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"The Holocene period thus emerges not as a bland, pastoral coda to the contrasted 

movements ofa stirring Pleistocene symphony; rather we now see it as a period of 

continuous change, the documenting and understanding of which becomes increasingly 

urgent as our concernsforfuture climate change grow. " 

- Frank Oldfield, 2003 
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FINE-RESOLUTION PEAT-BASED PALAEOCLIMATE, RECORDS 
OF THE LATE-HOLOCENE 

by Matthew John Amesbury 

The need for peat-based palaeoclimatic studies of increased temporal resolution 
has been identified in recent research and forined the basis of this thesis. Four 
ombrotrophic bogs were studied along an oceanic to continental climate transect in 
north-west Europe. Selected late-Holocene abrupt climatic deteriorations were 
identified at coarse resolution and time-slices over each of these were investigated at 2- 
5 mm sample resolution using peat hurnification, testate amoebae and plant macrofossil 
analyses. Age-depth models based on radiocarbon dating, tephrochronology and 
spheroidal carbonaceous particle analysis were applied to each fine-resolution zone. By 
quantifying the error inherent in the age-depth models, it was confirmed that in the 
majority of cases, the sampling resolution used equated to sub-decadal resolution. 
Therefore an assessment of whether the fine-resolution results could be confidently 
interpreted as reflecting sub-decadal palaeoclimatic change was possible. 

In order to facilitate this approach, novel sampling techniques were developed 
and changes to standard methodologies applied. A custom-built peat slicer enabled 
uniform millimetre-scale slicing of frozen peat samples. Sample sizes for each of the 
three methods of analysis were halved after testing confirmed that this did not effect the 
interpretation of the palaeoclimatic record derived. 

It was concluded that the multi-proxy, fine-resolution results could be 
confidently interpreted as sub-decadal resolution palaeoclimatic data, although careful 
interpretation was deemed essential since some datasets were problematic in some 
respects. For example, the extent to which the individual records co-varied within the 
fine-resolution zones was variable and there was a lack of correspondence between 
some results from adjacent cores. In addition, a lack of contemporaneity between fine- 
resolution zones of the same event between sites and uncertainty in the absolute dating 
of the fine-resolution changes meant that the climatological conclusions relating to each 
abrupt event were limited, although there was evidence of palaeoclimatic changes that 
occurred over ca. 5- 20 years, indicating that the events studied may have been more 
abrupt than suggested in previous peat-based research. Fine-resolution hurnification 
results were subjected to spectral analysis and exhibited a dominant Periodicity of 
between 8 and 13 years, suggesting a link to the ca. 11 year Schwabe sunspot cycle. 

In order to maximise potential temporal resolution and produce reliable sub- 
decadal palaeoclimatic data in future research, it was recommended that peat-based 
studies should obtain the best possible chronological control, focus on sites with high 
species diversity and rapid accumulation, employ the methodological advancements 
developed in this thesis and perform replicate coring to assess intra-site differences in 
microtopography. Site specific factors should be considered above degree of 
continentality in the selection of sites for future research. 
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CHAPTER ONE: INTRODUCTION 

LI Context andjustification ofresearch 
In a time where future climate change is a major environmental and political issue, the 

role of palaeoclimatology to provide a detailed eye on the past becomes ever more 

crucial. Annually- and in some cases seasonally-resolved sources of Holocene 

palaeoclimatic data exist in tree-rings (Briffa, 2000), ice cores (Alley, 2000a; Johnsen et 

al., 2001), corals (Sun et al., 2005), speleothems (Fleitmarm et al., 2004) and varved 
lake sediments (Prasad et al., 2006), and these have been widely exploited to provide 

the high-resolution palaeoclimatic records that are essential in evaluating future climate 

models (Valdes, 2003; Schneider and Mastrandrea, 2006). 

Ombrotrophic peat bogs are another well-established source of. palaeoclimatic data and 
have been studied globally to provide both qualitative and quantitative reconstructions 

of past atmospheric moisture balance (e. g. precipitation - evaporation; McGlone and 
Wilmshurst, 1999; Barber, 2006; Charman et al., 2006; Hughes et al., 2006; Chambers 

et al., 2007). In 1976, when peat-based palaeoclimatic research was in its infancy, 

Aaby observed that raised peat bogs acted as biological low pass filters, only reflecting 
long-term climatic tendencies. However, more than 30 years later, decadally-resolved 

studies are now common (Barber and Charman, 2003) and, furthermore, the often rapid 

growth rates of ombrotrophic bogs, when combined with fine-resolution (millimetre 

scale) sampling, provide an as yet largely unexploited potential to derive sub-decadal 

palaeoclimatic data from this proxy-archive. Alley and Agfistsd6ttir (2005) stated that 

in all palaeoclimatic records, when bioturbation or other diffusive processes are 

sufficiently small and sampling is sufficiently intensive, an anomaly of any desired age 

can be found. However, the accuracy and reliability of fine-resolution peat-based 

records are untested and will depend on a number of methodological, taphonomic and 

ecological issues (see Chapter 2). 

The need for more detailed peat-based palaeoclimatic studies of increased temporal 

resolution has been widely identified and will form the basis of this project, both in 

methodological and climatological terms (Section 1.2). As early as 1985, Barber stated 
in relation to the peat archive that we should strive to arrive at a proxy version of the 



decadal moving averages of the instrumental climatologist, stressing the benefits in 

scientific understanding of the climate system and the importance of such results to 

palaeoecology and archaeology that this would bring. Indeed, in a later fine-resolution 

pollen study, the stated aim of Green et al. (198 8) was to bridge the gap in time-scale 

between sedimentary records and modem ecological and meteorological data (Figure 

1.1). More recently, Charman et al. (1999) ýlso stated the need for future research to 

include multi-proxy records of high enough temporal resolution to compare with 
instrumental climate data and some progress towards this goal has since been made (e. g. 
Charman, 2007a). However, there is still currently a significant gap between the 

established decadal resolution used in late-Holocene peat-based palaeoclimatic research 

and the often annually-resolved sources of palaeoclimatic evidence used to corroborate 

the record. 

Environmental monitoring ------ 

------ Ecology 

) 
of 

) 

\j 

100 yr 10 yr I yr 

Palaeoecology / Palaeoclimatology Ecology I Clirmtology 

4 )p 

Sediment resolution 
------- ------- Time averaging acceptable Highest resolution required 

Figure I. I: Schematic diagram showing differences in resolution between modern 
ecological/climatological studies and those derived from sediment records'which usually have a longer- 

term perspective (after Anderson, 1995). 

Barber et al. (2004a) stated that while there was a continued need for the development 

of general climate histories, the focus of research should also turn to detailed analysis of 
individual events and periods of particular interest. Indeed, Joosten and de Klerk 

(2007a) highlighted that "Quaternary palaeoecology is increasingly focussing on finer 

temporal resolutions". The search is always for higher-resolution records that can better 

characterise individual events. For example, Alley and Agfistsd6ttir (2005) cautioned in 

relation to, the much-studied abrupt climate change about 8200 years ago that most 

proxy-records across the event lacked the time resolution to fully characterise the 
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climate anomalies. Indeed, Overpeck and Webb (2000) stated that our understanding of 

past abrupt climate change under warm climate conditions (i. e. the Holocene) remains 
limited. By aiming to uncover detail within the abrupt climate changes being studied, in 

addition to simply identifying them, this research will address this issue and also build 

on the work of those who have studied the events in less detail (see Chiverrell, 2001). 

Additionally, Haslam (1987) studied sites on an oceanic to continental climate transect 

across north-west Europe in relation to a major change in peat type or recurrence 

surface, termed the 'Grenzhorizont', 'Schwarztorf-WeiBtorf Kontakt' or 'Main 

Hurnification Change', occurring at about 2500 years ago. This study uses a similar 

approach (see Chapter 4) and therefore provides an opportunity to test Haslam's 

conclusions regarding the effect of prevailing climate on the palaeoclimatic record, for 

example the greater sensitivity of bogs in oceanic environments. The project will 

employ three main proxy-climate techniques; plant macrofossil, peat hurnification and 

testate amoebae analyses (see Sections 2.3 - 2.5). These will be supported by 

chronologies based on radiocarbon dating, tephrochronology and spheroidal 

carbonaceous particles (Chapter 5). 

1.2.4 ims and objectives 
The primary aim of this thesis is: 

* To determine whether fine-resolution plant macrofossil, peat hurnification and 

testate amoebae analyses from ombrotrophic peat bogs with high rates of 

accumulation can accurately reflect sub-decadal palaeoclimatic change. 

The project can therefore be regarded as principally methodological. The second, 

climatological, aim is: 

To use fine-resolution methodologies to investigate in detail key abrupt climate 

events in the late-Holocene, building on the work of previous research that has 

studied these at coarser resolution, identifying the events themselves, but not any 

detail within them. 

These aims will be addressed through a number of specific objectives: 
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e Formulation and testing of novel methodologies for fine-resolution research; 

e Identification of contemporary abrupt climatic deteriorations from four sites located 

along an oceanic - continental climate gradient in north-west Europe; 

e Fine-resolution, multi-proxy analysis of these events; 

9 Detailed analysis of the fine-resolution results to assess the extent to which a 

palaeoclimatic 'signal' or autogenic 'noise' is dominant. 

1.3 Terminology 

Throughout this thesis dates are expressed as calibrated calendar years on the BP 

(Before Present) scale (i. e. cal. BP), where the 'present' is defined as AD 1950. Where 

previous research has expressed dates using a calendar age scale (i. e. cal. BC or cal. 
AD) this has been used and the cal. BP date given in brackets (e. g. during discussion of 

the Little Ice Age (LIA); Section 2.7.3). All radiocarbon dates have been calibrated 

using the program CALM v. 5.0.2 (Stuiver et al., 2005) and the IntCalO4 calibration 

curve (Reimer et al., 2004). 

Where acronyms are used the full name is always given on the first instance with the 

acronym to be used thereafter shown in brackets. Definitions of certain terms used with 

frequency throughout the thesis such as 'abrupt climate change' or 'fine-resolution' are 

given in the relevant sections of Chapter 2 where these are first- discussed. 

1.4 Thesis structure 
This introductory chapter has justified and set in context the aims and objectives of the 

project. Chapter 2 presents a synthesis of relevant published research including a brief 

overview of the fundamental principles of peat-based palaeoclimatology and a review of 

the methods used and abrupt events studied, as well as considering how the resultant 

data will be validated. Chapter 3 provides detailed methodologies for certain aspects of 

the project including fieldwork, laboratory and statistical methods. In addition, testing 

carried out to validate the novel methodologies employed is considered in detail. 

Chapter 4 provides detailed information on each of the study sites including a review of 

previous research and modem climate data. Chapter 5 addresses all chronological 

methods used, including radiocarbon, tephrochronology and others, with a review of 

published research on each technique and details of the methods applied. Chronological 
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results are then presented and discussed and age-depth models developed for all study 

events at each site. Chapter 6 presents the palaeoclimatological results, considering 
firstly the skeleton diagrams from all sites before focussing on the fine-resolution 

analysis of individual events. Chapter 7 provides an in-depth discussion of these 

results, with particular reference to their validity as sub-decadal palaeoclimatic records 

and the inter-comparability of the records of each abrupt event. It then considers the 

implications of these findings for future peat-based palaeoclimatic studies. Finally, 

Chapter 8 highlights the conclusions that may be drawn from this research. 



CHAPTER TWO: PREVIOUS RESEARCH 

2.1 Peat-basedpalaeocliniatology 

The controlling influence of climate on the relative abundance of bog species and the 
degree of peat humification was proposed by Barber (198 1), a century after the 

publication of important early works on mire stratigraphy and climate by Blytt 

(1876), Weber (1900) and Sernander (1908). Weber (1900) worked on recurrence 

surfaces in Germany, for example the Grenzhorizont, and recognised the potential 
influence of climate in causing major shifts in peat stratigraphy. Barber(1981) 

falsified the Cyclic Regeneration Theory of Osvald (1923) which held that peat grew 

primarily through autogenic processes and proposed the Phasic Theory of bog 

growth which maintains that all factors of mire hydrology and drainage are 

subordinate to climate. Having dispelled any misconceptions relating to peat growth 
(but see Backeus, 1990) there was a subsequent shift in research towards the 

reconstruction of climatic curves rather than the identification of fixed points 
(Barber, 1982; Blackford, 1993). This trend largely began in the 1970s with the 

work of Aaby and Tauber (1974) and Aaby (1976). Peat-based palaeoclimatic 

research has since developed into an exact science that can provide both qualitative 

and quantitative reconstructions of past climatic fluctuations from a number of 

physical and biological properties of peat (Sections 2.3 - 2.5). The history of peat- 
based palaeoclimate research is reviewed in more detail by Barber (198 1; 1982), 

Blackford (1993) and Chambers and Charman (2004). The following two sections 

will outline the basics behind the use of peat bogs as climate archives and address 

two key concerns about these records. 

Since Aaby (1976) raised doubts over the validity of studying shifts to drier bog 

conditions, peat-based palaeoclimatic studies have traditionally focussed on 'wet 

shifts' or increases in bog surface wetness (BSW), as indicated by whichever method 
is employed. In relation to the degree of peat hurnification, Aaby (1976) stated that 

as a shift to more hurnified peat may occur due to the increase in relative distance to 

the water-table as peat accumulates, shifts to drier conditions should be ignored as 
indicators of past climate change. These concerns over autogenic control on peat 

stratigraphy have since been refuted (Barber, 198 1; see above) and it is now equally 
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valid to study both wet and dry shifts (e. g. Chiverrell, 2001; Booth and Jackson, 

2003; Blundell and Barber, 2005; Langdon and Barber, 2005). Indeed, Chiverrell 

(2001) stated that the severity of switching between wet- and dry-indicating 

stratigraphy allowed dry periods to be identified with some security at May Moss, 

northern England. However despite this, possibly through "cultural or intellectual 

inertia" (Brown, 2006) or a focus on the human aspect of climatic deteriorations (e. g. 
Amesbury et al., 2008), research has remained focussed on wet shifts and these are 

arguably better defined and understood in the Holocene than dry shifts. In particular, 

all studies of abrupt climate change in the Holocene have focussed on wet shifts and 

since this thesis uses previous research as a starting point (e. g. see event selection 

criteria, Section 2.7.2), this focus will continue here. The terminology 'wet shift', 
'increase in BSW' or 'climatic deterioration' will be used as appropriate throughout 

this thesis to describe these events. Some concern has been raised over the use of 

the latter term, given that it refers to climate change from a human perspective (i. e. a 

shift to wetter and/or cooler conditions would have been seen as a deterioration to 

those people living at the time) however given the late-Holocene focus of this thesis, 

no reason is seen to discontinue its usage here. 

2. LI Raised hogs as climate archives 
Ombrotrophic raised bogs are acidic, largely anoxic, environments that develop a 
distinctly convex or domed profile, isolating them from local groundwater effects. 

As a result, their supply of moisture and nutrients is derived solely from atmospheric 
inputs, hence the term 'ombrotrophic', meaning rain-fed. They are composed of peat 
formed from the gradual accumulation of dead plant matter, and more often than not 
dominated by the moss genus Sphagnum. This plant acts to create the acidic, 

nutrient poor environment found on raised bogs, often to the detriment of other 

species (van Breeman, 1995). For example, it has a high cation exchange capacity 

which acts to acidify the surrounding environment by extracting nutrients such as 

potassium and magnesium and giving up hydrogen ions in exchange (Barber, 1982). 

However, unlike vascular plants commonly found on raised bogs such as Calluna 

and Eriophorum, Sphagnum, like all mosses, lacks leaf stomata and therefore cannot 

actively control water loss. Despite adaptations to reduce evaporation such as the 

close packing of shoots and leaves (Barber, 1982), or those to replace water lost 

through evaporation such as the capillary movement of water from below along a 
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network of hanging branches (Rydin and Jeglum, 2006), Sphagnum is essentially "at 

the mercy of climate" (Barber, 1982). 

Raised bogs consist of two layers, termed the acrotelm and catotelm (Ingram, 1978; 

1982). The acrotelm is the relatively shallow upper, aerated and biologically active 

zone within which water-table fluctuations occur and where the greatest degree of 

peat decay takes place. The catotelm forms the main body of peat and by contrast, is 

an anoxic and permanently saturated zone where decomposition occurs at a much 

slower rate. High water-tables are maintained above the surrounding landscape 

through the impeded drainage that results from lower hydraulic conductivity in the 

catotelm due to the collapse of peat structure and the resultant reduction in pore 

space (Ingram, 1983; Clymo, 1991); this is known as the groundwater mound 
hypothesis (Ingram, 1982). 

Since the hydrology of raised bogs is not affected by local groundwater, and a close 
link to the atmosphere exists, it is logical to assume a relatively direct relationship 
between bog hydrology (manifested as fluctuations in water-table depth) and climate, 

namely the balance of precipitation minus evapotranspiration (ET), commonly 

referred to as effective precipitation (Barber, 1993). However, the rate of ET is 

driven primarily by temperature and the interplay of precipitation and temperature in 

influencing changes in BSW is not fully understood (Barber and Langdon, 2007); 

consequently, a mixed climate signal of atmospheric moisture balance is derived. As 

BSW is closely coupled to climate, a proxy record of past climate variability can be 

developed by reconstructing changes in the relative position of the water-table over 

time. Three main proxy methods are commonly used; plant macrofossil analysis 

(Barber et al., 1994a; Mauquoy and van Geel, 2006), peat hurnification analysis 
(Blackford and Chambers, 1993) and testate amoebae analysis (Charman et al., 
2000). Each of these methods is employed during this study and reviewed in more 
detail in Sections 2.3 - 2.5. The growth and taphonomy of peat macrofossils in 

relation to fine-resolution studies is discussed further in Section 2.2.1. 

2.1.2 Intra- and inter-site representivity 
The extent to which a single core can be considered representative of firstly, the 

whole bog and secondly, the wider region from which it was taken are commonly 
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stated concerns in peat-based studies. Research addressing these matters is reviewed 
here, with particular reference to how fine-resolution sampling may affect each issue. 

Intra-site representivity has become an issue since the advent, over the past two 

decades, of peat-based studies utilising boreholes rather than the examination of peat 

sections. Whereas previously many authors were able to investigate freshly exposed 

and undamaged stratigraphy revealed by hand peat-cutting (e. g. Walker and Walker, 

1961; van Geel, 1978; Barber, 1981; Wimble, 1986), the use of more modem and 
damaging peat-cutting techniques along with the desire to study undamaged bogs 

means this is no longer possible (Barber, 1994). Whilst the examination of exposed 

peat sections allowed consistent stratigraphic changes stretching over considerable 
distances to be clearly visualised and documented (e. g. see Figure 2 of Barber, 2006), 

questions still remained over the influence of autogenically derived variability 
between cores. This has recently been examined by a number of authors. 

Charman et al. (1999) assessed within-site variability by comparing results from two 

closely spaced cores at Coom Rigg Moss in northern England using a multi-proxy 

approach (Section 2.6). They found that one core was much less sensitive than the 

other, likely the result of past microtopographical differences in the core locations 

(see below), and that the two records tended to converge over time, but especially 

over the past ca. 1000 years. It is suggested that this was the result of mire 

development processes, with the central apex becoming gradually more isolated from 

the influence of local groundwater and drainage over time. This finding can be seen 

to support the late-Holocene focus of the present study, as within-site differences are 

likely to-be minimised during this period. Within-site replicability is further 

supported by Hendon et al. (2001) who stressed that multiple coring is more 

necessary during earlier periods of time. They also concluded that palaeoclimatic 

reconstructions basing interpretation on single profiles from a site are justified by the 

well-established replicability of the main changes in surface wetness between the 

profiles they investigated, despite them being taken from locations on the bog surface 

where autogenic differences should be the greatest (central and marginal locations). 

Charman et al. (1999) concluded that it would be logical to combine records from 

two or more cores from the same site to form a composite record that represents the 
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mean surface wetness change over time. This was done at Butterburn Flow, northern 
England where two short cores (40 cm) were analysed at high-resolution (contiguous 

5 mm samples equating to ca. 3-4 years per sample based on the chronology) for 

comparison with instrumental climate data (Hendon and Charman, 2004; Charman et 

al., 2004; Charman, 2007a). The two cores showed replicable changes to such an 

extent that Charman (2007a) was able to chronologically tune and combine the two 

to form a single site record based on average values for each year, although he stated 

that it was not possible to correlate all the minor fluctuations. 

Barber et al. (1998) analysed ten short cores from two peat bogs in Cumbria, 

northern England using plant macrofossil analysis, including six cores from Walton 

Moss, one of the study sites for this thesis (Section 4.3). They concluded that the 

results testified to the replicability of carefully sampled cores and that variation 
between profiles is less than observations of surface vegetation dynamics might 

suggest. Barber et al. (1998) also found that the sensitivity of a core (i. e. the number 

of climatic shifts recorded) is affected by the microtopographical niche from which it 

is taken and set out a number of recommendations for assessing the ideal coring 
location for palaeoclimatic work. These recommendations have been followed in 

this study (Section 3.2) and minimise the risk of taking an insensitive core sensu 

Charman et al. (1999; see above). 

The second commonly stated concern with regard to palaeoclimatic studies based on 

single profiles is the extent to which one core can be considered representative of the 

wider region in which it was taken. This has been addressed by comparison of peat- 

based palaeoclimatic records (developed using the same methods) between sites on 

regional to international scales, with the assumption that records in agreement are 

evidence of allogenic climatic forcing whereas those that are not in agreement 

suggest that local site-specific factors may be involved. Barber et al. (1998), 

Mauquoy and Barber (1999a; 2002) and Hendon et al. (2001) all produced evidence 

from groups of proximal sites in northern Britain and found them to be closely 

replicatable with a series of wet shifts occurring simultaneously throughout the cores, 

although Mauquoy and Barber (2002) stated that the paired sites of Coom Rigg Moss 

and Felecia Moss recorded more climatic deteriorations since ca. 2800 cal. BP than 

those of Raebum Flow and Bell's Flow. This was thought to be due to differences in 

10 



the summer water deficit at the two locations and illustrates the potential effect of 

prevailing climate on the peat-based record. Previous research has also identified 

synchronous responses to climate change over more substantial distances. For 

example, Barber et al. (2000) identified similar climatically driven responses of plant 

macrofossil communities in two bogs from Northern Ireland and Scotland that were 

separated by 300 kin and 900 in in altitude. Barber et al. (2003) identified 

synchronous changes between bogs 425 kin apart, while Barber et al. (2004a) 

identified regional palaeoclimatic teleconnections over a distance of 1300 km from 

western Ireland to Denmark and northern Germany. The extent to which increases in 

BSW are replicated at different sites throughout the Holocene is discussed further in 

Section 2.7.2 and evidence related to the three events that will be studied in more 
detail in this thesis is discussed in Sections 2.7.3 - 2.7.5. 

Despite this range of evidence, Blackford (2000) highlighted that some variation 

should be expected when comparing records from different sites and regions due to 

regional climatic variability and the different sensitivities of peat-forming systems. 

Langdon and Barber (2005) studied seven bogs throughout Scotland and stated that if 

the climatic records did not agree it suggested either that individual sites were not 

sensitive to climate, or that sites were responding to regional, rather than more wide- 

scale climate change or finally, that sites were responding to autogenic processes. 

Given the time-consuming nature of the laboratory work involved in this research, it 

was not possible to undertake both replicate coring within each study site as well as 

focus on testing fine-resolution methodologies at a range of geographical locations 

and therefore a choice was made between the two approaches based on the studies 

reviewed above. Given that intra-site replicability has been attested to by a number 

of studies and that the majority of peat-based palaeoclimatic research is now based 

on the analysis of a single core, the decision was taken to focus on the latter 

approach; it was deemed more important to apply fine-resolution methods to sites 

under both oceanic and continental climate regimes in order to test the effect, if any, 

of prevailing climate on the limits of fine-resolution sampling (Section 4.1.1) than to 

perform replicate coring at a limited number of sites. Charman et al. (1999) stated 

that if the climate signal from a high-precision record cannot be separated from that 

resulting from factors such as mire expansion, local vegetation dynamics and 
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microtopography (through replicate coring), then the potential errors from a single 

profile cannot be assessed and the attribution of changes in BSW to climate change 

will remain uncertain. However, given the conclusions of the studies reviewed 

above, along with the difficulty of correlating age - age rather than depth - depth 

changes at fine-resolution due to 14 C dating error, the decision to focus on inter- 

rather than intra- site comparison of fine-resolution records in this thesis is justified. 

2.2 High-resolution research 
The resolution of peat-based palaeoclimatic research has been touched upon by a 

number of authors, but never discussed in detail. This section will therefore review 

the thoughts of authors on the limits to the temporal resolution of peat-based studies. 
The ecological factors that may potentially affect or limit this will also be considered 

and the benefits of learning from fine-resolution pollen analysis (FRPA) evaluated. 
Specific proxy-related factors are discussed in Sections 2.3 - 2; 5. 

Peat-based palaeoclimatic research has primarily reconstructed the broad climatic 
fluctuations of the Holocene. Whilst some studies have focussed on individual 

events or shorter time-slices within this period (e. g. Blackford and Chambers, 1991; 

van Geel et al., 1996; Anderson et al., 1998; Barber et al., 2000; Mauquoy et al., 
2002a), many have aimed to provide reconstructions for all, or a large part of, the 

Holocene (e. g. Hughes et al., 2000; Langdon et al., 2003; Barber et al., 2003; 

Blundell and Barber, 2005). This has necessitated an approach utilising a relatively 

wide sampling interval, relating in real time to samples being taken every ca. 10 - 
160 years. The exception to this rule is research utilising only peat humification 

analysis for palaeoclimatic reconstruction (e. g. Chambers et al., 1997; Borgmark and 

Wastega*rd, 2005) where, due to the relative speed of the technique, it was viable to 

sample contiguously over greater depths. Whether widely spaced or contiguous, 

samples are generally formed of peat that has been homogenised from ca. 10 - 20 

years of peat growth. The finest sampling interval used to date is 0.5 cm contiguous 

samples by Chambers et al. (1997) and Hendon and Charman (2004). As a result, all 

palaeoclimatic records are smoothed to a greater or lesser extent. 

The term 'high-resolution' has been applied inconsistently in recent palaeoclimatic 

research to refer to a range of different sampling. resolutions. As stated above, 
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Hendon and Charman (2004) took contiguous 0.5 cm slices of peat, while Mauquoy 

et al. (2002a) and Booth and Jackson (2003) used the term to refer to contiguous I 

cm samples. Booth et al. (2004) took samples of I cm stratigraphical depth from 

every other centimetre of peat for testate amoebae analysis and contiguous samples 

of I or 2 cm stratigraphical depth for plant macrofossil analyses. Vorren et al. 
(2007) took contiguous I cm samples but analysed only every other sample for peat 
hurnification and used 2-8 cm resolution for plant macrofossil analyses. The term 

'fine-resolution' has been applied extensively by pollen analysts and is more 

consistent with the sampling strategies that will be applied to this study. Johnson 

(2000) applied the term most loosely, using contiguous 5 mm samples. Green et al. 

(198 8) took samples of 3 mm stratigraphical depth every 5 mm, and stated that 2 mm 

of material was destroyed by sawing with a power-driven metal-cutting band-saw. 

Garbett (1981) took contiguous 2 mm samples while Sturludottir and Turner (1985) 

and de Klerk et al. (2007) took contiguous I mm samples. 

Indeed, while no palaeoclimatic research utilising sampling intervals below 

contiguous 0.5 cm slices has taken place prior to this study, there have been many 

FRPA studies; the methods, results and interpretation of these provide useful 

information that can be applied to this study. In addition, the statistical methods used 

to validate the results may also be of benefit (Section 2.7.1). Green and Dolman 

(1988) identified that close interval sampling (i. e. contiguous 1 or 2 mm samples) has 

two main advantages; firstly, it reveals which features are part of the genuine 

biological 'signal' and which factors are simply artefacts of 'noise'. Secondly, it 

reveals short-term changes that are missed entirely if a coarser sampling interval is 

used. For example, Simmons (1993) commented on Mesolithic clearance phases on 

the North York Moors that while each phase appeared in the 1 cm analysis as a 

single phenomenon, in the FRPA each was tripartite, having three distinct 

disturbance sub-zones separated by regeneration periods. Additionally, de Klerk et 

al. (2007) were able to identify short-lived phases of vegetation change of only a few 

years duration in a FRPA study in Poland. Figure 2.1 illustrates in more detail how 

short-term changes may be missed with coarse sampling intervals. Crucially, these 

data were derived from lake sediments containing annual laminations, allowing the 

precise calculation of sedimentation rates. This is not possible in peat bogs, although 

similar sampling procedures are often used. The left-hand set of graphs illustrate 
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contiguous annual samples (A). If only one year in every five is sampled (B), many 
details are missed, in particular the major shifts in the centre of the profile. As stated 

above, another common sampling strategy is to take a sample that has homogenised 

many years growth. The effect of this is illustrated (C) and clearly results in 

smoothing of the record. Finally, the authors have assumed an even sedimentation 

rate, dividing the sediment column into equal depth slices to represent the number of 

annual laminations present. Here the distortion of the record is reduced, although the 

profile does show some artefacts of uneven sedimentation. The less significant 
difference between graphs A and D is reassuring given the potential variability in 

short-term rates of accumulation on peat bogs, both over time and between different 

microforms (Belyea and Clymo, 2001). 

Figure 2.1: The effects of sampling procedure on sedimentary data. Upper graphs illustrate 
Gramineae pollen influx rates, lower graphs charcoal influx rates (after Green and Dolman, 1988). 

While the benefits of FRPA, and thus the potential benefits of a similar approach to 

palaeoclimate research, are clear, there are also a number of factors that may cause 

problems in the interpretation of these records. Green (1983) identified issues that 

limited the interpretation of fine-resolution features of which some will be relevant to 

fine-resolution palaeoclimate analysis. 

0 Random errors arising from sampling, processing and counting (see Section 

3.3.3). 

Changes or distortions in sedimentation rates and patterns: 
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"Significant sediment reworking does not occur in peat deposits, but variable 

sediment accumulation rates and often complex depositional mechanisms may 

pose restrictions at least as severe" (Green, 1983 p. 460). 

These depositional mechanisms, i. e. the taphonomy of the peat from living plant 

assemblage to inert accumulation of dead plant matter, are discussed in Section 2.2. L 

In addition to the above., the role of autogenic processes within-a peat bog will be an 
important consideration when interpreting fine-resolution records. These are often 

referred to as 'noise' in the palaeoclimatic 'signal', and will now be discussed. 

There is a possibility that as the resolution of the record increases the 'noise' will get 

'louder' eventually over-riding the climatic signal. Hendon et al. (2001) showed that 

autogenic factors have a relatively minor control on palaeohydrological records from 

ombrotrophic peatlands, even for marginal locations where these effects should be 

the greatest (see also Section 2.1.2). However critically, this test was performed at a 

sampling resolution of 5 or 10 cm (depending on depth), using only testate amoebae 

analysis. Using only one proxy-method is a questionable approach given that the 

results cannot be validated; in general a multi-proxy approach to palaeoclimate 

research is favoured (e. g. Blundell and Barber, 2005; Section 2.6). Barber et al. 

(1998) demonstrated that in a study of two adjacent raised bogs it was possible to 

assess the degree of 'noise' by carefully recording field stratigraphy and by 

replicating plant macrofossil trends in II short surface cores. However, due to time 

limitations it will not be possible to utilise such a strategy here; * rather the fieldwork 

methodology suggested by Barber et al. (1998) will be followed to minimise the 

effects of 'noise' on the palaeoclimatic 'signal' (Section 3.2). In addition, the use of 

multiple techniques (Section 2.6) and the creation of a composite index of change 

(Charman et al., 1999) will also help to reduce 'noise'. 

However, multi-proxy analyses from peat are time-consuming and sampling at 1-2 

mm resolution would not be a realistic approach for the majority of research. Indeed, 

referring to FRPA, Green (1983) stated that due to the sheer time involved in 

preparing and counting the large numbers of samples required, fine-resolution studies 

needed to be directed at specific problems, rather than at obtaining general histories. 
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The same will apply to fine-resolution palaeoclimate research, and as such only 

specific events will be focussed on during this research. For example, Chiverrell 

(2001) stated that peat stratigraphy is clearly capable of recording proxy climate 
information at sufficiently high resolution to uncover structure within periods such as 

the LIA and that the low chronological resolution of analysis and inaccuracy of 

chronologies developed for peat sequences are the main constraint that hampers the 

contribution that peat makes to climate research. 

A further source of noise that may over-ride the palaeoclimatic signal at fine- 

resolution are short-term variations in accumulation rate. Barber and Charman 

(2003) stated that because accumulation rates are highly variable, the resolution of 

the record is also highly variable. Thus, by assuming a constant rate of accumulation 

over the period studied at fine-resolution the record may be affected, as illustrated 

above in Figure 2.1. Indeed, Green (1983) stated that at fine resolution, sediment 

mixing (or short term changes in accumulation rate) obscured short-term features (in 

a pollen record) and was likely to cause serious problems for interpretation. The 

same will apply for palaeoclimatic, research, although it should be noted that the 

proxy methods being studied all originate from within the bog itself (autochthonous), 

rather than entering it from the atmosphere (allochthonous, i. e. pollen), causing a key 

difference in the interpretation of FRPA and fine-resolution palaeoclimate analyses. 

Further, Barber (1985) stated that while peat accumulation may be rapid, or appear to 

be so, between two radiocarbon-dated horizons, it may also have fluctuated markedly 

over a few centimetres. 

In a study comparing palaeoclimatic records with instrumental data, Hendon and 

Charman (2004) identified small-scale differences in bog surface wetness over the 

past 200 years (although overall patterns of change were in agreement) and stated 

that smaller amplitude changes were much more likely to be affected by internal 

processes and small-scale spatial variations in the ecology and hydrology of the 

peatland, although this was not specifically tested. In addition, Barber and Charman 

(2003) stated that at finer than decadal resolution, the resolution of samples may not 

necessarily reflect the actual temporal resolution of the record, as bioturbation or 

other processes could affect it (although bioturbation in ornbrotrophic peat is 

limited). Indeed, when discussing the interpretation of FRPA records, Green (1983) 
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stated that "the problems discussed here are not new; they have plagued pollen 

analysis from its beginnings. Fine resolution studies merely dramatize them". 

2.2.1 Groivth and taphonomy ofpeat 
In order to fully assess the applicability of fine-resolution studios to peat-based 

palaeoclimatology, an insight into peat growth, in particular Sphagnum growth, and 

peat taphonomic processes is necessary. These are crucial in determining the 

structure of peat and, by inference, the content of a thinly sliced sample. Since 

standard sampling strategies utilise widely spaced samples formed of peat 
homogenised over many years growth (Section 2.2), just the basic theories of peat 

growth satisfactorily support the methodology. However, at fine-resolution these 

processes are more important; for example, how much does Sphagnum grow in one 

year and does this growth equate precisely to a sample of the same stratigraphic 
depth from further downcore? How does upright, uncompacted acrotelmic 
Sphagnum collapse to form more compacted catotelmic peat? These issues will be 

addressed in the following section. 

The general process of peat accumulation is reviewed in Section 2.1.1. Thissection 

will focus more specifically on Sphagnian. Whilst vascular plants often form a 

significant proportion of fossil plant communities, Sphagnum is the most important 

peat-forming component of each of the study sites in this thesis and, in particular, 

Malmer et al. (1994) stated that co-existence with Sphagnum has led to adaptations 

in the growth strategies of vascular plants, suggesting that the former has most 

control on peat formation. Sphagnum growth occurs at the capitulum, the "apical tuft 

of expanding branches" (Hayward and Clymo, 1983) that grows when branches 

increase in length whilst intemodes of the main stem do not, resulting in a compact, 
hemispherical head (Clymo and Hayward, 1982). Rates of growth can vary between 

years and between species; Barber (1993) stated a rate of 2-3 cin in a season, whilst 

Malmer et al. (1994) stated that length increments of more than 10 cm/year have 

been reported. Indeed, the length of annual Sphagnum growth increments have been 

used previously as a dating method (e. g. Pakarinen and Tolonen, 1977; El-Daoushy 

et al., 1982; see Section 5.4) although growth rates are not specifically mentioned in 

these papers. Large inter-annual variation in the growth and production of the moss 
layer has been demonstrated (Malmer, 198 8) although Clymo (199 1) stated that year- 
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to-year fluctuations in Sphagnum productivity would have little effect on peat 

accumulation. Since about 90% of matter is lost during passage through the acrotelm 
(Clymo, 1984) and long-term rates of peat accumulation on ombrotrophic bogs are in 

the region of 10 - 20 years/cm, it is clear that substantial changes in the structure of 
the Sphagnum mosses must occur during the transition from living plant to dead peat 

component (see below). 

Sphagnum growth in the majority of species is characterised by a strictly orthotropic, 

or upright, pattern (Malmer et al., 1994) suggesting that taphonomic processes may 

at least be relatively consistent across a bog surface. However, about a centimetre or 

more below the upright capitulum of Sphagnum recurvitm, for example, the stem 
turns through 90' to run horizontally (Clymo and Hayward, 1982), although this 

species would not be expected to form a significant proportion of the fossil plant 

assemblage at any of the study sites. In contrast, species such as Sphagnum 

cuspidatum, when growing in pools on ombrotroPhic bogs, also tend to grow 
horizontally instead of vertically (Malmer et al., 1994; Rydin and Jeglum, 2006; 

Joosten and de Klerk, 2007b). Malmer et al. (1994) stated that such deposits seem to 

be of minor importance in peat and while this may be true in a stratigraphical sense, 
it is often these communities that are characteristic of an increase in BSW. Such 

differences in growth pattern may be reflected in the way live plants become part of 

the catotelmic peat matrix, leading to, for example, changes in accumulation rate that 

may complicate the interpretation of fine-resolution records. Indeed, Spicer (1991) 

stated that as any climate signal displayed in living vegetation may become distorted 

by the transport, burial and diagenetic processes inherent in fossilisation, a sound 

taphonomic understanding is critical to the correct interpretation of palaeoclimatic 

signals. 

The process by which living acrotelmic Sphagnum enters the catotelm is reviewed by 

a number of authors (Clymo and Hayward, 1982; Clymo, 1984; 1991; van Breeman, 

1995; Rydin and Jeglum, 2006). Individual leaves can live for. 1 -2 years, after 

which time the growth of branches above has put them in dense shade and they die 

(Clymo and Hayward, 1982), although are still physically connected to the capitulum. 
(Rydin and Jeglum, 2006). The distance between the growing capitulum and the 

ageing, litter forming stems ranges from 5- 15 cm (Malmer, 1988; Rydin and 
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Jeglum, 2006) and it is rare to find a sharp boundary between live and dead parts of 

the plants (Clymo, 1970). At first, dead plants retain their macroscopic structure and 

mechanical strength. However, as they are gradually weakened by decay, and as 

more plant matter is added to the surface, the senescent or dead stems bend down and 

the whole open plant structure collapses, vastly reducing total pore space (Figure 2.2; 

Clymo and Hayward, 1982; Clymo, 1991; van Breeman, 1995). An understanding of 

the decay process is central to the study of taphonomy (Spicer, 1991) and this is 

discussed further in Section 2.4. Whilst the above review shows that peat taphonomy 

is well understood at a macro-scale it also reveals the lack of detailed micro-scale 

studies; indeed, the range of parameters involved in the peat taphonomic process may 

make such studies unrealistic. Unfortunately, it is not within the scope of this study 

to investigate this issue further and, given that the relationship between one year of 

acrotelmic peat growth and a fine-resolution sample covering one year of catotelmic 

peat (within chronological uncertainty) is uncertain, the fine-resolution records 

produced should be interpreted with caution. In particular, this issue highlights the 

importance of plant macrofossil analyses in order to provide an indication of 

potential issues such as changes in short-terin accumulation rate that may affect the 

other two proxy records. 
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Figure 2.2: Sketch of acrotelm - catotelm boundary showing the collapse of Sphagnum stems into 
peat within the 'litter peat layer' (Malmer, 1988). 
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2.3 Plant inacrofossil analysis 
Plant macrofossil analysis has been used extensively in recent years to successfully 

reconstruct north-west European palaeoclimate in both single-proxy (e. g. Barber et 

al., 1994a; 1998; 2000; 2003; 2004a; Hughes et al., 2000) and multi-proxy studies 
(e. g. Charman et al., 1999; Blundell and Barber, 2005; Langdon and Barber, 2005; 

Swindles et al., 2007a, 2007b, Sillasoo et al., 2007; Blundell et al., 2008; see also 
Mauquoy and van Geel, 2006). Plant macrofassils are defined as the vegetative parts 

of plants, as well as the seeds and fruits, as opposed to the pollen and spores, 

commonly referred to as microfossils (Charman, 2002). The technique is based on 

the well-established response of plant species to changes in water-table depth, 

reflected on the bog surface in the microtopographical hummock - hollow gradient 
(e. g. Ratcliffe and Walker, 1958; Andrus et al., 1983; Malmer, 1986; McMullen et 

al., 2004). Barber (1981) proposed the Phasic Theory of bog growth based partly on 

comprehensive plant macrofossil analyses from Bolton Fell Moss, northern England. 

This stated that peat growth under a particular community will persist until the water- 

table exceeds the threshold tolerance of that community. After that, another plant 

community, adapted to the new position of the water-table, will become present 
(McMullen et al., 2004). Barber et al. (2003) however, cautioned that the responses 

of mire plant communities are not linear, but rather involve threshold changes, 

especially when species appear and disappear from the record. Frequently 

encountered taxa on ombrotrophic raised bogs are Sphagnum mosses, ericaceous 

species such as Calluna vidgaris and Erica tetralix and Cyperaceae such as 

Eriophorum and Rhynchospora spp. Despite the loss of mass that occurs during peat 

formation (Section 2.2.1), many subfossil plant fragments are still recognisable to a 

high taxonomic level (but see below; Barber et al., 2004a). Raw abundance data (see 

Section 3.4.1 for counting methods) is commonly transformed into a single 

palaeoclimatic curve using either weighted-average ordination (WA; e. g. Dupont, 

1986; Section 3.5.1) or detrended correspondence analysis (DCA; e. g. Barber et al., 

1994a; Section 3.5.2). This section will review a number of issues with regard to 

plant macrofassil analysis that are relevant to this study. 

Certain issues related to the technique are discussed primarily in other sections; for 

example the size of plant macrofossils in relation to fine-resolution sampling 
intervals (Section 3.3.2) and the differential decay of plant species (Section 2.4). The 
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latter may result in the proportions of plants that once lived on the bog surface being 

misrepresented in the peat. For example, the lichen Cladonia is commonly found on 

ombrotrophic bog surfaces in drier microtopes but is readily degraded and therefore 

almost always absent from the fossil record. In contrast, the roots and leaf epidermis 

of Eriophoruni spp. are resistant to decay and may therefore become over- 

represented. Root material in particular tends to preserve well since it is usually 

already in waterlogged conditions when it dies (Brown, 2006). 

The interpretation of plant macrofossil records may also be complicated by non- 

climatic factors. For example, the decline and local extinction of qf Sphagnum 

austinii (sensu Hughes et al., 2007; previously Sphagnum imbricatum; change in 

nomenclature after Thingsgaard, 2002 and Smith, 2004) has been studied by a 

number of authors who invoked a range of forcing factors. Firstly, Stoneman et al. 
(1993) reviewed the present and past ecology of cf. S. austinii and concluded that 

palaeoecological interpretation of its occurrence is complicated by the fact that it 

occupies a different ecological niche in its current restricted range than in the past, 

meaning that the concept of uniformitarianism cannot be straight-forwardly applied. 
Mauquoy and Barber (1999b) examined the decline at six ombrofrophic bogs in 

northern England and the Scottish Borders. They concluded that whilst at four sites 

there were wet shifts associated with the decline suggesting a climatic cause, at 
Bolton Fell Moss and Walton Moss the decline may have been more the result of 
interspecific competition between Sphagnum species. This was supported by 

Langdon and Barber (2005) who stated that the local extinction of cf S austinii from 

four sites in Scotland was due to increases in BSW coupled with interspecific 

competition and loss of genetic diversity. Mauquoy and Barber (1999b) also 

reviewed a number of other possible causes of the decline put forward in the 

literature including direct human interference (i. e. burning, cutting, drainage or 

grazing). A similar cause is supported by Hughes et al. (2007) who examined the 

decline of S. austinii on Welsh raised bogs and concluded that increases in 

agricultural landuse intensity, rather than climate, were the likely cause of the 

species' disappearance from the palaeoecological record. They stated that increases 

in BSW did not satisfactorily explain the localised disappearance of S. austinii since 
the species repeatedly survived other similar palaeohydrological oscillations in the 

early- to mid-Holocene, re-establishing itself afterwards. Examination of published 
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plant macrofossil data from the study sites for this thesis (e. g. Hughes et al., 2000; 

Barber et al., 2004a) reveals that qf S. austinii should be encountered, making this 
issue highly relevant. 

Due to the often relatively high water-table tolerance of some taxa, plant macrofossil 

records may at times be deemed somewhat climatically insensitive; they may display 

complacency towards small-scale changes (i. e. low magnitude or short duration) in 

BSW (e. g. Hughes et al., 2006). Barber et al. (1994a) stated that plant macrofossil 

records are most sensitive to climate change when there are a range of species 

present, particularly Sphagnum mosses, that can interact and take over from each 

other as BSW fluctuates; bogs dominated by single eurytypic taxa would not display 

climatic sensitivity. For example, the multi-proxy study of Hughes et al. (2006) 

displayed several periods when the plant macrofossil data suggested much less 

variability than the other proxies. This occurred during periods dominated by 

Sphagnumfiscuni and it was concluded that this was due to the wide tolerance to 

changes in depth to water-table of this taxa. Blundell and Barber (2005) stated that 

the wide hydrological tolerances of the dominant Sphagnum section Acutifolia and 

qf S. austinii limited their macrofossil-based palaeoclimatic reconstruction at Tore 

Hill Moss in Scotland. Sphagnum species within the section Acutifolia are often 

grouped together in plant macrofossil studies due to the difficulty of distinguishing 

individual taxa microscopically. However, although the section as a whole occupies 

relatively dry sites, there is some variation between taxa, with Sphagnum subnitens 
for example sometimes associated with slightly wetter environments while 
Sphagnum capillifolizinz is almost exclusively found on high hummocks (Daniels and 
Eddy, 1990). Therefore grouping of species within the section Acutifolia may lead to 

ftirther smoothing of the palaeoclimatic record. Chiverrell (2001) also stated that 

plant macrofossil stratigraphy dominated by monocotyledon remains and containing 

no discemable ýnterchange of species may produce a hydrologically ambiguous 

record; this may be a concern for short stratigraphical periods at the study sites used 
here, although previous research shows that each is Sphagnum dominated. This is of 
benefit since despite possessing some adaptations for dealing with short-term stress 

periods, the hydrophytic character of Sphagnum ensures that small changes in BSW 

have a direct effect on species composition (Haslam, 1987). 
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Further confusion of the climatic signal may be caused by the roots of some vascular 

plants which are, as well as beifig resistant to decay, rarely identifiable to species 
level (although the roots of some genera such as Eriophorum are readily identifiable) 

and found out of stratigraphical context since they grow into otherwise older peat. 
For this latter reason, Mitchell et al. (2000) considered that deep rooted plants such 

as Eriophorum spp. and mosses should be seen as two different functional groups as 

they may respond to different factors. Finally, as indicators of BSW, plant 

macrofossils may lag behind other proxy methods in recording larger scale changes 
(e. g. Blundell and Barber, 2005); this is an important consideration given the focus 

of this thesis on major abrupt climate change (Section 2.7). 

2.4 Peat humiflication analysis 
Measurement of the degree of peat decay, or hurnification, can provide an indication 

of changes in past BSW since, in general, it is determined by the length of time plant 

remains spend in the unsaturated and biologically active acrotelm, before passing 
into the saturated and inert catotelm, where decay rates are up to 100 times slower 
(Clymo, 1984; Aaby and Tauber, 1974; Aaby, 1976). Therefore, changes in 

hurnification represent changes in the effective position of the water-table (the 

acrotelm/catotelm boundary) over time and are linked to BSW; when precipitation is 

high and water-table depth shallow for example, there is less time for decomposition 

to occur before plant remains pass into the catotelm and therefore weakly 
decomposed peat is formed (Barber and Langdon, 2001). As BSW on ombrotrophic 

mires is controlled by climate (Barber, 1981), the hurnification record represents a 

palaeoclimatic record. More precisely, it is generally agreed that shifts in 

hurnification primarily represent a measure of average summer effective 

precipitation, during which period water-tables can be more variable (Barber and 

Langdon, 2001). Bacterial activity is more rapid during the warmer summer months 

when higher evaporation may significantly reduce local water-tables in times of low 

precipitation whereas during the winter months, lower evaporation means that a 

similar change in the level of precipitation would have less effect on the local water- 

table (Anderson, 1998). In addition, the rate of decomposition of organic matter is 

reduced under the waterlogged conditions often experienced in the winter months. 
Despite this, Hughes et al. (in prep. ) compared hurnification measurements from 

23 



Newfoundland, Canada with local meteorological data from 1901 - 2002 and found 

the strongest correlation with lagged annual temperature. 

Yeloff and Mauquoy (2006) provided a detailed history of the development and use 

of peat humification in palaeoclimatic studies and it is not intended to repeat this 

here. The colorimetric technique is now the standard method of determining the 

degree of peat hurnification (Blackford and Chambers, 1993) and measures light 

absorbance or transmittance related to the proportion of humic acids produced as 

peat decomposes. It is based on alkali (NaOH) extraction of humic acids from the 

peat matrix with darker solutions (i. e. those with more humic acids) representing 

more humified peat. Blackford and Chambers (1993) reviewed a number of different 

methods for determining peat hurnification, including basic visual examination 

techniques. They tested the colorimetric method against a fibre content method 
(Levesque and Mathur, 1979) and found the colorimetric technique to be more 

suitable for palaeoclimatic studies due to the differential response to changing 

species composition of the latter. Blackford (1990) and Blackford and Chambers 

(1993) rigorously tested various aspects of the colorimetric technique including 

extraction time, alkali concentration and colorimeter wavelength to produce a 

replicable and standardised methodology which has now been used successfully by 

numerous authors to reconstruct Holocene palaeoclimate (Nilssen and Vorren, 1991; 

Blackford and Chambers, 1991; 1995; Chambers et al., 1997; Anderson, 1998; Baker 

et al., 1999; Charman et al., 1999; Mauquoy and Barber, 1999a; Chambers and 

Blackford, 2001; Chiverrell, 2001; Blundell and Barber, 2005; Langdon and Barber, 

2005; Hughes et al., 2006; Sillasoo et al., 2007; Blundell et al., 2008). 

However, there are a number of issues regarding the peat humification record that 

suggest results should be analysed with caution and always tested against other 

proxy-records, although single-proxy humification studies are still being published 
(see Table I of Yeloff and Mauquoy, 2006). However, correlation of peat 
humification records with independently derived terrestrial proxies (Baker et al., 
1999) and external forcing factors (Blackford and Chambers, 1995) on centennial 

time-scales does lend support to the premise that a reliable palaeoclimatic record 

may be derived using this technique. 
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As there is no established mathematical relationship between colorimetric 

measurements of peat humic acids and BSW (Yeloff and Mauquoy, 2006), indeed, 

there is "no accepted definition of what it really means" (Charman, 2002), the 

method is semi-quantitative. Using luminescence spectroscopy, Caseldine et al. 

(2000) aimed to more fully understand the chemical transformations that take place 

during the NaOH extraction procedure. Their results showed that while the 

technique may still provide an environmental proxy, NaOH extraction produced a 

range of organic decay products that reflected both the proportions of humic and 

falvic acids in the original sample as well as the susceptibility of the peat to further 

breakdown during the procedure itself. As a result, they stated that only major shifts 

in hurnification "which can lead to considerable change in the decay regime on the 

bog surface" should be seen as reliable indicators of shifts in BSW, as higher- 

resolution, less radical changes are likely to represent noise in the humification 

signal. This is an important consideration when interpreting the results of - 

hurnification analyses carried out using fine sampling resolutions, where the aim is to 

reflect short-term palaeoclimatic change. However, when comparing testate 

amoebae and peat humification records, Charman et al. (1999) suggested that within 

relatively wet habitats, the latter technique may be the more sensitive. This is 

supported by the multi-proxy study of Booth and Jackson (2003) who identified that 

their hurnification record showed the greatest variability during wet phases. 

