascular plants, e.g. Andromeda polifolia), where the humidity level is lower than at 

the first site. The latter site is hereafter called the “dry site” and the former the “wet site”. At 

each site, one sample was collected from the acrotelm layer and another from the catotelm 

layer. The acrotelm-catotelm boundary was at ca. 25 cm at both dry and wet sites. Samples 

from the dry site were collected from between 10 and 12.5 cm depth (sample FDs) and 42.5 

and 47.5 cm depth (sample FDb). Samples from the wet site were collected between 15 and 

17.5 cm (FWs) and between 42.5 and 47.5 cm (sample FWb). Samples were stored at -20 °C. 
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They were then freeze-dried, powdered with a mortar and pestle and homogenized before 

extraction and analysis. 

 

2.2. Sample preparation for GDGT analysis 
 

  Extractable “free”, total extractable (i.e. “free” + “bound”) and non-extractable lipid 

fractions were obtained from ca. 3 to 4 g aliquots (Fig. 1). All samples were extracted using: 

(i) ASE and (ii) a modified Bligh and Dyer technique. For ASE, each sample was extracted (3 

× 5 min each) with a ca. 50 ml dichloromethane (DCM):MeOH (9:1, v/v) using an accelerated 

solvent extractor (ASE 100, Dionex) at 100 °C and 10 x 106 Pa.  

The Bligh and Dyer extractions (3 ×) were performed according to the protocol of Pitcher 

et al. (2009). Briefly, a solvent mixture (8 ml per g of peat and extraction step) of MeOH: 

DCM: phosphate buffer (2:1:0.8; v/v/v) was added to the sample in a centrifuge tube, and the 

mixture placed in an ultrasonic bath (10 min). DCM and phosphate buffer were then added to 

give a new volume ratio (1:1:0.9, v/v/v). Each extraction was followed by centrifugation (10 

min, 3500 rpm) and all extracts were collected in a separation funnel. The DCM layer was 

separated from the MeOH/phosphate buffer phase, which was again extracted with DCM (2 

×). The DCM fractions were combined and dried over Na2SO4.  

 

2.2.1. Total extractable GDGTs  

For each soil sample, half of the extract obtained using ASE or Bligh and Dyer technique 

was concentrated under reduced pressure to a residual volume and hydrolysed for 24h at 100 

°C in 1 M HCl/MeOH to release extractable “bound” GDGTs (i.e. intact polar and/or ester-

bound GDGTs). The mixture was diluted in MeOH and rotary evaporated under near vacuum 

(3 ×) to neutralise the hydrolysed aliquot. The hydrolysed extract was separated into three 

fractions over a 2 cm diameter alumina column (with a proportion of 10 g Al2O3, activated for 
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2 h at 150 °C for 0.1 g lipid extract) using the same volumes (ca. 40 ml) of hexane:DCM (9:1, 

v/v), DCM:MeOH (1:1, v/v) and DCM:MeOH (1:3, v/v) respectively. The medium polarity 

fraction [DCM:MeOH (1:1 v/v)] was reduced using rotary evaporation, dried further under 

N2, ultrasonically dissolved in hexane:isopropanol (99:1, v/v) and centrifuged using an 

Eppendorf MiniSpin centrifuge (1 min, 7000 rpm). The supernatant, containing total 

extractable GDGTs (i.e extractable “free” + “bound” GDGTs), was collected and analysed 

using high performance liquid chromatography/atmospheric pressure chemical ionisation – 

mass spectrometry (HPLC/APCI-MS). 

2.2.2. Extractable “free” GDGTs  

The other half of the total extract obtained after ASE or Bligh and Dyer extraction was 

directly fractionated over an alumina column as described above. Extractable “free” GDGTs 

were thereby recovered. 

2.2.3. Non-extractable GDGTs 

The peat residues obtained after ASE extraction were subjected to acid hydrolysis. 

Typically, a dry residue (3 g) was refluxed for 24 h at 100 °C in aqueous 6M HCl. After 

cooling, the suspension was centrifuged for 10 min at 3500 rpm and the supernatant 

transferred to a separation funnel. The residue was extracted with water (3 ×), MeOH/water 

(1:1; 1 ×), MeOH (2 ×) and DCM (2 ×). Each extraction was followed by centrifugation and 

all extracts were collected in the separation funnel. The DCM layer was separated from the 

MeOH/water layer, which was again extracted with DCM (3 ×). The DCM fractions were 

combined and, after evaporation of the solvent, the extracts were fractionated into apolar, 

medium polarity and polar fractions as described above. Non-extractable GDGT lipids were 

thus recovered in the medium polar fraction.  

 

2.3. HPLC/APCI-MS 
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HPLC/APCI-MS analysis was performed with an Agilent 1100 series high performance 

liquid chromatograph equipped with an automatic injector coupled to a PE Sciex API 3000 

mass spectrometer. GDGTs were analysed using a procedure modified from Hopmans et al. 

(2000) and Weijers et al. (2007a). Separation was achieved with a Prevail Cyano column (2.1 

mm × 150 mm, 3 μm; Alltech, Deerifled, IL, USA) thermostatted at 30 °C. Injection volume 

was 10 μl. GDGTs were first eluted isocratically with 99% A/1% B for 5 min (A = hexane, B 

= isopropanol. The following linear gradient was subsequently used: 99% A/1% B to 98% 

A/2% B in 45 min, maintained for 5 min, followed by 98% A/2% B to 90% A/10% B in 1 

min, maintained for 10 min and then back to 99% A/1% B in 1 min, maintained for 10 min. 

The flow rate was set at 0.2 ml/min. 

Detection was performed using positive-ion APCI. Ion scanning was performed in 

pseudo-single ion monitoring (SIM) mode, i.e. scanning was from m/z 1290 to 1310 for the 

detection of [M+H]+ ions of archaeal GDGTs (I - VI) and from m/z 1044 to 1054, 1030 to 

1040 and 1015 to 1025 for the detection of the [M+H]+ ions of bacterial GDGTs VII, VIII and 

IX, respectively. Quantification was achieved by using an internal standard (see Appendix) 

synthesised according to Svenson and Thompson (1998). A solution of the internal standard 

(0.02 mg/ml) was added to each sample at the end of its preparation for HPLC/MS analysis 

(i.e. after evaporation of the medium polarity fraction). Typically, 1 μg internal standard was 

added to 1 mg of the medium polarity fraction obtained after separation of the total lipid 

extract over the alumina column. A correction for the different ionisation efficiency of the 

internal standard vs. the GDGTs was not applied, implying that semi-quantitative data were 

obtained. Based on duplicate HPLC/MS analyses, the HPLC/MS analysis error for GDGT 

quantification with the internal standard was ca. 10%. 

The MBT and CBT indices were calculated as follows (Weijers et al., 2007a): 

                    [ ]
[ ] [ ] [ ]IXcIXbIXaVIIIcVIIIbVIIIaVIIcVIIbVIIa

IXcIXbIXaMBT
++++++++

++
=           Eq. 1 
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⎞
⎜⎜
⎝

⎛
+
+

−=
IXaVIIIa
IXbVIIIbCBT log                                             Eq. 2 

The Roman numerals correspond to the structures in the Appendix. Average duplicate errors 

for the MBT and CBT indices are 0.005 and 0.02 respectively. 

