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Summary

Branched glycerol dialkyl glycerol tetraethers (GDGTs) are membrane lipids of soil bacteria that oc­

cur ubiquitously in soils, peats, and marine sediments. The structures of the branched GDGTs vary in the 

number of methyl groups (4 to 6) attached to the alkyl chains and can contain up to two cyclopentane 

moieties. An empirical study showed that their distribution in over 130 globally distributed soils is mainly 

controlled by mean annual air temperature (MAT) and soil pH, and can be expressed using the Méthyla­

tion of Branched Tetraethers (MBT) index and the Cyclisation of Branched Tetraethers (CBT) index. The 

CBT index relates w ith soil pH, whereas the MBT index is related to both MAT and, to a lesser extent, 

soil pH. The combination of the MBT and CBT indices can then be used as a proxy for paleotemperature 

and past soil pH; the so-called MBT-CBT proxy. Branched GDGTs are transported w ith  soil organic matter 

by rivers and deposited in marine coastal regions, where down-core analysis of branched GDGTs may 

yield an integrated MAT record for the river basin. However, before this proxy can be confidently applied, 

the exact influence of environmental controls on the distribution of branched GDGTs needs to be further 

investigated and possible constraints on its applicability need to be examined.

The influence of MAT and soil pH on the distribution of branched GDGTs, and thus the MBT-CBT 

proxy, was assessed in different natural settings. The direct effect of temperature changes was deter­

mined by analyzing branched GDGTs in soil transects away from two hot springs. The distribution of 

branched GDGTs in these geothermally heated soils changed substantially; MBT index values decrease 

w ith increasing distance from the hot spring and decreasing soil temperature. Although the slope of th is 

relation is s im ilar to that based on the global soil calibration set, the intercept is different. This difference 

can be explained by the use of in situ soil temperature in the relation for the geothermally heated soils 

rather than MAT, which was used in the initial study.

The influence of soil pH on the degree of cyclisation and the abundance of branched GDGTs was 

tested in soils from long te rm  pH manipulated field plots w ith a pH range of 4 .5 -7 .5 . The distribution 

of core lipid (CL) and intact polar lipid (i.e. w ith headgroup still attached; IPL)-derived branched GDGTs 

was analyzed for each plot. The CBT index values of both CLs and IPL-derived branched GDGTs were 

significantly related w ith the actual soil pH, confirm ing the direct influence of soil pH on the distribution 

of branched GDGTs. Also, CBT-based pH estimates were s im ilar to actual soil pH. Furthermore, soil pH 

affected the abundance of branched GDGTs, which showed a decrease w ith increasing pH. The abun­

dance of Acidobacteria, suggested as a potential source of branched GDGTs, is also known to increase 

w ith decreasing pH, providing further support for th is suggestion.

Analysis of branched GDGTs in soils along an altitude transect on Mount Gongga in China showed 

that among the many varying environmental factors, MAT and soil pH explain most of the variation in the 

distribution of branched GDGTs. Despite the relatively large scatter, the temperature lapse rate of MBT- 

CBT-based MAT estimates resembles the lapse rate caused by adiabatic cooling of air w ith increasing 

altitude. Based on th is (indirect) relation between branched GDGTs and altitude, the MBT-CBT proxy was 

suggested as a proxy for paleoelevation, in addition to soil n-alkane 8D values. To assess the ir suitability 

as proxies for paleoelevation, the relation of altitude of both branched GDGTs and the 8D of n-alkanes 

in soils along the slopes of Mt. Gongga and Mt. Kilimanjaro (Tanzania) was studied. The data show that 

both proxies can be subject to relatively large uncertainties, but that a combination of both proxies likely 

results in a more reliable paleoelevation reconstruction.
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Although the MBT-CBT proxy was found to correlate best w ith annual MAT, several studies suggest a 

potential seasonal bias in MBT-CBT-derived air temperature estimates, for example caused by a season of 

optimum growth of the bacteria that produce branched GDGTs. Therefore, the distributions and abundance 

of CL and IPL-derived branched GDGTs in m id-latitude soils from eight different locations were monitored 

over an annual cycle. MBT-CBT-reconstructed temperatures remained constant throughout the year and 

also branched GDGT abundances (both CL and IPL-derived) showed no bias towards a specific season. 

These results indicate that seasonality does not influence MBT-CBT-derived temperature estimates, and 

that the turnover tim e of the branched GDGT pool in soils is in the order of one year or more.

Branched GDGTs in Svalbard soils and nearby fjord sediment were analyzed to verify if the MBT- 

CBT proxy is applicable in high latitude environments, characterized by a low MAT, and to what extent 

branched GDGT distributions in marine sediments reflect those on land. Although branched GDGT con­

centrations in the soils were relatively low due to the cold climate and little soil development, MBT-CBT 

based MAT estimates were s im ilar to the measured MAT (ca. -4°C and -6°C, respectively). The distribu­

tion of branched GDGTs in the fjord sediments was strikingly different from that in the soils, and was 

dominated by branched GDGTs w ith  one cyclopentane moiety. This resulted in unrealistic MAT estimates, 

and suggests that at least part of the branched GDGTs in coastal marine environments receiving little soil 

organic matter may be predominantly produced in situ. The MBT-CBT proxy should therefore only be used 

for marine coastal sediments at sites receiving a substantial input of soil organic matter relative to the 

amount of marine organic matter, i.e. close to a river mouth.

More information on the possible origin of the branched GDGTs was gained by the analysis of I PL- 

branched GDGTs. Branched GDGTs w ith  a glucose, glycuronic acid, hexose-glycuronic acid, phospho- 

hexose, or hexose-phosphoglycerol head group were identified in a Swedish peat, based on mass spec­

trometry. Changes in distribution of these I PL-branched GDGTs w ith depth in the Swedish peat bog were 

monitored using a newly developed Selected Reaction Monitoring (SRM) method. The response, as a 

measure for concentration, of all monitored IPLs increased below the water table, suggesting that they are 

primarily produced in this part of the peat. This is supported by the increase of absolute concentrations of 

CL and IPL-derived branched GDGTs below the water table. The trends of the individual IPLs w ith depth 

are different, but phospholipids show a larger increase in response w ith depth compared to glycolipids. 

The relatively large abundance of the less stable phospholipids implies that branched GDGTs are presum­

ably produced by anaerobic bacteria in the anoxic part of the peat. Comparison of the IPL trends w ith 16S 

rRNA data hints toward Acidobacteria  as possible producers of the branched GDGTs. Further application 

of the SRM method on two different soil types showed that most IPL-branched GDGTs were also present 

in these soils, albeit in different distributions.

The soil set on which the MBT-CBT proxy was in itia lly calibrated, was extended to 27 8  globally 

distributed surface soils to recalibrate the proxy. As only 26%  of these surface soils contained all nine 

different branched GDGTs, soils containing the seven most common branched GDGTs were selected for 

calibration purposes. Regression analysis resulted in new transfer functions for pH and MAT, based on the 

CBT index and adjusted MBT index (M BT7): pH =  7 .9 0  -  1 .9 7xC B T  (r2= 0 .7 0 , RM SE=0.8) and MAT 

=  0 .81 -  5 .6 7 xC B T  +  3 1 .Ox MBT’ (r2= 0 .5 9 , R M SE=5.0 °C, n =  176). The correlation coefficient of 

the new function is substantially lower than that of the original equation. Other statistically derived func­

tions only marginally improved the correlation coefficient, while these functions could not be explained 

straightforwardly by physiological mechanisms. Local factors or seasonality cannot fully explain the re­
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maining scatter in the calibration, but reconstructed MATs for soils from arid regions tend to substantially 

underestimate the actual MAT, which indicates that absolute branched GDGT-derived MAT records should 

be interpreted w ith  caution. Application of the new transfer functions on previously published MBT-CBT 

derived paleotemperature records shows that trends remain similar, but that absolute temperature esti­

mates and the amplitude of temperature changes are lower for most records, although in agreement w ith 

independent proxy data.

Application of the MBT-CBT proxy on a loess-paleosol sequence in China resulted in a paleotempera­

ture record covering the last 3 4  kyr. The record shows that air temperatures varied in phase w ith northern 

hemisphere summer insolation, and that the onset of deglacial atmospheric warm ing started around 19 

kyr BP, parallel in tim ing w ith other continental records. Comparison of the branched GDGT-based MAT 

record w ith  oxygen isotope records of stalagmites from Chinese caves, representing East Asian summer 

monsoon precipitation, shows that the intensification of the summer monsoon lagged that of deglacial 

atmospheric warming. The results indicate tha t the onset of deglacial atmospheric warm ing and the in­

tensification of the summer monsoon may have been controlled by different factors.

In conclusion, the data presented in th is thesis show that temperature and soil pH are indeed the 

main controls the distribution of branched GDGTs in soils, and that the MBT and CBT indices are su it­

able as paleothermometer and proxy for past soil pH in terrestrial settings as well as coastal marine sites 

receiving a substantial input of soil organic matter. However, care must be taken in interpreting absolute 

MAT values generated w ith this proxy.
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Samenvatting

Samenvatting

Vertakte glycerol dialkyl glycerol tetraethers (GDGTs) zijn membraanlipiden van bacteriën die 

voorkomen in bodems, veen, en mariene sedimenten. De moleculaire structuur van de vertakte GDGTs 

varieert in de hoeveelheid methylgroepen (4 to t 6) en cyclopentaangroepen (tot 2) die de vertakte GDGT 

bevat. Uit een empirisch onderzoek van meer dan 130 bodems is gebleken dat de samenstelling van 

vertakte GDGTs in bodems vooral afhankelijk is van de jaargemiddelde luchttemperatuur (MAT) en van de 

pH van de bodem. Deze relaties kunnen worden uitgedrukt in de ‘Méthylation of Branched Tetraethers’ 

(MBT) index en de ‘Cyclisation of Branched Tetraethers’ (CBT) index. De CBT index is gerelateerd aan 

bodem pH, terw ijl de MBT index een verband vertoont met zowel MAT ais, hoewel in mindere mate, 

bodem pH. De combinatie van de twee indices kan gebruikt worden ais proxy tor paleotemperatuur en 

-pH : de zogenaamde MBT-CBT proxy. Vertakte GDGTs worden, met ander bodemmateriaal, door erosie 

via rivieren naar zee getransporteerd, waar ze worden afgezet in het kustgebied. Bestudering van veran­

deringen in de samenstelling van vertakte GDGTs in een afzetting van kustsedimenten kan leiden tot een 

reconstructie van temperatuurveranderingen in het stroomgebied van de rivier in het verleden. Voordat de 

MBT-CBT proxy algemeen kan worden toegepast, zal eerst het precieze effect van de omgevingsfactoren 

op de samenstelling van de vertakte GDGTs en de mogelijke grenzen aan de toepasbaarheid van de proxy 

verder onderzocht moeten worden.

De invloed van MAT en bodem pH op de samenstelling van vertakte GDGTs, en dus op de MBT-CBT 

proxy, is op verschillende manieren onderzocht. Het directe effect van temperatuurveranderingen is vast­

gesteld door het analyseren van vertakte GDGTs in bodems bemonsterd langs een rechte lijn steeds verder 

van twee warmwaterbronnen af. De samenstelling van vertakte GDGTs in deze geothermische verwarmde 

bodems veranderde duidelijk; de MBT index nam af met toenemende afstand van de bron, en dus met 

afnemende bodemtemperatuur. De helling van de relatie die dit verband beschrijft, is vergelijkbaar met 

die gebaseerd op de mondiale bodemkalibratieset, het snijpunt met de y-as is echter anders. Dit verschil 

wordt wellicht verklaard door het gebruik van in situ bodemtemperatuur voor de relatie in deze studie, 

terw ijl MAT is gebruikt in de mondiale kalibratie van de MBT-CBT proxy.

De invloed van de pH van de bodem op de mate van cyclisatie en de concentratie van vertakte GDGTs 

is vervolgens getest in bodems afkomstig van een veldexperiment, waarin de pH van elk proefveld al 

gedurende decennia kunstmatig constant wordt gehouden. De pH van de verschillende proefvelden var­

ieerde tussen de 4 .5  en 7.5. Bepaling van de samenstelling van zowel de core tetraethers (CLs) alsmede 

de intacte polaire tetraethers (IPLs), waar nog een polaire groep aan de kop van de tetraether vast zit, 

in deze bodemmonsters laat zien dat de CBT index waarden significant gerelateerd zijn met de gemeten 

bodem pH. Dit w ijst erop dat bodem pH direct van invloed is op de samenstelling van vertakte GDGTs. 

Daarnaast zijn de met de CBT index berekende pH waarden nagenoeg gelijk aan de gemeten bodem pH. 

Bodem pH bleek ook de concentratie van vertakte GDGTs in de bodem te beïnvloeden, aangezien de 

hoeveelheid vertakte GDGTs afnam met toenemende pH. Van A cidobacteriën , gesuggereerd ais mogelijke 

producenten van vertakte GDGTs, is bekend dat zij ook in hogere aantallen voorkomen bij afnemende pH, 

hetgeen deze suggestie ondersteunt.

De samenstelling van vertakte GDGTs in bodems op de helling van de Gongga berg in China laat zien 

dat zelfs wanneer er meerdere veranderende omgevingsfactoren een rol spelen, het grootste deel van de 

variatie in de samenstelling van vertakte GDGTs toch kan worden verklaard door MAT en bodem pH. On-
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danks de aanzienlijke spreiding in de data, is de op MBT-CBT gebaseerde verticale temperatuurgradiënt 

nagenoeg gelijk aan de adiabatische afkoeling van de atmosfeer met toename in hoogte. Deze (indirecte) 

relatie van vertakte GDGTs met hoogte suggereert dat de MBT-CBT proxy in bodems mogelijk ook gebruikt 

kan worden ais proxy voor paleohoogte, ais aanvulling op 8D waarden van plantwassen. Om de geschik­

theid van deze methode te testen, werden zowel vertakte GDGTs ais de 8D van plantwassen gemeten in 

bodems van de hellingen van de Gongga berg en de Kilimanjaro (Tanzania). De resultaten laten zien dat 

beide proxies weliswaar hun onzekerheden hebben, maar dat de combinatie van de proxies kan leiden tot 

betrouwbaardere reconstructies van de paleohoogte.

Over het algemeen wordt de beste correlatie gevonden tussen de MBT-CBT proxy en de jaarlijkse 

MAT, al wordt in meerdere studies gesuggereerd dat de met de proxy berekende temperaturen een a fw ijk ­

ing richting een bepaald seizoen laten zien, mogelijk veroorzaakt door een periode van optimale groei- 

omstandigheden voor de bacteriën die vertakte GDGTs produceren. Om deze reden zijn de samenstelling 

en de concentratie van zowel CL ais IPL-afkomstige vertakte GDGTs in bodems op acht verschillende 

locaties over de loop van een jaar gemeten. De met de MBT-CBT proxy berekende temperaturen zijn op 

alle locaties het hele jaar door constant, en ook de concentraties van de vertakte GDGTs (zowel CL ais 

IPL-afkomstig) variëren niet met de seizoenen. Uit deze resultaten blijk t dat seizoenen MBT-CBT-gebase- 

erde temperaturen niet beïnvloeden, en dat de omzettingstijd van vertakte GDGTs in bodems in elk geval 

langer is dan een jaar.

De samenstelling van vertakte GDGTs in bodems en fjord sediment op en rond Svalbard is bestudeerd 

om na te gaan of de MBT-CBT proxy ook toepasbaar is in Arctische gebieden, gekenmerkt door een lage 

MAT, en om te bepalen of de samenstelling van vertakte GDGTs in mariene sedimenten wel overeenkomt 

met die in de bodem op het nabije continent. Hoewel de concentratie van vertakte GDGTs in de bodems 

door het koude klimaat en de geringe mate van bodemvorming relatief laag is, komt de met de MBT-CBT 

berekende MAT goed overeen met de gemeten MAT (respectievelijk rond de -4°C en -6°C). De samenstel­

ling van vertakte GDGTs in het sediment in het fjord is daarentegen heel anders dan die in de bodems, 

en wordt gedomineerd door vertakte GDGTs met een cyclopentaangroep. Deze afwijkende samenstelling 

heeft onrealistische MAT waarden to t gevolg en suggereert dat tenminste een deel van de vertakte GDGTs 

in kustgebieden, die weinig organisch bodemmateriaal van het land ontvangen, in situ geproduceerd moet 

zijn. Het wordt daarom aanbevolen om de MBT-CBT proxy alleen toe te passen in mariene sedimenten 

waar er voldoende aanvoer is van organische stof uit bodems ten opzichte van de hoeveelheid aanwezig 

marien organisch materiaal, zoals bijvoorbeeld bij riviermondingen het geval is.

Meer informatie over de mogelijke herkomst van vertakte GDGTs kan voortkomen uit de analyse 

van IPL-vertakte GDGTs. Met gebruik van massaspectrometrie zijn IPL-vertakte GDGTs met verschil­

lende suiker- en fosfaatgroepen, of combinaties daarvan, geïdentificeerd in een Zweeds veen. Met de 

ontw ikkeling van een Selected Reaction Monitoring (SRM) methode zijn vervolgens veranderingen in de 

samenstelling van deze hoofdgroepen met diepte in het Zweedse veen bepaald. De IPLs zijn in een hogere 

concentratie aanwezig in het veen onder de waterspiegel, hetgeen suggereert dat ze voornamelijk in dit 

deel van het veen worden geproduceerd. Dit werd bevestigd door de absolute gesommeerde hoeveelh­

eden CL en IPL-afkomstige vertakte GDGTs, die ook in concentratie toenemen onder de waterspiegel. De 

verschillende IPL-vertakte GDGTs volgen elk een andere trend met diepte, maar in het algemeen neemt 

de concentratie van fosfolipiden meer toe met diepte dan die van glycolipiden. De hogere concentratie van 

de relatief minder stabiele fosfolipiden impliceert dat vertakte GDGTs naar alle waarschijnlijkheid worden
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geproduceerd door anaërobe bacteriën in het anoxische gedeelte van het veen. Vergelijking van de trends 

van de IPLs met 16S rRNA data doet vermoeden dat vertakte GDGTs worden geproduceerd door Acido- 

bacteriën. De toepassing van de SRM methode op twee verschillende bodems liet zien dat de meeste van 

de in het veen geïdentificeerde IPLs ook hier aanwezig zijn, hoewel in een andere samenstelling.

Voor een MBT-CBT rekalibratie studie zijn alle tot nu toe op vertakte GDGTs geanalyseerde bodems 

toegevoegd aan de initiële mondiale bodemset die de basis vormde voor de ontw ikkeling van de MBT- 

CBT proxy. Slechts 26%  van de 27 8  bodems bevatte alle negen individuele vertakte GDGTs. Om deze 

reden werden alle bodems die de zeven meest voorkomende vertakte GDGTs bevatten geselecteerd voor 

de nieuwe kalibratie. Regressieanalyse leverde een nieuwe functie op om pH en MAT te berekenen met 

behulp van de CBT index en een aangepaste MBT index (M BT’): pH =  7 .9 0  -  1 .9 7xC B T  (r2= 0 .7 0 , 

RSM E=0.8) en MAT =  0.81 -  5 .6 7 xC B T  +  3 1 .0 x M B T ’ (r2= 0 .5 9 , RSM E=5.0 °C, n =  176). De de- 

terminatiecoëfficiënt van de nieuwe MAT-functie is lager dan die van de originele functie. Andere, op 

statistische methoden gebaseerde functies, verbeterden de determinatiecoëfficiënt maar in geringe mate, 

terw ijl de mathematische opbouw van deze functies niet direct kan worden verklaard met de veronder­

stelde achterliggende fysiologische mechanismen. Lokale omgevingsfactoren of de invloed van seizoenen 

kunnen de overgebleven variatie in de kalibratie niet verklaren, maar berekende MATs voor bodems uit 

droge gebieden zijn vaak relatief te laag ten opzichte van gemeten MAT. Dit w ijst er op dat voorzichtig­

heid geboden is bij de interpretatie van de absolute, op vertakte GDGTs gebaseerde temperaturen voor 

zulke gebieden. De toepassing van de nieuwe MAT-functie op reeds gepubliceerde MBT-CBT paleotem- 

peratuurreconstructies laat zien dat de trends niet veranderen, maar dat de absolute temperaturen en 

de amplitude van de temperatuurveranderingen over het algemeen iets lager worden, maar nog wel in 

overeenstemming zijn met onafhankelijke proxy data.

De toepassing van de MBT-CBT proxy op een loess-paleosol sequentie in China resulteerde in een 

reconstructie van de paleotemperatuur van de laatste 34  duizend jaar. De reconstructie laat zien dat ve­

randeringen in luchttemperatuur in fase liepen met de zomerinsolatie op het noordelijk halfrond en toont 

aan dat de opwarming van de atmosfeer na de laatste deglaciatie rond 19 duizend jaar geleden begon, 

hetgeen overeenkomt met de uitkomst van andere studies die de continentale luchttemperatuur recon­

strueren. Een vergelijking van de temperatuurreconstructie, gebaseerd op vertakte GDGTs, met neersla- 

greconstructies voor oost Azië, gebaseerd op zuurst of isotopen in stalagmieten, liet zien dat de zomermoe- 

son pas sterker werd nadat de atmosfeer opwarmde. Dit w ijst erop dat beide processen waarschijn lijk 

gedreven zijn door verschillende factoren.

Concluderend kan gesteld worden dat de data die in d it proefschrift worden gepresenteerd laten zien 

dat temperatuur en bodem pH inderdaad de belangrijkste factoren zijn die de samenstelling van vertakte 

GDGTs in bodems bepalen, en dat de MBT en CBT indices geschikt zijn ais paleothermometer en proxy 

voor bodem pH in bodems en in mariene sedimenten in kustgebieden die voldoende bodem organisch 

materiaal ontvangen. Toch is voorzichtigheid geboden bij de interpretatie van de absolute MAT waarden 

die met behulp van deze proxy worden gegenereerd.
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Chapter 1

General outline and introduction



Chapter 1

1.1 Climate variability
The earth’s history is characterized by episodes of large clim atic changes, which often coincide w ith 

changes in the mixture of atmospheric greenhouse gases. Especially variations in the concentration of C02 

have appeared to be a strong driver for climate change. Since the industrial revolution, human activity 

has increased the level of C02 in the atmosphere, which is predicted to cause significant warm ing of the 

earth’s surface (ipcc, 2007 ). For the prediction of the exact consequences of continuing rise of the C02 level 

for ourfu ture climate, global climate models are used. These models are generally validated by sim ulating 

present-day climate and past clim atic changes and comparing the results w ith climate records. For exam­

ple, an episode of extreme warmth and high C02 concentrations in the past, like the Early Eocene (56 -48  

Ma), provides a future analog for periods of global warm ing and increased C02 concentrations. Hence, the 

better we understand the mechanisms that explain climate changes of the past, the more accurate the 

modeled predictions for the future w ill be. However, the instrumental records that serve as comparison 

for the output data of these models only go back a lim ited amount of tim e. The global temperature record, 

for example, only covers just over the past 100 years (Peterson and Vose, 1997).

Extension of instrumental temperature records can be achieved by the application of so-called c li­

mate proxies, which are preserved, measureable characteristics of the past that can be (quantitatively) 

linked to an environmental parameter. Application of these proxies on a sedimentary record provides valu­

able information on past clim atic variations, e.g. temperature, crucial for the testing of climate models. 

Records of both sea surface temperatures (SST) as well as (continental) air temperatures are essential 

data sources for the models, as ocean-atmosphere interactions are, together w ith  greenhouse gasses, 

responsible for the global redistribution of heat, and thereby form an important control on the earth’s 

climate (Wang et al., 2 0 0 4 ).

1.2 Reconstruction of past temperatures
There are various methods to reconstruct past sea surface or air temperatures. SSTs, for example, 

are recorded in the oxygen isotopic composition of calcite or opal containing shells that are preserved in 

marine sediments. The ratio of 180  and the lighter 160  that is incorporated in the shells depends, amongst 

others, on the temperature of the sea water, so that SSTs can be derived by analyzing this ratio in a shell 

(Urey, 1947; Epstein et ai., 1 953 ). The elemental composition of the shells also provides information on past 

SSTs. Calcareous shells substitute Ca by Mg depending on the water temperature. Hence, SSTs can be es­

timated based on the Mg/Ca ratio of the shell (Nürnberg et ai., 1 99 6 ; Eidertieid and Ganssen, 2000). A temperature 

signal can furthermore be obtained from fossil organic molecules present in sediments. For example, the 

ratio in which haptophyte algae produce C372 and C373 long-chain unsaturated ketones depends on tem ­

perature (Brasseli etai. 1 986 ). This relation is quantified in the Uk37 index (Unsaturation ratio of long chain 

(C37) Ketones (alkenones)), which enables the reconstruction of past SSTs by analyzing the ratio in which 

these alkenones are present in a sedimentary record {Fig. 1.1-, Brassei etai., 1986 ; Müller et aí., 1998 ). SSTs are 

also recorded by the distribution of isoprenoid tetraether membrane lipids of marine Thaumarchaeota. 

These archaea synthesize the ir membranes w ith a varying number of cyclopentane moieties, depending 

on the temperature of the ir environment (Schouten et ai., 2002 ; Wuchter et ai., 2004 ) . The number of cyclopen­

tane moieties that is incorporated in the membrane shows a positive linear relation w ith temperature. The 

TEX86 (TetraEther indeX of tetraethers consisting of 86 carbon atoms) was developed to translate changes 

in the relative abundance of the membrane lipids into SST {Fig. 1.2-, Schouten et ai., 2002 ).

16



1.2

= 0.033XSST + 0.044
1.0

0.6

0.4

«*
0.2

0.0

SST (°C)

Fig. 1.1. Definition and molecular structures of the alkenones used for the Uk'„7 ratio and the relationship between Uk'„7 and annual mean 
SST for surface sediments from the global ocean between 60 ,:S and 60 ,:,N (Müller and Fischer, 2004).

In contrast to SST, the reconstruction of long term terrestrial temperatures is less straightforward, be­

cause fewer suitable proxies exist and sedimentary archives on land generally reach less far back in time 

compared to those in the marine realm. Nevertheless, there are several proxies that are regularly applied 

to obtain continental temperature records. A widely used tool to reconstruct continental temperatures 

is, for example, the inventory of pollen assemblages (e.g., coiinvaux et aí., 1996). Pollen are relatively well 

preserved in lake sediments and peat bogs, and quantitative temperature estimates can be derived from 

comparison of sedimentary pollen assemblages w ith the modern analog. However, the accuracy of this 

method is lower for glacial continental temperature reconstructions, as there are no modern analogues to 

calibrate glacial assemblages (Hatté et ai., 2009). This method furthermore assumes that plant-climate in­

teractions have remained constant throughout tim e, whereas physiological studies have shown that these 

interactions are sensitive to changes in e.g. C02 concentration (street-Perrott et ai., 1997). A second plant 

based proxy uses the proportion of untoothed leaves from woody dicot species in a floral sample to re­

construct paleotemperatures. Baily and Sinnot ( 1915) were the first to report the positive relation between 

annual mean air temperature (MAT) and the proportion of untoothed leaves. This relation was changed 

into a quantitative method based on linear regressions of extant untoothed species and MAT, consequently 

enabling the reconstruction of paleotemperature by analyzing the margins of fossil leaves (a.o., Wolfe, i9 7 i; 

Greenwood e tai., 2004). Possible sources of uncertainty that are linked w ith this method are that the linear 

regression models do not take adaptation to changes in the environment into account (Jordan, 1997; Little et 

ai., 2010). Also the effects of preferential preservation of (un)toothed leaves and the extinction of species 

are not considered (Jordan, 1997).

By making use of the temperature sensitivity of the oxygen isotopic composition of precipitation, 

paleotemperature records have been derived from isotope measurements of water trapped in ice masses. 

The best known examples of such records are those from Greenland and Antarctica, of which for the lat­

ter location the longest record has been retrieved, extending 8 0 0 ,0 0 0  years (g r ip  1 993 ; Jouzei et ai., 1987 ; 

Lüthi et ai., 2008 ) . Obviously, ice core records are lim ited to ice covered sites, although these are most 

often locations for which other proxy data are not available. Similarly, oxygen isotopes trapped in cave 

stalagmites can be used to reconstruct past temperatures. Also the isotopic value of the carbon and trace 

metals in the stalagmites, as well as the thickness of the annual growth bands contain paleoclimate data 

(e.g. Burns etai., 1998; Li etai., 2005; shakun etai., 2 0 0 7 ). However, the isotopic values of the elements preserved
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in ice cores and speleothem archives are, besides temperature, also influenced by factors like the origin 

of precipitation, seasonality, and precipitation amount, which may add to the uncertainty of the tem ­

perature signal (jouzei e ta i., 1997 ). A last example of a method that used oxygen isotopic values to infer 

paleotemperatures is based on animal bone and tooth enamel. Bones and teeth contain biogenic apatite, 

of which the oxygen isotopic value is related to temperature, as this value is mainly determined by the 

oxygen isotopic composition of the anim al’s drinking water. The drinking water, in its turn, is related to 

the isotopic composition of meteoric water, containing a temperature signal (e.g. Longinein, 1 984 ). Thus, past 

temperature records can be generated, albeit in low resolution, based on oxygen isotopic measurements 

on fossil bones and teeth (e.g. Frlcke et al., 1 998 ; Kohn and Law, 200 6 )

GDGT-0 [GDGT-2]+[GDGT-3]+[Cren']

[GDGT-l]+[GDGT-2]+[GDGT-3]+[Cren']
GDGT-l

SST = -10.78 + 56.2xTEX.
GDGT-2

GDGT-3

Crenarchaeol

Crenarchaeol reglo-lsomer

Fig. 1.2. Definition and molecuar structures of the Isoprenold GDGTs for the calculation of the TEXse and the reatlon of annual mean 
SST at 0 m water depth with TEXse values (Kim e ta i., 2008).

Another method that yields low resolution, although generally considered accurate, temperature 

records, is based on noble gas dissolved in groundwater. The solubility of atmospheric noble gases in 

water is temperature dependant, so that paleotemperatures can be inferred from the ir concentration in 

ancient groundwater basins (Mazor, 1972; Andrews and Lee, 1979).

Lakes provide generally suitable settings to obtain continuous, high resolution paleotemperature 

records. The clim atic information can be retrieved from the fossils of aquatic organisms that are preserved 

in the sediments of lakes. Assemblages of e.g. chironomid larvae or diatoms show a strong relationship 

w ith summer temperatures, so that a summer temperature record can be inferred from down-core varia­

tions in the ir distribution in lake sediments (e.g., Lotter etai., 1997; Kureket ai., 2009; Renitzetai., 1995), although 

it has been shown that the temperature signal of chironomids can at times be overruled by changes in pH, 

water chemistry, and lake productivity (veiieetai., 2005). After the detection of Thaumarchaeota! isoprenoid 

tetraether membrane lipids in lakes, and the confirmation of their temperature dependence in these set­

tings (Powers etai., 2004), also applications of the TEX86 on lake sediments have resulted in quantitative past 

continental temperature reconstructions (Powers et ai., 2005; Tierney et ai., 2008). However, the applicability of 

this proxy on lake sediments has been shown to be lim ited to large lake systems only (Biaga et ai., 2009; 

Powers et ai., 2 0 io ) ,  and present studies indicate that TEX86 inferred temperatures reflect that of sub-surface 

water masses rather than representing lake surface temperatures (Biaga etai., 2011).
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In summary, many of the available continental temperature proxies are besides temperature also 

sensitive to changes in other environmental parameters, making it d ifficu lt to extract a pure temperature 

signal. Hence, there is a need for new continental temperature proxies which would, among other things, 

be globally applicable, provide quantitative temperature estimates, have temperature as main environ­

mental control, and are not or lim ited influenced by changes in e.g. precipitation or C02 concentration.

1.3 The MBT-CBT continental paleothermometer
Recently, a new proxy was proposed based on the distribution of branched glycerol dialkyl glycerol 

tetraether (GDGT; Fig. 1 .3 ) membrane lipids (weijers et aí., 2007c). These branched GDGTs were first dis­

covered in a Holocene Dutch peat bog, after which their molecular structure was identified w ith  nuclear 

magnetic resonance spectroscopy (Smnmghe Damsté et ai., 2000 ). Unlike the GDGTs of archaea, the carbon 

skeleton of the branched GDGTs is not isoprenoidal, but consists of branched carbon skeletons. The 

branched GDGTs possess 4 to 6 methyl groups attached to the ir tetraether backbone, and can contain 

up to two cyclopentane moieties that are formed by internal cyclization (Weijers et ai., 2006a). Due to their 

mixed archaeal (membrane spanning tetraethers, ether lipids) and bacterial (branched alkyl chains) 

characteristics, the ir exact origin was only determined after the examination of the stereo-configuration 

of the glycerol moieties, which was found to be typical for bacteria (Weijers et ai., 2006a). The bacteria that 

synthesize branched GDGTs are currently unknown, although it has been suggested that species w ith in 

the phylum of Acidobacteria  may be the ir source (Weijers et ai., 2009 ).

Fig. 1.3. Molecular structures of branched GDGTs.

The idea to use these branched GDGTs as proxy for continental air temperatures resulted from an 

empirical study on their relative abundance in globally distributed soils. This study showed that the differ­

ent local MATs explain a large part of the global variation in relative branched GDGT distributions, i.e. the 

number of methyl branches increases w ith  decreasing temperatures {Fig. 1.4-, Weijers etai., 2007c ), whereas 

soil pH was shown to influence the degree of cyclisation of the branched GDGTs, as concentrations of 

branched GDGTs w ith cyclopentane moieties increased w ith soil pH. The definition of two indices, the 

Méthylation of Branched Tetraethers (MBT) and the Cyclisation of Branched Tetraethers (CBT), enables 

quantification of the relation between branched GDGT distributions, MAT and soil pH. The indices were 

defined as follows:

MBT =  [la +  lb + lc ]/[ la  +  lb + lc  +  lla +  l lb + llc + ll la  +  l l lb + ll lc ]  

CBT =  -LOG ([lb  +  llb ]/[la  +  lla])

(1.1)

( 1.2 )

The Roman numerals in the equations refer to the abundance of the molecules in Fig. 1.3.
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The MBT index describes the relation w ith MAT, and the CBT index w ith soil pH {Fig. 1.5a, b ):

MBT =  0 .2 8  +  0 .025X M A T  (r2= 0 .6 2 ) (1.3)

CBT =  3 .3 3  +  0 .3 8 x p H  (r2= 0 .7 0 ) (1.4)

The MBT index also relates, although to a lesser extent, w ith soil pH. Consequently, substitution of pH 

by the CBT index then results in a function to estimate MAT, solely based on the distribution of branched 

GDGTs {Fig. 1.5c):

MBT =  0 .122  +  0 .187X C B T  +  0 .020X M A T  (r2= 0 .7 7 ) (1.5)

Branched GDGTs have also been found in lakes and coastal marine sediments, where they are 

likely deposited w ith soil organic matter after erosion and subsequent transportation by rivers (Hopmans 

et ai., 2004; Kim et ai., 2006 ) . Hence, down-core analysis of branched GDGT distributions in river-dominated 

coastal sediments may yield an integrated temperature record for a river catchment area. For example, 

the deglacial atmospheric warm ing in tropical central Africa was reconstructed using the MBT-CBT proxy 

(i.e. Eq. 1.5) in a sediment core retrieved from the Congo River fan (Weijers et ai., 200 7 a ). The tim ing and 

extent of the warm ing is in good agreement w ith  previous estimates for this area based on e.g., pollen or 

stalagmites. The MBT-CBT proxy has also been applied on longer geological timescales; the brief episode 

of extreme warmth during the Paleocene-Eocene thermal maximum (PETM; —55 Ma) was reconstructed 

by analyzing the branched GDGT distributions in a marine sediment core from the Arctic Ocean (Weijers 

etai., 2007b).