Conversely, they also stated that the humification record appeared less sensitive than 

the testate amoebae during drier phases in the stratigraphy. 

Another potential problem in using peat humification analysis at fine-resolution is 

that results may be out of phase with other proxies, where the relationship to climate 

is more direct. Figure 2.3 illustrates that where the biological response of plant 

macrofossils or testate amoebae is directly governed by the position of the water- 

table, which is related to climate, the major influence on peat decomposition is the 

availability of oxygen ('redox conditions') which is itself governed by water-table 

depth and hence climate. Thus, the peat humification proxy represents a secondary 

response to climate. When examining closely spaced samples over a period of time 

that may be equivalent to the acrotelm residence period this issue may be magnified. 
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Figure 2.3: Schematic diagram showing (a) the response of a biological proxy to climate and (b) the 
response of peat hurnification to climate. Thicker arrows represent denote stronger influence 

(Yeloff and Mauquoy, 2006). 

There is also concern that due to the differential decay rates of peat-forming plants, 

the hurnification record may simply reflect changes in the botanical composition of 

the peat (Chambers et al., 1997; Caseldine et al., 2000; Yeloff and Mauquoy, 2006; 

Mauquoy and Yeloff, 2007). Blackford and Chambers (1993) however suggested 

that the response of mire vegetation to climatic changes should enhance, rather than 

confuse, the hurnification record obtained. This is disputed by Brown (2006), who 

stated that this would not be the case where, for example, Eriophorum vaginatum, a 

species indicative of dry or fluctuating conditions and also resistant to decay may 

appear to reduce the apparent degree of hurnification. Several studies have identified 

differences in the decay rates of various peat-forming plants. Clymo (1965) stated 

that the rate of loss of Sphagnum papillosuni was only half that of Sphagnum 

acutifolium and Sphagnum cuspidatum. Johnson et al. (1990) found that in 

hummock profiles, stems of Sphagnumfuscuni were the most decay resistant, stems 

of Sphagnum rubelluni intermediate and stems of Sphagnuni balticuni least resistant. 
Finally, Johnson and Damman (199 1) concluded that S. cuspidatum decayed quickly 
in hollows, whereas S. fuscum decayed slowly even in hummocks where conditions 
for decay were most favourable. In contrast, Hogg (1993) suggested that it is the 
length of time that Sphagnum peat has been exposed to decay processes that is more 
important than species composition in determining rates of decay. 
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Yeloff and Mauquoy (2006) addressed the 'species signal' issue in some detail. 

They presented data from three sites combining hurnification measurements with 
detailed plant macrofossil analysis. They concluded that even minor changes in the 

botanical composition of the peat may have a significant infitience on hurnification 

measurements and that the assumption that climate has been the major influence on 

variations in humification rests on the botanical composition being relatively 
homogenous throughout the profile, and is therefore questionable. Despite this 

verdict, peat hurnification as derived by the colorimetric technique remains a popular 

palaeoclimatic proxy in peat-based studies and examples do exist in the literature 

where humification does not appear to be affected by changes in vegetation (e. g. 

Chambers et al., 1997; Blundell, 2002). Even so, given that the processes being 

measured are not fully understood there is scope for the development of novel 

methodologies for the measurement of hurnification and both luminescence 

spectroscopy (Caseldine et al., 2000) and near-infrared reflectance spectroscopy 

(McTiernan et al., 1998) have provided encouraging first results without becoming 

widely seen in the literature since first publication. 

Finally, secondary decomposition may occur lower in peat deposits during relatively 

dry periods when depth to water-table increases, and therefore the extent to which 

humification of older peat is influenced by later events is unclear (Tipping, 1995; 

Mauquoy, 1997; Booth and Jackson, 2003; Borgmark and Schoning, 2006). 

Charman et al. (1999) stated that humification results for the upper-most levels of 

peat profiles are difficult to interpret due to incomplete decay in the acrotelm and 

that as the humification scale is non-uniform through time, the absolute magnitude of 

events is difficult to compare. Peat humification analysis does however provide a 

relatively quick method that allows for contiguous sampling at fine-resolution; 

numerous studies have published site profiles using a5 mm sampling resolution 

(Section 2.2) and even at resolutions finer than this, the amount of extra time 

required to process the large number of samples is not prohibitive. 

2.5 Testate amoebae analysis 

Testate amoebae (Protozoa: Rhizopoda) are microscopic (typically 20 - 250 ýLm) 

organisms that inhabit a variety of freshwater wetlands and terrestrial soils (Charman 

et al., 1999), including water films on bryophytes and vascular plants growing on the 
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surface of bogs (Charman et al., 2001). They form a shell (test) that is preserved 

after death and is, in most cases, identifiable to species level (Plate 2.1). Tests may 

be either xenosomic (composed of particles derived from the surrounding 

environment), idiosomic (composed of materials produced by the parent amoebae at 

reproduction) or a range of states between these two extremes (Charman, 2001). 

Their rapid rate of reproduction (10 - 27 generations per year; Charman, ; 00 1) and 

high species diversity (typically 15 per 4 cm 3 sample; Woodland et al., 1998) make 

testate amoebae sensitive indicators of palaeoenvironmental change. They are also 

an effective proxy where other records are complacent, for example where a 

macrofassil profile is dominated by only one or two plant taxa (e. g. Blundell and 

Barber, 2005). The use of testate amoebae in reconstructing palaeohydrological. 

change on ombrotrophic peatlands is now well established (Charman et al., 1999; 

Charman and Hendon, 2000; Chiverrell, 2001; Hendon et al., 2001; Langdon et al., 

2003; Blundell and Barber, 2005; Hughes et al., 2006; Sillasoo et al., 2007; Blundell 

et al., 2008). Tolonen (1986), Warner (1990), Heathwaite et al. (1993,64 -7 1) and 

Charman et al. (2000) provide detailed reviews of the use of testate amoebae analysis 

in palaeoecology. 
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Plate 2.1: Examples of common testate amoebae from this study (not to scale); a: Euglypha 

tuberculata, b: Hyalosphenia subflava, c: Arcella discoides, d: Amphitremaflavum, e: Hyalosphenia 

papilio, f- Trigonopyxis arcula. 

The first detailed survey of testate arnoebae in peat bogs and fens was carried out by 

Steinecke (1913). Other important early studies included Hamisch (1927) and Jung 
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(193 6) who related different species to soil moisture content on a scale of I- VIII. 

This scheme was subsequently refined by Schbnbom (1962) and Meisterfield (1979) 

who had begun to define testate amoebae: environment relationships in semi- 

quantitative terms. The first studies of peatland testate amoebae in Great Britain 

were those of Heal (196 1; 1962; 1964) who separated species into fen, bog pool and 

wet and dry bog hummock categories and investigated the vertical and seasonal 
distribution of living amoebae in Sphagnum peat. More recent studies of modem 

testate amoebae ecology throughout Europe (e. g. Tolonen et al., 1992; 1994; 

Woodland et al., 1998; Mitchell et al., 1999; Bobrov et al., 1999) have led to 

quantification of the environmental preferences of individual taxa, showing that 

mean annual water-table depth and percentage soil moisture are the two most 
important environmental variables relating to the distribution of testate amoebae in 

peat, although the former is considered the more reliable parameter on which to base 

palaeohydrological reconstructions (Woodland et al., 1998). B obrov et al. (1999) 

stated that these measures represent surrogates for the actual hydrological conditions 

experienced by the testate amoebae; namely the amount and location of water on the 

Sphagnum plant, as well as the diumal and seasonal variability of this. 

As a result of these and other studies, along with enhanced understanding of the 

necessary statistical techniques (Birks, 1995; Section 3.5.3) and the development of 

computer programmes to implement these (e. g. C2; Juggins, 2003), transfer functions 

have now been developed that can provide quantitative reconstructions of palaeo- 

water-table fluctuations in Europe (Woodland et al., 1998; Charman et al., 2007) and 

throughout the world, for example in New Zealand (Charman, j 997; Wilmshurst et 

al., 2003), Newfoundland (Charman and Warner, 1997), Alaska (Payne et al., 2006) 

and the USA (Booth, 2002; 2008). These are advantageous as values are expressed 

on a linear scale and can therefore be directly compared between different sites 

(Charman et al., 1999). Whilst the development of regional transfer functions is 

advantageous, Mitchell et al. (2000) identified that an advantage of testate amoebae 

analysis is that taxa are cosmopolitan between different sites (in north-west Europe) 

and less affected than plants by biogeographical distribution patterns, although 
Bobrov et al. (1999) identified that there may be an effect of Sphagnum species on 

testate amoebae assemblages since each moss species provides slightly different 

living conditions based on leaf size and plant structure. In addition, Booth and 
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Zygmunt (2005) found differences in testate amoebae assemblages in the Great 

Lakes and Rocky Mountain regions of North America which they stated were 

probably caused by differences in climate and peatland trophic, status. However, 

those taxa that occurred in both regions did have comparable moisture preferences. 

As testate amoebae reproduce asexually, it has been necessary to apply a 
'morphospecies' approach to their taxonomy, defining species solely on the basis of 

morphological variation (Charman, 1999). This has led to some taxonomic and 

ecological issues; Charman (1999) discussed the degree of morphological variation 

seen in fossil specimens while Bobrov and Mazei (2004) identified morphological 

variability (aperture size showed the greatest variability) in 24 species in Russia. 

Bobrov et al. (1995) identified systematic differences in the test characteristics of T 

arcula in populations in Russia and Canada. Finally, Bobrov et al. (1999) identified 

polymorphism in T arcula sensu lato, splitting individuals into three size classes, 

naming each separately, and found that larger tests inhabited wetter microhabitats, 

suggesting that palaeohydrological reconstructions may be enhanced by finer 

taxonomic divisions. However, the detailed taxonomy published by Charman et al. 
(2000) has standardised the nomenclature and size divisions of certain taxa and 

provided a standard to which fossil testate amoebae studies may now work. 

Two further issues are selective decay in the fossil record and no or poor modem 

analogues for certain taxa in transfer function development. Differential preservation 

of taxa with more robust tests in fossil samples when compared with modem 

assemblages has resulted in poor overlap of modem and fossil assemblages, leading 

to problems developing transfer ftinctions (Wilmshurst et al., 2003). In addition, the 

genus Euglypha is often common in near-surface samples but is almost absent in the 

fossil records of a large number of studies. The no or poor modem analogue issue 

has led to uncertainty over the accuracy of transfer ftinction based palaeo-water-table 

reconstructions. For example, Difflugiapidex is often a common species in fossil 

assemblages but was absent from the training set included in the Great Britain 

transfer function of Woodland et al. (1998) due to a lack of modem data. This has 

been addressed in the new European transfer function of Charman et al. (2007) 

where the species is included in a high number of training set samples. Amesbury et 

al. (2008) compared these two transfer functions using fossil testate amoebae data 
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from Dartmoor, south-west England (including D. pulex) and found little difference 

in the timing or direction of change; only the magnitude of change differed 

significantly and this did not appear to relate to the downcore occurrence of D. pulex, 

suggesting that the absence of this species from previous transfer functions would 

not have had significant effects on palaeoclimatic interpretations. This is mirrored 

by Charman (2007b) who concluded that general peatland functioning issues (e. g. 

differences between cores within sites) are potentially more problematic to 

palaeoclimatic reconstructions than the details of transfer functions. 

2.6 Multi-proxy approach 
A multi-proxy approach has been increasingly applied to peat-based palacoclimatic 

research in recent years whereby each of the three main techniques (i. e. plant 

macrofossil, peat humification and testate amoebae analyses) are applied, and the 

results cross-checked and tested against each other to improve confidence in the 

reconstruction (e. g. Charman et al., 1999; Chiverrell, 2001; Mauquoy and Barber, 

2002; Booth and Jackson, 2003; Langdon et al., 2003; Blundell and Barber, 2005; 

Langdon and Barber, 2005; Hughes et al., 2006; Swindles et al., 2007a, 2007b; - 

Sillasoo et al., 2007; Blundell et al., 2008). This has the advantage that the validity 

of individual proxies can be cross-validated through a careful assessment of the 

evidence and, if appropriate, individual methods may be rejected during certain 

stratigraphical periods (e. g. Hughes et al., 2006; see below) if there is particular 

reason for concern (e. g. single species dominated macrofossil Profiles, humification 

species signal, testate amoebae poor modem analogues; see Sections 2.3 - 2.5). 

Publications using each of the three aforementioned techniques have consistently 
identified periods when the individual proxy-derived surface wetness curves are not 
in agreement. This can occur at both high and low frequencies-and may be caused by 

the different biases and sensitivities of the -proxy methods (Booth and Jackson, 

2003), including differences in the recorded magnitude of events or the influence of 

autogenic processes on peat stratigraphy (but see Section 2.1.2; Charman et al., 
1999; Langdon and Barber, 2005). However, if the three proxy curves are 

normalised and plotted on the same y-axis scale, a critical assessment of these 
differences may be made (Blundell and Barber, 2005) although Hughes et al. (2006) 

cautioned that normalisation retains any non-linearity in the original measurement 
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scales and so does not provide exactly comparable scales. Subsequently, a 

composite site curve may be developed using the combined indices. Langdon et al. 
(2003) stated that this approach strengthens the plausibility of any correlations with 

other climatic reconstructions, while Blundell and Barber (2005) concluded of a 

multi-proxy record from Tore Hill Moss, Scotland, that if any of the individual 

proxies had been used in isolation, a poorer climate record would have been 

obtained. Finally, Chiverrell (2001) identified that such an approach should be 

viewed as an "invaluable quality assurance procedure", raising questions over the 

reliability of single-proxy palaeoclimatic reconstructions. 

The multi-proxy approach has perhaps been most rigorously applied by Blundell and 
Barber (2005) and Hughes et al. (2006) and these two studies will be briefly focussed 

upon in order to highlight the intricacies of the basic methodology outlined above. 
Blundell and Barber (2005) plotted their three proxy curves on a normalised y-axis 

and identified the specific points in the sequence where there was discrepancy 

between the proxies, highlighting specifically the likely reason behind this after 

examination of the original data (Figure 2.4). For example, there is a discrepancy 

around 144 - 136 cm showing a peak in the testate amoebae Assulina niziscorum, 

which is most abundant in relatively dry conditions (Charman et al., 2000), whilst 

the peat humification records suggest wetter (but drying) conditions. It is stated that 

the probable explanation for this lies in the plant macrofossil data, which show a high 

proportion of Sphagnum section Acutifolia and no UOM and are therefore indicative 

of a rapidly growing hummock microform (Blundell and Barber, 2005). 

The multi-proxy analysis of Hughes et al. (2606) is shown in Figure 2.5. They 

followed a similar approach to Blundell and Barber (2005) and'provided specific 

explanation of how the final composite curve was developed. An average of the 

three normalised curves was used except during phases of dominance by S. fuscum, 

where the macrofossil profile -was omitted as this species has a wide environmental 
tolerance and leads to a complacent record. In addition, hurnification values were 

omitted from the top 40 cm as incomplete decay in the acrotelm causes distortion of 
the near-surface record (Charman et al., 1999). Hughes et al. (2006) also highlighted 

zones where the composite record should be interpreted with caution due to 
discrepancies between the testate amoebae and hurnification data and displayed these 
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Figure 2.4: Comparison of normalised data with annotations to explain disparities between proxies 
(Blundell and Barber, 2005). 

visually as dashed lines on the final reconstruction. A third example of a similar 

approach is that of Langdon et al. (2003) who did not develop a composite curve 

sensu Blundell and Barber (2005) or Hughes et al. (2006) but stated simply that 

phases of wetter or drier conditions were defined where at least two of the proxies 

showed major changes and there was no contradictory evidence from the third. 
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Figure 2-5: Example of multi-proxy approach from Hughes et al. (2006). The three proxy-derived 
bog surface wetness curves are shown (plant macrofossils - light dashed line; testate amoebae - light 
solid line; peat hurnification - dotted line) along with a composite reconstruction based on all three 

methods (bold solid line). See text for explanation of how this was derived. 
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Although this methodology clearly represents a rigorous approach to the 
development of peat-based palaeoclimatic reconstructions, there are a number of 
limitations of which it is important to be aware. Firstly, whilst it is agreed that peat- 
based palaeoclimatic records are a reconstruction of past atmospheric moisture 
balance (precipitation minus evaporation; see Section 2.2.1), recent research 

comparing testate amoebae records with instrumental climate data suggested that 

they primarily reflect summer precipitation variability which, more specifically, is 

related to the length and intensity of the summer water deficit (Charman et al., 2004; 

Charman, 2007a). Such exact relationships have yet to be defined for plant 

macrofossil and peat humification analyses although the latter may be related more 
to annual temperature variability (Hughes et al., in prep. ). As a result, it is 

questionable whether proxies that may reflect differing climatic parameters should be 

combined together and it was partly for this reason that Charman et al. (2006) chose 
to use only testate amoebae records when developing a northern Britain composite 

record from ombrotrophic peat bogs. In addition, combining the three proxy records 

means that they are reduced to the lowest common denominator; for example, by 

combining quantitative testate amoebae data with qualitative plant macrofossil and 

peat humification data, the result is a semi- rather than fully-quantitative record 
(Brown, 2006). Finally, it should be noted that a single site record, even if rigorously 
derived from multi-proxy data is still limited in the extent to which it represents a 

regional signal and multiple records should always be sought when comparing 

palaeoclimatic reconstructions over long-distance (Charman et. al., 2006). 

2.7 Abrupt climate change 
Before the advent of continuous high-resolution palaeoclimatic studies in the past 
few decades, prevailing wisdom considered that large-scale climate change had 

occurred gradually, almost imperceptibly over periods of centuries or millennia 
(Maslin et al., 2003). However, studies from ice cores and marine sediments, 

amongst others, have since revealed that climate changed abruptly at regular 
intervals throughout the last glacial period (e. g. Dansgaard et al., 1993). These 

abrupt changes, known as Dansgaard - Oeschger (D/0) and Heinrich (H) events 
have been the focus of much of the research published on abrupt climate change in 

recent times (e. g. Stocker, 2000; Rahmstorf, 2001; 2003; Rial, 2004; Broecker, 2003; 

2006). This section will briefly review these events to set more recent (i. e. 
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Holocene) rapid climate change in its longer term context, before considering how 

abrupt climate change will be defined for the purpose of this research. Subsequent 

sections will review abrupt climate change in the Holocene in more detail and 

consider more closely the individual events that will be studied during this thesis. 

Twenty-four D/O events have been recognised between 115,000 and 14,000 years 

ago (Lockwood, 2001). They are characterised by abrupt warming within a few 

decades or less, followed by gradual cooling over several hundred or thousand years 

(Rahmstorf, 2001; Figure 2.6). H events are climatic coolings forced by the influx of 
fresh water and icebergs into the north Atlantic (Lockwood, 2001) and show up in 

marine records as sedimentary layers dominated by ice-rafted debris, spaced at 

roughly 7000 year intervals during the last glacial period (Broecker, 2003). The 

Younger Dryas is considered by some to be the most recent H event (Lockwood, 

2001). These extremely rapid climate changes were of a significant magnitude and 

speed; D/O events amounted to as much as two thirds of the full glacial-interglacial 

amplitude (Denton et al., 2005) whilst during the Younger Dryas, one third to a half 

of the entire 10,000 year deglacial warming in Greenland was achieved in ca. 10 

years, with most of the ice accumulation rate change apparently taking place in a 

single year (Alley and Ag6stsd6ttir, 2005). Both types of abrupt climate event are 

considered to have been caused by major changes in the state of the North Atlantic 

thermolialine circulation (THQ, with temporary switches occurring from the 

relatively stable 'cold' or 'stadial' mode (where the warm North Atlantic Current 

ceases south of Iceland) to either a 'warm' or 'interglacial' mode (D/O events; 

current continues to the Scandinavian coast) or an 'off or 'Heinrich' mode (H 

events; warm current ceases altogether). In each case, the system eventually reverted 

to the cold mode, as only that was relatively stable during ice age conditions, 

although significantly, it was near enough to a threshold that the abrupt changes 

occurred (Stocker, 2000; Rahmstorf, 2001; 2003; Clark et al., 2002). In contrast, the 

stable THC mode in the Holocene, the warm or interglacial mode, is not considered 

to be close to a threshold and would therefore take a much bigger forcing to disrupt it 

in a similar way (Rahmstorf, 2001; 2003). Perhaps as a result, the degree of climate 

change in the Holocene appears somewhat insignificant when compared to the last 

glacial period (Figure 2.6). Despite this, a number of studies have identified a 

pervasive ca. 1500 year periodicity in palaeoclimatic data irrespective of glacial or 
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interglacial climate state (see Bond et al., 1997; Campbell et al., 1998; Broecker, 

2000). This cyclicity appears to have forced both the D/O events in glacial times 

(Rahmstorf, 2003) as well as abrupt climate changes during the Holocene (e. g. the 

LIA; Campbell et al., 1998; Broecker, 2000; Lockwood, 2001; Section 2.7.3). As a 

result, whilst at first glance it appears that the major climatic fluctuations of the last 

glacial period that have been the focus of much published research on abrupt climate 

change may seem anomalous to the Holocene period, they may in fact be 

inextricably linked. 
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Figure 2.6: GISP2 temperature reconstruction from 50 kya to present illustrating the relative stability 
of Holocene climate when compared to glacial fluctuations (data from Cuffey and Clow, 1997 and 

Alley, 2000b; 2004). D/O events are numbered after Rahmstorf (2003). 

Definitions of abrupt climate change have been proposed by a number of authors. 

Following the tendency of abrupt climate change research to be focussed on the last 

glacial period, some of these definitions are inappropriate to use for this research. 

For example, Alley et al. (2003) stated that; "technically an abrupt climate change 

occurs when the climate system is forced to cross some threshold, triggering a 

transition to a new state at a rate determined by the climate system itself and faster 

than the cause". Similarly, Rahinstorf (2001) stated that "the term abrupt implies not 
just rapidity but also reaching a breaking point, a threshold - it implies a change that 

does not smoothly follow the forcing but is rapid in comparison to it". He went on to 

state that a prime example of such a change would be the Quaternary transitions from 

glacial to interglacial conditions. More appropriate to this research would be to think 

in tenns of time-scale rather than a specific forcing or magnitude of change as, for 

example, due to the non-linear nature of some peat-based palaeoclimatic proxies, it is 
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not possible to directly compare the magnitude of events, making a definition based 

on this measure highly problematic. Lockwood (2001) stated that a climatic change 

may be termed abrupt if it represents relatively rapid change in-otherwise 

comparatively stable conditions. However, this does not directly specify a rate of 

change. Thus, the definition of Clark et al. (2002) has been chosen to define an 

abrupt climate change for the purpose of this research. They stated that an abrupt 

climate change is simply "a persistent transition of climate that occurs on the 

timescale of decades". However, it should be noted that by applying this definition 

of abrupt climate change for the Holocene, it is not meant to imply that these changes 

are comparable in their magnitude or rate of change to the abrupt climate changes of 

the last glacial period (sensit Mayewski et al., 2004). This definition is appropriate 

to the identification of abrupt climate changes in published peat-ýbased palaeoclimatic 

studies due to the time-resolution currently achievable and as discussed above, does 

not specify a particular magnitude or direction of change, although here the focus is 

on climatic deteriorations or wet shifts (see Section 2.1). 

As referred to above, the investigation of warm climate rapid change (i. e. during the 

Holocene interglacial) and associated forcings has lagged behind the study of cold 

climate abrupt change (Overpeck and Webb, 2000). However, *there have been a 

wide range of palaeoclimatic reconstructions from various proxy methods that have 

identified abrupt climate changes during the Holocene. These will now be reviewed 

to highlight the timing, nature and forcing of abrupt climate change in the Holocene 

before the chosen individual events are reviewed in more detail. 

2.71 Abrupt climatic change in the Holocene 

The Holocene was at one time thought to be a relatively stable period, with few 

significant climate shifts (e. g. Dansgaard et al., 1993; Meese et al., 1994). However, 

it is now clear that there have been a number of abrupt and widespread changes 

recorded in a range of palaeoclimatic archives throughout the world (e. g. Denton and 

Karl6n, 1973; O'Brien et al., 1995; Adams et al., 1999; Overpeck and Webb, 2000; 

Lockwood, 2001; Mayewski et al., 2004). For example, Alley et al. (2003) noted 

that examples of abrupt changes in the Holocene included shifts in past hurricane 

frequency, changes in flood regimes and prominent droughts leading to the episodic 

desiccation of lakes in African and Asian monsoon areas, remobilisation of dunes on 
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the US high plains and droughts associated with collapse of the major Mayan and 

Akkadian civilisations (but see Coombes and Barber, 2005). Clearly the 

environmental and societal implications of Holocene abrupt climate change were, 

and still are, wide-ranging. Whilst this review will briefly consider the whole 

Holocene period, this thesis will focus on the late Holocene, after ca. 4000 cal. BP. 

This is partly due to the timing and nature of climatic shifts (see below) but also the 

timing of peat growth initiation in north-west Europe, which in many cases did not 

begin until the mid-Holocene. 

Ralmistorf (2001) identified only two 'stand-out' events during the Holocene; 

namely the '8.2k' event and the abrupt desertification of the Sahara 5500 years ago. 

The former of these events has been studied extensively (e. g. Alley et al., 1997; 

Alley and Agfistsd6ttir, 2005). It was a major climatic cooling event, in some 

records of approximately half the amplitude of the Younger Dryas (Adams et al., 

1999). The cause of this event is thought to be a catastrophic freshwater outburst 

from the proglacial. Lake Agassiz during the deglaciation of the Laurentide ice sheet, 

resulting in altered ocean circulation patterns in the North Atlantic (D. C. Barber et 

al., 1999). However, the '8.2k' event occurred when ice sheet dynamics still had the 

potential for substantial effects on global climate and as a result, the early Holocene 

period probably has more in common with glacial times than with more recent 

historical times (Mayewski et al., 2004). 

Mayewski et al. (2004) collated approximately 50 globally distributed palaeoclimate 

records using a wide range of proxy evidence including records of glacier advance, 

changes in treeline limits, sea-surface temperatures, varve thickness in lake 

sediments, pollen records and forarniniferal 8180 measurements, and revealed six 

periods of rapid climate change during the Holocene. These occurred at 9000 - 
8000,6000 - 5000,4200 -3 800,3500 - 2500,1200 - 1000 and 600 - 150 cal. BP. 

However, Turney et al. (2005) stated that the temporal and spatial extent of Holocene 

climate change is an area of considerable uncertainty. This is confirmed when 

comparing the above periods to those dates identified by other authors as 

representing significant Holocene climate change. Bond et al. (1997) identified ice- 

rafted debris events from two north Atlantic marine cores, indicative of the advection 

of cool, ice-bearing waters from north of Iceland far south to the latitude of Britain, 
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at 11,100,10,300,9400,8100,5900,4200,2800 and 1400 years ago. Meanwhile, 

Barber and Charman (2003) identified the major changes in surface wetness from a 

wide range peat bogs in north-west Europe at 8200,5900,4400,3500,2700,1700, 

1400,1100,700 and 250 cal. BP. Whilst at times these compilations of evidence 

clearly agree, there are other times when mismatches occur. Indeed, O'Brien et al. 
(1995) concluded that as the Holocene progressed, environmental change 
increasingly occurred on a regional basis. In addition, chronological uncertainty and 
the differing temporal responses of proxy methods to climate change are important 

considerations when attempting to collate evidence in this way. However, it is clear 
that Holocene climate variations have been larger and more frequent than previously 

recognised (Mayewski et al., 2004) and that events have tended to cluster at certain 

points in time. Alley et al. (1997) stated that when approximately correlative 

changes in proxy records from disparate regions are identified in this way, they may 

represent (1) a single, widespread and synchronous event; (2) a time-transgressive 

event; or (3) a number of local and uncorrelated events. 

The identification of a common cyclicity (Section 2.8.4) or forcing factor (Section 

2.7.1.1) is one way by which changes in separate records may be grouped with more 

confidence into a single 'event'. As mentioned in Section 2.7, there is substantial 

evidence for a ca. 1500 year cyclicity in Holocene palaeoclimatic data (Bond et al., 
1997; Campbell et al., 1998; Broecker, 2000). However, this is disputed by some 

authors (e. g. Shultz and Paul, 2002), while others have identified a range of different 

cyclicities including those of ca. 2500 years (e. g. Denton and Karl6n, 1973; Bianchi 

and McCave, 1999), ca. I 100 years (Hughes et al., 2000; Langdon et al., 2003; Viau 

et al., 2006; see Section 2.8.4), ca. 900, ca. 500 and ca. 250 years, the latter two of 

which have been identified from a number of north-west European raised bog studies 
(e. g. Aaby, 1976; Blundell and Barber, 2005; Langdon and Barber, 2005). These 

prominent periodicities in the data may suggest response to a common forcing 

mechanism and there are a number of these that are thought to have influenced 

climate throughout the Holocene. 

2.7 1.1 Holocene cliniateforcing inechanisms 
There are three major hypotheses related to the forcing of Holocene climate change 

and each of these will now be briefly considered in order to provide background to 
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the more specific discussion related to the forcing of the individual events that will 
be studied in detail in this study (Sections 2.7.3 - 2.7.5). These three mechanisms 

are: solar variability, changes in the internal oscillations of, and couplings between, 

the ocean and atmosphere (Lean and Rind, 1998) and volcanic forcing. To this list, 

Rind and Overpeck (1993) added atmospheric trace gas variability (i. e. 

anthropogenically induced C02 - not relevant to the time period under consideration 
here) and inherent 'random' variability (i. e. no external forcing). This last is an 
important consideration as Alley et al. (2001) recently suggested that the pervasive 

ca. 1500 year periodicity evident in Holocene climatic cycles may be due to 

stochastic resonance, and hence require no cause (see also Kerr, 2000). Similarly, 

Bradley (2003) concluded that not all Holocene palaeoclimatic variability can or 

should be ascribed to external forcing, quoting as an example the '8.2k' event which 

occurred as the result of a proglacial lake outburst on the edge of the Laurentide ice 

sheet. Finally, it is important to note that ascribing a forcing factor is often more 

complex than simple correlation in the time (i. e. curve matching) or frequency (i. e. 

cycle matching) domain of proxy palaeoclimatic and forcing data (Bradley, 2003). 

There is an increasing volume of literature in support of the solar forcing of 

Holocene climate change (e. g. Magny, 1993; Lean and Rind, 1998; Chambers et al., 

1999; van Geel et al., 1999; Beer et al., 2000; Bond et al., 2001; Chambers and 

Blackford, 2001; Blaauw et al., 2004a). The basic. premise behind these studies is 

surnmarised by Bradley (2003); long-term changes in solar activity can be estimated 

from changes in cosmogenic isotopes (14 C and 1013e) preserved in natural archives 

(i. e. 14C; tree-rings, 1013e; ice cores). During times of high solar activity, the flux of 

cosmic rays to the atmosphere is reduced, leading to a reduction in the production of 

these isotopes. Thus, variations in cosmogenic isotopes are inversely related to solar 

activity and prolonged periods of reduced solar activity are associated with overall 

cooler conditions. Authors have claimed that solar forcing has driven observed 

palaeoclimatic changes where proxy records compare favourably with the 14C or 1OBe 

anomaly series. In the frequency domain, Lean and Rind (1998) stated that the II 

and 22 year periods evident in solar activity also appear in many climate and 

palaeoclimate records. In the time domain, Blaauw et al. (2004a), for example, 

compared wet shifts from a peat bog in the Netherlands with A14 C as proxy for solar 

activity and found that nine out of 11 mid-Holocene major A14 C rises were coeval 
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with wet shifts. Hughes et al. (2006) found a relatively strong correlation between 

increased 14C production and phases of increased BSW throughout their 8500 cal. 

year multi-proxy climate record, suggesting a persistent link during the Holocene. 

Magny (1993) found coincidences between lake-level rises, glacier advances and 
high 14C production in the European Alps. Stuiver et al. (1995; 1997) found a solar 
forcing component in the GISP2 ice core 180 isotope series for the past millennium, 

although cautioned that the lack of a significant correlation further back in time 

suggested that oceanic/atmospheric circulation forcing of climate may dominate in 

the rest of the Holocene. One of the most well documented coincidences of solar 

activity minima and associated climatic deteriorations occurs during the Little Ice 

Age, and is discussed further in Section 2.7.3. 

However, solar forcing of Holocene climate is far from accepted in the literature. In 

particular, Chambers and Blackford (2001) stated that assessing a solar-mire link 

remains difficult because of a lack of dating precision and variation in solar output 

proxies. Furthermore, Maslin et al. (2003) stated that solar proxies can themselves 

be influenced by climate change. For example, 14C can vary due to the switching on 

and off of deep-ocean circulation while 1013e is influenced by the amount and type of 

precipitation over the recording site. Bradley (2003) also stated that other factors 

such as magnetic field variations have affected the production rate of these isotopes 

over the Holocene and must therefore be accounted for in order to isolate the effects 

of solar activity. In a unique test of solar forcing, Turney et al. (2005) compared an 

annually resolved record of changes in Irish bog tree populations with the 

radiocarbon calibration curve, used to derive a proxy of solar activity. Crucially, the 

Irish trees underpin the calibration curve and therefore the two datasets were 

compared on the same absolute time-scale. They concluded that Holocene North 

Atlantic climate variability at centennial to millennial time-scales is not driven by a 
linear response to changes in solar activity, the data instead indicating changes in the 

latitude and intensity of zonal atmospheric circulation across the region. 

Finally, there has also been debate regarding (1) the small magnitude of solar forcing 

when compared to the strong climate response and (2) the precise mechanisms by 

which solar variability may influence climate. On the first point, Bond et al. (2001) 

argued that recent modelling results have shown that a decrease of only ca. 0.1 % 
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over the II year sunspot cycle could produce a change in surface climate through the 

atmosphere's dynamic response to changes in stratospheric ozone and temperature. 

On the second point, van Geel et al. (1999) proposed two such mechanisms. Firstly, 

variations in UV radiation accompanying changes in solar activity may cause 

significant shifts in atmospheric circulation and climate through stratospheric ozone 

production. Secondly, variations in cosmic ray flux, related to changes in the solar 

wind, can cause climate change through amplification of changing solar radiation. 
Hughes et al. (2006) proposed several mechanisms whereby changes in solar 
irradiance may influence surface wetness on an ombrotrophic bog in Newfoundland, 

Canada. These included reduced solar activity and weak solar winds leading to high 

cosmogenic nuclide production. These particles may then act cis condensation nuclei, 
leading to increased cloud formation and precipitation. 

The second potential forcing mechanism of Holocene climate is that of changes in, 

and interactions between, the ocean. and atmosphere systems. These changes may 

relate to inherent 'random' variability of these systems (Rind and Overpeck, 1993) or 

to external forcing, for example by solar variability (Heiri et al., 2004). Section 2.7 

discussed how changes in the North Atlantic THC may have forced D/O events 

during the last glacial period and it is possible that similar changes have also affected 

climate in the Holocene, although it should be noted that the THC is more stable 

under a warm climate and therefore switches in mode would not have occurred. 

Maslin et al. (2003) stated that the atmosphere may respond to an internal or external 

change on a time-scale of days to years, and whereas the surface ocean may respond 

on a similar time-scale, the deep ocean takes decades to centuries to respond and is 

therefore a viable contender for driving and sustaining long-term climate change on 

centennial to millennial time-scales. For example, Hall et al. (2004) compared a 

palaeoceanographic proxy for the meridional overturning circulation (i. e. that 

redistributes heat from the low to high latitu&s) with Fennoscandian atmospheric 

temperature variability. They concluded that their results firmly established deep 

water production in the Nordic Seas as a key component in the assortment of 

variables affecting climate during the Holocene, with the most widespread oceanic 

perturbation coinciding with a possibly global climatic deterioration ca. 2700 cal BP. 

Further, Rind and Overpeck (1993) provided an example of a 'reversing-direction' 

process whereby natural, unforced, variability in the ocean/atmosphere system may 
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lead to a change in the direction of climate change. They stated that warmer sea 

surface temperatures (SSTs) may lead to an increase in high level clouds and thus a 
further greenhouse amplification of SSTs, until the clouds become sufficiently 

optically thick to reduce incoming solar energy, setting in motion a cooling of the 

surface. 

Lockwood (2001) stated that the THC appears to be of major importance in 

explaining many abrupt climate oscillations and is important as it provides the major 

oceanic share of the transfer of warmth towards the poles, with. meridional heat 

transfer roughly equalling that of the atmosphere. Indeed, Rind and Overpeck (1993) 

suggested that reduced deep water convection in the North Atlantic may have arisen 
during the LIA, forcing the climate changes that occurred during that period (Section 

2.7.3). Bianchi and McCave (1999) used sediment grain-size data to reconstruct past 

changes in the speed of deep water flow related to Iceland-Scotland Overflow Water 

(ISOW), a key component of the THC. Again, they discovered that flow changes 

coincided with known climate events, such as the LIA, with grain-size data 

indicating a faster ISOW flow when northern European climate is warmer. This 

relationship was reversed in the early-Holocene, further suggesting that remnant 

glacial-age ice may still have been influencing North Atlantic climate at this time, as 

suggested above. Charman and Hendon (2000) compared a tesiate amoebae derived 

record of mean annual water-table change from Butterburn Flow, northern England 

with a number of palaeoceanographic proxy records. Their results suggested that, at 

least for the last 1300 years, long-term changes in water-tables are strongly 

determined by both atmospheric and oceanic conditions. Hughes et al. (2000) and 

Langdon et al. (2003) studied ombrotrophic peat profiles from northern England and 

Scotland and found abrupt climate events and cyclicities coherent with IRD events 

suggesting ocean-driven forcing of regional climate. Finally, Blundell et al. (2008) 

produced a composite BSW record from two bogs in Ireland and found a significant 

oceanic forcing component with changes in BSW in phase with measures of IRD 

(Bond et al., 2001) and ISOW (Bianchi and McCave, 1999). 

The final potential Holocene climate forcing mechanism that will be discussed is 

volcanic forcing. When major, violent volcanic eruptions occur, vast quantities of 

material are ejected to great heights and can reside in the stratosphere for several 
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years. These volcanic dust particles then scatter solar radiation so that beam 

radiation from the sun is reduced (Lockwood, 2001). More specifically, Bradley 

(2003) stated that temperature reductions result from direct radiative effects, with the 

volcanic aerosols reducing energy receipts at the surface, plus associated circulation 

changes that may result from such effects. The magnitude of any climatic effect will 
depend on the volume of material ejected and the ejection height, the latitude of the 

volcano, the prevailing stratospheric circulation and the amount of sulphur dioxide 

emitted (Lockwood, 2001). The general consensus is that climatic effects are limited 

to one to three years after an eruption (Baillie, 1995; Lockwood, 2001), although 
Stuiver et al. (1995) concluded that volcanic aerosols depressed central Greenland 

annual temperature for about four years after each major eruptive event. 
Furthermore, evidence related to the 1400 cal. BP event (Section 2.7.4) suggests the 

effects may last even longer. This is supported by Bradley (2003) who stated that if 

eruptions were more frequent in the past, or occurred in clusters, their effects could 
have persisted for longer, resulting in decadal to multi-decadal scale impacts. A 

record of past volcanic sulphate recorded in the GISP2 ice core is shown in Figure 

2.7 and illustrates a persistent background effect plus regular major eruptions 

throughout the Holocene. Caution should be taken in interpreting the magnitude of 

sulphate peaks here however, as higher values may simply reflect the sampling site 

being closer to the source of eruption (Bradley, 2003). In a study of northern 

hemisphere temperature over the past 600 years, Bradley and Jones (1993) concluded 

that that explosive volcanism has played an important part in modulating summer 

temperatures at least over the last few centuries. The extent to which this was true 

back through the Holocene remains an area of debate. 
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Figure 2.7: Holocene record of volcanic sulphate recorded in the GISP2 ice core from Summit, 
Greenland (data from Zielinski, 1994; figure from Bradley, 2003). 
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In peat-based research, Blackford et al. (1992) noted the correlation of the Hekla 4 

tephra layer with an abrupt mid-Holocene decline in Pinus sylvestris pollen in 

northern Scotland, suggesting that the airfall may have impacted local vegetation 
dynamics. Work in the north of Ireland later found no palynological response to 

tephra events (Hall et al., 1994; Hall, 2003) however an experimental study by Payne 

and Blackford (2005) has illustrated the potentially severe effects of acid loading, 

one of many potential mechanisms by which a volcanic eruption may effect peatland 

plant communities, although the responses of testate amoebae and peat hurnification 

were less clear since no change in inferred BSW occurred. 

2.7.2 Choice ofstudy events 
This section considers the reasoning behind the choice of abrupt events studied at 
fine-resolution in this project. Each event was selected on a number of criteria: 

1. Each event must have been widely registered both in peat-based and other 

palaeoclimatic archives (Figure 2.8). 

2. At least two of the three events must have been registered from previous research 

at all chosen sites to ensure a degree of replicability to the fine-resolution analyses 

and also to ensure that research time is not misspent. 

3. Changes must be abrupt (as defined above). Contiguous fine-resolution sampling 

needs to take place over a relatively short chronological period in order that the 

amount of lab work required is appropriate to the length of the project. 

4. Where possible, events should be chronologically close to previously identified 

tephra isochrons in order to minimise potential chronological uncertainty. 

5. Following on from the previous, any events that fall on plateaux on the 

radiocarbon calibration curve (Reimer et al., 2004) should be avoided as these 

periods can greatly increase-the chronological uncertainty of individually 

calibrated radiocarbon dates. 

A number of authors have collated evidence from north-west European peat-based 

palaeoclimatic studies and sought to identify periods when climatic deteriorations are 

clustered at specific points in time throughout the Holocene (Hughes et al., 2000; 

Barber and Charman, 2003; Barber et al., 2003; Barber et al., 2004a; Brown, 2006). 
This has been a somewhat subjective process due to chronological uncertainty in the 

45 



individual age-depth models concerned and differences in the way each author has 

interpreted their own data. As a result, Barber'et al. (2003) suggested that each wet 

shift they collated should be regarded as having an error term of ± 50 years in 

addition to the chronological uncertainty inherent in the original study itself. 

Therefore, wet shifts within ca. 250 years of each other have been grouped together 

and it is suggested that these are the same event. Whilst this approach runs the risk 

of 'suck in and smear' (Baillie, 1991), the other extreme is to consider each shift with 

a different date as a separate event. However, the wealth of palaeoclimatic evidence 

pointing towards synchronous shifts at certain points in the Holocene, together with 

the issue of chronological uncertainty, means this approach would be unrealistic. In 

an attempt to circumvent this problem of mutual reinforcement of shift dates, Brown 

(2006) plotted the frequency of wet-shifts from 50 year intervals from 27 peat-based 

studies in the late Holocene (Figure 2.8). This provides a more objective indication 

of whether wet shifts cluster around certain points in time. The yellow bars represent 

the time periods highlighted by Barber and Charman (2003) askey pehods of 
increased wetness (Brown, 2006). The most frequent events (six or more 

occurrences) that coincide with the key periods identified by Barber and Charman 

(2003) are at ca. 600, ca. 850, ca. 1400, ca. 2900 and ca. 3500 cal. BP. 

Following criterion number five, one of these events can be immediately discounted 

from further study as a major radiocarbon plateau exists on the calibration curve 
from ca. 2200 - 2800 cal. BP (Reimer et al., 2004). Whilst this does not encompass 

the event at ca. 2900 cal. BP identified by Brown (2006) any individually calibrated 
dates used to constrain the dating of this event, especially those placed above it in a 

stratigraphical context would likely result in a high degree of error (see Figure 5.2, 

Section 5.1). Additionally, it is interesting to note that an event at ca. 2600 - 2800 

cal BP has received much attention in the literature (e. g. Plunkett, 2006; Swindles et 

al., 2007a). For example, van Geel et al. (1996) provided a wide range of 

archaeological and palaeoecological evidence for an abrupt climate change ca. 2650 

cal. BP suggesting a European and possibly global extent. The fact that this slightly 

earlier event was not picked out by Brown (2006; Figure 2.8), but instead is 

surrounded by several bars of medium frequency may be an indication of the 

uncertainty with which this event has been previously dated. 
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Figure 2.8: Temporal frequency of wet shifts recorded from north-west European peat-based studies 
(Brown, 2006). Yellow bars represent key periods of increased wetness identified by Barber and 

Channan (2003). Events chosen for more detailed study are highlighted in red. 

Of the remaining events, ca. 3500 cal. BP is favoured as it lies stratigraphic ally and 

chronologically relatively close to the Hekla 3 and 4 tephra layers, the latter of which 
has been identified at each of the sites in this project (event selection criterion 4; see 
Section 5.2). In addition, the events at ca. 600 cal. BP (during the LIA) and ca. 1400 

cal. BP are more well known from the literature (see below) and the date of ca. 850 

cal. BP (AD I 100) overlaps with the 'Medieval Warm Period' in some studies (i. e. 

ca. AD 1000 - 1300; Lamb, 1977). As a result the climatic deteriorations at ca. 600 

cal. BP (during the LIA) and at ca. 1400 cal. BP and ca. 3500 cal. BP are the focus 

of investigation in this project. Close examination of a range of palaeoclimatic 

evidence (see forthcoming sections) confirms that each of these events is 
representative of an abrupt climate change, as defined in Section 2.7. 
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2.7.3 Little ke Age 

The term 'Little Ice Age' was originally coined by Matthes (1939) withreference to 

wide scale mountain glacier advances in the northern hemisphere and has only more 

recently come to be associated with a period of cooler climate (see Mann, 2002 and 
Matthews and Briffa, 2005 for reviews). There is debate in the literature over how 

the climatic period (as opposed to that related to increased glacial high-stands) 

should be defined both spatially and temporally; it is still uncertain whether the LIA 

should be considered a global event given the relatively small amount of compelling 

evidence from the southern hemisphere (but see Soon and Baliunas, 2003), while 

several different definitions persist as to its timing. These range from the 'orthodox' 

(AD 1550 - 1850; Bradley and Jones, 1992) to 'non-classical' (AD 1250 - 1850; 

Jones and Mann, 2004) and 'restrictive' (AD 1550 - 1700; Lamb, 1966) definitions 

(Clague and Menounos, 2007). However the LIA is defined, it is clear that it was not 

a period of consistently harsher conditions, rather it consisted of a series of frequent 

fluctuations; "individual years or clusters of years for which weather conditions 

departed strongly from longer term means" (Grove, 1988). Meese et al. (1994) 

stated that the period was characterised by major and very sudden fluctuations in 

climate often lasting only decades and it is clear that these anomalies varied in 

importance geographically (Bradley and Jones, 1993). As Landsberg (1985) stated, 

the LIA "was not uniformly cold in space or time". As a result, some authors have 

questioned the useUness of the appellation (Ogilvie and J6nssen, 2001; Matthews 

and Briffa, 2005). 

In a review of European peatland palaeoclimatological records, Barber et al. (2004b) 

noted that two phases of the LIA are often very marked, between 450 - 650 cal. BP 

(AD 1300 - 1500) and especially 150 - 300 cal. BP (AD 1650 - 1800). However, 

Figure 2.8 suggests that only the former of these is widely registered in north-west 

European peat studies. Broadly speaking, it does appear that data from historical 

times suggests that the LIA period does coincide with increased BSW in Britain and 

elsewhere (Charman and Hendon, 2000). The stacked testate amoebae record of 

Charman et al. (2006) from northern Britain recorded wet shifts at 550 cal. BP and 

260 cal. BP, suggesting that both phases are prevalent in on a regional scale, while a 

similar stacked multi-proxy record from Ireland displayed a wet shift at 650 cal. BP 

(Blundell et al., 2008). These are supported by several earlier studies. At Coom 
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Rigg Moss in the Borders region, Mauquoy and Barber (1999a) identified periods of 
increased effective precipitation from ca. 480 - 550 cal. BP and 150 - 180 cal. BP, 

while from a blanket mire in western Ireland, Blackford and Chambers (1995) 

identified wet phases from 410 - 540 cal. BP and 230 - 290 cal. BP. At another 
blanket mire, Kentra Moss in western Scotland, Ellis and Tallis (2000) identified wet 

shifts at 600 cal. BP and 325 cal. BP and finally Chiverrell (2001) recorded changes 
to a cooler and/or wetter climate at 330 - 550 cal. BP and at 150 - 250 cal. BP from 

the North York Moors. 

However, it seems more common for only one of the two deteriorations to be present 
in peat records. Chambers et al. (1997) identified a wet shift at ca. 540 cal. BP from 

the Borders region and Langdon and Barber (2005) identified wet shifts grouped 

around 500 cal. BP from four of the seven Scottish sites they studied. Charman et al. 
(2001) identified a peak in wetness from a combined peat and speleothem record 
from Sutherland, northern Scotland at 570 cal. BP. Barber et al. (2003) recorded a 

wet shift somewhat earlier ca. 700 cal. BP from sites in western Ireland and northern 
England, as did Barber et al. (2004a) from Dosenmoor in northern Germany, one of 

the study sites for this study. In contrast, many studies have only identified evidence 

of the later phase of climatic deterioration suggested by Barber et al. (2004b). A 

major wet shift is evident at 300 cal. BP in the palaeoclimatic record of Barber et al. 

(2000) from Fallahogy Bog, Northern Ireland, another of the study sites for this 

study. The same study also identifies a contemporary shift at Moine Mhor in the 

Caimgorms, Scotland. Hughes et al. (2000) identified a wet shift at Walton Moss, 

Cumbria at 300 cal. BP and Blundell and Barber (2005) recorded increased bog 

surface wetness at 3 10 cal. BP from Tore Hill Moss, Scotland. 

Aside from peat-based studies there is an extensive range of other palaeoclimatic 

evidence pointing towards abrupt climatic deteriorations during the LIA period 
including from instrumental climate data (e. g. the Central England Temperature 

Series; Manley, 1974), documentary sources such as written and photographic 

evidence, paintings, sketches and early travel accounts (Barber, 1981; Bradley and 
Jones, 1993; see also Lamb, 1995,211 - 24 1), lake-levels (Magny, 2004) tree-rings 

(Briffa et al., 1990; 1992), palaeoceanographic evidence (Keigwin, 1996), ice cores 
(Adams et al., 1999; Johnsen et al., 2001) and glacier fluctuations (Grove, 1988). 
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These have been reviewed and summarised in detail elsewhere and this will not be 

repeated here (see Grove, 1988; Soon and Baliunas, 2003; Matthews and Briffa, 
2005). The rest of this section will focus on possible forcing mechanisms for the 

abrupt changes seen during the LIA. As stated in Section 2.7.1.1, there is extensive 
evidence suggesting that the LIA was forced by changes in solar activity. For 

example, Mauquoy et al. (2002a; 2004) presented wiggle-match dated peat records 
from Walton Moss, northern England and Lille Vildmose, Denmark and identified 

abrupt LIA climatic deteriorations at 486 - 501 cal. BP and 346 - 349 cal. BP. Each 

of these wet shifts occurred when production of atmospheric 14C increased rapidly at 
the beginning of the Spbrer and Maunder sunspot minima and hence a solar forcing 

hypothesis was invoked for the LIA climate events. This is supported by Blackford 

and Chambers (1995) and van der Linden and van Geel (2006) who also correlated 
their peat-based record with rapid changes in solar proxies. Stuiver et al. (1997) 
found evidence of solar forcing of the LIA in the GISP2 ice core, whilst Bond et al. 
(2001) stated that the solar-climate links implied by correlation of their deep-sea 

sediment cores with records of 14 C and 1OBe were so dominant that "it seems almost 

certain that the well-documented connection between the Maunder solar minimum 

and cold decades of the LIA could not have been a coincidence". Finally, it has been 

proposed that the LIA represents the most recent event of the pervasive ca. 1500 year 

cyclicity evident in a host of Holocene and glacial palaeoclimatic records (see 

references above). Whilst the forcing of this cycle by solar activity was at one time 
highly questionable (Bond et al., 1997) recent research has identified the regularity 

and precision of the cycle and suggested that this points to an origin outside the Earth 

system, as internal oscillatory modes could be expected to be more irregular 

(Rahmstorf, 2003). A potential link to solar variability has recently been identified; 

two well-known solar cycles, the Gleissberg (period: 87 years) and De-Vries (period: 

210 years) cycles have a lowest common multiple of 1470 years (Braun et al., 2005). 