 

2.4. pH and elemental analysis 
 

The pH was measured in ultrapure water (Milli-Q, Millipore) with a 1:2.5 peat:water ratio. 

Total organic carbon (TOC) content was measured at the “Service Central d’Analyse du 

CNRS”, Vernaison, France. 

 

3. Results and discussion 

3.1. Abundance of archaeal and bacterial GDGTs in the three lipid pools 
 

The abundances of archaeal and bacterial GDGTs were determined for the extractable 

“free”, total extractable and non-extractable lipid fractions of the four peat samples. The 

results in Figs. 2 and 3 and Table 1 show that archaeal (I-V) and bacterial (VII-IX) GDGTs 

were present in the three lipid fractions of all samples. Nevertheless, archaeal GDGTs were 

much less abundant than bacterial GDGTs. In the same way, extractable “free” bacterial 

GDGTs were previously observed to be more abundant than “free” archaeal GDGTs in two 

peat bogs (Weijers et al., 2006a).  

Comparable amounts of extractable “free” archaeal and bacterial GDGTs were recovered 

using either the modified Bligh and Dyer technique or ASE (Fig. 2; Table 1). In contrast, the 

extraction efficiency of ASE for extractable “bound” GDGTs appeared to be sub-optimal as 

compared with the Bligh and Dyer technique (Fig. 2; Table 1). Indeed, concentrations of 

extractable “bound” GDGTs were systematically higher (between 32 and 50% and between 

20 and 54% for bacterial and archaeal GDGTs respectively) in the Bligh and Dyer than in the 

ASE extract. One hypothesis to explain the difference in extraction efficiency of “bound” 
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GDGTs (i.e. intact polar and/or ester-bound GDGTs) between ASE and Bligh and Dyer could 

be that a proportion of intact polar GDGTs initially present in peat samples are destroyed 

during ASE because of the high temperature (100 °C) and pressure (10 × 106 Pa) with this 

technique. Nevertheless, the loss of head groups from intact polar GDGTs during ASE would 

lead to the release of additional extractable “free” GDGTs in the ASE extract. Since the 

concentrations of extractable “free” GDGTs were comparable in the ASE and Bligh and Dyer 

extracts (Fig. 2), this seems to suggest that thermal decomposition of intact polar GDGTs 

during ASE was not significant. This is consistent with results obtained by Macnaughton et al. 

(1997), who compared the efficiency of ASE and Bligh and Dyer technique for the extraction 

of phospholipid fatty acids from pure culture and environmental samples at different ASE 

temperatures (80 and 120 °C). They observed that phospholipid fatty acid yields were not 

significantly different for soil samples using ASE or Bligh and Dyer, even though extraction 

recoveries were slightly lower at 120 than at 80 °C. 

Another potential explanation for the lower recovery of “bound” GDGTs with ASE could 

be the lower polarity of the solvent used (DCM/MeOH 9:1, v/v) than for the Bligh and Dyer 

(MeOH:DCM:phosphate buffer 2:1:0.8; v/v/v at the beginning of the extraction). 

Nevertheless, the polarity of the extractant seems to have only limited impact on the 

extraction of “bound” archaeal GDGTs. Indeed, successive extraction of peat sample FDb 

using ASE (3 ×)  and then Bligh and Dyer (1 ×) was performed and did not afford additional 

GDGTs compared to a simple ASE extraction. The difference in extraction efficiency 

between ASE and the Bligh and Dyer may be inherent in the techniques and to the workup 

procedure (column chromatography, centrifugation).  

Whatever the extraction method, concentrations of total extractable GDGTs (i.e. 

extractable “free” and “bound” GDGTs) from archaeal and bacterial origin appear to be much 

higher in samples collected from the lower part of the Frasne peat bog (samples FDb and 
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FWb; Fig. 2). This is consistent with results obtained by Weijers et al. (2006a), who observed 

that extractable “free” bacterial and archaeal GDGTs were more abundant in the deeper than 

in the upper part of peat bogs. Since, in contrast to the upper part, the deeper part of peat bogs 

is continuously water saturated and anoxic, Weijers et al. (2006a) suggested that bacterial 

GDGTs were produced by anaerobic microorganisms. The present results support this 

interpretation, all the more so since extractable “bound” bacterial GDGTs, which may be at 

least partly derived from living branched GDGT-producing bacteria, were observed to be 

proportionally more abundant in the deep than in the surface horizons of Frasne peat bog (Fig. 

2) 

The relative abundance of extractable “bound” GDGTs with respect to total extractable 

GDGTs was determined using both ASE and Bligh and Dyer (Fig. 2). For both types of 

GDGTs, the proportion of “bound” GDGTs appeared to be at more slightly underestimated 

when ASE was used instead of Bligh and Dyer (taking into account the HPLC/MS analytical 

error). Whatever the extraction technique, extractable “bound” archaeal GDGTs represented a 

significant proportion (between ca. 60 and 75% according to Bligh and Dyer technique) of 

total extractable archaeal GDGTs in all peat samples (Fig. 2). It should be noted that, until 

now, the analysis of archaeal GDGTs in peat bogs has been restricted to the extractable “free” 

lipid pool, thereby leading to an underestimation of the amount of archaeal GDGTs in peat 

extracts. In contrast, with archaeal GDGTs, extractable “bound” bacterial GDGTs represented 

only between 12 and 34% of total bacterial GDGTs (Bligh and Dyer values). 

Some non-extractable GDGTs were released via acid hydrolysis of ASE-extracted 

samples (Fig. 3), although in low amounts. Non-extractable GDGTs represented between 1 

and 12% of total (i.e. non-extractable and total extractable lipids) bacterial GDGTs and 

between 0.2 and 4% of total archaeal GDGTs. Recently, we compared (Huguet et al., 

submitted) the abundance and distribution of total extractable and non-extractable GDGTs of 
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bacterial and archaeal origin along the whole profile of a temperate podzol (including the 

litter layer), situated 40 km north of Paris (France). This led us to propose that non-extractable 

GDGTs would be mainly associated with the inorganic soil matrix. The low abundance of 

non-extractable GDGTs in the organic-rich peat samples from Frasne tends to support this 

hypothesis. In order to ensure that the low amounts of non-extractable GDGTs do not result 

from incomplete extraction of some tetraethers, one of the peat samples (FDb) was extracted 

using ASE as described above (Section 2.2) and was then further extracted using the modified 

Bligh and Dyer protocol. No GDGTs could be detected in the Bligh and Dyer extract, 

confirming that the lipids recovered by acid hydrolysis of the ASE-extracted peat residues 

were indeed non-extractable using either ASE or the Bligh and Dyer technique. Acid 

hydrolysis of peat residues likely allows the release of GDGTs bound to, or trapped in, the 

macromolecular organic matrix. 

The relative abundance of bacterial and archaeal tetraethers in the different peat samples 

was compared by calculating the ratio of total bacterial to total archaeal GDGTs (Table 1). 

