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Preface

In 2007 I started with my Phd project at the department of Physical Geography, Utrecht University.
Now, 12,482 midge larvae and many more pollen grains later, you can see the result before you. A
lot of people contributed directly or indirectly to this thesis, who I would like to acknowledge in
this section.
First I would like to thank my co-promotor Wim Hoek. Wim, I learned a great deal from
you, whether it was how to analyse pollen, prepare tephra samples, or write papers, many thanks
for all of it. I very much enjoyed your endless enthusiasm, which you even maintained in polder
Mastenbroek! My second co-promotor Oliver Heiri was involved in this project as the ‘chironomid
expert’. Oliver, many thanks for teaching me such a lot about midges, I greatly enjoyed that. I am
also grateful for your help with the temperature reconstructions and your very thorough comments
on the manuscripts, which each time led to major improvements. My promoter Hans Middelkoop
is also thanked for carefully reviewing the thesis and providing useful comments. Hans, I am glad I
could show you your first ever chironomid larva.
This period would not have been the same without my roommates. Most time I spent sitting
opposite from Sanneke. Sanneke, I enjoyed our time in room 008 very much, and the way we could
talk about anything, complain about everything, and laugh a bit as well! Perhaps now is also a good
moment to apologise to the other people from the ground floor for our laughter. Well, at least we
had fun. Joachim, it was great having you as a roommate. I always liked discussing ‘de Hupsel en
cola’. Tjalling, although you were my roommate only for a short period, I really appreciated your
positive and ever cheerful mood. Kees, the very patient tephra man, thanks for being my roommate
for the last part of my PhD; I look forward to continue being your roommate.
Already during my study I became part of the great ‘Gruppo Fluvial’ team, when I assisted with
the field course ‘Laaglandgenese’. Of this team, I would first like to mention Henk Berendsen, who
very sadly passed away before I started this project. He was a great help with the proposal for this
project, and I hope he would have been pleased with the result. Esther, Wim, Kim, Marc G, Marc
H, Ingwer, Sanneke, Gilles, Willem, Jan, and Chris, you made the field course great fun each year.
‘Uitsmijters’ from Montfoort are still the best! You also made the Zonneveldvleugel a very inspiring
and enjoyable working environment. Marc and Ingwer, you were great neighbours! Gilles, you made
sure there was never a boring day at the Zonneveldvleugel. Kim, thanks for your help with GIS,
age models and for always listening to the interpretations of my results. Sanneke, Joachim, Marc,
Ingwer, Wiebe, Kees, Willem, Jan, Nanda, Rob, Niko, Noortje, Marieke, Wietse, Frans, Tjalling,
Liesbeth, Anneleen, Philip, and all the others, I very much enjoyed our frequent walks through the
botanical gardens and looking at Dryas. Thanks to the other colleagues at the department for all the
interesting discussions during the many coffee breaks about everything and nothing. I would also
like to thank Chris, Marcel, Bas, Henk and Juul for all their help with technical and administrative
problems, and for fixing the coffee machine so many times. Ton and Margot, many thanks for
adapting all figures to thesis format and for helping me with the layout of my thesis.
Many people outside the department of Physical Geography contributed to making this project
such a great experience. In particular, Hanneke, many thanks for your help with identifying the
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difficult pollen grains (the so-called hannekes). I also very much enjoyed our many discussions
on juniper, cats, holidays, and other stuff. Sjoerd, thanks for the interesting discussions we had
on the Weerterbos records. Stefan, Maarten and Frederike, it was great to be able to talk to other
‘chironomid people’ sometimes.
One of the most important parts of this research consisted of selecting suitable fieldwork
locations. I am very grateful to Michael O’Connell (Palaeoenvironmental Research Unit, National
University of Ireland, Galway), Pim de Klerk (Staatliches Museum für Naturkunde, Karlsruhe) and
Jacqueline Strahl (Landesamt für Bergbau, Geologie und Rohstoffe, Brandenburg) for providing
information on Lateglacial sites in Ireland and northeast Germany, respectively. I would also like
to thank Philippe Crombé (University of Ghent) for giving me the opportunity to analyse the
chironomids from the Moerbeke sequence. Of course, fieldwork cannot be done alone. Besides help
of Wim, I was assisted by a number of MSc students. Miriam and Arthur, thanks for your help with
fieldwork in Ireland. Our coring day in the boggy area near Lough Gur was very special! I would
like to thank Marjan for helping with fieldwork in Germany; I am still impressed that the two of
us managed to core up to a depth of 11 m. Thanks also for driving a couple of hours each day to the
fieldwork sites. It’s great that you managed to keep our very new rental car completely unscratched
until we let Wim drive in it. Miriam, Arthur and Marjan, many thanks also for spending a lot of
time searching for tephra, analysing chironomids, or analysing pollen, respectively.
I would also like to acknowledge Arnold van Dijk for measuring the stable isotopes, Hanneke
Bos for identifying the botanical macro remains, Hans van der Plicht (Centre for Isotope
Research, University of Groningen) for radiocarbon dating, and Christine Lane and Vicky Cullen
(Research Laboratory for Archaeology and the History of Art, University of Oxford) for the tephra
geochemistry. I am very grateful to Steve Brooks (Natural History Museum, London) and John
Birks (University of Bergen) for the use of the Norwegian calibration dataset that is included in
the model we used for the chironomid-based temperature reconstructions. Steve, I would also like
to thank you for teaching me the basics of chironomid research during the very enjoyable course
in London. At that time I did not yet realise I would spend so many hours looking through a
microscope and still like it.
All my friends and family have been a great support during the past years, although I know it
seems weird to some of you that I have spent so much time looking at midges and pollen grains.
A couple of persons I would like to address in particular. Mum, dad, Margriet, Wendy and Judith,
thanks for all the valuable diversions, whether it included dinners, holidays to Oxford, dancing,
watching movies together, swimming in the Lek, or just acting crazy. Dad, sorry there are no
complicated equations in my thesis, but I hope you still like it. Marjolein, thanks for sharing an
apartment with me for a couple of years in big city Culemborg, I enjoyed that very much! Many
thanks also for all our great holidays to Scotland, for letting me complain about a rejected paper, for
taking care I didn’t completely lose my mind during the last months of writing this thesis, and for
joining me in the search for Whitrig Bog through fields with scary bulls.
And finally, thanks to you for at least reading this first section. I hope you will enjoy reading the
remainder of my thesis.
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1

General introduction

1.1 Climate change
Climate change and present-day human-induced global warming are among the most important
and most closely studied environmental issues. However, natural climatic variability is still not well
understood. Studying climate and climatic changes in the past will improve our understanding of
the causes, amplitudes and spatial patterns of climatic and associated environmental changes. This
is one of the key objectives of the European INTIMATE project (INTIMATE COST Action
ES0907), to which this dissertation is a contribution.
A period marked by major climatic and environmental changes is the end of the last glacial
period, which occurred between ~14,700 and ~11,700 years ago (Lowe et al., 2008). This period
is referred to as the Last Glacial to Interglacial Transition (LGIT), or, in Europe, the Weichselian
Lateglacial. Distinct climatic changes during this period are inferred from a range of different
proxies in ice core, marine and terrestrial records. Very pronounced climatic and environmental
changes during the Lateglacial period are recorded in the North Atlantic region (Fig. 1.1). Climate
in northwest Europe shifted from glacial and periglacial conditions to a state similar to presentday climate. Because of these pronounced and rapid climatic variations, this is an ideal period to
gain insight into spatial patterns of natural climatic variability and the environmental responses to
climatic change.
The major shift from glacial to interglacial conditions is attributed to changes in insolation
associated with variations in the earth’s orbit around the sun (e.g. Clark et al., 2009). This longterm warming trend during the Lateglacial was interrupted by a number of cold oscillations. The
most distinct cold phase took place between ~12,800 and 11,700 years ago. In the Greenland ice
core records this period is referred to as Greenland Stadial 1, while it is known as the Younger
Dryas period in continental Europe. In addition to the Younger Dryas, a number of centennialscale cold oscillations occurred during the relatively warm Interstadial (~14,700-12,800 years ago)
(Fig. 1.1). Although there is still debate on the cause of these cold phases, the most widely accepted
hypothesis is that these are the consequence of large influxes of meltwater into the Atlantic Ocean
(Clark et al., 2001; Teller et al., 2002; Nesje et al., 2004). The resulting changes in ocean circulation
and decrease in the North Atlantic thermohaline circulation (e.g. Broecker, 1998; McManus et al.,
2004) led to decreased northward heat transport, and hence cooling in the northern hemisphere.
This mechanism would lead to the most pronounced cooling in regions close to the Atlantic
Ocean. Understanding how these changes propagated inland to more continental regions will
provide insights into the influence of the Atlantic Ocean on climatic and environmental changes in
northwest Europe.
A large amount of environmental data is already available for the Lateglacial period in
northwest Europe. These data range from site-specific vegetation reconstructions to complex
spatial climate models. While winter temperatures have been inferred from, for example, periglacial
features, vegetation shifts are often interpreted in terms of summer temperature changes.
However, vegetation development depends on a range of climatic and environmental conditions,
11

Figure 1.1 The NGRIP oxygen isotope record of the last 25,000 yr (left hand side), which shows that the
last glacial-interglacial transition was marked by major climatic shifts from glacial (low values) to interglacial
(high values) conditions, and the Last Glacial to Interglacial Transition (right hand side). Also shown is the
event stratigraphy, with GS-2: Greenland Stadial 2; GI-1: Greenland Interstadial 1; GS-1: Greenland Stadial
1, equivalent of the Younger Dryas; H: Holocene. GI-1b and GI-1d indicate centennial-scale cold oscillations
defined as Greenland Interstadial events 1b and 1b. Data from Rasmussen et al. (2006), event stratigraphy from
Lowe et al. (2008).

thereby complicating the extraction of a temperature signal from vegetation records (Huntley,
2012). Therefore, there is a need for temperature proxies independent of changes in vegetation to
reconstruct Lateglacial climate in terms of temperature. Fossil coleopteran assemblages have been
used to estimate Lateglacial summer temperatures based on the Mutual Climate Range method
(Atkinson et al., 1987; Coope et al., 1998), but this method commonly results in a large range of
possible summer temperatures. Further, the large sample size needed for the coleopteran analysis
hampers identification of centennial-scale climatic variability. As a consequence, there is still
uncertainty on the magnitude and spatial patterns of summer temperature changes associated
with the Younger Dryas cooling and centennial-scale cold oscillations during the Interstadial.
Thus, additional temperature proxies independent of vegetation changes are essential for a better
understanding of the impact of climatic variability on Lateglacial vegetation and landscapes across
northwest Europe.

1.2 Research objectives and methods
The main research objective of this study was to investigate how and to what extent Lateglacial
climatic changes, and more specifically changes in summer temperature, were associated with
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vegetation changes in northwest Europe. To answer this main question, the following research
questions were to be answered:
• How did summer temperatures change during the Lateglacial along a west to east transect
across northwest Europe?
• Is it possible to determine a west to east gradient in the amplitude of summer temperature
changes associated with a decreasing Atlantic influence?
• To what extent were these climatic changes associated with shifts in vegetation?
To achieve the objective, Lateglacial vegetation and temperature changes were reconstructed, based
on the analysis of pollen, oxygen isotopes and chironomids. A brief introduction to each of these
proxies and the records used in this thesis is given below.
1.2.1 Palynology

The classic method to study past changes in vegetation is pollen analysis (e.g. Moore et al., 1991).
Through identification of the different pollen types that have been preserved in bog and lake
deposits, a reconstruction of the past vegetation can be made. Pollen grains are commonly winddispersed and can therefore reflect vegetation on a regional scale. However, a local component is
always present (e.g. Jacobson and Bradshaw, 1981). Overrepresentation of local species and changes
in the local vegetation pattern can impede the distinction of regional vegetation changes using
pollen records. Therefore, relative abundance changes are commonly calculated based on a terrestrial
pollen sum, from which pollen of local aquatic and riparian vegetation are omitted to reconstruct
regional vegetation changes. Variations in basin size also influence the pollen composition of lake
deposits and this should be taken into account when reconstructing vegetation. Furthermore,
changes in vegetation development and patterns are also closely related to abiotic landscape factors
(Hoek, 1997a, b), which may seriously hamper the distinction of a climatic signal from the pollen
record.
1.2.2 Oxygen isotopes

The analysis of oxygen isotopes preserved in calcareous lake sediments can provide insights
on past changes in temperature. The ratio of the oxygen isotopes 16O and 18O in water depends
on temperature, due to preferential evaporation of water with the lighter 16O and preferential
condensation of water vapour with the heavier 18O isotope. However, the relation of the oxygen
isotopic composition of calcareous lake sediments with temperature is not straightforward, but
depends on both temperature and the isotopic composition of the lake water, of which the latter
depends on the isotopic composition of precipitation. This, in turn, is determined by the moisture
source and seasonality of the precipitation, as well as the temperature at the site. The isotopic
composition of the lake water is further modified, depending on residence time and evaporation
(e.g. Siegenthaler and Eicher, 1986; Schwander et al., 2000; Leng and Marshall, 2004). Despite
all these factors, Lateglacial oxygen isotope records from European lake sediments often show
variations that can be matched to the Greenland ice cores (e.g. Eicher, 1987; Lotter et al., 1992),
probably reflecting synchronous climatic changes in these regions (von Grafenstein et al., 1999;
Schwander et al., 2000). Hence, it is often possible to infer temperature changes in a qualitative way
based on oxygen isotope records from calcareous lake sediments.
1.2.3 Chironomids

Chironomid larvae are excellent indicators of environmental conditions. Chironomids, or nonbiting midges, are a species-rich group of insects, whose larvae are abundant in most aquatic
13

biotopes. The chitinous head capsules of chironomid larvae (Fig. 1.2) are usually well preserved and
abundant in lake sediments. Due to their rapid generation time – most species complete one or
more generations per year – and the ability of adult chironomids to fly, they can rapidly respond
to environmental changes (e.g. Brooks et al., 2007). The observation that the spatial distribution
of chironomid larvae is strongly related to summer temperature (Walker and Mathewes, 1989;
Walker et al., 1991a, b) has led to the development of quantitative chironomid-temperature
inference models. These are based on modern calibration datasets that consist of mean July air or
water temperature data and chironomid assemblage data obtained from lake surface sediments.
The chironomid-temperature inference models enable low-error reconstructions of past summer
temperature changes with a high temporal resolution when applied to fossil chironomid
assemblages preserved in lake sediment cores (e.g. Brooks et al., 2007). In 1999, a first European
reconstruction of Lateglacial chironomid-inferred mean July air temperatures was published
for a site in Scotland (Lotter et al., 1999; Brooks and Birks, 2000). Since then, temperature
reconstructions have been published from an increasing number of sites. Even though other
environmental factors also influence the distribution of chironomids (e.g. Brooks et al., 2007),
and the mechanism leading to the strong relation between chironomids and temperature is still
not well understood (Eggermont and Heiri, 2012), temperature changes were presumably the most
important factor for the distribution of chironomids during the Lateglacial (Brooks and Birks,
2001).

1.3 Approach
In this thesis, calcareous lake sediment records from western Ireland, the Netherlands and northeast
Germany are presented (Fig. 1.3). These records were analysed for the lithological composition,
stable isotopes of bulk carbonates, pollen and chironomids. Samples were analysed by different
analysts as indicated in Table 1.1. Commonly, correlation of pollen records with other, independent,
climate records is hampered by uncertainties associated with radiocarbon dating of Lateglacial
deposits. In this research, the different proxies were analysed on the same sediment sequences,

Figure 1.2 A) Living chironomid larva ‘Piet’; B) Fossil chironomid head capsule of Sergentia coracina-type.
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Figure 1.3 Newly studied Lateglacial sites of this research. FID: Fiddaun (chapter 2, 3); KV: Klein Ven (chapter
4); FGW: Friedländer Groβe Wiese (chapter 5). Maximum ice limit during the Last Glacial Maximum (black
solid and dashed lines) is based on Boulton et al. (2004) and Clark et al. (2010). Ice sheets in Scandinavia
and Scotland (shaded dark grey areas) and extent of the Baltic Ice Lake (BIL) during the Younger Dryas are
derived from Ehlers and Gibbard (2004). The position of the coastline during the Younger Dryas is indicated
by the grey area and is compiled from Lambeck (1995, 1996), Ehlers and Gibbard (2004), and Peltier (2004,
2005).

which enabled direct comparison of the responses of the different indicators, without chronological
uncertainties associated with the comparison of multiple records (e.g. Lotter, 2003). Further,
reconstructions of vegetation changes are usually based on one pollen record, results of which
may be strongly affected by local vegetation patterns. Therefore, pollen results from each site were
compared with one or more pollen records from the same or adjacent basins in order to distinguish
between local and regional influences.
Table 1.1 Author contributions to analyses of the sites
Sites

Lithology

Isotopes

Pollen

Chironomids

FID

N. van Asch,
M. Duijkers

M. Duijkers

N. van Asch

N. van Asch,
A. Lutz

KV

N. van Asch

N. van Asch

N. van Asch

N. van Asch

FGW

M. Kloos

M. Kloos

N. van Asch,
M. Kloos

N. van Asch
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1.4 Thesis outline
First, results from the different sites are discussed (chapters 2-5), followed by an integration of these
results in chapter 6. These chapters are written as papers for different scientific journals; hence some
repetition on the methodology occurs.
In chapter 2, a Lateglacial summer temperature reconstruction from western Ireland is
presented, based on a high-resolution chironomid record, changes in lithology and fluctuations in
the oxygen isotope record. Climatic variability as inferred from the record is discussed and results
are compared with other reconstructions from sites in the British Isles. Palynological results from
the same sediment sequence follow in chapter 3, and are compared with a pollen record from
an adjacent basin to deduce a regional vegetation signal. Direct comparison of the pollen-based
vegetation reconstruction with the other proxies shows whether reconstructed climatic variability
corresponded with changes in vegetation development. In this chapter, results of the pollen analysis
are further compared to other pollen records in Ireland to gain insight into regional effects of
Interstadial climatic variability on vegetation development in Ireland. The next chapter (4) focuses
on climatic and environmental changes during the Lateglacial Interstadial in the Netherlands.
Responses of the multiple proxies, analysed in a record obtained from the sedimentary infill of a
small depression, are compared, and inferred climatic and environmental changes are discussed.
Further, results are compared with three additional records obtained from other small-scale
depressions in the region, and factors influencing the pollen and oxygen isotope records from
these sites are discussed. In chapter 5, a reconstruction of Lateglacial summer temperature and
environmental changes in northeast Germany is presented, including a first chironomid-inferred
temperature reconstruction for this region, and a comparison of two vegetation records from the
same basin. Vegetation development in northeast Germany is also discussed in relation to inferred
climatic changes. Finally, results from the previous chapters are integrated with published data from
additional sites, and the emerging spatial patterns of summer temperature and vegetation changes
along a west to east transect through northwest Europe are discussed (chapter 6).
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Rapid climate change during the Weichselian
Lateglacial in Ireland: chironomid-inferred
summer temperatures from Fiddaun,
Co. Galway

		
		

Nelleke van Asch, Arthur F. Lutz, Miriam C.H. Duijkers,
Oliver Heiri, Stephen J. Brooks, Wim Z. Hoek

		
		
		

Manuscript originally published in:
Palaeogeography, Palaeoclimatology, Palaeoecology, 2012 (315-316): 1-11.
Reprinted with permission (Elsevier B.V.)

Abstract
A lacustrine sediment core from Fiddaun, western Ireland was studied to reconstruct summer
temperature changes during the Weichselian Lateglacial. This site is located close to the Atlantic
Ocean; and so is potentially sensitive to climatic changes associated with changes in ocean
circulation. The record, comprising the end of the Weichselian Pleniglacial to the early Holocene,
was analysed for fossil chironomids, lithology, and oxygen and carbon isotopes in the sedimentary
carbonates. These proxies clearly show rapid warming at the onset of the Lateglacial Interstadial,
relatively high summer temperatures during the Interstadial, pronounced cooling during the
Younger Dryas, and subsequent warming at the transition to the Holocene. Chironomid-inferred
mean July air temperatures for the Interstadial are ~12.5-14.5°C, ~7.5°C for the Younger Dryas,
and ~15.0°C for the early Holocene. Furthermore, this research provides evidence for at least two
cold events during the Interstadial. These more moderate temperature oscillations can be correlated
to Greenland Interstadial events 1b and 1d, on the basis of the age-depth model for the Fiddaun
sequence. Based on multiple proxies, the first cold oscillation (GI-1d) was the more severe of the
two in Ireland.

2.1 Introduction
In the North Atlantic region, the Lateglacial period (~14.7-11.7 kyr cal BP) was marked by rapid
climatic changes. Insights into the spatial patterns of these changes are used to validate climate
models, which in turn lead to better predictions of future climate change. Major climatic changes
during the Lateglacial include rapid warming at the onset of the Interstadial, pronounced cooling
during the Younger Dryas (or Greenland Stadial 1), and subsequent warming at the transition to
the Holocene (e.g. Walker et al., 1994; Walker, 1995; Björck et al., 1998; Brooks and Birks, 2000a,
b; Lowe et al., 2008). Multiple records show that warm conditions during the Interstadial were
interrupted by a number of centennial-scale cold events (e.g. Lotter et al., 1992; Björck et al., 1998;
17

von Grafenstein et al., 1999; Brooks and Birks, 2000a, b; Lowe et al., 2008). In the Greenland
ice core records, two of these cold events have been defined as Greenland Interstadial events 1b
and 1d (Björck et al., 1998; Lowe et al., 2008). Comparable events, the Aegelsee and Gerzensee
oscillations, have been recorded in lacustrine oxygen isotope records from Switzerland (Lotter
et al., 1992). These cold oscillations are thought to originate from meltwater pulses into the
Atlantic Ocean (Clark et al., 2001; Nesje et al., 2004), which led to changes in the North Atlantic
thermohaline circulation. Given the geographical location of Ireland, climatic changes associated
with changes in ocean circulation are expected to be clearly registered in lake sediment records.
The general sequence of climatic events during the Lateglacial, consisting of a warm
Interstadial followed by the Younger Dryas cold phase, has been well documented in Ireland
(Watts, 1977; Andrieu et al., 1993; Ahlberg et al., 1996; O’Connell et al., 1999; Diefendorf et al.,
2006). High-resolution oxygen isotope records provided the first evidence, independent of changes
in the vegetation, for the occurrence of short-lived cold events during the Interstadial (Ahlberg et
al., 1996; O’Connell et al., 1999; Diefendorf et al., 2006). However, high-resolution quantitative
temperature reconstructions from Ireland are still scarce, even though these would be important for
identifying spatial patterns of Lateglacial climatic changes.
A powerful method to reconstruct temperatures quantitatively involves the use of fossil remains
of chironomid larvae. The distribution of chironomid assemblages shows a strong relation to
summer temperature (Walker and Mathewes, 1989; Walker et al., 1991a; Brooks, 2000). European
chironomid-based summer temperature transfer-functions have been developed using modern
calibration datasets from, for example, Svalbard and Norway (Brooks and Birks, 2000a, 2001),
and the Alps (Heiri et al., 2003; Heiri and Lotter, 2005, 2010). These transfer functions have
successfully been applied to reconstruct Lateglacial summer temperatures from a range of European
sites, for instance in England (Bedford et al., 2004; Lang et al., 2010), Scotland (Brooks and Birks,
2000b), Norway (Brooks and Birks, 2000a), the Netherlands (Heiri et al., 2007), France (Heiri
and Millet, 2005) and Switzerland (Heiri et al., 2003; Ilyashuk et al., 2009). The first chironomidinferred temperature reconstruction from north-west Ireland has recently been published by
Watson et al. (2010). In addition to the Younger Dryas cooling, centennial-scale climatic variability
is apparent in the Interstadial section of that record. To gain insight into the timing and spatial
variation of these oscillations in Ireland, additional sites need to be analysed.
Here we present a Lateglacial chironomid record from Fiddaun, a small lake in western Ireland.
The aim of this paper is to determine the magnitude and timing of abrupt Lateglacial temperature
changes in western Ireland. For this purpose, chironomid assemblages were analysed at a high
temporal resolution to identify centennial-scale temperature variability. In addition, the lithology
and measurements of oxygen and carbon isotopes from bulk carbonates were used to support
chironomid-based inferences.

2.2 Research site
The Fiddaun basin lies approximately 6.5 km southwest of Gort, County Galway, close to the
County Clare boundary (Fig. 2.1). It is located approximately 40 km inland of the North Atlantic
Ocean, hence the climate is marine-temperate, and largely influenced by the Atlantic Ocean and
the Gulf Stream. Annual precipitation in the region is ~1000 mm, mean January temperature
~7.5°C, and mean July temperature ~15°C (Met Éireann, 2010). The site forms part of a northsouth oriented, low-lying basin (~30 m asl.) set within limestone bedrock. This area was glaciated
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WGS 1984 UTM Zone 29N

Figure 2.1 A) Map of Ireland showing the study area (square) and other sites mentioned in the text. 1: Lough
Gur / Red Bog (Ahlberg et al., 1996), 2: Tory Hill (O’Connell et al., 1999), 3: Lough Inchiquin (Diefendorf et
al., 2006, 2008), 4: Lough Nadourcan (Watson et al., 2010), 5: Ballybetagh (Coope et al., 1998). Lines indicate
limits of glaciation at ~23, 17 and 16 kyr cal BP, based on Clark et al. (2010); Fed: Fedamore re-advance (~16.4
kyr cal BP), based on McCabe et al. (1998). Arrows indicate the direction of the Fedamore re-advance. B)
Location of the cross-section through the Fiddaun basin (solid line) and core Fiddaun-A (FID). Also shown
is the position of the Lurga record (LGA-II) from an adjacent basin (Andrieu et al., 1993; coordinates from
O’Connell, pers. comm.).

during the Weichselian (or Midlandian) glaciation (e.g. Chiverrell and Thomas, 2010; Clark et al.,
2010). Deglaciation of the area presumably started between 17 and 16 kyr cal BP (Clark et al.,
2010), although it was still glaciated during the Fedamore re-advance (~14 14C kyr BP, ~16.4 kyr cal
BP) (McCabe et al., 1998) (Fig. 2.1). The Fiddaun basin includes a small lake, Fiddaun Lough, and
a surrounding low-lying area that has been infilled over time with lake marl, then gyttja and finally
peat. Like many of the nearby shallow basins, including that at Lurga (Fig. 2.1), it contains welldefined and easily recognisable Lateglacial deposits.

2.3 Methods
2.3.1 Fieldwork

A cross-section was cored within the Fiddaun basin to determine the lithology and spatial
distribution of the Lateglacial deposits. Then, we obtained three overlapping cores in 1 m
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segments near the centre of the infilled basin (Fiddaun-A; 53°00'55.8"N, 08°52'03.0"W), using
a 6 cm-diameter piston corer. This location was chosen to minimise the effect of past lake level
fluctuations on the chironomid assemblages. Furthermore, the Lateglacial sequence appeared to
be most complete at this location. Core segments were correlated based on lithology to provide a
single, continuous sediment sequence encompassing the entire Lateglacial. The cores were stored in
the laboratory at 4°C before analysis.
2.3.2 Lithology

The lithological composition was analysed in detail by continuously measuring the organic matter
and carbonate content at 1 cm intervals. Organic matter content (Corg) was determined by losson-ignition (LOI): dried sediment samples (~1 cm3) were heated to 550°C for 1 hour to remove the
organic matter (cf. Dean, 1974). Total carbonate content was measured using the Scheibler method,
following Hoek and Bohncke (2001). Samples were dried and ground, a 5% HCl solution was
added to 0.2 g sediment and the escaping CO2 was measured volumetrically. Carbonate content
is expressed as weight percentage CaCO3. The minerogenic component is estimated as the residual
fraction (100-(CaCO3+Corg)).
2.3.3 Chronology

Correlation of the lithology with other dated sites gives an approximate Lateglacial
chronostratigraphy (cf. O’Connell et al., 1999; Lowe et al., 2004). The chronostratigraphy of
the Fiddaun core was confirmed by Accelerator Mass Spectrometry (AMS) radiocarbon dates.
Terrestrial plant macrofossil remains were scarce, but enough material was obtained for five
radiocarbon dates. A calibrated age-depth model was constructed based on these radiocarbon dates,
using Oxcal 4.1 (Bronk Ramsey, 2009) and the INTCAL09 calibration curve (Reimer et al., 2009).
A uniform deposition model (U_sequence; Bronk Ramsey, 2008) was used for the calibration, and
sedimentation rates are assumed to be constant within the different lithological units.
In addition, the Fiddaun core was sampled continuously for tephra analysis. Unfortunately, no
tephra shards were identified in the core. It is possible that tephra shards were dissolved as a result
of the alkaline conditions prevailing in the basin (Blockley et al., 2005). Additionally, tephra could
be absent from the core due to sediment focusing in the lake (Pyne-O’Donnell et al., 2008).
2.3.4 Oxygen and carbon isotopes

Lateglacial lacustrine oxygen isotope records from Europe often show variations that can be
matched to the Greenland ice cores (e.g. Eicher, 1987; Lotter et al., 1992; von Grafenstein et
al., 1999), presumably reflecting synchronous climatic changes in these regions (von Grafenstein
et al., 1999; Schwander et al., 2000; Hoek and Bohncke, 2001). This suggests a common climatic
forcing in the wider North Atlantic region. Hence, it is possible to reconstruct qualitatively climatic
changes based on the oxygen isotope record. However, input of detrital carbonates will distort the
isotopic signal (Ammann, 2000; Magny et al., 2006), reflecting bedrock values, rather than climatic
conditions (Kolstrup and Buchardt, 1982). As the oxygen isotopic composition of bulk carbonates
was measured, variations in the proportions of inorganic and biogenic carbonates will also influence
the isotope record (Ito, 2001; Leng and Marshall, 2004).
The carbon isotope record of authigenic lacustrine carbonates mainly depends on the isotopic
composition of the inflowing water, CO2 exchange between the lake water and atmosphere and
primary productivity in the lake (Leng and Marshall, 2004). Dissolved inorganic carbon entering
the lake from inflowing waters can originate from terrestrial organic matter, or dissolution of
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limestone bedrock (Diefendorf et al., 2008). Additionally, an input of detrital carbonates will
influence the δ13C record.
Stable oxygen and carbon isotopes were measured on untreated bulk carbonates (Siegenthaler
and Eicher, 1986), at 1-5 cm intervals. Isotopes were measured on an Isocarb-SIRA- 24 Mass
spectrometer. Samples of 0.5 to 10 mg were digested in phosphoric acid at a temperature of 90°C to
produce carbon dioxide, which was then analysed. Results are expressed as δ18O and δ13C relative to
VPDB (Vienna Pee Dee Belemnite).
2.3.5 Chironomid analysis and summer temperature reconstruction

Chironomid samples were analysed at 1-7 cm resolution. These samples (1-2 cm3) were heated
to 90°C in 5% KOH for 1 hour, and progressively passed through 212 μm and 90 μm mesh
sieves. Chironomid head capsules were manually picked out of the sieving residues under 40x
magnification and mounted in Euparal©. Following Heiri and Lotter (2001) a minimum of 50
head capsules were picked for each sample. Chironomid identification was based on Wiederholm
(1983), Moller Pillot (1984a, b) and Brooks et al. (2007). Generic identification of Tanypodinae
was based on Rieradevall and Brooks (2001).
Mean July air temperatures were reconstructed using a chironomid-based inference model
based on a modern calibration dataset of 274 lakes from Norway and the Alpine region covering
a July air temperature range from 3.5 to 18.4°C and describing the distribution of 154 chironomid
taxa with respect to temperature (Heiri et al., 2011). This combined dataset has the advantage over
other existing, more local, European calibration datasets in that it covers a larger temperature range
and contains information on all the chironomid morphotypes that can be expected to occur in
European lake sediment records during the Holocene and late Pleistocene.
Weighted averaging partial least-squares (WA-PLS) regression (ter Braak and Juggins,
1993; ter Braak et al., 1993) was used to develop a chironomid-based inference model for July air
temperature with the number of ‘useful’ components assessed following Birks (1998). The final
model was based on two WA-PLS components and predicted July air temperature in the modern
environment with a root mean square error of prediction (RMSEP) of 1.55°C and a coefficient
of determination (r2) of 0.84 as assessed by bootstrapping (9999 bootstrap cycles). A number
of performance statistics for the reconstruction were calculated following Heiri et al. (2007).
Sample-specific errors for the fossil samples were calculated using bootstrapping. Fossil samples
were examined for the closest modern analogue using squared Chi2 distance and samples having
distances to the closest analogue larger than the 2nd and 5th percentile of all modern distances in
the calibration dataset were identified as samples with ‘no close’ and ‘no good’ analogue, respectively.
Residual distance to axis 1 in a Canonical Correspondence Analysis (CCA), with all modern
samples and July air temperature treated as active samples/parameters and the fossil samples added
in the analyses passively, was used to assess the ‘goodness-of-fit’ of fossil samples with temperature.
Samples with a residual distance exceeding the 90th and 95th percentiles of the residual distances of
the samples in the modern calibration dataset were considered to have a ‘poor’ and a ‘very poor’ fit
with temperature, respectively. Taxa with a Hill’s N2 lower than 5 were considered as rare taxa in
the calibration dataset. WA-PLS and closest analogues for the fossil samples were calculated using
the program C2 ( Juggins, 2003) and ordinations were analysed using CANOCO for Windows
version 4.51 (ter Braak and Šmilauer, 2002). All calculations, with the exception of the N2 values,
were performed on square-root transformed percentage data.
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2.4 Results
2.4.1 Cross-section, lithology and age assessment

The Fiddaun Lateglacial and Holocene deposits reach a maximum thickness in excess of 10 m (Fig.
2.2). Deposits in the basin show the typical Lateglacial lithological sequence that is also observed in
other deposits from Irish calcareous sites (e.g. Andrieu et al., 1993; Ahlberg et al., 1996; O’Connell
et al., 1999). The sequence consists of silty clay from the Pre-Interstadial. This is followed by a
change to organic and lake marl deposits during the Interstadial (~14.7-12.8 kyr cal BP) and a
shift to silty clay during the Younger Dryas (~12.8-11.7 kyr cal BP) (Table 2.1). The Younger Dryas
sediments are overlain by a Holocene sequence of lake marl, then gyttja and finally peat deposits.
This general chronostratigraphy of the sequence is supported by the AMS radiocarbon dates (Table
2.2, Fig. 2.3). The Lateglacial deposits in the basin have a thickness of approximately 1 m (Fig. 2.2).
Within the Interstadial lake marl, a thin greenish silty layer (1-2 cm) is observed in parts of the
basin. In core Fiddaun-A, this layer is recorded at a depth of 7.48-7.49 m (Table 2.1). Two dates
from this layer gave ages of 12,310 ± 120 and 12,210 ± 100 14C yr BP (Table 2.2).
In the Lateglacial and early Holocene deposits of the Fiddaun cores, four lithological units are
distinguished (FID 1-4). In the basal silty clay sediments (FID-1: 7.86-7.70 m), carbonate content
drops from ~60% to ~20% (Fig. 2.3), and organic matter content is less than 5%. In the overlying
deposits (7.70-~7.55 m), carbonate content gradually increases to 90%, suggesting significant
precipitation of authigenic carbonates (FID-2: 7.70-6.91 m). Carbonate content of the lake
marl deposits (~7.60-6.91 m) ranges between 85% and nearly 100% and organic matter content