2.7.4 1400 caL BP 

In a review of late-Holocene climatic deteriorations registered in north-west 
European peat-bog records, Brown (2006; Figure 2.8) stated that the most impressive 

clustering of shifts occurred around ca. 1400 - 1300 cal. BP, although cautioned that 

this may be partly a reflection of a concentration of study over this time period. The 

1400 cal. BP event was the focus of a paper by Blackford and Chambers (199 1) who 

50 



recorded evidence for a 'Dark Age' climatic deterioration at this time from five 

blanket mires located throughout the British Isles using peat hurnification analysis 

and also cited possible documentary evidence relating to the event. Since that paper 

was published, numerous peat-based studies in Great Britain and north-west Europe 

have identified a climatic deterioration around this time. Charman et al. (2001) 

identified a peak in wetness from a combined bog and speleothern record in 

Sutherland, north-west Scotland at 1440 cal. BP. Also in Scotland, Blundell and 

Barber (2005) identified a wet shift at 1380 cal. BP from a multi-proxy study at Tore 

Hill Moss, Langdon and Barber (2005) identified wet shifts in four out of the seven 

Scottish sites they investigated centred on 1400 cal. BP and Ell is and Tallis (2000) 

found the same event at Kentra Moss, a blanket mire in western Scotland. Climatic 

deteriorations at this time have also been noted at various sites in the Borders and in 

northern England (e. g. Charman et al., 1999; Mauquoy and Barber, 1999a; 2002; 

Chiverrell, 2001) including at Walton Moss, Cumbria, one of the study sites for this 

research (Hughes et al., 2000). Further afield, the event is also-seen in peat records 

from western Ireland (Barber et al., 2003), northern Germany (Barber et al., 2004a) 

and Estonia (Sillasoo et al., 2007). 

The event is also evident in other palaeoclimatic archives throughout Europe. The 

first of Bond's ice-rafted debris events (Bond et al., 1997), determined from north 

Atlantic deep-sea cores and indicating advection of cool, ice-bearing waters as far 

south as Britain occurred at 1400 cal. BP. From a study of 26 lakes in the Jura 

mountains of France and Switzerland, Magny (2004) suggested a period of high lake 

levels from 1300 - 1100 cal. BP. There is also significant dendrochronological 

evidence pointing to a decade of extreme climatic conditions from AD 536 - 545 

(1414 - 1405 cal. BP; Baillie, 1994; 1995; 2007; D'Arrigo et al., 2001). These ar6 

hypothesised to be related to a sudden climatic deterioration caused by either a major 

volcanic eruption (Baillie, 1995,91 - 107) or a cometary impact or airburst event 

(Baillie, 1999; 2007; Rigby et al., 2004). A host of dendrochronological and ice core 

studies have identified unusual conditions at this time (Baillie, 2007) and there is a 

wide range of documentary evidence related to, for example, f6mine in the 

Mediterranean, the "failure of bread" in Ireland, anomalous solar eclipses in Britain 

and darkened skies and summer frosts in China (evidence reviewed by Baillie, 1994; 

1995; Rigby et al., 2004). Briffa et al. (1990; 1992) showed AD 536 (1414 cal. BP) 
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to be the second coldest summer in the last 1500 years from a Fennoscandian 

summer temperature reconstruction and smoothing this annual resolution 

reconstruction showed the period from AD 536 - 550 to represent an episode of 

colder temperatures (Baillie, 1994). Grudd et al. (2002) also identified exceptionally 

severe conditions occurring around AD 540 (1410 cal. BP) from a tree-ring 

chronology from northern Fennoscandia. Baillie (1994) showed a similar response 
in a compilation of 15 European oak chronologies as well as bristlecone and foxtail 

pine chronologies from the USA, whilst D'Arrigo et al. (2001) presented evidence of 

frost damage in Siberian pine trees from Mongolia in AD 536 with further evidence 
for an unusually cold decade from AD 536 - 545. Briffa (2000) created a tree-ring 

composite record of northern high-latitude temperature changes over the last 2000 

years in which the 1400 cal. BP event is evident as the most extreme deterioration in 

the entire profile (Figure 2.9). Baillie and Munro (198 8) showed AD 541 (1409 cal. 

BP) to be the narrowest tree-ring from the period 13 BC - AD 894 from a Northern 

Irish oak reconstruction. They related this to an acidity peak (caused by volcanic 

activity) in a Greenland ice core (Camp Century) at AD 540 ± 10 (Hammer, 1980), 

although the date of this peak was subsequently refined to AD 516 ±4 (Hammer, 

1984), casting doubt over the integrity of the core during this time period (Baillie, 

1995). Subsequent studies revealed acid peaks in the GISP2 ice core at AD 530 ±2 

(Zielinski, 1995) and at AD 530 and AD 527 in the Dye 3 and GRIP ice cores 

respectively (Clausen et al., 1997; all dates reported in D'Arrigo et al., 2001). It has 

been suggested that the tree-ring/temperature effects may have been caused by the 

Rabaul eruption in New Britain, although the dating of this eruption is uncertain 

(Baillie, 1994). In addition, the length of response in the tree-ring records is longer 

than the one - three years normally associated with volcanic forcing (Baillie, 1994; 

see Section 2.7.1.1) and the correlation of the dendrochronological evidence with ice 

core acidity peaks is questionable in chronological terms (Rigby et al., 2004). This 

has led to the suggestion that a cometary impact or near encounter, rather than a 

volcanic eruption may have been the forcing mechanism behind this event (Baillie, 

2007). The evidence behind this theory is reviewed by Rigby et al. (2004) who 

maintained that the airburst impact of a comet of relatively small size could cause the 

same 'dust-veil' effects as a major volcanic eruption leading to the period of reduced 

temperature as evidenced in the tree-ring records. 
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Figure 2.9: Composite northern high latitude tree-ring chronology of Briffia (2000) showing 1400 cal. 
BP as extreme and short-lived event (highlighted). Dark line shows 50 year smoothed values. 

Given that this event appears to have begun and ended so rapidly in a range of 

annually-resolved dendrochrono logical studies, perhaps in some cases within the 

space of a decade (although see Figure 2.9 where 50 year smoothed values suggest a 

time period closer to ca. 80 years), it is interesting to consider what implications this 

has for investigating the same event using fine-resolution peat-based techniques. A 

close examination of the proxy-derived bog surface wetness curves of the peat-based 

studies quoted in this section reveals that whilst the 1400 cal. BP event is, in general, 

an abrupt event lasting only one or two samples, this can equate to a period of 

approximately 50 - 100 years or more, although in some studies the event is 

particularly rapid (e. g. Mauquoy and Barber, 1999a; Hughes et al., 2000). Using 

fine-resolution sampling, with the potential for sub-decadal resolution, could help to 

identify whether (1) the decadal or lower resolution employed in previous peat-based 

studies has made a rapid shift appear longer, or (2) whether the bogs have acted as 

'low-pass biological filters' (sensu Aaby, 1976) to smooth the event temporally with 

a lagged response. Such questions provide further motivation for studying this event 
in more detail. 

2.7.5 3500 cal. BP 

Whilst the climatic deterioration at ca. 3500 cal. BP has not received the individual 

attention of those during the LIA and at ca. 1400 cal. BP in terins of publications, it 

is a widely registered climate event evident in a number of palaeoclimatic archives. 

A pronounced shift to wetter conditions is recorded at ca. 3600 cal. BP in the stacked 

record of testate amoebae profiles from peat bogs in northern Britain by Charman et 

al. (2006). A host of earlier peat-based studies also identified a deterioration around 

this time in the same region. Chambers et al. (1997) identified a wet shift at ca. 3455 

cal. BP from a blanket mire in the Borders using peat humification analysis. Hughes 
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et al. (2000) identified a wet shift at 3500 cal. BP at Walton Moss, northern England, 

using plant macrofossil analysis. A major wet shift at the same time is seen from 

peat humification and testate amoebae records at Coom Rigg Moss, Northumberland 

(Charman et al., 1999) and at a mean date of 3470 cal. BP from this site and nearby 

Butterburn Flow usingjust testate amoebae analysis (Hendon et al., 2001). This 

event is recorded in six out of the seven peat bogs investigated by Langdon and 

Barber (2005) in Scotland using a multi-proxy approach. Climatic deteriorations 

around this time have also been identified in peat-based research from mainland 

Europe (e. g. Aaby, 1976; van Geel, 1978; Dupont, 1986; Nilssen and Vorren, 1991) 

including at FAgelmossen, Sweden, one of the study sites for this research (Borgmark 

and Wastegfird, 2005). 

Anderson et al. (1998) focussed on evidence for abrupt climatic change between 

3900 - 3500 cal. BP in northern Scotland, although stated that the transition to wetter 

conditions appeared to have occurred at a decadal to centennial time-scale within this 

period. They studied five sites including four (non-ombrotrophic) bogs and a lake 

using peat hurnification, pollen and non-pollen microfossil analyses. At one site 

(Glen Torridon) the major decrease in hurnification occurred overjust 3 cm 

(equivalent to ca. 50 years) suggesting this would be an excellent event to study at 

fine-resolution given the limitations placed on the length of time that can be studied 

over any one event due to the large numbers of samples that must be processed. 

Anderson et al. (1998) suggested that a broad correlation with deep-sea sediment 

records suggested that this event may be a reflection of colder sea-surface 

temperatures in the north Atlantic and a reduction in the thermohaline circulation. 

They stated that "the similarities between a wide array of data, obtained from sites 

which vary in altitude, sediment types and catchment characteristics, point to a major 

climatic transition which affected much of northern Scotland and which may have 

had correlatives in other parts of Europe". Indeed, there is evidence for this event in 

a range of other palaeoclimatic archives throughout Europe. Gurmarson (1999) 

reported a floating tree-ring chronology from Pinus sylvestris logs preserved in a 

raised bog in southern Sweden dating from 3636 - 3433 ± 23 cal. BP. The logs were 

discovered at the base of the peat accumulation and it is concluded that their 

preservation resulted from a shift to wetter conditions that led to the onset of peat 
formation. The comprehensive European lake level dataset of Magny (2004) from 
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26 lakes in the Jura Mountains in France and Switzerland suggested a phase of 
higher lake levels from 3500 -3 100 cal. BP. This is supported by Yu and Harrison 

(1995) whose northern European lake level data also showed wetter conditions 

around this time. Nesje and Johannessen (1992) showed a maxima in global alpine 

glacier advance somewhat earlier at ca. 3800 cal. BP while Zol itschka (19 9 8) 

identified a period of lake varve thickness maxima (interpreted as cool or more 
humid conditions) from 3500 - 3200 cal. BP at Holzmaar, Germany. Haas et al. 
(1998) identified a cold phase from ca. 3 800 - 3400 cal. BP using treeline 

fluctuations from the Alps and on the Swiss Plateau reconstructed from pollen and 

macrofossil analyses. Finally, Mayewski et al. (2004) examined approximately 50 

globally distributed palaeoclimate records that revealed, amongst others, a period of 

significant rapid climate change from 3500 - 2500 cal BP, illustrating that this event 

may even be global in extent. Furthermore, they stated that solar variability is a 

plausible forcing for this period of rapid climate change given the coincidence with 

maxima in A 14 C and 1013e records, suggesting a decline in solar. output at these times. 

2.8 Validation offine-resolfition palaeoclimatic recol-ds 

Since Barber (1981) proposed the Phasic Theory of bog growth which stated that all 

factors of raised bog growth and hydrology are subordinate to climate, an extensive 

body of research on ombrotrophic peat has used the established link between bog 

proxies, palaeohydrology and palaeoclimate to investigate Holocene climatic change. 

However, from the review of issues related to the development of fine-resolution 

peat-based palaeoclimatic records in previous sections of this chapter, it is evident 

that it would not be justified to assume that a record developed at fine temporal 

resolution is solely representative of a climate signal rather than of some degree of 

noise derived from either ecological, methodological or chronological error. As a 

result, independent corroboration and validation of fine-resolution records will form 

an integral part of this study (Section 7.1). A number of different approaches could 

be applied to this process and those used in previous studies will be reviewed in this 

final section of Chapter 2. 

2.8.1 Lessonsfi-onifine-i-esoltitionpolleii analysis 
A number of fine-resolution pollen studies utilising millimetre-scale sampling 

resolutions in line with those used in this project were published in the 1980s and are 
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reviewed in Section 2.2. This section will focus in more detail on the methods used 

to validate the fine-resolution records produced and, in particular, the applicability of 

those methods this project. The FRPA studies in question were produced by two 

main research groups; that of David Green at the Australian National University in 

Canberra, Australia and that of Ian Simmons and Judith Turner at the University of 
Durham, England. Each took a different approach to testing the validity of their 

records and as such they will be dealt with separately here. 

The approach of the latter group was perhaps the most straight-forward and relied on 

testing one basic assumption and barrier to fine-resolution studies; that of post- 

depositional mixing of pollen grains (e. g. Clymo and Mackay, 1987). If evidence of 

this process was absent, then the pollen stratigraphy was regarded to be directly 

reflecting the vegetational history and it was considered that the potential limit to the 

temporal resolution of pollen analysis sensit Moore (1980) had not been surpassed. 

Turner and Peglar (198 8) stated that on a fine-resolution pollen diagram where no 

post-depositional mixing has occurred, the following features should be evident: 

1. Pollen frequencies that are consistent over small portions of the diagram, 

reflecting periods of stable vegetation; 

2. Pollen frequencies that change gradually over small portions of the diagram 

reflecting slowly changing vegetation; 
3. Pollen frequencies that change markedly from one sample to the next, reflecting 

sudden changes in the vegetation; and 

4. Isolated very high or low frequencies that reflect unusual events such as bad 

flowering seasons. 

They concluded that whilst post-depositional mixing would not affect the form of [I] 

or [2] (except possibly to shorten periods of stable values), it ivould result in the 

smoothing of [3] and [4]. Therefore if [3] and/or [4] are present in a fine-resolution 

record it is considered to contain internal evidence for good resolution at the scale of 

the sample thickness concerned, provided that there is no evidence for hiatuses in 

accumulation (Garbett, 1981; Simmons et al., 1985; Turner and Peglar, 1988). 

Simmons et al. (1985) also stated that the reliability of fine-resolution studies may be 

jeopardised by the chronological integrity of individual fine samples and this is 
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discussed further in Section 3.3.3 in relation to the sampling procedures employed 
during this study. Moore (1980) examined the mid-Holocene elm decline using 

contiguous fine-resolution samples. He stated that the most important feature of the 

data was the fact that several types fluctuated in a sequential manner, which led him 

to believe that they reflected real changes in pollen influx and were not the product 

of random variations. These studies highlight the fact that to some extent, fine- 

resolution* palaeoclimatic records per se may be partly validated by simple qualitative 

examination of the features present within them. For example, 'Channan et al. (2004) 

used a contiguous 5 mm sampling interval to reconstruct depth to water-table based 

on testate amoebae analysis at Butterburn Flow, northern England. The data had 

nominal sample resolutions of between one and five years (depending on modelled 

accumulation rate) and, whilst it was averaged to a decadal timescale to facilitate 

comparison with an instrumental climate record, it was also stated that "large 

changes between some consecutive samples suggest that this may represent actual 

resolution for water-table variability over periods of five years or less". Finally with 

regard to the British FRPA studies, Garbett (198 1) used the chi-squared test on 2x2 

contingency tables of pollen frequencies to examine the differences between 

consecutive samples. It was concluded that the application of this test did show 

significant differences from one level to the next in many instances, suggesting that 

consecutive samples are independent from one another and have consequently not 

been subject to post-depositional mixing. Whilst this process is not a factor that 

would affect any of the three autochthonous proxy methods used in this study, other 
issues such as vertical movement of testate amoebae along Sphagnian stems or 

changes in microtopography can be seen as factors that may lead to a smoothing of 

the record produced here. 

The FRPA studies by the Australian research group used a more statistically based 

approach to the validation of their data; it was deemed that the interpretation of fine- 

resolution pollen records demanded more rigorous methods than simple visual 

examination (Green and Dolman, 1988). However, a number of these were 

specifically related to the specifics of pollen analysis and would not be applicable 
here. For example, Green (1983) used 'difference filters' to remove the long-term 

climate or species migration signals from pollen data in order to focus on short-term 

processes such as post-fire succession or the response of pollen production to 
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weatherpatterns. Green (1983) and Green et al. (1988) used process modelling to 
investigate pollen production and transport and cross-correlation of pollen and 
charcoal records to examine the effects of fire on vegetation. One further statistical 
method employed that may be more applicable to this study is that of sequence 
splitting. Sequence splitting, as applied by Green and Dolman (1988), is a procedure 
that identifies the locations of major changes in the mean or variance of the 

abundance of a particular pollen type. Two types of sequence splits were identified; 

firstly, presence/absence splits which identify segments of a pollen record in which 
the proportions of samples containing a particular taxon are significantly different, or 

secondly, variance splits which identify segments in which the abundances of a given 

pollen type have significantly different mean or variance (Figure 2.10). Green and 
Dolman (198 8) used variance splits to identify instability in their fine-resolution 

pollen records and to provide an analogue for the zonation of individual taxa. Green 

et al. (198 8) stated that the total number of taxa showing sequence splits at any 

particular time indicated the overall extent of long-term change occurring in the plant 

community. This method could potentially be applied to the ffile-resolution records 
developed during this thesis to determine the stratigraphic locations of major changes 
in each proxy method; if these were coincident and displayed similar patterns, 

confidence that an external forcing signal, i. e. climate, was being recorded as 

opposed to noise would be increased. 
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Figure 2.10: Examples of the statistical output of sequence splitting. Graphs represent variance splits 
of pollen abundance data (left hand graph is from a constant population hence no splits are recognised; 

Green and Dolman, 1988). 

2.8.2 Comparison ivith instruniental cliniate data 

In recent years, a number of studies have compared high-resolution peat-based 

palaeoclimatic reconstructions with instrumental climate data in order to better 

understand the proxy-climate relationship by assessing the degree to which 
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reconstructed water-table is predominantly influenced by either annual or seasonal 

variables of precipitation or temperature (e. g. Charman et al., 2004; Schoning et al., 
2005; Charman, 2007a). However, since instrumental records are "the observational 
data against which all palaeoclimatic evidence must be calibrated" (Jones and 
Thompson, 2003), such correlations also provide the opportunity to test the validity 

of fine-resolution data. Additionally, Charman et al. (2004) highlighted that few 

non-annually resolved proxies have been statistically compared with instrumental 

climate records. This section will review the above studies in order to provide an 
insight into this process so that it may be applied in this thesis as a test of the fine- 

resolution data produced. 

Charman et al. (2004) compared high-resolution testate amoebae records of 

palaeohydrological change with instrumental water-table and climate data from 

Butterburn Flow, northern England and MUnnikjUrve bog, Estonia. Contiguous 5 

mra (Butterburn Flow) and 1 cra samples (MUnnikjUrve) were analysed and 

chronologies were based on spheroidal carbonaceous particles (SCPs) along with 
2 'OPb and pollen marker dating (Butterburn Flow) and counts of black inorganic ash 

spheres (Mannikjdrve). Raw data and age-depth models for Butterburn Flow are 

detailed in Hendon and Charman (2004). The 200 year record from Butterburn Flow 

was compared with precipitation data from nearby Carlisle and'the Central England 

Temperature series. The 50 year record from Estonia was compared with 

measurements of total monthly precipitation, average monthly temperature and 

average monthly water-table depth from the bog itself. Despite a resolution of ca. 3 

years per sample at both sites, data were converted to decadal (Butterburn Flow) and 

five year (Mannikjdrve) averages for correlation purposes to account for 

chronological error. As well as correlation of contemporaneous palaeohydrological 

and instrumental climate data, longer term change was investigated by comparison 

with climate data averaged over the preceding 20 - 40 years to assess the possibility 

of either a lag in response or a slow hydrological response dependent on the direction 

of persistent climate change rather than on short-term fluctuations. Following this 

methodology and based on the strength of individual correlations, Charman et al. 

(2004) concluded that BSW records should be interpreted as primarily reflecting 

summer precipitation variability, with summer temperature increasingly important 

(but still subordinate to precipitation) in more continental settings. These 
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relationships were investigated further by Charman (2007a) using the same 
Butterbum Flow dataset. Using a chronological tuning technique on two Butterbum 

Flow cores, based on improved dating control provided by wiggle-matched 14 C dates 

(see Section 5.1.1), Charman (2007a) demonstrated that many replicable high- 

frequency changes were preserved in the reconstructions. Based on further 

correlations with climate data from the 0.5* x 0.5' gridded dataset of New et al. 
(2000), it was concluded that BSW records speciPically reflecte 

'd 
antecedent periods 

of 5- 10 years of the length and intensity of the summer water-table deficit period. 
This in turn is primarily determined by summer precipitation in oceanic locations 

with summer temperature playing a greater, but still subsidiary, role in continental 

settings. Charman (2007a) concluded that while comparison between BSW records 

and instrumental climate data provides the potential to calibrate pre-instrumental 

records, it is limited by problems in terms of extrapolating outside the range of 
instrumentally recorded values and accounting for non-linearities in the proxy- 

climate response. Indeqd, Barber and Langdon (2007) compared BSW and 

chironomid-inferred temperature records from northern Britain over the past ca. 6000 

years and found a close link between the two which led them to conclude that 

summer temperature drives the peat-based palaeoclimate record over centennial 

timescales. This suggests that the relationship between recent instrumental 

comparisons and longer records may not be straight-forward. 

Schoning et al. (2005) reconstructed BSW from two ombrotrophic bogs in eastern 

Sweden using testate amoebae analysis and compared their data with meteorological 

records from nearby Uppsala. They used contiguous 5 mm (Gullbergbymossen) and 

I cm (Altabergsmossen) sampling intervals and chronologies were based on SCPs, 

and the Askj a AD 1875 tephra layer at Altabergsmossen, and extended for 125 years 

at the latter site and for 50 years at Gullbergbymossen. Comparisons with 
instrumental climate data were carried out using decadal averages of the BSW data 

and the strongest correlation was with mean annual temperature, in contrast to 

Charman et al. (2004). Summer and growing-season correlations were weak, 

suggesting that these periods are not the most important part of the year for 

determining BSW in Sweden. It was concluded that the lack of a response to 

precipitation was a function of generally low rainfall in the study area making bogs 

more susceptible to temperature change, in addition to relatively low rainfall 
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variability over the comparison period. In particular, it was also concluded that 

differences in response to climate may result from the prevailing climate regime in 

particular regions. 

A number of key points are evident from the above studies. Firstly, correlations with 

records of BSW and instrumental climate data that have taken place to date have 

been based solely on testate amoebae analysis and while the results provide an 
insight into the proxy-climate relationship this cannot be confidently applied to peat 
humification and plant macrofossil analyses which are commonly applied in multi- 

proxy studies. Secondly, the studies of Charman et al. (2004) and Schoning et al. 
(2005) both provided a degree of replication (the former - within site, the latter - 
between proximal sites) that suggests high-resolution changes are recorded with 

some consistency. Finally, the differences in the proxy-climate relationship between 

oceanic and continental regions highlights the value of focussing on a climatic 

gradient in this project (Section 4.1.1). 

2.8.3 Coniparison ivith other proxy data 

As referred to in Section 2.7, confidence in palaeoclimatic reconstructions is 

increased if records are compared and found to exhibit phase shifts at the same time 

(within chronological uncertainty) over, %vide areas (e. g. Barber et al., 2000; 2003; 

2004a). Such a technique was employed to select the climate events that will be 

studied in more detail in this thesis (Section 2.7.2). Comparison of palaeoclimatic 

records in this way is often facilitated by plotting records on a common time-scale 

and joining up shifts that appear synchronous; this is commonly known as 'eye- 

balling' and is questioned by Blaauw et al. (2007) who used a more statistically 

rigorous approach to judge synchroneity. If the fine-resolution records produced in 

this thesis are to be validated by comparison with other palaeoClimatic records, such 

an approach will be necessary, as the high resolution of the records precludes 

straight-forward 'eye-balling'. This section will therefore review the techniques of 

several authors in more detail in order to assess their applicability to this study. 

Blaauw et al. (2007) rigorously tested the synchroncity of wet shifts from Lille 

Vildmose, Denmark and Walton Moss, northern England with changes in 

atmospheric 14C, which have been repeatedly linked to abrupt climate change in the 
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Holocene (see Section 2.7.1.1). The palaeoclimatological data was previously 

published by Mauquoy et al. (2002a; 2002b). Blaauw et al. (2007) produced wiggle- 

matched age-depth models based on ca. 20 14 C dates in 100 cm for all cores using the 

Bayesian approach of Blaauw and Christen (2005). These are presented as grey- 

scale blurred lines to represent chronological uncertainty (Figure 2.11). The 

probability that each wet shift was synchronous with a particular period of solar 

minima or volcanic event was then calculated using Markov Chain Monte Carlo 

iterations to produce several hundreds of millions of potential age-depth models for 

each core. Whilst a visual examination of the data (Figure 2.11) suggests wet shifts 

are simultaneous with atmospheric 14C peaks, the statistical results are less clear cut 

when tested in a Bayesian framework, with only the Maunder and Spbrer minima 

accompanied by moderate to high probabilities for wet shifts, although even these are 

variable between cores (e. g. the probability that the Maunder minimum, defined as 
340 - 235 cal. BP, is synchronous with wet shifts ranges from 2.4% in core WLM20 

to 95.8% in core WLMI 9). All three volcanic events studied (defined as four year 

periods) showed very low likelihood (ca. 4%) of being related to wet shifts. The 

study of Blaauw et al. (2007) highlights that 'eye-balling' is a limited way of 

comparing proxy data for synchroneity and may result in spurious correlations. 
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Figure 2.11: Left: grey-scale age-depth models produced by Blaauw el al. (2007) to represent 
chronological uncertainty. Right: visual comparison of wet shifts (squared black lines) with periods 
of reduced solar activity (grey diagonal shading) suggests correlation whereas statistical results are 

less clear cut (0, W, S, M and D and respective shaded areas represent periods of solar minima; black 
triangles represent volcanic events). 
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Holocene (see Section 2.7.1.1). The palaeoclimatological data was previously 

published by Mauquoy el al. (2002a; 2002b). Blaauw et al. (2007) produced wiggle- 

matched age-depth models based on ca. 20 14 C dates in 100 cm for all cores using the 

Bayesian approach of Blaauw and Christen (2005). These are presented as grey- 

scale blurred lines to represent chronological uncertainty (Figure 2.11). The 

probability that each wet shift was synchronous with a particular period of solar 

minima or volcanic event was then calculated using Markov Chain Monte Carlo 

iterations to produce several hundreds of millions of potential age-depth models for 

each core. Whilst a visual examination of the data (Figure 2.11) suggests wet shifts 

are simultaneous with atmospheric ' 4C peaks, the statistical results are less clear cut 

when tested in a Bayesian framework, with only the Maunder and Sp6rer minima 

accompanied by moderate to high probabilities for wet shifts, although even these are 

variable between cores (e. g. the probability that the Maunder minimum, defined as 

340 - 235 cal. BP, is synchronous with wet shifts ranges from 2.4% in core WLM20 

to 95.8% in core WLM19). All three volcanic events studied (defined as four year 

periods) showed very low likelihood (ca. 4%) of being related to wet shifts. The 

study of Blaauw et al. (2007) highlights that 'eye-balling' is a limited way of 

comparing proxy data for synchroneity and may result in spurious correlations. 
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Figure 2.11: Left: grey-scale age-depth models produced by Blaauw et al. (2007) to represent 
chronological uncertainty. Right: visual comparison of wet shifts (squared black lines) with periods 
of reduced solar activity (grey diagonal shading) suggests correlation whereas statistical results are 

less clear cut (0, W, S, M and D and respective shaded areas represent periods of solar minima; black 
triangles represent volcanic events). 
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Hughes et al. (in prep. ) used a multiple bandwidth correlation technique with 
bootstrapped error estimation to compare a peat hurnification record from 

Newfoundland, Canada with the GISP2 ice core temperature record, identifying 

long-term phases of positive and negative correlations. In this technique, specific 

age and proxy errors were added to each data series and they were correlated using 
downcore sliding windows of consistent temporal bandwidth. The correlations were 

re-run thousands of times using re-sampled errors and the distribution of correlations 

was plotted with confidence limits to test their significance. Critically, a rigid age- 
depth model was not imposed on the compared datasets; rather, dating uncertainty 

was reflected in wider confidence intervals. The technique can also oscillate 
between closely spaced dates to identify the maximum error range in the correlations, 

which would be beneficial to this study given the tight stratigraphical spacing of 

radiocarbon dates (Chapter 5). However, whilst the technique is potentially 
beneficial to the comparison of fine-resolution records with other palaeoclimatic 

data, it is computationally advanced and not currently available in a user-friendly 

format (Paul Hughes pers. comm. ); as a result, its potential application to this study 

is limited. 

Finally, Speranza et al. (2002) used cross-coffelation to compare A 14C with climate 

indicators (selected pollen, macrofossils and testate amoebae) from a Czech peat 

sequence. This technique calculated the best correlation coefficient between the two 

curves by shifting one dataset to the other, resulting in either a positive (i. e. early 

reaction of the climate indicator to A 14C) or negative (i. e. late reaction of the climate 

indicator to A14C) lag time. They found that indicators of wet conditions were 

positively correlated with A 14C whereas indicators of dry conditions were negatively 

correlated, although the length and direction of lag times was variable. Crucially, the 

correlations are based on a wiggle-match dated chronology (see Table 5.1) with an 

estimated uncertainty in the order of only 5- 10 calendar years. 

2.8.4 Pine-series analysis 
Time-series, or spectral analysis, is a statistical technique that identifies prominent 

cycles within time-series data (see Green, 1995). The method has been used 

extensively in recent peat-based palaeoclimatic studies to identify cyclical behaviour 
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that is both consistent with other studies and that may relate to possible forcing 

factors (e. g. Aaby, 1976; Barber et al., 1994a; Hughes et al., 2000; Langdon et al., 
2003; Blundell and Barber, 2005; Langdon and Barber, 2005). Indeed, Langdon and 
Barber (2005) stated that time-series analysis of climate-related parameters plays a 
fundamental role in climatic research (see also Chambers and Blackford, 2001). 

They further stated that "the search for a signal of systematic behaviour within a data 

set, that can be distinguished from noise, should provide an insight into the 

underlying mechanisms that govern the physical processes influencing the data". For 

example, Langdon et al. (2003) identified a significant cycle of I 100 years from 

Temple Hill Moss, south-east Scotland, which was also identified at Walton Moss, 

northern England by Hughes et al. (2000; Figure 2.12) and on a wider-scale in a 

composite Holocene temperature reconstruction from North America (Viau et al., 
2006). On the basis of this cycle length, Langdon et al. (2003). hypothesised that 

their palaeoclimatic record could therefore have been driven by North Atlantic ocean 

variability since Chapman and Shackleton (2000) identified cycles of a similar length 

from a proxy for North Atlantic Deep Water (NADW) circulation in the NEAP 1 5K 

deep-sea sediment core. A wide range of other cycles have been identified from both 

peat-based and other sources of palaeoclimatic data (see Section 2.7). This may 

reflect variability in climate records from diverse regions or, alternatively, result 
from chronological uncertainty in the age-depth models on which the studies are 
based (Blundell and Barber, 2005). 

In general, peat-based studies have identified relatively low-frequency cycles, for 

example that discussed above, as well as those of ca. 800 (e. g. Barber et al., 1994a), 

ca. 500 (e. g. Blundell and Barber, 2005; Langdon and Barber, 2005) and ca. 250 

years (e. g. Aaby, 1976). This is a result of the long time period under investigation 

and hence wide sampling resolution used; a cycle must be defined by at least two 

samples and therefore if samples are spaced at ca. 20 - 100 year intervals for 

example (Section 2.2) then cycles of ca. 40 - 200 years are the. shortest that may be 

confidently identified. For example, Langdon (1999) and Blundell (2002) identified 

cycles of ca. 80 years from Scottish bogs, which may relate to known solar cycles 
(i. e. the Gleissberg cycle; 87 years), but stated that these could not be considered due 

to the coarse sampling resolution employed (but see Chambers and Blackford, 2001 

where ca. 50 - 60 year cycles from high-resolution peat humification data using 
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contiguous interpolated values for alternate decades were accepted). However, there 

is no theoretical reason why shorter cycles may not be identified from fine-resolution 

data covering a shorter period of time. Despite this, the application of time-series 

analysis to this study may be somewhat limited in that only ca. 100 years will be 

studied per event at fine-resolution given the time restraints of the technique. 

However, short duration cycles have been identified in palaeoclimatic studies (e. g. 

the 11 year Schwabe sunspot cycle; see Mauquoy et al., 2002a) that may be repeated 
7- 10 times (7 - 10 cycles of any given periodicity must be present in a data set to 

be considered statistically significant; Langdon, 1999), meaning that the technique 

may still be of value to this project under the premise that if statistically significant 

periodicities are identified that can be related to specific forcing mechanisms, it 

suggests that a climate signal is present in the fine-resolution data. Finally, 

Chambers and Blackford (2001) attempted to identify climate change induced by 

periodic solar variability. They cautioned that the impact of short-term abrupt events 

(whether externally or internally forced) on longer records may be to hamper such an 

attempt as such events may generate their own periodicity, or may contribute towards 

other spurious periodicities. The effect of this when focussed on the time period 

immediately surrounding such an event is unclear. 
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Figure 2.12: Examples of the statistical output of time-series analysis. Graphs are 'periodograms' 
showing cyclicity from Walton Moss (top; Hughes el al., 2000; plant macrofossil DCA data) and 

Temple Hill Moss (below left - plant macrofossil DCA data, below right - peat hurnification data; 
Langdon el al., 2003). Dominant I 100 year cycles are evident at each site. 
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CHAPTER THREE: METHODS 

3.1 Inli-oduction 

Multi-proxy, fine-resolution analysis of abrupt events requires the use of novel 
fieldwork and sampling techniques that necessitate changes to standard methodologies. 
This chapter describes the fieldwork and proxy-climate methods used in this thesis and 

provides details of tests performed to confirm the validity of these methods. Criteria for 

site selection are provided in Chapter 4 while the methods used for all chronological 
techniques are found in Chapter 5. 

3.2 rield0ork methods 
Fieldwork methods to detennine the optimum coring location at each site followed the 

recommendations of Barber el al. (1998). At two sites (Fallahogy Bog and 
175gelmossen; see Chapter 4), field stratigraphy cores were taken along two 

perpendicular transects using a 100 x4 cm Russian pattern corer and analysed using the 

Tr6els-Smith notation (Tr6els-Smith, 1955). At two other sites (Walton Moss and 
Dosenrnoor; see Chapter 4), existing field stratigraphy transects were consulted (Hughes 

et al., 2000; Daley, 2007). The optimum coring location at any site was defined as that 

which showed evidence of potential climate shifts (i. e. pool layers suggesting short- 
lived phases of cooler and/or wetter climate and clear switching between different peat 

types) and an abundance of Sphagnum mosses. In each case, the location that displayed 

the highest number of, and most clearly defined, stratigraphic changes was selected. 

3.2.1 Coi-ingprocedure 

Master and skeleton cores (Section 3.4.4) were taken in close proximity, where possible 
from the same Sphagnunt lawn microtope. All cores were taken to a depth of five 

metres in order to capture the past ca. 5000 years of stratigraphy, therefore providing 

some context before the earliest event of interest at 3500 cal. BP (Section 2.7.5). 

Skeleton cores were taken alternately from two immediately adjacent boreholes using a 
50 x4 cm Russian pattern corer (Barber, 1984) and employing a5 cm overlap to ensure 

a complete record. Master cores were taken in the same manner but using a 30 xII cm 
Russian pattern corer with a 15 cm overlap to ensure that the entire depth of peat cored 
was available for analysis from a non-overlapping section (see the ACCROTELM 
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project conng protocol; http: //www2. glos. ac. uk/accrotelm/corproto. html, last accessed 
14th December 2007). The II cm diameter corer was custom-built for this project to 

provide 50 % more peat than a standard 30 x9 cm model (I I cm model provides 48 

cm 3 per I cm slice as opposed to 32 cm 3 for 9 cm model). This extra capacity was 

crucial in designing the sampling methodology (Section 3.3.3) as without it there would 

not have been enough peat available for fine-resolution, multi-proxy analyses. All cores 

were stored in plastic guttering, placed in sealable carbon-stable plastic bags, wrapped 
in electrical insulating tape and refrigerated at 4'C to prevent fungal growth. 

The top 70 cm of peat was retrieved using a custom-built 10 x 10 x 70 cm monolith tin 

that was cut into the peat and pressed down until the top was flush with the bog surface. 
The monolith was then removed using the apparatus shown in Plate 3.1; this was 
inserted into the peat down the back of the monolith tin, twisted to cut the peat 

underneath and aligned to pull the tin up from beneath. The depth of tin was chosen in 

order to provide a long continuous record from the peat surface that would include LIA 

abrupt events and was calculated in light of the approximate rate of accumulation at the 

study sites and the age of abrupt changes in previous research. In addition, a large 

volume of near-surface peat is required given the lower level of compaction and 

additional techniques used in the top ca. 40 cm (e. g. SCPs; Section 5.3 ,2 
10Pb; Section 

5.4). Other methods were considered for surface sampling (Smith et al., 1968; 

Wardenaar, 1987; Clymo, 1988) but were either tested and found to be problematic 

(Wardenaar, 1987) or considered to be overcomplicated for the intended purpose. 

!' 

& lqpll w 

Plate 3.1: Photograph of apparatus used to remove 70 cm monolith tin from the peat bog alongside 
monolith tin. 
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3.3 Specific methodological issues 

Fine-resolution analyses of abrupt Holocene climatic deteriorations requires sub- 

sampling at a resolution never before used in peat-based palaeoclimatic research; as 
identified in Section 2.2, the finest sampling resolution in published research to date is 

contiguous 5 mm slices. This. methodological advancement raises several specific issues 

which are addressed in this section. 

3.3.1 Sample size i-eduction 
AI mm cross-section of any core will obviously provide much less peat than aI cm 

slice; the common stratigraphical depth of samples used in palaeoclimatic research. The 

II cm diameter Russian corer used during fieldwork for this thesis (Section 3.2.1) 

provides only 4.7 cm 3 per I mm slice and therefore, given the number of methods to be 

carried out at any given level, it was essential to reduce the sample size for each of the 

three main proxy-climate methods (Sections 2.3 - 2.5). Without reductions in sample 

size, contiguous I mm sampling would not be achievable and the potential resolution of 

the study would be limited before analysis had even begun due to lack of peat. 

In order to test the effect, if any, of this reduction in sample size on the palaeoclimatic 

record produced, testing was carried out using all three proxy-climate methods. Each 

method was studied over a depth of one metre, using samples of I cm stratigraphical 
depth taken every 8 cm from a test core taken at Walton Moss, northern England in 

October 2004. At each depth one standard, or larger, sized sample (i. e. that 

recommended in methodological papers) and one half-sized sample (i. e. the smaller size 

that will allow I mm analysis) were taken. The records derived from these samples can 

therefore be directly compared and inferences made as to the representivity of the 

smaller sample size; given that the stratigraphical depth and count size are the same for 

both sample sizes, the only difference is the volume of material used. 

3.3. LI Plant inacrofossil analysis 
Plant macrofossils were analysed using the Quadrat and Leaf Count method (QLC; 

Section 3.4.1; Barber et al., 1994a). Palaeoecological diagrams in this section and 

throughout the thesis were produced using TILIA and TGView (Grimm, 1991; 2004). 

Figures 3.1 - 3.2 illustrate that Ericaceae profiles are similar in both diagrams with 

peaks at 8,72 and 96 cm. Monocotyledon remains are broadly similar, but there are 
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some differences between the two profiles, notably at 8 cm where there is a higher 

proportion in the 2 cm3 sample. Both sample sizes show a decline in monocotyledon 

remains from 48 - 56 cm. Unidentified Organic Matter (UOM) peaks at 40 cm and 72 

cm in both profiles but is largely absent otherwise. Total Sphagnitin profiles are 

extremely similar, however there is some difference in the individual species recorded. 
Sphagnum magellanicum dominates the uppermost samples of both profiles with a 
decline at 40 cm where it is replaced by Sphagnum section Aculifolia, Sphagnum 

section Cuspidala and Sphagnian lenelhon. The main inconsistencies occur at the base 

of the profile where there are differences in the recorded occurrence of Sphagnum 

austinii. 

There is little difference in the total species diversity between the smaller and larger 

sample sizes, with 4 cm 3 registering 27 different species and 2 cm 3 registering 29. This 

suggests that the smaller sample size does not result in rare species being missed during 

sampling. Indeed, the reduced amount of plant remains present often results in a clearer 

view, allowing smaller plant remains such as seeds to be seen with greater case. 

The plant macrofassil data was subjected to Detrended Correspondence Analysis (DCA; 

Section 3.5.2) to produce a proxy-climate index (sensit Barber el al., 1994a). Biplots of 

axes one and two scores show a high degree of similarity (Figures 3.3 - 3.4). Sample 

scores all occur in a broad zone from 0-2.5 on axis one and 0-2 on axis two. Plant 

macrofossil taxa are located at similar points along axis one, although there is more 

variation in the position of certain taxa along axis two, for example S. s. Aculifolia. 

However, since axis two does not relate to a water-table gradient this has no effect on 

the palaeoclimatic reconstruction. DCA axis one scores (Figure 3.5) are remarkably 

similar from 8- 64 cm. However, there are some differences below this depth, related 

to the differing proportions of S. austinii and S. s. Acutifolia at this point in the profile. 
A linear regression of the axis one scores (Figure 3.6) results in a high correlation 

coefficient and r2 value further suggesting the data are well correlated. In this situation, 
in contrast to the construction of age-depth models (Telford el al., 2004a), the r2 value is 

a valid method of testing the significance of the trendline. In the correlation of sample 

size data for all proxy methods, the larger sample size has been used as the x-axis 

variable as-it is known with less error than the smaller one (John Birks pers. comm. ). 
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Figure 3.1: Summary plant macrofossil diagram for 2 CM3 sample size 
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Figure 3.2: Summary plant macrofossil diagram for 4 CM3 sample size 

70 



3,0 

2.5 Sphagnum austinfi 

2.0 - 
Ericaceae 

1.5- 
Sphagnum tef&iurri 

to 1.0- 0 

2 000 Monocotyledonae #0 Sphagnum section ruspideta 
0 0.5 0 0 

00 
0 

UOM 
0 

-0.5 ;ý 0 01 
0 

0.5 10 15 2ýO 25 3.0 3, 
'5 

2 -0.5 

40 Sphagnum section Acutifolia 

-1Z 

-2011 # Sphagnurn papillosurn 

-25 - 
Axis 1 (eigen value 0.585) 

Species scores o Sample scores 

Figure 3.3: Biplot of axes I and 2 sample and species scores of plant macrofossil data for 2 cm' sample 
size 

4.0 

15 Sphagnum austink 

A2 3.0 

2.51 

2.0 - 
Sphagnum section Acutifbfia Sphagnum teneHum 0 

1,5, 
0 

00 
0 Ericaceae o 

0 
00 #Sphagnum section Cuspidata 

CO 
-S 

10, * Monocotyledonae I 

0,5 

00 

0 

-0,5 010 
0 

0.5 1.0 15 2.0 2.5 30 3,5 

5 
0 UOM 

-1.0 Sphagnurn papillosurn 

-1 5 
Axis I leigen value 0.589) 

Species scores o Sample scores 

Figure 3.4: Biplot of axes I and 2 sample and species scores of plant macrofossil data for 4 cm 3 sample 
size 

71 



2.5- 

2.0 - 

15 

l'O 

0.5 

0.0 

Z5 

2.0 

1.5 

CL 
E 

E 
0 1.0 
cm 

0.5 

0.0 

Figure 3.6: Linear regression of plant macrofossil data 

3.3.1.2 Peat humification analysis 
Peat hurnification results are shown in Figure 3.7 and plotted as percentage light 

transmission residual values derived from a linear regression of the raw data. Detrended 

values have been plotted as opposed to raw percentage light transmission results as it is 
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Figure 3.5: Comparison of DCA axis one scores for the plant macrofossil data 
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these data upon which palaeoclimatic reconstructions are usually based. Due to the 

relative speed of the hurnification procedure, two replicate samples of each sample size 

at each depth were analysed and further testing of within-sample variability carried out 
(see below); this Nvas not possible with the other proxy-methods due to time constraints. 

Of II sample points where direction of change can be noted, six show the same 
direction in all four samples (Figure 3.7). Of the five that disagree, two show 

agreement between three of the samples. Where the direction of change does differ 
between samples it is not consistently caused by either the 0.1 g or 0.2 g sample size. 
The only significant difference in the records, where palaeoclimatic interpretation may 
differ, is from 24 - 32 cm where two samples show a small downcore change to lower 

values and two show a more significant change to higher values. However as stated 
above, these differences are not related to either sample size. Figure 3.8 shows a linear 

regression of the two data sets using an average value of the two replicates for each 

sample size. The correlation coefficient and r2 value of the trendline are both high. 

In order to more rigorously test the differences between the standard and halved sample 

sizes, further testing was carried out to determine the amount of expected within sample 

variability for percentage light transmission results. Four replicate samples were taken 

from the same depth at five points selected to represent different peat types. Results 

showed that an average of 5.9% variability may be expected to arise from inherent 

random variability in the method. Therefore, if the average variability between results 
based on 0.1 g and 0.2 g sample sizes is within this range, the hypothesis that halving 

the accepted standard sample size will not effect palaeoclimatic results derived from 

peat hurnification analysis can be accepted. Raw percentage light transmission results 

are shown in Table 3.1 and show that an average 3.4% (0.1 g) and 2.6% (0.2 g) 

variability occurs between the two replicate samples of the same sample size. An 

average of 5.1 % variability occurs between the two sample sizes if the maximum 

variability between the replicate samples is selected. If the average values of the two 

replicate samples of each sample size are used, the variability between the two drops to 

2%; well within the acceptable range of variability. 
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Depth 
(cm) 

0. Ig 
rep. I 

0. Ig 
rep. 2 

O. Ig 
mean 

O. Ig 
var. 

0.2g 
rep. 1 

0.2g 
rep. 2 

0.2g 
mean 

0.2g 
var. 

Max 
var. 

Av 
var. 

8 66.1 63.0 64.5 3.1 63.7 62.9 63.3 0.8 3.1 1.2 
16 67.1 62.9 65.0 4.2 64.3 60.5 62.4 3.8 6.6 2.6 

24 60.2 55.4 57.8 4.8 56.1 58.9 57.5 2.9 4.8 0.3 

32 54.5 60.6 57.6 6.1 52.0 59.2 55.6 7.2 8.6 2.0 

40 40.5 31.4 35.9 9.1 36.9 40.4 38.6 3.5 9.1 2.7 

48 51.7 50.8 51.3 0.9 49.0 52.2 50.6 3.2 3.2 0.7 

56 43.5 47.3 45.4 3.8 43.7 42.0 42.8 1.7 5.3 2.6 

64 25.8 26.3 26.1 0.4 30.6 31.6 31.1 1.1 5.8 5.0 

72 25.2 23.3 24.3 1.9 24.9 27.4 26.1 2.5 4.1 1.8 

80 28.6 26.6 27.6 2.1 31.0 29.7 30.4 1.2 4.4 2.8 

88 26.0 23.7 24.9 2.3 26.0 25.2 25.6 0.8 2.3 0.7 

96 26.5 28.4 27.4 1.9 27.3 24.8 26.0 2.5 3.6 1.4 

Mean - - - 3.4 - - - 2.6 5.1 2.0 

Table 3.1: Peat hurnification results showing raw percentage light transmission and measures of 
variability within the datasets (rep. I/rep. 2= replicate I or 2 of tile O. Ig and 0.2g sample sizes; max. var. 

variability between high and low replicates of O. Ig and 0.2g sample sizes; av. var. = variability between 
average values of the two replicates). 

3.3.1.3 Testate anioebae analysis 
The main species in the two testate amoebae profiles (standard sample size; 2 cm 3 

halved sample size; I cm 3) are identical and behave similarly throughout (Figures 3.9 - 
3.10). Arcella discoides is prevalent in the uppermost samples. There are peaks in 

Amphiti-einaflavinn at 32 cin and 56 cm before Difflugiapillex and Hyalosphenia 

subflava become more dominant towards the base of the profile. Some differences are 

evident in the occurrence of rare species (not illustrated). However, the decision of 

whether it is valid to use aI cm 3 sample size should be based on the main taxa in the 

profile, as rare species make little difference to the final interpretation, having negligible 
influence on transfer function calculations (Section 3.5.3). The 2 cm 3 sample size has a 

slightly higher average species diversity than the I cm 3 (15: 14) although this is not 

consistent in all samples. The dominant species is the same in 10 out of 12 samples. 
Concentration values are similar and follow the same pattern throughout the profile. 
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The transfer function of Woodland et al. (1998) has been used to provide a quantitative 

reconstruction of depth to water-table. Both datasets show similar results, in particular 
below a 40 cm (Figure 3.11). Above this depth there is some variability, and from 16 - 
24 cm, the direction of change is different between the two sample sizes. However, this 

can be explained by careful examination of Figures 3.9 and 3.10. From 16 - 32 cm 

there is a more significant increase in the proportion of D. pulex in the I cm 3 sample 

size. This is coupled with a slight decrease in A. discoides, whereas the 2 cm 3 sample 

size shows a slight increase in this species. As the transfer function used does not 
include D. pulex, because this is a rare species in modem studies (see Section 2.5), the 

results will be consequently skewed. Therefore the difference observed in Figure 3.11 

can be seen as a function of the way the results have been processed rather than of any 
difference in the two assemblages caused by sample size. 

The correlation coefficient and ý value of a linear regression of the testate amoebae data 

(Figure 3.12) are lower than for the plant macrofassil and peat hurnification data, 

although still high enough to suggest a significant relationship between the two. 

Notably, the two samples that are furthest from the trendline are those at 24 and 32cm, 

where the lack of Difflugia pulex in the transfer function is causing problems. 
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Figure 3.11: Comparison of testate amoebae water-table reconstructions using the transfer ftinction of 
Woodland et al. (1998) (red, I crn' sample size, blue; 2 CM3 sample size, dotted lines show bootstrapped 

error estimates). 
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Figure 3.12: Linear regression of testate amoebae reconstructed water-table depth data 

3.3.1.4 Discussion of results 

The question of minimum or adequate sample size in palaeo-analyses has received little 

attention in the literature. Therefore, without a precedent to follow, it is important to 

define an acceptable level of correlation or similarity between the sets of results based 

on smaller and larger sample sizes. Whilst the primary aim of this thesis is 

methodological, there is also an important climatological aspect (Section 1.2); it is 

therefore important that the overall palaeoclimatic interpretation of both sets of sample 

size data does not differ. Some small differences should be expected, caused for 

example by inherent variability in the method as shown for peat humification analysis, 

although significant and consistent variations should not be accepted. If this level of 

similarity can be illustrated, more in-depth statistical analysis of the behaviour of 
individual samples or species is deemed unnecessary. 

Additionally, more rigorous statistical analysis of the data would require a null 

hypothesis to be set, for example that the smaller sample size is representative of the 

larger. However, there is no evidence in the literature that the larger, recommended, 

sample size has itself been rigorously tested or proven to accurately represent the core 

as a whole. For example, in the case of testate amoebae analysis, Hendon and Charman 

(1997) suggested using a known volume of peat, with 2 cm 3 stated only as an example, 
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while Wamer (1990) stated that a volume of I-5 cm 3 maybe used. Therefore, if 

variation between the two sample sizes is encountered, it does not necessarily mean that 

the smaller one is 'wrong'. 

When discussing similarity and dissimilarity, Birks and Gordon (1985) stated that it is 

important to undertake several different analyses in order to guard against unwarranted 

conclusions being drawn on the basis of one particular method of statistical analysis. 
This has been achieved by using both the correlation coefficient and r2 values alongside 

a qualitative comparison of each data set, and, in the case of peat hurnification analysis 

where replicate sampling was performed, further analysis of the variability in the 

dataset. It would not have been possible to analyse the plant macrofossil and testate 

amoebae data more rigorously without counting (ideally several) replicates for each 

sample size of each technique, which was not within the timeframe of the thesis. 