Comparable values of this ratio were obtained for ASE and Bligh and Dyer extractions in 

both extractable “free” and total extractable lipid fractions, even though a slightly greater 

variability was observed for sample FDb. The relative amount of bacterial to archaeal GDGTs 

appeared to be systematically higher in the extractable “free” than in the total extractable lipid 

fraction (Table 1), as also observed for the previously studied podzol samples (Huguet et al., 

2010). As previously indicated, this could be explained by several phenomena, notably the 

preferential transfer of extractable “free” archaeal GDGTs to the non-extractable lipid pool 

(e.g. via incorporation of GDGTs into macromolecules in soil). Nevertheless, the latter 

mechanism would result in a lower relative abundance of bacterial vs. archaeal tetraethers in 

the non-extractable fraction, whereas the ratio of total bacterial over total archaeal GDGTs 

was higher in the non-extractable lipid fraction than in the total extractable one for all peat 
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samples (Table 1). Instead, the higher amount of bacterial than archaeal GDGTs in the 

extractable “free” than in the total extractable lipid fraction could potentially be explained by 

the preferential degradation of extractable “free” archaeal compared to extractable “free” 

bacterial GDGTs in the Frasne peat bog. This is partly supported by a study of Huguet et al. 

(2008), who compared the degree of preservation of a marine archaeal GDGT (crenarchaeol) 

with the one of soil-derived bacterial GDGTs in oxidized marine sediments. These authors 

observed that, despite the very similar structures of archaeal and bacterial GDGTs, soil-

derived bacterial GDGTs were degraded two times slower than marine crenarchaeol (GDGT 

VI). Similarly, it can be anticipated that extractable “free” archaeal GDGTs are more easily 

degraded than extractable “free” bacterial GDGTs in peat. Nevertheless, our results are 

unlikely to be totally explained by differences in degradation rates of archaeal and bacterial 

GDGTs. In fact, molecules with branched alkyl chains have been observed to degrade faster 

than those with isoprenoid chains (Peters et al., 2005). Furthermore, both archaeal and 

bacterial “free” GDGTs might be able to survive in marine sediments over several thousands 

and even millions of years (e.g. Kuypers, 2001; Weijers et al., 2007b) and seem therefore to 

be relatively resistant to degradation. This is certainly also the case in peat bogs, where 

decomposition of OM is slow, notably due to oxygen limitation resulting from flooding, 

which inhibits microbial activity and enzymatic activity (Laggoun-Défarge et al., 2008). The 

hypothesis of a slow degradation for GDGTs in peat is consistent with the increasing 

concentration of both archaeal and bacterial “free” GDGTs with depth observed in this study 

as well as in some other peat sites (e.g. Weijers et al., 2006a). Archaeal and bacterial GDGTs 

are likely to be well preserved in peat, implying that the degradation of extractable “free” 

GDGTs is unlikely to be responsible for such significant differences in the relative 

abundances of bacterial vs. archaeal GDGTs in the extractable “free” and total extractable 

lipid pools. 
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Alternatively, such differences may be caused by the higher regeneration rate of branched 

GDGT-producing bacteria than of archaea. Upon cell death, the covalently-bound polar head 

groups of bacterial ester lipids are typically quickly lost (White et al., 1979). Similarly, it is 

likely that intact polar GDGTs, considered as biomarkers of living cells, easily lose their polar 

head groups, resulting in the accumulation of relatively recalcitrant extractable “free” GDGTs 

in soil. The hypothesis of a higher regeneration rate for branched GDGT-producing bacteria 

than for archaea implies that more bacterial than archaeal GDGTs are produced over time and 

therefore that extractable “free” bacterial GDGTs accumulate faster than extractable “free” 

archaeal GDGTs in peat. This would result in a higher relative abundance of bacterial vs. 

archaeal GDGTs in the extractable “free” than in the total extractable pool, as observed in this 

study (Table 1). 

In order to explain the differences in bacterial vs. archaeal abundance in the extractable 

“free”, total extractable and non-extractable lipid fractions (Table 1), it might also be assumed 

that bacterial and archaeal GDGTs contain different types of polar head groups. Polar head 

groups of archaeal GDGTs were shown to be either purely hexose- and phosphate-based or a 

mixture of both (e.g. Sturt et al., 2004; Rossel et al., 2008), whereas those of bacterial GDGTs 

are unknown. The stability of the functional head groups of archaeal and bacterial GDGTs 

could be different. Phospholipids were notably observed to degrade faster than glycolipids 

(Harvey et al., 1986). Intact polar archaeal GDGTs might be more resistant to degradation 

than bacterial ones, resulting in a lower relative abundance of bacterial vs. archaeal GDGTs in 

the total extractable (containing extractable “free” and “bound” GDGTs) than in the 

extractable “free” fraction.  

The relative amount of bacterial to archaeal GDGTs was observed to be systematically 

higher in the non-extractable than in the total extractable lipid fraction (Table 1). This could 

be explained by the preferential incorporation of bacterial GDGTs in the peat macromolecular 
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matrix, which might result from the different types of head groups synthesised by bacterial 

and archaeal GDGTs. Alternatively or complementarily, if the polar head groups of archaeal 

GDGTs are more stable than those of bacterial GDGTs, extractable “bound” archaeal GDGTs 

could tend to become sooner and more strongly bound to the peat organic matrix than 

bacterial GDGTs. Once bound to the peat macromolecular matrix, archaeal GDGTs could be 

more difficult to retrieve than bacterial ones, leading to a preferential release of non-

extractable bacterial GDGTs. 

 

3.2. Distribution of archaeal and bacterial GDGTs in the three lipid pools 

The distribution and abundance of individual archaeal and bacterial GDGTs were 

determined in the extractable “free”, total extractable and non-extractable lipid fractions of 

each sample (Table 1). The relative distributions of archaeal and bacterial GDGTs were rather 

similar for ASE and Bligh and Dyer extractions in both extractable “free” and total 

extractable lipid fractions, except for sample FDs, where GDGT I represented a higher 

proportion of total archaeal GDGTs in the Bligh and Dyer extract than in the ASE extract 

(Table 1). This shows that the extractable “bound” GDGTs obtained through ASE chiefly 

correspond to those extracted with the Bligh and Dyer technique. 

GDGT I was predominant among the archaeal tetraethers and represented >75% of total 

archaeal GDGTs, except for sample FDs, where it represented ca. 55-60% of the total 

archaeal GDGTs in the extractable “free” and total extractable fractions according to the ASE 

technique. GDGT VI (crenarchaeol), which contains a cyclohexane moiety in addition to four 

cyclopentanes, and its regioisomer (GDGT VI’) were virtually absent from all the samples. 

Crenarchaeol is a specific membrane lipid of the non-thermophilic group I Crenarchaeota, 

which is always present in marine and lacustrine environments (Sinninghe Damsté et al., 

2002; Powers, 2004) and which has also been detected in soils (Weijers et al., 2006b) and 
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peat bogs (Weijers et al., 2004). Since it was not detected in the Frasne peat bog, it might be 

supposed that Crenarchaeota do not represent a major source for GDGTs of archaeal origin in 

this peat.  It must be noted that no crenarchaeol was detected in two peats (Carbury and 

Bargerveen) by Schouten et al. (2000). In contrast, Weijers et al. (2004) found some in the 

acrotelm of the Saxnäs Mosse peat but not in its catotelm. According to previous results, 

archaeal GDGTs could be mainly produced by another group of Archaea, namely 

methanogenic Euryarchaeota. Indeed, Utsumi et al. (2004) studied archaeal population 

structures in peat samples from climatically and geographically distinct wetlands and showed 

that peat-derived 16S rDNA sequences were mostly related to Euryarchaeota. In the same 

way, Kotsyurbenko et al. (2004) showed that methanogens (Euryarchaeota) represented up to 

36% of the total microbial community in samples from a west Siberian peat bog. In addition, 

methanogenic Euryarchaeota can contain archaeal GDGT I in high amounts (Koga et al., 

1993), consistent with the present results showing the predominance of GDGT I among 

archaeal tetraethers in all the peat samples. This is supported by a study of Pancost et al. 

