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ABSTRACT 

The calibration of the TEXs6 (Ietra.§.ther indeX of tetraethers with 86 

carbon atoms) paleotemperature proxy in lacustrine systems provides a new 

hydrologically independent paleothermometer, enabling high-resolution lake 

surface temperature reconstructions from large lakes. TEXs6 is based on the 

relative abundance of cyclopentane containing membrane lipids (glycerol dialkyl 

glycerol tetraethers or GDGTs) of aquatic Crenarchaeota, a non-thermophilic 

Archaea. I have developed a calibration for the TEXs6 paleotemperature proxy 

from a climatically diverse suite of globally distributed lacustrine systems 

(N=15). The results of this calibration show a strong linear relationship between 

TEXs6 values and published mean annual and mean winter lake surface 

temperature. The TEXs6 index appears to work best in large lakes, which are 

typically the best integrators of regional climate variability. 

Methanogenic/methanotrophic and hydrothermal Archaea are capable of 

producing some of the same isoprenoid tetraethers, and in certain cases can 

confuse the TEXs6 signal. 

I have applied TEXs6 to lacustrine sediments from Lake Malawi, East 

Africa, to develop high-resolution paleotemperature records from the Last 

Glacial Maximum (LGM) to the present. I find a -4 °C overall warming since the 

LGM, with temperature reversals of more than 2 °C during the Younger Dryas 

(12.5 ka BP) and in the early Holocene (Fig.1), possibly associated with the 8.2 ka 

climate event. The onset of warming in the Lake Malawi basin coincides with the 

BYRD oxygen isotope record of warming in Antarctica. While the range of 

temperatures observed in this record is not surprising, the timing of post-glacial 

warming, the thermal response to the YD, and the Holocene history of warming 

and cooling trends are providing important new insights into tropical climate 

dynamics on centennial to millennial scales. 

Additionally I have produced a temperature record from Lake Malawi 

spanning the past 700 years at - 50 year sampling resolution. This record shows 

an anti-phase relationship with solar forcing and primary productivity records ii 



through much of the record. In the past 100 years there is a strong coherence 

with solar irradiance and atmospheric C02 concentrations with the temperature 

record indicating a possible shift in tropical climate response to external forcing. 
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INTRODUCTION 

The intention of this research is to explore the potential of the new 

molecular proxy called TEXs6 (TetraEther indeX of tetraethers with 86 carbon 

atoms) as a continental paleothermometer in lacustrine systems. Originally 

developed as an organic geochemical tool for determining sea surface 

temperature from marine sediments (Schouten et al., 2002), the index is based on 

the relative abundance of tetraether membrane lipids (glycerol dialkyl glycerol 

tetraethers, or GDGTs), produced by aquatic Crenarchaeota (Domain Archaea). 

In the following dissertation I demonstrate that GDGTs are preserved in the 

sediments of many large lakes and that TEXs6 shows great promise as a robust 

quantitative paleothermometer for lacustrine systems. 

This work establishes that the TEXs6 paleothermometer may be applied to 

reconstruct high-resolution records of past continental temperatures from 

globally distributed, climatically diverse large lakes. TEXs6 shows promise 

because it appears to depend solely upon growth temperature and is not 

confounded by changes in hydrologic budget as are many other continental 

paleothermometers. The lack of a quantitative continental paleothermometer 

that is independent of hydrological influence has limited the understanding of 

the role of temperature in continental climate dynamics over millennial and 

longer timescales. Temperature is an important component of the climate system 

because it drives atmospheric and oceanic circulation. Temperature gradients in 

the low and mid latitudes drive monsoonal circulation systems, which are a 

major, often primary, source of precipitation. Gaining insight into the effects of 

temperature on the hydrologic cycle is essential in furthering our understanding 

of climate dynamics and can provide essential information for climate modeling. 

Here I discuss the importance of large lakes as paleoclimate archives with 

particular reference to Lake Malawi, a large, old tropical lake. 
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Large lakes are excellent indicators of climate change because they quickly 

respond to temperature and hydrologic changes and record these changes on 

broad temporal and spatial scales in their sediments. Large lake sedimentary 

records are often of high temporal resolution and of long duration and describe 

environmental conditions specific to continents. Weather drives lake temperature 

responses on short time scales, and climate integrates these signals over longer 

periods. 

Temperature measurements through the past century of many lakes from 

around the world indicate warming trends (Arhonditsis et al., 2004; Livingstone, 

2003; Livingstone and Dokulil, 2001; O'Reilly et al., 2003; Schindler et al., 1990; 

Verburg et al., 2003; Vollmer et al., 2005). Increasing lake temperatures may 

result in intensified and prolonged stratification having profound impacts on 

nutrient regimes (Straile et al., 2003), planktonic abundance (Battarbee et al., 

2002), community composition (Karst-Riddoch et al., 2005), and phenology 

(Winder and Schindler, 2004). Increasing the temporal scale of quantifiable 

temperature records from lakes may provide insight into lacustrine and 

organismal evolution and the role of temperature therein. 

Globally, mean annual lake surface temperature correlates strongly with 

mean annual air temperature (Fig. 1). If a reliable record of past temperature can 

be derived from lake sediments, they have the potential to serve as excellent 

archives of regional climate variability on both short and long timescales. 

Climatic control of lake surface temperature ultimately controls the entire lake 

ecosystem through maintenance of thermocline stability, biologic control of 

metabolic processes, and temperature dependent chemical solubility. 

HEAT BUDGET OF A TROPICAL LAKE 

Lake surface temperature is controlled by dynamic physical processes 

involving heat loss and gain, the sum of these processes comprise the heat 

budget of a lake. The primary sources of heat gain are through shortwave (solar) 

and longwave (atmospheric) radiation and sensible heat transfer through the air-
2 



water interface (Hostetler, 1994). Heat losses are the result of outgoing longwave 

radiation from the water surface, and sensible and latent heat losses. Combined, 

these factors are the primary controls on the energy balance of the lake. 

The amount of solar radiation directly influencing lake surface 

temperature depends upon several factors. Solar radiation varies seasonally as 

the position of the earth changes relative to the sun. Seasonal impact, however, 

is minimized in the tropics and maximized at high latitudes, as the maximal 

declination of the earth relative to the sun is between 23.5° north and south. 

Cloud cover is a very important factor in controlling the amount of solar 

radiation reaching the lake surface as it reduces incoming shortwave radiation. 

However, cloud cover may also increase incoming longwave radiation by 

reflecting emitted longwave radiation from the earth's surface back to the lake 

surface. Additionally, reflectance at the water surface decreases the absorption of 

solar radiation. When the overlying air mass is warmer than the surface water 

heat is transferred conductively. 

Longwave radiation emitted from the lake surface is a substantial cause 

for heat loss. The importance of latent heat loss (evaporation) varies greatly with 

latitude and is most important in the tropics (Spigel and Coulter, 1996) where 

seasonal temperature variability is low but differences in relative humidity are 

high. Vapor pressure and wind strength are both contributing factors to the 

magnitude of latent heat loss across the lake surface. Evaporative cooling 

increases as the vapor pressure of the overlying airmass decreases relative to the 

saturation vapor pressure at the water surface. Increasing wind strength moves 

more air across the water surface allowing increased evaporation again assuming 

a vapor pressure differential between the water surface and overlying airmass. 

Precipitation can play an important role in the heat exchange of a lacustrine 

system through release of latent heat in the overlying airmass and reduction of 

evaporation due to increased humidity. However, in tropical lakes precipitation 

typically has the greatest cooling effect in the hypolimnion due to sinking of cool 
3 



inflowing water (Vollmer et al., 2005) due to the greater density of the water 

mass. 

MlxING PROCESSES 

Wind (and resulting increased evaporation) primarily controls mixing in 

the epilimnion of large tropical lakes (Spigel and Coulter, 1996) In most lakes 

density stratification is controlled by temperature differential forming the 

thermocline, where the warmer and therefore less dense epilimnion overlies the 

cooler hypolimnion. Wind on the lake surface drives epilimnetic mixing, 

upwelling and under certain conditions can cause an internal seiche to form at 

the thermocline. As wind pushes the surface water away from the lee shore, 

deeper water must rise to compensate for the displaced water mass, resulting in 

upwelling of cooler nutrient rich hypolimnetic water. When this process occurs 

over the entire length of the lake (or a large basin) a seiche will form (Cole, 1988). 

An internal seiche facilitates eddy-diffusive transport across the thermocline 

resulting in cooling and increased nutrient delivery to the epilimnion. Through 

time, wind mixing may deepen the epilimnion through entrainment of 

hypolimnetic or metalimnetic waters, and coupled with cooling this can cause 

the thermocline to destabilize resulting in deeper water column mixing. Seasonal 

changes in temperature, humidity and wind strength also act to cool the 

epilimnion however, this cooling is not enough to destabilize the density 

gradient resulting in complete mixing of the lake. 

LAKE MALAWI 

Lake Malawi lies at ca. 34° E and at 9-15° S, at an elevation of 474 m. It is 

the southernmost of the East African Rift lakes, and is the second largest African 

Great Lake by volume. The lake is tectonically formed by linkage of a series of 

alternating half-grabens. Previous studies have demonstrated that the 

sedimentary record in some areas is relatively undisturbed despite the tectonic 
4 



origin of the basin (Barker and Gasse, 2003; Barry et al., 2002; Johnson et al., 2001; 

Johnson, 2002). Seismic profiles of the underlying sediments indicate a sediment 

package greater than 4 km deep (Scholz, 1988) suggesting that the age of the lake 

is more than 4 My. Lake Malawi is deep(> 700m), meromictic and anoxic below 

- 220 m 01 ollmer et al., 2002), which improves preservation of sedimentary 

signals due to the lack of bioturbation below the oxycline. The north basin of the 

lake is over 400 m deep and preserves annually laminated sediments (Barry, 

2001; Johnson, 2002; Pilskaln, 2004) through about 40% of the sampled 

sedimentary sequences spanning the past 25,000 years (Johnson, 2005). 

Sedimentation rates in the north basin are relatively high at up to 1.4 mm/yr 

(Barry, 2001), providing an excellent opportunity for high-resolution 

paleoclimate studies. 

CLIMATE 

The hydrology of Lake Malawi is dominated by evaporation while 

outflow through the Shire River to the south is only - 20% of the overall water 

loss (Beadle, 1981). The sedimentary record of Lake Malawi may provide great 

insight into the dynamics of tropical climate due to its situation at the confluence 

of the Intertropical Convergence Zone (ITCZ) and the African Monsoon (or . 

Congo Air Mass) (Nicholson, 1996). During austral summer (Dec. - Apr.) the 

African Monsoon migrates eastward over the Congo carrying moisture derived 

from the Southern Atlantic Ocean, and the ITCZ migrates over Lake Malawi 

from the north to its mean southern extent at 12-13° S, delivering the bulk of the 

annual precipitation to the basin. When the ITCZ is at its southern-most position, 

northerly winds dominate in the north basin of the lake. During Austral winter 

southeasterly winds bring relatively cooler dry air over the lake causing 

upwelling in the southern end of the lake, and increased evaporative cooling 

throughout the lake. Major and/ or abrupt changes in climatic state within the 

northern lake basin will likely be recorded in the annually laminated 

sedimentary record of the lake due to its fast response to environmental change 
5 



(Vollmer et al., 2005). The position of Lake Malawi at the confluence of these 

major tropical circulation systems provides an excellent opportunity to examine 

the behavior of these systems through time. 

THERMAL STRUCTURE 

Lake Malawi experiences a wet and warm Austral summer (Dec.-Apr.), a 

cool and windy Austral winter (May-Aug.) and a transitional spring period 

(Sept-Nov.) when it is warm and dry. The warm, calm lake conditions during 

summer result in development of a strongly stratified water column with the 

upper - 20 m forming a uniformly warm epilimnion and a large metalimnion 

extending to - 80 m (Fig. 2). The cool and windy conditions of winter cause 

cooling and deeper mixing, reducing the metalimnion to a depth of 90to110 m 

(Fig. 2) . The thermal gradient that constitutes the thermocline in Lake Malawi is 

small, however at these warm temperatures the resulting density gradient is 

quite large and maintains stable stratification. The lake is meromictic and a 

complete overturn of the water column has never been recorded. 