To conclude, the similarity in the palaeoclimatic records and the high correlation 

coefficients and r2 values produced by all three proxy-climate indices between the two 

sample sizes show that it is appropriate to use the smaller sample sizes in further 

analysis. 

3.3.2 Potential i-esolution ofplant maci-ofoSSil analysis 
Of the three proxy-climate methods, plant macrofossil analysis is potentially the most 

problematic in terms of fine-resolution sampling due to the size of plant remains, which 

are often larger than 2 mm. Therefore, coupled with issues regarding fine-resolution 

sampling procedures (Section 3.3.3), the applicability of using a contiguous sampling 

resolution of I-2 mm for plant macrofossil analysis has been tested. From previous 

analysis of a test core (Section 3.3.1), aI cm section of peat was selected that showed 

an abrupt climate change in all three proxy-climate methods. This depth was then 

sampled using a single I cm slice, two contiguous 5 mm slices and 10 contiguous I mm 

slices. All samples were analysed for plant macrofossil content using the QLC method 
(Section 3.4.1; Barber et al., 1994a). 

The I cm slice (Figure 3.13) is dominated by Sphagnian leaves (69%) with 

monocotyledon remains the only other significant component at 26%. The total 
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Sphagnum component is dominated by S. s. Cuspidata (70%) and to a much lesser 

extent, S. s. Acutifolia (22%). UOM occurs at 3%. 
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Figure 3.13: Proportion of peat components in aI cm sample from depth 36 - 37 cm. 

The two 5 mm samples exhibit a downcore, reduction in total Sphagnum from 72% to 

55% and an increase in UOM from 3% to 11%, immediately suggesting that the I cm 

sample may be smoothing the palaeoclimatic infon-nation available from this level. Of 

the Sphagnum taxa, there is a significant downcore reduction in S. s. Cuspidata from 

58% to 35%. S. s. Acutifolia shows a small increase. Ericaceae remain at very low 

levels in both samples and there is a downcore increase in monocotyledon remains from 

24% to 32% (Figure 3.14, Table 3.2). 

The 10 contiguous I mm slices also illustrate a downcore shift to a higher proportion of 

UOM and lower proportion of Sphagnum leaves, further suggesting that sub-cm 

sampling may be of benefit for plant macrofossil analysis. UOM increases from 6% to 

36% while there is a decrease in total Sphagnum from a maximum of ca. 70% to a 

minimum of ca. 30%. S. s. Cuspidata again decreases downcore from ca. 50% to ca. 
20%. S. s. Acutifolia is the only other significant taxa at ca. 10%, with S. papillosum, S. 

magellanicum and S. tenellum all occurring in very low proportions. The final sample 

(36.9 - 37 cm) shows a reduction in S. s. Cuspidata and increase in S. s. Acutifolia 

(Figure 3.15). 
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Figure 3.14: Proportion of peat components in the two 5 nun samples 
(blue; 36 - 36.5 cm, green, 36.5 - 37 cm). 

36 - 36.5 cm 36.5 - 37 cm 

Sphagnum magellanicum 2.9 5 

Sphagnum section Acutifolia 7.2 12.1 

Sphagnum section Cuspidata 58.3 35.2 

Sphagnum tenelium 3.6 2.8 

Total Sphagnum 72 55 

Encaceae 0.4 1.2 

Monocotyledonae 24.2 31.8 

UOM 2.7 11 

Others 0.8 1.1 

Table 3.2: Proportion of peat components in the two 5 mm, samples. 
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Figure 3.15: Plant macrofossil diagram based on 10 contiguous I mm samples from 36 - 37 cm. 

3.3.2.1 Discussion ofi-esults 
The 1 mm. slices provide little additional information to the 5 mm slices. Averaging the 

I mm samples into two 5 mrn samples (Table 3.3) confirms that the interpretation is 

similar, although the absolute values of some peat components differ. For example, 

total Sphagnitin reduces from 63% to 45%; a similar magnitude of reduction to the 5 

mm samples however at lower percentage levels. As with the 5 mm samples, S. s. 
Cuspidala shows a reduction, at similar percentage levels, while S tenellum also 
decreases slightly. S. s-4cutifolia is present in both the 5 mm and averaged I mm 

samples at similar levels, however increases slightly in the former while decreasing 

slightly in the latter. Interestingly, S. magellanicum is more prevalent in the 5 mm 

samples (3% and 5%) as opposed to the averaged I mrn samples (0.4% and 0.1%). This 

may be the result of leaves being lost during the fine slicing process, as S. inagellaniclan 
is a large leaved species; this is a potential example of bias caused by contiguous I mm 

sampling. UOM also behaves similarly in both sets of results although at lower 

percentage values in the 5 mm samples; both increase by ca. 10%. It should also be 

noted that some differences in the results between the I cm, 5 mm and I mm samples 
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will be caused simply by the sampling location within the cross-section of the core. 
This can be illustrated by the presence of sliced monocot basal nodes throughout most 

of the I mm samples; similar remains were absent from the I cm and 5 mm samples. 

36 - 36.5 cm 36.5 - 37 cm 
Sphagnum papillosum 0 0.1 
Sphagnum magellanicum 0.4 0.1 

Sphagnum section Acutifolia 9.6 7.9 

Sphagnum section Cuspidata 51 36.2 

Sphagnum tenellum 1.8 1.1 

Total Sphagnum 62.9 45.4 

Ericaceae 2 2.8 

Monocotyledonae 21.5 24.8 

UOM 12.1 24.5 

Others 2 3.5 

Table 3.3: Proportion of peat remains in averaged I mm samples. 

Whilst the I mm samples were being sampled it was clear that plant remains which sat 

vertically in the mini-monolith were being sliced into contiguous samples (Plate 3.2). 

This will cause 'noise' in the palaeoclimatic 'signal' as any changes in the proportion of 

these remains from one sample to the next will be caused simply by their varying size 

rather than any climatic influence. In addition, monocotyledon root fragments and 

Sphagnum leaves that had been clearly sliced were noted in the I mm macrofossil 

samples (Plate 3.3), suggesting a further source of noise. Furthermore, it cannot be 

ruled out that longer pieces of monocotyledon root in the I min samples could represent 

snagging during the cutting process as opposed to the roots lying horizontally in the 

peat, although in general the performance of the peat slicer was satisfactory. Sliced 

plant remains were also observed in samples of I cm stratigraphic depth, confin-ning 

that this problem is not necessarily confined to samples of I or 5 mm stratigraphical 

depth. However, the piece of ericaceous wood in question, although having sliced ends 

was significantly longer than those found in I mm and 5 min samples and could 

therefore be identified to species level. 
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Plate 3.2: Examples of sliced plant remains in I mm samples a) sliced ericaceous wood x 30; b) sliced 
monocotyledon basal node x 10; c) sliced monocotyledon stem x 20; d) sliced monocotyledon basal node 

x 15; depth of slice ca. I nun 

04 
ffilkww-t 0 

Plate 3.3: a) monocotyledon root fragments ca. I nun in length x 10; b) small monocotyledon root 
fragments ca. 2-3 mm x 10; c) Sphagnum section Cuspidata leaf, sliced in half x 40. 

These results suggest that plant macrofossil analysis would be most beneficially carried 

out at a resolution of contiguous 5 mm slices over each abrupt climate event and used to 

provide a reliable background record to finer resolution testate amoebae and peat 

hurnification analyses. Sampling at 5 mm has been shown to reveal change within aI 

cm slice. However, despite choosing a depth that suggested significant change in 

previous multi-proxy analyses, sampling at I mm resolution did not reveal any more 

worthwhile information than the two 5 mm slices and averaged I mm slices provided 

similar results to the two 5 mm slices. To confirm this interpretation, three further tests 

using contiguous 5 mm samples were carried out over a variety of peat types (Table 
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3.4). At each depth, a single I cm sample and two 5 mm samples were counted using 

the QLC method (Section 3.4.1; Barber ef al., 1994a). Findings are summarised in 
Table 3.5. 

Depth (cm) Dominant species Justification for choice 

20-21 cm 
Sphagnum Relatively stable depth in terms of change in the bog 
magellanicum plant communities; will 5 mm slices show change 
(known) within a1 cm slice in stable zones? 

200 - 201 cm 
Sphagnum austinii Where it occurs, this species is typically very 
(predicted) dominant; will this have an effect? 

Pool layer observed in peat stratigraphy at this depth, 

269 - 270 cm 
Sphagnum section possibly related to the ca. 2700 cal. BP event. 
Cuspidata Analysis here should provide a further example of a 
(predicted) sharply changing zone similar to those studied at fine- 

resolution. 

Table 3A Depthý chosen for further testing of plant macrofossil resolution and justification of these 
choices. 

Depth (cm) Findings 

In this instance there was no real benefit in sampling at 5 mm as opposed to 1 cm 
20-21 cm resolution. There was very little difference between the two 5 mm samples - the only 

changes were of a small magnitude (ca. 3- 5%). 

There was little change between the two 5 mm samples; total Sphagnum remained 
constant, while there was a small downcore increase in Ericaceae remains and 
decrease in UOM. As predicted, Sphagnurn austinii dominated the total Sphagnum 
figure in all samples. There was some difference in how species were proportionally 

200 - 201 cm represented between the 1 cm and 5 mm samples. For example, total Sphagnum was 
12% higher and Ericaceae was ca. 10% lower in the 1 cm sample than in an 
approximate average of the 5 mm samples. This may simply represent the different 
sampling locations from the core cross-section, or in the case of the total Sphagnum 
figure, may represent over-estimation of the proportion of certain remains in a sample 
through homogenisation. 

The conclusions of earlier testing (see above) were upheld here; when peat is sampled 
for plant macrofossil analysis at a depth where significant change is occurring, two 5 mm 

269 - 270 cm samples provided more information than one 1 cm sample. The results from this depth 
showed a significant increase in total Sphagnum and decrease in UOM with depth 
between the two 5 mm samples. Ericaceae and monocotyledon remains remained 
relatively constant. 

Table 3.5: Findings of further 5 mm tests. 

The additional tests showed that a5 mm sampling interval is not always beneficial; the 

peat sampled from 20 - 21 cm and from 200 - 201 cm illustrate that using this 

resolution results in spending double the time to gain little extra information. The 
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results from 269 - 270 cm clearly support the findings from earlier tests, while the 

results from the first two depths sampled confirm that unless high-resolution research is 

focussed on a zone of significant palaeoclimatic change, there is no benefit in using fine 

contiguous sampling resolutions. 

In conclusion, the benefits of using a5 mm sampling resolution for plant macrofossil 

analysis within the zones of fine-resolution analysis have been confirmed. This 

sampling interval can provide high-resolution information that is reflecting 

palaeoclimatic change. The considerable extra time required to perform macrofossil 

analyses at I-2 min. resolution is not justified; problems have been firmly identified in 

terms of slicing larger plant remains and potential problems identified in the 

representivity of Sphagnum species and the identification of certain species. 

3.3.3 Samplingprocedure 

The conventional sampling procedure for peat-based palaeoclimatic research, based on 

non-contiguous samples of I cm stratigraphic depth, involves straightforward removal 

of samples from core sections by hand using a scalpel, spatula and scissors to cut root 

material where necessary. However, following extensive laboratory testing using a 

number of different peat types (i. e. those with different dominant plant taxa and/or 
levels of hurnification), both frozen and unfrozen, cutting by hand and with an 

experimental wire cutter, it was concluded that this method was not suited to taking 

(contiguous) samples of 2 mm or less stratigraphical depth. As a result, it was essential 

to identify an accurate and replicable method for mm-scale sampling. Absolute 

uniformity of technique is identified as vital in all stages of fine-resolution studies by 

Green (1983). It ensures that any errors or distortions introduced by laboratory 

processing are systematic, rather than random, and will therefore not affect the 

interpretation of the resulting sediment record (Green and Dolman, 1988). Possible 

distortion of the peat stratigraphy by repetitive freezing and thawing has been tested by 

Barber (1981) and Turner and Peglar (1988). Both concluded that the effects were 

undetectable, the latter concluding that freezing does not disturb "the spatial structure 

... of the peat". However, as a precautionary measure, all peat frozen for fine- 

resolution sampling in this study has been placed in a three-sided 'mini-monolith' tin 

with caps at either end to protect against vertical distortion (see Figure 3.19). 
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In the absence of previous fine-resolution palaeoclimatic, studies, FRPA literature has 

been consulted to identify different methods employed. Methods that will allow 

contiguous sampling have been targeted, immediately discounting sawing techniques 

such as those of Green et al. (1988) who lost 2 mm of peat per 5 mm sampled. Turner 

and Peglar (1988) suggested slicing frozen peat in a microtome, although did not 

specify a device. Garbett (1980) used a sledge microtome of which details are given 
(Figure 3.16). The device worked by inserting a block of frozen peat, previously cut 
from the main core, into a sampling chamber, the top of the block being flush with a 

sampling plate. The peat was then moved above the level of this plate in 2 mm 
increments using a ratchet system and sliced off by hand. A similar device was 
described by Cloutman (1987) although this worked with unfrozen peat wrapped in 

aluminium foil to maintain the integrity of each slice. Personal observations of the peat 

types present in the cores from all four sites suggest using frozen peat would be 

preferable, given the high proportion of monocotyledon roots and ericaceous wood 

remains present at some levels which could cause snagging and therefore a lack of 

uniformity. Wiltshire (1988) described a different type of device constructed of closely 

spaced razor blades mounted in Perspex that can be pressed into a peat core to provide 

contiguous samples (Figure 3.17). It was stated that the device is effective in sampling 

fibrous material however the dimensions of the razor blades limit the sample size that 

can be retrieved. 

Figure 3.16: Sledge microtome used by Garbett (1980) a sample chamber, b=0.2 cm interval markings 
on ratchet mechanism, c piston screw. 
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Figure 3.17: Razor blade peat sampler described by Wiltshire (1988). 

Joosten and de Klerk (2007a) described a cutting device entitled 'DAMOCLES' which 

could thin-slice peat cores to a sample resolution of 0.5 mm (Figure 3.18). The 

apparatus is a paper-cutting machine originally used in the printing industry and works 
in a similar manner to those of Garbett (1980) and Cloutman (1987) in that the core is 

moved forward in pre-determined increments and samples sliced off. It has the 

advantage that it can slice the entire cross-section of a core, rather than a smaller block 

cut from it. A very similar device, a 'Jung Tetrander' microtome, was tested at 

Southampton General Hospital, courtesy of Phil Steart in histopathology. However, 

complications arose in attaching the frozen peat to the device and so this method was 

ruled out. Consequently, a device comparable to that of Garbett (1980) seemed the 

most advantageous. 
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Figure 3.18: The DAMOCLES apparatus described by Joosten and de Klerk (2007a). 

Such a device was obtained from Prof. Frank Chambers at the University of 
Gloucestershire (Plate 3.4). This works on the same principle as the microtome of 
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Garbett (1980) with the advantage that I mm slices may also be taken. Testing revealed 
that the device performed well, with no snagging of plant remains between samples. 
However, each I mm slice provided only 0.5 cm 3 peat, making it unsuitable for use with 

multi-proxy analyses; therefore an enlarged version was custom-built by R. Bailey 

Engineering, Isle of Wight (Plate 3.4; Figure 3.19). 

Plate 3A Peat slicer obtained from Prof. Frank Charnbeis, L, niNcrsitý ol'olouccstershire (Icft), enlarged 
version constructed by R. Bailey Engineering, Isle of Wight (right). 

The size of the cross-section was enlarged to 4.5 x 4.5 cm, which theoretically provided 

2 cm 3 of peat per I mm slice to allow both peat hurnification and testate amoebae 

analysis to be carried out at I mm resolution, while plant macrofossil analysis was 

performed using contiguous 5 mm samples (Section 3.3.2) taken from adjacent peat 

(Figure 3.20). However, subsequent testing revealed that due to variations in the 

porosity and compaction of peat, aI mrn slice did not consistently provide enough 

volume for both analyses. Therefore, fine-resolution studies were limited to a minimum 

resolution of contiguous 2 mm samples. Given the cross-sectional area of the peat cores 

obtained during fieldwork (Section 3.2.1), the reduced sample sizes (Section 3.3.1) and 

the limits to the resolution of plant macrofossil analysis (Section 3.3.2), the size of the 

cutter provides the maximum amount of peat possible for multi-proxy, fine-resolution 

analyses. 
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Figure 3.19: Schematic diagram of custom-built peat slicer describing main features. 
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Figure 3.20: Schematic representation of the sampling strategy used on master core sections. 

Simmons et al. (1985) identified that due to the microtopography of ombrotrophic bog 

surfaces, chronological integrity of fine slices cannot be assumed, potentially 

undermining the technique. The risk of this problem occurring can be minimised by 

taking samples with as small a diameter as possible. For example, Sturludottir and 
Turner (1985) found that samples of 2.5 cm diameter had lateral stratigraphical 
integrity. As stated above, this sample size would not provide enough material for this 

project and therefore it was necessary to increase the sample diameter. However, by 

expanding the sarnple chamber as little as possible and choosing the sampling technique 

described above, rather than one based on slicing an entire core cross-section, the risk of 

this issue occurring has been minimised. 

Sampling was performed in the following way: the 'mini-monolith' sample holder was 

carefully cut into the peat core and removed when containing the sample. Caps were 

placed on each end to prevent expansion of the sample during freezing. The block of 

peat was then placed in a deep freeze at approximately -20'C for a minimum of 24 

hours. Sampling took place in a cold room with a temperature of 4'C to prevent the 

edges of the sample block from melting. The frozen block of peat was placed into the 
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sampling chamber and the ratchet turned until the sample was level with the cutting 

surface. The ratchet was then moved in 2 mm increments so that the sample protruded 

above the cutting surface; this was then sliced off using a cut-throat razor and 
immediately stored in a labelled sample bag. The cutting surface and razor were 

cleaned between samples to prevent any cross-contamination. All other sampling, 
including the 5 mm samples for plant macrofossil analysis was performed by hand. 

3.4 Laboratoiy methods 

3.4.1 Plant inacrofossil analysis 
Given the conclusions drawn in Section 3.3.1.4 with regard to sample size, all analyses 

were undertaken using a volume of 2 cm 3. Sub-samples were washed under a constant 
jet of water through a 125 gm sieve to disaggregate the plant remains and remove fine 

detritus. A standard volume of 2.5 litres was used to minimise any bias in the amount 

of UOM that passed through the sieve. Samples were stored in labelled Sterelin tubes 

in distilled water. Samples were analysed in a single layer suspended in distilled water 

in a clear plastic tray at x 10 magnification. Where it was necessary to identify 

diagnostic cell structures in monocotyledon taxa, sections of leaf epidermis were 

mounted individually on slides and analysed at x 200 and x 400 magnification. 
Identification was aided by Grosse-Braukmarm (1972; monocotyledon and ericaceous 

taxa), Katz et al. (1977; monocotyledon taxa), Daniels and Eddy (1990; Sphagnuln), 

Smith (2004; Sphagnuin and brown mosses) and reference material held at the 

Palaeoecology Laboratory, University of Southampton. 

Methods to quantify the proportions of plant macrofossils varied depending on which 

stage of analysis was being undertaken (Section 3.4.4). For the skeleton diagrams, all 

taxa were quantified using a 5-point scale of abundance (e. g. Hughes and Barber, 2004), 

whereas for the fine-resolution analyses, the more time-consuming QLC method 
described by Barber et al. (I 994a) was employed. In the former method, all taxa 

present in the sample were rated where I= rare, 2= occasional, 3= frequent, 4= 

common and 5= abundant. Sphagnum leaf counts were then carried out to determine 

the proportion of taxa present as this is a key peat-forming, climatically sensitive 

genera. 100 Sphagnum leaves were randomly picked from the sample and mounted on 

a slide in Aquatex water-based mountant. These were analysed at x 200 and x 400 
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magnification and characterised to section and, where possible, species level. For the 
QLC method, 15 replicate 'quadrats' were thrown over the sample by randomly 

positioning the sample tray under a 10 x 10 square grid graticule., For each grid square, 
the pioportion of taxa present was accurately assessed as a percentage value. The 15 

results were then averaged to provide the final value, taking into account any empty 

space present in the grid square. Sphagnum leaves were counted in the same way as the 

abundance method. 

3.4.2 Peat hundfication analysis 
Laboratory preparation for peat hurnification analysis followed a slightly modified 

version of the standard colorimetric technique advocated by Blackford and Chambers 

(1993). Given the conclusions drawn in Section 3.3.1.4 with regard to sample size, all 

analyses were undertaken using a weight of O. Ig dried peat. Samples with a volume of 
I cm 3 and wet weight of I- 2g were dried overnight in porcelain crucibles at 105'C. 

Once cooled, these were crushed to a fine powder using a pestle and mortar. A sub- 

sample of 0.1 g was accurately weighed (± 0.00 1 g) and placed in a conical flask with 50 

ml of freshly mixed 8% Sodium Hydroxide (NaOH). This was brought to the boil on a 
hot plate and then simmered gently for one hour on a low heat to minimise *evaporation. 

When cool, the samples were topped up to 100 ml with distilled water, mixed 

thoroughly and the solution filtered through Fisherbrand QL100 qualitative filter paper. 
Next, 25 ml of the filter solution was diluted 1: 1 with 25 ml of distilled water and again 

mixed thoroughly. Percentage light transmission was measured on a WPA S106 digital 

spectrophotometer set at 540 nm and calibrated to 100% using distilled water between 

each sample reading. All readings were taken four hours after the initial mixing with 
NaOH; three were taken for each sample and the average used as the final value. Dark 

coloured extracts, showing a high concentration of humic acids indicate well-hurnified 

peat and suggest a drier bog surface. Conversely, lighter coloured extracts with a low 

concentration of humic acids indicate less-hurnified peat and suggest a wetter bog 

surface (Anderson, 1998; Barber and Langdon, 2001). 

3.4.3 Testale ainoebae analysis 
Laboratory preparation for testate amoebae analysis followed a slightly modified 

version of the technique advocated by Hendon and Charman (1997) and Charman et al. 
(2000). Given the conclusions drawn in Section 3.3.1.4 with regard to sample size, all 
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analyses were undertaken using a volume of I cm 3 of peat. Sub-samples were placed in 

a 250 ml beaker with 100 ml distilled water and two Lycopodium spore tablets (to 

enable testate amoebae concentration to be calculated) and boiled for 10 minutes to 

disaggregate the peat. Each sample was then washed through a coarse (300 pm) and 
fine (10 gm) sieve. Only material in the I Ogm sieve was retained for further analysis. 
This was washed into a centrifuge tube and centrifuged at 3000 rpm for five minutes. 
The supernatant was poured off and the process repeated. Samples were then washed 
into labelled, stoppered vials and stored in distilled water. 

Before counting, two drops of distilled water were added to the slide to improve the 

definition of the testate amoebae under the microscope (Barber and Langdon, 2001). 

Slides were counted at x 100 (general scanning) and x 400 (fine detail) magnification. 
Levels were counted until either 150 testate amoebae or 500 Lycopodillin spores were 

recorded, however a minimum count of 100 testate amoebaewas broadly applied. 
Charman (1999) stated that 150 testate amoebae is an adequate number to represent the 

main faunal components and that the additional rare taxa that may be added from a 
higher count would add little to the environmental interpretation. However, when 

testate amoebae concentration fell below the ratio of 10: 1 with Lycopodium, the count 

was reduced to 50. Research by Woodland el al. (1998) suggested that this count may 

not record all species present in the sample however Amesbury el al. (2008) have 

shown that it did not adversely affect species diversity in an ombrotrophic peat profile 

from Dartmoor, southern England. In addition,. Swindles el al. (2007b) accepted counts 

of 50 for statistical analysis when either preservation was poor or the total number of 

taxa was low. Identification and nomenclature followed Charman el al (2000). 

3.4.4 Melhodological ap -oach to multi-pi-oxy analyses , pi 
The proxy-climate analyses were split into two stages. Firstly, the skeleton cores were 

used to produce outline diagrams at each site using peat hurnification and plant 

macrofossil analyses. This stage was designed to identify the abrupt events that would 

be studied at fine-resolution. Sampling followed standard procedures and was first 

completed at 16 cm resolution throughout each entire core. Sampling resolution was 

then gradually increased from 8 cm, to 4 cm, and finally 2 cm intervals to 'focus-in' on 

the events of interest. Testate amoebae analysis was omitted from this stage to allow 

more time for the fine-resolution work. For the same reason, plant macrofossils were 
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counted using the 5-point scale of abundance rather than the more time-consuming QLC 

method (Section 3.4.1). However, the use of two proxy-methods provided the 

opportunity to test each record against the other to ensure a reliable climate signal was 

being recorded. Given the large number of samples involved in multi-proxy, fine- 

resolution analysis and the number of sites and events being studied, the aim of the 

skeleton diagrams was to define each abrupt event within ca. 10 cm of stratigraphy, 

equating to a period of ca. 100 years given an approximate accumulation rate of 10 

years/cm. All fine-resolution analyses were carried out on the master cores following 

calibration of the hurnification records between the two cores (Section 6.3). All three 

proxy-methods were employed at this stage and plant macrofossils were counted using 

the semi-quantitative QLC method. 

3.5 Statistical analysis of the proxy data 

3.5.1 Weighted avei-aging 
The use of weighted averaging (WA) to summarise past water-table fluctuations from 

plant macrofossil data was formalised by Dupont (1986) and has since been applied in 

many studies (e. g. Mauquoy, 1997; Barber et al., 2003; Swindles el al., 2007a, 2007b), 

although DCA is generally favoured for the development of macrofossil-based proxy- 

climatic indices (Section 3.5.2). The basic premise of the technique (sensit Dupont, 

1986, also see ter Braak, 1995a) is that each plant taxon is given a weight, or indicator 

value, on a scale of I-8, which is a reflection of the hydrological conditions under 

which it grows; those taxa that favour drier conditions, such as Ericaceae or hummock 

forming Sphagna are assigned higher values, whereas those favouring wetter conditions 

such as certain monocotyledon species or pool forming Sphagna are assigned lower 

values. Each taxon's indicator value is multiplied by its percentage abundance in any 

given sample, the scores added together and divided by the total abundance of all 

species (i. e. 100%) to derive an average wetness value for each sample using the 

following equation: 

XO 7- (YlUl + Y2U2 + --- + YnUn) / (YI + Y2 + --- + Yn) 

where 

xO is the WA score for the sample 
Yls Y2 ... Yn are the abundances of the taxa 
Uls U2 

... un are the indicator values of the taxa 



However, there is concern over potential subjectivity in the WA process since the field 

data used to support the indicator values are neither extensive or unequivocal (Barber et 

al., 2000; 2004a). In addition, WA requires that taxa conforin to a 'species packing 

model' whereby they "evolve to occupy maximally separate niches with respect to a 
limiting resource" (ter Braak, 1995a); in this case water-table depth. However, as 
discussed in Section 2.3, some species display a high water-table tolerance and may 

grow across a range of microtopographical niches. Following on from this, ter Braak 

(I 995a) stated that while in WA each taxon is regarded as an equally good indicator, it 

is intuitively reasonable to give taxa with a narrow ecological amplitude more weight 
than those with a broader ecological amplitude. Despite these potential problems, 
Barber et al. (2003) and Swindles et al. (2007b) used both WA and DCA on plant 

macrofossil data from sites in the British Isles and produced replicable curves that 

testify to the usefulness of the former in producing simple and comparable 

palaeohydro logical records. Mauquoy (1997) comprehensively reviewed and analysed 

the original weightings used by Dupont (1986) and adjustments to those made by 

subsequent studies. From this he developed a revised weighting system, which included 

a number of extra taxa commonly found on ombrotrophic bogs; it is this weighting 

system that has been applied to this study (Table 3.6). WA has been applied to plant 

macrofossil data to derive palaeohydrological indices where DCA was deemed 

inappropriate. 

Plant macrofossil type Weight 

Ericaceae undiff. 8 
Unidentified Organic Matter (UOM) 8 
Monocotyledonae undiff. 7 
Eriophorum vaginatum 7 
Trichophorum cespitosum 6 

Sphagnum section Acutifolia 5 
Sphagnum austinii 4 
Sphagnum magellanicum 4 
Rhynchospora alba 3 
Sphagnum papillosum 3 
Eriophorum angustifolium 2 
Sphagnum section Cuspidata 1 

Table 3.6: Dupont wetness index weightings used in this thesis (after Mauquoy, 1997) 

96 



3.5.2 Defi-ended Correspondence 4nalysis 

DCA is a form of ordination or gradient analysis derived from weighted averaging that 

has been used extensively in recent peat-based palaeoclimatic research to derive proxy- 

climatic indices from plant macrofossils (e. g. Barber et al., 1994a; 2000; 2003; 2004a, 

Charman et al., 1999; Chiverrell, 2001; Hughes et al., 2000; 2006; Langdon el al., 
2003; Langdon and Barber, 2005; Mauquoy and Barber, 1999a; Swindles et al., 2007b) 

and, less frequently, testate amoebae data (e. g. Chiverrell, 2001). The term 'ordination' 

refers to any method that seeks to order data in any number of dimensions to 

approximate some pattern of response; the usual objective of ordination is to help 

generate hypotheses about the relationship between species composition and underlying 

environmental factors (Digby and Kempton, 1987). In contrast to techniques such as 
Canonical Correspondence Analysis (CCA) where measured environmental data is used 

to directly model species response, DCA is a form of indirect ordination in that the 

environmental variables influencing species distribution are unknown. Therefore, the 

response of the data is modelled, but not the cause; this is subject to later interpretation; 

in the case of variation in plant macrofossil abundances over time on ombrotrophic 

bogs, the expected primary response is to changes in depth to water-table (see 

references above). DCA is based on 'eigen analysis' whereby ordination axes (termed 

4eigen vectors') are extracted from the data to explain as much variance as possible; 

each axis has a corresponding 'eigen value' which represents its relative contribution to 

the explanation of the total variation in the data (Kent and Coker, 1992) since it relates 

to the maximised dispersion of species scores along the length of the axis (ter Braak, 

1995b). Each axis represents an independent environmental variable that may be 

driving species composition. The first axis explains most of the variance and has the 

largest eigen value, with subsequent axes explaining less variance and having less 

significant eigen values. Eigen values close to or greater than 0.5 signify good 

separation of species along each axis (ter Braak, 1995b). The underlying concepts of 

DCA and the mathematical algorithms used have been extensively reviewed by a 

number of authors (ter Braak and Prentice, 1988; Kent and Coker, 1992; Kovach, 1995; 

ter Braak, 1995b) and it is not intended to repeat this here. 

DCA was developed from Correspondence Analysis (CA) by Hill and Gauch (1980) to 

address two main faults with the latter technique through the process of detrending (see 

Kent and Coker, 1992 for a full explanation). The first of these was the arch, or 
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horseshoe, effect described in detail by Digby and Kempton (1987) and Kent and Coker 

(1992). In this effect, the first two axes, supposedly independent, were related by a 

mathematical artefact and points arranged in an arch shape along the first axis rather 

than the linear pattern that would be expected (Figure 3.2 1). Consequently, the second 

problem was a result of the first; the ends of the first axis were compressed relative to 

the middle, meaning that the spacing of samples and species along the first axis was not 

necessarily related to the amount of change along that primary gradient; for example, 

pairs of samples that were equally dissimilar appeared closer together at the ends of the 

axis than in the middle, thus misrepresenting the distance between these pairs (Figure 

3.21; Kovach, 1995; ter Braak, 1995b). 
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Figure 3.2 1: Illustration of the arch and compression effects in CA (A), that led to the development of 
DCA, where no such effects are seen (B). Dotted line highlights the arch effect (A) and straightened 

gradient (B) (from Kovach, 1995). 

DCA differs from methods such as Principal Components Analysis (PCA) in that it 

assumes a unimodal, rather than linear, species response to environmental factors. Care 

must therefore be taken in the interpretation of results since some taxa groupings used 
in this thesis (e. g. UOM or where Sphagnum has been identified to section level; i. e. 
Acutifolia, Cuspidata) may exhibit wide or bimodal ecological tolerances (see Section 

2.3) resulting in those taxa being mistakenly placed in the centre of an axis. However, 

Ejmxs (2000) questioned the assumption of DCA that species response shapes are 

symmetrically unimodal and found that although frequent variations from the assumed 

response curves were found, DCA was robust to those response deviations. Indeed, 

Barber et al. (2004a) stated in response to Ejmws' work that while species responses to 

environmental variables may violate the unimodal response assumption, DCA is still 
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capable of extracting environmental gradients from abundance data. Since a Gaussian 

response curve with tolerance 1 riýes and falls over an interval of approximately 4 

standard deviation units (a), a first axis which has a length approaching 4a tends to have 

few species in common at opposite ends, and could be said to represent a complete 
turnover in taxonomic composition of samples (Langdon, 1999). ' 

There are several problems associated with DCA, perhaps the most notable related to 

the presence of crossed gradients in data sets. This occurs when one or more samples 

are very different from all the others in the analysis and results in at least the first axis 

placing these outliers at one end, with all the other samples packed closely together at 

the other (Kovach, 1995). The most common example of this problem in peat-based 

research is related to the extinction of Sphagnum austinii and its subsequent 

replacement in the fossil record by Sphagnian magellanician (see Section 2.3). Since 

this event may not have been related to past climate change, it can skew the ordination 

and make other drivers appear less significant. Barber et al. (I 994a) identified this 

problem in plant macrofossil data from Bolton Fell Moss, northern England and since 

they believed that the two taxa had inhabited the same ecological niche, they were 
joined together in the ordination which resulted in a strong water-table gradient being 

recorded along axis one. Crossed gradients may also occur where anthropogenic 
disturbance has altered community structure in recent times (Brown, 2006). Finally, 

Kovach (1995) identified that DCA is a technique inherently susceptible to dominance 

by occasionally abundant or outlier species. This problem is best solved by removing 

the problematic taxa from the data set (see below; Kent and Coker, 1992). 

DCA had been applied in this thesis using the program CANOCO for Windows version 
4.52 (ter Braak, 1987; ter Braak and ýmilauer, 1998). Results are presented firstly as 
biplots of axes one and two sample and species scores in order to fully assess the 

environmental gradients being recorded; DCA biplots will place taxa that occur 
together in a similar position along axis one and separate out taxa that rarely associate. 
Likewise, samples which are compositionally similar are placed close together whereas 
those which are far apart represent samples that are not compositionally similar (ter 

Braak, 1995b). Species are therefore separated along a hypothetical gradient which can 
then be related to possible environmental factors (Blundell and Barber, 2005). 

Secondly, depending on that interpretation, axis one scores are plotted against depth to 
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represent a proxy-climate index (sensu Barber et al., 1994a; see Chapter 6). In all 

analyses, rare species were down-weighted to prevent individual samples in which they 

occur from distorting the analysis (ter Braak and ýmilauer, 1998). Taxa occurring in a 

number of samples below a certain threshold (e. g. 2 or 5 %) were removed from 

analyses following the recommendation of Hill and Gauch (1980), despite the fact that 

optimum DCA results are often achieved when a large number of species are 

represented in the data sets. 

3.5.3 Ti-ansferfunctions 

Since Imbrie and Kipp (197 1) first used transfer functions in palaeoecological research 

to reconstruct ocean surface temperatures and salinity from fossil marine foraminiferal. 

assemblages, the technique has been readily applied to an ever increasing number of 
biological proxies (e. g. diatoms - Bennion et al., 1996; chironomids - Brooks and 
Birks, 2000; pollen - Seppa et al., 2004; 2005). In this thesis, the European transfer 

function (TF) of Charman et al. (2007) was applied to testate amoebae data by Prof. 

Dan Charman at the University of Plymouth to quantitatively reconstruct changes in 

past depth to water-table. Since this transfer function, including data from eight sites 

throughout north-west Europe, has only been recently developed, the amount of 

published research using it is relatively low (e. g. Sillasoo et al., 2007). The British 

transfer function of Woodland et al. (1998) however has been much more widely 

applied to recent peat-based studies (e. g. Charman et al., 1999; Chiverrell, 2001; 

Blundell and Barber, 2005; Langdon and Barber, 2005; Amesbury et al., 2008; Blundell 

et al., 2008) and research comparing the two illustrated that the main differences in 

reconstructions related only to the amplitude, rather than to the timing or direction of 

change (Charman et al., 2007; Amesbury et al., 2008; see also Section 2.5). As stated 
in Section 2.5, testate amoebae: depth to water-table transfer functions have now been 

developed from diverse areas of the globe as a result of enhanced understanding of the 

necessary statistical techniques (ter Braak and Juggins, 1993; Birks, 1995; 2003; 

Chan-nan et al., 2007) and the development of computer programmes to straight- 
forwardly implement these (e. g. C2; Juggins, 2003). 

The primary aim of quantitative palaeoenvironmental reconstructions is to express the 

value of an environmental variable as a function of biological data; this function is 

termed the TF (Birks, 1995; 2003). The basic premise behind the development of a TF 

100 



is as follows: a particular environmental variable (XO, in the case of this thesis; depth to 

water-table) is to be reconstructed from fossil biological data (YO, in the case of this 

thesis; testate amoebae). In order to estimate X0, the responses of the same biological 

taxa from modem samples preserved in surface sediments (Y) must be modelled in 

relation to the environmental variable of interest (X). In order that this process is 

robust, a 'training set' of modem data is developed from a high number of samples and 

range of sites in a given study location. The relationship between Y and X are modelled 

and the resulting transfer function is used to transform Yo into quantitative estimates of 
X0 (Birks, 1995; 2003). Depth to water-table is the environmental variable most readily 

reconstructed from fossil testate amoebae data as shown by a large number of studies 

that have modelled the relationship between modem testate amoebae and a range of 

other environmental variables including percentage soil moisture, pH, conductivity and 

various climatic parameters (e. g. Tolonen et al., 1992; 1994; Charman, 1997; Charman 

and Warner, 1997; Woodland et al., 1998; Mitchell et al., 1999; Wilmshurst et al., 
2003; Payne et al., 2006; Charman et al., 2007; Booth, 2008). 

Various statistical models are available for transfer function development based on 

either linear (e. g. partial least squares regression; PLS) or unimodal (e. g. weighted 

average regression; WA, weighted average partial least squares regression; WA-PLS, 

weighted average tolerance downweighted; WA-Tol and the modem analogue 

technique; MAT) response models to environmental factors. Charman et al. (2007) 

tested the performance of five different models using the r2 and root mean square error 

of prediction (RMSEP) values; the latter is a measure of the overall predictive abilities 

of the training set derived from bootstrapping (for a full explanation of bootstrapping 

see for example Birks et al., 1990 and Birk-s, 1995). WA-PLS was marginally found to 

be the best performing model with an RMSEP of 7.64 cm and r2 of 0.6, although other 

models performed similarly including the less conventionally used modem analogue 

technique. WA-PLS was also the model favourcd by Charman (1997) and Booth 

(2008) however WA and WA-Tol models have also been applied recent testate amoebae 

transfer functions (e. g. Woodland et al., 1998; Wilmshurst et al., 2003). 
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CHAPTER FOUR: SITES 

4.1 Site selection 
The primary aim of this research is to determine whether fine-resolution, multi-proxy 

analyses from rapidly accumulating ombrotrophic peat bogs can accurately reflect sub- 
decadal palaeoclimatic change (Section 1.2). As this involves strict methodological 

protocols (see Chapter 3), including the thin-sectioning of core samples, it is essential 

that sites are suitable in terms of their individual characteristics. It is also important that 

conclusions are widely applicable, therefore the sites chosen must reflect modem 

climatic gradients in order to determine whether the three proxy methods (Sections 2.3 

- 2.5) react differently under changing climatic regimes. 

Using the past experience of the Palaeoecology Laboratory, University of Southampton 

(PLUS) research group and, in the case of Sweden, advice from Prof. Stefan Wastegard 

and Dr. Anders Borgmark, University of Stockholm, sites have been selected that 

conform to a number of strict criteria, ensuring their suitabilityto this study. These are 

presented and justified below: 

1. All sites must be ombrotrophic raised bogs. This is the most commonly used bog 

type in palaeoclimatic research due to the direct coupling between climate and 

changes in BSW, as proposed by Barber (1981; see discussion in Section 2.1). 

2. All sites must have been subject to previous palaeoclimatic research, ensuring that 

only those with evidence of the abrupt climate shifts of interest to this study 
(Sections 2.7.3 - 2.7.5) are chosen. 

3. All sites must have a rapid long-term accumulation rate of ca. 10 years/cm. , 
This 

means that aI mm sample will, nominally, equate to approximately one year of peat 

growth, allowing an assessment of the potential for sub-decadal peat-based 

palaeoclimatic records. 
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4. Well-dated, mid- to late-Holocene Icelandic tephra layers must be present. These are 

used as isochrons alongside other dating methods (see Chapter 5) to construct secure 

chronologies and act as pinning points to link each site. 

5. All sites should be untouched or have little evidence of anthropogenic impact, 

ensuring that recent stratigraphy, in particular relating to the LIA, is not disturbed. 

Where anthropogenic disturbance has taken place, previous research must have 

confirmed that it has had no effect on the palaeoclimatic record (e. g. Barber et al., 
2004a). Plunkett (1999) and Hughes et al. (2007) have shown a difference in 

accumulation rate between intact (higher) and drained (lower) bogs, further 

enhancing the importance of this criterion. 

6. To minimise non-climate related (i. e. degree of continentality) variability between 

sites, an upper altitudinal limit of ca. 200 metres is imposed (sensil Haslam, 1987). 

7. Sites should be "representative of a specific climatic zone within the study area" (see 

below; Langdon, 1999). 

4.1.1 Climatic transect 

In addition to the above, sites are located on a west - east, oceanic - continental climatic 

transect across north-west Europe. This allows an assessment of the effect, if any, of 

prevailing climate on fine-resolution peat-based palaeoclimatic records (Section 7.4). 

For example, Haslam (1987) demonstrated the greater sensitivity of bogs from oceanic 

environments while Charman et al. (2004) and Charman (2007) concluded that there are 
differences in the extent to which BSW records reflect temperature and precipitation 

variability in oceanic and continental settings. Differences in the physical 

characteristics of oceanic and continental sites have also been noted. Oceanic bogs may 

be domed several metres above the local water-table due to a summer moisture surplus, 

whereas this is less pronounced at continental sites due to a summer water deficit. Two 

sites have been selected at each end of the transect to allow comparison of records 

within the two climatic zones, as well as between them. 

On this basis the following sites have been chosen; Fallahogy Bog, Northern Ireland 

and Walton Moss, northern England (oceanic sites) along with Dosenmoor, northern 
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Germany and Fagelmossen, south-western Sweden (continental sites). Site locations 

are shown in Figure 4.1 and each site is discussed in greater detail below. 

mD r 

Fhgelmossen 

Fallahogy Walton 

Dosenmoor 

Figure 4.1: Site locations. 

Examination of mean annual climate records for the four sites clearly illustrates the 

difference between the oceanic and continental ends of the transect (1961 - 90 data 

from New et al., 1999 based on a 0.5' latitude x 0.5' longitude grid). Mean monthly 

precipitation records (Figure 4.2) show the higher precipitation levels of the oceanic 

sites. In addition, a clear difference can be noted between the annual patterns of 

rainfall, with the continental sites receiving proportionally more in the summer months 

whereas the opposite is true of the oceanic sites. Mean annual temperature records also 

exhibit differences (Figure 4.3). The two continental sites have lower mean monthly 

temperatures in the winter months, but higher mean monthly temperatures in the 

summer months. As a final measure of the climatic differences between the two ends of 

the climate transect, the continentality index of Conrad (1946) has been applied (Table 

4.1). This has been used previously in climatological and pal aeoclimato logical research 

to define continentality (e. g. Nelson, 1986; Monserud et al., 1993; Crawford et al., 
2003; but see Driscoll and Yee Fong, 1992) and is a measure of variation in temperature 

range combined with a correction for latitude, calculated by the following fon-nula: 
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Cl = [1.7A / sin (0+10*)] - 14 

where 
Cl is Conrad's Index of Continentality; 

A is the difference in mean temperature between 

the coldest and warmest month (OC); and 

(p is degrees latitude 

Site C/ 

Fallahogy Bog, Northern Ireland 5.9 

Walton Moss, northern England 7.4 

Dosenmoor, northern Germany 16.4 

F6gelmossen, south-western Sweden 24.7 

Table 4.1: Cl results for all sites 

The results show a clear distinction between either end of the climatic transect with the 

sites in the British Isles having scores approximately half of those in mainland Europe. 

I'Agelmossen is defined as the most continental of the four sites with a higher score than 

Dosenmoor, a direct result of the much greater annual temperature range (Figure 4.3), 

since it is the only site to experience average sub-zero temperatures during the winter 

months (Section 4.5.1 ). 
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Figure 4.2: Mean monthly precipitation for all sites (data from New et al., 1999). 
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Figure 4.3: Mean monthly temperature for all sites (data from New et al., 1999). 

4.2 Fallahogy Bog, Northern Ireland 

Fallahogy Bog, part of the Wolf Island Special Area of Conservation, is located in the 

Lower Bann valley, County Londonderry, Northem Ireland approximately 5 km south 

of Kilrea (N 54' 45', W 06' 36'; Figure 4.4, Plate 4.1). The site has been subject to 

considerable previous research and has been important in regional pollen studies since 

the 1950s (e. g. Smith, 1958; Smith and Willis, 1962). Smith and Willis (1962) stated 

that the bog came into existence in the Pre-Boreal period with the fen-bog transition 

occurring in the Boreal period. Walker and Walker (1961) studied the stratigraphy of 

the site in detail from a number of cut faces on the western edge and determined 

successional pathways from pool to hummock. Smith (1958) described the peat 

stratigraphy as containing infrequent Ericaceae remains, bands of Sphagnum 

cuspidatum peat and humification varying over short distances, all of which suggest 

favourable conditions for palaeoclimatic research. More recently the site has been 

central to the construction of regional tephrochronologies (Pilcher and Hall, 1992; 

Pilcher et al., 1995). In addition, Hall (2003) assessed the impact of tephra fallout on 
local vegetation dynamics while Hall et al. (1993) used tephra-linked pollen diagrams to 

assess regional landscape change. The only previous palaeoclimatic study at the site is 

that of Barber et al. (2000) who used plant macrofossil and peat humification analyses 

to study a 160 cm core, with shifts to a cooler and/or wetter climate clearly registered 
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during the LIA and at ca. 1400 cal. BP. Marginal peat cutting has occurred and there 

are a number of shallow drainage channels running across the bog surface (Plate 4.2a). - 
However, these are considered to have had a minimal effect on'the peat stratigraphy in 

the centre of the bog (Valerie Hall pers. comm. ). 

Fieldwork was carried out in July 2005. Surface vegetation reflected dry conditions and 
the surface topography was generally hummocky with only occasional small patches of 
Sphagnum mosses. Where Sphagnum was present it was generally of the section 
Acutifolia and located in hummocks. Dominant species were Calluna vulgaris, 
Eriophorum spp., Trichophorum cespitosum and Erica tetralix with small patches of 
Cladonia (cf portentosa) lichen. A series of depth probes located two peat stratigraphy 

transects over the deepest peat in the northern part of the bog (Figure 4.4); this is the 

area that has been used in previous research (Barber et al., 2000). The coring strategy 

employed is discussed in Section 3.2, however large swathes of Myrica gale were 

evident on the bog surface and these were generally avoided (Plate 4.2b). Peat 

stratigraphy was defined using the Tr9els-Smith notation (Troels-Smith, 1955) and 

transects can be seen in Figures 4.5 and 4.6. These provide a summary of the main 

stratigraphical changes; small scale shifts and narrow pool layers have been omitted to 

aid clarity but detailed records of each core can be found in Appendix 1. Stratigraphy 

core 3 was chosen as the master coring location as it was located in the deepest part of 

the bog, had a more continuous record and greater depth of Sphagnum than 

neighbouring cores and showed clear switching between peat types, including algal mud 

pool layers. Due to the lack of Sphagnum lawn areas it was not possible to take all 

cores from the same microtope; rather, smaller level patches of Sphagnum (preferably 

broad-leaved species) in close proximity (all within aI rn radius of a central point) were 

chosen. 
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Figure 4.4: Site map for Fallahogy Bog, Northern Ireland. Shaded area on inset shows approximate 
extent of bog. Red star on inset shows approximate core location. Black lines on inset show approximate 

location of stratigraphy transects. 

Plate 4.1: Aerial photograph of Fallahogy Bog, Northern Ireland. Red star shows approximate core 
location. 
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Plate 4.2: Views of Fallahogy Bog, Northern Ireland: a- shallow drainage channel running across site, 

Sphagnum communities (section Cuspidata) can be seen growing in channel; b- large swathe of Myrica 

gale. 
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Figure 4.5: West - east stratigraphy transect, Fallahogy Bog, Northem Ireland. 
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Figure 4.6: North - south stratigraphy transect, Fallahogy Bog, Northern Ireland. 

4.2.1 Climate data 

The water balance for Fallahogy Bog is shown in Figure 4.7. The site is situated at an 

altitude of 46 in, receives an annual rainfall of 1112 min and has a relatively high 

average annual temperature of 8.2'C. The annual effective precipitation of 577 min and 

water deficit of ca. 10 - 25 min in the months of May, June and July are the highest and 

shortest of the four sites respectively . Despite these optimal conditions little Sphagnum 

growth was observed in the field, surface vegetation generally reflecting drier 

conditions. 
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Figure 4.7: Water balance for Fallahogy Bog, Northern Ireland (data from New et al., 1999). 

4.3 Walton Moss, England 

Walton Moss is a large (ca. 150 hectares) lowland raised bog in northern England, 

located approximately 7 km north-west of Brampton and 2 km north-west of the village 

of Walton (N 54' 59', W 02' 46', Figure 4.8, Plate 4.3). The site is classified as a 

National Nature Reserve by Natural England and is described by Barber et al. (I 994b) 

as "possibly the most intact ombrotrophic mire in England", having suffered only 

minor, marginal hand-cutting in the nineteenth century. A number of palaeoecological 

studies have been carried out at the site (e. g. Barber et al., 1994b; 1998; Mauquoy, 

1997; Mauquoy and Barber, 1999b; Hughes et al., 2000; Coombes, 2003; Daley, 2007; 

Barber and Langdon, 2007; Barber et al., 2008). Hughes et al. (2000) identified 

climatic downturns coincident with all three events of interest to this study and recorded 

an average rate of peat accumulation of 10.3 years/cm for the ombrotrophic phase of 

peat growth. The Glen Garry tephra layer is an abundant time-marker in the peat 

stratigraphy (Barber et al., 2008). 

Fieldwork was carried out in April 2005. The stratigraphy transects of Hughes et al. 

(2000) were used to inform the coring location; the area near to core WLM II was 

chosen as this has the greatest depth of Sphagnum moss. A number of test cores were 

taken to ensure the same changes were evident. The final coring location was 
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detennined by the identification of an appropriate area of Sphagnum lawn large enough 

to incorporate all cores within the same microtope. This was identified within 75 rn of 

core WLM 11. Surface vegetation consisted of Sphagnum magellanicum and 

papillosum lawn, Polytrichum alpestre, Odontoschisma sphagni, Eriophorum spp., 

Calluna vulgaris, Erica tetralix, Andromeda polifolia and Vaccinium oxycoccus. 
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Figure 4.8: Site map for Walton Moss, England. Red star shows approximate core location. 



Plate 4.3: Aerial photograph of Walton Moss, England. Red star shows approximate coring location. 