(2000), who notably determined the archaeal GDGT distribution of two subboreal peat 

deposits. These authors observed that acyclic GDGT I was much more abundant than cyclic 

GDGTs II and III in the different peat bog samples and suggested that GDGT I was likely 

derived from methanogenic Archaea. The dominant methanogenic origin of archaeal GDGT I 

was confirmed by a recent study of Weijers et al. (2009), who compared the abundance of this 

GDGT with quantitative 16S rRNA data of methanogens in the profile of a Swedish peat bog. 

Methanogenic Euryarchaeota and GDGT I were both shown to be present at high 

concentration and to be much more abundant in the anoxic than in the oxic part of this peat 

profile (Weijers et al., 2009). 

No significant differences in archaeal GDGT distribution were observed between the 

extractable “free” and total extractable pools (Table 1). Concentrations of GDGTs II-V were 
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too low in the non-extractable pool to achieve a proper determination of archaeal GDGT 

distribution in this fraction.  

Bacterial GDGTs VIIIa and IXa were largely predominant among bacterial tetraethers in 

the three lipid fractions of all the samples and represented between 82 and 94% of the total 

bacterial GDGTs (Table 1). GDGT VIIa, containing one extra methyl with respect to GDGT 

VIIIa and two extra methyls with respect to GDGT IXa, was present in lower abundance than 

the two predominant bacterial GDGTs. Bacterial GDGTs containing one or two cyclopentyl 

moieties (VIIb-IXb and VIIc-IXc) were much less abundant than GDGTs without cyclopentyl 

moieties (VIIa-IXa), as commonly observed (Weijers et al., 2007a). GDGT VIIc was not 

detected in any of the samples.  

Whatever the extraction method, no significant difference could be noted in the bacterial 

GDGT distribution between the extractable “free” and total extractable lipid fractions of the 

samples (Table 1), as confirmed through analysis of the MBT and CBT values (Fig. 4; Table 

2). It should also be noted that similar MBT and CBT values were derived from the Bligh and 

Dyer and ASE extracts, even though a slightly greater variability was observed for CBT (Fig. 

4b) than for MBT (Fig. 4a). This suggests that both extraction techniques can be used for the 

determination of the MBT and CBT proxies.  

Comparison between the distributions of bacterial GDGTs in the total extractable and 

non-extractable fractions revealed some small qualitative differences. For example, the MBT 

index was higher for the total extractable fraction than for the non-extractable one of samples 

FWs and FDs (Fig. 4a; Table 2). The opposite was observed for sample FDb. In addition, the 

CBT ratio was observed to be much higher in the non-extractable than in the total extractable 

lipid pool of sample FDs (Fig. 4b; Table 2). The differences in CBT values between the total 

extractable fraction and non-extractable fraction observed in this study have nevertheless to 

be interpreted with care, since cyclopentane-containing bacterial GDGTs were present in trace 
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amounts and/or were even not detected in the non-extractable lipid pool of some samples 

(Table 1). All these results show that non-extractable GDGTs can present a distribution 

pattern different from that of total extractable GDGTs, as observed for podzolic soil (Huguet 

et al., submitted). In some cases, the association of bacterial GDGTs with the peat organic 

matrix could therefore lead to modifications of the relative abundance and distribution of 

extractable GDGTs.  

Some differences in bacterial GDGT distribution were observed between the different 

samples (Table 1). These were reflected in the MBT index (Fig. 4a; Table 2) since, whatever 

the lipid fraction, MBT was observed to be lower for the wet site (samples FW) than for the 

dry one (samples FD; Fig. 4a). This suggests that peat moisture level has an influence on 

membrane lipid distribution of branched GDGT-producing bacteria. This hypothesis is 

consistent with the fact that MBT values (Fig. 4a; Table 2) are on average higher for samples 

collected from the upper part (FWs/FDs) than for samples collected from the deeper part of 

the two sites (FWb/FDb). Indeed, peat moisture level is higher in the continuously water 

saturated, deeper part of peat bogs than in the upper part, where the water table moves, 

particularly at FDs for the Frasne peat bog. A larger set of peat samples has to be analyzed to 

confirm that the variations in MBT might be partly correlated with those in peat moisture 

level.  

Recently, Peterse et al. (2009c) analysed 59 north American surface soils from different 

climate zones for bacterial GDGTs and showed that the MBT index was well related (R2 0.75) 

to mean annual precipitation (MAP) for MAP <2000 mm. MBT was indeed observed to 

increase with increasing MAP for MAP <2000 mm, whereas a decrease in MBT was noticed 

for the few MAP values higher than 2000 mm. Precipitation has a first-order impact on soil 

moisture (Koster et al., 2004), implying that soil moisture might have an influence on 

bacterial GDGT distribution, in particular on the MBT index. The results obtained by Peterse 
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et al. (2009c) might suggest that the MBT decreases when precipitation level and therefore 

soil moisture is high, even though this has to be confirmed by analysis of a larger set of soil 

samples. This hypothesis seems consistent with the observations in this paper for peat 

samples, i.e. a decrease in MBT with increasing peat moisture level (Table 2). 

Changes in GDGT distribution between the different peat samples were also reflected in 

the CBT index, which increased from the dry site (1.14 -1.47) to the wet site (1.49-1.73) and 

to a lesser extent from surface to depth (Fig. 4b; Table 2). The variability in the MBT and 

CBT indices cannot be explained solely by variation in pH (3.5 – 3.7), which is limited 

among the different samples and nil for a given depth. Variations in other peat parameters and 

environmental factors such as peat moisture level (see above discussion) and oxygen content 

and availability may play a role in the distribution pattern of bacterial GDGTs. Indeed, peat, 

which is composed of 93-98% of partially decomposed plant OM (Clymo, 1983), constantly 

experiences seasonal and spatial deviations in oxygen content (Yavitt et al., 1987; Charman, 

2002). Such deviations are also observed in Frasne peat bog, as shown by the systematically 

higher oxygen indices obtained from Rock-Eval pyrolysis for samples FWs collected at the 

surface of the wet site (250-300 mg O2/g TOC) than for samples FDs collected at the surface 

of the dry site (150-200 mg O2/g TOC; Delarue et al., submitted). These spatial variations in 

oxygen content impact on heterotrophic microbial activity in peat bogs (Wright and Reddy, 

2001) and C mineralization rate (Bergman et al., 1999), which were reported to be 

substantially higher under aerobic conditions. In the same way, oxygen content variations 

may have an influence on the activity of anaerobic bacteria producing branched GDGTs, 

which were detected in both anaerobic and aerobic zones of peat bogs. These microorganisms 

are more abundant in the deeper than in the upper part of peat bogs, where they probably 

thrive in anaerobic microsites, as suggested by Weijers et al. (2006a). In addition, oxygen 

content might also have an impact on bacterial GDGT distribution. Altering the oxygen 
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content of microorganism growth environment was shown to affect the cellular lipid 

composition of the bacteria Escherichia coli K-12 (Naccarato et al., 1974) and of the fungus 

Mucor rouxii (Safe and Ducan, 1974). Cells of Mucor rouxii were cultivated under aerobic 

and anaerobic conditions, and both quantitative and qualitative differences in the lipid 

composition of the two types of cells were observed, anaerobic cells containing relatively 

high levels of short chained fatty acids and very low concentrations of unsaturated acids 

compared to the aerobic growth conditions (Safe and Duncan, 1974). Similarly, membrane 

lipid composition of branched GDGT-producing bacteria might be affected by variations in 

oxygen content, notably in peat bogs.  