Figure 2.2 Lithological cross-section through the Fiddaun basin. The position of core Fiddaun-A is indicated.
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Table 2.1 Lithological units in core Fiddaun-A
Depth (m)

Lithology

Unit

6.55-6.85

Lake marl

FID-4

6.85-6.91

Silty clay

FID-3

6.91-7.48

Lake marl

7.48-7.49

Silty calcareous gyttja

7.49-~7.60

Lake marl

~7.60-7.70

Organic calcareous gyttja

7.70-7.86

Silty clay

> 7.86

Clayey gravel

FID-2

FID-1

between 0% and 10%. However, a sharp decrease and subsequent increase in carbonate content
can be observed between 7.51 m and 7.47 m, with minimum values reached at a depth of 7.48 m
(56%). Here, both the organic matter content and the minerogenic component increase to values of
17% and 27%, respectively. At the transition to the clayey deposits (at 6.91 m), carbonate content
strongly declines, reaching a minimum of 8% at 6.90 m (FID-3). The organic matter content of
the clayey deposits ranges between 10% and 12%, which is slightly higher than the organic matter
content of the underlying marl deposits. In the lake marl deposits overlying the clay layer, carbonate
content increases again to values of 90% (at 6.83 m). Carbonate content of these marl deposits
(FID-4) is comparable to the values of FID-2.
2.4.2 Oxygen and carbon isotopic composition of carbonates

Major changes in the oxygen isotope record coincide with the major lithological units described
above (FID 1-4). The δ18O values of the basal sediments are low (~-7.5‰) (Fig. 2.3). This is
followed by an increase to -4‰ at the transition to the lake marl and calcareous gyttja deposits.
These deposits (7.70-6.91 m) are characterised by δ18O values that range between -3 and -4‰,
and highest values are reached towards the top. In this interval, three temporary shifts to ~0.5-1‰
more negative values can be observed. Of these three shifts, the first is the most pronounced and
Table 2.2 AMS radiocarbon dates of selected botanical macrofossil remains of core Fiddaun-A. Radiocarbon
dates were calibrated using a uniform deposition model (U_sequence; Bronk Ramsey, 2008).
Depth (cm)

14

C age (BP)

Calibrated age
(yr BP ± 1σ)

Analysed material

6.84-6.87

10,440 ± 100

12,226 – 12,550

6.93-6.96

10,875 ± 100

12,655 – 12,885

7.47-7.48

12,210 ± 100

13,972 – 14,160

7.48-7.49

12,310 ± 120

13,997 – 14,186

7.61-7.62

12,260 ± 60

14,190 – 14,526

Dryas octopetala: 1 fruit, leaves; 1 Carex sp. trigonous nutlet;
Salix bark; indet. (Saxifraga?) leaves
1 Betula nana male catkin scale, leaves; 1 Betula pubescens/
pendula fruit; 1 Phyteuma/Campanula seed
Betula nana: 2 fruits, leaves, 1 female catkin scale;
Dryas octopetala: 4 fruits, leaves; 1 Salix sp. calyptra
Betula nana: 2 fruits, leaf, 1 female catkin scale;
Dryas octopetala: 1 fruit, leaves; 1 cf. Salix leaf
Betula nana: twigs, leaves, 1 female catkin scale;
Dryas octopetala: 27 fruits, leaves
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Figure 2.3 Lithology, δ18O and δ13C of lake marl, and age-depth model for core Fiddaun-A. Organic matter
content (Corg) was determined by loss-on-ignition at 550°C. Arrows in the δ18O record highlight temporary
shifts to more negative values in the marl deposits. Dates indicated in the age-depth plot are uncalibrated ages.
Calibrated ages are shown with 2σ confidence intervals: dark grey areas indicate the calibrated dates using a
uniform deposition model (U_sequence), with constant sedimentation rates for the different lithological units;
single-date calibrated ages (R_Date) are shown for comparison (light grey areas) (Bronk Ramsey, 2008). Black
and grey lines indicate the 1σ and 2σ confidence limits, respectively.

coincides with a change in lithology (~7.48 m). In the clayey deposits (6.91-6.85 m), values drop to
-7‰. Finally, δ18O increases again to ~-4‰ in the overlying lake marl deposits (~6.82 m).
The carbon isotopic composition ranges between ~1 and ~4‰. In the basal clayey deposits, δ13C
is 2.8‰. In the basal part of the lake marl and calcareous gyttja deposits, δ13C gradually increases
to 3.9‰, reached at a depth of 7.54 m. This is followed by a gradual decrease in δ13C; lowest values
of 1.2‰ are reached in the upper part of the lake marl deposits. The transition to the overlying clay
is characterised by an increase in δ13C to values comparable to the basal clay (~3‰). Subsequently,
δ13C decreases again and reaches values of 2‰ in the upper marl deposits.
2.4.3 Chironomid assemblages

Changes in the chironomid assemblages correspond closely to the major lithological units identified
in the sequence and these are shown in Fig. 2.4. Chironomid head capsules are well preserved
throughout the core, although the abundance is low in the basal clayey sediments. From these basal
sediments, bulk samples of 20 cm3 were necessary to obtain samples of at least 50 head capsules.
These sediments (FID-1) are dominated by Pseudodiamesa, Parakiefferiella nigra-type, Paracladius,
Stictochironomus rosenschoeldi-type, Micropsectra radialis-type and Micropsectra insignilobus-type (Fig.
2.4), taxa that are indicative of cold, oligotrophic conditions (Brooks et al., 2007).
At the transition to the lake marl and calcareous gyttja deposits (FID-2), these taxa disappear,
and are gradually replaced by taxa indicative of warmer and more nutrient-rich conditions. This
transition is further marked by a temporary increase and subsequent disappearance of a number
of taxa, such as Tanytarsus chinyensis-type and Paratanytarsus austriacus-type. The largest part of
the marl deposits is dominated by Tanytarsus glabrescens-type, Ablabesmyia, Thienemannimyia-type,
Procladius, Einfeldia pagana-type, and Tanytarsus mendax-type. Most taxa recorded in the lake
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Figure 2.4 Percentage abundances of the main chironomid taxa in core Fiddaun-A. Key to the lithological units is shown in Fig. 2.2. Taxa are arranged with
respect to their optimum temperature in the modern calibration dataset (Heiri et al., 2011); taxa with the coolest optimum temperature are shown on the left and
taxa with the warmest optimum temperature on the right. Dashed lines indicate temporary changes in the chironomid assemblages within the lake marl section, in
particular note the decrease of Tanytarsus glabrescens-type and increase of Sergentia coracina-type.

marl deposits either occur predominantly in warm lakes, or are found along a wide temperature
range. However, these taxa are currently absent from the coldest lakes in the available chironomidtemperature calibration datasets from Europe (Brooks et al., 2007; Heiri and Lotter, 2010).
Microtendipes pedellus-type dominates in the first part of the lake marl deposits (7.70-7.50 m).
Throughout the marl deposits, the abundance of T. glabrescens-type gradually increases up to 30%.
However, three brief shifts to different assemblages can be seen, which approximately coincide
with negative oxygen isotope excursions described in section 2.4.2, and are indicated by dashed
lines in Fig. 2.4. First, an increase of Sergentia coracina-type (25%) and Cricotopus cylindraceus-type
is observed between 7.50 and 7.47 m, while T. glabrescens-type strongly decreases in abundance.
Micropsectra radialis-type is also recorded in this section. A second, less pronounced, shift can be
seen between 7.30 and 7.25 m, where T. glabrescens-type declines in favour of T. chinyensis-type,
Psectrocladius sordidellus-type, Chironomus anthracinus-type and Parakiefferiella bathophila-type. This
coincides with a minor increase of S. coracina-type. A third distinct decline in T. glabrescens-type
and increase of S. coracina-type (30%) is observed between 7.08 and 7.00 m, concomitant with an
increase in P. austriacus-type, P. sordidellus-type, T. chinyensis-type and C. cylindraceus-type.
The clayey sediments (FID-3) are marked by a distinct change in the chironomid assemblage
and a decline in total head capsule abundance. Sergentia coracina-type and Micropsectra radialis-type
dominate. Paracladius, Corynocera ambigua, Corynocera oliveri-type and Stictochironomus rosenschoelditype also increase in this zone. The taxa in this unit are indicative of colder, more oligotrophic
conditions (Brooks et al., 2007). Head capsule abundance subsequently increases in the lake marl
deposits (FID-4). In this unit, most of the chironomid taxa that were present in unit FID-3
disappear, and the chironomid assemblage is dominated by Tanytarsus glabrescens-type, Ablabesmyia,
Thienemannimyia-type, Chironomus plumosus-type, Dicrotendipes nervosus
-type and Cricotopus
cylindraceus-type, indicating a change to warmer, meso- to eutrophic conditions.
2.4.4 Chironomid-based temperature reconstruction

The chironomid-inferred mean July air temperatures (C-IT) are presented in Fig. 2.5. In the two
basal silty clay samples (7.80 and 7.75 m, respectively) C-IT are ~6.3 and ~8.0°C. Head capsule
preservation was poor in these sediments, and 28% to 38% of the head capsules could not be
identified. As a result, the upper sample (7.75 m) consists of only 35 identified head capsules,
which is less than the recommended 45-50 head capsules (Larocque, 2001; Heiri and Lotter, 2001).
Hence the reconstructed temperature of this sample may be less reliable than inferences of other
samples.
For the lake marl deposits (7.70-6.91 m), C-IT of ~12.5°C to ~14.3°C are reconstructed.
Within this section, temperature fluctuations are apparent and distinct cold events are recorded
at depths of 7.48 m and 7.05 m. These two events are clearly visible in the chironomid record as
temporary decreases of Tanytarsus glabrescens-type and increases of Sergentia coracina-type (Fig.
2.4). Minor temperature fluctuations are also observed at depths of ~7.30 and 7.20 m, although
the latter consists of only one sample and there is no clear change in the chironomid assemblage at
this depth. In the overlying clayey deposits (6.91-6.85 m), C-IT decrease to a minimum value of
~7.3°C. In the upper lake marl deposits, an increase in C-IT to ~15.1°C is observed.
The sample-specific errors range between 1.51°C and 1.66°C. This is similar to the overall
RMSEP of the transfer-function of 1.55°C. The Fiddaun record predominantly consists of
chironomid taxa that are well represented in the calibration dataset; the abundance of taxa rare in
the calibration dataset ranges from 0% to ~20%, and highest values are reached in the basal clay.
Most chironomid assemblages from the Fiddaun record have ‘no close’ or ‘no good’ analogue in
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Figure 2.5 A) Chironomid-inferred mean July air temperatures for core Fiddaun-A with sample-specific errors.
The dashed line indicates the present-day mean July temperature, derived from Met Éireann (2010). B) Nearest
modern analogues for the fossil assemblages in the calibration dataset. Dashed lines indicate the 2nd and 5th
percentiles of squared Chi2 distances in the calibration dataset, which are used to identify fossil samples with no
close (2%) and no good (5%) modern analogues. C) Goodness of fit of the fossil assemblages with temperature.
Dashed lines indicate the 90th and 95th percentiles of residual distances of modern samples to the first axis in a
CCA, which are used to identify fossil samples with a ‘poor’ (0.90) and ‘very poor’ (0.95) fit with temperature.
D) Percentage of identified chironomid taxa that are rare in the calibration dataset (N2<5). Horizontal dashed
lines indicate temporary changes in the chironomid assemblages as shown in Fig. 2.4.

the modern calibration dataset (Fig. 2.5). However, WA-PLS can perform well in no-analogue
conditions (Birks, 1998). In contrast, only four samples from the lake marl deposits have a ‘poor’ fit,
and the two samples from the basal clay have a ‘very poor’ fit to temperature.

2.5 Discussion
2.5.1 Summer temperature reconstruction of Fiddaun

The Fiddaun chironomid record, combined with the lithological, δ18O and δ13C records, provides
a reconstruction of summer temperature changes during the Lateglacial. Distinct climatic shifts
are suggested in all proxies (Fig. 2.6). These shifts include a rapid warming at the onset of the
Interstadial, and a cooling and subsequent warming at the onset and termination of the Younger
Dryas, as well as at least two cool fluctuations during the Interstadial.
The available proxies indicate that cold conditions prevailed during the Pre-Interstadial.
The minerogenic deposits are derived from erosion of bedrock in the catchment. Erosion of the
limestone bedrock presumably led to input of detrital carbonates. As a consequence, isotopic
composition of the basal clay is likely to have been influenced by detrital input. Both the δ18O
and δ13C values of the basal clay support this interpretation; the limestone bedrock in the area has
a δ18O value of approximately -10‰ and a δ13C value of ~3‰ (Diefendorf et al., 2006, 2008).
Cold summer temperatures of ~6.3°C are inferred from the Fiddaun chironomid record in this
section of the profile. A gradual increase in C-IT can be observed between the two samples from
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Figure 2.6 The Fiddaun-A carbonate content, δ18O and δ13C of lake marl, and chironomid-inferred mean July
air temperatures correlated to the NGRIP δ18O record (Rasmussen et al., 2006). Abbreviations refer to the
event stratigraphy from Björck et al. (1998), H = Holocene. Calibrated age estimates of the cold oscillations
within the Fiddaun record are based on the age-depth model shown in Fig. 2.3.

the basal silty clays. Subsequently, C-IT show a strong increase to ~14.3°C at the transition to
the Interstadial. The strong increase in carbonate content is likely to mark the onset of substantial
authigenic carbonate precipitation. The increase in δ18O and δ13C values at the transition from
the clayey deposits (FID-1) to the lake marl (FID-2) may reflect increasing temperatures, but is
presumably also affected by a decreased input of detrital carbonates. Our reconstructed C-IT for
the Interstadial range between ~12.5°C and ~14.3°C, which is slightly lower than present-day July
temperatures of ~15°C (Met Éireann, 2010).
The transition to the Younger Dryas is marked by a change from lake marl to clayey deposits,
a distinct change in the chironomid assemblages, and pronounced shifts in the isotope records. The
lithological change implies that conditions became unfavourable for carbonate precipitation. The
very thin Younger Dryas deposits (~6 cm) furthermore indicate a major decline in sedimentation
rates. It is probable that the δ18O and δ13C records of the clayey deposits are influenced by an input
of detrital carbonates. A strong decline in summer temperatures during the Younger Dryas to
~7.3°C is inferred from the chironomid record. Rapid climatic amelioration at the transition to the
Holocene is reflected by a change in lithology to authigenic lake marl, increasing δ18O values and
a marked shift in the chironomid assemblages. Furthermore, C-IT show an increase to maximum
values of ~15.1°C.
The Fiddaun chironomid and δ18O records both provide evidence for the occurrence of at
least two distinct short-duration cold episodes during the Interstadial. The first event is marked
by a distinct decline in the δ18O record (7.50-7.47 m), and is presumed to correlate to Greenland
Interstadial 1d (~14.0-13.9 kyr cal BP; Lowe et al., 2008) (Fig. 2.6). This is supported by the age28

depth model, which gives an age range of ~14.3-13.9 kyr cal BP (1σ) for this oscillation (Fig. 2.6).
In the Fiddaun core, this event is visible as a silt-enriched layer (Fig. 2.3), which may be correlated
to the deepest of three silt-enriched layers observed in the Lurga core, obtained from an adjacent
basin (Fig. 2.1) (Andrieu et al., 1993). During this event, C-IT decline from ~13.8°C to ~12.8°C.
This event has also been recognised in Central Europe, where it was named the Aegelsee oscillation
(Lotter et al., 1992). Minimum C-IT for this event in the Fiddaun record are reached at a depth of
~7.47 m, whereas minimum δ18O values and carbonate content are reached in the preceding sample
(~7.48 m). However, the most distinct expansion of cold-adapted chironomids is also apparent at
a depth of ~7.48 m. The second distinct cold event (7.08-7.00 m) occurred in the later part of the
Interstadial. During this event, a ~1‰ decrease is visible in the δ18O record and C-IT dropped
from ~14.0°C to ~12.5°C. It is probable that this event corresponds to Greenland Interstadial event
1b (~13.25-13.05 kyr cal BP; Lowe et al., 2008) (Fig. 2.6), which has been named the Gerzensee
oscillation in Central Europe (Lotter et al., 1992). Unfortunately, no terrestrial plant macrofossils
for 14C dates could be obtained for this section of the record. However, the age-depth model
estimates an age of ~13.3-12.8 kyr cal BP (1σ) for this event (Fig. 2.6), which is in agreement with
the correlation to Greenland Interstadial event 1b. In between these two oscillations, a third, minor
oscillation can be observed in the δ18O record between ~7.30 m and 7.20 m (Fig. 2.3), which may
be correlated to the negative excursion in the Greenland oxygen isotope record visible within GI-1c.
This oscillation seems to be the least pronounced in the Fiddaun record, as it is in the Greenland
oxygen isotope record, and corresponds to a minor change in the chironomid assemblage (7.307.25 m) and a slight decrease in C-IT of ~0.5°C.
The reconstructed summer temperature changes of the two distinct cold oscillations (of ~1.0
and ~1.5°C, respectively) are similar to the errors associated with the transfer function (section
2.4.4). Nevertheless, an expansion of cold water chironomids during these oscillations does indicate
a change to colder conditions. In addition, the oscillations are clearly visible in the oxygen isotope
record. The negative shift in the δ18O record during the first oscillation (GI-1d) may partly be
caused by an increase in the input of detrital carbonates, as the minerogenic fraction increased (Fig.
2.3). However, the observed change in lithology provides independent evidence for this first cold
oscillation. The decrease in carbonate content and sedimentation rate indicates that conditions were
less favourable for carbonate precipitation. Hence, it seems this oscillation was the more severe of
the two, even though it was of shorter duration. The decrease in sedimentation rate during this
oscillation resulted in the deposition of a thin silt-enriched layer (~1 cm). It is therefore possible
that the sampling resolution of ~1 cm was not sufficient to capture the coldest moment of this
event, so that the decrease in summer temperature may have been larger than the reconstructed
decrease of 1.0°C.
2.5.2 Comparison of the Fiddaun reconstruction with other records

The C-IT reconstruction from Fiddaun is similar to Lough Nadourcan (altitude ~70 m asl.), northwestern Ireland (Watson et al., 2010). Reconstructed summer temperatures of the Pre-Interstadial
and Younger Dryas sections are largely similar in both records (Fig. 2.7). However, reconstructed
summer temperatures for the Interstadial are consistently lower at Lough Nadourcan (~11-13°C;
Watson et al., 2010) than at Fiddaun (~12.5-14.3°C). Holocene summer temperatures also appear
to be lower at Lough Nadourcan (~13-14°C) than at Fiddaun (~14-15°C).
Additionally, the general trend of temperature changes inferred from the Irish chironomid
records is similar to reconstructions from Whitrig Bog (125 m asl.), in south-east Scotland
(Brooks and Birks, 2000b; 2001), and sites in north-west England (Bedford et al., 2004; Lang et
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al., 2010) (Fig. 2.7). Pre-Interstadial temperatures of ~7°C are inferred from the available British
records (Brooks and Birks, 2001; Bedford et al., 2004; Lang et al., 2010), which is similar to the
Irish reconstructions. Lang et al. (2010) compared C-IT reconstructions of five sites in northwest England, which ranged in elevation from ~10 m to 250 m asl. They found consistent shifts
in summer temperatures for the Lateglacial and early Holocene. Their inferred temperatures for
the Interstadial ranged between 11.0°C and 13.5°C. Slightly lower C-IT of 10.0°C to 12.5°C are
reconstructed for the Interstadial at Whitrig Bog.
Differences in the Lateglacial Interstadial C-IT reconstructions between the sites in Ireland
and Britain can in part be explained by altitudinal differences, taking into account an average

Figure 2.7 Comparison of chironomid-inferred mean July air temperatures from Irish and British Lateglacial
sites. Lough Nadourcan redrawn from Watson et al. (2010), Hawes Water and Little Hawes Water redrawn
from Lang et al. (2010) and Whitrig Bog redrawn from Brooks and Birks (2001). Calibrated radiocarbon
ages for the different records are also shown in kyr cal BP. Dated material consists of selected terrestrial plant
macrofossils (black), bulk samples (grey), or the humin fraction of the sediment (white squares). Dates for
Hawes Water are from Marshall et al. (2002).
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lapse rate of ~0.6°C per 100 m. In addition, differences in lake morphology and wind exposure
may also explain variations between the temperature reconstructions of the different sites (Lang et
al., 2010). Further, consistently lower Interstadial temperatures for the sites at northern locations
(Lough Nadourcan and Whitrig Bog) may reflect a north-south temperature gradient during
the Interstadial in the British Isles, which is supported by modelling results (Renssen and Isarin,
2001). A north-south gradient can also be observed in the present-day temperatures in Ireland
(Met Éireann, 2010) and Britain (UK Met Office, 2010). Finally, the combined calibration dataset
used for the Fiddaun temperature reconstruction spans a mean July air temperature range from
5.0°C to 18.4°C (Heiri et al., 2011), while C-IT from Lough Nadourcan were reconstructed using
the Norwegian calibration dataset only, which covers a range of mean July air temperatures from
3.5°C to 16°C (Watson et al., 2010). The calculated temperature optima of several of the taxa in
the combined calibration dataset are higher than those in the Norwegian calibration set (Heiri et
al., 2011). Hence, the different calibration datasets used for Fiddaun and Lough Nadourcan may
partially explain observed differences between the temperature reconstructions from these two sites.
The Interstadial is followed by a decline in C-IT during the Younger Dryas in all Irish and
British records. For the Younger Dryas in north-west England, C-IT range between 7.0°C and
8.0°C, while a mean July air temperature of 7.5°C is inferred from the Whitrig Bog record. These
reconstructed summer temperatures for the Younger Dryas are similar to values inferred from the
Irish records. Further, reconstructed Younger Dryas summer temperatures in the Fiddaun record are
comparable to estimated temperatures of ~6.5-7.0°C, based on the oxygen isotope and vegetation
records from Tory Hill (Fig. 2.1) (O’Connell et al., 1999), while slightly higher coleopteraninferred temperatures of ~9°C are reconstructed at Ballybetagh, eastern Ireland (Coope et al., 1998).
The chironomid records from Britain show a gradual warming trend during the Younger Dryas that
is also observed in the record from Lough Nadourcan. Unfortunately, climatic variability within
the Younger Dryas cannot be discerned in the Fiddaun basin, due to the very slow sedimentation
rates, although minimum C-IT are reconstructed for the first part of the Younger Dryas (Fig. 2.6).
The subsequent rise in summer temperature during the earliest Holocene, observed in the Irish
records, is paralleled by the British records. Early Holocene C-IT in north-west England reach up
to 16.0°C (at Little Hawes Water; Lang et al., 2010).
If summer temperature variations during the Lateglacial Interstadial are examined in
more detail, it becomes apparent that all the records discussed show cold oscillations that seem
to correspond to GI-1d and GI-1b (Fig. 2.7). However, this correlation cannot be confirmed by
chronology, as no radiocarbon dates are available for the Interstadial sections of the British records
discussed here. Although an age-depth model has been developed for the Lough Nadourcan record
(Watson et al., 2010), this model seems to overestimate the ages of the Interstadial section, possibly
due to the lack of terrestrial plant macrofossil dated samples. In contrast, age estimates of the
oscillations in the Fiddaun record are in agreement with the ages of GI-1d and 1b (see section
2.5.1). The Fiddaun record shows the largest decrease in temperature during the later distinct
oscillation (GI-1b, ~1.5°C), while a temperature decline of ~1.0°C is reconstructed for the first
oscillation (GI-1d). In contrast, most other available chironomid-based temperature records from
the British Isles show the strongest decline in C-IT during the GI-1d oscillation. For example,
a temperature decline of ~2.5°C during GI-1d is inferred from the Lough Nadourcan record. A
temperature decline of ~3.0°C is apparent at Whitrig Bog during this oscillation. Some variability
on the magnitude of this oscillation is observed in the sites in north-west England, as the C-IT
decrease ranges between 0.5°C and 2.5°C (Lang et al., 2010). The severity of this oscillation is
supported by a decrease in carbonate content that is visible in a number of records from north-west
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England (Lang et al., 2010), similar to the Fiddaun record. These results support our interpretation
that the first oscillation was most severe, but that our sample resolution was too coarse to
reconstruct the coolest temperatures during this oscillation.
Furthermore, similar cold events have been recorded in the δ18O records from Lough Inchiquin
(Diefendorf et al., 2006), Red Bog and Lough Gur (Ahlberg et al., 1996), sites in western Ireland
(Fig. 2.1), although it cannot be established whether these fluctuations reflect synchronous changes,

Figure 2.8 Correlation of δ18O records from Irish Lateglacial sites with NGRIP (Rasmussen et al., 2006).
Lough Inchiquin data from Diefendorf (2005), Lough Gur and Red Bog redrawn from Ahlberg et al. (1996),
and Tory Hill redrawn from O’Connell et al. (1999). YD: Younger Dryas (GS-1); G: Gerzensee oscillation
(GI-1b); A: Aegelsee oscillation (GI-1d). Calibrated radiocarbon ages for the different records are also shown
in kyr cal BP. Dated material consists of selected macrofossils (black), or bulk samples (grey). Fiddaun dates
are based on terrestrial plant macrofossils (Table 2.2), Red Bog dates on an unspecified seed (lower sample),
and unspecified wood fragments (upper samples). Lough Inchiquin bulk aquatic macrofossil dates have been
corrected for the hard-water effect (Diefendorf et al., 2006).
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due to the limited number of radiocarbon dates in the Interstadial sections of these records.
Especially the record from Lough Inchiquin, located ~15 km southwest of Fiddaun, is strikingly
similar to the Fiddaun record (Fig. 2.8). The available radiocarbon dates for the Lateglacial
section of the Lough Inchiquin record appear to give unrealistic ages (Fig. 2.8); therefore, the site
is correlated to Fiddaun based on the lithology. For instance, at both sites, the transition to the
Younger Dryas is characterised by the change from marl to clay (see section 2.4.1). Both records
are in agreement on the occurrence of at least two distinct cold events during the Interstadial.
These two cold events might also be visible in the oxygen isotope records from Lough Gur and
Red Bog (Fig. 2.8; Ahlberg et al., 1996), but low resolution analyses at these sites impedes detailed
correlation. The δ18O record from Tory Hill (O’Connell et al., 1999) is more difficult to correlate
to the Fiddaun record. This basin is located ~50 km south of Fiddaun, close to the sites Red Bog
and Lough Gur. In this area, detrital carbonates are characterised by higher δ18O values, leading to
elevated δ18O in the basal clayey sediments from Tory Hill (Fig. 2.8). As a consequence, the δ18O
record is possibly influenced to a considerable degree by the input of detrital carbonates.
Finally, no strong overall trend is observed in the Interstadial C-IT of the Fiddaun record
and temperatures vary between ~12.5°C and 14.3°C throughout the Interstadial. In contrast,
coleopteran-inferred mean July temperatures of Ballybetagh, eastern Ireland, show a strong
decrease from 16°C to 12°C during the Interstadial (Coope et al., 1998), while O’Connell et al.
(1999) estimate a temperature decrease from ~13°C to 8-9°C during the Interstadial at Tory Hill
(Fig. 2.1), mainly based on changes in vegetation development. Interstadial C-IT from other
sites in the British Isles either oscillate without a clear trend (at Sunbiggin Tarn and Cunswick
Tarn), or show a gradual declining trend (at Lough Nadourcan, Whitrig Bog, Hawes Water, Little
Hawes Water and Urswick Tarn). For example, C-IT from both Lough Nadourcan and Whitrig
Bog show a decline of 1-2°C during the Interstadial. A temporary increase in C-IT of ~1°C at
the end of the Interstadial can be observed in a number of sites from the British Isles, such as
Lough Nadourcan and Hawes Water (Fig. 2.7). In comparison, the Fiddaun δ13C record shows
a minor gradual decrease and the δ18O record a gradual increase throughout the Interstadial. In
contrast, no increasing trend during the Interstadial is observed in the oxygen isotope records from
Lough Inchiquin, Lough Gur, Red Bog and Tory Hill (Fig. 2.8). At the basal part of the Fiddaun
Interstadial deposits (7.70-~7.60 m), the increasing δ18O values correspond to an increase in the
carbonate content; hence this trend might be caused by a decrease in the detrital input (cf. section
2.5.1). Furthermore, the increasing trend during the Interstadial could be caused by factors other
than summer temperature, such as changes in the seasonality of the precipitation, water residence
time in the lake, and evaporation. The decreasing trend observed in the Fiddaun δ13C record may be
the result of continuing soil development in the catchment (Diefendorf et al., 2008).

2.6 Conclusions
The use of chironomid analysis, supported by stable isotopic analyses of lake marl and detailed
lithological descriptions, allowed us to make a detailed reconstruction of Lateglacial temperature
changes at Fiddaun, western Ireland. The similarity between the Interstadial sections of the Fiddaun
chironomid and δ18O record implies that both proxies responded to a common factor, most likely
changes in temperature. These variations are supported by changes in the lithology when a decrease
in sediment accumulation rate occurs during phases of limited carbonate precipitation. The record
shows that during the Interstadial, summer temperatures predominantly ranged between 13°C and
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14°C, which are slightly lower than present-day values. This was followed by a 6-7°C temperature
decline during the Younger Dryas. Additionally, the record provides evidence for the occurrence
of at least two distinct cold events during the Interstadial. These oscillations appear to correlate
with GI-1d and 1b, based on the Fiddaun age-depth model. Although C-IT changes for both
oscillations are of similar amplitude, the results from δ18O analyses and lithological changes suggest
that the first oscillation was most severe. This is in agreement with results from other sites in Ireland
and Britain.
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Abstract
In this paper, we present a pollen analysis on a sediment core from Fiddaun, a small Lateglacial lake
basin in western Ireland. Results reflect the general Lateglacial vegetation development in Ireland,
as reconstructed from other pollen records. Results from the Fiddaun core show a number of shortlived regressive vegetation phases during the Interstadial. The close similarity between two pollen
records from the same region (Fiddaun and Lurga) indicates that these fluctuations likely reflect
regional instead of local changes. Comparison with a previously published climate reconstruction,
based on a chironomid-inferred mean July air temperature reconstruction, lithology, and oxygen
and carbon isotopes of lake marl from the Fiddaun record, allowed us to establish the relation
between summer temperature and vegetation changes. Results reveal that two temporary regressive
shifts in the pollen record correspond to cold oscillations, which have been correlated to Greenland
Interstadial 1b and 1d. It seems that the first cold oscillation (GI-1d) had the most distinct effect
on vegetation in Ireland. In contrast, it appears that the transition from Juniperus shrubland and
Empetrum heath to grassland, which is estimated at ~13.7 kyr cal BP, was not caused by decreasing
summer temperatures, as no substantial change is observed in the climate proxies.

3.1 Introduction
The Weichselian Lateglacial (~14.7-11.7 kyr cal BP) is characterised by major climatic and
environmental changes in the North Atlantic region (e.g. Lotter et al., 1992; Walker et al., 1994;
Hoek. 1997a, b; von Grafenstein et al., 1999; Brooks and Birks, 2000a, b). These climatic changes
include warming at the onset of the Interstadial (~14.7 kyr cal BP), cooling during the Younger
Dryas (~12.8-11.7 kyr cal BP), and a strong temperature increase at the transition from the
Younger Dryas to the Holocene. In addition to Greenland Stadial 1 (equivalent to the Younger
Dryas), at least two centennial-scale cold oscillations (GI-1b and GI-1d) are recorded in the
Greenland oxygen isotope records during the Lateglacial period (Björck et al., 1998; Lowe et
al., 2008). Comparable cold oscillations have been identified in Swiss lacustrine oxygen isotope
records, where these have been named the Gerzensee and Aegelsee oscillations (Lotter et al., 1992).
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Understanding how these climatic changes affected the terrestrial environment can help to predict
the effects of future climate change.
In Europe, the Lateglacial period has been intensively studied, and the general relation between
climatic and environmental changes is well understood. For instance, rising temperatures at the
onset of the Interstadial led to a progressive vegetation development throughout NW-Europe (e.g.
Lotter et al., 1992, Walker et al., 1994; Hoek, 1997a, b). In large parts of continental NW-Europe
and Britain, this culminated in birch and pine forests during the second part of the Interstadial.
Subsequently, a shift to more open vegetation took place as a result of the Younger Dryas cooling.
Tree and shrub communities expanded again as a result of the early Holocene warming.
Lateglacial vegetation development in Ireland was already discussed by Jessen and Farrington
(1938) and Jessen (1949), and the relation between the major Lateglacial climatic transitions
and vegetation development in Ireland is now quite clear. For instance, pollen records show an
expansion of Rumex and Salix (e.g. Watts, 1977; Andrieu et al., 1993; O’Connell et al., 1999)
as the first response to climatic amelioration at the transition to the Interstadial. Species-rich
grassland with Rumex and Salix was succeeded by open juniper and birch shrubland during the
early Interstadial. However, in contrast to continental NW-Europe and Britain, the progressive
vegetation development to woodland in Ireland was reversed during the second part of the
Interstadial, and shrubland was largely replaced by herb-rich grassland (e.g. Watts, 1977; Andrieu
et al., 1993; O’Connell et al., 1999). After the Interstadial abrupt cooling during the Younger
Dryas (referred to as Nahanagan Stadial in Ireland) led to an expansion of tundra vegetation with
Artemisia (Watts, 1977). As a result of rapid warming at the transition to the early Holocene,
juniper shrub expanded again. Juniper shrubland was subsequently replaced by open birch
woodland and later hazel woodland developed (e.g. Fossitt, 1994).
However, the impact of climatic variability within the Interstadial period on the terrestrial
environment in Ireland is still unclear. High-resolution oxygen isotope records from Ireland indicate
significant climatic variability during the Interstadial (Ahlberg et al., 1996; O’Connell et al., 1999;
Diefendorf et al., 2006). More recently, a high-resolution chironomid record from northern Ireland
provided evidence for the occurrence of centennial-scale cold oscillations, comparable to GI-1b
and GI-1d (Watson et al., 2010). Multiple Irish pollen records also show one or more short-lived
regressive phases during the Interstadial (Andrieu et al., 1993; O’Connell et al., 1999). However,
there is still uncertainty on the timing of vegetation changes during the Interstadial, and it is not
yet established whether these vegetation shifts correspond to climatic oscillations. Furthermore, the
Figure 3.1 (next page) A) Map of Ireland with the location of the Fiddaun basin (1) and other pollen sites
mentioned in the text. 2: Illauncronan (Andrieu et al., 1993), 3: Tory Hill (O’Connell et al., 1999), 4: Red Bog
/ Lough Gur (Ahlberg et al., 1996), 5: Poulroe (Watts, 1977), 6: Gortalecka (Watts, 1963), 7: Lough Goller
(Watts, 1963), 8: Lough Namackenbeg (Andrieu et al., 1993), 9: Glenveagh – Lough Nadourcan (Watts, 1977),
10: Meenadoan (Pilcher and Larmour, 1982), 11: Sluggan Bog (Smith and Goddard, 1991), 12: Roddans Port
(Morrison and Stephens, 1965), 13: Dunshaughlin (Watts, 1977), 14: Ballybetagh (Watts, 1977), 15: Coolteen
(Craig, 1978), 16: Belle lake (Craig, 1978), 17: Muckross (Mitchell, 1976), 18: Long Range (Watts, 1963), 19:
Ballinloghig (Barnosky, 1988). Lines indicate glaciation limits at ~23, 17 and 16 kyr cal BP, based on Clark et
al. (2010); Fed: Fedamore re-advance (~16.4 kyr cal BP), based on McCabe et al. (1998). Arrows indicate the
direction of the Fedamore re-advance. B) Topographic map with the location of the cross-section through the
Fiddaun basin (black line) and core Fiddaun-A (FID). Also shown is the position of the Lurga record (LGAII) from an adjacent basin (Andrieu et al., 1993; coordinates from O’Connell, pers. comm.). C) The location of
core Fiddaun-A within the cross-section. Adapted from chapter 2.
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transition from shrubland to grassland during the Interstadial is still not well understood, but is
often interpreted to be the result of a climatic downturn (e.g. O’Connell et al., 1999).
The aim of this research is to determine the impact of rapid summer temperature changes
during the Lateglacial Interstadial on vegetation development in Ireland. We implemented a highresolution palynological analysis of a lake sediment record from Fiddaun, western Ireland. The
Fiddaun Lateglacial basin is located approximately 6.5 km southwest of Gort, County Galway
(Fig. 3.1). A detailed description of the research area is given in chapter 2. We obtained a sediment
core near the centre of the basin (Fiddaun-A; 53°00'55.8"N, 08°52'03.0"W; Fig. 3.1C). A recently
published climatic reconstruction, based on lithology, oxygen isotopes and chironomid analysis
from this record, including a chironomid-inferred mean July air temperature (C-IT) reconstruction,
indicated distinct temperature changes during the Lateglacial (chapter 2) that can be directly
compared to changes in the palynological record.