4.3.1 Climate data 

The water balance for Walton Moss is shown in Figure 4.9. The site receives the 

highest annual rainfall of all four sites at 1140 mm. The average annual temperature is 

7.8'C, although the summer months of June, July and August are the equal coolest with 

Fallahogy Bog. Walton Moss experiences a water deficit of ca. 20 - 30 mm in the 

months of May, June and July. Annual effective precipitation is similar to that of 
Fallahogy Bog at 574 mm. 
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Figure 4.9: Water balance for Walton Moss, England (data from New et al., 1999). 
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4.4 Dosenmoor, Germany 

Dosemnoor is located in the Schleswig-Holstein province of northern Germany, 

approximately 8 kin south of Bordesholin (N 54' 10', E 10' 05', Figure 4.10, Plate 4.4). 
The site has been the subject of considerable previous research including a 
comprehensive study of its modem ecology, published in German (Imiler et al., 1998). 
Tephrochronological studies (van den Bogaard et al., 1994; 2002; van den Bogaard and 
Schmincke, 2002) have identified a number of major marker horizons, including the 
Glen Garry, Hekla 3, Hekla Selsund/Kebister and Hekla 4 layers, which have also been 
identified at other study sites, providing the potential for the correlation of 

palaeoclimatic records. Barber et al. (2004a) used plant macrofossil analysis to produce 

a proxy-climate reconstruction for the last 4500 years, identifying changes to cooler 

and/or wetter conditions at ca. 1400 cal. BP and at the onset of the LIA at ca. 600 cal. 
BP amongst others. They identified a major change in peat forming components from 

monocotyledon to Sphagnum peat at ca. 3 100 cal. BP, known as the Schwarztorf- 

Weii3torf Kontakt, and also relating to a dramatic change in climate. The overall rate of 

accumulation is 9 yrs/cm, with some periods faster than this. 

Fieldwork was carried out in September 2005. Surface topography was hummocky 

(Plate 4.5a) with only small isolated areas of surface Sphagnum. Surface vegetation 

consisted of ericaceous species such as Empetrum nigruni, Androniedapolifolia and 
Vaccinium oxycoccus. Eriophorum vaginatum and angustifolium were common and 

surface mosses consisted of Polytrichum spp., Sphagnitin magellanicum and Cf 
fimbriatum. The bog surface suggested some drying and/or shrinkage may have 

occurred, most likely due to peat cutting. There is evidence of human alteration of the 
bog surface (Plates 4.4,4.5b) although remedial work has been carried out to reverse the 
drying trend. There was also evidence of grazing, which may effect the surface 

vegetation. 

The detailed stratigraphical analyses of Daley (2007) were used to inform the general 
target area for coring. These transects were carried out in the least disturbed area in 

ternis of anthropogenic disturbance, as identified by previous geological cross-sections 
from the site (Figure 4.11). The precise coring location was chosen by a series of 

probes to determine the deepest extent of Sphagnum peat as this is generally more 
climatically sensitive and faster accumulating. The bog surface at the core site was 
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dominated by small patches of Sphagnum mosses in between hummocks of Empetrum 

nigrum and Eriophorum spp. All cores were taken from within Im of a central point. 

Figure 4.10: Site map for Dosenmoor, Germany. Red star on inset shows approximate core location. 
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Plate 4.4: Aerial photograph of Dosenmoor, Germany. Red star shows approximate coring location. 
Lines across bog surface are ditches but the central part of the site is uncut (Figure 4.11). 
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Plate 4.5: Views of Dosenmoor, Germany: a- general view in proximity to core site showing hunnnocky 
topography with no significant Sphagnum lawn areas; b- area away from core site showing evidence of 

heavy peat cutting. 
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Figure 4.11: Geological cross-section of sediments at Dosenmoor showing the least-disturbed zone where 
coring took place (Geologische Karte von Schleswig-Holstein Dosenmoor). 

4.4.1 Climate data 

The water balance for Dosenmoor is shown in Figure 4.12. The site has the most 

extreme climate of the four study sites, receiving the lowest annual precipitation of 732 

mm but the highest annual average temperature at 8.5'C. This results in a significant 

summer water deficit from April to August. The annual effective precipitation is 45 

mm, by far the lowest of the four sites. This would suggest conditions are not ideally 

suited to Sphagnum growth, and field observations confirmed that there was little to be 
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found on the bog surface at the time of fieldwork. Haslam (1987) found that more 

continental sites in eastern Europe were less climatically sensitive and therefore 

recorded less palaeoclimatic fluctuations. However, Barber et al. (2004a) recognised 

that Dosenmoor is located in a region that does seem to have been sensitive to past 

changes and their results testify that relevant palaeoclimatic fluctuations are recorded at 

the site. 
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Figure 4.12: Water balance for Dosenmoor, Germany (data from New et al., 1999). 

4.5 Fdgelmossen, Sweden 

FAgelmossen is an ombrotrophic raised bog located in the Vdrmland province of south- 

western Sweden, approximately 10 km north of Aijang (N 59' 31.9' E 12' 10.5', Figure 

4.13, Plate 4.6). The site has been studied previously by Borgmark and WastegArd 

(2005) who carried out hurnification analysis on a central and marginal core which both 

registered the events of interest to this thesis. They located four Icelandic tephra layers; 

Askja AD1875, Hekla 3, Hekla Selsund/Kebister and Hekla 4. Theirage-depth 

modelling suggests a long-term accumulation rate in the order of 10 years/cm and there 

is no anthropogenic disturbance. FAgelmossen is located at an altitude of 225 m, 

slightly above the altitudinal limit stated in Section 4.1, however given the extreme 

suitability of the site in terms of other criteria, the site was selected for further study. 
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Fieldwork was carried out in October 2005. The site is located in a densely forested 

area, but is easily accessed from a nearby dirt track. The bog surface was generally wet, 

with water-tables at or near the surface. There was a large network of pools including 

several of substantial size. There was an obvious community succession from the pool 

edges to higher hummocks (Plate 4.7a). The surface vegetation consisted of large 

swathes of Sphagnum lawn, predominantly of Sphagnum magellanicum and papillosum 

with some Sphagnum section Acutifolia. These areas were interspersed with higher 

ground with Eriophorum vaginatum, Calluna vulgaris, Andromeda polifolia and Rubus 

chamaemorus. There were a number of more substantial hummocks upon which small 
Pinus sylvestris trees have grown (Plate 4.7b). Two perpendicular transects of peat 

stratigraphy were recorded to select the most appropriate location for coring (Figure 

4.13). The stratigraphy across the site was consistent and dominated by fresh 

Sphagnum peat with short-lived zones of more hurnified material. Near the base of each 

core was a layer of ericaceous/monocotyledon peat (Figures 4.14 and 4.15; detailed 

records can be found in Appendix 1). The coring location was therefore selected at the 

deepest part of the bog in order to obtain the oldest core possible with the greatest depth 

of Sphagnum. All cores were taken from within the same lawn microtope -a large 

Sphagnum lawn with some small areas of surface water. 

Figure 4.13: Site map for 1`5gelrnossen, SA eden. Red star on inset sho-vN s approximate core location. 
Black lines on inset show approximate location of stratigraphy transects. 
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Plate 4.6: Aerial photograph of Figelmossen. Red star shows approximate coring location. 
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Plate 4.7: VieAs ot'ýagelrnossen, SAeden: a- large pool Alth plant community succession Iroin surface 
water to hummock clearly visible; b- area of Sphagnum lawn interspersed with Eriophorum hummocks, 

larger hummock with Pinus sylvestris in background. 
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Figure 4.14: SSE - NNW stratigraphy transect, FAgelmossen, Sweden. 
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Figure 4.15: WSW - ENE stratigraphy transect, FAgelmossen, Sweden. 
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4.5.1 Climate data 

The water balance for Fdgelmossen is shown in Figure 4.16. The site has a low annual 

precipitation of 736 mm and experiences the lowest average annual temperature of 
4.4'C. Notably, it is the only site to experience average sub zero temperatures during 

the winter months which result in the bog becoming frozen. The site experiences the 

greatest range of temperature between the winter and summer months. These 

parameters result in a summer water deficit from April to August, however the first and 
last months of this are marginal. Annual effective precipitation is 142 mm. Borgmark 

and WastegArd (2005) described the local climate as transitional between maritime and 

continental. The summer water deficit would suggest, as with Dosenmoor, that 

conditions on the bog should be dry and not ideally suited to Sphagnum growth, but 

field observations noted this as the wettest of the study sites with abundant Sphagnum 

lawn areas and pool systems across the entire bog. 
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Figure 4.16: Water balance for Ffigelmossen, Sweden (data from New et al., 1999). 



CHAPTER FIVE: CHRONOLOGY 

5.1 Radiocarbon dating 

The principles of radiocarbon dating were first developed by Libby (1955) and the 

technique is now widely used in peat-based studies of Holocene climate change. 

Radiocarbon (14C) is produced in the upper atmosphere and becomes incorporated into 

the tissue of living plants and animals. After death, the 14C content starts to decrease 

since no new atmospheric carbon is absorbed. If the rate of decay is known (i. e. the 

half-life; 5568 ± 30 years (internationally accepted) or 5730 ± 40 years (best estimate; 

Godwin, 1962) for 14C), then an age estimate can be determined. The method can be 

realistically applied from ca. 40,000 BP (equivalent to eight half-lives, by which time 
14C is present at such low levels that measurement is problematic) to the present, 

although in theory, the limit may extend back to 100,000 years (Pilcher, 2003). In the 

last ca. 200 years, increased fossil fuel consumption and, since the 1950s, nuclear 

weapons testing have altered atmospheric 14C 
. This generally makes the dating of 

recent sediments by 14C problematic (e. g. Charman and Garnett, 2005), although in 

some cases the 'bomb peak' has proved beneficial in providing 14 C dates accurate to 

within I-2 years (e. g. Goodsite et al., 2001; Goslar et al., 2005). The fundamentals of 
14 C dating are discussed in more detail by Olsson (1986), Pilcher (199 1; 2003) and 

Lowe and Walker (1997). 

Early workers assumed that the rate of 14C in the atmosphere had remained constant in 

the past and that therefore, 14C years were equal to calendar years. However more 

recently, the dating of known age dendrochronological samples (e. g. Pearson et al., 

1986) has shown variability in the levels of past atmospheric 14C, meaning that 14 C age 

determinations are almost consistently younger than calendar years throughout the 

Holocene and beyond (Figure 5.1). This has led to the development of calibration 

curves (most recently IntCaIO4; Reimer et al., 2004) based on millennia-long tree-ring 

chronologies and calibration computer programmes (e. g. CALIB v. 5.0.2; Stuiver et al., 

2005) that allow 14 C dates to be easily converted to a calendar age scale. This process is 

essential in all research (Bartlein et al., 1995) although has not always been consistently 

applied, even in recent years (Telford et al., 2004b). 
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Figure 5.1: Illustration of the difference between 14C years (below) and calendar years (above) during the 
Holocene and beyond (Bartlein et al., 1995). 

A 14 C age determination and its subsequent calibration does not provide an absolute 
date, rather it provides a distribution, often non-Gaussian and multi-modal, of the 

likelihood that a given 14 C age lies between certain points on the calendar age scale. 

Because of the error associated with the 14 C date itself (resulting from sampling, 

preparation and measurement errors) and the nature of the variations in past atmospheric 
14C 

, and hence the shape of the calibration curve, this error can range from ca. 50 to 

several hundred years (Figure 5.2). From Figure 5.2 it is clear that certain sections of 

the calibration curve can hamper the precision of individual dates, providing difficulties 

in interpreting results and leading authors to 'suck in and smear' events sensit Baillie 

(199 1), although new statistical techniques are beginning to address this problem 

(Blaauw el al., 2007). These same sections of the calibration curve are, however, 

extremely beneficial to the technique of wiggle-match dating (WMD; Section 5.1.1). 

A review of relevant literature reveals that peat-based palaeoclimatic studies are 

increasingly using accelerator mass spectrometry (AMS) dating techniques in favour of 

more conventional radiometric 'bulk' dating. The latter technique measures the 

radioactive emissions from a sample over a period of time and requires a large sample 

size (ca. 5- 10 g carbon) which can only be pro vided by a section of peat core in the 

order of 5-8 cm stratigraphical depth, leading to a significant reduction in, and 

smoothing of, dating resolution. Conversely, AMS dating measures the actual number 

of 14 C atoms in a sample and requires approximately 1000 times less material than 

conventional techniques (Charman, 2002; ca. I- 10 mg carbon). As a result, samples 

may be taken from as little as 5 mm stratigraphic depth of peat, significantly reducing 

this source of error. A further advantage of the smaller sample size required for AMS 

dating is that individual plant remains may be selected, therefore removing the error 

associated with bulk dates that results from deposition of fossil carbon from root 
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Figure 5.2: Illustration of the variability in calibrated age ranges for '4C dates. (a) 2340±40 BP falls on a 
steep section of the curve and results in a high probability that the age lies between relatively narrow 
limits. (b) 2450±40 BP falls on a plateau on the curve resulting in a multi-modal and wide probability 

distribution of possible ages (dates calibrated using OxCal v. 3.8; Bronk Ramsey, 1995; 2001). 

penetration into deeper peat layers. Despite this supposed advantage, Kilian et al. 
(1995) identified a 'reservoir effect' in samples of selected Sphagnum macrofassils with 

only 2-4% ericaceous rootlets, with 14 C ages 100 - 150 years too old (floating above 
the calibration curve but matching the wiggles) which may be caused by uptake up of 
CH4 produced in the catotelm (Kilian et al., 2000). The existence of this reservoir effect 
has been questioned by Blaauw et al., (2004b) who found no evidence of it, even in 

bulk dated samples. Several authors have compared conventional and AMS dating 

techniques and all concluded that the advantages of AMS outweigh the slight loss in 

statistical precision (T6mquist et al., 1992; Oldfield et al., 1997; Mauquoy et al., 2004). 

The complexity of radiocarbon dating and its application to Quaternary science is 

summed up eloquently by Olsson (1986); 
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"A radiocarbon dating, far from being an isolated laboratory result, is based on the 

sample's deposition in nature, its collection, the relation of the sample to an event or 

process, measurement of the isotope activity, and an interpretation of the result" 

The fine-resolution sampling intervals that used in this thesis and in previous FRPA 

studies provide an extra level of complexity. For example, Simmons et al. (1985) and 
Sturludottir and Turner (1985) stated that it is not possible to attach a time-scale to fine- 

resolution pollen diagrams and that the only option is to provide an indication of 

changes in accumulation rate over the period of the diagram that may be used to infer 

where individual samples may relate to shorter or longer periods on the calendar age 

scale. Similarly, Garbett (1981) and Turner and Peglar (1988) stated that it is only 

possible to provide an approximate time-span for the entirety of each fine-resolution 

diagram. However, these studies all took place before the advent of AMS and WMD 

techniques which, while still not able to provide calendar time-scales of annual 

precision (see below), have the potential to enhance the dating methodology of this 

thesis (but see Section 5.1.3). In arnore recent study, de Klerk et al. (2007) used the 

longest, shortest and mean age between two calibrated 14 C dates to calculate the lowest, 

highest and mean rates of sediment accumulation that could be applied to fine- 

resolution samples in order to interpret short-lived phases of vegetation change. 

5. LI Wiggle-inatch dating 

As stated above, the fluctuations in past atmospheric 14C that have led to the 

development of calibration curves can be used to enhance the precision of 14 C age 
determinations through the technique of WMD. WMD was first demonstrated by 

Pearson (1986) and van Geel and Mook (1989) who stressed that a closely spaced series 

of individual dates are needed, each one of minimal time resolution. As a result the 

technique is generally only applicable when used alongside AMS dating, further 

reinforcing the benefits of this method over conventional 'bulk' dating (but see Pilcher 

et al., 1995 who used WMD to date the Hekla 4 tephra layer using the humine fraction 

of radiometric dates). This series of dates is then matched to the shape of the calibration 

curve; "dates which are fixed in radiocarbon time move freely on the real-time axis of 

the calibration curve until a position of best fit is found" (Pilcher et al., 1995). Date 

series must be long enough to cover more than one wiggle on the calibration curve and 
the technique is most beneficially applied in time periods with pronounced wiggles or 
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steep gradients. However, Blaauw et al. (2003) provided a formal test of WMD 

methodologies and concluded that for all results, calibration of individual dates results 
in larger Ia confidence intervals than was the case for WMD, even where pronounced 

wiggles were not present. WMD provides the most precise chronologies currently 

available in peat-based research and as such could be usefully applied to the dating 

strategy for this thesis. It would constrain the dating of the abrupt climatic 
deteriorations that will be studied at fine-resolution and enhance the comparability of 

these records with other independent records of palaeoclimatic change. Figure 5.3 

shows the sections of the 14C calibration curve that are related to the events of interest to 

this study. While only one of these events has been subject to WMD in published 

research (the LIA; e. g. Mauquoy et al., 2002a; 2002b, 2004), it is evident that each 

event falls on a steep and/or wiggly section of the calibration curve, suggesting that the 

technique could be useftilly applied to all events. Blaauw et al. (2004c) stated that 

"high-precision chronologies, such as those obtainable with WMD, are needed for 

studies of rapid climate change and their possible causes during the Holocene. " Indeed, 

fluctuations in the concentration of past atmospheric 14C may help explain the very 

palaeoclimatic events to which 14 C dating has been applied, thus linking cause and 

effect (see Section 2.7.1.1). 
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Figure 5.3: Sections of the 14C calibration curve (Reimer et al., 2004) related to the events of interest to 
this study; 3500 cal. BP (multiple small wiggles), 1400 cal. BP (steep gradient) and the LIA ca. 600-200 

cal. BP (multiple pronounced wiggles, steep gradient). 
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Such is the precision available through WMD that van der Plicht et al. (2004) 

considered a wiggle-match dated profile from the Netherlands to be "absolutely dated" 

and therefore directly comparable with the GISP/GRIP ice core records. Additionally, 

Mauquoy et al. (2002b) and van der Linden and van Geel (2006) presented wiggle- 

matched age-depth relationships in appendices as individual calendar years, with no 

errors given. These approaches should however be viewed with caution and it is 

important to note that there is still error associated with wiggle-matched chronologies 
(Blaauw et al., 2003 used a numerical approach to WMD that can determine confidence 
intervals for wiggle-match dated profiles). Goslar et al. (2005) stated that where annual 
14 C dating resolution is concerned, even pure Sphagnitin samples collected from a thin 

peat sample contain tissues grown in different years, thus integrating the atmospheric 
14C signal over a period of time. Furthermore, Blaauw et al. '(2004c) gave four reasons 

why WMD cannot provide chronologies with annual precision, while still stating that 

the technique does allow comparison with other precisely dated proxy-climate records; 

0 The calibration curve is most often of decadal resolution 

0 Individual 14 C dates are measurements with error bars 

0 Even thin slices of peat (e. g. I cm stratigraphical depth, most commonly used for AMS dating) have 

accumulated in more than I year 

0 Linear accumulation is an oversimplification (see below) 

In addition, the calibration curve itself, during the mid- to late-Holocene period of 
interest, is based on 14C measurements of known age wood, so each point necessarily 
has an error associated with it (McCormac and Baillie, 1993). McCormae et al. (1995) 

also identified a possible offset of 20 - 40 years in the ages of German and American 

compared to Irish oak samples (all of which are combined to produce the curve), which 

causes "considerable variability" on close examination, casting further doubt over its 

absolute accuracy. As a result of these findings, Plunkett et al. (2004) suggested that 

optimal wiggle-match results are obtained using a regional rather than international 

calibration curve. They wiggle-match dated several Irish tephra layers and found 

improved results using regional data from Pearson et al. (1986) as opposed to the 
international IntCal98 curve (Stuiver et al., 1998). 

A further stipulation of WMD is that the material to be dated must have a known 

deposition rate. When the technique was developed using dendrochronological samples 
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(Pearson, 1986) this was absolute, however, as stated above, assuming linear 

accumulation over short periods of peat growth is problematic and an over- 

simplification (Belyea. and Clymo, 2001). This issue is addressed practically in several 
different ways and will be reviewed when considering the applications of WMD in 

recent literature (Section 5.1.2). 

5.1.2 Revieiv ofpast applications 
WMD has been used in peat-based palaeoclimatic research since the early 1990's (e. g. 
Clymo et al., 1990), although the last five years have seen a dramatic increase in interest 

in both the development of the technique and its practical application. Without 

exception, the papers under review here have used WMD as an alleinative to traditional 

age-depth modelling (i. e. the calibration of individual 14 C dates followed by line-fitting 

or interpolation; see Section 5.5) rather than using the two techniques alongside each 

other. This has necessitated firstly, that in most cases only a relatively short period has 

been studied (e. g. the LIA; Mauquoy et al., 2002a; 2002b or the Subboreal/Subatlantic 

transition/ca. 800 cal. BC event, van Geel et al., 1998; Speranza et al., 2000) and 

secondly, that a large number of dates is required (Table 5.1). Yeloff et al. (2006; see 
Table 5.1), in contrast to all other studies, used a Bayesian wiggle-match approach to 

date the entire length of cores, with dates often widely spaced, by splitting each core 
into a number of shorter distinct stratigraphic sections (see further below). 

As stated above, it is necessary to model the rate of peat accumulation over the period 
being wiggle-match dated. The simplest way to do this is to assume linear 

accumulation and use the depth spacing of samples as a measure of accumulation. Two 

further methods are to use pollen concentration values (e. g. Speranza et al., 2000) or 
bulk density (e. g. Mauquoy et al., 2002b). Whichever method is employed, all authors 
have found that splitting the dated period into smaller zones of implied equal 

accumulation or "homogenous stratigraphic units" (Kilian et al., 2000) led to an 
improved fit with the calibration curve and therefore more accurate dating (Figure 5.4). 

Kilian et al. (2000) tested each of the above methods and concluded that "relative time 

scales alternative to depth were not found to improve the wiggle-match fit". In 

addition, Blaauw et al. (2003) concluded that "in most cases the simple assumption of 
linear accumulation rate over limited intervals results in a satisfactory, statistically 
allowable fit". However, it should be noted that the studies considered that employed 
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pollen concentration values and bulk density to determine changes in accumulation 

were also satisfied with their wiggle-matches. 

Reference Site Number of 14C dates 
Depth over 
which dates are 
spaced 

Stratigraphic 
depth of 
individual dates 

Spacing of dates 

Kilian et al. (2000) Engbertsdijksvenen, 
Netherlands 66 87 cm 0.5 cm Every 1-2 cm 

Speranza et al. Pandavsk6 Louka, 29 54 cm 0.5 cm Every 1-2 cm (2000) Czech Republic 
Mauquoy et al. Lille Vildmose, 19 64 cm 1 cm Every 2- 10 cm (2002a) Denmark 
Mauquoy et al. Walton Moss 30 65 cm 1 cm Every 1-6 cm (2002a) (WLM19), England 
Mauquoy et al. Walton Moss 23 70 cm 1 Cm Every 1-6 cm (2002b) (WLM20), England 
Mauquoy et al. Walton Moss 22 70 cm 1 cm Every 1-6 cm (2002b) (WLM21), England 
Blaauw et al. Meerstalblok, 40 100 Cm 1 cm Every 1-4 cm (2003) Netherlands 

Yeloff et al. (2006) Butterburn Flow, 
England 42 380 cm 1 cm Every 2- 43 cm 

Yeloff et al. (2006) Lille Vildmose, 
Denmark 35 275 cm 1 cm Every 2- 18 cm 

Yeloff et al. (2006) Bissendorfer Moor, 43 435 cm 1 cm Every 4- 50 cm Germany 

Yeloff et al. (2006) Mannikj8rve Bog, 
Estonia 40 415 cm 1 Cm Every 5- 50 cm 

Yeloff et al. (2006) Kontolanrahka, 
Finland 40 475 cm 1 cm Every 3- 30 cm 

Table 5.1: Information regarding WMD dating strategies of selected recent studies. 
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Figure 5A Illustration of WMD and using subsets to improve match to the calibration curve. (a) 
complete date series plotted against calibration curve, (b) wiggle-match is improved by splitting dates into 

three subsets (Blaauw el al., 2004c). 
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Blaauw and Christen (2005) presented an improved WMD method using calendar age 
distributions (rather than a central point estimate), taking the stratigraphical position of 

each date into account, making prior assumptions about accumulation and providing 

systematic outlier down-weighting. Their model was based on the assumption of 

piecewise linear accumulation and also independently inferred the best locations at 

which to split cores into subsets, removing any subjectivity from this process that may 

be present when using, for example, the plant macrofossil composition of the core for 

this purpose (Yeloff et al., 2006). They concluded that the approach represented a 

"theoretically sound option that seems to be adequate for several examples". 

5.1.3 Methodology and approach 

An application for dating support was made to the NERC Radiocarbon Steering 

Committee (RSC) in April 2006 that described a two-step approach to the 14 C dating for 

this project. Firstly, individual dates would be placed on the events of interest and 

further samples between these dated to create a robust age-depth model for each site. 

This would allow for an accurate assessment of the contemporaneity of the chosen 

events as well as the overall rate of peat accumulation. Secondly, selected events would 

be focussed upon and additional dates closely spaced over a short period encompassing 

the deterioration to allow WMD methods to be applied. This would provide the most 

accurate chronology available for the fine-resolution records and enhance the reliability 

of comparisons with other datasets (Blaauw et al., 2003; 2007). However, this approach 

was not supported by the RSC and as such an alternative approach that did not include 

WMD was developed. 

Dates have been focussed solely on each event of interest and individual age-depth 

models have been created (Section 5.5). No attempt has been made to model the age- 

depth relationship throughout the core as a whole, although this is still possible to some 

extent using the available data (Section 5.5). For each event, a date was placed at the 

beginning and end of th6 deterioration. If the two-sigma error ranges of these dates 

were separated by a long enough time period, a further date was placed in-between to 

act as a pinning point to constrain any inflection in the age-depth model due to changes 

in accumulation rate. Where the error ranges of the dates at either end of the 

deterioration were chronologically close or overlapping, the third date was placed either 
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above or below the event so that, when combined with other chronological results, it 

constrained the dating of the event itself (Section 5.5). 

Due to the limited volume of peat available (resulting from the large volume required 
for fine-resolution, multi-proxy analyses; see Chapter 3), AMS dating was employed at 

all sites. Samples were sent for pre-treatment to the NERC Radiocarbon Laboratory 

and dated at the SUERC AMS facility in East Kilbride, Scotland. Samples for It 

dating were hand-picked with great care. A small amount of peat was washed with 
distilled water in a 125 [tm sieve and viewed at x 10 magnification using a Nikon 

SMZ1000 microscope. Above-ground macrofossils, in particular Sphagnuin moss 

remains where possible (Nilsson et al., 2001), were selected. Where SphagnIIIII remains 

were not present, ericaceous material such as Calluna vulgaris wood, leaves and stems, 
Erica letralix wood and leaves and monocotyledon leaf epidermis was used. Only 

wood with clearly evident petioles was selected to ensure it was above-ground material. 
All traces of other material, for example small fragments of ericaceous rootlets, were 

carefully removed from each sample as Shore et al. (1995) have identified the 

potentially significant effect of any contamination within small samples. All samples 

were sent for dating directly after picking as Wohlfarth et al. (1998) identified that long- 

term storage of samples can result in radiocarbon ages that are too young, although this 

is contested by Blaauw et al. (2004b) who dated material from a core over ten years of 

age and did not identify any offset from 14 C dates published at the time. 

5.1.4 Radiocarbon results 
A total of 28 14 C dates were obtained from all four sites. Results are presented below 

(Figures 5.6 - 5.9; Tables 5.2 - 5.5) and are discussed in more detail in Section 5.5 

where age-depth models for each site and time period of interest are presented. Age- 

depth figures are presented on the same axes to allow for straightforward comparison 
between sites. All calibration of radiocarbon ages has taken place using the program 
CALM v. 5.0.2 (Stuiver et al., 2005) and the lntCal04 calibration curve (Reimer el al., 
2004). For all dates, a weighted average of the date range distribution has been used as 

the central point estimate. The mid-point of the one or two sigma range is often used 
for this purpose although Nilsson et al. (2001) stated that this would only be correct if 

there was a symmetric distribution, which rarely is the case (see Figure 5.2). Blaauw et 

al. (2003) stated that the midpoint does not always coincide with one of the local optima 

131 



of the distribution and therefore does not necessarily provide a probable calendar age. 
Another commonly used central point estimate is the intercept; the point at which the 
14 C age crosses the calibration curve. However, Telford et al. (2004b) recommended 

using a more robust estimate, such as the weighted average or median of the date range 
distribution, rather than the intercept as non-Gaussian, multi-modal distributions often 

mean this is erroneous (Figure 5.5). 

a. 
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Figure 5.5: Comparison of intercept (circles) and weighted average (triangles) methods for estimating the 
central point of a calibrated 14 C date range. The dates of 4530 ± 50 (dashed) and 4540 ± 50 (dotted) have 
been used; the intercept dates differ by 138 years, the weighted average dates by only eight years (Telford 

el al., 2004b). 

5.1.4.1 Fallahogy Bog 

Six 14 C dates were focussed on abrupt climatic deteriorations at ca. 1400 cal. BP and ca. 

3500 cal. BP. The data is summarised- below in Table 5.2 and Figure 5.6. The sample 

at 106 cm (SUERC-13659) produced an erroneous result approximately 800 years 

younger than expected given the ages of the samples at 96 cm (SUERC- 12997) and 116 

cm (SUERC-12998) and the overall pattern and rate of accumulation of the core, 

including previous 14 C results (Barber et al., 2000) which agree well with those 

presented here. This date has therefore been disregarded from further consideration. 
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Laboratory 
code 

th Dep 
(cm) 

14C d te a 
BP 

Calibrated 
age range 
BP (2cr) 

WA mid of 2cr 
calibrated age 
range 

Calibrated 
calendar age 
range (2cr) 

WA mid of 2a 
calibrated 
calendar age 
range 

SUERC-12997 96 1604 ± 35 1560-1405 1485 AD 390 - 545 AD 465 
SUERC-13659 106 963 ± 37 950-790 860 AD 1000 - 1160 AD 1090 
SUERC-12998 116 1885 ± 36 1895-1720 1810 AD 55 - 230 AD 140 
SUERC-13660 244 3343 ± 37 3685- 3475 3560 1735 - 1525 BC 1610 BC 
SUERC-12999 261 3467 ±35 3835 -3640 3755 1885 - 1690 BC 1805 BC 
SUERC-13000 274 3545 ±35 3960-3715 3820 2010 - 1765 BC 1870 BC 

Table 5.2: 14 C results from Fallahogy Bog, Northern Ireland. All calibrated dates are rounded to the 
nearest five years. WA mid is weighted average midpoint, see text for details. 
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Figure 5.6: 14 C results from Fallahogy Bog, Northern Ireland plotted against depth. All dates plotted with 
2cy error bars on a standard axis for ease of comparison between sites. 

5.1.4.2 Walton Moss 

SiX 14 C dates were focussed on abrupt climatic deteriorations during the LIA and at ca. 

3500 cal. BP. The data is surnmarised below in Table 5.3 and Figure 5.7. The dates at 

43 0 cm (SUERC- 13 005) and 444 cm (SUERC- 13 006)were reported as an age reversal; 

the uppermost sample being approximately 250 radiocarbon years older than the lower 

sample. After consultation with Dr. Mark Garnett at the NERC Radiocarbon 

Laboratory, the lower sample was re-dated. A sample at 442 cm was submitted 
(SUERC- 13 3 94) in order to determine whether the sample at 444 cm was erroneously 
young. The re-submitted sample also returned an unexpected result being older than 
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444 cm and younger than 430 cm. Therefore all three dates form a short reversed 

sequence becoming younger with depth. As a result, the reliability of these three 

samples is highly questionable and the dating of the climatic deterioration at ca. 3500 

BP is reliant on the 14 C determination at 384 cm (SUERC-14159; positioned above the 

event) and the Hekla 4 tephra layer (Section 5.2; located at 499 cm, below the event). 

Laboratory 
code 

th Dep 
(cm) 

14C date 
BP 

Calibrated 
age range 
BP (2u) 

WA mid of 2u 
calibrated age 
range 

Calibrated 
calendar age 
range (2cr) 

WA mid of 2cr 
calibrated 
calendar age 
range 

SUERC-13003 58 303 ± 35 465-295 380 AD 1485 - 1655 AD 1570 
SUERC-13004 70 348 ± 35 490-315 400 AD 1460 - 1635 AD 1550 

SUERC-13661 96 604 ± 37 655-540 600 AD 1294 - 1410 AD 1350 

SUERC-14159 384 2884 ± 37 3160-2885 3005 1210 - 935 BC 1055 BC 

SUERC-1 3005 430 3559 ± 35 3970 -3725 3875 2020 - 1775 BC 1925 BC 

SUERC-1 3394 442 3453 ±35 3830 -3640 3735 1880 - 1690 BC 1785 BC 

SUERC-13006 444 3292 ±35 3625-3445 3530 1675 - 1495 BC 1580 BC 

Table 5.3: 14 C results from Walton Moss, England. All calibrated dates are rounded to the nearest five 
years. WA mid is weighted average midpoint, see text for details. 
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Figure 5.7: 14 C results from Walton Moss, England plotted against depth. All dates plotted with 2c; error 
bars on a standard axis for ease of comparison between sites. 
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5.1.4.3 Doseninoor 

Nine 14 C dates were focussed on abrupt climatic deteriorations during the LIA, at ca. 

1400 cal. BP and at ca. 3500 cal. BP. The data is summarised below in Table 5.4 and 

Figure 5.8. All results were in stratigraphical sequence with no date reversals and 

therefore form a reliable record of peat accumulation at the site. 

Laboratory 
code 

Depth 
(cm) 

14 C date 
BP 

Calibrated 
age range 
BP (2q) 

WA mid of 2a 
calibrated age 
range 

Calibrated 
calendar age 
range (2cr) 

WA mid of 2a 
calibrated 
calendar age 
range 

SUERC-13393 47 825 135 795-680 735 AD 1155 - 1270 AD 1215 

SUERC-1 3113 57 990 ± 35 965-795 925 AD 985 - 1155 AD 1025 

SUERC-14160 96 1211 ± 35 1260-1055 1125 AD 690 - 895 AD 825 

SUERC-13009 144 1471 ± 35 1410-1300 1355 AD 540 - 650 AD 595 

SUERC-13114 152 1536 ± 35 1520-1355 1435 AD 430 - 595 AD 515 

SUERC-14161 188 1705 ± 37 1700-1535 1620 AD 250 - 415 AD 330 

SUERC-14164 368 2460 ± 37 2705- 2365 2490 755 - 415 BC 540 BC 

SUERC-1 3117 402 2756± 35 2945 -2775 2855 995 - 825 BC 905 BC 

SUERC-13010 410 2809 ±35 3000-2790 2920 1050 - 845 BC 970 BC 

Table 5.4: 14 C results from Dosenmoor, Germany. All calibrated dates are rounded to the nearest five 
years. WA mid is weighted average midpoint, see text for details. 
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Figure 5.8: 14 C results from Dosenmoor, Germany plotted against depth. All dates plotted with 2a error 
bars on a standard axis for ease of comparison between sites. 
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5.1.4.4 Figehnossen 

Six 14 C dates were focussed on abrupt climatic deteriorations during the LIA and at ca. 
1400 cal. BP. The data is surnmarised below in Table 5.5 and Figure 5.9. All results 

were in stratigraphical sequence with no date reversals and therefore form a reliable 

record of peat accumulation at the site. - 

Laboratory 
code 

th Dep 
(CM) 

14C date 
BP 

Calibrated 
age range 
BP (2q) 

WA mid of 2cr 
calibrated age 
range 

Calibrated 
calendar age 
range (2u) 

WA mid of 2a 
calibrated 
calendar age 
range 

SUERC-13013 62 210 ± 35 310-0 180 AD 1640 - 1950 AD 1770 
SUERC-13014 72 382 ± 35 510-315 465 AD 1440 - 1635 AD 1485 
SUERC-1 3662 96 553 ± 37 645-515 540 AD 1305 - 1435 AD 1410 
SUERC-13015 232 1358 ± 35 1340-1185 1290 AD 610 - 765 AD 660 
SUERC-14165 244 1568 ± 35 1535-1385 1460 AD 415 - 565 AD 490 
SUERC-13118 256 1756 ± 35 1810-1560 1650 AD 140 - 390 AD 300 

Table 5.5: 14 C results from FAgelmossen, Sweden. All calibrated dates are rounded to the nearest five 
years. WA mid is weighted average midpoint, see text for details. 

136 

Figure 5.9: 14 C results from Hgelmossen, Sweden plotted against depth. All dates plotted with 2a error 
bars on a standard axis for ease of comparison between sites. 



5.2 Tephrochronology 

The term 'tephrochronology' was first coined by Thorarinsson (1944) to describe "an 

absolute geological dating method based on measurements, correlations and datings of 

volcanic ash layers". In north-west European Holocene tephra studies, these ash layers 

are typically derived from the eruptions of Icelandic volcanoes, in particular Hekla 

(Larsen and Thorarinsson, 1977), although other volcanic sources do exist (e. g. Jan 

Mayen Island; Chambers et al., 2004, West Eifel Volcanic Field, Germany; Zolitschka 

et al., 1994). Because, in geological terms, each tephra layer is deposited 

instantaneously, possesses a unique geochemical signature (Hunt and Hill, 1993) and, 
following deposition, is presumed not to be mobile within the peat profile (Langdon and 
Barber, 2004), they may be used over wide areas to precisely correlate the stratigraphy 

of Holocene peat sequences. However, care must be taken when interpreting the 

accuracy of such a chronology due to the variability of the precision in dating 

prehistoric tephras and the potential for misattribution. Not all layers are separable by. 

their major element geochemistry, however those that are not are chronologically and 

stratigraphically far apart (for example Hekla 4 and Lairg A; Hall and Pilcher, 2002). 

Peat from raised bogs is highly favourable for the detection of tephra as it consists of ca. 
99% organic matter and only minor mineral components, mainly from wind-blown dust 

(van den Bogaard and Schmincke, 2002). 

Tephrochronology is now a commonly used technique in palaeoclimatic research (e. g. 
Eirfksson et al., 2000; Langdon and Barber, 2004; Borgmark and WastegArd, 2005; Hall 

and Mauquoy, 2005; Plunkett, 2006), however this was not always the case. Despite 

the early work of Persson (197 1) in Scandinavia for example, Buckland et al. (198 1) 

observed that "only rarely have palacoecologists noted the value of tephra layers in 

providing ... isochronous correlation horizons". However following this, Dugmore 

(1989) discovered the first Icelandic tephra in the British Isles and detailed 

tephrochronologies have now been constructed for all locations in this study; Northern 

Ireland (Pilcher and Hall, 1992; Pilcher et al., 1995,1996), northern England (Pilcher 

and Hall, 1996), northern Germany (van den Bogaard et al., 1994,2002; van den 

Bogaard and Schmincke, 2002) and Sweden (Boygle, 2004, Wastegard, 2005) (Table 

5.6). In this thesis, tephrochronology is used as a valuable addition to radiocarbon 
dating (Section 5.1) and SCP analysis (Section 5.3) to provide robust chronologies for 

each site. Individual tephra layers have been geochernically typed and provide 
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additional well-dated pinning points for use in the construction of age-depth models. In 

some cases the dating of tephra layers is accurate to individual calendar years (i. e. 
historical eruptions), although more often they are dated by radiocarbon (see Dugmore 

el al., 1995a; Buck et al., 2003 and Plunkett et al., 2004 for a discussion of this 

process). Hall and Pilcher (2002) stated that an effective chronology can be constructed 
from layers interpolated between already dated tephras. Widespread tephras identified 

in more than one site have also been used to correlate results across the European 

climatic transect (Section 7.3; WastegArd, 2005). 

5.2.1 Revieiv ofpast applications 
Considering the fine-resolution sampling intervals used during this project, the potential 
for tephra analysis to be carried out at sub-centimetre resolution will now be discussed. 

A number of authors, most notably Dugmore and Newton (1992) using x-radiography, 
have noted that tephra layers, while deposited over a short period of time (certainly less 

than one year or I mm peat growth), do not forrn continuous, horizontal and well 
defined layers in peat (Figure 5.10). They showed that peak influxes of tephra were 
frequently restricted to less than I cm, although the Hekla 4 layer in Caithness, Scotland 

was of variable thickness and unevenly distributed. However, these downward 

projecting pockets of tephra may be related to "post-depositional effects" such as snow 

cover and exposure to strong winds (in northern latitudes) rather than to "eruption 

plume depositional dynamics" (Bergman et al., 2004). Furthermore, Dugmore and 
Newton (1992) stated that separate narrow cores could give the misleading impression 

that a layer is even and lies at a comparatively uniform depth below the surface. 
Similarly, Caseldine et al. (1998) warned that single cores should not be relied upon 

when making assumptions about tephra layers and environmental or climate change; 

they took three proximal cores from West Corlea, Ireland and each showed different 

changes above and below the Hekla 4 layer. Dugmore et al. (1996) used an innovative 

sampling procedure to account for the unevenness of the peat surface at the time of 
deposition by sampling five proximal locations within a monolith and observing the 

slight variations in the depth of maximum tephra abundance. 
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Site Tephra layers recorded Date of layer Date reference(s) 

Sluggan/AD 860 AD 776 - 887 Pilcher et aL (1996) 
Fallahogy Hekla 3 3143 - 2855 cal. BP Dug more et aL (1 995a) 

Hekla 4 4345 - 4229 cal. BP Pilcher et aL (1996) 

Walton Moss Glen Garry 2210 - 1966 cal. BP Barber et aL (2008) 
Hekla 4 4345 - 4229 cal. BP Pilcher et aL (1996) 

Sluggan/AD 860 AD 776 - 887 Pilcher et al. (1996) 
Glen Garry - 2210 - 1966 cal. BP Barber et al. (2008) 

Dosenmoor Microlite 2680 - 2614 cal. BP van den Bogaard and Schmincke (2002) 
Hekla 3 3143 - 2855 cal. BP Dugmore et al. (1 995a) 
Kebister/Hekla Selsund 4145 - 3986 cal. BP WastegArd et al. (in press) 
Hekla 4 4345 - 4229 cal. BP Pilcher et al. (1996) 

Askja AD 1875 AD 1875 Historically dated 

Fbgelmossen Hekla 3 3143 - 2855 cal. BP Dugmore et al. (I 995a) 
Kebister/Hekla Selsund 4145 - 3986 cal. BP Wasteg6rd et al. (in press) 
Hekla 4 4345 - 4229 cal. BP Pilcher et al. (1996) 

Table 5.6: Mid- and late-Holocene tephra, layers identified at study sites ftom previous research. Where 
dates are published in uncalibrated radiocarbon years (Hekla 3, Kebister/Hekla Selsund) calibration has 

been performed using Calib v. 5.0.2 (Stuiver et aL, 2005). 

Figure 5.10: Vertical distribution of tephra within a peat core as shown by x-radiography (dark areas 
represent tephra; Dugmore and Newton, 1992) 

An important aspect of determining the validity of fine-resolution palaeoclimatic data is 

comparison of the records to those from other independently derived sources of 

evidence (Section 7.1). Here the use of tephrochronology will be of benefit (Haflidason 

el al., 2000). For example, eruptions are also recorded in ice cores as sulphur peaks 

(Hammer, 1980), presenting an opportunity for correlation. However, van den Bogaard 

et al. (2002) warned that these acidity peaks cannot be fingerprinted and that 

correlations based solely on tephra ages are risky given errors involved in their age 

measurements (through radiocarbon dating). Further, Eiriksson et al. (2000) sampled a 

marine core on the northern Icelandic shelf and subsequently correlated the marine and 

139 



terrestrial records using a tephrochronologically constrained chronology. They then 

compared these records with ice-rafted debris events determined by Bond et al. (1997). 

As suggested above (Table 5.6), the potential exists to use tephra layers to correlate all 
four peat sequences by identifying geochemically typed layers that occur in more than 

one site. Complete or partial tephrochronologies have been published for Fallahogy 

(Pilcher and Hall, 1992; Pilcher et al., 1995; 1996), Walton Moss (Barber el al., 2008), 

Dosenmoor (van den Bogaard et al., 1994; 2002; van den Bogaard and Schmincke, 

2002) and F5gelmossen (Borgmark and Wastegfird, 2005). Sixteen different tephra 
layers are identified by van den Bogaard and Schmincke (2002) in northern Germany 

including Glen Garry, Hekla 3 and Hekla 4, the latter of which is an abundant layer at 
Fallahogy. The Glen Garry tephra has been identified in previous research from Walton 

Moss (Barber et al., 2008). Research at Ffigelmossen (Borgmark and Wasteg5rd, 2005) 

has identified four significant Holocene tephras, including Hekla 3 and 4 and the Hekla 

Selsund/Kebister layer which has also been identified at Dosemnoor. Additionally, 

Boygle (1998) stated that western Sweden may be an important connection between the 

tephrochronologies of the British Isles and Germany, due to the differing long-distance 

fallout routes of individual eruption plumes. For example, the virtual absence of the 

Hekla 3 layer in the Faroe Islands and British Isles suggests that this tephra was 

transported mainly towards Scandinavia and northern Germany (Wastegfird, 2005). 

However, the presence of the Hekla Selsund/Kebister tephra in both locations 

(identified in Vfirmland, western Sweden and various sites in northern Ireland) may 

prove beneficial. 

5.2.2 Methodology 

The methodologies used in previous research for the extraction of tephra shards from 

the peat matrix and their subsequent identification have not been consistent. The 

different methods used and their advantages and limitations in the light of the specific 

aims of this research will therefore be considered here. 

Intuitively, if the volume of peat available for analyses is limited, it would be 

advantageous to use a technique that identified the presence of tephra layers in a core 
without destroying any peat. Scanning techniques sensit Caseldine et al. (1999), whose 

methods were based on the reflectance and luminescence signals of the tephra, were 
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therefore considered as they are non-destructive and can also be used at very high- 

resolution (Caseldine et al., 1999 used an effective sampling resolution of 0.05 mm). 
However, there are potential problems with the signal being produced (see figures in 

Caseldine et al., 1999 where peaks in luminescence occur where no tephra was found). 

Additionally, there is a stated need to replicate the scans, necessitating a second core to 

be taken, which could effectively be used for the initial "reconnaissance tephra 

searches" (van den Bogaard et al., 2002) using the method of Pilcher and Hall (1992) 

without destroying any peat from the master core which will be used for fine-resolution 

analyses. 

Similar methods have been employed by van den Bogaard et al. (1994) who used a 

magnetization profile to successfully identify tephra layers at Dosenmoor. However, 

the same method was unsuccessful for van den Bogaard and Schmincke (2002) who 

also identified problems with other techniques including the measurement of gamma 

and alpha ray emissions and saturation isothermal remnant magnetisation. Andrews et 

al. (2006) successftilly identified tephra layers using Quantitative Phase Analysis of x- 

ray diffractograms, however their study was based on marine sediments and the 

applicability of the technique to peat cores remains untested. Finally, Dugmore and 
Newton (1992) used x-radiography to identify thin tephra layers in Scottish peats. The 

method was successftil in identifying tephra layers of Icelandic origin such as Hekla 4, 

although in concluding they stated that the technique should be "backed up with the 

necessary sedimentological checks". In addition, they encountered problems 
identifying finer layers. As a result of these problems and in light of the relative 

unavailability of equipment when compared to the simple lab techniques of Pilcher and 
Hall (1992), the various scanning methods were dismissed. 

5.2.2.1 Ashing 

Initial tephra searches were carried out following a slightly modified version of the 

technique of Pilcher and Hall (1992). This technique allows the presence/absence of 

significant peaks in downcore te phra abundance to be established relatively quickly 

over long records. Contiguous samples were taken measuring 5xIxI cm over the 

entire length of each core. These were placed in lidded crucibles and ashed in a furnace 

at 600'C for four hours. The resultant ash was suspended in ca. 5 ml 10% hydrochloric 

acid (HCL) to remove any soluble inorganics. Care was taken to ensure that the HCL 
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was not aimed directly at the sample as this can cause the ash to puff up, with a 

potential loss of material. The ash and HCL were pipetted into a centrifuge tube and the 

crucible further rinsed with HCL to ensure no ash remained. The same labelled pipette 

was used throughout the process to ensure there was no chance of contamination 
between samples. The samples were centrifuged at 3000 rpm for five minutes. The 

supernatant was pipetted off, the sample washed with ca 5 ml distilled water and 

centrifuged again. This process was repeated once more and the final supernatant 

pipetted off to leave the cleaned residue and a small amount (ca. 0.5 ml) of distilled 

water, which was shaken to re-suspend the residue. This was then pipetted onto a 
labelled slide which had been placed on a hotplate to warm gently. As this method 

provides only qualitative evidence of the presence/absence of tephra layers it was not 

necessary to place the entire sample onto every slide. In some cases, for example 

samples near the top of the core where the organic fraction is ashed less effectively, 
doing so will result in a thick layer of material where a proportion of any tephra shards 

present are likely to be obscured. When the samples had evaporated completely they 

were mounted in Histomount and analysed atxlOO and x400 magnification. Oncea 

tephra layer had been identified, the relevant sample depth was divided into ten 

contiguous 5 mm. samples (see below) of ca. 1 cm 3 and the ashing process repeated. 

5.2.2.2 Acid digestion 

Samples intended for geochernical analysis cannot be subject to the above preparation 

as the heating of tephra to high temperatures (>350'C) alters shard geochemistry, 

specifically the alkali content (Dugmore et al., 1995b). As a result an acid digestion 

technique used by Persson (197 1) and Dugmore (1989), and summarized on the 

Tephrabase website (Newton et al., 2007; http: //www. tephrabase. org) was employed. 

Dugmore et al. (1992) tested this method using over 100 treated and untreated samples 
from Scotland and Iceland and found no significant difference in the geochernical 

results, even between more mobile elements. A recent re-evaluation of the method by 

Blockley et al. (2005) suggested that it did risk chemical alteration and dissolution of 

the shards. They described a new extraction techniq*ue based on stepped heavy liquid 

flotation that was shown to recover a higher number of shards, resulting in the detection 

of previously unknown layers with low shard concentration. However, they did not 

present geochemical evidence of shard alteration and some of the more corrosive stages 

of the laboratory procedure that have the potential to alter shard chemistry (e. g. a four 

142 



hour wash in sodium hydroxide to remove diatoms, sponge spicules and other biogenic 

silicates) are unnecessary with peat samples. 

Samples of 3 cm 3 were placed in a conical flask and 50 ml of concentrated (98%) 

sulPhuric acid added. Samples were carefully shaken and left for 30 minutes to allow 

the acid to attack the organic material. After this time 3 ml of concentrated nitric acid 

was added and the samples left for 15 minutes for the reaction to subside. This process 

was repeated twice and the samples then boiled until the liquid turned transparent and 

yellow. The samples were allowed to cool, topped up to the 100 ml mark with distilled 

water, transferred to glass beakers and left for an hour to allow the sediment to settle. 

After cooling the samples became completely colourless. The majority of the liquid 

was then carefully removed using a 60 ml pipette to leave ca. 10 ml containing the 

residue. This was transferred to a centrifuge tube and centrifuged at 3000'rpm for five 

minutes. Following centrifuging, the supernatant was carefully pipetted off and the 

sample washed in distilled water and re-centrifuged. This process was repeated until the 

pH of the solution became neutral (ca. five washes); this was tested using litmus paper. 

Samples were stored in glass vials in a small amount of distilled water prior to electron 

microprobe slide preparation. 

5.2.2.3 Preparation of inicroprobe slides 

In order to be subject to electron microprobe analysis, samples must be mounted in an 

epoxy resin which is ground and polished to reveal the tephra shards on the surface. 

Slide preparation was informed by the methods of Langdon (1999), Morriss (2001) and 

Blundell (2002) and by advice from Dr. David Steele at Edinburgh University. Slides 

were firstly ground using 100 grit carborundurn paper to produce a frosted surface 

which allows the resin to bond more effectively. They were then cleaned in petroleum 

ether in an ultrasonic bath for five minutes to remove any residual carborundum. Drops 

of an epoxy resin (araldite) were mixed thoroughly with hardener in the ratio 9: 1 and a 

few drops placed within each sample area on the slides. The tephra samples were dried 

on warmed slides, placed on a hotplate and the dried residue then scraped using a razor 

blade onto the resin. The samples were mixed gently into the resin and left on a 

hotplate to harden for 90 minutes. Once hardened, the resin formed a layer 

approximately 250pm above the surface of the slide. This must be ground down to 

expose the tephra shards on the surface. Great care should be taken at this stage to 
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ensure minimal loss of tephra shards and to produce a flat, even surface. Regular 

checking of the sample should be carried out using a reflected light microscope to 

ensure shards are not being plucked out of the resin. Grinding was carried out 

sequentially using 400,800,1200,2500 and 4000 grit carborundum papers until the 

resin was ca. 70 gm above the surface of the slide. The following approach was used; 

400 grit paper to slide thickness ca. 150 gm, 800 grit paper to slide thickness ca. 100 

jim and 1200 grit paper to slide thickness ca. 75 ým. 2500 and 4000 grit papers were 

employed more to polish the resin surface than to remove any further resin. Following 

grinding, the slides were cleaned in petroleum ether in an ultrasonic bath for five 

minutes. In order to remove scratches from the surface of the resin, which can lead to 

the absorption of x-rays during electron microprobe analysis, the slides were then 

polished using firstly 6 gm and then I ýtm diamond paste. The slides were cleaned in 

petroleum ether in an ultrasonic bath between polishes. Finally, the slides were carbon 

coated and a thin strip of carbon tape added to improve conductivity across the slide. 

