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Chapter 1
Introduction

1.1 Human induced climate change 

Anthropogenic greenhouse gas emissions during the past centuries are thought to be 
responsible for a warming trend that cannot easily be reversed (Solomon et al., 2009). 
Atmospheric concentrations of  CO2, a major greenhouse gas, have risen from ca. 280 
ppmv in the pre-industrial era (AD 1000–1750) to 379 ppmv in 2005 (Forster et al., 2007), 
the majority of  which is released due to burning of  fossil fuels. Global atmospheric 
temperatures over this period increased, at increasing rates towards the present (Trenberth 
et al., 2007). Future climate predictions indicate that temperatures will continue to rise, 
although the expected rates are highly variable between models and possible scenarios 
(Meehl et al., 2007). Even when emission of  greenhouse gasses would be stopped, it 
would take at least 1000 years before atmospheric temperatures start to significantly 
drop (Solomon et al., 2009).

The increased average global atmospheric temperature is thought to have intensified 
the global hydrological cycle, thereby increasing regional differences in precipitation 
(Trenberth et al., 2007). On average, precipitation in wet areas increased, while already 
arid regions became drier during the 20th century (Dore, 2005 and references therein). 
In the tropics patterns are highly variable and in many regions a decreasing trend in 
precipitation is observed (Dore, 2005 and references therein). However, the intensity of  
precipitation events in these areas is expected to increase (Trenberth et al., 2007).  
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A warming trend during the past decades has also been observed for the oceans. 
Warming is most pronounced in the surface 1000 m (Levitus et al., 2000; Willis et al., 
2004), but also occurred at greater depths (Levitus et al., 2000). On average, global 
ocean temperatures in the surface 300 m increased with 0.31°C between the mid 1950s 
and mid 1990s (Levitus et al., 2005).  Especially surface waters (0-700 m) in the North 
Atlantic show a strong gradual increase over the period 1955-2008 AD, but also in 
the South Atlantic, North Pacific and South Indian Ocean surface water temperatures 
increased (Levitus et al., 2009). Climate models confirmed that these oceanic warming 
trends of  the last decades occurred because of  anthropogenic influences (Gleckler et al., 
2012). Thermal expansion of  the ocean waters and melting of  continental ice caps have 
resulted in increasing rates of  sea level rise (Rahmstorf, 2007). Effects of  sea level rise are 
expected to be more pronounced in coastal areas (Holgate & Woodworth, 2004), where 
it leads to coastal inundation (Day et al., 1995) and salt-water intrusion which threatens 
inland ecosystems (Williams et al., 1999). 

It has been suggested that higher sea surface temperatures will also lead to an 
increase in power of  tropical cyclones (Emanuel, 2005; Webster et al., 2005; Saunders & 
Lea, 2008). Models predict a decrease in tropical cyclone frequency, while intensity of  
individual tropical cyclones increases when atmospheric CO2 increases (Oouchi et al., 
2006; Gualdi et al., 2007). Accurate predictions of  future sea level rise and potential 
increase in tropical cyclone activity are essential for coastal (sub)tropical regions, as 
action needs to be taken to prevent large scale damage to populated areas and ecosystems 
(Michener et al., 1997). 

1.2 Tropical cyclones

Tropical cyclones (Fig. 1.1) are large, low-pressure systems, up to several hundreds of  
kilometers in diameter, consisting of  numerous thunderstorms (rainbands) rotating 
around a central area. The eye of  the storm is an area of  sinking air at the storms’ 
center, between 10-100 km in diameter, where whether is generally clear and calm. 
Tropical cyclones occur frequently in most large oceanic basins: in the Atlantic they are 
known as hurricanes, in the Northwest Pacific basin they are called typhoons and near 
Australia they are called cyclones. 

Tropical cyclones often start out from a pre-existing depression and are fueled by 
latent heat, through condensation of  water vapor in the moist air that flows towards the 
low-pressure cell. High sea surface temperatures of  over 26.5°C with a deep thermocline 
are necessary to generate the energy required to sustain the large convective systems 
(Gray, 1968; 1975). Tropical cyclones therefore develop in the (sub)tropics, and only 
during the warm season when water temperatures are high enough. The upper layers of  
the ocean are cooler after passage of  a cyclone due to wind-driven mixing of  the warm 
surface waters with cool deeper waters. This has a negative feedback on the potential 
development or intensification of  other tropical cyclones occurring in the same basin 
at the same time. 
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To create the circulation in a cyclone, the Coriolis effect is needed, which implies 
that tropical cyclones only develop at least a few degrees of  latitude away from the 
equator. In low pressure cells the Coriolis effect causes counterclockwise rotation on the 
Northern Hemisphere, and clockwise on the Southern Hemisphere. The large vertical 
structure of  up to 10-20 kilometers in height, also requires that vertical wind shear 
(the difference in wind speed and direction at different altitudes in the atmosphere) is 
low (Henderson-Sellers et al., 1998 and references therein). Subsequently, prevailing wind 
patterns over the oceans largely control storm tracks. The easterly trade winds steer 
tropical cyclones that form within the North Atlantic basin towards the Caribbean, 
Mexico and Southeast coast of  the USA. Storms that form in the Northwest and 
Southwest Pacific ocean are steered towards East Asia or Australia, respectively (Fig. 
1.2). 

When a tropical cyclone makes landfall, its energy supply, the warm oceanic 
surface water, is cut off  and it quickly looses strength. Cyclones generally produce large 
amounts of  rain, which close to the center of  the storm can reach over 800 mm per 
day (Riehl, 1954). One of  the most destructive consequences of  a landfalling tropical 
cyclone is the storm surge. This is an offshore rise in water caused by the strong winds 
and low pressure near the center of  the storm, which causes the water to pile up. The 
storm surge from hurricane Audry in 1957 AD was between 2 to 4 m high, and reached 
up to 40 km inland (http://www.nhc.noaa.gov). During hurricane Katrina (2005 AD) 
the storm surge reached 3-8 m high, but only penetrated 10 to 20 km inland (Fritz et al., 
2007). Besides flooding caused by storm surges and excessive rainfall, coastal damage 
also results from the strong winds associated with these storms. Sometimes tornadoes 
develop in landfalling tropical cyclones. Although often weak, the number of  tornadoes 

Fig. 1.1. Schematic representation of  a fully developed tropical cyclone. 
General wind directions and air movements are indicated with black arrows. 
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associated with a landfalling tropical cyclone can be very high. For example, a total of  
115 tornadoes were generated by hurricane Beulah in 1967 (Orton, 1970).

Most historical records of  tropical cyclone activity do not extend further back in 
time than 1850 AD (e.g. http://www.nhc.noaa.gov/). Although in some exceptional 
cases historical records can be much longer (e.g. Liu et al., 2001), such records are 
incomplete and underrepresent the actual number of  tropical cyclones that occurred. 
In order to better understand the effect of  ongoing anthropogenic activity and natural 
occurring variability in climate on tropical cyclone activity, it is necessary to study 
climate and tropical cyclone behavior over longer geological timescales. During the 
last thousands of  years (mid and late Holocene) some major trends and oscillations 
in climate have been inferred from paleo reconstructions. Still, overall ocean climate 
functioning were comparable to present day. These boundary conditions make this 
period excellently suited to investigate causal relations between climate variability and 
tropical cyclone formation.

1.3 (Sub)tropical climate variability during the Holocene

Wind shear, surface water temperatures and prevailing wind patterns are major 
influences on the potential development, intensity and track of  tropical cyclones. 

Fig. 1.2. All globally occurring tropical cyclones between 1985 and 2005. Figure created by Nilfanion 
on 2006-08-05 using User:jdorje/Tracks. Tracking data from the National Hurricane Center, the Joint 
Typhoon Warning Center and Gary Padgett’s April 2004 Monthly Tropical Cyclone Summary (originally 
produced by Roger Edson, University of  Guam). Background image by NASA, http://visibleearth.nasa.
gov. Indicated with yellow dots are the three locations studied in this thesis. On the upper left: southwest 
of  Japan, on the lower left: Far North Queensland, Australia, on the right: Florida, USA. 
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Trends and oscillations in temperature and wind patterns during the Holocene thus 
must have affected past tropical cyclone activity. Mid and late Holocene climate is 
characterized by a temperature optimum between 9 and 5 kyr BP followed by a return 
to lower temperatures (Kaufman et al., 2004; Renssen et al., 2009). As a result of  warming 
in the mid Holocene, the extent of  the Atlantic warm pool (AWP) during summer 
increased (Ziegler et al., 2008; Donders et al., 2011). The AWP is a large body of  warm 
water (>28.5°C) encompassing the Gulf  of  Mexico, the Caribbean Sea and the western 
tropical North Atlantic. The surface area of  the AWP is at its largest during boreal 
summer in August to October, when the inter tropical convergence zone (ITCZ) also 
reaches its most northward position. A larger AWP is thought to enhance tropical 
cyclone activity by reducing vertical wind shear in the region where they develop, and by 
enhancing convection of  moist air (Wang et al., 2008). Multidecadal variability in the AWP 
is associated with a warm phase of  the Atlantic Multidecadal Oscillation (AMO): an 
oscillation in sea surface temperature anomalies in the North Atlantic with an oscillation 
of  around 70 years (Schlesinger & Ramankutty, 1994; Kerr, 2000). Therefore, multidecadal 
oscillations in AMO and AWP are associated with tropical cyclone variability in the 
North Atlantic (Zhang & Delworth, 2006; Hetzinger et al., 2008). 

A larger AWP in the mid Holocene might be expected to have enhanced the 
development of  intense tropical cyclones in the North Atlantic. However, reconstructions 
of  mid Holocene tropical cyclone activity suggest that only few landfall events occurred 
in the regions surrounding the Gulf  of  Mexico (Liu & Fearn, 2000). The low frequency 
of  mid Holocene tropical cyclones in the Gulf  of  Mexico is thus not related directly 
to the extent of  the AWP. In the present day situation the North Atlantic Oscillation 
(NAO) is thought to affect the track of  tropical cyclones developing in the North 
Atlantic (Elsner et al., 2000). The NAO is an atmospheric mode that describes pressure 
differences between the Icelandic Low and Bermuda-Azores High in the North Atlantic 
Ocean. A positive NAO phase is thought to deflect tropical cyclones developing in 
the North Atlantic to the US east coast, while during a negative NAO phase tropical 
cyclones are more likely to enter the Gulf  of  Mexico (Elsner et al., 2000). It has been 
suggested that the Bermuda-Azores High, was located more to the northeast during the 
mid Holocene (Forman et al., 1995), which caused more landfall events on the US east 
coast, and can explain the lower tropical cyclone frequency observed for the Gulf  of  
Mexico (Liu & Fearn, 2000). 

Besides NAO, another major climate oscillation is the El Niño Southern Oscillation 
(ENSO), which is a coupled ocean/atmosphere system in the tropical Pacific that 
influences climate on a global scale. A positive ENSO phase, or El Niño, is associated 
with sustained warming of  the central and eastern Pacific, resulting in a weakening of  
the Pacific trade winds. During a negative ENSO, or La Niña, the Pacific equatorial 
warm water pool is located more to the west, resulting in colder water temperatures 
in the central and eastern Pacific and a strengthening of  the trade winds. ENSO is 
semi-periodical and recurs every 2-7 years. Generally, the number of  tropical cyclones 
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occurring in the Pacific is not affected by ENSO, but during El Niño tropical cyclones 
tend to track more to the Japanese archipelago, whereas during normal or La Niña 
conditions, there is a higher risk of  landfall events in central China (Wang & Chan, 
2002; Fudeyasu et al., 2006). More remote regions are affected through teleconnections 
(atmospheric bridges) that develop during El Niño phases. El Niño for instance strongly 
increases winter precipitation in the southwest of  the USA (Enfield, 1996; Sun & Furbish, 
1997; Schmidt et al., 2001) and also the number of  North Atlantic tropical cyclones 
reduces during El Niño phases, due to an increase in vertical wind shear (Goldenberg 
& Shapiro, 1996; Bove et al., 1998; Nyberg et al., 2007). Reconstructions of  Holocene 
ENSO activity show that the modern type of  periodicity was established during the mid 
Holocene and El Niño activity subsequently increased between 4 and 3 kyr BP (Rodbell 
et al., 1999; Sandweiss et al., 2001; Moy et al., 2002; Riedinger et al., 2002). 

1.4 Reconstructing Holocene tropical cyclones, climate and 
environmental variability 

When direct observations of  past changes are lacking, such changes can be reconstructed 
using so-called proxies. Proxies relate measurable chemical or physical properties of  the 
sediment to the target environmental parameter. Methods that have been applied to 
reconstruct tropical cyclones in the past include the use of  isotopic signals in high-
resolution records like tree rings (Miller et al., 2006; Mora et al., 2007), speleothems (Frappier 
et al., 2007; Nott et al., 2007) and corals (Hetzinger et al., 2008). Landfalling events can also 
be reconstructed by looking at the sedimentological record of  restricted shallow marine 
or estuarine environments and coastal lakes. Davis et al. (1989) described different storm 
facies in a Florida estuary that may result from different environmental conditions. The 
most familiar storm facies are overwash deposits, which are formed when strong winds 
and wave erode dunes and barrier islands before the coast and redeposit coarse grained 
material more inland in estuaries and coastal lakes. Overwash deposits can thus easily 
be recognized in sediment records as coarser grained layers within the otherwise fine 
grained sediments, and have been used to reconstruct Holocene storm activity (Liu 
& Fearn, 2000; Donnelly & Woodruff, 2007). Other storm facies form by reworking of  
material already present or by increased fluvial input after extreme discharge (Davis et al., 
1989). Since coastal sediments are readily available and sedimentation rates are generally 
high in shallow marine settings, detailed records of  past tropical cyclone activity can be 
acquired. 

Biomarkers are molecular fossils, mostly lipids, which can preserve over long 
geological time scales and are indicators for the past presence of  living organisms. In 
addition to sedimentological proxies, some biomarkers are useful tools for reconstructing 
past environmental and climatic conditions. In coastal environments, both terrestrial 
and aquatic derived biomarkers may be found. A general biomarker for terrestrial higher 
plants is long chain n-alkanes (Fig. 1.3), which derives from the leaf  waxes of  vascular 
plants (Eglinton & Hamilton, 1967). Other, more specific biomarkers of  terrestrial higher 
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plants are friedelan-3-one (Fig. 1.3), which has been found in leaves, stems and bark of  
a large number of  terrestrial higher plants (Chandler & Hooper, 1979), and taraxerol (Fig. 
1.3), which is produced especially in large quantities by mangroves (Dodd et al., 1995; 
Rafii et al., 1996). Examples of  aquatic biomarkers are dinosterol (Fig. 1.3), which is 
produced by many dinoflagellate species (e.g. Boon et al., 1979), and alkenones (Fig. 1.3), 
produced by certain haptophyte species (e.g. Marlowe et al., 1984). 

The relative input of  terrestrial derived organic matter, including biomarkers 
like n-alkanes and taraxerol, into estuaries and shallow marine settings can provide 
information about past changes in runoff. An example of  a runoff  proxy is the BIT 
index, which is a ratio between terrestrial derived branched Glycerol Dialkyl Glycerol 
Tetraether Lipids (GDGTs) (Fig. 1.3) and the (mostly) aquatic derived crenarchaeol 
(Fig. 1.3) (Hopmans et al., 2004). Changes in runoff  might be related to changes in 
precipitation, but other factors can also be of  influence, like changes in the catchment 
area of  the major rivers or fluctuations in sea level. 

Biomarkers are also often used in paleoclimate studies for the reconstruction of  
past temperatures. The paleothermometer developed first is the UK’

37 index, which 

Fig. 1.3. Chemical structures of  some of  biomarkers discussed in this thesis
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is used to reconstruct past sea surface temperatures and based on the degree of  
unsaturation of  alkenones (Brassell et al., 1986; Prahl & Wakeham, 1987; Müller et al., 
1998). Other temperature-proxies are based on the distribution of  branched and/or 
isoprenoid GDGTs, like TEX86 for marine surface water temperatures (Schouten et al., 
2002) and MBT/CBT index for terrestrial air temperatures (Weijers et al., 2007). 

Compound specific hydrogen isotope measurements can be used to reconstruct 
past changes in precipitation. Leaf  waxes like long chain n-alkanes record the isotopic 
signal of  precipitation (Sachse et al., 2004), although there is an offset related to 
evapotranspiration and biosynthetic fractionation (Sachse et al., 2004; 2006). Since these 
biomarkers may be preserved in sedimentary records over long geological timescales, 
hydrogen isotope values of  fossil leaf  waxes can potentially be used to reconstruct 
past hydrological conditions. In the (sub)tropics, the hydrogen isotopic signal of  rain 
is mainly related to the amount of  precipitation, and values are more depleted when 
the rate of  rainfall increases (amount effect) (Dansgaard, 1964). In addition the isotopic 
signature of  tropical cyclones is much more depleted in heavy isotopes compared to 
normal rain in tropical areas (Lawrence et al., 1998; 2002; Fudeyasu et al., 2008). Hydrogen 
isotope records may thus also provide independent information about past tropical 
cyclones activity. 

1.5 Objectives and framework of  this thesis

To better understand the complex interplay of  the different systems determining 
today’s climate, reconstructions were made of  the palaeo-climate and environmental 
conditions during approximately the past 8000 years. 

The objectives of  this thesis are 

I. Reconstructing environmental and climatic conditions during the mid and late  
 Holocene in the subtropics using organic geochemical proxies

II. Reconstructing past tropical cyclone activity
III. Linking Holocene climate variability and tropical cyclone activity

Three different regions were studied: 1) Florida, a subtropical region in the southwest of  
the USA, 2) the subtropical southwest of  Japan, and 3) tropical Northern Queensland, 
in northeast Australia.

In Chapter two Holocene environmental changes were reconstructed in Tampa 
Bay, an estuary on the Gulf  coast side of  Florida, using a wide suite of  proxies including 
biomarkers, pollen, dinocysts and diatoms. This low-resolution reconstruction shows 
that the gradual ongoing sea level rise during mid and late Holocene strongly affected 
environmental conditions in the bay, resulting in a transition from a fresh/brackish 
marl-marsh into a shallow, restricted marine environment.

Chapter three focuses on more recent environmental changes in southwest 
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Florida in response to increased anthropogenic activity in the area. A sediment record 
from Rookery Bay, spanning the last 300 years, captures both the natural system and 
the influence of  increased human impact on the area starting around 1880 AD. Human 
activities like deforestation and canalization increased the sensitivity of  the area to 
natural occurring changes in precipitation, which in turn are linked to for instance 
the AMO. Overall, the system became more dynamic during the 20th century, which is 
reflected in higher and more variable biomarker concentrations of  both terrestrial and 
aquatic origin. 

Chapter four presents a high-resolution Holocene environmental reconstruction 
based on biomarkers and elemental data (XRF scans) from Charlotte Harbor, an estuary 
in southwest Florida. In addition to changes in local sea level, the observed environmental 
changes mainly reflect runoff  and thus precipitation. A precipitation maximum occurs 
around 5000 year BP, and is linked to large-scale shifts in the hydrological cycle over 
the North Atlantic involving the ITCZ and Bermuda-Azores High. Coarser grained 
layers in the overall fine grained material were interpreted to be storm deposits, which 
suggests that tropical cyclone activity increased during the late Holocene, between 3.2 
and 2 kyr BP. This increased storm activity is likely the result of  a shift in the location of  
the Bermuda-Azores High towards the southwest after the mid Holocene warm period, 
which resulted in an overall increase in storm activity in the Gulf  of  Mexico.

In Chapter five unusual alkenones found in the mid Holocene sediments of  
Charlotte Harbor are investigated. These alkenones, which have an unusual double 
bond position, have so far been found in only few locations around the world, amongst 
others the Black Sea, and their origin is still unknown. Compound specific radiocarbon 
isotopes suggest that the compounds are produced in situ in the estuary. Both stable 
carbon and hydrogen isotopes ratios are relatively less depleted compared to isotope 
ratios of  alkenones found in late Holocene sediments of  the same core. These late 
Holocene alkenones are most likely produced by haptophytes like Emiliania huxleyii 
or Geophyrocapsa oceanica. Hydrogen isotope ratios of  the unusual alkenones are very 
different from values reported in literature, which suggests a different biosynthetic 
fractionation. Most likely, the unusual alkenones are produced by a so far unknown 
haptophyte species.

In Chapter six late Holocene climate change in the southwest of  Japan was studied 
using sediments from Lake Kaiike. A reconstruction of  lake conditions indicates that 
during the last 2000 years, stratified water column conditions alternated with periods 
during which the water column was (partly) ventilated. Changes in precipitation are 
reconstructed using compound specific hydrogen isotopes ratios, measured on long 
chain n-alkanes and friedelan-3-one, both deriving from higher terrestrial plants. 
Stratification is associated with high amounts of  precipitation, and at least one interval 
around 1500 year BP, also with decreased temperatures. Water column mixing seems 
to be related with a reduction in precipitation, although long chain n-alkanes and 
friedelan-3-one are inconclusive for a part of  the record. These periods with increased 
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precipitation around 1500 year BP, and between 750 and 250 year BP, coincide with 
a regional increase in precipitation in Japan and China. Such regional scale changes 
in precipitation are likely related to an increased intensity of  the East Asian summer 
Monsoon. Increased precipitation around 1500 year BP, also seems to coincide with 
more La Niña like conditions, which probably resulted in an intensification of  the 
summer monsoon. 

In the final Chapter, seven, hydrogen isotopes measured on long chain 
n-alkanes from a peat record from Northern Queensland, Australia, were used for the 
reconstruction of  past tropical cyclone activity. Since precipitation of  tropical cyclones 
is much more depleted than normal precipitation, this signal is potentially captured in 
the leaf  waxes of  vegetation. Long chain n-alkanes are part of  these leaf  waxes, and 
analyses of  hydrogen isotope ratios on fossil n-alkanes can thus theoretically be used 
to reconstruct past tropical cyclone activity. The dD reconstruction of  the C29 n-alkane 
matches well with a smoothed record of  historical tropical cyclone activity. On a longer 
timescale the variability in the hydrogen isotope record decreases, which is probably due 
to a lower sample resolution in the lower part of  the peat record. On average, there is 
no trend in the hydrogen isotopic ratios of  the long chain n-alkanes, which suggests that 
tropical cyclone frequency and/or intensity did not change appreciably during the last 
250 years in Northern Queensland.

In summary, the results presented in this thesis show that, in addition to sea level 
rise, changes in precipitation and storm activity strongly affect coastal environmental 
conditions in (sub)tropical areas. These effects are more pronounced when the region is 
altered by anthropogenic activity. Changes in precipitation were found to be associated 
with naturally occurring oscillations in climate like NAO and ENSO. Furthermore, 
this research showed that stable hydrogen isotope ratios of  sedimentary leaf  waxes, in 
addition to overwash events, can be used to reconstruct past tropical cyclone activity. 
Landfall events of  tropical cyclones in Florida likely depend more on differences in 
storm tracks, rather than a change in overall frequency. These storm tracks are probably 
also influenced by NAO and ENSO variability. Therefore, not only changes in sea-
water temperature, but also large-scale changes in the ocean-atmosphere system, will 
determine whether ongoing climate change will result in more and/or more intense 
tropical cyclones.
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Chapter 2
Late Holocene sea-level rise in Tampa 
Bay: Integrated reconstruction using 
biomarkers, pollen, organic-walled 
dinoflagellate cysts, and diatoms.

E.E. van Soelen, E.I. Lammertsma, H. Cremer, T.H. Donders, F. Sangiorgi, G.R. Brooks, 
R.A. Larson, J.S. Sinninghe Damsté, F. Wagner-Cremer, G.J. Reichart

Estuarine, Coastal and Shelf  Science 86, 216-224 (2010)

A suite of  organic geochemical, micropaleontological and palynological proxies was 
applied to sediments from Southwest Florida, to study the Holocene environmental 
changes associated with sea-level rise. Sediments were recovered from Hillsborough Bay, 
part of  Tampa Bay, and studied using biomarkers, pollen, organic-walled dinoflagellate 
cysts and diatoms. Analyses show that the site flooded around 7.5 ka as a consequence 
of  Holocene transgression, progressively turning a fresh/brackish marl-marsh into a 
shallow, restricted marine environment. Immediately after the marine transgression 
started, limited water circulation and high amounts of  runoff  caused stratification of  
the water column. A shift in dinocysts and diatom assemblages to more marine species, 
increasing concentrations of  marine biomarkers and a shift in the Diol Index indicate 
increasing salinity between 7.5 ka and the present, which is likely a consequence of  
progressing sea-level rise. Reconstructed sea surface temperatures for the past 4 kyrs 
are between 25 and 26°C, and indicate stable temperatures during the Late Holocene. 
A sharp increase in sedimentation rate in the top ~50 cm of  the core is attributed to 
human impact. The results are in agreement with parallel studies from the area, but 
this study further refines the environmental reconstructions having the advantage of  
simultaneously investigating changes in the terrestrial and marine environment.
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2.1 Introduction

Holocene sea-level rise shaped the low lying Gulf  Coast of  Florida into its present 
day appearance. Sea-level studies for this region suggest a transgression over the past 
10 kyrs, although there is a contrast between studies showing decelerating rates over 
the past 5000 years (Scholl et al., 1969; Törnqvist et al., 2004) and studies showing a Mid 
or Late Holocene sea level highstand (Goodbred et al., 1998; Blum et al., 2001; Törnqvist 
et al., 2004). Detailed studies of  the impact of  Holocene sea-level rise can be used for 
improving our understanding of  the environmental implications associated with the 
modern and forecasted sea-level rise. Multi-proxy studies are a valuable tool for paleo-
environmental reconstructions especially when they combine marine and terrestrial 
environmental information. 

Pollen provides a valuable proxy for environmental reconstructions because of  
its good preservation, abundant presence in most terrestrial and marine sediments and 
its sensitivity to changes in southwest Florida’s hydrological cycle (Donders et al., 2005; 
Willard et al., 2007). Pollen abundances reflect regional vegetation development and, in 
marine records, also record variations in runoff  rates. Nearby coastal vegetation can 
further influence the signal (Donders et al., 2008). Facies changes as a result of  sea-level 
fluctuations can also affect the pollen signal by altering the depositional setting, as is 
evident in the late-Glacial from the southwestern Florida Tampa Bay record (Willard et 
al., 2007).

Diatoms and dinoflagellates thrive in offshore waters and their remains (e.g. diatom 
frustules and organic walled dinoflagellate cysts, or dinocysts) have been found in 
surface sediments of  Florida shallow marine environments such as Rookery Bay (Cremer 
et al., 2007). Relative species distributions of  these groups can be used to reconstruct 
amongst others: sea surface salinity, stratification and productivity (Laws, 1988; Marret 
& Zonneveld, 2003; Sangiorgi et al., 2006; Van der Meer et al., 2008). 

Another valuable proxy for environmental reconstructions is biomarkers. These 
geochemical fossils are specific compounds, mostly lipids, which can be linked to their 
organic precursors and can preserve over long geological time scales (Killops & Killops, 
2005). Biomarkers derive from plants and trees but also from micro-organisms like 
dinoflagellates, diatoms, coccolithophore, and are therefore ideally suited to link the 
terrestrial and marine environment. Terrestrial biomarkers can provide information on 
changes in hydrology like increased runoff. Marine biomarkers are often used for the 
reconstruction of  marine variables such as sea surface temperature (Prahl & Wakeham, 
1987), salinity (Versteegh et al., 1997) and productivity (Sachs & Anderson, 2005). Hence, 
combining biomarkers with terrestrial and marine microfossil records makes the 
environmental reconstructions more robust. 

One of  the largest estuaries in southwest Florida is Tampa Bay, which consists of  
interconnected bays and lagoons with shallow water depth. In 2004 a ~5 m continuous 
Holocene record was recovered from Hillsborough Bay, part of  Tampa Bay (Cronin 
et al., 2007). A shift in sediment and microfossil content around 7 ka was interpreted 
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as a transition from a lacustrine to an estuarine environment, as a consequence of  
post-glacial sea level rise (Cronin et al., 2007). The rise in sea-level is estimated to be 
about 7.5-8 m over the last ~7 kyrs at this site (Cronin et al., 2007). Here we build 
upon the initial study by Cronin et al., (2007) applying a suite of  organic geochemical 
and micropaleontological proxies to gain detailed environmental information from the 
terrestrial and the marine environment during Holocene sea-level rise. 