Thus, the MBT-CBT proxy seems to be a promising tool to obtain paleoclimatic information that can 

contribute to a better understanding of the tim ing and the driving forces of clim atic changes in the past. 

However, as w ith most new proxies, further studies are needed to constrain the validity and applicability 

of the MBT-CBT proxy.

Nigeria
5°N

Iceland
65°N

France
45°N

>•

c
cu

Illa Illa

cu
>

Gabon
0°N

Scotland
55°N

Svalbard
78° N Illa

Illa

Relative retention time

Fig. 1.4. HPLC-MS base peak chromatograms of soils from tropical, temperate, and cold areas illustrating typical 
branched GDGT distributions. The degree of méthylation of the branched GDGTs increases with decreasing temper- 
tures {Weijers e ta i, 2007c). Roman numerals refer to the structures in Fig. 1.3.
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(c) MBT = 0.122 + 0.187XCBT + 0.020xMAT 
r2 = 0.77

MBT = 0.28 + 0.025XMAT 
r2 = 0.62 *

10

MAT (°C)

Fig. 1.5. Regression plots of a) the MBT index and MAT, b) the CBT index and pH for the soils of the global 
calibration set, and c) the 3D calibration plot of the MBT and CBT indices with MAT (Weijers e t a I., 2007c).

1.4  Scope and framework of this thesis
Initial studies have shown empirical relations of the MBT and CBT indices w ith environmental pa­

rameters, but the direct influence of changes in temperature and soil pH on the distribution of branched 

GDGTs has not been tested. Also, the possible impact of environmental factors other than temperature 

and pH has not yet been thoroughly evaluated, although it was suggested that precipitation may in flu­

ence the distribution of branched GDGTs in soils (Weijers et ai., 2007c). Furthermore, it is not clear in what 

type of environments the MBT-CBT proxy is applicable. Thus, the aim of th is thesis was to constrain the

impact of environmental factors and the applicability of the proxy in a variety of settings. In the first part,

branched GDGTs are analyzed in natural or (semi-)controlled settings w ith only one varying environmen­

tal parameter, so that the impact of that specific parameter on the distribution of branched GDGTs can 

be determined. In the second part, the proxy is further constrained and tested in a variety of settings in 

order to test the applicability of the proxy.

The influence of the main environmental parameters thought to control the branched GDGT distribu­

tion in soils, i.e. temperature and pH, is tested in the first part of this thesis. Chapter 2 describes the 

direct influence of changes in soil temperature on branched GDGT distributions. To th is end, branched 

GDGTs were analyzed in geothermally heated soils. Their distributions along a temperature transect 

changed according to what was expected based on the general branched GDGT distributions in warm 

and cold soils, i.e. an increase in the number of methyl branched w ith decreasing temperature (cf. Fig. 

1.4). A strong correlation was observed between the MBT index and in situ soil temperature, confirm ing 

that th is is an important factor controlling th is proxy.

The direct influence of soil pH on the abundance and distribution of branched GDGTs is reported in 

Chapter 3. Analysis of core lipids (CLs) and derivatives of the ir intact and presumably living precursors,
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i.e. intact polar lipid (IPL)-derived branched GDGTs in a long term pH manipulated field experiment con­

firmed that soil pH is an important control on the degree of cyclisation of branched GDGTs, as a strong 

correlation between CBT and soil pH was found and CBT-based pH estimates resembled the measured 

pH of the soil. The concentration of total branched GDGTs decreased w ith increasing soil pH, suggesting 

Acidobacteria, showing a s im ilar trend, as a possible biological source for these compounds.

In Chapter 4  it is shown that temperature and pH are the main controls on branched GDGT dis­

tributions in an area w ith many varying environmental factors, i.e. along an altitude transect on Mount 

Gongga in China. The decrease in MBT-CBT-derived temperatures w ith altitude resembles the measured 

temperature lapse rate, despite a relatively large degree of scatter. Additionally, branched GDGT distribu­

tions were tested as a proxy for paleoelevation, complementary to plant wax 8D analyzed in the same 

soils along two different mountain slopes. The results show that both proxies can be subject to relatively 

large uncertainties, but that a combination of plant wax 8D and the MBT-CBT proxy may result in more 

reliable paleoelevation reconstructions.

The second part of this thesis decribes the constraints on the application of the MBT-CBT proxy as 

paleothermometer. In Chapter 5 it was tested if a seasonal bias in reconstructed temperatures can occur 

due to a season of optimal growth for the branched GDGT-producing organisms. M id-latitude soils from 

eight different locations were therefore sampled in tim e series over one year and analyzed on both CL 

and IPL-derived branched GDGTs. Both MBT-CBT-reconstructed temperatures as well as branched GDGT 

concentrations showed no bias towards a specific season. These results indicate that seasonality does not 

influence MBT-CBT-derived temperature estimates, and that the turnover tim e of branched GDGTs in soils 

is thus in the order of one year or more.

To determine if branched GDGTs can be applied in Arctic marine sediments, the MBT-CBT proxy was 

applied on modern Svalbard soils and coastal sediments (Chapter 6). Despite the short growing season 

and the slow rate of soil formation, MBT-CBT-based temperatures are s im ilar to measured MAT for soils. 

However, the lim ited input of soil organic matter (OM) and in situ production of branched GDGTs in the 

fjord sediment resulted in unrealistic MBT-CBT temperature estimates. It was therefore suggested that 

the MBT-CBT proxy should only be used at sites w ith substantial input of soil OM relative to the amount 

of marine OM, i.e. close to river mouths.

In order to shed light on the origin of the branched GDGTs, intact branched GDGTs in a Swedish peat 

were analyzed (Chapter 7). The changes in head group composition throughout the peat profile were 

monitored w ith a newly developed Selected Reaction Monitoring (SRM) assay. The results suggest that 

branched GDGTs are mainly produced in the anoxic part of the peat, and hint again towards Acidobac­

teria as potential producer of branched GDGTs. Further application of the SRM method indicated that 

im ilar IPL branched GDGTs are present in soils, albeit in different distributions.

In Chapter 8, the MBT index was redefined for the seven most common branched GDGTs and, 

together w ith the CBT index, recalibrated based on an extended global surface soil calibration set. Com­

parison of the new empirical calibration w ith statistically derived indices to describe the relation of 

branched GDGTs w ith MAT and soil pH showed that a pure statistical approach leads to a marginal 

improvement only of the calibration accuracy. Furthermore, the statistically derived indices no longer 

reflect the physiological mechanisms supposedly underlying the functioning of the MBT-CBT proxy, and 

thus a slightly adjusted MBT index, MBT’, based on seven branched GDGTs is proposed. Comparison of 

the new MBT’-CBT calibration w ith previously published paleotemperature records based on the original
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MBT-CBT calibration showed that the trends and tim ing of events remains unchanged, but that absolute 

MAT estimates are generally lower.

Chapter 9 describes the first application of the MBT-CBT paleothermometer in a loess profile. This 

yielded a continuous air temperature record for East Asia that covers the past 3 4 ,0 0 0  years, based on 

branched GDGTs in a loess-paleosol sequence from the Mangshan plateau in China. Comparison of this 

record w ith other loesspaleosol proxy records and stalagmite 8180  records indicates that the onset of 

deglacial atmospheric warm ing and the intensification of the East Asian Summer Monsoon (EASM) pre­

cipitation was decoupled, and that strengthening of EASM precipitation unambiguously lagged deglacial 

warm ing and Northern Hemisphere insolation. This shows that the MBT-CBT proxy is applicable in loess 

settings.

In summary, the results described in this thesis show that temperature and pH have indeed a strong 

control on the distribution of branched GDGTs in soils, and that other parameters do not greatly affect 

this. This supports the general suitability of the MBT and CBT indices as paleothermometer and proxy 

for past soil pH. The results furthermore indicate that the turnover tim e of branched GDGTs in soils is 

relatively long, and that, as a consequence, absolute temperatures generated by the proxy are not biased 

towards a specific season. However, its global applicability on marine sediments is constrained to those 

recovered from areas that receive a substantial input of terrestrial OM relative to the amount of marine 

OM to prevent a disturbed signal due to the possible contribution of in situ produced branched GDGTs. 

Furthermore, the absolute temperature estimates as well as temperature records for areas that receive 

very low amounts of precipitation should be interpreted w ith care. Nevertheless, the MBT/CBT proxy can 

be applied in a variety of sites and tim e periods and can yield valuable unique paleoclimatic informa­

tion.
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Chapter 2

Distribution of branched tetraether lipid in geo­
thermally heated soils: Implications for the MBT- 
CBT temperature proxy

Francien Peterse, Stefan Schouten, Jaap van der Meer, Marcel T.J. van der Meer, Jaap S. Sinninghe 

Damsté, 20 09 . Organic Geochemistry 40 , 20 1 -2 05 .

Abstract

Branched glycerol dialkyl glycerol tetraether (GDGT) membrane lipids occur in soils and peat bogs and 

are assumed to be produced by anaerobic bacteria. Two indices based on the distribution of these lipids 

in soils, the Cyclisation of Branched Tetraethers (CBT) index and the Méthylation of Branched Tetraethers 

(MBT) index have been shown to linearly relate to pH, and to annual mean air temperature (MAT) and 

pH, respectively. To directly evaluate the impact of changes in soil temperature on the MBT-CBT proxy, 

we determined these indices in soils sampled from a transect away from two hot springs in California, 

which provided a set of soils s im ilar in composition but w ith different temperatures (12-41 °C). The CBT 

values of these geothermally heated soils show a good relation w ith  pH ( r2 =  0.76), s im ilar to that of a 

global MBT-CBT calibration set. Also, the relationship between MBT, soil pH and temperature for the 

geothermally heated soils is s im ilar to that of a global soil calibration set, although the intercept for the 

geothermally heated soils is significantly lower, likely because our data set is based on in situ soil tem ­

peratures rather than MAT. The results confirm the dependence of the MBT index on soil temperature and 

pH and support the applicability of the MBT-CBT indices as a proxy for continental palaeotemperatures 

and past soil pH.



Chapter 2

2.1 Introduction
Branched glycerol dialkyl glycerol tetraether lipids (GDGTs; l- l l l ,  Fig. 2 .1 ) were discovered in peat 

deposits and identified using nuclear magnetic resonance (NMR) spectroscopy by Sinninghe Damsté et 

a l.(2000 ). Subsequently, they were found in coastal marine and lake sediments, likely derived from river- 

transported terrestrial soil organic matter (OM; Schouten et al., 2 0 0 0 ; Hopmans et al., 2004; Weljers et al., 2006b; 

Kím et ai., 2006 ). Unlike the GDGTs of archaea, the carbon skeleton of branched tetraether lipids is not iso- 

prenoid but comprises branched chains. The branched GDGTs vary in the total number of methyl groups 

(4 -6 ) attached to the ir two membrane-spanning alkyl chains. Furthermore, they can contain up to two 

cyclopentane moieties {Fig. 2 .1 ) which are formed by internal cyclization (weijerset aí., 2006a).

As the branched GDGTs show a mixture of archaeal (membrane-spanning tetraethers, ether lipids) 

and bacterial characteristics (branched alkyl chains), assignment of the ir origin was ambiguous. However, 

based on the fact that branched dialkyl glycerol diethers have been found in therm ophilic bacteria (Lang­

worthy et al., 1983; Huber et al., 1992; Sinninghe Damsté et al., 2 0 0 7 ) and that non-isoprenoid lipids have not been 

reported in archaea, Sinninghe Damsté et al. (2000) suggested bacteria to be the most likely producers 

of branched GDGTs. Weijers et al. (2006a) determined the stereo-configuration of the glycerol moieties of 

branched GDGTs and found them to be identical to those in bacterially synthesized glycerol moieties and 

opposite to those in archaeal synthesized glycerol moieties, confirm ing a bacterial origin for the branched 

GDGTs. Furthermore, they found that branched GDGTs are most abundant in the anoxic zone of peat 

bogs, suggesting that anaerobic bacteria are the source. However, the exact phylogenetic group of bacte­

ria responsible for the ir production is unknown.

Fig. 2.1. Molecular structures of branched GDGTs.

In an empirical study, Weijers et al. ( 2007c) analyzed about 130 soils from 90 different locations 

worldwide to determine the main environmental controls on the relative distribution of branched GDGTs. 

They found that the number of methyl groups relates to the annual mean air temperature (MAT) and soil 

pH, and that the number of cyclopentane moieties linearly relates to soil pH alone. In order to quantify 

the change in relative distributions, two indices were developed: the Méthylation of Branched Tetraethers 

(MBT) index, and the Cyclisation of Branched Tetraethers (CBT) index. These are defined as:

The numbers refer to the structures in Fig. 2 .1 . The indices are strongly related to pH and MAT (Table

2 .1 ) and were successfully applied as proxies to reconstruct past soil pH and MAT in several areas of 

different geological age. Analysis of the GDGT distribution in the river-transported soil OM in a sediment 

core recovered close to the river mouth of the Congo Basin resulted in a temperature record for tropical

MBT =  [la +  lb + lc ]/[ la  +  lb + lc  +  lla +  l lb + llc + ll la  +  l l lb + ll lc ]  

CBT =  -LOG ([lb  +  llb ]/[la  +  lla])

(2 .1)

(2 .2 )
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Africa representing the last 2 5 ,0 0 0  yr (Weijers et ai., 2007a ). The MBT-CBT proxy was also used to recon­

struct continental air temperatures for the Arctic continent during the Palaeocene-Eocene thermal maxi­

mum (PETM; Weijers et aí., 2007b) and showed a warm ing in MAT of ca. 8 °C. Finally, Schouten et al. (2008a) 

reconstructed the MAT for the Greenland landmass during the late Eocene and the early Oligocene. The 

MBT-CBT-derived temperatures were in agreement w ith other MAT reconstructions based on pollen as­

semblages and showed a long term cooling at the Eocene-Oligocene boundary.

Despite these promising results these proxies have only been em pirically established and some 

uncertainty exists over the ir calibration and the impact of other environmental factors. For example, the 

MAT for each sample in the soil data set of Weijers et al. (2007c) was estimated from the closest possible 

weather station, and was not measured at the sampling sites themselves. Furthermore, the proxy is based 

on a large variety of different soils from all over the world, so multiple environmental factors could have 

potentially influenced the indices. The distribution of branched GDGTs in soils from Mt. Kilimanjaro in 

Tanzania, for example, changed w ith altitude and therefore w ith temperature. However, MBT-CBT-derived 

MAT values slightly overestimated the in s itu  measured annual MAT (sinninghe Damsté et ai., 2008 ) , suggest­

ing the possible influence of other environmental factors.

In th is study, we have evaluated the direct impact of temperature on the MBT-CBT proxy by analyzing 

the branched GDGT distribution in geothermally heated soils around hot springs where soil temperature 

decreases w ith increasing distance from the spring. The ongoing geothermal heating results in a relatively 

constant soil temperature gradient over the annual cycle, while other soil properties and environmental 

parameters at each sampling site are similar.

2 .2 . Material and methods
2.2.1. Soil location and sampling

The samples were collected around two hot springs. Leonard’s hot spring (41 °36 .086  N, 

120°05 .135  W) and “ Ray’s ” hot spring (41 °31 .8 55  N, 120°04 .966  W) are located in Surprise 

Valley in northwestern California, USA (Table 2 .2 ). From the edge of Leonard’s spring, soil samples 

were taken in a transect perpendicular to the spring at 10, 30 , 60  and 150 cm distance. Similarly, 

soil samples were taken at 10, 20, 40, 80  and 25 0  cm distance from “ Ray’s” spring. Soil tempera­

ture was measured in the field at 10 cm depth w ith an Ama-Digit ad 20 th digital thermometer. The 

samples, comprising the upper 10 cm, were collected w ith  a small scoop and stored in geochemi­

cal bags. They were transported to the laboratory in an insolated cooling box at -80  °C and kept at 

-20  °C until analysis. Soil pH was determined w ith freeze dried samples in distilled water (1 0 :2 5  w/ 

v), after vigorous shaking of the mixture for 1 min and allowing the particles to settle for 3 0  min.

Table 2.1. Linear relationships of MBT and CBT indices with soil pH and temperature for global calibrtion set of Weijers et al. (2007c)
and Californian hot springs.

Relationship

Weijers et al. (2007c)

Equation r2

Californian hot springs

Equation r2

CBT vs. pH CBT = 3 .3 3 - 0.38xpH 0.70 CBT = 5 .0 6 -0 .6xpH 0.76

MBT vs. T MBT = 0 .2 8 + 0.025XMAT 0.62 MBT = 0.052 + 0.019xSoil_T 0.65

CBT vs. T - - CBT = 0 .4 5 -0.0007xSoil_T 0.001

MBT vs. pH MBT = 1 .3 5 -0 .13xp H 0.37 MBT = 1.65 - 0.14xpH 0.30
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Table 2.2. Location, soil temperature, pH and branched GDGT concentrations of Californian hot springs.

Location

Distance 
from spring 
(cm)

Soil temp, 
at 10 cm 
depth (°C)

soil
pH la lb

Branched GDGTs (n 

le Ila Mb

g/g dry w t soil)’ 

Ile Illa mb lile

Total bran­
ched GDGT 
(pg/g dry 
w t soil)

10 35.5 8.6 377 510 156 583 452 68 166 33 7 2.4

Leonard's 30 28.0 8.4 67 97 78 44 95 24 8 4 2 0.39

hot spring 60 19.6 8.6 18 48 26 36 73 18 7 6 2 0.23

150 14.1 8.6 19 32 14 56 64 13 38 8 3 0.25

10 41.6 7.0 123 43 37 18 5 2 2 0.3 1 0.23

20 33.0 6.1 568 57 19 102 7 2 8 2 0.4 0.76
Ray's hot 
spring

40 25.2 6.9 79 6 1 48 3 n.d.b 10 1 1 0.15

80 19.5 7.0 112 7 1 63 3 0.3 13 1 1 0.20

250 12.4 7.7 1 0.2 0.5 3 0.5 n.d. 3 0.1 0.2 0.009

a Roman numbers refer to structures in Fig. 2.1. 
b Below detection limit.

2.2.2. GDGT analysis
Samples were freeze dried and powdered w ith a mortar and pestle. Repeated extraction (3 x )  us­

ing a mixture of dichloromethane (DCM):MeOH 9:1 (v/v) w ith an accelerated solvent extractor (ASE 

200, Dionex) at 7 . 6 x l0 6 Pa and 100 °C was performed for 5 min. The combined extracts were dried 

using a rotary evaporator under near vacuum. Remaining water was removed by dissolving the sample 

in DCM and passing it over a Na2S04 column. The samples were dried under a N2 flow  and weighed, 

after which 0 .1 5 -1 .0  pg of an internal C46 GDGT standard was added (cf. Huguetet ai., 2006 ). The extracts 

were separated into apolar and polar fractions using an activated Al20 3 column and elution w ith hexane: 

DCM 9:1 (v/v) and DCM:MeOH 1:1 (v/v), respectively. After evaporation of the solvent under N2, the 

polar fraction (containing the GDGTs) was ultrasonically dissolved in a hexane:propanol (99 :1 , v/v) m ix­

ture at a concentration of about 3 mg/ml and filtered over a 0 .4 5  pm (0  4 mm) prior to analysis using 

high performance liquid chromatography/atmospheric pressure chemical ionization-mass spectrometry 

(HPLC/APCI-MS).

2.2.3. HPLC/APCI-MS

An Agilent 1100  series LC/MSD equipped w ith  automatic injector and Chemstation software accord­

ing to Hopmans et al. (2000 ), with minor modifications according to Schouten et al. (2 00 7 a ), was used. 

Separation was achieved w ith an Alltech Prevail Cyano column (1 5 0 x 2 .1  mm; 3 pm) w ith hexane: 

propanol (99 :1 , v/v), flow  rate 0.2 m l/m in, as eluent. Each sample was eluted isocratically for the first 

5 min, then w ith  a linear gradient to 1.6%  propanol in 45  min. The injection volume was 10 pi. Single 

ion monitoring (SIM) of the M+ ions of the internal C46 GDGT standard, crenarchaeol and the branched 

GDGTs (Weijers et aí., 2 0 0 7 ) were used for detection and quantification. Absolute quantification of the GDGTs 

was achieved by comparison of peak areas w ith tha t of the internal standard, and correcting for the d if­

ferent response factors (Huguet et ai., 2006 ).
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2 .3 . Results and discussion
2.3.1. Branched GDGT distribution in so il transects

Two transects were sampled from Leonard’s hot spring and “ Ray’s” hot spring. These springs are fed 

by geothermally heated water and, consequently, warm the surrounding soil. As the geothermal influence 

decreases w ith distance from each spring, the soil temperature decreases w ith  increasing distance from 

both springs (Table 2 .2 ). Leonard’s spring had a water temperature of 58 °C and soil temperature varied 

from 3 5 .5  °C at 10 cm distance from the spring to 14.1 °C at 150 cm. The water temperature of “ Ray’s” 

spring was 89 °C and soil temperature varied from 41 .6  °C to 12.4 °C at 10 and 25 0  cm distance, re­

spectively. The soil pH around Leonard’s spring was relatively constant, between 8 .4  and 8 .6 , while that 

around “ Ray’s” spring varied from 7 .0  at 10 cm from the spring to 6.1 at 20  cm, and increased to 7.7 

at 25 0  cm (Table 2 .2 ).

In all the soil samples branched GDGTs were detected. The concentrations ranged from 0 .2 3  to 2 .4  

pg/g dry weight soil in the transect from Leonard’s spring, and from 0 .0 09  to 0 .7 6  pg/g dry weight soil in 

the “ Ray’s ” spring transect {Fig. 2 .2 ). The highest concentrations were found close to the hot springs, at

10 cm for Leonard’s, and at 20  cm distance for “ Ray’s ” . In the field we observed that, at these specific 

sites, the clayey soil had a greyish blue colour and a sulfurous smell, indicating anaerobic conditions. The 

high abundance of branched GDGTs at the sampling positions therefore seems in agreement w ith the idea 

that anaerobic soil bacteria are producers of these membrane lipids (Weijers et ai., 2006a).

The distribution of the branched GDGTs changes w ith increasing distance from both springs (e.g. Fig. 

2.3 ). At Leonard’s, GDGT-I is relatively abundant compared to GDGT-II close to the spring, but GDGT-

11 becomes dominant in samples taken further away from the spring. The relative amount of GDGT-III 

increases from 3 0  cm to 150 cm from the spring, but remains the least abundant of all the GDGTs. At 

“ Ray’s ” , GDGT I is most abundant, except at 25 0  cm distance from the spring, where GDGT-II and GDGT- 

III are more abundant and occur in about equal amounts. This change in distribution pattern for both hot 

springs is in agreement w ith distributions observed globally, where branched GDGT distributions in soils 

from warm areas are dominated by GDGT-I, whereas the GDGT distribution in soils from temperate areas 

is dominated by GDGT-II (weijers et aí., 2007c).

2.5

Leonard's hot spring 

"Ray's" hot spring
2.0

1.5

1.0T3

0.5

-Q
CUD 0.0

50 100 150

distance to  h o t spring (cm

200 250 300

Fig. 2.2. Summed branched GDGT concentrations in soil transects from Leonard’s 
hot spring and “Ray’s” hot spring.
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2.3.2. CBT and MBT indices

The changes in branched GDGT distribution around the springs were reflected in the MBT index (Eq.

2.1), i.e. for Leonard’s spring MBT values changed from 0 .4 4  close to the spring to 0 .26  at the farthest 

sampling site. For “ Ray’s ” spring the MBT index changed from 0 .8 8  close to the spring edge to 0 .21 at 

the site furthest from the spring. We compared the CBT and MBT indices Eqs. 1.1 and 1.2, w ith in situ 

pH and soil temperature. A linear relationship was found between CBT index and soil pH ( r2 =  0 .76; Fig. 

2.4a; Table 2 .1 ). The fraction of the variance that was explained by th is relationship is slightly greater 

than that reported by Weijers et al. (2007c ), who found an explained variance of r2 =  0 .7 0  (Table 2 .1 ). In 

situ  soil temperature did not contribute significantly in explaining the variability in CBT (Fig. 2 .4b; Table

2 .1 ). To examine whether the CBT and pH for the hot spring data show the same type of relationship 

as the global soil calibration set of Weijers et al. (2007c ), the homogeneity of slopes was tested and an 

analysis of covariance (ANCOVA) performed. We did not find a significant difference between both da­

tasets, neither for the slope (homogeneity of slopes test, df =  1, 119, F = 3 .2 , P = 0.08) nor the intercept 

(ANCOVA, df =  1, 120, F = 0.26 , P = 0 .6 1 ).

In contrast to the CBT, the MBT index related to in s itu  soil temperature and, although to a much 

lesser degree, to soil pH (Fig. 2 .4c and d; Table 2 .1 ). This result is s im ilar to that of Weijers et al. 

(2007c ), who also showed linear relationships of MBT w ith MAT ( r2 =  0 .62) and to a lesser degree soil pH 

(r2 =  0 .37; Table 2 .1 ). The M BT-pH-tem perature relationship of the hot spring dataset was statistically 

compared w ith the M BT-pH-M AT relationship of the global soil calibration set of Weijers et al. (2007c ). 

The slopes of both relationships did not differ significantly (homogeneity of slopes test; slope versus pH: 

df =  1 ,137, F = 0 .56 , P = 0 .4 6 ; slope vs. temperature: d f=  1,137, F = 2 .1 6 , P = 0 .1 4 ), but the intercept 

did (ANCOVA, d f=  1 ,139, F = 9.68 , P = 0 .0 02 ). The intercept for the hot spring dataset was lower than 

that of the global calibration set, which might be explained by the fact that we used in situ soil tempera­

ture for our data set, while MAT was used for the global soil calibration set. Alternatively, the difference 

might suggest the need for local calibrations rather than one global calibration, as also suggested by 

Sinninghe Damsté et al. (2008).

(a)

(b)

/ I

Illa

Fig. 2.3. HPLC/MS base peak chromatograms of soils in the vicinity of 
“Ray’s” hot spring, showing differences in branched GDGT distribu­
tions in geothermally heated soils at a) 10 cm (41.6  °C) and b) 250  
cm (12.4  °C) from the edge of the hot spring. Roman numerals refer to 
structures in Fig. 2.1.

> Relative retention time
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2.3.3. Implications

Our results confirm the observations of Weijers et al. (2007c) that the CBT index of branched GDGTs is 

mainly determined by soil pH and that the MBT index is predominantly determined by both temperature 

and soil pH. In contrast to the approach taken by Weijers et al. (2007c ), we analyzed a set of quite s im i­

lar soils where in situ temperature and, to a lesser extent, soil pH were the main varying environmental 

parameters. Even though we found quite strong relationships, some scatter remains. Part of the scatter 

may be explained by the heterogeneity of soils in general. Despite the fact that we sampled sim ilar soil 

types, there always remain some soil parameters and environmental factors that may vary to some degree 

(e.g. soil OM content, oxygen availability, texture, moistness, etc.) and which could play a role in the 

distribution of the branched GDGTs. Furthermore, it is unknown how fast the branched GDGT-producing 

organism(s) biosynthesize(s) the membrane lipids and adapt(s) them to changes in temperature or pH. 

Our results reflect the average branched GDGT abundance in the upper 10 cm at each site. Any vari­

ation in branched GDGT abundance or distribution pattern due to soil parameter changes w ith in these 

10 cm would therefore not be apparent and the exact soil depth at which the organisms thrive remains 

unclear. Finally, part of the GDGTs in the studied soils might be derived from fossil material as our extrac­

tion procedure likely yields core GDGTs from both living and fossil material. Constraining the exact depth 

of GDGT production and analyzing GDGTs derived only from living cell material, i.e. w ith a polar head 

group still attached, may therefore potentially further improve the relationship between MBT-CBT and 

soil temperature and pH.

(a)
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r 2  =  0 . 7 6

0.0
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(c)
1.0

0.6I— CO
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r 2  =  0 . 3 0

0.2

0.0
6.0 6.5 7.0 7.5 8.0 8.5 9.0

(b)

(d )

r  =  0 . 0 0 0 1

20 30 40

T e m p e r a t u r e  { ° C )

1.0

0.8

0.6

0.4

M B T  =  0 . 0 5 2  +  0 . 0 1 9 x S o i l _ T0.2
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Fig. 2.4. Cross plots of cyclisation ratio of branched tetraethers (CBT) and méthylation index of branched tetraethers 
(MBT) in soils vs. environmental parameters: a) CBT vs. soil pH, b) CBT vs. soil temperature, c) MBT vs. soil pH, and 
d) MBT vs. soil temperature.
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2 .4 . Conclusions
Our study confirms the idea that the MBT index is mainly controlled by soil temperature and pH, and 

that the CBT index relates linearly w ith soil pH. The relationships found are s im ilar to those of the global 

data set of Weijers et al. (2007c ), although there is a statistically significant difference in the intercept 

of the relationship of MBT w ith temperature. This is possibly because we used in s itu  soil temperature 

rather than MAT. Our results generally support the use of the MBT-CBT indices as a tool for the recon­

struction of continental palaeotemperatures and the determination of past soil pH.
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Chapter 3

Influence of soil pH on the abundance and dis­
tribution of core and intact polar lipid-derived 
branched GDGTs in soil

Francien Peterse, Graeme W. Nicol, Stefan Schouten, Jaap S. Sinninghe Damsté, 2010 . Organic Geo­

chem istry  41, 1171 -1175 .

Abstract

Branched glycerol dialkyl glycerol tetraether (GDGT) lipids occur in soils worldwide and are presumed to 

be produced by soil bacteria. They form the base of the MBT-CBT proxy (méthylation of branched tetra- 

ethers/cyclisation of branched tetraethers) for palaeoclimate reconstruction. The degree of cyclisation and 

méthylation, expressed in the CBT and MBT indices, has been shown to relate to soil pH, and to both 

temperature and soil pH, respectively. To evaluate the direct impact of soil pH on the abundance and 

distribution of branched GDGTs, either present as core lipids or derived from intact polar lipids (IPLs), 

longterm  (> 4 5  years) soil pH manipulation plots, w ith  a pH range of 4 .5 -7 .5 , were analyzed. The CBT 

index values of both core and IPL-derived branched GDGTs was significantly (r2 =  0 .93, P = 0 .0 0 0 4  and 

r2= 0 .9 3 , P = 0 .0 0 0 5 , respectively) linearly related to actual soil pH, confirm ing the direct influence of pH 

on the distribution of branched GDGT. In contrast, the MBT index was only influenced to a minor extent 

by the changes in soil pH. Branched GDGT abundances decreased w ith increasing soil pH, supporting the 

idea that Acidobacteria  may be a possible source of these orphan membrane lipids.
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3.1  Introduction
Branched glycerol dialkyl glycerol tetraether (GDGT; Fig. 3 .1 ) lipids are ubiquitous in soils and peats 

(Sinninghe Damsté et al., 2000; Weijers et al., 2006b), 3S Well 3S in lake (e.g. Powers et al., 2004; Blaga et al., 2 0 0 9 ) and 

coastal sediments (e.g. Schouten et ai., 2000; Hopmans et ai., 2 0 0 4 ), where they originate mainly from river-trans­

ported soil organic matter and/or soil erosion. Branched GDGTs were first discovered and identified by 

Sinninghe Damsté et al. (2000 ) and are, based on the stereo chemistry of the ir glycerol moieties, thought 

to be of bacterial origin (weijers et aí., 2006a). The exact type of bacteria that synthesizes them is not known, 

though it has been suggested that species w ith in the phylum Acidobacteria  may be the source (Weijerset 

al., 2 00 9 ).

The structures of branched GDGTs vary in the amount of methyl branches (4 -6 ) attached to the alkyl 

chains, and can contain up to two cyclopentane moieties (sinninghe Damsté et al., 2OOO; Weijers et al., 2006a ). An 

empirical study based on a set of globally distributed soils has shown that the distribution of branched 

GDGTs in a soil is related to the annual mean air temperature (MAT) and the pH of that soil (Weijers et ai., 

2007c). The number of cyclopentane moieties in branched GDGTs relates to soil pH, whereas the number 

of methyl branches is related both MAT and soil pH. These relationships are expressed in the Cyclisa­

tion of Branched Tetraethers (CBT) index and the Méthylation of Branched Tetraethers (MBT) index. The 

combination of these two indices allows it to be used as a proxy for palaeotemperature and past soil pH 

(e.g. Weijers et al., 2007a,b; Schouten et al., 2008a; Rueda et al., 2 0 0 9 ).

Several studies have evaluated the applicability of the indices as a palaeoclimate proxy by comparing 

measured and estimated temperature and soil pH (e.g. Sinninghe Damsté et al., 2OO8 ; Rueda et al., 2 0 0 9 ; Peterse et 

ai., 2009a,b,c; Tierney and Russell, 2009; Tyier et ai., 2 0 io ) .  Although these studies generally support the empirical 

relationship of soil pH w ith the degree of cyclisation of branched GDGTs, the direct impact of soil pH on 

the MBT and CBT indices has not been tested. In this study, we analyzed the abundance and distribution 

of branched GDGT in soils from longterm soil pH manipulation plots, where the soils have been kept at 

constant pH in the range 4 .5 -7 .5  for almost 50 years. Climatic parameters and other soil properties that 

may influence the branched GDGTs were generally constant along the pH transect (Kemp et ai., 1992), leav­

ing soil pH as the only varying control on the abundance and distribution branched GDGTs in the plots. 

We analyzed branched GDGTs present as core lipid (CL-derived GDGTs), presumed to be of fossil origin, 

as well as those derived from intact polar lipids (IPL-derived GDGTs), presumed to be from recently active 

organisms, follow ing the approach of Pitcher et al. (2009 ).

3 .2 . Material and methods
3.2.1. Field site and sample collection

Soil samples were obtained from pH-manipulated plots at the Scottish Agricultural College, Craib- 

stone, Scotland ( 5 7 ° H ’N, 2 °1 2 ’W) in September 20 07 . The soil pH of the plots has been maintained 

since 1961 w ith a range of 4 .5 -7 .5  at 0 .5  pH unit intervals by addition of either lime or alum inium 

sulfate (Kemp et ai., 1992). The sandy loam soil is under a 8  year crop rotation cycle to minimize the poten­

tial effects of vegetation. Replicate samples were taken from the upper 10 cm of each pH plot, passed 

through a 3 .3 5  mm mesh sieve and stored at -20  °C until further analysis. Soil pH was measured in 1:2 

(w/v) soilideionised water suspensions after shaking (15 min) and settling for 30  min.
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Fig. 2.1. Molecular structures of branched GDGTs.

3.2.2. GDGT analysis
Duplicate soil samples from each pH-controlled plot were freeze dried and extracted (3 x )  using a 

modified Bligh and Dyer technique. A solvent mixture (5 ml/g soil) of MeOH:dichloromethane (DCM): 

phosphate buffer at pH 7 .4  (2 :1 :0 .8 , v/v/v) was added to ca. 3 g sample in a centrifuge tube and placed 

in an ultrasonic bath for 10 min. The extract was collected after spinning down the sample. DCM and 

phosphate buffer were added to the combined extracts to a new volume ratio of 1 :1 :0 .9  (v/v/v) to achieve 

phase separation. Extract (DCM phase) and residue (MeOH/phosphate buffer phase) were separated by 

centrifuging at 2 5 00  rpm for 2 min. The DCM phase, containing the GDGTs, was collected in a round bot­

tomed flask. The residue was rinsed tw ice w ith DCM, and the combined DCM phases were reduced using 

a rotary evaporator under near vacuum. The extract was passed over extracted cotton wool to remove any 

remaining soil particles and completely dried under a N2 flow.