3.2 Approach and methods
To determine the impact of summer temperature changes on vegetation development, we used a
two-step approach. First, we analysed pollen assemblages in core Fiddaun-A, from which we
deduced a regional vegetation signal by comparison with other, published, palynological records.
Second, we compared regional vegetation shifts to reconstructed summer temperature changes from
the same record.
Pollen samples from core Fiddaun-A were analysed at 1-6 cm intervals. The pollen samples
(0.3-1.2 cm3) were prepared according to Faegri and Iversen (1989) and subsequently mounted in
glycerine. A constant amount of Lycopodium spores was added to the pollen samples to estimate
pollen concentrations. Pollen identification was based on Beug (2004), Faegri and Iversen (1989),
Moore et al. (1991) and the NEPF Vol. I-VIII (Punt et al., 1976-2003). The minimum number
of terrestrial pollen included in the pollen sum was 300. Furthermore, pollen of local vegetation
(aquatics, riparian taxa and Cyperaceae) and thermophilous trees were excluded from the pollen
sum to reconstruct changes in the regional vegetation. In addition, the relative importance of Betula
nana and Betula pubescens/pendula pollen was estimated for a selected number of samples. These taxa
were differentiated based on the grain size and the ratio of the grain size and pore depth (Birks,
1968). In the pollen diagram, major pollen assemblages have been distinguished, which correspond
to the major regional zones distinguished by Watts (1977). Additionally, subzones have been
visually distinguished based on fluctuations in the main pollen taxa, predominantly Juniperus, Betula
and Empetrum.
The general chronology of the Fiddaun core was constrained by correlation of the main
lithological changes with other radiocarbon dated sites in Ireland. The onset of organic
accumulation or lake marl precipitation is assumed to reflect the onset of the Interstadial at ~14.7
kyr cal BP. Further, a change to clastic deposits at the transition to the Younger Dryas is estimated
at ~12.8 kyr cal BP, and the subsequent transition to organic deposits or lake marl deposition is
estimated at ~11.7 kyr cal BP (e.g. O’Connell et al., 1999; Lowe et al., 2004). In addition, ages of
the Interstadial pollen zones were estimated using two, independent age-depth models. First, an
age-depth model has been constructed based on five AMS 14C dates on selected terrestrial plant
macrofossils and a uniform deposition model (Oxcal U_sequence; Bronk Ramsey, 2008), as discussed
in chapter 2. Second, ages of the record are estimated based on wiggle matching the Fiddaun
oxygen isotope record to the NGRIP oxygen isotope record (following Hoek and Bohncke,
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2001), as these records are assumed to reflect synchronous changes (von Grafenstein et al., 1999;
Schwander et al., 2000). The onset of the Interstadial, and the onset and termination of the Younger
Dryas, as reflected in distinct lithological changes in the record, are used as tie points for this
correlation. Further, tie points are visually assigned to the onset and termination of fluctuations
within the Interstadial sections. Sedimentation rates in between tie points are assumed to be
constant.
To distinguish between local and regional changes in vegetation development, the Fiddaun
record was compared to the Lurga pollen record (Andrieu et al., 1993; Paus et al., 1994). The
Lurga core (LGA-II) has been obtained from a shallower basin, located less than 500 m east of
the Fiddaun basin, at ~53°0'44.86"N, 08°51'53.77"W (O’Connell, pers. comm.) (Fig. 3.1B). The
Lurga pollen diagram was calculated with additional taxa, such as Cyperaceae and ferns, included
in the pollen sum (Andrieu et al., 1993). For a better comparison with the Fiddaun record, Lurga
pollen percentages have been recalculated based on the same pollen sum as the Fiddaun record.
As no radiocarbon dates were available for the Lurga core, these records were correlated based on
lithology and the regional pollen assemblage zones of Watts (1977) that were distinguished in
both records. It is assumed that differences between both pollen diagrams mainly originated from
changes in the local vegetation.
Regional vegetation shifts inferred from the Fiddaun pollen record were then compared to a
summer temperature reconstruction, based on multiple proxies from the same core (chapter 2).
Comparison with these results allowed us to directly link vegetation development to reconstructed
summer temperature changes.

3.3 Results and interpretation
3.3.1 Fiddaun palynological results

The local pollen assemblage zones distinguished in the Fiddaun record (FID p1-6; Fig. 3.2;
Table 3.1) largely coincide with the major lithological units: Pre-Interstadial silty clay (FID-p1),
Interstadial lake marl and calcareous gyttja (FID-p2-4), Younger Dryas silty clay (FID-p5), and
Holocene lake marl (FID-p6) (chapter 2). Correlation with the regional pollen assemblage zones
of Watts (1977) is shown in Table 3.1. The pollen spectrum from the basal silty clay (FID-p1) is
dominated by Ericaceae, Artemisia, Poaceae and corroded Alnus grains, and presumably reflects
colonisation of bare ground by Artemisia and grasses. Pollen grains from Ericaceae and Alnus are
probably reworked from older deposits, which is a common feature in other basal parts of organic
sequences (e.g. Hoek, 1997a, O’Connell et al., 1999). At the transition to the Interstadial lake marl
and calcareous gyttja deposits, Pinus pollen increase to ~10%, which is thought to reflect longdistance transported pollen. Zone FID-p2 is characterised by an increase in Rumex, Salix and
Empetrum pollen, and points to the development of species-rich grassland with Rumex. Locally,
shrub communities of Empetrum and Salix developed, the latter most likely consisting of Salix
herbacea (Paus et al., 1994). The alga Botryococcus flourishes and a small Pediastrum peak can be
observed at the start of this zone, which likely reflects an increase in productivity in the lake.
The next zone (FID-p3) is dominated by Juniperus and Empetrum pollen. Maximum
percentages of juniper (~ 50%) are reached in the first part of this zone. It is important to note
here that Juniperus communis can exist both as a dwarfed (ssp. nana) and a shrub form. According
to Kolstrup (1980), percentages larger than 5% of Juniperus pollen indicate that the shrub form
was present, since this form produces and disperses more pollen. In contrast, the dwarfed form
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Figure 3.2 Percentage pollen diagram of core Fiddaun-A showing selected taxa and total terrestrial pollen
concentration. Depth bars represent a five time exaggeration. For a number of samples, the percentage B. nana
of total Betula pollen is estimated. AMS 14C dates and lithological units from chapter 2.

of juniper is a poor pollen producer (e.g. Thomas et al., 2007). This is supported by results from
Greenland, where abundant dwarfed juniper resulted in only 3% juniper pollen (Iversen, 1954).
Thus, the high percentages of Juniperus pollen likely reflect the development of juniper shrubland.
Betula values gradually increase from 18% to 35% throughout this zone. The Fiddaun pollen record
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consists of a combination of Betula nana and Betula pubescens/pendula (Fig. 3.2); hence it is likely
that these were both present locally. This is confirmed by recorded macrofossils of both species in
the Lurga core (Paus et al., 1994). Macrofossils of B. pubescens have also been recorded in this zone
at Tory Hill (O’Connell et al., 1999). Increasing values of Thalictrum, Helianthemum and Plantago
indicate that herbaceous communities persisted. Within this zone, a temporary decline and
subsequent recovery of juniper can be observed (FID-p3B, 7.51-7.47 m). This decline in juniper
coincides with an expansion of Artemisia, Dryas octopetala and Empetrum. At the end of zone FIDp3, Hippophaë expands.
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Table 3.1 Changes in the main pollen taxa in the Fiddaun record correlated to the regional pollen assemblage
zones (PAZ) of Watts (1977). ↑: increase; ↓: decrease.
Local PAZ

Depth (m)

Main pollen taxa

Regional PAZ (Watts, 1977)

FID-p6

6.70-6.86

Rumex, Poaceae, Juniperus, (Empetrum)

Gramineae-Rumex peak /
Juniperus-Filipendula assemblage

Artemisia ↓, Rumex ↑
FID-p5

6.86-6.91

Artemisia, Thalictrum

Artemisia assemblage

Artemisia ↑, Thalictrum ↑, Poaceae ↓,
Juniperus ↓, Empetrum ↓
FID-p4

6.91-7.34

Poaceae, Cyperaceae, Betula

Gramineae (Poaceae) assemblage

Juniperus ↓, Poaceae ↑, Cyperaceae ↑
FID-p3

7.34-7.57

Juniperus, Betula, Empetrum

Juniperus-Empetrum assemblage

Juniperus ↑, Poaceae ↓, Salix ↓
FID-p2

7.57-7.70

Poaceae, Rumex, Salix, (Empetrum)

Rumex-Salix assemblage

Rumex ↑, Artemisa ↓, Ericaceae ↓
FID-p1

7.70-7.86

Ericaceae, Artemisia, Poaceae, (Alnus)

Pre-Rumex phase

FID-p4 is dominated by Poaceae and Cyperaceae (7.34-6.91 m), and herb taxa, such as
Helianthemum and Compositae, expand. The observed changes in the pollen record indicate that
species-rich grassland largely replaced the woody vegetation from the previous zone. At the start of
FID-p4, Betula values decrease (FID-p4A, 7.34-7.28 m) and subsequently recover to a maximum
of 40% at 7.15 m (FID-p4B). FID-p4C (7.10-7.02 m) is marked by a decline in Betula and an
expansion of Artemisia and Empetrum. Furthermore, herb taxa, such as Helianthemum and Rosaceae,
also increase. Subsequently, Juniperus recovers to values of ~20%, and Betula also increases again to
23% (FID-p4D, 7.02-6.91 m).
The Younger Dryas clayey deposits (FID-p5) are dominated by Artemisia and Thalictrum. Other
herb taxa, such as Dryas octopetala (1.5%), Caryophyllaceae and Saxifragaceae, also expand. This
pollen assemblage points to an expansion of steppe-tundra vegetation. The observed increase in
Pinus pollen likely results from a relative increase in long-distance transported pollen. The overlying
Holocene deposits reflect development of species-rich grassland with Rumex (FID-p6A, 6.86-6.82
m), followed by an expansion of juniper shrubland (FID-p6B, 6.82-6.70 m).
3.3.2 Age assessment of the Fiddaun record

Results from the two age-depth models for the Fiddaun record are shown in Fig. 3.3. It can be
seen that the estimated age of the Interstadial section of the record based on oxygen isotope wiggle
matching to the NGRIP record is within the 1σ range of the age-depth model based on calibration
of the radiocarbon dates. In contrast, both methods estimate slightly deviating ages for the Younger
Dryas section of the record. This may be the result of the very slow sedimentation rates during that
period (chapter 2). As the basal radiocarbon date is basically the same as the two dates at ~7.50
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m, the basal section of the radiocarbon age-depth model should be interpreted with caution, even
though the calibrated age of the basal sample is modelled to be older than the two samples at ~7.50
m based on the assumption of superposition and uniform deposition.
The close similarity between the two age-depth models for the Interstadial section enables
a general estimation of the age of the pollen assemblage zones. Based on the radiocarbon dates

Figure 3.3 Age assessment of the Fiddaun record. A) The Fiddaun δ18O record (black) (chapter 2) wiggle
matched to the NGRIP δ18O record (grey) (Rasmussen et al., 2006). Tie points (open diamonds) are
lithological changes at the onset of the Interstadial (~14.7 kyr cal BP), the onset (~12.8 kyr cal BP) and
termination of GS-1 (~11.7 kyr cal BP), and the onset and termination of negative fluctuations within the
Interstadial. B) Age-depth models of the Fiddaun record. The grey line indicates the mean age estimate, based
on the calibrated radiocarbon dates, grey area indicate the 1σ confidence interval of the calibrated radiocarbon
dates, thin line with open diamonds indicates the age-depth relation based on oxygen isotope wiggle matching.
Calibrated ages are based on a uniform deposition model (Oxcal U_sequence; Bronk Ramsey, 2008), as discussed
in chapter 2.

43

and uniform deposition, the modelled age of the onset of the Interstadial (Rumex-Salix phase) is
between ~14.8 and 14.4 kyr cal BP (1σ range). Further, it can be seen that both age-depth models
are in agreement for the age estimates of the onset and termination of the Juniperus phase (FIDp3). Based on oxygen isotope wiggle matching, these are estimated at ~14.3 and ~13.7 kyr cal BP,
respectively. Using the radiocarbon dates, the onset and termination of the Juniperus phase are
modelled to have occurred at ~14.4-14.1 and ~13.8-13.6 kyr cal BP (1σ range).
3.3.3 Comparison of the Fiddaun and Lurga palynological records

The Fiddaun main pollen diagram has been plotted next to the main pollen diagram of Lurga
(Andrieu et al., 1993) in Fig. 3.4. It can be seen that the lithology of both cores is very similar, even
though more clastic material is deposited at the Lurga site, as a result of which the Younger Dryas

Figure 3.4 Lithological and palynological correlation of cores Fiddaun and Lurga. Lurga pollen record after
Andrieu et al. (1993); pollen percentages were recalculated based on the same pollen sum as the Fiddaun
record.
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deposits reach a greater thickness in the Lurga record. The Fiddaun and Lurga pollen records are
strikingly similar; percentages and changes of the main taxa closely match between both cores. For
instance, both records show maximum AP values of ~70% just below the first silt-enriched layer
(at a depth of 7.52 m and 2.58 m, respectively). Further, AP percentages drop to ~20-25% and
Ericales to less than 1% in the Younger Dryas deposits of both records. If the records are examined
in more detail, it becomes apparent that three temporary regressive vegetation phases (FID-p3B,
FID-p4A, FID-p4C) are recorded in both cores. In the Lurga core, these phases correspond with
silt-enriched layers. The striking similarity in the main taxa between both cores shows that changes
in the vegetation directly surrounding the lakes did not significantly influence the main pollen taxa.
Consequently, the recorded regressive vegetation phases likely represent regional changes in the
vegetation. However, differences in the magnitude of change during the first regressive vegetation
phase (FID-p3B) can be observed: in the Lurga core Juniperus values drop to a minimum of ~10%,
whereas in the Fiddaun record higher values of 24% are maintained. This difference could reflect
local variation. However, it seems plausible that we did not capture minimum values in the Fiddaun
record due to the low sedimentation rates (see also chapter 2).
3.3.4 Vegetation and temperature changes of Fiddaun

Comparison of the Fiddaun main pollen diagram with the lithological, oxygen isotope and
chironomid-inferred mean July air temperature (C-IT) records from the same core (chapter 2)
clearly shows that a number of vegetation shifts coincide with changes in the other proxies (Fig.
3.5). For instance, the expansion of Rumex and grasses and decline of Artemisia at the onset of
the Interstadial and the Holocene, coincide with an increase in carbonate content, oxygen isotope
values and reconstructed C-IT. Furthermore, an expansion of herbaceous vegetation, such as
Artemisia, Thalictrum and Dryas octopetala during the Younger Dryas coincides with significant
cooling, as reflected by all proxies, with a strong summer temperature decline of 6-7°C inferred
from the chironomid record. These reconstructed summer temperatures for the Younger Dryas are
in agreement with the absence of pollen taxa that indicate July temperatures exceeding 10°C, such
as Myriophyllum, Nymphaea, Typha latifolia and Hippophaë (Isarin and Bohncke, 1999) (Fig. 3.2).
When the Interstadial sections of the records are examined in more detail, it becomes apparent
that two temporary declines in the percentages of woody taxa (FID-p3B, FID-p4C) coincide with
changes in all other proxies, reflecting a temporary change to colder conditions (Fig. 3.5). These
two cold oscillations have been correlated with Greenland Interstadial 1b and 1d, as supported by
the Fiddaun radiocarbon dated age-depth model (Fig. 3.3B) (chapter 2). A decline in C-IT of at
least 1°C leading to a value of ~12.8°C is reconstructed for the first oscillation (GI-1d; ~14.0-13.9
kyr cal BP; Lowe et al., 2008), although summer temperatures were possibly lower at the coldest
moment (chapter 2). This is supported by a C-IT reconstruction from Lough Nadourcan, northwestern Ireland, where a temperature decline of ~2.5°C was reconstructed for this oscillation
(Watson et al., 2010). This oscillation led to a decrease in carbonate precipitation in the Fiddaun
basin, and a decline in total sedimentation rate, resulting in the deposition of a thin silt-enriched
layer of ~1 cm. Increased pollen concentration in the Fiddaun record (Fig. 3.2) is the result of
this decline in sedimentation rate, and hence does not imply an increase in vegetation cover. The
observed decrease in AP is mainly the result of a decline in Juniperus, although a slight decline in
Betula – mainly B. pubescens – is also observed. During this phase, herb-dominated communities,
with Artemisia and Dryas octopetala, expanded. Local presence of Dryas octopetala and Betula nana is
confirmed by recorded macrofossils that were used for AMS 14C dating (chapter 2). The subsequent
increase in Juniperus pollen coincides with increasing δ18O values, carbonate content and C-IT.
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Figure 3.5 The Fiddaun δ18O, CaCO3, chironomid-inferred mean July air temperature records and main pollen
taxa. δ18O, CaCO3, and C-I mean July air temperatures from chapter 2. Arrows in the δ18O record highlight
temporary shifts to more negative values in the marl deposits. Also shown is a correlation with the event
stratigraphy from Björck et al. (1998).

The second event (GI-1b; ~13.25-13.05 kyr cal BP; Lowe et al., 2008) shows a negative shift
in the δ18O record and C-IT decline of ~1.5°C to a value of ~12.5°C. During this event, carbonate
content remains high, although a minor decrease of ~5% can be observed, indicating that conditions
remained largely favourable for carbonate precipitation. This implies that summer temperatures
were possibly higher during this event than during the first cold event (GI-1d). Concomitant with
decreasing C-IT, a temporary decline of birch is recorded in the Fiddaun core. The succeeding
increase in C-IT is paralleled by an increase in the δ18O record and an increase in Betula and
Juniperus pollen.
In contrast, another temporary regressive vegetation phase (FID-p4A), which marks the
transition to the Gramineae phase, does not coincide with a distinct change in the other proxies
(Fig. 3.5). Based on both age-depth models, this transition is modelled to have occurred around
~13.7 kyr cal BP (Fig. 3.3B). It can be seen that this transition precedes a minor negative shift in
the δ18O composition and ~0.5°C decline in the C-IT record. The oscillation in the Fiddaun δ18O
record is the least distinct of the three cold events visible in the Interstadial deposits, and may be
correlated to a negative shift in the NGRIP δ18O record during GI-1c (chapter 2).

46

3.4 Discussion: Factors influencing Lateglacial Interstadial vegetation development
in Ireland
3.4.1 What is the impact of climatic oscillations during the Lateglacial Interstadial on vegetation
development in Ireland?

As was shown in the previous section, at least two distinct cold oscillations (GI-1d and GI-1b) are
visible in the Interstadial section of the Fiddaun record (Fig. 3.5), which both led to a temporary
opening of the vegetation cover around the Fiddaun basin. This is now compared with other Irish
pollen records to identify comparable events throughout Ireland (see Fig. 3.1 for locations and
references). In Fig. 3.6 the selected pollen records are depicted as pie diagrams showing the average
values for the main taxa Betula, Juniperus, other AP, NAP and Empetrum, during different moments
of the Interstadial. Fig. 3.7 shows the presence or absence of temporary regressive phases in the
selected records.
The first oscillation (GI-1d) occurred during the Juniperus phase (~14.3-13.7 kyr cal BP),
which is clearly visible in most Irish records. During this phase, maximum AP (mainly Juniperus
or Betula) and/or Empetrum values are reached (Fig. 3.6A), although no Juniperus phase can be
distinguished at Meenadoan, presumably due to the high elevation of the site (213 m asl.) (Pilcher
and Larmour, 1982). A regressive vegetation phase within the Juniperus phase, comparable to
FID-p3B, can be recognised at a number of sites throughout Ireland (Fig. 3.7A). For example, a
temporary decline and subsequent recovery of Juniperus is also observed at other sites in western
Ireland, such as Illauncronan, Tory Hill and Red Bog, but also at Dunshaughlin in eastern Ireland.
In Long Range, SW-Ireland, a temporary decline of Betula is observed. Furthermore, at Glenveagh
(Lough Nadourcan), north-western Ireland, where Empetrum was more abundant than Juniperus, a
decline and subsequent recovery of Empetrum is apparent. This regressive vegetation phase is often
recorded in a silt-enriched layer (Andrieu et al., 1993).
The second cold oscillation (GI-1b) took place during the Gramineae phase (~13.7-12.8
kyr cal BP). Although the Gramineae phase can be identified at sites throughout Ireland, the
importance of woody taxa during this phase shows significant spatial variation (Figs. 3.6B, C). At
most sites, Betula and Juniperus values remain below 10% during the grass phase, for example at
Glenveagh (Lough Nadourcan) and Meenadoan, northern Ireland, Roddans Port and Sluggan
Bog, NE-Ireland, Dunshaughlin and Ballybetagh, eastern Ireland, Coolteen and Belle lake,
SE-Ireland, Ballinloghig, SW-Ireland, and Tory Hill, Red Bog/Lough Gur and Lough Goller in
western Ireland. At these sites, no temporary regressive vegetation shifts can be discerned during
the grass phase (Fig. 3.7B). In contrast, a temporary regressive vegetation phase during the grass
phase can be observed in a number of records from western Ireland, such as Illauncronan and L.
Namackenbeg, where woody taxa remain important throughout the grass phase. At Illauncronan,
where Betula reaches exceptionally high values during the grass phase (~60%), a distinct temporary
decline of Betula and expansion of juniper can be observed. At L. Namackenbeg, fluctuations in
the concentration of Juniperus pollen are apparent. At other sites fluctuations of birch are recorded
that are comparable to those of the Fiddaun basin. For instance, at Poulroe (western Ireland) and
Muckross (SW-Ireland), birch expands after an initial decline at the transition to the grass phase,
which is followed by a second decline of birch and subsequent recovery towards the end of the
Interstadial.
Although temporary regressive shifts at other sites are comparable to those recorded in
the Fiddaun basin, it is difficult to establish whether these phases reflect synchronous events.
Radiocarbon dates for the Interstadial section of Irish pollen records are predominantly on bulk
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Figure 3.6 Composition of Irish pollen diagrams during the Lateglacial Juniperus and Gramineae (Poaceae)
phase of Watts (1977). A) Percentage values of the main taxa at the maximum expansion of AP and/ or
Empetrum during the Juniperus phase. B) Percentage values of the main taxa at the onset of the Gramineae
phase. C) Percentage values of the main taxa in the middle of the Gramineae phase. Site names and references
are given in Fig. 3.1.

material or macrophytes, as most Irish pollen records are derived from lacustrine deposits in which
terrestrial plant macrofossil remains are usually scarce. Consequently, reliable age-depth models for
the Lateglacial Interstadial have not yet been constructed for these sites. Since a number of sites
show one distinct regressive phase during the Juniperus phase, it is assumed that this represents
a synchronous event. In contrast, vegetation development during the grass phase shows distinct
spatial variation; hence vegetation shifts during the grass phase are more difficult to correlate.
Additionally, limited sampling resolution will inhibit the identification of temporary fluctuations
in vegetation development at a number of sites. Consequently, the impact of these oscillations
may have been more distinct than depicted in Fig. 3.7. Despite these uncertainties, it seems the
first oscillation had the most marked effect on the vegetation, as it is observed at sites throughout
Ireland. In part, this can be explained by the magnitude of the temperature changes, since it appears
the first oscillation was the more severe of the two in Ireland (chapter 2). Furthermore, it can be
seen that both cold oscillations predominantly affected the woody vegetation (Betula and Juniperus).
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Figure 3.7 (previous page) Identification of temporary regressive phases in Irish pollen records during A)
the Juniperus phase, and B) the Gramineae phase of the Lateglacial Interstadial. Filled circles indicate that
a regressive phase is visible; open circles indicate that no distinct regressive phase is visible. Site names and
references are given in Fig. 3.1.

As these taxa were more abundant throughout Ireland during the early Interstadial (compare Figs.
3.6A, B and C), the impact of the first oscillation (GI-1d) was more pronounced, whereas the
impact of the second oscillation was apparently limited to areas where woody vegetation could (re-)
establish during the late Interstadial.
In addition, it is likely that the impact of these climatic oscillations is not restricted to declining
summer temperatures only. Since these cold oscillations, as well as the Younger Dryas, are thought
to originate from meltwater pulses into the Atlantic Ocean (Clark et al., 2001; Nesje et al., 2004)
and resulting changes in ocean circulation, it might be expected that the magnitude of changes in
winter temperature was greater than reconstructed changes in summer temperature due to extended
sea ice cover and low winter insolation (Schiller et al., 1997). This is supported by combined
reconstruction and modelling results, which indicate stronger changes in winter temperatures
compared to summer temperatures associated with the Younger Dryas cold episode (Renssen and
Isarin, 2001). Colder winter temperatures and the resulting increase of frost action, combined with
opening of the vegetation cover, can explain the silt increase observed in the Lurga record during
both cold oscillations (Fig. 3.4). Hence, the observed regressive vegetation phases are likely the
result of decreasing temperatures (both summer and winter) and concomitant shortening of the
growing season. In addition, it cannot be excluded that changes in precipitation occurred. These
conditions presumably led to a temporary reduction of juniper and tree birch regeneration.
3.4.2 The transition to grassland during the Interstadial

In the early part of the Interstadial, juniper shrubland and Empetrum heath developed throughout
Ireland, with local stands of tree birch. In contrast to continental NW-Europe and Britain, this
did not culminate in widespread development of birch forests during the Interstadial. Chironomidinferred July temperatures of ~12.5°C to ~14.5°C for the Interstadial are only slightly lower
than present-day values in Ireland (Met Éireann, 2010). It is assumed that July temperatures of
~10-12°C are needed for development of birch forest (Iversen, 1954; Paus, 1995). Reconstructed
summer temperatures should, therefore, be sufficient to enable the expansion of birch forest.
Expansion of tree birch during the early Interstadial could be restricted by edaphic conditions,
such as limited soil development (e.g. Pennington, 1986). Furthermore, the presence of strong, cold
winds could restrict the expansion of tree birch (Atkinson, 1992; Vetaas, 1994). The occurrence of
severe winds during the Lateglacial period in Ireland is supported by modelling results (COHMAP
Members, 1988). As a consequence, Betula pubescens was present, but likely grew in sheltered areas.
Observed spatial variation during the grass phase presumably results from variations in elevation,
exposure and soil conditions, which enabled local perseverance or expansion of stands of birch. For
example, at Fiddaun, Poelroe and Illauncronan B. pubescens could expand during the grass phase
(Figs. 3.6B, C). These low-lying, undulating areas likely provided sheltered locations that enabled
the establishment and expansion of tree birch (see also Andrieu et al., 1993).
In the second part of the Interstadial, juniper shrubland and Empetrum heath were largely
replaced by herb-rich grassland throughout Ireland. This transition to grassland has often been
related to a decrease in summer temperatures, but, the Fiddaun C-IT reconstruction did not
show a distinct change at this transition (Fig. 3.5). Reconstructed C-IT from Lough Nadourcan
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in northern Ireland may show a subtle decline in temperature during the second part of the
Interstadial (Watson et al., 2010), but not a severe drop. It therefore seems unlikely that a summer
temperature decline forced this change in vegetation. A minor cold oscillation can be inferred
from the Fiddaun δ18O and chironomid records, just after the transition to grassland. The observed
silt increase in the Lurga record (at ~2.30 m; Fig. 3.4) may be the result of declining winter
temperatures and increased frost action, comparable to cold events GI-1b and 1d. However, it
seems unlikely that this minor oscillation could cause a major change in the vegetation throughout
Ireland, as it was the least distinct in the Fiddaun record. It should be mentioned that, although
no substantial change in summer temperature is evident during the transition to grassland, it is
possible that other climatic factors, such as precipitation, snow cover, or windiness could have had a
negative impact on shrub communities.
Alternatively, the decline of juniper shrub and Empetrum heath could have been caused by
environmental factors, for example natural fires, or browsing and grazing by herbivores. Natural
fires would affect both juniper and Empetrum, as these taxa are sensitive to burning (Bell and Tallis,
1973; Thomas et al., 2007). However, we did not find indications of increased fire activity in the
recorded charcoal. In addition, browsing and grazing by herbivores, such as giant deer (Megaloceros
giganteus), has been suggested as a primary cause for the transition to grassland (Bradshaw and
Mitchell, 1999). Browsing and grazing can significantly limit the development and regeneration of
juniper shrub and tree birch (Huntley and Birks, 1979; Gilbert, 1980; Atkinson, 1992; Clifton et al.,
1997; Preston et al., 2007; Thomas et al., 2007), while Empetrum is intolerant of trampling (e.g. Bell
and Tallis, 1973). Increased quantities of coprophilous fungal spores could indicate the presence
of dung of large herbivores (van Geel et al., 2003). Although remains of coprophilous fungi were
sporadically present in the Fiddaun record, no increase was observed in the grass phase. This may be
the result of the position of the core near the centre of the lake, since transport of fungal spores is
limited (van Geel et al., 2003). Moreover, abundant giant deer remains have been found in Ireland
(Mitchell and Parkes, 1949; Chritz et al., 2009), with 14C dates ranging between ~12-11 14C kyr BP
(Barnosky, 1986; Woodman et al., 1997; Stuart et al., 2004).

3.5 Conclusions
The approach used in this research allowed us to establish the impact of temperature changes during
the Lateglacial Interstadial on vegetation development in Ireland. First, the close similarity of the
main taxa in two palynological records from the same region in western Ireland indicated that the
influence of local vegetation on these records did not overprint regional components. Consequently,
fluctuations in the main pollen taxa (Juniperus and Betula) likely reflected regional changes. Second,
comparison of these fluctuations with a temperature reconstruction, based on proxies independent
of changes in the vegetation, but from the same record and at the same stratigraphic levels, clearly
demonstrated the relation between summer temperature and vegetational changes. In addition to
the Younger Dryas cooling, events comparable to Greenland Interstadial 1b and 1d are visible as
regressive vegetation phases in the Fiddaun record. It seems that the first oscillation (GI-1d) led
to a temporary decline in woody vegetation throughout Ireland, whereas the impact of the second
oscillation appears to be less distinct. This difference can in part be explained by the magnitude
of the oscillations, as the first oscillation was presumably more severe. Additionally, the prevailing
vegetation types largely determined the impact of these climatic oscillations, as it was mainly woody
vegetation (Betula and Juniperus) that was affected, which was more abundant during the early
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Interstadial. Further, it seems that the transition from shrubland and heath to grassland, modelled
to have occurred at ~13.7 kyr cal BP, was not caused by decreasing summer temperatures, as no
distinct change was indicated by the Fiddaun climate proxies.
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Abstract
Lake sediment records from the Weerterbos region, southern part of the Netherlands, were
studied to reconstruct summer temperature and environmental changes during the Weichselian
Lateglacial Interstadial. A sediment core obtained from a small lacustrine depression was analysed
for multiple proxies, including lithological changes, oxygen isotopes of bulk carbonates, pollen,
and chironomids. Results showed that the oxygen isotope record differed strongly from the
other proxies. Based on comparison with three additional lake sediment records from the same
region, it seemed that the oxygen isotope records were strongly affected by local environmental
conditions, impeding the distinction of a regional palaeoclimate signal. The chironomid-inferred
July air temperature reconstruction produced inferred Interstadial temperatures ranging between
~15 and 18°C, largely consistent with previously published results from the northern part of the
Netherlands. A temporary regressive phase in the pollen record, which we tentatively correlated
with the Older Dryas, preceded the expansion of birch woodland. Despite differences between the
four pollen records from the Weerterbos region, a comparable regressive vegetation phase could
be discerned in all of the profiles, which was possibly the result of a shift to drier conditions. In
addition, a temporary temperature decline of ~1.5°C was inferred from the chironomid record
during this regressive phase. The multi-proxy approach used here enabled a direct comparison of
inferred changes in temperature, vegetation and environmental conditions at an indivual site, while
the multi-site approach provided insight in the factors influencing the pollen and isotope records
from these small-scale depressions.