More generally, the occurrence of lateral and vertical changes in bacterial GDGT 

abundance and distribution (Fig. 4; Table 2) may be due to the heterogeneity of peat soils and 

to the subsequent variations in peat properties with depth and along peat sequences (Delarue 

et al., submitted). In addition, metabolic activity of branched GDGT-producing bacteria might 

vary over the year and might be lower during periods of dryness or freezing (Weijers et al., 

2006b).  

 
 
 3.3. Reconstruction of air temperature and peat pH  
 

Peat pH and mean annual air temperature (MAAT) were estimated from MBT and CBT 

indices using the following equations given by Weijers et al. (2007a): 

CBT = 3.33 – (0.38 × pH)                                                                                                    Eq. 3  

MBT = 0.122 + (0.187 × CBT) + (0.020  × MAAT)                                                           Eq. 4 

The changes in MBT and CBT indices observed along the two peat profiles and between 

the wet and dry sites were reflected in the variability in MBT/CBT-derived MAAT and CBT-

derived pH values (Table 2). The pH estimates derived from extractable “free” GDGTs in the 

dry site were 5.2-5.7, whereas those derived from extractable “free” GDGTs at the wet site 
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were 4.3-4.8 (Table 2). Taken together, these results show that CBT-pH values derived from 

extractable “free” GDGTs were higher than actual pH measurements (3.5 – 3.7).  

Comparable pH estimates were obtained from the ASE and Bligh and Dyer extracts for 

both extractable “free” and total extractable fractions, despite a slightly greater variability 

between the two methods for samples from the wet site (Table 2). In addition, the comparison 

of pH values derived from extractable “free”, total extractable and non-extractable GDGT 

fractions showed that pH estimates inferred from the three lipid pools were comparable, 

except for sample FDs. For this sample, a lower pH value was derived from non-extractable 

GDGTs than from extractable “free” and total extractable ones (Table 2). An explanation for 

the higher pH estimates in comparison with actual pH values could be that the correlation 

between CBT and soil pH was obtained from the analysis of 130 soils collected worldwide 

(Weijers et al., 2007a). Nevertheless, peat soils were not included in the correlation. 

Calibrations accounting for the specificity of peat environments, where OM is slowly 

degraded, could improve the accuracy of peat pH reconstruction. Furthermore, even though a 

strong correlation (R2 0.70; Weijers et al., 2007a) was obtained between CBT and pH (Eq. 3), 

some scatter remains, which may partly explain the uncertainty in the pH reconstructed 

values. This uncertainty could also be due to the relatively low abundance of GDGTs VIIIb 

and IXb, used in the calculation of the CBT index, in peat samples (Table 1). 

MAAT was determined from MBT and CBT using Eq. 4. Whatever the lipid fraction, 

comparable MAAT estimates were obtained using either ASE or Bligh and Dyer extraction 

(Table 2), even though a slight variability was observed between the two techniques for some 

of the samples, mainly due to the uncertainty in the CBT values. This suggests that both 

extraction methods can be used for the reconstruction of MAAT via the MBT/CBT indices. 

MAAT values derived from extractable “free” and total extractable GDGTs were 

relatively similar (Table 2), except for sample FWs. These results seem to suggest that 
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comparable data concerning past air temperature could be obtained from extractable “free” 

GDGTs and total extractable (i.e. “free” + “bound”) GDGTs in peat soils, as observed earlier 

from analysis of GDGTs in extractable “free” and total extractable fractions of several podzol 

samples (Huguet et al., 2010). If we assume that extractable “free” and extractable “bound” 

GDGTs are derived respectively from dead and living biomass, this would imply that MAAT 

estimates obtained from GDGTs of dead and living branched GDGT-producing bacteria do 

not significantly differ. This has to be confirmed by analysis of a larger set of peat samples.  

In contrast, lower MAAT estimates were derived from non-extractable than from 

extractable “free” and total extractable GDGTs for surficial samples FWs and FDs. This 

shows that, in some cases, extractable and non-extractable GDGTs can provide different 

MAAT values, as observed for podzols (Huguet et al., submitted). Non-extractable GDGTs 

are bound to or trapped in the peat organic matrix. They are likely to be well preserved in peat 

and may therefore be less easily degraded than extractable GDGTs. It might be supposed that 

the relative distribution and abundance of non-extractable GDGTs do not vary significantly 

with time, whereas the opposite might occur for extractable GDGTs. Environmental data, in 

particular MAAT estimates, obtained from non-extractable GDGTs might therefore differ and 

also be more reliable than those derived from extractable GDGTs, as shown for podzol soils 

(Huguet et al., submitted). This hypothesis needs to be tested with more peat samples. 

The relatively low concentration of GDGTs VIIIb and IXb in peat samples (Table 1) 

could bias the calculation of the CBT index. GDGT VIIIb was not even detected in the non-

extractable lipid fraction of sample FDb, preventing determination of the CBT. MAAT was 

therefore also estimated using the following equation (Weijers et al., 2007a): 

MBT = 0.867 − (0.096 × pH) + (0.021 × MAAT)                                                               Eq. 5 

Similar trends were obtained using Eq. 5 instead of Eq. 4 (Table 2). Nevertheless, whatever 

the lipid fraction, MAAT estimates derived from peat pH and MBT index (Eq. 5) were 
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systematically much lower than those calculated from MBT and CBT indices (Eq. 4), as 

observed from analysis of podzol samples from temperate and tropical environments (Huguet 

et al., 2010; submitted). As previously suggested (Huguet et al., submitted), this discrepancy 

could be explained (i) by the greater correlation between MBT, MAAT and soil pH (R2 0.82; 

Eq. 5) than between MBT, CBT and MAAT (R2 0.77; Eq. 4) (Weijers et al., 2007a) and (ii) 

by the relatively low abundance of cyclopentyl-containing GDGTs VIIIb and IXb in peat 

samples, which could increase the analytical uncertainty in the CBT index and in the 

determination of MAAT using Eq. 4. Indeed, whatever the lipid fraction, a lower variability in 

MAAT estimates was observed when air temperature was calculated using Eq. 5 (Table 2). 

For example, MAAT values obtained from total extractable GDGT distribution in the four 

ASE extracts ranged between -4.7 and 3.2 °C according to Eq. 5, and between 0.6 and 12.1 °C 

according to Eq. 4.  