2.2 Material and Methods

2.2.1 Material

Hillsborough Bay core TB-04-VC-77 (Fig. 2.1) was collected in summer 2004, by the 
U.S. Geological Survey in cooperation with Eckerd College and the University of  South 
Florida, with a vibracorer deployed from the R/V Gilbert. The core comprises 511 
cm of  sediments collected at a water depth of  ~4 m in a 6 m long by 7.6 cm wide 
aluminium barrel. Based on the down core changes in sediment colour ten samples were 
selected and freeze-dried (Fig. 2.1). These samples were split for the different analytical 
techniques, allowing direct comparison of  proxies and results. Depths are relative to the 
core top and reported in cm below sea floor (cmbsf). 

Fig. 2.1. On the left: map of  Tampa Bay region and location of  core TB-04-VC-77 (modified 
from Tyler et al., 2007). At the right: core photo and core log (modified from Cronin et al., 2007) 
and constructed age model.
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2.2.2 Age model

The age model is constructed using two linearly interpolated radiocarbon dates (Cronin 
et al., 2007) and pollen biostratigraphical ages (Fig. 2.1). Radiocarbon ages are based on 
Polygonum-seeds (depth: 4.28 m, 14C age: 8223 yr BP ± 50 yr), and Mulinia sp. shells 
(depth: 3.1-3.15m, 14C age: 5441 yr BP ± 40 yr) and were calibrated using atmospheric 
and marine corrections (CALIB 5.0.2, http://calib.qub.ac.uk/calib/) (Cronin et al., 2007). 

Casuarina (Australian pine) has its first occurrence between samples 93 and 39 
cmbsf. It is an exotic plant introduced to the Florida peninsula around 1900 AD 
(Alexander and Cook, 1974), corresponding with a pollen-age of  ~50 yr BP (i.e. before 
1950). A strong expansion of  Pinus between sample depths 352 and 329 cmbsf  is 
dated to between 7.2 and 4.4 ka based on regional correlation (Watts, 1969; 1971; 1975; 
1980; Watts & Hansen, 1994). According to the age model, the sediments represent 
approximately the last ~10 kyr, presuming deposition rates of  0.04 cm yr-1 to ~0.3 cm 
yr-1 based on this core and previous studies (Brooks, 2011).

2.2.3 Biomarkers

Extracts were obtained from ca 1.5 to 6.5 g of  freeze-dried and powdered sediments, 
using an ultrasonic homogenizer (Branson sonifier 250 Analog) and a solvent mixture of  
dichloromethane (DCM) and methanol (MeOH) (2:1 v/v). Samples were ultrasonically 
stirred 5 times for 3 min. Resulting extracts were combined and rotary-evaporated under 
near vacuum to remove solvents. Extracts were treated with activated copper to remove 
elemental sulfur. Traces of  water were removed with sodium sulfate. 

Quantification of  compounds was performed on gas chromatograms of  total lipid 
fractions (TLFs). Extracts were treated with diazomethane to convert fatty acids into 
methyl esters and with N.O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA) to convert 
alcohols into trimethylsilyl (TMS) ethers. 

Extracts were separated into three fractions of  different polarity to enable 
identification of  compounds with relative low concentrations. An aliquot of  the total 
extracts (~80%) was separated over a column with activated aluminum oxide using 
solvent mixtures hexane: DCM (9:1 v/v), DCM and DCM:MeOH (1:1 v/v), resulting in, 
respectively, a fraction containing alkanes, alkenes and aromatics, a fraction containing 
aldehydes and ketones, and a fraction containing polar compounds. 

Gas chromatography (GC) was performed using an HP Gas Chromatograph 
fitted with a CP-Sil 5CB fused silica capillary column (30 m x 0.32 mm i.d.) and a flame 
ionization detector (FID). A flame photometric detector (FPD) was used to check for 
elemental and bound sulfur. Samples were injected on-column, with helium as carrier gas 
set at constant pressure (100 KPa). The oven was programmed starting at 70°C, heating 
by 20°C min-1 up to 130°C, by 4 °C min-1 up to 320 °C and then kept at this temperature 
for 20 min. Mass spectrometry (GCMS) was performed using a ThermoFinnigan 
Trace GCMS with the same type of  column and oven program as used for the GC. 
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Compounds were identified using retention times and mass spectra. Quantification of  
compounds was performed by peak area integration in FID chromatograms relative to 
a standard (squalane) which was co-injected with TLF. 

Total organic carbon (TOC) content of  sediment samples was determined with 
a Fison Instrument NA 1500 NCS analyzer, on samples treated with HCl to remove 
inorganic carbon. The alkenone unsaturation index (UK’

37) was calculated, based on the 
relative abundances of  C37 alkenones with 2 or 3 double bonds (Prahl and Wakeham, 
1987), which were present in the fraction containing aldehydes and ketones. 

UK’
37 = [C37:2] / [C37:2 + C37:3]      [1]

Sea surface temperatures were calculated using the global calibration of  Müller et al. 
(1998).

UK’
37 = 0.033 * T + 0.069       [2]

A diol index (DI) was calculated based on relative abundances of  C30- and C32- 1,15 
diols (Versteegh et al., 1997), present in the TLF. 

Diol index = 100*[C30 1,15 diol]/([C32 1,15 diol] + [C30 1,15 diol])  [3]

2.2.4 Palynology 

Sediments for palynological analysis were dried, weighed, and treated following standard 
methodology (Wood et al., 1996). Prior to processing Lycopodium clavatum tablets with 
known amount of  spores were added to the samples in order to be able to calculate 
concentration values. Treatment included the removal of  carbonates with hydrogen 
chloride (HCl) (30%), and silicates with hydrogen fluoride (HF) (40%). Coarse and 
fine material was removed from the samples using sieves with a 250 µm and 10 µm 
mesh, respectively. The residues were mixed with glycerine and mounted on glass slides 
for analysis using a Leitz light microscope (400x magnification). Pollen was identified 
following Willard et al. (2004). Identification of  dinoflagellate cysts (dinocysts) was 
based on Rochon et al., (1999), Marret and Zonneveld (2003), Fensome and Williams 
(2004) and Cremer et al. (2007). The abundance of  pollen and dinocysts is calculated 
relatively to the total sum of  pollen and dinocysts, respectively. Identified plant and 
tree taxa are grouped into ‘marsh’ and ‘upland’ vegetation according to their highest 
abundance in these vegetation types (Myers et al., 1990; Willard et al., 2001; 2006).

2.2.5 Diatoms

Diatom samples were treated with HCl and hydrogen peroxide (H2O2)
 
to dissolve 

carbonate and organic matter. Diatom slides were prepared using sedimentation trays 
(Battarbee, 1973), Naphrax™ was used to mount the cover slips on slides. Identification 
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is based on floras published by Cremer et al. (2007), Hustedt (1930–1966; 1955) and 
Witkowski et al. (2000). In general, up to 200 diatom valves were counted on each slide. 
Groups of  polyhalobous and mesohalobous diatoms were made, based on the salinity 
tolerance of  each species (Simonsen, 1962; Laws, 1988). 

2.3 Results 

2.3.1 Biomarkers

Based on biomarker assemblages, the core can be divided into a lower section (below 
~400 cmbsf) of  which an example of  a TLF GC trace is presented in Fig. 2.2A, and an 
upper section (above ~400 cmbsf) for which an example of  a TLF GC trace is presented 
in Fig. 2.2B. Concentration profiles (in µg g-1 TOC) of  most abundant biomarkers and 
biomarkers which can be related to specific environmental conditions are presented in 
Fig. 2.3. 

The steroid β-sitosterol is most abundant in the lower section and concentrations 
vary between 8 and 14 µg g-1 TOC. Taraxerol is also present in this lower section 
albeit in low amounts (up to 2 µg g-1 TOC). Between 432.5 and 352 cmbsf  there is a 
strong increase in concentrations of  taraxerol, friedelanone, dinosterol and C30 1,15-
diol, all reaching maximum values at 352 cmbsf. Above this depth level, concentrations 
of  these biomarkers generally decrease. In the sample at 329 cmbsf  concentrations 
are extremely low (between 3.5 and 5 µg g-1 TOC). The C36 alkenone has a similar 
concentration profile; however, it disappears from the record from 93 cmbsf  upward. 
Long-chain C37 and C38 alkenones were absent in the lower part of  the core and first 
recognized at a depth of  ~329 cmbsf. Subsequently, concentrations first increase up to 
169 cmbsf  and then decrease again. Tetrahymanol was only present in samples 389 and 
352 cmbsf. Calculation of  UK’

37 resulted in values between 0.9 and 0.93, corresponding 
to temperatures between 25 and 26.2 °C. The Diol Index is 28 at 389 cmbsf  and 25 at 
352 cmbsf, increases up to 48 at 231 cmbsf  and in the upper part increases to >70, with 
a maximum of  97 at 93 cmbsf. At sample depth 329 cmbsf, concentrations of  C30 and 

Fig. 2.2 Partial gas chromatograms (10–60 min) of  total lipid fractions of  samples 432.5 cmbsf  
(left) and 231 cmbsf  (right).
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C32 1,15-diol were too low to be quantified, and the Diol Index could not be calculated 
for this depth.

2.3.2 Pollen 

In general, the samples were rich in pollen and a large diversity of  plant and tree taxa 
could be distinguished. Based on the overall changes the record can be subdivided into 
two distinct zones: TB-I and TB-II (Fig. 2.4). 

Pollen zone TB-I. Amaranthaceae - Quercus zone (475-340 cmbsf). This zone is 
characterized by a variety of  herbaceous taxa, of  which Amaranthaceae is dominant 
with values up to 80% at 432.5 cmbsf, after which it decreases to 23%. Simultaneous 
with maximum Amaranthaceae values Hydrocotyle and Cyperaceae are most abundant, 
with maximum values of  14% for both. Following this, Poaceae (maximum of  7%), 
Ambrosia and Asteraceae Tubuliflorae and – Iva-type (maximum of  4%) are most 
abundant. This assemblage is typical for marshland. Of  the trees Quercus is dominant, 
comprising up to 42% in the top of  this zone. Other woody taxa found are Carya and 
Myrica cerifera (~3%), and Ulmus, Fraxinus, Ostrya and Nyssa (<1%), which are common 
in upland forests. With values up to 14% Pinus is the second most abundant tree in 
this zone. Taxodium pollen does not exceed 3% of  the assemblage. Mangrove taxa 
Rhizophora and Avicennia are present from 432.5 cmbsf  up, albeit with values below 1%. 

Pollen zone TB-II. Pinus zone (340-39 cmbsf). A distinct shift to mainly Pinus at 
~340 cmbsf  marks the transition to the next zone, Pinus pollen comprising up to 83% 
of  the total assemblage. Quercus shows a strong decrease as compared to the previous 
zone, but remains co-dominant (7-25%). Other tree and shrub taxa that are found do 
not exceed 3%. Liquidambar occurs for the first time in this zone, albeit with values 
around 1%. The different herbaceous pollen types are practically absent in this zone 
(<2%), with the exception of  Amaranthaceae comprising up to 7%.

The bulk of  the herbaceous taxa are generally found in marsh environments, 
whereas the identified woody taxa (with exception of  mangrove species and Taxodium) 
are most common in drier upland sites (Myers et al., 1990; Willard et al., 2006). Shifts in 
the general abundance of  the two groups are given in a summarizing diagram (Fig. 2.4), 
in which Pinus is given separately due to its expected remote origin. 

The total pollen concentration appears to be fairly constant throughout the core 
(~4- 10 *104 grains g-1 dry sediment), with exception of  two samples. At depth 432.5 
cmbsf  concentrations are more than doubledW, mainly caused by the high abundance 
of  Amaranthaceae pollen in this sample. A very low concentration (~ 1 *104 grains g-1 

dry sediment) is found at 329 cmbsf.

2.3.3 Dinoflagellate cysts 

Relative abundances of  the most represented dinocysts are shown in Fig. 2.5. From 
the bottom of  the sediment core up to 389 cmbsf  no dinocysts are found. At 389 
cmbsf  cysts are rare, and their number is too low (11 cysts) to be considered for the 
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reconstructions. Between 352 cmbsf  and the core-top dinocysts are very abundant 
and their concentrations vary between ~4 and ~25*104 grains g-1 dry sediment. The 
highest concentrations are found in the lower section, between 352 and 169 cmbsf, 
with exception of  a minimum found at 329 cmbsf  (~4*104 grains g-1 dry sediment). 
Polysphaeridium zoharyi, Lingulodinium machaerophorum and Spiniferites spp. are the most 
represented species in the assemblages. P. zoharyi represents about 90% of  the 
assemblages between 352 and 231 cmbsf. Above, the relative abundance drops and 
the minimum value is reached at 93 cmbsf. The upper part of  the core shows again 
a slight increase. With the decrease of  P. zoharyi between 231 and 169 cmbsf, relative 
abundances of  L. machaerophorum and Spiniferites spp. increase. L. machaerophorum reaches 
its maximum of  37% at 169 cmbsf, and then slightly decreases in the upper part of  the 
core. Spiniferites spp. increases up to values of  about 40% in the upper part of  the core. 
Other taxa found are rare and not persistently present in the core. Only Operculodinium 
spp. has been found throughout the core and shows a peak relative abundance of  about 
9% at 93 cmbsf. 

2.3.4 Diatoms

Diatom preservation is generally moderate, and occasionally poor as valves are strongly 
corroded and sometimes only fragments are present. Diatoms are abundant from 
sample depth 389 cmbsf  up, with exception of  sample depth 329 cmbsf  which was 
barren. Diatoms with highest abundances are presented in Figure 6. 

The diatom assemblage at 389 cmbsf  consists of  more than 80 % of  an Amphora 
species for which further identification was not possible. It resembles the marine-
brackish species Amphora gacialis, a species of  which the ecology and distribution is 
not well known. Following the Amphora-spike, the variety in diatoms becomes wider. 
Between 352 and 169 cmbsf, dominant species are Diploneis didyma, Hyalodiscus radiatus 
and Hyalodiscus scoticus, Planothidium delicatulum, Petroneis marina, Opephora spp. and 
Desikaneis gessneri. Between samples 169 and 39 cmbsf, Plagiogrammaceae, Amphicocconeis 
deculoides, Cyclotella litroalis, Actinophtychus senarius, A. splendens and Paralia sulcata are 
dominant. Between 7 and ~2 ka, polyhalobous diatoms comprise about 50% of  the 
total diatom assemblage. From ~2 ka onwards, polyhalobous species increase relatively 
to mesohalobous species up to 80%. 

2.4 Paleo-environmental reconstruction

2.4.1 Early-Holocene terrestrial environment

Vegetation in the Early-Holocene (500-400 cmbsf, ~10-7.5 ka) was dominated by a 
variety of  herbaceous taxa commonly found in fresh and brackish water marshes. 
β-Sitosterol is the dominant biomarker in this part of  the core. It is a non-specific 
phytosterol generally found in vascular plants (Scheuer, 1973, Nes, 1974, Killops and 
Killops, 2005), and since its concentration profile is comparable to abundance profiles of  
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Hydrocotyle, Cyperaceae and Amaranthaceae, here it seems mainly derived from shrubs. 
The pinkish white to pale brown mud in this basal part of  the record, dominated 
by nonmarine ostracodes and molluscs, was interpreted by Cronin et al. (2007) as 
lacustrine. Considering these deposits and the found pollen assemblage the site can 
more specifically be indicated as a wet prairie or marl-marsh (Willard et al., 2001; 2006). 
The absence of  diatoms in this section can possibly be the result of  bad preservation 
of  these fossils in this type of  environment. 

The transition in marsh taxa between 9.5 and 6.5 ka, from Hydrocotyle/
Amaranthaceae/Cyperaceae dominance to Poaceae/Asteraceae Tubuliflorae and Iva-
type, which is a common shrub in coastal saline wetlands, is indicative for increasing 
salinities at the site. This trend is confirmed by the first occurrence of  mangrove 
vegetation (Rhizophora mangle) around 7.5 ka, which suggests a change from an inland 
to a more coastal setting and further increasing salinities. Rhizophora-pollen are small 
and they may be partly lost during sieving (Marret et al., 2001), this does not, however, 
necessarily affect the trend in the pollen curve (Versteegh et al., 2004). Absence of  
mangrove pollen before ~7.5 ka might indicate that the low levels of  taraxerol that were 
detected in this part of  the core originate from vascular plants other than mangroves 
(Versteegh et al., 2004 and references therein). 

The variety of  upland tree pollen found in this period originate from long-distance 
aeolian transport, as this site was probably part of  an extensive marsh with little or no 
upland vegetation in the area. The dominance of  Quercus between 9.5 and 6.5 ka is in 
agreement with findings from inland lake records (Watts, 1969; 1971; 1975; 1980; Watts 
& Hansen, 1994) and was interpreted as indicative of  relative aridity in Florida (Watts 
& Hansen, 1994).

2.4.2 Mid and Late Holocene marine transgression

Hillsborough Bay initially flooded around 7.5 ka. Mid and Late Holocene deposits, (400 
cmbsf  - top, 7.5 ka - present) contain terrestrial remains as well as aquatic remains like 
diatoms, dinocysts and biomarkers such as dinosterol and alkenones. The period between 
7.5 and 6 ka is characterized by relative high amounts of  the biomarker tetrahymanol, 
which derives from ciliates and is indicative for water column stratification (Sinninghe 
Damsté et al., 1995). Between ~7 and 4 ka, up to 95% of  the dinocyst assemblage is 
composed of  Polysphaeridium zoharyi. This species is euryhaline, and can be found in 
warm and extremely stratified sea surface water environments (Marret & Zonneveld, 
2003; Reichart et al., 2004; Sangiorgi et al., 2006). It can be particularly abundant in 
restricted marine environments like lagoons and bays and has been found abundantly in 
the estuarine surface sediments of  Rookery Bay (Florida) (Cremer et al., 2007). Also C30 
and C32 1,15-diols are present in the sediments younger than 7.5 ka. These biomarkers 
most likely originate from eustigmatophytes, a group of  eukaryotic algae (Volkman et al., 
1992; Versteegh et al., 1997). The ratio between the two compounds, expressed in a Diol 
Index, is a function of  salinity (Versteegh et al., 1997). Between 7.5 and 6 ka values for this 
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index are about 25, typical for freshwater or restricted marine environments (Versteegh et 
al., 1997). Furthermore, long-chain C36 alkenones (position of  double bonds at ω15,20) 
have their highest concentrations around 6.5 ka. These alkenones, which so far have an 
unknown origin, were earlier reported in sediments from the Black Sea (Xu et al., 2001) 
and Japan Sea (Fujine et al., 2006), where they were associated with low salinity surface 
water conditions. These results fit well with the idea that Tampa Bay consisted at that 
time of  a series of  restricted lagoons, related to karst depressions (Brooks et al., 2003; 
Locker et al., 2003), with limited water circulation. 

Around 6 ka there is a strong decrease in biomarker, pollen, dinocyst and diatom 
concentrations. The sample was taken from a distinct layer (sample depth 329 cmbsf), 
characterized by high levels of  shell fragments and sand, in contrast to the mostly clayey 
sediments above and below this level (Cronin et al., 2007). The high amounts of  shell 
fragments indicate a high energy depositional environment and thus probably poor 
preservation or dilution of  the micro-remains. Sediment cores from the shelf  of  west-
central Florida show, in the same time period, a similar sedimentary pattern of  low 
energy deposits, interrupted by a sharp erosional contact and followed by a coarse, 
but fining upward, shell layer. Brooks et al. (2003) interpreted the erosional contact 
as a ravinement surface and the shell layer as the initial shoreface deposition. Besides 
transgression, also storms will have affected sedimentation either by erosion due to 
storm surges or by increased runoff  and consequent soil erosion. In Waccasassa Bay, 
north of  Tampa Bay, storm driven surges were found to be an important mechanism 
for marsh surface accretion during the Holocene (Goodbred et al., 1998).

Increasing concentrations of  friedelanone and disappearance of  β-sitosterol 
around 7.5 ka suggest a change in vegetation cover and coincides with the terrestrial-
marine transition already suggested by Cronin et al. (2007). Friedelanone, like 
β-sitosterol, originates from vascular plants (Scheuer, 1973; Killops & Killops, 2005). 
Possibly, β-sitosterol represents local herbaceous vegetation, which disappears when 
the environment becomes brackish. Marsh vegetation disappears almost completely 
from the pollen record simultaneous with the expansion of  Pinus, between 6 and 5.5 ka. 
First occurrences of  pollen of  a number of  plant and tree species like Liquidambar and 
ferns in this interval also indicate that the site became part of  a more open area with a 
regional long-distance pollen input, rather than indicating changes in the local vegetation 
composition. Also friedelanone probably represents a more combined regional signal 
from the hinterland. The bisaccate Pinus pollen grains facilitate long-distance dispersal 
both by fluvial and aeolian transport, which might result in an over representation of  
this species. High levels of  Pinus have been recovered for this period in sites throughout 
the peninsula (Watts, 1969; 1971; 1975; 1980; Watts & Hansen, 1994) and the expansion 
of  pine forest is thought to be the result of  warmer winters and increased precipitation 
(Watts & Hansen, 1994; Grimm et al., 2006). These changes are however not clearly 
reflected in any of  the other proxies where it is possibly overwhelmed by the response 
to sea-level rise. 
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Long-chain C37-C38 alkenones present from ~4 ka and onwards, are biosynthesized 
exclusively by certain haptophyte algae, like Emilinia huxleyi and Gephyrocapsa oceanica. 
Reconstructed SST, based on the global core-top calibration of  Müller (1998) 
correspond well with current Tampa Bay spring temperatures of  24-26°C (nodc.noaa.
gov), the period during which major groups of  phytoplankton bloom in Florida bays 
and on the Florida shelf  (Gilbes et al., 1996; Dixon et al., 2009). 

A transition to higher salinities towards the late Holocene is evident from a sharp 
increase in Lingulodinium machaerophorum from 3 ka, followed by increases in Spiniferites 
spp. and polyhalobous diatoms. Also the Diol Index increases to about 80, which is 
typical for open marine conditions (Versteegh et al., 1997). L. machaerophorum has been 
recorded from brackish to fully marine environments, with salinity ranging between 
16.9 and 36.7, while the genus Spiniferites is usually found in waters with salinity higher 
than 22 (Marret & Zonneveld, 2003). Polyhalobous diatoms have an affinity for salinities 
higher than 30, while mesohalobous diatoms thrive at salinities between 0.2 and 30. 
Combined proxies thus indicate progressing Holocene sea level rise. A continuous 
marine submergence, with decelerating rates after 5 ka, was also proposed by Scholl et 
al., (1969).

The lowest occurrence of  Casuarina between depth 93-39 cmbsf  indicates a shift 
towards higher sedimentation rates in the upper part of  the core. This could partly be 
the result of  lower compaction in the upper part of  the sedimentary layer. However, the 
increase in sedimentation rate seems rather abrupt. Brooks (2011) reported a 10-fold 
increase in sedimentation rates in Tampa Bay over the past century, probably as a result 
of  increased human activities in the areas surrounding Tampa Bay. The anthropogenic 
impact seems however, to have had little effect on the different proxies. A small decrease 
in pine might indicate a change in land use and in the marine realm a slight increase in 
some heterotrophic dinocysts (Protoperidinioids, Votadinium spinosum, Selenopemphix quanta) 
could indicate a higher nutrient input and higher productivity (Marret & Zonneveld, 2003).

2.5 Conclusions

Combined biomarker, pollen, dinocyst and diatom records clearly show the 
environmental evolution of  Tampa Bay under the influence of  rising Holocene sea-
level. Around 7.5 ka Tampa Bay is flooded and the pollen signal becomes representative 
of  a larger catchment area. Between 7.5 ka and ~5 ka, the bay is characterized by low 
salinity surface waters and water column stratification. In this period the area is certainly 
more sensitive to storm and hurricane activity and the associated storm surges likely 
resulted in sedimentary hiatuses and/or storm deposits. Aquatic and marine proxies 
indicate increasing salinities from 7.5 ka to the present, which is likely the consequence 
of  sea-level rise following the last deglaciation. Around 6.5 ka, a change in vegetation 
from Quercus to Pinus indicate a regional change towards more humid conditions. 
Reconstructed SST for the past 4 kyrs are between 25 and 26°C and indicate stable 
temperatures during this period. A sharp increase in sedimentation rate in the top ~50 
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cm of  the core is ascribed to human impact and coherent with other studies in the 
surroundings of  Tampa Bay. 

This environmental interpretation is in agreement with Cronin et al. (2007) who 
recognized a transition from lacustrine to estuarine conditions around 7.5 ka in the same 
sediment core. While the previous study established the presence of  sea-level rise at this 
site, this study provides a more detailed interpretation of  the environment, like the 
transition from fresh to brackish/marine conditions. Proxies are in agreement with each 
other, which makes the environmental interpretation reliable. At the applied resolution, 
the marine signal is determined by the rising sea-level. When higher resolution will 
be achieved; changes in SST, humidity and salinity can provide information on past 
changes in the climate system and the effects in this area. 
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Assessing the impact of  climate change and anthropogenic activity on Florida coastal 
areas requires a thorough understanding of  natural climate variability. The available 
instrumental record, however, is too short and too limited to capture the full range of  
natural variability. In order to provide additional data on the natural state of  the climate 
system and to evaluate the influence of  human impact, we reconstructed climatic and 
environmental changes of  the past 300 years. Pre- (before 1900 AD) and post-human 
impact conditions were compared in Rookery Bay, a subtropical, southern Florida 
estuary and its bordering wetland system. Biomarkers from terrestrial and aquatic 
environments were used to reconstruct temperature, runoff  and aquatic productivity. 
Pre-anthropogenic conditions before 1750 AD indicate a relatively large contribution 
of  mangrove-derived organic matter, locally decreasing at the end of  this period. After 
1750 AD, follows a relatively stable period in which biomarker concentrations indicate 
relatively low levels of  runoff  and aquatic production. Enhanced anthropogenic 
activities, such as land clearance and hydrological alterations, end this period of  stability 
by altering the hydrological conditions. This leads to a more dynamic system which 
is more sensitive to disturbances of  vegetation and drainage, as evidenced by peak 
terrestrial biomarker fluxes during the 20th century. These episodes of  enhanced runoff  
resulted in eutrophication and algal blooms in Rookery Bay. Natural climate phenomena, 
such as a positive AMO phase and hurricane activity, might have added to ongoing 
processes during the 20th century.
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3.1 Introduction

How, and to what extent, human-induced global change impacts the natural environment 
has been debated for many years. Global warming and increased pollution and nutrient 
deposition as a consequence of  altered land use in coastal areas are examples of  human 
activities that potentially impact natural ecosystems. Natural hazards such as flooding, 
forest fires, landslides, droughts and extreme storms may be enhanced as a result of  
human activity but also occur in natural systems. Hence, a proper assessment of  the 
effect of  human activity requires a thorough understanding of  natural variability. 
The limited time series available in the instrumental record and the limited number 
of  variables recorded make it difficult to evaluate the full range of  natural variability. 
Environmental reconstructions aided by sedimentary records can not only provide 
longer time series, thereby more likely capturing a larger range of  variability, but also 
yield additional information on the natural state, e.g. levels of  runoff  and productivity 
in coastal systems.

Southern Florida instrumental records, like past temperature and storm intensity 
information, extend back at most 150 years. Development and evaluation of  restoration 
efforts in impacted areas, such as the Comprehensive Everglades Restoration Plan 
(CERP), thus rely on proxy-based reconstructions to distinguish natural variability from 
anthropogenic disturbances. Sediments accumulating in Florida’s estuaries provide 
sensitive archives of  changes in both the terrestrial and marine environment, making 
them excellently suited for reconstructions of  past environmental conditions (Xu et al., 
2007; Van Soelen et al., 2010). 