4.1 Introduction
Terrestrial vegetation experienced major changes during the Weichselian Lateglacial (~14.7-11.7
kyr cal BP) in large parts of the northern circum-Atlantic region (e.g. Cwynar et al., 1994; Peteet
et al., 1994; Walker et al., 1994; Hoek, 1997a, b). In many regions of northwest Europe, climatic
amelioration at the onset of the Lateglacial Interstadial led to a change from polar desert towards
birch and pine forests (e.g. Walker et al., 1994; Hoek, 1997a, b). Subsequently, the Younger Dryas
cold phase was marked by a change to more open woodland or shrubland and Empetrum heaths
in Britain and continental northwest Europe. Later, closed forests (re-)established as a result of
warming at the transition to the Holocene.
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Numerous pollen records from the Netherlands have been published, which enabled the
development of a biostratigraphical zonation scheme for the Lateglacial period (Hoek, 1997a, b).
These records show clear variations in vegetation development related to regional differences in the
abiotic landscape. However, all records reflect a progressive vegetation development, culminating
in open birch and pine forests during the later part of the Interstadial. Furthermore, one or more
short-lived regressive phases are often apparent within the Lateglacial Interstadial. One of these
regressive phases, the Older Dryas, is usually recorded as a temporary decline in Betula prior to the
widespread development of birch forests. In addition, multiple records show one or two short-lived
declines in the arboreal pollen component during the succeeding Allerød. These fluctuations may
be correlated with cold events such as Greenland Interstadial 1b and 1d, which are recorded in the
oxygen isotope records of the Greenland ice cores (Björck et al., 1998; Lowe et al., 2008). In central
Europe these cold events have been correlated with the Aegelsee and Gerzensee oscillations; events
identified in Swiss oxygen isotope records (Lotter et al., 1992). However, the lack of a common
dating framework, and the large errors often associated with radiocarbon dates from Lateglacial
deposits, impede a direct correlation between these records in many parts of the European
continent. Furthermore, the influence of local vegetation on pollen records may seriously hamper
the identification of regional vegetational fluctuations.
An attempt to correlate pollen records from the southern Netherlands to the ice core records
based on oxygen isotope wiggle-matching has been published by Hoek and Bohncke (2001). Based
on these results, Hoek and Bohncke (2001) hypothesised that the cold event GI-1d occurred after
the expansion of birch forest. In contrast, a first chironomid-inferred reconstruction of Lateglacial
summer temperatures for the northern Netherlands (Heiri et al., 2007, 2011) indicated that a cold
oscillation (GI-1d) immediately preceded the expansion of birch forest. These results could reflect
a lag in the expansion of birch forests in the northern Netherlands compared to the southern part
(Heiri et al., 2007), while results from both sites indicated that a second cold oscillation (GI-1b)
coincided with the expansion of pine. However, negative excursions in the oxygen isotope records
from the southern Netherlands, correlated to GI-1d and GI-1b, were not very pronounced. Thus,
uncertainty remains with respect to the relative timing of environmental changes throughout the
Netherlands in relation to climatic changes during the Lateglacial Interstadial.
In this study, we analysed the lithological composition, pollen, oxygen and carbon isotopes
of lacustrine carbonates, and chironomid assemblages in a sediment core from Klein Ven, a small
lacustrine depression in the Weerterbos region. The chironomid assemblage data allows the
reconstruction of mean July air temperatures in the region. The study of multiple proxies in the
same sediment sequence enables a direct comparison of the response of the different indicators
without uncertainties in chronology (e.g. Lotter, 2003). Furthermore, the pollen and isotope records
from Klein Ven are compared with other records from the Weerterbos region. The comparison of
different pollen records shows whether fluctuations in the Klein Ven record can be reproduced
within a small distance (~2.5 km). This allows the distinction between local (cf. Jacobson and
Bradshaw, 1981) and regional changes in vegetation development. Finally, the comparison of
oxygen isotope records of these sites provides insight in the factors influencing the isotopic
composition of the lacustrine deposits within the different depressions.
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4.2 Study area and methods
The study site is located in the Weerterbos area, in the south-eastern part of the Netherlands
(Fig. 4.1). This region consists of aeolian coversand deposits of Pleistocene age (Schokker and
Koster, 2004). In the Weerterbos region, a number of infilled circular depressions occur within
the coversand deposits, north of a large coversand ridge in the source area of the Sterkselse Aa
river (Fig. 4.1; Hoek and Joosten, 1995). These depressions were presumably formed as a result of
melting ground-ice lenses (open system pingos) in the Lateglacial Interstadial. In 1993, lithological
cross-sections were cored through a number of these depressions (Hoek and Joosten, 1995).
Preliminary palynological results showed that their infill consists of calcareous gyttja deposits
of Lateglacial age. These deposits have presumably formed due to seepage of carbonate-rich
groundwater after melting of the ground-ice lenses. One of these depressions is Klein Ven (KV),
which has a diameter of approximately 70 m and is filled with lake sediments with a maximum
thickness of ~2.5 m (Fig. 4.2; Table 4.1). An adjacent depression is Groot Ven (GV, Fig. 4.2), which
has a diameter similar to Klein Ven, and a maximum fill of less than 2 m (Table 4.1). Palynological
and isotope results from (Weerterbos) Groot Ven have been published by Hoek and Bohncke
(2001). Other nearby depressions are Berkenven (BV) and Vliegersgat (VG) (Fig. 4.2; Table 4.1),
from which cores have previously been analysed for oxygen isotopes and pollen (unpublished data).
Pollen and isotope results from the Groot Ven, Berkenven and Vliegersgat records are used for
comparison with the Klein Ven record. Comparison of these four pollen records is predominantly
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Figure 4.1 A) Map of the Netherlands showing the study area (square). Other sites mentioned in the text are
also indicated. H: Hijkermeer (Heiri et al., 2007, 2011); Mi: Milheeze (Bos et al., 2006); MH: Mierlo-Ven
Hoenderboom (Zagwijn, 1971; Hoek, 1997b); G: Gulickshof (Hoek et al., 1999). B) Digital elevation map
showing the four locations in the Weerterbos region. KV: Klein Ven, GV: Groot Ven, BV: Berkenven, VG:
Vliegersgat. The city Weert is located on a coversand ridge south of the Sterkselse Aa valley.

57

Figure 4.2 Lithological cross-sections of the Klein Ven depression (A) and three other depressions in the
Weerterbos region: Groot Ven (B), Berkenven (C) and Vliegersgat (D). The locations of these depressions
are depicted in Fig. 4.1. Also shown are the locations of the sediment cores. The Klein Ven, Groot Ven and
Berkenven cross-sections are modified from Hoek and Joosten (1995).
Table 4.1 Morphometric characteristics of the four Lateglacial depressions in the Weerterbos area that are
examined within this study. NA indicates not applicable.
Site

Distance from Klein Ven
(m)

Present-day elevation
(m asl.)

Maximum thickness of fill
(m)

Diameter
(m)

Klein Ven

NA

~28.5

~2.5

~70

Groot Ven

~100

~28.5

<2

~70

Berkenven

~350

~28.5

~3

~80

Vliegersgat

~2600

~27.0

~5

~80
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based on abundance changes in Betula, Salix, Juniperus and Pinus. The original pollen counts of the
Berkenven pollen diagram were low (on average 50-100). Therefore, pollen samples of this record
have been recounted to obtain a more reliable pollen sum of 300.
In 1999, a sediment core was obtained from the Klein Ven depression, before the lake sediment
was partly dug away for fen restoration purposes. Based on the exploratory cross-sections, a
location near the centre of the former lake was selected for sampling (Klein Ven: KV: 51°17'54"N,
05°39'22"E). Duplicate sediment cores were obtained from this location, using a 6 cm-diameter
piston corer. These sediment cores were then stored at 4°C for future research. In 2008, the cores
were visually correlated based on lithology and sampled for carbonate and organic matter content,
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stable oxygen and carbon isotopes of bulk carbonates, pollen, chironomids, and AMS radiocarbon
dating.
Samples for carbonate and organic matter content were obtained at 1-10 cm intervals.
Total carbonate content was measured with the Scheibler method. After the samples were
dried and ground, 0.2 g was treated with a 5% HCl solution and the volume of produced CO2
was measured. Results are expressed as weight percentage CaCO3. Total carbonates in the Klein
Ven core presumably consist of a combination of calcite (CaCO3), siderite (FeCO3), and possibly
other carbonates. Since siderite has a larger weight than calcite, the presence of siderite leads to an
underestimation of the weight percentage of total carbonates.
The organic matter content was determined by loss-on-ignition (LOI). Dried samples (~1 cm3)
were combusted at 550°C for 1 hour to burn all organic matter while minimising loss of carbonates
(Dean, 1974). This procedure will also minimise the loss of siderite, which is apparently present in
the record, and which starts to decompose at 425°C (Weliky et al., 1983).
Untreated bulk carbonates were analysed for the oxygen and carbon isotopic composition
(δ18O and δ13C) following Siegenthaler and Eicher (1986). The cores were analysed at 2-6 cm
intervals. Samples of 0.5 to 10 mg were digested in phosphoric acid at 90°C and analysed on an
Isocarb-SIRA-24 Mass Spectrometer. The analytical precision of the internal standard was 0.1‰
for δ18O and 0.05‰ δ13C. Oxygen isotope records from bulk carbonates are influenced by a range
of environmental conditions (e.g. Leng and Marshall, 2004). Nevertheless, variations in lake marl
δ18O records often reflect climatic changes (Eicher, 1987; Lotter et al., 1992; Yu and Eicher,
1998) that, for the Lateglacial period, can be matched to the Greenland ice core δ18O records
(e.g. Schwander et al., 2000). Distortion of the isotopic signal due to input of detrital carbonates
(Kolstrup and Buchardt, 1982; Ammann, 2000; Magny et al., 2006) is not expected for our record,
as no calcareous bedrock is present in the area (Hoek and Bohncke, 2001) while the minerogenic
fraction of the lake deposits consists of decalcified aeolian sand.
Pollen samples (0.3 cm3) were obtained at a 2-8 cm resolution from the same levels as the
isotope samples. Pollen samples were treated following the standard methods described by Faegri
and Iversen (1989) and mounted in glycerine jelly. To estimate pollen concentrations, a known
amount of Lycopodium spores was added to the samples. Pollen types were identified using Beug
(2004), Faegri and Iversen (1989), Moore et al. (1991) and the NEPF Vol. I-VIII (Punt et al., 19762003). A pollen sum of at least 300 was targeted. For the pollen sum, pollen of local vegetation
(including Cyperaceae) and the thermophilous trees Corylus, Quercus, Tilia, Ulmus and Alnus were
excluded.
As terrestrial plant macrofossils are usually scarce in these types of lacustrine deposits, and
the regional biostratigraphy is well known, the Weerterbos sequences have not been radiocarbon
dated before. The chronostratigraphy of these records has been established based on correlation of
the pollen records to the biostratigraphical framework of Hoek (1997a) (Table 4.2). From both
the KV and GV sequences we managed to obtain some terrestrial macrofossil remains for AMS
radiocarbon dating to support this general chronostratigraphy. These radiocarbon dates were
calibrated with the program Oxcal 4.1 (Bronk Ramsey, 2009) and the INTCAL09 calibration
curve (Reimer et al., 2009). The identification of Lateglacial tephra layers in the sequences could
potentially provide an additional age control for these records; tephra shards of the Vedde Ash
have been found in the northeastern Netherlands (Davies et al., 2005). Therefore, the BV and
VG records, which contain deposits of Younger Dryas age, have been sampled for tephra analysis.
However, no tephra shards were recovered from the sequences. It is possible that no shards were
deposited in the Weerterbos region or that the shards were not preserved.
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Table 4.2 Lateglacial and Early Holocene pollen assemblage zones (PAZ) and biostratigraphical zonation
scheme for the Netherlands.
PAZa

Biostratigraphyb

14

B

Boreal

9150

5

Late Preboreal

9500

4

Preboreal

10,150

3

Younger (Late) Dryas

10,950

2b

Pine phase Allerød

11,250

2a

Birch phase Allerød

11,900

1c

Older (Early) Dryas

12,100

1b

Bølling

12,450

C age onset (BP)

Ages of PAZ 1-5 are derived from Hoek (1997a), whereas the age for the onset of zone B is from van Geel et
al. (1981)
b
van Geel et al. (1981, 1989)
a

Chironomid analysis was performed at 2-12 cm intervals. Samples of 1-2 cm3 were taken from
the same levels as the isotope and pollen samples. Pre-treatment consisted of heating the samples to
90°C in a 5% KOH solution, followed by successively sieving through a 212 μm and 90 μm mesh.
Head capsules were then picked out under 40x magnification and mounted on microscope slides in
Euparal©. Identification of the chironomid taxa was based on Wiederholm (1983), Moller Pillot
(1984a, b), Rieradevall and Brooks (2001) and Brooks et al. (2007).
Chironomid-inferred July air temperatures were reconstructed using a chironomid-temperature
inference model described by Heiri et al. (2011). This model is based on the combined regional
calibration datasets from Norway (Brooks and Birks, 2000a, 2001, unpublished data) and the
Alpine region (Heiri et al., 2003; Heiri and Lotter, 2005, 2010; Bigler et al., 2006). The calibration
dataset consists of chironomid assemblage data from 274 lakes that cover a July air temperature
range from 3.5 to 18.4°C. A two component weighted averaging partial least-squares (WA-PLS)
regression was used to develop a chironomid-temperature inference model. The model has a
root mean square error of prediction of 1.55°C and a coefficient of determination (r2) of 0.84, as
calculated using bootstrapping (9999 bootstrap cycles) (Heiri et al., 2011).
Performance of the model was evaluated by calculating for the fossil samples the closest modern
analogue, the goodness-of-fit to temperature and the percentage of taxa rare in the calibration
dataset (Birks et al., 1990, 2010; Birks, 1998), following chapter 2 and Heiri et al. (2007). All
calculations, except the percentages of taxa rare in the calibration dataset, were based on squareroot transformed percentages. The closest modern analogue of the fossil samples was assessed using
squared Chi2 distances. Fossil samples with distances larger than the 2nd and 5th percentile of all
distances of modern samples in the calibration dataset were considered to have ‘no close’ or ‘no good’
analogue, respectively. The goodness-of-fit was determined using a Canonical Correspondence
Analysis (CCA) of the training set samples with temperature as the only constraining variable,
in which the fossil samples were added passively. Fossil samples with a residual distance to axis
1 that exceeded the 90th and 95th percentile of all residual distances of the modern samples were
classified as having a ‘poor’ or ‘very poor’ fit with temperature, respectively. Chironomid taxa with a
Hill’s N2 below 5 were classified as rare in the modern calibration dataset. Sample-specific errors
were estimated for the fossil samples by bootstrapping. WA-PLS and squared Chi2 distances
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were calculated using the program C2 ( Juggins, 2003). The CCA was executed with the program
CANOCO version 4.51 (ter Braak and Šmilauer, 2002).

4.3 Results
4.3.1 Results from the Klein Ven core

4.3.1.1 Lithology
In the KV record, four lithological zones have been distinguished (KV 1-4) (Fig. 4.3). The basal
deposits consist of sand (KV-1). The transition to the overlying gyttja and lake marl deposits is
visible in core KV at a depth of 1.96 m. On top of the basal sand, approximately 10 cm of slightly
organic gyttja is present, with an organic matter content of 6-8% (KV-2A), and carbonate content

Figure 4.3 Lithology, carbon and oxygen isotopes of the Klein Ven core. AMS radiocarbon dates from the core
are also shown.
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of 0%. This is overlain by lake marl (1.85-1.07 m). The lake marl sequence can be divided into two
sections. The first section (KV-2B: 1.85-1.48 m) is brownish grey with carbonate content ranging
between 40% and 65%. In the upper section of the lake marl (KV-2C: 1.48-1.07 m), carbonate
content is higher, with values ranging between 60% and 85%. Furthermore, the colour of the
deposits changes to light grey and fluctuations in the carbonate content can be observed within the
lake marl. On top of the lake marl deposits, an orange-brown layer with iron concretions (KV-3) is
present. These concretions presumably result from post-depositional soil formation processes. The
overlying clayey gyttja deposits (KV-4) indicate that lacustrine conditions re-established.
4.3.1.2 The Klein Ven pollen diagram
The Klein Ven pollen diagram can be divided into different pollen assemblage zones, based
on variations in the main pollen taxa (KV p1-4) (Fig. 4.4; Table 4.3). KV-p1 (1.96-1.48 m) is
characterised by relatively high percentages of NAP (~50%). The AP mainly consist of Betula and
Salix. Maximum Poaceae values of 55% are reached at the base of this zone, which is followed by
a gradual decline. Herbaceous taxa, such as Asteraceae, Galium-type, Helianthemum, Rumex and
Thalictrum, are also present in this zone. Furthermore, Empetrum pollen are sporadically recorded.
The aquatic vegetation mainly consists of Potamogeton, which reaches maximum values of ~300%.
In addition, the algae Botryococcus and Pediastrum reach high values. In the upper part of this zone
(KV-p1B: 1.55-1.48 m), a temporary increase in Salix and decrease in Betula can be observed.
Herbs, such as Galium-type and Rosaceae, also increase. Additionally, Cyperaceae increase and
reach maximum percentages of ~200% in this subzone, while the terrestrial pollen concentration
decreases.
Table 4.3 Changes in the main pollen taxa in the KV record compared with the regional pollen assemblage
zones of Hoek (1997a) as shown in Table 4.2. ↑: increase; ↓: decrease; NA: not available, see text for further
explanation.
Local PAZ

Depth
(m)

Main pollen taxa

Regional PAZ
(Hoek, 1997a)

KV-p4

0.94-0.97

Pinus, Corylus, Betula

B

Pinus ↑, Betula ↓, Corylus ↑
KV-p3

0.97-1.07

Betula, Pinus

NA

Pinus ↑, (Empetrum ↑, Corylus ↑)
KV-p2B

1.07-1.25

Betula

2a

Betula ↑, Juniperus ↓, Salix ↓, NAP ↓
KV-p2A

1.25-1.48

Betula, Salix, Juniperus

2a

Betula ↑, Poaceae ↓, Juniperus ↑
KV-p1B

1.48-1.55

Poaceae, Salix, Betula

1c

Salix ↑, Betula ↓, Cyperaceae ↑
KV-p1A

1.55-1.96

Poaceae, Betula, Salix

1b
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The transition to KV-p2 (at a depth of 1.48 m) is characterised by an increase in Betula pollen.
Furthermore, this transition is marked by a decline of Cyperaceae, and the decreasing trend of
Poaceae continues. Additionally, the algae Pediastrum and Botryococcus strongly decline at the
transition to KV-p2. Potamogeton also strongly declines, while oospores of Characeae are more
abundant in KV-p2 than in KV-p1. In the first part of this zone (KV-p2A: 1.48-1.25 m), maximum
values of both Juniperus and Artemisia are reached, and Salix maintains relatively high values. This
subzone is further marked by a number of oscillations in the percentages of the AP (mainly Betula).
In addition, herbaceous taxa, such as Galium-type, Rumex and Thalictrum, persist. In the next
subzone (KV-p2B: 1.25-1.07 m), Betula values reach a maximum of 75%, while Salix, Juniperus and
the herbaceous taxa decline. Nymphaea appears in the aquatic vegetation.
The subsequent zone (KV-p3: 1.07-0.97 m) coincides with the layer of iron concretions
(lithological unit KV-3). In this zone, Betula values drop, whereas Pinus increases. This coincides
with an increase in Empetrum pollen. Furthermore, pollen from thermophilous trees, such as Corylus
and Alnus appear. The upper pollen sample is located within the clayey gyttja deposits (KV-p4). This
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Figure 4.4 Pollen percentage diagram of the Klein Ven core. Main pollen taxa are shown; depth bars show
an exaggeration factor 5. The regional Lateglacial and Early Holocene biostratigraphical zones (PAZ) are also
indicated: 1b: Bølling, 1c: Older Dryas, 2a: birch phase Allerød, B: Boreal.

sample shows maximum values of Pinus pollen (~70%) and an increase in thermophilous taxa, such
as Corylus and Alnus.
4.3.1.3 Age assessment of the Klein Ven record
The pollen zones distinguished in the Klein Ven record are correlated to the general
biostratigraphical zonation of Hoek (1997a), as shown in Table 4.3. KV-p1A reflects a relatively
open landscape with local stands of tree birch, which can be correlated to the Bølling (PAZ 1b:
12,450-12,100 14C yr). This is in good agreement with a basal 14C date of 12,670 ± 290 yr BP
(Table 4.4). Subsequently, a temporary decline in Betula and expansion of Salix is observed in the
KV record (KV-p1B). This temporary decline in Betula is often observed before the expansion of
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Table 4.4 AMS radiocarbon dates based on selected plant macrofossils of the Klein Ven and Groot Ven cores.
Site

Depth (m)

14

C age (BP)

Calibrated age
(cal yr BP ± 1σ)

Analysed material

Klein Ven

1.43-1.48

12,100 ± 60

13,858 – 14,024

Betula leaf fragments, twigs; 1 Carex cf.
rostrata fruit; 3 Scirpus lacustris fruits

Klein Ven

1.91-1.94

12,670 ± 290

14,207 – 15,500

1 Betula nana male catkin scale, 1 female
catkin scale, leaf fragment; Salix twig
fragments; Salix/Betula leaf fragments;
1 Eleocharis palustris/uniglumis seed,
2 Carex cf. aquatilis fruits

Groot Ven

0.725-0.75

10,970 ± 801

12,703 – 12,942

Betula 4 fruits, 1 fruit scale, leaf fragments;
1 Salix catkin; moss fragments

Groot Ven

1.03-1.05

12,040 ± 90

13,795 – 13,992

5 Betula fruits; 1 Carex sp. fruit; moss
fragments

Groot Ven

1.27-1.29

14,740 ± 2202

17,638 – 18,475

Betula 1 fruit, 5 bud scales; Betula nana leaf
fragments; moss fragments

Groot Ven

1.45-1.47

11,810 ± 3103

13,317 – 14,015

Betula leaf fragments; 2 Carex rostrata fruits;
2 Carex nigra fruits; 4 Juncus seeds; moss
fragments

Date is considered too young, which may be explained by root penetration and downward displacement of
younger material due to post depositional soil formation processes.
2
Date is considered too old; plant remains are possibly reworked.
3
Date is considered too young, which may be the result of the small sample size or could indicate
contamination with younger material.
1

birch forest in the Netherlands and probably corresponds to the Older Dryas (PAZ 1c: 12,10011,900 14C yr), although this change is not very distinct in the KV record.
The onset of zone KV-p2 is marked by a strong rise in Betula, which appears to reflect the
onset of the Allerød (PAZ 2a; Hoek, 1997a), even though subzone KV-p2A could alternatively
be considered as part of the Older Dryas, based on the 14C date of 12,100 ± 60 yr BP for the base
of this subzone (Table 4.4). During subzone KV-p2A birch values fluctuate, and the relative high
percentages of Juniperus, Salix and herbaceous taxa, such as Artemisia, Galium-type and Thalictrum,
indicate that these taxa were part of the vegetation. At the transition to subzone KV-p2B, Juniperus,
Salix and the herbaceous taxa strongly declined, and birch woodland developed.
The overlying layer with iron concretions cannot be directly correlated to the general
biostratigraphical zonation of Hoek (1997a). The observed increase in Pinus pollen coincides with
an increase in Empetrum and thermophilous taxa. It therefore seems unlikely that these deposits
correspond to the pine phase of the Allerød (PAZ 2b). The pollen spectrum from the overlying
gyttja deposits points to a landscape that was dominated by pine forest, while hazel and birch trees
were also present. Furthermore, low percentages of well preserved pollen of the thermophilous
trees Quercus, Ulmus and Alnus are recorded. This indicates a Boreal age (younger than 9150 14C
yr) for these gyttja deposits. Thus, a hiatus seems to be present in the record, encompassing the
later part of the Allerød to the Boreal. It appears that soil formation during that period resulted
in the underlying layer of iron concretions. This can also explain the observed mixture of pollen
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of Empetrum and Corylus in this unit characteristic of the Younger Dryas and the end of the Late
Preboreal biozones, respectively (Hoek, 1997a).
4.3.1.4 Oxygen and carbon isotopes of the Klein Ven core
The basal sand and overlying organic gyttja, as well as the clayey gyttja at the top of the sequence,
did not contain measurable concentrations of carbonates. Consequently, no isotopic analyses were
attempted for these parts of the sequence. The oxygen isotopic composition of the lake marl ranges
between ~-3‰ and -5‰ (Fig. 4.3). At the base of the lake marl deposits, a gradual increase can
be observed. Maximum values of ~-3‰ are reached between 1.66 and 1.50 m. Subsequently, δ18O
values decrease to ~-4‰ between 1.50 and 1.35 m. Then, δ18O values continue to decrease and
minimum values of ~-5‰ are reached at a depth of 1.30 m. Values remain low towards the top of
the lake marl deposits. In the top sample (at a depth of 1 m), values again increase to -3.5‰. This
sample is located in the layer with a high abundance of iron concretions (KV-3; Fig. 4.3).
Carbon isotopic composition of the lake marl ranges between +1.3 and -3‰ (Fig. 4.3). No
significant changes are observed in the lake marl deposits, although minor fluctuations in the δ13C
values are recorded. In the layer containing iron concretions, δ13C drops to ~-9‰. The distinct
change in the oxygen and carbon isotope records observed in the layer with iron concretions is
likely the result from post-depositional soil formation processes.
4.3.1.5 Chironomid assemblages of the Klein Ven record
Head capsules were abundant throughout the core (Fig. 4.5), although head capsule preservation
was poor in the upper part of the lake marl due to soil formation. In the organic gyttja at the
base of the lake infill (lithological unit KV-2A), the chironomid assemblage is dominated by
Chironomus plumosus-type, which frequently is an early coloniser after strong environmental
changes in Norway (Brooks et al., 2007). Other important taxa (> 5%) include Paratanytarsus
penicillatus-type, Tanytarsus pallidicornis type-1, and Corynoneura edwardsi-type. In the overlying
lake marl (lithological unit KV-2B), C. plumosus-type strongly decreases. This zone is dominated by
Tanytarsus glabrescens-type, T. pallidicornis type-2 and Microtendipes pedellus-type. In the top of this
unit, a temporary decrease of T. glabrescens-type can be observed, while Parakiefferiella bathophilatype, Paratanytarsus penicillatus-type, and Einfeldia pagana-type increase. In the overlying part of
the lake marl (KV-2C), M. pedellus-type declines, whereas T. glabrescens-type and T. pallidicornis
type-2 remain abundant. Other taxa increase in this zone, such as Ablabesmyia, Tanytarsus lactescenstype and Psectrocladius. An expansion of Dicrotendipes nervosus-type can be seen towards the top of
this unit.
4.3.1.6 Chironomid-inferred mean July air temperature reconstruction for the Klein Ven record
The reconstructed chironomid-inferred mean July air temperatures (C-IT) of Klein Ven range
between ~15 and ~18°C (Fig. 4.6), although most samples vary between 15 and 17°C. A gradual
increase in C-IT is visible in the basal part of the lake marl. This is followed by a cold oscillation
between 1.55 and 1.48 m, with a decrease in reconstructed temperatures of ~1.5°C. Furthermore, a
gradual decreasing trend is visible towards the top of the profile, which starts at a depth of ~1.26 m.
The sample-specific errors of the KV record vary between 1.51 and 1.70°C, which is comparable
or slightly larger than the overall root mean square error of prediction (RMSEP) of the transferfunction of 1.55°C. The record consists for a large part of taxa that are well represented in the
calibration dataset. The percentages of taxa rare in the modern calibration data varies from 0 to
35%, with higher values being reached in the upper half of the lake marl sequence. All chironomid
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Figure 4.5 Percentage diagram of the main chironomid taxa of the Klein Ven core. Taxa are arranged according to their optimum temperature in the
calibration dataset (Heiri et al., 2011), with taxa having the coolest optimum temperature shown on the left. Key to the lithology is given in Fig. 4.4.

samples from the KV record consist of assemblages that have no close or good analogue in the
calibration dataset. However, WA-PLS regression is able to perform relatively well in no-analogue
situations (Birks, 1998). In comparison, only one sample has a very poor fit with temperature,
although the residual distance of this sample is only slightly higher than the 95th percentile of the
residual distances of the samples in the modern calibration dataset, which was used as the cut-off
level to identify samples with a very poor fit.
4.3.2 Inter site comparison

4.3.2.1 Palynological records from the Weerterbos region
The four pollen records from the Weerterbos region all reflect the development of birch forest
during the Lateglacial Interstadial, although substantial differences can be observed between the
records (Fig. 4.7). The Bølling section (PAZ 1b) of the GV record is largely comparable to the
Bølling section in the KV record, with Betula values ranging between ~30 and 50%. In contrast,
in the BV and VG records Betula values rapidly increase to values of 50 and 60%, respectively, and
the presumed Bølling deposits are only relatively thin in these records. Further, these two records
show relatively high Salix values at the base, which likely reflects the local presence of Salix during
formation of these lakes.

Figure 4.6 Chironomid-inferred mean July air temperature reconstruction of the Klein Ven core with samplespecific prediction errors (A), nearest modern analogues for the fossil assemblages in the calibration dataset
(B), goodness of fit of the fossil assemblages with temperature (C), and percentage of chironomid taxa in the
fossil samples that are classified as rare in the calibration dataset (N2<5) (D). Dashed lines in (B) indicate the
2nd and 5th percentile of all squared Chi2 distances of the modern samples in the calibration dataset, which
are used to identify fossil samples with ‘no close’ or ‘no good’ modern analogues, respectively. Dashed lines in
(C) show the 0.90 and 0.95 quantiles of all residual distances of the modern samples to axis 1 in a CCA with
temperature as only constraining variable, which are used to identify fossil samples with a ‘poor’ or ‘very poor’ fit
with temperature, respectively.
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A subsequent dip in the Betula percentages and increase in Salix, comparable to KV-p1B
(presumed Older Dryas biozone, PAZ 1c), is visible in the BV and VG records. No clear regressive
phases can be discerned in the GV record, although a minor dip in the percentages of Betula and
increase in Salix can be observed at a depth of ~1.18 m, which may correspond with KV-p1B. In
the BV and VG records, this temporary decline in birch is followed by a distinct increase in the
Betula values up to ~60% and ~75%, respectively. This presumably marks the onset of the Allerød
(PAZ 2a), and is comparable to the transition to KV-p2 in the KV record. In contrast, no distinct
increase in Betula values is discerned in the GV record, although birch values gradually increase.
The increase in Betula values in the KV record is followed by a zone with distinct fluctuations in the

Figure 4.7 Comparison of the lithology and main pollen taxa of cores KV, GV, BV and VG. GV has previously
been published by Hoek and Bohncke (2001). These records have been correlated with the Lateglacial and
Early Holocene biostratigraphical zones (PAZ; Table 4.2). The position where both Salix and Juniperus
diminish during zone 2a is indicated in the PAZ columns as a horizontal dashed grey line, which is possibly
recorded synchronously at the four sites (see discussion for further explanation). Radiocarbon dates of the KV
and GV records are also shown; dates in grey are considered unreliable (Table 4.4).
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Betula percentages (KV-p2A). This subzone is further characterised by maximum Juniperus values
and the presence of Salix and herbaceous taxa. A comparable subzone is visible in the BV and VG
records, although fluctuations in the Betula percentages are less pronounced in these records. In the
BV and VG records, a subsequent decline in Salix and Juniperus can be observed at a depth of ~2.88
and ~4.45 m, respectively. In the GV record, a decline of Salix, Juniperus and herbaceous taxa is
visible at a depth of ~0.92 m.
In the BV and VG records, the expansion of birch woodland is followed by an expansion of
pine that corresponds with the pine phase of the Allerød (PAZ 2b). Subsequently, these two records
indicate opening of the vegetation cover during the Younger Dryas (PAZ 3). An expansion of pine
can also be observed in the upper part of the GV record, which may correspond to the pine phase
of the Allerød, although pollen of thermophilous tree taxa are also recorded in this section (Hoek
and Bohncke, 2001). Further, this section shows indications for soil formation. Root penetration
and downward displacement of younger material associated with soil forming processes can also
explain the relative young date at the top of the GV sequence (Table 4.4).
4.3.2.2 Oxygen isotope records from the Weerterbos region
Oxygen isotope records from the Weerterbos region vary between ~-2‰ and -7‰ (Fig. 4.8),
comparable to the Gulickshof record (Hoek and Bohncke, 2001). Nevertheless, comparison of the
four Weerterbos records clearly shows significant differences in δ18O values, trends and fluctuations.
The GV and KV records, which are located within ~100 m from each other, are largely comparable,
although the basal and top sections vary significantly between both records (Fig. 4.8a). The other
two records are distinctly different from the KV and GV records. Furthermore, the strongest
fluctuations are recorded in the BV record. For example, this record shows a negative shift of
more than 3‰ at a depth of 2.85 m. For this record, a distinction has been made between siderite
(FeCO3) and other carbonates (presumably CaCO3). It becomes apparent that the negative shift in
the δ18O record coincides with a decrease in the siderite content.