Whatever the lipid fraction, MAAT estimates calculated using Eq. 4 and Eq. 5 (Table 2)  

were respectively slightly lower (except for sample FDs) and much lower than instrumentally 

recorded MAAT in the Frasne area (average air temperature 6.8 °C; Table 3). The 

reconstruction of MAAT using MBT and CBT indices is based on the fact that CBT is mainly 

determined by soil pH and the MBT is mainly governed by air temperature and soil pH 

(Weijers et al., 2007a). Nevertheless, some scatter remains in the CBT-pH (Eq. 3) and MBT-

pH-MAAT (Eq. 4) relationships (Weijers et al., 2007a), because other environmental factors 

than temperature and pH, such as soil moisture or oxygen content, may also be involved in 

determining the distribution of bacterial GDGTs in soil (Peterse et al. 2009a). The remaining 

scatter might explain part of the uncertainty in the reconstructed MAAT values for Frasne 

peat bog. In the same way as for pH reconstruction (see discussion above), the accuracy of 

MAAT reconstruction could be improved by using a local calibration taking into account the 
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heterogeneity of peat soils rather than a global soil correlation, as also suggested by Sinninghe 

Damsté et al. (2008) and Peterse et al. (2009a).  

  Another explanation to the uncertainty in MAAT-reconstructed values could be that 

Weijers et al. (2007a) used MAAT and not soil temperature in their global soil calibration set. 

Nevertheless, the distribution of bacterial GDGTs is likely to be more strongly correlated with 

soil temperature than with air temperature, since growth of branched GDGT-producing 

bacteria occurs in soil. In topsoil horizons, soil temperatures are largely controlled by air 

temperature and MAAT can therefore be assumed to be a good approximation for annual soil 

temperature, as suggested by Weijers et al. (2007a). However, this assumption is not 

necessarily valid all along the year, in particular for soils which are snow-covered in winter. 

For example, detail measurements of air and soil temperatures near Obergiirgl, Austria (2072 

m) showed that there was a correspondence between average values of soil and air 

temperatures when the soil was not frozen (Aulitsky, 1962). In contrast, soil temperatures 

were observed to be lower than air ones in the transition seasons, as a result of radiative 

cooling of the surface in autumn and of lag effects of the snow cover in spring. Similarly, air 

and soil temperature at 7 cm depth were measured during the 2009 year at the wet and dry 

sites of Frasne peat bog (Table 3) and were shown to be roughly similar for a large part of the 

year (from April to August as well as in October and November), whereas, when soil was 

frozen (December to February), soil temperature at 7 cm was observed to be higher than air 

temperature at both sites (Table 3). March and September were two transition months, during 

which soil surface temperature was respectively lower and higher than air temperature (Table 

3). More generally, marked differences can be observed between air and soil temperatures in 

Frasne despite comparable average annual soil surface and air temperatures (Table 3). Indeed, 

minimal and maximal air temperatures measured over the year 2009 were respectively much 

lower and much higher than minimal and maximal soil surface temperatures (Table 3). The 
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differences between air and soil temperatures could partly explain the lower values of MAAT 

estimates derived from bacterial GDGTs (Table 2) vs. actual MAAT values in the Frasne peat 

bog. GDGT-derived MAAT values could be in closer agreement with peat soil temperature 

than with air temperature.  

This also holds for deep samples and may account for the lower MAAT values obtained 

with respect to surficial horizons (Table 2). Seasonal changes in deep soil temperature can be 

lower than those in surface soil temperature, and can lag significantly behind seasonal 

changes in overlying air temperature because of the much higher heat capacity of soil relative 

to air and the thermal insulation provided by vegetation and surface soil layers. Temperature 

was indeed observed to vary to a lesser extent in the deep than in the surface horizons of the 

Frasne peat bog over the year 2009 (Table 3). In addition, lower soil temperatures were 

measured in the deep horizons of the Frasne peat bog than in the surface ones during the 

spring and summer seasons (from April to September; Table 3),  whereas an opposite trend 

was observed during the coldest months of the year. Samples collected from deep peat 

horizons gave GDGT-derived MAAT values lower than those collected from surficial 

horizons (Table 2), implying that MAAT estimates derived from bacterial GDGTs could be in 

closer agreement with spring and summer soil temperature rather than with annual soil or air 

temperature. Similarly, Rueda et al. (2009) have recently compared instrumental and GDGT-

based estimates of sea surface and air temperatures in a marine sediment core from the 

Skagerrak, off Southern Norway, and have observed that the average air temperature values 

estimated from MBT and CBT for the last 200 yr were in closer agreement with recorded 

summer air temperatures than with annual air temperatures. According to Rueda et al. (2009), 

one possible explanation could be that branched GDGT-synthesising bacteria are more active 

during summer than the rest of the year, since Scandinavian soils are snow-covered for 

several months. Such an explanation might also hold for the peat bog investigated in the 



 27

present study, where soil temperature was observed to vary over a large range, whatever the 

depth (Table 3). These large variations in temperature could influence the activity and 

distribution pattern of branched GDGT-producing bacteria in the Frasne peat bog. The latter 

might be more active during the spring and summer months and their membrane lipid 

distribution might therefore reflect seasonal rather than annual soil temperature. 

 

4. Conclusions 

The distribution and abundance of bacterial and archaeal GDGTs were compared in the 

extractable “free”, total extractable (i.e. extractable “free” and extractable “bound” lipids) and 

non-extractable lipid fractions of peat samples collected from Frasne peat bog in northeastern 

of France. Extractable “free” and extractable “bound” GDGTs were extracted using both ASE 

and a modified Bligh and Dyer technique. The two methods allowed “free” archaeal and 

bacterial GDGTs to be extracted adequately. Even though a lower efficiency was observed for 

the extraction of “bound” GDGTs using ASE instead of Bligh and Dyer, the proportion of 

“bound” GDGTs with respect to total extractable GDGTs was the same regardless of the 

extraction method. Moreover, comparable relative distributions of archaeal and bacterial 

GDGTs were obtained using the two techniques, implying that similar environmental 

information (i.e. past air temperature and soil pH) can be derived from bacterial GDGT 

distribution using either ASE or Bligh and Dyer extraction. Taken together, the results 

suggest that, besides being rapid and automated, ASE is a viable method for the extraction of 

total extractable GDGTs from peat samples. 

Extractable “bound “GDGTs were shown to represent a significant proportion of total 

extractable archaeal GDGTs in all samples, whereas bacterial GDGTs were present mainly as 

extractable “free” GDGTs in the extracts. In addition, distributions of archaeal and bacterial 

GDGTs were observed to be relatively similar in the extractable “free” and total extractable 
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fractions and comparable pH and mean air temperature values were derived from extractable 

“free” and total extractable lipid pools. As a result, extractable “free” and total extractable 

GDGTs might provide comparable environmental information. This has to be confirmed by 

analysis of a larger set of peat samples. 

Only low amounts of non-extractable GDGTs were released after acid hydrolysis of 

extracted samples. Nevertheless, we observed that total extractable and non-extractable 

GDGTs could show different distribution patterns, so different MAAT and pH values can be 

derived from these two lipid pools. Our results suggest that data derived from extractable 

GDGTs must be analysed with care and should be compared with those derived from non-

extractable GDGTs. 