CHAPTER SUMMARIES 

Four discrete papers arranged as individual chapters comprise the body of 

this dissertation. Some repetition of introductory information is introduced by 

this format. Chapter 1 and Chapter 3 are presented here in their published state. 

Chapter 1 presents the initial discovery of TEXa6 as a viable continental 

paleothermometer in lacustrine systems; this conclusion was supported by 

preliminary analyses of modem sediments from 4 globally distributed large 

lakes. These analyses resulted in an initial lakes calibration curve of TEXa6 with 

published mean annual lake surface temperatures, very similar to the marine 

calibration curve published by coauthors at the Royal Netherlands Institute for 

Sea Research (NIOZ) in 2002 (Schouten et al., 2002). 

Chapter 2 extends the analysis fo over 40 lakes worldwide, which led to 

the discovery that TEXa6 does not provide a realistic temperature estimate in all 
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lakes. The sediments of many smaller lakes lack the full complement of the 

aquatically produced cyclic tetraethers necessary for the TEXs6 calculation. This 

chapter explores the successes and problems with the paleothermometer and 

suggests future research avenues to explore the mechanisms controlling the 

temperature signal. 

Chapter 3 describes the first down-core application of TEXs6 in a 

continental system. We applied the paleothermometer to cores from the north 

basin of Lake Malawi, East Africa to establish a thermal history spanning the 

Last Glacial Maximum (LCM). This record demonstrates the value of the 

paleothermometer in describing relative temperature changes over centennial to 

millennial timescales. Further, it illustrates the potential for the tool to elucidate 

rapid changes in temperature due to abrupt climate change events. 

Finally, Chapter 4 describes a high-resolution temperature record 

spanning the past 700 years from the North Basin of Lake Malawi. The record 

illustrates the potential for decadal resolution paleotemperature records when 

applied to cores with excellent age models. Further, this record clearly illustrates 

substantial warming over the past 100 years, consistent with historical lake 

temperature data. 

BROADER IMP ACTS 

Large lakes function as regional integrators of climate over the broad 

expanse of their drainage basins, and this research indicates that the TEXs6 signal 

derived from the sediments of these lakes may well provide the most accurate 

and high-resolution quantitative estimate of past temperature on the continents. 

The resolution of lacustrine TEXs6 temperature records will allow 

paleoclimatologists to better constrain the timing, duration, and magnitude of 

climatic events on the continents. Further, development of independent 

paleotemperature records will allow us to deconvolve the relationship between 

the hydrologic cycle and temperature on the continents. 
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Accurate continental paleotemperature data are critical for climate model 

development and validation. In the development of short-term climate models, 

continental paleotemperature data may be better for predicting abrupt climate 

events, as the continents do not have as much thermal inertia as the world 

oceans, and most lake sediment records have much higher temporal resolution 

than marine records. The incorporation of independent paleotemperature data 

from continental settings will help to deconvolve temperature from hydrologic 

cycles and allow further independent parameterization of models. The records 

produced with this technique will provide climate modelers essential 

information for model calibration and validation resulting in more accurate 

model predictability. Improved climate model predictability can lead to an 

improved quality of life for the billions of people currently affected by the 

extreme climatic events that are common throughout the world, especially in the 

tropics and subtropics. 
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CHAPTERl. 

CRENARCHAEOT AL MEMBRANE LIPIDS IN LAKE SEDIMENTS: A NEW 

PALEOTEMPERATURE PROXY FOR CONTINENTAL PALEOCLIMATE RECONSTRUCTION? 

ABSTRACT 

Paleoclimate studies of continental environments have been hampered by 

the lack of an independent paleotemperature proxy. A novel sea-surface 

temperature (SST) proxy has been proposed for marine systems based on 

membrane lipids of marine crenarchaeota (the indeX of 

tetraethers with 86 carbon atoms). Analysis of archaeal membrane lipids in core-

top sediments from a diverse suite of lacustrine systems suggests the ubiquitous 

occurrence of low-temperature crenarchaeota in lake systems as well. 

Application of the TEXs6 proxy in these lacustrine systems indicates that it is 

valid in lake environments, and the calibration of TEXs6 in lacustrine systems is 

similar to that in the marine environment. It is foreseen that this proxy will 

provide an independent continental paleotemperature tool that will allow 

paleoclimatologists to address fundamental questions about temperature 

variability in continental environments and its relationship to climate change. 

INTRODUCTION 

Understanding past climate variability is imperative to the development 

of predictive climate models. One essential ingredient in the development of 

such models is knowledge of past temperatures. The study of continental 

paleoclimates is currently limited by our ability to determine accurately 

temperature variability. In order to understand global climate patterns and 

processes we must be able to quantify past continental temperature variability. 

Many of the important questions facing paleoclimatologists today are directly 

related to temperature. For example, estimates of temperatures in the African 

tropics during the Last Glacial Maximum (LGM) are highly variable and range 15 



from 2 to 8 °C cooler than those of today according to climate models (CLIMAP 

Project Members, 1981), oxygen isotope analyses from speleothems (Talma et al., 

1974), and pollen (Bonnefille et al., 1992; Chalie, 1992). Unfortunately, none of 

these proxies are independent measures of temperature. These temperature 

proxies can be dependent upon precipitation rate, evaporation rate, and changes 

in source composition, as well as temperature. 

The development of independent or less dependent proxies of past 

temperature has been much more successful in marine than in lacustrine 

systems. Foraminiferal assemblage reconstruction is used to infer sea-surface 

temperature (SST) on the basis of the specific temperature requirements of 

species and their relative abundance in sediments (CLIMAP Project Members, 

1981; Chapman et al., 1986). 0180 values of corals (Cole et al., 2000) and 

foraminifera (Billups and Schrag, 2002) in marine systems, and ostracodes (van 

Grafenstein et al., 1999) and diatoms (Hu and Shemesh, 2003) in lacustrine 

systems, have also been used for paleotemperature reconstruction. In marine 

systems the 01so signature is a function of the 01so value of the source water, ice 

volume, organismal preservation, and carbonate concentration during 

organismal growth, but is much less dependent upon hydrologic balance on 

short time scales which can be a major issue in lacustrine systems. Biological 

effects on isotope fractionation and organismal depth preference must be known 

when using biogenic 01so as a temperature proxy in order to separate biological 

and environmental effects. Huang et al. (2001) have developed a 

paleothermometer based on hydrogen isotope ratios of specific organic 

compounds. Again, all stable isotopes used for paleothermometers to date in 

lacustrine systems are potentially confounded by changes in source isotopic 

composition, variable biological effects, and changes in the regional hydrologic 

cycle. Mg/ Ca ratios in biogenic carbonates, primarily from foraminifera in 

marine systems (Lea et al., 2003) and ostracodes in lacustrine systems (Holmes, 

1996), have also been used to reconstruct paleotemperatures. As with isotopes, 

there are biological effects on Mg/ Ca ratios, and the effects vary among 



Potential temperature proxies like <5180 values and Mg/ Ca ratios of carbonates 

are often impossible to measure in lacustrine systems owing to the lack of 

carbonates in the system. Temperature reconstructions based on chironomid 

assemblage composition show promise but are primarily limited to use in 

shallow, oxic, and typically short-lived systems (Walker, 2001). 

Biomarkers, such as long-chain alkenones (Brassell et al., 1986; Prahl and 

Wakeham, 1987) and, more recently, glycerol dialkyl glycerol tetraethers 

(GDGTs) (Schouten et al., 2002, 2003b), have been used to successfully 

reconstruct SSTs in many marine environments. The alkenone index, U1S7, is 

based on the number of carbon double bonds in G7 long-chain unsaturated 

ketones (alkenones) produced by certain haptophyte algae; the production rate 

appears to be primarily dependent upon growth temperature (Brassell et al., 

1986; Prahl and Wakeham, 1987). Alkenones have been found in some lake 

sediments (Zink et al., 2001; Thiel et al., 1997; Cranwell, 1985), but their 

occurrence is highly scattered, and reliable temperature calibrations for 

alkenones in lake sediments do not exist as the well-known alkenone-producing 

haptophytes (Emiliani huxleyii, Geophyrocapsa oceanica) only grow at elevated 

salinities. It is, therefore, unlikely that alkenones will prove to be a useful tool in 

lakes. 

Schouten et al. (2002, 2003b) have proposed a molecular paleotemperature 

proxy, TEXs6 (Ietragther indeX of tetraethers with 86 carbon atoms), for the 

marine environment based on the distribution of GDGTs, membrane lipids 

derived from pelagic crenarchaeota. Culture studies of thermophilic archaea 

have shown a strong positive relationship between the average number of 

cyclopentane rings in the GDGTs and growth temperature (Gliozzi et al., 1983; 

Uda et al., 2001), where the incorporation of cyclopentane rings in the lipid 

structure of GDGTs allows for adjustment of fluidity of the membrane under 

different temperature conditions. Non-thermophilic crenarchaeota are 

phylogenetically closely related to the thermophilic archaea and also have 

membrane structures composed of GDGTs (Sinninghe Damste et al., 2002b). 17 



Schouten et al. (2002, 2003a) showed that the fine-tuning of the physical 

properties of the membranes of marine crenarchaeota is also performed by 

adjusting the number of cyclopentane rings in the GDGT membrane lipids and 

used this to reconstruct SSTs back into the middle Cretaceous. 

Crenarchaeota, a subgroup of the archaea, were previously thought to be 

primarily extremophiles living under conditions of extreme temperature, 

salinity, pH, or anoxia (Delong, 1998). Subsequent studies have shown that non-

thermophilic crenarchaeota are an abundant component of the marine planktonic 

community (Karner et al., 2001; Hoefs et al., 1997; Sinninghe Damste et al., 2002a) 

and may comprise 20% of the picoplankton in the open ocean (Karner et al., 

2001). Molecular ecological methods have established that these crenarchaeota 

also exist in lake systems (Keough et al., 2003; Macgregor et al., 1997; Urbach et 

al., 2001; Jurgens et al., 2000; Pernthaler et al., 1998; Schleper et al., 1997), hinting 

at the possibility that their fossilized membrane lipids may also be used as a 

paleothermometer in continental systems. Unfortunately molecular ecological 

techniques do not provide information about organismal abundance: they 

amplify the genetic signature, which allows detection at much lower 

concentrations than are necessary for lipid analysis. Although it is becoming 

clear that non-thermophilic crenarchaeota are not restricted to marine 

environments but also live in lakes, GDGTs have not previously been reported in 

nonsaline lakes (Schouten et al., 2000). Here we present evidence for the presence 

of non-thermophilic crenarchaeotal biomarkers (GDGTs) in four large lakes, 

representing a wide range of climatic conditions, and we present the first results 

from the application of the TEXs6 technique, which indeed suggest that fossilized 

GDGT membrane lipids may also be used as a paleothermometer in continental 

systems. 

METHODS 

Large lakes representing different climatic and physical settings were 

chosen for this study. Lake Superior and Lake Michigan are of glacial origin, 



-10,000 yr old, and are centrally located on the North American continent. Lake 

Malawi is a tectonically formed lake in the East African rift system and is older 

than 5 Ma (Cohen et al., 1993). Issyk Kul (northeast Kyrgyzstan) is a tectonically 

formed lake in the Tien Shan rift system of central Asia, and is older than 5 Ma 

(Grosswald et al., 1994). The variety of the climatic settings, coupled with the 

ages and location of the lakes, makes them excellent candidates for continental 

paleoclimate studies. 

Surface sediments (5-10 g dry mass from the upper 2 cm) from multicores 

were freeze-dried and homogenized by mortar and pestle. Sediments were then 

extracted with dichloromethane (DCM)/methanol (2:1) by using Soxhlet 

extraction techniques, to acquire the total lipid fraction. The extracts were 

purified and separated by Ah03 column chromatography using hexane/DCM 

(9:1), DCM/methanol (1:1), and methanol as subsequent eluents to separate the 

lipid fractions by polarity. The first polar fraction (DCM/methanol) was 

condensed by rotary evaporation and further purified as described by Schouten 

et al. (2002). Separation, identification, and quantification of the GDGTs by high-

performance liquid chromatography-atmospheric-pressure positive-ion chemical 

ionization-mass spectrometry (HPLC-APCI-MS) was conducted as described by 

Hopmans et al. (2000). Samples were analyzed in duplicate; typical errors in 

TEXs6 values were ±0.02. 