5.2.2.4 Electron microprobe analysis 

Electron microprobe analysis (EPMA) is commonly used in palaeoecological studies to 

geochernically type individual tephra layers and has long been recognised as the most 

effective tool for this purpose (Westgate and Gorton, 198 1; Larsen, 198 1). Alternative 

methods are becoming available that have the potential to measure a wider range of 

trace elements from ever smaller shards (e. g. Pearce et al., 2007), however these are still 

in development and are not currently widely available. EPMAworks by bombarding 

samples with an electron beam, which generates x-rays. From the wavelength and 

intensity of the lines in the x-ray spectrum, the identity and concentration of the 

different elements present in an unknown sample can be determined (Reed, 1975); 

different wavelengths are unique to individual elements while the intensity of x-ray 

energy is directly proportional to the abundance of each element (Hunt and Hill, 1993). 

Once the sample composition is established it can be correlated to known volcanic 

eruptions (e. g. Hekla 4) or to known tephra isochrons whose source has not been 

established (e. g. Glen Garry). 

Analysis was carried out using the Cameca SX 100 electron microprobe at Edinburgh 

University. The approximate composition of individual shards was firstly identified 

using an electron dispersive method. However this technique has inherent problems in 
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terms of quantitative analyses (Hunt and Hill, 1993) and so a wavelength dispersive 

method was employed to produce the geochemical results. Analytical conditions were 

set in order to minimise sodium migration and sample damage while maintaining an 

acceptable level of precision (see below). An accelerating voltage of 10 W, beam 

current of 10 nA and beam diameter of 7 gni were used. This beam diameter was 

chosen in consideration of the need to analyse small shards whilst being aware of the 

potential problems that can arise if the beam is too focussed (Hunt and Hill, 2001). A 

'sub-counting' or 'time 0 interpolation' method (Nielson and Sigurdsson, 1981) was 

used to measure certain elements (Na, Al, Si and K). This method addresses the 

analytical problems of Na migration (Hunt and Hill, 1993) and Si and Al 'grow-in' 

(Morgan and London, 1996). Five count times of six seconds were used rather than one 

count time of 30 seconds. The activity measured in each six second period was then 

averaged, taking into account the T=O value to allow for migration and grow-in. Other 

elements had the following count times; Mn, Fe and Mg: 30 seconds; P: 20 seconds; Ca 

and Ti: 10 seconds. Five spectrometers were employed with Na, Al, Si, K and Mn 

measured first, followed by P, Ca, Ti, Fe and Mg. At the beginning of each day a 

number of standards of known composition were analysed as unknowns to check the 

performance of the machine. If the Ix/Istd value (net intensity from unknown 

measurement/net intensity from standard measurement) fell outside of the limits 0.99 - 
1.01 the spectrometer was recalibrated. The standards used were as follows; Jadeite for 

sodium (Na), Woolastonite for calcium (Ca) and silica (Si), Spinel for magnesium (Mg) 

and aluminium (Al), Orthoclase for potassium (K), Apatite for phosphorus (P), Rutile 

for titanium (Ti) and pure metals for manganese (Mn) and iron (Fe). Geochemical 

results were corrected automatically for atomic number effects, including back- 

scattering, fluorescence, and absorption using a PAP correction programme (Pouchou 

and Pichoir, 1984). 

5.2.3 Tephra results 

5.2.3.1 Ashing 

All four sites were subjected to an initial tephra search using the ashing method. 

Results are illustrated in Figure 5.11 (a - d). Shards were identified by their distinct and 

highly vesicular morphology (Figure 5.12). Figure 5.11 shows the number of shards 
identified within each 5 cm slice and it is clear that distinct horizons exist at all four 
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sites. However, at both Fallahogy and Doserimoor there is some variation between the 

number of levels expected and those identified. For example, van den Bogaard and 

Schmincke (2002) identified nine distinct tephra horizons in a five metre core taken 

from a central location on Dosenmoor, whereas only one was found during this 

research. In addition, Barber et al. (2000) identified the AD 860 tephra isochron at ca. 
85 cm depth and Pilcher and Hall (1992) identified at least seven distinct peaks of 

tephra in a five metre core at Fallahogy. Tephro chronological studies of other sites in 

Northern Ireland have also revealed a more comprehensive suite of isochrons (e. g. 

Pilcher and Hall, 1992; Pilcher et al., 1996; Plunkett et al., 2004; Plunkett, 2006). This 

supports the findings of a number of authors that the distribution of tephra horizons 

across peat stratigraphy can be variable and patchy. For example, Dugmore and 

Newton (1992) used x-radiography to show that the distribution of the Hekla 4 tephra in 

Caithness, Scotland was both variable in thickness and uneven, while Langdon (1999) 

made similar conclusions regarding Temple Hill Moss in the Pentland Hills, Scotland. 

Finally, Langdon and Barber (2004) identified the Glen Garry tephra at Shirgarton 

Moss, but not at Killorn Moss, only 2 km to the west. The initial searches at 

FAgelmossen and Walton Moss revealed all layers expected from previous research. 

At Dosenmoor, FAgelmossen and particularly at Fallahogy there are layers where only a 

very small number of shards occur. Similar occurrences have been noted and discussed 

by Dugmore et al. (I 995b) who identified three possible explanations. Firstly, they may 

represent a primary airfall event, secondly they may be reworked shards and finally they 

may be a result of both processes. Their data suggested the former reason as the most 

valid as less than I% of the shards analysed from discreet deposits formed outliers from 

the main chemical populations. However, it is noteworthy that in the results presented 

here, a large proportion of these small layers occur stratigraphically directly below a 

major tephra horizon suggesting that reworking or an uneven surface at the time of 

deposition may be contributory factors. Langdon (1999) identified that Eriophorum 

vagination roots may also have a role to play as they can penetrate to depths of 60 cm 

below the surface; this species is present at all four sites. Given the uncertainty over the 

source of these layers, the unlikelihood of isolating a large enough number of shards to 

analyse and the significant time taken to perform such analyses, these layers were 

generally dismissed from further investigation. However, two distinct layers occurring 
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Figure 5.11: Results of initial 5xIxI cm tephra searches from all sites. 
a- Fallahogy Bog; b- Walton Moss; c- Dosenmoor; d- Fagelmossen. 
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Figure 5.12: SEM photograph of a typical tephra shard showing vesicular morphology (Langdon, 1999) 

at 360 - 365 cm (10 shards) and 400 - 405 cm (18 shards) at Fallahogy were 
investigated further and it was not possible to identify any additional shards, 

strengthening the above conclusion. 

Having identified tephra layers to within a5 cm slice, Pilcher and Hall (1992) 

recommend further sub-sampling at I cm resolution to accurately define the peak 

occurrence, enabling more precise correlations with other tephrochronologies across 
Europe. However, given the fine-resolution that will be used for other methods in this 

research it was decided to attempt sub-centimetre sampling at this stage to more 

accurately define the stratigraphic depth of each layer. This has been attempted by a 
limited number of authors in previous research; Pilcher and Hall (1992) stated that there 

would be little point in attempting millimetre sub-sampling of a deposit in which tephra 

was dispersed over a greater depth, while Dugmore et al. (1996) highlighted the loss of 

resolution that may occur through the process of incorporation of tephra layers within a 

peat profile; i. e. a peat bog does not provide a uniformly flat surface on which to land. 

However, Pilcher et al. (1996) suggested that tephra layers frequently span only a few 

millimetres of peat, Dugmore ef al. (1996) successfully used 4 mm thick slices through 

the complete depth of tephra zones in the Outer Hebrides, Scotland and Hall et al. 
(1994) used aI mm sub-sampling resolution for tephra analysis in Northern Ireland, 

discovering that 74% of tephra was restricted to within 5mm and 90% to within 8 mm. 
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Considering these points, individual tephra layers were studied at 5 mm resolution 
during this project. It was felt that given the potential for vertical dispersal of tephra 

shards below this resolution there was little benefit to be gained by sampling at 1 or 2 

min resolution. The time taken to perform these analyses was a further mitigating 
factor. 

As can be seen from the results (Figures 5.13 - 5.16), the tephra layers identified all 

occur within stratigraphical limits of 5 mm -2 cm. With the exception of the layer 

from 445 - 450 cm at Ffigelmossen where there are two adjacent peaks in abundance, all 
layers are clearly defined. Although only two layers have been confined to less than I 

cm, the 5 mm sampling has been beneficial in improving the precision with which the 

depth of layers are defined. Downgrading the results to I cm slices shows that in seven 

out of the eight layers studied, wider depth limits would have been applied. 

5.2.3.2 Geochemistry 

EPMA was carried out in August 2006. All eight tephra layers were successfully 

geochemically typed; between eight and 29 shards were analysed from each layer 

forming populations that can be confidently compared to existing geochemical data in 

order to assign each layer to a known eruption or tephra. isochron. Where possible, 

replicate analyses were performed on individual shards in order to establish the 

homogeneity of shard composition however this was not possible for all layers due to 

small shard sizes. Summary geochemical data are presented in Table 5.7 (full results 

are found in Appendix 3). Results have not been normalised to 100% in accordance 

with the recommendations of Hunt and Hill (1993). All oxide totals above 94% have 

been accepted. Hunt and Hill (1993) recommended a cut-off point of 95% however this 

would lead to reduced populations for some layers. Oxide totals above 91% (Morriss 

2001) and 93% (e. g. Eiriksson et al., 2000, Langdon and Barber, 2001 and Bergman el 

al., 2004) have been accepted in previous research. 
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Figure 5.13: Distribution of tephra in 5 mm slices from 320 - 325 cm from Fallahogy Bog, Northern 
Ireland. Dashed lines represent zone of maximum abundance. 
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Figure 5.14: Distribution of tephra in 5 mm slices from 280 - 285 cm (a) and 495 - 500 cm (b) from 
Walton Moss, England. Dashed lines represent zone of maximum abundance. 
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Figure 5.15: Distribution of tephra, in 5 mm slices from 425 - 430 cm from Doserunoor, Germany. 
Dashed lines represent zone of maximum abundance. 
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Shard ID Na20 M90 A1203 MnO FeO K20 CaO Si02 Ti02 P205 Total 
FGY 4.7241 0.0161 12.4943 0.0729 1.9510 2.8365 1.3139 72.0504 0.1086 0.0316 95.6092 

WLM 1 3.6793 0.4403 12.3275 0.1121 3.9982 2.0511 2.4338 72.8305 0.5474 0.0930 98.5133 

WLM 2 4.6696 0.0191 12.0800 0.0514 1.8411 2.8449 1.3467 72.2496 0.0744 0.0100 95.2066 

DSM 4.4561 0.2559 14.0280 0.1311 4.2041 2.3653 2.6365 69.2309 0.2893 0.0811 97.6850 

FGM 1 3.5542 0.8003 12.1912 0.1230 3.8892 2.3931 2.8164 71.8439 0.9129 0.1933 98.7172 

FGM 2 4.1106 0.1290 13.7267 0.1131 3.1659 2.4913 2.0540 70.9816 0.1880 0.0625 97.0226 

FGM 3 4.4154 0.5135 14.5544 0.1636 5.5543 2.1290 3.2910 66.7063 0.4429 0.1323 97.9028 

FGM 4 4.3428 0.1978 12.9718 0.1247 3.2581 2.5947 1.9997 70.3553 0.2338 0.0876 96.1767 

Table 5.7: Summary geochernical data for all tepbra layers. All values are mean % of all shards analysed. 

Geochemical results have been compared with the relevant literature and correlated with 

a number of datasets available on the Tephrabase website (url stated above). It is 

possible to attribute all layers to recognised volcanic eruptions and tephra isochrons by 

basic comparison of the results with published datasets and by more detailed 

comparison with the ratios of major and minor elements within these datasets (Figures 

5.17 and 5.18). All layers form clustered populations with relatively few outliers. 
Where these do occur it may be due to the differing geochemical signature of the phases 

of an eruption. For example, Larsen and Thorarinsson (1977) stated that the silica 

content of Hekla layers can range from 70 - 74% in the initial phase, decreasing 

gradually to ca. 57% towards the end of an eruption. All layers have the geochernical 

signature that was expected prior to analysis based on previous research findings and 

their stratigraphical position. For example, the four tephra layers identified at 
Ffigelmossen have been identified in previous research at the site (Borgmark and 
Wastegdrd, 2005) as well as at Kortlandamossen, a site in close proximity to 

FAgelmossen (ca. 30km) (Boygle, 1998; 2004) and Klocka Bog, a site in west-central 
Sweden (Bergman et al., 2004), suggesting that these four layers are present across the 

country, forming an important part of the regional tephrochronology. The one slight 

exception is the Glen Garry layer at Walton Moss which was identified at 283 - 284.5 

cm; in previous research (Barber et al., 2008) this layer has been found at ca. 220 cm, 

suggesting that the core used for this project has been taken from a more rapidly 

accumulating part of the bog. The volcanic origin of the Glen Garry layer remains 

unknown. Van den Bogaard and Schmincke (2002) stated that "it is well known that 

magmas erupted in the Hekla system chemically resemble each other"; given the 

evidence presented in Figures 5.17 and 5.18, this suggests that the Glen Garry layer 
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does not derive from Hekla as the shard geochernistry forms a stand-alone population in 

both element comparisons. 

The tephra layer at Doseninoor (425.5 - 426.5 cm) and Ffigelmossen layer 3 (446.5 - 
448.5 cm) have been defined as the Hekla Selsund/Kebister layer (Wastegdrd et al., in 

press). The Kebister layer was first found at the site of that name by Dugmore et al. 
(I 995b) and dated to ca. 3 600 BP, but not linked to the Hekla Selsund eruption. The 

Hekla Selsund layer, approximate date 3500 BP, was previously known as Hekla 2 and 

was thought to be younger than Hekla 3, but was later discovered to be stratigraphically 
between Hekla 3 and 4 (Larsen and Thorarinsson, 1977). Based on their age, 

stratigraphical position and geochernical composition, the two layers were tentatively 

correlated by van den Bogaard and Schmincke (2002) and have since been dated more 

accurately by Gunnarson et al. (2003) from St6myren bog in Sweden and by Wastegfird 

et al. (in press) from sites in the Faroe Islands and Sweden, including Fagelmossen, 

although these age determinations differ by some ca. 300 years. The coupling of these 
layers is supported by the evidence presented in Figures 5.17 and 5.18, although it is 

interesting to note that the layer at Dosenmoor has two distinct clusters of shards with 

slight variations in the levels of certain oxides. For example, Si02 is clustered around 
67% and 71%, FeO around 3% and 5% and CaO around 2% and 3% (see Appendix 3). 

The layer is accurately defined to within I cin (Figure 5.15) so it is unlikely that two 

separate layers are present; rather it is more likely that the variations could be the result 

of different eruption phases, as discussed above. All three Hekla layers have similar 

geochemistry and the Hekla 3 and Kebister/Hekla Selsund layers are generally only 

separable by their stratigraphical position. 

All results are summarised in Table 5.8 and Figure 5.19. These data will be used in 

combination with the other chronological results available to create stand-alone age- 
depth models for each climatic deterioration being studied at fine-resolution (Section 

5.5). The dates used in Table 5.8 are the most recent available from a north-west 
European raised peat bog; ages for certain isochrons from older studies (e. g. for Hekla 

Selsund/Kebister; Gunnarson el al., 2003) or alternative sediment records have not been 

used (for example Zilldn et al. (2002) provided ages for the Hekla 3, Hekla 

Selsund/Kebister and Hekla 4 layers from varved lake sediments in Sweden). Where 
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dates are provided in the original publication as an uncalibrated 14C age, the 2a 

calibrated range has been updated using CALIB v. 5.0.2 (Stuiver et aL, 2005). 
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Number Number of 
Site Depth (cm) of shards shards with Attributed Date of layer Date reference 

analysed replicate tephra layer 
analyses 

Fallahogy 322.5-324 12 3 Hekla 4 4345 -4229 Pilcher et al. 
cal. BP (1996) 

Walton Moss 283-284.5 22 7 Glen Garry 2210 -1966 Barber et al. 
cal. BP (in press) 

Walton Moss 499-499.5 8 0 Hekla 4 4345 -4229 Pilcher et al. 
cal. BP (1996) 

Dosenmoor 425.5 - 426.5 29 2 Hekla Selsund 4145 -3986 Wasteg6rd et 
/Kebister cal. BP al. (in press) 

F6gelmossen 40.5-41.5 23 7 Askja AD1875 AD 1875 
Historically 

dated 

F6gelmossen 333 -335 13 1 Hekla 3 3143 -2855 Dugrnore et al. 
cal. BP (1995b) 

F6gelmossen 446.5 - 448.5 28 3 Hekla Selsund 4145 -3986 Wasteg6rd et 
/Kebister cal. BP al. (in press) 

FAgelmossen 475-475.5 19 5 Hekla 4 4345 -4229 Pilcher et al. 
cal. BP (1996) 

Table 5.8: Sunu-nary of tephrochronology results 
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Figure 5.19: Summary of tephra layers at all sites 
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5.3 Spheroidal carbonaceousparticles 
Due to the dilution of atmospheric 14 C by industrial activity and nuclear weapons 

testing, 14 C dating (Section 5.1) is problematic and unreliable in recent sediments (i. e. 

those covering the last ca. 200 years). In addition, with the exception of Fagelmossen, 

the study sites lack recent historically dated tephra layers (Section 5.2). As '! result, 

Spheroidal Carbonaceous Particles (SCPs) and other radiometric methods (Section 5.4) 

have been used to provide a chronology in the uppermost sediments. This has allowed 

dating of recent events and in the case of Fdgelmossen, comparison with an 

instrumental climate record (Section 6.5.4). A reliable SCP profile can also be used as 

evidence that surface sediments have not been subject to disturbance or mixing. 

The use of SCPs as a dating tool was developed in Sweden using lake sediment profiles 

(e. g. Renberg and Wik, 1984; 1985; Wik and Renberg, 1996) and has since been 

successfully applied to peat profiles in the British Isles (Yang et al., 2001; Blundell, 

2002; Brown, 2006), largely following the work of Rose et al. (1995), and also more 

widely to European lakes (Hilgers et al., 1993; Odgaard, 1993; Rose et al., 1999). SCPs 

are microscopic ash particles formed by the incomplete combustion of oil and coal at 

high temperatures. They contain elemental carbon, making them extremely resistant to 

decay, can be transported over long distances (Wik and Renberg, 1991) and are 

essentially immobile in ombrotrophic peat profiles (Punning and Alliksaar, 1997). The 

downcore abundance of SCPs from all sites can therefore be accepted as a reliable 

historical record of regional industrial activity which can be correlated with lake profiles 

dated accurately using either 2 1OPb or varve counting. There are three datable features 

that tend to follow a schematic profile (Figure 5.20): (A) the onset of SCP 

accumulation, attributed to the initial expansion of industry in the mid-nineteenth 

century, (B) the rapid increase in SCP concentration, representing the rise in post WWII 

energy needs and (C) the sub-surface peak in concentration, before a decline due to 

recent pollution legislation in the 1970s and '80s (Rose et al., 1995). The precise date 

of each of these features is variable between different regions. 
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Figure 5.20: Schematic SCP profile showing the three datable features referred to in the text 
(Rose el aL, 1995). 

5.3.1 Methodology 

Preparations for SCP analysis followed the method of Yang et al. (2001). Samples 

were dried overnight in an oven at 105'C. The dried samples were then crushed and 0.2 

g was accurately weighed into a 50 ml beaker. Concentrated nitric acid (HN03; 6 ml) 

was added to the beaker and the samples heated at 100'C on a hotplate until the solution 

was reduced to ca. I ml; this process removes all organic material from the sample. 
During this time the beakers were rocked gently every 6-8 minutes to avoid material 
becoming stuck to the beaker walls. 10 ml of distilled water was added and the solution 

transferred to a 12 ml centrifuge tube. This was centrifuged at 1500 rpm for 5 minutes 

and the supernatant carefully decanted. If necessary, the beakers were rinsed repeatedly 

until all material was removed and the centrifuging process repeated. After the final 

centrifuge, the supernatant was pipetted away to leave only a small (ca. 0.5 ml) amount 

of liquid containing the inorganic fraction. This was transferred to be stored in a 
labelled and weighed glass vial. To make the. slides, a very small amount of the sample 

was placed on a coverslip using a glass pipette, spread out and left to evaporate before 

being inverted onto a slide and mounted using Aquatex. SCPs were analysed at x400 

magnification using a transmitted light microscope and identified by their characteristic 

shape, colour, porosity and depth of focus (Figure 5.21). 
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Figure 5.2 1: SEM image of a typical SCP (photograph by Neil Rose, University College, London). 

5.3.2 SCP results 
The number of SCPs present on each slide was counted and the concentration (particles 

per gram dry mass of sediment) calculated using the following equation: 

SCIP concentration (gDM") = 10OW/E*N 

where W the weight of dried peat used, 
N number of SCPs counted on slide and 
E 100 * (VS - VSUB) / (VS - VE) 

(VS is the weight of the vial and whole sample, VSUB is 

the weight of the vial and sample after the slide has been 

made and VE is the weight of the empty vial). 

5.3.2.1 Fallahogy Bog 

Samples for SCP analysis were taken at 2 cm resolution between 0 and 40 cm. The data 

of Rose el al. (1995) from a study of three lakes in northern Ireland (Lough Maam, 

Lough Muck and Lough Veagh) has been applied to interpolate dates onto the SCP 

profile. The results (Figure 5.22) follow the schematic profile with a well defined sub- 

surface peak and sharp rise in concentration below. However, below the rapid increase 

at 14 cm, SCP concentrations decline rapidly and are at zero below 18 cm with no 

evidence of the 'tail' representing the gradual expansion of indus! ry. It is therefore not 

possible at attribute a date to this feature. 
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Figure 5.22: SCP profile from Fallahogy Bog, Northern Ireland. 

5.3.2.2 Walton Moss 

Samples for SCP analysis were taken at 2 cm resolution between 0 and 40 cm. The data 

of Rose et aL (1995) from a study of three lakes in northern England and southern 
Scotland (Bummoor Tam, Round Loch of Glenhead and Scoat Tam) has been applied 

to interpolate dates onto the SCP profile. The results (Figure 5.23) follow the schematic 

profile accurately and dates can be applied for each feature on the curve. 
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5.3.2.3 Dosenmoor 

Samples for SCP analysis were taken at 2 cm resolution between 0 and 50 cm. The data 

of Hilgers et aL (1993) from a study of a mountain lake in the Black Forest, southern 
Germany has been applied to interpolate dates onto the SCP profile. These dates should 

be viewed with caution as this site is not in close proximity to Dosenmoor, although an 

extensive literature search showed Hilgers' profile to be the closest available in 

Germany. Odgaard (1993) developed SCP chronologies from seven Danish lakes, 

located closer to Dosenmoor than Hilgers' profile however his cores were beset with 

problems of sediment mixing and contamination and the results are therefore unreliable. 
The sub-surface peak and rapid increase are well defined but again the 'tail' is difficult 

to define (Figure 5.24). SCP concentration values are very low at 20 cm, rise between 

20 and 30 cm, are at zero from 30 - 34 cm and rise again between 34 and 48 cm. No 

SCPs are present below 48 cm. As a result, no date has been applied to the onset of 
industrial activity in the region. 
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Figure 5.24: SCP profile from Dosenmoor, Germany. 

5.3.2.4 Ftigehnossen 

Samples for SCP analysis were taken at 2 cm resolution between 0 and 60 cm. The data 

of Wik and Renberg (1996) from a study of lakes in Sweden has been applied to 

interpolate dates onto the SCP profile. Each datable feature is well-defined (Figure 

5.25) and dates have been applied to the sub-surface peak, rapid increase and start of the 

record. In addition, Wik and Renberg (1996) stated that a small peak in concentration is 

also evident in Swedish profiles; this has been identified at 34 cm and dated to the 

1930s. The profile corresponds well with the Askja AD 1875 identified at 41 cm, which 

falls between the start of the SCP record (46 cm - 1850s) and the small peak in 

concentration (34 cm - 1930s). An unusual feature of this profile is the depth at which 

it is identified, with concentration values from 0- 14 cm all very low. This is likely to 

be the result of rapid growth of fresh Sphagnunt at the bog surface as shown in Plate 

5.1. 
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Figure 5.25: SCP profile from Figelmossen, Sweden. 

Plate 5.1: Ffigelmossen peat monolith showing fresh surface Spliagnuni groxN th from 0- 14 cm. 

5.3.3 SCP summary 
SCP analysis has been successful at all sites, providing datable points where other 

methods are not as reliable. Table 5.9 provides a summary of the SCP results. These 

will be used in combination with other chronological evidence to date recent events and 

to compare palaeoclimatic and instrumental data at I'Agelmossen. In addition, the four 

profiles all have well defined sub-surface peaks suggesting that none have been subject 
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to recent peat cutting or disturbance, which was an important consideration in site 

selection for this project (Section 4.1). 

Fallahogy Bog Walton Moss Dosenmoor Fdgelmossen 

Depth Date Depth Date Depth Date Depth Date 

Start of record 36 cm 1850s 46 cm ca. 
1850 

Sharp rise in SCP 14 cm 1960S 20 cm 1950S 17 cm 1950S 30 cm ca. 
concentration 1950 

Sub-surface peak in 8 cm 
1981 ± 12 cm 

1977 ± 10 cm 1973 22 cm ca. 
SCP concentration 22 1970 

Table 5.9: Summary of SCP results. 

5.4 Methodsfor dating recentpeat accumulation 
At FAgelmossen, a near-surface multi-proxy palaeoclimatic record has been correlated 

with local instrumental climate data dating back to 1860 (Section 6.5.4). In order that 

these correlations are credible and to improve chronological control in the uppermost 

peat sequence, additional dating methods have been used to complement the Askja AD 

1875 tephra layer and SCP profile already reported (Sections 5.2 and 5.3). This section 

reviews the methods used and presents the results, which are discussed in greater detail 

in Section 5.5 where age-depth models for each site and event are presented. Firstly, 

two dating methods used in previous research to improve chronological control in the 

last ca. 200 years that have not been applied here will be briefly considered. 

Regional pollen markers have been used to provide a single datable point in many near- 

surface peat sequences. For example, the sharp rise in Pinus pollen relating to increased 

plantation around AD 1800 has been used widely in the United Kingdom (e. g. Barber et 

aL, 1998; Hendon and Charman, 2004). Appleby et aL (1997) used the post AD 1930 

Cannabis decline in Switzerland and Belyea and Warner (1994) found evidence of a 
dramatic rise in Ambrosia pollen related to an increase in settlement ca. AD 1880 in 

Ontario, Canada. However, a more comprehensive chronology is required here than is 

obtainable using this technique. In addition, no such widespread and synchronous 

pollen marker exists in Sweden within the timeframe of the instrumental record in 

question making this technique inappropriate for further investigation. 
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A second technique, moss increment counting (e. g. Pakarinen and Tolonen, 1977; El- 

Daoushy et al., 1982) is a chronological approach based on identifying annual growth 

patterns such as cyclic pigmentation, branching patterns and changes in growth 
direction in Sphagnum stems growing at the bog surface. Both El-Daoushy et al. (1982) 

and Belyea and Warner (1994) found good agreement between moss-increment and 
2 1OPb dates, but ongoing research at Store Mosse, Sweden shows disagreement between 

the two techniques (Richard Bindler pers. comm. ). In addition, Belyea and Warner 

(1994) found that results are subject to bias where Sphagnuin remains are poorly 

preserved and the technique, which can generally only provide a chronology for the past 

ca. 50 years, is best suited to hummock cores. These factors limit the applicability of 

the technique to this research and'as a result it has not been used. Therefore, in addition 

to SCPs, onl y2 101? b and 137Cs dating will be employed to help date the uppermost peat 

at I'Agelmossen. 

5.4.1 21OPb dating 
21 OPb (half-life 22.26 years) is a natural radioactive isotope of lead and occurs as part of 

the 238 U decay series. Its parent isotope, 226 Ra decays in soils to 222 Rn and a fraction of 

these atoms escape into the atmosphere and decay to 21OPb; this is subsequently 

removed from the atmosphere by precipitation or dry deposition (Appleby, 2001). The 

total 21 OPb measured in ombrotrophic peat has two main components: 'supported ý2 1OPb 

derived from the in situ decay of 226 Ra and 'unsupported ,2 1OPb derived from 

atmospheric flux. Due to the atmospherically nourished nature of ombrotrophic peat, 

the supported component is often insignificant (Appleby and Oldfield, 1992) .2 
1OPb is 

no longer useful as a dating tool when equilibrium is reached between the total and 

unsupported values. This typically occurs after 6-7 half lives, making the technique 

applicable to the last ca. 130 - 150 years. Within this timeframe, the radioactive decay 

of unsupported 2 1OPb can be used to date sediments (Appleby, 2001). As the supported 

component is in equilibrium with 226 Ra, the unsupported component can be calculated 

by subtracting the supported activity from the total activity (Appleby, 2001). The 

record of unsupported 2 1OPb deposition can then be applied to a number of dating 

models to establish a chronology; these models are discussed further in Section 5.4.4. 
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5.4.1.1 Revieiv ofpast applications 
2 101? b dating was primarily developed and tested on lake sediments but has now been 

widely applied to ombrotrophic peat profiles. However, a review of this research 

reveals that 21 OPb profiles are inconsistently deemed both acceptable and problematic. 
This section highlights the issues involved. 

A number of studies have identified inconsistencies between 2 'OPb chronologies- and 

other independently derived dating evidence. Oldfield et al. (1997) found that 2 1OPb 

dates in Sweden were continuously too young; for example, when compared to the 

Askja AD 1875 tephra, the 2 'OPb date from the same depth was 1927. Belyea and 
Warner (1994) also found that 2 'OPb dates consistently underestimated independently 

derived dates from peat monoliths and concluded that post-depositional mobility was a 

problem in some microhabitats. The displacement of 2 'OPb in peat profiles has also 
been highlighted by other authors. Urban et al. (1990) tested the previous assumption 

that 21OPb is immobile and not subject to diagenesis in ombrotrophic peat using 30 sites 
in north-eastem North America. Their results showed that 2 1OPb can be mobilised by 

the organic-rich waters of peatlands and they concluded that 2 101? b profiles can be biased 

and inaccurate by as much as 30 years. Belyea and Warner (1994) suggested a possible 

explanation; that uncompacted near-surface peat is a poor scavenger of 2 1OPb, allowing 

atmospheric flux to infiltrate several centimetres before it becomes bound to cation 

exchange sites on plant cell walls. Finally, Oldfield et al. (1995) reviewed possible 

processes that may displace 21 OPb in peat and suggested that additional problems with 
2 'OPb dating may arise from changing rates and types of deposition across the 

acrotelm/catotelm boundary. 

In contrast, Appleby et al. (1997) dated three ombrotrophic bogs in Switzerland using 
2 1OPb and compared the results with 24 'Am and pollen markers. They found good 

agreement between the three methods, even between two sites 100 km apart. They 

concluded that "the consistency exhibited by these results from two quite separate bogs 

is further evidence against significant post-depositional migration of Pb in these 

environments". Hendon and Charman (2004) also used 21 OPb to create age-depth 

models for two ombrotrophic peat profiles from Butterbum Flow, northern England, 

which were corroborated with SCP data and a regional pollen marker. All age markers 

showed agreement in one profile but not in the other. However here, it was concluded 
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that the SCP dates were problematic and a chronology based on 21OPb and the pollen 

marker was used. 

As a result of the differing success in previous applications of 21OPb to ombrotrophic 

peat, many authors stress that results must be validated using independent chronological 

evidence (e. g. Oldfield et al., 1979; Oldfield et al., 1995; Urban et al., 1990; Appleby, 

2001). At Ffigelmossen, the Askja AD 1875 tephra has been identified and an SCP 

profile has provided three datable points in the past ca. 150 years. 

5.4.2 137 Cs dating 
137Cs activity can be measured alongside 2 10Pb to provide two additional datable points 

at 1963 and 1986 when peaks related to nuclear weapons testing and the Chernobyl 

reactor fire have been identified. However, previous research using this technique on 

ombrotrophic peat has identified a number of problems including active biological 

uptake of 137 Cs by plants, in particular Sphagnum, living on the bog surface (Pakarinen 

and Tolonen, 1977; Oldfield et al., 1979; Urban et al., 1990; Oldfield et al., 1995) and 

downward diffusion Of 137CS (Appleby and Oldfield, 1978; Appleby et al., 1997). 

Indeed, Appleby et al. (1997) identified that a significant fraction of fallout 137Cs had 

penetrated to depths dating from before AD 1800. As a result of these problems it is 

generally concluded that 137CS is of no chronological value and does not contribute to 

the dating of recent peat (Oldfield et al., 1979; Oldfield et al., 1995), however an 

attempt to identify the sub-surface peaks has still been made (see Section 5.4.5.2). 

5.4.3 241AM dating 

Detection of the 24 'Am peak provides a second potential radiometric method of 

validating the 210 Pb profile. 24 'Am*is derived from nuclear weapons testing and first 

occurs in 1954 with a fallout maximum in 1963 . 
24 'Am has been successfully detected 

by Appleby et al. (1997) and Oldfield et al. (1995), who stated that it appears to be less 

mobile and more strongly particle-associated than 137cs. 

5.4.4 Methodology 

This section briefly reviews the different models available for producing a chronology 
from a profile of 2 'OPb activity and justifies the final choice of model. There are three 

models available; the constant initial, concentration (CIC) model, the constant flux, 
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constant sedimentation (CF: CS) model and the constant rate of supply (CRS) model. 
However, certain assumptions made in the CIC and CF: CS models mean they are 
inappropriate for use in modelling the age-depth relationship in ombrotrophic peat. For 

example, the CF: CS model applies a constant and linear accumulation rate; this is 

unrealistic in a near-surface peat profile given the changes in organic decay and 

compaction that occur at the acrotelm/catotelm boundary. Such changes have already 
been noted as occurring in the Ffigelmossen monolith (Section 5.3, Plate 5.1). 

Additionally, because peat deposits undergo organic decay the CIC model is 

inappropriate for dating recent peat accumulations, even where there has been a 

constant growth rate (Appleby et al., 1997). The CIC model is more suitable where 

there are hiatuses in the record. 

The CRS model (Appleby and Oldfield, 1978) was developed to take into account 

uneven sedimentation rates and is the model that has been consistently applied to peat 

profiles in previous research; Appleby and Oldfield (1992) stated that it is "the most 

appropriate starting point for ombrotrophic bogs" while Oldfield and Appleby (1984) 

stated that if 2 1OPb supply is governed by atmospheric flux, the CRS model should be 

used. In this model, the unsupported 2 1OPb flux is assumed to be constant while mass 

sedimentation rates are considered variable (EI-Daoushy, 1986). While measurements 

of 21OPb flux have revealed significant short-term variations, most sediment samples 

span a period of at least one year, meaning that these are smoothed out (Appleby and 

Oldfield, 1992). Finally, Urban et al. (1990) identified that the CRS model is relatively 

robust to the leaching of 2 1OPb in ombrotrophic peat. As a result of the above 
discussion, it is concluded that the CRS model is the only suitable method of applying 

an age-depth relationship to the 2 1OPb activity profile. 

5.4.5 Results 
2 1OPb, 137 Cs and 24 'Am were measured simultaneously at the University of 
Gloucestershire using gamma spectrometry by Dr. Phillip Toms in December 2006. 

WhilSt 24 'Am was monitored alongside 2 1OPb and 137CS, it was found to be beneath 

detection limits and as such will not be considered further. 21 OPb and 137Cs results are 

presented below (Tables 5.10 - 5.11 and Figures 5.26 - 5.27) and are discussed in 

greater detail in Section 5.5 when age-depth models for each site are presented. 
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5.4.5.1 210 Pb results 
2 'OPb activity was measured every 2 cm from 0-I cm to 28 - 29 cm; the last sample in 

which 2 1OPb fell within detection limits was at 22 - 23 cm.. Results are presented below 

in Table 5.10 and Figure 5.26. Ages have been calculated using the CRS model, as 

discussed in Section 5.4.5. 

Depth (cm) Unsupported 
210pb (Bq. kg I Age (years) Date Error ±1a 

0-1 375 0 2005 3 

2-3 1218 1 2004 3 
4-5 1042 7 1998 3 
6-7 916 12 1993 3 
8-9 772 18 1987 3 

10-11 1085 23 1982 3 
12-13 666 33 1972 4 
14-15 801 41 1964 5 
16-17 526 55 1950 6 

18-19 319 69 1936 8 
20-21 324 82 1923 9 
22-23 330 104 1901 14 
24-25 0 - - - 
26-27 0 
28-29 0 

Table 5.10: 21OPb results from FAgelmossen, Sweden. 
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Figure 5.26: 2 'OPb results from Figelmossen, Sweden. Black diamonds show unsupported 2 'OPb activity. 
Red diamonds show age, with Ia error bars, calculated using the CRS model. 

5.4.5.2 137 Cs results 
137CS was measured every 2 cm from 0-I cm to 28 - 29 cm; the last sample in which 
137CS fell within detection limits was at 24 - 25 cm.. Results are presented below in 

Table 5.11 and Figure 5.27. There are two phases of activity occurring from 0-7 cm 

(mid-point 3.5 cm) and 20 - 25 cm (mid-point 22.5 cm). These are interpreted as 

relating to the 1986 and 1963 peaks respectively. 
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Depth (cm) Relative activity Error ±Ia Date 

0-1 323 47 
2-3 106 33 1986 
4-5 110 36 
6-7 74 34 
8-9 - - 

10-11 - - 
12-13 - - 
14-15 - - 
16-17 - - 
18-19 - - 
20-21 72 34 
22-23 - - 1963 
24-25 45 33 
26-27 - - 
28-29 

Table 5.11: 13'Cs results from Fdgelmossen, Sweden. 
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Figure 5.27: 137Cs results from Figelmossen, Sweden. Black diamonds show unsupported 
137Cs activity with Ia error bars. Red diamonds show age of peaks, interpreted as 1986 (0 -7 

cm) and 1963 (20 - 25 cm). 
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5.5 Age-depth modelling 
Sections 5.1 to 5.4 have reviewed the chronological methods used in this thesis and 

presented the results. This section collates this data and presents age-depth models for 

each time period of interest at each site. As stated in Section 5.1.3, it was not possible 
to apply WMD techniques and therefore 'traditional' (see Section 5.1.2) age-depth 

modelling has been used. Firstly, taking into account all the available data at each site, 
linear regression is used only to provide an approximation of the overall rate of 

accumulation. Each time period of interest is then modelled separately; the available 

chronological data is carefully considered before an appropriate modelling method is 

chosen. This is the first peat-based study to use traditional age-depth modelling over 

short time slices or events in this way and with the exception of WMD studies (Section 

5.1.2), no previous peat-based research has focussed on dating only certain sections of a 

core. The importance of model choice is highlighted by Bennett and Fuller (2002) who 

stated that the choice of age-depth model probably represents the greatest source of 

error in determining the age of a given point along a sediment sequence. For this 

reason, a range of alternative methods were tested over each event before the final 

choice was made. The various methods available for this process are reviewed below. 

Importantly, the key papers of Bennett (1994) and Telford et al. (2004a) relate to age- 

depth modelling of entire cores covering thousands of years. Their conclusions should 

be seen in this light given that the average time period covered in any one age-depth 

model below is ca. 675 years. For example, Yeloff et al. (2006) stated that age-depth 

models based on the assumption of linear accumulation over large parts of a peat core 

are not compatible with studies examining environmental change during the Holocene. 

However, the assumption of linear accumulation over shorter time periods (e. g. 700 - 
900 years; Blaauw et al., 2004c) is more valid and has been used to improve WMD 

profiles, as illustrated in Section 5.1.2 (see Figure 5.4). 

Bennett (1994) reviewed a number of age-depth modelling options including 

polynomial line fitting, linear interpolation and spline interpolation although did not 

consider simple linear regression. This has been considered by Telford et al. (2004a) 

who stated that as such models are a global fit to the data, they have the "undesirable 

property that ... changes at one end of the core can affect the relationship fitted to the 

whole stratigraphy". Bennett (1994) concluded that line-fitting of polynomials will 

produce narrower confidence intervals than interpolation models (a polynomial with as 
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few terms as possible should be used while maintaining a reasonable fit), although it is 

questionable whether a smoothed polynomial curve is a realistic model for peat 

accumulation. For example, Bennett and Fuller (2002) stated that polynomials with too 

few terms can be too 'stiff while those with a large number of terms may be too 

flexible and inadequately constrained between age determinations. Bennett (1994) 

stated that linear interpolation models take no account of the errors on 14 C ages, relying 

solely on a single point estimate and that the gradient will change at each 14 C age which 
is far from being a reasonable reflection of accumulation. Telford et al. (2004a) stated 

that linear interpolation also introduces noise into the model since, given the 

uncertainties of 14 C dating, the point estimate is unlikely to be the true age of that 

sediment. However, if 14 C age determinations have been made at the start of specific 

climatic events (sensu Telford et al., 2004a; Hughes et al., 2006), where changes in peat 
forming taxa are evident, linear interpolation becomes more realistic as changes in 

accumulation may be expected where species composition also changes. Bennett and 

Fuller (2002) stated that while linear interpolation is the one model that cannot be 

'right' it does provide a good general solution; "never right but rarely unacceptably 

wrong". Telford et al. (2004a) concluded that smooth cubic spline models have the 

closest fit to reality when a large number of dates are available (i. e. ca. 25), although 

stated that linear interpolation models are appropriate if changes in sedimentation can 
be identified and dated. A review of recent peat-based research in north-west Europe 

showed that polynomial line fitting (2 nd 3 rd and 4 th order), linear regression and linear 

interpolation have been the most widely applied techniques for age-depth modelling, 

although again, it should be noted that these techniques have been applied to cores 

covering an average of ca. 5000 years. 

Contrary to Telford et al. (2004a), who recommended dating specific events in the 

stratigraphy, Bennett (1994) recommended that a more effective strategy for minimizing 

errors and creating good age-depth models is to space dates evenly along a core. This 

approach has not been followed here as 14 C dates have been focussed on the time 

periods of interest (Sections 2.7.3 - 2.7.5). Finally, Telford et al. (2004a) concluded 

that none of the models they tested (linear interpolation, spline interpolation, smooth 

spline and 5'h order polynomial) performed reliably when only a few dates were 

available and that the ages of individual events may be better constrained by dating 

them directly with dates placed above and below the event horizon. 
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5.5.1 Fallahogy Bog 

The uncut surface at the time of fieldwork, two SCP dates, five 14 C deten-ninations and 

the Hekla 4 tephra layer make up the chronological data available for Fallahogy Bog. 

These are shown below in Figure 5.28 along with the 14 C data of Barber et al. (2000) for 

comparison (these and all other dates shown in Section 5.5 for comparative purposes 

were taken from separate cores to those dated in this thesis). A linear regression has 

been applied to the new data from this thesis and provides a reasonable fit with a high r2 

value of 0.9924, although the two 14 C dates at 96 cm and 116 cm are bypassed 

completely. The linear regression approximates the overall rate of accumulation to be 

14.3 years/cm, slower than that suggested by Barber et al. (2000) and below the value 

of ca. 10 years/cm stated in Section 4.1 as important in fine-resolution studies. 
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Figure 5.28: Age-depth plot for Fallahogy Bog, Northern Ireland. Large diamonds represent all 
chronological data available for this thesis (green - surface, red - SCPs, black - 14C 

, blue - tephra). 14C 
dates of Barber et al. (2000) are shown as smaller dark grey diamonds for comparison. All error bars 

show 2a range. 

5.5.1.1 1400 cal. BP 

As a result of the 14 C date reversal at 106 cm (see Section 5.1.4.1 ) only two datable 

points are available to model the age-depth relationship over the 1400 cal. BP event 

(Figure 5.29). A constant, linear rate of accumulation has been assumed between these 

points. The lack of other chronological data in close proximity with which to test this 

assumption means that the dating of this event should be viewed with caution. Despite 
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this, Figure 5.28 suggests that linear accumulation is a reasonable assumption at this site 

and furthermore, as discussed above, linear interpolation between the point estimates of 
14 C dates is a recognised and well-used (e. g. Anderson, 1998; Charman et al., 2006; 

Hughes et al., 2006) method of age-depth modelling. The linear model suggests an 

accumulation rate of 16.3 years/cm. 
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Figure 5.29: Age-depth model for the '1400 cal. BP' event at Fallahogy Bog, Northern Ireland. Zone of 
fine-resolution analysis is between dashed lines. All error bars show 2a range. 

5.5.1.2 3500 cal. BP 

Three 14 C dates and the Hekla 4 tephra layer are available to model the age-depth 

relationship over the 3500 cal. BP event (Figure 5.30). They are well described by a 

linear trendline which has a high r2 value of 0.9945 and passes close to the point 

estimates of the two central 14 C dates. An accumulation rate is 9.0 years/cm is implied, 

which is faster than the overall rate at the site. 
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Figure 5.30: Age-depth model for the '3500 cal. BP' event at Fallahogy Bog, Northern Ireland. Zone of 
fine-resolution analysis is between dashed lines. All error bars show 2a range. 

5.5.2 Walton Moss 

The uncut surface at the time of fieldwork, three SCP dates, seven 14 C determinations 

and the Glen Garry and Hekla 4 tephra layers make up the chronological data available 

for Walton Moss. These are shown in Figure 5.31 along with the data of Hughes et al. 

(2000) and Barber and Langdon (2007) for comparison. The linear regression shows 

that the core used for this research has accumulated more rapidly than those studied 

previously; an overall rate of accumulation of 8.4 years/cm is faster than that reported 

previously from the site (e. g. 10.3 years/cm by Hughes et al., 2000). 
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Figure 5.3 1: Age-depth plot for Walton Moss, England. Large diamonds represent all chronological data 
available for this thesis (green - surface, red - SCPs, black - 

14C 
, blue - tephra). 14 C dates of Hughes et 

al. (2000; dark grey) and Barber and Langdon (2007; light grey) are shown as smaller diamonds for 
comparison. All error bars show 2a range. 

5.5.2.1 Little Ice Age 

Three 14 C dates focussed around the zone of fine-resolution analysis, the uncut bog 

surface and three SCP dates can be used to model the age-depth relationship over the 

LIA period at Walton Moss (Figure 5.32). A linear regression was found to produce the 

most satisfactory age-depth model. While aP order polynomial resulted in a higher r2 

value (0.9919), it was not realistic when considering the core as a whole due to the rapid 

accumulation rate suggested above the 14 C date at 96 cm. The linear model does not fit 

well with the SCP and surface dates (for example missing the lower SCP date by ca. 60 

years) as it does not reflect the lower compaction and incomplete decay near the surface 

that leads to higher accumulation rates. However it fits well with the two 14 C dates that 

bracket the zone of fine-resolution analysis, especially considering that linear 

interpolation between the point estimates of these two dates would produce an 

unrealistically high rate of accumulation of 1.8 years/cm. The rate of accumulation 

suggested by the linear regression is 7.3 years/cm. 
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Figure 5.32: Age-depth model for the 'LIA' event at Walton Moss, England. Zone of fine-resolution 
analysis is between dashed lines. All error bars show 2a range. 

5.5.2.2 3500 cal. BP 

Only two reliable datable points are available to model the age-depth relationship over 

the 3500 cal. BP event at Walton Moss (Figure 5.33) due to the problems associated 

with the 14 C determinations around the zone of fine-resolution analysis (see Section 

5.1.4.2). A 14 C date and the Hekla 4 tephra layer bracket the event and a linear rate of 

accumulation has been interpolated between these two points, suggesting an 

accumulation rate of 11.2 years/cm. Given the lack of other chronological data 

available to test this assumption, the dating of this event should again be viewed with 

caution (see also Section 5.5.1.1). 
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Figure 5.33: Age-depth model for the '3500 cal. BP' event at Walton Moss, England. Zone of fine- 
resolution analysis is between dashed lines. All error bars show 2a range. 

5.5.3 Dosenmoor 

The uncut surface at the time of fieldwork, two SCP dates, nine 14 C deten-ninations and 

the Hekla-Selsund/Kebister tephra layer make up the chronological data available for 

Dosenmoor. These are shown in Figure 5.34 along with the data of Barber et al. 

(2004a) and Daley (2007) for comparison. The data available for this thesis is 

consistent with that of the previous studies and a linear regression suggests an overall 

rapid rate of accumulation of 7.4 years/cm, although this is an over-simplification and 

does not satisfactorily model the top and bottom sections of the core where slower 

accumulation rates are suggested. 
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Figure 5.34: Age-depth plot for Dosenmoor, Germany. Large diamonds represent all chronological data 
available for this thesis (green - surface, red - SCPs, black - 

14C 
, blue - tephra). 14 C dates of Barber et 

al. (2004a; dark grey) and Daley (2007; light grey) are shown as smaller diamonds for comparison. All 
error bars show 2a range. 

5.5.3.1 Little Ice Age 

The uncut bog surface, two SCP dates and three 14 C determinations are available to 

model the LIA period at Doserimoor (Figure 5.35). This data suggests that the 

uppermost peats at Dosenmoor are subject to changes in the rate of accumulation. This 

is evident in Figure 5.34 and also reflects the age-depth model used by Barber et al. 

(2004a). There is an apparent slowing of accumulation above 57 cm, although the 

surface and SCP dates suggest that the top 17 cm have accumulated rapidly. As a 

result, all attempts to model the six datable points as one group were unsatisfactory. 

Instead, three linear trendlines have been used to model the age-depth relationship as 

this was more realistic than polynomial line fitting, which failed to provide a 

satisfactory model. An accumulation rate of 3.2 years/cm is implied for the top of the 

profile, which is not unrealistic given the fresh Sphagnum growth observed at the very 

top of the peat monolith. From 17 - 57 cm an accumulation rate of 23.5 years/cm is 

implied. This is much slower than the overall rate at the site and may be the result of 

human disturbance at the periphery of the site resulting in shrinkage of the peat at the 

centre; there is certainly no evidence here or in previous research for direct peat-cutting 

causing a hiatus in the record. The plant macrofossil profile (Section 6.2.4.1) shows 
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that there is a high proportion of UOM present at these depths which also suggests a 

slower rate of accumulation. Furthermore, the SCP diagram (Section 5.3.2.3) showed a 
distinct sub-surface peak suggesting that at least the top 20 cm are completely 

undisturbed, however it was not possible to satisfactorily locate the start of the SCP 

record suggesting that any disturbance may have taken place before the 1950s. The 

lower section of the age-depth is a linear interpolation between the two lower 14 C dates 

and suggests a rate of accumulation of 5.0 years/cm. 
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Figure 5.35: Age-depth model for the 'LIA' event at Doserimoor, Germany. Zone of fine-resolution 
analysis is between dashed lines. All error bars show 2a range. 

5.5.3.2 1400 cal. BP 

Four 14 C dates are available to model the age-depth relationship over the 1400 cal. BP 

event (Figure 5.36). Two are placed at the extremes of the zone of fine-resolution 

analysis with two more located above and below this zone to bracket the event. The 

four dates are described well by a linear trendline which results in a high r2 value of 

0.9942. An accumulation rate of 5.4 years/cm is implied which is in line with the lower 

section of the LIA age-depth model presented above. 
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Figure 5.36: Age-depth model for the '1400 cal. BP' event at Dosenmoor, Germany. Zone of fine- 
resolution analysis is between dashed lines. All error bars show 2a range. 