The extracts were separated into CL and IPL GDGT fractions according to Oba et al. (2006) and 

Pitcher et al. (2009), except that a hexane:ethyl acetate (1 :1 , v/v) mixture was used to obtain the CL frac­

tions, and that IPL fractions were retrieved by flushing the silica column w ith  MeOH. A C46 GDGT internal 

standard was added to both CL and IPL fractions following Huguet et al. (2006). The IPL fractions were 

subjected to acid hydrolysis to cleave the head groups and release the core lipids (hereafter IPL-derived 

GDGTS; cf. Pitcher et al., 2009).

All fractions were dissolved in hexaneusopropanol (99 :1 , v/v), filtered over a 0 .4 5  pm PTFE filter, 

and concentrated to about 3 mg/ml prior to analysis using high performance liquid chromatography/ 

atmospheric pressure chemical ionization-mass spectrometry (HPLC/APCI-MS) w ith an Agilent 1100 

series LC/MSD SL instrument according to Schouten et al. (2 007a ), with minor modifications as described 

by Peterse et al. (2 00 9 a ). The injection volume was 10 pi for all samples, and selective ion monitoring 

of the [M +  H ]+ ions was used to detect and quantify the different GDGTs. Absolute quantification was 

done according to Huguet et al. (2006). The CBT and MBT indices were calculated as follows (Weijers et 

al., 2007c):

CBT = -LOG ([lb  +  llb ]/la  +  lla]) (3.1)

MBT =  [la +  lb + lc ]/[ la  +  lb + lc  +  lla +  l lb + llc + ll la  +  l l lb + ll lc ]  (3.2)

Roman numerals refer to the structures in Fig. 3 .1 . Soil pH was inferred from CBT using the empirical

equation based on the global calibration set of Weijers et al. ( 2007c):

CBT =  3 .3 3  - 0 .3 8 x p H  (3.3)

The reported numbers represent the averaged values for the duplicate soil samples per plot.
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3 .3 . Results and discussion
3.3.1. Abundance o f branched GDGTs

Both CL- and IPL-derived branched GDGTs were found in all the plots. The amounts of total CL- 

GDGTs in the pH-manipulated plots vary between 3 0 0  and 64 0  ng/g soil dry w t, and are generally higher 

in the low pH soil plots than in those w ith a higher pH {Fig. 3.2a). The amounts of IPL-derived branched 

GDGTs fo llow  the same trend w ith soil pH as the ir CL counterparts, although the average amounts are 

about 4 -1 0  times lower than those of the CL branched GDGTs (3 0 -1 5 0  ng/g soil dry w t; Fig. 3 .2a). In 

each plot, IPL-derived GDGTs comprise only 9 -1 9 %  of the total pool of branched GDGTs. This implies 

that the largest part of branched GDGTs in soil is not derived from living cells, but is present as fossil 

branched GDGTs, as recently also suggested by Weijers et al. ( 2009 ) and Huguet et al. (2010a).

Fig. 3.2. a) Average amounts of CL- and IPL-derived branched GDGTs, b) 
actual soil pH and CBT-derived pH and c) MBT index values for the soils 
of long term pH manipulation plots. Error bars are the standard deviation 
of the mean of duplicate field soil samples for branched GDGT amounts, 
CBT-derived pH, and MBT index values, and triplicate field soil samples for 
soil pH. In some cases, the standard deviation in smaller than the symbol.

The decreasing trend in branched GDGT concentration (Fig. 3.2a) seems to be principally caused by 

the variation in pH, as other parameters, such as carbon and nitrogen contents or soil moisture, do not 

significantly change along the pH transect (Meharg and Kiiiham, 1990 ; Nicoi et ai., 2008 ). This trend has also been 

observed in the global soil calibration set of Weijers et al. (2007c), where more acidic soils contained the 

highest amounts of branched GDGTs. Based on a comparison of branched GDGT abundances w ith  16S 

rRNA genes in a soil profile from the Saxnäs Mosse peat bog, Sweden, Weijers et al. (2009 ) suggested that 

branched GDGTs are likely produced by Acidobacteria. The latter are ubiquitous and, after Proteobacteria, 

are the most abundant bacterial phyla in soil (Janssen, 2006 ). Indeed, the abundance of Acidobacteria  in soil 

has been shown to increase w ith decreasing pH (S aitetal., 2OO6 ; Männlstöetal., 2 0 0 7 ; Hartman et al., 2008; Lauberet 

aí., 2009; Jones et ai., 2 0 0 9 ), sim ilar to the relationship of branched GDGTs w ith soil pH. A large scale study of 

the variation in soil bacterial abundance w ith changing soil pH showed that the abundance of several soil 

bacterial phyla correlate w ith soil pH, but that only Acidobacteria  abundance decrease w ith increasing soil
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pH (Lauber et al., 2 0 0 9 ). Of the 26 distinct Acidobacteria  subdivisions (Barns et al., 2 0 0 7 ), divisions 1, 3, 4, 

and 6 appear to be most abundant in soil (Barns et ai., 1999 ; Janssen, 2006 ; Jones et ai., 2 0 0 9 ), but only relative 

abundance of subdivision 1 shows a negative relationship w ith  soil pH (Sait et ai., 2006 ; Eichorst et ai., 2 0 0 7 ; 

Jones et ai., 2 0 0 9 ). This suggests that the organisms tha t produce branched GDGTs may originate from this 

subgroup. Recently, Oppermann et al. ( 2010) suggested that producers of branched GDGTs are likely to 

be heterotrophic organisms, as the 813C values of branched GDGT-derived C30 and C31 alkanes mimic 

those of the plant derived lipids in the same soil. Currently, cultured representatives of only 5 of the 26 

Acidobacteria  subdivisions exist, most Of which are heterotrophs (Ward et al. (2009) and references therein), in 

agreement w ith the observation of Oppermann et al. (2010) . However, the two Acidobacteria  cultures 

that have been analyzed so far, i.e. Acidobacterium  capsulatum  (subgroup 1) and Holophaga foetida  

(subgroup 8 ) ,  did not contain any branched GDGTs (weijers et aí., 2009).

3.3.2. CBT and MBT indices
The distribution of branched GDGTs changes substantially along the pH transect; both CL- and IPL- 

derived branched GDGTs w ith cyclopentane moieties (e.g. lb, lib) become more abundant w ith increasing 

soil pH, relative to those w ithout cyclopentane moieties {Fig. 3 .3a and b). The decrease in amount of 

cyclopentane moieties w ith lower soil pH supports the empirical relationship between soil pH and the 

amount of branched GDGTs w ith  cyclopentane moieties found for the global soil calibration set (Weijers et 

ai., 2007c). CBT index values, calculated according to Eq. 3 .1 , linearly relate w ith measured actual soil pH 

(r2= 0 .9 3 , P = 0 .0 0 0 4  for CL and r2= 0 .9 3 , P = 0 .0 0 0 5  for IPL-derived branched GDGTs). Based on the 

CBT indices for both CL and IPL-derived fractions, soil pH of each pH manipulated plot was calculated 

according to Eq. 3 .3 . CBT-derived pHs generally match well w ith  the measured actual soil pH of each 

manipulated plot {Fig. 3 .2b), except at low soil pH (plots w ith  pH 5 .0  and 4 .5 ) where the CBT derived 

pH overestimates the actual soil pH. Possibly, a threshold is reached at pH 5.0 , where no further adapta­

tion of the cell membranes to lower soil pH occurs, although lower CBT values are observed in natural 

soils w ith pH values as low as 3 .3  in the global soil calibration set (Weijers et ai., 2007c). Remarkably, the 

calculated soil pH values for the CL- and IPL-derived fractions in the soils of the pHmanipulated plots 

show no apparent differences between them. This implies that, in this case, the fossil pool of branched 

GDGTs has a turnover tim e of < 4 5  years.
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Fig. 3.3. Average distribution of a) CL- and b) IPL-derived branched GDGTs in soils of long term pH manipulation plots. Error bars refer 
to the standard deviation of the mean of duplicate field soil samples. Roman numerals refer to structures in Fig. 3.1.
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The controlled character of the Craibstone pH-manipulated plots (w ith all other measured environ­

mental parameters showing little variation and no gradient) thus unambiguously confirms that pH is an 

important factor controlling the degree of cyclisation of branched GDGTs in these soils. Likely, the pres­

ence of cyclic moieties in lipids in cell membranes influences the permeability and flu id ity  of the mem­

branes. Generally, a lower membrane permeability helps to protect cells against low pH (Beales, 2 0 0 4 ; Yuk 

and Marshall, 2 0 0 4 ). Indeed, archaea containing isoprenoid GDGTs have been shown to increase the amount 

of cyclopentane moieties in the ir membranes at high pH (shimada et ai., 2008 ) . Thus, the introduction of 

cyclopentane moieties in branched GDGTs may increase membrane permeability at higher soil pH (Weijers 

et al., 2007c).

The global soil calibration also shows that the amount of methyl branches on the alkyl chains of the 

branched GDGTs, quantified in the MBT index, relates to soil pH, although to a far lesser extent than the 

CBT index (r2= 0 .7 0  for the relationship of CBT w ith pH and r2= 0 .3 7  for the relationship of MBT and pH; 

Weijers et aí., 2007c). In the manipulated field plots, the abundance of GDGTs la, Ila and Illa decrease w ith 

increasing pH {Fig. 3 .3a and b). However, the MBT index in the pH-manipulated plots remains relatively 

constant throughout the pH range, w ith values between 0 .4 7  and 0 .49  based on CL-, and between 0 .42 

and 0 .4 7  based on IPL-derived GDGTs {Fig. 3 .2c). Only the MBT index based on IPL-derived branched 

GDGTs shows a weak increase w ith increasing soil pH, which is, however, opposite to the relationship of 

MBT and pH for the global soil calibration set of Weijers et al. (2007c). This suggests that soil pH might 

have only a relatively minor impact on the MBT index at th is site.

3 .4 . Conclusions
The amounts of branched GDGTs decreased w ith  increasing soil pH in long term controlled experi­

mental plots, in agreement w ith  the hypothesis that Acidobacteria  may be producers of branched GDGTs. 

A higher number of cyclopentane moieties is introduced in the membrane lipids w ith increasing soil pH, 

which is reflected in the CBT index. Consequently, CBT-derived pH resembles the actual soil pH of each 

manipulated plot, except below pH 5.0, where actual soil pH is overestimated. The changes in soil pH 

only have a minor impact on the MBT index.
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Assessment of soil n-alkane 6D and branched 
tetraether membrane lipid distributions as tools for 
paleoelevation reconstruction

Francien Peterse, Marcel T.J. van der Meer, Stefan Schouten, Guodong Jia, Jort Ossebaar, Jord Blokker, 

Jaap S. Sinninghe Damsté, 2009 . Biogeosciences 6, 27 99 -2 8 0 7 .

Abstract

8180  values of pedogenic minerals form ing from soil water are commonly used to reconstruct paleoel­

evation. To circumvent some of the disadvantages of this method, soil n-alkane 8D values were recently 

proposed as a new tool to reconstruct elevation changes, after showing that soil n-alkane 8D values track 

the altitude effect on precipitation 8D variations (r2= 0 .7 3  along Mt. Gongga, China). To verify the su it­

ability of soil n-alkane 8D values as a paleoelevation proxy we measured the 8D of soil n-alkanes along 

Mt. Kilimanjaro (Tanzania). At midslope, soil n-alkane 8D values are possibly influenced by the present 

precipitation belt, causing D-depletion in precipitation, and hence in the soil n-alkanes. Consequently, 

soil n-alkane 8D values do not linearly relate w ith altitude (r2 =  0.03), suggesting that, in th is case, they 

can not serve as an unambiguous proxy to infer past elevation changes. In contrast, it was recently shown 

that the MBT-CBT temperature proxy, which is based on the distribution of branched glycerol dialkyl 

glycerol tetraether (GDGT) membrane lipids, is linearly related w ith MAT, and thus altitude (r2= 0 .7 7 ), at 

Mt. Kilimanjaro. This suggests that this proxy may be more suitable for paleoelevation reconstruction for 

this region. However, application of the MBT-CBT proxy on the altitude gradient along Mt. Gongga showed 

that, although the MBT-CBT-derived temperature lapse rate (-5 .9  °C /1000 m) resembles the measured 

temperature lapse rate (-6 .0  °C /1000 m), there is a relatively large degree of scatter (r2= 0 .5 5 ). Our 

results thus show that both proxies can be subject to relatively large uncertainties in the ir assessment of 

past elevation changes, but that a combination of the soil n-alkane 8D and MBT-CBT proxies can likely 

result in a more reliable assessment of paleoelevation.



Chapter 4

4 . 1 Introduction
Stable isotope values of authigenic and pedogenic minerals are a common tool for the reconstruc­

tion Of paleoelevation changes in mountain ranges (e.g. Poageand Chamberlain, 2 0 0 1 ; Rowley and Garzlone, 2007, 

and references therein). 8 180  and 8 D values of precipitation and meteoric water become more negative w ith 

increasing elevation due to rain-out caused by the decrease in temperature and relative humidity, the so- 

called “altitude effect” (Dansgaard, 1 964 ), a trend that has been recognized in almost all mountain belts of 

the world (Poageand chamberlain, 2 00 i ) .  The present day stable oxygen isotope composition of precipitation 

or meteoric water is well documented in e.g. authigenic carbonates or soil water. This relationship can 

be used to infer elevation changes Of mountain ranges (e.g. Poage and Chamberlain, 2 001; Rowley and Garzlone, 

2007 , and references therein). Precipitation and surface water isotopic composition along an altitude gradient 

provides an isotopic lapse rate that can be used as a reference line for the reconstruction of historical 

elevation changes. By comparing the reference line w ith  the isotopic values of pedogenic minerals that 

have formed in the past, such as carbonates, clays, or volcanic glass that, at the tim e of formation, have 

formed in equilibrium  w ith  surface waters, a paleoelevation record can be obtained. However, there are 

some disadvantages in using this method. For example, the obtained records are generally very smoothed 

due to the low formation rate of carbonates, and show a millennial signal at best (Rowley and Garzlone, 2007 ). 

Furthermore, the mineral isotopic composition can be influenced by different source waters and tempera­

ture variations during formation (Dettman and Lohmann, 2000; Rowley and Garzlone, 2 0 0 7 ). AISO, diagenesis and 

recrystallization can modify the original isotopic composition of pedogenic minerals (Morrill and Koch, 2 0 0 2 ; 

Garzlone et ah, 2 0 0 4 ). Thus, further development of paleoelevation proxies is needed to reduce uncertainties 

in paleoelevation reconstructions, including developing and validating new proxies, and combining these 

different proxies in multi-proxy applications.

Recently, Jia et al. ( 2008 ) explored the suitability of soil n-alkane 8D values as a proxy for paleoeleva­

tion as it has been shown previously that hydrogen isotope ratios of leaf wax n-alkanes strongly relate to 

that Of environmental water (e.g. Sessions et a I., 1999; Sauer et al., 2001; Sachse et al., 2004; Smith and Freeman, 2006; 

Rao et ai., 2 0 0 9 ) and that the hydrogen isotopic composition of environmental water depends on altitude 

(Dansgaard, 1 964 ). Indeed, the n-alkane 8D values for surface soils along the eastern slope of Mt. Gongga 

(China) record the altitude effect on the precipitation 8D well, showing a decreasing trend w ith altitude 

(Jia et aí., 2008 ). Based on the relation of n-alkane 8D w ith altitude on the Tibetan Plateau, the uplift of this 

plateau during the late Eocene and early Miocene was recently reconstructed, the result being consistent 

w ith a paleoelevation reconstruction based on carbonate 8180  (Poiissar et aí., 2009 ). An advantage of using 

n-alkanes hydrogen isotope values instead of those of pedogenic minerals, is that elevations can also be 

determined at sites where no carbonates are present, but where organic material has been preserved. 

Furthermore, the production of plant lipids is a relatively short-term process compared to the formation 

and precipitation of minerals, which makes it possible to increase the resolution of the paleoelevation 

records. Finally, the uncertainties from the temperature effect during mineral formation that has to be 

taken into account when using mineral isotope values (Poageand chamberlain, 2001 ) can be largely avoided 

by the use n-alkane 8D data, as the apparent isotopic fractionation between water and plant lipids during 

lipid production is seemingly less temperature dependent than that during carbonate precipitation (Jia et 

ai., 2008) . However, a disadvantage of th is proxy is that the apparent fractionation may be influenced by 

physical or vegetation changes along an altitudinal transect, so that soil n-alkane 8D values can only be 

applied as a paleoelevation proxy when the apparent hydrogen isotope fractionation between precipitation
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and plant wax n-alkanes appears to be independent of elevation, or when changes in apparent fractiona­

tion can be reconstructed (Jia et ai., 2008 ).

An alternative method to reconstruct paleoelevation, independent of precipitation, could be the MBT- 

CBT temperature proxy, which is based on the membrane composition of a yet unknown group of bacteria 

that occurs ubiquitously in soils worldwide (Weijers et ai., 2007c). The membranes of these bacteria are 

composed of branched glycerol dialkyl glycerol tetraether (GDGT; Fig. 4 .1 )  lipids, of which the molecular 

structure can vary in the amount of methyl branches (4 to 6) attached to the alkyl chain, and in the 

number Of cyclopentane moieties (up to 2) (Sinninghe Damsté et al., 2OOO; Weijers et al., 2006a ). An empirical 

study showed that the amount of cyclopentane moieties linearly relates w ith soil pH, whereas the degree 

of méthylation shows a relation w ith both soil pH and annual mean air temperature (MAT; Weijers et ai., 

2007c). These relations are expressed in two indices, the Cyclisation of Branched Tetraether (CBT) and the 

Méthylation of Branched Tetraether (MBT) index. By analyzing the distribution of branched GDGTs, which 

can be determined from the same lipid extract as used for n-alkane 8D measurements, and using the 

combination of the CBT and MBT indices, changes in past environmental conditions can be reconstructed 

(Weijers et ai., 2007a, b; Schouten et ai., 2008a ). Sinninghe Damsté et al. (2 0 0 8 ) showed that the distributions 

of branched GDGTs in surface soils from Mt. Kilimanjaro (Tanzania) change w ith  temperature, and thus 

w ith altitude, despite variations in e.g. precipitation or soil type. The temperature lapse rate that was 

calculated using the MBT-CBT proxy ( -6 .9 ± 1 .0  °C /1000 m; sinninghe Damsté et ai., 2008 ) , approached the 

lapse rate that was measured in situ (-5 .3 °C /1000 m; Hemp, 2006b). Branched GDGTs are generally well 

preserved, and have been found in sediments as old as the Palaeocene-Eocene thermal maximum (—55 

Ma; Weijers et ah, 2007b ), suggesting that they may be suitable components for paleoelevation studies, when 

applied to paleosols, for example.

Although these paleoelevation proxies seem promising, more studies are needed to examine potential 

com plicating factors. Both soil n-alkane 8D and the MBT-CBT proxy are only indirect recorders of altitude, 

i.e. through the altitude effect on precipitation 8D and temperature lapse rate, respectively, and thus other 

factors besides altitude can potentially affect these proxies. We, therefore, tested these two organicgeo- 

chemical proxies on two altitudinal transects to assess their suitability for paleoelevation reconstructions. 

Soil n-alkane 8D values were measured along the slope of Mt. Kilimanjaro, and the MBT-CBT temperature 

proxy was applied along the slope of Mt. Gongga. The same samples were previously analyzed for the 

MBT-CBT proxy of Mt. Kilimanjaro soils and for soil n-alkane 8D analysis of Mt. Gongga by Sinninghe 

Damsté et al. (2008 ) and Jia et al. (2008 ), respectively.

HO-i

Ila Illa

lllb

Fig. 2.1. Molecular structures of branched GDGTs.

41



Chapter 4

4 .2 . Material and methods
4.2.1. A ltitud ina l transects and so il samples

Mt. Kilimanjaro is located 3 0 0  km south of the equator in Tanzania on the border w ith  Kenya (3°S, 

37°E). Mt. Kilimanjaro is an ancient volcano, rising from the 700  m elevated savanna plains to a height of 

5895  m, which makes it the highest mountain in Africa. Precipitation and temperature vary w ith altitude 

and the degree of exposure to wind from the Indian Ocean. Annual precipitation is higher on the southern 

slope than on the northern slope.

Due to its location close to the equator Mt. Kilimanjaro experiences two distinct rainy seasons; 

long rains from March to May, and short, but heavy rains in November and December (Hemp, 2006a, b). 

Rainfall data for the southern slope show an increase in precipitation from about 1900  mm/y at 1400 

m to a maximum of about 2 7 0 0  mm/y at 22 00  m altitude, and then decreasing again towards 50%  of 

the maximum rainfall at 3 0 0 0  m, and only 20%  at 4 0 0 0  m (Hemp, 2006a, b). MAT is 2 3 .4  °C at about 

80 0  m, and decreases linearly upslope w ith a lapse rate of -5 .3  °C /1000 m to a MAT of -7.1 °C at the 

top (Hemp, 2006b). Also the vegetation on Mt. Kilimanjaro shows a zonated pattern along the slope (Hemp, 

2006a, b). Soil n-alkane 8D analysis were performed on the same soils as used by Sinninghe Damsté et 

al. (2008 ) , who sampled 16 surface soils between 1700 m and 3 3 0 0  m along the southeastern slope 

of Mt. Kilimanjaro in September 2006 . The soil pH for this altitudinal transect ranges from 3 .8  to 6 .6 

(Hemp, 2006b ).

Mt. Gongga (7556  m) is located in the Daxue Mountain Range on the eastern side of the Tibetan 

plateau in Sichuan Province, southwest China (30°N, 102°E). The eastern slope of Mount Gongga drops 

6 4 50  m in altitude in only 29 km horizontal distance into the Dadu River valley at 1100 m, the west­

ern slope blends into the Tibetan Plateau at 3 0 0 0 -3 5 0 0  m (Thomas, 1997). Climate characteristics for 

the eastern and western side of the mountain are substantially different; the east side is influenced by 

Pacific air masses, whereas the west side is under influence of the Southwest Monsoon. This results in a 

relatively cool and humid climate w ith heavy precipitation on the east side of the mountain, and a drier 

and warmer climate on the west side. Annual precipitation increases w ith altitude on both sides, w ith the 

major part fa lling during the hottest summer months (May to October; Thomas, 1 9 9 7 ,1 9 9 9 ). Weather station 

data show that MAT declines upward from 11 .8  °C at 1600  m to 3 .4  °C at 3 0 0 0  m (Jia et ai., 2008) . The 

clim atic changes along the altitudinal gradient cause variations in soil and vegetation types, showing a 

vertical zonated pattern along the slope (Thomas, 1999 ; zhongetai., 1999) . The soils used for branched GDGT 

analysis are s im ilar to the ones used in Jia et al. (2008 ). Our sample set comprises of 36  surface horizons 

(0 -5  cm) along an altitude gradient from 1180 m to 3 8 1 9  m on the eastern slope of Mt. Gongga, and 

was sampled in late May 2004 . The soils were stored frozen upon arrival in the laboratory in China, and 

freeze dried before shipping to the laboratory at NIOZ. The pH of the soils was measured in the laboratory 

in China in a 1 :2 .5  soihwater (w/v) mixture.

4.2.2. Soil extractions
All soils were freeze dried and powdered w ith mortar and pestle prior to extraction (3 times for 5 min) 

w ith a solvent mixture of dichloromethane (DCM):MeOH (9 :1 , v/v) using an accelerated solvent extractor 

(ASE 200 , Dionex) at 100 °C and 7 . 6 x l0 6 Pa. Each total extract was dried using a rotary evaporator 

under near vacuum. The extracts were dissolved in DCM and passed over a Na2S 04 column to remove 

all remaining water, dried again under a N2 flow, and weighed, depending on which 0 .1 -1 .0  pg of a C46
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GDGT standard was added to the extracts (cf. Huguet et ai., 2006) . The extracts were separated by passing 

them over an activated Al20 3 column using hexane:DCM (9 :1 , v/v) and DCM:MeOH (1 :1 , v/v) to obtain 

an apolar and polar fraction, respectively.

4 .2 .2 .1  Soil n-alkane  8D analysis

The apolar fractions were each passed over a small silver nitrate impregnated silica column using 

hexane to further separate the n-alkanes. The n-alkane containing fractions were analyzed by gas chro­

matography (GC) using an Agilent 6 8 9 0  gas chromatograph w ith a flame ionization detector using a 

fused silica capillary column (25 m x 0 .3 2  mm) coated w ith CP Si 1-5 (film  th ickness=0.12  pm) w ith he­

lium as carrier gas. The fractions were dissolved in n-hexane, and injected on-column at 70  °C. The oven 

was programmed to subsequently increase the temperature to 130 °C w ith 20  °C/min, and then w ith 

4 °C/min to 3 2 0  °C at which it was held isothermal for 10 min. Compound-specific hydrogen isotopic 

compositions of the n-alkanes were determined by GC/thermal conversion/isotope ratio monitoring mass 

spectrometer using a Thermo Electron DELTAPIus XL mass spectrometer. GC conditions were s im ilar to 

conditions for GC analysis except that the film  thickness of the CPSil 5 column was 0 .4  pm and that a 

constant flow  of He was used at 1.5 m l/m in. Compounds were pyrolyzed at 1450  °C in an empty ceramic 

tube, which was preactivated by a methane flow  of 0 .5  m l/m in for 5 min. H+3-factors were determined 

daily on the isotope mass spectrometer and decreased slowly from 8 .5  to 6 over a 6 week period. H2 

gas w ith  known isotopic composition was used as reference and a mixture of C16-C 32 n-alkanes of known 

isotopic composition (ranging from -42%o to -256% o vs. VSMOW) was used to monitor the performance 

of the system. The average offsets between the measured hydrogen isotopic composition of the C16-C 32 

n-alkanes and their values determined off-line were generally 5%o or less. Analyses were done at least 

in duplicate and the reproducibility was always better than 7%o. A squalane standard was co-injected 

w ith every sample and its average value was -17 0 .6 ± 3 .5 % o , which compared favorably w ith its off-line 

determined value of -170%o.

4 .2 .2 .2  Branched GDGT analysis

The polar fractions, containing the branched GDGTs, were dried under N2, ultrasonically dissolved in 

a hexane:isopropanol (99 :1 , v/v) mixture, and filtered overa 0 .4 5  pm PTFE filter. All polar fractions were 

concentrated to about 3 mg/ml prior to analysis by high performance liquid chromatography/atmospheric 

pressure chemical ionization-mass spectrometry (HPLC/APCI-MS) on an Agilent 1100  series LC/MSD
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Fig. 4.2. Relations of 5Drax with a) modeled 5Dp and b) altitude in %o versus WSMOW along the southeastern slope of 
Mt. Kilimanjaro.
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SL according to Schouten et al. (2007a ), with minor modifications. Briefly, separation of the branched 

GDGTs was achieved on an Alltech Prevail Cyano column (15 0  m m x 2 .1  mm; 3 pm). The compounds 

were eluted isocratically w ith 90%  A and 10% B for 5 min (flow rate 0.2 m l/m in), and then w ith  a linear 

gradient to 16% B for 3 4  min, where A=hexane and B=hexane:isopropanol (9 :1 , v/v). For all samples, 

the injection volume was 10 pi. Selective ion monitoring of the [M +  H ]+ was used to detect and quantify 

the different GDGTs, and absolute quantification of each compound was achieved by calculating the area 

of its corresponding peak in the chromatogram, comparing it w ith the peak area of the internal standard, 

and correcting it for the different response factors (cf. Huguet et ai., 2006) .

The CBT and MBT indices were calculated according to the follow ing equations:

CBT =  -LOG ([lb  +  llb ]/[la  +  lla]) (4.1)

MBT =  [la +  lb + lc ]/[ la  +  lb + lc  +  lla +  l lb + llc + ll la  +  l l lb + ll lc ]  (4.2)

Roman numerals refer to the structures in Fig. 4 .1 . The soil pH and MAT were calculated using the em­

pirical equations based on the global calibration set given by (Weijers et a i.,20 0 7 c ):

CBT =  3 .3 3  -  0 .3 8 x p H  (4.3)

MBT =  0 .122  +  0 .187X C B T  +  0 .0 2 0 xM A T  (4.4)

Average errors based on duplicate analysis for MBT and CBT on 12 samples are 0 .0 03  and 0 .0 07 , 

respectively.

4 .3 . Results and discussion
4.3.1. Soil n-alkane  S D values along Mt. Kilimanjaro

Soil n-alkanes along Mt. Kilimanjaro range from C27 to C36, and exhibit an odd-over-even predomi­

nance, as is represented by the carbon preference index (CPI) of the n-alkanes, which ranges from 5 .5  to 

15.8. The average chain length (ACL) of the C27-C36 n-alkanes along the analyzed transect varies between

30 .2  and 32 .0 . C29, C31, and C33 n-alkanes are most abundant in the soils, and the ir hydrogen isotope 

values range from -154% o to -126% o for the C29, from -149% o to -113% o for the C31, and from -144%o 

to -116% o for the C33 n-alkane (Table 4.1).

To test if the 8D of higher plant n-alkanes on Mt. Kilimanjaro records precipitation 8D (8D ), one 

would ideally use directly measured 8Dp values. However, for the altitudes that our soil samples were 

derived from, these data were not available. We therefore used modeled 8Dp values according to Bowen 

and Revenaugh (2003 ) and Bowen (2009 ) (Table 4 .1 ), noting that only a low density of stations feed the 

model database for th is region. Following the approach of Jia et al. (2008 ) , we plotted the weighed mean 

of the 8D of the most common n-alkanes (C29, C31 and C33; 8Dwa)  against modeled 8Dp and altitude {Fig. 

4.2a, b). This shows that 8D values do not strongly correlate w ith the modeled 8D , as was found for
’  w ax  u  J p 1

Mt. Gongga (Jia et al., 2 0 0 8 ).

There are several environmental parameters that can potentially have influenced the isotopic values 

of the n-alkanes or precipitation, and may thus explain the absence of the linear relation w ith altitude. 

Soil n-alkane isotopic values may for example have been influenced by changes in vegetation type (Rom­

merskirchen et ai., 2006) , along the slope. However, the absent relation is most likely to be explained by the
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Table 4.1. 5D values for soil n-alkanes and modeled 5D values of precipitation ( %o ) along 
the southeastern slope of Mt. Kilimanjaro.

Altitude
(m) 5DC23±SD> 8DOJ±SD

Soil n-alkane 

5Dœ ±SD 5 D '
p

1727 -114±6 -118±2 -129±6 -119.4 -23

1822 -135±2 -125±0 -129±4 -128.2 -24

1967 -156±1 -138±1 -134±2 -142.6 -27

2068 -152±0 -144±2 -137±2 -145.9 -28

2124 -150±1 -140±3 -139±1 -142.7 -29

2239 -154±1 -136±0 -130±2 -142.0 -30

2346 -152±1 -144±1 -144±1 -147.2 -32

2464 -151±2 -147±1 -140±1 -147.2 -34

2578 -139±3 -143±1 -188±1 -133.6 -35

2652 -144±3 -149±1 -137±3 -146.1 -36

2764 -149±4 -143±1 -121±0 -140.8 -38

2885 -138±2 -136±2 -125±2 -132.9 -40

2999 -144±4 -143±1 -135±0 -139.9 -41

3070 -154±3 -133±4 -124±5 -132.4 -42

3157 -143±2 -138±3 -132±4 -137.2 -43

3245 -151±0 -143±1 -134±1 -140.4 -45

3 Standard deviation of at least duplicate measurements. 
b Weighed means of C29, C31, and C33 n-alkanes.
c Modeled precipitation 5 D along Mt. Kilimanjaro according to Bowen and Revena ugh (2003) and Bowen (2009).

“amount effect” , and has been observed in tropical regions before, when the isotopic composition of 

precipitation is not only related to the condensation temperature, but mainly controlled by local rainout 

(Rozanski et ai., 1992; Rozanski and Araguás Araguás, 1995). The “amount effect” results in more depleted 8Dp va l­

ues w ith higher amounts of rainfall and/or harder rains, and at Mt. Kilimanjaro, the amount of precipita­

tion and relative hum idity are at their highest in the middle montane zone (Hemp, 2006a, b), exactly where 

8Dwm values are most depleted {Fig. 4 .2b). At the midslope high precipitation belt, the actual 8Dp may 

have shifted to much lower values than the modeled 8Dp due to the “amount effect” . Indeed, along the 

western slope of Mt. Kenya (0°S, 37°E), which has a climate s im ilar to Mt. Kilimanjaro, precipitation and 

lake water 8D values were also found to be influenced by the “amount effect” rather than by the “altitude 

effect” (Rietti-Shati et ai., 2000) . However, due to the lack of measured source water 8D data, we can only 

speculate about the factors which can explain the absent linear relation.

4.3.2. Branched GDGTs along Mt. Gongga
Branched GDGTs were found in all analyzed surface soils of Mt. Gongga. Their concentrations vary 

between 0.01 and 5.3 pg/g dry weight (dwt) soil (Table 4 .2 ). The distribution of branched GDGTs varies 

substantially, as is reflected by the CBT and MBT indices, which were calculated accordingto Eq. 4.1 and 

Eq. 4 .2 , respectively (Table 4 .2 ). The CBT index for the soils ranges from 0 .03  to 1.65. At 1515  m and 

1610 m, CBT could not be calculated due to the absence, or too low abundance of branched GDGTs w ith 

a cyclopentane moiety (i.e. lb and lib; Fig. 4 .1 ). MBT values vary between 0 .21 and 0 .83 . The highest 

values are found at the lower part of the slope in the shrub and grass vegetation zone (1 0 0 0 -1 6 0 0  m),
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Table 4.2. Soil pH, branched GDGT concentrations, MBT and CBT index values, CBT-derived pH, and MBT-CBT-derived 
MAT for soils along the eastern slope of Mt. Gongga.

Altitude
(m) Soil pH

Total branched GDGTs 
(m g/g dry weight soil) CBT MBT

CBT-derived
PH

MBT-CBT-derived 
MAT (°C)

1180 7.9 0.01 0.72 0.43 6.9 8.7

1220 7.3 0.14 0.61 0.65 7.2 20.9

1515 n.d.a 0.62 _b 0.83 - -

1610 7.8 0.01 - 0.25 - -

1645 7.5 0.42 0.12 0.38 8.4 11.9

1740 6.7 0.01 0.37 0.49 7.8 15.0

1800 7.1 0.72 0.33 0.32 7.9 6.6

1850 7.5 0.15 0.26 0.33 8.1 7.7

1915 6.9 1.17 0.72 0.55 6.9 14.5

1973 7.7 2.69 0.06 0.23 8.6 5.0

2005 7.5 1.30 0.63 0.40 7.1 7.9

2115 7.1 0.46 0.03 0.23 8.7 5.2

2160 7.9 0.51 0.36 0.35 7.8 7.9

2220 6.6 0.26 0.79 0.37 6.7 4.8

2300 6.7 0.86 1.06 0.41 6.0 4.7

2350 6.9 1.28 0.66 0.36 7.0 5.8

2420 7.2 0.47 0.63 0.28 7.1 1.9

2470 7.9 0.66 0.58 0.26 7.2 1.5

2540 7.8 0.13 0.23 0.24 8.1 3.7

2620 6.5 0.16 0.45 0.34 7.6 6.5

2742 4.4 2.86 1.47 0.67 4.9 13.8

2764 5.9 2.68 1.26 0.44 5.4 4.1

2808 5.0 5.29 1.32 0.54 5.3 10.1

2920 5.2 1.22 1.40 0.39 5.1 0.5

2960 7.2 0.67 0.60 0.34 7.2 5.3

3049 4.5 1.96 1.56 0.48 4.7 3.1

3065 6.4 0.34 1.10 0.31 5.9 -1.0

3119 5.6 0.49 1.38 0.39 5.1 0.5

3140 4.9 0.61 1.65 0.57 4.4 7.2

3145 7.3 0.11 0.67 0.21 7.0 -1.8

3188 5.3 0.49 1.44 0.43 5.0 2.0

3209 5.0 0.24 1.44 0.33 5.0 -3.1

3518 4.4 4.69 1.50 0.44 4.8 2.0

3676 6.6 0.33 1.43 0.36 5.0 -1.7

3769 6.3 1.93 1.59 0.37 4.6 -2.5

3819 5.0 1.94 1.48 0.38 4.9 -0.8

3 Not determined. 
b Could not be calculated.

46



above which the MBT values are lower, and remain relatively constant along the rest of the slope.