Here, we present a multi-proxy study covering the last 300 years from Rookery 
Bay, a shallow estuary in southwest Florida (Fig. 3.1). The estuary is located on the west- 
central Florida shelf. It is shielded from the Gulf  of  Mexico by a chain of  barrier islands 
to the north, whereas to the south, an open marine mangrove coast dominates (Donders 
et al., 2008). Rookery Bay is a subtropical, non-stratified, mesohaline estuary with an 
average water depth of  approximately 2 m (Cahoon and Lynch, 1997). The main supply of  
river water into Rookery Bay comes from Henderson Creek, which discharges annually 
on average 0.68 m3 s-1 and provides low amounts of  terrestrial sediment (Cahoon and 
Lynch, 1997). An earlier study (Donders et al., 2008) documented hydrological changes 
in Rookery Bay by means of  palynological and sedimentological analyses. We focus on 
reconstructing water temperatures, runoff  and marine productivity using biomarkers, 
thereby evaluating the influence of  human impact not only in the terrestrial but also in 
the marine environment. 

Biomarkers are chemical compounds, predominantly lipids, which can be 
unambiguously linked to specific organisms and are preserved in sediments. Because 
biomarkers derive from both terrestrial (e.g. plants, freshwater algae) and marine 
(micro-organisms such as diatoms and coccolithophorids) organisms, they are highly 
suitable for integrating changes in marine and terrestrial environments (Ohkouchi et al., 
1997; Van Soelen et al., 2010). Calibrated proxies derived from biomarkers such as the 
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UK’
37 index (derived from long-chain unsaturated alkenones), the index of  branched 

and isoprenoid tetraethers (BIT) and the methylation index of  branched tetraethers 
(MBT) and cyclisation index of  branched tetraethers (CBT) (derived from glycerol 
dialkyl glycerol tetraethers), are used for reconstructions of  water temperature, runoff  
and air temperature respectively (Prahl and Wakeham, 1987; Hopmans et al., 2004; Weijers 
et al., 2007). Terrestrial biomarkers such as long-chain n-alkanes, friedelan-3-one and 
taraxerol can be used as proxies for changes in runoff. Long-chain n-alkanes with a clear 
odd over even predominance derive from epicuticular leaf  waxes of  terrestrial higher 
plants (Eglinton and Hamilton, 1967) and occur ubiquitously in marine sediments (Albrecht 
and Ourisson, 1971). Shifts in the average chain length of  n-alkanes (ACL) may reflect 
changes in terrestrial vegetation types, while shifts in the odd-over-even predominance 
of  n-alkanes can give information about thermal maturity, source or biodegradation of  
organic matter. Friedelan-3-one is a common triterpenoid occurring in many species of  
higher plants and originates from, among others, leaves, stems, bark and roots (Chandler 
and Hooper, 1979). These biomarkers are indications for hinterland conditions. Shoreline 
settings may be reflected in the occurrence of  taraxerol, which derives from leaves of  
red mangrove (Rhizophora mangle) (Versteegh et al., 2004; Kim et al., 2005). 

The BIT index has been shown to be well correlated with the relative amount of  
fluvial-transported terrestrial input in a marine setting (Hopmans et al., 2004). The BIT 
index is based on the ratio of  branched glycerol dialkyl glycerol tetraethers (GDGTs) that 
have a terrestrial origin (Weijers et al., 2007) versus crenarchaeol, which is predominantly 

Fig. 3.1 Southern Florida (left) and Rookery Bay (right) showing the location of  core ROB03 
(adapted from Donders et al., 2008).
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of  aquatic origin (Sinninghe Damsté et al., 2002). A higher BIT index is thus associated 
with relatively higher terrestrial inputs. Aquatic biomarkers like alkenones and highly 
branched isoprenoid (HBI) compounds are produced in the estuary and can thus be 
linked to changes in haptophyte (Volkman et al., 1980) and diatom (Volkman et al., 1994) 
abundance. 

3.2. Materials and methods

3.2.1 Materials

Core ROB03 was recovered from Rookery Bay (Florida) in February 2003 (Fig. 3.1) 
using a modified piston corer (Donders et al., 2008). The complete segment comprises 
four overlapping sections with a total length of  290 cm, collected at 120 cm water 
depth. The top 60 cm consists of  sandy calcareous mud, rich in shell fragments (Donders 
et al., 2008).  The chronology for the upper 80 cm of  the Rookery Bay sediment core 
was established by Donders et al. (2008). This chronology was based on two gastropod 
AMS 14C ages and two first occurrences of  pollen, indicating the arrival of  exotic 
plant species (Donders et al., 2008). The upper 60 cm of  the core used in this study 
corresponds approximately to the last 300 yr. Sedimentation rates are around 0.2 cm yr-1 
near the top, increase up to 0.3 cm yr-1 around 22 cm core depth (~1910 AD) and then 
gradually decrease to 0.1 cm yr-1 at a depth of  60 cm (~1690 AD). 

3.2.2 Methods

Total lipid extracts (TLE) were obtained from 10-20 g of  freeze-dried and powdered 
sediment with an accelerated solvent extractor (Dionex). A solvent mixture of  
dichloromethane (DCM) and methanol was used (MeOH) (9:1 v/v). TLEs were rotary-
evaporated under near-vacuum and elemental sulfur was removed using activated 
copper turnings.

An aliquot (about 5%) of  the TLEs was treated with diazomethane to convert 
fatty acids into methyl esters and with N,O-bis(trimethylsilyl) trifluoroacetamide to 
convert alcohols into trimethylsilyl ethers. To allow for identification and quantification 
of  less abundant compounds, an aliquot of  the TLEs was separated into three fractions 
of  different polarities by aluminum oxide column chromatography using n-hexane-
DCM (9:1 v/v; apolar fractions), DCM (ketone fractions) and MeOH-DCM (1:1 v/v; 
polar fractions) as eluents. In total 51 apolar fractions were measured; other fractions 
were measured on a somewhat lower resolution (ketone fractions: 39 samples, TLE: 31 
samples, GDGTs: 28 samples). 

Gas chromatography was carried out using an HP 6890 gas chromatograph 
equipped with a CP-Sil 5 CB column (length 25 m, diameter 0.32 mm, film thickness 
0.12 µm), a flame ionization detector (FID) for quantifying organic compounds and a 
flame photometric detector (FPD) to check for the presence of  bound and elemental 
sulfur. Helium was used as carrier gas, kept at constant pressure (100 kPa). Samples 
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were injected on-column. The oven temperature was programmed from 70 to 130°C at 
30 °C min-1, from 130 to 320°C at 4°C min-1 and kept at 320°C for 20 min. Compounds 
were quantified by peak area integration using a squalane solution (50 µg ml-1) as an 
internal standard. Concentrations were normalized to percent organic content (TOC) 
based on loss on ignition (LOI) (data from Donders et al., 2008).

GC-MS analyses was carried out using a Thermo Trace GC Ultra with mass range 
m/z 50-800, using a similar column and heating program as used in GC analyses, with 
He set at constant flow. Identification of  compounds was based on retention times and 
mass spectra. The relative abundance of  odd versus even carbon numbered n-alkanes 
was used to calculate the carbon preference index (CPI) (Bray and Evans, 1961). The 
average carbon number of  n-alkanes was expressed as the average chain length (ACL) 
(Cranwell, 1973).  Alkenone concentrations in Rookery Bay are sufficient to allow for the 
reconstruction of  past water temperatures using the UK’

37 paleo-thermometer (Prahl and 
Wakeham, 1987). From this index, temperatures were derived using a global calibration 
by Müller et al., (1998). 

An aliquot (5%) of  total lipid extract was concentrated to 2 mg ml-1 using a hexane-
isopropanol mixture (99:1 v/v) and then filtered through a 0.45 µm polytetrafluoroethylene 
(PTFE) filter (Ø 4 mm). High-performance liquid chromatography/atmospheric 
pressure chemical ionization-mass spectrometry (HPLC/APCI-MS) analyses were 
carried out at Royal NIOZ on an Agilent 1100 MSD series machine, equipped with 
an automatic injector and HP Chemstation software according to Weijers et al. (2007). 
Presence GDGTs allowed for a calculation of  the MBT and CBT indices (Weijers et 
al., 2007). From these indices, mean annual air temperatures were derived using the 
calibration by Weijers et al. (2007). Additionally, relative abundances of  GDGTs were 
used to calculate the BIT index (Hopmans et al., 2004).

3.3 Results and discussion

A detailed description of  the study site and core can be found in Donders et al. (2008). 
Total organic carbon content varies between 5 and 11% based on weight LOI (Donders 
et al., 2008). For this study, LOI was converted to total organic carbon (TOC) (Fig. 
3.3a), using the calibration by Wright et al. (2008) which is based on soils and wetlands 
in the Everglades. TOC is always above 4.5%. High values (>6%) can be found between 
1700-1740 AD, 1810-1930 AD and for a short period between 1940 and 1955 AD. 
Organic matter and carbonate content in the record show a close correlation (Donders 
et al., 2008). The remaining component of  the sediments mainly consists of  siliciclastic 
material (Donders et al., 2008), and low organic matter contents thus imply a relatively 
larger contribution of  this fraction. The contribution of  siliciclastic matter is relatively 
high between 1750 and 1810 AD, and for two relatively short periods around 1930-1940 
and 1960-1980 AD. Based on the high TOC content, organic matter preservation is 
expected to be good. Hence, changes in biomarker concentrations will mainly depend 
on transport (runoff), and in situ production in the bay, and thus provide information 
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on hydrological dynamics. Sedimentation rates in the core top follow a polynomial 
model (Donders et al., 2008), probably reflecting sediment compaction downcore. 

3.3.1 Aquatic biomarkers

Aquatic biomarkers can be used to reconstruct biological productivity levels and 
environmental conditions in the bay. Phytol, a side chain of  chlorophyll a, can be used 
as indicator for in situ primary productivity. Phytol is produced by all green plants; 
however, it quickly degrades when exposed to light (Rontani, 2001a). Because of  this, 
phytol in Rookery Bay sediments must have been produced shortly before burial and 
thus most likely represents in situ primary productivity in the bay. Before 1800 AD, 
phytol concentrations did not allow for quantification. Phytol concentrations between 
1800 and 1900 AD are below 2 µg g-1 TOC (Fig. 3.3b). From 1900 AD onwards, phytol 
concentrations increase, indicating either higher productivity or better preservation 
because of  water column anoxia or faster burial rates. Besides phytol, some specific 
biomarkers were detected which can be used to reconstruct productivity by certain 
groups of  algae. Long-chain C37-C38 alkenones in Rookery Bay sediments show a 
distribution (Fig. 3.2b) that is typical for alkenones synthesized by haptophytes like 
Emiliania huxleyi and Gephyrocapsa oceanica (Volkman et al., 1980; 1995). Alkenone 
concentrations are generally up to 4 µg g-1 TOC, but peak around 1720 AD up to 7 µg 
g-1 TOC. C30 and C32 1,15-diols in the sediments are most likely produced by certain 
marine or freshwater eustigmatophytes (Volkman et al., 1992; 1999) and thus are either 
produced in situ or transported with runoff. Diol concentrations (Fig. 3.3d) are between 
4-8 µg g-1 TOC before 1700 AD, then decrease and are generally low (<2 ug g-1 TOC) 
between 1700 and 1850 AD. After 1850 AD concentrations strongly increase with peak 
abundance (18 µg g-1 TOC) around 1970 AD. Dinosterol was detected in low quantities 

Fig. 3.2 Partial GC-FID trace of  derivatized total lipid fraction (34 cm core depth) (left) and 
alkenone fraction (6 cm core depth) (right). (mk = methyl ketone, ek = ethyl ketone).
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and in most samples below quantification limits. This is in line with the low abundance 
of  dinoflagellates in the Rookery Bay sediments (Donders et al., 2008) since dinosterol is 
produced by (many) dinoflagellate species (Withers et al., 1979; Alam et al., 1979; Shimizu 
et al., 1976). The globally occurring monocyclic C25:4 HBI is most likely biosynthesized 
by certain strains of  the bloom-forming planktonic diatom Rhizosolenia setigera (Massé 
et al., 2004). C25:4 HBI concentrations were close to zero before ~1870 AD indicating 
R. setigera was scarce or absent (Fig. 3.3e). Since then, R. setigera has risen strongly in 
abundance and from 1920 AD concentrations stay above 6 µg g-1 TOC. Peak abundance 
of  R. setigera and haptophyte algae in ~1944 AD and a smaller peak of  R. setigera in 
~1958 AD can be correlated to historical records of  massive red tides on the Florida 
West coast in 1946 and 1964 AD (Fig. 3.3) (Gunter et al., 1948; Dragovich and Kelly, 1964). 

3.3.2 Terrestrial biomarker input

Phytosterols, like β-sitosterol, are often used as general proxy for the input of  vascular 
plant-derived organic matter into coastal environments (Jaffé et al., 2006; Smittenberg et 
al., 2004). However, it is also the main sterol in seagrasses (Canuel et al., 1997; Nichols 
and Johns, 1985) and is produced by phytoplankton as well (Volkman, 1986). Sitosterol 
concentrations (Fig. 3.3h) are relatively low (<5 µg g-1 TOC) before 1850 AD, strongly 
increase from 1850 AD onwards and have peak abundances (>30 µg g-1 TOC) around 
1944 and 1970 AD. The significant correlation (r2=0.8, p<0.001) between β-sitosterol 
and taraxerol (Fig. 3.3i), a biomarker that is present in high quantities in the leaves 
of  different mangrove species (Versteegh et al., 2004; Kim et al., 2005), suggests that 
mangroves are major contributors of  β-sitosterol in the Rookery Bay sediments.

Concentration patterns of  taraxerol and long-chain n-alcohols (Fig. 3.3j) are very 
similar to β-sitosterol, although absolute concentrations are higher. Peak abundance 
of  the three terrestrial biomarkers around 1970 AD coincide with peak abundance 
of  mangrove pollen in the Rookery Bay sediments (Donders et al., 2008). The fringe 
vegetation surrounding Rookery Bay exists of  complex communities of  different 
mangrove species (Fig. 3.1) including red (Rhizophora mangle) black (Avicennia germinans), 
and white mangroves (Laguncularia racemosa). Taraxerol records from Florida Bay display 
greater oscillations in amplitude and frequency during the 20th century (Xu et al., 2007), 
which were interpreted to represent changes in the hydrological system which strongly 
influenced runoff  in South Florida. 

The concentration pattern of  long-chain n-alkanes (Fig. 3.3k) is similar to the 
alcohols. Apparent differences between the records can be an artifact of  differences 
in sample resolution (alcohols were quantified from the total lipid extract, while 
long-chain n-alkanes were separated before quantification and analyzed at a higher 
resolution) and because in some samples long-chain n-alkanes were not sufficient to 
allow for quantification. Because of  this, differences in the concentration patterns 
between n-alkanes and n-alcohols will not be further discussed. Characteristics of  long-
chain n-alkanes like the ACL and CPI can, however, be used to identify vegetation 
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sources. Between 1690 and 1750 AD CPI values of  n-alkanes are ~2 (Fig. 3.3m) which 
is markedly lower than in the younger part of  the core where values are 3-5. CPI values 
are used as an indication of  thermal maturity, source or biodegradation (Bray and Evans, 
1961), but relative differences in diagenetic alteration are unlikely to have influenced the 
CPI on this limited timescale. This implies that differences in the CPI must result from 
mixing of  biomarkers from different sources (Johnson and Calder, 1973). CPI values for 
mangroves are typically low, between 1 and 6 (Dodd et al., 1995; Rafii et al., 1996); the 
low CPI values throughout the record thus likely reflect a relatively large contribution 
of  mangrove-derived organic matter. Slightly increased taraxerol levels and low CPI 
values before 1750 AD might indicate an even larger relative input of  mangrove- 
derived organic matter. The average chain length of  the n-alkanes (Fig. 3.3l) is very 
stable, between 28-28.4, with the exception of  the top sample where a slightly lower 
value indicates a relative increase in shorter chain n-alkanes. The BIT index gives a ratio 
between branched GDGTs and the isoprenoid crenarchaeol (Hopmans et al., 2004). In 
coastal areas the BIT index correlates well with the input of  terrestrial-derived organic 
matter since branched GDGTs are produced in soils and crenarcheol is produced in 
the marine environment (Hopmans et al., 2004). The overall high BIT index (>0.6) (Fig. 
3.3g) is indicative of  a large terrestrial-derived input of  GDGTs. Until 1850 AD the 
BIT index is stable with a value of  ~0.8. BIT index values start to decrease from 1850 
AD onwards, first slightly, and with a small step towards values of  0.65 around 1930 
AD. This change coincides with the increase of  terrestrial-derived organic matter, and 
increased aquatic-derived organic matter, which suggests that both terrestrial input and 
in situ primary productivity increased. Most likely the enhanced runoff  resulted in an 
increase in nutrient input in the estuary which increased primary productivity in the 
estuary. The slightly lower BIT index values from 1850 AD onwards thus reflect the new 
ratio between terrestrial- and marine-derived organic matter, which is still dominated by 
the runoff  signal. Diatom assemblage in Rookery Bay indicates more saline conditions 
occurred around 1960 AD (Donders et al., 2008). Such an increase in saltwater intrusion 
into the bay could result from an increase in relative sea level and/or decreased runoff. 
This is in line with lower biomarker concentrations, indicating that runoff  was indeed 
lower for a short period of  time. 

 

Fig. 3.3 Biomarker and temperature records of  Rookery bay and surrounding. a) %TOC is based 
on LOI data by Donders et al. (2008) which was converted to %TOC using calibration from 
Wright et al. (2008), b-e and h-k) terrestrial and marine biomarkers, presented as concentrations 
relative to %TOC, f  and n) reconstructed temperature records for water temperature and mean 
annual air temperature (MAAT) respectively, g) branched isoprenoid tetraether (BIT) index, l 
and m) average chain length (ACL) and carbon preference index (CPI) of  long chain C25-C33 
n-alkanes, o) historical mean annual air temperature record (smoothed using a 7-year moving 
average) from Everglades city (source: KNMI climate explorer http://climexp.knmi.nl/).
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3.3.3 Temperature variability

Reconstructed water temperatures based on the UK’
37 index indicate little variability 

between 27°C and 28.8°C (Fig. 3.3f). Reconstructed terrestrial mean annual air 
temperatures (MAAT), derived from GDGTs, vary between 19.8°C and 21.6°C (Fig. 
3.3n). Variation is small until ~1850 AD, after which temperatures increase from ~20°C 
to 21.6°C. 

Although at 27°C the UK’
37 index is already close to its upper limit for reliable 

application (Müller et al., 1998), alkenone analyses on core top sediments from the South 
China Sea have indicated that the index can be used to estimate water temperatures in 
warm, low-latitude waters (Pelejero and Grimalt, 1997). Therefore, the observed trends in 
UK’

37 potentially still reflect actual water temperature dynamics. Although other species 
than E. huxleyi may produce alkenones in Rookery Bay, water temperatures derived 
from the Müller et al. (1998) calibration of  between 27 and 29°C are within the annual 
range of  temperatures in Rookery Bay (Cremer et al., 2007). The reconstructed water 
temperature might be biased to spring/summer temperatures because phytoplankton, 
including haptophytes, tend to bloom in this season because of  enhanced runoff  and 
the subsequently higher nutrient input (Gilbes et al., 1996; 2002). Variations in water 
temperature are small, as expected for the relatively short timescale observed. 

Reconstructed MAATs are in the expected range of  modern air temperatures in 
Florida, which are on average 23°C and show relatively limited seasonality (annual range 
of  15.5 to 28°C). MAATs are relatively stable until the mid 19th century. A warming 
trend is discernible after ~1850 AD. This warming trend is roughly in line with observed 
temperatures in the Everglades from about 1890 AD onwards (KNMI Climate 
Explorer, http://climexp.knmi.nl/). Although absolute temperatures in the Everglades 
are on average slightly higher (about 2°C) compared to the reconstructed values, the 
two records show a comparable increasing trend in a 7-year average of  mean annual 
air temperature. Compared to reconstructed water temperatures, the air temperature 
record seems to be more stable. However, considering that the total variability in both 
records is <2°C, it can be concluded that no large temperature fluctuation occurred in 
both air and water temperature during the past 300 years. 

3.3.4 Natural versus anthropogenic variability

Overall, the biomarker records can be divided into three main periods. The change in 
CPI around ~1750 AD indicates a change in the source of  n-alkanes. The relatively 
high concentrations of  taraxerol, β-sitosterol and long-chain n-alcohols suggest that the 
input of  mangrove-derived organic matter might have been higher in this period. Within 
this period, also C30 and C32 1,15-diols are slightly more abundant, and both %TOC 
and alkenones show peak abundances around 1730 AD. The shift around 1750 AD 
occurred approximately a century before the hydrological system was altered by human 
activities in the area, and must therefore have a natural cause. Since large changes in 
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vegetation are not observed in the pollen record (Donders et al., 2008), the environmental 
change might have been very local and only affected the estuary. Possibly, local changes 
in vegetation like mangroves or seagrass affected the site. 

Between 1750 AD and the mid-19th century, terrestrial biomarker concentrations 
are stable and relatively low (Fig. 3.3h-k). After the mid-19th century this period of  stable, 
relatively low runoff  conditions is followed by a period of  increased but highly variable 
input of  both terrestrial and aquatic biomarkers, indicating strong fluctuations in runoff  
and primary productivity. Although this can be partly explained by the higher sample 
resolution in the younger part of  the record, the magnitude of  the changes is larger than 
can be explained by this effect alone. Also, this change is coincidental with the onset of  
non-native anthropogenic activity in the area, which started with the building of  some 
settlements in the Rookery Bay (Henderson Creek) area in the late 1880s.  Around 
this time drainage of  the Everglades began and the city of  Naples, north of  Rookery 
Bay, was founded (Shirley and Brandt-Williams, 2001). In the late 1920s, natural runoff  
from Lake Okeechobee to the Everglades was reduced by the construction of  canals 
and levees around the lake and the construction of  the Tamiami Trail, which connects 
Naples to Miami. In the 1960s population growth in Collier County increased strongly. 
From this period onwards many forests were cleared and water control structures and 
roads were built, resulting in restriction of  sheet flow (Light and Dineen, 1994; Donders 
et al., 2005), a decrease in buffer capacity (Donders et al., 2008) and increased drainage 
directly into Rookery Bay through Golden Gate Watershed/Henderson Creek Canal 
(Surge and Lohmann, 2002). These activities strongly affected the hydrological system 
of  South Florida which is reflected in the increased dynamics in biomarker records 
of  Rookery Bay. Increased relative abundance of  mangrove pollen from 1910 AD 
onwards (Donders et al., 2008) is in line with the overall higher taraxerol levels in this 
period. Peak taraxerol concentrations occur simultaneously with peak abundances of  
phytol and diols, which suggest that in situ primary productivity was also higher in these 
periods. Increased runoff  can increase primary productivity in the bay by enhancing 
the nutrient input. Increased runoff  is supported by the relatively higher contribution 
of  siliciclastic material which suggests that soil erosion increased. Biomarker records 
from Florida Bay also indicate a more dynamic environment during the past century 
as a result of  human activity in the area (Xu et al., 2007). The Everglades and Rookery 
Bay used to receive fresh surface water from the North, in the form of  a sheet-flow 
that derived its water from Lake Okeechobee and rainfall. The construction of  the 
Tamiami Road strongly decreased this sheet-flow and thus affected the hydrology in 
both bays. The construction of  the East Coast railway between 1907 and 1912 AD 
(Wardlaw, 2001; Orem et al., 1999) restricted water exchange between Florida Bay and the 
Gulf  of  Mexico, but did not affect Rookery Bay. Other activities like deforestation and 
founding of  cities like Naples, affected the hydrology more locally. 

Anthropogenic activity probably increased environmental sensitivity of  the 
Rookery Bay area, causing an increase in the amount and dynamics of  runoff  which 
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affected the biomarker records most severely between 1940 and 1960 AD. These 
observations confirm results of  Donders et al. (2008), who found decreased soil 
retention resulting in more soil material being transported during peak runoff  periods 
(Donders et al., 2008). Natural climate phenomena might have added to the increased 
runoff  and dynamics during the late 20th century. For example the Atlantic Multidecadal 
Oscillation (AMO), a natural climate oscillation expressed in warm and cold phases for 
North Atlantic sea surface temperatures, has a strong influence on both summer and 
winter precipitation in Florida, with the warm phase resulting in increased precipitation 
(Enfield et al., 2001; Mestas-Nuñez and Enfield, 2003). AMO shows a pronounced warm 
phase from 1940-1960 AD (Enfield et al., 2001) which coincides with high runoff  levels 
in Rookery Bay (Fig. 3.3). 

Between 1930 and 1960 AD a period of  severe hurricane activity in this area 
(NOAA National Hurricane Center) coincides with maximum abundances of  R. 
setigera and haptophytes. Hurricanes are known to have caused eutrophication in some 
Florida systems by increasing freshwater input (Rabalais et al., 2009). In Rookery Bay, 
eutrophication, increased runoff  and possibly also stratification are observed during 
this period, suggestive of  hurricane activity as a contributing factor. This implies that 
the effects of  natural variability (intense hurricane activity and an AMO warm phase) 
were amplified by the effects of  human activity (increased environmental sensitivity), 
both contributing to eutrophication and enhanced productivity in the estuary.

4. Conclusions

Biomarkers in Rookery Bay reflect both local and regional environmental changes during 
the past 300 years. Three main periods can be identified in Rookery Bay biomarker 
records. Before 1750 AD, a period of  low CPI values and relatively high concentrations 
of  taraxerol, β-sitosterol and long-chain n-alcohols might indicate a relatively large 
contribution of  mangrove-derived organic matter. The decrease in mangrove-derived 
organic matter around 1750 AD is likely local as it is not reflected in Rookery Bay 
pollen records. Afterwards, until the mid-19th century, pre-anthropogenic biomarker 
concentrations are stable and indicate relatively low levels of  runoff  and aquatic 
production. In the most recent period, biomarker concentrations increase and reflect a 
more dynamic hydrological system. This change in hydrology coincides with the onset 
of  anthropogenic activity in the area. Building of  water control structures, roads and 
settlements strongly affected natural hydrological conditions and probably led to a more 
dynamic and sensitive environment. Peak abundances in biomarker concentrations 
reflect increased runoff  and subsequently enhanced nutrient loading. This resulted in 
strongly enhanced marine productivity and algal blooms. However, sediment organic 
matter remained dominated by the terrestrial input. Natural climate phenomena, such 
as a positive AMO phase and hurricane activity, might have added to ongoing processes 
during the 20th century.
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Chapter 4
Mid- to late-Holocene coastal 
environmental changes in southwest 
Florida, USA

E.E. van Soelen, G.R. Brooks, R.A. Larson, J.S. Sinninghe Damsté, G.J. Reichart

The Holocene 22, 929-938 (2012)

During the Holocene, Florida experienced major changes in precipitation and runoff. 
To better understand these processes, shallow marine sediment cores from Charlotte 
Harbor (southwest Florida) were studied, covering approximately the past 9,000 years. 
Whole core XRF scanning was applied to correlate different sediment cores on a river 
to sea transect. Biomarkers were used to identify periods with increased runoff  and 
primary productivity. The mid-Holocene sediments are characterized by a relatively 
large input of  terrestrially- derived organic matter, with a maximum in precipitation 
and runoff  around 5 kyr BP. This maximum can be linked to large scale changes in the 
hydrological cycle involving shifts of  the ITCZ, Bermuda-Azores High and Polar Front.  
Around 3.5 kyr BP, Charlotte Harbor changed from a runoff  dominated environment 
to a more oligotrophic and marine setting. Although other studies suggest that around 
this time, precipitation in Florida increased, this is not reflected by the Charlotte Harbor 
records. Possibly, wetter conditions in Florida due to gradual, ongoing, sea level rise in 
combination with increased precipitation resulted in accumulation of  organic matter on 
land. Increased sedimentation rates, terrestrial input and primary productivity observed 
in the upper part of  the record are likely a consequence of  human impact during the 
past century. Throughout the record, indications for storm activity can be recognized 
as coarser grained layers consisting of  quartz sands or shell debris. These layers are 
rare during the mid-Holocene, but between 3.2 and 2 kyr BP, their numbers increase, 
suggesting an increase in tropical cyclone activity in the Gulf  of  Mexico.
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4.1 Introduction

The Holocene is generally considered as a period of  relatively stable climate, gradually 
recovering towards milder conditions since the last ice age. It is, however, becoming 
increasingly clear that large-scale variations occurred on millennial to decadal time 
scales (Mayewski et al., 2004). Whereas at high latitudes primarily temperature varied (e.g. 
Kaplan and Wolfe, 2006), low latitudes experienced mainly changes in hydrology (LoDico et 
al., 2006). It is, however, not clear to what extent these changes were linked. The tropics 
and subtropics play an important role in global climate because they absorb most solar 
radiation (heat), which is subsequently transported to higher latitudes. Studies in the 
Gulf  of  Mexico and the Caribbean indicate large variability in precipitation patterns 
and moisture transport during the early and mid-Holocene (Poore et al., 2003; Montero-
Serrano et al., 2010). Proxy and model studies suggest that shifts in the Inter Tropical 
Convergence Zone (ITCZ) played an important role in the observed changes (Haug et 
al., 2001; Poore et al., 2003).