4.4 Discussion
4.4.1 Factors influencing the oxygen isotope records

As the strong negative shift in the BV oxygen isotope record coincided with a decrease in the
siderite content (Fig. 4.8), it appears that the isotope shift is caused by differences in isotopic
fractionation between calcite (Kim and O’Neil, 1997) and siderite (Zhang et al., 2001). It seems
plausible that variations in the relative importance of siderite also caused isotopic variation
in the other records, due to a fluctuating influx of groundwater rich in both calcium and iron.
Additionally, differences in the importance of biogenic and inorganic carbonates possibly led to
changes in the isotopic composition of bulk carbonates (Leng and Marshall, 2004). Further, Hoek
et al. (1999) showed that Chara encrustations had a ~2‰ more negative isotopic composition than
shells from the same depth, which may reflect vital offsets or differences in calcification season (von
Grafenstein et al., 2000). It seems Characeae were more abundant in the upper part of the Klein
Ven lake marl sequence compared to the lower part of the sequence, which may also explain part of
the isotopic variation in the record.
Evaporation is another factor influencing the isotopic composition of water in these small
lakes. Relatively more evaporation will have taken place in the shallowest KV and GV lakes.
Consequently, these two records would be more isotopically enriched than the BV and VG records
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due to preferential evaporation of the lighter isotopes. Further, carbonate rich groundwater entering
the lakes may already have a δ18O composition that deviates from rainfall δ18O, thereby further
complicating the identification of a climatic signal from the oxygen isotope record.
This comparison of four oxygen isotope records from the Weerterbos region shows that it is
difficult to deduce a common regional signal, as the records strongly differ in δ18O values, trends
and fluctuations. Results imply that the isotopic signal in these small lakes and ponds is dominated
by the effects of local environmental conditions, such as groundwater influx, aquatic vegetation
and evaporation, rather than directly reflecting δ18O of past of precipitation. The large similarity
between the KV and GV oxygen isotope records suggests that environmental conditions were
largely comparable for both records, which seems plausible as these records are obtained from
adjacent depressions with comparable dimensions.
4.4.2 Chironomid assemblages, environmental and temperature changes

It is thought that climatic changes of high amplitude were the most important environmental
variable for the distribution of chironomids during the Lateglacial (e.g. Brooks and Birks, 2001).
However, climatic changes within the Lateglacial Interstadial were of substantially smaller
magnitude than for example the Younger Dryas cooling. As a consequence, the influence of local
within-lake variables, unrelated to temperature, may also have affected the chironomid assemblages
in the Klein Ven record.
The chironomid assemblages found in core KV are indicative for warm to intermediate
temperatures and mesotrophic to eutrophic conditions (Brooks et al., 2007). These taxa are
currently absent from the coldest alpine and arctic lakes (Brooks and Birks, 2000a; Heiri and
Lotter, 2010; Heiri et al., 2011). A number of taxa present in the KV record are in the Alpine
region predominantly found in lowland lakes, for example Tanytarsus glabrescens-type, Tanytarsus
lactescens-type, Chironomus plumosus-type, Polypedilum nubeculosum-type, Glyptotendipes, and
Pseudochironomus (Lotter et al., 1997; Heiri and Millet, 2005; Heiri et al., 2007; Heiri and Lotter,
2010). In Norway, P. nubeculosum-type is also predominantly found in the warmer lakes (Brooks and
Birks, 2001). Other taxa are currently found along a wide temperature range, such as Ablabesmyia,
Paratanytarsus penicillatus-type and Psectrocladius sordidellus-type (Lotter et al., 1997; Brooks and
Birks, 2001; Heiri and Lotter, 2010). Parakiefferiella bathophila-type is indicative for temperate
climatic conditions (Brooks et al., 2007). In addition, Microtendipes is often abundant during
intermediate temperatures in the Lateglacial Interstadial (Brooks et al., 2007).
The most pronounced change in the Klein Ven chironomid record occurs at the transition
from lithological unit KV-2B (brownish grey lake marl) to KV-2C (light grey lake marl) at a depth
of 1.48 m (Fig. 4.5). Below this depth, the chironomid assemblages are dominated by Tanytarsus
glabrescens-type, T. pallidicornis type-2 and Microtendipes pedellus-type, while KV-2C is marked by
a strong increase in Psectrocladius, Ablabesmyia, and Tanytarsus lactescens-type. The increase of T.
lactescens-type and decrease of M. pedellus-type may be related to changes in lithology (increase
in the carbonate content), as the former is often abundant in carbonate lakes (Lang et al., 2010),
while the latter is associated with silty sediments (Brooks et al., 2007). The increase of Ablabesmyia
and multiple Psectrocladius taxa may be related to changes in the aquatic vegetation, as these taxa
are often associated with macrophytes (Brodersen et al., 2001; Langdon et al., 2010). It therefore
appears that the most pronounced change in the chironomid fauna at a depth of 1.48 m was not
driven by temperature. Consequently, it seem plausible that chironomid-inferred temperatures
for lithological units KV-2B and KV-2C do not substantially differ from each other, with average
reconstructed temperatures for both units of ~16.0-16.5°C.
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The KV chironomid-inferred temperatures are largely comparable to a chironomid-inferred
temperature reconstruction from Hijkermeer in the northern part of the Netherlands (Heiri
et al., 2007, 2011). For both chironomid records Interstadial July temperatures are reconstructed
that predominantly vary between ~15 and ~17°C. Slightly higher temperatures are reached in the
KV record (~0.5°C) than in the Hijkermeer record, which may reflect a north-south temperature
gradient, comparable to the present-day temperature gradient (KNMI, 2011). Reconstructed C-IT
are also comparable to results from Coope et al. (1998), who reconstructed July temperatures of
~15°C for the early part of the Interstadial in the central part of the Netherlands, and slightly
higher temperatures of ~18.5°C for a site in Belgium. Further, Renssen and Isarin (2001)
reconstructed similar minimum mean July temperatures of ~14-15°C during the early part of
the Interstadial for the Netherlands, based on palaeobotanical evidence. Although reconstructed
temperature changes in the KV record are within the error range associated with the transfer
function, results are consistent with the Hijkermeer reconstruction. It therefore seems possible to
reliably reconstruct chironomid-inferred summer temperatures from a small depression, such as

Figure 4.8 A) Comparison of the KV and GV oxygen isotope records. B) Carbonate content, δ18O and
biostratigraphical zones of KV, GV, VG and BV. The siderite content of the BV core was also determined (solid
line), which is shown in addition to total carbonates (expressed as CaCO3; dashed line). Carbonate content
results were not available for core VG.
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Klein Ven, using a calibration dataset that is based on larger and deeper lakes (Lotter et al., 1997;
Brooks and Birks, 2000a).
A cold oscillation is inferred from the KV chironomid record between 1.55 and 1.48 m (Fig.
4.6). This reconstructed temperature decrease coincides with a large increase in Cyperaceae pollen,
which points to a concomitant decrease in lake water depth (see also next section). This inferred
decrease in lake water depth could also have affected the chironomid fauna. However, if this
fluctuation was only associated with drier conditions, this would lead to an apparent increase in
chironomid-inferred air temperatures, as a decrease in lake water depth would likely result in an
increase of lake water temperature, and hence an increase in chironomid-inferred air temperatures.
We therefore postulate that the inferred change to drier conditions coincided with a temporary
decrease of summer temperatures, as inferred from the chironomid record.
4.4.3 Temperature and environmental changes during the Lateglacial Interstadial in the
Weerterbos region

A comparison of the multiple proxies in the Klein Ven record shows similarities in the general
trend of the Klein Ven total arboreal pollen, carbonate content and C-IT, while the trend of the
oxygen isotope record strongly differs from the other records (Fig. 4.9). The Weerterbos oxygen
isotope records appear to be predominantly influenced by local environmental conditions (see
above). Therefore, the oxygen isotope records are not further discussed.
Pollen assemblages from the base of the lake deposits in the Klein Ven record suggest that
the depression formed during the Bølling when landscapes were still relatively open, although
local stands of birch were present. This is followed by an increase in the carbonate content, which
suggests precipitation of authigenic carbonates in the lake (Fig. 4.9). Chironomid-inferred mean
July temperatures of ~16.0-16.5°C are reconstructed for this period. The presumed Bølling deposits
are only relatively thin in the BV and VG records, which suggests that these two lakes formed in the
later part of the Bølling. High Betula values at the base of the VG sequence may also indicate this
depression started to fill in the later part of the Bølling. Comparable high Betula values during the
Bølling biozone are recorded at the nearby site Mierlo Ven Hoenderboom (Zagwijn, 1971; Hoek,
1997b; Fig. 4.1). Later formation of the slightly deeper Berkenven and Vliegersgat depressions,
compared to the Klein Ven and Groot Ven depressions, can be explained by progressively deeper
melting of the permafrost, as a result of which lakes with a larger depth formed later.
A temporary decline in Betula pollen in the KV record (KV-p1B) coincides with a minor
decrease in carbonate content (Fig. 4.9). Comparable fluctuations are identified in the other three
Weerterbos pollen records (Fig. 4.7). A regressive phase similar to KV-p1B is also visible in pollen
records from Gulickshof (Hoek et al., 1999) and Milheeze (Bos et al., 2006) (Fig. 4.1). A temporary
change to drier conditions can be inferred from a peak in Cyperaceae pollen in the Klein Ven
record, which appears to reflect a decrease in lake level, resulting in an increase in the importance of
riparian vegetation in the record. This event in the KV record was tentatively correlated to the Older
Dryas. Lower lake levels during the Older Dryas are also reconstructed by Bohncke and Wijmstra
(1988), possibly indicating a temporary decline in precipitation. A decrease in precipitation during
the Older Dryas has also been suggested by van Geel and Kolstrup (1978) and Bohncke (1993).
The minor decrease in carbonate content in the Klein Ven record during this event can either reflect
decreased carbonate precipitation, or an increase in the clastic influx. The latter could result from
increased erosion and aeolian activity that is often considered to be associated with the Older Dryas
(e.g. Bohncke, 1993; Kasse, 1999).
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Figure 4.9 Comparison of the main pollen taxa, carbonate content, carbonate δ18O and chironomid-inferred July temperatures
from the Klein Ven core.

The temporary regressive vegetation phase coincides with a temporary decrease in the
reconstructed chironomid-inferred temperatures in the Klein Ven record (Fig. 4.9). This oscillation
is comparable to a cold oscillation in the Hijkermeer record from the northern Netherlands (Heiri
et al., 2007, 2011). At both sites, a temporary temperature decline to ~14.5-15°C coincides with
maximum Salix values and a minor decrease in Betula percentages. Furthermore, the reconstructed
cold oscillation precedes the expansion of birch forest and maximum Juniperus percentages in both
the Hijkermeer and Klein Ven records. This cooling might correspond to Greenland Interstadial
1d (Björck et al., 1998; Lowe et al., 2008), although this cannot be confirmed by independent
chronological data.
It seems unlikely that the reconstructed temperature decrease during this event significantly
influenced the vegetation, since reconstructed mean July air temperatures of ~15°C for this event
well exceed temperatures of ~10-12°C needed for the development of birch forest (Iversen, 1954;
Paus, 1995), although a decrease in the growing season could result in a temporary decline of the
tree regeneration rate. It is more probable that the inferred change to drier conditions negatively
affected birch, as both B. pubescens and B. pendula are intolerant of drought (Atkinson, 1992).
Although a regressive phase similar to the widely recognised Older Dryas is identified in all
four Weerterbos records, substantial differences were observed between the four pollen records
(Fig. 4.7). These differences reflect the influence of local vegetation (cf. Jacobson and Bradshaw,
1981) on the pollen records from the small-scale Weerterbos depressions. For example, the
presumed Older Dryas is least distinct in the records from the shallowest KV and GV depressions.
In addition, all records show multiple fluctuations that cannot be confidently matched between
the records. The presence of multiple fluctuations in these pollen records further emphasizes the
difficulty in distinguishing the presumed Older Dryas biozone from local fluctuations in sediment
cores obtained from small depressions. Furthermore, often only a limited number of radiocarbon
dates are available for such records, and the errors associated with radiocarbon dating of Lateglacial
deposits impede detailed correlation of short-lived regressive vegetation phases from different
pollen records. Despite these uncertainties, a direct comparison of the multiple proxies in the Klein
Ven record suggests that the observed temporary regressive vegetation phase in the Weerterbos
region was linked to climatological changes, instead of reflecting local environmental change, as
it coincided with a decrease in the chironomid-inferred temperatures (Fig. 4.9). We propose the
combined analyses of pollen and chironomids from additional sites to distinguish between climatic
and environmentally induced fluctuations in these pollen records. This way, a more regional effect of
short-lived climatic changes can be established.
Subsequent to zone KV-p1B, the KV record reflects expansion of birch forest in the Weerterbos
region, and the carbonate content of the record increased. Reconstructed C-IT for this phase are
comparable to the presumed Bølling section of the record; hence it seems unlikely that temperatures
influenced this transition. It appears more plausible that the expansion of birch was facilitated by a
change to wetter conditions. An increase in lake levels is often observed at the transition to the
Allerød (Bohncke and Wijmstra, 1988; Bos et al., 2006), which may be the result of an increase
in the effective precipitation (e.g. Bohncke, 1993; Hoek and Bohncke, 2002; Bos et al., 2006). It
appears that Juniperus, Salix and herbaceous taxa persisted in the first part of the Allerød in the
Weerterbos region. It seems plausible that the decline of Juniperus, Salix and herbaceous taxa marks
the development of birch woodland in the area, and is recorded approximately synchronous in the
four Weerterbos records (shown as horizontal dashed grey lines in Fig. 4.7). Consequently, the
decrease of Salix and Juniperus in the BV and VG records possibly coincides with the transition to
KV-p2B in the KV record, although this cannot be supported by the chronologies of the records.
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The birch increase is followed by an expansion of pine, as indicated by the BV and VG records.
It appears that the shallow KV and GV depressions fell dry between the later part of the Allerød
and the Preboreal, whereas the slightly deeper BV and VG depressions continued to record
throughout the Lateglacial and Early Holocene. The presence of Empetrum in both of the shallow
records KV and GV might indicate that deposition continued during the Later Allerød and
Younger Dryas, while a subsequent decrease in lake level and resulting soil formation during the
Preboreal caused the occurrence of the hiatus in both records. This period of drier conditions during
the Early Holocene is characteristic for the Netherlands (Hoek and Bohncke, 2002).

4.5 Conclusions
The combination of lithological, oxygen isotope, pollen, and chironomid analyses from the Klein
Ven record enabled a direct comparison of changes in temperature, vegetation and environmental
conditions during the Lateglacial Interstadial in the Weerterbos region. Further, comparison
between four records from the Weerterbos region provided insight in local and regional factors
influencing the oxygen isotope and pollen records from these small depressions. Local differences
between four isotope records from this region presumably reflect variations in groundwater influx,
aquatic vegetation and evaporation, thereby impeding the distinction of a regional palaeoclimatic
signal. The four pollen records reflect development of birch forest during the Interstadial. However,
comparison of the four pollen records revealed the difficulty in correlating fluctuations in the pollen
percentages between records from the same region, due to chronological uncertainties and the
influence of local vegetation patterns on pollen assemblages. In contrast, reconstructed chironomidinferred mean July air temperatures of ~15-18°C from the small Klein Ven depression seemed
reliable and were largely comparable to the Hijkermeer record from the northern Netherlands.
A temporary regressive vegetation phase is identified in the Klein Ven pollen record, which
appears to coincide with a temporary shift to drier conditions, and possibly corresponds with the
widely recognised Older Dryas. Despite variations between the pollen records from the Weerterbos
region, a comparable regressive phase can be discerned in all four records. Based on the Klein Ven
chironomid-inferred temperature reconstruction, this phase seems to coincide with a temporary
decrease of summer temperatures, which implies that this vegetation change was associated with
climatological changes. These results further suggest that a temporary cold oscillation preceded the
development of open birch woodland during the Lateglacial in the southern Netherlands, similar to
the northern Netherlands.
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Abstract
A lake sediment record from the Friedländer Groβe Wiese in northeast Germany was studied
to reconstruct summer temperature changes associated with changes in vegetation development
during the Weichselian Lateglacial. The record was analysed for pollen, chironomids, and oxygen
and carbon isotopes of lake marl. The combination of radiocarbon dates, the presence of the
Laacher See Tephra and correlation of lithological and palynological changes with other records
from the region indicated that the record encompassed the Allerød to the Early Holocene. Pollen
assemblages reflect development of birch and later pine dominated forests during the Allerød,
comparable to other sites in the region. Chironomid-inferred mean July air temperatures (C-IT)
for this period range between ~14.0 and 14.8°C. A temporary decrease in C-IT of ~1°C, a negative
shift in the isotope records, and a minor decline of birch may correspond to Greenland Interstadial
1b. Even though the transition to the Younger Dryas appears to be affected by reworking and
redeposition processes, a drop in C-IT to ~11.1°C is reconstructed for the later part of the Younger
Dryas, while it appears that pine locally persisted in the region. Comparison with a nearby pollen
record further indicates a local expansion of wetland grasses during this period. At the transition to
the Holocene, C-IT increased to ~15.7°C, while birch and pine forests re-expanded.

5.1 Introduction
Vegetation in northeast Germany experienced major changes during the Weichselian Lateglacial
(~14.7-11.7 kyr cal BP) (e.g. de Klerk, 2008). Vegetation could expand after retreat of the icesheet, which culminated in birch and later pine forests during the Lateglacial Interstadial (GI-1).
Subsequently, the landscape became more open during the Younger Dryas Stadial (GS-1; ~12.811.7 kyr cal BP), although open pine forests persisted in the southern part of northeast Germany
(de Klerk, 2008; Theuerkauf and Joosten, 2012). At the beginning of the Holocene, closed forests
could re-establish.
Major changes in vegetation development during the Lateglacial are also observed in other
European regions, such as the British Isles, the Netherlands, and Switzerland (Watts, 1977; Lotter
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WGS 1984 UTM Zone 33N

Figure 5.1 A) Location of the research area within Germany with ice limits during the last glaciation. Br:
Brandenburg ice limit (~22-20 ka, Boulton et al., 2001); R: Rosenthal ice limit (Stephan, 1994; minimum age
estimate of ~16 ka, Ehlers et al., 2004). B) Location of the FGW site north of the Rosenthal moraine. Also
shown are the locations of sites HWD and HTT (de Klerk, 2004a). C) Detail map of part of the Friedländer
Groβe Wiese with the locations of the transect (Fig. 5.2) and cores FGW and HWD.

et al., 1992; Walker et al., 1994; Hoek 1997a, b, 2001). In those regions, observed changes in
vegetation development could be directly linked to major climatic changes, as inferred from oxygen
isotope or chironomid records. For example, chironomid-based July temperature reconstructions
indicate that the Younger Dryas was associated with a distinct summer temperature decline in the
British Isles and the Netherlands (chapter 2; Brooks and Birks, 2000b; Heiri et al., 2007). Isarin
and Bohncke (1999) estimated a temperature decline to minimum July temperatures of ~11.513°C during the Younger Dryas in northeast Germany, based on observed pollen types of climate
indicator plant species. However, reconstructions of Lateglacial summer temperatures that are
not based on changes in the vegetation are presently not yet available for this region (de Klerk,
2008), while vegetation-based temperature reconstructions will potentially be strongly affected
by migrational lags. Temperature reconstructions, independent of vegetation changes, therefore,
are essential for a better understanding of Lateglacial climate change in northeast Germany. This
information can then be used to gain insight into past changes in temperature gradients within
Europe and to validate model based hindcasts of past climatic change.
The aim of this study is to quantify summer temperature variations associated with
environmental changes during the Lateglacial in northeast Germany. We present a multi-proxy
study from the Friedländer Groβe Wiese in northeast Germany (Fig. 5.1), including analysis of
pollen, chironomids, and oxygen and carbon isotopes of carbonates. Mean July air temperatures
were reconstructed based on the chironomid assemblages. In this way, reconstructed summer
temperature changes could directly be compared to observed changes in vegetation development.
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5.2 Study area and core locations
The Friedländer Groβe Wiese is located in the south of Western Pomerania at an elevation of
approximately 10 m asl. The site is situated north of the Rosenthal terminal moraine that was
formed around ~16 kyr cal BP (Ehlers et al., 2004), after which a large proglacial lake, known as
the Haffstausee, formed in front of the retreating ice sheet (Bramer, 1964; Schulz, 1998; Katzung,
2004). The original floor of the proglacial lake was modified during its existence due to progressive
melting of dead ice; thick layers of sand were deposited, while dead ice remains locally inhibited
sand deposition. The Friedländer Groβe Wiese basin presumably originates from melting of dead
ice. A large influx of carbonate-rich groundwater from the nearby terminal moraines resulted in
carbonate precipitation in the lake, and the basin has been filled-in with lake marl, gyttja, and peat
(de Klerk, 2004a; cf. Fig. 5.2).

Figure 5.2 Lithological cross-section through part of the Friedländer Groβe Wiese. The location of core FGW
is indicated.
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In the 1960s, a sediment core (Heinrichswalder Damm: HWD) was obtained from the
Friedländer Groβe Wiese by Franz Fukarek, who analysed pollen from this core. These pollen
results have been re-interpreted and published by de Klerk (2004a, 2008). In 2009, we obtained
a new sediment core (FGW) from the Friedländer Groβe Wiese. First, we cored a cross-section
to gain insight into the local spatial distribution of the Lateglacial deposits in the Friedländer
Groβe Wiese. In parts of the basin, Lateglacial and Holocene deposits reached a thickness of 5-7
m (Fig. 5.2), comparable to values recorded during the collection of core HWD (de Klerk, 2004a).
An abrupt increase in the depth of the basin occurs in south-western direction, i.e. towards the
Galenbecker See. In this reach, the basin is too deep to core manually. We obtained a sediment
core from a deep section of the basin (53°38'19.6"N, 13°45'5.4"E), to minimize the effects of past
fluctuations in lake water level on the chironomid assemblages, but at a location where it was still
possible to reach the base of the lake deposits.

5.3 Methods
The FGW core was analysed for multiple proxies, as discussed below. Total carbonate and organic
matter content of the core were measured every 10 cm between 10.05 and 5.20 m, and every 4
cm between 5.20 and 4.70 m. Carbonate content was determined using the Scheibler method by
adding a 5% HCl solution to 0.2 g of dried and ground sample, and subsequently measuring the
produced CO2, following Hoek and Bohncke (2001). The organic matter content was determined
by loss-on-ignition: samples were heated to 550°C for 1 hour (cf. Dean, 1974) to burn the organic
matter. The record was sampled approximately every 10 cm for the analysis of stable carbon and
oxygen isotopes. Untreated bulk carbonate samples (cf. Siegenthaler and Eicher, 1986) were dried
and ground and then analysed on an Isocarb-SIRA-24 Mass spectrometer following chapter 2.
Pollen samples were also analysed approximately every 10 cm, and 4 cm for the upper part
of the record, at the same levels as the carbonate and organic matter content, and were prepared
following Faegri and Iversen (1989). A constant amount of Lycopodium spores was added to the
samples in order to estimate pollen concentrations (Stockmarr, 1971). Identification of the pollen
types was based on Beug (2004), Faegri and Iversen (1989), Moore et al. (1991), and the NEPF
Vol. I-VIII (Punt et al., 1976-2003). We excluded pollen of aquatic taxa, riparian taxa, Cyperaceae,
and thermophilous trees from the pollen sum. The sum ranged between 230 and 370 terrestrial
pollen grains, with exception of the sample from the basal sand with a pollen sum of approximately
100 grains due to the very low pollen concentration in that sample. In the record, pollen zones
have been visually distinguished based on changes in the main pollen taxa. These pollen zones
correspond to the Vorpommern vegetation phases, which were introduced by de Klerk (2002, 2008)
in order to avoid a widespread confusion of the stratigraphical and geochronological terminology of
the Lateglacial (e.g. de Klerk, 2004b; Hoek, 2008).
Samples for chironomid analysis (0.5-2 cm3) were obtained at a 10-20 cm resolution from
10.00 to 8.60 m and from 6.00 to 4.70 m, while a lower sampling resolution of 30-60 cm was
used between 8.60 and 6.00 m, as the latter section was probably influenced by reworking processes
(section 5.4.2.3). Samples were pre-treated in a 5% KOH solution at 90°C for 1 hour, and then
passed through 212 and 90 μm mesh sieves. Chironomid head capsules were picked out of the
sieving residues at 40x magnification and mounted on microscope slides in Euparal©. Head capsule
identification was based on Wiederholm (1983), Moller Pillot (1984a, b), Rieradevall and Brooks
(2001), and Brooks et al. (2007). The sum of identified chironomid taxa ranged between 43 and
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248 head capsules, but exceeded 100 head capsules for most samples. Mean July air temperatures
were inferred from the fossil chironomid assemblages, using a chironomid-temperature inference
model based on modern calibration datasets from Norway and the Alpine region (Heiri et al.,
2011). This calibration dataset contains data from 274 lakes that span a July air temperature range
from 3.5-18.4°C. The model is based on a two component weighted averaging partial least-squares
(WA-PLS) regression, and has a root mean square error of prediction of 1.55°C and a coefficient
of determination (r2) of 0.84, as determined by bootstrapping with 9999 bootstrap cycles (Heiri et
al., 2011). Closest modern analogues of the fossil samples, goodness-of-fit to temperature and the
percentage of taxa rare in the calibration dataset were determined to assess the reliability of the
reconstruction (Birks et al., 1990, 2010; Birks, 1998), following chapter 2 and Heiri et al. (2007).
All calculations, except the percentage of taxa rare in the calibration dataset, are based on squareroot transformed data.
To establish the chronology of the record, we obtained five radiocarbon dates from selected
terrestrial plant macrofossils. The occurrence of the Laacher See Tephra (11,063 ± 12 14C yr,
Friedrich et al., 1999) provides an independent age estimate. The LST has been dated to 12,288
varve yr BP in the Eifel (Brauer et al., 2008). Visible tephra intercalations, supposedly of the
Laacher See Tephra, were present in part of the record. The section below the first visible occurrence
of tephra was sampled continuously to identify the first occurrence of the LST in the record, which
presumably indicates the moment of eruption of the Laacher See volcano. Tephra samples were
prepared following Blockley et al. (2005). Selected samples were geochemically analysed by WDSEPMA at the Research Laboratory for Archaeology and the History of Art, University of Oxford,
using a JEOL JXA8600 microprobe, with a beam current of 6 nA, accelerator voltage of 15 kV
and beam size of 10 µm. Analysis times varied for the different elements: 10 seconds for Na; 30
seconds for Si, Al, K, Ca, and Fe; 40 seconds for Ti, Mn, and Cl; 60 seconds for P. Subsequently, the
radiocarbon dates and the occurrence of the LST were used to construct an age-depth model with
Oxcal 4.1 (Bronk Ramsey, 2009) and the INTCAL09 calibration curve (Reimer et al., 2009), based
on a uniform deposition model (U_Sequence; Bronk Ramsey, 2008).

5.4 Results
5.4.1 Lithology of the FGW core

The Lateglacial and Holocene deposits reach a thickness of 10 m in the FGW core (Fig. 5.3; Table
5.1). The sequence is divided into four lithological units (FGW 1-4). The base of the sequence
consists of sand (FGW-1), of which the top 5 cm are slightly humic. Covering the sand is a 4.6 m
thick deposit of lake marl and calcareous gyttja (FGW-2). Carbonate content of the basal organic
calcareous gyttja increases to values of ~70% between 10.00 and 9.90 m and further increases to
maximum values of 80-90% between 9.65 and 8.90 m. The lake marl section between 9.90 and 8.65
m contains very fine laminations (< ~1 mm to ~5 mm). In the overlying lake marl, laminations of
< 1 mm are not distinguishable, but organic banding and multiple tephra intercalations are visible
(Fig. 5.3). Carbonate content of this section is slightly lower than the underlying lake marl, and
ranges between ~65% and 80%. The lake marl is overlain by sandy calcareous gyttja between ~5.85
and ~5.38 m (FGW-3A) with a decreasing carbonate and increasing sand content towards the top.
This is overlain by sand between ~5.38 and 5.14 m (FGW-3B). Subsequently, a sharp transition to
the overlying lake marl is observed at 5.14 m (FGW-4).
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Figure 5.3 Lithology, δ18O and δ13C of lake marl, occurrence of tephra shards, and age-depth model of the
FGW core. Filled rectangles (T1 and T2) indicate the levels at which microtephra was first found (samples
FGW-T1 and FGW-T2); grey lines indicate visible tephra intercalations. Italic radiocarbon dates are omitted
from the age-depth model; see text for further explanation. Single date calibrated ages are shown as light grey
areas; sequence date calibrated ages as dark grey areas. LST: Laacher See Tephra; H: sharp lithological change
from sand to lake marl, interpreted as the onset of the Holocene.

5.4.2 Chronology

5.4.2.1 Radiocarbon dates
Radiocarbon dates from the FGW record (Table 5.2) do not show a consistent pattern (Fig. 5.3).
Calcareous Lateglacial lake deposits are usually not easy to date accurately using radiocarbon
(chapters 2, 3; Lowe and Walker, 2000). For example, the two basal radiocarbon dates in the FGW
record differ by ~2000 14C yrs. As the area was presumably still glaciated until ~16 kyr cal BP
(Ehlers et al., 2004), the oldest date seems too old, and consequently this date is omitted from
the age-depth model. Further, the date at a depth of 6.68 m is older than the date at 7.70 m. Both
Table 5.1 Lithological description of the FGW core
Depth (m)

Lithology

Unit

4.70-5.14

Lake marl

FGW-4

5.14-5.38

Sand

FGW-3B

5.38-~5.85

Sandy calcareous gyttja,
sand content increases towards the top
Lake marl, with:
~5.85-8.65 lake marl with organic banding and visible tephra
intercalations (~0.5 cm) (laminations > 1mm)
8.65-9.90 laminated lake marl (laminations <1mm to ~5mm),
9.90-10.00 organic calcareous gyttja
Sand, with:
10.00-10.05 slightly humic sand

FGW-3A

~5.85-10.00

10.00-10.55
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FGW-2

FGW-1

Table 5.2 AMS radiocarbon dates, calibrated ages and dated plant macrofossils from core FGW. Dates were
calibrated using both single date and sequence calibration with Oxcal 4.1 (Bronk Ramsey, 2008, 2009). NA:
not available, as these dates are omitted from the age-depth model. See text for further explanation.
Depth (m)

14

C age
(BP)

Calibrated age
(yr BP ± 1σ)
Single date cal.

Calibrated age
(yr BP ± 1σ)
Sequence cal.

Analysed material

5.12-5.14

10,390 ± 2501

11,826-12,578

NA

Betula pubescens/pendula: 15 fruits, 3 bud
scales, male and female catkin scales, leaf
fragments; B. nana: 3 bud scales, male and
female catkin scales; Salix: leaf fragments; 1
Carex pseudocyperus fruit; 1 Carex aquatilis fruit;
1 Carex sp. trigonous fruit; 1 Stellaria graminea
seed

6.56-6.60

11,175 ± 1202

12,914-13,205

NA

7.68-7.72

10,670 ± 50

12,564-12,642

12,436-12,589

9.96-9.97

12,130 ± 60

13,877-14,053

13,832-13,991

Betula pubescens/pendula: 10 fruits, male and
female catkin scales, leaf fragments; Salix: 2
seeds, 1 fruit; 1 Epilobium angustifolium seed
Betula pubescens/pendula: 4 fruits, leaf
fragments and twigs
Twigs (cf. Betula)

9.96-9.99

14,300 ± 1102

17,186-17,558

NA

1
2

Betula pubescens/pendula: 4 fruits, leaf
fragment, catkin scale; B. nana: catkin scale,
leaf fragment; 1 Carex paniculata fruit; 1
Carex sp. trigonous fruit; 1 Ranunculus seed;
1 Ranunculus sp. fruit; 1 Carex rostrata fruit; 3
Carex sect. Acutae fruit; 1 Viola sp. seed

Large error due to small sample size.
Too old, reworked material?

samples are positioned above the first occurrence of the LST (see below), which indicates that the
former sample must be too old and possibly contained reworked plant material, and is therefore
also rejected. The radiocarbon date of 10,390 ± 250 14C yr at a depth of 5.12-5.14 m has a large
error, which is presumably the result of the small sample size. A sharp lithological change from
clastic to more organic or marl deposits is often observed in lake sediment records at the transition
to the Holocene (e.g. chapter 2; Heiri et al., 2007). Thus, it is likely that the sharp change from sand
to lake marl at a depth of 5.14 m in the FGW core marks the transition to the Holocene, which is
supported by our pollen, stable isotope, and chironomid results (see below). Consequently, the date
of 10,390 14C yr is probably too old and is therefore also excluded from the age-depth model. As
no reliable radiocarbon dates are available for the onset of the Holocene in northeast Germany, it
is estimated to have occurred at ~10,000 14C yr (de Klerk, 2002). Therefore, an age of 10,000 14C
yr ± 100 yr is assigned to the lithological change at 5.14 m. Although this estimate may appear
relatively young, our sequence modelled age for the onset of the Holocene of ~12.1-11.7 kyr cal BP
(1σ range) is in good agreement with the onset of the Holocene as defined by Walker et al. (2009).
5.4.2.2 Tephra
The occurrence of tephra shards in the FGW core is shown in Fig. 5.3. Within the lake marl
deposits, the first microscopic occurrence of tephra shards is found at a depth of 8.95-9.00 m
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(FGW-T1). Geochemical analysis of these shards shows that they are geochemically very similar
to the LST (Fig. 5.4), which is dated to 11,063 ± 12 14C yr (Friedrich et al., 1999). Tephra shards,
which were morphologically similar to sample FGW-T1, were microscopically identified in the
basal sand (sample FGW-T2: 10.00-10.05 m). However, during multiple attempts to resample the
record for geochemical analysis, no shards were recovered from the basal sand. The observed shards
may have been present as a lens within the sand, and possibly reflect an earlier eruption from the
Laacher See volcano, comparable to shards identified in the nearby Endinger Bruch, ca. 50 km
north of the Friedländer Große Wiese (Lane et al., 2012). Alternatively, these shards may result
from contamination during sample preparation. Furthermore, macroscopically visible tephra lenses
are present in the core between 8.65 and 6.92 m (Fig. 5.3), with shards morphologically similar to
FGW-T1.
5.4.2.3 Age-depth model
An age-depth model has been constructed for the FGW core, based on the two accepted
radiocarbon dates (section 5.4.2.1), the presence of the LST (FGW-T1), and the lithological
transition to the Holocene lake marl deposits. The age-depth model is based on the assumption
that sedimentation rates were constant. However, it is probable that variations in sedimentation
rates occurred. The multiple tephra intercalations found between 8.65 and 6.92 m likely reflect
reworking and redeposition of sediments and LST from other sections of the basin, leading to
renewed input of tephra shards. This can also explain the occurrence of reworked plant material
just above this section, resulting in an overestimation of the age of the radiocarbon date at 6.68 m.
The underlying calcareous gyttja and lake marl deposits (10.00-8.65 m) with very fine laminations
were likely formed in a relatively stable environment, and pollen results from this section can
clearly be correlated to other pollen records from the region (section 5.4.4). It therefore appears
that this section (10.00-8.65 m) was not substantially influenced by reworking of older deposits.
Consequently, it is plausible that sedimentation rates of these deposits differed from those of
the overlying deposits that appear to be affected by reworking and redeposition processes. To
incorporate this in the age-depth model, a sedimentation boundary was introduced at 8.65 m, as