The variable CBT and MBT values along the altitude gradient suggest that the branched GDGT 

distribution is influenced by changes in MAT and soil pH. The CBT index shows a linear relation w ith 

the measured soil pH (r2 =  0 .72, n = 3 4 ; Fig. 4 .3 ), and this relation is not significantly different from the 

global CBT-pH relationship reported by Weijers et al. (2007c ), neither for the slope (homogeneity of slopes 

test: d f=  1 ,144, F = 0 .0 1 , P = 0.92), nor for the intercept (ANCOVA: cff= 1 ,145, F = 0 .36 , F>=0.55 ). A 

comparison of the calculated soil pH, derived from the CBT index and Eq. 4 .3 , and the measured soil pH, 

varying from 7.9 at the lower slope to 4 .4  at higher elevation (Table 4 .2 ), shows no significant differences 

(paired t-test: f(33) =  -0 .07 2 , P = 0 .9 4 ), suggesting that changes in soil pH indeed influence the distribu­

tion of branched GDGTs, and that the CBT index is a suitable tool to detect those changes.

MAT values along the slope were calculated based on the MBT and CBT indices and Eq. 4 .4 . MBT- 

CBT-derived MATs range from 20 .9  °C at the lower slope (12 20  m) to -3.1 °C at the upper slope (3209  

m), and show a linear decrease w ith altitude (r2= 0 .5 5 , n = 3 4 ; Fig. 4 .4 ). The temperature lapse rate 

based on the MBT-CBT-derived MAT values is -5 .9 ± 0 .9  °C /1000 m for Mt. Gongga. This calculated 

lapse rate is identical to the temperature lapse rate of -6 .0  °C /1000 m based on the weatherstation data. 

Nevertheless, there is a relatively large scatter in the MBT-CBT-derived MAT relationship w ith altitude, 

larger than observed for Mt. Kilimanjaro (sinninghe Damsté et ai., 2008) . Possibly, other factors than pH or 

temperature, like soil type or the length of the growing season, have caused the relatively large scatter for 

th is altitude gradient. This suggests that estimations of temperature are associated w ith relatively large 

uncertainties, which makes this proxy less suitable for accurate paleoelevation studies in this area.
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Fig. 4.3. Cross plot of the CBT index vs. measured soil 
pH for the soils along the eastern slope of Mt. Gongga 
(black) and for the global soil calibration set of Weijers 
et al. (2007c) (grey).
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4 .4 . Implications and conclusions
Our results for the 8 Dwm in soils of Mt. Kilimanjaro suggest that caution should be taken in deriving 

a reference recordfor paleoelevation reconstructions based on n-alkane 8 D values. Possibly, the relatively 

high amounts of precipitation in the middle montane belt cause a relative depletion in 8 D of the plant 

wax n-alkanes, and therefore mask the relation between 8D and altitude (r2 =  0 .03, n =  16; Fig. 4 .2 b )
’ w ax  7 7 °

required for a paleoelevation proxy. Indeed, the calculated “ D-lapse rate” along Mt. Kilimanjaro would be 

2 .6 ± 4 .2 % o /1 0 0 0  m, suggesting that, due to both the large error and the absence of a linear relation, 

8 D is unlikely to be useful at this location.
wax J

In contrast, the MBT-CBT temperature proxy at Mt. Kilimanjaro, which is not influenced by precipi­

tation, shows a good linear relation w ith altitude (r2 =  0 .77, n =  16; sinninghe Damsté et ai., 2008 ) , although 

the MBT-CBT-based temperature lapse rate ( -6 .9 ± 1 .0  °C /1000 m) is somewhat higher than the meas­

ured lapse rate ( -5 .3 ± 0 .1  °C /1000 m; Hemp, 2006a, b). In case of Mt. Gongga, n-alkane 8 D values relate 

linearly w ith altitude (Jia et ai., 2008 ) , thereby providing a fairly good proxy to estimate “ D-lapse rate” 

(1 7 .7 ± 1 .7 % o /1 0 0 0  m). Although the MBT-CBT-based MAT estimates also show a linear relation w ith 

altitude and provide a temperature lapse rate that resembles the measured lapse rate (respectively -5 .9 

°C and -6 .0  °C /1000 m), there is a large degree of scatter in th is correlation.

Thus, it seems that for the two studied mountains, neither potential paleoelevation proxy is working 

perfectly. However, the combination of soil n-alkane 8D values and the MBT-CBT temperature proxy may 

be a suitable alternative for the more traditional 8180  based paleoelevation reconstructions. The combina­

tion of both organic-geochemical proxies is easily made, as they can be determined from the same lipid 

extract, yet they are based on fundamentally different principles. S im ilar paleoelevation estimates from 

both proxies would yield increased confidence. Compared to the more traditional 8180  based reconstruc­

tions, it should then be possible to obtain higher resolution records, as plant growth and adaptations in 

bacterial cell membranes are relatively fast processes. Furthermore, branched GDGTs and n-alkanes are 

relatively more resistant to diagenesis than soil carbonate, and paleoelevation studies may then also be 

performed in areas where no carbonates or other minerals are present.
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Chapter 5

Absence of seasonal patterns in MBT-CBT indices 
in mid-latitude soils

Johan W.H. Weijers, Beth Bernhardt, Francien Peterse, Josef P. Werne, Jennifer A.J. Dungait, Stefan 

Schouten, Jaap S. Sinninghe Damsté, 2011 . Geochimica e t Cosmochimica Acta 75, 3 1 7 9 -3 1 9 0 .

Abstract

The degree of méthylation and cyclization of bacteria-derived branched glycerol dialkyl glycerol tetraether 

(GDGT) membrane lipids in soils depends on temperature and soil phi. Expressed in the méthylation index 

of branched tetraethers (MBT) and cyclization ratio of branched tetraethers (CBT), these relationships are 

used to reconstruct past annual mean air temperature (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 

w ith annual MAT, it remains unknown whether a seasonal bias in temperature reconstructions could oc­

cur, 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 tim e 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 un­

dertaken 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) w ith seasonal tem ­

perature change; the MBT-CBT temperature proxy gave sim ilar temperature estimates year-round, which 

generally matched the mean annual soil temperature. In addition to a lack of coherent changes in relative 

distributions, concentrations of the branched GDGTs did not show clear changes over the seasons. For 

IPL-derived GDGTs these results suggest that the ir turnover tim e 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 m id-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 vari­

ability due to the heterogeneity of soils, then a seasonal bias may potentially still develop over tim e due 

to the long turnover tim e of branched GDGTs.
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5 .1 . Introduction
Branched glycerol dialkyl glycerol tetraethers (GDGTs) are core membrane lipids synthesised by as 

yet unknown bacteria (Weijers et ai., 2006a). They occur in peat bogs and soils worldwide (sinninghe Damsté et 

al., 2000; Lemmger 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 contain two or three methyl groups each 

and in some, one of these methyl groups is incorporated into a cyclopentane moiety likely formed via in­

ternal cyclization (Weijers et ai., 2006a). It has been shown previously that the relative distribution of the d if­

ferent branched GDGTs relates to soil pH and temperature (Weijers et ai., 2007c ; Peterse et ai., 2009b, 2010 ). The 

degree of cyclisation of the membrane lipids, expressed in the cyclization ratio of branched tetraethers 

(CBT) relates to soil pH, and the degree of méthylation, expressed in the méthylation index of branched 

tetraethers (MBT) relates to both soil pH and temperature. These relationships are explained as adapta­

tions by the GDGT-synthesizing microbe to ambient conditions in order to maintain the cell membrane 

in a liquid crystalline state, which is necessary to carry out essential cell membrane functions. In soils, 

the ambient temperature to which branched GDGT-producing bacteria adapt the ir cell membrane is most 

certainly soil temperature. As soil temperature data were not available in the global soil dataset studied by 

Weijers et al. (2007c), a correlation was made between 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 ai., 2007c).

After in itial application in the Congo deep sea fan to reconstruct past MATs for tropical Africa since 

the last deglaciation (Weijers et ai., 2007a ), the MBT-CBT proxy is increasingly being used to reconstruct 

past MATs. These include, among others, deglacial Amazonia (Bendie et ai., 2010 ) and East Asia (Peterse 

et ai., 2011 ), the middle Pleistocene of southwestern North America (Fawcett et ai., 2011 ) , the Miocene of 

northwestern Europe (Donders et ai., 2009 ), the Eocene-Oligocene boundary for East Greenland (Schouten et 

ai., 2008a), the early Eocene of the Sierra Nevada (Hren et aí., 2010 ) and the Palaeocene-Eocene thermal 

maximum (PETM) in the Arctic (Weijers et ai., 2007b ). In some cases these palaeotemperature estimates 

are in agreement w ith those of other proxies (e.g. Schouten et ai., 200 8 a ; Baiiantyne et ai., 2010 ), however, a po­

tential 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 ai., 2007b) and, although comparable to sea surface 

temperature estimates, the authors suggested that due to 3 months of darkness during polar w inter these 

estimates might be biased towards summer temperature. A comparison w ith much lower MAT estimates 

obtained from oxygen isotope ratios of biogenic phosphate led Eberle et al. (2010 ) to suggest 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 temperature estimates were 

equal to measured annual MAT. However, Rueda et al. (2009 ) compared MBT-CBT derived MAT estimates 

from a sediment record of the Skagerrak w ith instrumental temperature data for the last 2 0 0  years and 

found that it best compared w ith summer temperatures. 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
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seasonal temperatures than w ith  annual mean temperatures.

Soil microbial communities are (indirectly) affected by changes in environmental conditions; tem ­

perature being one of them (e.g. Frey et ai., 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 community composi­

tion of microorganisms (i.e. fungi vs. bacteria and gram-negative vs. gram-positive bacteria) might occur 

as a result of temperature-induced substrate constraints. Sim ilar constraints occur for microbes when 

temperatures drop below optimum conditions, resulting in lim ited microbial growth (Nedweii, 1999), and it 

is generally assumed that microbial activity slows down and shifts to a maintenance-related metabolism 

when soil freezes. Contrary to th is view, however, Drotz et al. ( 2010 ) recently reported that both catabolic 

and anabolic activities of heterotrophic microorganisms proceeded in frozen boreal 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 th is 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, th is could give rise to a 

preferential period of prosperity of branched-GDGT synthesizing bacteria. Potentially, th is 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 tim e 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 Netherlands. The sites are all located at m id-latitudes where the seasonal contrasts in temperature 

and growing season are pronounced. In addition to analyzing branched GDGTs as core lipids (CL), i.e. 

w ithout polar head groups and representing the fossil pool of GDGTs, we also analyzed, in two soil plots, 

intact polar lipid (IPL)-derived branched GDGTs, i.e. those w ith a polar head group and presumably de­

rived from living cells. The results were compared w ith temperature data from local weather stations as 

well as w ith  in s itu  measured soil temperatures.

5 .2 . Materials and methods
5.2.1. Soil locations and sampling

5.2 .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, w ith in Bath Nature Preserve, Summit 

County. Northwestern Minnesota is characterized by a continental climate w ith warm, humid summers 

and very cold winters (Peel et ai., 2007 ) . The annual MAT in this part of the state is ca. 4 °C and annual 

precipitation ca. 700  mm (knm i, 1997). The climate of northeastern Ohio is typical of humid continental 

regions w ith hot summers and cold winters (Peel et ai., 2007 ). The annual MAT in this area is ca. 10 °C and 

annual precipitation ca. 90 0  mm (knm i, 1997) . At both sites, soils w ith three types of vegetation cover 

were sampled, i.e. pine, deciduous and open field vegetation. The Itasca State Park soils were sampled 

from September 2 0 0 8  until August 2009 , and the soils in Bath Nature Preserve from October 2 0 0 8  until 

September 20 09  by colleagues from the University of Akron. Duplicate soil cores were collected at each 

sampling plot of 3 x 3  m using a hand auger or, in case of frozen soil, w ith 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 until 

further processing. Thermistors (NexSens micro-T temperature loggers) were buried at a depth of ca. 15
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cm in each of the soil plots in Minnesota and Ohio (slightly deeper than the depth interval used for lipid 

analysis) to record soil temperature 10 times a day (i.e. every 144 min). An additional therm istor 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 September 2 0 0 8  until October 2009 .

5.2 .1 .2 . Rowden Moor, UK

The tim e series from the UK was obtained from a grassland soil from the long-term experimental 

research platform 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 th is site is 9 .6  °C and the mean annual precipitation is 1056 mm (Harrod and 

Hogan, 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 during the year. The vegetation consists of Lolium perenne w ith patches 

of Juncus effuses. The soil was sampled at eighteen tim e points from November 2 0 0 8  until November 

2009 . In order to minimize effects caused by the heterogeneous nature of a soil, sampling was performed 

by taking five 30  cm long cores w ith a 3 cm diameter augur in an X-shape over an area of approximately 

3 0 x 3 0  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 -1 0  cm interval increments were 

pooled and powdered using a ball m ill 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 meteorological station.

5.2 .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, characterized by a maritime climate 

w ith wet summers and mild winters. The annual MAT near Texel is 9 .4  °C and mean annual precipita­

tion is 750  mm (knm i, 1997). The upper 10 cm of the soil was sampled monthly from March 2 0 0 8  until 

February 20 09 . Three samples were taken in a triangle shape on a l x l  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 trip licate samples were pooled. In-situ soil temperatures were measured 

at the tim e of sampling (always in the morning) using an Ama-Digit ad 20th digital thermometer. Thus, in 

contrast w ith  the soil plots from the USA and the UK, these soil temperatures do not represent daily aver­

ages. 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 (knm i, 1997).

5.2.2. 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 freezedried and homogenized w ith  mortar 

and pestle after removal of root clumps and other large pieces of soil debris. Around 10 g of soil were 

solvent extracted using a DIONEX Accelerated Solvent Extractor (ASE) and n-hexane/dichloromethane
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(DCM) 9:1 (v/v) at 100 °C and 7 .6 x  IO 6 Pa to obtain a total lipid extract (TLE). TLE aliquots were evapo­

rated under nitrogen until dry, re-dissolved in n-hexane/DCM 9:1 (v/v) and applied to an activated Al20 3 

column. Apolar and polar fractions were eluted w ith 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 us­

ing a modified Bligh & Dyer method in order to analyze both IPLs and CLs (Biigh 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 centrifugation, 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 phase 

separation. The extract (DCM phase) containing the GDGTs was separated from the residue (MeOH/phos- 

phate buffer phase) by centrifugation and collected. The residue phase was extracted twice more w ith 

DCM and the combined extracts evaporated to near dryness using a rotary evaporator. The extract was 

passed over a small column plugged w ith extracted cotton wool to remove any remaining 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) w ith minor 

modifications. The CL fraction was obtained by eluting w ith 5 column volumes of n-hexane:ethylacetate 

1:1 (v/v) and the IPL fraction was obtained by eluting w ith 5 column volumes of MeOH. A small aliquot 

of the obtained IPL fraction was analyzed directly using high performance liquid chromatography/mass 

spectrometry (HPLC/MS) to determine any carry over 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 fraction was refluxed for a m inimum of 2 h in 1.5 N HCI 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 extracted three times w ith DCM, which was subsequently collected and 

evaporated to dryness. In addition to th is acid hydrolysis, an aliquot of the Rowden Moor soil IPL fraction 

was subjected to base hydrolysis in order to cleave off phosphate bound head groups only. To th is end the 

sample was refluxed for ca. 2 h in a 1 N KOH in M e0H:H20  9 5 :5  (v/v) mixture, cooled down, neutralized 

and recovered by extraction w ith DCM sim ilar as for the acid hydrolysis.

All branched GDGTs were quantified against a known amount of a C46 GDGT standard (Huguet et ai., 

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 .4 5  

pm PTFE filter (Alltech) to remove any particulates.

5.2.3. GDGT analysis
All samples were analyzed at Royal NIOZ. GDGTs were analyzed using high performance liquid 

chrom atography- atmospheric pressure chemical ionization/mass spectrometry (HPLC-APCI/MS) on an 

Agilent 1100  series LC/MSD SL according to Schouten et al. (2007a) with minor modifications. Briefly, 

separation was achieved on an analytical Alltech Prevail Cyano column (1 5 0 x 2 .1  mm, 3 mm). Branched 

GDGTs were eluted w ith  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 m l/m in), thereafter w ith a linear gradient to 18% B in 

45  min. Injection volume was 10 pi for all samples. The different GDGTs were detected by scanning for
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the ir [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 Huguet et al. (2006 ). MBT indices 

and CBT ratios were calculated using peak areas and translated into annual MAT estimates follow ing the 

soil calibration described in Weijers et al. (2007c).

The standard error of estimate of the calibration formula is 5 .5  °C. The instrumental reproducibility of 

the MAT estimate, based on several duplicate HPLC/MS analyses, was ± 0 .3  °C. The analytical error due 

to sample processing and analysis was determined by duplicate processing of all Minnesota soil samples 

and by trip licate 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.

5.2.4. Correction for carry over o f core lip ids

As concentrations of I PL-derived branched GDGTs are substantially lower than those of the CL frac­

tions and separation 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 ai., 2009 ), small aliquots of the IPL fraction were 

analyzed using PIPLC/MS w ithout further hydrolysis to screen for the presence of branched GDGT CLs. It 

appeared that the carry over 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 concentrations 

of GDGTs in the IPL fraction relative to the CL fraction, th is 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 reported 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 ‘tempera­

ture signature’) 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 concentra­

tions of individual branched GDGTs of the leaked CL fraction from the concentrations of branched GDGTs 

in the IPL-derived fraction, and recalculating MAT based on the new distribution. The resulting correction 

was m inimal 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.

5 .3 . Results and discussion
5.3.1. Instrum ental temperature data

All four sites showed clear differences in seasonal air temperature. Due to the maritime climate of 

western Europe, however, the maximum difference in monthly mean air temperatures at Texel and Row­

den 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 {Fig. 5 .1 ). 

Daily soil temperatures as measured in the Minnesota, Ohio and Rowden Moor soils showed lower ex­

tremes 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 warm ing in spring, both most likely as a result of the insulating effect of the vegetation cover. 

This effect was less pronounced for the Ohio soils. Unfortunately, the therm istor from the deciduous plot 

in Ohio could not be recovered and the one from the deciduous plot in Minnesota malfunctioned, so we
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Fig. 5.1. 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 dif­
ferent soils. The range in monthly average air 
temperatures is indicated by the gray surface 
area; the range in monthly average soil tem­
perature 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 dur­
ing 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.

did not obtain in s itu  temperature data for these soils. Under the assumption that the temperature in the 

deciduous forest soil w ill not deviate substantially from the temperature in the pine forest soil, the latter 

was used for comparison w ith the MBT-CBT derived MATs in the deciduous forest soil. For all soils for 

which in s itu  soil temperature data were available, the annual mean soil temperature was higher than 

the annual MAT {Fig. 5 .1 ). In the Minnesota and Ohio soils this was mainly due to the fact that w inter 

soil temperatures never reach far below freezing point. For Rowden Moor soil th is 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 temperature was sm all­

est 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.

5.3.2. Branched GDGT core lip ids
Concentrations of branched GDGT CLs were determined for all soils and fall w ith in ranges reported 

in other studies (Kim et al., 2 0 0 6 ; Weijers et al., 2006b; Peterse et al., 2009b; Huguet et al., 2 010b ). For the Minnesota 

soils, annual averaged concentrations were 2 4 0 ± 6 0  (standard deviation) ng/g dry weight soil (dws) for 

the open field, 2 9 0 ± 7 0  ng /g l dws for the pine forest and 4 3 0 ± 1 1 0  ng/g dws for the deciduous forest 

time series, respectively (Fig. 5 .2a). For the Ohio soils the annual averaged concentrations were 1 7 0 ± 7 0  

ng/g dws for the open field, 2 5 0 0 ± 1 2 5 0  ng/g dws for the pine forest and 3 1 0 ± 1 7 0  ng/g dws for the 

deciduous forest (Fig. 5 .2b). Annual averaged branched GDGT CL concentrations for the Texel and the 

Rowden Moor grassland soils were 6 0 0 ± 1 2 0  ng/g dws (Fig. 5 .2c) and 1 6 0 0 ± 3 0 0  ng/g dws (Fig. 5 .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. 5 .2 ). For the Minnesota pine for­

est 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 w ith precipitation was found.
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MBT-CBT reconstructed temperatures (based on the CLs) remained constant throughout the year in 

all soils, w ith  variations in MAT estimates w ith in the same soil usually < 5  °C in the Minnesota and Ohio 

pine forest soils {Figs. 5 .3  and 5 .4 ), < 3  °C in the deciduous forest and open field soils from the same 

sites {Figs. 5 .3  and 5 .4 ), < 2  °C in the Texel soil {Fig. 5 .5 ) and < 1  °C in the Rowden Moor soil {Fig. 

5.6 ). The observed variations did not coincide w ith  seasonal variations in soil temperature. The average 

MBT-CBT derived temperatures for the Minnesota soils were 1 0 .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. 5 .1 ). For the Ohio soils, the average MBT-CBT derived temperatures were 8 .4 ± 0 .9  °C for the 

open field and 1 2 .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. 5 .1 ). Strikingly, MBT-CBT reconstructed temperatures for the deciduous soils in both Minnesota and 

Ohio were high, i.e. 1 4 .0 ± 0 .9  °C and 1 9 .2 ± 1 .0  °C, respectively {Figs. 5 .3  and 5 .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. 5 .1 ). Unfortunately, no soil temperature data were 

available for both deciduous plots, but it seems unlikely that these would be that much higher than under
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Fig. 5.2. 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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Fig. 5.3. 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).
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Fig. 5.4. 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 soi I (see text).
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pine forest. This makes these soils the only two in th is set of eight to give reconstructed 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 ai., 2 007b ). The reason for th is 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 th is area of 9 .4  °C {Figs. 5.1 and  5 .5 ). Of the eight soils sampled, the re­

constructed temperature based on CLs in the Rowden Moor soil was the most stable throughout the year 

at 1 1 .1 ± 0 .7  °C, which is close to annual MAT of 9 .6  °C and equal to the annual mean soil temperature 

of 11.1 °C {Figs. 5 .2  and  5 .6 ). One exception is the sample from May 15th that gave a reconstructed 

temperature 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 4 th (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 tempera­

ture was closer to the measured annual mean soil temperature than to the measured annual MAT. This 

is surprising as in the soil calibration dataset a calibration was made w ith annual MAT and not w ith soil 

temperature (Weijers et ai., 2007c ). As is also evident from the temperature data shown here, soil and air

Fig.5.5. 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. 5.6. 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 meas­
ured daily mean soil temperature at 10 cm depth (black 
line).
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temperature are not identical, and more importantly, the offset differs w ith  region and type of vegetation. 

The observed variation depends on a range of factors, including differences in vegetation cover, water 

content (which determines heat capacity) and latitude (intensity of w inter frost conditions) of the soil (e.g. 

Oliver et ai., 1987). The fact that MBT-CBT reconstructed temperatures do not always exactly reflect annual 

MAT implies that, as suggested by Weijers et al. (2 007c ), a substantial part of the scatter present in the 

MBT-CBT calibration may result from this variation 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 ascribed to a standing stock 

of CLs whose abundance is much larger than new production of branched GDGTs over a seasonal cycle. 

Earlier work, comparing the amount of branched GDGT CLs in a peat core w ith cell numbers of the most 

dominant bacteria, suggested the presence of such a standing stock of CLs (Weijers et ai., 2009). Indeed, 

Weijers et al. (2010) showed by means of the stable carbon isotopic composition of the branched alkanes 

released from branched GDGTs that the ir turnover tim e, at least in m id-latitude cropland soils, is near 20 

years, and Peterse et al. (2010) showed that the branched GDGT (CLs) composition in a grassland soil 

had fully adjusted to a manipulated 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 distribution 

of branched GDGT CLs in a given soil is adjusted to new environmental conditions at these time scales. 

This turnover tim e of decades for branched GDGT CLs also implies that the variation in CL concentration 

as found in some soils has to be interpreted w ith 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 dis­

tribution does not adjust to changes in ambient conditions (at least temperature) on tim e scales < 1  year. 

The turnover time of near 20  years implies that the MAT signal documented by the branched GDGT CLs 

is a timeintegrated signal over previous years (w ith the potential for a greater weighting for more recent 

years, though this remains to be demonstrated).

5.3.3. Branched GDGT in tact polar lip ids
5.3 .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 popula­

tion. 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. 4 0 ± 1 5  ng/g dws in the Texel soil {Fig. 5 .2c) to ca. 1 5 0 ± 3 0  ng/g dws in the Rowden Moor soil {Fig. 

5.2d). However, as observed for the CLs, no relationship was apparent between the concentration of the 

IPL-derived branched GDGTs and temperature {Fig. 5 .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. As­

suming 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 fossil (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 re­

constructions based on the IPL-derived branched GDGTs showed values that are s im ilar to the estimates
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based on the CL fraction {Fig. 5 .5 ; average 6 .7 ± 1 .0  °C). Except for April and July, the difference between 

the estimated temperatures from both fractions was < 1  °C, i.e. w ith in 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. 5 .6 ; average 1 0 .6 ± 2 .2  °C). IPL based tempera­

ture estimates 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 m ight suggest some kind of 

adaptation, it has to be noted that higher IPL-based than CL-based temperature estimates also occurred 

in w inter and lower estimates in summer. A Student’s t-test shows that IPL-derived MAT estimates for the 

warm part of the year (in th is 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 tha t there is no unambiguous clear trend in IPL- 

derived MAT related to seasonal changes in temperature {Fig. 5 .6 ).

These results suggest that, as w ith 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 th is would result in a 

smoothing of the seasonal temperature signal. Harvey et al. (i986) observed that bacterial phospholipids 

degrade relatively fast, whereas glycosidically bound ether lipids degrade much more slowly. Based on 

modeling of degradation rates in the marine environment, 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) recently 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 preserved over tim e scales longer than those of phospho IPLs.

5 .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 subjected 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-derived branched GDGTs was ca. 1 1 0 ± 3 0  ng/g dws {Fig. 5 .2d). Com­

parison w ith  the yield of the acid-hydrolyzed IPL aliquot, which was ca. 150 ng/g 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 tim e relative to the phospho IPLs due to their supposedly slower degradation rate, this 

suggests that the amount of glycol ipids produced by the branched-GDGT synthesizing bacteria is small 

relative to the phospholipids. This is in apparent contradiction w ith 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 w ith temperature over 

the seasons {Fig. 5 .6 ). The MBT-CBT reconstructed MAT based on the base-hydrolyzed IPL fraction 

(average 1 0 .7 ± 2 .1  °C) also showed no noticeable difference w ith  temperatures reconstructed for the
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acid-hydrolyzed fraction or the CL fraction {Fig. 5 .6 ). Except for June (1.2 °C), the differences between 

reconstructed MATs in the acid- and base-hydrolyzed samples were w ith in  1 °C, and thus w ith in analyti­

cal uncertainty. In fact, th is s im ilarity is not strange given that the majority of IPLs seems to consist of 

phospho bound IPLs, which are measured 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 fractions 

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 represent living biomass, it m ight be that branched- 

GDGT synthesizing bacteria have low cell division rates and exhibit relatively long regeneration times. 

This would have a s im ilar smoothing effect as w ith fossil GDGTs in the CL fraction, since part of the IPLs 

detected at a given point in tim e could be produced several months earlier. Indeed, many bacteria are 

known to grow slowly. An extreme example are the anammox bacteria w ith cell division times up to a 

month (Van de Graaf et ai., 1996; strous et ai., 1998 ). Also several Acidobacteria, the bacterial phylum potentially 

containing the branched-GDGT synthesizing bacteria (Weijers et ai., 2009 ), are relatively slow growers (□- 

chorst et ai., 2007; Davis et ai., 20 i i ) .  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 

regeneration times of the responsible bacteria and the slow degradation rate of IPLs suggest a perceived 

turnover tim e of IPLs in these soils in the order of a year.

5 .4 . Implications
Previous studies have shown that branched GDGT-synthesizing soil microbes adapt the ir membrane 

lipid distributions to pH and temperature (Weijers et ai., 2007c ; Peterse et ai., 2009b, 2010 ). These are the am bi­

ent pH and temperature and thus soil pH and soil temperature. Since for the global soil calibration dataset 

no soil temperature data were available, a calibration was made w ith annual MAT under the assumption 

that the two are roughly equal. Although on larger regional and global scales this w ill be true, on a local 

scale, as is evident from our study, soil and air temperature 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. (2 007c ), a large part of the scatter in the MBT-CBT calibration w ith  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 temperatures reconstructed w ith the MBT-CBT proxy, though 

calibrated w ith 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 reason­

able estimates of past annual MAT and, especially, of changes therein (e.g. Weijers et ai., 2007a ). It is the 

reconstructed absolute temperature that is associated w ith 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 m id-latitude soils, no seasonal trends are apparent in the concen­

tration and distribution 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 particular 

seasonal biases. However, we cannot fu lly exclude the hypothesis that production of GDGTs in a cer­
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tain season could be slightly higher than in others, but that these monthly differences are obscured as 

they are very small relative to the standing stock of GDGTs. A turnover tim e 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 w ill not be detectable. Similarly, for the IPL-derived GDGT pool small variations in its 

turnover rate of ca. 8% per month (based on an assumed turnover time in the order of a year), w ill likely 

be obscured by variability due to the heterogeneity of soils. Over the course of 20  years, these small 

seasonal biases m ight 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 

directed 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 con­

trasts in temperature are much smaller and seasonal biases in MBT-CBT reconstructed MATs are, there­

fore, expected to be much less of an issue in these climates. Our study, however, cannot 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 

distributions is close to measured annual MAT (i.e. -4 and -6 °C, respectively; Peterse et ai., 200 9 a ). The fact 

that branched GDGT CLs represent a standing stock that has accumulated over the course of years (ca. 

20  years; Weijers et ai., 2 0 io ) not only explains why the MBT-CBT proxy in soils relates w ith an annual aver­

age temperature, it also implies that the proxy can only be applied on geological tim e scales w ith resolu­

tions 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 sedimentsand are, therefore, 

already considerably temporally smoothed (e.g. Weijers et ai., 2007a ), but this issue could be important in 

cases where the proxy is used in high resolution studies of peat or loess deposits.
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Supplementary Table S5.1. List of MBT and CBT data of all soils analyzed in this study

Soil location Vegetation type Lipid fraction Sample date MBT CBT

USA, Minnesota open field CL

USA, Minnesota pine forest CL

27-09-08 0 .49 0.97

27-09-08 0 .50 0.94

25-10-08 0 .50 1.07

25-10-08 0.47 0.90

20-11-08 0 .48 0.95

20-1 1 -0 8* 0 .48 0.96

20-11-08 0 .49 0.99

20-12-08 0.47 0.93

20-12-08 0.47 0.89

20-1 2 -0 8* 0 .47 0.91

25-01-09 0 .56 1.10

25-01-09 0 .54 0.91

17-02-09 0.47 1.10

17-02-09 0 .53 0.80

28-03-09 0.52 0.97

28-03-09 0 .58 1.04

25-04-09 0.57 1.01

25-04-09 0 .50 0.96

20-05-09 0 .48 0.91

20-05-09 0 .56 0.83

19-06-09 0 .50 1.10

19-06-09 0 .54 1.07

28-07-09 0 .56 0.92

28-07-09 0 .49 0.96

18-08-09 0 .49 0.95

18-08-09 0 .50 1.02

27-09-08 0 .60 1.37

27-0 9 -0 8* 0 .60 1.41

27-09-08 0 .58 1.44

25-10-08 0 .60 1.42

25-10-08 0 .63 1.36

25-1 0 -0 8* 0 .62 1.40

20-11-08 0.62 1.42

20-11-08 0 .55 1.31

20-12-08 0 .53 1.36

20-12-08 0 .56 1.34

25-01-09 0 .58 1.48

25-01-09 0 .48 1.24

17-02-09 0 .58 1.50

17-02-09 0 .55 1.35

28-03-09 0.51 1.07

28-03-09 0 .56 1.31
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25-04-09  0 .62  1.50

25-04-09  0 .50  1.17

20-05-09  0.51 1.40

20-05-09  0 .50  1.13

19-06-09 0 .67  1.32

19-06-09 0 .60  1.50

28-07-09  0 .64  1.33

28-07-09  0 .66  1.47

18-08-09 0 .59  1.43

18-08-09 0 .58  1.37

USA, Minnesota deciduous fores CL 27-09-08  0 .47  0.37

27-09-08  0 .50  0.42

25-10-08  0 .50  0 .58

25-10-08  0 .47  0 .36

20-11-08  0 .45  0 .35

20-11-08  0 .47  0.61

20-12-08  0 .43  0 .24

20-12-08  0 .42  0 .29

25-01-09  0 .46  0 .23

2 5 -0 1 -0 9* 0 .46  0 .24

25-01-09  0 .48  0 .39

17-02-09 0 .46  0.27

17-02-09 0 .45  0 .39

17-02-09* 0 .44  0 .39

28-03-09  0 .49  0 .28

25-04-09  0 .46  0 .30

25-04-09  0 .45  0.31

20-05-09  0 .46  0 .30

20-05-09  0.51 0 .45

19-06-09 0 .53  0 .56

19-06-09 0 .48  0.37

28-07-09  0 .47  0.31

28-07-09  0 .49  0.41

18-08-09 0 .50  0.37

18-08-09 0 .46  0 .34

USA, Ohio open field CL 06-10-08  0 .30  0 .15

10-11-08 0.31 0 .16

06-12-08  0 .36  0 .15

04-01-09  0 .34  0 .13

07-02-09  0 .32  0 .15

07-03-09  0 .32  0 .14

09-04-09  0 .29  0 .15

02-05-09  0 .32  0 .09

10-06-09 0 .30  0.17
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USA, Ohio pine forest CL

USA, Ohio deciduous forest CL

the Netherlands, Texel grassland CL

the Netherlands, Texel grassland IPL-H

08-07-09 0.32 0.15

04-08-09 0 .30 0.12

13-09-09 0 .33 0.17

06-10-08 0 .65 1.46

10-11-08 0.67 1.37

06-12-08 0 .69 1.40

04-01-09 0 .63 1.48

07-02-09 0.62 1.46

07-03-09 0 .65 1.45

09-04-09 0 .63 1.49

02-05-09 0 .60 1.46

10-06-09 0.67 1.40

08-07-09 0 .66 1.39

04-08-09 0.62 1.46

13-09-09 0 .63 1.48

06-10-08 0 .60 0.28

10-11-08 0 .60 0.55

06-12-08 0 .58 0.52

04-01-09 0.61 0.47

07-02-09 0 .58 0.28

07-03-09 0 .56 0.30

09-04-09 0 .58 0.47

02-05-09 0 .55 0.32

10-06-09 0.57 0.33

08-07-09 0 .58 0.29

04-08-09 0 .59 0.64

13-09-09 0.62 0.57

03-03-08 0 .30 0.25

01-04-08 0 .39 0.62

06-05-08 0 .36 0.55

02-06-08 0 .35 0.39

01-07-08 0 .33 0.35

01-08-08 0 .35 0.36

01-09-08 0 .38 0.47

01-10-08 0 .34 0.57

03-11-08 0.37 0.53

01-12-08 0 .36 0.52

05-01-09 0 .36 0.59

02-02-09 0 .35 0.53

03-03-08 0.32 0.24

01-04-08 0 .35 0.57

06-05-08 0 .34 0.46

02-06-08 0 .34 0.35

01-07-08 0 .28 0.29
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01-08-08  0 .34  0.31

01-09-08  0 .35  0 .38

01-10-08  0 .32  0.47

03-11-08  0 .34  0 .44

01-12-08  0 .33  0 .43

05-01-09  0 .33  0 .49

02-02-09  0 .36  0 .50

England, Devon grassland CL 28-11-08  0 .43  0 .39

15-12-08 0 .42  0 .40

09-01-09  0 .43  0.41

23-01-09  0 .42  0 .44

16-02-09 0 .43  0.47

06-03-09  0 .42  0 .35

20-03-09  0 .42  0 .50

03-04-09  0 .42  0.47

17-04-09 0 .44  0 .48

15-05-09 0 .46  0 .86

04-06-09  0 .43  0 .40

08-07-09  0 .43  0 .43

04-09-09  0 .44  0 .40

05-10-09  0 .44  0 .46

20-02-09  0 .43  0 .44

20-02-09  0 .42  0 .45

20-02-09  0 .42  0 .44

07-05-09  0 .44  0.51

07-05-09  0 .43  0.52

07-05-09  0.41 0.51

07-08-09  0 .44  0 .46

07-08-09  0 .43  0 .43

07-08-09  0 .43  0 .43

06-11-09  0 .43  0 .40

06-11-09  0 .43  0 .40

06-11-09  0 .42  0.41

England, Devon grassland IPL-H 28-11-08  0 .42  0.17

15-12-08 0 .36  0.32

09-01-09  0 .39  0 .25

23-01-09  0 .36  0 .34

16-02-09 0 .35  0 .39

06-03-09  0.41 0.27

20-03-09  0 .39  0.42

03-04-09  0 .39  0 .40

17-04-09 0 .38  0 .34

15-05-09 0 .38  0 .75

04-06-09  0 .37  0.32
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England, Devon grassland IPL-0H

08-07-09 0 .44 0.28

04-09-09 0 .46 0.28

05-10-09 0 .45 0.34

20-02-09 0 .35 0.37

20-02-09 0 .39 0.36

20-02-09 0 .36 0.36

07-05-09 0.41 0.33

07-05-09 0 .43 0.35

07-05-09 0 .43 0.40

07-08-09 0.37 0.32

07-08-09 0 .43 0.32

07-08-09 0 .43 0.35

06-11-09 0 .40 0.29

06-11-09 0.42 0.27

06-11-09 0 .44 0.27

28-11-08 0.42 0.18

15-12-08 0 .36 0.33

09-01-09 0 .39 0.24

23-01-09 0 .36 0.34

16-02-09 0 .35 0.39

06-03-09 0.42 0.27

20-03-09 0 .39 0.44

03-04-09 0 .39 0.41

17-04-09 0 .38 0.36

15-05-09 0 .40 0.74

04-06-09 0 .39 0.32

08-07-09 0 .44 0.29

04-09-09 0 .46 0.29

05-10-09 0 .43 0.34

20-02-09 0 .36 0.37

20-02-09 0 .40 0.34

20-02-09 0.37 0.38

07-05-09 0 .43 0.35

07-05-09 0.42 0.36

07-05-09 0 .43 0.39

07-08-09 0 .38 0.39

07-08-09 0.42 0.34

07-08-09 0 .44 0.33

06-11-09 0.42 0.27

06-11-09 0 .43 0.26

06-11-09 0 .44 0.31

*  denotes duplicate injection; all other replicate dates represent results of duplicate or triplicate sample 
processing.
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Chapter 6

Constraints on the application of the MBT-CBT 
paleothermometer at high latitude environments 
(Svalbard, Norway)

Francien Peterse, Jung-Hyun Kim, Stefan Schouten, Dorthe Klitgaard Kristensen, Nalân Koç, Jaap S. 