GDGTs IN LAKES 

We identified GDGTs in the core-top sediments of all four lakes analyzed 

thus far. Three non-isoprenoidal GDGTs (I-III; Fig. 1.1) of uncertain origin and 

six isoprenoidal GDGTs (IV-VIII, Fig. 1), derived from crenarchaeota, were 

detected. The nonisoprenoidal GDGTs I-III (Sinninghe Damste et al., 2000) are 

likely derived from bacteria or archaea thriving in terrestrial soils and peats 

(Schouten et al., 2000) and were probably transported into the lakes by erosion. 

Their absence in Issyk Kul sediments is likely due to the high-altitude arid 

environment of the lake. 19 



The isoprenoid, archaea-derived GDGTs (IV-VIII) in the lake sediments 

are exactly the same as those found in marine sediments, marine particulate 

matter, and the only available cultures from the group of non-thermophilic 

crenarchaeota, Cenarchaeum symbiosum (Schouten et al., 2000; Sinninghe Damste 

et al., 2002a, 2002b). Crenarchaeol (GDGT IV), typically the most abundant 

GDGT in aquatic systems, is thought to be solely produced by" cold" 

crenarchaeota (i.e., non-thermophilic) and is unique in its possession of a single 

cyclohexane ring (Sinninghe Damste et al., 2002b). The presence of the 

cyclohexane ring in crenarchaeol is thought to be an adaptation to the relatively 

cold environments (i.e., compared to those of the hyperthermophiles) and 

prevents dense packing of the biphytanyl chains in the GDGT membrane, 

resulting in a lower thermal transition point of the membrane (Sinninghe Damste 

et al., 2002b). In addition to crenarchaeol, the isoprenoidal GDGT with no 

cyclopentane ring (V) is also abundant. It can be derived from 

(hyper)thermophilic and non-thermophilic crenarchaeota but also from 

euryarchaeota (including methanogens). Cyclopentane-containing GDGTs (VI-

VIII) occur in smaller relative amounts (Fig. 1.1). Overall, the distribution of 

isoprenoidal GDGTs is strikingly similar to those of non-thermophilic 

crenarchaeota (Sinninghe Damste et al., 2002b). The presence of the isoprenoidal 

GDGTs in surface lake sediments, therefore, confirms the existence of non-

thermophilic crenarchaeota in lakes and suggests that they are derived from the 

water column of the lake. 

The GDGT distribution is variable among the lakes, which could be due 

either to the crenarchaeotal cormnunity structure or to a physiological response 

to temperature of the crenarchaeota. In a study of great lakes on three continents, 

Keough et al. (2003) demonstrated that there is a surprisingly small phylogenetic 

diversity of freshwater crenarchaeota, suggesting that a physiological response is 

a more likely explanation. The abundance of GDGT V relative to crenarchaeol is 

high in the three "cold" lakes but low in the Lake Malawi sediments (Fig. 1.1). It 

is well known from the marine environment studies that this difference is a 20 



physiological response to adjust the membrane of the crenarchaeota to higher 

temperatures (Schouten et al., 2002, 2003b) and suggests that a similar response 

applies to non-thermophilic freshwater crenarchaeota. In line with this 

possibility, we also find higher relative abundances of the cyclopentane-

containing GDGTs (VI-VIII) in the Lake Malawi sediments (Fig. 1.1), also a 

characteristic of GDGT distributions of populations of marine crenarchaeota 

adjusted to higher SSTs (Schouten et al., 2002). 

APPLICATION OF TEXa6 TO LAKE GDGT DATA 

Analyses of core-top sediments from globally distributed marine locations 

have led Schouten et al. (2002, 2003b) to propose a paleotemperature proxy based 

on the relative distribution of the cyclopentane-containing GDGTs called TEXa6 

(Fig. 1.lB). TEXa6 is a weighted average index based on the observation that the 

number of cyclopentane rings in the GDGTs increases with increasing growth 

temperature. It is a ratio of the abundance of cyclopentane-containing GDGTs 

(including the relatively small isomer of crenarchaeol IV') defined by the 

following equation: 

([IV'] + [VII] + [VIII]) 

TEXs6 = 
([IV'] + [VI] + [VII] + [VIII]) 

This index has shown a high correlation (R2 = 0.92) with mean annual SST 

at several marine locations in both surface-sediment and water-column samples 

(Fig. 1.2) (Schouten et al., 2002, 2003b). The TEXa6 is linearly related to mean 

annual SST (I) according to the equation TEXa6 = 0.015T + 0.29. GDGTs can be 

well preserved in sediments and have been used to infer paleotemperatures in 

sediments as old as 120 Ma (Schouten et al., 2003a). 

We have plotted the results of the TEXa6 index for the isoprenoidal GDGT 

distributions of the four lake sediments in this study against published mean 21 



annual lake-surface temperatures from the International Lake Environment 

Committee Foundation database (http:/ /www.ilec.or.jp/ database/index/idx-

lakes.html, accessed December, 2003) in combination with updated marine TEXs6 

data from Schouten et al. (2002, 2003b) (Fig. 1.2). The relationship between the 

TEXs6 for the lake samples and mean annual surface temperature fits well with 

the marine data. There is a strong positive relationship between the TEXs6 for 

lakes and the mean annual surface temperature. Our results fall well within the 

error of the marine TEXs6 relationship with the exception of the Lake Michigan 

sample, which had a concentration of GDGTs at the limit of detection. These 

results suggest that the lacustrine crenarchaeota have a biological mechanism to 

adapt their membrane to environmental conditions that is similar to that of their 

marine counterparts. This suggestion is in agreement with molecular biological 

data of Keough et al. (2003), who found that the crenarchaeota species living in 

large lakes, including Lake Superior, are phylogenetically very similar to marine 

crenarchaeota. Our preliminary results thus strongly suggest that the TEXs6 

index is a promising tool for lake paleotemperature reconstruction. 

It is as yet unknown why TEXs6 reflects mean annual SST as marine 

crenarchaeota are known to thrive in great abundance at depths of >100 m where 

temperatures are substantially lower than those at the surface (Schouten et al., 

2002, 2003b; Wakeham et al., 2003; Sinninghe Damste et al., 2002; Urbach et al., 

2001). Lacustrine crenarchaeota have been identified from near surface to 500 

meters water depth (Keough et al., 2003; Urbach et al., 2001), though their depth 

preference is currently unknown. In order to better understand the sedimentary 

signature provided by TEXs6, it is necessary to know where in the water column 

the crenarchaeota are living, whether there is seasonal variability in their 

abundance, and whether the sediments accurately preserve these signatures. 

Further work is also needed to characterize the habits of these organisms, which 

may allow a more specific temperature relationship to be developed. Many more 

lakes also need to be added to this data set in order to develop a stringent 

calibration set for TEXs6 in lakes. 22 



CONCLUSIONS 

Archaeal GDGTs have been found in all lakes surveyed to date, 

supporting the molecular biological studies suggesting the ubiquity of 

crenarchaeota in lacustrine systems. GDGTs are sufficiently abundant in lake 

sediments to apply the TEXs6 temperature proxy. Preliminary application of the 

TEXa6 temperature proxy to lakes results in excellent temperature prediction. 

Development of the TEXa6 tool for use in lakes will provide an independent 

temperature proxy for continental paleotemperature reconstruction. This tool 

will allow paleoclimatologists to address questions about temperature variability 

over many spatial and temporal scales, which are currently unanswered. For 

example, just how cold were the tropics during the Last Glacial Maximum, and 

do the tropics lead or lag warming at the poles? Determination of continental 

temperatures over long time scales may provide insight into the driving 

mechanisms of climate variability, e.g., solar forcing vs. volcanic activity. 

Further, being able to constrain continental temperature will allow better 

interpretation of changes in hydrologic cycles and budgets. Future work should 

focus on characterizing the depth, seasonality, and temperature habitats of non-

thermophilic crenarchaeota in lakes, as well as increasing the number of lakes in 

the database. 
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CHAPTER2. 

GLOBAL LACUSTRINE CALIBRATION OF THE TEXs6 PALEOTHERMOMETER: 

PROBLEMS AND PROMISE 

INTRODUCTION 

In the quest for an increased understanding of continental climate 

dynamics, the need for a hydrologically independent high-resolution 

paleothermometer has emerged. Large lakes respond to climate integrated over 

the broad expanse of their drainage basins, and their sediments archive long, 

often continuous, high-resolution records of past climate change. All of the 

biological or carbonate-based paleotemperature proxies previously applied to 

continental climate archives are potentially confounded by changes in the 

hydrologic cycle, and noble gas temperature records are severely limited by their 

low temporal resolution. 

THE TEXs6 P ALEOTHERMOMETER 

The TEXsG paleotemperature tool measures the relative abundance of 

cyclopentane containing glycerol dialkyl glycerol tetraethers (GDGTs) (Appendix 

1), membrane lipids produced by widely occurring aquatic Crenarchaeota and 

preserved in marine and lacustrine sediments. The Kingdom Crenarchaeota 

within the Domain Archaea is composed of prokaryotic organisms differentiated 

from bacteria by their unique membrane structures composed of ether-linked 

isoprenoid lipids (including GDGTs). It was previously thought Archaea were all 

extremophiles, however recent discoveries indicate that they are found in 

numerous diverse environments. Crenarchaeal rRNA has been found in marine 

(Fuhrman et al., 1992) and lacustrine waters (Coolen et al., 2004; Keough et al., 

2003), hydrothermal systems (Barns et al., 1996), terrestrial soils (Bintrim et al., 

1997) and freshwater sediments (MacGregor et al., 1997). 

We've adapted this new molecular paleothermometer, originally 

developed for use in marine environments (Schouten et al., 2002), to lacustrine 

systems to reconstruct continental paleotemperatures (Powers et al., 2004). The 
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application of the TEXs6 paleothermometer in lacustrine systems provides a new 

independent means for determining past continental temperatures quantitatively 

(Powers et al., 2005; Powers et al., 2004). The TEXs6 paleotemperature proxy is 

believed to be solely dependent upon growth temperature and is not confounded 

by changes in hydrologic budget, nutrient availability or salinity (Schouten et al., 

2002; Wuchter et al., 2004). However, there may be complications raised by 

coexisting non-Crenarchaeotal Archaea capable of producing some of the same 

GDGTs. 

The original development of the TEXs6 paleothermometer was based on 

the relationship between mean annual sea surface temperature (SST) and TEXs6 

values at 15 globally distributed marine locations (Schouten et al., 2002), 

resulting in a linear relationship described by the following equation: 

TEXs6 = 0.015*SST + 0.28, r2 = 0.92 

The earliest lacustrine calibration of this tool (Powers et al., 2004) was based on 

sediments from four large lakes and resulted in a linear relationship very similar 

to the marine calibration relationship: 

TEXs6 = 0.015*SST + 0.29, r2 = 0.92, 

suggesting that the paleothermometer would work in lacustrine systems. 

To develop the calibration further, we have expanded the investigation of the 

applicability of TEXs6 to a suite of 48 globally distributed, climatically diverse 

lakes of varying size (Fig. 2.1), and discovered that there are limitations to the 

application of this paleotemperature proxy. 