Figure 5.4 Major element bi-plots of shards in sample FGW-T1. A) SiO2 versus K2O; B) Al2O3 versus CaO.
For comparison, composition of the lower (LLST), middle (MLST) and upper (ULST) phases of the Laacher
See Tephra are also shown (Harms and Schmincke, 2000).
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the first indication for reworking is recorded at that depth (Fig. 5.3). Further, a decrease in the
carbonate content and increase in the sand content probably led to variations in sedimentation
rate between ~5.85 and ~5.38 m. It seems likely that the sandy deposits (~5.38-5.14 m) were no
longer substantially influenced by reworking, as pollen assemblages in these sediments can clearly
be correlated to other pollen records from the region (section 5.5.1). Nevertheless, it does not
seem appropriate to vary sedimentation rates between 8.65 and 5.14 m due to the limited number
of dates. Consequently, the age-depth model in this section of the record is based on constant
sedimentation rates, and can only provide a rough estimate of the age of these deposits.
Based on the age-depth model, the onset of the lake marl (FGW-2) is estimated at ~13.9 kyr
cal BP. The age estimate for the onset of the reworked section at 8.65 m is ~12.8 kyr cal BP (Fig.
5.3), which approximately coincides with the onset of the Younger Dryas.
5.4.3 Oxygen and carbon isotopes

The oxygen isotopic composition of carbonates in the basal sand varies between ~-4‰ to -5‰ (Fig.
5.3). At the transition to the lake marl/gyttja deposits (FGW-2), δ18O values decrease and oscillate
between ~-7‰ and -7.5‰ from 9.98 to 9.05 m. Then δ18O decreases further to its minimum of
-7.95‰ at 9.0 m depth. Afterwards, it increases gradually to -7.3‰ at 5.20 m. At the transition to
lake marl δ18O increases distinctly to values between ~-6‰ and -6.5‰.
The carbon isotopic composition of the basal sand varies between +0.2‰ and +0.9‰. In the
basal section of the lake marl, δ13C ranges between -0.2 and +0.7‰. At a depth of ~9.0 m, δ13C
decreases to -0.7‰, after which values oscillate between -0.7‰ and +0.2‰ up to 5.45 m. In the
overlying sand, δ13C increases to +0.8‰ at 5.20 m, which is followed by a distinct increase in the
overlying lake marl to values of ~+5-6‰.
5.4.4 Pollen record

Six pollen zones (FGW p1-6) have visually been distinguished in the FGW pollen record (Fig.
5.5; Table 5.3), based on variations in the main pollen types. Pollen concentration in the basal sand
(FGW-p1) is very low (~800 terrestrial pollen grains/cm3), which resulted in a pollen sum of only
~100 pollen grains. Therefore, percentages of the different pollen types should be interpreted with
care. However, it is apparent that this lithological unit is dominated by Pinus pollen, while Betula,
Salix, and Poaceae pollen are also recorded. In addition, pollen grains from thermophilous trees
are present (e.g. Corylus and Picea). It seems likely that these originate from reworking of older
deposits. The high percentages of Pinus pollen may also partly result from reworking, or could
reflect long-distance transported pollen.
At the transition to the calcareous gyttja and lake marl deposits, Betula values increase, and
pollen percentages from Pinus and thermophilous trees decrease, presumably reflecting a decline in
reworked and long-distance transported pollen. Pollen zone FGW-p2 (10.00-9.05 m) is dominated
by Betula and Pinus pollen, with Pinus values gradually increasing towards the top. Further, this
zone is characterized by the presence of Salix, Juniperus, Poaceae, and herbaceous taxa, such as
Artemisia, Asteraceae, Helianthemum, and Thalictrum. Maximum percentages of Salix and Juniperus
of ~10% and ~6%, respectively, occur at the base of this zone. Herbaceous taxa decline towards
the top of zone FGW-p2. The subsequent zone (FGW-p3: 9.05-~8.75 m) is marked by maximum
Pinus percentages with highest values of 80% reached at ~8.80 m, and low percentages of Salix and
herbaceous taxa. Pollen zones FGW-p2 and FGW-p3 seem to reflect the development of birchpine forest and pine dominated forest. Both zones can be correlated to the Lateglacial Betula/Pinus

89

90

Figure 5.5 Percentage pollen diagram of core FGW with selected taxa; depth bars indicate a five times exaggeration. Pollen zones in the record have been
correlated to the Vorpommern vegetation phases of de Klerk (2002, 2008). Key to the lithology is given in Fig. 5.3. Radiocarbon dates that are considered
reliable and the presence of the Laacher See Tephra (LST) are also indicated.

forest phase of de Klerk (2002, 2008), which is in agreement with the estimated age of this zone
from ~13.9 to ~12.8 kyr cal BP (Fig. 5.3).
After maximum AP percentages at 8.80 m, high AP percentages of ~75-90% are maintained
between ~8.75 and ~5.85 m (FGW-p4). This zone is dominated by Pinus pollen, while Betula
values fluctuate between 10% and 30%. Low values of Salix are recorded throughout this zone.
Based on the age-depth model, this section appears to be of Younger Dryas age. However, no
clear indications for opening of the vegetation cover can be observed, and this section cannot
easily be correlated to Open Vegetation phase III from de Klerk (2002, 2008), equivalent to the
Younger Dryas, although the first minor decline of Pinus at ~8.75 m may reflect the transition to
the Younger Dryas. It therefore seems this zone is dominated by an input of reworked lake marl
deposits resulting in a large transitional sediment section.
Between ~5.85 and 5.14 m (FGW-p5), a distinct decrease in the percentages of Pinus pollen
and increase in the NAP percentages can be seen. The latter mainly consist of Poaceae pollen,
although herbaceous taxa, such as Artemisia and Rosaceae, also increase. Further, Juniperus,
Empetrum, and Cyperaceae pollen increase in this zone. In the upper part of this zone, a peak in
the alga Pediastrum occurs. Highest NAP percentages are reached between 5.40 and 5.30 m. Betula
percentages decline to 14% at a depth of 5.40 m, after which values increase to 54% at 5.15 m,
while lowest Pinus percentages of 20% are reached at a depth of 5.20 m. Pollen zone FGW-p5 can
be correlated with Open Vegetation phase III, equivalent to the Younger Dryas (de Klerk, 2002,
2008).
At the transition to lake marl, Pinus values strongly increase, while Juniperus, Salix, and the
herbaceous taxa decline. The lake marl deposits (5.14-4.70 m; FGW-p6) are characterised by high
AP values of ~90-95%. Further, fluctuations in the Betula and Pinus percentages are observed.
Table 5.3 Change in the main pollen taxa in the FGW record correlated to the Vorpommern vegetation phases
of de Klerk (2002, 2008). ↑: increase; ↓: decrease; NA: not available, see text for further explanation.
Local PAZ

Depth
(m)

Main pollen taxa

Vorpommern vegetation phases
(de Klerk, 2002, 2008)

FGW-p6

4.70-5.14

Pinus, Betula

Early Holocene Betula-Pinus
forest phase

Pinus ↑, NAP ↓, Salix ↓, Ericales ↓
FGW-p5

5.14-~5.85

Pinus, Betula, NAP

Open Vegetation phase III

Pinus ↓, NAP ↑, Salix ↑, Ericales ↑
FGW-p4

~5.85-~8.75

Pinus, Betula

Transition

Pinus ↓
FGW-p3

~8.75-9.05

Pinus, Betula

Lateglacial Betula-Pinus
forest phase

Pinus ↑, Betula ↓, NAP ↓, Salix ↓
FGW-p2

9.05-10.00

Betula, Pinus, NAP, Salix

Lateglacial Betula-Pinus
forest phase

Betula ↑, Pinus ↓, reworked taxa ↓
FGW-p1

10.00-10.05

Pinus, Betula, Poaceae, Salix, reworked taxa

NA

Dryopteris spores are also recorded, and an increase in Corylus pollen is observed towards the top.
This pollen zone can be correlated to the Early Holocene Betula/Pinus forest phase of de Klerk
(2002, 2008).
5.4.5 Chironomid record

Chironomid remains are abundant throughout the record. Chironomid assemblages of the lake
marl deposits (FGW-2) are dominated by Tanytarsus glabrescens-type and Tanytarsus mendax-type
(Fig. 5.6). Most taxa present in the lake marl deposits are indicative of relatively warm conditions
(Brooks et al., 2007; Heiri et al., 2011). Between 10 and 9 m Psectrocladius sordidellus-type,
Dicrotendipes, and Microtendipes pedellus-type reach values in excess of 10%. At 8.80 m, a peak of
Propsilocerus lacustris-type (12%) is observed, and Corynocera ambigua percentages increase to 10%.
Propsilocerus lacustris-type is not present in the modern calibration dataset, but has been found
in relatively warm lakes and in Lateglacial Interstadial deposits in England (Brooks et al., 2007).
Between ~8.65 and ~5.85 m various fluctuations occur in a number of taxa, e.g. T. mendax-type.
In the sandy calcareous gyttja (FGW-3A), Tanytarsus glabrescens-type decreases and Corynocera
ambigua increases in abundance. At a depth of 5.40 m, Tanytarsus lugens-type and Stictochironomus
rosenschoeldi-type reach maximum values of ~3.5% and 2.5%, respectively. These taxa are indicative
for relatively cold, oligotrophic conditions (Brooks et al., 2007). In the sandy deposits (FGW-3B),
C. ambigua strongly increases in abundance and becomes the dominant taxon (44%) at 5.20 m. C.
ambigua is also considered a cold stenotherm, and has an optimum temperature of 10°C in the
modern calibration dataset (Heiri et al., 2011), although it is also present in relatively warm lakes
in northern Sweden, northern Finland, Denmark, and eastern Poland (Brodersen and Lindegaard,
1999; Olander et al., 1999; Larocque et al., 2001; Halkiewicz, 2008). A number of taxa that were
present in relatively high abundances in the lake marl (FGW-2), such as T. glabrescens-type,
Dicrotendipes, and Ablabesmyia, are almost absent from the sandy deposits. These taxa subsequently
increase in abundance at the transition to the overlying lake marl deposits (FGW-4), indicating
a change to warmer and more nutrient rich conditions (Brooks et al., 2007). Corynocera ambigua
strongly decreases in abundance at the transition to the lake marl deposits.
5.4.6 Chironomid-inferred mean July air temperature reconstruction

Chironomid-inferred mean July air temperatures (C-IT) of the lake marl vary between ~13.6°C
and 15.8°C (Fig. 5.7). In the sandy calcareous gyttja (FGW-3A), C-IT are slightly lower, and vary
between ~13.3°C and 13.7°C. This is followed by a decrease to ~11.1°C at 5.30 m, after which a
gradual increase in temperatures can be observed in the upper part of the sandy deposits (FGW3B). At the transition to the overlying lake marl deposits (FGW-4), a strong increase in C-IT can
be seen to values that range between ~14.3°C and 15.7°C.
The sample-specific prediction errors of the fossil samples range between 1.53 and 1.63°C (Fig.
5.7), comparable to the root mean square error of prediction (RMSEP) of the transfer function of
1.55°C. All fossil samples are identified as having ‘no close’ or ‘no good’ analogue in the modern
calibration dataset. Nevertheless, WA-PLS is able to perform well in no-analogue conditions
(Birks, 1998). In comparison, if the squared residual distances to axis 1 in a CCA with temperature
as only constraining variable are examined, only one sample (7.20 m) is above the 90th percentile
used as the cut-off level to identify samples with a poor fit with temperature. Fossil samples mainly
consist of taxa that are well represented in the modern calibration dataset; the percentage of taxa
rare in the calibration dataset varies from 0 to ~17%. Only a single sample has a relatively high
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Figure 5.6 Percentage diagram of the main chironomid taxa in core FGW. Taxa are arranged with respect to their optimum temperature in the modern
calibration dataset (Heiri et al., 2011); taxa with the coolest optimum temperature are shown on the left. Propsilocerus lacustris-type is not present in the
modern calibration dataset. Key to the lithology is given in Fig. 5.3.

Figure 5.7 A) Chironomid-inferred mean July air temperature reconstruction based on the FGW record.
Error bars indicate the sample-specific prediction errors. B) Nearest analogues of the fossil assemblages in the
modern calibration dataset. The 2nd and 5th percentile of all squared Chi2 distances in the calibration dataset,
indicated as dashed lines, are used to identify fossil samples with ‘no close’ and ‘no good’ modern analogues,
respectively. C) Goodness of fit of the fossil samples with temperature. The 90th and 95th percentile of residual
distances of all modern samples to the first axis in a CCA are used to identify fossil samples with a ‘poor’
and ‘very poor’ fit with temperature, and are shown as dashed lines. D) Percentage of identified chironomid
taxa in the fossil samples that are rare in the modern calibration dataset (N2<5). E) Percentage of identified
chironomid taxa in the fossil samples that are not present in the modern calibration dataset.

percentage of fossil taxa that are not present in the modern calibration dataset of 15% (8.80 m).
This reflects the strong increase of Propsilocerus lacustris-type in that sample (Fig. 5.6).

5.5 Discussion
5.5.1 Summer temperatures and palaeo-environmental reconstruction in the FGW region

Thawing of permafrost led to the formation of the FGW depression approximately at the onset
of the Lateglacial Betula/Pinus forest phase of de Klerk (2002), or the Allerød (cf. Hoek, 1997a).
Pollen results reflect the development of birch forest in the area, while first authigenic carbonates
are apparent in the sediments. Mean July temperatures of ~14.0°C to 14.8°C are inferred for this
period based on the chironomid record (Fig. 5.8). The gradual increase in pine pollen in the FGW
record presumably reflects the expansion of pine forest in the area. The pollen record is largely
comparable to results from the Heinrichswalder Damm (HWD) record from the same basin and
the Hüttendamm (HTT) core from the same region (de Klerk, 2004a) (Fig. 5.1), although the
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Poaceae percentages strongly differ between the records. For comparison of the FGW and HWD
records (Fig. 5.9), both are therefore calculated with Poaceae excluded from the pollen sum in order
to avoid overrepresentation of local wetland grasses (de Klerk, 2004b). The Heinrichswalder Damm
core, obtained from a shallower part of the basin, appears to have formed earlier than the FGW site
(de Klerk, 2004a) (Fig. 5.9). This is presumably the consequence of progressively deeper melting of
the permafrost, as a result of which deeper depressions formed later (cf. chapter 4). Consequently,
the expansion of Hippophaë prior to the expansion of birch forest is recorded in the HWD diagram
(Fig. 5.9), whereas the onset of the FGW record coincides with the subsequent expansion of birch.
The expansion of birch is followed in the FGW record by a temporary decline in birch pollen
and total AP, which coincides with a minor decrease in the carbonate content, lower δ18O and δ13C
values, and a temporary decline in C-IT of ~1°C at a depth of 9.30 m (Fig. 5.8). Possibly this event
represents GI-1b (Lowe et al., 2008), or the Gerzensee oscillation (Lotter et al., 1992), although
the resolution of the age-depth model is not sufficient to confirm this correlation. Comparable
fluctuations in the birch percentages have been identified in multiple pollen records from the
region, and are hypothesised as decreased flowering of birch during the Gerzensee oscillation (de
Klerk, 2008). Towards the end of the Betula/Pinus forest phase, pine becomes the dominant pollen
type in both the FGW and HWD records, indicating that pine dominated forests developed in the
region. Maximum Pinus percentages at the end of the Interstadial coincide with a minor decrease in
carbonate content, δ18O values, and C-IT. Lower temperatures towards the end of the Interstadial
were also reconstructed for Hijkermeer in the Netherlands (Heiri et al., 2011). The progressive
vegetation development visible in this section of the FGW record is comparable to other sites in

Figure 5.8 The FGW carbonate content, δ18O record, chironomid-inferred mean July air temperatures, and
main pollen taxa. Also shown is a correlation with the event stratigraphy from Björck et al. (1998) and Lowe et
al. (2008).

95

the region (cf. de Klerk, 2008), which supports the interpretation that this sediment section was not
substantially influenced by reworking of older deposits.
The first decline of pine at a depth of 8.75 m may reflect the transition to the Younger Dryas
(equivalent to GS-1), which is in agreement with the age-depth model. Just above this level, at
8.65 m, indications for reworking appear, such as the multiple visible tephra intercalations.
Presumably, freezing and thawing of the area during the Younger Dryas, possibly in combination
with hydrological/lake level changes or increased storminess, led to instability of sediments in the
shallowest part of the lake, and hence caused an input of reworked Interstadial lake marl. As the
FGW core was obtained close to the steep side of the former lake (Fig. 5.2), it is probable that
the record was influenced to a considerable degree by reworking. This would explain why the first
part of the Younger Dryas is not distinct in the isotope, pollen, and chironomid records. Between
~8.65 and ~5.85 m, the record appears to be dominated by reworked material; hence no substantial
cooling is recorded in the C-IT, an increase in C-IT is even observed up to 7.20 m. The isotope
records are presumably also affected by the input of reworked lake marl. Reworking can also
explain the estimated increase in sedimentation rate compared to the underlying lake marl (Fig.
5.3). No clear indications for opening of the vegetation cover are apparent in the pollen record,
but fluctuations in the percentages of Betula and Pinus can be seen. A comparable section with

Figure 5.9 Comparison of the FGW pollen record with the HWD record. HWD data are compiled from
original counting lists by Franz Fukarek (in contrast to de Klerk, 2004a, 2008, who present a recalculation of
an original hand-drawn pollen diagram). Percentages of the pollen taxa are calculated with Poaceae excluded
from the pollen sum. The pollen records have been correlated to the Vorpommern vegetation phases of de Klerk
(2002, 2008); OV II: Open vegetation phase II.
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fluctuating Betula and Pinus percentages is observed in the HWD record between 6.70 and 6.00 m.
Possibly, reworking also influenced this section of the HWD record (Fig. 5.9). Such redeposition
processes may also have occurred at other sites in northeast Germany and may have resulted in an
overrepresentation of sediment thicknesses attributable to the Lateglacial Betula/Pinus forest phase
by de Klerk (2008). An input of reworked sediments at the onset of the Younger Dryas is also
observed at Meerfelder Maar in western Germany (Brauer et al., 2008).
From ~5.85 m upwards, a gradual increase in the sand content can be seen in the FGW
record (FGW-3A), concomitant with an increase in the NAP percentages and decrease in C-IT.
The observed gradual decrease in C-IT could reflect a gradual cooling during the Younger
Dryas. However, the transition to the Younger Dryas is usually marked by an abrupt decrease in
temperatures (e.g. Brooks and Birks, 2000b; Heiri et al., 2011). It therefore seems more probable
that the general decreasing trend marks a gradual decrease in the input of reworked lake marl,
instead of gradual cooling. As continuing infilling of the basin will have led to a reduced gradient,
it is probable that stability of the deposits increased and hence the input of reworked material
decreased towards the top. An increase in clastic material during the Younger Dryas is often
observed in Lateglacial deposits in northeast Germany (de Klerk, 2008), resulting from erosion of
the soils surrounding the basin. No distinct change can be seen in the oxygen isotope record, which
may be due to an input of detrital carbonates.
In the sandy deposits (FGW-3B), an increase in Artemisia, Ericales, and Juniperus is observed,
which is characteristic for the Younger Dryas. It therefore seems that these deposits are not
substantially influenced by an input of reworked pollen, suggesting strongly decreased or absent
reworking of sediments in the later part of the Younger Dryas. Maximum percentages of Ericales,
Juniperus, and Artemisia coincide with minimum C-IT of 11.1°C and minimum carbonate content.
In addition, a distinct increase in NAP percentages can be seen, which mainly results from an
increase in Poaceae pollen (Fig. 5.5). In contrast, such a distinct increase in Poaceae pollen is not
visible in the HWD record of de Klerk (2004a) (Fig. 5.9). As the FGW record was derived less
than 500 m from the HWD core (Fig. 5.1C), variations between the records presumably reflect
local variation. It therefore seems likely that the strong increase in Poaceae pollen in the FGW
record result from an expansion of local wetland grasses, instead of reflecting a regional expansion
within the vegetation surrounding the basin. When pollen percentages are calculated with Poaceae
excluded from the pollen sum, the FGW record is largely comparable to the HWD record (Fig.
5.9); minimum Pinus percentages of ~25-30% are reached towards the end of the Younger Dryas in
both records, comparable to the HTT record (de Klerk, 2004a). These values presumably indicate
that local stands of pine persisted in the region, but no longer formed dense forests, although an
influx of long-distance transported pollen cannot be excluded. The increase in Betula percentages
in these records towards the end of the Younger Dryas likely reflect a relative increase due to the
decline in Pinus percentages, as the concentration of Betula pollen decreased in the FGW record.
The onset of the Holocene can be seen in the FGW record as an abrupt transition from sand
to lake marl, a shift in the stable isotopes, and a strong increase in C-IT to ~15.7°C. In the pollen
record, this coincides with an increase of pine, and decrease of Salix, NAP, and Ericales. The onset
of the Holocene is less pronounced in the HWD record. In contrast to the interpretation by de
Klerk (2004a), it is now thought that the onset of the Holocene is recorded at a depth of ~5.75
m, based on correlation with the FGW record. In this way, the onset of the Holocene occurs
immediately after minimum pine values, and coincides with a decrease in Salix and NAP in both
records (Fig. 5.9). A minor decline of Artemisia and Ericales is observed before the transition to the
Holocene in the HWD record, but this may be an effect of the relatively low pollen sum (~100)
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used for that record. The transition to the Holocene is followed by a zone marked by fluctuations in
the birch and pine percentages in both records (Fig. 5.9). Comparable fluctuations are recorded in
the nearby Hüttendamm (HHT) and Moosbruch records prior to the expansion of Corylus, which
presumably took place between ~9300 and ~9100 14C yr (de Klerk, 2004a).
5.5.2 Comparison with other records

Reconstructed July temperatures for the Allerød of ~14.0°C to 14.8°C are in agreement with
an ostracod based summer lake water temperature reconstruction from the Krakower See in
Mecklenburg of 15°C (Viehberg, 2006). Further, Theuerkauf (2003) suggests that July temperatures
exceeded 13°C in the later part of the Allerød, based on the occurrence of Typha latifolia pollen
in multiple records from Mecklenburg-Vorpommern. Comparison with pollen records from the
region highlight the presence of a north to south gradient in vegetational development, with the
northern part being dominated by birch forest and the southern part by pine forests in the later part
of the Interstadial (de Klerk, 2002, 2008). This gradient is interpreted to be the result of edaphic
differences, with birch dominating on the northern till plains and pine on the sandy soils in the
south of western Pomerania (Theuerkauf, 2003; Theuerkauf and Joosten, 2009).
As it appears that the first part of the Younger Dryas was masked by reworking and
redeposition processes in the FGW record, it cannot be excluded that minimum temperatures
during the Younger Dryas were even slightly lower than the reconstructed temperature of ~11.1°C.
However, chironomid-inferred temperatures are comparable to estimated minimum mean July
temperatures of ~11.5-13°C for the Younger Dryas in northeast Germany (Isarin and Bohncke,
1999), based on observed pollen of plant indicator species, indicating that temperatures were
probably not much lower. Further, low July temperatures of ~11-12°C throughout the Younger
Dryas are inferred based on a chironomid record from Hijkermeer, the Netherlands (Heiri et al.,
2011), without substantial differences between the first and second part of the Younger Dryas. The
minimum mean July temperature of ~11.1°C for the Younger Dryas is also largely consistent with
coleoptera based inferences of ~8-11°C and ~8-13°C for southern Sweden and central Poland,
respectively (Coope and Lemdahl, 1995).
During the Younger Dryas, a pronounced north to south gradient was visible in the vegetation
development of northeast Germany: pine forests persisted in the southern part of northeast
Germany, while more open heathland with local stand of birch developed in the northern part
(Brande, 1995; de Klerk, 2008). Theuerkauf and Joosten (2012) estimate that the northern pine
forest limit during the Younger Dryas was located at approximately 53°N, i.e. ca. 70 km south of the
FGW region, which seems to be located in a transitional zone between the northern and southern
part of northeast Germany (de Klerk, 2004a). It appears that pine locally persisted in the FGW
region, while heathland and juniper shrub expanded, as indicated by an increase in both pollen
percentages and concentrations of these taxa in the FGW record. The minimum chironomidinferred temperature of ~11.1°C is slightly lower than the estimated temperature of 12°C required
for pine forests (Iversen, 1954; Jensen et al., 2007; Kuoppamaa et al., 2009). In combination with
other factors, such as a short growing season, a strong decrease in mean January temperatures to
~-20°C (Renssen and Isarin, 2001), and the development of permafrost (Theuerkauf and Joosten,
2012), this presumably led to a decline of pine in the FGW region. The observed north to south
gradient in the vegetation development in northeast Germany during the Younger Dryas may
reflect a strong north to south temperature gradient in the area related to the presence of the cold
Baltic Ice Lake just north of the area, which is supported by modelling results (Renssen and Isarin,
2001). As minimum reconstructed July temperatures at FGW approach the 10-12°C required for
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birch and pine forests (Iversen, 1954; Paus, 1995), a steep temperature gradient would have led
to summer temperatures unsuitable for birch and pine forests in the northern part of northeast
Germany, whereas warmer summer temperatures to the south would have enabled the perseverance
of the prevailing pine forests.

5.6 Conclusions
The Friedländer Groβe Wiese (FGW) record enabled a comparison of vegetation development
with reconstructed summer temperature changes from the Allerød to the Early Holocene. The
FGW depression presumably formed in the early Allerød as a result of thawing of dead-ice.
Subsequently, precipitation of carbonates in the lake led to formation of lake marl during the
Allerød, while the pollen record reflects the development of birch forests, and chironomid-inferred
mean July air temperatures (C-IT) range between ~14.0°C and 14.8°C. A temporary decline of
birch, a decrease in C-IT of ~1°C, and a negative shift in the isotope records may correspond
to Greenland Interstadial event 1b. This is followed by an expansion of pine, resulting in pine
dominated forests at the end of the Allerød. It appeared that the transition from the Allerød to
the Younger Dryas was masked by reworking processes in the record, as indicated by visible tephra
intercalations. Nevertheless, a drop in C-IT to ~11.1°C is reconstructed for the later part of the
Younger Dryas. Comparison of the FGW pollen record with a nearby pollen record indicates that
locally wetland grasses expanded during the Younger Dryas, while local stands of pine presumably
persisted in the region. As reconstructed temperatures were close to the thermal limit for birch and
pine forests, the observed vegetational gradient during the Younger Dryas in northeast Germany
may result from a steep north-south temperature gradient related to the presence of the Baltic
Ice Lake. The re-establishment of pine and birch forests at the transition to the Holocene was
associated with a sharp increase in C-IT to ~15.7°C.
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Synthesis: Lateglacial summer temperature
changes and vegetation development along
a west-east transect across northwest Europe

Abstract
New palaeotemperature records from northwest Europe have recently become available based
on fossil chironomid analysis. However, at present no regional comparison of these records is
available that provides insights into temperature gradients in this region during the Lateglacial.
Here I provide a comparison of available chironomid-based temperature records from northwest
Europe and compare the results with reconstructions of vegetation in the region to gain insight
into potential effects of past climatic changes on vegetation in this part of Europe. Reconstructed
average Interstadial mean July chironomid-inferred temperatures (C-IT) varied from ~11.5°C in
the British Isles to ~16.5°C in continental northwest Europe, while the minimum mean July C-IT
for the Younger Dryas varied from ~7.5°C in the British Isles to ~11.0°C in continental northwest
Europe. Comparison with northwest European vegetation development suggests a strong link
between summer temperatures and vegetation, even though other climatic factors presumably also
affected vegetational development to a considerable degree. Reconstructed mean July temperatures
for the Interstadial that exceeded 10-12°C facilitated expansion of birch and pine forests in large
parts of northwest Europe, while a summer temperature decline to well below 10-12°C during the
Younger Dryas in large parts of the British Isles probably strongly limited forests. The chironomid
records also provided evidence for the occurrence of centennial-scale cold oscillations during
the Interstadial throughout northwest Europe, correlated to Greenland Interstadial 1b and 1d.
It appears that mainly tree and shrub communities were affected by these climatic oscillations,
probably due to a combination of climatic factors. Finally, chironomid-based inferences indicate
that July temperature gradients were comparable to the present-day summer temperature gradient
during the Interstadial, while results provide evidence for an increased west to east gradient
during the coldest phase of the Younger Dryas compared to the present-day gradient. Climatic
gradients appear to be reflected in northwest European vegetation development with a gradient
from shrubland and grassland in Ireland to birch and pine forests in continental northwest Europe
during the Interstadial, and a gradient from shrub tundra in the British Isles to open pine forests in
northeast Germany during the Younger Dryas.

6.1 Introduction
Major climatic shifts occurred during the Last Glacial to Interglacial Transition (LGIT;
often referred to as the Lateglacial period: ~14.7-11.7 kyr cal BP) in the North Atlantic region
(e.g. Levesque et al., 1993; Björck et al., 1998; Walker et al., 1994; Brooks and Birks, 2001). In
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Greenland and in large parts of the circum-Atlantic region the onset of the Lateglacial (~14.7
kyr cal BP) is characterised by rapid warming. Relatively warm conditions during the Lateglacial
Interstadial (~14.7-12.8 kyr cal BP) were interrupted by a number of centennial-scale cold
oscillations (chapter 2; Lotter et al., 1992; von Grafenstein et al., 1999; Brooks and Birks, 2000a,b),
defined as Greenland Interstadial events 1d and 1b in the Greenland ice core records (Björck et
al., 1998; Lowe et al., 2008). Following the Interstadial, pronounced cooling occurred during the
Younger Dryas (or Greenland Stadial 1, ~12.8-11.7 kyr cal BP), which was succeeded by strong
warming at the onset of the Holocene.
Lateglacial cold phases, such as the Younger Dryas, and more moderate climatic oscillations
during the Lateglacial Interstadial, are thought to be caused by meltwater pulses into the Atlantic
Ocean (Clark et al., 2001; Teller et al., 2002; Nesje et al., 2004). These cold phases were associated
with changes in ocean circulation (Broecker, 1998) and a decrease in the Atlantic meridional
overturning circulation (McManus et al., 2004). It is therefore expected that temperature changes
were most pronounced in regions close to the Atlantic Ocean. Understanding how these changes
propagated inland will provide insight into the influence of the Atlantic Ocean on climatic and
associated environmental changes in Europe.
Lateglacial climatic changes were associated with major vegetation shifts in the northern
circum-Atlantic region. In northwest Europe, this period has been intensively studied, and
vegetation changes have been well documented (e.g. Huntley and Birks, 1983; Walker et al., 1994;
Hoek, 1997a, b). The onset of the Lateglacial Interstadial was characterised by development of
herbaceous grassland and shrub communities, followed by an expansion of pine and birch forests in
large parts of northwest Europe. A subsequent change to more open forests and shrub-tundra took
place during the Younger Dryas cold phase.
Climatic shifts associated with these vegetation changes have been inferred from different
indicators, including fossil plant and insect assemblages and periglacial evidence. While periglacial
evidence indicates shifts in mean annual air temperatures, shifts in summer temperature have
previously mainly been reconstructed based on coleopteran assemblages or botanical evidence.
For example, Isarin and Bohncke (1999) estimated minimum mean July temperatures for the
Younger Dryas, based on the occurrence of pollen and macrofossils from climate indicator plant
taxa. Temperatures inferred from coleopteran assemblages were based on the Mutual Climate
Range (MCR) method, which provides a range of the mean temperature of the warmest month
(Atkinson et al., 1987). This approach was later refined by Coope et al. (1998), who deduced a ‘most
probable’ value to reconstruct past temperature gradients. Estimated mean July temperatures for the
Interstadial range between ~10°C and ~20°C in northwest Europe (Atkinson et al., 1987; Walker
et al., 1994; Coope et al., 1998; Renssen and Isarin, 2001). These proxies indicate predominantly
north-south mean July temperature gradients during the Interstadial in northwest Europe (Coope
et al., 1998; Renssen and Isarin, 2001), which is supported by modelling results (Renssen and
Isarin, 2001). The presence of centennial-scale cold oscillations during the Interstadial in northwest
Europe has been inferred from fluctuations in oxygen isotope and pollen records (e.g. O’Connell
et al., 1999; Marshall et al., 2002). However, quantification of temperature fluctuations associated
with these centennial-scale climatic oscillations based on coleopteran analysis has been hampered
by the large sample size needed for an estimate of maximum and minimum temperatures using the
MCR method and the relatively large range of reconstructed temperatures that is usually inferred.
Subsequent to the Interstadial, both coleopteran and vegetation based inferences indicate a strong
decline in summer temperatures during the Younger Dryas (Coope et al., 1998; Isarin and Bohncke,
1999). Coleopteran-based July temperature estimates for the Younger Dryas are largely uniform in
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northwest Europe without pronounced temperature gradients (Coope et al., 1998), while a north to
south temperature gradient was inferred from the distribution of climate indicator plant taxa (Isarin
and Bohncke, 1999). Consequently, there is still uncertainty on the magnitude and spatial patterns
of summer temperature changes that occurred during the Younger Dryas and centennial-scale cold
oscillations within the Interstadial in northwest Europe.
Chironomid analyses provide a powerful tool to reconstruct mean July air temperatures in a
quantitative way (e.g. Walker and Cwynar, 2006). Chironomid-temperature inference models have
been developed that enable a precise reconstruction of summer temperature changes with a high
temporal resolution (e.g. Brooks et al., 2007). In 1999, a first northwest European chironomidbased reconstruction of Lateglacial mean July air temperatures was published for Whitrig
Bog, southeast Scotland (Lotter et al., 1999; Brooks and Birks, 2000b). This reconstruction
revealed two distinct temperature oscillations within the Interstadial, in addition to a ~4.0-5.5°C
temperature decline during the Younger Dryas. Since then, Lateglacial chironomid-inferred
summer temperature reconstructions have been published from an increasing number of northwest
European sites (Heiri et al., 2007; Lang et al., 2010; Watson et al., 2010).
The aim of this chapter is to gain insight into spatial patterns of Lateglacial summer
temperature changes and associated vegetation shifts along a west to east transect across northwest
Europe. The west to east transect is located between ~51 and ~56°N, and extends from Ireland
to northeast Germany to comprise both sites in an oceanic setting (British Isles) and sites in a
more continental setting (Fig. 6.1). New chironomid records for this region have recently been
published, but at present no regional comparison of these records is available that provides
insights into Lateglacial temperature gradients. Here, currently available Lateglacial chironomidbased summer temperature reconstructions from this region are discussed, and compared with
temperature reconstructions based on other biotic proxies. Further, spatial patterns of Lateglacial
summer temperatures are inferred from a comparison of the chironomid records. Reconstructed
chironomid-inferred temperature changes in combination with additional palaeoclimatic evidence
are subsequently compared to northwest European vegetation development, and potential effects
of climatic change on vegetation are discussed. Finally, the occurrence of short-lived climatic
oscillations and temporary regressive vegetation phases within the Interstadial period in northwest
Europe is discussed.