Sinninghe Damsté, 2009 . Organic Geochemistry 40, 69 2 -6 99 .

Abstract

Branched glycerol dialkyl glycerol tetraethers (GDGTs) are membrane lipids of unknown bacteria that are 

ubiquitous in soil and peat. Two indices based on the distribution of these lipids in soils, the Cyclization of 

Branched Tetraethers (CBT) and the Méthylation of Branched Tetraethers (MBT) indices have been shown 

to correlate w ith soil pH, and mean annual air temperature (MAT) and soil pH, respectively, and can be 

used to reconstruct MAT in palaeoenvironments. To verify the extent to which branched GDGTs in marine 

sediments reflect the distribution pattern on land and whether these proxies are applicable for palaeo- 

climate reconstruction in high latitude environments w ith a MAT of < 0  °C, we compared the branched 

GDGT distribution in Svalbard soils and nearby fjord sediments. Although branched GDGT concentrations 

in the soil are relatively low (0 .0 2 -0 .9 5  pg/g dry weight (dw)) because of the cold climate and the short 

growing season, reconstructed MATs based on the MBT-CBT proxy are ca. -4 °C, close to the measured 

MAT (ca. -6 °C). Concentrations of branched GDGTs (0 .0 1 -0 .2 0  pg/g dw) in fjord sediments increased 

towards the open ocean and the distribution was strikingly different from that in soil, i.e. dominated by 

GDGTs w ith  one cyclopentane moiety. This resulted in MBT-CBT-reconstructed MAT values of 11-19 

°C, well above measured MAT. The results suggest that at least part of the branched GDGTs in marine 

sediments in settings w ith a low soil organic matter (OM) input may be produced in situ. In these cases, 

the application of the MBT-CBT palaeothermometer w ill generate unrealistic MAT reconstructions. The 

MBT-CBT proxy should therefore only be used at sites w ith a substantial input of soil OM relative to the 

amount of marine OM, i.e. at sites close to the mouth of rivers w ith  a catchment area where sufficient soil 

formation takes place and the soil thus contains substantial amounts of branched GDGTs.
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6 .1 . Introduction
Branched glycerol dialkyl glycerol tetraether lipids (GDGTs; l- l l l ,  Fig. 6 .1 ) as such were discovered in 

a Dutch Holocene peat deposit and identified by Sinninghe Damsté et al. ( 2000 ) using nuclear magnetic 

resonance (NMR) spectroscopy, the ir branched alkyl chain building blocks being first identified in the 

Messel shale by Chappe et al. ( 19S0) using ether cleavage of the organic matter (OM). Branched GDGTs 

differ from archaeal GDGT lipids in that the ir carbon skeletons are not isoprenoid, but comprise branched 

carbon chains. Branched GDGTs possess 4 -6  methyl groups and can contain up to two cyclopentane 

moieties that are likely formed by internal cyclization (Weijers et ai., 2006a). The assignment of the ex­

act origin of the branched GDGTs was ambiguous because of the ir mixed bacterial (branched carbon 

chains) and archaeal (membrane-spanning tetraethers, ether lipids) structural characteristics. Weijers et 

al. (2006a) examined the stereo configuration of the glycerol moieties of the membrane lipids and found 

them to be identical to those in glycerol moieties synthesized by bacteria. In combination w ith the fact 

that branched dialkyl glycerol diethers have been found in therm ophilic bacteria (Langworthy et ai., 1983 ; 

Huber et ai., 1992; sinninghe Damsté et ai., 2 00 7 ) and that they contain characteristic branched alkyl chains, it 

is likely that the branched GDGTs are produced by bacteria. However, the exact phylogenetic position of 

these bacteria is unknown.

Branched GDGTs occur ubiquitously in soils worldwide (Weijers et ai., 2006b), but have also been found 

in coastal marine sediments, where they have been deposited after transportation by rivers from land 

(Schouten et al., 2000; Hopmans et al., 2004; Weijers et al., 2006b; Kim et al., 2006; Walsh et al., 2008; Rueda et al., 2 0 0 9 ). 

Their abundance in sediments from coastal zones has been proposed to indicate the input of soil OM to 

a marine system and is quantified in the Branched and Isoprenoid Tetraether (BIT) index (Hopmans et ai., 

2004 ). In th is index, the amount of the branched GDGTs, representing soil OM in the sediment, is com ­

pared w ith the amount of crenarchaeol (IV, Fig. 6 .1), an isoprenoid GDGT derived predominantly from 

marine planktonic archaea (sinninghe Damsté et al., 2 0 0 2 ; Schouten et al., 2008b):

BIT =  [la +  lla +  llla ]/[la  +  lla +  llla +  IV] (6.1)

The Roman numerals refer to the structures in Fig. 6 .1 . Consequently, a BIT index of 1 represents soil 

OM alone, whereas an index of 0 represents fu lly marine derived OM. In addition to marine sediments, 

branched GDGTs have also been found in lakes where they likely originate from soil erosion (Powers et ai., 

2004; Bl aga et al., 2 0 0 9 ).

Illa

lllb

Fig. 6.1. Molecular structures of branched GDGTs and crenarchaeol.
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Weijers et al. (2007c) analyzed the relative distribution of branched GDGTs for a dataset comprising 

130 globally distributed soils and showed that MAT and soil pH were major factors controlling the GDGT 

distribution. The number of cyclopentane moieties in the branched GDGTs is related to soil pH, whereas 

the number of methyl groups is related to both MAT and soil pH. Based on these relationships, two indi­

ces were proposed to quantify the changes in branched GDGT distribution: the CBT index, reflecting soil 

pH, and the MBT index for both MAT and soil pH. The indices are defined as:

MBT =  [la +  lb + lc ]/[ la  +  lb + lc  +  lla +  l lb + llc + ll la  +  l l lb + ll lc ]  (6.2)

CBT =  -LOG ([lb  +  llb ]/[la  +  lla]) (6.3)

The Roman numbers again refer to the structures given in Fig. 6 .1 . In order to reconstruct palaeotem- 

peratures and past soil pH on the basis of the distribution of branched GDGTs, the relationships of the 

two indices w ith pH and MAT can be combined, resulting in Eq. 6.4 :

MBT =  0 .122  +  0 .187X C B T  +  0 :0 2 0 xM A T  (r2= 0 .7 7 ) (6.4)

Recently, analysis of the branched GDGT distribution in geothermally heated soils confirmed that the 

MBT index is strongly related to temperature (Peterseet aí., 2 009b ). The MBT-CBT proxy has been applied to 

marine sediments from several areas and geological ages (Weijers et al., 2007a,b; Schouten et al., 200 8 a ; Rueda et 

ai., 2009 ) . For example, based on the distribution of branched GDGTs in a sediment core from the Congo 

River fan, changes in the continental air temperature of tropical Africa over the last 2 5 ,0 0 0  yr could be 

reconstructed (Weijers et al., 2007a).

Despite these promising results, many issues regarding the proxies remain to be resolved. First, the 

MBT-CBT proxy has been mainly applied to tropical areas and its applicability to high latitude environ­

ments w ith a MAT below 0 °C has not been assessed. In high latitude areas the growing season is short 

and the rate of soil formation is low, in contrast to the relatively constant environmental conditions in the 

humid tropics, and th is might potentially affect the MBT-CBT proxy. Furthermore, it has been applied to 

areas where large amounts of branched GDGTs were transported from land to sea, e.g. by rivers (Hopmans 

et al., 2004; Weijers et al., 200 7 a ), Or ice rafting events (Schouten et al., 2007b, 2008a,b ), but not to high latitude 

areas where soils are poorly developed, the land is covered w ith snow for most of the year and glaciers 

and spring snow melt are the main mechanisms for transport of soil OM to the marine environment. 

Lastly, the distributions of branched GDGT in soils and nearby marine sediments have not been directly 

compared, so the extent to which the continental climate signal is reflected in nearby marine sediments 

is not clear. To address these issues, we analyzed the branched GDGT distribution in soils from Svalbard, 

an archipelago in the northern Atlantic Ocean between 74°N and 81°N, and in nearby fjord and ocean 

sediments.

6 .2 . Material and methods
6.2.1. Environmental setting

Svalbard is an archipelago in the northern Atlantic Ocean, between Norway and the North Pole. 

About 60%  of the land is covered by glaciers. The largest ice-free zones can be found in the central and 

western areas. At the latter site, an arm of the Gulf Stream (West Spitsbergen Current) flows northwards,
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resulting in a milder climate and longer ice-free periods relative to eastern Svalbard, where the cold East 

Spitsbergen Current influences the formation of sea ice {Fig. 6.2a). An overview of the climate is given 

by Birks et al. (2004). In short, Svalbard has a permafrost layer that can be up to 4 5 0  m thick, but this 

layer may be defrosted up to 1 m from the surface during summer. The mean annual precipitation is 

about 40 0  mm along the west coast and decreases to 2 0 0 -3 0 0  mm towards the heads of the fjords and 

inland. Much of the precipitation falls as snow and western Svalbard is generally snow covered between 

early September to late May/early June. The growing season is therefore short, only 6 -8  weeks, and the 

MAT for Ny Âlesund, located in our study area, is 5 .8  °C (Birks et ai., 2004).

6.2.2. Soil and marine surface sediment sampling

In total, nine soils were sampled from three different locations on Svalbard in September 2007 . The 

sampling sites at each location were selected according to their variation in topographic position or veg­

etation type (Table 6.1). Around Longyearbyen one site was sampled, around Ny Âlesund two sites and 

on the Mitra Peninsula soils were sampled at six sites along a small river flow ing from Lake Dieset to the 

ocean {Fig. 6.2a and b). Depending on the depth at which permafrost or bedrock were encountered, the 

upper 5 -1 0  cm of the soil were collected w ith a small scoop and stored in geochemical bags. Besides the 

soils, a coal seam (NA3) and beach sand (NA4) were sampled around Ny Âlesund and freshly weathered 

rock (LB2) was sampled close to Longyearbyen.

The sediments were retrieved from the relatively ice free Kongsfjorden and Krossfjorden, situated in 

the western part of Svalbard {Fig. 6.2a and b). Twenty nine surface sediments (0 -1  cm) were sub-sam­

pled from cores that were collected w ith a multicorer during a SciencePub IPY-cruise on the R/V Lance in 

September 2 0 07  {Fig. 6 .2b). All samples were stored at -20  °C, transported to the Royal NIOZ and upon 

arrival at the laboratory kept at -40  °C until further analysis.

g¿5¡S2 : *  glacier

glacier

21lake
Dieset

MP

55

Krossfj orden

I 2 64 
51 °  

5° °  46 
49 °

09 ÿ
26 Kongsfjorden25

47 44

53 42o o 
_  41

40

60
NA 61

km km .* Kronebreen 
'''•■** glacier *50 100 10

Fig. 6.2. Map of a’ Svalbard showing locations of soil sampling sites; LB, Longyearbyen; NA, Ny Âlesund; MFJ Mitra Peninsula and 
b) Krossfjorden and Kongsfjorden showing locations of marine sediment sampling sites (see also Table 2, sample labels with prefix 
NP-07-13).
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6.2.3. Organic carbon content and so il pH

All samples were freeze dried and powdered w ith a mortar and pestle, and about 3 0  mg of each were 

weighed and decalcified using HCI. The decalcified samples were analyzed for organic carbon content 

(Corg) using a Flash EA 1112 Thermo elemental analyzer. The pH of the soil samples was measured w ith 

a WTW pH 3 1 5i meter in a 1 :2 .5  soihwater (w/v) mixture.

6.2.4. GDGT analysis

Lipids were extracted (3 x )  from the freeze-dried and powdered soils and sediments using a DIONEX 

accelerated solvent extractor (ASE 200) at 100 °C and a pressure of 7 .6 x  IO 6 Pa for 5 min w ith a mixture 

of dichloromethane (DCM):MeOH 9:1 (v/v). The extracts were dried using a rotary evaporator under near 

vacuum. The samples were dissolved in DCM and passed over a Na2S04 column to remove remaining 

water. All samples were dried again under N2 and weighed, after which an internal C46 GDGT standard 

was added (cf. Huguet et ai., 2006 ). Depending on weight, 0 .0 5 -1 .0  pg C46 GDGT standard was added to 

the extracts. The extracts were separated into apolar and polar fractions over an activated Al20 3 column, 

using hexane:DCM 9:1 (v/v) and DCM:MeOH 1:1 (v/v) mixtures, respectively. The polarfraction (contain­

ing GDGTs) was dried under N2, ultrasonically dissolved in hexaneusopropanol (99 :1 , v/v) and filtered 

over a 0 .4 5  pm PTFE filter. The polar fractions were concentrated to 3 mg/ml prior to analysis using 

high performance liquid chromatography -  atmospheric pressure chemical ionization/mass spectrometry 

(HPLC/APCI-MS).

6.2.5. HPLC/APCI-MS
The branched GDGTs were analyzed using HPLC/APCI-MS w ith an Agilent 1100  series instrument 

equipped w ith automatic injector and Chemstation software according to Schouten et al. (2007a ), with 

minor modifications. Briefly, component separation was achieved w ith an Alltech Prevail Cyano column 

(150  m m x 2 .1  mm; 3 pm). The branched GDGTs were eluted isocratically w ith 90%  A and 10% B for 5 

min and then w ith a linear gradient to 16% B for 3 4  min, where A =  hexane and B =  hexaneusopropanol 

9:1 (v/v). The injection volume for all samples was 10 pi. To detect and quantify the different GDGTs, 

single ion monitoring of [M +  H ]+ -ions was used. Absolute quantification was achieved by calculating 

the area of its corresponding peak in the chromatogram, comparing it w ith the peak area of the internal 

standard and correcting for the different response factors (cf. Huguet et ai., 2006) . BIT, MBT and CBT indices 

were calculated according to Eqs. 6 .1 -6 .3 , respectively. The average reproducibility of the indices, based 

on duplicate analysis of a selected number of soils and sediments, is 0 .002  for the BIT, 0 .0 03  for the 

MBT and 0 .01 for the CBT index.

6 .3 . Results
6.3.1. Soils

The Corg (wt%) content of the soils varies between 0.6% , for two relatively undeveloped soils under 

little vegetation on the Mitra Peninsula (MP2, MP5), and 7.8%  for a soil under a th ick moss layer at 

Longyearbyen (LB1). Corg contents for the non-soil samples are 0 .08%  for beach sand (NA4), 1.8% for 

the freshly weathered rock (LB2) and 42 .9%  for a coal seam close to Ny Âlesund (NA3; Table 6 .1 ). Soil 

pH values are between 4 .4  for Longyearbyen soil (LB1) and 9.3 for a soil from the shore of Lake Dieset 

(MP6; Table 6 .1 ). Both the coal seam and the freshly weathered rock have a pH of 7 .5  and the pH of
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Table 6.1. Description and general properties of Svalbard soils, coal seam, beach sand, and freshly weathered rock.

Sample Site description Latitude Longitude C (%)org ' ' pH

NA1 Thick layer o f green mosses 78°55'31 N 011°56'03 E 5.4 7.4

NA2 Moss patches 78°55'24 N 011°55 '10  E 2.2 6.3

NA3 Coal seam 78°55'37 N 011°55'03 E 42.9 7.5

NA4 Beach sand 78°55'39 N 011°56 '16  E 0.08 9.5

M P I Close to river m outh, stones and pebbles, patches of lichens 79°11'12 N 011°10'13 E 1.5 7.1

MP2 River bank, probably flooded during ice melting in spring, 
mainly stones with patches of moss and lichens

79°11'34 N 011°11'59 E 0.6 8.3

MP3 River bank, probably flooded during ice melting in spring, 
mainly stones with small patches o f mosses and lichens

79°12'04 N 011°16'01 E 1.8 5.5

MP4 Stones and pebbles, patches o f mosses and lichens 79°12'13 N 011°18'15 E 1.4 8.3

MP5 Lake shore, stones and pebbles, occasional patches o f mosses 79°12'01 N 011°19'01 E 0.6 8.3

MP6 Lake shore, stones and pebbles, no vegetation 79°12'22 N 011°19'02 E n.d.a 9.3

LB1 Thick moss layer 78°12'57 N 015°36'43 E 7.8 4.4

LB2 Freshly weathered rock 78°12'36 N 015°37 '54  E 1.8 7.5

a Not determined.

Table 6.2. Branched GDGT concentrations and proxy values for Svalbard soils, coal seams, beach sand and freshly weathered rock.

Sample la

Branched GDGT concentration (n 

lb le Ila Mb Ile

g/g dry w t soil)“ 

Illa 11 lb lile

Total branched 
GDGTs (m g/g  
dry w t soil) BIT CBT MBT

MBT-CBT- 
derived 
MAT (°C)

NA1 107 25 n.d.b 391 76 n.d. 347 n.d. n.d. 0.95 1.00 0.69 0.14 -5.6

NA2 18 1 n.d. 40 1 0.3 10 n.d. n.d. 0.07 0.98 1.54 0.27 -6.9

NA3 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. - - -

NA4 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. - - - -

M P I 42 3 0.3 82 6 1 2 n.d. n.d. 0.15 0.96 1.14 0.29 -2.1

MP2 12 4 0.4 41 13 1 34 2 0.3 011 0.79 -.49 0.15 -3.3

MP3 43 1 1 86 3 1 20 1 n.d. 0.16 0.98 1.46 0.29 -5.4

MP4 8 3 1 37 16 1 23 1 n.d. 0.09 0.95 0.37 0.14 -2.7

MP5 5 2 0.3 19 8 1 15 1 n.d. 0.05 0.90 0.35 0.15 -2.1

MP6 2 1 0.1 7 2 0.3 6 0.3 0.2 0.02 0.86 0.44 0.14 -3.1

LB1 39 7 n.d. 117 12 n.d. 29 n.d. n.d. 0.20 0.99 0.92 0.22 -3.6

LB2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. - - - -

a Roman numbers refer to structures in Fig. 6.1. 
b Below detection limit. 
c Could not be calculated.

the beach sand is 9.5 .

Branched GDGTs are present in all 9 soils. For the beach sand, freshly weathered rock and coal seam 

(NA4, LB2 and NA3, respectively) they were not detected. The concentration in the soils varies between 

0 .02 and 0 .9 5  pg/g soil dw  (Table 6 .2 ). GDGT II is most abundant in these soils and GDGTs I and III are 

present in smaller amount {Fig. 6.3a). The branched GDGTs w ithout cyclopentane moieties (la, Ila and 

Illa) are always more abundant than the ir counterparts possessing one or two cyclopentane moieties.
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The average distribution pattern is s im ilar to that of a Svalbard soil reported by Weijers et al. (2007c ). The 

MBT index, calculated using Eq. 6 .2 , varies between 0 .1 4  and 0 .2 9  and the CBT index, calculated using 

Eq. 6.3 , varies between 0 .3 5  and 1 .54 (Table 6 .2 ). BIT values, calculated according to Eq. 6 .1 , vary 

between 0 .79  and 1 .00 (Table 6 .2 ). For the beach sand, freshly weathered rock and coal seam MBT, 

CBT and BIT indices could not be calculated, as they do not contain any branched GDGTs.

6.3.2. Surface sediments

The surface sediments from Kongsfjorden and Krossfjorden vary in Corg content from 0.2%  close 

to the glacier mouth at Kongsfjorden to 2 .3%  in the open ocean. Values for both fjords are about 1%, 

increasing to more than 1.5% towards the entrance and finally increasing to 2.3%  for the open ocean 

sediments (Table 6.3, Fig. 6.4a).

Branched GDGTs occur in all the fjord sediments. The amounts vary from 0 .01 to 0 .2 0  pg/g sedi­

ment dw (Table 6 .3 ). The lowest concentrations are in both fjords, but increase from the fjords towards 

the open ocean, where the largest amounts are present {Fig. 6 .4b). The branched GDGTs are generally 

dominated by GDGT II (4 0 -4 9 %  of total branched GDGTs). Strikingly, those w ith one cyclopentane moi­

ety (lb and lib) are present in higher amount {Fig. 6 .3b) than those w ithout cyclopentane moieties (la 

and Ila). The MBT values for the marine sediments vary from 0 .26  to 0 .47  (Table 6.3). In general, MBT 

values decrease from the fjord towards the open ocean {Fig. 6 .4d). The highest range of MBT values is 

found for the Krossfjorden sediments, where they vary between 0 .4 0  and 0 .46 . For Kongsfjorden, the 

values range between 0 .3 4  and 0 .39 , except for the sediment close to the glacier mouth (N P-07-13-61) 

where the value is 0 .26 . The domination of branched GDGTs w ith  one cyclopentane moiety over those 

w ithout cyclopentane moieties results in negative CBT values for nearly all the marine sediments. The 

CBT values range between 0 .3 5  and 0 .1 8  and their spatial distribution does not show a clear pattern 

{Fig. 6.4e). The sample taken in front of the glacier is again d istinctly different and has a positive CBT 

value of 0 .16 . BIT indices vary between 0.01 and 0 .02 , where 0 .01 is found for the fjord sediments and 

0 .02 for the open ocean sediments (Table 6 .3 ). The sediment at the glacier front differs from the rest and 

has a BIT index of 0 .12.

branched GDGTs branched GDGTs

Fig. 6.3. Bar plots with standard deviation of average branched GDGT distributions in a) Svalbard soils (n=9) and b) Svalbard marine 
surface sediments (n=29). Roman numerals refer to structures in Fig. 6.1.
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6 .4 . Discussion
6.4.1. Branched GDGTs in Svalbard soils

During the process of soil formation, physical and chemical characteristics of the soil change. In 

general Corg, total N and soil moisture increase, whereas soil pH and particle size decrease w ith time 

(Bekku et ai., 1999; Hodkmson et ai., 2 0 0 3 ). The low Corg values for the Svalbard soils w ith  a high pH (i.e. Corg 

< 1 .5 %  and pH > 8 ; Table 6 .1 ) suggest that little soil formation has taken place at these sites. The low 

rate of soil formation on Svalbard results in lower growth rate for the microbial biomass (Bekku et ai., 1999), 

which may explain why the branched GDGT concentrations in the soils are relatively low. For example, 

the ir amounts are comparable to those in s im ilar environments like Alaska (0 .07 pg/g soil dw), Greenland 

(0 .10  pg/g soil dw) and Canada (0 .07  pg/g soil dw), but lower than those from temperate environments 

(e.g. France, 1.6 pg/g soil dw; Weijers et ai., 2006b). Accordingly, it seems that the rate and duration of soil 

formation are important for the amount of branched GDGTs in a soil. This may also explain the absence of 

branched GDGTs from the freshly weathered bedrock and the beach sand, as soil form ing processes have 

not yet taken place there. The absence of branched GDGTs from the coal seam may be explained by the 

high m aturity of the coal, resulting in thermal destruction of fossil branched GDGTs (cf. Schouten et ai., 2004 ). 

The fact that some Svalbard soils w ith a high C content have a low concentration of branched GDGTs
0  org

may be caused by the type of vegetation and OM at those sites, i.e. soils NA1 and LB1 were under a 

th ick layer of moss, which contains recalcitrant compounds that decompose slowly (e.g. Hobbie, 1 9 9 6 ,2000 ). 

Furthermore, the low soil temperature and the short growing season slow down decomposition, resulting 

in an accumulation of non-decomposable compounds and thus an increase in Corg, while microbial activity 

remains lim ited (Hobble et ai., 2000).

Despite the generally low concentrations of branched GDGTs, they are sufficient to reliably determine 

BIT, CBT and MBT indices. The CBT index relates to in situ soil pH (r2= 0 .5 1 ), but to a lesser extent 

than observed for the global soil calibration ( r2 =  0 .70; Weijers et ai., 2007c) or geothermally heated soils 

( r2= 0 .7  6 ; Peterse et a I., 2009b ). MAT estimates based on the MBT-CBT indices and the transfer function (Eq. 

6 .4) result in reconstructed temperatures between -6.9 °C and -2.1 °C (Table 6 .2 ). Thus, even though 

the growing season on Svalbard is short and soil formation is lim ited, resulting in relatively low branched 

GDGT concentrations in the soils, the distribution closely reflects the measured MAT of about -6 °C for 

Svalbard (Birks et ai., 2 0 0 4 ). This supports the applicability of the MBT-CBT temperature proxy for high 

latitudinal soils w ith a MAT < 0  °C.

6.4.2. Branched GDGTs in marine surface sediments
If branched GDGTs are primarily derived from soil and are transported from land to the sea by, e.g. 

rivers, it would be expected that they would decrease in concentration from land to the open ocean. 

However, an opposite pattern is observed for Kongsfjorden and Krossfjorden {Fig. 6 .4b), in contrast w ith 

earlier results obtained by Hopmans et al. (2004 ), Kim et al. (2006) and Walsh et al. ( 2008 ), who all found 

that branched GDGT concentrations decrease w ith increasing distance from the shore. The Corg content 

of the sediments follows the same trend as the branched GDGTs and is also higher in the open ocean 

than in the fjord sediments (Fig. 6.4a). To distinguish between high branched GDGT concentrations re-

Table 6.3. General properties, branched GDGT concentrations and proxy values for marine surface sediments in Kongsfjorden and 
Krossfjorden.
a Roman numbers refer to structures in Fig. 6.1. 
b Below detection limit.
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suiting from high Corg content and high branched GDGT concentrations resulting from an actual elevated 

branched GDGT input, the amounts of branched GDGTs are normalized to C . However, the overallr  ’ org

pattern does not change substantially, i.e. the Corg-normalized branched GDGT concentrations are still 

somewhat higher in the open ocean than in the fjords {Fig. 6 .4c). These results suggest that in Svalbard, 

the input of soil OM, and thus branched GDGTs, to the fjords is lim ited. This is likely due to a combination 

of factors, i.e. (i) the lim ited development of soil on Svalbard, (ii) the low abundance of branched GDGTs 

in the soil and (iii) the terrestrial material transported to the fjords by glaciers or spring snow melt is low 

in soil OM content, because the growth of plants and soil development is lim ited on the heavily glaciated 

land surrounding the fjords (Wlnkelmann and Knies, 2 00 5 ).

The low BIT index values for the sediments indicate that marine OM dominates over soil OM in the 

fjords. This agrees w ith results of W inkelmann and Knies (2005), who found that up to 90%  of OM in 

the sediments of these fjords was of marine origin, on the basis of 813C values of Corg. They attributed 

this to an increased production of marine OM as a result of local upwelling of nutrient rich Atlantic water 

specifically in Kongsfjorden and Krossfjorden. The only site in our study area where there is an indication 

of significant input of soil OM was in front of the Kronebreen glacier in Kongsfjorden (N P -07-13-61; Fig. 

6.2b). The BIT index for the sediment from this site is 0 .12 and the branched GDGT distribution differs 

substantially from the other sediments, being more like the distribution in the soils. We conclude that, in 

this specific case, the glacier was likely responsible for the transport of some soil material to the fjord.

6.4.3. MBT-CBT proxy for marine surface sediments
The branched GDGT distribution in all but one marine surface sediment differs strongly from that in 

the soils {Fig. 6.3a and b). For example, the relative amount of GDGT Ila is clearly lower in the sediments 

than in the soils. Another difference is the high abundance of branched GDGTs w ith one cyclopentane 

moiety (lb and lib; Fig. 6 .3b) in the marine sediments, while branched GDGTs w ithout cyclopentane m oi­

eties are most abundant in soils {Fig. 6.3a). To the best of our knowledge, th is domination of branched 

GDGTs w ith a cyclopentane moiety over branched GDGTs w ithout cyclopentane moieties has not been 

reported for soils (e.g. Weijers et al., 2007c) Or marine sediments (e.g. Weijers et al., 2 007a ,b; Schouten et al., 2008a). 

An explanation for the distribution could be the preferential degradation of branched GDGTs w ithout 

rings upon transport from land to the ocean. However, this is not observed for other sites where large 

amounts of soil OM are deposited in marine sediments (e.g. Weijers et ai., 2007a ). Instead, we suggest that 

the different distribution in marine sediments is caused by in s itu  production of branched GDGTs, espe­

cially those containing a cyclopentane moiety. This is supported by the observation that branched GDGT 

concentrations actually increase towards the open ocean {Fig. 6 .4b), rather than decreasing or remaining 

at a s im ilar level.

The MBT-CBT-based MAT estimates based on the branched GDGT distributions in the marine sedi­

ments vary between 12 °C and 19 °C (Table 6.3), which is much higher than the reconstructed MAT 

based on the branched GDGT distribution in the soils and the measured MAT for the Kongsfjorden and 

Krossfjorden area of about -6 °C. The highest reconstructed temperatures are for the fjord sediments and 

these decrease towards the open ocean. Although the sediments have high MBT values compared to the 

Svalbard soils (Tables 6 .2  and 6 .3 ), the main cause for the large overestimate of MAT is the relatively 

high abundance of branched GDGTs w ith  one cyclopentane moiety; the negative CBT indices for the ma­

rine sediments cause an overestimate of MAT upon application of the transfer function (Eq. 6 .4). From
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these results it seems that the application of the MBT-CBT proxy to marine surface sediments is not valid 

for th is particular environment. Only in front of the glacier mouth in Kongsfjorden, where we detected 

significant soil OM input, does MAT reconstruction result in a slightly cooler temperature of 5 .3  °C. The 

branched GDGT distribution in this sediment is not dominated by cyclopentane-bearing branched GDGTs 

and therefore has a positive CBT value, just as for the Svalbard soils. Also the MBT value for th is sediment 

lies in the range of the MBT values for the soils (Tables 6 .2  and 6.3).

If we extrapolate our results to other environments, then it may be that in marine sediments w ith a 

low input of soil OM and a high production of marine OM at least part of the branched GDGTs may be pro­

duced in situ. Application of the MBT-CBT proxy using the transfer function based on the global soil cali­

bration (Weijers et ai.,2 0 0 7 c ) will then result in unrealistic MAT reconstructions. It is therefore recommended 

that the MBT-CBT indices should only be used as a palaeothermometer at sites where a substantial input 

of soil OM relative to the amount of marine OM can be expected, e.g. those close to the mouth of rivers 

w ith well developed soils containing substantial amounts of branched GDGTs in their catchment areas. 

The critical lim it of the BIT index for which the MBT-CBT proxy should not be used for marine sediments 

to reconstruct continental temperatures remains to be determined. Recently, Rueda et al. (2009) reported, 

however, realistic air temperature reconstructions using the MBT-CBT paleothermometer for marine sedi­

ments from the Skagerak w ith BIT values of ca. 0 .07 .

6 .5 . Conclusions
Branched GDGT concentrations in soils on Svalbard and those from sim ilar other high latitude en­

vironments are low, likely due to lim ited soil formation and soil microbial activity. Despite these low 

amounts, the distribution still reflects the measured MAT. This confirms the applicability of the MBT-CBT 

temperature proxy for high latitude soils. However, the branched GDGT distribution in marine sediments 

from nearby fjords shows a strikingly different pattern from the Svalbard soils. This difference is likely due 

to a lim ited input of soil OM to the marine system and the low concentration of branched GDGTs in the 

soil OM. In addition, it seems that a part of the branched GDGTs, such as those w ith one cyclopentane 

moiety, may be produced in situ in the marine sediments. Thus, our results suggest that, in principle, the 

MBT-CBT proxy can be applied at terrestrial sites w ith a MAT < 0  °C, but that MAT estimates based on 

the branched GDGT distribution in marine sediments can only be applied when large amounts of soil OM 

are present relative to marine OM.
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Chapter 7

Identification and distribution of intact polar 
branched tetraether lipids in peat and soils

Francien Peterse, Ellen C. Hopmans, Stefan Schouten, Anchélique Mets, W. Irene C. Rijpstra, Jaap S. 