CRENARCHAEOTA 

A strong linear relationship has been observed between TEXs6 and mean 

annual marine and lake surface temperatures in many environments; however, it 

remains unclear why this relationship exists. Biologically, it is unlikely that the 

Crenarchaeota are constantly productive in the surface water throughout the 

year, which is what would be expected to get an integrated mean annual surface 

temperature. In fact, the distribution of aquatic Crenarchaeota is highly variable 
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within marine and lacustrine water columns. Sinninghe Damste et al. (Sinninghe 

Damste et al., 2002a) found maximum concentrations of Crenarchaeal GDGTs in 

the Arabian Sea at 500 m water depth, the top of the oxygen minimum zone, 

suggesting that they are facultative anaerobes. Urbach et al. (Urbach et al., 2001) 

found Crenarchaeal rRNA only below 140 meters in Crater Lake. The work of 

Keough et al. (Keough et al., 2003) in large lakes often found greater percentages 

of Archaeal nucleic acids at depth versus the surface. Karner et al. (Karner et al., 

2001) found Crenarchaeota to have highest relative abundances below 100 meters 

off of Hawaii where they comprised up to 39% of the picoplankton. An analysis 

of the water column of Lake Superior shows greatest GDGT abundance just 

below the chlorophyll maximum at 60 m (Weme, unpublished data). Seasonal 

studies in the North Sea indicate highest GDGT concentrations during the winter 

months when nutrients are high but primary productivity is low (Schouten, 

2004). These studies indicate that Crenarchaeota distribution is both spatially and 

temporally variable, which may suggest that the relationship between mean 

annual surface temperature and TEXs6 is overly simplistic. 

NON-CRENARCHAEOTAL INFLUENCES ON THE TEXs6 SIGNAL 

Although aquatic Crenarchaeota are thought to be the primary source of 

GDGTs in lacustrine systems, they are not the only prokaryotes capable of 

producing some of these compounds. GDGTs are the primary membrane lipid 

structure in many Archaea. Some Eubacteria biosynthesize diethers and partial 

GDGTs with ester bonds replacing some of the ether bonds. Diverse forms of 

Euryarchaea are also found in terrestrial and lacustrine systems and some are 

capable of producing some of the same isoprenoid GDGTs used in the TEXs6 

paleothermometer (Schouten et al., 2000; Weijers et al., 2004). However, in 

lacustrine systems aquatic Crenarchaeota are thought to be the dominant 

producers of the GDGTs used in the TEXs6 index (Appendix 1). Pancost and 

others (Pancost and Damste, 2003; Pancost et al., 2000b) have demonstrated the 

presence of cyclic and non-cyclic isoprenoid GDGTs in peats and have attributed 
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them to the presence of methanogenic Archaea. Anaerobic methane-oxidizing 

archaea identified at methane-seeps worldwide have been found to produce 

GDGTs in a characteristic distribution that seems to be unrelated to temperature 

(Pancost et al., 2001); (Werne and Sinninghe Damste, 2005). All of the described 

methanogenic and methanotrophic Archaea belong to the Euryarchaea (Madigan 

et al., 1997). Methane related Euryarchaea may play a role in the reliability of the 

TEXs6 signal in some lacustrine systems by changing the relative distributions of 

relevant GDGTs. 

Non-isoprenoid branched alkyl GDGTs are thought to be produced by 

terrestrial Eubacteria (Schouten et al., 2000). These branched compounds may 

provide insight into the predicted success of TEXs6 in lacustrine systems by 

providing a litmus test of sorts for terrestrial influence within a system, i.e. the 

BIT index (Hopmans et al., 2004). Hopmans et al. (Hopmans et al., 2004) have 

developed a technique to assess the input of terrestrial organic matter in aquatic 

sediments based on the relative abundance of branched tetraethers derived from 

terrestrial environments. This technique, known as the BIT (Branched and 

Isoprenoid Tetraether) index is a weighted average of the abundance of primarily 

terrestrially derived branched tetraethers (Schouten et al., 2000), believed to be 

produced by early branching soil Eubacteria, to Crenarchaeol (GDGT IV), the 

most abundant aquatically produced isoprenoid tetraether (Appendix 1). This 

index ranges in value from 0, indicating no terrestrial organic matter, to 1 

indicating predominant terrestrially derived organic matter. Here I explore the 

utility of the BIT index as a preliminary indicator of the potential success of 

TEXs6 in lacustrine systems with substantial terrestrial organic carbon inputs. 

In order to better understand TEXs6 and its applicability in lacustrine 

systems I have attempted to apply the paleothermometer to sediments from 48 

diverse lakes to establish a calibration relationship. Here, I present the results of 

the global calibration of TEXs6 in lacustrine systems, and discuss the potential 

indicators of its successful application. 
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METHODS 

Sediment samples (1-5 g dry mass) were collected from core-tops from 48 

globally distributed lakes (Fig. 2.1) (with the exception of Lake Edward and Lake 

Tanganyika which were sampled at 18 cm and 22 cm core depth, respectively), 

freeze-dried and homogenized by mortar and pestle. Analytical methods were 

amended from Hopmans et al. (2000) (Hopmans et al., 2000) and are as follows. 

Sediments were then extracted with dichloromethane (DCM)/methanol (2:1) by 

using Soxhlet or Dionex™ accelerated solvent extraction (ASE) techniques, to 

acquire the total lipid fraction. The extracts were separated by Ah03 column 

chromatography using hexane/DCM (9:1) and DCM/methanol (1:1) as 

subsequent eluents. The polar fraction (DCM/methanol) was condensed by 

rotary evaporation, dissolved in hexane/isopropanol (99:1), and filtered prior to 

injection. Analyses were performed using an HP (Palo-Alto, CA, USA) 1100 

series LC-MS equipped with an auto-injector and Chemstation chromatography 

manager software. Separation was achieved on a Prevail Cyano column (2.1 x 

150 mm, 3 µm; All tech, Deerfield, IL, USA), maintained at 30°C. Injection 

volumes varied from 1 to 5 µl. Tetraethers were eluted isocratically with 99% A 

and 1%Bfor5 min, followed by a linear gradient to 1.8% Bin 45 min, where A= 

hexane and B = propanol. Flow rate was 0.2 ml/min. After each analysis the 

column was cleaned by back-flushing hexane/propanol (90:10, v /v) at 0.2 

ml/ min for 10 min. Detection was achieved using atmospheric pressure positive 

ion chemical ionization mass spectrometry (APCI-MS) of the eluent. Conditions 

for APCI-MS were as follows: nebulizer pressure 60 psi, vaporizer temperature 

400 °C, drying gas (N2) flow 61/min and temperature 200 °C, capillary voltage -3 

kV, corona 5 µA (-3.2 kV). GDGTs were detected by Single Ion Monitoring 

(SIM) of their [M+H]+ ions (dwell time= 234 ms) and quantified by integration of 

the peak areas. BIT index analyses (Hopmans et al., 2004) were conducted on the 

same extracts used for the TEXa6 analyses using the methods described above. 
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TEXs6 and BIT index values were calculated according to the equations found in 

Appendix 1. 

Multiple regression analyses were performed to characterize the seasonal 

influence on the TEXs6 signal and determine the best-fit calibration curve (Sall et 

al., 2001). The temperature data for seven of the lakes comes from the 

International Lake Environment Committee website 

(http:/ /www.ilec.or.jp/ database/index/idx-lakes.html) (Table 2.1). The 

temperature data from this site varies greatly in its temporal resolution and it is 

often unclear how the monthly and/ or annual mean temperatures are compiled. 

The remaining data has been gleaned from the primary literature (see Table 2.1), 

individual scientists, and in the case of Lake Washington, from a regional water 

board monitoring station. There is not a complete mean monthly temperature 

data set available from Hvitarvatn Lake, therefore this lake has been excluded 

from the seasonal temperature relationships. 

Linear regression analysis (Sall et al., 2001) was performed to establish the 

relationship between TEXs6 values and lake surface temperatures. The error for 

the calibration relationship was determined by dividing the root mean square 

error by the slope of the calibration curve, which results in the error in degrees 

Celsius due to the variance around the mean of the linear fit. 

RESULTS 

Core-top sediments from 48 lakes on five continents spanning 63° N to 27° 

S were analyzed to explore the best-fit relationship between lake surface 

temperature and TEXs6 values. Of the 48 lakes analyzed, 22 had the full 

complement of GDGTs required for the TEXs6 calculation (Table 2.1.). Nearly all 

of the small inland lakes included in the analysis were missing the GDGTs that 

are primarily produced by aquatic Crenarchaeota (GDGTs IV, IV', VI, VII, VIII). 

When we include all lakes that produce a TEXs6 signal (N=22), the linear 
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relationship between mean annual lake surface temperature (ALST) and TEXs6 

was described by the equation 

(1) TEXs6 == .014*ALST+0.27, r2== 0.71 

with a calibration error of±. 5.4 °C (Fig. 2.2A.). 

Seven lakes (Crater Lake, Bear Lake, Jackson Lake, Lake Edward, Lake 

Nyos, Lake Oku, and Lake Qinghai) had the full complement of TEXs6 tetraethers 

but gave unrealistic annual mean temperature estimates when compared to 

actual measurements. Further, the predicted temperatures in three of these lakes 

are unrealistic for any time of year (Lake Nyos, Oku and Edward), whereas the 

other lakes may record a specific seasonal productivity temperature. The 

predicted temperature for the remaining lakes was in all cases warmer than 

reported. GDGTs from these seven lakes produced TEXs6 temperatures> 4.5 °C 

from their actual mean annual temperatures and were likely heavily influenced 

by non-Crenarchaeotal tetraether sources (Table 2.1). The removal of these seven 

lakes from the mean annual temperature calibration significantly improved the 

relationship resulting in the equation: 

(2) TEXs6 == .019*LST+0.21, r2== 0.94, 

with a calibration error of±. 2.3 °C (Fig. 2.2B.). This relationship is much closer to 

the original marine and lacustrine calibration relationships. 

Three additional lakes, Great Salt Lake, Lago Verde and Lake Tulane, had 

some of the Crenarchaeotally produced "aquatic" tetraethers but not the full 

complement necessary for the TEXs6 analysis. Surficial sediments from all of 

these lakes had the characteristic aquatic Crenarchaeotal tetraether crenarchaeol 

(Sinninghe Damste et al., 2002b), but did not contain all other essential 

components of the TEXs6 suite of tetraethers. 

The calibration relationship of TEXs6 and lake surface temperature is 

different when we compare discrete mean seasonal temperatures (Fig. 2.2). Based 

on the results from the 15 lakes included in the dataset, the best fit was between 
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mean winter lake surface temperature (WLST) and TEXs6, which results in a 

linear relationship defined by the equation 

(3) TEXs6 = 0.017*WLST + 0.29, r2 = 0.96 

(Fig. 2.2C). The mean winter temperature calibration equation had a root mean 

square error of 0.035, resulting in a calibration error of±. 2.1 °C. Mean winter 

temperatures were a better fit for the TEXs6 paleotemperature proxy than mean 

spring lake temperatures, 

(4) TEXs6= 0.016*SpLST + 0.29, r2 = 0.95, ±. 2.4 °C 

or the mean annual (see above r2 = 0.94), and mean summer lake 

(5) TEXs6= 0.017*SuLST + 0.16, r2 = 0.68, ±. 5.7 °C 

surface temperatures (Fig. 2.2D, Band E). The prediction of mean annual lake 

surface temperature, although not as strong as the mean winter temperature, was 

still a robust relationship. Interestingly the slope varies slightly between these 

curves likely due to the greater spread of mean annual lake temperature in high 

latitude lakes versus mean winter temperatures that cluster together in the high 

latitude lakes. When all 22 lakes were included in the seasonal comparisons the 

relationships were much poorer in all cases, similar to the mean annual 

temperature relationship. 

DISCUSSION 

Of the 48 lakes surveyed for the calibration study, only 22 contained 

abundant Crenarchaeotal GDGTs (Table 2.1). Of the 22 lakes that contained 

Crenarchaeotal GDGTs, 13 are Large (or Great) Lakes and seven are still 

relatively large lakes. In general it appears that Crenarchaeota are most abundant 

in large lakes. Therefore, it appears that TEXs6 is primarily applicable in large 

lakes. In almost all of the small lakes the full complement of tetraether lipids 

necessary for the TEXs6 calculation were not present or present only in trace 

amounts. 

38 



It is yet unclear as to why the paleothermometer predicts temperatures 

different from the mean annual temperature in the seven lakes that ultimately 

were rejected from the calibration. It is possible that Crenarchaeotal productivity 

varies seasonally more in some lakes than others. In four of the seven outlier 

lakes (Lake Qinghai, Crater Lake, Jackson Lake and Bear Lake), the TEXs6 

predicted temperature is within 2 °C of the published mean summer temperature 

suggesting that peak Crenarchaeotal productivity may be during the summer. In 

the three remaining lakes (Lakes Edward, Nyos and Oku), all of which are 

tropical, the TEXs6 predicted temperature is substantially cooler ( -10 °C, Table 

1) than any possible seasonal temperature, suggesting that other factors are 

contributing to the GDGT distribution in these lakes. 