The Florida peninsula is positioned between the (sub)tropical and higher North 
Atlantic climate systems. Currently, the climate in Florida is characterized by a strong 
seasonal contrast in the hydrological cycle, with wet summers and dry winters. During 
the northern hemisphere summer, thunderstorms develop as cool, humid air from the 
Gulf  of  Mexico or Atlantic Ocean collides with the warmer air above Florida, resulting 
in large amounts of  precipitation. Also hurricanes, which are most frequent in late 
summer (September), supply a large part of  the summer precipitation. In winter the 
air is colder and more stable resulting in less raincloud development. The amount of  
winter precipitation in Florida is affected by the El Niño Southern Oscillation (ENSO) 
with higher amounts of  rainfall during El Niño events (Schmidt et al., 2001; Cronin et al., 
2002). 

Sea-level rise played a major role in the development of  the Florida coastal system, 
which includes many bays and estuaries. Submergence and sea-level curves for Florida 
and the Gulf  Coast region indicate fast sea-level rise following the last deglaciation, 
and decelerating rates towards the present (Scholl et al., 1969; Toscano and Macintyre, 2003; 
Törnqvist et al., 2004) This rise in sea-level was responsible for environmental changes 
throughout the Holocene (Van Soelen et al., 2010; Brooks, 2011). 

To better understand the environmental changes that resulted from sea-level 
rise and climate change during the mid- and late Holocene, coastal sediments of  the 
Charlotte Harbor estuarine-lagoon system in Florida were studied. Whole core XRF 
scanning was used to correlate sediment cores across Charlotte Harbor, providing a 
stratigraphical framework. Subsequently, biomarker analyses were used to reconstruct 
past changes in runoff  and primary productivity. The records were compared against 
existing climate records to put the data-set in a larger perspective. 
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4.2 Material and Methods

4.2.1 Setting

The Charlotte Harbor estuarine-lagoon system is located in the South of  Florida, west 
of  the Florida Platform which consists dominantly of  carbonates of  Cretaceous to 
Tertiary age (Mitchum, 1978). Extensive karstifcation as a result of  sub-aerial exposure 
of  the carbonates caused the formation of  sinkholes and basins. The shape and position 
of  Charlotte Harbor is probably linked to such sinkholes (Evans and Hine, 1991). 

Charlotte Harbor consists of  two lagoons (Gasparilla and Pine Island Sound), an 
intra-estuary lagoon (Matlacha Pass) and an estuary in central Charlotte Harbor (Fig. 
4.1). A small hypoxic sub-basin exists in the somewhat deeper part of  the estuary, 
where, during periods of  increased runoff, vertical stratification leads to hypoxic or 
even anoxic bottom water conditions (Pierce et al., 2004). Freshwater is supplied mainly 
by the Myakka, Peace and Caloosahatchee Rivers. Water and sediment supply via these 
rivers are considered to be low, about 136 m3 s-1 and 330,000 ton yr-2, respectively 
(Isphording et al., 1989). 

Fig. 4.1. Map of  Charlotte Harbor (modified from Evans et al., 1989), showing the locations of  
cores CH1, CH3, CH7 and CH15.
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The southwest of  Florida is characterized by a subtropical to tropical climate 
with an annual rainfall of  about 120 cm. Fresh water discharges from the major rivers 
correlate closely with seasonal rainfall, which is highest during the summer season 
(June-October) (Taylor, 1974). The low energy west coast of  Florida experiences average 
wave heights of  about 30-50 cm (Tanner, 1960; Hine et al., 1987) and tidal waves of  
less than 1 m (NOAA: http://tidesandcurrents.noaa.gov/). Tropical cyclones can 
temporarily increase the energy by increasing wind speeds (Powell and Houston, 1996) 
and precipitation (Miller, 1958) and due to waves and storm surges during which large 
amounts of  sediment can be eroded and re-deposited (Sedgwick and Davis, 2003). 

4.2.2 Sampling and core description

Four sediment cores (CH1, CH3, CH7 and CH15) were retrieved from Charlotte 
Harbor (Fig. 4.1), during spring 2008, with a vibracorer deployed from the USGS 
R/V G.K. Gilbert. A push core was collected parallel to core CH1 in order to retrieve 
undisturbed top-sediments. Visual correlation between shell fragment layers in the push 
core and vibracorer at the location of  CH1, indicate little or no compaction of  the 
sediments during vibracoring. Cores were split longitudinally, described visually and 
photographed. An image of  the full split core surface was obtained using an optical line 
camera. One half  of  core CH1 was sampled in 0.5 to 1 cm thick intervals; the other 
half  was stored as reference. The water content was determined at different intervals 
and interpolated to all depths to allow for the calculation of  mass accumulation rates in 
the sediment core. 

4.2.3 XRF scanning

Archive core sections were run through the Avaatech x-ray fluorescence (XRF) core 
scanner, located at the Royal Netherlands Institute for Sea Research (NIOZ), Texel, 
Netherlands. XRF measurements were performed along the longitudinal axis of  split 
sediment cores, with a step size between 0.5-1 cm and a sampling time of  30 s. To avoid 
desiccation of  the sediment, the split core surface was covered with 4 µm Ultralene 
film. Two runs were performed; a first run with an excitation voltage of  10 kV, allowing 
for the detection of  light elements (Al to Fe) and a second run at 30 kV, allowing for 
the detection of  heavier elements (Co to Zr) (see Richter et al. (2006) for details). In this 
study, only the elements Ti, Si, Zr, Ca and Br are considered.

4.2.4 Chronology 

AMS 14C measurements were performed on shell (fragment) samples (bivalves and 
gastropods) of  core CH1 and CH3, at the Centre for Isotope Research at Rijksuniversiteit 
Groningen and Poznan Radiocarbon Laboratory in Poland. Radiocarbon ages were 
converted into calendar years before present (BP) with the program Calib 6.0 (Stuiver et 
al., 2010) using the marine calibration curve (which uses a time-varying correction for 
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the carbon reservoir age of  about 400 years). 
Short-lived radioisotope analyses (Pb-210) were performed by gamma ray 

spectroscopy on push core sediments, at 0.5 cm intervals over the upper 22 cm of  the 
core, at the Eckerd College Short-Lived Isotope Lab, St. Petersburg, Florida. 

The age-model for core CH1 combines the radiocarbon and Pb-210 data. For 
depths >42 cm, a third order polynomial age model was based on radiocarbon ages only 
(r2=1.0). For depth <42 cm, the age model was based on 210Pb ages and one radiocarbon 
age (r2=1.0). To combine the upper and lower core age models, the radiocarbon age at 
a depth of  42 cm was included in both models. 

4.2.5 Organic carbon and nitrogen content

Organic carbon and total nitrogen content were analyzed at 2 cm resolution in core 
CH1. Approximately 0.3 gram of  freeze-dried material was treated with 7.5 ml 1 M 
HCl to remove carbonates. Samples were shaken for 4 h, after which samples were 
centrifuged and the supernatant was decanted. This procedure was repeated a second 
time, but now samples were shaken for 12 h. Samples were subsequently rinsed 3 times 
with demineralised water to remove CaCl and dried. Total organic carbon (TOC) and 
nitrogen content was determined on the carbonate free residue using a NCS analyzer 
(Fison Instrument NA1500). Relative accuracy and precision of  the analyses, based on 
the standards and duplicate analyses, is better than 3 %. Percentages were corrected for 
weight loss during the carbonate removal step and C/N ratios were calculated based on 
weight percentages organic C and N. 

4.2.6 Biomarker analyses 

Biomarkers were analyzed on 41 freeze-dried sediment samples, weighing between 2 
and 10 gram (dry weight). Extracts were obtained by Accelerated Solvent Extraction 
(ASE) using a solvent mixture of  dichloromethane (DCM) and methanol (MeOH) (9:1 
v/v). Total extracts were treated with activated copper to remove elemental sulfur and 
with sodium sulfate to remove traces of  water. An aliquot of  each sample was split into 
fractions with different polarity, using small (3 x 0.5 cm) columns filled with activated 
aluminium oxide. Three different eluents were used: 1) hexane:DCM (9:1 v/v), 2) DCM 
and 3) DCM:MeOH (1:1 v/v), resulting in a hydrocarbon fraction, a ketone fraction 
and a polar fraction, respectively. All fractions were analyzed using gas chromatography 
(GC) and mass spectrometry (GCMS). Two samples from deepest part of  the core, 
had low concentrations of  total lipid extracts and were therefore not split into different 
fractions, for sediments from this unit the hydrocarbon content is therefore not known. 

GC was performed using an HP Gas Chromatograph fitted with a CP-Sil 5CB 
fused silica capillary column (30 m, 0.32 mm i.d.) and a flame ionization detector (FID). 
A flame photometric detector (FPD) was used to check for elemental and organically 
bound sulfur. Samples were injected on-column, with helium as carrier gas set at 
constant pressure (100 KPa). The oven was programmed starting at 70 °C, heating by 
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20 °C min-1 up to 130 °C, by 4 °C min-1 up to 320 °C and then kept at this temperature 
for 20 min. Mass spectrometry was performed using a ThermoFinnigan Trace GCMS 
with the same type of  column and oven program as used for the GC, but using constant 
flow of  the carrier gas. Compounds were identified based on retention times and 
mass spectra. Quantification of  compounds was performed by peak area integration 
in FID chromatograms relative to a co-injected standard. An aliquot of  each of  the 
polar fractions was dried under N2 flow and dissolved in hexane/propanol 99:1 (v/v) 
at a concentration of  about 2 mg ml-1. Extracts were then filtered through a 0.45-µm 
PTFE filter. The samples were analyzed by high performance liquid chromatography/
atmospheric pressure chemical ionization mass spectrometry (HPLC/APCI-MS) at 
NIOZ, using methods described in Schouten et al. (2007). The branched isoprenoid 
index (BIT) and a methylation index and cyclisation ratio of  branched tetraethers 
(MBT/CBT) was calculated based on integrated peak areas of  selected branched and 
isoprenoid glycerol dialkyl glycerol tetraethers (GDGTs) as described by Hopmans 
et al. (2004) and Weijers et al., (2007), respectively. Mean air temperature (MAT) was 
calculated based on the MBT/CBT ratios, using the calibration by Weijers et al. (2007). 
Analytical errors in BIT, MBT and CBT are <0.01 units (Weijers et al., 2007). 

4.3 Results

4.3.1 Core descriptions

Core images and XRF data of  the cores CH1, CH3, CH7 and CH15 are presented in 
Fig. 4.2. XRF counts of  Si, Zr and Ca are normalized to Ti to correct for a varying input 
of  clays and aluminosilicates (this is the terrestrial component). More details about 
normalizing can be found in Van der Weijden (2002). The remaining variability can 
be interpreted as relative changes in the amount of  quartz-sand (Si/Ti), carbonates 
(Ca/Ti) and in Zircon (Zr/Ti), a naturally occurring heavy mineral which is common 
in Florida beach sands (Miller, 1945). Based on the XRF data, core images and visual 
inspection of  the sediments, the cores were divided into three units (Fig. 4.2). In Unit 
1 (upper Unit), the quartz and heavy mineral contents are relatively high. TOC levels 
in core CH1 are between 0.2 and 2% (Fig. 4.3) in this interval, and C/N ratios show 
a decrease upcore (Fig. 4.5). In core CH1 and CH3 high Ca/Ti ratios in Unit 1 are 
associated with shell debris layers. In Unit 2 quartz and carbonate values are lower, 
indicating a relatively higher abundance of  clay. In core CH1, the TOC content is high 
between 2 and 10.6 % (Figure 3), while C/N values vary between 10 and 21 in core CH1 
with a gradual decreasing up-core trend throughout Unit 2 and Unit 1 (Fig. 4.5). Some 
quartz-sand layers are present in Unit 2, especially in the lower part of  the core. Unit 3 
consists mainly of  quartz-sands and heavy minerals. In core CH1, several intact shells 
of  the bivalve species Tagelus plebeius (stout razor clam) were found at the top of  Unit 3. 

The two age models indicate a total age span of  about 8.5 to 9 kyr for the complete 
sediment core. Sedimentation rates up core, are 0.02 cm yr-1 around 8.5 kyr BP, increasing 
to 0.16 cm yr-1 around 5 kyr BP, and decreasing back to 0.02 cm yr-1 followed by another 
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Fig. 4.3 The lithology of  core CH1, plotted against depth. Left of  the lithology is presented 
an optical image of  the core and % TOC (total organic carbon). On the right an age-model is 
plotted based on C-14 and Pb-210 ages, fitted with two third order polynomial plots. Depth and 
calibrated radiocarbon ages are indicated in the figure.
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increase during the past approximately 100 years up to 0.74 cm yr-1. 
Cores CH1 and CH3, which were both recovered from the same hypoxic basin 

in the central part of  Charlotte Harbor, have comparable sediment accumulation rates 
based on radiocarbon ages of  both cores. Also, the XRF based elemental records (Fig. 
4. 2) show similarities, although the base of  Unit 3 in core CH3 is more variable and has 
higher carbonate content. Furthermore, the transition from Unit 2 into Unit 1 seems 
more abrupt in core CH3. In Core CH7 Unit 3 is missing, whereas Unit 1 is much 
thicker suggesting higher sedimentation rates in this interval. Core CH15 was recovered 
from the mouth of  Peace River (Fig. 4.1), which is reflected by a higher Si/Ti (quartz) 
and Zr/Ti (heavy mineral) ratio and a smaller contribution of  carbonate (Ca/Ti). 

4.3.2 Biomarkers 

Abundant biomarkers in the total lipid fraction are long-chain n-alcohols (C22-C30) with 
a strong even-over-odd carbon number predominance, taraxerol, dinosterol, friedelan-
3-one, C30 and C32 1,15-diols, C32 alkane-15-one-1-ol and long-chain alkenones (C36-C38). 
In the hydrocarbon fraction mostly long-chain n-alkanes (C23-C31) with a strong odd-
over-even carbon number predominance and hopanes are present. 

Biomarkers accumulation rate profiles for n-alkanes, n-alcohols, taraxerol, 
friedelan-3-one, dinosterol, C30 and C32 1,15 diols, tetrahymanol and C36, C37 and C38 
alkenones, are presented in Fig. 4.4. Highest accumulation rates are found for taraxerol 
and n-alcohols. Accumulation rates of  n-alkanes and n-alcohols, taraxerol, friedelan-3-
one, dinosterol, C30 and C32 diols and C36 alkenones increase between 9 and 5 kyr BP 
and decrease between 5 and 3 kyr BP. Tetrahymanol shows increased fluxes between 
6.5 and 4.5 kyr BP. C37 and C38 alkenones are present throughout the core, however, 
concentrations are too low to allow quantification between 9 and 3.5 kyr BP. After 1900 
yr AD (50 yr BP), almost all biomarkers show an increase in accumulation rates, except 
for C36 alkenones, which are absent after 3.5 kyr BP. 

Ratios of  C25 and C27 alkan-2-ones vary between 0.15 and 0.65, with a general 
increasing trend up core (Fig. 4.5). BIT index values vary between 0.5 and 0.9 (Fig. 
4.5). Between 6.5 and 5.5 kyr BP values are relatively high (0.65-0.8) and after 3.5 kyr 
BP, there is a decreasing trend from 0.85 to 0.5. Reconstructed mean air temperatures 
(MAT) based on the MBT/CBT index are between 21 and 25 °C (Fig. 4.5). From 7 to 
3.5 kyr BP values gradually increase from 21 to 25 °C. After 3.5 kyr BP values decrease 
to around 22°C

4.4 Discussion

4.4.1 Regional setting 

The different sediment cores recovered from Charlotte Harbor show good agreement 
in lithology and in the succession of  units, which suggests that the cores are affected by 
the same regional processes. Based on XRF data and the detailed study of  core CH1, 
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the different units can be interpreted in terms of  environment. Unit 3 consists of  fine 
quartz sands with low amounts of  organic matter and is present at the base of  each core, 
except for CH7. The presence of  bivalve species Tagelus plebeius in core CH1 indicates 
euryhaline conditions and tidal influence (Gutierrez and Iribarne, 1999), characteristic for, 
amongst others, estuarine sandbanks or tidal flats. The clams were found in an upright 
(life) position directly underlying the laminated clays of  unit 2. Because adult species 
are capable of  burying up to a depth of  about 70 cm (Holland and Dean, 1977), it is 
possible that the top of  the sediment in which the clams lived was eroded. Such erosion 
is probably associated with the constant movement of  the sandbanks inhabited by this 
species. The eroded sandbank itself  was buried during the subsequent sea level rise. 
Based on the age model of  core CH1, the transition from Unit 3 into Unit 2 occurred 
between 8.5 and 7 kyr BP. 

Unit 2 consists of  organic rich clays, indicating a large input and good preservation 
of  organic matter. In this shallow marine setting, organic matter can be both locally 
produced (brackish marine) and terrestrially derived. Shifts between terrestrial and 
marine organic matter may help to understand environmental changes in terms of  sea 
level rise and changes in runoff.  For this purpose, three proxies are used:  the BIT index 
and C/N and Br/TOC ratios. Generally, terrestrial organic matter has a higher C/N 
ratio compared to marine organic matter, although there are exceptions (e.g. Sahrawat, 
1995). The Br/TOC ratio was introduced by Ziegler et al. (2008) as a tracer for marine 
derived organic matter. The BIT index gives a ratio between terrestrial and marine 
derived GDGTs (see method section) (Hopmans et al., 2004). The isoprenoid GDGT 
crenarcheol is thought to derive predominantly from marine Thaumarcheota (Spang et al., 
2010). The origin of  the terrestrial GDGTs is, at this time, not exactly known, although 
their presence has been linked to acidobacteria (Sinninghe Damste et al., 2011). Whereas 
the BIT index specifically targets soil and aquatic derived compounds, the Br/TOC and 
C/N values reflect differences in all terrestrial and marine derived organic inputs. An 
increase in the organic matter input from mangroves, for example, would affect Br/
TOC and C/N values, whereas the BIT index would be unaffected, as no additional 
soil derived organic matter would be added to the system. The three proxies for marine 
versus terrestrial organic matter thus all have different constraints. Combining these 
proxies from the same core in a multiproxy approach hence makes the interpretation 
more robust. The relatively high C/N ratio and BIT index values in Unit 2 together 
indicate a dominant terrestrial (soil) derived origin of  the organic matter. Overall, the 
C/N ratio shows a decreasing trend throughout Unit 2 and also Unit 1, which is in line 
with a gradual shift towards more marine conditions, related to a gradual, continuous 
sea level rise (Fig. 4.5). Also accumulation rates of  biomarkers, both of  terrestrial and 
aquatic origin, reach their highest values in Unit 2. The presence of  tetrahymanol in the 
sediments suggests that stratification of  the water column occurred at least periodically. 
Bacterivorous ciliates are thought to be an important source for tetrahymanol in marine 
sediments, and only produce tetrahymanol under dysoxic conditions when their main 
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food source consists of  prokaryotes (Harvey and McManus, 1991; Sinninghe Damsté et al., 
1995). The large input of  terrestrial organic matter, eutrophic water column conditions 
and (periodic) stratification of  the water column are typical for estuarine conditions. 

In Unit 1, quartz sand content, heavy minerals and carbonate content show a 
relative increase. However, this could be a consequence of  a decreased input of  clay and 
organic material as sedimentation rates decrease in this part of  the core. After 5 kyr BP, 
the amount of  terrestrial input decreases, at first gradually, but in Unit 1 (after 3.5 yr BP) 
accumulation rates of  nearly all biomarkers become close to zero. In contrast, C37 and 
C38 alkenone accumulation rates slightly increase. In coastal areas, long-chain C37 and C38 
alkenones can be produced by haptophytes like Isochrysis spp. (Marlowe et al., 1990). The 
lower amount of  total organic matter accumulation rates, decreased runoff  and increase 
in C37 and C38 alkenones suggests more marine and oligotrophic conditions compared to 
Unit 2. A general increase in C25/C27 alkan-2-one-levels throughout the record suggests 
an increase in the amount of  seagrass in the estuary (Hernandez et al., 2001). Currently 
seagrass is common in the shallow parts of  Charlotte Harbor, near the coastline and 
in the lagoons behind the barrier islands, and an increase could indicate a shift towards 
clearer waters and more oligotrophic conditions and relative higher salinity (Tomasko and 
Hall, 1999; Hernandez et al., 2001). In the upper 20 cm of  the record, accumulation rates 
of  biomarkers and sedimentation rates show a strong increase. This period corresponds 
to the last approximately 100 years (1900 A.D. until present). Due to human activity, 
like deforestation and canalization activities, runoff  and erosion increased (Donders et al., 
2008), leading to higher sedimentation rates (Brooks, 2011 and this study), higher input 
of  terrestrial organic matter and increased primary productivity due to higher nutrient 
inputs. 

Between the different sediment cores, highest quartz sand and heavy mineral 
content were found in cores CH15 and CH3 and lowest content in core CH7. Core 
CH15, on the other hand, has the lowest carbonate content, which suggests that quartz 
sand and heavy minerals are supplied by, amongst others, Peace River, while carbonates 
have an estuarine or marine origin. Currently, quartz sand is also present at the marine 
side of  the estuary as barrier islands and transport of  sands upstream can take place 
during storms. 

4.4.2 Mid-Holocene

Unit 2 (approximately 8-3.5 kyr BP) is characterized by high accumulation rates of  
biomarkers from terrestrial sources, like long chain n-alkanes, n-alcohols and friedelan-3-
one, which all derive from higher plants (Eglinton and Hamilton, 1967; Chandler and Hooper, 
1979; Versteegh et al., 2004 and references therein). Also taraxerol, which is produced in 
large quantities by various mangrove species (Dodd et al., 1995; Versteegh et al., 1997), is 
abundantly present. Aquatic biomarkers, like dinosterol, C30 and C32 1,15-diols and C36 
alkenones, also show high accumulation rates during this period. Dinosterol is produced 
by many dinoflagellate species (Alam et al., 1979; Boon et al., 1979; Robinson et al., 1984) 
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and in small amounts also by diatoms (Volkman et al., 1993). C30 and C32 1,15-diols likely 
derive from eustigmatophytes (eukaryotic algae) (Volkman et al., 1992; Versteegh et al., 
1997; Rampen et al., 2007). Based on mass spectra comparison the C36 alkenones appear 
similar to those found in sediments of  the Black Sea (with position of  double bonds 
at ω15,20) (Xu et al., 2001). This compound has a so far unknown origin, but their 
presence has been suggested to be indicative of  low salinity surface water conditions 
(Xu et al., 2001; Fujine et al., 2006). 

Since CH1 was recovered from the center of  a small hypoxic basin within Charlotte 
Harbor, preservation of  biomarkers throughout Unit 2 is expected to be excellent. The 
increased biomarker accumulation rates between 5.5 and 4.5 kyr BP are, are therefore 
interpreted to reflect a period of  enhanced runoff, related to increased precipitation. 
The resulting increased runoff  enhanced the flux of  terrestrial biomarkers into 
Charlotte Harbor and, at the same time, increased the input of  nutrients to the shallow 
marine basin. The consequently higher primary productivity is reflected by the increased 
accumulation rates of  aquatic phytoplankton biomarkers. Because both terrestrial and 
marine organic matter accumulation rates increased, BIT index and C/N and Br/TOC 
ratio were unaffected. Tetrahymanol indicates that stratification is most severe between 
6.5 and 4.5 kyr BP. Sustained dysoxia could result from increased runoff  and associated 
water column stratification. 

Together, the inferred maximum in precipitation between 5.5 and 4.5 kyr PB, 
which coincides with the last part of  the Holocene Thermal Maximum (HTM) (10.5-
5.4 kyr BP). The HTM was a warm period with enhanced northern hemisphere summer 
insolation (Hodell et al., 1991) and a maximum in northward shift of  the ITCZ in summer 
(Haug et al., 2001). The more extensive migration of  the precipitation belt in summer 
resulted in increased rainfall in, amongst others, Venezuela (Haug et al., 2001) and Haiti 
(Hodell et al., 1991). Also records from the Greenland and Iceland shelf  show (delayed) 
warming in response to the HTM between 8 and 3.5 kyr BP (Ólafsdóttir et al., 2010; 
Jennings et al., 2011). This warming is reflected in maximum ice sheet retreat and a more 
northward penetration of  the Irminger Current towards Greenland (Jennings et al., 2011). 
The large scale changes in mid-Holocene climate in the northern Atlantic can hence not 
be explained by shifts in the ITCZ alone, and probably reflect the complex interaction 
of  ITCZ, Polar Front and the Bermuda-Azores High (Montero-Serrano et al., 2010). At 
the end of  the HTM, the ITCZ and Polar Front retreated southwards again (Andersen 
et al., 2001; Haug et al., 2001). Likely, this also affected the position of  the Bermuda-
Azores High, which, in a more southwards position, enhances moisture transport from 
the Atlantic Ocean to the Gulf  of  Mexico (Forman et al., 1995).  A stronger temperature 
gradient between the relatively warm Gulf  of  Mexico and the cold North Atlantic also 
increases late summer precipitation over Florida (Donders et al., 2011). In addition, winter 
precipitation Florida might have been enhanced by increased ENSO variability around 
5 kyr BP (Moy et al., 2002; Riedinger et al., 2002). 

The reconstructed mean annual terrestrial air temperature does not show a 
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maximum during the HTM, but rather shows increases in temperature between 7 kyr 
BP and 3.5 kyr BP. Reconstructed sea surface temperatures in the Gulf  of  Mexico 
(Nürnberg et al., 2008) indicate a decreasing trend during the past 8 kyr (Fig. 4.6) and 
shows little similarities with the reconstructed air temperatures. Since the MBT/CBT 
proxy reflects soil temperatures, changes in vegetation might affect the record (Weijers 
et al., 2007). The drop in temperature around 3.5 kyr BP could be due to a change 
from grassland to forest derived soils. Whereas these effects might not be substantial 
for large drainage basins, the Peace River represents a rather limited catchment which 
might be susceptible to such changes. When the MBT/CBT proxy is reflecting true 
continental temperatures this implies that there has been no direct coupling between 
local precipitation and temperature on land. This is in line with a dominant effect of  sea 
water temperatures on precipitation in this setting (Donders et al., 2011). 

4.4.3 Late Holocene

Simultaneous with the decrease in terrestrial organic matter input around 3.5 kyr 
PB, increased wetness is observed in other records from Florida: in Belle Glade peat 
formation started between 4 and 3.5 kyr BP (McDowell et al., 1969), a reconstruction in 
Mud Lake indicates increasing lake levels starting around 4 kyr BP (Filley et al., 2001), and 
in Fakahatchee vegetation shows a transition from wet prairie to swamp forest with the 
main phase starting 3.5 kyr BP (Donders et al., 2005). A precipitation reconstruction for 
Florida, based on vegetation changes in Lake Tulane and Lake Annie indicate increasing 
precipitation rates towards the late Holocene (Donders et al., 2011). Increased rainfall in 
Florida can for example be a consequence of  increased ENSO activity (Donders et al., 
2005) or increased hurricane activity (Liu and Fearn, 2000; Lane et al., 2011). 