Sinninghe Damsté, 2011 . A modified form of th is chapter is accepted for publication in Organic Geo­

chemistry.

Abstract

Branched glycerol dialkyl glycerol tetraether lipids (GDGTs) are membrane lipids of soil bacteria that occur 

ubiquitously in soil, but the ir occurrence as intact polar lipids (IPLs) has not been well studied. Here we 

report the identification and distribution of IPL-branched GDGTs throughout a depth profile of a Swedish 

peat bog. In addition to two reported glycosidic IPL-branched GDGTs, we identified IPL-branched GDGTs 

w ith a hexose-glucuronyl, phospho-hexose, phospho-inositol, or hexose phosphoglycerol head group, 

based on mass spectrometry. A selected reaction monitoring (SRM) assay was developed to monitor 

changes in head group distribution w ith depth. The abundance of all monitored IPL-branched GDGTs 

increased below the water table, suggesting that they are primarily produced in this part of the peat. 

This is supported by the concentrations of CL and IPL-derived branched GDGTs, which also substantially 

increase below the water table. However, individual IPL trends differ; phospholipids in particular show 

a greater increase w ith  depth than glycosidic IPLs. This implies tha t branched GDGTs are primarily pro­

duced in the anoxic part by anaerobic bacteria, since phospholipids are less stable than glycolipids and 

therefore serve as better marker for in situ production. The SRM method was also applied to two differ­

ent soil types, which showed that most IPL-branched GDGTs were present in these, albeit in different 

distributions.
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7 .1 . Introduction
Branched glycerol dialkyl glycerol tetraether (GDGT) lipids are membrane spanning components that 

occur ubiquitously in soil and peat (smnmghe Damsté et ai., 2000 ; Weijers et ai., 2006b ). Despite having archaeal 

traits (i.e. membrane spanning properties, ether bonds), the branched GDGTs are presumed to be of bac­

terial origin, based on the ir branched carbon chains and the typical bacterial stereo configuration of the 

glycerol backbone (Weijers et ai., 2006a). Several proxies are based on the distributions of these branched 

GDGTs, i.e. the BIT (branched and isoprenoid tetraether) index, used to determine the relative input of 

soil organic matter (OM) to marine sediments (Hopmans et aí., 2004 ), and the MBT-CBT (méthylation of 

branched tetraethers/cyclisation of branched tetraethers) proxy used for the reconstruction of continental 

air temperatures and past soil pH (Weijers et ai., 2007c). The exact type of bacteria that produces these 

GDGTs has not been identified, although it has been suggested tha t they are likely to be heterotrophic 

bacteria (Pancost and Slnnlnghe Damsté, 2003; Oppermann et al., 2010; Weijers et al., 201 0 ) and bacteria Of the phylum 

Acidobacteria  have been proposed as potential producers (Weijers et ai., 2 0 0 9 ; Peterse et ai., 2010 ).

Most branched GDGT studies have focussed only on the occurrence of core lipids (CLs) in the envi­

ronment. However, such studies only investigate the pool of fossil material in a soil. In living cells, the 

branched GDGTs w ill most likely occur as intact polar lipids (IPLs), i.e. w ith  polar head groups attached 

to the CLs. These IPLs are considered to be markers for living cells, as the head groups are thought to be 

quickly lost upon cell lysis (white et ai., 1979 ; Harvey et aí., 1 986 ). IPLs can be measured indirectly after sepa­

rating CLs from IPLs by way of column chromatography and subsequent acid hydrolysis of the I PL fraction 

to cleave the headgroups and release the CLs (e.g. oba et ai., 2006 ; Pitcher et ai., 2009 ) . Although useful, the 

method does not provide any information on the type of head group. To analyze IPLs as such, high per­

formance liquid chromatography/electrospray ionization-mass spectrometry (HPLC/ESI-MS) can be used 

(zink et ai. 2003; sturt et al. 2 0 0 4 ). Using th is method, Liu et al. (2010 ) recently identified two glycosidic IPL 

branched GDGTs, w ith a glucose (Glc) and w ith a glucuronyl (GIcA) head group, in the water saturated 

part of a German peat bog. They found that the IPL-branched GDGTs accounted for only 4-7%  of the total 

IPLs in the peat bog, and suggested that the ir producers were likely not to be a major contributor to the 

microbial community. The concentration of the two IPL-branched GDGTs decreased w ith depth, whereas 

the amount of CLs increased, which was interpreted as an indication of accumulation of fossil branched 

GDGTs. However, it was unclear if these two IPL-branched GDGTs covered the full diversity of structures 

of IPL branched GDGT components, and how widespread they were.

We have analyzed the IPL-branched GDGTs in the acrotelm and catotelm of the Saxnäs Mosse peat 

bog in Sweden, previously examined for CL-GDGTs and 16S rRNA genes by Weijers et al. (2009). In ad­

dition, we examined two different soils and compared the IPL-branched GDGTs distributions w ith those 

of the peat bog.

7 .2 . Materials and methods
7.2.1. Sample collection and extraction

The Saxnäs Mosse is a raised bog in the south of Sweden (56° 5 1 ’2 0 .7 8 ” N, 13 2 7 ’3 9 .6 2 ” E) and 

is composed mainly of Sphagnum m agellanicum  and Sphagnum papillosum . The sampling site and 

sample collection have been described by Weijers et al. (2004 , 2009). The peat bog is water saturated, 

and thus primarily anoxic, up to 25  cm depth. The upper 25 cm of the peat experiences alternating oxic 

and anoxic conditions as a result of changes in the water table level. At the tim e of sampling, (autumn
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2003 ) the water table level was at ca. 14 cm. We used subsamples that were, at the tim e, taken at a 2 

cm depth interval and stored frozen at -40 °C upon arrival at the Royal NIOZ. In addition, we analyzed 

S. m agellanicum , sampled at the Bargerveen peat bog in The Netherlands in 1999, freeze dried, and 

stored at -20  °C until analysis.

The peat samples were freeze dried and, together w ith S. m agellanicum , extracted (3 x )  using a 

modified Bligh and Dyer technique (Biigh and Dyer, 1959). A solvent mixture (5 ml/g dry wt. peat) of MeOH: 

dichloromethane (DCM):K phosphate buffer at pH 7 .4  (2 :1 :0 .8 , v/v/v) was added to ca. 0 .3 -1 .3  g dry 

wt. peat in a centrifuge tube and placed in an ultrasonic bath for 10 min. The extract was collected after 

centrifuging the sample at 25 00  rpm for 2 min. DCM and phosphate buffer were added to the combined 

extracts to a volume ratio of 1 :1 :0 .9  (v/v/v) to achieve phase separation. The DCM phase and aqueous 

MeOH/phosphate buffer phase were separated by centrifuging at 2 5 0 0  rpm for 2 min. The DCM phase, 

containing the IPLs, was passed over extracted cotton wool to remove any remaining particles and col­

lected in a glass tube. The aqueous phase was rinsed (2 x  ) w ith DCM and all the DCM phases were 

combined and dried under a N2 flow  and stored at -20  °C until analysis.

An aliquot of the Bligh and Dyer extract (BDE) from 3 0  cm depth was subjected to base hydrolysis 

to cleave off phospho headgroups only, leaving the glycolipids intact (cf. Pitcher et ai., 2009) . To this end, the 

aliquot was refluxed for 1 h in IN  KOH in MeOH:water (24 :1 , v/v). The cooled solution was adjusted to 

pH 5 w ith 2N HCLMeOH (1 :1 , v/v) and bidistilled water added to achieve a ratio of H 20:M e0H  (1:1, 

v/v), after which the mixture was washed (3 x )  w ith DCM. The resulting fraction was dried under N2 and 

analyzed for glycolipids using HPLC/ESI-MS.

7 .2 .2 .  IPL analysis

An aliquot of each BDE, as well as of the glycolipid fraction, in hexane:2-propanol:water (72 :2 7 :1 ) 

at a concentration of 3 .5 -6 .5  mg/ml was filtered through a 0 .4 5  pm regenerated cellulose (RC) filter 

(Alltech Associates Inc., Deerfield, IL) prior to HPLC/ESI-MS analysis.

IPLs were analyzed according to Sturt et al. (2004), w ith some modifications. An Agilent 1200 

series LC instrument (Agilent, San Jose, CA), equipped w ith thermostatted auto-injector and column 

oven, coupled to a Thermo LTQ XL linear ion trap w ith Ion Max source w ith electrospray ionization (ESI) 

probe (Thermo Scientific, Waltham, MA), was used. Separation was achieved w ith a Lichrosphere diol 

column (2 5 0 x 2 .1  pm, 5 pm particles; Alltech Associates Inc., Deerfield, IL) maintained at 30  °C. The 

following elution programme was used (flow rate 0.2 m l/m in): 100%  A (1 min), followed by a linear 

gradient to 66%  A: 34%  B in 17 min, held 12 min, followed by a linear gradient to 35%  A: 65%  B in 

15 min, where A =  hexane/2-propanol/formic ac id /14 .8 M NH3aq [7 9 :2 0 :0 .1 2 :0 .0 4  (v/v/v/v) and B =  

2-propanol/water/form ic ac id /14 .8 M NH3aq [8 8 :1 0 :0 .1 2 :0 .0 4  (v/v/v/v)]. Total run tim e was 60  min w ith 

a re-equilibration period of 20  min between runs. For MS detection source parameters were optimized 

using loop injections of standard IPLs [l,2-dipalm itoyl-sn-glycero-3-phosphocholine, 1,2-dipalm itoyl- 

sn-glycero-3-phosphoethanolamine, l,2-dipalm itoyl-sn-glycero-3-phospho-L-serine, 1,2-dipalm itoyl-sn- 

glycero-3-phospho-rac-glycerol, l,2-d ipalm itoyl-sn-glycero-3-phosphate, soy L-a-phosphatidylinositol 

(Avanti Polar Lipids, Alabaster, AL) and l,2-distearoyl-3-0-ß-D-galactosyl-sn-glycerol, l,2 -d is tearoyl-3 - 

0-(a-D-galactosyll-6)-ß-D-galactosyl-sn-glycerol, the main phospholipid of Thermoplasma acidophilum  

(Matreya LCC, Pleasant Gap PA)] into a stream of 0 .2 m l/m in of 60%  A: 40%  B. ESI settings were as 

follows: capillary 27 5  °C, sheath gas (N2) pressure 25  (arbitrary units), auxiliary gas (N2) pressure 15
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(arbitrary units), sweep gas (N2) pressure 20 (arbitrary units), spray 4 .5  kV (positive ion ESI) or -5 .5  kV 

(negative ion ESI).

Each BDE was analyzed by way of a routine where a positive ion scan (m/z 4 0 0 -2 0 0 0  or 1000- 

2000 ) was followed by a data dependent MS2 experiment where the base peak in the spectrum was 

fragmented [normalized collision energy (NCE) 25, isolation w idth 5.0, activation Q 0 .1 75 ]. This was 

followed by a data dependent MS3 experiment where the base peak in the MS2 spectrum was fragmented 

under identical conditions. The procedure was repeated on the 2 nd to 4 th most abundant ions in the initial 

spectrum.

7.2.3. CL and IPL-derived GDGT analysis

The remainder of the BDE was separated into a CL fraction and an IPL fraction over an activated 

silica column according to Oba et al. (2006) and Pitcher et al. (2009), except that hexane:EtAc (1 :1 , v/v) 

was used to retrieve the CL branched GDGTs and that MeOH was used to obtain the IPLs. A C „  internal
4o

GDGT standard (0.1 pg) was added to the CL fraction and an aliquot of the IPL fraction according to 

Huguet et al. (2006), after which the IPL aliquot was subjected to acid hydrolysis to cleave all ether-bound 

and most of the ester-bound head groups and release the core lipids (IPL-derived GDGTs; cf. Picheret aí., 

2009). Additionally, IPL aliquots of three selected samples (6, 32  and 42 cm depth) were, after addition 

of 0.1 pg internal GDGT standard, subjected to base hydrolysis to cleave off only phospho head groups, 

as described above for a BDE aliquot.

The CL, IPL-derived, and phospholipid-derived CL fractions were dissolved in hexaneusopropanol 

(99 :1 , v/v) and filtered overa 0 .4 5  pm PTFE filter and concentrated to ca. 3 mg/ml prior to HPLC/atmos- 

pheric pressure chemical ionization (APCI)-MS analysis w ith an Agilent 1100  series LC/MSD SL accord­

ing to Schouten et al. (2 00 7 a ), with minor modifications. In short, component separation was achieved 

w ith an Alltech Prevail Cyano column (150  m m x 2 .1  mm; 3 pm). The branched GDGTs were eluted 

isocratically w ith 90%  A and 10% B for 5 min and then w ith a linear gradient to 16% B for 34  min, 

where A =  hexane and B =  hexaneusopropanol (9 :1 , v/v). The injection volume was 10 pi. Single ion 

monitoring of (M +  H)+ ions was used to detect and quantify the branched GDGTs. Absolute quantification 

was carried out as described by Huguet et al. (2006).

7 .3 . Results and discussion
7.3.1. Concentrations o f CL and IPL-derived branched GDGTs

Although the Saxnäs Mosse had been investigated for branched GDGT CLs (Weijers et ai., 2009), the 

presence of IPL-branched GDGTs had not been established. We therefore analyzed and quantified the 

amounts of IPL-derived branched GDGTs follow ing the approach of Pitcher et al. (2009). IPL-derived 

branched GDGTs were present throughout the whole depth profile, the concentration varying between 

1 and 31 pg/g dry w t. (dwt) peat (open squares, Fig. 7.1). This is substantially lower than that of the 

CL-GDGTs (5 to 180 pg/g dw t peat; filled black squares, Fig. 7.1). Importantly, the data show that IPL- 

derived branched GDGTs are most abundant below the water table, supporting the hypothesis that they 

are likely to be produced primarily in the anoxic part of the bog (Weijers et ai., 2009).

The relative distribution of branched GDGTs throughout the profile is generally s im ilar for CL and 

IPL-derived branched GDGTs. Branched GDGT-I is the most abundant type throughout the whole profile 

and contributes between 50%  and 65%  to the total branched GDGT pool. Branched GDGT-II contributes
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Chapter 7

30-45% , and branched GDGTs of type III contributes ca. 5%.

7.3.2. Identification o f IPL-branched GDGTs
Given that the highest concentrations of IPL-derived branched GDGTs occur below the water table, 

we in itially focussed our study on the anoxic part of the peat. An aliquot of the BDE from 3 0  cm was 

analyzed in detail by way of HPLC-ESI-MS" to search for mass spectra indicative of IPL-branched GDGTs. 

Although peaks w ith MS1 spectra containing ions in the expected m/z range for IPL-branched GDGTs (i.e. 

m/z > 1 0 5 0 ) were observed, the IPL profile was dominated by betaine lipids, i.e diacylglycerols w ith 

ß-alanine (DGTA) and homoserine (DGTS) head groups, as well as diacylglycerols w ith phosphocholine 

(DAG-PC) and phosphatidyl-(N)-methylethanolamine (DAG-PME) head groups, dietherglycerols w ith a 

phosphatidylethanolamine (DEG-PE) head group and two unknown IPLs {Fig. 7.2a). PEs and PMEs, 

together w ith PCs, are IPLs which occur in many bacteria, such as methanotrophic bacteria (e.g. Fang 

et ai., 2000 ) , but also ocur as minor IPLs in plants. Betaine lipids, on the other hand, are mainly associ­

ated w ith algae, fungi and spore-producing plants (e.g. Dembitsky, 1996) and a lim ited number of bacteria. 

To differentiate between bacterial and plant IPLs in the peat, we determined the IPL composition of S. 

m agellanicum , the dominant Sphagnum  species at 3 0  cm depth in the bog (Weijers et ai., 2009 ) . The IPLs 

were dominated by betaine lipids DGTA and DGTS, w ith a smaller contribution of PCs {Fig. 7.2b). This

lyso DGTS/DGTA

Fig. 7.2. HPLC/ESI-MS base peak chromatograms for the Bligh and Dyer extracts of a) the Saxnäs Mosse peat at 30  cm depth and b) 
Sphagnum magellanicum, both scanned with an analytical window of m/z 400 -2000 , c) the Saxnäs Mosse peat at 3 0  cm scanned 
with an analytical window of m/z 1000-2000 , and d) scanned ar m/z after base hydrolysis.
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implies that the major part of the betaine lipids in the peat are likely derived from Sphagnum, while the 

PCs, as well as the PEs and PM Es at 3 0  cm have a bacterial origin.

Careful inspection of the base peak chromatogram revealed no spectra that could be attributed to 

IPL-branched GDGTs. The BDE was therefore re-analyzed using a restricted range from m/z 1000 -2000 , 

to enhance specificity {Fig. 7.2c). This resulted in the appearance of known IPL-isoprenoid GDGTs such 

as GDGT-0 w ith mono- and dihexose moieties (Fig. 7.2c-, sturt et ai., 2004), as well as two GDGT-0 based 

IPLs w ith unknown head groups. The spectra of these unknown IPLs ([M +  H]+ at m /z  1691 and 1853, 

respectively) showed one or two losses of 162 Da (representing 1 or 2 hexose moieties) and, in both 

cases, losses of 147 and 80  Da (representing a phospho-moiety) generating an ion at m /z 1302. We also 

detected a range of IPL-branched GDGTs and discuss the ir identification in more detail below.

The two IPL-branched GDGTs reported by Liu et al. (2010), i.e. a branched GDGT core lipid of 1022 

Da (branched GDGT-I; cf. the numbering in Weijers et ai., 2 0 0 9 ) with either a glucose (Glc) or glucuronyl (GIcA) 

head group, were tentatively assigned in the peat, albeit at relatively low levels (labelled 1 and 2 in Fig. 

7.2c). In case of the GlcA-branched GDGT, ions at m/z 1215  and 1220  correspond to the ammoni- 

ated and sodiated versions of branched GDGT-I. Confirmation came from the corresponding MS2 spectra 

showing the diagnostic losses of 193 (glucuronyl and NH3) from the ammoniated species, and 176 from 

the sodiated species (generating an ion at m /z  1044, corresponding to the sodiated version of branched 

GDGT-I). For the Glc-branched GDGT, the tentative assignment was based solely on observation of the 

ammoniated molecular ion of the branched GDGT-I w ith a glucose head group in MS1 (m/z 1201), as the 

abundance was too low for MS2 data to be acquired.

In addition to the two reported IPL-branched GDGTs, we identified, based on fragmentation patterns 

in MS2 and MS3, a number of other IPL-branched GDGTs. Peak 3 in Fig. 7.2c  was tentatively assigned 

as a branched GDGT-I w ith a hexose and a GIcA moiety (Fig. 7.3a). The spectrum revealed a sodiated 

molecular ion at m /z  1382 , which, on fragmentation, generated major fragments at m /z 1220  (loss of 

162 Da) and 1044  (loss of 3 3 8  Da), which represent neutral losses of a hexose moiety and the com ­

bined neutral loss of a hexose and glucuronyl moiety (162 +  176 =  338 ), respectively. The ion at m/z 

1044 represents the sodiated form ([M +  Na]+) of branched GDGT-I. From the spectrum it can not be 

assessed whether the two moieties are combined in one head group, or that they represent two separate 

head groups attached to either end of the tetraether. The spectrum shows only the loss of the hexose 

moiety from the IPL (loss of 162), and the subsequent loss of the glucuronyl moiety then generates the 

core GDGT. This suggests that the glucuronyl is attached to the core GDGT, and that the hexose unit is in 

turn attached to the glucuronyl. However, if that were the case, losses representing the hydroxyl and/or 

glycerol moieties at the other end of the GDGT (i.e. -18  and -74) would be expected, and these are not 

observed. Although in MS1 some ions were observed that matched the expected m /z for IPLs w ith hexose 

and/or glucuronyl headgroups w ith a branched GDGT-II as the core, th is could not be confirmed from 

corresponding MS2 spectra.

Further inspection of the chromatogram revealed several more peaks that generated diagnostic frag­

ments for either the protonated or sodiated form of the branched GDGT-I core lipids (peaks 4 and 5; Fig. 

7.3c). The MS1 spectrum of peak 4 shows two major ions at m/z 1264  and 1286 respectively. The main 

neutral losses in the MS2 spectrum of m /z  1264  were of 18, 74, 162, 242 , 26 0  and 31 6  Da (Fig. 7.3b). 

The neutral losses of 162, 242 , and 26 0  are diagnostic for a phospho-hexose head group, w ith the loss 

of 162 representing the loss of just the hexose moiety, while the losses of 242 (generating m/z 1022 , the
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[M +  H ]+ of branched GDGT-I) and 26 0  represent the loss of the complete phospho-hexose head group. 

The loss of 3 1 6  represents the combined loss of both the phospho-hexose and a glycerol moiety, the latter 

loss being commonly observed for GDGT CLs. The observation of the diagnostic losses for a glycerol moi­

ety (of 18 and 74 Da, respectively) directly from the parent ion, confirms that the phospho- and hexose 

moieties are combined in one head group, as discussed above for the hexose-GIcA IPL. Consequently, th is 

component was tentatively assigned as a phospho-hexose IPL w ith a branched GDGT-I core lipid, w ith 

the ion at m /z  1264  representing the [M +  H]+ ion while the ion at m/z 1286 represents the [M +  Na]+. 

This is confirmed by MS2 of the latter ion {Fig. 7.3c), w ith major fragments at m/z 1106 (neutral loss of 

180 representing a hexose moiety) and 1044  (neutral loss of 242 representing loss of a phospho-hex­

ose). A phospho-hexose IPL w ith a branched GDGT-II as its core was also detected, based on a parent 

ion at m /z  1278, which represents [M +  H ]+, and the analogous fragmentation to the phospho-hexose 

branched GDGT-I (Fig. 7.3d).

Another IPL (Peak 5) also showed major ions at m /z  1264 and 1286 in MS1, like the earlier eluting 

phospho-hexose branched GDGT-I (peak 4, Fig. 7.2c). The spectrum generated in MS2 of the parent ion 

at m/z 1286 is identical to that for the same ion of the phospho-hexose branched GDGT-I. The MS2 spec­

trum of the parent ion at m/z 1264  was also nearly identical, but differed in the relative abundances of 

the various fragment ions (Fig. 7.3e). The fragment representing the loss of a hexose moiety (m/z  1102) 

is suppressed in relative intensity, while fragment ions relating to neutral losses of one or more water 

molecules (subsequent losses of 18 Da), from either the parent ion or GDGT-I core lipid, were much more 

prominent. However, the fragment ion representative of the loss of a glycerol moiety from the GDGT-I core 

lipid (m /z  94 8  and 966  resulting from neutral losses of 74 and 56 Da from m/z 1022 , respectively), was 

absent. Instead, fragment ions at m /z 95 0  and 96 8  are observed, which can be formed after three and 

four subsequent losses of hydroxyl groups in the form of water (losses of 54  and 72). The sh ift in retention 

time, combined w ith the differences in fragmentation pattern, point towards a different, and slightly more 

polar, moiety attached to the phospho group, but w ith identical molecular weight to tha t of the phospho- 

hexose branched GDGT-I. Substitution of a hexose by an inositol moiety might explain both the slight shift 

in retention tim e and the subtle difference in fragmentation pattern. Inositol contains 5 hydroxyl moieties, 

possibly leading to the prominent fragments representing subsequent losses of water. The less abundant 

formation of the fragment at m /z 1102 can be explained by the somewhat more stable nature of the ether 

bond of the inositol to the phospho-group as opposed to the glycosidic bond of a hexose moiety. However, 

as there was insufficient material for a sugar analysis after compound isolation, th is assignment remains 

speculative. The presence of the analogue IPL w ith the GDGT-II as the core lipid could also confirmed 

based on its fragmentation in MS2.

Lastly, an IPL which appears to be based on the branched GDGT-I core lipid (Fig. 7.2c, peak 6) has 

a parent ion at m /z 1338, and generates one main fragment ion in MS2 at m /z  1264  (loss of 74 Da), 

which is identical to the [M +  H ]+ of the branched GDGT-l-phospho-hexose (Fig. 7 .3 f). The loss of 74 

Da is typical for the loss of a glycerol moiety from a phosphoglycerol attached to an ether lipid. There­

fore, the combined head group appears to consist of three moieties: a phosphatidic acid, a hexose and 

a glycerol. Whether these moieties are combined in one head group or distributed over either end of the 

tetraether cannot be concluded from this spectrum. However, based on commonly occurring head groups, 

a structure w ith a hexose representing one head group and a phosphoglycerol representing the other is 

proposed.
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Fig. 7.3. MS2 spectra and molecular structures with characteristic losses of the tentatively identified IPL-branched GDGTs: a) sodium 
adduct of hexose-GIcA-branched GDGT-I, b) phospho-hexose-branched GDGT-I, c) sodium adduct of phospho-hexose-branched GDGT-I, 
d) phospho-hexose-b ranched GDGT-II, e) phospho-inosi tol-branched GDGT-I, and f) hexose-phosphoglycerol-branched GDGT-I. The peak 
numbers indicated in the spectra correspond to those in Fig. 1.2.
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Support for the tentative assignmentss of the novel phospho-containing IPL-branched GDGTs (peaks 

4-6) was obtained from IPL analysis of the peat BDE after base hydrolysis. The latter results in hydrolysis 

of ester bonds but leaves glycosidic bonds intact. Indeed, the peaks representing the IPLs of branched 

GDGTs w ith a putative phospho-containing head group were not observed in the base hydrolyzed BDE, 

in contrast to those w ith glycosidic head group {Fig. 7.2d). Furthermore, the phospholipid derived CLs 

released on hydrolysis caused a substantial increase in the MS-response of branched GDGT CLs, which 

suggests that the largest part of the IPL-branched GDGTs has a phospho head group directly connected 

to the ir CL.

7.3.3. IPL-GDGT distribution with depth

To monitor the changes in IPL-GDGT composition throughout a depth profile of the bog, we devel­

oped a selective reaction monitoring (SRM) method based on the spectra of the distinct IPL-GDGTs, using 

the transitions described in Table 7.1. The transitions are based on IPLs w ith a branched GDGT-I CL, 

the most abundant type in the Saxnäs Mosse (see above and Weijers et ai., 2009) . The method includes the 

branched GDGT-I CL, the IPL-branched GDGTs identified here and the GlcA-branched GDGT. Also an IPL 

of an isoprenoid GDGT, a dihexose-GDGT-O, was added to the study. Because of the poor response in full 

scan mode, the Glc-branched GDGT was not included.

Application of the SRM method clearly improved detection of the different IPLs vs. the full scans 

{Fig. 7.4). Application of the method to the peat profile shows that the IPL-branched GDGT distribution, 

quantified as peak area per gram dw t peat, in the anoxic part of the peat {Fig. 7.4a) is different from that 

in the oxic part {Fig. 7.4b), although all IPLs occur throughout the profile {Fig. 7.1). The concentration 

of phospho-hexose-branched GDGTs shows a strong increase in the anoxic part, whereas the highest 

concentrations of GIcA-, hexose-GIcA-, and hexose-phosphoglycerol-branched GDGTs occur right below 

the water table at the time of sampling.

Table 7.1. Parent and selected fragment ions for the IPL-branched GDGTs included in the HPLC/SRM-MS 
method. GDGT numbers correspond to the molecular structures in Weijers et al. {2009).

Lipid monitored Parent (m /z) Product (and loss) (m /z)

branched GDGT-I CL 1022 [M +H L 948 (-74)

di-hexose-G DGT-0 1643 [M +NHJ* 1302 (-341)

glucuronyl-branched GDGT-I 1215 [M +NHJ* 1180 (-35), 1022 (-■193)

hexose-glucuronyl-branched GDGT-I 1382 [M +N aL 1220 (-162), 1044 (-338)

phospho-hexose-branched GDGT-I 1264 [M +H L 1102 (-162), 1022 (-242)

hexose-phosphoglycerol-branched GDGT-I 1338 [M +H L 1264 (-74)

Although all IPL-branched GDGTs are more abundant in the anoxic than in the oxic layer, suggest­

ing that they are mainly produced in this part of the peat, there clearly are different trends in relative 

response of IPL-branched GDGTs w ith glycosidic and phospho head groups w ith depth (last panel in Fig. 

7.1). The IPL-branched GDGTs w ith phospho head groups are more dominant below the water table, 

whereas glycolipid branched GDGTs are relatively more dominant above the it. Laboratory (Harvey et ai., 

1986) and theoretical (Schouten et ai., 20io) studies suggest that phospholipids are better indicators of in s itu  

production and/or the presence of living cells in sediments than glycolipids. Glycolipids are potentially 

more recalcitrant than phospholipids, and may even be preserved on geological tim e scales (Schouten et ai.,
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2010 ; Bauersachsetal., 2 0 io ). Furthermore, since oligotrophic peat bogs, like the Saxnäs Mosse, are lim ited 

in nutrients, especially N and P (Aertsetai., 1992), preferential degradation of phospho head groups may 

take place in the oxic part to free the phosphorus for consumption.

Our observations are in agreement w ith the more recalcitrant nature of glycolipids. The oxic part of 

the bog contains much less of the IPL-branched GDGTs, probably due to rapid oxic degradation of any 

material produced at times of high water level and anaerobic conditions. It is also in this part that we 

observe a much stronger decrease in phospholipid concentration compared to the anoxic part than for 

glycolipid concentrations. This trend is confirmed by the comparison of branched GDGT CLs released af­

ter base hydrolysis (phospholipid-derived), and after acid hydrolysis (mostly glycolipid-derived) of the IPL 

fractions from selected depths. Base hydrolysis released 1.3 (at 6 cm) to 3 .6  (at 42 cm) times as much 

branched GDGT CLs as acid hydrolysis in the oxygenated and the anoxic part of the peat, respectively 

(filled grey squares, Fig. 7.1). This confirms that the greatest part of the IPL-branched GDGTs indeed 

consists of those w ith phospho-containing head groups, particularly in the anoxic part. It therefore seems 

that the best markers for in situ production of branched GDGTs in the bogare IPL-branched GDGTs w ith a 

phospho head group, i.e. phospho-hexose branched GDGTs. Their increase in relative response below the 

water table furthermore supports previous suggestions that branched GDGTs are produced by anaerobic 

bacteria.

The isoprenoid GDGT IPL included in the SRM study, a dihexose-GDGT-O, also gives a substantially 

higher response in the anoxic part below the water table than in the oxic section above the water table 

(data not shown). Based on the GDGT-0 CL distribution, its origin was ascribed to methanogenic archaea 

(Weijers et ai., 2 0 0 9 ). The higher abundance of this IPL in the anoxic part therefore supports methanogens 

as likely source organisms.

7.3.4. IPL-branched GDGTs in soil
Apart from peat, branched GDGT CLs have been reported in a large number of different soil types 

(e.g. Huguet et al. 2010b; Kim et al., 2010b; Peterse et al., 2 009a ,b,c, 2010; Weijers et al., 2006b, 2007c), but branched 

GDGTs in the ir intact form have not been reported. We therefore applied our SRM method {Figs. 7.5a, b ) 

to two different soils, i.e. a sandy soil from Texel, The Netherlands, and a sandy loam from Craibstone, 

Scotland {Figs. 7.5a and b). Both contain IPL-branched GDGTs w ith phospho-hexose (peak 4) and hex- 

ose-phosphoglycerol (peak 6), but w ith  a different distribution from the Saxnäs Mosse bog. Although the 

chromatograms suggest that the soils also contain hexose-GlcA-branched GDGTs, the peaks have a later 

retention tim e than in the peat. Inspection of the chromatograms from the data dependent full scan for 

both soils could not reveal a MS2 spectrum of these components at the later retention tim e. The observed 

peaks can therefore not be interpreted as hexose-GlcA-branched GDGTs.

The hexose-phosphoglycerol-branched GDGTs appear to be more predominant in the soils than the 

peat, while the contribution of branched GDGTs w ith a phospho-hexose head group appears to be smaller. 

The presence of phospho IPL-branched GDGTs implies that the branched GDGTs in the soils are likely also 

produced in situ. Compared to the Swedish peat, the soils contain a relatively larger amount of glycosidic 

IPL-branched GDGTs, suggesting that the pool of fossil lipids may be larger than in the peat. Indeed, the 

proportion of IPL-derived branched GDGTs is 17% for the Scottish sandy loam, and only 6% in the Texel 

sandy soil , whereas IPL-derived branched GDGTs can make up to 30%  of the total branched GDGT pool 

in the Saxnäs Mosse bog.
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Fig. 7.4. SRM assay results for the Saxnäs Mosse peat at a) 42 cm (anoxic), and b) 6 cm (oxic) depth. The peak numbers correspond 
to those in Fig. 7.2.

7.3.5. Im plications for the source (s) o f branched GDGTs
The highest amounts of branched GDGTs in all the samples analyzed to date are found in peat 

bogs, which presumably provide the most suitable living conditions for the organisms producing these 

compounds (Weijers et ai., 2004; 2009). However, as shown in Fig. 7.2a, the IPL pool in the peat studied 

here, is dominated by plant and other bacterial IPLs, and IPL-branched GDGTs are at first glance barely 

detectable. Although the response factors for the IPLs can vary widely, this does suggest that branched 

GDGTs are not among the most abundant IPLs in the peat bog. Weijers et al. (2009) showed that the 

bacterial com m unity in the Saxnäs Mosse, determined w ith 16S rRNA gene sequencing, consists almost 

solely of Acidobacteria, except for a small contribution of Proteobacteria at 26 cm depth. Acidobacteria  

were, therefore, suggested as potential source organism for the branched GDGTs. However, the phylum of 

Acidobacteria  is one of the most diverse bacterial phyla in soil (Janssen, 2006) and contains a large number 

of subdivisions w ith different characteristics. If indeed only one, or perhaps a few subdivisions actually 

synthesize branched GDGTs, this could explain the relatively lim ited, but at the same tim e ubiquitous, 

presence of branched GDGTs in soils and peats. Alternatively, the relatively low concentrations of IPL- 

branched GDGTs vs. other IPLs could be explained by strong bonds between the IPL-branched GDGTs and 

the peat or soil matrix, hindering efficient extraction w ith the Bligh and Dyer technique. However, Huguet 

et al. (2010a) found that acid hydrolysis of the residue after Bligh and Dyer extraction released only low 

amounts of additional branched GDGTs from a French peat.

The IPL-branched GDGTs in the soils are structurally mainly sim ilar to those in the peat bog, and 

thus likely have the same bacterial source. The variation in relative abundance and distribution between 

soils and peat may be caused by the diversity w ith in the bacterial sources, or by differences in soil types 

and properties.
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Fig. 7.5. SRM assay results for a) Sandy soil, Texel (the Netherlands), and b) Sandy loam soil, Craibstone (Scotland). The peak numbers 
correspond to those in Fig. 7.2.

7 .4 . Conclusions
IPL-branched GDGTs, w ith hexose-glucuronyl, phospho-hexose, phospho-inositol, or hexose-phos- 

phoglycerol head groups have been identified in the Saxnäs Mosse peat bog (Sweden). In addition to 

the branched GDGTs w ith  a glycosidic head group that were previously identified in the catotelm of a 

German peat bog by Liu et al. (2010), these newly identified IPLs also contain phospho-head groups. The 

distribution of IPL-branched GDGTs w ith depth is different for IPL-branched GDGTs w ith phospho and 

glycosidic head groups, which seems to be primarily controlled by the change in oxygen concentration 

above and below the water table. When phospholipids are considered as an indicator for living cells, 

and thus in situ production, then the increase of especially phospho-hexose-branched GDGTs below the 

water table would suggest that branched GDGT production mainly takes place under anoxic conditions. 