THE APPLICABILITY OF TEXs6 IN SMALL LAKES 

Small lakes, especially those that are small relative to their watershed size, 

typically are not suitable for application of the paleothermometer. In general the 

sediments of small lakes do not contain crenarchaeol (GDGT IV aka 1292), the 

specific biomarker for aquatic Crenarchaeota (Fig. 2.3). When we compare the 

GDGT distribution of a range of lakes (Fig. 2.3) it is clear that the small lakes are 

lacking most of the Crenarchaeotal GDGTs used in the TEXs6 calculation 

(Appendix 1). There are two small lakes that contain crenarchaeol but not its 

isomer, GDGT IV', necessary for the TEXs6 calculation. Elk Lake in central 

Minnesota has some of the aquatically produced GDGTs but not the crenarchaeol 

isomer. Similarly, Lake Tulane is a small lake in Florida and has the aquatic 

GDGT crenarchaeol but is missing most of the GDGTs required for the TEXs6 

calculation. Lago Verde, Lake Nyos and Lake Oku are all small maar volcanic 

crater lakes and all have some Crenarchaeotal GDGTs. Lake Nyos and Lake Oku 

both have the full complement of TEXs6 GDGTs but have predicted temperatures 

much colder than expected. We would expect that the likelihood of 

hydrothermal activity in these lakes is high due to their volcanic origin. If this is 

the case, these lakes could support hyperthermophilic Archaea which do not 
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produce Crenarchaeol or its isomer. These Archaea would have a different 

characteristic distribution of GDGTs. It is possible that Archaea related to the 

volcanic origin of these two maar lakes produce excess GDGT VI over the other 

aquatic GDGTs, although there is no documented evidence of this. An increase in 

GDGT VI results in a decrease in the TEXs6 value (Appendix 1), predicting a 

colder than actual temperature. Beyond these unique lakes all of the rest of the 

small lakes (N=23) were missing the characteristic Crenarchaeotal tetraethers. 

There may be multiple confounding factors that can influence the 

temperature signal, though at this point this is purely speculative, as these effects 

have not yet been quantified. These factors may include influence from terrestrial 

early branching Bacteria and methanogenic, methanotrophic, and/ or 

hydrothermally associated Euryarchaeota. The tetraethers GDGT VI ([M+H]+ = 

1300) and GDGT VII ([M+H]+ = 1298) (Hopmans et al., 2004; Powers et al., 2004), 

which are included in the TEXs6 index, may also be produced by thermophilic 

(Uda et al., 2001), methanogenic (Pancost et al., 2000b), and methanotrophic 

Euryarchaea (Pancost et al., 2001; Wakeham et al., 2003). This could potentially 

interfere with the TEXs6 temperature signal in systems that have hydrothermal 

inputs and/ or methanogenic/ methanotrophic activity. 

THE POTENTIAL INFLUENCE OF METHANE RELATED ARCHAEA ON TEXs6 

The presence of methanogenic and/ or methanotrophic Euryarchaeota 

may influence the TEXs6 values in lakes where methane production is abundant. 

The sediments of most lakes have substantial amounts of methane, however, 

much of this methane is formed diagenetically and may be produced by bacterial 

methanogens and/ or archaea. For example, Lake Edward in the northern East 

African rift has very high sedimentary organic carbon content (20-30%) and 

suspected high rates of methanogenesis (Laerdal, 2000). While there is no 

documented out-gassing of methane from the lake floor, piston cores from Lake 

Edward contain abundant methane CTohnson, 2005). TEXs6 predicted 

temperatures in Lake Edward and the Arabian Sea, a marine system with known 
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elevated methanogenesis, are colder than actual surface temperatures; this may 

be due to production by methanogenic Euryarchaea of some of the tetraethers 

used in the TEXs6 calculation (GDGTs VI and VII in Appendix l)(Wakeham et al., 

2003). On the other hand, Lake Victoria sediments are nearly as rich in organic 

carbon as Lake Edward sediments (Talbot and Laerdal, 2000), yet the TEXs6 value 

for Lake Victoria sediments falls nicely on the calibration curve. Thus, the role of 

methanogenic Euryarchaea in influencing the TEXs6 signal is unclear and needs 

further exploration. 

THE POTENTIAL INFLUENCE OF HYDROTHERMAL ARCHAEA ON TEXs6 

Lakes with known hydrothermal activity typically have TEXs6 predicted 

temperatures much warmer than actual mean annual or mean winter 

temperatures. For example, Jackson Lake in Yellowstone National Park has a 

mean annual surface temperature of -10 °C and the predicted temperature is 15 
0 C. Bear Lake on the Utah-Idaho border also has a mean annual surface 

temperature of -10 °C but the predicted temperature is 14 °C. Crater Lake, 

Oregon has a mean annual temperature of 7.9 °C though the predicted 

temperature is 13.7 °C. As mentioned previously all three of these lakes have 

TEXs6 predicted temperatures very close to their published mean summer 

surface temperature. However, Yellowstone Lake has a predicted temperature of 

11.6 °C and the mean annual temperature is 11.6 °C. The discrepancy among 

some hydrothermally influenced lakes may be due to the abundance of 

tetraethers produced by hydrothermal Crenarchaeota and/ or Euryarchaea (Uda 

et al., 2001) relative to aquatic Crenarchaeota, resulting in a warm signal. 

THE BIT INDEX AS AN INDICATOR OF TEXs6 APPLICABILITY 

Results of the BIT index analyses do not appear to be an unequivocal 

indicator of the ability of TEXs6 to predict surface temperature in a given lake 

(Table 2.1). BIT values range from 0.01 in Issyk Kul to 0.72 in Lakes Huron and 

Hvitarvatn. Seven of the fifteen lakes for which the TEXs6 predicts reasonable 

surface temperatures, have BIT values >0.5. Further, Jackson Lake has a BIT 
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value of 0.26 but the TEXs6 predicted temperature is much warmer than actual 

temperatures. The removal of the lakes having BIT values> 0.5 from the mean 

annual temperature calibration does not improve the relationship. These results 

suggest that terrestrially produced tetraethers may not have a significant 

influence on the TEXs6 temperature signal. 

SEASONAL EFFECTS ON TEXs6 

The results of the mean winter calibration relationship suggest that peak 

productivity of the aquatic Crenarchaeota may occur during the winter months, 

at least in higher latitude lakes. Schouten et al. [2004] found (Schouten, 2004), the 

highest GDGT concentrations in the North Sea during the winter months when 

nutrients are high but primary productivity is low. In low latitude lakes, we 

found a stronger relationship between mean annual temperature and TEXs6 (r2 = 

0.89 versus r2 = 0.81 in winter) . This difference may be due to different 

communities of Crenarchaeota in marine and freshwater ecosystems or high 

versus low latitude lakes (Keough et al., 2003) or different nutrient regimes in 

tropical lakes that support Crenarchaeotal productivity throughout the year. 

CRENARCHAEOTAL DIVERSITY AND THE IMPLICATIONS FOR TEXs6 

Keough et al. (Keough et al., 2003) found that the partial 16S rRDNA 

sequences of crenarchaeal clones they examined from different temperate great 

lakes were remarkable similar, suggesting that some species of the nonthermal 

Crenarchaeota may be globally distributed. The few crenarchaeal clones they 

sequenced from one site in Lake Victoria clustered separately from the clones 

they examined from more northern, temperate great lakes. Although this 

apparent difference between the composition of Crenarchaeal communities in 

temperate and tropical lakes is intriguing, more Crenarchaeal clones should be 

sequenced before any firm conclusions are made. At this time, the diversity of 

Archaeal communities in great lakes is unknown and it is unclear whether 

different great lakes harbor different Archaeal communities in their water 

columns. 
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Recent work on the freshwater planktonic bacterium, Actinobacteria, has 

demonstrated thermal adaptation of ecotypes of the same species across climatic 

gradients (Hahn and Pockl, 2005). Although these bacteria are quite different 

from archaeal microorganisms, it may be possible that some Crenarchaeal 

species have adapted to different thermal regimes at different latitudes. That is, 

there may be some universally distributed species of Crenarchaeota, and some 

species that are specific to particular environmental conditions. The universally 

distributed species may be more flexible in their habitat requirements and may 

adapt to varying conditions among different systems. Gaining a better 

understanding of the natural diversity and distribution of archaeal 

microorganisms in large lakes should provide some insight into the reason for 

the correlations between lake or sea surface temperature and the diversity of 

archaeal membrane GDGT lipids in surficial sediments. 

CONCLUSIONS 

The TEXs6 paleothermometer shows great potential for providing high 

resolution paleotemperature records from large lakes (Powers et al., 2005). We 

have developed a calibration for the TEXs6 paleotemperature proxy from a 

climatically diverse suite of globally distributed lacustrine systems. The results of 

this calibration show a strong linear relationship between TEXs6 values and 

published mean winter and mean annual lake surface temperatures. The TEXs6 

index as it currently stands appears to work primarily in large lakes, which are 

typically the best integrators of regional climate variability. 

The aquatic Crenarchaeota responsible for producing some of the 

tetraether membrane lipids used in the TEXs6 index do not appear to be 

ubiquitous in lakes as previously thought, or may not be present in great enough 

abundance within smaller inland lakes to leave a sedimentary signal. We have 

found non-isoprenoid tetraether lipids likely produced by terrestrial Eubacteria, 

as well as cyclic and non-cyclic isoprenoid tetraethers likely potentially produced 
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by methanotrophic/methanogenic Euryarchaeota and/ or hydrothermal Archaea 

in all lacustrine sediments analyzed thus far. In some cases it appears that the 

abundance of these tetraethers not produced by aquatic Crenarchaeota may 

interfere with the TEXs6 signal. The TEXs6 paleothermometer should be applied 

with caution in systems with known hydrothermal activity and/ or 

methanogenic/ methanotrophic activity. 

FUTURE WORK 

The problems associated with this core-top calibration highlight the need 

for a thorough modem calibration based on water column and sedimentary 

work, coupled with complete temperature data. Further, our understanding of 

the mechanisms controlling the TEXs6 temperature signal is poor. Currently, we 

know very little about the ecology and physiology of the aquatic Crenarchaeota 

especially in lacustrine systems. Increasing our knowledge of these organisms 

and other organisms that produce GDGTs will certainly lead to an improved 

understanding of the TEXs6 temperature signal. Future work should focus on 

characterizing the phylogenetics, ecology and physiology of the aquatic 

Crenarchaeota, as well as the methanogenic/ methanotrophic and hydrothermal 

Archaea that may contribute to the TEXs6 signal. Extensive spatial and temporal 

characterization of the Crenarchaeota in these large lakes will provide essential 

information about the identity and distribution of these organisms and allow us 

to better understand the influence of Crenarchaeotal ecology on the temperature 

signal. 

It may be possible to quantify the influence of these other Archaea and 

through compound specific carbon isotope analysis coupled with the 

development of isotopic mixing models. This would allow a determination of the 

relative influence of these organisms compared to the aquatic Crenarchaeota, 

assuming that the tetraethers produced by these organisms have specific isotopic 

signatures. We might expect this to be true for the 
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methanogenic/methanotrophic archaea. These values would be expected to vary 

depending on the carbon source (Avery Jr. et al., 1999; Hayes et al., 1987; Pancost 

et al., 2000a) and explicit metabolic pathway involved in methanogenesis and/ or 

methanotrophy. The terrestrial early branching Bacteria primarily produce 

branched isoprenoid tetraethers. The definitive characterization of these 

organisms will be through analyses of pure cultures, which are currently 

unavailable. 