However, the inferred increase in wetness in Florida seems in contrast with the 
decrease in terrestrial organic matter input observed in the Charlotte Harbor sediments. 
Initial sea-level reconstructions (Scholl and Stuiver, 1967; Scholl et al., 1969) suggested 
decelerating rates of  sea level rise around 3.5 kyr BP. However, more recent sea-level 
curves (Toscano and Macintyre, 2003; Törnqvist et al., 2004) rather indicate a continuing 
gradual increase in sea-level during mid- and late Holocene. Such a gradual rise in 
sea level might have contributed to the observed apparent decoupling of  terrestrial 
biomarker input and rainfall. A higher sea level increased the inland water table and at 
the same time reduced the gradient of  the rivers and hence erosion. At the same time, 
the combined effect of  ongoing, gradual, sea level rise and increased rainfall might have 
triggered peat formation. Increased accumulation of  terrestrial organic matter on land 
can explain reduced transport of  organic matter to Charlotte Harbor. The increased soil 
humidity and subsequently higher evaporation also give an alternative explanation for 
the observed drop in mean annual temperature around 3.5 kyr BP. 

Higher sedimentation and biomarker accumulation rates during the past century 
are likely a consequence of  enhanced anthropogenic activity in southwest Florida. 
Higher sedimentation rates in the core top are partly due to lack of  compaction, but 
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likely also reflect increased erosion due to deforestation and canalization activities in the 
past century (Donders et al., 2008). The increase in marine biomarker accumulation rates 
is much bigger than in terrestrial organic matter input, and probably a consequence of  
increased nutrient loading into Charlotte Harbor which increased primary productivity. 

4.4.4 Storm deposits

In the organic rich clays of  Unit 2, distinct intervals can be recognized which represent 
higher energetic depositional conditions based on relative high quartz and heavy mineral 
contributions. Some of  these high-energy deposits can be recognized in different 
sediment cores (Fig. 4.2), which suggests that they represent the same event affecting a 
large part of  Charlotte Harbor. These sand layers coincide with lower C/N, and higher 
Br/TOC ratios, indicating a relative larger contribution of  marine organic matter and 
thus are likely deposited by the landward surge of  marine waters during major storm 
events like tropical cyclones (Liu and Fearn, 2000). XRF data shows relative higher 
abundance of  Si rich material more upstream (core CH15), suggesting that the quartz 
sands were transported during increased river transport. The higher concentrations of  
marine organic matter in these layers, however, suggest a marine origin for the layers. 
However, these layers are unlikely to be overwash deposits because the sediments were 
recovered from the middle of  the estuary, where no barrier islands existed. Rather, 
organic rich material was transport into the estuary during a storm. Sediments were 
enriched with coarser material due to winnowing and/or transport of  quartz sand from 
nearby beaches or sandbanks. Shell debris layers, between 3.2 and 2 kyr BP, also suggest 
periodically enhanced storm activity. Both higher Br/TOC ratios and lower C/N ratios 
again indicate a relative larger input of  marine organic matter. These layers could be 
wave generated lag deposits as might occur during tropical cyclones.  The observed 
increase in tropical cyclone activity between 3.2 and 2 kyr BP is in line with the studies 
of  Liu and Fearn (2000) and Lane et al. (2011), who find increased tropical cyclone 
landfall events in Florida between 3800 and 1000 years BP and between 2800 and  2300 
year BP, respectively.

Several studies have shown that El Niño events decrease the number of  tropical 
cyclones or hurricanes in the North Atlantic (Gray, 1984; Bove et al., 1998). Proposed 
mechanisms for this negative correlation are increased wind shear increased air column 
instability in the Tropical Atlantic during El Niño events, which inhibits hurricane 
formation (Gray, 1984; Goldenberg and Shapiro, 1996; Tang and Neelin, 2004). This negative 
correlation has also been observed in a 5000 year record of  hurricane activity in Puerto 
Rico (Donnelly and Woodruff, 2007). The increased tropical cyclone activity in mid to 
northern Florida simultaneous with enhanced El Niño activity might be due to a change 
in the preferential path of  hurricanes, and it has been suggested that the position of  
the jet stream and Bermuda-Azores High play an important role in steering tropical 
cyclones which develop over the Atlantic Ocean (Liu and Fearn, 2000). This suggests 
that both precipitation and tropical cyclone activity in Florida during the mid- and 
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late Holocene are affected by large-scale shifts in the hydrological cycle. The complex 
interaction of  multi annual climate oscillations (e.g. Kirov and Georgieva, 2002) makes it 
difficult to predict hurricane intensity on longer time scales.

4.5 Conclusions

The reconstructed environmental changes in Charlotte Harbor reflect both the 
influence of  sea-level rise following after the last deglaciation and changes in climate 
during the mid- and late Holocene. As a response to the rising sea level, Charlotte 
Harbor developed from a quartz-sand dominated environment in the early Holocene, 
into an estuary, dominated by runoff  and terrestrial organic matter input during the 
mid-Holocene. A maximum in runoff  around 5 kyr BP increased the terrestrial input 
and primary productivity in the estuary. During this period precipitation in Florida 
was higher, due to large-scale shifts in the hydrological cycle that involve the ITCZ, 
Bermuda-Azores High, the Polar Front and possibly ENSO activity. Around 3.5 kyr 
BP, Charlotte Harbor changed from a runoff  dominated environment to a more 
oligotrophic and marine setting. Although different studies suggest that precipitation 
in Florida increased, this is not reflected by the Charlotte Harbor sediments. Instead, 
a rise in sea level can explain the observed decrease in runoff. During the past century 
input of  terrestrial organic matter increased probably as a result of  human activities like 
deforestation and canalization, resulting in higher biomarker accumulation rates and 
sedimentation rates in Charlotte Harbor. Throughout the sedimentary record deposits 
consisting of  relatively coarser material like quartz sand or shell debris indicate storm 
events. During the mid-Holocene, these events are rare, but an increase between 3 and 
2.5 kyr BP indicate that tropical cyclones more frequently acted on the Florida Gulf  
Coast.
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Constraints on the origin of  
unusual alkenones in an estuarine 
environment (Charlotte Harbor, 
Florida)

E.E. van Soelen, J.M. Lammers, T.I. Eglinton, J.S. Sinninghe Damsté, G.J. Reichart

Under review

Unusual C35 to C38 alkenones were identified in mid Holocene (8-3.5 kyr BP) sediments 
in an estuary in southwest Florida (Charlotte Harbor). A C36 diunsaturated (ω15,20) 
ethyl alkenone dominates the alkenone distribution, and is similar to the one identified 
in Black Sea Unit 2 sediments. Other unusual alkenones found were tentatively identified 
as a C35:2 (ω15,20) methyl ketone, a C37:2 (ω17,22) methyl ketone, and aC38:2 (ω17,22) 
ethyl ketone. Compound specific 14C, 13C, and D isotope measurements were used to 
assess the possible origin, and environmental constraints on production of  the unusual 
alkenones. Conventional radiocarbon ages of  alkenones and higher plant-derived long 
chain n-alcohols indicate alkenones to be 530 and 980 year older. Although this offset 
is close to the error in the measurements, this suggests that a specific reservoir age 
correction is needed and alkenones are thus produced in situ. In late Holocene sediments 
<3.5 kyr BP, common C37 to C39 alkenones were found. Their hydrogen isotopic (dD) 
composition is in line with values found for coastal haptophytes in brackish waters. 
However, the unusual C36 and C38 alkenones from the mid Holocene sediments are 
enriched in D (with about 100‰) and 13C compared to the late Holocene alkenones. We 
infer that a different biosynthetic pathway is responsible for the observed differences in 
isotopic composition of  the alkenones. This would imply that these unusual alkenones 
are produced by one or more, as-of-yet unknown haptophyte species that may utilize a 
distinct pathway of  alkenone biosynthesis.
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5.1 Introduction

Alkenones are now well established as an important group of  lipids for paleoclimate 
reconstructions as past surface water temperatures are recorded in the degree of  
unsaturation of  these compounds (Brassell et al., 1986; Prahl & Wakeham, 1987; Müller et 
al., 1998). Stable hydrogen and carbon isotopic composition of  these compounds have 
also been linked to past surface ocean salinities (Schouten et al., 2006; Schwab & Sachs, 2011) 
and pCO2 conditions (Bidigare et al., 1997; Pagani et al., 2002). Accurate interpretation of  
these alkenone-based proxies requires a detailed knowledge of  the precursor organisms 
as well as development of  robust calibrations. In open ocean waters, the haptophyte 
Emiliania huxleyi is the dominant source for C37, C38 and C39 alkenones (Volkman et al., 
1980; Conte et al., 1995), followed by the closely related Gephyrocapsa oceanica (Conte et al., 
1995; Volkman et al., 1995). In coastal settings, alkenones may also be produced by other 
species like Isochrysis spp. and Chrysotila lamellose (Marlowe et al., 1984; Rontani et al., 2004).

An unusual C36 diunsaturated alkenone was identified by Xu et al. (2001) in 
Holocene sediments of  the Black Sea. These authors showed, by isolation and NMR 
spectroscopy, it to be an ethyl ketone, with double bonds at positions ω15,20 (from now 
on C36:2 EK). The C36:2 EK was found to be the most abundant alkenone in Unit II of  
the Black Sea sediments (7.3 to 3.6 kyr BP). This finding was later confirmed by Rontani 
et al. (2006), who also recognized other unusual alkenones in these sediments, including 
a C35:2 methyl ketone (ω15,20), a C37:2 methyl ketone (ω17,22), and a C38:2 ethyl ketone 
(ω17,22). Furthermore, the C36:2 EK was also detected in particulate matter in the Black 
Sea, indicating that the source organism for the C36 alkenones still exists today (Rontani 
& Wakeham, 2008) although the alkenones in surface sediments of  the Black Sea are 
dominated by those derived from E. huxleyi (Coolen et al., 2006). In addition to the Black 
Sea, the unusual C36:2 EK has been recognized in late Pleistocene sediments from the 
Japan Sea (Fujine et al., 2006) and in particulate matter collected from the water column 
of  the Ligurian Sea (Rontani et al., 2001b; 2006). The occurrence of  this compound in 
sediments from Aptian age has been also been suggested (Brassell & Dumitrescu, 2004), 
however, this study does not provide information on the position of  the double bonds.

The biological source for the unusual series of  alkenones has been discussed 
but so far remains unknown. Fujine et al. (2006) suggested a relation with low salinity 
conditions, although a true freshwater origin is unlikely according to Xu et al. (2001) 
since the C36:2 EK in the Black Sea is present only after the introduction of  marine 
waters. Nor-alkenones have also been detected in a culture of  E. huxleyi (Prahl et al., 
2006), however, with a different double bond position than that found in the Black 
Sea Unit II sediments. C35 and C36 alkenones with the same double bond positions as 
the Black Sea alkenones, were tentatively identified in a culture strain of  Gephyrocapsa 
oceanica (Rontani et al., 2006), however, here the distribution strongly differed from those 
in Black Sea Unit II sediments. To identify the haptophytes responsible for alkenone 
production in the Black Sea sediments, Coolen et al. (2006; 2009) made a reconstruction 
of  haptophytes present in the water column during the Holocene, based on fossil DNA 
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analyses. In Unit I sediments of  the Black Sea, only haptophyte DNA was detected 
belonging to E. huxleyi (Coolen et al., 2006) whereas in Unit II sediments, DNA of  both 
E. huxleyi and Isochrysis spp. was detected (Coolen et al., 2009). Isochrysis spp. was ruled 
out as source for the unusual alkenones, since from 5000 years onwards, no DNA of  
Isochrysis spp. was detected, whereas C36 alkenones are still abundant in the sediments. 
Coolen et al (2009) proposed three strains of  E. huxley as possible precursors of  the 
C36:2 EK, as their presence coincides and is unique for a period during which abundance 
of  C36:2 EK in the Black Sea sediments is highest.

We have also detected the unusual C36 alkenones in sediments of  two Florida 
estuaries: Tampa Bay (Van Soelen et al., 2010) and Charlotte Harbor (Van Soelen et al., 
2012). As in the Black Sea, C36:2 EK is the predominant alkenone in the mid Holocene 
sediments in these estuaries, while late Holocene sediments are dominated by the more 
common C37 and C38 alkenones. In this study, we have applied compound-specific 
isotope analyses (CSIA) to develop constraints for the origin of  unusual alkenones in 
the Charlotte Harbor sediments. Radiocarbon ages of  alkenones were compared to 
radiocarbon ages of  terrestrial compounds (long chain n-alcohols) from the same depth 
intervals to examine temporal relationships between the different compounds. Stable 
carbon isotopes in combination with radiocarbon data were used to investigate the 

Fig. 5.1 Core locations of  CH1 and CH3 in Charlotte Harbor estuary, Florida (modified from 
Evans et al., 1989)
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provenance of  the alkenones (marine versus freshwater). Compound-specific hydrogen 
isotope compositions of  alkenones of  mid and late Holocene sediments were also 
compared to assess possible differences in fractionation. Furthermore, a reconstruction 
of  Holocene environmental conditions of  Charlotte Harbor (Van Soelen et al., 2012) 
allows evaluating the conditions associated with the occurrence of  the unusual alkenones. 

5.2 Setting and previous results

The Charlotte Harbor estuary derives its freshwater from three rivers: Peace, Myakka 
and Caloosahatchee River. During May and July, increased runoff  can lead to vertical 
density stratification and anoxic bottom water conditions can develop in the Charlotte 
Harbor estuary (Fraser, 1986). A Holocene environmental reconstruction based on 
biomarker analyses indicates eutrophic and brackish conditions for the mid Holocene 
period (8 to 3.5 kyr BP) (Van Soelen et al., 2012). High runoff  resulted in high amounts 
of  terrestrial organic matter input, and high primary productivity. This resulted in (at 
least periodically) stratified water column conditions. From 3.5 kyr BP onwards, the 
terrestrial organic matter input decreased and conditions became more oligotrophic.

Two sediment cores, CH1 and CH3, were recovered from Charlotte Harbour 
(26°52’N, 82°07’W, Fig. 5.1) during a field campaign in April 2008, using a vibracorer at 
a water depth of  approximately 7 m. The sediments of  core CH1 and CH3 were divided 
into three different units based on sedimentological differences which were inferred 
from whole core XRF scanning data (Van Soelen et al., 2012). Sediments of  Unit II (mid 
Holocene) consist of  organic rich clays (up to 10% TOC) interbedded with some quartz 
sand layers (Van Soelen et al., 2012). Visual inspection of  the sediments show distinctly 
to vaguely laminated intervals. Sediments of  Unit I (late Holocene) are characterized 
by a somewhat coarser grain size (clay to fine sands) with TOC contents of  up to 
2% and interbedded with some shell debris layers. Biomarker analyses were performed 
on sediments from core CH1 (Van Soelen et al., 2012). A site description, details on 
whole core X-ray Fluorescence (XRF) scanning and accelerator mass spectrometry 
(AMS) radiocarbon dating of  shell fragments on core CH1 and CH3, as well as high 
resolution organic carbon, nitrogen and biomarker data of  core CH1, can be found in 
Van Soelen et al. (2012). The most abundant alkenone in Unit II sediments is C36:2, with 
concentrations of  up to 145 µg g-1 TOC (Fig. 5.2).  C35, C37 and C38 alkenones are also 
present in Unit II sediments, albeit in low concentrations (not quantified). C36 alkenones 
were not detected from 130 cm upwards (or after 3.5 kyr BP onwards). From 3000 
year BP onwards, C37 and C38 alkenones become dominant. At first, concentrations are 
around 20 µg g-1 TOC, but from 2000 year BP onwards, the concentrations increase 
reaching up to 75 µg g-1 TOC. 
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5.3 Materials and Methods 

5.3.1 Samples

Compound specific stable hydrogen and carbon isotopes were measured on selected 
samples from core CH1 and CH3 which are indicated in Fig. 5.2. Alkenone fractions 
of  core CH1 were earlier extracted as described in Van Soelen et al., (2012). Additional 
samples from core CH3 were extracted for compound specific radiocarbon dating of  
long chain n-alcohols and C36 to C38 alkenones (sample CH3-B at 120-150 cm depth and 
sample CH3-D at depth 270-300 cm depth) and for a detailed study of  the alkenone 
distribution in sediments (CH3-A at depths 0-10 cm and CH3-C at depth 260-270 cm). 

5.3.2 Extraction and isolation of  alkenones and alcohols 

Large samples (about 300 g for samples CH3-B and CH3-D and about 30 g for sample 
CH3-A and CH3-C (Fig. 5.1) of  core CH3 were freeze-dried after which powdered 
sediments were subsequently extracted with a Soxhlet Extractor using a dichloromethane 
(DCM) – methanol (MeOH) mixture (7.5:1 v/v). Elemental sulphur was removed 
using HCl-activated copper turnings. Extracts were separated into three fractions 
using large columns with fully activated aluminum oxide. Three different eluents were 
used: 1) hexane:DCM (9:1 v/v), 2) DCM and 3) DCM:MeOH (1:1 v/v), resulting in a 
hydrocarbon fraction (F1), a ketone fraction (F2) and a polar fraction (F3), respectively. 

Alkenones were isolated from the ketone fraction (F2) by a series of  purification 
steps (Ohkouchi et al., 2005). First, straight-chain components were isolated using urea 
adduction. The purity of  the resulting fractions was sufficient to allow stable hydrogen 
and carbon isotope analyses. Radiocarbon measurements required two further cleaning 
steps. Column chromatography with AgNO3-impregnated SiO2 was carried out, using 
DCM and ethyl ether as eluents to obtain saturated and unsaturated ketone fractions, 
respectively. The unsaturated ketone fractions were then eluted through silica gel 
columns (1 g, 1% deactivated), using hexane/DCM (7:3 v/v) and hexane/DCM (6:4 
v/v) of  which the last resulted in a fraction containing only C36-38 alkenones. 

Alcohols for compound specific radiocarbon measurements were isolated from 
polar fractions (F3) of  samples CH3-B and CH3-D. Fractions were hydrolyzed by 
dissolving in 10 ml 0.5 M KOH in MeOH along with 250 µl MilliQ water and heating 
for 2 hours at 75°C. From the saponified extracts, neutral fractions were extracted using 
hexane. Hydrochloric acid was added to the remaining saponified extracts, forming a 
solution of  pH ~2, after which acid fractions were back extracted using DCM. Water 
traces from both neutral and acid fractions were subsequently removed using sodium 
sulphate. To adjust the polarity of  the polar fractions, the “neutral” fractions resulting 
from saponification were acetylated using 1 ml of  acetic anhydride and 1 ml of  pyridine. 
The solution was heated to 70°C for 30-60 minutes. In order to remove branched and/
or cyclic components from the polar fractions, urea adduction was carried out, resulting 
in a fraction containing acetylated straight chain alcohols. 
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In between cleaning steps, purity of  the fractions was checked using gas 
chromatography (GC), with an HP Gas Chromatograph fitted CP-Sil 5CB fused silica 
capillary column (30 m x 0.32 mm i.d.) and a flame ionization detector (FID). Samples 
were injected on-column, with helium as carrier gas set at constant pressure (100 KPa). 
The oven was programmed starting at 70°C, heating by 20°C min-1 up to 130°C, by 4°C 
min-1 up to 320°C and then kept at this temperature for 20 min. Mass spectrometry 
(GC-MS) was performed using a GC-MS (Thermo Finnigan Trace), using the same 
column and oven program as for GC, only with constant flow.

Selected compounds (C24, C26, C28, C30 and C32 alcohols) were isolated from the 
acetylated alcohol fractions by Preparative Capillary Gas Chromatography (PCGC) 
at Woods Hole Oceanographic Institution (WHOI). Sample CH3-B was run on an 
Agilent 7890A series gas chromatograph equipped with a flame ionization detector 
(FID) and an Agilent 7683B series automatic injector. The injector is combined with a 
Gerstel cooled injection system (CIS), a zero-dead-volume effluent splitter and a Gerstel 
preparative fraction collector. The trapping device consists of  an eight-port zero-dead-
volume valve in a heated interface (at 320°C) and seven glass U-tube traps (~150 µl): 
six to collect fractions and one to collect waste. The FID detector was fitted with a 
30m, VF-1 ms capillary column (0.53 mm i.d.; film thickness 0.5µm). The temperature 
of  the GC oven was held at 50°C for one minute, brought to 100°C at 25°C min-1 
and then brought to 320°C at 5°C min-1 and held at this temperature for 10 minutes. 
Sample CH3-D was run on an HP 5890 Series II gas chromatograph equipped with 
a flame ionization detector and a HP7673 injector. The set-up of  injector, CIS and 
trapping device is similar to that described above for the new system. Compounds were 
separated using a 30 m “megabore” (0.53 mm i.d.) fused silica capillary column which 
is coated with a cross-bonded methylsilicone phase (RTX-1, Restek; film thickness of  0.5 
µm). The oven program was identical to the one described above. Both samples were 
run in hexane. After PCGC, the traps were eluted with hexane and measured on GC-
FID to determine yield and purity. The fraction containing the C30-alcohol of  sample 
CH3-B was still not pure enough and this fraction was not further analysed.

5.3.3 Structural identification of  unusual alkenones

Dimethyl disulfide (DMDS) was used to identify the double bond position of  alkenones 
(after Leonhardt & DeVilbiss, 1985) in sample CH1-DMDS (309.5-310.5 cm, Fig. 5.2). 
A relatively pure alkenone fraction (a ketone fraction which was cleaned using a small 
AgNO3-coated silicagel column and urea adduction as described above) was dissolved 
in 100 µl of  hexane and 100 µl dimethyl disulfide (DMDS), and 20 µl of  Iodine solution 
in ether (60 mg ml-1) were added. The solution was heated at 40°C for approximately 20 
h. Subsequently, 200 µl of  Na2S2O3 dissolved in water (5%) was added to deactivate the 
Iodine. The solution was washed three times with hexane to extract ketones. Hexane 
fractions were combined and dried under nitrogen. The ketones were then solved in 
EtoAc and measured on GC and GCMS (as described above). 
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5.3.4 Compound specific radiocarbon analyses of  long chain n-alcohols 
and alkenones

Purified C24, C26, C28, C30 and C32 alcohols and C36-C38 alkenones were transferred to 
pre-combusted quartz tubes, solvents were removed under a stream of  high-purity 
nitrogen and CuO was added to each tube. To remove remaining solvents, each tube 
was evacuated while immersed in slurry of  dry ice and isopropanol. The slurry was 
replaced by a bath of  liquid nitrogen and the quartz tubes were flame-sealed under 
vacuum. The tubes were then heated for 5 hours at 850°C and the resulting CO2 was 
purified and quantified on a vacuum line (Vogel et al., 1987; McNichol et al., 1992). At the 
NOSAMS facility, graphite targets were prepared and pressed according to established 
procedures.

Radiocarbon data are presented as fraction modern (fM) in Table 5.1, which were 
corrected for isotopic fractionation based on d13C values measured directly on the 
samples prepared for radiocarbon analyses (Stuiver & Polach, 1977). Furthermore, fM of  
the alcohols were corrected for the addition of  two carbon atoms of  different isotopic 
signature during acetylation. Fraction modern was converted to conventional 14C ages 
(Table 5.1) following Stuiver and Reimer (1993). 

5.3.5 Stable hydrogen and carbon isotopes analyses 

Stable hydrogen and carbon isotopes ratios were analyzed on samples from core CH1 
and CH3, on ketone fractions (F2) which were further cleaned using urea adduction 
as described above. Stable hydrogen and carbon isotopes of  long chain alkenones 
were measured on an isotope ratio mass spectrometer (IRMS) (DeltaplusXP) at Utrecht 
University. Every day, standards were measured which were calibrated against international 
reference substances (Schimmelman, Biogeochemical Laboratories, Indiana University). 
Depending on the amount of  material available, samples were measured once or in 
duplicate. Hydrogen isotopic compositions are reported in ‰ relative to VSMOW. 
Carbon isotopes are reported in ‰ relative to the PeeDee Belemnite (PDB). 

Stable carbon isotope compositions of  long chain n-alcohols and alkenone 
fractions were also determined at the National Ocean Sciences Accelerator Mass 
Spectrometry (NOSAMS) facility at Woods Hole Oceanographic Institution (WHOI) 
and were measured on a split of  the CO2 gas resulting from combustion of  purified 
samples which were submitted for radiocarbon analysis. 

5.4 Results and discussion

5.4.1 Alkenone identification

Alkenones were identified based on mass spectra and comparison of  retention times. 
The characteristic base peaks m/z 43 and 57 were used to distinguish between methyl 
and ethyl ketones, respectively (De Leeuw et al., 1980; Xu et al., 2001). Alkenones in 



76

Chapter 5

shallow (<130 cm) sediments were identified as C37:2 methyl ketones, C38:2 ethyl and 
methyl ketones, and C39:2 ethyl ketones (Fig. 5.3). Their occurrence is restricted to 
Unit I sediments (late Holocene) (Fig. 5.2). These alkenones are typically derived 
from haptophytes with carbonate skeletons such as Emiliania huxleyi or Gephyrocapsa 
oceanica (Volkman et al., 1980; Conte et al., 1995). In more coastal areas alkenones can 
also be produces by non-calcifying or “naked” haptophyte species like Isochrysis spp.  
(Marlowe et al., 1984) or C. lamellosa (Rontani et al., 2004), however, often with a different 
alkenone distribution and lacking the C38:2 methyl ketone. Alkenones with more than 
two double bonds were present in low abundances, which is in line with the relatively 
high temperature of  these subtropic waters (Brassell et al., 1986).

Of  the alkenones present in the deeper sediments recovered from Charlotte 
Harbor, the C36 member dominates (Fig. 5.3). Their occurrence is restricted to the Unit 
II sediments (mid Holocene) (Fig. 5.2). GC/MS analysis  after DMDS derivatization 
confirmed the major alkenone (i.e. C36:2; Fig. 5.3) to be identical to the C36 alkenone 
found in Unit II sediments of  the Black Sea by Xu et al. (2001), which contains two 
double bonds at ω15,20 positions. The C36 alkenone in Charlotte Harbor sediments 
occurs in combination with a C35, C37 and a C38 alkenone, of  which the latter is the next 
most abundant (Fig. 5.3). Based on their mass spectra, the alkenones were identified as a 
C35:2 and C37:2 methyl ketone and a C38:2 ethyl ketone (Fig. 5.3 I-IV). Unfortunately, due to 
the low abundances of  these compounds, the double bond positions of  these alkenones 
could not be identified by DMDS treatment. The distribution of  the alkenones found 
in mid Holocene (Unit II) sediments in the Charlotte Harbor estuary is similar to the 
alkenone distribution in the Black Sea Unit II sediments as described by Prahl et al. 
(2006). 

5.4.2 Radio and stable carbon isotopes

Radiocarbon ages of  alkenones and n-alcohols are reported in Table 1 as fraction 
modern (fM and conventional 14C age. Alkenones were not measured individually, but 
as a combined fraction containing C36, C37 and C38 alkenones. Long chain n-alcohols are 
produced as wax lipids by higher plants (Eglinton et al., 1962; Eglinton & Hamilton, 1967). 
Conventional ages of  alcohols in sample CH3-B are between 4990 and 4600 and in 
sample CH3-D between 5700 and 5240 14C age (Table 5.1 and Fig. 5.4). Conventional 
ages of  alkenones are older compared to the average 14C age of  the alcohols, by about 
530 years in sample CH3-B and 980 years in sample CH3-D (Fig. 5.4). Alkenone 
radiocarbon ages are expected to be reliable within 500 14C years for small sample sizes 
(<300 µg) due to errors associated with the processing of  the samples (Mollenhauer et al., 
2005). Assuming a similar accuracy for alcohols, the observed age differences between 
alcohols and alkenones are not significant at the individual levels. However, since the 
alkenones are consistently older and the age difference in sample CH3-D is close to 
being significant, this still suggests that the alkenones are indeed offset compared to the 
n-alcohols. Such differences may arise from a reservoir effect, which results in apparent 
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older ages for aquatic (autochthonous) versus terrestrial organic matter. This reservoir 
effect is the difference between 14C activity between atmospheric CO2 and DIC in 
aquatic environments, and results in apparent older ages for aquatic (autochthonous) 
versus terrestrial organic matter. This reservoir effect is typically ca. 400 yr for the 
open ocean but varies considerably locally (Stuiver et al., 1986). The consistent offset 
therefore confirms that the alkenones indeed have an aquatic origin. Additionally 
sediment redistribution processes within the estuary, for instance due to tidal pumping, 
might have resulted in pre-aging of  fine particulate organic matter before burial in the 
sediments. However, this would affect both the alcohol and alkenone ages, assuming 
they are associated with the same sediment size-fraction in the estuary. 