Comparison of trends in IPL-branched GDGTs w ith changes in absolute amounts of IPL-derived and CL 

branched GDGTs w ith depth indeed supports that branched GDGTs are mainly produced by anaerobic 

bacteria, possibly from a subdivision of the phylum Acidobacteria, in the anoxic part of the peat. Sim ilar 

IPL-branched GDGTs are also present in soils, although the ir distributions differ somewhat from that in 

the peat profile.
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Chapter 8

Revised calibration of the MBT-CBT paleotempera- 
ture proxy based on branched tetraether mem­
brane lipids in surface soils

Francien Peterse, Jaap van der Meer, Stefan Schouten, Johan W.H. Weijers, Noah Fierer, Robert B. 

Jackson, Jaap S. Sinninghe Damsté. Submitted in modified form to Geochimica e t Cosmochimica Acta.

Abstract

The MBT-CBT proxy for the reconstruction of paleotemperatures and past soil pH is based on the dis­

tribution of branched glycerol dialkyl glycerol tetraether (GDGT) membrane lipids. The Méthylation of 

Branched Tetraether (MBT) and the Cyclisation of Branched Tetraether (CBT) indices were developed 

to quantify these distributions, and significant empirical relations w ith  annual mean air temperature 

(MAT) and/or soil pH were found in a large data set of soils. In th is study, we extended th is soil dataset 

to 27 8  globally distributed surface soils. Of these soils, 26%  contains all nine branched GDGTs, while 

in 63%  of the soils the seven most common branched GDGTs (i.e. la, lb, le, Ila, lib, Ile, and Illa) were 

detected, which were selected for calibration purposes. This resulted in a new transfer functions for the 

reconstruction of pH based on the CBT index: pH =  7 .90  -  1 .9 7xC B T  ( r2 =  0 .70; RM SE=0.8; n =  176), 

as well as for MAT based on the CBT index and adjusted MBT index (M BT’): MAT =  0.81 -  5 .6 7xC B T  

+  3 1 .0 x M B T ’ (r2= 0 .5 9 ; RM SE=5.0 °C; n =  176). The new transfer function for MAT has a substan­

tia lly  lower correlation coefficient than the original equation. To investigate possible improvement of 

the correlation, we used the same extended dataset to statistically derive the indices that best describe 

the relations of branched GDGTs w ith MAT and soil pH. These new indices, however, resulted in only a 

relatively minor increase in correlation coefficients while they cannot be explained straightforwardly by 

physiological mechanisms. The large scatter in the calibration cannot be fu lly explained by local factors 

or by seasonality, but MAT for soils from arid regions are generally substantially underestimated, up to 

20  °C, suggesting that absolute branched GDGT-based temperature records for these areas should be 

interpreted w ith caution. The applicability of the new MBT’-CBT calibration function was tested using 

previously published MBT-CBT-derived paleotemperature records covering the last deglaciation in Central 

Africa and East Asia, the Eocene-Oligocene boundary and the Paleocene Eocene thermal maximum. The 

results show that trends remain s im ilar in all records, but that absolute temperature estimates and the 

amplitude of temperature changes are lower for most records, and generally in better agreement w ith 

independent proxy data.
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8 .1 . Introduction
The reconstruction of paleotemperatures provides a valuable contribution to our understanding of the 

clim atic changes in the past. The number of proxies that can estimate past continental air temperatures 

is, however, relatively lim ited. A large part of the continental temperature records is retrieved from lake 

sediments, where climate indicators like pollen, chironomids, or diatoms may be preserved (e.g. coiinvaux 

et ai., 1996; Kurek et ai., 2009; Lotter et ai., 1997 ). However, many of the available proxies are, besides tempera­

ture, also sensitive to changes in other environmental parameters, which can disturb the ir temperature 

signal.

The distribution of a particular suite of globally occurring molecules, i.e. branched glycerol dialkyl 

glycerol tetraethers (GDGTs; Fig. 8 .1 ), shows potential as a tool to obtain high resolution continental 

temperature reconstructions (Weijers et ai., 2007c ). These branched GDGTs vary in the amount of methyl 

branches (4 to 6) and can contain up to two cyclopentane moieties (smnmghe Damsté et ai 2 0 0 0 ; Weijers et ai 

2006a). The stereochemistry of the ir glycerol moieties indicates tha t they have a bacterial origin (Weijerset 

aí., 2006a), although the exact type of bacteria that synthesizes branched GDGTs is unknown.

An empirical study of 134 soils from over 90  locations worldwide showed that the distribution of

the different branched GDGTs varies w ith annual mean air temperature (MAT) and soil pH; the number 

of cyclopentane moieties relates w ith soil pH, whereas the number of methyl branches is related to MAT 

and, to a lesser extent, also to soil pH (Weijers et ai 2007c). To quantify those changes, the Cyclisation of 

Branched Tetraethers (CBT) and Méthylation of Branched Tetraethers (MBT) indices were developed, and 

defined as:

CBT =  -LOG (( lb + 1 lb)/(la + 1 la)) (8.1)

MBT =  (la +  lb + lc )/(la  +  lb +  lc +  lla +  llb + llc  +  llla +  ll lb + ll lc )  (8.2)

Roman numerals in the equations refer to the relative abundance of the molecules in Fig. 8 .1 . Based on

the branched GDGT distributions in a globally distributed soil calibration dataset, an equation to express 

CBT as function of soil pH was derived:

CBT =  3 . 3 3 - 0 .3 8 x p H  (n =  l  14; r2= 0 .7 0 ) (8.3)

Similarly, an equation for the relation of MBT w ith MAT and pH was derived:

MBT =  0 .8 6 7 - 0 .0 9 6 x p H  +  0 .021  xM AT (n =  l  14; r2= 0 .8 2 ) (8.4)

Substitution of pH by the CBT index consequently results in a function to derive MAT based on the dis­

tribution of branched GDGTs only:

MBT =  0 .122  +  0 .187X C B T  +  0 .020X M A T  (n =  l  14; r2= 0 .7 7 ) (8.5)

The error of estimate for soil pH and MAT is 0 .7  and 4 .8  °C, respectively. These relatively large errors 

indicated that care had to be taken w ith the interpretation of the absolute values that are reconstructed 

w ith these proxies.
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While based and calibrated on soils, the MBT-CBT paleotemperature proxy (i.e. Eq. 8 .5) has so far 

mostly been applied on coastal marine sediment cores, where branched GDGTs are likely deposited as 

part of river transported soil organic matter (Hopmans et ai., 2004 ). Hence, down-core analysis of branched 

GDGT distributions in river fan sediments results in an integrated climate record of the river basin. In this 

way, paleoclimate reconstructions have been made for e.g. tropical central Africa (weijers et a i.,2 0 0 7 a ), the 

Arctic continent (Weijers et al., 2 007b ), Greenland (Schouten et al., 2008a ), the Skagerak (Rueda et al., 2 0 0 9 ), and 

the Amazon basin (Bendieet aí., 2010 ). The MBT-CBT proxy has also been applied on the terrestrial realm. 

Analysis of branched GDGTs in a Pliocene peat deposit in the Canadian Arctic provided insight in Arctic 

air temperatures during th is time (Baiiantyne et ai., 2010 ) , whereas branched GDGTs in a loess-paleosol 

sequence from the Chinese loess plateau revealed the tim ing and magnitude of deglacial atmospheric 

warm ing in East Asia (Peterse et ai., 2011 ). Application of this proxy on lake sediments, however, showed 

that the distribution of branched GDGTs in the sediments from Lake Challa in Tanzania, and lake Towuti 

in Indonesia differs from that in the surrounding soils (Smnmghe Damsté et al., 2 0 0 9 ; Tierney and Russel, 2 0 0 9 ). 

Therefore, in situ production was suggested as a source of branched GDGTs, in addition to those derived 

from erosion of soils in the lake catchment. The mixed provenance of branched GDGTs in lakes com pli­

cates the application of the MBT-CBT proxy in these settings, and tends to result in underestimated MATs 

(Blaga et al., 2010; Tierney et al., 2010b; Zink et al., 2 01 0 ).

In this study, we extended the original soil data set of Weijers et al. (2007c ), and combined it w ith 

previously reported branched GDGT distributions in soils from China (Peterse et a i.,20 0 9 c), France (K im eta i., 

2010b), and Svalbard (Peterse et a i.,2 0 0 9 a ). Besides recalibration of the MBT-CBT index, we also tested other 

combinations of branched GDGTs that may improve the ir relation w ith temperature and soil pH. Finally, 

the new calibration function was tested by applying them on previously published MBT-CBT records.

mb

Fig. 8.1. Molecular structures of branched GDGTs.

8 .2 . Material and methods
8.2.1 Soil data set compilation

Of the initial global soil calibration set published by Weijers et al. (2007c ), only the surface soils (0 -10 

cm) were selected for the new calibration set as these are likely to be under direct influence of MAT. This 

set was extended w ith  newly analyzed surface soils from North-America, Brazil, Peru, Colombia, Ecuador, 

Chile, the Netherlands, Egypt and Uganda. Previously reported branched GDGT distributions in soils from 

France (Kim et ai., 2010b), Svalbard (Peterse et ai., 2009a) and China (Peterse et ai., 2009c) were re-evaluated and 

added to complete the data set. The final soil collection is composed of 2 7 8  globally distributed surface 

soils {Fig. 8 .2 ; Supplem entary Table S8.1).
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Fig. 8 .2 . Global overview map of the locations of surface soils used in this study. Open circles are soils included in the new 
calibration set (n =  176). The filled circles indicate soils that are excluded from the calibration set (n =  102) because one or more 
of the branched GDGTs are below detection limit.

8 .2 .2  Branched GDGT analysis

The surface soils were freeze dried, powdered, and extracted (3 x )  w ith a mixture of dichloromethane 

(DCM):MeOH 9:1 (v/v), using a DIONEX accelerated solvent extractor (ASE 200) at 100°C  and a pres­

sure of 7 .6 x  IO 6 Pa for 5 min. The extracts were dried under near vacuum using a rotary evaporator, then 

dissolved in DCM and passed over a Na2S04 column to remove any remaining water. Separation of the 

extracts in apolar and polar fraction was done by passing them over an activated Al20 3 column using hex- 

ane:DCM 9:1 (v/v) and DCM:MeOH 1:1 (v/v), respectively. The polar fraction, containing the branched 

GDGTs, was dried under N2, dissolved in hexaneusopropanol 99 :1 (v/v), and filtered through a 0 .4 5  pm 

PTFE filter. The polar fractions were concentrated to about 3 mg/ml prior to analysis by high performance 

liquid chromatography/atmospheric pressure chemical ionization-mass spectrometry (HPLC/APCE-MS) 

on an Agilent 1100 series LC/MSD SL according to Schouten et al. (2 00 7 a ). Separation of the branched 

GDGTs was achieved on an Alltech Prevail Cyano column (15 0  m m x 2 .1  mm; 3 pm) as described by 

Schouten et al. (2 007a ), with minor modifications. In short, the compounds were eluted isocratically w ith 

90%  A and 10% B for 5 min at a flow  rate of 0 .2  m l/m in, and then w ith a linear gradient to 16% B 

for 34  min, where A=hexane and B=hexane:isopropanol 9:1 (v/v). The injection volume was 10 pi per 

sample. Selective ion monitoring of the [M +  H ]+ of the different branched GDGTs was used to detect and 

quantify them.

8 .2.3  S tatistica l analyses

A Principal Component Analysis (PCA) was performed on the relative abundances of the branched 

GDGTs in the 176 surface soils of the new calibration dataset to identify possible outliers. Subsequently, 

this dataset was used to derive new indices to describe the relations of branched GDGT distributions w ith 

MAT and w ith soil pH w ith linear regression analysis, following the approach used for the TEX86 calibra­

tion by Kim et al. (20 i 0a). In short, for each relation, the top hundred indices w ith the highest correlation 

coefficient were obtained according to the following format:

Index =  LOG ( J k / I  I k / )  (8.6)

98



In th is index, X refers to the relative abundance of one of branched GDGTs la, lb, le, Ila, lib, Ile, or Illa. 

The sets of branched GDGTs are represented by k1 and k2, the summation describes of which describes 

the numerator and the denominator, respectively. For each MAT and pH, the index w ith the highest cor­

relation coefficient was selected for further testing.

Another set of equations to predict pH and MAT based on the distribution of branched GDGTs was 

derived using least squares multiple linear regression analysis. This method assigns weighing factors to 

the fractional abundance of the individual branched GDGTs to obtain the equations w ith the highest coef­

ficient of determination.

A Moran’s I test was performed to test the spatial autocorrelation of MAT and pH estimates in our set 

of surface soils. All statistical analyses were performed w ith the R package, except for the multiple linear 

regression analysis, which was performed using SYSTAT 12.

8 .3 . Results and discussion
8.3.1 Branched GDGT abundances

Branched GDGTs were detected in all soils, although not every soil contains the complete suite of 

branched GDGTs, i.e. only 74  (26% ) of the soils contains detectable amounts of all nine branched GDGTs 

(Supplem entary Table S8.1). In particular, branched GDGTs 11 lb and lile {Fig. 8 .1 ) are frequently below 

detection lim it and if present do not comprise more than 1% of total branched GDGTs on average. The 

most dominant branched GDGTs are la, Ila and Illa, while branched GDGTs w ith cyclopentane moieties 

are generally present in lower amounts.

For the assessment of the relationship between environmental parameters and GDGT distributions 

it would be preferable to use only those soils that contain all branched GDGTs. However, since this data 

set comprises only 74 soils, we excluded branched GDGT-lllb and lile, since they are generally below the 

detection lim it and, if detected, occur only in low abundance. This leaves 176 (or 63% ) of the surface 

soils that contain quantifiable amounts of the seven remaining GDGT isomers for the calibration (filled 

circles, Fig. 8 .2 ).

To examine the relationships of the relative abundances of the different branched GDGT types w ith 

the environmental parameters, we plotted the ir individual abundances (as a percentage of total branched 

GDGTs) versus MAT and pH, respectively {Figs. 8 .3  and 8 .4 ). Branched GDGTs w ithout cyclopentane 

moieties show the strongest linear relation w ith MAT. Branched GDGT-lla and Illa negatively relate w ith 

MAT, while branched GDGT-la shows a positive relation. This confirms that the number of methyl branch­

es attached to the tetraether backbone of the GDGTs increases w ith increasing MAT (Weijers et ai., 2007c ; 

Peterse et ai., 2009b ). The other branched GDGTs show mainly scatter or a weak relation w ith  MAT (e.g. 

branched GDGT-lc, Fig. 8.3c).

The relations of the different branched GDGTs w ith  pH are generally stronger than those w ith MAT 

{Fig. 8 .4 ). Most of the branched GDGTs w ith cyclopentane moieties show a positive exponential relation 

w ith pH, whereas branched GDGT-la is the only type that is negatively related w ith pH, and branched 

GDGTs le and Ila show no clear relation. As pH is a logarithmic function of the proton concentration in a 

soil, the exponential relations of the branched GDGTs w ith cyclopentane rings support the idea that soil 

pH influences the degree of cyclisation of branched GDGTs (cf. Weijers et ai., 2007c ; Peterse et ai., 2010) . The 

relatively strong relation between branched GDGT-la and pH indicates that also the degree of méthylation 

is, to some extent, dependent on pH (cf. Weijers et ai., 2007c).
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Fig. 8.3. Plots of the relative abundance of each Individual branched GDGT (as a percentage of the sum of the seven selected branched 
GDGTs) versus MAT; a) la, b) lb, c) le, d) Ila, e) lib, f) Ile, g) Illa. Determination coefficients Indicate those of a linear regression.

Principal component analysis (PCA) on the relative abundances of the branched GDGTs in these 

surface soils shows that the first two axes explain a cumulative of 81 .5%  of the variance in the data {Fig. 

8.5). On the first component, explaining 49 .0%  of the variance, the score of GDGT-la is opposite to that 

of all other branched GDGTs, especially GDGTs-llb and Ile. Branched GDGTs-llc and lib  stand out on the 

positive side of the second factor (explaining 32 .5%  of the variance), against branched GDGTs-lla and 

Illa, which have the highest negative scores on th is factor. Based on the distribution of the soils in the POA 

plot, no outliers can be defined, so that all 176 soils were used for calibration purposes.

8 .3 .2  Recalibration o f the MBT-CBT proxy
Based on the relative abundance of the branched GDGTs in the surface soils in the new dataset, we 

recalibrated the MBT and CBT indices. Since branched GDGTs-lllb and lile were excluded in this dataset, 

we redefined the MBT index as follows:
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Fig. 8.4. Plots of the relative abundance of each individual branched GDGT (as a percentage of the sum of the seven selected branched 
GDGTs) versus soil pH; a) la, b) lb, c) le, d) Ila, e) lib, f) Ile, g) Illa. Determination coefficients indicate those of an exponential regres­
sion.

MBT’=  (la +  lb + lc )/( la  +  lb + lc + lla  +  llb + llc  +  llla) (8.7)

Correlation of the MBT’ and CBT indices w ith MAT and soil pH resulted in the follow ing equations {Fig. 

8.6a, b ):

pH =  7 . 9 0 -  1 .97XC BT (n =  176; r2= 0 .7 0 ; RM SE=0.8) (8.8)

MAT = - 0 .6 4  +  2 2 .9 X M B T ’ (n =  176; r2= 0 .4 7 ; RM SE=5.7 °C) (8.9)

S im ilar to the original calibration set, no strong relation was observed between CBT and MAT, but MBT’

also relates w ith soil pH:

pH =  7 .8 8  -  3 .8 0 x M B T ’ (n =  176; r2= 0 .4 0 ; RM SE=1.1) (8 .10)
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Thus, substitution of pH in Eq. 8 .1 0  by the CBT index (cf. Weijers et ai., 2007c) results in an equation that 

enables the estimation of MAT based on the CBT and MBT’ indices (Eqs. 8.1 and 8.7 ; Fig. 8 .6c), i.e. the 

distribution of branched GDGTs:

MAT =  0.81 -  5 .67XC BT +  3 1 .0 X M B T ’ (n =  1 7 6 ;r2= 0 .5 9 ; RM SE=5.0 °C) (8 .11)

The correlation coefficients of these new transfer functions are considerably lower than those of the 

original equations, i.e. Eqs. 8 .3 -8 .5  (Weijers et ai., 2007c ), and the new MBT’-CBT calibration shows a rela­

tively large amount of scatter {Fig. 8 .6c).

Fig. 8.5. Principal components analysis 
(PCA) biplot of the branched GDGT 
distributions in the surface soils of the 
extrended global calibration set (n =  176). 
The first compnent explains 49.0% , and 
32.5%  of the variation is explained by the 
second component.

8 .3.3  S tatistica l réévaluation o f the relations between branched GDGT distributions with 
MAT and soil pH

The original MBT and CBT indices were defined by em pirically linking environmental controls w ith a 

presumed physiological mechanism of membrane adaptation by the soil bacteria producing the branched 

GDGTs, i.e. an increase in the number of methyl branches w ith decreasing MATs, and the formation of 

additional cyclopentane moieties w ith  increasing soil pH (Weijers et ai., 2007c). An objective statistical ap­

proach for determining the best indices to describe the relations between branched GDGTs, MAT and 

pH has so far been lacking. To examine this, we used linear regression analysis to compute the best 

combinations to describe MAT and pH based on the relative abundance of the previously selected seven 

branched GDGTs in the extended global surface soil calibration set. The follow ing index gave the best 

relation w ith MAT:

Index-1 =  LOG (lc /llla ) (8 .12)

1 50l z f  94671 T2

Illa

PCI
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MAT =  16.5 +  7 .9 6X  Index-1 (n =  176; r2= 0 .6 0 ; RM SE=4.9 °C) (8 .13)

For soil pH, the follow ing index and equation were obtained:

Index-2 =  LOG ((lc +  llb)/(la +  lb + lc  +  llc)) (8 .14)

pH =  7 .94  +  2 .00X Index-2  (n =  176; r2= 0 .7 8 ; RM SE=0.7) (8 .15)

Strikingly, index-1 is much simplified over the MBT’ index, while index-2 uses more individual branched 

GDGTs compared to the CBT index. However, although the determination coefficients for these new indi­

ces are slightly higher compared to the MBT’ and CBT index, the accuracy of the MAT and pH estimates 

is only marginally improved. Both indices heavily rely on the relative abundance of branched GDGT-lc, 

which often comprises less than 2% of the total amount of branched GDGTs, w ith maxima of 6% in a 

few soils from the humid tropics {Fig. 8 .3c; Supplem entary Table S8.1). Furthermore, these new indices 

lead to a disconnection w ith the presumed mechanism of adaptation of the cell membrane, i.e. variation 

in the degree of méthylation and cyclisation of the membrane to adjust its flu id ity and permeability. We, 

therefore, fail to see a significant advance in using these new indices.

Another method that can potentially improve the empirical relation between branched GDGT d istri­

bution and environmental parameters is least squares multiple linear regression analysis. A recent ap­

plication of this method on branched GDGT distributions in East African lakes showed that the accuracy 

of MAT estimates improved considerably relative to those derived w ith the original MBT-CBT proxy (Tierney 

et ai., 2010b). The method assigns weighing factors to the fractional abundance of the individual branched

M A T = -0 .64  + 22 .9X M B T ', 

r2 = 0 .47  •

pH = 7 .90  + 1 .97xC B T* .  

r2 = 0 .70

0.0  0.2 0 .4  0 .6  0 .8  1.0

MBT'

Fig. 8.6. Linear regression plots of a) MAT and M BT', and b) pH and CBT based on application of Eqs. 8 .7  and 8 .1 , respectively, on 
the new global surface soil calibration set, and c) 3D regression plot for the MBT'-CBT calibration on MAT (Eq. 8 .11).

(c ) M AT = 0 .81  -5.67XCBT + 31.0xM B T' 

r2 = 0 .59

103



Chapter 8

GDGTs to obtain the equation w ith  the highest coefficient of determination for the estimation of MAT or 

pH. Application to our dataset resulted in the following equations:

pH = 8 .4 9 -0 .0 4 3 x la  + 0.013xlb + 0.019xlc -  0.037xlla + 0.045xl lb  -  0.18xllc  + 0.020xllla

(n =  176; r2 =  0 .72; RM SE=0.7) (8 .16)

MAT =  1 9 2 .7 -  1 .7 x la  -  1 .6 x lb  -  1 .2 x lc  -  2 .0 x lla  -  1 .7 x l ib  -  3 .3 x Ile -  1 .9 x ll la

(n =  176; r2= 0 .6 0 ; RM SE=4.9 °C) (8 .17)

Again, the determination coefficients show only marginal improvements on the revised MBT’ and CBT 

relations. Furthermore, also this method neglects the mechanisms that are supposedly underlying the 

synthesis of branched GDGTs in soils. Therefore, we propose to use the MBT’ and CBT indices w ith the ir 

revised calibrations as proxies for paleotemperature and past soil pH.

8 .3 .4  Accuracy o f MAT and pH  estimates
The 3D calibration plot of the MBT’-CBT proxy has a considerable amount of scatter {Fig. 8.6c). 

Weijers et al. (2007c) ascribed the scatter in the ir calibration plot to the use of air temperature instead 

of in situ soil temperature, as well as to the heterogeneity of soils. It has been suggested that applica­

tion of a local rather than the global calibration may improve the accuracy of branched GDGT-derived 

temperature estimates (e.g. Sinnmghe Damsté et al., 2008; Peterse et al., 2009b; Bendle et al., 2 0 1 0 ). We, therefore, 

performed a Moran’s I test, which analyzes the degree of dependence in a geographical space, and thus 

indicates whether two soils that are located in each others vicinity have a s im ilar offset between esti­

mated and measured MAT. Hence, application of local calibrations would become beneficial when soils 

from one geographical location all have the same temperature deviation. However, the test results show 

no indication of such a relation, which implies that a local calibration w ill not likely lead to substantially 

improved accuracy. Also the accuracy of the relation between pH and CBT does not benefit from a local 

calibration.

Secondly, seasonality has been put forward to explain part of the scatter (e.g. Peterse et aí., 2 0 i i ; Rueda et 

ai., 2009; Weijers et ai., 2 007b ). However, Weijers et al. (2007c) did not find better relations between seasonal 

temperatures and the MBT index than w ith MAT. Furthermore, no apparent seasonal pattern in the d is tri­

bution of branched GDGTs was found in m id-latitude soils (Weijers et ai., 2011 ) . Hence, the remaining scatter 

is unlikely to be fu lly explained by seasonality.

Another environmental parameter that has been suggested to affect branched GDGT distributions is 

soil moisture, or precipitation (Weijers et ai., 2007c). The relative abundance of some of the branched GDGTs 

indeed relates w ith MAP {Fig. 8 .7 ), especially GDGTs la (r2= 0 .3 6 ) and Ila (r2= 0 .4 1 ). These branched 

GDGTs contribute to the CBT index as well as the MBT’ index, suggesting that variations in MAP may 

possibly affect the index values. However, like in the original calibration set of Weijers et al. (2 007c ), MAP 

and MAT are correlated w ith  each other (r2= 0 .3 1 ), which makes it impossible to statistically separate 

influences of MAP and MAT on branched GDGT distributions. However, the possible influence of MAP be­

comes visible when we plot MBT’-CBT-derived MATs using the revised soil calibration (Eq. 8 .11) versus 

measured MAT for all soils of th is study {Fig. 8 .8a), thereby assuming a relative abundance of 0% for the 

branched GDGTs which were below detection lim it. The MAT scatter plot shows one cluster of soils for
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which the reconstructed MAT strongly underestimates actual MAT up to 20  °C {Fig. 8.8a). The addition 

of precipitation data to this plot shows that this cluster mainly comprises alkaline soils from arid regions 

(MAP <  500  mm; Fig. 8 .8b) that are generally low in organic matter. This suggests that in these soil 

types, temperature is apparently no longer an important control on the distribution of branched GDGTs. 

Although it is not possible to define an exact precipitation threshold or soil type for which the MBT’-CBT 

proxy should not be utilized, we suggest that MAT reconstructions for arid regions should be interpreted 

w ith care.

In summary, several factors may contribute to the scatter in the calibration between branched GDGT 

distributions w ith MAT and pH. However, the relatively large uncertainty in absolute temperature esti­

mates is likely to be mainly systematic. Hence, application of the proxy on a local scale, e.g. down core, 

results in temperature estimates w ith  the same systematic error. As a consequence, the uncertainty on 

the trends in these paleotemperature records is likely to be much smaller (e.g., Tierney et ai., 20 i0a ; Peterse et

al., 2011).
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8 .4 . Implications for paleoclimate reconstruction
To test the impact of the new MBT’ and CBT indices on paleotemperature reconstructions, we derived 

new temperature records for the atmospheric warm ing in tropical Africa (weijers et aí., 2007a) and southeast 

Asia (Peterse et ai., 20 i i )  over the last deglaciation, the onset of long-term cooling near the Eocene-Oli- 

gocene (E-0) boundary (Schouten et ai 2008a), and the period of extreme warm th during the PETM (Weijers et 

ai., 2007b ), and compared them w ith the records based on the original MBT-CBT calibration.

8.4.1 Deglacial atmospheric warming o f tropical Africa
Application of the original MBT-CBT calibration in a sediment core recovered close to the Congo River 

outflow suggested that MATs increased w ith —0.7 °C/kyrfrom 20-21 “C during the  Last Glacial Maximum 

(LGM) to a maximum of 25  °C in the first half of the Holocene (Fig. 8 .9a , filled circles; Weijers et ai 2007a). 

The 2 4 .5  °C that was reconstructed from the core-top sediment was sim ilar to the present day MAAT of 

the Congo River Basin (23 .7  °C; w e ijers e ta i.,2 0 0 7a ). Application of the newly calibrated MBT’-CBT shows 

the same temperature trends as the original MBT-CBT record (Fig. 8.9a, open circles), although absolute 

MAAT estimates are lower, and now suggest MATs of 17 .5  °C during the LGM, increasing to 2 0 .5  °C 

during the Holocene. The branched GDGT distribution in the surface sediment now suggests an air tem ­

perature of 20 .5  °C, which is somewhat lower than the measured modern air temperature, although still 

well w ith in  the calibration error of the proxy. The LGM-Holocene temperature difference of —3 °C is still 

w ith in the range indicated by other proxy records based on e.g. pollen assemblages and TEX86-derived 

lake surface temperature as cited by Weijers et al. (2 007a ). Weijers et al. (2007a) also used the CBT-derived 

pH record to reconstruct hum idity changes in central Africa. The pH record based on the newly calibrated 

CBT index is very s im ilar to the original pH record, both in trend as in absolute values (Fig. 8 .9b).

8 .4 .2  Deglacial atmospheric warming o f East Asia

A continuous air temperature record for East Asia covering the last 3 4 ,0 0 0  years was derived from 

branched GDGT distributions in a loess-paleosol sequence from the Mangshan loess plateau in China
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{Fig. 8 .9c, filled circles; Peterse et ai., 2011 ). The original record suggested a large increase in air tempera­

ture over the deglaciation w ith MAT estimates increasing from —17 °C during the last glacial period to 

a maximum of —27 °C during the Holocene clim atic optim um . The temperature record was considered 

to be biased towards the summer, as the branched GDGTs in the surface loess layer reflected average 

present day air temperatures of the monsoon and summer season (—24  °C). The air temperatures that 

are derived w ith the new MBT’-CBT calibration are lower than the original record, and now suggest air 

temperatures of —15 °C for the LGM, increasing towards 21 °C in the Holocene {Fig. 8 .9c, open circles). 

A deglacial warm ing of 6-7 °C, as indicated by the new record, falls in the temperature range based 

on the pollen and phytolith-derived reconstructions for th is region as cited by Peterse et al. (2011 ) . The 

temperature estimate of the surface layer, —19 °C, suggests that the record is less biased towards sum ­

mer temperatures, although it is still well above the present day MAT in th is area of 13 °C. Irrespective 

of the lower absolute MAT estimates, which fall w ith in the error of the proxies, the tim ing of the onset 

of deglacial atmospheric warming, and consequently the main conclusions of the original study, remain 

unaffected.

8 .4.3  Oligocene-Eocene cooling o f Greenland landmass
The clim atic transition from a ‘greenhouse’ world to an ‘icehouse’ world took place around the E-0 

boundary (33 .7  kyr BP), when the East Antarctic lee Sheet first expanded. Branched GDGTs from Green­

land landmass, preserved in a marine sediment core from the Greenland Basin (ODP Site 913B), pro­

vided insight in the extent of atmospheric cooling in high-latitudes during this period (Schouten et ai., 2008a). 

Application of the original MBT-CBT proxy suggested late Eocene air temperatures of 12-16 °C, dropping 

to 8 -10  °C during the early Oligocene {Fig. 8 .9d, filled circles), indicating a cooling of —3-5 °C of the 

Greenland landmass. The absolute temperatures derived from the new MBT’-CBT calibration are sim ilar 

to those reconstructed using the original indices, although the extent of the cooling is now slightly lower, 

i.e. —2 °C {Fig. 8 .9d, open circles). Application of Eq. 8 .11 results in temperature estimates of 1 4 ± 1  °C 

for the Eocene, and 12 ± 1  °C for the early Oligocene, which fits independent temperature estimates based 

on pollen assemblages in the same, and nearby-located sediment cores, that indicate air temperatures 

of 1 4 ± 3  °C, decreasing to 10-11 ± 3  °C for the latest Eocene to Oligocene (Eidrett et ai., 2009) . Hence, the 

use of the new calibration does not affect the interpretation of high latitude climate development across 

the Eocene-Oligocene boundary.

8 .4 .4  Paleocene-Eocene thermal maximum a t the Arctic
Branched GDGTs originating from the high latitude continents surrounding the Arctic Ocean during 

the PETM have been analyzed in a sediment core from the Lomonosov Ridge (IODP Hole 302-4A ) and 

indicate an atmospheric warm ing of —8 °C during the PETM, above background values of —17 °C {Fig. 

8.9e, filled circles; Weijers et ai., 2007b ). These temperatures are considered to be relatively high, but were 

ascribed to a summer biases (weijers et aí., 2007b ). The new MAT estimations based on the MBT’-CBT prox­

ies are 2 °C lower (—17 °C) during the late Paleocene and 3 °C lower (—21 °C) for the PETM compared 

to the original record {Fig. 8 .9e, open circles). The previously observed trends in the temperature record 

remain unaffected but the magnitude of the warming decreases from 8 to 6 °C. The lower absolute MAT 

estimates and reduced amplitude of the record are more in line w ith the temperature estimates based 

on other proxies, i.e. pollen assemblages and oxygen isotopic compositions of fossil teeth and bones (e.g.
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Fig. 8.9. Comparison of climate reconstructions based on the original MBT-CBT paleothermometer (Weijers e t al., 2007c-, filled circles) 
and based on the MBT’-CBT calibration (open circles) for a) the deglacial atmospheric warming and b) pH record of tropical central 
Africa (Weijers et a I., 2007a), c) deglacial atmospheric warming in East Asia (Peterse e ta!., 2011), d) the onset of long-term cooling 
of Greenland around the Eocene-Oligocene boundary (Schouten e ta!., 2008a), and e) the episode of extreme warmth during the PETM 
for high latitude continents surrounding the Arctic Ocean (Weijers e ta!., 2007b).

Eberie et ai., 2 0 io ). This suggests that the use of the newly calibrated MBT’-CBT proxy results in improved 

MAT estimates for this ancient greenhouse period.

8 .5 . Conclusions
Extension of the global calibration set and excluding rarely detected branched GDGTs from the MBT 

index has lead to new transfer functions to predict MAT and soil pH. Attempts to improve the accuracy of 

the transfer functions w ith  a statistical approach resulted in only marginally better correlation coefficients 

for the relations w ith MAT and pH, while the ir definition does not relate to the presumed physiological 

processes that are underlying the mechanism of the original MBT-CBT proxy. Thus, we propose to use the 

recalibrated MBT-CBT indices as originally defined by Weijers et al. (2 007c ), although in a slightly m odi­

fied form (M BT’). Inspection of the large scatter in the MBT’-CBT calibration plot {Fig. 8 .6 c ) indicated 

that branched GDGT-based temperature estimates for arid soils may be underestimated by as much as 20
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°C, and care should be taken w ith  the interpretation of absolute temperature for arid regions.

Application of the new MBT’-CBT transfer function on previously published paleotemperature records 

from different locations and geological eras showed that the trends in the temperature reconstructions 

remain unchanged. The absolute temperature estimates, however, are generally lower, and often better 

match w ith temperature estimates for the same region and tim e interval based on independent proxies.
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Chapter 9

Decoupled warming and monsoon precipitation in 
East Asia over the last deglaciation

Francien Peterse, Maarten A. Prins, Christiaan J. Beets, Simon R. Troelstra, Hongbo Zheng, Zhaoyan 

Gu, Stefan Schouten, Jaap S. Sinninghe Damsté, 20 11 . Earth and Planetary Science Letters 301 , 

256 -264 .

Abstract

Our understanding of the continental climate development in East Asia is mainly based on loess-pale- 

osol sequences and summer monsoon precipitation reconstructions based on oxygen isotopes (8180) of 

stalagmites from several Chinese caves. Based on these records, it is thought that East Asian Summer 

Monsoon (EASM) precipitation generally follows Northern Hemisphere (NH) summer insolation. However, 

not much is known about the magnitude and tim ing of deglacial warm ing on the East Asian continent. 