Beyond the problems associated with the TEXs6 paleothermometer in a 

few large lacustrine systems, it is powerful in assessing relative temperature 

changes through time, particularly if we can constrain the influence of non-

Crenarchaeotal tetraethers on the signal. Overall the TEXs6 paleothermometer 

shows great promise for providing the continental paleoclimate community with 

a high-resolution independent tool for temperature reconstructions from large 

modern and ancient lakes. 
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Table 2.1. Published TEXs6 Published TEXs6 
Lake Country Lat/Long TEXs6 ALST ALST WLST WLST BIT Comments 

(oC) (oC) (oC) (oC) 

Lake Turkana Kenya 3°N/36°E 0.70 281 26.2 26 24 0.20 
Lake Titicaca Bolivia/Peru 16°S/69°W 0.48 132 14.9 11.5 11.4 0.12 

Lake Tanganyika TZ/BU/CO/ZA 5°S/29°E 0.73 26.53 27.9 24.5 25.9 0.09 
Lake Ontario U.S.f Canada 43°N/78°W 0.34 92 7.6 3.2 3.2 
Lake Huron U.S./ Canada 45°N/82°W 0.31 8.42 5.7 2.4 1.1 0.72 

Lake Michigan U.S.A. 45°N/86°W 0.32 8.52 7.4 2.4 3 0.60 
Lake Superior U.S./ Canada 47°N/90°W 0.35 5.32 8.2 3.8 5.3 0.26 
Lago Zirahuen Mexico 19°N/101°W 0.56 16.15,6 18.9 16 15.8 0.53 
Lake Victoria Kenya/TZ/UG 1°S/32°E 0.63 24.52 22.8 24 20.2 0.19 

lssyk Kul Kyrgyzstan 42°N/77°E 0.35 11.22 8.1 6.8 3.8 0.01 
Lake Malawi Malawi/TZ/MO 9°S/34°E 0.73 25.57 27.7 23.5 25.6 0.21 
Hvftarvatn Iceland 64°N/19°W 0.32 48 6.4 -- 1.8 0.72 

Lake Washington U.S.A. 48°N/122°W 0.47 13.59 14.4 9.7 10.7 0.41 
Yellowstone Lake U.S.A. 44°N/110°W 0.42 11.610 11.6 3.7 7.6 0.59 

Lake Baikal Russia 53°N/108°E 0.33 411 6.8 2.5 2.4 
Lake Edward Congo/Uganda 0°N/29°E 0.55 2812 18.4 25 15.3 0.57 methane 
Lake Qinghai China 37°N/100°E 0.47 513 13.6 3 10.5 -- terres tria 1 
Jackson Lake U.S.A. 43°N/ll0°W 0.51 1014 16.2 3 12.8 0.26 hydrothermal 

Bear Lake U.S.A. 42°N/lll 0 W 0.49 10.215 15.2 3.9 11.7 0.82 hydrothermal 
Lake Oku Cameroon 6°N/l0°E 0.41 2416* 14.1 23 7.1 0.53 hydrothermal 
Lake Nyos Cameroon 6°N/10°E 0.52 2416 11.1 23 13.5 0.89 hydrothermal 

Crater Lake U.S.A. 43°N/122°W 0.46 7.94 13.7 4.4 10 0.39 hydrothermal 
Great Salt Lake U.S.A. 42°N/113°W -- missing 1296 

Lagos Verde Mexico 18°N/96°W 0.95 missingTEs 

01 
Lake Tulane U.S.A. 28°N/81°W 0.97 missingTEs 
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Table 2.1. Published TEXs6 Published TEXs6 
Lake Country Lat/Long TEXs6 ALST ALST WLST WLST BIT Comments 

(oC) (oC) (oC) (oC) 

Ghayal wa I3azir Yemen 13°N/46°E 1.00 no aq. TEs 
Jebel al Shouhran Yemen 13°N/46°E 1.00 no aq. TEs 

Lago Miscanti Chile 23°S/67°W 1.00 no aq. TEs 

Lago Negro Franciso Chile 27°S/69°W 1.00 no aq. TEs 

Laguna Seca Chile 18°S/69°W 1.00 no aq. TEs 
Lago Chungara Chile 18° S/69°W 1.00 no aq. TEs 

Efstadalsvatn Iceland 66°N/22°W 1.00 ' no aq. TEs 

Iceberg Lake U.S.A. 61°N/154°W 1.00 noaq. TEs 
Lake McCarrons U.S.A. 45°N/93°W 1.00 no aq. TEs 

Deep Lake U.S.A. 46°N/94°W 1.00 noaq. TEs 

Pine Lake U.S.A. 46°N/94°W 1.00 noaq. TEs 

Benjamin Lake U.S.A. 47°N/94°W 1.00 no aq. TEs 

Hoot Owl U.S.A. 46°N/94°W 1.00 noaq. TEs 

Elk Lake U.S.A. 47°N/95°W 1.00 no aq. TEs 

Green Lake U.S.A. 45°N/95°W 1.00 no aq. TEs 

Otter Lake U.S.A. 43°N/85°W 1.00 no aq. TEs 

Silver Lake U.S.A. 45°N/84°W 1.00 no aq. TEs 

Big Lake U.S.A. 43°N/85°W 1.00 noaq. TEs 

Derby Lake U.S.A. 43°N/85°W 1.00 no aq. TEs 

Gull Lake U.S.A. 43°N/85°W 1.00 no aq. TEs 

Half Moon Lake U.S.A. 42°N/84°W 1.00 no aq. TEs 

Union Lake U.S.A. 46°N/83°W 1.00 no aq. TEs 

Miner Lake U.S.A. 42°N/85°W 1.00 no aq. TEs 
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Distribution of lakes surveyed for TEXs6 global calibration. Stars indicate lakes 

that are included in the calibration. Dots indicate lakes that are not included in 

the calibration. Dots in the mid western U.S. may represent more than one lake. 
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CHAPTER3. 

LARGE TEMPERATURE VARIABILITY IN THE SOUTHERN AFRICAN TROPICS SINCE THE 
LAST GLACIAL MAXIMUM 

ABSTRACT 

The role of the tropics in global climate change is actively debated, particularly in 

regard to the timing and magnitude of thermal and hydrological response. 

Continuous, high-resolution temperature records through the Last Glacial 

Maximum (LGM) from tropical oceans have provided much insight but surface 

temperature reconstructions do not exist from tropical continental environments. 

Here we used the TEXs6 paleotemperature proxy to reconstruct mean annual lake 

surface temperatures through the Last Glacial Maximum (LGM) in Lake Malawi, 

East Africa (9° -14° S). We find a - 3.5 °C overall warming since the LGM, with 

temperature reversals of - 2 °C during the Younger Dryas (12.5 ka BP) and at 8.2 

ka BP. Maximum Holocene temperatures of -29 °C were found at 5 ka BP, a 

period preceding severe drought in Africa. These results suggest a substantial 

thermal response of southeastern tropical Africa to deglaciation and to varying 

conditions during the Holocene. 

INTRODUCTION 

The thermal history of tropical Africa since the LGM is not as well known 

as its hydrological past. The LGM in the African tropics was clearly cooler than 

today, but quantitative estimates of cooling are highly variable. Pollen records 

from tropical Africa (Chalie, 1995; Coetzee, 1967) estimate LGM temperatures to 

have been 2-8 °C cooler than modern. Oxygen isotope analyses of speleothems 

from the Transvaal (- 23° S) of southern Africa suggest temperatures to have 

been as much as 8 °C cooler (Talma et al., 1974), while Late Pleistocene (24 ka) 

temperatures from noble gas analyses of groundwater in the Stampriet Aquifer 

in Namibia (- 24° S) suggest temperatures °C cooler than today 

(Kulongoski et al., 2004), however these sites are substantially farther south of 
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the equator than Lake Malawi. Tropical sea surface temperature (SST) estimates 

of LGM temperatures range from 2 to 5 °C (Lea et al., 2003; Rosell-Mele et al., 

2004; Visser et al., 2003) cooler than present, but may not necessarily be 

representative of the continental environment. All of the biological or carbonate-

based continental paleotemperature proxies are potentially confounded by 

changes in the hydrologic cycle, and noble gas temperature records are severely 

limited by their low temporal resolution. 

Recent application of the marine paleotemperature proxy, TEXs6 

(TetraEther indeX of tetraethers with 86 carbon atoms)(Schouten et al., 2002), to 

lacustrine sediments (Powers et al., 2004) has provided a new continental 

paleotemperature tool, allowing us to reconstruct tropical African temperatures. 

Crenarchaeota, the organisms that produce the tetraether membrane lipids on 

which the TEXs6 index is based, are widely distributed in lacustrine and marine 

environments (Karner et al., 2001; Keough et al., 2003; Powers et al., 2004; 

Schouten et al., 2002). The TEXs6 paleotemperature proxy is believed to be solely 

dependent upon growth temperature and is not confounded by changes in 

hydrologic budget, nutrient availability or salinity (Schouten et al., 2002; 

Wuchter et al., 2004). Here we apply this improved TEXs6 paleotemperature 

proxy to lacustrine sediments from Lake Malawi, East Africa, to reconstruct a 

continuous record of tropical temperature, independent of hydrological 

variability, for the last 24 ka. 

Lake Malawi, the southernmost lake in the western branch of the East 

African Rift Valley, spans approximately 9 -14 °S and sits at an elevation of 474 

m (Fig. 1). Surface water temperatures in the north basin of Lake Malawi 

presently range from 25 to 29 °C annually (Patterson and Kachinjika, 1995). 

Sediments recovered from the northern basin of Lake Malawi record a significant 

response of the lake to global climatic events (Barker and Gasse, 2003; Johnson, 

2002). We have analyzed sediments from two piston cores, M98-1P and M98-2P, 

that span the past 24 ka, collected from the northern basin of Lake Malawi (Fig. 
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3.1) during the 1998 expedition of the International Decade for East African 

Lakes (IDEAL). 

METHODOLOGY 

The age models for the two cores are available in the electronic data 

supplements section. Sediments (1-3 g dry mass) were freeze-dried and 

homogenized by mortar and pestle. Sediments were then extracted with 

dichloromethane (DCM)/methanol (2:1) by using Soxhlet or DionexTM 

accelerated solvent extraction (ASE) techniques, to acquire the total lipid fraction. 

The extracts were separated by Ah03 column chromatography using 

hexane/DCM (9:1) and DCM/methanol (1:1) as subsequent eluents. The polar 

fraction (DCM/ methanol) was condensed by rotary evaporation, dissolved in 

hexane/isopropanol (99:1), and filtered prior to injection. Analyses were 

performed using an HP (Palo-Alto, CA, USA) 1100 series LC-MS equipped with 

an auto-injector and Chemstation chromatography manager software. 

Separation was achieved on a Prevail Cyano column (2.1x150 mm, 3 µm; 

Alltech, Deerfield, IL, USA), maintained at 30°C. Injection volumes varied from 

1to5 µl. Tetraethers were eluted isocratically with 99% A and 1%Bfor5 min, 

followed by a linear gradient to 1.8% Bin 45 min, where A= hexane and B = 

propanol. Flow rate was 0.2 ml/min. After each analysis the column was 

cleaned by back-flushing hexane/ propanol (90:10, v / v) at 0.2 ml/ min for 10 min. 

Detection was achieved using atmospheric pressure positive ion chemical 

ionization mass spectrometry (APCI-MS) of the eluent. Conditions for APCI-MS 

were as follows: nebulizer pressure 60 psi, vaporizer temperature 400 °C, drying 

gas (N2) flow 61/min and temperature 200 °C, capillary voltage -3 kV, corona 5 

µA (- 3.2 kV). GDGTs were detected by Single Ion Monitoring (SIM) of their 

[M+H]+ ions (dwell time= 234 ms) and quantified by integration of the peak 

areas. All samples were measured at least in duplicate and half of the samples 

were measured at least in triplicate. 
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We have recently improved the TEXs6 calibration for mean annual lake 

surface temperatures (LST) (Powers et al., 2004) by adding five lakes to our 

dataset, which results in the linear equation TE)(g5=0.017LST+0.25 (r2=0.96) 

(Powers et al., 2005a; Powers et al., 2005b) which is similar to the marine TEXs6 

calibration curve (Schouten et al., 2002). The standard error of the regression is 

0.034 resulting in a calibration error of.±. 2.0 °C. In addition, the analytical 

method has been modified resulting in an improved analytical precision in TE)(g5 

determinations, and which has resulted in an analytical error in LST 

reconstructions of± 1 °C. This substantial improvement in analytical 

reproducibility compared to a previous report (Schouten et al., 2002) is mainly 

due to improved chromatographic conditions and the use of SIM instead of mass 

scanning. 