The relative abundance of archaeal and bacterial GDGTs in the different peat samples was 

compared. The relative amount of bacterial to archaeal GDGTs was systematically higher in 

the extractable “free” than in the total extractable fraction for all samples. A possible 

explanation is that branched GDGT-producing bacteria have a higher regeneration rate than 

archaea and that more bacterial than archaeal GDGTs are produced over time, resulting in a 

faster accumulation of “free” bacterial GDGTs than archaeal ones in peat. In addition, the 

ratio of total bacterial over total archaeal GDGTs was systematically higher in the non-

extractable than in the total extractable fraction for all samples, likely indicating the 

preferential incorporation of bacterial GDGTs in the peat macromolecular matrix.  

No crenarchaeol was detected, suggesting that archaeal GDGTs are likely mainly 

produced by methanogenic Euryarchaeota. We also observed that the distribution of bacterial 

GDGTs differed between samples, notably between surficial and deep peat horizons. These 

differences were reflected in the variability in the GDGT-derived MAAT estimates, since 

samples collected from deep peat horizons gave lower MAAT values than those collected 

from surficial horizons, in agreement with measured soil temperatures at 7 cm and 50 cm 
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depths from April to September. This implies that branched GDGT-producing bacteria might 

be more active during the spring and summer months in the Frasne peat bog and that their 

membrane lipid distribution might reflect seasonal rather than annual soil temperature. The 

variability in bacterial GDGT distribution and thus of temperature estimates should also 

reflect variations in several environmental factors such as peat moisture level and oxygen 

availability. In addition, GDGT-derived MAAT values were generally lower than 

instrumentally recorded MAAT values, partly because GDGT- derived values could reflect 

soil temperature rather than air temperature. All the results suggest that caution must be 

exercised when applying and interpreting data derived from bacterial GDGTs in complex 

ecosystems such as peat bogs. Local calibrations taking into account the specificity of peat 

soils may improve the accuracy of MAAT and peat pH reconstruction. 
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Appendix 
Structures of glycerol dialkyl glycerol tetraether (GDGT) membrane lipids of archaeal and bacterial origin in peat samples and of internal 
standard (IS) used for quantification. 
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Captions to figures 
 
 
Fig. 1. Flow chart of treatment for isolation of extractable “free”, total extractable and non-
extractable GDGTs.  
 
Fig. 2. Amount (μg g-1 TOC, in bold) and relative abundance of (a) bacterial and (b) archaeal 
GDGTs in extractable “free” and extractable “bound” lipid fractions obtained via ASE and 
Bligh and Dyer extractions of peat samples (Frasne, France). TOC, total organic carbon. 
Please note that the HPLC/MS analysis error is ca.10%. 
 
Fig. 3. Amount (μg g-1 TOC, in bold) and relative abundance of bacterial and archaeal 
GDGTs in total extractable and non-extractable lipid fractions obtained via chemical 
treatment of ASE-extracted peat samples (Frasne, France).  
 
Fig. 4. Values of (a) the methylation index (MBT) and (b) the cyclisation ratio (CBT) of 
bacterial tetraethers in the extractable “free”, total extractable and non-extractable lipid 
fractions. The extractable “free” and total extractable lipid fractions were obtained after 
extraction of peat samples using either ASE or Bligh and Dyer techniques. Non-extractable 
GDGTs were recovered from ASE-extracted peat samples. Average duplicate errors for MBT 
and CBT are 0.005 and 0.02 respectively. 
 

Captions to tables 
 
Table 1 
 Amount (ng g-1 dry wt peat) and relative abundance (%) of different archaeal and bacterial 
GDGTs in extractable “free”, total extractable and non-extractable lipid fractions obtained 
after ASE and Bligh and Dyer extractions of peat samples (n.d., not detected). 
 
Table 2 
General properties (pH, TOC content) of peat samples, proxy values (MBT and CBT) and 
estimated pH and mean annual air temperature (MAAT) values from MBT and CBT indices 
(n.d., not determined). 
 
 
Table 3 
Values of air and soil temperatures measured over the year 2009 at the dry and wet sites of 
Frasne peat bog.  
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Fig. 4.  



Sample Fraction Method I II III IV V Total VIIa VIIb VIIIa VIIIb VIIIc IXa IXb IXc Total Bact./Arch.a

ASE 438 (81.2) 40 (7.5) 61 (11.3) n.d. n.d. 540 (100.0) 421 (8.1) 7 (0.1) 2030 (38.9) 35 (0.7) 18 (0.4) 2532 (48.5) 112 (2.1) 65 (1.2) 5220 (100.0) 9.7
Bligh-Dyer 407 (84.7) 25 (5.1) 49 (10.2) n.d. n.d. 480 (100.0) 374 (7.7) n.d. 2033 (41.6) 30 (0.6) 18 (0.4) 2347 (48.0) 75 (1.5) 9 (0.2) 4884 (100.0) 10.2

ASE 971 (78.7) 69 (5.6) 103 (8.4) 64 (5.2) 26 (2.1) 1234 (100.0) 447 (8.0) n.d. 2286 (40.8) 42 (0.8) 28 (0.5) 2692 (48.1) 82 (1.5) 19 (0.3) 5595 (100.0) 4.5
Bligh-Dyer 1152 (85.3) 82 (6.1) 86 (6.4) 31 (2.3) n.d. 1351 (100.0) 378 (6.8) n.d. 2225 (40.0) 20 (0.4) 18 (0.3) 2784 (50.2) 100 (1.8) 24 (0.4) 5550 (100.0) 4.1

(FWs) Non-extractable ASE 47 (88.4) 2 (3.5) n.d. 4 (8.1) n.d. 54 (100.0) 81 (11.0) n.d. 313 (42.3) 11 (1.4) n.d. 326 (44.0) 6 (0.9) 3 (0.4) 741 (100.0) 13.8

ASE 917 (100.0) n.d. n.d. n.d. n.d. 917 (100.0) 1646 (13.8) 5 (0.1) 5036 (421) 26 (0.2) 26 (0.2) 4911 (41.1) 251 (2.1) 41 (0.3) 11943 (100.0) 13.0
Bligh-Dyer 891 (97.8) 20 (2.2) n.d. n.d. n.d. 910 (100.0) 1744 (13.4) n.d. 5900 (45.5) 42 (0.3) 24 (0.2) 5053 (39.0) 173 (1.3) 30 (0.2) 12966 (100.0) 14.2

ASE 2661 (93.1) 85 (3.0) 74 (2.6) 39 (1.3) n.d. 2859 (100.0) 1973 (14.4) 2 (0.1) 5651 (41.2) 70 (0.5) 51 (0.4) 5619 (41.1) 215 (1.6) 84 (0.6) 13665 (100.0) 4.8
Bligh-Dyer 3263 (94.2) 129 (3.7) 37 (1.1) 34 (1.0) n.d. 3464 (100.0) 2163 (13.9) n.d. 6926 (44.6) 48 (0.3) 52 (0.3) 6041 (38.9) 191 (1.2) 97 (0.6) 15518 (100.0) 4.5

(FWb) Non-extractable ASE 86 (79.6) 8 (7.7) 8 (6.9) 6 (5.7) n.d. 108 (100.0) 136 (11.0) 1 (0.1) 553 (44.8) 10 (0.8) 5 (0.4) 507 (41.1) 14 (1.2) 7 (0.6) 1232 (100.0) 11.4