In this study we reconstruct continental air temperatures for central China covering the last 3 4 ,0 0 0  yr, 

based on the distribution of fossil branched tetraether membrane lipids of soil bacteria in a loess-paleosol 

sequence from the Mangshan loess plateau. The results indicate that air temperature varied in phase w ith 

NH summer insolation, and tha t the onset of deglacial warm ing at —19 kyr BP is parallel in tim ing w ith 

other continental records from e.g. Antarctica, southern Africa and South-America. The air temperature 

increased from —15 °C at the onset of the warm ing to a maximum of —27 °C in the early Holocene (—12 

kyr BP), in agreement w ith the temperature increase inferred from e.g. pollen and phytolith data, and 

permafrost lim its in central China. Comparison of the tetraether membrane lipid-derived temperature 

record w ith loess-paleosol proxy records and stalagmite 8180  records shows that the strengthening of 

EASM precipitation lagged that of deglacial warm ing by ca. 3 kyr. Moreover, intense soil formation in the 

loess deposits, caused by substantial increases in summer monsoon precipitation, only started around 12 

kyr BP (ca. 7 kyr lag). Our results thus show that the intensification of EASM precipitation unambiguously 

lagged deglacial warm ing and NH summer insolation, and may contribute to a better understanding of the 

mechanisms controlling ice age terminations.
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9 .1 . Introduction
Oxygen isotope (8180) records of stalagmites from several caves in China have yieldedwell dated, 

high-resolution records of the tim ing and amplitude of changes in East Asian Summer Monsoon (EASM) 

precipitation during the last four glacial—interglacial cycles (e.g. Cheng et al., 2 0 0 9 ; Dykoskl etal., 2 0 0 5 ; Wangetal., 

2001 , 2008 ; Yuan et ai., 2 0 0 4 ). Generally, these records revealed that the EASM follows Northern Hemisphere 

(NH) insolation patterns. Similarly, various climate-proxy records derived from loess-paleosol sequences 

from the Chinese Loess Plateau have also documented changes in EASM precipitation (e.g. An, 2000 ; Hesiop 

et al., 1999; Porter and An, 1995; Sun and Huang, 2006; Wu et al., 2 0 0 2 ). The build-up Of the loess plateau relates to 

changes in monsoon intensity, varying temperature and moisture conditions; loess is mainly deposited 

during cool and dry periods, as a result of an intensified w inter monsoon, whereas soil formation takes 

place predominantly during the warmer and wetter periods w ith  strengthened summer monsoon (Porterand 

An, 1995). The loess-paleosol records, as well as the stalagmite proxy records match the clim atic changes 

in the North Atlantic that are recorded in Greenland ice-core records (chen et ah, 1997 ; Porter and An, 1995).

Although a large number of speleothem and loess records documenting EASM intensity have been 

generated, only little is known on the development of atmospheric temperature over the East Asian conti­

nent in relation to changes in monsoon precipitation intensity. Soil formation in loess sequences, caused 

by a substantial increase in summer monsoon precipitation, has been found to lag NH insolation (Hesiop 

etai., 1999; Porter, 2001; Stevens et ah, 2 0 0 7 ). However, soil formation is not only stimulated by intensified sum ­

mer monsoon precipitation, but by higher temperatures as well (Jenny, i 9 4 i ) .

To gain more insight into the exact tim ing and am plitude of eastern Asian continental temperature 

changes over the last glacial term ination, we used the recently developed MBT-CBT (méthylation of 

branched tetraethers/cyclisation of branched tetraethers) paleothermometer, based on branched glycerol 

dialkyl glycerol tetraethers (GDGTs) (Weijers et ai., 2007c), in a loess-paleosol sequence of the Mangshan 

loess plateau {Fig. 9 .1 )  to reconstruct a continuous temperature record for this area. Branched GDGTs are 

membrane lipids from bacteria that occur ubiquitously in soils and peat (weijers et aí., 2006b, 2007c), and air 

temperatures can be reconstructed based on the ir distribution using the Méthylation index of Branched 

Tetraethers (MBT) and the Cyclisation ratio of Branched Tetraethers (CBT) (Weijerset a i.,2 0 0 7 c ). The MBT- 

CBT proxy works well in geothermally heated soils (Peterse et ai., 2009b) and branched GDGT distributions 

have been shown to reflect the adiabatic cooling of air along altitude gradients (Hren et ai., 20 io ; Peterse et ai., 

2009c; sinninghe Damstéetai., 2008 ). Also,when applied to marine surface sediments, branched GDGT-derived 

temperatures show good agreement w ith the annual mean air temperature of the adjacent river drainage 

basins (Rueda et al., 2009;Weljers et al., 2007a).

The paleosol-loess sequence from the Mangshan loess plateau investigated here mainly receives 

its sediment from the nearby Huang He floodplain (Yellow River), which has a relatively humid climate 

compared to the Central Loess Plateau. The availablemoisture enhances soil formation, and values of the 

branched and isoprenoid tetraether (BIT) index, that quantifies the content of soil-derived organicmat- 

ter in a system, are therefore high for these soils (typically >  0 .8 ; Hopmans et ai., 2004). This makes the 

sequence suitable for the application of the MBT-CBT proxy. This area is also ideal for a high-resolution 

reconstruction, as sedimentation rates are generally high (17 to 29 cm/kyr during the last 3 4  kyr; Prinset 

al., 2009; Zheng etal., 2 00 7 ).
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Fig. 9.1. Overview map showing a) China with the locations of the Mangshan Loess Plateau (white dot) and the Hulu, Sanbao, and 
Dongge caves (black dots), b) the Chinese Loess Plateau, the Mo Us Desert and the North China Plain (NCP), and c) the studied Mang­
shan loess sections. A blow up of the insert in b) is shown in c), and modified from Prins et al. {2009).

9 .2 . Material and methods
9.2.1. Sites and sampling

The Mangshan loess plateau Nes 25 km west of Zhengzhou on the south bank of the Huang He {Fig.

9 .1 ). The loess plateau is about 18 km in length (W -E) and 5 km in w idth (N—S), w ith its highest point 

reaching approximately 150 m above the Huang He floodplain. The Mangshan plateau receives —645 

mm precipitation per year, about 70%  of which falls during the summer monsoon season (May-Septem- 

ber). The air temperature is —2 °C during the w inter (December-February) and varies between 20  °C 

(May) and 27 °C (July) during the summer monsoon season. The mean annual air temperature is 15 °C 

(w m o, 2 0 0 7 ). For this study, the upper part of the loess-pedogenic complex, covering the SO (Holocene 

paleosol), L Í (last glacial loess deposit), and S I (last interglacial paleosol) layers, has been sampled at 

two locations. The northern loess section, M S2006 (3 4 °5 7 .5 ’N, 11 3°2 2 .2 ’E; Fig. 9 .1c), is exposed on 

the northern slope of the Mangshan plateau, where the Huang He river and local gullies have cut through 

the loess, form ing a valley w ith  steep cliffs. The section is —59 m th ick and was continuously sampled 

in 36 partly-overlapping, freshly-dug, vertical trenches at a 5-cm resolution (Prins et ai., 2009) . At a south­

ern location, two sections have been sampled, M S2008W  (3 4 °5 6 .4 ’N, 11 3 °2 2 .2 ’E) and MS2008E 

(34 °56 .1 ’N, 11 3°2 2 .4 ’E; Fig. 9 .1c). Sections M S2008W  and M S2008E are - 3 4  and - 1 4  m thick, 

respectively, and were sampled in total in 26 partly-overlapping vertical trenches at a 10-cm resolution. 

From field observations it is clear that the top part of the M S2008W  section (0 to 45 cm) is disturbed by 

ploughing, as also evidenced by grain size data.
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9.2.2. Magnetic susceptibility, organic m atter and carbonate analysis

Samples were oven dried at 50  °C, lightly ground and aliquots of ~ 8  g were analyzed using a Bar- 

tington MS2 magnetic susceptibility meter at the School of Ocean and Earth Sciences, Tongji University. 

The organic matter and carbonate content of the samples were analyzed using a Leco TGA 601 at the 

VU University Amsterdam. Aliquots of ~ 2  g of the samples prepared for magnetic susceptibility analysis 

were used for thermo-gravimetric analysis (TGA).

9 .2 .3 . Grain size analysis

Prior to the grain size measurement the samples were prepared according to the methods described 

by Konert and Vandenberghe ( 1997) . Briefly, about 1 -2  g of bulk sediment was pre-treated w ith solutions 

of 30%  H20 2 and 1 N HOI in deinonized water to remove organicmatter and carbonates, respectively. In 

case of a violent reaction, additional aliquots of H20 2 and/or HOI solution were added to ensure complete 

removal of organic matter and/or carbonates. Consequently, the results reflect the grain size distribution of 

the siliciclastic loess fraction. All measurements were performed on a Fritsch Analysette 22 laser particle 

sizer at the VU University Amsterdam. The variation in mean grain size for th is particular instrument has 

been shown to be <  0.5%  (Jonkers et ai., 2009 ). Grain size distributions were reported w ith 56 size classes 

between 0 .1 5  and 2 0 0 0  pm.

9 .2 .4 . MBT-CBT analysis

Branched GDGTs were analyzed in the upper 5.9 m of section M S2008E and the upper 4 .8  m of 

section MS2008W, using high performance liquid chromatography/atmospheric pressure chemical ioni- 

zation-mass spectrometry (HPLC/APCI-MS) as described by Schouten et al. (2 00 7 a ), w ith minor modifica­

tions in the instrument settings, as mentioned below. The loess samples from the M S2008W  sequence 

were freeze-dried. All loess samples from M S2008W  and M S2008E were then homogenized w ith a 

mortar and pestle, and extracted ( 3 x 5  min) w ith a dichloromethane (DCMTmethanol (9 :1 , v/v) mixture 

using an accelerated solvent extractor (ASE 200, Dionex) at 100 °C and 7 .6 x  IO 6 Pa. The total extracts 

were dried using a rotary evaporator under near vacuum, then dissolved in DCM and passed over a 

NaS04 column to remove any remaining water. Known amounts of an internal C46 GDGT standard were 

added according to Huguet et al. ( 2006) . Separation of the extracts in apolar and polar fractions was done 

by passing them over an activated Al20 3 column using hexane:DCM (9 :1 , v/v) and DCM:MeOH (1:1, 

v/v), respectively. The polar fraction (containing the branched GDGTs and the internal standard) was 

dried under N2, ultrasonically dissolved in hexaneusopropanol (99 :1 , v/v) and filtered over a 0 .4 5  pm 

PTFE filter. The polar fractions were concentrated to about 3 mg/ml prior to analysis by HPLC/APCI-MS 

on an Agilent 1100 series LC/MSD SL. Separation of the branched GDGTs was achieved on an Alltech 

Prevail Cyano column (150  m m x 2 .1  mm; 3 pm). The compounds were eluted isocratically w ith 90%  

A and 10% B for 5 min (flow rate 0.2 m l/m in), and then w ith a linear gradient to 16% B for 3 4  min, 

where A=hexane and B=hexane:isopropanol (9 :1 , v/v). The injection volume was 10 pi for each sample. 

Selective ion monitoring of the [M +  H]+ of the different GDGTs was used to detect and quantify them. 

Absolute quantification was achieved by calculating the area of the corresponding peaks in the chrom ato­

grams, comparing them w ith the peak area of the internal standard, and correcting themfor the different 

response factors (cf. Huguet et al., 2 0 0 6 ).

Air temperatures were calculated based on the MBT and CBT indices and the follow ing transfer func­
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tion as defined by Weijers et al. (2007c):

MBT =  0 .122  +  0 .187X C B T  +  0 .020X M A T  (r2= 0 .7 7 ) (9.1)

The average analytical reproducibility of the MBT and CBT indices, based on duplicate injections of a 

selected set of loess samples on the HPLC/APCI-MS, is 0 .0 03  for the MBT index and 0 .0 0 4  for the CBT 

index, resulting in an analytical error in temperature estimates of ca. 0 .2 °C. The error introduced due to 

scatter in the calibration of Eq. 9.1 is much larger, ca. 5 °C (Weijers et a i.,2 0 0 7 b ), however, th is uncertainty 

can be considered mainly systematic, and is caused by the global spread of the soils in the calibration set 

and the accompanying variation in environmental parameters. When the proxy is applied on a relatively 

small scale, like here on the Mangshan plateau, this systematic error is likely to be much smaller. How­

ever, an exact estimate of the error is d ifficu lt to constrain, given tha t a local calibration of the MBT-CBT 

proxy is not available. Nevertheless, absolute temperature estimates should be interpreted w ith caution.

9 .3 . Results and discussion
9.3.1. Age model

The age model of the Mangshan loess-paleosol sequences is based on the correlation of loess proxy 

records, i.e. magnetic susceptibility, carbonate content and grain size characteristics, w ith  the U -230Th 

dated oxygen isotope records from Dongge, Sanbao and Hulu caves in central China {Fig. 9.1a). The 

EASM 8180  record is dominated by 23 ,000-year long cycles that are synchronous (w ith in dating er­

rors) w ith summer insolation at 65°N (Berger, 1978), and the cycles are punctuated by millennial-scale 

strong summer monsoon events (Chinese interstadials; cheng et ai., 2006) and weak summer monsoon 

events (correlative w ith North Atlantic cold events, i.e. the Heinrich events; W angetai., 2001). The ages of 

these events are exceptionally well constrained and may thus, as suggested by Wang et al. (2008), serve 

as benchmarks for correlating and calibrating climate records. The assumed match between the East 

Asian monsoon proxy records from the Mangshan loess-paleosol sequences and the Chinese speleothem 

records is independently supported by radiocarbon dating of fossil carbonate shells of land snails from a 

loess sequence close to site M S2006 for the tim e interval —15 -41  kyr BP (Fig. 9.2-, Gu etal., 2009).

To match the proxy records of the Mangshan loess-paleosol sequence w ith the EASM 8180  record, 

the carbonate and magnetic susceptibility records are used as tracers of soil development during humid 

interstadial and interglacial periods (cf. Maher and Thompson, 1992; Fig. 9 .2 ). Consequently, carbonate minima 

and magnetic susceptibility maxima are correlated in tim e w ith the Chinese interstadials (speleothem 

8180  minima). The grain size profile is a tracer of eolian dust input,where clay content minima reflect pe­

riods of enhanced dust input and intensified w inter monsoon, and is assumed to covary w ith the Chinese 

stadials (speleothem 8180  maxima).Hence, matching of the loess proxy records of section M S2006 w ith 

the Sanbao/Hulu speleothem 8180  record results in the age model shown in Fig. 9 .2 . The age models of 

sections M S2008W  and MS2008E, that correlate very well to section M S2006 (Supplem entary Figure

S9.1), have been constructed in a s im ilar way.

9.3.2. Continental a ir temperature record
The upper 5 .9  m of loess-paleosol sequence M S2008E (Fig. 9 .1c) corresponds to the last 34  kyr 

according to our age model. Branched GDGTs were detected throughout the whole loess-paleosol profile.
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Their concentrations vary between 1 and 13 ng GDGTs/g dry weight loess (Table 9 .1 ), and are higher 

in the paleosol layer than in the loess layer. Although atmospheric dust from the loess plateau has not 

been analyzed, branched GDGTs were below detection lim it in a dust sample from near the West coast 

of Central Africa, suggesting that these components are unlikely to be transported through the atmos­

phere in large amounts (Hopmans et ai., 2 0 0 4 ). Thus, the branched GDGTs are likely produced in situ in the 

loess-paleosol sequence, and the MBT-CBT record, therefore, reflects local conditions of the Mangshan 

plateau area.

Calculation of the MBT and CBT indices and application of Eq. 9.1 for the whole sequence, resulted 

in a continuous air temperature record for the period covered by the M S2008E sequence {Fig. 9.3b-, Table

9 .1 ). The MBT-CBT-derived temperature fo rthe  upper layer of MS2008E compares well w ith the average 

present-day air temperature (—24 °C) of the summer season (May-September) on the Mangshan plateau 

area {Fig. 9 .3b), indicating that our record is most likely representing mean summer air temperatures.

15 10 5 0

Carbonate {weight%)

MS {S l/g)
0 5 10 15

A ge {kyr BP)

A ge {kyr BP) 

60 70 80

Grain size {<8nm, vol%)

10 15 20 25 30

Fig. 9.2. Age model of the Mangshan loess record MS2006 based on correlation with the U-230Th-dated Sanbao/Hulu speleothem 8180  
record of Wang et al. (2008) over the past —131 kyr BR a) Age versus 5180  in the Sanbao (red, stalagmite SB11; green, SB23; yellow, 
SB25-1; pink, SB22; dark blue, SB3; purple, SB10; orange, SB26) and Hulu cave (three different hues of lighter blue, PD, D, and L) 
records. For comparison, the Hulu 5180  record is plotted 1.6%o more negative to account for the higher 5180  values in the Hulu record 
compared to the Sanbao record (cf. Wang et al., 2008). Marin e-si otope stages (Holocene/MISl-MIS6), Heinrich events (H1-H6; Wang 
e ta!., 2001) and Chinese interstadials (cf. Cheng et al., 2006) are indicated, b) Magnetic susceptibility, carbonate content (weight%) 
and grain size (expressed as clay content) compared to paleosol (SO and S I)  and loess (L Í and L2) stratigraphy in sections MS2006  
(Prins e ta l., 2009). c) Age-depth profile for loess record MS2006. Grey lines indicate the location of the ‘age-control points’ used to tie 
the loess to the spaleothem record. Red open circles indicate the radiocarbon dates of land snails (Gu et a I., 2009; Table 9.3).
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Although it is still unknown what group of bacteria is responsible for the production of branched GDGTs, 

and what the ir season of optimum growth is, microorganisms in general require moisture to live and grow. 

Since the Mangshan plateau receives over 70%  of the annual amount of precipitation during the summer 

season (w m o, 2007 ), it is likely that this season is most suitable for bacterial productivity and thus the 

production of the branched GDGTs.

The MBT-CBT record reveals that summer air temperatures in the Mangshan plateau area were on 

average —17 °C during the last glacial period,with a m inim um of about 14 °C during the Last Glacial 

Maximum (LGM; —21 kyr BP). The onset of deglacial warm ing around 19 kyr BP shown by our record 

matches w ith Antarctic warm ing {Fig. 9 .4 e ), and is s im ilar in tim ing w ith m id-latitude glacier retreat at 

the end of the LGM, as indicated by 10Be exposure dates of boulders in moraines on both northern and 

southern hemispheres (Schaeffer et ai., 2006 ). Also, TEX86-inferred lake surface temperature reconstructions 

for lakes Malawi and Tanganyika suggest a sim ilar tim ing of deglacial warm ing in southern Africa (Powers 

etal., 2005; Tierney et ai., 2008) , while atmospheric warm ing in tropical central Africa, reconstructed w ith the 

MBT-CBT proxy, may have started slightly later (Weijers et ai., 2007a; Fig. 9.4e).

The reconstructed summer air temperatures in the Mangshan plateau area show an increase from 

—15 °C at the onset of deglacial warm ing to —27 °C at the beginning of the Holocene (—12 kyr BP), w ith 

an average rate of almost 2 °C/kyr. The difference between the present-day mean summer temperature 

(—24  °C) and the reconstructed air temperature during the LGM (—17 °C) is in agreement w ith other 

studies from this region: estimates based on pollen studies and permafrost lim its in central China suggest 

7 -1 0  °C cooler air temperatures during the LGM (Zhou et ai., 1 998 ), whereas other pollen assemblage (Sun 

etal., 1997) or phytolith-based (Lu etal., 200 7 ) temperature reconstructions suggest that the air temperature 

at that tim e was 4 .5 -9  °C cooler than present.

Maximum air temperatures on the Mangshan plateau occurred at the loess (L Í)  to paleosol (SO) 

transition that marks the beginning of the Holocene {Fig. 9 .3 ). During the Holocene clim atic optimum, 

which was around 6 -7  kyr BP for th is part of China (An, 2000 ), air temperatures were ca. 3 °C higher 

compared to present. This temperature difference is slightly larger than the ca. 1 °C suggested by the 

modelling study of Tao et al. (2010 ) , although the proxy data that they use to compare the ir model w ith, 

suggest 2 -3  °C higher temperatures (Tao et ai., 2010 and reference therein), which is again in agreement w ith 

the MBT-CBT-derived record. S im ilar temperature estimates are reported based on pollen records (Zhou et 

ai., 1998; 1 -6  °C warmer than present, depending on the geographical location), and phytoliths (Lu et ai., 

2007; 1-2  °C warmer than present).

Evidence for the robustness of our temperature record, next to the generally good fit w ith previously 

published temperature estimates and trends, is provided by the analysis of the upper 4 .8  m of the nearby 

loess-paleosol sequence M S2008W  {Fig. 9 .1c). According to our age model, th is sequence covers the 

last 16 kyr. Since the top 45  cm is disturbed because of ploughing, the upper 3 samples are excluded 

from the discussion. The branched GDGT concentrations varied between 2 and 27 ng/g dwt loess (Table

9 .2 ), showing the same variations w ith depth as seen in the M S2008E sequence. Comparison of the 

two resulting temperature records shows a s im ilar tim ing and magnitude of deglacial warming, as well as 

absolute temperature estimates {Fig. 9 .4b ,c \ Table 9 .2 ).
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Table 9.1. Depth, age, grain size (clay content), magnetic susceptibility (MS), organic matter (OM), branched 
GDGT abundance, and MBT-CBT-derived temperatures of paleosol-loess sequence MS2008E.

Depth (m) Age (kyr BP) <8 mm (%) MS O M  (%)
branched GDGTs 
(ng/g dry w t loess)

MBT-CBT-derived 
MAT ("C)

3.75 0.4 13.3 7.4 0.9 1.5 23.4

3.85 1.3 12.5 7.6 0.8 1.6 22.9

3.95 2.2 13.3 7.7 0.9 1.8 22.7

4.05 3.2 14.0 8.4 0.9 3.1 23.7

4.15 4.2 19.7 10.3 1.3 6.3 26.0

4.25 5.7 24.0 12.3 1.5 13.1 26.3

4.35 8.7 25.9 11.9 1.6 11.9 26.5

4.45 9.7 23.5 9.2 1.3 10.8 25.8

4.55 10.4 22.0 8.3 1.2 9.6 26.0

4.65 11.0 21.2 7.6 1.1 10.6 25.3

4.75 11.5 21.4 8.2 1.1 8.2 26.5

4.85 12.0 19.2 7.2 1.1 11.0 26.7

4.95 12.4 17.9 5.8 0.9 6.0 27.2

5.05 12.8 19.5 7.1 1.0 3.9 26.1

5.15 13.2 18.7 6.7 1.0 3.2 25.8

5.25 13.6 16.1 5.3 0.9 2.5 25.1

5.35 14.0 17.8 6.1 1.0 3.0 24.4

5.45 14.3 15.2 4.5 0.9 1.7 24.6

5.55 14.6 19.1 6.7 1.0 1.9 24.3

5.65 14.8 16.0 4.3 0.8 2.5 23.8

5.75 15.0 16.4 4.7 0.8 2.8 24.5

5.85 15.1 14.9 3.7 0.7 1.2 22.3

5.95 15.2 14.2 4.8 0.8 1.8 20.8

6.05 15.3 14.9 4.2 0.8 2.7 21.6

6.15 15.3 15.3 4.2 0.8 2.5 22.6

6.25 15.4 13.7 4.0 0.8 2.0 21.5

6.35 15.5 12.9 3.6 0.8 2.0 20.9

6.45 15.5 13.5 3.8 0.8 2.0 21.1

6.55 15.7 12.5 3.9 0.8 2.1 19.4

6.65 15.8 11.8 4.2 0.7 2.1 20.4

6.75 16.0 12.8 3.9 0.7 1.6 20.0

7.85 16.3 13.8 4.1 0.7 1.6 19.1

6.95 16.7 13.7 4.0 0.7 1.7 18.7

7.05 17.2 14.1 4.1 0.7 1.7 19.3

7.15 17.6 13.8 4.3 0.7 3.1 15.3

7.25 17.2 14.4 4.3 0.8 2.6 19.5

7.35 17.6 14.1 4.6 0.7 2.7 17.5

7.45 18.0 14.0 4.7 0.8 4.0 14.7
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Depth (m) Age (kyr BP) <8 mm (%) MS O M  (%)
branched GDGTs 
(ng/g dry w t loess)

MBT-CBT-derived 
MAT ("C)

7.55 18.3 13.2 4.5 0.8 2.4 15.3

7.65 18.5 13.6 4.3 0.8 2.0 15.6

7.75 18.8 13.3 4.2 0.7 1.7 14.9

7.85 19.1 13.1 3.9 0.7 1.3 17.3

7.95 19.4 13.4 3.9 0.7 1.4 15.9

8.05 19.7 13.5 4.1 0.7 2.5 15.1

8.15 20.1 13.3 4.2 0.7 2.4 15.0

8.25 20.5 12.9 4.6 0.7 2.0 13.5

8.35 20.9 12.9 4.2 0.7 1.9 16.3

8.45 21.3 13.5 4.5 0.7 1.0 16.8

8.55 21.8 13.2 4.2 0.8 0.8 15.6

8.65 22.4 13.0 4.1 0.6 1.6 16.2

8.75 22.9 13.1 4.2 0.6 0.9 17.1

8.85 23.5 13.7 4.1 0.7 2.1 15.3

8.95 24.2 14.1 4.2 0.7 1.8 18.1

9.05 25.0 14.6 4.0 0.7 1.5 18.1

9.15 25.9 15.8 4.6 0.7 2.4 19.0

9.25 28.0 15.4 4.7 0.8 2.7 17.9

9.35 30.5 15.7 4.6 0.8 1.8 18.9

9.45 31.5 15.9 -» 0.8 2.2 18.1

9.55 32.6 16.5 4.8 0.8 2.3 18.4

9.65 33.6 16.2 5.0 0.8 2.9 16.9

a Not determined.

9.3.3. Comparison with NH summer insolation, loess-paleosol proxy records and stalagmite  
S180  records

Our MBT-CBT record shows that summer air temperatures at the Mangshan plateau area have 

developed in phase w ith NH summer insolation throughout the whole record {Fig. 9 .3 ), and that the 

onset of atmospheric warm ing is parallel in tim ing w ith that on Antarctica. Interestingly, the clay fraction, 

magnetic susceptibility, and organic carbon content that were measured for the M S2008E sequence, lag 

the onset of atmospheric warming, and start to only slowly increase from —16 kyr BP onwards (Monsoon 

Intensification 1, Fig. 9.3-, Table 9 .1 ). This implies that during the first period of significant warming, the 

climate at the Mangshan plateau was still relatively dry, and lim ited soil formation was taking place, like 

previously suggested by Wu et al. (2002 ) based on mollusc studies. Pedogenic processes intensified at the 

start of the Holocene (—12 kyr BP), resulting in the formation of the SO paleosol. This signifies that only 

then summer monsoon precipitation intensified to such an extent that conditions became substantially 

wetter (Monsoon Intensification 2, Fig 9 .3 ), as is also shown in other Chinese loess records (stevens et 

ai., 2007 ). Sim ilar lags have been reported for Africa, where deglacial warm ing after the LGM seems to 

coincide w ith  the temperature increase in Antarctica, but where the onset of increased precipitation, in 

contrast, matches w ith  northern hemisphere clim atic changes (Gasse, 2000 ; Tierney et ai., 2008 ).
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Fig. 9 .3. Air temperature over the past 34  kyr for the Mangshan Loess Plateau area compared with Northern Hemisphere insolation 
and summer monsoon intensity. Records represent a) Northern Hemisphere July insolation at 6 5 °N {Berger, 1978), b) 3  point moving 
average MBT-CBT-derived summer air temperatures for the MS2008E loess-paleosol sequence with bars indicating the analytical error, 
c) grain size (expressed as clay content), d) magnetic susceptibility, and e) organic matter content for the MS2008E sequence, and f) 
5180  records from Dongge (green; Dykoski e t al., 2005), Sanbao (orange, SB26; purple, SB10; dark blue, SB3; Wang et ai., 2008), 
and Hulu Caves (light blue; Wang et al., 2001). For comparison, the Hulu and Dongge 5180  records are plotted 1.6%o more negative to 
account for the higher 8180  values in the Hulu and Dongge records compared to the Sanbao record (cf. Wang et a I., 2008). Grey bars 
indicate the onset of warming (—19 kyr BP) during the last glacial termination, and phases of increased summer monson precipitation 
at —15 kyr BP (M II)  and at the start of the Holocene (—12 kyr BP; 12) reflected by changes in the loess-paleosol proxy records. LO , SO 
and L Í represent the Holocene loess, Holocene paleosol and last glacial loess layer, respectively, of the loess-paleosol sequence on the 
Mangshan Plateau.
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The considerable continental warm ing during the last glacial term ination (up to 13 °C), may poten­

tia lly  have had an im print on the 8180  values recorded by the Chinese cave stalagmites, as th is signal is 

not only influenced by precipitation, but also by temperature. Although care has to be taken in extrapolat­

ing our air temperatures to those of caves, the 5 -6  °C increase in temperature from —17 kyr BP onwards 

to the peak of the Bolling—Allerod interstadial at —14 kyr BP in the composite speleothem record could 

potentially have shifted the corresponding part of the 8180  records by — 1.3%o towards more negative 

values (-0.24%o/°C, according to Friedman and O’Neil, 1977). This would imply that the intensification of EASM 

precipitation during the initial stages of deglacial warm ing {Fig. 9.3-, Ml 1) would have been less intense 

than suggested by the 8180  records. The substantial decrease in speleothem 8180  values at the Younger 

Dryas to Holocene transition is only accompanied by minor air temperature changes, suggesting a large 

increase in EASM precipitation {Fig. 9.3-, Ml 2). This agrees well w ith the observed formation of the SO 

paleosol, starting at —12 kyr BP in our loess-paleosol record, as well as in other loess-paleosol records 

(Porter, 2001; Stevens et ai., 2 0 0 7 ). Thus, it seems that temperature has indeed affected the stalagmite 8180 

record, especially during times of rapid and large changes, i.e. during M II.

Our records indicate that there is a considerable delay (up to —7 kyr) in the intensification of EASM 

precipitation compared to continental warm ing and NH insolation. Several complex mechanisms have 

been put forward to explain the delayed response of EASM precipitation during glacial term inations. For 

example, latent heat export from the Southern Hemisphere Indian Ocean as well as glacial boundary 

conditions could have delayed the EASM onset (clemens and Preii, 2 0 0 7 ; Liu et ai., 2006 ). It has also been hy­

pothesized that the lag may have been caused by cold anomalies generated bydisintegrating ice sheets 

and sea-ice formation in the North Atlantic region (cheng et ai., 2009 ). This would have generated a colder 

North Atlantic that, through atmospheric teleconnections, has led to a weakening of the East Asian 

summer monsoon intensity. The records from the Mangshan plateau indicate that over the last déglacia­

tion, intensification of the East Asian summer monsoon was mainly influenced by northern hemisphere 

clim atic changes, whereas atmospheric warm ing coincides w ith  the temperature increase on Antarctica. 

Our results thus support the statistical evaluation of the controls of East Asian monsoon variability by 

Rohling et al. ( 2009 ), who suggested a southern hemisphere ‘push’ during glacial times when the mon­

soon is weak, i.e. between —28  and —16 kyr BR

Regardless of the exact mechanisms, our data suggest that the factors controlling the onset of 

deglacial atmospheric warm ing and the intensification of EASM precipitation may have been different. 

Generation of MBT-CBT records in high sedimentation rate loess-paleosol sequences, such as those from 

the Mangshan Plateau, now offers the opportunity to constrain the tim ing and magnitude of continental 

temperature changes in eastern Asia. They can be used to obtain a more accurate assessment of hydro- 

logical and thermal changes in this climatologically important area.

9 .4 . Conclusions
The application of the MBT-CBT proxy on paleosol-loess sequences from the Mangshan loess pla­

teau has resulted in a continuous, high resolution air temperature record that provides an insight in 

the climate development of eastern Asia during the last 3 4 ,0 0 0  yr. The record shows that the onset of 

deglacial atmospheric warm ing is s im ilar in tim ing w ith  previous continental temperature records from 

e.g. Antarctica and Africa, and that air temperature varied in phase w ith  Northern Hemisphere summer 

insolation. However, deglacial intensification of the East Asian Summer Monsoon, based on loess proxy
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Fig. 9.4. Air temperature changes over the past 3 4  kyr for two loess-paleosol sequences from the Mangshan loess plateau area 
compared with Northern Hemisphere insolation, air temperatures from tropical Africa, and Antarctic and Arctic climate signals. Records 
represent a) Northern Hemisphere July insolation at 65°N (Berger; 1978), b) 3  point moving average MBT-CBT-derived air temperatures 
for the MS2008E and c) the M S2008W  loess-paleosol sequence, with bars indicating the analytical error. Disturbed samples from the 
MS2008W  section are coloured black, d) Air temperatures for the Congo Basin (Weijers e t al., 2007a), e) the EPICA Dome C 5D record 
indicative of Antarctic air temperature changes (Jouzel e ta!., 2007) and f) the Greenland lee Sheet Project 2 (GISP2) 5180  record 
indicative of Greenland air temperature fluctuations (Stuiver and Grootes, 2000).

records obtained from the same paleosol-loess sequence and 8180  speleothem records, clearly lagged 

that of warm ing by >  3 kyr. Intense soil formation (i.e. development of the Holocene paleosol SO), de­

pending on both higher temperatures and available moisture, even lagged deglacial warm ing by ~ 7  kyr. 

Our data and new MBT-CBT-derived temperature records may give us the opportunity to better under­

stand the driving forces of deglacial warm ing and the monsoon system in eastern Asia.
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Table 9.2. Depth, age, branched GDGT abundance, and MBT-CBT-derived temperatures of loess- 
paleosol sequence MS2008W.

Depth (m) Age (kyr BP) Branched GDGTs (ng/g dwt loess) MBT-CBT-derived MAT (’ C)

0 .05a 0.4 13.3 17.2

0.15a 1.1 12.8 21.0

0.25a 1.9 9.9 22.9

0.55 3.7 14.2 25.7

0.65 4.2 13.7 25.4

0.75 4.6 15.4 26.0

0.85 5.1 21.9 27.7

1.15 7.2 26.8 27.7

1.45 9.1 17.5 27.3

1.55 .5 9.1 27.4

1.85 10.5 7.0 27.0

2.05 11.2 7.6 26.4

2.15 11.5 6.9 26.5

2.25 11.9 3.5 23.5

2.35 12.3 3.0 24.6

2.45 12.7 4.0 25.3

2.75 13.9 3.0 22.8

2.85 14.3 2.6 22.8

2.95 14.6 5.8 22.9

3.05 14.8 2.2 19.7

3.15 15.0 3.1 20.8

3.25 15.0 2.7 18.8

3.35 15.1 3.3 22.6

3.45 15.2 2.7 19.7

3.75 15.4 2.1 18.9

3.85 15.5 3.0 19.0

3.95 15.5 5.2 19.4

4.05 15.6 3.8 18.2

4.15 15.6 1.6 19.7

4.25 15.6 3.0 17.3

4.35 15.7 2.4 18.5

4.45 15.7 3.6 18.2

4.55 15.7 2.1 16.3

4.65 15.8 3.8 15.1

4.75 15.8 1.8 14.6

3 Disturbed sample.
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Table 9.3. Calibrated radiocarbon dates of fossii aragonltlc land 
snail shells In the MS2006 loess-paleosol sequence, Inferred from 
Gu et al. (2009).

Depth (m) Snail shells, calibrated age (kyr) Error

2.175 14.6 1.1

4.975 22.1 1.1

7.775 24.3 1.3

10.075 28.2 1.3

11.525 33.3 2.1

13.825 40.9 4.4
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