LST and air surface temperature should be fairly well coupled because the 

same elements of the heat budget (insolation, cloud cover, evaporation and 

precipitation, etc.) affect both lake surface waters and the overlying air mass. 

There are of course complicating factors such as water depth, the range of 

seasonal temperature variability, and the localized effects of lake circulation. 

Nevertheless there is a strong linear relationship between mean annual LST and 

mean annual surface air temperature (SAT) based on published values for all 

nine of the lakes included in the TEXs6 calibration (LST= 1.09*SAT+0.70, R2=0.95). 

RESULTS AND DISCUSSION 

The TEXs6 temperature record from Lake Malawi shows a range from -22 

to 29 °C. Interestingly, TEXs6 analysis of sediments younger than 600 years 

suggest temperatures of -26 °C, well within the modern range of mean annual 

LST in Lake Malawi, confirming that the TEXs6 records LST. The LST in Lake 

Malawi during the LGM was -23 °C (from 18-21 ka BP) which is an average -3.5 

°C cooler compared to late Holocene (<3.5 ka BP) LST of -26.5 °C, (Fig. 3.2). This 

is well within the range of previous estimates from 2 to 8 °C in continental Africa 

(Chalie, 1995; Coetzee, 1967; Holmgren et al., 2003; Talma et al., 1974). 60 



Furthermore, a cooling of 3.5 °C is comparable with a number of studies that 

have suggested tropical sea surface temperatures were 2 to 5 °C cooler during the 

LGM (Lea et al., 2003; Rosell-Mele et al., 2004; Visser et al., 2003). The most 

proximal (off Madagascar) SST estimates from the LGM are - 2 °C cooler than 

modern (Rosell-Mele et al., 2004). We would expect the LST to be cooler than this 

SST estimate as this site lies in the warm Agulhas Current. 

We have compared the Lake Malawi TEXs6 temperature record to both the 

GISP2 temperature record (Alley, 2004) and the Byrd oxygen isotope record 

(Johnsen et al.), which has been used to infer temperature changes from the polar 

regions of Greenland and Antarctica, respectively (Fig. 3.2). There is a striking 

similarity in the timing of the warming in the Lake Malawi TEXs6 record and the 

Byrd oxygen isotope record during the late Pleistocene. Both records indicate 

minimum temperatures at 21 ka BP, concurrent with the time of maximum 

N orthem Hemisphere ice extent. The warming trend at the end of the LGM in 

Lake Malawi precedes warming in Greenland by-5000 years, yet appears to be 

coincident with warming in Antarctica (Fig. 3.2). 

The late Pleistocene in the Lake Malawi record is characterized by steady 

warming of-1 °C /kyr until-13.8 ka BP, when temperature decreases by more 

than 2 °C, before the onset of the Younger Dryas. This brief cold excursion may 

be related to the Antarctic Cold Reversal (ACR) evident in the Byrd record (Fig. 

3.2). The temperature increases again briefly, followed by cooling at 12.7 ka BP, 

when temperatures decreased by -2 °C, coincident with the Younger Dryas. The 

Younger Dryas has been previously characterized as a period of arid conditions 

in the equatorial region of Africa, with widespread low lake levels (Gasse, 2000). 

Here we have direct evidence of substantial cooling during this period as well, 

although temperatures did not return to full glacial conditions as they did in 

several global records such as in Greenland (Blurrier and Brook, 2001b) or the 

tropical Atlantic (Lea et al., 2003), nor did the Younger Dryas of Lake Malawi 

appear to last as long as it did in Greenland. 
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The Holocene is characterized by substantial temperature variability in the 

Lake Malawi record. Emerging from the Younger Dryas event, the Byrd oxygen 

isotope values exhibit relative stability, whereas the Lake Malawi temperature 

shows a cooling of about -2 °C to -24 °C at around 8.2 ka BP. This was a time of 

relatively low summer insolation in the Southern Hemisphere (Berger, 1978) and 

represents the coldest period during the Holocene in Lake Malawi. The 8.2 ka BP 

climatic event, clearly evident in the GISP2 temperature record and characterized 

in the Northern Hemisphere by massive ice sheet collapse (Barber et al., 1999), 

may have exacerbated the early Holocene cooling in the Lake Malawi record. 

Although the 8.2 ka event has been seen in other tropical African records (Stager 

et al., 1997) as an arid period, the thermal magnitude of this signal appears to be 

notable. 

The transition from the cool early Holocene into the mid-Holocene 

represents a significant temperature reversal. We note a maximum Holocene 

temperature of -29 °C at 5 ka BP, a warming of -1.5 °C per thousand years since 

7.5 ka. This period of extremely warm temperature precedes a period of 

widespread drought in equatorial and north Africa (Gasse, 2000). The occurrence 

of the warmest Holocene temperatures at about 5 ka BP is unexpected as global 

models of Holocene climate (Liu et al., 2003) do not generate such conditions in 

the tropics at this time. Following this period of maximum warmth, a return to 

cooler temperatures occurred rapidly, after which the temperature varied within 

25 to 27 °C over the past 3000 years, comparable to modem temperatures 

(Patterson and Kachinjika, 1995). 

It is unlikely that the temperature signal is a result of changes in 

upwelling through time. When we compare the TEXs6 temperature record from 

Lake Malawi to an independent record of upwelling intensity, biogenic silica 

mass accumulation (BSi MAR) (Johnson, 2002) from the same core, we don't see a 

consistent relationship that would suggest that upwelling is related to the 

temperature trends we see in the Lake Malawi TEXs6 record. 
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The degree of coupling between temperature and hydrologic changes is 

still relatively poorly known for the tropics over millennial and longer time 

scales. This is primarily due to the lack of an independent continental 

paleotemperature proxy that can provide a temperature record against which to 

compare hydrologically influenced proxies. The hydrologic response of the 

African tropics to temperature change is complex. For example, several 

lacustrine records from both northern and southern equatorial Africa, including 

Lake Malawi (Barker and Gasse, 2003; Johnson, 2002), have provided evidence 

for significantly drier conditions during the LGM (Gasse, 2000, 2002; Kulongoski 

et al., 2004). While it is not yet possible to create an accurate hydrological (lake 

level) history for Lake Malawi, we know that it regressed briefly during the 

Younger Dryas cold interval (Barker and Gasse, 2003), which is described as a 

period of widespread aridity in tropical Africa (Gasse, 2000). During the early 

Holocene, when much of tropical and North Africa were characterized by humid 

conditions, Lake Malawi experienced a low stand (Ricketts and Johnson, 1996), 

again coincidental with the observed cooling in the TEXa6 record. This consistent 

hydrologic response to cooling in East Africa is in agreement with some model 

predictions of tropical climate behavior (Ganopolski et al., 1998; Jolly et al., 1998), 

and allows exploration of the connections between temperature change and 

hydrologic response in the tropics. 

CONCLUSIONS 

This Lake Malawi temperature record illustrates important ties between 

the tropics and high latitudes. The onset of warming at Lake Malawi coincidental 

with the timing of the BYRD warming after the LGM suggests a strong tie to 

Antarctica in the Late Pleistocene. However, this relationship becomes weaker 

during the Holocene when we see much stronger ties to Northern Hemisphere 

climate signals such as the Younger Dryas and possibly the 8.2 ka BP event, 

suggesting a thermal response to shutdown of the North Atlantic thermohaline 

circulation. Surface temperature in this part of tropical Africa thus may be far 63 



more sensitive to shutdown of the therrnohaline circulation than has been 

predicted by global climate models (Vellinga and Wood, 2002). The Lake Malawi 

temperature re.cord illustrates how global climate events have a substantial 

impact on the intensity and timing of continental climate at this important 

Southern Hemisphere site in the African tropics. Further, the TEXs6 

paleothermometer provides an excellent means for independent continental 

paleotemperature reconstructions. 
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Figure 3.1. 
Lake Malawi, East Africa. Coring locations of M98-1P (10°15.9'S, 34°19.l'E, 403 m 

water depth) and M98-2P (9°58.65, 34°13.8 E, 363 m) taken from the North Basin 

of the Lake. 

69 



limited. Documenting the timing and magnitude of climatic changes, and their 

relationship to climate forcing variables will improve our ability to prepare for 

and respond to these events in the future. 

Lake Malawi (a.k.a. Lake Nyasa) is the southernmost of the East African 

rift lakes, spanning from 9° to 14° S, and bordered by the countries of Malawi, 

Tanzania, and Mozambique. The lake is very deep (>700 m) and old, as is 

evidenced by over 4 km of sediments (Scholz, 1988) accumulated in the basin. 

Lake Malawi is situated at the convergence of the eastern boundary of the Congo 

air mass, or African monsoon, and the southern extent of the Intertropical 

Convergence Zone (ITCZ), and is a sensitive recorder of climate change. Lake 

Malawi's great depth and relatively rapid sedimentation rate, coupled with a 

lack of bioturbation in its anoxic bottom waters, make it an attractive target for 

high-resolution studies of climate dynamics in the tropics. 

Lake Malawi is meromictic with an anoxic hypolimnion below 

approximately 200 meters. The thermal difference between the epilimnion and 

hypolimnion is small (Fig. 1.1), however, at these warm temperatures (22-29 °C) 

the density difference is great and maintains stable stratification. It was 

traditionally thought that the thermal structure of Lake Malawi was controlled 

by evaporative cooling and wind driven mixing in the epilimnion (Bootsma and 

Hecky, 1998), however, recent evidence suggests that influx of cool runoff during 

periods of heavy precipitation maintains the thermal stability of the cooler 

hypolimnion (Vollmer et al., 2005). 

Here we document the thermal history of Lake Malawi spanning the past 

700 years, through the application of the molecular based TEXa6 

paleothermometer (Powers et al., 2004; Schouten et al., 2002), and compare it to a 

recent instrumental record of water column and air temperatures spanning the 

past six decades (Vollmer et al., 2005). 
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METHODS 

The three cores used in this study, M98-11MCA and Band M98-2PGA, 

were collected during the 1998 International Decade for East African Lakes 

(IDEAL) expedition in the north basin of Lake Malawi. The age model for core 

M98-11MCA was established through varve counting and confirmed by Pb-210 

dating (Johnson et al., 2001) (Fig. 4.1). Core M98-11MCB, taken directly adjacent 

to M98-11MCA (within the same set of multi-cores), was dated by comparing 

five distinct marker horizons in both cores and assigning the same age to these 

horizons (Fig.4.1). We then applied linear sedimentation rates between these 

horizons to determine ages throughout the core. This method produces a more 

realistic age model than varve counting due to some disturbance among the 

varves which makes counting difficult in M98-11MCB. The bottoms of both M98-

11MCA and B are disturbed by a -2 cm ash layer and may not be as well dated 

as the rest of the cores. The age model for the trigger weight core M98-2PGA is 

also based on varve counts (Johnson et al., 2001) (Fig. 4.1). 

Sediment samples (-1-2 g dry weight) were collected from the cores and 

analyzed for TEXs6 as described in Chapter 3 (Powers et al., 2005b) . The results of 

the global calibration of the TEXa6 paleothermometer with seasonal surface 

temperatures indicate that the strongest linear relationship is with winter 

temperatures (Powers et al., 2005b) . We have applied the mean annual winter 

temperature calibration equation, WLST = (TEXs6 - 0.29)/0.017 r2 = 0.96 (Powers 

et al., 2005b) (Fig. 4.2), to reconstruct mean winter temperatures from the north 

basin of Lake Malawi. The error associated with the calibration is±. 2.1 °C. More 

than two thirds of the samples were run in at least duplicate resulting in a mean 

standard deviation of 0.37 °C. 