Compound-specific stable carbon isotopic compositions of  alkenones are 
presented in Table 5.2. Replicate analyses, conducted when concentrations allowed for 
duplicate measurements, yielded standard deviations of  better than 0.3‰. The carbon 
isotopic composition of  the unusual C36:2 alkenone is around -21‰ (range -20.7 to 
-21.6‰) and the unusual C38:2 alkenone around -22‰ (range -21.6 to -22.3‰). Carbon 
isotopic composition of  alkenones in Unit I sediments are slightly more negative, 
around -23‰ for C37:2 alkenones and -24‰ for C38:2 alkenones. All values are consistent 
with values for marine phytoplankton lipids (Freeman et al., 1994). Values of  alkenones 
in Unit II sediments are enriched compared to Unit I alkenones by about 1-2‰. This 
is consistent with results of  Xu et al. (2001) who suggested that enriched d13C values 
for C36 alkenones in Unit II sediment of  the Black Sea indicate that the origin of  this 
alkenones is distinct from other (C37:2 and C37:3) alkenones in the same interval. 

5.4.3 Stable hydrogen isotopes

Stable hydrogen isotopic compositions of  individual C36, C37 and C38 alkenones are 

Fig. 5.4 Conventional radiocarbon ages of  biomarkers in samples CH3-B (120-150 cm) and 
CH3-D (270-300 cm). Alcohols (circles) were measured individually and alkenones (diamonds) 
were measured as the combined fraction containing C36-C38 alkenones.
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between -190 and -200‰ in Unit I sediments, and between -79 to -115‰ in Unit 
II (Table 5.2). Controlled growth experiments with E. huxleyi have shown that the 
hydrogen isotopic composition of  alkenones is linearly correlated with the hydrogen 
isotopic composition of  the water they grow in (Englebrecht & Sachs, 2005). Water in the 
Charlotte Harbor estuary is a mix of  relatively isotopically heavy marine waters from 
the Gulf  of  Mexico and more depleted water supplied by rivers and rain. Ultimately, 
all freshwater in Charlotte Harbor derives from rainwater which has average monthly 
dD values of  between -10 and -30 ‰ (Bowen et al., 2005; Bowen, 2008). These changes 
in the annually weighted average of  dD of  about 20‰ are linked to the amount of  
precipitation, and increasing rates of  precipitation will result in more depleted values 
(Dansgaard, 1964). 

The dD values of  the alkenones present in Unit I sediments of  Charlotte Harbor 
are close to values found for alkenones in Chesapeake Bay in waters with salinities 
between 10 and 28 (Schwab & Sachs, 2011), which is in line with the range of  salinities 
found today in the Charlotte Harbor estuary (e.g. Miller & McPherson, 1991). Schouten 
et al. (2006) showed that the degree of  fractionation between water and alkenone dD 
values by coccolithophores E. huxleyi and G. oceanica decreases when salinity increases. 
However, this salinity effect on dD was not found for alkenones produced in Chesapeake 

Table 5.1 Carbon isotopic composition and AMS data of  alcohols and alkenones in Charlotte Harbor 
sediments, reported as fraction modern (fM), and conventional radiocarbon ages (Conv. C-14 age). 

sample 
name   

depth 
(cm)

Compound d13C  
(‰)

fM Conv. C-14 age 
(year BP)

CH3 B 120-150

C24 n-alcohol -25.0a 0.564±0.009 4600±120

C26 n-alcohol -29.2 0.537±0.009 4990±130

C28 n-alcohol -30.2 0.554±0.011 4750±150

C32 n-alcohol -25.0a 0.557±0.013 4700±180

alkenones (C36-C38) -22.4 0.518±0.005 5290±70
a assumed values

      

CH3 D 270-300

C24 n-alcohol -29.3 0.492±0.007 5700±110

C26 n-alcohol -29.7 0.515±0.007 5330±110

C28 n-alcohol -31.5 0.521±0.006 5240±90

C30 n-alcohol -30.4 0.52±0.007 5250±100

alkenones (C36-C38) -23.4 0.453±0.003 6360±60
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Bay by coastal haptophytes (Schwab & Sachs, 2011). Schwab and Sachs (2011) suggest 
that the coastal haptophytes might have a greater osmoregulation capacity compared to 
marine haptophyte species which would result in a different fractionation. 

Assuming a constant fractionation factor the unusually high dD values for the 
mid Holocene alkenones indicate that dD values of  the water in the Charlotte Harbor 
estuary were much higher than today by about 100‰. Such an increase in dD of  the 
water in the estuary can only be explained by enhanced net evaporation, since the range 
in the dD of  the precipitation is limited (about 20‰) and isotopic composition of  
rainwater is close to the isotopic values of  the Gulf  of  Mexico sea water (LeGrande 
& Schmidt, 2006). A 100‰ offset would, however, require unrealistic high rates of  
evaporation, which contrasts the biomarker-based environmental reconstruction of  
Charlotte Harbor indicating a runoff  dominated environment (Van Soelen et al., 2012). 

The dD values of  the alkenones found in mid Holocene sediments of  Charlotte 
Harbor strongly deviate from other reported dD values for alkenones (Schouten et al., 
2006; Schwab & Sachs, 2011). This could be an adaptation to the coastal environmental 
conditions during the mid Holocene. Rontani et al. (2006) suggests that the unusual 

Table 5.2 Compound-specific stable hydrogen and carbon isotopic composition of  alkenones in Charlotte 
Harbor sediments. (dD in ‰ vs SMOW, d13C in ‰ vs PDB)

sample 
name

depth 
(cm)

 C36:2 EK C37:2 MK C38:2 EK+MK C38:2 EK C39:2 EK

CH1-I 24 dD -191 -196

d13C -22.9 -24.7

CH1-II 42 dD -195 -198

d13C -22.8 -23.3

CH1-III 240 dD -103 -114

d13C -21.5 -22.1

CH1-IV 250 dD -98 -102

d13C -21.6 -22.3

CH1-V 280 dD -114 -108

d13C -20.7 -21.9

CH1-VI 360 dD -101 -111

d13C -21.1 -22.1

CH3-A 0-10 dD

d13C -23.9 -24.1 -24.6

CH3-C 260-270
dD -114 ± 1 -79 ± 1

d13C -21.5 ± 0.3 -21.6 ± 0.2
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alkenones found in Unit II sediments of  the Black Sea belong to a “family” or group of  
alkenones for which the biosynthetic pathway is different from that of  other alkenones. 
The unusual double bond position in combination with the significantly enriched dD 
values of  the alkenones indeed suggest that these alkenones do not derive from any 
known alkenone producing haptophyte species, but are instead produced by a presently 
unknown species that may utilize a distinct pathway of  alkenone biosynthesis. 

5.5 Conclusions

Unusual C35 to C38 alkenones were identified in mid Holocene sediments from an 
estuary in southwest Florida (Charlotte Harbor). The C36:2 ethyl alkenone (ω15,20) is 
most abundant in these sediments, and is identical to the C36 alkenone earlier found 
in amongst others the Black Sea (Xu et al., 2001; Prahl et al., 2006; Rontani et al., 2006). 
Conventional radiocarbon ages of  alkenones and higher plant-derived long chain 
n-alcohols indicate alkenones to be 530 and 980 year older. Although this offset is close 
to the error in the measurements, this suggests that a specific reservoir age correction is 
needed and alkenones are thus produced in situ. dD values of  alkenones found in late 
Holocene sediments of  Charlotte Harbor are consistent with values previously found 
for alkenones produced by coastal haptophytes (Schwab & Sachs, 2011). However, the 
dD values for the mid Holocene alkenones are strongly (~100‰) enriched in heavy 
isotopes. Such enriched dD values for alkenones have not been reported before, and 
the large offset with the late Holocene alkenones cannot be explained by differences 
in salinity or fractionation alone. Most likely, the unusual alkenones found in the mid 
Holocene sediments are produced by a presently unknown haptophyte species, which 
fractionates differently than the known alkenone producers. 
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Chapter 6
Late Holocene environmental 
changes in Lake Kaiike (southwest 
Japan) linked to East Asian summer 
monsoon strength 

E.E. van Soelen, H. Suga, N. Ohkouchi, J.S. Sinninghe Damsté, G.J. Reichart

in prep

To study late Holocene climate changes in the southwest of  Japan, sediments from Lake 
Kaiike were examined using organic geochemical proxies. Lake Kaiike is a small coastal 
lake, with a year round density stratification. Based on sediments and biomarker records, 
at least two periods were identified during which the water column was ventilated, 
between 2000 and 1890 cal. year BP, and between 1270 and 980 cal. year BP. Hydrogen 
isotope ratios of  terrestrial higher plant-lipids were used to reconstruct past changes 
in precipitation rates. Water column ventilation coincides with higher dD values of  the 
higher plant biomarker friedelan-3-one, suggesting relatively drier conditions. Such a 
decrease in precipitation could lead to thinning of  the freshwater layer and eventually 
mixing of  the water column. Two relatively wetter phases occurred around 1500 cal. 
year BP and between 750 and 250 cal. year BP. Especially the first period also coincides 
with relatively lower reconstructed temperatures, which are based on the relative 
distribution of  branched GDGTs. These results are in line with other precipitation and 
temperature records from northern China and Japan, and thus reflect regional climate 
conditions. Precipitation in northeast Asia is currently regulated by the intensity of  the 
East Asian summer monsoon (EASM) and past changes in precipitation rates therefore 
likely reflect changes in the intensity of  the summer monsoon. The two periods of  
increased EASM intensity occur during periods of  decreased El Niño like conditions. 
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6.1 Introduction

The East Asian monsoon is a dynamic part of  the global climate and changes in its 
intensity affect a large part of  the global population. The instrumental record of  past 
changes in monsoon intensity is relatively short and past changes in the East Asian 
monsoon are, therefore, largely unknown. Interannual variability in the intensity of  the 
East Asian summer monsoon (EASM) has been associated with the El Niño Southern 
Oscillation (ENSO) (Wang et al., 2000), the Arctic Oscillation (AO) (Gong & Ho, 2003), 
and changes in heating of  the Tibetan Plateau (Yanai et al., 1992). It has been suggested 
that centennial to millennial scale changes in EASM intensity are also linked to El Niño 
type variability (Wang et al., 2003; Hong et al., 2005). High-resolution sedimentary records 
of  past EASM intensity can help to unravel such relationships as they cover a longer 
time series than presently available from instrumental records.

Precipitation in southern Japan is strongly affected by the East Asian summer 
monsoon. Offshore winds during winter result in relatively cool and dry conditions, while 
summers are warm and wet due to the prevailing southeasterly winds. Reconstructions 
of  past changes in precipitation in Japan can therefore potentially be used to reconstruct 
past changes in intensity of  the East Asian summer monsoon (Xiao et al., 1997; Yamada 
et al., 2010). The southern part of  Japan is also regularly hit by typhoons during the 
summer months. These typhoons heavily impact coastal areas as they bring strong 
winds, storm surges and high amounts of  precipitation. It has been suggested that 
typhoon activity, like the intensity of  the EASM is affected by ENSO variability. El 
Niño conditions have been linked to the development of  more intense and longer lived 
typhoons in the Pacific (Camargo & Sobel, 2005), together with an increased landfall 
probability in Japan (Wang & Chan, 2002; Elsner & Liu, 2003). A reconstruction of  
typhoon activity from southwest Japan, suggests that also on centennial to millennial 
timescales, increased El Niño conditions result in a higher number of  typhoon landfall 
events in this part of  Japan (Woodruff  et al., 2009). By reconstructing past changes in 
precipitation in the same area, it is potentially possible to study the link between typhoon 
activity, monsoon intensity and ENSO variability. 

This study presents a reconstruction of  late Holocene environmental change, 
using a sedimentary record from a small lake (Kaiike) in the southwest of  Japan. The 
laminated sediments of  the lake (Woodruff  et al., 2009) suggest good preservation of  
organic matter, which makes the site ideal for a study based on organic geochemical 
proxies. Biomarker accumulation rates are used to reconstruct environmental conditions 
in and around the lake. Temperature reconstructions are made using the relative 
distribution of  branched glycerol dialkyl glycerol tetraethers (GDGTs) (Weijers et al., 
2007), and the lake-calibrations by Tierney et al. (2010) and Pearson et al. (2011). Past 
changes in precipitation are reconstructed using hydrogen isotope ratios of  terrestrial 
higher plant-lipids, which are thought to reflect the hydrogen isotopic composition of  
precipitation (Sachse et al., 2004; 2006). 
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6.2 Environmental setting 

Lake Kaiike is a small coastal lake on the Northern shore of  Kamikoshiki Island in 
the South of  Japan (Fig. 6.1). The lake has a maximum depth of  about 12 m, a surface 
area of  0.15 km2 and a small drainage basin of  only three times the size of  the lake 
itself  (Matsuyama, 1977). The lake is separated from the sea by a long gravel bar, and 
from the adjacent Lake Namakoike by a stone bank (Fig. 6.1). Limited water exchange 
occurs between the sea and lake Kaiike due to seepage of  saltwater trough the gravel bar 
(Matsuyama, 1977), and between the two lakes through a narrow ditch in the stone bank. 
Currently, the lake is permanently stratified, with oligotrophic and oxic fresh surface 
waters and saline deeper waters resulting from seepage of  seawater into the deeper part 
of  the lake through the gravel bar (Matsuyama, 1977). Productivity in the water column 
is highest near the chemocline at approximately 5 m water depth, by chemolithotrophic 
and photoautotrophic (sulfur) bacteria such as purple sulfur bacteria, green sulfur 
bacteria and cyanobacteria (Nakajima et al., 2003; Koizumi et al., 2004; Ohkouchi et al., 
2005). Lake Kaiike has a characteristic temperature profile with highest values between 
4 and 6 m depth, and lower temperatures in surface (0-4 m) and deeper (6-12 m) parts 
(Matsuyama, 1977; Yamaguchi et al., 2010). As an explanation for this unusual temperature 

Fig. 6.1. Map of  southwest Japan (a), Kamikoshiki Island (b) and bathymetry and core location 
in Lake Kaiike (c) (adapted from Yamaguchi et al., 2010).
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profile, adsorption of  heat by the microbial population near the chemocline (Yamaguchi 
et al., 2010) and trapping of  heat due to a lack of  water circulation (Matsuyama, 1977) 
have been suggested. 

6.3 Materials and Methods

6.3.1 Material

A 240 cm long sediment core (KAI-L2-2) was collected from Lake Kaiike in 2001, using 
a gravity corer system. The sediment core was divided into 4 sections: 1) 0-7 cm (core 
top), 2) 7-107 cm, 3) 107 to 207 cm and 4) 207-240 cm. The sections were frozen before 
sampling. After defrosting, core sections were split longitudinally and visually described. 
A total of  22 samples, each 1 cm wide, were collected at approximately every 10 cm. Of  
section 1 less material was available and here a 7 cm thick sample was collected. Samples 
were then freeze-dried and stored frozen until analyses. 

6.3.2 Total carbon and nitrogen content

To remove carbonates, 7.5 ml of  1M HCl was added to about 0.3 g of  freeze dried and 
homogenized sediments. After shaking for 4 h, acid was removed and again 7.5 ml of  
1M HCl was added after which samples were shaken for 12 h. After removal of  the acid 
sediments were washed with demineralized water and subsequently dried. Total organic 
carbon (TOC) and nitrogen content was determined on the carbonate free residue using 
a NCS analyzer (Fison Instrument NA1500). Weight percentages of  organic carbon 
were calculated relative to total sediment weight before carbonate removal. 

6.3.3 Biomarker extraction, identification and quantification

Between 3-10 g of  freeze dried sediments were repeatedly (5x) extracted using 
dichloromethane (DCM) and methanol (MeOH) (2:1) in a AS One sonifier for 5 min. 
Extracts were combined and dried under nitrogen at a temperature of  40°C. Elemental 
sulfur was removed using HCl-activated copper and traces of  water were removed with 
a small NaSO4 column. An aliquot of  the TLE was derivatized using diazomethane 
to convert fatty acids into methyl esters after which the extracts were cleaned over a 
small silicagel column using ethyl acetate (EtOAc) as an eluents. To convert alcohols 
into trimethylsilyl (TMS) ethers extracts were treated with N,O-bis(trimethylsilyl)
trifluoroacetamide (BSTFA). Subsequently a known amount of  the internal standard 
(squalane) was added to allow for quantification of  the biomarkers. The remainder 
of  the TLE was separated into fractions with different polarity using a small Pasteur 
pipette filled with activated Al2O3 and 1) hexane, 2) DCM, and 3) DCM:MeOH (v/v 
1:1) as the eluents, resulting in a hydrocarbon, ketone and polar fraction, respectively. 
Samples were analyzed by gas chromatography (GC) using an HP gas chromatograph 
fitted with a CP-Sil 5CB fused silica capillary column (30 m, 0.32 mm i.d.), a flame 
ionization detector (FID) and a flame photometric detector (FPD) to test for the 
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presence of  organic sulfur compounds. Samples were injected on-column, with helium 
as carrier gas set at constant pressure (100 KPa). The oven temperature increased from 
70°C up to 130°C by heating with 20°C min-1 and then up to 320°C by heating with 4°C 
min-1 and then kept at this temperature for 20 min. Mass spectrometry was performed 
using a GC-MS (ThermoFinnigan Trace GC) with the same type of  column and oven 
program as used for the GC, but using constant flow of  the carrier gas. Compounds 
were identified based on retention times and mass spectra. 

Based on relative abundances of  long-chain n-alkanes, average chain length and 
carbon preference index were calculated, using the following equations. 

ACL =        (1)

CPI = 0.5*(                                 +               ) (2)

Urea adduction was used on the hydrocarbon fractions to separate the n-alkanes from 
other hydrocarbons. The hexane fraction of  the sample from 72.5 cm (530 cal. year BP) 
appeared to be contaminated with phthalates and this sample was not further analyzed. 
Hydrocarbon fractions were dissolved in hexane, and 200 µl of  urea dissolved in MeOH 
(10%) and 200 µl acetone were added. Solvents were subsequently evaporated under 
a nitrogen stream, and remaining urea crystals were washed with hexane to remove 
cyclic and branched compounds. Crystals were then dissolved in 500 µl water (ultra 
pure) and 500 µl MeOH. Straight chain components (n-alkanes) were extracted from 
this solvent mixture using hexane. Ketone fractions were purified using small column 
chromatography with Ag+-impregnated silica gel, using DCM and EtOAc as the eluents 
resulting in saturated (a.o. friedelan-3-one) and an unsaturated ketone fraction.

An aliquot of  each of  the polar fractions was dried under N2 flow and a C46 

GDGT was added as an internal standard (Huguet et al., 2006) after which the fractions 
were dissolved in hexane/propanol 99:1 (v/v) at a concentration of  2 mg ml-1. Fractions 
were then filtered through a 0.45-µm PTFE filter. The samples were analyzed by high 
performance liquid chromatography/atmospheric pressure chemical ionization mass 
spectrometry (HPLC/APCI-MS) at NIOZ using methods described by Schouten et 
al. (2007). Peak areas of  selected isoprenoid and branched glycerol dialkyl glycerol 
tetraethers (GDGTs) were integrated as described by Hopmans et al. (2004) and Weijers 
et al., (2007), respectively. 

6.3.4 Stable hydrogen isotopic composition of  biomarkers

Stable hydrogen isotope ratios of  long chain n-alkanes and friedelan-3-one were 
measured on a GC-IRMS (DeltaplusXP), using the same method and program as 
for the GC, however using a constant flow instead of  constant pressure. Hydrogen 
isotope ratios (dD) were normalized to the VSMOW scale using a standard mixture of  

([C25]*25+[C27]*27+[C29]*29+[C31]*31+[C33]*33)
([C25]+[C27]+[C29]+[C31]+[C33])

([C25]+[C27]+[C29]+[C31]+[C33]) 
([C24]+[C26]+[C28]+[C30]+[C32]) ([C26]+[C28]+[C30]+[C32]+[C34]) 

([C25]+[C27]+[C29]+[C31]+[C33])
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n-alkanes and squalane, which were calibrated against stable isotope reference materials 
(Schimmelmann, Biogeochemical Laboratories, Indiana University). Samples were 
measured in duplicate, with the exception of  n-alkanes in the top and bottom of  the 
core where the amount of  material was insufficient for duplicate measurements.

6.3.5 Chronology 

Previously, an age model was established for this lake by Woodruff  et al., (2009) for a 
parallel core. Here we have transferred this age model to core (KAI-L2-2) using marker 
beds. To validate the applicability of  this age model for this core, an additional 14C 
accelerator mass spectrometer (AMS) date was added based on a bivalve recovered 
from a depth of  227 cm.  This age was converted into calibrated years before present 
using the marine calibration curve in the Calib 6.0 program, assuming a marine origin 
for the bivalve. This assumption is likely since the bivalve probably lived in situ in the 
lake sediments, and bottom water in the lake derives from seawater (Matsuyama, 1977). 
The calibrated age of  2199±57 (1σ) cal. year BP (i.e. before 1950) agrees well with the 
age-depth model adopted (Woodruff  et al., 2009). Subsequently radiocarbon ages and 
core top ages of  the two cores were combined and fitted with a 2nd order polynomial 
age-model (Fig. 6.2, r2=1.0). The resulting age depth relation shows increasing 
sedimentation rates core upwards: from 0.9 mm yr-1 near the base of  the core, up to 1.3 
mm yr-1 at the core top. Pb-210 analyses by Woodruff  et al. (2009) indicate still higher 
modern sedimentation rates, around 2.3 mm yr-1. These decreasing sedimentation rates 
downcore are in line with ongoing compaction of  the lake sediments. 

Fig. 6.2 Age model based on combined data from Woodruff  et al., (2009) (black error bars) and 
this study (grey dots). The combined dataset was fitted with a second order polynomial model. 
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6.4 Results and discussion

6.4.1 TOC record

The total organic carbon (TOC) content in the studied interval varies between 2 and 
8.5% (Fig. 6.3a). These relatively high concentrations suggest organic matter preservation 
to be good throughout the record. TOC values of  over 5% are found between 1800-
1300 and 900-450 cal. year BP, and also in the top sample. Within the dark, organic rich 
sediments that characterize most of  the core, two distinct intervals were recognized 
consisting of  lighter colored, non-laminated sediments. The first interval at the bottom 
of  the core, consisting of  sediments older than 1890 cal. year BP, coincides with TOC 
values <2.3%. The second interval with lighter colored sediments, between 980 and 
1280 cal. year BP, has TOC contents of  about 4.5%. Within these intervals sediments 
are bioturbated, indicating that bottom waters were oxygenated enough to allow benthic 
organisms, and hence that the lake was (at least periodically) ventilated. The difference 
of  about 2% in TOC between the two non-laminated intervals suggests that organic 
matter production and/or preservation were different in the two intervals. Although 
low TOC values are also found between 360 and 40 cal. year BP, the sediments are 
not bioturbated in this interval, indicating that the water column was still stratified. At 
present, Lake Kaiike experiences a strong, year round density stratification (Matsuyama, 
1977) resulting in a fresh surface water layer and more marine deeper waters. Changes 
in water column ventilation in the past, might have resulted from a temporary breach 
in the gravel bar that separates the lake from to open sea, as was earlier suggested by 
Woodruff  et al., (2009). Alternatively, reduced freshwater supply (decreased precipitation 
and runoff) would result in thinning of  the surface water layer and could eventually also 
result in water column ventilation. 

6.4.2 Branched and isoprenoid GDGTs

Branched GDGTs are present throughout the core, with accumulation rates between 
0.02 and 0.28 µg cm-2 yr-1 (Fig. 6.3b). Crenarchaeol accumulation rates (Fig. 6.3c) were 
generally small (<0.1 µg cm-2 yr-1); only around 1270 BP and before 1790 BP accumulation 
rates are higher (up to 0.7 µg cm-2yr-1).  Branched GDGTs in lakes may derive from 
erosion of  soil (Blaga et al., 2009; Verschuren et al., 2010) where they are produced by soil 
bacteria (Weijers et al., 2007). However, branched GDGTs are probably also formed in 
the lakes themselves (Tierney et al., 2010; 2012). The isoprenoid GDGT crenarchaeol 
derives from Thaumarcheota (previously classified as Crenarchaeota), and are produced 
in situ in marine environments (Schouten et al., 2002; Sinninghe Damsté et al., 2002), in soils 
(Leininger et al., 2006; Weijers et al., 2006) and in lakes (Blaga et al., 2009; Powers et al., 2010). 
A ratio between branched and isoprenoid GDGTs (BIT index) has been suggested to be 
indicative for relative changes in terrestrial versus marine organic matter input in coastal 
settings (Hopmans et al., 2004). In lake Kaiike the BIT index (Fig. 6.3f) is generally high 
(>0.6), except between 2000-1890 cal. year BP and 1080-980 cal. year BP, when values are 
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somewhat lower. The BIT index is significantly negatively correlated with crenarchaeol 
concentration (r2=0.7, p<0.001), a relationship which was previously also found in the 
water column of  African lakes (Tierney et al., 2010) and in sediments of  the Congo deep 
sea fan (Weijers et al., 2009). The strong negative correlation suggests that the BIT index 
reflects primarily changes in the flux of  crenarchaeol rather than differences in the input 
of  branched GDGTs. Relatively low BIT index values (<0.5) and high crenarchaeol 
accumulation rates between 2000-1890 cal. year BP and around 1080 cal. year BP 
coincide with deposition of  non-laminated sediments in the lake, and thus with water 
column ventilation. Tierney et al. (2010) showed that lacustrine Thaumarchaeota, which 
are thought to produce isoprenoid GDGTs in freshwater environments, appear to prefer 
stratified lakes with a well-developed chemocline. Since lacustrine Thaumarchaeota are 
probably not very abundant in small lakes (Blaga et al., 2009; Powers et al., 2010), and 
because they prefer stratified conditions, higher crenarchaeol concentrations probably 
not reflect increased productivity in the lake. Rather, increased ventilation of  the lake 
results in more saline surface water conditions, making conditions more favorable for 
marine Thaumarchaeota. The increase in crenarchaeol accumulation rates (Fig. 6.3c) 
between 1270 and 1080 cal. year BP is not reflected by lower BIT index values since 
accumulation rates of  branched GDGTs are also relatively high during this interval. 

It is not known whether branched GDGTs are mainly produced in situ in lake 
Kaiike, or rather have a dominant terrestrial origin. However, branched GDGTs are 
found mostly in the anoxic part of  the water column, suggesting that stratified conditions 

Fig. 6.3 Total organic carbon content (a), accumulation rates of  branched GDGTs and 
crenarchaeol (b+c), temperature reconstructions were calibrated after Tierney et al., (2010) (d) 
and Pearson et al. (2011) (e), BIT index after Hopmans et al., (2004) (f). 
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are favorable for the micro-organism that produces the branched GDGTs (Sinninghe 
Damsté et al., 2009; Tierney et al., 2010). Currently, Lake Kaiike is characterized by a 
stable, year round, chemocline, which would thus favor in situ production of  branched 
GDGTs. Considering also the relatively small catchment area of  the lake, it is likely 
that in situ production of  branched GDGTs dominates over terrestrial input. Although 
ventilation of  the water column (between 2000 and 1890 cal. year BP and between 980 
and 1280 cal. year BP) must also have resulted in breakdown of  the chemocline, this is 
not reflected in an appreciable lower accumulation rate of  the branched GDGTs (Fig. 
6.3b). 