6.2 Lateglacial chironomid records
Lateglacial chironomid-based July air temperature (C-IT) reconstructions are available from a
number of sites in the British Isles and continental northwest Europe (Fig. 6.1). Reconstructed
C-IT from these sites, with the exception of Moerbeke-Moervaart (MB), have recently been
published and are discussed in detail in chapters 2, 4, 5, Brooks and Birks (2000b), Lang et al.
(2010), Watson et al. (2010), and Heiri et al. (2011) (Table 6.1); the Moerbeke data is presented
here for the first time, but will be published shortly as part of a multi-proxy project (see Bats et al.,
2009). The northwest England chironomid-inferred July air temperature estimates (NW-E) used
consist of the average of five Lateglacial temperature records from the same region, published by
Lang et al. (2010). July air temperatures were reconstructed for the different records discussed here
using chironomid-temperature inference models developed from modern-day calibration datasets.
Mean July temperatures for the Whitrig Bog site (WhB) were reconstructed using a chironomidtemperature inference model based on a calibration dataset from Norway and Svalbard, which spans
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Figure 6.1 Lateglacial chironomid records in northwest Europe referred to in this chapter. FID: Fiddaun
(chapter 2); LN: Lough Nadourcan (Watson et al., 2010); WhB: Whitrig Bog (Brooks and Birks, 2000b);
NW-E: five sites in NW-England: Hawes Water, Little Hawes Water, Sunbiggin Tarn, Cunswick Tarn and
Urswick Tarn (Lang et al., 2010); MB: Moerbeke-Moervaart (unpublished data); KV: Klein Ven (chapter 4);
Hijk: Hijkermeer (Heiri et al., 2011); FGW: Friedländer Groβe Wiese (chapter 5). Maximum ice limit during
the LGM (black solid and dashed lines) is based on Clark et al. (2010) for the British-Irish Ice Sheet and
Boulton et al. (2004) for the Scandinavian Ice Sheet. Ice limit (shaded dark grey areas) and extent of the Baltic
Ice Lake (BIL) during the Younger Dryas are derived from Ehlers and Gibbard (2004). The position of the
coastline during the Younger Dryas (grey area) is compiled from Ehlers and Gibbard (2004) for Scandinavia,
Lambeck (1995, 1996) for the Irish Sea basin and bathymetry from Peltier (2004, 2005).

a mean July temperature range from 3.5°C to 15.6°C (Brooks and Birks, 2000b). July temperatures
for Lough Nadourcan (LN) and the sites in northwest England (NW-E) were reconstructed
using a chironomid-temperature inference model based on an expanded version of this calibration
dataset, which spans a mean July temperature range from 3.5°C to 16.0°C (Brooks and Birks,
2000a; 2001; unpublished data). Mean July air temperatures for Fiddaun (FID), Hijkermeer (Hijk),
Klein Ven (KV), Moerbeke (MB) and Friedländer Groβe Wiese (FGW) were reconstructed using
a recently established chironomid-temperature inference model (Heiri et al., 2011). This model
is based on the calibration dataset used for the LN and NW-E reconstructions combined with
a second calibration dataset from the Alpine region (Heiri et al., 2003; Heiri and Lotter, 2005,
2010; Bigler et al., 2006), and covers a mean July temperature range from 3.5°C to 18.4°C (Heiri
et al., 2011). Sample-specific errors associated with these reconstructions are in the order of ~1.01.5°C. More detail on the chironomid-temperature inference models used for the individual records
can be found in the papers on the respective sites (Table 6.1). To compare results from these sites,
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which are located at an elevation up to 250 m asl. (Table 6.1), reconstructed summer temperatures
were converted to values at sea level using a lapse rate of 0.6°C/100 m.
Temperature reconstructions of LN, WhB and NW-E are based on a different temperatureinference model than the other sites and this may have had some effects on the inferred
temperature values since several taxa have higher temperature optima in the combined calibration
dataset than in the Norwegian dataset. Nevertheless, a reconstruction for the Hijkermeer
record, the Netherlands, using the Norwegian calibration dataset resulted in largely comparable
temperatures to inferences based on the combined calibration dataset (Heiri et al., 2011). For
most samples, the temperature reconstruction based on the Norwegian calibration dataset was
well within the prediction error of the combined dataset. However, it appeared that high values
during the Interstadial were underestimated by ~1-2°C by the Norwegian transfer function, as
this calibration dataset does not include sites with July temperatures exceeding 16°C. Temperature
reconstructions from LN, WhB and NW-E discussed here remained well below the maximum
temperature included in the Norwegian calibration dataset (Brooks and Birks, 2000b; Lang et al.,
2010; Watson et al., 2010). It can therefore be expected that the reconstructions from these sites
would have been affected to a lesser degree by the application of transfer functions with a different
maximum temperature than the Hijkermeer record. In any case the different reconstructions based
on the Hijkermeer record indicate that the model dependent effects on the reconstructions are not
expected to exceed the prediction error of the inferences.
For discussion of temperature estimates all chironomid-based records were divided into the
Lateglacial Interstadial period and the Younger Dryas cold phase. These periods can clearly be
Table 6.1 Lateglacial chironomid records discussed in this chapter
Site
code

Site

Latitude

Longitude

Elevation Reference
(m asl.)

FID

Fiddaun

53°00'56" N

08°52'03" W

30

Chapter 2

LN

Lough Nadourcan

55°03' N

07°54' W

70

Watson et al., 2010

1

NW-E

Hawes Water (NW-England)

54°11'04.1" N 02°48'06.8" W

8

Lang et al., 2010

NW-E

Little Hawes Water (NW-England)1 54°11'07.9" N 02°47'55.4" W

9

Lang et al., 2010

1

NW-E

Urswick Tarn (NW-England)

54°09'31.6" N 03°07'09.1" W

33

Lang et al., 2010

NW-E

Cunswick Tarn (NW-England)1

54°20'15.1" N 02°47'11.3" W

135

Lang et al., 2010

NW-E

Sunbiggin Tarn (NW-England)1

54°27'47" N

02°30'04" W

250

Lang et al., 2010

WhB

Whitrig Bog

55°36'20" N

02°36'00" W

125

Brooks and Birks, 2000b

MB

Moerbeke-Moervaart

51°10' N

03°56' E

3

Unpublished data

KV

Klein Ven

51°17'54" N

05°39'22" E

28.5

Chapter 4

Hijk

Hijkermeer

52°53' N

06°29' E

14

Heiri et al., 2011

FGW

Friedländer Groβe Wiese

53°38'19.6" N 13° 45' 5.4" E

10

Chapter 5

Hawes Water, Little Hawes Water, Urswick Tarn, Cunswick Tarn and Sunbiggin Tarn are combined to
establish average values for NW-England.
1
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distinguished based on changes in lithology and biostratigraphy. In addition, chronology of the
individual records was based on radiocarbon dates (FID, LN, WhB, KV, MB, FGW), the presence
of microtephra (WhB, FGW), and/or oxygen isotope wiggle matching (FID), as discussed in the
papers on the individual records (Table 6.1). For all sites, the range of Interstadial C-IT, average
Interstadial C-IT and minimum Younger Dryas C-IT were determined. The latter was used
to quantify maximum cooling that occurred during the Younger Dryas, even though the records
are not dated in sufficient detail to establish whether the coldest phase of the Younger Dryas is
recorded synchronously at the different locations.

6.3 Chironomid-inferred temperature reconstructions
Interstadial chironomid-inferred mean July temperatures vary between ~13.0°C and ~18.0°C in
continental northwest Europe, and between ~8.5°C and ~14.5°C in the British Isles (Table 6.2; Fig.
6.2). Within-site temperature variations during the Interstadial range between ~1.5°C and ~5.0°C
for the available records, while average Interstadial sample-specific errors vary between ~1.0°C
and ~1.5°C (Fig. 6.2). Most variation during the Interstadial is observed in the WhB and Hijk
records with temperature variations of ~5.0°C and ~4.0°C, respectively. The within-site Interstadial
variation in part reflects the occurrence of centennial-scale cold oscillations, which are further
discussed in Section 6.7. The FGW record only encompasses the later part of the Interstadial, and
a limited number of samples were analysed (chapter 5), which may explain the small temperature
range reconstructed for that site. Although there is substantial overlap in C-IT reconstructions
from sites within the same region, consistently higher temperatures are reconstructed for the sites
from more southern locations (FID, NW-E and KV).
Reconstructed minimum mean July chironomid-inferred temperatures for the Younger Dryas
are substantially lower than the Interstadial C-IT, and range from ~7.5°C in Ireland to ~11.0°C
in northeast Germany, while sample-specific errors vary between ~1.0 and ~1.5°C (Fig. 6.2).
Minimum temperatures from the two sites from Ireland are comparable, as well as temperatures
Table 6.2 Reconstructed Interstadial and Younger Dryas C-IT for selected sites in northwest-Europe. NA
indicates that values are not available. Values for FID, WhB, MB, KV, Hijk and FGW are based on the original
data, whereas values for LN and NW-E are derived from the results presented in Watson et al. (2010) and
Lang et al. (2010), respectively.
Site

Interstadial
minimum C-IT (°C)

Interstadial
maximum C-IT (°C)

Interstadial
average C-IT (°C)

Interstadial
C-IT range (°C)

Younger Dryas
minimum C-IT (°C)

FID

12.5

14.5

13.5

2.0

7.5

LN

11.0

14.0

12.5

3.0

8.0

NW-E

11.0

14.5

13.0

3.5

8.0

WhB

8.5

13.5

11.5

5.0

8.0

MB

14.0

17.0

15.5

3.0

NA

KV

15.0

18.0

16.5

3.0

NA

Hijk

13.0

17.0

15.0

4.0

11.0

FGW

13.5

15.0

14.5

1.5

11.0
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Figure 6.2 West to east transect of reconstructed chironomid-inferred mean July air temperatures for the
Interstadial and Younger Dryas. Site codes and references are described in Table 6.1; locations are shown in
Fig. 6.1.

from the two sites in Britain. No data is available for the KV and MB records, as these did not
record the Younger Dryas (chapter 4; unpublished data).

6.4 Chironomid-inferred temperature reconstructions compared with other biotic
proxies
Reconstructed chironomid-inferred mean July temperatures for the Interstadial (Fig. 6.2; Table
6.2) are largely consistent with coleopteran based inferences, which vary between ~12 and 17°C
in Ireland, ~10-21°C in Britain, and ~13-18°C in the Netherlands (Atkinson et al., 1987; Bohncke
et al., 1987; van Geel et al., 1989; Coope et al., 1998). Further, chironomid-inferred mean July
temperatures from northeast Germany are well within the range of coleopteran-inferred mean July
temperatures for central Poland of ~12-22°C (Coope et al., 1998).
Even though chironomid and coleopteran inferred temperatures are largely comparable,
the magnitude of Interstadial within-site variation inferred from the chironomid records varies
107

between ~1.5°C and ~5.0°C, while coleopteran-based inferences reach within-site variations up
to 10°C (Coope et al., 1998). Whilst part of the temperature range inferred from the chironomid
records reflects centennial-scale cold oscillations (Section 6.7), the large within-site variation in the
coleopteran-based inferences shows high temperatures early in the Interstadial followed by a strong
temperature decline (Coope et al., 1998). In comparison, a number of chironomid records show a
much smaller temperature decrease of ~1-2°C during the Interstadial (LN, WhB, HW, LHW, UT,
MB), while no distinct trend is observed in other records (FID, CT, ST, Hijk, KV). The stronger
temperature decline observed in the coleopteran-based reconstructions may be an overestimation
of the Interstadial temperature variation, as coleoptera may be influenced by a change from open
ground with higher surface temperatures to forested land with lower microhabitat temperatures
due to shading during the Interstadial. However, as the Mutual Climate Range in principle leads
to a large range of possible mean July temperatures (e.g. Atkinson et al., 1987; van Geel et al.,
1989; Walker et al., 2003), the temperature decline during the Interstadial may actually be less
pronounced than it appears based on the ‘most probable values’ discussed in Coope et al. (1998).
Reconstructed minimum Younger Dryas chironomid-inferred mean July temperatures
of ~11.0°C for the Hijk record are comparable to coleopteran based mean July temperature
inferences of ~10-11°C for the Netherlands (Bohncke et al., 1987; van Geel et al., 1989). In
contrast, minimum Younger Dryas chironomid-inferred mean July temperatures for the sites in
the British Isles of ~7.5 to 8.0°C are slightly lower than coleopteran based mean July temperature
reconstructions of ~9.0-10.5°C for Ireland, and ~8.5-10.0°C for northern England and Scotland
(Coope et al., 1998). Minimum chironomid-inferred mean July temperatures for the Younger
Dryas are also below botanically based minimum estimates for mean July temperatures of ~10°C
for Ireland, England and Scotland, and ~12°C for the Netherlands (Isarin and Bohncke, 1999).
These estimates are based on the occurrence of pollen and plant macrofossils of climate indicator
plant species in the Younger Dryas deposits. Both coleoptera and plant species that are indicative
for relatively warm conditions may have been present during part of the Younger Dryas, but absent
during the coldest phase. It therefore seems plausible that both coleopteran-based and vegetationbased inferences did not capture the coldest phase of the Younger Dryas, which may explain the
observed differences with the chironomid-based minimum mean July temperatures for the Younger
Dryas. In addition, vegetation based reconstructions could overestimate temperatures due to an
influx of long-distance transported pollen or reworked pollen and macrofossils (Isarin and Bohncke,
1999; Birks et al., 2010). Differences between vegetation based reconstructions and chironomidinferred temperatures could further reflect the importance of climatic and environmental factors,
other than summer temperature, for vegetation development (Isarin and Bohncke, 1999; Lotter et
al., 2012; Wagner-Cremer and Lotter, 2011) (see also Section 6.6). In comparison, it is assumed
that summer temperature was the most important factor for the distribution of chironomids during
the Lateglacial (e.g. Brooks and Birks, 2001), even though the mechanisms leading to this relation
are presently not completely understood (Eggermont and Heiri, 2012).
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6.5 Chironomid-inferred Lateglacial summer temperature gradients in northwest
Europe
Pronounced inter-site variations in both average Interstadial and minimum Younger Dryas
chironomid-inferred mean July temperatures are apparent (Fig. 6.2). These observed intersite variations may in part be explained by differences in local topographical and morphological
conditions. However, Lang et al. (2010) compared C-IT reconstructions from five sites in
northwest England, which showed that inferred temperatures can be accurately reproduced for
sites within the same region, while differences in lake morphology and wind exposure only led to
minor inter-site variations of less than 1°C. Further, it is not expected that temperature variations
resulting from the different calibration datasets used for the reconstructions exceeded ~1.0-1.5°C
(Section 6.2). Therefore, it is thought that pronounced and consistent variations between the sites in
northwest Europe reflect regional temperature gradients.
Averaged Interstadial chironomid-inferred mean July temperatures range from ~11.5°C in the
British Isles (WhB) to ~16.5°C in continental northwest Europe (KV) (Fig. 6.3b), which is slightly
lower than present-day summer temperatures (Fig. 6.3a). The reconstructed average Interstadial
west to east temperature increase along a latitude of 53°N by ~1.5°C between FID and Hijk (Fig.
6.3b) is comparable to the present day west to east summer temperature gradient of ~2°C (Fig.
6.3a). Further, average Interstadial values are consistently higher for sites from more southern
locations (Fig. 6.3b). Although observed north-south variations between the reconstructions
from the British Isles may in part result from the different calibration datasets used for those
reconstructions (Section 6.2), a comparable north-south difference is observed between the two
reconstructions from the Netherlands, which are both based on the same calibration dataset.
Therefore, the observed consistently higher values for sites from more southern locations probably
reflect the presence of a real north to south summer temperature gradient, comparable to the
present-day gradient (Fig. 6.3a).
Minimum Younger Dryas chironomid-inferred mean July temperatures (Fig. 6.3c) are ~3.06.0°C lower than the average Interstadial values (Fig. 6.3b), and ~5.5-7.0°C lower than present-day
summer temperatures (Fig. 6.3a). The reconstructed west to east mean July temperature gradient
along a latitude of 53°N is ~3.5°C between FID and Hijk, which is substantially larger than the
present-day summer temperature gradient. Minimum Younger Dryas C-IT for the sites from
Ireland and the northern part of Britain of ~7.5-8.0°C, without pronounced differences between
sites from northern and southern locations, may indicate a decrease in the north to south summer
temperature gradient in those regions during the Younger Dryas compared with the preceding
Interstadial. This is in agreement with a chironomid-inferred temperature reconstruction from
Abernethy forest, with minimum mean July temperatures of ~8°C inferred for the Younger
Dryas if corrected to sea level (Matthews et al., 2011). In comparison, minimum Younger Dryas
chironomid-inferred mean July temperatures of ~9.5°C are reconstructed for Quidenham Mere,
southeast England ( Jeffers et al., 2011). No chironomid data is available to gain insight in the
north to south summer temperature gradient in continental northwest Europe, as the KV and MB
sequences did not record the Younger Dryas (chapter 4; unpublished data). Based on modelling
results, it seems the north to south gradient in continental Europe was larger during the Younger
Dryas than at present (Renssen and Isarin, 2001).
Based on these chironomid results, it appears that mean July temperature gradients during the
Interstadial were largely comparable to present-day summer temperature gradients. Furthermore,
these results provide evidence for an increased west to east gradient of mean July temperatures
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Figure 6.3 Maps of northwest Europe with present-day mean summer temperatures (A), and chironomidinferred average Interstadial (B), and minimum Younger Dryas (C) mean July air temperatures. Present-day
summer temperatures for the period 1961-1990 are obtained from CRU (1992; in Renssen and Isarin, 1998).
Also shown are the ice limit (grey dotted areas), extent of the Baltic Ice Lake (BIL), and position of the
coastline during the Younger Dryas; references are given in Fig. 6.1.

during the coldest phase of the Younger Dryas compared to the present-day summer temperature
gradient, and the most pronounced cooling during the Younger Dryas is reconstructed for the
site in western Ireland. An increase in the west to east temperature gradient during the Younger
Dryas is supported by modelling results (Renssen and Isarin, 2001), and may indicate that oceanic
influences were more important during this cold period than during the warm Interstadial.

6.6 Comparison of climatic changes with Lateglacial vegetation development in
northwest Europe
The onset of the Interstadial is marked by a ~4-8°C increase in mean July temperatures, as inferred
from the chironomid records (chapter 2; Brooks and Birks, 2000b, Lang et al., 2010; Watson et
al., 2010; Heiri et al., 2011). Further, coleopteran based estimates of mean January temperatures
for the Interstadial range between ~-15°C and ~+5°C in northwest Europe (Atkinson et al., 1987;
Bohncke et al., 1987; van Geel et al., 1989; Walker et al., 2003). Based on vegetation changes and
reconstructions of lake level fluctuations, it is suggested that precipitation also increased at the
transition to the Interstadial (Bohncke and Wijmstra, 1988; Bohncke, 1993; Magny et al., 2006).
These changes enabled development of shrubland throughout the research area in the first part of
the Interstadial. Minimum mean July temperatures of ~10-12°C are considered a requirement for
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the development of birch forests (Iversen, 1954; Paus, 1995). These values were well exceeded during
the Interstadial in England and continental northwest Europe, and the development of shrubland
was indeed succeeded by an expansion of birch forest (Fig. 6.4). In comparison, reconstructed July
temperatures for the Interstadial at Whitrig Bog, southeast Scotland, varied around the minimum
temperatures required for forest expansion, and no widespread forest development took place in
Scotland during the Interstadial. Forests were also largely absent in Ireland during the Interstadial,
while inferred July temperatures exceeded ~10-12°C during most of the Interstadial. Birch trees
are presently found in regions with mean January temperatures up to ~-20°C, but need protection
from cold winds (Atkinson, 1992; Vetaas, 1994). Consequently, the presence of strong, cold winds
in Ireland during the Interstadial may have limited the expansion of tree birch (chapter 3), possibly

Figure 6.4 General Lateglacial vegetation development in Ireland, Britain, northern Belgium, the Netherlands
and northeast Germany compared to the reconstructed chironomid-inferred mean July air temperatures.
Vegetation development based on chapters 3, 4, 5, and Godwin (1975), Pennington (1977), Watts (1977),
Andrieu et al. (1993), Walker et al. (1994), Hoek (1997a, b), O’Connell et al. (1999), Strahl (2005), de Klerk
(2008).
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in combination with summer temperatures that were relatively close to the thermal limit of birch
forests.
In continental northwest Europe, the development of birch forest was followed by an expansion
of pine forests, while in the British Isles the expansion of pine was limited to parts of southern
and eastern England (Godwin, 1975; Walker et al., 1994). Pinus sylvestris, which was presumably
the only pine species in northwest Europe (Huntley and Birks, 1983), is considered to require
minimum mean July temperatures of approximately 12°C (Iversen, 1954; Jensen et al., 2007;
Kuoppamaa et al., 2009). Reconstructed July temperatures, therefore, appeared to be warm enough
to facilitate the expansion of pine forest in northwest Europe. The spatial distribution of pine forests
in northwest Europe during the Lateglacial Interstadial in part reflects migration from the glacial
refugia (see Huntley and Birks, 1983; Lang, 1994) with estimated maximum migration rates of ~1.5
km/yr (Huntley and Birks, 1983). Other factors likely influenced the expansion of pine as well, such
as competition with the established birch trees. Further, the expansion of pine in the Netherlands
was possibly facilitated by increased continentality, as pine was presumably already present locally
before regional expansion (Hoek, 1997a), while in northeast Germany edaphic factors may have
controlled the expansion of pine, with pine dominating on the sandy soils (Theuerkauf, 2003).
The Younger Dryas was associated with pronounced vegetation shifts along the west to east
transect (Fig. 6.4). Estimated mean January temperatures for the Younger Dryas range between
~-15°C and ~-25°C in northwest Europe based on the distribution of periglacial features, and
discontinuous permafrost developed (Isarin, 1997; Isarin et al., 1998). In addition to cold winters,
reconstructed chironomid-inferred July temperatures for the coldest phase of the Younger Dryas
in Ireland and the northern part of Britain of ~7.5°C to ~8.0°C were likely too low to sustain
birch forest, and shrub-tundra developed. In the Netherlands and the northern part of northeast
Germany (Mecklenburg-Vorpommern) forests were largely replaced by shrub and forest tundra,
and heathland expanded. Chironomid-inferred minimum July temperatures for the sites in the
Netherlands and northeast Germany of ~11.0°C are close to the thermal limit of birch and pine
forests. Relatively low summer temperatures in these regions, combined with cold winters and a
short growing season, presumably led to conditions unfavourable for woodland. Especially, cold
winters and spring frost could severely damage birch trees (Atkinson, 1992). In addition, an increase
in storminess is inferred for the onset of the Younger Dryas (Brauer et al., 2008), which may have
restricted birch to more sheltered locations. Pine forests persisted in the southern part of northeast
Germany (Berlin-Brandenburg). This possibly reflects a strong north to south temperature gradient
in northeast Germany (chapter 5). Pine forests also largely persisted throughout Poland, although
opening of the vegetation cover is observed in northwest Poland (Ralska-Jasiewiczowa et al., 2004).
Results discussed in this section suggest that there is a strong link between reconstructed
climatic changes and vegetation development in northwest Europe. Distinction of the separate
effects of various climatic factors, such as winter temperature or precipitation, on vegetation
development is complicated due to the limited information available on climatic factors other than
summer temperature. Nevertheless, it seems likely that summer temperature changes were one of
the main factors driving vegetation changes, as reconstructed summer temperatures were relatively
close to the thermal limit of birch and pine forests. For example, mean July temperatures exceeding
~10-12°C during the Interstadial facilitated the expansion of forests in large parts of northwest
Europe, while a summer temperature decline to well below ~10-12°C during the Younger Dryas
in large parts of the British Isles presumably strongly limited forest expansion. However, it appears
that other climatic factors, such as winter temperature, precipitation and windiness, as well as
environmental conditions, also strongly affected Lateglacial vegetation development, as discussed
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above. Finally, a gradient from grassland and shrubland in Ireland to birch and pine forests in
continental northwest Europe during the Interstadial, and a gradient from shrub tundra in the
British Isles to open pine forests in northeast Germany during the Younger Dryas probably reflect
the west to east climatic gradient.

6.7 Temperature fluctuations during the Interstadial
Minimum Interstadial temperatures inferred from the chironomid records are associated with
centennial-scale cold oscillations, and these have been correlated to Greenland Interstadial
events 1b and 1d (Lowe et al., 2008) by the investigators of the respective sites (Table 6.1).
Reconstructed July air temperature changes during these oscillations vary between 0.5°C and
3.0°C. The reconstructed magnitude of temperature change during Interstadial climate oscillations
is comparable to the sample-specific error of ~1.0-1.5°C for most sites. In northwest England,
the first oscillation (GI-1d) was most pronounced in the lakes from higher altitudes (Lang et al.,
2010), which is in agreement with the strong temperature decline inferred from the WhB record,
located at an elevation of 125 m asl. (Fig. 6.5). Further, it is possible that the samples did not
capture the coldest moment of these short-lived oscillations. Especially when the cold oscillations
were associated with a decrease in sedimentation rate, as presumably in the Fiddaun record, it
is probable that the analysed samples contained sediments deposited before or after the coldest
moment of the oscillation (chapter 2). Consequently, inferred temperature decreases should be
interpreted as minimum estimates of the amplitude of temperature change, and spatial variations
in the magnitude of these oscillations should be interpreted with caution. Nevertheless, it appears
that the first oscillation was the most severe one in the British Isles (chapter 2; Lang et al., 2010;
Watson et al., 2010), and it coincided with an increase in the clastic component in most of these
records. In contrast, in the Hijk record the greater temperature decline is reconstructed for the
second oscillation, correlated to GI-1b (Heiri et al., 2007, 2011), although GI-1d is represented in
two samples only and the amplitude of this temperature decrease may again have been affected by
the resolution of the record.
Direct comparison of chironomid and pollen records from the same sediment sequences shows
that reconstructed centennial-scale cold oscillations coincide with temporary regressive vegetation
phases in most sequences (Fig. 6.5). Cold oscillations correspond with a decline in Juniperus and/
or Betula and increase in NAP in the FID and WhB records, as well as in the HW record ( Jones et
al., 2002). In comparison, in both the Hijk and KV records a cold oscillation, which may correspond
to GI-1d, coincides with a minor decline in Betula, and increase in Salix (Fig. 6.5; chapter 4; Heiri
et al., 2007). A second cold oscillation (GI-1b) in the Hijk record approximately coincides with
the expansion of pine. A cold oscillation in the FGW record, tentatively correlated to GI-1b, was
Figure 6.5 (next page) Selected Lateglacial chironomid-inferred mean July temperature reconstructions and
main pollen taxa as recorded in the same sediment sequences, correlated to the NGRIP oxygen isotope record
(Rasmussen et al., 2006). Fiddaun temperature data from chapter 2, pollen percentage data from chapter 3;
WhB temperature data from Brooks and Birks (2000b), pollen percentage data from Mayle et al. (1997); Hijk
temperature data from Heiri et al. (2011), pollen percentage data from Heiri et al. (2007). Chironomid-inferred
temperatures in this figure are not transferred to sea level to facilitate a direct comparison with vegetation
development as inferred from the pollen records.
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recorded when Pinus values were already increasing, but coincided with a temporary decrease in
Betula and increase in Pinus pollen (chapter 5).
Although reconstructed temperature oscillations have been correlated to Greenland Interstadial
events 1b and 1d by the authors on the respective sites, this correlation cannot be confirmed by
independent chronological evidence for most chironomid records. Chronological uncertainties
associated with radiocarbon dating also complicate identification of these climatic fluctuations
in pollen records obtained from other sites without associated chironomid-inferred temperature
data. In Ireland, the first of these oscillations, correlated with GI-1d, occurred when shrubland was
present. As high-resolution pollen records throughout Ireland show a temporary decline in the
tree and shrub communities during this period, it seems plausible that this fluctuation coincides
with the reconstructed cold oscillation (chapter 3). The second cold oscillation took place when
grassland had largely replaced shrubland in Ireland. As a consequence, effects of this cold oscillation
are more difficult to distinguish in Irish pollen records (chapter 3). A temporary decline in Betula
and Juniperus pollen is also identified in the Interstadial sections of a number of high-resolution
pollen records from England and Scotland (e.g. Hunt and Birks, 1982; Walker and Lowe, 1990;
Walker et al., 1993, 1994), but chronological uncertainties hamper a confident correlation with cold
oscillations. The regressive vegetation phase in the KV record from the Netherlands was tentatively
correlated to the Older Dryas (chapter 4). The Older Dryas biozone is widely recognised in pollen
records throughout the Netherlands and northern Belgium, where it is dated to between 12,100
and 11,900 14C yr (Hoek, 1997a, b), or a calibrated mean age range from ~14.0 to 13.7 kyr cal BP.
A comparable temporary decline of Betula is identified in the varved Meerfelder Maar deposits in
western Germany, where it is dated to ~13.8-13.7 varve kyr BP (Litt and Stebich, 1999), while a
temporary decline in woody vegetation in northeast Germany is referred to as Open Vegetation
Phase II, with an estimated age of ~12-11.9 14C kyr BP (de Klerk, 2008), or a calibrated mean age
range of ~13.9-13.7 kyr cal BP. In comparison, the age of GI-1d is established at ~14.0-13.9 kyr cal
BP in the NGRIP record (Lowe et al., 2008). The differences in the age of the events may reflect
asynchroneity of changes in the different regions, but are more likely the result of the different
dating methods used. In addition to these chronological uncertainties, limited temporal resolution
in pollen records often impedes identification of short-lived regressive vegetation phases. Combined
high-resolution pollen and chironomid analyses from additional sites are recommended to enable
a more detailed comparison of the response of vegetation to short-lived climatic oscillations.
Although it appears that the second oscillation (GI-1b) cannot be discerned as a temporary
regressive vegetation phase in the Netherlands, it is possible that this oscillation is reflected by the
expansion of pine (e.g. Bohncke, 1993). This is in agreement with a temporary increase of pine
during a minor cold oscillation in the FGW record.
It appears that mainly tree and shrub communities were negatively affected by centennial-scale
summer temperature fluctuations during the Lateglacial Interstadial. It is likely that factors other
than summer temperature, such as a concomitant decrease of winter temperatures and growing
season, or temporary change to drier conditions also affected the woody vegetation during these
oscillations. For example, it is believed that the Older Dryas was associated with a temporary
change to drier conditions in the Netherlands (e.g. van Geel and Kolstrup, 1978; Bohncke and
Wijmstra, 1988; Hoek, 1997a). A combination of these climatic factors presumably led to a
temporary reduction of flowering and regeneration of tree and shrub communities.
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6.8 Conclusions
A regional comparison of available Lateglacial chironomid-based temperature records from
northwest Europe provided insight into Lateglacial summer temperature gradients in this part of
the continent. Average chironomid-inferred mean July temperatures (C-IT) for the Interstadial
varied from ~11.5°C in the British Isles to ~16.5°C in continental northwest Europe, and were
slightly lower than present-day values. Reconstructed minimum mean July C-IT for the Younger
Dryas varied between ~7.5°C in the British Isles and ~11.0°C in continental northwest Europe, and
were ~3.0-6.0°C lower than the average Interstadial values, and ~5.5-7.0°C lower than present-day
summer temperatures.
Comparison with vegetation reconstructions suggests a link between vegetation development
and summer temperatures with chironomid-inferred mean July temperatures that well exceeded
12°C facilitating the expansion of forests in large parts of northwest Europe during the Interstadial.
Nevertheless, it appears that other climatic factors, such as winter temperature, precipitation and
windiness, as well as environmental conditions, also strongly affected Lateglacial Interstadial
vegetation development. During the subsequent Younger Dryas, mean July C-IT in large parts of
the British Isles dropped to well below 10-12°C, which is considered the thermal limit for birch and
pine forests, while inferred temperatures in continental northwest Europe were close to the thermal
limit of birch and pine forests. The inferred summer temperature decline, likely in combination with
other climatic changes, such as a strong decline in winter temperatures and decrease in growing
season, led in northwest Europe to a contraction of tree and shrub communities.
Discussed chironomid-inferred temperature records provided evidence for the occurrence
of short-lived cold oscillations within the Interstadial, which have been correlated to Greenland
Interstadial events 1d and 1b by the investigators of the respective sites. These cold oscillations have
been compared to pollen records obtained from the same sediment sequences. Results indicated
that these temperature oscillations mainly affected woody vegetation. It is likely that tree and shrub
communities were negatively affected during these cold oscillations by a range of climatic factors,
such as a temporary decrease in growing season or change to drier conditions, in addition to a
temporary lowering of summer temperatures.
Finally, it appears that mean July temperature gradients during the Interstadial were largely
comparable to present-day summer temperature gradients. In addition, results provide evidence
for a more extreme west to east gradient of mean July temperatures during the coldest phase of
the Younger Dryas compared to the present-day summer temperature gradient. This may indicate
an increased influence of the Atlantic Ocean during the Younger Dryas compared to the warm
Interstadial. A west to east gradient is also observed in the Lateglacial vegetation development,
probably as a result of the climatic gradient. While shrubland and grassland developed in Ireland
during the Interstadial, birch and pine forests expanded in continental northwest Europe.
Furthermore, shrub tundra developed in large parts of the British Isles during the Younger Dryas,
whilst open pine forests persisted in northeast Germany.
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Summary and conclusions

Chapter 1: General introduction
Climate change is among the most important environmental issues that our society is confronted
with, but natural climatic variability is still not well understood. Studying past climate variability
will improve our understanding of the causes, amplitudes and spatial patterns of climatic and
associated environmental changes. The Last Glacial to Interglacial Transition (LGIT), or
Weichselian Lateglacial (~14.7-11.7 kyr cal BP) is marked by major climatic and environmental
changes in the North Atlantic region, and is therefore an ideal period to gain new insights into
spatial patterns of natural climatic variability and the environmental response to climate change.
The long-term warming trend arising during the Lateglacial was interrupted by a number of rapid
climate oscillations, including the cold Younger Dryas Stadial (~12.8-11.7 kyr cal BP) and at
least two centennial-scale cold oscillations (Greenland Interstadial events 1b and 1d) during the
relatively warm Interstadial (~14.7-12.8 kyr cal BP). These cold phases are thought to originate
from meltwater pulses into the Atlantic Ocean, leading to a decreased North Atlantic thermohaline
circulation. Thus, the most pronounced cooling during these cold phases is expected in regions close
to the Atlantic Ocean. Understanding how these changes propagated inland will provide insights
into the influence of the Atlantic Ocean on climatic and environmental changes in northwest
Europe. Lateglacial vegetation development in this region has been studied in detail, but depends
on a range of climatic and environmental factors, which complicates interpretation of vegetation
changes in terms of past temperature changes. Thus, temperature proxies independent of past
vegetation changes are essential for a better understanding of the impact of climatic variability on
Lateglacial vegetation and landscapes across northwest Europe.
The main research objective of this study was to establish how and to what extent Lateglacial
climatic changes, and more specifically changes in summer temperature, were associated with
vegetation changes in northwest Europe. Therefore, the following research questions were to be
answered:
•
•
•

How did summer temperatures change during the Lateglacial along a west to east transect
across northwest Europe?
Is it possible to determine a west to east gradient in the amplitude of summer temperature
changes associated with a decreasing Atlantic influence?
To what extent were these climatic changes associated with shifts in vegetation?