RESULTS 

When the temperature records for the three cores are plotted together as 

individual records there is a distinct offset between M98-11MCA and M98-
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llMCB (Fig. 4.3). The temperatures for M98-11MCA are consistently cooler (with 

the exception of 1 data point) than values for M98-11MCB. Subsets of these 

samples have been rerun up to four times and this offset exists through all 

analyses. After realization of this offset, the cores were carefully examined to 

assure that the stratigraphic age models were realistic. Although unusual I 

believe the offset among the cores is a real feature of the record and not an 

artifact of analytical error. We reanalyzed> 50% of the samples from each of the 

two multi-cores at least three times to assure that the results were reproducible 

within the error of the method(±. 2 °C, actual mean error for reanalysis SD= 

±_0.37 °C). Forty percent of the samples from M98-2PG were analyzed in 

triplicate. The records were then combined, by including the mean values of all 

data at their respective ages, to form one continuous record spanning the past 

700 years. 

THERMAL HISTORY 

Results of the TEXs6 paleotemperature reconstruction demonstrate that 

Lake Malawi mean winter surface temperatures have risen nearly 2 °C over the 

past 700 years, however most of this increase occurs during the last -120 years 

when mean temperatures have increased -2.5 °C (Fig. 4.4). Throughout much of 

the record prior to 1900 there is a relatively regular oscillation around a mean 

temperature of - 24.8 °C with a period of approximately 100 years, however the 

sampling resolution is not high enough for this to be statistically significant. 

The TEXs6 temperature record for the past 6 decades displays a consistent 

offset from the instrumental record by about 1 deg C, with TEXs6 inferred winter 

lake surface temperatures ranging from -25 to 27 °C over the past 60 years 

(instrumental records range from -23.5 to 27 °C)(Fig. 4.5). The mean TEXs6 

reconstructed temperature increased-1.3 °C over the past 42 years, while 

measured winter surface temperatures have risen - 1.5 °C (Vollmer et al., 2005) 

over the past 60 years. Over the entire 60 year instrumental record there has been 
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a mean increase of - 0.8 °C (measured by TEXs6) in the surface waters compared 

to 0.70 °C (from instrumental records) in the deep water (Vollmer et al., 2005). 

Further, there is an increase in air temperature in the basin of 0.6 °C during the 

same time interval, which is based on interpolated values from direct station 

observations (New et al., 2000) within the catchment. The offset of the TEXs6 

inferred winter temperatures from the instrumental record is likely due to 

crenarchaeotal productivity occurring throughout more than just the winter 

season, resulting in a warmer signal than the winter instrumental record. 

There are two distinctly abrupt events of cooling followed by warming, 

referred to as "temperature reversals," in this record, one at -1670-1700 

coincident with the Maunder Minimum, and the other at -1959. The Maunder 

Minimum temperature reversal was a rapid oscillation of - 3 °C over a 30 year 

period, whereas the reversal at -1959 was -1.5 °C and lasted no longer than 20 

years (Fig. 4.4). 

DISCUSSION 

The validity of the TEXs6 paleothermometer as a new tool for continental 

temperature reconstruction is supported by the coherence with the instrumental 

record. The TEXs6 temperature record shows a -1.3 °C mean winter temperature 

increase over the past 42 years whereas the instrumental record shows an 

increase of 1.52 °C over 61 years (Fig. 4.5). The substantial and abrupt cooling 

and warming trend around 1959 is seen in both records and is of similar 

magnitude. This provides strong evidence that indeed the TEXs6 

paleothermometer is reflecting surface temperatures and has the potential for 

reconstruction of records with high temporal resolution. 

Mean annual lake surface temperature has a strong correlation with 

surface air temperature (r2 = 0.95) (Powers et al., 2005a), however the primary 

controls on this relationship remain unclear. Several climatic forcing factors may 

act directly as well as indirectly to control lake surface temperatures. 
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SOLAR FORCING 

Solar irradiance certainly plays an important role in the thermal budget of 

large lakes, though its indirect effect is unclear. Increases in solar radiation in the 

tropics are expected to increase monsoonal activity through strong convection 

over the heating landmass, resulting in increased precipitation (Prell and 

Kutzbach, 1992). The effect of increased precipitation, and consequent increased 

cloudiness and humidity, may be to actually cool the lake surface waters by 

decreasing direct solar heating and evaporation. Vollmer et al. (Vollmer et al., 

2005) suggest that increased precipitation drives deep-water cooling in Lake 

Malawi through influx of cool water to the hypolimnion. Inflowing cool and silty 

river water sinks as it enters the lake due to its greater density, resulting in 

cooling of the hypolimnion. Decreased solar heating may be more important 

than diurnal evaporation in cooling the surface waters of large tropical lakes over 

decadal and longer time scales. Further, during most of the year on Lake Malawi 

(with the exception of the rainy season), cloud cover is greatest during the day 

and minimized at night increasing nocturnal evaporative cooling and long wave 

radiation escape (Nicholson and Yin, 2002). 

Mann et al. (Mann et al., 2005) generated a record of tropical solar 

radiative forcing for the past 1000 years based on a splicing of Crowley's 

(Crowley, 2000b) solar irradiance reconstruction with Lean's (Lean et al., 1995) 

estimate, with the addition of Be10 isotope data. When we compare the TEXs6 

temperature record to a record of tropical solar radiative forcing by Mann et al. 

(Mann et al., 2005) (Fig. 4.4) we see a similar, quasi-periodic variability, with 

both records exhibiting a dominant frequency of about one cycle per century. 

However, with the exception of the last 150 years, the insolation record is out of 

phase with the Lake Malawi temperature record. 
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CARBON DIOXIDE CONCENTRATIONS 

The coherence between the radiative forcing record and the temperature 

record over the past -100 years may be due to the anthropogenic rise in 

atmospheric C02 (Etheridge et al., 1993). Tropical solar radiative forcing, Lake 

Malawi temperature, and atmospheric C02 have all risen rapidly since -1900, 

when C02 levels increased beyond the range of Holocene variability. The rise in 

Lake Malawi surface temperature over the past 150 years may signal a change in 

tropical climatic response to rapid increases in C02. Although these increases are 

concurrent with the increase in solar radiative forcing at this point there is no 

evidence for a causal relationship. 

The cooling events associated with the solar minimums may be caused by 

increased evaporation due to overlying cool, dry air-masses associated with 

lower solar radiation and reduced monsoonal activity. These conditions would 

be similar to normal winter or dry season conditions when the air mass is dry 

and cool and there is an increased temperature differential between the lake and 

land facilitating strong offshore winds in the morning and onshore winds in the 

evening. 

There is some evidence for increased upwelling during the Maunder 

Minimum as the biogenic silica record from these cores (Johnson et al., 2001) 

increases during this cold event (Fig. 4.4), suggesting increased winds from the 

north. Johnson et al. Gohnson, 2002) suggested that during cool events in the 

Northern Hemisphere, such as solar minima (Shindell et al., 2001), the ITCZ is 

pushed further south during its migration in Austral summer in the southern 

hemisphere. The position of the ITCZ would be further south than its mean 

position over the center of the lake resulting in decreased precipitation in the 

northern basin and increased notherly winds following the low pressure system. 

There is some evidence for this illustrated by the partial anti-phase relationship 

between the BSi record and the temperature record (Fig. 4.4) . When lake 

temperatures are cooling, BSi increases, suggesting enhanced upwelling in the 
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north basin. This relationship is not perfect but it appears that cooling surface 

temperatures result in increased diatom productivity and enhanced BSi 

accumulation in sediments. Bootsma et al. (Bootsma et al., 2003) have shown that 

the primary source of new bioreactive silica to the epilimnion is from 

hypolimnetic dissolved BSi stores. Therefore, this record may be illustrating 

upwelling and/ or increased evaporative cooling events during periods of 

increased northern winds over the lake during southern excursion of the ITCZ. 

WIND 

Wind driven mixing can cause episodic cooling events in surface waters 

due to upwelling and increased evaporation. Vollmer et al. (Vollmer et al., 2005) 

note that the National Center for Environmental Prediction wind direction data 

for the period of 1958-1961 demonstrates a distinct reversal from normal 

conditions of predominantly southerly winds in the winter to dominant 

northerly winds during all seasons. The temperature reversal in this record at 

-1959 is likely a result of these prolonged northerly winds over the north basin 

of the lake resulting in wind driven cooling and extensive upwelling. A cooling 

of - 1.0 °C is within realistic cooling due to upwelling as water temperatures at 

100 meter depth were approximately 23.5 °C (Vollmer et al., 2005) during this 

time interval. 

PRECIPITATION 

Nicholson (Nicholson, 1998) documents a rapid lake level rise in Lake 

Malawi during the mid to late 1600' s, at the same time that we see instability and 

high fluctuations (oscillation of - 3 °C) in the temperature record associated with 

the Maunder Minimum (Fig. 4.4) . Verschuren (Verschuren, 2000) also notes that 

the Maunder Minimum is the period of highest rainfall in the Lake Naivasha 

(Kenya) basin over the past 1100 years. Large increases in precipitation could 

cool hypolimnetic waters, through sinking influx of cool runoff, and surface 
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waters through increased cloudiness and resulting decreased solar radiation, 

potentially resulting in destratification of the water column. The increase in 

biogenic silica during this period (Fig. 4.4) suggests that indeed there has been 

increased nutrient delivery to the surface waters, likely through mixing as the 

hypolirnnetic waters are known to be the dominant source of bio-reactive silica 

(Bootsma et al., 2003). 

SEA SURFACE TEMPERATURE 

If we shift the TEXs6 temperature record to lag solar irradiation by - 50 

years there is a strong positive correlation between these records. Gasse notes a 

similar lag behind solar irradiance in her diatom biovolume record from the 

north basin of Lake Malawi, and suggests that this may be due to a response to 

changes in SST and the delayed climate response on the continent (Gasse, 2005). 

It is possible that the temperature signal in Lake Malawi is driven by changes in 

sea surface temperatures, which may be expected to lag solar irradiation, 

however this seems unlikely. Lake temperatures will respond more quickly than 

SST to climate warming due to reduced water mass and confined heat transport, 

and therefore we would expect a more direct relationship between solar 

irradiance and lake temperature than SST. 

SOCIETAL IMP ACTS 

Warming of Lake Malawi will negatively impact fisheries production, 

similar to Lake Tanganyika, through increased stratification and reduced 

nutrient upwelling to the surface (0' Reilly et aL, 2003). Although Lake Malawi 

has not had a decrease in mean wind speed during recent history, the surface 

waters are warming faster than the bottom waters and will be able to maintain 

stable stratification through increased temperature differential. 

79 



CONCLUSIONS 

The mean annual winter temperature of Lake Malawi waters, as recorded 

by TEXs6, have increased 2.6 °C over the past 150 years, a dramatic increase 

over the previous 5 centuries. This paleotemperature reconstruction agrees very 

well with the instrumental record in terms of rate of change over the past 6 

decades, but not in absolute value (Vollmer et al., 2005). 

There is an anti-phase relationship between the Lake Malawi temperature 

record and both solar radiation and BSi over most of the past 700 years. Cooling 

surface temperatures result in increased BSi preservation in the northern basin of 

Lake Malawi likely caused by upwelling associated with increased northerly 

winds as a result of southern excursion of the ITCZ. This pattern is consistent 

with the cooling of the northern hemisphere associated with solar variability 

(Crowley), which may cause southern excursion of the ITCZ as suggested by 

Johnson et al. (Johnson) and Brown and Johnson (Brown and Johnson) . 

Anthropogenically increased atmospheric C02 concentrations may have 

caused the anomalously warm temperatures of the past 100 years. The response 

to increased atmospheric C02 may override the impact of solar variability on 

tropical continental temperatures. A change in climatic state may result in 

increased stratification in the lake, having lasting impacts on the fisheries 

productivity of the lake and the people who rely on fish as their primary food 

source. 
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Figure 4.3. 
Comparison of all cores and replicate analyses. 
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Figure 4.5. 
A comparison of TEXa6 reconstructed winter temperatures with a compiled 

instrumental record of winter lake surface temperatures spanning the past 61 

years. The instrumental record shows an increase of - 1.4 °C over the past 61 

years, while the TEXa6 reconstructs a temperature increase of -1.3 °C over the 

past 42 years. Instrumental data from Vollmer et al. 2005 (Vollmer et al. 2005). 
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