Lake temperatures were reconstructed by applying the calibrations of  Tierney et al. 
(2010) and Pearson et al. (2011). These lake calibrations are based on best fits between 
the distribution of  branched GDGTs in surface sediments of  lakes and mean annual air 
temperatures (Tierney et al., 2010) or mean summer air temperatures (Pearson et al., 2011), 
both assuming that lake water temperatures closely follows air temperatures. There is a 
large offset in the calculated absolute temperatures for Lake Kaiike of  up to 10°C using 
the two calibrations. The reconstructed temperatures based on the calibration by Tierney 
et al. (2010) (Fig. 6.3d) between 21-29°C are close to summer air temperatures currently 
found near Lake Kaiike (25-30°C, Japan meteorological station, Akune) and thus might 
be biased towards warm season temperatures. The reconstruction by Pearson et al., 
(2011) (Fig. 6.3e) indicates temperatures between 27-38°C, which closely resembles the 
observed summer lake water temperatures of  between 24 and 36°C (Matsuyama, 1977). 
Water temperatures in Lake Kaiike not necessarily reflect air temperatures and can be 
higher at certain depth intervals (Matsuyama, 1977; Yamaguchi et al., 2010). Because of  
the strong stratification and chemocline the GDGTs possibly reflect water temperatures 
rather than air temperatures. Although there is a large difference in absolute values 
between the temperature reconstructions, relative changes in temperature seem to be 
robust and both calibrations suggest warmer temperatures when the water column is 
less stratified, which is most evident for the period 2000-1850 cal. yr BP. 

6.4.3 Other Biomarkers 

Friedelan-3-one is the dominant lipid throughout most of  the record (Fig. 6.4a) 
with accumulation rates of  on average 5 µg cm-2 yr-1. Around 1580 and 890 cal. year 
BP friedelan-3-one shows peak accumulation rates around 15 and 37 µg cm-2yr-1, 
respectively. Friedelan-3-one has been detected in leaves, but also barks and stem of  
a variety of  different terrestrial higher plants (Chandler & Hooper, 1979 and references 
therein) and also in fossil leaves of  both angiosperm and conifers (Otto et al., 2005). 
In the upper 50 cm of  the record, the lower concentrations o friedelan-3-one might 
reflect a change in the vegetation cover surrounding Lake Kaiike. The records of  long 
chain n-alkanes (Fig. 6.4b) and n-alcohols (Fig. 6.4c) show comparable accumulation 
rate patterns as friedelan-3-one, although absolute values are much lower. The ACL 
(Fig. 6.4d) of  n-alkanes in the Lake Kaiike sedimentary record varies between 28.8 and 
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30.2, the CPI (Fig. 6.4e) between 3 and 9, and both show a decreasing trend towards 
the present. Long-chain n-alkanes and n-alcohols derive from the leaf  waxes of  higher 
plants (Eglinton & Hamilton, 1967). The gradual change towards the present in ACL and 
CPI thus likely indicates a gradual change in the source of  n-alkanes, and thus supports 
a change in vegetation near Lake Kaiike, albeit more gradual compared to what the 
friedelan-3-one record suggests. 

Also abundant is tetrahymanol (Fig. 6.4f), with accumulation rates of  up to 4 
µg cm-2 yr-1 increasing up to 13 µg cm-2 yr-1 around 890 cal. year BP. Tetrahymanol 
is produced by ciliates and their phylogenic relatives when they primarily feed on a 
prokaryotic food source and their diet thus contains no sterols (Sinninghe Damsté et al., 
1995; Takishita et al., 2012). Prokaryotes, like purple sulfur and green sulfur bacteria, 
are the dominant producers in the anoxic water column of  the stratified Lake Kaiike 
(Yamaguchi et al., 2010). The presence of  tetrahymanol in the sediments thus reflects the 
stratified water column conditions. Low tetrahymanol accumulation rates between 2000 
and 1890 and between 1370 and 980 cal. year BP are in line with the deposition of  non-
laminated sediments in these periods, confirming that the water column was ventilated. 

Dinosterol (Fig. 6.4g) was detected throughout the core, with accumulation rates 
of  up to 2 µg cm-2 yr-1, except around 890 cal. year BP, when accumulation rates are 
much higher (around 5 µg cm-2 yr-1). Dinosterol is produced by dinoflagellate algae (Alam 
et al., 1979; Boon et al., 1979) and reflects dinoflagellate related productivity in the lake. 

C37 and C38 alkenones (Fig. 6.4h) were only detected in sediments older than 
1890 cal. year BP and around 1270 cal. year BP, in both intervals with relatively low 
accumulation rates (<0.2 µg cm-2 yr-1). The absence of  a C38 ethyl ketone suggests that 
the relative distribution of  these alkenones in the Lake Kaiike sediments is in line 
with that observed for brackish haptophyte species like Isochrysis galbana (Marlowe et al., 
1984). Since present day conditions in Lake Kaiike are not suitable for in situ growth of  
haptophyte algae, lake conditions must have been unlike today during deposition of  the 
alkenones. The presence of  alkenones between 2000 and 1890 cal. year BP coincides 
with water column mixing and relatively higher surface water salinity, which might have 
allowed haptophyte algae to grow locally. The presence of  alkenones around 1270 cal. 
year BP coincides with the earliest phase of  water column ventilation.

At the onset of  the second laminated interval around 890 cal. year BP almost all 
biomarker accumulation rates are high, suggesting simultaneous enhanced terrestrial 
input, water column stratification and productivity in the lake during this short time 
period. Such a strong increase in accumulation rates is not reflected in the GDGT 
records; although the branched GDGTs show a minor increase, crenarchaeol does 
not. Apparently the Thaumarcheota that produce crenarchaeol did not profit from this 
sudden onset of  a chemocline.

6.4.4 Hydrogen isotope ratios

Hydrogen isotopes were measured on lipids derived form higher terrestrial plants, 
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including long chain n-alkanes and friedelan-3-one. Several studies showed that hydrogen 
isotope values of  long chain n-alkanes reflect that of  the precipitation (Sachse et al., 2006; 
Liu & Yang, 2008), although evapotranspiration and biosynthetic fractionation result in 
a substantial offset between alkane and rainwater dD values (Sachse et al., 2004; 2006). 
In contrast to the n-alkanes the relation between dD of  friedelan-3-one and rainwater is 
not calibrated for present day conditions. However, since friedelan-3-one is expected to 
derive from a similar higher terrestrial plant source, the isotope record most likely also 
reflects changes in the hydrogen isotopic composition of  rainwater. 

Hydrogen isotopes (dD) were measured on C29 (Fig. 6.5a) and C31 (Fig. 6.5b) 
n-alkanes and friedelan-3-one (Fig. 6.5c). The total range of  the hydrogen isotope 
records is ca. 30‰ for C29 and 20‰ for C31 n-alkanes and 25‰ for friedelan-3-one. 
Standard deviations of  individual measurements were always <6‰, and for the 
friedelan-3-one record <3.5‰. In the top of  the record (last 360 year) friedelan-3-one 
had too low concentrations to allow deuterium isotope analyses and n-alkanes could 
not be measured in duplicate because of  low abundances. Since confidence limits are 
not available for these data, this part of  the record is not further discussed in terms 
of  changes in precipitation. The deuterium composition of  the long chain n-alkanes 
indicates a shift of  between 10-20‰ around 1890 yr BP towards more depleted values. 
Friedelan-3-one indicates a similar decrease in dD around 1890 yr BP, followed by a 
second decrease of  about 10‰ around 1680 yr BP. Friedelan-3-one dD values increase 
again around 1450 cal. year BP, and stay relatively high until around 890 cal. year BP 
when values drop by almost 15‰. There is a significant correlation between the dD 
of  C29 and C31 n-alkanes (r2 = 0.7, p<0.01), but not between C29 and friedelan-3-one 
(Fig. 6.5d). This lack of  a clear correlation is mainly caused by the differences in stable 
isotopic values between 1370 and 890 cal. year BP. Almost all plants produce n-alkanes, 
but only a number of  higher vascular plants are known to produce friedelan-3-one. 
It is possible that this selected group of  vegetation is more sensitive to changes in 

Fig. 6.5 Hydrogen isotope ratios (dD) of  long chain n-alkanes and friedelan-3-one (a-c). Cross-
plot of  Lake Kaiike dD records (d). 
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precipitation because its main freshwater source is rainwater, while other vegetation 
might also have access to another freshwater source like lake or groundwater. In 
addition, in the period between 2000 and 360 cal. year BP, concentrations of  friedelan-
3-one were 2-10 times higher compared to long chain n-alkanes, resulting in a more 
robust record (with more duplicate measurements and smaller standard deviations) and 
thus a more reliable dD reconstruction.

In the (sub)tropics lower dD values of  precipitation are generally related to 
higher amounts of  precipitation (amount effect) (Dansgaard, 1964). On an annual basis, 
precipitation during the wet summer monsoon is more depleted in D by on average 
20‰ compared to the precipitation during the dry winter season (Bowen, 2008). Since 
about 60 to 70% of  the total annual precipitation falls during the summer months, the 
integrated sedimentary dD signal will be biased towards summer season dD values. The 
hydrogen isotope record of  n-alkanes and friedelan-3-one, both shift towards lower 
values between 2000 and 1890 cal. year BP, which thus indicates a change towards 
relatively wetter conditions. Friedelan-3-one subsequently shows less depleted values 
between 1370 and 790 cal. year BP. Between 750 and 250 cal. year BP and both n-alkanes 
and friedelan-3-one indicate relatively wet conditions again. 

6.4.5 Late Holocene monsoon intensity

The lake Kaiike record shows during the past 2000 years several major changes from 
a well-ventilated water column into stratified conditions and back again. Sea level 
reconstructions in the area indicate that relative sea level remained stable during 
this period (Nagaoka et al., 1996; Yokoyama et al., 1996). This implies that changes in 
stratification and ventilation of  the water column must be related to environmental 
changes like breaches in the gravel bar separating the lake from the open sea, or are 
linked to variability in precipitation and runoff. At least two intervals were identified 
during which the water column was ventilated: between 2000 and 1890 cal. year BP, and 
between 1270 and 980 cal. year BP. Periods with higher strontium (Sr) concentrations 
in the sedimentary records of  Lake Kaiike and the nearby lake Namakoike (Fig. 6.6d) 
were interpreted by Woodruff  et al., (2009) as enhanced input of  marine material due 
to breaches in the gravel bar. These breaches would reflect an increase in the number 
of  typhoons acting on Kamikoshiki Island (Woodruff  et al., 2009). The biomarker data, 
however, indicate partly a well stratified water column coinciding with high Sr during 
the interval between 1200 and 700 cal. year BP (Fig. 6.6). Furthermore, there is no 
increase in Sr levels in the period between 2000 and 1890 cal. year BP, when the water 
column is well ventilated. Possibly, the higher Sr levels do not (only) reflect barrier 
breaches but also result from overwash of  Sr-rich marine sediment (e.g. shell material) 
during typhoon landfall events. Since such a scenario does not require breaches in the 
gravel bar to explain the observed pattern in Sr, the water column would have remained 
stratified during typhoon events. Moreover the high input rates of  freshwater might 
have enhanced stratification rather than causing water column turnover. The onset 
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of  the ventilated interval coincides with relatively high dD values of  friedelan-3-one, 
which suggests conditions were overall drier. Since the water column stratification in 
Lake Kaiike is driven by differences in water column density (salinity) (Matsuyama, 1977) 
and a decrease in runoff  results in a thinning of  the fresh surface water layer this will 
eventually set the stage for water column mixing. 

Depleted dD values between 1680 and 1370 cal. year BP coincide with a minimum 
in the GDGT based temperature reconstructions (Fig. 6.6), indicating that this period 
was relatively cool and wet. This result is in line with other records from northeast 
Asia. Adhikari et al. (2002) found a relative decrease in TOC content in lake Aoki 
(central Japan) between 2000 and 1500 cal. year BP, which they interpreted as a regional 
decrease in temperature. Peng et al. (2005) found that precipitation in north-central 
China increased based on changes in the grain size distribution in Lake Daihai. Hong 
et al., (2001; 2005) found that precipitation in the Hani and Jinchuan peat bogs in 
northeast China increased around 1500 cal. year BP, based on a shift towards more 
negative d13C values of  peat cellulose (Fig. 6.6f-g). The shift towards more negative dD 
values in both the friedelan-3-one and n-alkane records can thus be linked to regional 
changes in precipitation and hence intensity of  the East Asian summer monsoon. 
Overall, this relatively wet period also coincides with less El Niño like conditions (Fig. 
6.6e) (Moy et al., 2002). According to Conroy et al (2008), maximum ENSO variability 
occurred between 2000 and 1500 cal. year BP, with longer and stronger El Niño events. 
The record from lake Kaiike shows that during this time interval southwest Japan 
experienced relatively drier and warmer conditions. Such a negative correlation between 
the ENSO and EASM intensity has been explained by overall colder conditions in the 
west-central Pacific during El Niño type conditions and the development of  a high 
pressure cell (anticyclone) over this area during summer which intensifies the monsoonal 
winds and hence moisture transport from the Pacific to the Asian continent (Wang et 
al., 2000). A link between millennial to centennial changes in monsoon intensity and 
ENSO variability has been made previously by Hong et al. (2005) and Wang et al. (2003) 
Chinese records.

A second wet-phase is identified based on relatively low dD values between 750 
and 250 cal. year BP (Fig. 6.6a). Reconstructed temperatures are only slightly lower in 
this interval (Fig. 6.6c). This wet phase has also been recognized in regional precipitation 
records (Hong et al., 2001; 2005) and temperature reconstructions (Adhikari et al., 2002). 
The period roughly coincides with the little ice age, a period characterized by several 
phases with cooler conditions, most pronounced in regions around the North Atlantic 
during the 16th till mid 19th century (Bradley & Jones, 1993; Mann et al., 2009). Cooler 
and more variable climate conditions have been recognized outside Europe during 
this interval, although the timing is not consistent between regions (Mann, 2002 and 
references therein). High resolution records of  this period from Japan and China, based 
on historical data (Makejima & Tagami, 1983) or stalagmites (Qian & Zhu, 2002) indicated 
that cooling during the little ice age existed of  several cooler phases. Two of  these 
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cooler periods in the 14th and 17th century coincide with relative wetter conditions in 
Japan between 750 and 250 cal. year BP. Like the earlier wet phase, this period coincides 
with a decrease in El Niño activity (Moy et al., 2002), which could explain the overall 
wetter conditions and intensification of  the EASM.

6.5 Conclusions

Waters of  Lake Kaiike are currently stratified throughout the year. Combined records 
indicate that at least two intervals occurred in the late Holocene during which the water 
column was ventilated: between 2000 and 1890 cal. year BP, and between 1270 and 980 
cal. year BP. Water column ventilation occurs in periods where less depleted dD values of  
friedelan-3-one suggest that summer precipitation rates were lower. Since stratification 
in Lake Kaiike is currently controlled by density differences between the fresh surface 
water layer and more saline bottom waters, a decrease in precipitation could lead to 
thinning of  the freshwater layer and eventually mixing of  the water column. 

Summer precipitation rates were probably higher around 1500 cal. year BP and 
between 750 and 250 cal. year BP, based on more depleted dD values of  friedelan-3-one 
and C29 n-alkane. These wet phases can be linked to overall wetter and cooler conditions 
in Japan and northern China. Since precipitation in southwest Japan is mainly regulated 
by the East Asian monsoon, changes in precipitation during the late Holocene therefore 
reflect changes in the intensity of  the summer monsoon. The two periods with increased 
EASM intensity occur during periods of  decreased El Niño activity. 
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Reconstructing tropical cyclone 
frequency using hydrogen isotope 
ratios of  sedimentary n-alkanes in 
northern Queensland, Australia

E.E. van Soelen, F. Wagner-Cremer, J.S. Sinninghe Damsté, G.J. Reichart

Under review

A peat record from Quincan Crater (Queensland, Australia) was used to test if  hydrogen 
isotope ratios of  sedimentary long-chain n-alkanes can be used to reconstruct past 
tropical cyclone activity. Queensland is frequently impacted by tropical cyclones which 
contribute a large part of  the total annual precipitation. The most abundant n-alkanes 
in the peatcore, C29 and C31, probably derive from leaf  waxes of  ferns and grasses which 
grow directly on the peat layer, and from the tropical forest growing on the crater rim. 
Hydrogen isotope ratios vary between -155 and -185 ‰ (SMOW) for C27, C29 and C31 
n-alkanes, with the largest variability in the upper 30 cm of  the record. For the period 
1950-2000 AD variability in dD of  C29 alkanes show a significant correlation with a 
smoothed record of  historical tropical cyclone data. In the period before 1900 AD, 
the variability in the hydrogen isotope record is relatively small compared to the period 
1950-2000 AD. This might be the result of  lower variability of  tropical cyclones during 
this time period. Alternatively, it may result from the increasing time span per sampled 
interval resulting in a lower temporal resolution. On average, dD values between 1900 
and 2000 AD are around -167‰, which is similar to average values found for the period 
between 1750 and 2000 AD. This suggests that on average tropical cyclone frequency 
did not change during the past 250 years. This study demonstrates the potential of  
stable hydrogen isotope ratio’s of  long-chain n-alkanes for the reconstruction of  past 
tropical cyclone frequency. 
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7.1 Introduction

Reconstruction of  tropical cyclone activity over long time-scales can help understanding 
how climate variability, like for example the El Niño Southern Oscillation, influences 
the frequency and intensity of  tropical cyclones. Such information may help to improve 
the predictions of  tropical cyclone activity. Existing climate reconstructions are often 
based on sedimentary records, like overwash deposits, to reconstruct landfall events of  
tropical cyclones (Liu & Fearn, 2000; Donnelly et al., 2001). However, such records are 
restricted to certain coastal areas, and only tropical cyclones that approach the coast 
from the seaside are recorded. 

Alternatively, the isotopic composition of  rainfall from tropical cyclones can 
be used. Precipitation from tropical cyclones is strongly depleted of  heavy oxygen 
and hydrogen isotopes, due to the strong fractionation in these large convective 
systems (Gedzelman & Lawrence, 1990; Lawrence et al., 2002). Hydrogen isotope ratios 
of  hurricane-derived precipitation can be 50 to 100 ‰ more depleted compared to 
normal precipitation in the (sub)tropics (Lawrence et al., 1998; 2002). A reconstruction 
of  past changes in the stable isotope values of  rainwater can therefore potentially be 
used to reconstruct past tropical cyclone activity. Oxygen isotopes of  speleothems have 
successfully been correlated to historical records of  tropical cyclone activity (Nott et al., 
2007), and also oxygen isotopes of  tree-rings have been used (Miller et al., 2006). An 
advantage of  these methods is that a high resolution can be achieved and that the age 
assessment is relatively straight forward since it is based on annual or seasonal growth 
increments. However, speleothem records are rare, and tree-ring records often do not 
extend further back in time than several hundreds of  years. 

Long-chain n-alkanes are part of  the leaf  waxes of  higher plants, a protective 
layer on top of  many leaves(Eglinton & Hamilton, 1967). Several studies have shown 
that hydrogen isotope ratios of  n-alkanes reflect the hydrogen isotopic composition 
of  precipitation (Sachse et al., 2004; 2006; Liu & Yang, 2008). Because n-alkanes are 
ubiquitous in sediments of  terrestrial, lacustrine and estuarine sites, sediment cores 
potentially can be used to reconstruct cyclone activity over longer time scales. Hydrogen 
isotopes of  sedimentary n-alkanes have been used to reconstruct past hydrological 
conditions (e.g. Liu & Huang, 2005; Schefuβ et al., 2005; Speelman et al., 2010). Here we 
investigate the potential of  stable hydrogen isotope analysis of  sedimentary n-alkanes 
in a peat core from northern Queensland, Australia, to reconstruct past tropical cyclone 
frequency. 

7.2 Setting

Quincan crater formed on the eastern side of  Mt. Quincan, northern Queensland, 
Australia (Fig. 7.1)and reaches 850 m above sea level. A swamp with a diameter of  
about 260 m developed approximately 60 m below the rim of  the crater. A peat layer of  
up to 1 m thickness consisting of  roots and dead aerial plant material floats on a water 
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layer of  up to 10 m depth (Kershaw, 1971). There are no inflow or outflow channels and 
the catchment area for the swamp is thus relatively small. Rainfall in this area is strongly 
bi-seasonal with a monsoon period between November and April. Average annual 
rainfall in northern Queensland is 1000-2400 mm per year, although at some parts of  
the east coast it can be over 3200 mm per year (www.bom.gov.au). Tropical cyclones 
occur regularly during the wet season with an average of  1-2 tropical cyclones hitting 
Queensland per year. Up to 25% of  the total precipitation in Queensland may derive 
from tropical cyclones, depending on the number of  hits that year (Williams, 2008).

7.3 Material and Methods

7.3.1 Material

A 90 cm long peat core was taken from Quincan Crater (17˚ 18’S, 145˚ 35’E), Queensland, 
Australia (Fig. 7.1), in 2003. The material was collected near the edge of  the crater. The 
core was frozen and the undisturbed center part was sawn out. The undisturbed 12 x 6 
cm central core was sliced into 1 cm thick samples. A total of  37 consecutive samples 
from the upper 41 cm core section were analyzed, with the exception of  depths 0-5, 
10-11, 18-19 and 23-24 cm for which insufficient material was available.  

Fig. 7.1 Location of  Quincan Crater in Far North Queensland, Australia. Rainfall data used in 
this study was collected in Herberton. 
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7.3.2 Radiocarbon dating

Plant remains were visually inspected using a binocular microscope and noticeable root 
fragments were removed as they potentially contaminate samples with younger organic 
carbon. Acceleration Mass Spectrometry (AMS) 14C radiocarbon ages were determined 
on 9 samples at Poznan Radiocarbon Laboratory. Ages were calibrated using Calib 
6.0 (http://calib.qub.ac.uk/calib/), using the southern hemisphere calibration curve 
(McCormac et al., 2004) or, for samples younger than 1950 A.D., CaliBomb (http://calib.
qub.ac.uk/CALIBomb/frameset.html) using the Southern Hemisphere calibration 
curve (Hua & Barbetti, 2004).

7.3.3 Determination of  the hydrogen isotopic composition of  n-alkanes

Freeze dried and grounded peat material (2-6 g) was extracted using an Accelerated 
Solvent Extractor (ASE) with a solvent mixture of  dichloromethane (DCM) and 
methanol (MeOH) (9:1 v/v) at 100°C in 5 cycles of  3 min for each sample. Total Lipid 
Extracts (TLEs) were separated over a column with activated Al2O3 into two fractions: 
aliphatic compounds were eluted with hexane, polar compounds with DCM:MeOH (1:1 
v/v). The aliphatic fraction was further separated using urea adduction. Samples were 
dissolved in hexane, and 200 µl of  urea dissolved in MeOH (10%) and 200 µl acetone 
were added. Samples were then dried under nitrogen and remaining urea crystals were 
washed with hexane to collect the non-adduct. Subsequently, crystals were dissolved 
in ultraclean water and MeOH, after which the solution was extracted with hexane to 
obtain the adduct fraction, containing the n-alkanes. 

The adduct fractions were analyzed by gas chromatography (GC), using an HP GC 
fitted with a CP-Sil 5CB fused silica capillary column (30 m 0.32 mm i.d.) and a flame 
ionization detector (FID). Samples were injected on-column, with helium as carrier gas 
set at constant pressure (100 KPa). The oven was programmed starting at 70 °C, heating 
by 20°C min-1 up to 130°C, by 4°C min-1 up to 320°C and then kept at this temperature 
for 20 min. Gas chromatography mass spectrometry (GC-MS) was performed using a 
Thermo Finnigan Trace GCMS with the same type of  column and oven programme as 
used for the GC, only with constant flow. Compounds were identified based on their 
retention times and mass spectra. Average chain length (ACL) and carbon preference 
index (CPI) were calculated. 

ACL=         (1)

CPI=0.5*(                  +              )   (2)

Stable hydrogen isotopes of  long-chain n-alkanes were measured on a GC-istope ratio 
mass spectrometry (GC-IRMS) (DeltaplusXP). The GC oven used the same program as 
described above, only instead using a constant flow during the measurement. All dD 

([C25]*25+[C27]*27+[C29]*29+[C31]*31+[C33]*33)
([C25]+[C27]+[C29]+[C31]+[C33])

([C25]+[C27]+[C29]+[C31]+[C33]) 
([C24]+[C26]+[C28]+[C30]+[C32]) ([C26]+[C28]+[C30]+[C32]+[C34]) 

([C25]+[C27]+[C29]+[C31]+[C33])
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values were normalized to the VSMOW scale using a standard mixture of  n-alkanes 
which were calibrated against international reference substances (Schimmelmann, 
Biogeochemical Laboratories of  Indiana University). Depending on the amount of  
material available, all samples were measured in duplicate or triplicate. 

7.4 Results and discussion

7.4.1 Age-model

Radiocarbon data are presented as fraction modern (fM), AMS 14C ages and calibrated 
ages (AD) in Table 7.1. At 7.5 cm depth, a leaf  fragment of  a fern (most likely Blechnum 
sp., which grows abundantly on top of  the peat core; Kershaw 1971) was recognized and 
submitted for radiocarbon dating. At all other sample depths bulk organic matter was 
used for dating. 

Samples which indicated younger or similar ages as found in samples at lower 
depths were excluded from the age-model (30.5, 41.5, 50.5 and 70.5 cm), since these 
were most likely contaminated with younger root material. All other calibrated AMS 
14C ages were used to construct an age model (Fig. 7.2). The top of  the core (0 cm) 
was assigned an age of  2003 AD, corresponding to the year the core was collected. 
To optimize the fit, the age-model was split into two parts. The top 3 samples (0, 7.5 
and 21.5 cm) were fitted with a 2nd order polynomial line. This polynomial fit implies 
decreasing sedimentation rates down core, resulting from compaction of  the organic 

Fig. 7.2 Calibrated ages plotted versus depth. For samples older than 1950 AD, distribution 
areas of  the calibrated ages are also indicated for the 2 sigma range (light grey) and 1 sigma range 
(dark grey). The black dot indicates the core top corresponding to 2003 AD. 
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matter.  The other points were fitted with a linear trend line that crosses the polynomial 
line at a depth of  ca. 23 cm (~1950 AD). Only the top 40 cm of  the core was used in 
this study, in this part accumulation rates increase from around 0.1 cm yr-1 at 40 cm 
depth to around 1.0 cm yr-1 in the top of  the record. 

7.4.2 Long-chain n-alkanes

CPI values varies between 3 and 10 (Table 7.2), indicating a strong odd-over-even 
predominance as is expected from plant derived n-alkanes (Eglinton & Hamilton, 1967). 
ACL of  the n-alkanes of  around 30 (Table 7.2) with the fact that C29 and C31 n-alkanes 
are dominate the n-alkanes distributions in the peat record. The ACL differs between 
groups of  vegetation. Grasses are known to produce primarily C29 and C31 n-alkanes 
(Smith & Freeman, 2006) and also ferns, produce C29 and C31 n-alkanes (Lytle et al., 1976; 
Chikaraishi & Naraoka, 2003). The ACL of  trees is generally higher in plants growing 
on lower latitudes (Sachse et al., 2006) and can be around 30-31 in tropical regions (Bi 
et al., 2005). Rainforest vegetation was and still is present on the slope of  Quincan 
Crater (Kershaw, 1971). The peat layer is overgrown by various grasses and also the fern 
Blechnum sp. is abundant (Kershaw, 1971). The n-alkanes in the peat layer represent the 
combined input from grasses, ferns and trees. Variability in ACL is highest in the upper 
20 cm of  the record (Table 7.2), which might be a consequence of  the higher sample 
resolution. 

Table 7.1 Radiocarbon (AMS) data of  organic matter in Quincan Crater peat, reported as fraction 
modern (fM), AMS radiocarbon age (AMS. 14C age) and calibrated ages (cal. year AD) with a 2 sigma 
error (greatest relative area under 2σ probability distribution).

nr. Depth 
(cm)

Material fM AMS 14C age cal. year AD 
(2σ) 

core top 0 2003

1 7.5 leaf  fragment 113.91 ± 0.35 -1046 ± 25 1993.3±1.1

2 21.5 bulk 110.42 ± 0.38 -796 ± 28 1958.9±0.2

3* 30.5 bulk 105.75 ± 0.38 -449 ± 29 1957.7±0.4

4* 41.5 bulk 110.66 ± 0.56 -813 ± 41 1996.2±0.7

5 44.5 bulk 97.42 ± 0.49 210 ± 40 1766 ± 50

6* 50.5 bulk 132.63 ± 0.38 -2268 ± 23 1978.4±0.9

7 60.5 bulk 95.5 ± 0.36 370 ± 30 1556 ± 80

8* 70.5 bulk 97.48 ± 0.42 205 ± 35 1766 ± 49

9 80.5 bulk 93.27 ± 0.35 560 ± 30 1420 ± 25

*not included in age-model
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7.4.3 Hydrogen isotope ratios and tropical cyclones

The hydrogen isotope (dD) values for C27, C29 and C31 n-alkanes vary between -155 and 
-185 ‰ (Table 7.2), with the largest variability in the upper 30 cm of  the record. The 
standard deviation for all analyses is < 8‰ and for C29 n-alkanes < 4.5‰. There is no 
correlation between dD of  C27 and C29 n-alkanes (r2<0.1), while dD values of  C29 and 
C31 d-alkanes are significantly correlated (r2=0.5, p<0.01) (Fig. 7.4).  