5.5.3.3 3500 cal. BP 

Three 14 C dates and the Hekla-S/Kebister tephra are available to model the age-depth 

relationship of the 3500 cal. BP event at Dosenmoor (Figure 5.37). These chronological 
data suggest a slowing of accumulation at the base of the core, which is supported by 

Figure 5.34 and by previous 14 C dating at Dosenmoor (Barber et al., 2004a). All 

attempts to model the four datable points as one group proved unsatisfactory. 
Therefore, two linear trendlines are used to model the age-depth relationship; firstly 

through the three 14C dates (10.4 years/cm) and secondly interpolated between the final 
14 C date and the Hekla-S/Kebister tephra layer (68.5 years/cm). The latter suggests an 

anomalously slow rate of accumulation. This is likely to relate to the Schwarztorf- 

Wei8torf Kontact, which represents a major change in the peat forming plant taxa from 

slower accumulating monocotyledon taxa to more rapidly accumulating Sphagnum 

mosses (literal translation is black peat - white peat boundary as a result of the differing 

colours of these two peat types). This is identified at ca. 390 cm by Barber et al. 
(2004a) but plant macrofossil evidence from the core used for this thesis (Section 

6.2.4.1) suggests it occurs below the Hekla-Selsund/Kebister tephra. 
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Figure 5.37: Age-depth model for the '3500 cal. BP' event at Dosenmoor, Germany. Zone of fine- 

resolution analysis is between dashed lines. All error bars show 2or range. 

5.5.4 Fdgelmossen 

The uncut surface at the time of fieldwork, four SCP dates, six 14C determinations and 

the Askja AD 1875, Hekla 3, Hekla-Selsund/Kebister and Hekla 4 tephra layers make 

up the chronological data available for FAgelmossen. These are shown in Figure 5.38 

along with the data of Borgmark and Wastegard (2005) for comparison. The linear 

regression suggests an overall rate of accumulation of 9.2 years/cm although it is clear 

that this is an oversimplification as the line passes through only two of the 2or error bars 

of the 14 C dates, misses the three lower tephra layers and does not accurately model the 

more rapid accumulation at the top of the core. The dating from this thesis is broadly in 

line with that of Borgmark and Wastegdrd (2005). 
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Figure 5.38: Age-depth plot for Hgelmossen, Sweden. Large diamonds represent all chronological data 
available for this thesis (green - surface, red - SCPs, black - 14C 
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5.5.4.1 Instrumental comparison 

The instrumental climate records from Karlstad in Vdrmland, Sweden that are compared 

to the multi-proxy, fine-resolution data presented in Section 6.5.4 run from 1860 to the 

present. Therefore, the chronological data available in the uppermost peat at 
Fdgelmossen was used to select an appropriate depth for sampling. The uncut bog 

surface, 11 2 'OPb dates, four SCP dates and the Askja AD 1875 tephra layer are all 

present above 60 cm in the Fdgelmossen core. This age-depth model is presented in 

years cal. AD, as opposed to years cal. BP used in all other models in Section 5.5, as the 

negative values required on the BP scale post- 195 0 cause confusion when such a recent 

time period is being considered. As clearly illustrated in Figure 5.39, there is a 

significant discrepancy between the 210 Pb, SCP and tephra data, the latter two of which 

correspond well. The lower 210 Pb date is AD 1901 ± 14 at 22 - 23 cm, whereas the SCP 

date (derived from the well-defined sub-surface peak; see Section 5.3.2.4) at 22 cm is 

AD 1970, a difference of ca. 70 years. Based on linear interpolation between the SCP 

date at 34 cm and the Askja AD 1875 tephra layer at 41 cm, the year AD 1901 occurs at 
38 cm, a difference of 16 cm with the 210 Pb age. Given the problems encountered with 
the 21 OPb dating of peat in previous research (Section 5.4.1) and the well defined nature 
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of the SCP curve and Askja AD 1875 tephra layer, it was considered that the most 

reliable age-depth model in the uppermost peat at Fdgelmossen would therefore make 

use of the SCP and tephra data; as a result, the 210 Pb dates are not considered further. 

Given the relatively small error associated with the SCP dates when compared to 14C 

determinations, and the absence of any chronological error on the historically dated 

tephra layer, linear interpolation was used and the zone 30 - 44 cm chosen for the fine- 

resolution analyses. This model implies the following accumulation rates: 22 - 30 cm; 

2.5 years/cm, 30 - 34 cm; 3.8 years/cm, 34 - 41 cm; 8.6 years/cm and 41 - 48 cm; 3.6 

years/cm. The accumulation rate from 41 - 48 cm is in line with the core as a whole 

(Section 5.5.4) and the more rapid rates above and below this zone are not unusual in 

the uncompacted surface layers of the peat bog. 
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Figure 5.39: Age-depth model for the instrumental comparison at Figelmossen, Sweden. Zone of fine- 
resolution analysis is between dashed lines. All error bars show 2a range. 

5.5.4.2 Little ke Age 

The uncut bog surface, four SCP dates, the Askja AD 1875 tephra layer and three 14C 

age determinations focussed on the zone of fine-resolution analysis are available to 

model the LIA period at Fdgelmossen (Figure 5.40). As at Dosenmoor (Section 5.5.3.1) 

the data suggests that the uppermost peats have been subject to changes in accumulation 
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and two linear trendlines have been applied to reflect this. The lower trendline is 

interpolated between the Askja AD 1875 tephra and the 14 C date at 96 cm and suggests 

an accumulation rate of 8.5 years/cm. The upper trendline is interpolated between the 

Askja AD 1875 tephra and the uncut bog surface and suggests an accumulation rate of 
3.2 years/cm. This model is not entirely satisfactory as it does not pass through the SCP 

data however it is the most satisfactory model available; a linear trendline produced a 

relatively low r2 value of 0.8675 and crucially did not pass through the precise pinning 

point of the tephra layer. Polynomial models (i. e. 2 nd 
, 3rd order) resulted in higher r2 

values, but did not provide a reasonable fit to the data. Linear interpolation between all 
individual points was attempted however this inferred an accumulation rate of 28.4 

years/cm between the two crucial 14 C dates that bracket the zone of fine-resolution 

analysis, which is very slow in the context of the core as a whole, and also when 

compared to the other interpolated lines which suggested accumulation rates of 5.3 

years/cm. above and 3.1 years/cm below this zone. The lower linear trendline does pass 

through the 2a error ranges of the 14 C dates at 62 cm and 72 cm, which are relatively 

wide in the context of other similar age determinations reported in this thesis (3 11 years 

at 62 cm and 191 years at 72 cm) as the result of miilti-modal age distributions when 

calibrated to the calendar age-scale. Finally, the 14 C date at 72 cm is anomalously old 

when viewed in the context of the whole core (Figure 5.38) and there is no major 

change in the plant macrofossil profile that would suggest as dramatic a change in 

accumulation rate as modelled by linear interpolation. 
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Figure 5.40: Age-depth model for the 'LIA' event at Fagelmossen, Sweden. Zone of fine-resolution 
analysis is between dashed lines. All error bars show 2or range. 

5.5.4.3 1400 cal. BP 

Three 14 C dates spanning the zone of fine-resolution analysis are available to model the 

age-depth relationship over the 1400 cal. BP event (Figure 5.41). They are well 

described by a linear trendline which has a high r2 value of 0.9989 and suggests an 

accumulation rate of 15.1 years/cm for this dating zone of 24 cm / ca. 360 years. 
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CHAPTER SIX: RESULTS 

6.1 Introduction 

All palaeoclimatological results are presented in this chapter with basic interpretation, 

although this is primarily addressed in Chapter 7. Methodological results are presented 

and discussed in Chapter 3. This chapter is structured thematically and chronologically. 

Results are grouped together by type, for example skeleton diagrams or fine-resolution 

results for each abrupt event, to allow straightforward comparison between sites. In 

addition, the reader is also taken through the research process from the development of 

skeleton diagrams and focus on abrupt events to the comparison of these events with the 

master cores and finally the fine-resolution, multi-proxy analyses of each abrupt event. 

All line graphs of reconstructed BSW have been formatted so that a downward shift 

reflects a change to cooler and/or wetter conditions whereas an upward shift reflects a 

change to warmer and/or drier conditions. Charman (2007a) stated that the use of these 

climatic terms is unsatisfactory since (1) there is no necessary association between these 

types of climate over Holocene timescales and (2) such an interpretation lacks detail in 

terms of seasonality and distinction between temperature and precipitation variability. 
However, whilst recent research has led to an improved understanding of the proxy- 

climate link in ombrotrophic peatlands for selected methods (e. g. testate amoebae-, 
Charman, 2007a), more satisfactory terminology is not in use and therefore the above 

terms persist here. In addition, since even the fine-resolution samples used here equate 

to more than one year (see Table 6.6), terms applied to the peat record do not need to 

recognise intra-annual variability. 

6.2 Aeleton diagrams 

Skeleton diagrams have been produced at each site with the aim of identifying abrupt 

events for fine-resolution analysis and definition of these to within ca. 10 cm of 

stratigraphy. Plant macrofossil and peat hurnification analyses have been used in this 

process (see Section 3.4.4). This section presents the skeleton diagrams and justifies the 

choice of study events at each site. The precise zones for fine-resolution analysis are 

summarised in Section 6.4 following comparison of the skeleton and master cores 

(Section 6.3). Although the choice of abrupt events is reviewed and justified here, the 
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age-depth models presented in Section 5.5 have pre-empted these choices. It should be 

noted however that all 14 C dates used in those models were applied for and received 

after the analyses presented in Sections 6.2 - 6.4 had taken place. 

6.2.1 Focussing on abrupt events 

This section reviews the process used to 'focus in' on abrupt events by gradually 

increasing sampling resolution over a given depth zone (see Section 3.4.4). In sections 

6.2.2 - 6.2.5 the skeleton diagram results from each site are presented in two stages; 

firstly the 16 cm resolution results are interpreted and initial zones for increased 

resolution identified for each event. Secondly, the final skeleton results with fine- 

resolution events defined are shown (in general, 2 cm resolution has been used to define 

each event) and a composite BSW record using both proxy methods is developed to 

facilitate the final choice of fine-resolution sampling depth. One example time period 

(the LIA event at Walton Moss) is used in this section to examine the process between 

these two stages in detail in order to prevent forthcoming sections being swamped with 

a high number of diagrams that differ only slightly. 

Figure 6.1 (A - C) illustrates each stage of the process. Detrended peat hurnification 

residuals, derived from a linear regression of the raw data, and plant macrofossil DCA 

axis one scores are shown from 160 -0 cm. These have been normalised and are 

plotted on a standard y-axis to facilitate straightforward comparison of the two records. 

Plant macrofossil diagrams and DCA biplots are interpreted fully in Section 6.2.3; here 

the focus is on the proxy-climate record. Figure 6.1 A shows an abrupt change from 80 

- 64 cm, which coincides with the approximate depth at which the LIA should be found, 

based on the approximate rate of peat accumulation at the site (Section 6.2.3). 

Examination of the plant macrofossil diagram (Figure 6.15) shows that this shift is 

partly related to the decline of S. austinii, which may not necessarily be climate-related 

(Section 2.3), however there is also a peak in & s. Cuspidata, indicating pool formation 

under a cooler and/or wetter climate regime. A less significant downward shift in the 

macrofossil record is also evident from 48 - 32 cm, related to an increase in S. 

papillosum. This shift is replicated by the hurnification record although the abrupt 

change from 32 -0 cm in that proxy should be viewed with caution as it is likely to 

relate to the acrotelm/catotelm boundary (see Sections 6.2.2.1.2 and 6.2.3). Based on 

this interpretation, the sampling interval of both proxy methods was increased to 8 cm 
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intervals from 96 - 16 cm, within the dashed red lines shown on Figure 6. IA. The 

increased sampling resolution is shown in Figure 6.113. The shift from 48 - 32 cm in 

plant macrofassil DCA axis one scores was less significant in the updated ordination 

and given the issues related to the humification profile at this depth, this feature was 
disregarded from further investigation. The abrupt shift at ca 70 cm remained well 

replicated in both proxies at 8 cm resolution. The shift is well defined in both records 
from 80 - 56 cm (within the dashed green lines) and therefore the sampling resolution 

was increased once again. In this instance, as the shift was already reasonably well- 
defined within a short stratigraphic period, sampling intervals for both proxies were 
increased to 2 cm intervals within this zone. The results of this are illustrated in Figure 

6.1 C which provides a detailed record with an approximately bi-decadal sampling 

resolution (Table 6.7). Figure 6.1 C illustrates that the abrupt event was defined within 

12 cm. of peat, from 70 - 58 cm, shown between the dashed blue lines, and was well 

replicated by both independent proxies. The final plant macrofossil diagram (Figure 

6.19) illustrates the benefit of increasing sampling intervals in this way. Using 16 cm 

resolution, the abrupt change in question appeared to be related the decline of S. austinii 
(see above). However, when a2 cm. sampling interval was employed, it was clear that 

the abrupt deterioration was related to a short-lived phase of pool taxa S. s Cuspidata 

and S. tenellum from ca. 70 - 60 cm that occurred after the decline of S. austinii but 

before taxa such as S. papillostan and magellanicitin began to dominate the uppermost 

samples. In addition, there was also a peak in Rhynchospora alba, a species which 
favours relatively wet growing conditions (e. g. Ratcliffe and Walker, 1958; Madden and 

Doyle, 1990), at the same depth, although this taxon was not included in the DCA due 

to its rarity in the profile as a whole (Section 6.2.2.1.1). Following the above analysis 

and subject to calibration of the skeleton and master cores (Section 6.3), the zone from 

70 -58 cm (equating to ca. 100 years based on Figure 5.3 1) was therefore identified as 

suitable for further investigation using multi-proxy, fine-resolution techniques. 

6 2.2 Fallahogy Bog 

Table 6.1 summarises the approximate depths at which the events of interest to this 

study should be found based on the linear age-depth model in Figure 5.28. That age- 
depth model is only an approximation of the rate of peat accumulation at the site and 

therefore the actual depths of the events may vary from those stated; the dating 

provision for this thesis did not allow for the construction of robust age-depth models 
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for each core as a whole, rather the focus was on the dating of individual events 
(Section 5.1.3). Along with the results discussed in Section 6.2.2.1, these depths 

provided an initial guide to areas of the core over which sampling resolution was 

subsequently increased. 

Event Age Depth 

LIA ca. 600 cal. BP 45 cm 
1400 cal. BP 105 cm 
3500 cal. BP 250 cm 

Table 6.1: Summary of approximate depths (rounded to the nearest 5 cm) at which events of interest 
should be identified at Fallahogy Bog, Northern Ireland. 

6.2.2.116 cm resolution 

6 2.2. LI Plant macrofossils 
Plant macrofossils were first analysed at 16 cm resolution throughout the entire skeleton 

core at Fallahogy Bog (Sections 3.4.4,6.2.1; Figure 6.2). At all sites, taxa have been 

quantified using the 5 -point scale of abundance (Section 3.4.1) except SphagnItIn leaf 

counts, where taxa. are represented as a percentage of the total Sphagnuin leaves present. 

Since the aim of this thesis is not to produce general climate histories, diagrams have 

not been zoned to aid description of the entire stratigraphy. Rather, a brief description 

of the major peat components is made before attention is focussed on identifying events 

that will be studied at fine-resolution. 

The skeleton diagram (Figure 6.2) is dominated by total Sphagnunt which is abundant 

for the much of the core, except from 64 - 16 cm, where it occurs only occasionally or 

rarely and is absent at 64 cm, and from ca 270 - 190 cm where its abundance fluctuates 

markedly. The total Sphagnum component is dominated by S. austinii which declines 

rapidly at 80 cm and is absent above 64 cm. Switching between S. austinii and S. s. 

Acutifolia occurs throughout the core and is often abrupt, suggesting that the Sphagnian 

taxa may exhibit a threshold-type response to water-table variability. With the 

exception of these two Sphagnitin taxa, there is a solitary peak in S. s. Cuspidata at 480 

cm and a small proportion of S. papillosian in the surface sample. Ericaceous and 

monocotyledon remains are also common, in particular root material. Identifiable 
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ericaceous remains, for example those of Calluna vulgaris or Erica tetralix are more 

common below 288 cm. UOM is abundant from 64 - 16 cm when Sphagna are largely 

absent, suggesting a high degree of peat decomposition in the uppermost stratigraphy. 
The SCP profile (Figure 5.22) shows a well-defined sub-surface peak dating to the 
1960s - 1980s suggesting that the UOM peak is not the result of recent peat-cutting at 
the site despite some peripheral evidence of this activity (see Section 4.2). Charred 

remains are abundant only at 16 cm, suggesting fire may be a potential reason for the 

observed UOM peak. In a 160 cm core from Fallahogy Bog (macrofossil diagram 

unpublished but DCA curve published in Barber et al., 1999; 2000) taken in the early 
1990s this feature was absent, with S. inagellanicuin and papillositin dominating at the 

surface and a major pool layer of S. s. Cuspidata and S. s. Subsecunda from ca. 50 - 30 

cm. This may suggest that any disturbance to the upper peat layers has occurred since 

the early 1990s, or may simply reflect variable stratigraphy across the site. 

The 16 cm resolution plant macrofossil data were subject to DCA in order to develop a 

proxy-climate index (sensu Barber et al., 1994a) that can be easily compared with the 

peat humification data. The following set of actions were followed for skeleton diagram 

plant macrofossil DCA analyses at all sites: 

9 DCA does not accommodate categorical data so results were downgraded to 

presence/absence data for analytical purposes. Whilst this resulted in some loss of 
detail, it has produced reliable profiles that are comparable with those based on 

percentage data (e. g. Hughes and Barber, 2004). 

* Different plant remains of the same species were combined to form a single taxon in 

the DCA. For example, occurrences of Eriophorum vaginatum leaves/stems, roots, 

nodes, spindles and seeds were combined to form a single E. vaginalum taxon. 

Analysing each separately often resulted in different plant remains being separated 

along axis one, which is clearly counter-intuitive. 

9 Where S. austinii declines to extinction in any profile and is replaced by S. 

n7agellanicum, the two species have been combined to form a single taxon in the 

DCA sensu Barber et al. (I 994a). 

9 Only common taxa were included. These are defined as those taxa occurring in ý: 20 

of the initial 16 cm resolution samples, or any taxon that has an abundance score of 
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ýt4 in any one sample and occurs in a minimum of three samples. If a Sphagnum 

taxa occurred at :! ý5% of any one sample, it was deemed absent. 

Figure 6.3 shows the biplot of DCA axes one and two scores from Fallahogy Bog. 

There are some analytical problems with the plant macrofossil record, which is limited 

by the small number of taxa occurring regularly in the profile and the high proportion of 

ericaceous remains. The position of taxa along axis one is questionable and does not 

immediately suggest a water-table gradient however the ordination is limited in this 

sense as there are no taxa present that favour wetter growing environments; S. s. 

Cuspidata was omitted from the DCA since it only occurred in one sample. UOM and 

ericaceous woodibark undiff. are taxa that would be expected to fall at the 'dry' end of a 

water-table gradient and monocotyledon and ericaceous roots are both placed in the 

centre of axis one since they occur regularly throughout the profile. However, S. s. 

Acutifolia also generally occupies relatively dry sites, but as identified in Section 2.3, 

has a relatively wide and potentially bimodal ecological tolerance, including species 

such as Sphagnum subnitens which are associated with slightly wetter environments. 

As a result, axis one is tentatively interpreted as a water-table gradient and scores 

plotted against depth as a proxy-climate index (Figure 6.4). 

3- 

2.5 

2 
J, 

5 

Ericaceouswood/barkundiff. 

0 

0 
05 - 

c4 
(0) 

0 

-1 * UOM -0 5 

. Eriophorum vaginatum 

0 Sphagnum section Acutifolia * 

00 * Sphagnum austinii 
00 ocpo 

00 * cMPnocootgideon roots undiff. 

0t Ericaoceous roots undiff. 
0 CP 

0 

0.5 1 1ý5 2 

0 Calluna vulgans 

Axis I (eigen value 0.1384) 

#Species scores o scores 

2.5 3 

Figure 6.3: DCA biplot for 16 cm resolution skeleton plant macrofossil results from Fallahogy Bog, 
Northern Ireland. 
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Figure 6.4 shows a number of sustained changes to cooler and/or wetter climates, most 

notably from 160 - 96 cm and 256 - 208 cm which coincide with the approximate 
depths of the 1400 cal. BP and 3500 cal. BP events respectively (Table 6.1). However, 

the LIA signal is hampered by the low proportion of Sphagnitin remains and high 

proportion of UOM in the upper peats. In addition, the profile is dominated by a major 

near-surface shift caused by the abrupt change to Sphagnian in the surface peat sample. 

Since this. is likely to be an artefact of the core sampling location rather than any 

climatic influence, the ordination was re-run with the surface sample omitted. The 

results of this are shown in Figures 6.5 and 6.6. There is little difference in the position 

of taxa along axis one with the exception of C vulgai-is which is plotted nearer the 

central cluster, more in line with its preference for dry hummock environments (e. g. 

Ratcliffe and Walker, 1958). In Figure 6.3 the surface sample is an outlier from the 

main cluster of sample scores (located at ca. 2.2 on axis one) illustrating its anomalous 

nature; in Figure 6.5 this is overcome. The eigen value f6r axis one is lower than the 

significance threshold stated in Section 3.5.2, however this is to be expected when using 

presence/absence data since the overall variability in the dataset is reduced. Figure 6.6 

illustrates that without the anomalous surface sample, the changes in the rest of the core 
become more significant. This is therefore accepted as the proxy-climate index for the 

16 cm resolution skeleton plant macrofossil analyses at Fallahogy Bog. 
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Figure 6A DCA axis one scores for 16 cm resolution skeleton plant macrofossil results from Fallahogy 
Bog, Northern Ireland. 
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Figure 6.5: DCA biplot for 16 cm resolution skeleton plant macrofossil results from Fallahogy Bog, 
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Figure 6.6: DCA axis one scores for 16 cm resolution skeleton plant macrofossil results from Fallahogy 
Bog, Northern Ireland with surface sample omitted. 

6.2.2.1.2 Peat humification 

Skeleton peat hurnification results at 16 cm resolution are shown in Figure 6.7 as 

percentage light transmission residuals derived from a linear regression of the raw data. 

Results at this and all other sites have been detrended to remove the long-term 
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downcore trend towards a higher degree of hurnification that reflects continuing 
decomposition through the catotelm and an increasing proportion of humic acids present 

in the peat (Clymo, 1984; Barber and Langdon 2001). The results from 16 -0 cm have 

in uch higher values than the rest of the core, causing the rest of the data to appear 

complacent in a similar manner to the plant macrofossil data (see Figure 6.4). Since the 

high values at these depths are the result of incomplete peat decay in the acrotelm and 

do not reflect any climatic influence they have been omitted from the dataset (see also 

Section 2.6). Figure 6.8 shows the peat hurnification data without the acrotelmic 

samples and it is clear that omission of these samples overcomes the distortion of the 

record. As a result of this issue, acrotelmic samples have been omitted from skeleton 

peat hurnification diagrams at all sites. Since the depth of the acrotelm varies between 

sites, these are defined as near-surface samples whose values fall outside of the range 

within the whole dataset up to that point. Changes to a cooler and/or wetter climate 

occur from 144- 80 cm and 272 - 224 cm which correspond well with the plant 

macrofossil data. There is no notable shift in the uppermost peats at the approximate 

depth identified for the LIA (Table 6.1). 
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Figure 6.7: Detrended peat hurnification results at 16 cm resolution from Fallahogy Bog, Northem 
Ireland. Acrotelmic samples are included to illustrate distortion of record. 



6 2.2.1.3 Choice of increased resolution zones 
There is good correspondence between the plant macrofossil and peat hurnification data 

which both show deteriorations to a cooler and/or wetter climate at ca. 105 cm and 250 

cm, corresponding to the depths stated in Table 6.1. As a result, sampling intervals 

were initially increased to every 8 cm within the zones 144 - 80 cm and 288 - 208 cm 

related to the abrupt climate events at 1400 cal. BP and 3500 cal. BP respectively. 

Neither proxy showed evidence for a shift related to the LIA and therefore this event 

was not considered further at this site. Further increases of sampling resolution within 

these zones followed the process described in Section 6.2.1 and are highlighted in the 

following sections. 

6.2.2.2 Final skeleton diagram 

62.2.2.1 Plant macrofossils 

The final skeleton plant macrofossil diagram is shown in Figure 6.9. The increased 

resolution zones provide greater detail on both the abundance of Sphagnian remains 

through the zones, which fluctuates markedly from abundant to rare, and the switching 

of Sphagnum taxa between S. austinii and S. s. Acutifolia, which also occurs rapidly. 
The high-resolution data were subject to DCA and the results are shown in Figures 6.10 
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Figure 6.8: Detrended peat hurnification results at 16 cm resolution from Fallahogy Bog, Northern Ireland 
with acrotelmic peat samples omitted. 
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and6.11. Figure 6.10 illustrates that the position of taxa along axis one has changed 

with the addition of the high-resolution samples. C vulgaris is positioned at the 'wet' 

end of the axis one gradient, which is highly questionable given its preferred ecological 

niche (see above). In addition, there is a reduction in the axis one, and an increase in 
the axis two eigen values and the two axes gradient lengths are approximately equal, 

suggesting that Figure 6.11 should be viewed with some caution in terms of a proxy- 

climate index. Despite this, the zones of increased resolution suggest abrupt changes 
from 116 - 112 cm and 100 - 94 cm in the 1400 cal. BP zone and 268 - 262 cm and 

228 - 216 cm in the 3500 cal. BP zone. 
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Figure 6.10: DCA biplot for final skeleton plant macrofossil results from Fallahogy Bog, Northern Ireland 

6.2.2.2.2 Peat humification 

The final skeleton peat hurnification profile is shown in Figure 6.12. Despite the 

analytical problems with the plant macrofossil data, there is good agreement in the 

timing of shifts between the two records. Figure 6.12 shows abrupt changes to a cooler 

and/or wetter climate from 120 - 106 cm and 104 - 94 cm in the 1400 cal. BP zone and 
from 276 - 250 cm in the 3500 cal. BP zone. 
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Figure 6.11: DCA axis one scores for final skeleton plant macrofossil results from Fallahogy Bog, 
Northern Ireland. 
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Figure 6.12: Final detrended peat hurnification skeleton diagram from Fallahogy Bog, Northern Ireland 
showing where sampling resolution has been increased to identify abrupt events. 

6.2.2.3 Composite BS W record 
In order to facilitate the final choice of depths for fine-resolution analysis over each 

abrupt event, a composite record of 'Inferred' wetness (sensu Blundell and Barber, 

2005) has been developed from the plant macrofossil and peat hurnification data. This 
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approach has been employed in recent multi-proxy research to summarise proxy-climate 

information derived from more than one method, but should not be applied without 

awareness of the limitations involved (see detailed discussion in Section 2.6, e. g. 
Blundell and Barber, 2005; Hughes et al., 2006). 

Firstly, to aid comparison, the two proxy records have been normallsed and plotted on a 

standard y-axis (Figure 6.13). The two records correspond well throughout the core. 
There is more variation within the zones of increased resolution although crucially, 

shifts related to the events of interest are replicated at ca. 115 cm and ca. 265 cm. As a 

result of the agreement between the two profiles, they have been averaged to produce a 

composite BSW record for the site (Figure 6.14). In this instance, where only two 

proxy-records are available, the process of producing an inferred wetness curve is 

limited when compared to Blundell and Barber (2005) or Hughes et al. (2006), who 

used three proxies and were able to disregard one where it was in contrast to the other 

two. Figure 6.14 illustrates that abrupt climate events do occur within the zones of 
increased resolution and at depths corresponding, within dating error, to those identified 

in Table 6.1. The highlighted depths, namely 116 - 106 cm in the 1400 cal. BP zone 

and 268 - 262 cm in the 3500 cal. BP zone have been selected, subject to correlation of 

the skeleton and master cores (Section 6.3), as those for fine-resolution analysis. In the 
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Figure 6.13: Comparison of normalised skeleton diagram results from Fallahogy Bog, Northern Ireland 
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3500 cal. BP zone, the deterioration from 244 - 216 cm (Figure 6.14) was not selected 

since the plant macrofossil and peat humification records did not correspond at these 

depths and it occurs over a greater stratigraphical depth, making it less suitable for fine- 

resolution analysis. 

6.2.3 Walton Moss 

Table 6.2 summarises the approximate depths at which the palaeoclimatic events of 
interest to this thesis should be found based on the linear age-depth model in Figure 

5.3 1. Since that age-depth model is only an approximation of the rate of peat 

accumulation at the site, the actual depths of the events may vary from those stated in 
the table. Rather, these depths provided a guide for areas of the core over which 

sampling resolution was subsequently increased. 

Event Age Depth 

LIA ca. 600 cal. BP 80 cm 
1400 cal. BP 175 cm 

3500 cal. BP 420 cm 

Table 6.2: Summary of approximate depths (rounded to the nearest 5 cm) at which events of interest 
should be identified at Walton Moss, England. 
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6 2.3.116 cm resolution 

6.2.3. LI Plant inacrofossils 
The skeleton plant macrofossil diagram (Figure 6.15) is dominated by Sphagnilln 

remains, which are generally abundant throughout except at ca 50 cm and ca. 300 cm 

where they decline notably and peaks in UOM occur, indicating drier conditions leading 

to higher rates of decomposition. S. austinii and S. s. Acutifolia are the dominant 

Sphagnum taxa and alternate downcore with either taxon generally dominant over the 

other, suggesting alternating lawn and hummock microtopes. S. austinii declines 

rapidly at ca. 70 cm and is absent from the core above 48 cm. At this depth, both S. 

papillosum and magellanicum are recorded for the first time and become dominant in 

the uppermost samples. The rapid decline and extinction of S. austinii and its 

replacement in the fossil record by S. magellanicuin is a common feature in many peat 

profiles in the British Isles (see Section 2.3) and has been identified previously at 
Walton Moss (Hughes et al., 2000). There are peaks in S. s. Cuspidata at 64 cm, 176 

cm and 448 cm suggesting short-lived periods of wetter conditions leading to pool 
formation. Within the relatively wide error range of the linear age-depth model for 

Walton Moss (Figure 5.3 1) these coincide well with the depths identified in Table 6.2. 

Ericaceous and monocotyledon root material is present throughout the core, but with the 

exception of E. angustifoliuin and vaginatuin, cannot be identified to species level. 

Monocotyledon leaf/stem material is largely absent from the core with the exception of 

samples at 176 cm when E. angustifolizini is abundant and several samples towards the 

base of the core from ca. 500 - 430 cm when there are peaks in E. vagination. 

The plant macrofossil data was subject to DCA in order to investigate the latent 

environmental gradients present in the dap. Figure 6.16 shows a biplot of axes one and 

two sample and species scores. Axis one has a length of approximately 4.5a suggesting 

that taxa at either end rarely associate. The position of taxa along axis one represents a 

water-table gradient with those favouring wetter conditions, for example S s. Cuspidala 

and S. tenellum (Daniels and Eddy, 1990), having lower values. The taxon 

'monocotyledon leaves/stems undiff. ' is positioned at the 'wet' end of the gradient, 

suggesting that these remains may be of R. alba, a monocotyledon species favouring 

wetter conditions (see above). C. vulgaris is positioned at the opposite end of axis one 

which is also in line with the known environmental preferences of this species (see 
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above). Axis one scores can therefore be confidently used as a proxy-climate index 

(Figure 6.17). There are a number of shifts between warmer and/or drier conditions 

(higher values) and cooler and/or wetter conditions (lower values). Notably, troughs 

associated with lower values following climatic deteriorations at 64 cm, 176 cm and 
448 cm are associated with the three peaks in S. s. Cuspidata noted above and 

correspond well with the depths identified in Table 6.2. 
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Figure 6.16: DCA biplot for 16 cm resolution skeleton plant macrofossil results from Walton Moss, 
England. 
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Figure 6.17: DCA axis one scores for 16 cm resolution skeleton plant macrofossil results from Walton 
Moss, England. 



6.2.3.1.2 Peat huniffication 

Peat humification results at 16 cm resolution are shown in Figure 6.18. These fonn a 

second proxy-climate record of identical sampling resolution to complement the plant 

macrofossil data.. The major shift in the hurnification record is a short-lived abrupt 

change to cooler and/or wetter conditions at 64 cm which coincides with that identified 

in the plant macrofossil data. The rest of the hurnification profile shows a number of 

shifts with deteriorations occurring from 416 - 368 cm, 288 - 264 cm, 240 - 224 cm 

and 160 - 144 cm. Whilst the major deterioration at 64 cm, approximately at the depth 

associated with the LIA (Table 6.2), agrees well with the plant macrofossil data there is 

less agreement between the two proxies at the depths most likely to be associated with 

the 1400 cal. BP and 3500 cal. BP events. There is a peak in hurnification at 176 cm 

suggesting warmer and/or drier conditions while a downward shift occurs slightly later 

at 160 - 144 cm. The humification record from ca. 450 - 420 cm shows a number of 

small magnitude (in the context of the core as a whole) changes but no major shifts. 
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Figure 6.18: Detrencled peat hurnification results at 16 cm resolution from Walton Moss, England, with 
acrotelmic peat samples omitted. 

6.2.3.1.3 Choice of increased resolution zones 
Relatively wide zones have been selected for increased sampling resolution at Walton 

Moss due to the relative lack of agreement between the two proxies. Sampling intervals 

were initially increased to 8 cm resolution within the zone 96 - 48 cm for the LIA, 176 
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- 128 cm for the 1400 cal. BP event and 464 - 384 cm for the 3500 cal. BP event. 
These depths correspond with those identified in Table 6.2 and are wide enough to 

contain the deteriorations identified in both the initial 16 cm resolution plant 

macrofossil and peat hurnification records. Further increases of sampling resolution 

within these zones are highlighted in the following sections. 

62.3.2 Final skeleton diagram 

6.2.3.2.1 Plant macrofossils 

'The final skeleton plant macrofossil diagram is shown in Figure 6.19. Details of the 

LIA zone have already been discussed in Section 6.2.1. The 1400 cal. BP zone 
highlights the short-lived nature of the peak in S. s. Cuspidata, which ends abruptly at 

180 cm. Thereafter the zone is dominated by a series of rapid fluctuations in S. austinii 

and S. s. Acutifolia. The 3500 cal. BP zone is Sphagntan-dominated with a major peak 
in S. s. Cuspidata suggesting a shift to cooler and/or wetter conditions, which is 

supported by the occurrence of S. tenellitin at the same depth. There is also a peak in E 

vaginatitin leaves/stems in the 3500 cal. BP zone; this species favours drier conditions 

although has a wide ecological tolerance and is capable of invading pools (Barber, 

1981). The skeleton plant macrofossil data with increased resolution zones were subject 

to DCA to produce a high-resolution proxy-climate index over the events of interest. 

Results are shown in Figures 6.20 and 6.21. Taxa are located at similar positions along 

axis one although the gradient is reversed, with higher values representing wetter 

conditions and vice versa. The axis one eigen value is higher than for the 16 cm 

resolution analysis illustrating that the additional samples have improved the clarity 

with which the water-table gradient is recorded. In Figure 6.16, monocotyledon 
leaves/stems were positioned on axis one as one of the wettest indicators, although in 

the updated DCA biplot (Figure 6.20) they have assumed a more central position 

suggesting that the undifferentiated remains counted in the high-resolution samples 

contained taxa favouring drier conditions. Figure 6.21 clearly illustrates that abrupt 

climatic deteriorations are recorded in the LIA and 3500 cal. BP zones, from 70 - 62 cm 

and 456 - 434 cm respectively, which correspond well, within dating error, to the 

depths identified in Table 6.2. There is an overall decrease in values from 170 - 148 cm 
in the 1400 cal. BP zone although between these depths there are marked fluctuations 

and an abrupt event of the same nature of the other two zones is not suggested. 
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Figure 6.20: DCA biplot for final skeleton plant macrofossil results from Walton Moss, England. 
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Figure 6.21: DCA axis one scores for final skeleton plant macrofossil results from Walton Moss, England 

6.2.3.2.2 Peat humification 

The final skeleton peat hurnification profile for Walton Moss is shown in Figure 6.23. 

The LIA shift is well replicated with the plant macrofossil data as discussed in Section 

6.2.1, although there is less correspondence in the 1400 cal. BP and 3500 cal. BP zones. 
In the fon-ner zone, there is a deterioration from 164 - 146 cm whereas the 3500 cal. BP 
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zone does not replicate the major shift recorded in the plant macrofossil record (Figure 

6.21) with only a number of smaller shifts recorded forming part of a fluctuating record. 

-30 

a' 
-25 

-20 

-15 

c 2 -10 
E 
0 
LC -5 I 

KEY TO SAMPLING 

L\T 

KCOULU I IUNO 
Red =8 cm zone 101 Green =4 cm zone 
Blue =2 cm zone 15 

20 
40 56 72 88 104 120 136 152 168 184 200 216 232 248 264 280 296 312 328 344 360 376 392 408 424 440 456 472 488 504 

Depth (cm) 

Figure 6.22: Final detrended peat hun-tification skeleton diagram from Walton Moss, England 

6.2.3.3 Composite BSW record 

In order to produce a composite record of inferred wetness for Walton Moss, plant 

macrofossil and peat hurnification results have been non-nalised and plotted on a 

standard y-axis (Figure 6.23). There is variation in the extent to which the proxies agree 

downcore. As highlighted in Section 6.2.1, the plant macrofossil and peat hurnification 

records correspond well in the LIA zone of increased resolution. In the 1400 cal. BP 

zone, the hurnification record shows an abrupt deterioration from 160 - 146 cm, but this 

is not clearly replicated in the plant macrofossil record, which displays a number of 

rapid fluctuations including short-lived abrupt deteriorations based on switching 
between S. austinii and S. s. Acutifolia from 170 - 162 cm and 158 - 154 cm that may 

correspond with the hurnification record. There is a discrepancy between the records in 

the 3500 cal. BP zone. The plant macrofossil data suggest a rapid and significant shift 

to cooler and/or wetter conditions from 456 - 442 cin based on a peak in S. s. Cuspidata 

and S. tenellum between these depths. This shift is not however replicated in the peat 
humification record which exhibits only a number of smaller fluctuations. 
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Figure 6.23: Comparison of normalised skeleton diagram results from Walton Moss, England. 

A composite record has been created from an average of the normalised datasets (Figure 

6.24) but should be viewed with caution, in particular within the zones of discrepancy 

discussed above. There is an abrupt event in the LIA zone from 70 - 62 cm and since it 

is well replicated in both proxies, this depth has been selected for fine-resolution 

analysis, subject to comparison of the skeleton and master cores (Section 6.3). The 

composite BSW record suggests a climatic deterioration from 164 - 154 cm in the 1400 

cal. BP zone. This zone is cautiously accepted for fine-resolution analysis as, despite 

some disagreement between the proxies (see above), both exhibit a downward shift 
between these depths. The composite record within the 3500 cal. BP zone indicates a 

climatic deterioration from 456 - 434 cm but, as suggested above, this should be viewed 

with caution given the discrepancy between the proxies in this zone. However, given 

the convincing nature of the climatic deterioration in the plant macrofossil record, fine- 

resolution analysis of this event is not ruled out and the comparison of the skeleton and 

master cores (Section 6.3) will be used to shed further light on the nature of the record 

at this depth and to define a final zone for further analysis. 
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Figure 6.24: Composite skeleton diagram for Walton Moss, England showing depths chosen for multi- 
proxy, fine-resolution analysis (yellow shading). Depth zone for 3500 cal. BP event not shown due to 

poor correlation between proxies. 

6.2.4 Dosenmoor 

Table 6.3 summarises the approximate depths at which the events of interest should be 

found, based on the linear age-depth model in Figure 5.34. Due to the nature of the 
dating provision for this thesis (Section 5.1.3), that age-depth model is only an 

approximation of the rate of peat accumulation at the site and therefore the actual depths 

of the events may vary from those stated. In particular, at this site, rates of peat 

accumulation are poorly modelled by the linear trendline near the surface and base of 
the core (see for example the age-depth model of Barber et al., 2004a), meaning that the 

suggested depths of the LIA and 3500 cal. BP events should be viewed with additional 

caution. 

Event Age Depth 

LIA ca. 600 cal. BP 90 cm 
1400 cal. BP 195 cm 
3500 cal. BP 480 cm 

Table 6.3: Summary of approximate depths (rounded to the nearest 5 cm) at which events of interest 
should be identified at Dosenmoor, Germany. 
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6.2.4.116 cm resolution 

6 2.4.1.1 Plant macrofossils 
The skeleton plant macrofossil diagram (16 cm resolution; Figure 6.25) isý dominated by 

Sphagnum remains. These are abundant throughout the core except in the top metre 

where their abundance fluctuates and below 448 cm when the proportion of Sphagnitin 

in the core falls to rare or occasional levels. This latter feature is likely to relate to the 

Schwarztorf-WeiBtorf Kontakt (literal translation; black peat-white peat boundary); a 
dramatic change in peat forming communities from monocotyledon species to Sphagna 

that has also been noted at Doserimoor by Barber et al. (2004a) and related to a major 

change in palaeoclimate. S. s. Acutifolia occurs throughout the Sphagnian phase and is 

the dominant peat forming taxon. S. austinii, S. papillositin and S. s. Cuspidata also 

occur at significant levels, the two latter taxa more frequent from 440 - 320 cm. S. 

magellanicum and tenellum are also present but occur rarely and at low percentages. 
Monocotyledon and ericaceous roots are present throughout the profile. There are few 

identifiable ericaceous remains present except at the surface where EnIpetruln nigrian is 

abundant and near the base of the core where C. vulgaris and E. tetralix can be 

identified. Remains of E. vaginatum are frequent at the base of the core, where it is the 

major peat forming taxon. Peaks in R. alba and E. angustifolizan and vaginatilln 

remains also occur throughout the Sphagnum-dominated phase of the stratigraphy. 
UOM is abundant from 96 - 16 cm which coincides with the zone of fluctuating 

Sphagnum remains, indicating somewhat drier conditions near the surface, although 

there is a peak in S. s. Cuspidata at 32 cm for example, suggesting this is not consistent 

throughout this zone. UOM also occurs regularly in the profile below ca. 350 cm and in 

particular is abundant in all levels below 464 cm where Sphagnian declines and 

monocotyledon remains are the major peat forining taxa. 

The 16 cm resolution plant macrofossil results were subject to DCA to investigate the 

underlying environmental gradients in the dataset. Results are shown in Figures 6.26 

and 6.27. Figure 6.26 illustrates that a water-table gradient is registered, with taxa 

favouring wetter conditions having higher axis one scores and vice versa. UOM plots 

towards the 'wet' end of the scale, suggesting that some of the remains in this 

classification may be algal mud formed from pool layers rather than degraded plant 

material resulting from oxidisation caused by a low water-table (i. e. drier conditions). 
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Figure 6.26: DCA biplot for 16 cm resolution skeleton plant macrofossil results from Dosenmoor, 
Germany. 

To some extent it may be possible to separate these two UOM types by reference to the 

field stratigraphy and by association with different macrofossil taxa - for example if 

UOM occurs alongside S. s. Cuspidata there is the suggestion that it may be algal mud, 
however this is a somewhat circular argument that is likely to introduce bias into the 

results. As a result, UOM has been left as a single taxon in the DCA. The position of 

taxa along axis one, the gradient length (ca. 5a) and relatively high eigen value (0.2436) 

mean that axis one scores can be confidently interpreted as a proxy-climate index. 

Figure 6.27 shows axis one scores plotted against depth and it is clear that a number of 

abrupt climatic deteriorations occur. In particular, there are major shifts from 64 - 48 

cm and 400 - 368 cm which may relate to the LIA and 3500 cal. BP events respectively 
(Table 6.3). There is less variation at ca. 195 cm that may relate to the 1400 cal. BP 

event although a downward shift does occur from 192 - 176 cm. 
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6.2.4.1.2 Peat humification 

Peat humification results at 16 cm resolution are shown in Figure 6.28. Only the 

uppermost sample was deemed acrotelmic and therefore removed from the detrending 

process (see Section 6.2.2.1.2). There are downward shifts from 96 - 80 cm and 64 - 
48 cm that may correspond to the LIA, the latter of which agrees well with the plant 

macrofossil profile. Again, there is less variation at the approximate depth of the 1400 

cal. BP event although a deterioration does occur from 160 - 144 cm. The most 

significant downward shift in the profile occurs from 464 - 406 cm followed by another 
from 390 - 368 cm (in this section of the core sample depths varied slightly from a strict 
16 cm resolution due to the availability of sample material). These shifts may be related 

to the 3500 cal. BP event although may also be the result of the abrupt change in peat 

type seen at the Schwarztorf-Wei]3torf Kontakt. 

6.2.4.1.3 Choice of'increased resolution zones 
Both proxies show potential evidence for each of the events of interest and therefore 

none were ruled out at this stage. Relatively wide zones for increased resolution were 

selected for each event to accommodate the shifts identified in both the plant 

macrofossil and peat hurnification data. Sampling resolution was initially increased to 8 

cm from 96 - 16 cm (LIA), 192 - 128 cm (1400 cal. BP) and 464 - 368 cm (3500 cal. 
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Figure 6.27: DCA axis one scores for 16 cm resolution skeleton plant macrofossil results from 
Dosenmoor, Germany. 



BP). Further increases in resolution within these zones are highlighted in the following 

sections. The zones for the 1400 cal. BP and 3500 cal. BP events do not include the 

depths identified in Table 6.3 (190 cm and 480 cm respectively) for these events 
however as identified in Section 6.2.4, these are only approximate and furthermore, the 

linear trendline in Figure 5.34 differs noticeably from the actual chronological data. 

6.2.4.2 Final skeleton diagram 

62.4.2.1 Plant inacrofossils 
The final skeleton plant macrofossil diagram is shown in Figure 6.29. Enhanced detail 

is provided within each zone on the switching between Sphagntan taxa and the 

abundance of other plant remains. For example, in the LIA zone, the series of rapid 

changes between S. austinfl, inagellanicuin and S. s. A cutifolia from ca. 70 - 40 cm are 

clearly defined, whereas the lack of data points in Figure 6.25 meant that the sequence 

of changes was uncertain. Indeed, in the 16 cm analysis, S. inagellanician was only 

recorded at low abundance in two samples, whereas Figure 6.29 clearly shows that it 

was a major peat component from ca. 60 - 40 cm. The rapidly fluctuating abundance of 

total Sphagnion within the LIA zone was also highlighted, and illustrates that phases of 
low Sphagnuin abundance were more short-lived than suggested in the Figure 6.25. The 
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Figure 6.28: Detrended peat hurnification results at 16 cm resolution from Dosenmoor, Germany, with 
acrotelmic peat samples omitted. 
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final skeleton plant macrofossil data were subject to DCA; results are shown in Figures 

6.30 and 6.3 1. Figure 6.30 illustrates that all taxa are located in similar positions along 

axis one to the 16 cm analysis, although there are differences in the position of some 

taxa, for example S. s. Cuspidata and S. tenellum, along axis two. Figure 6.31 therefore 

provides a high-resolution proxy-climate index over the events of interest. In the LIA 

zone there is an abrupt deterioration from 70 - 48 cm within which the majority of 
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Figure 6.30: DCA biplot for final skeleton plant macrofossil results from Dosenmoor, Germany. 
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Figure 6.3 1: DCA axis one scores for final skeleton plant macrofossil results from Dosenmoor, Germany 
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change occurs from 56 - 48 cm. Despite the increased resolution, the 1400 cal. BP zone 

still exhibits little variability; there is a downward shift from 192 - 180 cm and a 

smaller event from 146 - 142 cm. In the 3500 cal. BP zone, there is a downward shift 
from 456 - 428 cm and a zone of rapid fluctuations from 424 - 400 cm. 

6.2.4.2.2 Peat humification 

The final skeleton diagram peat hurnification profile is shown in Figure 6.32. An abrupt 
increase in BSW occurs within each zone of increased resolution. In the LIA zone, 
there is a rapid shift from 56 - 48 cm which corresponds well with the plant macrofossil 

record (see above). In the 1400 cal. BP zone, an abrupt and short-lived deterioration 

occurs from 152 - 144 cm which corresponds with the smaller event identified in the 

macrofossil data. Finally, in the 3500 cal. BP zone there is a rapid shift from 410 - 406 

cm. This is also picked out in the macrofossil record within the series of rapid 
fluctuations. 
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Figure 6.32: Final detrended peat hurnification skeleton diagram from Dosenmoor, Germany showing 
where sampling resolution has been increased to identify abrupt events. 

6.2.4.3 Composite BS W record 
Plant macrofossil and peat hurnification skeleton diagram results have been non-nalised 

and plotted on a common y-axis (Figure 6.33) to facilitate development of a composite 
BSW record for Dosenmoor. Close examination of the results reveals reasonable 
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correspondence between the two datasets although this varies downcore. Within the 

LIA zone, patterns of change are well replicated with the exception of an abrupt 
downward shift in the hurnification profile from 84 - 76 cm which is not shown in the 

macrofossil data. There is good agreement in the timing of events in the 1400 cal. BP 

zone. The most significant change in the macrofossil profile is from 192 - 180 cm and 

while the hurnification record also exhibits a downward shift from 188 - 172 cm that 

may correspond, it is relatively small when compared to other events in the profile. 

There is a major deterioration ftom 152 - 144 cm in the humification profile which may 

correspond to the much smaller event in the macrofossil profile from 146 - 142 cm 

which coincides with an abrupt change in the abundance of S. s. Acutifolia when 

compared to S. austinii (Figure 6.29). Both proxies exhibit changes at ca. 450 cm in the 

3500 cal. BP zone which are likely to relate to the Schwarztorf-WeiBtorf Kontakt when 
Sphagna become suddenly more abundant. The hurnification profile exhibits an abrupt 
deterioration from 410 - 406 cm which is replicated in the macrofossil record, albeit 

within a longer zone of fluctuating values. A composite curve of inferred wetness has 

been developed by averaging the normalised profiles (Figure 6.34). Abrupt climatic 
deteriorations are shown in each zone of increased resolution although in the case of the 

1400 cal. BP and 3500 cal. BP events it should be noted that these are primarily driven 

by the humification record. The following depths have been selected for fine-resolution 
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Figure 6.33: Comparison of normalised skeleton diagram results from Dosenmoor, Germany. 
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analysis; 56 - 48 cm (LIA), 152 - 144 cm (1400 cal. BP) and 410 - 404 cm (3500 cal. 

BP). The depths associated with the latter two events are subject to comparison with 

the master core (Section 6.3) although since the LIA event occurs within the surface 

peat monolith, no correlation is necessary and therefore these depths represent the final 

choice of fine-resolution zone. 
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Figure 6.34: Composite skeleton diagram for Dosenmoor, Germany showing depths chosen for multi- 
proxy, fine-resolution analysis (yellow shading). 

6.2.5 F6gelmossen 

Table 6.4 summarises the approximate depths at which the events of interest to this 

thesis should be found based on the linear age-depth model in Figure 5.38. Due to the 

nature of the dating provision for this thesis (Section 5.1.3), that age depth model is 

only an approximation of the rate of peat accumulation at the site and therefore the 

actual depths of the events may vary from those stated. Rather, these depths provided a 

guide for areas of the core over which sampling resolution was subsequently increased. 

Event Age Depth 

LIA ca. 600 cal. BP 70 cm 

1400 cal. BP 160 cm 

3500 cal. BP 385 cm 

Table 6.4: Summary of approximate depths (rounded to the nearest 5 cm) at which events of interest 
should be identified at Ffigelmossen 
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62.5.116 cm resolution 

6.2.5. LI Plant macrofossils 
The 16 cm resolution skeleton plant macrofossil diagram (Figure 6.35) is dominated by 

Sphagnum remains and, with the exception of a major change to S. inagellaniclan and, 

to a lesser extent, S. papillosum at ca. 250 cm and a near-surface peak in S. s. 