To achieve the objective, calcareous lake sediment records from western Ireland (chapter 2, 3), the
Netherlands (chapter 4) and northeast Germany (chapter 5) were analysed for multiple proxies
to reconstruct temperature and vegetation changes along a west-east transect through northwest
Europe (chapter 6). First, pollen were analysed to reconstruct vegetation changes. In order to
distinguish between local and regional environmental influences, pollen results from each site were
subsequently compared with one or more pollen records from the same or adjacent basins. Second,
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oxygen isotopes in bulk carbonates were measured, as fluctuations in oxygen isotope records
often reflect temperature changes. Third, chironomid assemblages were analysed, which enabled a
quantitative reconstruction of mean July air temperatures. The multiple proxies were analysed on
the same sediment sequences, which enabled direct comparison of the responses of the different
indicators, without chronological uncertainties associated with the comparison of multiple records.

Chapter 2: Rapid climate change during the Weichselian Lateglacial in Ireland:
chironomid-inferred summer temperatures from Fiddaun, Co. Galway
A lake sediment record from western Ireland was studied to reconstruct summer temperature
changes during the Weichselian Lateglacial. Climatic changes were inferred from fossil
chironomids, changes in lithology and the oxygen isotope composition of lake marl. Lithological
changes provided an approximate chronostratigraphy, which was supported by an age-depth model
for the record based on AMS radiocarbon dates. The record consists of Pre-Interstadial silty clay,
organic calcareous gyttja and lake marl from the Interstadial, and silty clay from the Younger
Dryas, overlain by Holocene lake marl. The similarity between the chironomid and oxygen isotope
records indicates that both proxies responded to a common factor, probably changes in summer
temperature. The proxies indicate rapid warming at the onset of the Interstadial, and pronounced
cooling during the Younger Dryas, followed by warming at the onset of the Holocene. Chironomidinferred mean July temperatures range between ~12.5°C and ~14.5°C for the Interstadial, which is
followed by a strong decline to ~7.5°C during the Younger Dryas. At least two cold events during
the Interstadial can be identified in both the chironomid and oxygen isotope records. These more
moderate temperature oscillations have been correlated to Greenland Interstadial events 1b and
1d, based on the age-depth model for the record. It appears that the first oscillation was the most
severe, and this oscillation coincided with a decrease in the carbonate content. Results are consistent
with other results from the British Isles.

Chapter 3: The impact of summer temperature changes on vegetation development
in Ireland during the Weichselian Lateglacial Interstadial
Lateglacial pollen records from Ireland show an expansion of grassland with Rumex and Salix
as the first response to climatic amelioration at the transition to the Interstadial. Species-rich
grassland was succeeded by open juniper and birch shrubland during the early Interstadial, which
was largely replaced by herbaceous grassland in the late Interstadial. The Younger Dryas cold phase
was associated with an expansion of tundra vegetation with Artemisia. However, the impact of
climatic variability within the Interstadial period on vegetation in Ireland has remained unclear, and
the transition to grassland is not well understood. In this chapter, we present palynological results
of the lake sediment record from western Ireland discussed in chapter 2. Pollen assemblages reflect
the general Lateglacial vegetation development in Ireland. The record further shows a number of
short-lived regressive vegetation phases during the Interstadial. The close similarity of this pollen
record with a pollen record obtained from an adjacent basin indicates that the influence of local
vegetation on the records did not overprint regional components. Consequently, the recorded
regressive vegetation phases likely represent regional vegetation changes. Direct comparison with
the climate reconstruction discussed in chapter 2 indicates that two temporary regressive vegetation
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phases correspond to cold oscillations that have been correlated to Greenland Interstadial events
1b and 1d. In contrast, the transition to grassland does not coincide with a distinct change in
the temperature proxies, so it appears that this transition was not caused by decreasing summer
temperatures. Finally, comparison with other Irish pollen records suggests that the first cold
oscillation (GI-1d) led to a temporary decline in woody vegetation at sites throughout Ireland,
whereas the impact of the second oscillation (GI-1b) appears to be less distinct. This difference
can be explained by the apparently larger magnitude of the first oscillation, as well as the larger
abundance of tree and shrub communities during the early Interstadial.

Chapter 4: Climatic and environmental changes during the Weichselian Lateglacial
Interstadial in the Weerterbos region, the Netherlands
Lateglacial pollen records from the Netherlands reflect a progressive vegetation development,
culminating in birch and pine forests during the later part of the Interstadial (Allerød: ~11.911.0 14C kyr). In addition, one or more short-lived regressive phases are often apparent, such as
the Older Dryas (~12.1-11.9 14C kyr), which is usually recorded as a temporary decline of birch
prior to widespread forest expansion. However, uncertainty remains with respect to the timing of
environmental changes in relation to Interstadial climatic variability. In this chapter, lake sediment
records from the southern part of the Netherlands were studied to allow a comparison of summer
temperature and environmental changes during the Lateglacial Interstadial. A record obtained
from the sedimentary infill of a small depression was analysed for pollen, chironomids, lithology
and oxygen isotopes of lake marl, and spanned the period from the early Interstadial up to the
birch phase of the Allerød. Furthermore, the pollen and oxygen isotope results from this record
were compared with three other records from the region. Chronostratigraphy of the records was
established based on correlation of the pollen records with the biostratigraphical framework for
the Netherlands, supported by radiocarbon dates. The four pollen records reflect development of
birch and pine forests during the Interstadial. However, it appears that local vegetation patterns
strongly influenced these pollen records, complicating the identification of regional vegetation
changes and the inter-correlation of fluctuations observed in the records. The four oxygen isotope
records also substantially differ from each other, and these were probably strongly affected by
local environmental conditions, which impedes the distinction of a regional climate signal from
these records. Chironomid-inferred July temperatures for the Interstadial range between ~15°C
and ~18°C, largely consistent with previously published results from the northern part of the
Netherlands. A temporary regressive phase in the pollen record precedes the expansion of birch
forest and is tentatively correlated with the Older Dryas. Despite differences between the four
pollen profiles from the Weerterbos region, a comparable regressive phase is apparent in all of these
records, which was possibly the result of a shift to drier conditions. In addition, this regressive phase
coincides with a temporary decrease in chironomid-inferred summer temperatures of ~1.5°C.

Chapter 5: The Younger Dryas cooling in northeast Germany: summer temperature
and environmental changes in the Friedländer Groβe Wiese region
Although vegetation development in northeast Germany during the Lateglacial is well known,
quantitative reconstructions of Lateglacial summer temperatures, independent of changes in
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vegetation, are presently not available. In this chapter, results from a lake sediment record from
northeast Germany are presented, which include the first chironomid-based reconstruction of mean
July temperatures for the Lateglacial. The record was analysed for pollen, chironomids, lithology,
and oxygen isotopes of lake marl. The chronology of the record was based on correlation with other
records, the presence of the Laacher See Tephra, and radiocarbon dates, and indicated that the
record encompassed the period from the Allerød to the early Holocene. Pollen assemblages reflect
development of birch and later pine dominated forests during the Interstadial, and opening of pine
forests during the Younger Dryas, consistent with other pollen records from northeast Germany.
Chironomid-inferred July temperatures for the later part of the Interstadial range between ~14.0°C
and 14.8°C. A temporary chironomid-inferred temperature decrease of ~1°C, a negative shift in
the isotope records, and a temporary decline of birch possibly correspond to Greenland Interstadial
1b, although the resolution of the age-depth model is not sufficient to confirm this correlation.
It appears that the transition from the Interstadial to the Younger Dryas was strongly affected
by reworking and re-deposition processes. Nevertheless, a drop in chironomid-inferred mean
July temperatures to ~11.1°C is reconstructed for the later part of the Younger Dryas, while pine
locally persisted in the region. Comparison with a pollen record from the same basin indicates that
wetland grasses locally expanded during this period, leading to substantial variations between both
records. Input of reworked lake marl and later detrital carbonates probably affected the Younger
Dryas sections of the isotope records, which hampers the distinction of a clear climatic signal from
this section of the isotope records. The transition to the Holocene is marked by a strong increase
in chironomid-inferred temperatures to ~15.7°C, an increase in the carbonate content and oxygen
isotope record, and a renewed expansion of birch and pine forests.

Chapter 6: Synthesis: Lateglacial summer temperature changes and vegetation
development along a west to east transect through northwest Europe
In this chapter, the chironomid records discussed in the previous chapters are integrated with
additional northwest European chironomid records that have been produced by other researchers
and have recently become available. The reconstructed temperatures are compared with vegetation
reconstructions from the region to provide insights into potential effects of past climatic changes
on vegetation in this part of northwest Europe. The averaged reconstructed chironomid-inferred
mean July temperature for the Interstadial varies from ~11.5°C in the British Isles to ~16.5°C in
continental northwest Europe, while the minimum mean July temperature for the Younger Dryas
varies from ~7.5°C in the British Isles to ~11.0°C in continental northwest Europe. Chironomidinferred mean July temperatures during the coldest phase of the Younger Dryas are ~5.5-7.0°C
lower than present-day summer temperatures. Results are generally consistent with reconstructions
based on other biotic proxies. Comparison of chironomid-inferred temperatures with vegetation
reconstructions suggests a strong link between climatic changes and vegetation development.
Chironomid-inferred mean July temperatures that exceeded 10-12°C during the Interstadial
facilitated expansion of birch and pine forests in large parts of northwest Europe. Further, a
summer temperature decline to well below 10-12°C in large parts of the British Isles during the
Younger Dryas probably strongly limited forests. Nevertheless, other climatic factors presumably
also had a considerable influence on vegetation development. In addition to the Younger Dryas,
centennial-scale cold oscillations have been identified in the Interstadial sections of the chironomid
records, and these have been correlated with Greenland Interstadial events 1b and 1d. Comparison
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with pollen records indicates that these oscillations mainly had a negative effect on tree and shrub
communities, probably due to a range of climatic factors, such as a temporary decrease in growing
season or change to drier conditions, in addition to a temporary lowering of summer temperatures.
Based on the chironomid results it appears that mean July temperature gradients during the
Interstadial were largely comparable to present-day summer temperature gradients. Furthermore,
results provide evidence for an increased west to east mean July temperature gradient during the
coldest phase of the Younger Dryas compared to the Interstadial July temperature and presentday summer temperature gradients. This may indicate that oceanic influences were more important
during the Younger Dryas than during the warm Interstadial. Finally, a west to east gradient from
shrubland and grassland in Ireland to birch and pine forests in continental northwest Europe is
observed during the Interstadial, and a gradient from shrub tundra in the British Isles to open pine
forests in northeast Germany is apparent during the Younger Dryas, which probably reflect the
climatic gradients.

General conclusions
•
•
•
•
•
•

•

Averaged Interstadial chironomid-inferred mean July temperatures vary from ~11.5°C in the
British Isles to ~16.5°C in continental northwest Europe.
Minimum Younger Dryas chironomid-inferred mean July temperatures vary from ~7.5°C in
the British Isles to ~11.0°C in continental northwest Europe.
Cold oscillations that have been correlated to GI-1b and GI-1d are apparent in the available
chironomid records with reconstructed temperature changes that vary between ~0.5 and
~3.0°C.
Comparison of the available chironomid records provided evidence for a more extreme westeast temperature gradient during the coldest phase of the Younger Dryas compared to the
preceding Interstadial.
The most pronounced cooling during the Younger Dryas was reconstructed for the site in
western Ireland, close to the Atlantic Ocean.
Reconstructed chironomid-inferred minimum mean July temperatures for the Younger
Dryas that were close to or below the thermal limit of birch and pine forests, presumably in
combination with other climatic factors, led in northwest Europe to a decline of tree and shrub
communities.
Centennial-scale cold oscillations during the Interstadial were associated with a concomitant
temporary decline of tree and shrub communities, probably reflecting decreased flowering and
regeneration.
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Samenvatting en conclusies

Hoofdstuk 1: Introductie
Klimaatverandering, en met name klimaatveranderingen als gevolg van menselijk handelen, is een
veel besproken en actueel maatschappelijk probleem. Natuurlijke klimaatveranderingen treden
echter al op sinds het begin van de geologische geschiedenis. Waarom en hoe deze natuurlijke
klimaatveranderingen optreden wordt nog steeds niet goed begrepen. Onderzoek naar deze
prehistorische klimaatveranderingen kan ons begrip over de oorzaken, amplitudes en de ruimtelijke
patronen van deze klimatologische en de daaraan gerelateerde landschappelijke veranderingen
verbeteren. De meest recente grootschalige klimaatverandering in de geologische geschiedenis
is de overgang van glaciaal naar interglaciaal: het Weichselien Laatglaciaal (~14.700-11.700 jaar
geleden). Deze verandering werd gekenmerkt door sterke klimatologische en landschappelijke
veranderingen in de gebieden rondom de Noord Atlantische Oceaan. Daarmee is deze periode
uitermate geschikt om nieuwe inzichten te verkrijgen in ruimtelijke patronen van natuurlijke
klimaatveranderingen en de daaraan gerelateerde landschappelijke veranderingen. De opwarming
tijdens het Laatglaciaal werd onderbroken door meerdere koude oscillaties, zoals het Jonge
Dryas Stadiaal (~12.800-11.700 jaar geleden) en ten minste twee kortere oscillaties van enkele
honderden jaren tijdens het relatief warme Interstadiaal (~14.700-12.800 jaar geleden). Deze
twee kortere oscillaties worden aangeduid als Groenland Interstadiaal 1b en 1d. Verondersteld
wordt dat deze koude perioden het gevolg zijn van de toevoer van smeltwater in de Atlantische
Oceaan, wat geleid zou hebben tot een afname van de thermohaliene circulatie (Golfstroom). Het
is daarom te verwachten dat de sterkste afkoeling tijdens deze koude fases optrad in gebieden
dicht bij de Atlantische Oceaan. Door te onderzoeken hoe deze veranderingen zich landinwaarts
ontwikkelden, kunnen nieuwe inzichten verkregen worden over de invloed van de Atlantische
Oceaan op klimatologische en landschappelijke veranderingen in noordwest Europa. Er is reeds
veel onderzoek gedaan naar de Laatglaciale vegetatieontwikkeling in noordwest Europa. Alhoewel
de vegetatieontwikkeling grotendeels temperatuur gestuurd is, hangt deze echter ook af van andere
klimatologische en milieufactoren. Hierdoor kunnen veranderingen in de vegetatie niet direct
geïnterpreteerd worden als temperatuursignaal. Daarom zijn reconstructies van temperatuur,
onafhankelijk van veranderingen in de vegetatie, essentieel voor een beter begrip van de invloed van
klimaatveranderingen op de Laatglaciale vegetatie en het landschap in noordwest Europa.
Het hoofddoel van dit onderzoek was om vast te stellen in hoeverre Laatglaciale
klimaatveranderingen, en specifiek veranderingen in zomertemperatuur, geassocieerd waren
met veranderingen in de vegetatie in noordwest Europa. Hiervoor moesten de volgende
onderzoeksvragen beantwoord worden:
• Hoe veranderde de zomertemperatuur gedurende het Laatglaciaal langs een west-oost transect
door noordwest Europa?
• Is het mogelijk om een west-oost gradiënt te bepalen in de amplitude van veranderingen in de
zomertemperatuur als gevolg van een afnemende invloed van de Atlantische Oceaan?
• In hoeverre waren deze klimaatveranderingen geassocieerd met veranderingen in de vegetatie?
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Om deze onderzoeksvragen te kunnen beantwoorden zijn kalkrijke meerafzettingen uit het westen
van Ierland (Hoofdstuk 2, 3), Nederland (Hoofdstuk 4), en noordoost Duitsland (Hoofdstuk
5) geanalyseerd op meerdere proxies. Met behulp van deze proxies zijn de temperatuur- en
vegetatieveranderingen gereconstrueerd langs een west-oost transect door noordwest Europa
(Hoofdstuk 6). Ten eerste is pollen (stuifmeel) geanalyseerd om veranderingen in de vegetatie te
reconstrueren. Om onderscheid te kunnen maken tussen lokale en regionale milieufactoren, zijn
de pollenresultaten vervolgens vergeleken met een of meerdere sedimentkernen afkomstig uit
hetzelfde of naastgelegen bekkens. Ten tweede zijn zuurstofisotopen gemeten van bulk carbonaten.
Fluctuaties in zuurstofisotopen records zijn vaak het gevolg zijn van temperatuurveranderingen,
de ratio waarin de verschillende isotopen voorkomen is daarmee een indicatie voor de
temperatuur. Ten derde zijn de chironomiden (dansmuggen) assemblages geanalyseerd, aan de
hand waarvan een kwantitatieve reconstructie van de gemiddelde juli temperatuur gemaakt
kon worden. Het voorkomen van verschillende chironomiden soorten hangt namelijk sterk af
van de zomertemperatuur. De verschillende proxies zijn steeds op dezelfde sediment sequenties
geanalyseerd, waardoor de respons van de verschillende indicatoren direct met elkaar vergeleken
kon worden, zonder de onzekerheden in de chronologie die geassocieerd zijn met het vergelijken
van verschillende sequenties.

Hoofdstuk 2: Snelle klimaatveranderingen gedurende het Weichselien Laatglaciaal
in Ierland: op chironomiden gebaseerde zomertemperatuurreconstructie uit
Fiddaun, Co. Galway
Een sedimentkern van kalkrijke afzettingen afkomstig uit een meer in het westen van Ierland
is bestudeerd om veranderingen te reconstrueren in de zomertemperatuur gedurende het
Weichselien Laatglaciaal. De sterkte en wijze van de klimaatveranderingen zijn afgeleid van
fossiele chironomiden, veranderingen in de lithologie en de zuurstofisotopenverhouding van de
kalkrijke afzettingen. De algemene chronostratigrafie van deze kern is gebaseerd op lithologische
veranderingen, ondersteund door een ouderdom-diepte model voor de kern gebaseerd op AMS
(accelerator mass spectrometry) 14C-dateringen. De sedimentkern bestaat achtereenvolgens
uit klei afgezet in het Pre-Interstadiaal, organische kalkgyttja en moeraskalk gevormd in het
Interstadiaal, klei afgezet in de Jonge Dryas en moeraskalk welke is gevormd in het Holoceen.
De overeenkomsten in de trends van de chironomiden en zuurstofisotopen records suggereert
dat beide proxies op dezelfde externe factor reageerden, waarschijnlijk veranderingen in de
zomertemperatuur. De resultaten duiden op een snelle opwarming aan het begin van het
Interstadiaal, een sterke afkoeling tijdens de Jonge Dryas en de daaropvolgende opwarming aan
het begin van het Holoceen. Op basis van de chironomiden assemblages is de juli temperatuur
gereconstrueerd. Deze reconstructie geeft een gemiddelde juli temperatuur die varieert tussen ~12.5
en ~14.5°C tijdens het Interstadiaal, gevolgd door een sterke afkoeling naar ~7.5°C gedurende de
Jonge Dryas. Binnen het Interstadiaal zijn verder in ieder geval twee koude oscillaties te zien in
zowel de chironomiden assemblages als de zuurstofisotopen curve. Op basis van het ouderdomdiepte model van de record konden deze meer gematigde temperatuursfluctuaties gecorreleerd
worden aan Groenland Interstadiaal 1b en 1d. Het lijkt erop dat de eerste van deze twee oscillaties
het sterkst was en deze oscillatie kwam overeen met een afname van het kalkgehalte. De resultaten
van deze sedimentkern zijn consistent met eerdere resultaten uit Ierland en Groot-Brittannië.
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Hoofdstuk 3: De invloed van veranderingen in zomertemperatuur op de
vegetatieontwikkeling in Ierland gedurende het Weichselien Laatglaciale
Interstadiaal
Als eerste reactie op de opwarming op de overgang naar het Interstadiaal laten de Laatglaciale
pollen records uit Ierland een uitbreiding van grasland met Rumex (zuring) en Salix (wilg) zien.
Dit soortenrijke grasland werd opgevolgd door een open struiklandschap met jeneverbes en berk
gedurende het vroege Interstadiaal. Deze vegetatie werd vervolgens grotendeels vervangen door
een kruidenrijk grasland in het late Interstadiaal. Tijdens de Jonge Dryas vond een uitbreiding
van toendravegetatie met Artemisia (alsem) plaats. De specifieke invloed van klimaatveranderingen
tijdens het Interstadiaal op de vegetatie in Ierland is echter nog niet duidelijk. Daarnaast is er
nog onduidelijkheid over de processen en oorzaken van de overgang naar grasland tijdens het
Interstadiaal. In dit hoofdstuk presenteren we de palynologische resultaten van de sedimentkern
uit een meer in het westen van Ierland (Hoofdstuk 2). Deze palynologische reconstructie geeft een
beeld van de algemene Laatglaciale vegetatieontwikkeling in Ierland zoals hierboven beschreven.
De record laat verder een aantal korte regressieve vegetatiefasen tijdens het Interstadiaal zien. De
sterke overeenkomsten van dit pollen profiel met een pollen profiel afkomstig uit een naastgelegen
bekken wijzen erop dat de aangetroffen pollentrends niet het gevolg zijn van lokale veranderingen
in de vegetatie, maar juist regionale veranderingen en trends weerspiegelen. Een vergelijking met
de klimaatsreconstructie uit hoofdstuk 2 laat zien dat de twee tijdelijke regressieve vegetatiefases
overeenkomen met koude oscillaties die gecorreleerd zijn aan Groenland Interstadiaal 1b en 1d.
De overgang naar grasland tijdens het Interstadiaal komt echter niet overeen met een duidelijke
verandering in de temperatuurproxies. Waarschijnlijk is deze overgang dus niet veroorzaakt
door een afname van de zomertemperatuur, maar het gevolg van een andere externe factor. Een
vergelijking met andere Ierse pollen records suggereert dat de eerste koude oscillatie (GI-1d)
leidde tot een tijdelijke afname van de boom- en struikvegetatie in gebieden verspreid door heel
Ierland, terwijl de invloed van de tweede oscillatie (GI-1b) op de vegetatie minder duidelijk
is. Het verschil tussen deze twee oscillaties kan verklaard worden door de schijnbare grotere
temperatuurverandering van de eerste oscillatie en het op grotere schaal voorkomen van boom- en
struikgemeenschappen tijdens het vroege Interstadiaal in vergelijking tot het latere deel van het
Interstadiaal.

Hoofdstuk 4: Klimatologische en landschappelijke veranderingen gedurende het
Weichselien Laatglaciale Interstadiaal in de omgeving van het Weerterbos,
Nederland.
Laatglaciale pollendiagrammen uit Nederland laten een progressieve vegetatieontwikkeling
zien naar berken- en dennenbossen in het latere deel van het Interstadiaal (Allerød: ~11,90011,000 14C jaar). Verder zijn er vaak een of meerdere korte regressieve fasen te onderscheiden
binnen het Interstadiaal, zoals de Oude Dryas (~12,100-11,900 14C jaar). De Oude Dryas wordt
vaak herkend als een tijdelijke afname van berkenpollen voordat de bossen op grote schaal gaan
uitbreiden. Over de exacte timing van deze landschappelijke veranderingen ten opzichte van de
klimaatveranderingen tijdens het Interstadiaal is echter nog onzekerheid. In dit hoofdstuk zijn
meersedimenten uit pingo’s in het zuiden van Nederland onderzocht met als doel de vergelijking
van de zomertemperatuur en landschappelijke veranderingen tijdens het Laatglaciale Interstadiaal.
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Een sedimentkern afkomstig uit een opgevulde kleine depressie was geanalyseerd voor pollen,
chironomiden, lithologie en zuurstofisotopen van de kalkrijke afzettingen. De afzettingen in deze
kern omvatten de periode van het vroege Interstadiaal tot aan de berkenfase van het Allerød. De
pollen en zuurstofisotopen resultaten van deze kern zijn vergeleken met drie andere kernen uit
hetzelfde gebied. De ouderdom van deze kernen is bepaald door middel van correlatie tussen
de pollendiagrammen en een biostratigrafisch zoneringschema voor Nederland, en daarnaast
ondersteund met 14C-dateringen. De vier pollendiagrammen laten een ontwikkeling naar berkenen dennenbossen zien gedurende het Interstadiaal. Lokale vegetatiepatronen hadden echter een
sterke invloed op deze diagrammen, wat de identificatie van regionale vegetatieveranderingen
bemoeilijkt. De vier zuurstofisotopen records verschilden daarnaast ook sterk van elkaar. Deze
records zijn waarschijnlijk sterk beïnvloed door lokale milieufactoren en dit belemmert de
identificatie van een regionaal klimaatsignaal. De op chironomiden gebaseerde juli temperatuur
voor het Interstadiaal varieert van ~15 tot 18°C. Dit is consistent met eerdere resultaten voor het
noorden van Nederland. De uitbreiding van berkenbos in het pollenprofiel wordt voorafgegaan
door een tijdelijke regressieve fase. Deze regressieve fase komt mogelijk overeen met de Oude
Dryas. Ondanks de verschillen tussen de vier pollendiagrammen uit het Weerterbos is een
vergelijkbare regressieve fase terug te zien in al deze vier records. Deze fase is mogelijk het gevolg
van een tijdelijke overgang naar drogere condities. Deze fluctuatie komt verder overeen met een
tijdelijke afname in de zomertemperatuur van ~1.5°C, zoals gereconstrueerd op basis van de
chironomiden assemblages.

Hoofdstuk 5: De Jonge Dryas in noordoost Duitsland: zomertemperatuur- en
landschappelijke veranderingen in de omgeving van de Friedländer Groβe
Wiese
Hoewel de Laatglaciale vegetatieontwikkeling van noordoost Duitsland bekend is, zijn er voor dit
gebied nog geen kwantitatieve reconstructies van de zomertemperatuur die onafhankelijk van de
vegetatieontwikkeling bepaald zijn. In dit hoofdstuk worden resultaten van een sedimentkern van
afzettingen uit een meer in noordoost Duitsland gepresenteerd, inclusief de eerste op chironomiden
gebaseerde reconstructie van juli temperatuur voor het Laatglaciaal voor dit gebied. De kern is
geanalyseerd voor pollen, chironomiden, lithologie en zuurstofisotopen van de kalkrijke afzettingen.
De chronologie voor de kern is gebaseerd op correlatie met andere records, de aanwezigheid van
de Laacher See Tephra en 14C-dateringen. Deze resultaten geven een ouderdom van het Allerød
voor de basis van de kern tot het vroeg Holoceen in de top van de kern. Pollenassemblages laten
de ontwikkeling van berk- en later dengedomineerde bossen tijdens het Interstadiaal zien, gevolgd
door het opener worden van de dennenbossen tijdens de Jonge Dryas. Deze resultaten zijn
consistent met andere pollen records uit noordoost Duitsland. De op chironomiden gebaseerde
reconstructie van de gemiddelde juli temperatuur voor het laatste deel van het Interstadiaal
varieert tussen ~14.0 en 14.8°C. Een tijdelijke afname van de zomertemperatuur van ~1°C,
een negatieve fluctuatie in de isotopencurves en een tijdelijke afname van berkenpollen komen
mogelijk overeen met Groenland Interstadiaal 1b. Het ouderdom-diepte model voor deze kern is
echter niet gedetailleerd genoeg om dit te bevestigen. De overgang van het Interstadiaal naar de
Jonge Dryas lijkt sterk te zijn beïnvloed door herwerking en herdepositie. Toch is een afname in
de zomertemperatuur naar ~11.1°C gereconstrueerd voor het latere deel van de Jonge Dryas. In
deze periode wordt relatief veel pollen van den gevonden in de geanalyseerde kern wat duidt op de
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aanwezigheid van deze naaldboom in het gebied. Ook is er een sterke uitbreiding van grassen te
zien in het pollenprofiel. Echter in een ander pollenprofiel uit hetzelfde bekken is deze uitbreiding
van grassen niet te zien. Dit grote verschil tussen deze twee profielen duidt op een lokale uitbreiding
van grassen. De Jonge Dryas secties van de isotopen records zijn waarschijnlijk beïnvloed door
een toevoer van herwerkte moeraskalk en later detritische carbonaten. Hierdoor is het niet goed
mogelijk om een duidelijk klimaatsignaal te onderscheiden in dit deel van de isotopen records.
De overgang naar het Holoceen wordt gekenmerkt door een sterke toename naar ~15.7°C in de
gereconstrueerde zomertemperatuur, toenames van het kalkgehalte en de zuurstofisotopenrecord en
een hernieuwde uitbreiding van berken- en dennenbossen.

Hoofdstuk 6: Synthese: Laatglaciale veranderingen in zomertemperatuur en
vegetatieontwikkeling langs een west-oost transect door noordwest Europa
In dit hoofdstuk zijn de chironomiden records uit de voorafgaande hoofdstukken geïntegreerd met
andere beschikbare Laatglaciale chironomiden records uit noordwest Europa. Reconstructies van
de gemiddelde juli temperatuur op basis van deze chironomiden records zijn recent gepubliceerd.
Een vergelijking van deze records geeft inzicht in temperatuurgradiënten in noordwest Europa
tijdens het Laatglaciaal. Deze temperatuurreconstructies zijn vergeleken met vegetatiereconstructies
uit dit gebied om een beeld te verkrijgen van de potentiële effecten van klimaatveranderingen
op de vegetatie in dit deel van noordwest Europa. De gemiddelde juli temperatuur voor het
Interstadiaal variëert van ~11.5°C in Ierland en Groot-Brittannië tot ~16.5°C in continentaal
noordwest Europa, terwijl de minimale gemiddelde juli temperatuur voor de Jonge Dryas varieert
van ~7.5°C in Ierland en Groot-Brittannië tot ~11.0°C in continentaal noordwest Europa. Tijdens
de koudste fase van de Jonge Dryas was de gemiddelde juli temperatuur ~5.5-7.0°C lager dan
de huidige zomertemperatuur. Deze resultaten zijn consistent met reconstructies gebaseerd op
andere biotische proxies. De vergelijking van de temperatuur- en vegetatiereconstructies wijst,
zoals verwacht, op een sterke link tussen klimaatveranderingen en vegetatieontwikkeling. Juli
temperaturen hoger dan 10-12°C faciliteerden de uitbreiding van berken- en dennenbossen in
grote delen van noordwest Europa tijdens het Interstadiaal. Daarentegen zorgde een daling van
de zomertemperatuur tot ruim onder de 10-12°C gedurende de Jonge Dryas voor een sterke
afname van de bossen in grote delen van Groot-Brittannië. Ondanks deze duidelijke link met de
zomertemperatuur is de vegetatieontwikkeling waarschijnlijk ook sterk beïnvloed door andere
klimatologische factoren. Naast de Jonge Dryas zijn ook andere oscillaties van enkele honderden
jaren geïdentificeerd in de Interstadiale secties van de chironomiden records. Deze oscillaties zijn
gecorreleerd aan Groenland Interstadiaal 1b en 1d. Een vergelijking met pollen profielen van
dezelfde sequenties laat zien dat deze oscillaties vooral een effect hadden op bomen en struiken.
Waarschijnlijk speelden hierbij, naast een tijdelijke afname van de zomertemperatuur, ook andere
klimatologische factoren een rol, zoals een tijdelijke afname in de duur van het groeiseizoen of een
overgang naar drogere condities. Een vergelijking van de beschikbare chironomiden records laat
zien dat de gemiddelde juli temperatuurgradiënten tijdens het Interstadiaal vergelijkbaar waren
met de huidige zomertemperatuurgradiënten. Daarnaast tonen deze records een toename in de
west-oost juli temperatuurgradiënt tijdens de koudste fase van de Jonge Dryas ten opzichte van
zowel het Interstadiaal als de huidige zomertemperatuurgradiënten. Mogelijk was de invloed van
de Atlantische oceaan belangrijker ten tijde van de Jonge Dryas in vergelijking met het warme
Interstadiaal. Tenslotte tonen de verschillende records tijdens het Interstadiaal een opeenvolging
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van vegetatiezones van west naar oost van grasland en struikgemeenschappen in Ierland tot berkenen dennenbossen in continentaal noordwest Europa. Ook in de Jonge Dryas is een dergelijke
opeenvolging van vegetatiezones zichtbaar van struiktoendra in Ierland en delen van GrootBrittannië tot open dennenbossen in noordoost Duitsland. Deze opeenvolging van vegetatiezones
is waarschijnlijk het gevolg van klimatologische gradiënten.

Algemene conclusies
•
•
•
•
•
•

•
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De gemiddelde juli temperatuur tijdens het Interstadiaal varieerde van ~11.5°C in GrootBrittannië en Ierland tot ~16.5°C in continentaal noordwest Europa.
De gemiddelde juli temperatuur tijdens de koudste fase van de Jonge Dryas varieerde van ~7.5
°C in Groot-Brittannië en Ierland tot ~11.0°C in continentaal noordwest Europa.
Koude oscillaties die gecorreleerd zijn aan GI-1b en GI-1d zijn te zien in de beschikbare
chironomiden records, waarbij de gereconstrueerde temperatuurveranderingen variëren tussen
~0.5 en ~3.0°C.
Een vergelijking van de beschikbare chironomiden records duidt op een extremere west-oost
temperatuurgradiënt gedurende de koudste fase van de Jonge Dryas in vergelijking tot het
voorafgaande Interstadiaal.
De sterkste afkoeling tijdens de Jonge Dryas is gereconstrueerd voor de locatie in het westen
van Ierland, dicht bij de Atlantische Oceaan.
De gereconstrueerde gemiddelde juli temperaturen voor de koudste fase van de Jonge Dryas
waren gelijk aan of lager dan de temperatuurgrens voor de ontwikkeling van berken- en
dennenbossen. In noordwest Europa leidde dit, waarschijnlijk in combinatie met andere
klimatologische veranderingen, tot een afname van boom- en struikgemeenschappen tijdens de
Jonge Dryas.
Koude oscillaties tijdens het Interstadiaal waren geassocieerd met een tijdelijke afname van
boom- en struikgemeenschappen.
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