ASE 157 (52.9) 47 (16.0) 92 (31.1) n.d. n.d. 296 (100.0) 342 (5.7) n.d. 2139 (36.0) 26 (0.4) 23 (0.4) 3096 (52.1) 317 (5.3) n.d. 5943 (100.0) 20.1
Bligh-Dyer 232( 72.2) 24 (7.6) 65 (20.2) n.d. n.d. 321 (100.0) 333 (5.7) n.d. 2107 (35.8) 18 (0.3) 18 (0.3) 3040 (51.7) 320 (5.4) 45 (0.8) 5880 (100.0) 18.3

ASE 369 (59.0) 120 (19.1) 96 (15.3) 41 (6.5) n.d. 626 (100.0) 468 (6.5) 7 (0.1) 2488 (34.8) 30 (0.4) 22 (0.3) 3719 (52.1) 411 (5.8) n.d. 7146 (100.0) 11.4
Bligh-Dyer 636 (71.9) 95 (10.8) 95 (10.8) 57 (6.5) n.d. 885 (100.0) 439 (5.6) n.d. 2703 (34.3) 41 (0.5) 27 (0.3) 4121 (52.3) 458 (5.8) 90 (1.1) 7878 (100.0) 8.9

(FDs) Non-extractable ASE 15 (100.0) n.d. n.d. n.d. n.d. 15 (100.0) 38 (6.6) n.d. 243 (42.2) 2 (0.3) n.d. 277 (48.1) 16 (2.7) n.d. 576 (100.0) 37.6

ASE 1228 (82.6) 97 (6.5) 161 (10.8) n.d. n.d. 1486 (100.0) 2149 (12.3) n.d. 7082 (40.4) 123 (0.7) 102 (0.6) 7346 (41.9) 636 (3.6) 94 (0.5) 17533 (100.0) 11.8
Bligh-Dyer 1280 (81.6) 99 (6.3) 146 (9.3) 44 (2.8) n.d. 1569 (100.0) 1840 (12.3) n.d. 6224 (41.6) 98 (0.7) 77 (0.5) 6240 (41.7) 432 (2.9) 54 (0.4) 14965 (100.0) 9.5

ASE 1992 (75.5) 163 (6.2) 239 (9.1) 161 (6.1) 83 (3.1) 2639 (100.0) 2604 (12.1) n.d. 8175 (38.1) 246 (1.1) 160 (0.7) 9492 (44.2) 554 (2.6) 222 (1.0) 21453 (100.0) 8.1
Bligh-Dyer 3171 (76.6) 255 (6.2) 348 (8.5) 217 (5.3) 93 (2.3) 4084 (100.0) 2706 (11.9) n.d. 9379 (41.1) 148 (0.7) 116 (0.5) 9534 (41.8) 681 (3.0) 242 (1.1) 22805 (100.0) 5.6

(FDb) Non-extractable ASE 6 (100.0) n.d. n.d. n.d. n.d. 6 (100.0) 15 (5.8) n.d. 110 (42.3) n.d. n.d. 135 (51.9) n.d. n.d. 261 (100.0) 43.5

surface

Extractable free

Total extractable

Total extractable

Extractable free

surface

Wet site -

bottom

Total extractable

Extractable free

Total extractable

Archaea Bacteria

Extractable freeWet site -

Dry site - 

bottom

Dry site - 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a Ratio of total bacterial GDGT concentration/total archaeal GDGT concentration. N.B., GDGTs VI, VI’ and VIIc were not detected. 
 
Table 1 
 
 
 
 
 
 



a GDGTs VIIIb and IXb were not detected in this sample, preventing determination of CBT index. 
Table 2

Sample Corg (%) Actual pH Fraction Extraction 
method MBT CBT CBT-derived 

pH 
MBT/CBT-derived 

MAAT (°C) 
MBT/pH-derived 

MAAT (°C) 
ASE 0.52 1.49 4.8 5.9 0.3 Extractable free Bligh-Dyer 0.50 1.62 4.5 3.8 -0.6 

        
ASE 0.50 1.60 4.5 3.9 -0.6 

Wet site - surface

Total extractable Bligh-Dyer 0.52 1.62 4.5 4.8 0.4 
          

(FWs) 

41.3 3.7 

Non-extractable ASE 0.45 1.57 4.6 1.8 -2.8 
            

ASE 0.44 1.56 4.7 1.1 -4.5 Extractable free Bligh-Dyer 0.40 1.71 4.3 -2.1 -6.2 
        

ASE 0.43 1.60 4.6 0.6 -4.7 
Wet site - bottom 

Total extractable Bligh-Dyer 0.41 1.73 4.2 -1.8 -5.8 
          

(FWb) 

44.1 3.5 

Non-extractable ASE 0.43 1.64 4.4 0.0 -4.9 
            

Extractable free ASE 0.57 1.18 5.6 11.6 3.0 
 Bligh-Dyer 0.58 1.18 5.7 11.9 3.2 
        

Total extractable ASE 0.58 1.15 5.7 12.1 3.2 
Dry site - surface 

 Bligh-Dyer 0.59 1.14 5.8 12.7 3.7 
          

(FDs) 

45.2 3.7 

Non-extractable ASE 0.51 1.47 4.9 5.6 -0.2 
            

ASE 0.46 1.28 5.4 5.0 -3.4 
Extractable free 

Bligh-Dyer 0.45 1.37 5.2 3.6 -3.9 
        

ASE 0.48 1.34 5.2 5.3 -2.5 
Dry site - bottom 

Total extractable 
Bligh-Dyer 0.46 1.36 5.2 4.2 -3.4 

          
(FDb) 

50.2 3.5 

Non-extractable ASE 0.52 n.da n.d. n.d. -0.4 



 
    Average temperature (°C) 

Period (2009) Site Air  Soil (7cm depth) Soil (50 cm depth) 
Wet -0.2 2.1 January 
Dry 

-4.4 
-0.2 2.7 

       
Wet -0.2 1.6 February 
Dry 

-2.3 
0.0 2.0 

       
Wet -0.1 1.3 March 
Dry 

1.6 
0.3 1.6 

       
Wet 7.0 4.5 April 
Dry 

6.9 
6.6 4.0 

       
Wet 12.6 8.1 May 
Dry 

12.6
12.0 8.1 

       
Wet 14.4 11.0 June 
Dry 

13.4
13.8 11.1 

       
Wet 16.2 13.0 July 
Dry 

15.4
15.6 13.1 

       
Wet 16.1 13.7 August 
Dry 

15.9
15.7 13.9 

       
Wet 12.3 12.5 September 
Dry 

11.4
13.7 12.9 

       
Wet 7.5 9.9 October 
Dry 

6.3 
6.5 10.2 

       
Wet 5.1 6.9 November 
Dry 

4.7 
5.2 7.1 

       
Wet 2.0 4.6 December 
Dry 

-0.3 
2.2 5.0 

       
       

Average temperature Wet 7.8 7.5 
January - December 2009 Dry 

6.8 
7.3 7.7 

       
Minimum temperature Wet -0.7 1.2 

January - December 2009 Dry 
-23.2

-0.7 1.4 
       

Maximum temperature Wet 26.1 14.1 
January - December 2009 Dry 

32.9
21.2 14.3 

 
Table 3 
 
 