Expected dD values of  precipitation in this part of  Queensland are between -8 and 
-47‰, with a yearly average of  about -35‰ (Bowen et al., 2005; Bowen, 2008). Between 
precipitation and the production of  n-alkanes by higher plants, several fractionation 
steps take place. Evapotranspiration in soil and leaves enriches the water in heavy 
isotopes compared to precipitation. However, the most important step is biosynthetic 
fractionation in the plant which results in a depletion by on average -157‰ (Sachse et al., 
2004), with only a small variation (<35‰) between different photosynthetic pathways 
(Bi et al., 2005; Liu et al., 2006). 

Hydrogen isotope values of  n-alkanes in the Quincan Crater peat core vary between  
-155 and -185‰, which results a net fractionation of  120-150‰. Local evaporation and 
transpiration by plants might enrich the hydrogen isotopic composition of  the leaf  
water, which is used for the biosynthesis of  leaf  waxes and can lead to differences in dD 
values of  leaf  waxes in different plants (Hou et al., 2007). The pollen based vegetation 
reconstruction (Kershaw, 1971) indicates little variability in vegetation during deposition 
of  the peat layer. Therefore, downcore variability in dD values of  n-alkanes is probably 
not related to changes in the vegetation cover and, hence, in differences related to 
species-specific fractionation. Instead the signal most likely reflects changes in the dD 
value of  precipitation. The correlation between dD values of  C29 and C31 n-alkanes 

Fig. 7.3 The number of  cyclones per year versus the annual rainfall (grey) and average annual 
rainfall (black) in respect to the number of  cyclones occurring each year. The location of  
Herberton is indicated in Fig. 7.1. 
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suggests similar fractionation steps and the two components likely derive from the 
leaf  waxes of  similar vegetation plant assemblages. The C27 n-alkane, which does not 
correlate with the longer C29 and C31 alkanes, might have a different origin. Possibly the 
C29 and C31 alkanes originate from local vegetation like grasses and ferns growing on top 
of  the peat core, while C27 alkanes might be derived from trees growing on the crater 
slope and in the surrounding of  Quincan Crater. 

Only concentrations of  C29 n-alkanes were sufficiently high for hydrogen isotope 
measurements at all depth intervals. This record was, therefore, selected for comparison 
with historical rainfall data and tropical cyclone activity in Queensland. Figure 7.5 
shows historical data for tropical cyclones that passed Quincan Crater within a 500 km 
radius. Between 1907 and 2007 AD (Australian Government, Bureau of  Meteorology, 
http://www.bom.gov.au). The significant correlation (r2=0.8) between the number of  
tropical cyclones per year and the average amount of  precipitation (Fig. 7.3) suggests 
that tropical cyclones supply a significant part of  the annual rainfall in Quincan Crater 
swamp and annual precipitation increases when cyclone frequency is higher. 

As a result of  compaction, the time-span covered by each sample interval increases 
downcore. The uppermost sample spans around 1 year, successively increasing to ~10 
years downcore. Therefore, the dD record was compared with a smoothed tropical 
cyclone record. The dD pattern of  C29 n-alkanes closely follows the 5-year moving 
average of  cyclone frequency in a radius of  500 km form Quincan Crater for the 
period 1950-2000 (Fig. 7.5). Historical rainfall data from Herberton, which is located 
approximately 25 km to the southwest of  Quincan Crater, does not follow the same 
pattern. This implies the hydrogen isotopic composition of  the annual precipitation 
is largely influenced by the number of  tropical cyclones occurring each year. An 

Fig. 7.4 Hydrogen isotope ratios of  C29 n-alkanes plotted versus C27 and C31 n-alkanes. 
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increasing number of  tropical cyclones results in a strong depletion of  the average 
hydrogen isotope signal which is recorded in the isotopic signal of  leaf  waxes in the 
plants growing in Quincan Crater.   

In the lower part of  the core (below 30 cm or before 1900 AD) no historical data 
are available for comparison. The low variability in dD during this period might suggest 
a more stable number of  tropical cyclones. However, it is more likely that the sample 
resolution becomes too low to detect the decadal variability in tropical cyclone activity. 
This decrease in resolution is a consequence of  the earlier mentioned compaction down 
core. The relatively increase in age-span per sample, does not allow for comparison 
with annual to decadal variability in tropical cyclone frequency. However, the average 
values of  dD of  the C29 n-alkane between 1750-1900 AD and 1900-2000 AD are both 

Fig. 7.5 Hydrogen isotopes of  C29 n-alkanes, rainfall data and tropical cyclone records plotted 
versus age (year A.D.). Grey lines indicate annual variability, black lines a 5 year smoothing of  
tropical cyclone and rainfall data. 
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-167‰. Since there is no difference between the average values, the average frequency 
of  tropical cyclones in this area did probably also not change during the past 250 years. 

7.5 Conclusions

A peat record spanning the past 250 years was recovered from Quincan Crater. Long-
chain higher plant derived n-alkanes in the core are dominated by C29 and C31, which 
probably derive from grasses and ferns growing on the peat layer and from the tropical 
forest growing on the crater rim. The hydrogen isotopic composition of  the C29 alkanes 
in the top of  the record (past 50 years) is significantly correlated with a smoothed (5 
point moving average) record of  the number of  tropical cyclones, affecting the site 
within a radius of  500 km around Quincan Crater. There is no correlation between dD 
of  n-alkanes and the amount of  rainfall in the area. This suggests that the hydrogen 
isotopic signal is largely influenced by the number of  tropical cyclones occurring each 
year. Before 1900 AD, the dD record of  the n-alkanes shows less variation. Possibly, 
tropical cyclone frequency was more stable during this time period and therefore 
variability was smaller. More likely, however, is that due to downcore compaction and 
the consequently lower temporal resolution the variability in this part of  the record is 
smaller.  Average dD values of  the C29 n-alkane are similar for the periods 1750-1900 
AD and 1900-2000 AD, which indicates that the frequency of  tropical cyclones during 
the past 250 years did not change.  This study demonstrates the potential of  stable 
hydrogen isotope ratio’s of  long-chain n-alkanes for the reconstruction of  past tropical 
cyclone frequency. 
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Table 7.2 Hydrogen isotope ratios (‰ vs. VSMOW), average chain length (ACL) and carbon preference 
index (CPI) of  C27-C31 n-alkanes.

depth 
(cm)

age     
(year AD) dD C27                               stdev dD C29                     stdev dD C31                     stdev

ACL 
(eq 1)

CPI 
(eq 2)

5.5 1996 -174 2.8 -164 2.9 -179 0.2 30.2 4.2

6.5 1995 -171 7.9 -168 3.0 -181 5.1 31.9 4.1

7.5 1993 -178 5.0 -163 1.4 -174 3.3 31.8 5.0

8.5 1992 -170 1.0 -161 3.8 -176 5.2 31.8 3.8

9.5 1990 -168 -179 2.3 32.2 3.6

10.5

11.5 1986 -175 2.2 -181 2.1 26.9 3.3

12.5 1983 -168 1.5 -175 1.9 -185 0.7 31.7 3.8

13.5 1981 -175 0.5 -166 1.5 -182 6.3 30.5 7.1

14.5 1979 -173 0.9 -170 1.7 -177 0.3 29.1 6.2

15.5 1976 -178 1.0 -170 3.4 -175 1.0 30.7 6.0

16.5 1974 -175 0.3 -173 0.4 -183 1.5 31.4 5.4

17.5 1971 -166 3.0 -160 2.9 -167 0.1 28.2 4.8

18.5

19.5 1965 -169 -169 31.1 7.7

20.5 1962 -175 3.2 -170 2.1 -182 4.9 31.1 7.1

21.5 1959 -165 3.1 -168 -173 2.7 30.8 6.4

22.5 1956 -173 1.7 -162 3.5 -174 3.5 29.9 6.5

23.5

24.5 1934 -173 2.6 -165 1.1 -175 2.2 30.2 6.1

25.5 1925 -167 2.1 -166 3.4 -175 3.9 31.6 4.7

26.5 1916 -175 1.3 -166 2.9 -178 1.4 30.4 5.7

27.5 1906 -168 1.1 -157 3.2 -168 2.8 30.2 4.0

28.5 1897 -169 0.4 -168 2.1 -175 6.3 30.6 4.7

29.5 1887 -170 2.0 -167 2.7 -172 2.0 30.2 5.4

30.5 1878 -173 0.2 -169 0.5 -182 4.2 30.4 6.3

31.5 1868 -171 3.8 -165 2.7 -178 6.4 30.8 6.7

32.5 1859 -169 4.7 -170 4.2 -175 3.1 30.3 5.3

33.5 1849 -168 6.0 -165 3.9 -176 2.0 30.4 6.3

34.5 1840 -174 3.7 -167 2.0 -177 2.3 30.1 6.8

35.5 1830 -175 0.2 -164 1.8 -176 2.0 30.0 5.4

36.5 1821 -176 2.3 -169 2.4 -177 3.0 30.7 9.8
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Table 7.2 (Continued) Hydrogen isotope ratios (‰ vs. VSMOW), average chain length (ACL) and 
carbon preference index (CPI) of  C27-C31 n-alkanes.

depth 
(cm)

age     
(year AD) dD C27                               stdev dD C29                     stdev dD C31                     stdev

ACL 
(eq 1)

CPI 
(eq 2)

37.5 1811 -178 2.3 -168 3.4 -180 3.4 30.1 6.1

38.5 1802 -177 3.4 -169 3.2 -177 4.0 29.6 7.4

39.5 1792 -177 1.0 -168 2.5 -176 3.6 29.6 5.1

40.5 1783 -180 3.1 -167 3.1 -179 2.3 31.1 6.7

41.5 1773 -178 3.4 -168 3.0 -177 1.7 30.5 7.7

42.5 1764 -174 -171 4.0 -181 6.5 29.3 6.5

43.5 1754 -182 2.9 -169 2.0 -177 0.3 29.4 6.1

44.5 1745 -178 2.2 -168 3.4 -173 2.7 29.3 6.3
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Summary 
Anthropogenic greenhouse gas emissions are responsible for a warming trend that 
cannot easily be reversed. This warming trend has major consequences for the daily 
weather. Increasing atmospheric temperatures will affect the global hydrological cycle 
and thereby change regional precipitation patterns. Furthermore, it has been suggested 
that higher sea surface temperatures will also lead to an increase in tropical cyclones 
activity. Tropical cyclones are large-scale convective systems that develop over warm 
oceanic waters near the equator. Above land they decrease in strength, however before 
they disappear they can heavily impact coastal areas due to strong winds, heavy rainfall 
and storm surges. Besides affecting tropical cyclone activity, rising seawater temperatures 
will also result in thermal expansion of  the ocean waters, which, in combination with 
melting of  continental ice caps, results in sea-level rise.

Accurate predictions of  future sea level rise, hydrological changes and potential 
increase in tropical cyclone activity are essential for (sub)tropical coastal regions. The 
link between rising sea surface temperatures and tropical cyclone activity is however not 
straightforward. Natural oscillations in the climate system, like the El Niño Southern 
Oscillation (ENSO) and North Atlantic Oscillation (NAO) also affect the development 
and the path of  tropical cyclones. The effects of  anthropogenic and natural climate 
change therefore needs to be evaluated over longer time-scales. Such a study requires 
long paleo-records in order to capture the full range of  natural variability inherent to 
the climate system. The aim of  the research presented in this thesis was to reconstruct 
Holocene (up to approximately 10.000 years ago) environmental and climate conditions 
in (sub)tropical areas, including Florida (USA), the southwest of  Japan and Queensland 
(Australia).

Florida (USA)
In Florida two estuaries were studied that discharge into the Gulf  of  Mexico: Tampa 
Bay and Charlotte Harbor. Both estuaries experienced strong environmental changes 
during mid and late Holocene as a consequence of  on-going sea-level rise, which 
resulted in a gradual change from a restricted fresh or brackish environment to the 
more marine environment of  today.  A high-resolution reconstruction from Charlotte 
Harbor revealed large changes in biomarker accumulation rates, which are related to 
changes in precipitation and runoff. The mid Holocene environment is characterized 
by stratification, which is a consequence of  large amounts of  runoff  and enhanced 
precipitation. These restricted and relatively fresh conditions during the mid Holocene, 
resulted in the production of  some unusual alkenones, including a C36 (ω15,20) ethyl 
ketone. These alkenones were so far found in only few other locations around the world, 
and their biological source is still unknown. Runoff  decreased during the late Holocene, 
which may indicate that the amount of  precipitation decreased. Alternatively, it might 
be indirectly related to the continued transgression of  the shoreline. Storm deposits are 
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more frequent in late Holocene sediments, suggesting that the frequency of  tropical 
cyclones that acted on the coast of  Florida increased at that time. These changes in 
cyclone activity are related to shifts in the position of  the Bermuda-Azores High. This 
area of  high pressure in the North Atlantic strongly affects the path of  tropical cyclones 
that develop in the North Atlantic. A more northward position during the mid Holocene 
would deflect the storms more to the North, resulting in more frequent landfalls along 
the eastern coast of  the USA. In the late Holocene, the high-pressure area relocated 
itself  more towards the south, resulting in more frequent tropical cyclones entering the 
Gulf  of  Mexico and acting on the Florida coast. 

More recent environmental changes in Florida were studied in Rookery Bay, 
an estuary that is located to the south of  Charlotte Harbor. Environmental changes 
covering the past 300 years show an increasing influence of  human impact in the area. 
Human activities like deforestation and canalization increased the sensitivity of  the area 
to natural occurring changes in precipitation and runoff. Higher and more variable 
biomarker concentrations of  both terrestrial and aquatic origin reflect an overall more 
dynamic system during the 20th century. 

Southwest Japan
Lake conditions in Lake Kaiike (southwest Japan) were reconstructed for the last 2000 
years using biomarkers and compound specific hydrogen isotope ratios. A previous 
study in this lake revealed that the frequency with which tropical cyclones act on 
the southwest coast of  Japan is related to ENSO-variability. This new study shows 
that changes in precipitation and runoff  dominated environmental conditions in the 
lake, resulting in alternating periods of  water column stratification and water column 
ventilation. Since precipitation in northeast Asia is currently regulated by the East Asian 
summer monsoon, these past changes in precipitation can be linked to changes in the 
intensity of  the monsoon. Periods with increased precipitation around 1500 year BP, 
and between 750 and 250 year BP, coincide with a regional increase in precipitation in 
Japan and China, which confirms the large-scale character of  the reconstructed climatic 
changes. Such changes in the intensity of  the East Asian summer monsoon are likely 
also influenced by ENSO, with enhanced precipitation during a negative ENSO or La 
Niña like conditions. 

Queensland (Australia)
The tropical northeast of  Australia is regularly impacted by tropical cyclones. These 
cyclones provide a large part of  the total annual rainfall in the area, and as such strongly 
affect the total amount of  rainfall per year. Since precipitation of  tropical cyclones is 
strongly depleted from heavy isotopes, the average annual precipitation in a year with 
more frequent tropical cyclone impacts will therefore be lighter in dD. Since plants are 
able to capture the isotopic signal of  precipitation, it is potentially possible to use dD 
of  plant derived biomarkers, like long chain n-alkanes from the leaf  waxes of  higher 
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plants, to reconstruct past changes in tropical cyclone frequency. A peat record from 
Northern Queensland was used to test this hypothesis. For the past 50 years, the dD 
reconstruction of  the C29 n-alkane matches well with a smoothed record of  historical 
tropical cyclone activity. On a longer timescale this relation does not exist. Possibly, the 
sample resolution in the lower part of  the peat record is too low to capture the annual 
or even multi-annual variability in cyclone-activity. Still, the absence of  a clear trend in 
the average hydrogen isotopic ratios of  the long chain n-alkanes, suggests that tropical 
cyclone frequency and/or intensity did not change appreciably over the last 250 years 
in Northern Queensland.

Main conclusions
The results presented in this thesis show that, 1) in addition to sea level rise, changes 
in precipitation and storm activity strongly affect coastal environmental conditions in 
the (sub)tropics. These changes in precipitation during the Holocene were found to be 
associated with naturally occurring oscillations in climate like NAO and ENSO. 2) If  
due to human activity coastal areas are altered, this may result in a more pronounced 
effect of  natural changes in climate. 3) Furthermore, the potential of  hydrogen isotope 
ratios of  sedimentary leaf  waxes for the reconstruction of  past tropical cyclone activity 
is shown, which is an addition to common methods like the use of  over-wash deposits 
in coastal sedimentary records. 4) Storm-deposits in sediments from Florida, show 
that the number of  tropical cyclones acting on the Florida coast increased during the 
late Holocene. Landfall events of  tropical cyclones in Florida likely depend more on 
differences in storm tracks, than a change in overall frequency of  tropical cyclones in 
the North Atlantic. These storm tracks are probably influenced by NAO and ENSO 
variability. Therefore, not only changes in sea-water temperature, but also large-scale 
changes in the ocean-atmosphere system, will determine whether ongoing climate 
change will result in more and/or more intense tropical cyclones at specific locations.
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Samenvatting
De uitstoot van broeikasgassen door menselijke activiteit is verantwoordelijk voor een 
temperatuurstijging die niet eenvoudig teruggedraaid kan worden. Deze toename in 
temperatuur heeft grote gevolgen voor het dagelijkse weer. Stijgende luchttemperaturen 
zorgen voor veranderingen in de mondiale hydrologische cyclus, met als gevolg 
dat neerslagpatronen zullen veranderen. Bovendien is er gesuggereerd dat hogere 
temperaturen van het zeeoppervlak ook zullen zorgen voor een toename in de activiteit 
van tropische cyclonen. Tropische cyclonen zijn grootschalige, convectieve systemen, 
die zich ontwikkelen boven warm oceaanwater dicht bij de evenaar. Boven land verliezen 
ze aan kracht, maar voordat ze verdwijnen kunnen ze kustgebieden ernstige schade 
toebrengen door sterke wind, zware regenval en het veroorzaken van stormvloeden. 
Naast het beïnvloeden van tropische cyclonen zal de toenemende watertemperatuur 
zorgen voor thermische expansie van het oceaanwater, wat in combinatie met het 
smelten van continentale ijskappen zal leiden tot een stijging van de zeespiegel.

Nauwkeurige voorspellingen van toekomstige zeespiegelstijging, hydrologische 
veranderingen, en mogelijke toename van tropische cycloonactiviteit zijn van groot 
belang voor kustregio’s in (sub)tropische gebieden. Het verband tussen stijgende 
zeewatertemperaturen en cycloonactiviteit is echter niet eenvoudig aan te tonen. 
Natuurlijke oscillaties in het klimaat-systeem, zoals de El Niño  Southern Oscillation 
(de El Niño Zuidelijke Oscillatie, of  ENSO) en de Noord Atlantische Oscillatie 
(NAO) beïnvloeden ook de ontwikkeling en het pad dat een tropische cycloon aflegt. 
De effecten van door mensen veroorzaakte en natuurlijke klimaatverandering moeten 
daarom geëvalueerd worden over een langere periode. Voor een dergelijke studie zijn 
gegevens uit het verleden nodig die de volledige spreiding in natuurlijke variabiliteit 
omvatten. Het doel van het onderzoek dat in dit proefschrift wordt gepresenteerd was 
om reconstructies te maken van milieu- en klimaatsveranderingen tijdens het Holoceen 
(tot ongeveer 10.000 jaar geleden), in drie (sub)tropische gebieden: Florida (VS), het 
zuidwesten van Japan, en Queensland (Australië).

Florida (Verenigde Staten)
In Florida zijn twee estuaria bestudeerd, die uitmonden in de Golf  van Mexico: 
Tampa Bay en Charlotte Harbor. Omgevingsfactoren in beide estuaria werden sterk 
beïnvloed door Midden- en Laat-holocene zeespiegelstijging, wat resulteerde in een 
geleidelijke overgang van een afgesloten zoet tot brak milieu naar het meer mariene 
milieu van tegenwoordig. Een hoge-resolutie reconstructie in Charlotte Harbor laat 
grote veranderingen zien in biomarker accumulatiesnelheden, die gerelateerd zijn 
aan veranderingen in neerslag en afwatering. Het milieu ten tijde van het Midden-
Holoceen wordt gekenmerkt door stratificatie die is veroorzaakt door sterke instroom 
van zoetwater vanaf  het land, die waarschijnlijk het gevolg is van meer regenval in 
deze periode. De afgesloten en relatief  zoete omgeving van deze estuaria in Florida 
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tijdens het Midden-Holoceen, resulteerden in de productie van een aantal ongewone 
alkenonen, zoals onder andere een C36 (ω15,20) ethyl keton. Deze alkenonen zijn op 
slechts enkele plaatsen op de wereld gevonden, en hun biologische oorsprong is tot nu 
toe onbekend. De zoetwaterinstroom nam af  tijdens het Laat-Holoceen, wat kan wijzen 
op een vermindering van neerslag. Het kan echter ook een indirect gevolg zijn van de 
aanhoudende zeespiegelstijging die er voor zorgt dat de kustlijn verschuift. In sedimenten 
uit het Laat-Holoceen worden ook meer stormafzettingen gevonden, wat er op wijst dat 
de frequentie waarmee tropische cyclonen de kust van Florida beïnvloedden toenam 
tijdens deze periode. Veranderingen in cycloon-activiteit zijn waarschijnlijk te relateren 
aan veranderingen in de positie van het Azoren-Bermudahoog. Dit hogedrukgebied in 
de Noord-Atlantische Oceaan is van grote invloed op het pad van tropische cyclonen 
die daar ontstaan. Een meer noordelijke positie tijdens het Midden-Holoceen zou de 
stormen naar het Noorden hebben afgebogen, waardoor ze vaker aan land kwamen 
langs de oostkust van de Verenigde Staten. In het Laat-Holoceen verschoof  het 
hogedrukgebied meer naar het zuiden, met als gevolg dat  tropische cyclonen vaker de 
Golf  van Mexico bereikten en van invloed waren op de kust van Florida. 

Meer recente milieuveranderingen in Florida zijn bestudeerd in Rookery Bay, 
een estuarium dat zich ten zuiden van Charlotte Harbor bevindt. Milieuveranderingen 
gedurende de afgelopen 300 jaar laten een toenemende invloed zien van menselijke 
activiteit in het gebied. Menselijke activiteiten zoals ontbossing en kanalisatie verhoogden 
de gevoeligheid van het gebied voor natuurlijke veranderingen in neerslag en afwatering. 
Hogere en meer variabele biomarkerconcentraties van zowel terrestrische als aquatische 
oorsprong wijzen op een meer dynamisch systeem gedurende de 20e eeuw. 

Zuidwest Japan
Milieu-omstandigheden in het meer Kaiike (zuidwesten van Japan) tijdens de afgelopen 
2000 jaar zijn gereconstrueerd aan de hand van de distributie van biomarkers en de 
markerspecifieke waterstofisotopenratios (dD) van plantenwassen. Een eerdere studie 
in dit meer liet al zien dat de frequentie waarmee tropische cyclonen de zuidwestkust 
van Japan beïnvloedden gestuurd wordt door ENSO. De milieuomstandigheden van 
het meer werd met name bepaald door veranderingen in de hoeveelheid neerslag 
en zoetwateraanvoer van het land, waardoor het meer afwisselend gestratificeerd of  
geventileerd was. Omdat neerslag in het noordoosten van Azië bepaald wordt door 
de Oost Aziatische moesson, kunnen neerslagveranderingen in het verleden verklaard 
worden door veranderingen in de intensiteit van de moesson. Perioden waarin meer 
neerslag viel, rond 1500 jaar geleden en tussen 750 en 250 jaar geleden, vallen samen met 
regionale veranderingen in neerslag in Japan en China, wat het grootschalige karakter 
van de veranderingen onderbouwt. Dergelijke afwisselingen in de intensiteit van de 
Oost Aziatische moesson zijn waarschijnlijk ook beïnvloed door ENSO, waarbij een 
negatieve ENSO, of  meer La Niña-achtige condities, meer neerslag tot gevolg hebben. 
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Queensland (Australië)
Het tropische noordoosten van Australië wordt met grote regelmaat getroffen door 
tropische cyclonen. Deze cyclonen zorgen voor een groot deel van de jaarlijkse hoeveelheid 
neerslag in het gebied, en beïnvloeden de totale hoeveelheid neerslag die valt in een jaar 
sterk. Neerslag van tropische cyclonen sterk verarmd is aan zware isotopen, daarom zal 
de gemiddelde jaarlijkse neerslag in een jaar met veel cycloonactiviteit een relatief  licht 
waterstofisotopensignaal hebben. Omdat planten het isotopensignaal van neerslag vast 
kunnen leggen, is het in theorie mogelijk om dD van biomarkers afkomstig van hogere 
planten, te gebruiken voor het reconstrueren van veranderingen in de frequentie van 
tropische cyclonen in het verleden.  Voorbeelden van dit type biomarkers zijn n-alkanen, 
die afkomstig zijn van bladwassen van hogere planten en bomen. Om deze hypothese 
te testen is een veenkern uit Northern Queensland gebruikt. Het dD profiel van de C29 
n-alkaan sluit goed aan bij historische gegevens over tropische cycloonactiviteit voor 
de afgelopen 50 jaar. Dit verband wordt echter niet gevonden wanneer er over een 
langere periode gekeken wordt. Mogelijk is de bemonsteringsresolutie in het diepere 
deel van de kern te laag om de jaarlijkse of  zelfs meerjarige variaties in cycloonactiviteit 
vast te leggen. Desondanks lijkt de afwezigheid van een verandering in het gemiddelde 
dD-signaal erop te wijzen dat de frequentie of  intensiteit van tropische cyclonen in 
Northern Queensland in de afgelopen 250 jaar niet is veranderd. 

Belangrijkste conclusies
De resultaten gepresenteerd in dit proefschrift laten zien dat: 1) behalve zeespiegelstijging, 
ook veranderingen in neerslag en stormactiviteit milieuomstandigheden in (sub)
tropische kustgebieden sterk beïnvloed hebben. Deze veranderingen in neerslag 
gedurende het Holoceen zijn te relateren aan natuurlijke veranderingen in het klimaat 
zoals NAO en ENSO. 2) Als onder invloed van menselijke activiteit kustgebieden 
veranderen, kan dit tot gevolg hebben dat de effecten van natuurlijke klimaatverandering 
versterkt worden. 3) Uit dit onderzoek is verder gebleken dat het naast de gebruikelijke 
methoden voor het reconstrueren van vroegere tropische cycloonactiviteit, zoals het 
kijken naar stormafzettingen, het  ook mogelijk lijkt te zijn om waterstof-isotopenratio’s 
van sedimentaire bladwassen te gebruiken. 4) Aan de hand van stormafzettingen 
in sedimenten uit Florida, is gebleken dat het aantal tropische cyclonen die invloed 
uitoefenen op de kust van Florida, toenamen tijdens het Laat-Holoceen. Dit lijkt sterker 
bepaald te zijn door veranderingen in stormpaden, dan door veranderingen in de totale 
frequentie van tropische cyclonen in de Noord Atlantische oceaan. Deze stormpaden zijn 
waarschijnlijk sterk beïnvloed door NAO- en ENSO-variabiliteit. Daarom zijn het niet 
alleen de veranderingen in zeewatertemperatuur, maar ook grootschalige veranderingen 
in het oceaan-atmosfeersysteem die zullen bepalen of  voortgaande klimaatverandering 
zal resulteren in meer en/of  grotere tropische cyclonen. 
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