Cuspidata, S. s. Acutifolia is the dominant taxa throughout the profile to the almost 

complete exclusion of other Sphagnum taxa. Similar dominance of this taxon was seen 
in a peat core from Newfoundland by Hughes et al. (2007). As a result, the macrofossil 

record was climatically insensitive and not included in a composite BSW curve derived 

from multi-proxy analyses (see Section 2.6). Sphagnum occurs only occasionally at the 

base of the profile alongside Phraginites australis, suggesting tha 
*t 

the entire phase of 

ombrotrophic peat growth is recorded in the core; P. australis is indicative of a fen or 

reedswamp environment which is the precursor to ombrotrophic bog growth (Hughes, 

1997; see also Haslam, 1970; 1972). Undifferentiated ericaceous and monocotyledon 

roots are present throughout the profile. Identifiable ericaceous remains are more 

infrequent and occur at low abundances with the exception of a peak in Androlneda 

polifolia at 64 cm. E. vaginatum is the most abundant monocotyledon species in the 

profile and peaks in leaf/stem remains occur regularly towards the top and base of the 

core, less frequently with other identifiable macrofossils of the same species such as 

roots, seeds and spindles (e. g. 48 cm). Peaks in UOM occur at ca. 250 cm in 

association with the major change in Sphagnuin taxa and at the base of the core. 

The plant macrofossil data were subject to DCA to investigate the latent environmental 

gradients in the dataset. Results are shown in Figures 6.36 and 6.37. Despite the 

relatively low number of taxa occurring regularly in the macrofossil profile, it is evident 

from Figure 6.36 that a water-table gradient is recorded; taxa that favour wetter 

conditions are negatively correlated with axis one whereas those representative of drier 

conditions are strongly positively correlated. A plot of axis one scores against depth 

can therefore be regarded as a proxy-climate index (Figure 6.37). The major shift in the 

centre of the profile dominates the profile with a major climatic deterioration exhibited 
from 256 - 244 cm, related to the peak in & niagellanicuni which is plotted at the 'wet' 

end of axis one. A further deterioration occurs from 480 - 464 cm which is consistent 

with an increase in BSW as Sphagnuni becomes established. There is a downward shift 
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from 96 - 64 cm associated with an increase in wet indicator S. s. Cuspidata. 

Elsewhere, the profile is dominated by a series of less significant fluctuations that 

should be viewed with caution in light of the dominance of S. s. Acutifolia in the profile. 

2.5 -1 1 
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2J 
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Cuspidata Ericaceous wood/bark undiff. 
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Figure 6.36: DCA biplot for 16 cm resolution skeleton plant macrofossil results from FAgelmossen, 
Sweden. 
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Figure 6.37: DCA axis one scores for 16 cm resolution skeleton plant macrofossil results from 
F5gelmossen, Sweden. 



62.5.1.2 Peat humification 

Peat humification results at 16 cm resolution are shown in Figure 6.38. The profile is 

dominated by a major increase in BSW occurring from 272 - 192 cm which 

corresponds with the abrupt change in Figure 6.37 related to the switch to S. 

inagellanicum from the dominant S. s. A cutifolia. There is a downward shift from 80 - 
48 cm that may correspond to that identified in the macrofossil profile from 96 - 64 cm 

and relate to the LIA (Table 6.4). In common with the macrofossil profile, the 

remaining stratigraphy is dominated by a series of smaller fluctuations. 

6 2.5.1.3 Choice of increased resolution zones 
There is reasonable evidence for an abrupt shift within the LIA as both proxies exhibit 
deteriorations at ca. 70 cm. As there is some discrepancy between the macrofossil and 
hurnification records, sampling resolution was initially increased within the zone 96 - 
16 cm. Evidence for the other events of interest is less certain. Table 6.4 suggests that 

the 1400 cal. BP event should be located at ca. 160 cm but close examination of the 

age-depth model (Figure 5.38) shows that the linear trendline falls some way off the line 

of previous dates from the site. If a trendline is interpolated between the dates of 
Borgmark and Wastegard (2005) at 198 cm and 290 cm it suggests that the 1400 cal. BP 

event could be located as deep as ca. 250 cm and therefore by inference, may relate to 

228 

Figure 6.38: Detrended peat hurnification results at 16 cm resolution from F5gelmossen, Sweden with 
acrotelmic peat samples omitted. 



the major change in the FAgelmossen profile identified by both proxy methods above. 

For that reason a wide zone of increased resolution was selected for this event, from 272 

- 128 cm. There is a deterioration in both proxies at ca. 425 cm that may relate to the 

3500 cal. BP event, although as stated above, the stratigraphical evidence for this in the 

macrofossil record is limited. To investigate this further, sampling resolution was 
initially increased within the zone 464 - 384 cm. 

62.5.2 Final skeleton diagrain 

6.2.5.2.1 Plant inacrofossils 
The final skeleton plant macrofossil diagram is shown in Figure 6.39. With the 

exception of the LIA zone, it was not possible to increase sampling intervals to 2 cm 

due to a lack of material in the skeleton core, however there is wider coverage of the 4 

cm and 8 cm resolutions used. Zones of 4 cm resolution were studied from 192 - 128 

cm and 432 - 392 cm related to the 1400 cal. BP and 3500 cal. BP events respectively. 

These provided little'additional information and highlighted the partly insensitive nature 

of the FAgelmossen macrofossil record; the profile is dominated by S. s. AcIltifolia at 

these depths which occurs at >95 % abundance in the majority of samples. Sampling 

resolution for both proxies was increased to 8 cm intervals over the major change at ca. 

250 cm and this highlighted the fact that S. inagellanician and papillostan persisted for 

longer than suggested by the initial 16 cm analyses. 

The increased resolution data were subject to DCA; results are shown in Figures 6.40 

and 6.41 and acrotelmic samples have been omitted to correlate with the hurnification 

record. As a result of the additional samples introduced into the DCA, the position of 

certain taxa along axis one has altered significantly. In particular, UOM was the driest 

indicator in the initial DCA but in Figure 6.40 it is approximately equal to S. s. 
Cuspidata and S. inagellanician at the 'wet' end of the gradient. Examination of the 

plant macrofossil diagram (Figure 6.39) reveals that this is questionable since, despite 

UOM occurring in more samples, its association with other taxa in the profile remains 

consistent with the 16 cin analysis with two main occurrences at the base and centre of 

the profile. If axis one scores are plotted against depth an entirely different profile is 

derived from that shown in Figure 6.37 which suggests that axis one no longer reflects a 

water-table gradient. Closer examination of the data reveals that the position of taxa 
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along axis two is consistent with the 16 cm analysis (Figures 6.36; 6.40) and axis two 

scores plotted against depth reflect the initial proxy-climate index (Figures 6.37; 6.41). 

As a result, axis two is interpreted as a water-table gradient in the updated 
DCA analysis. There is an abrupt deterioration in the LIA zone from 72 - 64 cm which 

corresponds with the depth identified in Table 6.4. There are a series of small 
fluctuations in the 1400 cal. BP zone from 232 - 124 cm although the macrofossil 

record suggests a lack of climate related changes; this is also true of the 3500 cal. BP 

zone. The major change in Sphagnum taxa is highlighted from 256 - 232 cm. 
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Figure 6.40: DCA biplot for final skeleton plant macrofossil results from Figelmossen, Sweden. 

6.2.5.2.2 Peat humification 

The final skeleton peat hurnification record is shown in Figure 6.42. There is an abrupt 
downward shift in the LIA zone from 72 - 68 cm which corresponds well with that 

identified in the plant macrofossil record. There is a major deterioration from 264 - 192 

cm that corresponds to the abrupt changes in Sphagnum taxa noted above. As only 8 

cm resolution was performed between these depths due to lack of sample material, it 

was not possible to define narrower stratigraphical limits to the event although previous 

research suggests that may have been possible; Borgmark and WastegArd (2005) 

perfon-ned peat hurnification analyses at ca. 2 cm resolution throughout a core from 

Fdgelmossen taken from approximately the same location as that used here and defined 
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the event to within 16 cm. The 1400 cal. BP zone from 192 - 128 cm and the 3500 cal. 
BP zone are characterised by a number of small fluctuations, the most persistent of 

which is from 440 - 416 cm and may correspond to the downward shift from 448 - 428 

cm in the macrofossil profile, although the limitations of the latter record have been 

clearly addressed above. 
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Figure 6.41: DCA axis two scores for final skeleton plant macrofossil results from FAgelmossen, Sweden. 
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6.2.5.3 Composite BS W record 

Plant macrofossil and peat hurnification skeleton diagram results have been norinalised 

and plotted on a standard y-axis (Figure 6.43) to facilitate development of a composite 

skeleton diagram for Fdgelmossen. The two proxies correspond well; in particular the 

downward shift in the LIA zone at ca. 70 cin and the major change at ca. 250 cm are 

well replicated. As a result, a composite record of inferred wetness has been created 

from an average of the norinalised curves (Figure 6.44). This highlights the depths, in 

addition to the instrumental climate data comparison (Section 6.5.4), that will be studied 

at fine-resolution at Fdgelmossen, namely 72 - 64 cm in the LIA zone and 250 - 240 

cm. in the 1400 cal. BP zone. The proxy records correspond less well in the 1400 cal. 

BP zone from 192 - 128 cm and within the 3500 cal. BP zone. Between these depths 

the plant macrofossil profile is dominated by S. s. Acutifolia which gives rise to 

complacency in the record. For this reason, the latter event was not investigated further 

at this site. 
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Figure 6.43: Comparison of nortualised skeleton diagram results from Figelmossen, Sweden. 
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Figure 6.44: Composite skeleton diagram for FAgelmossen, Sweden showing depths chosen for multi- 
proxy, fine-resolution analysis (yellow shading). 

6.3 Comparison of skeleton and master cores 
The methodologies developed and used in this study for fine-resolution palaeoclimate 

analysis required initial research to be carried out on a 'skeleton' core (see Sections 3.2, 

3.4.4 and 6.2), as a high volume of peat per sampling interval is required for multi- 

proxy, fine-resolution analyses; it was not possible to develop an approach that allowed 

both stages to be carried out on the same core. Therefore, despite the extreme proximity 

of the skeleton and master cores in terms of sampling location, the depths identified in 

Section 6.2 for fine-resolution analysis have been qualitatively cross-correlated with the 

master core upon which fine-resolution analyses and dating have taken place. This was 

carried out using peat hurnification analysis since the method has already been applied 

to the skeleton cores and is a rapid laboratory technique requiring a minimal sample size 
(Section 3.3.1). The purpose is to ensure that abrupt climate shifts are recorded in the 

master cores within the fine-resolution zones defined in Section 6.2, and to adjust these 

zones if the depths of shifts differ, or in extreme cases to reject fine-resolution analysis 

of an event if there is no evidence of the shift in the master core. Results from all sites 

are presented and discussed below and the precise zones for fine-resolution analysis are 

summarised in Section 6.4. 
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6.3.1 Fallahogy Bog 

Results from Fallahogy Bog are shown in Figure 6.45. At this and all other sites 

(Sections 6.3.1 - 6.3.4), raw percentage light transmission values are shown for the 

skeleton and master cores in order that the magnitude and timing of results can be 

directly compared, although depth zones derived from the composite diagrams will still 
be considered. Over the 1400 cal. BP event, the shift to warmer and/or drier conditions 
from ca. 125 - 115 cm that precedes the abrupt deterioration is well replicated. There is 

a rapid deterioration in the master core from I 10 - 106 cm which corresponds well with 

the skeleton diagram event (116 - 106 cm), although the master core event is of shorter 
duration and precedes a period of rapidly fluctuating results at lower values compared to 

those in the skeleton core. However, since the events are replicated, the zone of 116 - 
106 cm is maintained for fine-resolution analysis. The master core peat hurnification 

results over the 3500 cal. BP event exhibit two abrupt deteriorations from 274 - 270 cm 

and 262 - 258 cm with a shift to warmer and/or drier conditions between them. The 

former shift precedes the deterioration in the skeleton core (268 - 262 cm). All abrupt 

shifts noted are of similar magnitude. As a result of the master core results, the zone for 

fine-resolution analysis is extended to 274 - 259 cm to include all shifts and covers 15 

cm, which is the longest period possible given the length of the peat slicer used for mm- 

scale sampling (Section 3.3.3). 
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Figure 6.45: Comparison of skeleton and master core hurnification records over the events of interest 
from Fallahogy Bog, N. Ireland. Yellow shading highlights zones selected for fine-resolution analysis. 
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6 3.2 Walton Moss 

Results from Walton Moss are shown in Figure 6.46. Over the LIA event, increases in 

BSW in the master core record occur from 74 - 68 cm and 62 - 58 cm with a short- 

lived shift to warmer and/or drier conditions between them. These depths compare well 

with the skeleton zone of 70 - 62 cm selected for fine-resolution analysis. The latter of 

the master core shifts is the more significant and is of a similar magnitude to the LIA 

event in the skeleton core. As a result, the fine-resolution zone is increased to 70 - 58 

cm to include this shift. The master core peat hurnification results over the 1400 cal. BP 

event fluctuate repeatedly at low magnitude (between values of ca. 45 - 55 percentage 

light transmission), with no discerriable event evident; a similar problem was noted in 

the skeleton plant macrofossil data DCA analyses although the event is well defined in 

the skeleton peat hurnification record (Figure 6.46). As a result of the inconsistent 

nature of the results associated with this event, in particular the lack of an abrupt shift in 

the master core record, it was not considered further for fine-resolution analysis. There 

is a major deterioration in the master core record over the 3500 cal. BP event from 438 

- 434 cm that corresponds well with the shift identified in the skeleton plant macrofossil 

profile from 456 - 434 cin related to a S. s. Cuspidata pool layer. The event was less 

clearly defined in the composite skeleton diagram because of the discrepancy between 

the two proxies but the convincing nature of the shift in the macrofossil record and the 

abrupt shift in the master core hurnification data make this event worthy of fine- 

resolution analysis. A depth zone of 445 - 430 cm was selected to include the master 

core shift and cover as wide a zone as possible over the plant macrofossil event given 

the length of the peat slicer used for mm-scale sampling (Section 3.3.3). 

6.3.3 Dosenmoor 

Results from Dosenmoor are shown-in Figure 6.47. Correlation of the LIA event is 

unnecessary since it occurs in the surface peat monolith used for both the skeleton and 

master cores. The master core record over the 1400 cal. BP event does not exhibit any 

fluctuations of comparable magnitude to the major shift in the skeleton core. There is 

an increase in BSW from 150 - 148 cin that corresponds to the skeleton event although 

it is of relatively small magnitude, occurs over only one sample and should therefore be 

regarded with caution. Despite this, the event is replicated and therefore the zone of 

152 - 144 ern defined from the skeleton diagram analyses is upheld. The comparison of 

master and skeleton core records over the 3500 cal. BP event is unusual since 
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Figure 6.46: Comparison of skeleton and master core hurnification records over the events of interest 
from Walton Moss, England. Yellow shading highlights zones selected for fine-resolution analysis. 

percentage light transmission values at 406 cm shift abruptly to opposite extremes; a 
high value is recorded in the skeleton core suggesting a shift to cooler and/or wetter 

conditions, whereas a low value is recorded in the master core, resulting in an abrupt 
downward shift from 406 - 402 cm. The fine-resolution zone is therefore extended 
from that defined in the skeleton analyses (410 - 404 cm) to 410 - 402 cm. 
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Figure 6.47: Comparison of skeleton and master core hurnification records over the events of interest 
from Dosenmoor, Germany. Yellow shading highlights zones selected for fine-resolution analysis. 
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6.3.4 Fdgelmossen 

Results from Fdgelmossen are shown in Figure 6.48. There is a downward shift in the 

master core record from 70 - 62 cm that corresponds well with the depth zone identified 

in the analysis of the skeleton diagram results (72 - 64 cm) although it is of lower 

magnitude and occurs at higher percentage light transmission values. Despite this, the 

shifts are well replicated; the LIA zone for fine-resolution analysis is extended to 72 - 
62 cm to include the master core shift. The major shift at ca. 250 cin is well replicated, 

occurring at identical depths and a similar magnitude to the skeleton record. Based on 

the skeleton diagram results a fine-resolution zone of 250 - 240 cm was selected and the 

comparison of master and skeleton core humification record confirms that this zone is 

still appropriate. 
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Figure 6.48: Comparison of skeleton and master core hurnification records over the events of interest 
from Fagelmossen, Sweden. Yellow shading highlights zones selected for fine-resolution analysis. 

6.4 Summary offine-resolution zones 

Table 6.5 provides a summary of the zones selected for fine-resolution analysis at each 

site following analysis of the skeleton cores and comparison of these records with the 

master cores (Sections 6.2 - 6.3). Brief comments are provided to summarise each 

selection. Each depth zone selected has been studied at fine-resolution using a multi- 

proxy approach (Section 3.4.4); results are presented in Section 6.5. 
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LIA 1400 cal. BP 3500 cal. BP Other zones 
General 

comments 

NO YES YES Ch 0 ca Event not registered in Good correspondence Good correspondence Plant macrofossil 
DCA h l ti l 

:1 peat hurnification or between proxies and shift between proxies as ana y ca 
% CA plant macrofossil replicated in master core. although problematic None 

uncertainties (see 
Section 6 2 2) but 0 profile (high Use skeleton zone: correlation with master . . proxies correspond abundance of UOM). 116 - 106 cm core. Therefore 
well throughout the 

LL 
extend zone to: profile 274 - 259 cm 

YES NO YES 
Excellent Master core hurnification Event short-lived in 

correspondence record fluctuates without hurnification record but 
in 
0 between proxies on obvious major event. clearly shown in 
0 skeleton diagram but Poorly registered in macrofossils by large Both events are 

comparison with skeleton plant macrofossil peak in S. s. registered by peaks 
master core diagram. Cuspidata. Excellent None in S. s. Cuspidata 

:t problematic. correlation between 
Therefore extend zone master and skeleton 

to: hurnification cores. 
70 - 58 cm Use zone that 

straddles both events: 
1 445 - 430 cm 

YES YES YES 
Shift within monolith Relatively short-lived Relatively short-lived 

so no correlation shift, only small shift based on 
0 necessary. Good magnitude in macrofossil changes at 406 cm LIA and 3500 cal. BP 
0 correspondence record. Event replicated Comparison of events have small 

between proxies. Use in master core although skeleton and master peaks in S. s. 
skeleton zone: magnitude differs. Use core results is None Cuspidata and 

0 56 - 48 cm skeleton zone: unusual; 406 cm Rhynchospora alba 
152 - 144 cm values at opposite 

ends of spectrum. 
Extend zone because 

of this: 
1 410 - 402 cm 

YES YES NO YES Macrofossil profile Shift registered in both Major shift in profile; Concentrate on other Comparison with dominated by 
skeleton proxies with excellent correspondence areas of core - event instrumental Sphagnum section 

good correspondence. between proxies and poorly registered and climate data from Acutifolia leading to W U) Good correlation but excellent correlation with difficult to define as Karlstad (Section complacency 0 wet shift does not master core. This shift resolution on skeleton 6.5.4). Climate 
.1 appear as significant also registered by core limited by lack of data are from Overall lower 
4) 0) on master core. Borgmark and Wastegbrd peat 1860 to present resolution on Extend zone based on (2005). Shift lasts from but based on skeleton diagram due 

comparison to: 256 - 232 cm but focus age-depth model to lack of peat in 
72 - 62 cm on zone: (Section 5.5.4.1) skeleton core 250 - 240 cm focus on zone: 

1 45 - 30 cm 
Each event studied at 
three sites to allow 

0 V__ 
3 3 3 1 replication and 

comparison of 
records 

Event always in peat Event Proximal to Instrumental 
monolith or first core tephra layers at all comparison is 

'Ca C section, minimising sites (Hekla important part of 
0) 4) 

E any potential problems Selsund/Kebister and the validation of 
E from core overlaps Hekla 4; Section 5.5) fine-resolution 

records (Section 
7.1) 

Table 6.5: Summary of zones to be studied at fine-resolution at all sites with comments regarding these 
choices 
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65 Fine-resolution results 
Multi-proxy, fine-resolution results from the ten zones summarised in Table 6.5 are 

presented here. Results, derived from the master cores (Section 3.2.1), are grouped into 

events to facilitate comparison between the records and are summarised in Section 

6.5.5. Results are presented in two forms; firstly, the main changes in species 

abundance in a combined plant macrofossil and testate amoebae diagram are described 

along with some palaeoclimatic interpretation. Secondly, plant macrofossil results have 

been subject to WA (sensu Dupont, 1986; Section 3.5.1) and the European transfer 

function of Charman et al. (2007; Section 3.5.3) has been applied to the testate amoebae 
data to derive records of past BSW fluctuations. These two records, along with raw 

percentage light transmission values for peat hurnification have been normalised and are 

plotted on a standard y-axis against age, derived from the relevant age-depth model 
(Section 5.5). Except when describing the duration of each zone, ages referred to in the 

text are rounded to the nearest five years to reflect uncertainty in the age-depth models. 
For those events in the historic period (i. e. the LIA, 1400 cal. BP) dates are also referred 

to in years cal. AD for ease of comparison with existing literature. A decadal composite 

record, derived from an average of all normalised sample values occurring within each 
decade of the profile, is also shown to summarise the overall direction of change 

exhibited by the three proxy records. DCA was attempted on the fine-resolution plant 

macrofossil data, however with the exception of the LIA and 3500 cal. BP events at 
Dosenmoor, where dramatic changes in peat forming taxa occur (Figures 6.51 and 
6.66), the results were unsatisfactory. The ordinations resulted in ambiguous 

positioning of taxa along axis one (in relation to a water-table gradient), low eigen 

values (average 0.1519; Section 3.5.2) and short gradients. In general, the DCAs were 

unable to adequately describe each taxa because of the focus on just one stratigraphic 

change, the short time period under investigation and the relatively low taxonomic 

diversity exhibited in some zones. Within each fine-resolution zone, the following 

approach was taken: due to the relative speed of the technique, peat humification 

analysis was completed at contiguous 2 mm resolution throughout the entirety of each 

zone and provides a complete proxy-climate record against which the others can be 

compared. Plant macrofossils and testate amoebae were first analysed using every other 

sample and missing samples only filled in where abrupt changes in species composition 

merited further investigation; details of these samples are provided in the forthcoming 
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sections. Further analysis of the fine-resolution results and the implications for sub- 
decadal peat-based palaeoclimatic records are discussed in Chapter 7. 

6 5.1 Little ke Age 

6.5.1.1 Walton Moss 

Plant macrofossils are dominated by Sphagnuin, with other peat components occurring 

only at low percentage values (Figure 6.49). The abundance of Sphagnitin is relatively 

constant throughout the zone at ca. 80 % but declines to ca. 60 % in the centre of the 

profile at ca. 64 cm. S. papillosum is the dominant species at the base of the profile but 

its abundance falls from ca. 60 % at 69 cm to ca. 10 % from 64 - 61 cm. This coincides 

with a slight rise in the abundance of S. s. A cutifolia indicating drier conditions at these 

depths. S. papillosum becomes more dominant at the top of the profile alongside a 

sharp increase in hurnification suggesting an abrupt shift to cooler and/or wetter 

conditions. The abrupt shift in the skeleton diagram plant macrofossil DCA axis one 

scores at this depth (Figures 6.19; 6.2 1) was forced by a short-lived peak in S. s. 

Cuspidata and S. tenellum. Both taxa are present in the fine-resolution diagram (Figure 

6.49) although at very low abundances; these differences in composition between the 

two closely spaced cores, supported by differences in the peat hurnification records, 

may provide evidence of small-scale variations in microtopography within the coring 

zone. Section 6.3 illustrated that it was possible to correlate abrupt shifts in the ma ority 

of fine-resolution zones between the skeleton and master cores using centimetre-scale 

samples, but the results presented here suggest there may be less correlation with fine- 

resolution data (i. e. mm-scale samples). The testate amoebae profile (Figure 6.49) is 

dominated byAmphitremaflavum andAinphitreina ivrightianum; both species are 

associated with generally wetter conditions (Charman et al., 2000) and occur throughout 

the profile with only small scale variations in abundance; the most notable change 

occurs at ca. 60 cm when A. wrightianum increases from ca. 30-50% and . 4. flavian 

decreases by a similar magnitude; this results in the most prominent shift in the inferred 

BSW curve (Figure 6.50). A muscorum is the only other species to occur throughout 

the profile, but always at <20% abundance. Other taxa occur sporadically and at low 

abundance and therefore have a minimal effect on the TF results. There is a gap in 

testate amoebae sampling between 69 and 68 cm caused by a low volume of peat in the 

fine-resolution samples; in general each 2 mm sample provided enough material for 
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hurnification and testate amoebae analysis; however, in some cases, obtaining enough 
dried peat for the hurnification method used more than half of the sample. In order to 

capture all variability in the record, this technique was given preference and therefore 

testate amoebae analysis could not be performed at these levels. Figure 6.50 shows the 

multi-proxy inferred BSW curves. When the age-depth model is applied to the fine- 

resolution zone a period of 87 years, from 405 - 318 cal. BP (cal. AD 1545 - 1632) is 

inferred, with an average accumulation rate of 7.3 years/cm. As a result, each 2 mm 

sample has a nominal time resolution of 1.5 years and each 5 mm sample has a nominal 

time resolution of 3.7 years. The proxy-records agree on a broad scale; the decadal 

composite record describes a shift to warmer and/or drier conditions in the centre of the 

profile followed by a downward shift from ca. 360 - 330 cal. BP (cal. AD 1590 - 1620) 

Age (cal. BP) 
310 320 330 340 350 360 370 380 390 400 

3 

2 
A 

1 

* 

.S -1 - 31. 

-2H 

I3- 

0 
0 
0 

410 

-5 
1640 1630 1620 1610 1600 1590 1580 1570 1560 1550 1540 

Age (cal. AD) 
0-14, rnific fion -0-Plant macrofossils 

-<>-T statearnoebae -, O-Decadal composite 

Figure 6.50: Inferred BSW curves from multi-proxy, fine-resolution analysis of the LIA event at Walton 
Moss, England. 
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which is evident in all three records, although the peat hurnification record fluctuates in 

this period. The two most abrupt shifts within the fine-resolution zone are from ca. 340 

- 335 cal. BP (cal. AD 1610 - 1615) in the testate amoebae profile and from ca. 325 - 
320 cal. BP (cal. AD 1625 - 1620) in the hurnification profile. 

6.5.1.2 Dosenmoor 

Plant macrofossils exhibit a dramatic shift within the fine-resolution zone (Figure 6.5 1). 

At the base of the profile, UOM is dominant at ca. 50 % indicating a relatively dry bog 

surface. From ca. 51 - 50 cm there is a rapid shift to Sphagnum dominance, in 

particular S. magellanicum, indicating an abrupt increase in BSW. Three contiguous 

samples were analysed in the plant macrofossil profile over the extent of the abrupt 

change in peat composition and show that little extra information is gained from the 

additional sample which is intermediate between those above and below it. The plant 

macrofossil profile corresponds reasonably well with the skeleton diagram (Section 

6.2.4) which showed rapidly fluctuating abundances of Sphagninn mosses and UOM. 

The rapid shift is not reflected in the testate amoebae profile (Figure 6.5 1) which is 

dominated by Arcella discoides type and, to a lesser extent, A. flavion and Difflugia 

pulex. D. pulex, indicative of relatively dry conditions (Charman el al., 2000), is more 

abundant at the base of the profile, partly supporting the dry conditions suggested by the 

UOM dominance. When the age-depth model is applied to the fine-resolution zone a 

period of 188 years, from 922 - 734 cal. BP (cal. AD 1028 - 1216) is inferred, with an 

average accumulation rate of 23.5 years/cm. As a result, each 2 mm sample has a 

nominal time resolution of 4.7 years and each 5 mm sample has a nominal time 

resolution of 11.8 years. This is the slowest accumulation rate of all fine-resolution 

zones and, in the case of the plant macrofossil record, does not represent sub-decadal 

resolution. The peat hurnification record (Figure 6.52) suggests a climatic deterioration 

throughout the fine-resolution zone, which is supported from ca. 8 10 cal. BP (cal AD 

1140) onwards by the plant macrofossil and testate amoebae curves. The testate 

amoebae TF curve also describes a dramatic shift from ca. 865 - 840 cal. BP (cal. AD 

1085 -II 10) which relates to changes in the relative abundance of A. discoides and A. 

flavian at ca. 53'cm. The testate amoebae diagram (Figure 6.5 1) suggests that these 

changes are of relatively small magnitude and certainly not as significant as those in the 

plant macrofossil profile; it is likely that the changes in the testate amoebae TF values 
have been exaggerated during the normalisation process. 
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Figure 6.52: Inferred BSW curves from multi-proxy, fine-resolution analysis of the LIA event at 
Dosenmoor, Germany. 

6.5.1.3 Fdgelmossen 

The plant macrofossil profile (Figure 6.53) is dominated by Sphagnum, which is present 

at ca. 90 % throughout the fine-resolution zone. The dominant taxon is S. s. Acutifolia 

which occurs from ca. 60 - 80 % abundance, with a decline in the centre of the profile. 

At this time, S. magellanicum becomes more abundant, rising to ca. 30 % at 66 cm 

indicating an increase in BSW; this is supported by the presence of S. s. Cuspidata, 

albeit at low abundance. In contrast to the LIA event at Walton Moss for example, the 

taxa present and the interactions between them in the fine-resolution zone match those 

in the skeleton diagram almost exactly (Figure 6.39). A. flavum is the dominant testate 

amoeba (Figure 6.53), fluctuating from ca. 60 - 80 % throughout the profile. A. 
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wrightianum peaks from 65 - 64 cm suggesting an increase in BSW. H. papilio and H. 

elegans are present at low abundance throughout the profile strengthening the overall 

wet conditions suggested by the testate amoebae profile. When the age-depth model is 

applied to the fine-resolution zone a period of 84 years, from 337 - 252 cal. BP (cal. 

AD 1613 - 1698) is inferred, with an average accumulation rate of 8.4 years/cm. As a 

result, each 2 mm sample has a nominal time resolution of 1.7 years and each 5 mm 

sample has a nominal time resolution of 4.2 years. Figure 6.54 illustrates a climatic 
deterioration in the centre of the macrofossil profile from ca. 315 - 290 cal. BP (cal. AD 

1635 - 1660) as suggested above. There are also abrupt downward shifts in the peat 
hurnification record from ca. 310 - 305 cal. BP (cal. AD 1640 - 1645) and in the testate 

amoebae record from ca. 305 - 290 cal. BP (cal. AD 1645 - 1660) that overlap in time 

Age (cal. 1313) 
250 260 270 280 290 300 

31 
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1 
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F 
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v 

310 320 330 340 

1 IN 1690 1610 

Figure 6.54: Inferred BSW curves from multi-proxy, fine-resolution analysis of the LIA event at 
I'Agelmossen, Sweden, 
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with that described from the plant macrofossil record. There is a further increase in 

BSW suggested by the peat humification record from ca. 280 - 255 cal. BP (cal. AD 

1670 - 1695) whereas the other two proxies both suggest a shift to warmer and/or drier 

conditions at this time. 

6.5.2 1400 cal. BP 

6.5.2.1 Fallahogy Bog 

The plant macrofossil profile (Figure 6.55) reflects a relatively dry bog surface, with a 

high proportion of ericaceous root material and UOM. UOM declines in the centre of 

the profile from ca. 113 -I 10 cm when the proportion of Sphagnum increases; the total 

Sphagnum component is dominated by S. austinii with a lower proportion of ý. s. 

Acutifolia. S. austinii also increases in the uppermost sample from ca. 20 - 60 %. 

Testate amoebae also reflect dry conditions (Figure 6.55); the dominant taxa is 

Hyalosphenia subflava (a reliable dry indicator; Charman et al., 2000) which is present 

at ca. 90 % at the base of the profile but declines steadily to ca. 40 % at the top, where 

A. muscorum and D. pulex become more abundant; both species also reflect relatively 

dry conditions (Charman el al., 2000), although the former has been regarded as 

cosmopolitan in some studies (e. g. Warner, 1990) while the ecology of the latter has 

been poorly defined in the past due to poor modern analogues (Section 2.5), although 

this has been addressed to some extent in the TF applied to these results (Charman et 

al., 2007). When the age-depth model is applied to the fine-resolution zone a period of 

168 years, from 1808 - 1646 cal. BP (cal. AD 142 - 304) is inferred, with an average 

accumulation rate of 16.2 years/cm. As a result, each 2 mm sample has a nominal time 

resolution of 3.2 years and each 5 mm sample has a nominal time resolution of 8.1 

years. The three inferred BSW curves correspond well in the fine-resolution zone 

(Figure 6.56). There is an abrupt deterioration from ca. 1780 - 1750 cal. BP (cal. AD 

170 - 190) in all three proxies followed by a shift to warmer and/or drier conditions and 

a further downward shift from ca. 1700 - 1650 cal. BP (cal. AD 250 - 300). 
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Figure 6.56: Inferred BSW curves from multi-proxy, fine-resolution analysis of the 1400 cal. BP event at 
Fallahogy Bog, Northern Ireland. 

6.5.2.2 Dosenmoor 

Plant macrofossils are dominated by total Sphagnum which is present at ca. 60 % 

throughout the profile although this is not consistent (Figure 6.57). Sphagnum is most 

abundant at ca. 148 cm and declines towards the top of the profile. This is reflected in a 
decline in S. austind, while S. s. Acutifolia remains present at ca. 30 % throughout. S. 

magellanicum occurs towards the base of the profile at low abundance but is absent 

above ca. 146 cm. Trichophorum cespitosum is present throughout the profile and rises 
from <10% below ca. 148 cm to ca. 30 % at the top of the profile indicating drier 

conditions on the bog surface (see Table 3.6). The testate amoebae profile (Figure 6.57) 

is dominated by A. flavum, A discoides type and D. pulex. A. seminulum and muscorum 

also occur throughout the profile although at lower abundances. Fluctuations between 
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the three main taxa drive the changes observed in Figure 6.58, which illustrates good 

correspondence between the proxy records. However, there is little agreement with the 

skeleton diagram (Section 6.2.4) which suggested an abrupt climatic deterioration; all 

three proxies in the fine-resolution zone suggest a gradual shift to warmer and/or drier 

conditions. When the age-depth model is applied to the fine-resolution zone a period of 

43 years, from 1421 - 1378 cal. BP (cal. AD 529 - 572) is inferred, with an average 

accumulation rate of 5.4 years/cm. As a result, each 2 mm sample has a nominal time 

resolution of 1.1 years and each 5 mm sample has a nominal time resolution of 2.7 

years. In contrast to the LIA event at Dosem-noor, this is the most rapid rate of 

accumulation modelled in any of the fine-resolution zones and highlights the extent to 

Age (cal. BP) 
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Figure 6.58: Inferred BSW curves from multi-proxy, fine-resolution analysis of the 1400 cal. BP event at 
Dosenmoor, Germany. 
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which traditional age-depth models using ca. 5- 10 dates over several thousand years 

of stratigraphy may considerably underestimate short-term variability in accumulation 

rates. 

6 5.2.3 Fbgehnossen 

The plant macrofossil profile (Figure 6.59) is dominated by Sphagnum, with S. 

papillosuin the main taxon. This species is present at ca. 70 % abundance from 250 - 
244 cm but declines towards the top of the profile as the proportion of S. s. Acutifolia 

increases; this is reflected in the WA curve as a shift to warmer and/or drier conditions 

and supported by the peat hurnification record, although this fluctuates markedly 

(Figure 6.60). In contrast, the proportion of hygrophilous testate amoeba A. 

ivrightianum increases towards the top of the fine-resolution zone, indicating an 

increase in BSW (Figure 6.59). Testate amoebae are the only proxy that suggest a 

climatic deterioration in the fine-resolution zone, in contrast to the conclusive evidence 

from the skeleton core. Figure 6.61 illustrates the differences between the cores by 

plotting the three available peat hurnification records, namely the skeleton core data, 

results from the comparison of skeleton and master cores (Section 6.3) and the fine- 

resolution data. The stark difference between the comparison and fine-resolution data is 

particularly interesting given that both records were taken from the same core. In 

addition, S. inagellanicuni is all but absent from the fine-resolution plant macrofossil 

diagram (Figure 6.59) despite being the dominant species over this event in the skeleton 

core. When the age-depth model is applied to the fine-resolution zone a period of 151 

years, from 1557 - 1406 cal. BP (cal. AD 393 - 544) is inferred, with an average 

accumulation rate of 15.1, years/cm. As a result, each 2 mm sample has a nominal time 

resolution of 3 years and each 5 min. sample has a nominal time resolution of 7.6 years. 
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Figure 6.60: Inferred BSW curves from multi-proxy, fine-resolution analysis of the 1400 cal. BP event at 
Figelmossen, Sweden. 

6.5.3 3500 cal. BP 

6.5.3.1 Fallahogy Bog 

The plant macrofossil profile indicates a decrease in BSW towards the top of the fine- 

resolution zone caused by an increase in UOM, and to a lesser extent encaceous root 

material and E. vaginatum, and decrease in total Sphagnum, in particular S. austinii 

(Figure 6.62). The latter taxon dominates the macrofossil profile and persists at ca. 60 

% with the exception of the decline described above. S. s. Acutifolia is present at the 

base of the profile at low abundance but declines from ca. 270 cm and is negligible 

above 265 cm. The plant macrofossil and peat hurnification records correspond well at 

fine- resolution with both proxies describing an overall amelioration within the fine- 

256 



Depth (cm) 

230 235 240 245 250 
15 --- 

20 - 

25 

30 

35 

40 

45 - 

50 - 

255 260 265 

55 

60 
0 0 U 
V 

65 

70 

Figure 6.61: Illustration of difference in peat hurnification records between skeleton diagram (red), master 
core comparison data (blue) and fine-resolution data (black) over the 1400 cal. BP event at I'Agelmossen, 

Sweden. 

resolution zone. However the finer resolution and continuous nature of the latter 

technique reveals that a number of fluctuations occurred within this overall trend. If 

viewed at coarser resolution (e. g. Figure 2.1), or if the hurnification record was 

smoothed or its resolution downgraded, as is often the case in multi-proxy records 
(Section 2.6), a species signal in the hurnification record may be implied. However 

Figure 6.63 clearly shows that the hurnification record fluctuates significantly around 
the overall trend; for example, the abrupt shifts at ca. 3820 cal. BP, 3800 cal. BP and 
3790 cal. BP that are not described by the macrofossil curve. The testate amoebae 

profile is dominated by A. muscorum, with A. flavum, C. arcelloides, D. pulax, H. 

papilio and T arcula type all significant other taxa. H. papilio rises to ca. 60 % 
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abundance at 270 cm but is absent in the top half of the fine-resolution zone. A. flamm 

and D. pulex both increase towards the top of the profile despite being indicative of 

relatively wet and dry conditions respectively (Charman et al., 2000). A. muscorum is 

present throughout the zone at ca. 30 % although this value fluctuates from ca. 15 - 60 

%. The testate amoebae inferred BSW curve (Figure 6.63) is the only proxy to suggest 

an overall deterioration in the fine-resolution zone although abrupt downward shifts at 

ca. 3820 and 3780 cal. BP show reasonable correspondence with the peat humification 

data. When the age-depth model is applied to the fine-resolution zone a period of 117 

years, from 3842 - 3725 cal. BP is inferred, with an average accumulation rate of 9 

years/cm. As a result, each 2 mm sample has a nominal time resolution of 1.8 years and 

each 5 mm sample has a nominal time resolution of 4.5 years. 
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Figure 6.63: Inferred BSW curves from multi-proxy, fine-resolution analysis of the 3500 cal. BP event at 
Fallahogy Bog, Northern Ireland. 
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6.5.3.2 Walton Moss 

Plant macrofossils are dominated by Sphagnian (Figure 6.64) with S. austinii the main 

taxa. The proportion of Sphagnum in the core increases towards the top of the fine- 

resolution zone as ericaceous roots and UOM decline. There is a decline in S. austinii 
from ca. 43 9- 43 6 cm and S. s. A cutifolia rises from ca. 10% at 43 9 cm to ca. 20% 

above this depth. In the skeleton core plant macrofossil profile, the 3500 cal. BP event 

was well-defined by a peak in S. s. Cuspidata (Figures 6.19 and 6.21) however, in 

common with the LIA event at Walton Moss, that taxa is all but absent in the fine- 

resolution zone. Due to a lack of sample material in the fine-resolution zone testate 

amoebae analysis was carried out at 4 mm resolution (see also Section 6.5. L 1). The 

profile is dominated by A. flavum, with, 4. ivrightianuin, 4. inuscorun? and D. pulex the 

other common taxa (Figure 6.64). A. wrightianum increases from ca. 10% to ca. 40% at 

442 cm. which is reflected in an abrupt downward shift in the inferred BSW curve from 

ca. 3660 - 3640 cal. BP (Figure 6.65). The plant macrofossil and peat hurnification 

curves correspond well and both describe an abrupt increase in BSW later in the zone 

from ca. 3600 - 3555 cal. BP (plant macrofossils) and from ca. 3560 - 3545 cal. BP 

(hurnification). When the age-depth model is applied to the fine-resolution zone a 

period of 157 years, from 3674 - 3517 cal. BP is inferred, with an average accumulation 

rate of 11.2 years/cm. As a result, each 2 mm. sample has a nominal time resolution of 

2.2 years and each 5 mm. sample has a nominal time resolution of 5.6 years. 

6.5.3.3 Dosenmoor 

The plant macrofossil profile exhibits an abrupt change over ca. 2 cm of stratigraphy 
from UOM to Sphagnum dominated peat, which also coincides with a reduction in the 

proportion of ericaceous remains present (Figure 6.66). These changes have been 

defined by seven contiguous samples in the plant macrofossil record. S. papillosun? is 

the main Sphagnum taxa present and rises from near absence in the centre of the profile 

to ca. 80 % in the uppermost sample. In contrast, UOM dominates the profile at ca. 50 

% until 405 cm when it decreases to near absence within four samples. A. flavilln, A. 

discoides type, A. muscorum and D. pulex are the common testate amoebae taxa (Figure 

6.66). A. flavum occurs at ca. 60 % at the base of the profile, declines to ca. 10 % at 

404 cm and rises once more at the top of the fine-resolution zone. The decline of A. 

flavum coincides with an increase in D. pulex suggesting somewhat drier conditions in 

the centre of the profile. When the age-depth model is applied to the fine-resolution 
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Figure 6.65: Inferred BSW curves from multi-proxy, fine-resolution analysis of the 3500 cal. BP event at 
Walton Moss, England. 

zone a period of 83 years, from 2845 - 2928 cal. BP is inferred, with an average 

accumulation rate of 10.4 years/cm. As a result, each 2 mm sample has a nominal time 

resolution of 2.1 years and each 5 mm sample has a nominal time resolution of 5.2 

years. Figure 6.67 illustrates that all three proxies exhibit an abrupt downward shift 
from ca. 2860 - 2845 cal. BP. In the period before this shift, the plant macrofossil and 

peat humification curves correspond well but there is less agreement with the testate 

amoebae data which suggest somewhat wetter overall conditions; this is supported by 

the fossil assemblages in Figure 6.66. 
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Figure 6.67: Inferred BSW curves from multi-proxy, fine-resolution analysis of the 3500 cal. BP event at 
Dosenmoor, Germany. 

6.5.4 Comparison with instrumental climate data 

6.5.4.1 Fdgelmossen 

The plant macrofossil profile is dominated by Sphagnum mosses (Figure 6.68). S. s. 

Acutifolia is dominant at the base of the profile, occurring at ca. 50% abundance from 

44 - 41 cm. At ca. 41 cm there is a sharp decline in that taxa and it continues to decline 

towards the top of the profile where it is present at only ca. 10%. By contrast there is an 
increase in the abundance of S. s. Cuspidata from ca. 20% to 60% at the same depth 

suggesting an abrupt increase in BSW over this short-lived period. S. magellanicuni is 

present throughout the profile at ca. 10% abundance. There is a dramatic decrease in 

peat hurnification from 44 - 40 cm suggesting a drying of the bog surface which is in 
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contrast to the plant macrofossil data. There is comparatively little fluctuation in the 

testate amoebae profile (Figure 6.68) which is dominated throughout by A. flavian, 

which occurs consistently at ca 60%. Other taxa present throughout the profile to a 

much lesser extent are A. muscortan and seminuhan and H. papilio. A higher 

proportion of A. wrightianum and Hyalosphenia spp. at the base of the fine-resolution 

zone indicate wetter conditions which corresponds well with the peat hurnification data; 

indeed, these two records are well-correlated throughout the fine-resolution zone 
(Figure 6.69). When the age-depth model is applied to the fine-resolution zone a period 

of 86 years, from cal. AD 1864 - 1950 is inferred, with an average accumulation rate of 
6.1 years/cm. As a result, each 2 mm sample has an average nominal time resolution of 
1.2 years and each 5 mm sample has an average nominal time resolution of 3.1 years. 
However, as linear interpolation has been used (Figure 5.39), these values are variable; 
for example, from 34 - 30 cm the accumulation rate is 3.8 years/cm whereas from 41 - 
34 cm it is 8.6 years/cm. 

The multi-proxy, fine-resolution data has been compared to annual, summer and warm 

period (i. e. April - October) temperature and precipitation values from the nearby city 

of Karlstad, capital of the Vfirmland province. Instrumental and proxy-climate records 
have been compared firstly using meteorological data averaged over the time interval 

represented by each sample (70 hurnification and testate amoebae and 28 plant 

macrofossil samples) and secondly, using non-averaged meteorological data and annual 

values for the proxy-climate data based on linear-interpolation. The latter resulted in a 

series of 61 (hurnification and testate amoebae) and 28 (plant macrofossils) annual data 

points within the 86 year period; where two adjacent hurnification or testate amoebae 

samples were calculated as occurring in the same year, the results were averaged for 

comparison with the meteorological data. Calendar ages were calculated using the 

central depth of each sample. For example, a2 mm sample from 30 - 30.2 cm was 
defined as 30.1 cm and a5 mm sample from 30 - 30.5 cm was defined as 30.25 cm. In 

both cases, correlation coefficients have been calculated between the multi-proxy, fine- 

resolution data and the instrumental climate parameters using the full datasets. Five 

year and decadal means of the proxy-climate and meteorological data have also been 

correlated. Finally, decadal means of the multi-proxy data were also correlated with 

antecedent periods of 10 and 20 years to investigate any lag in BSW response (sensu 
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Charman, 2007; Hughes et al., in prep b). Results are shown in Table 6.6 and discussed 

in detail in Chapter 7. 
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Figure 6.69: Inferred BSW curves from multi-proxy, fine-resolution analysis of the zone for comparison 
with instrumental climate data at Fhgelmossen, Sweden (upper graph = every annual data point (see text 

for details); lower graph = decadal averages). 

6.5.5 Summary offine-resolution results 

In general, results from the master core fine-resolution zones fail to replicate the abrupt 

changes registered in the skeleton cores (Section 6.2). Abrupt switches in peat 

composition as shown by the plant macrofossil profiles are generally absent with the 

exception of the LIA and 3500 cal. BP events at Dosenmoor, and changes in BSW are 

more commonly inferred by the changing abundance of Sphagnum taxa. There is 

reasonable correspondence between proxy-inferred BSW curves over most events 

although in general the plant macrofossil and peat hurnification results are more closely 

matched, with the testate amoebae data more often describing a contrasting direction of 

change (e. g. 1400 cal. BP event at FAgelmossen; 3500 cal. BP event at Fallahogy Bog). 

Table 6.7 provides a summary of the chronological and temporal results related to the 

fine-resolution zones. Half of the events have modelled rates of accumulation of 10 
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Annuýl 
t JJA ppt WPPPt Annual 

t JJA temp INP temp pp emp 

Hurnification -0.329 -0.121 -0.299 -0.174 -0.123 -0.223 
Every 

sample 
Testate amoebae 0.346 0.107 0.287 0.152 -0.003 0.169 

Plant macrofossils -0.369 -0.016 -0.309 -0.304 -0.251 -0.307 
Hurnification -0.169 -0.179 -0.207 -0.110 -0.009 -0.020 Every 

data Testate amoebae 0.194 0.018 0.161 0.154 0.015 0.032 
point Plant macrofossils -0.244 -0.156 -0.264 -0.422 0.053 -0.277 

Hurnification -0.356 -0.384 -0.368 -0.180 0.116 0.000 Five 
year Testate amoebae 0.299 0.283 0.093 0.281 -0.112 0.052 

means Plant macrofossils -0.149 0.067 -0.046 -0.159 0.164 -0.028 
Hurnification -0.872*** -0.709** 0.730** -0.449 0.000 0.188 

Decadal Testate amoebae -0.801** 0.473 0.621* 0 598* -0 111 0 317 means . . . 
Plant macrofossils -0.603* -0.313 -0.446 -0.613* -0.071 -0.340 

Decadal Hurnification -0.522 -0.739** -0.501 -0.150 0.586 0.228 
means 
10 year 

Testate amoebae 0.668* 0.471 0.535 0.473 -0.374 0.031 
lag Plant macrofossils -0.726** -0.532 -0.676* -0.724** 0.003 -0.381 

Decadal Hurnification 0.051 -0.530 -0.071 0.143 0.665 0.458 
means 
20 year 

Testate amoebae 0.620 0.568 0.521 0.561 -0.313 0.122 
lag Plant macrofossils -0.582 -0.531 -0.630 -0.682* -0.186 -0.474 

Table 6.6: Correlation coefficients between meteorological and proxy-climate data (ppt = precipitation, 
temp = temperature, JJA = June, July, August Le. summe r, WP = warm period i. e. April - October). See 

text for description of each correlation type. *= p<0.1, ** = p<0.05, *** =p<0.01 

years/cm or quicker and in all cases, peat hurnification has been completed at a 
contiguous sampling resolution of less than five years per sample (average 2.3 years). 
Each event of interest was studied at three sites to provide replication although in each 

case there is only limited eventual overlap in the time periods investigated at fine- 

resolution. 
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CHAPTER 7: DISCUSSION 

7.1 Introduction 

In this chapter, fine-resolution results are analysed and interpreted and their implications 

for the development of sub-decadal, peat-based palaeoclimatic records are discussed. 

Firstly, the limitations of the chronologies obtained for the fine-resolution zones, and 

the implications of these, are discussed. Each proxy method is then considered in turn 

and the validity of the fine-resolution results is interpreted in relation to their use as 

palaeoclimatic data. The results related to each event of interest are then discussed, in 

particular in relation to the timing and abruptness of these events in previous studies. 
Next, the role of the climate variability along the transect on which sites were located is 

evaluated. Finally, the methodologies developed and used in this thesis are reviewed 

and their implications for future fine-resolution palaeoclimatic, studies are considered. 

7.2 Chronology 

The accuracy and precision of the chronologies applied to the fine-resolution results in 

this thesis are highly significant. Even if the absolute date of the changes recorded is 

not considered important (sensu Simmons et al., 1985; Sturludottir and Turner, 1985; 

Joosten and de Klerk, 2007b; see also Section 5.1), the chronology applied still effects 

the modelled accumulation rate and therefore, the temporal sampling resolution 

achieved (see below). At the outset of this research, a combined WMD and 

tephrochronology approach was planned. Tephra layers have been successfully 
identified at all sites and help to minimise chronological error (see below), but it was 

not possible to apply WMD to the fine-resolution zones (see Section 5.1.3). Whilst this 

by no means invalidates this research (see recent fine-resolution publications using a 
lower 14 C dating resolution than that applied here, e. g. de Klerk et al., 2007), it does 

effect the extent to which the fine-resolution data can be confidently correlated with 

other archives of rapid climate variability using rigorous statistical methods such as 
those discussed in Section 2.8.3 (but see discussion in Section 7.4). For example, 
Pauling et al. (2006) developed European gridded precipitation reconstructions from 

cal. AD 1500 - 1900 using a combination of instrumental series, documentary records 

and natural proxies. By correlating this dataset with the LIA records at Walton Moss 

and FAgelmossen and using the null hypothesis that a higher correlation would be 
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expected with the oceanic site, it could potentially be used, over a longer time-scale than 

in previous research, to test the hypotheses of Charman et al. (2004) and Schoning et al. 
(2005) that precipitation is the primary driver of the peat record in oceanic regions, 

whereas temperature is more important in continental settings. However, the level of 

uncertainty in the age-depth models applied here may result in spurious associations and 

any high correlations would need to be interpreted with a degree of caution that 

ultimately questions the value of the exercise. 

Contrasting levels of methodological rigour are evident in the literature in the approach 
taken to the dating of high-resolution changes. Joosten and de Klerk (2007b) attempted 

to discern seasonal differences in pollen deposition to enable annual layers to be 

distinguished in peat deposits. They used contiguous 0.5 mm samples and stated that 

these contained peat growth over ca. 6 months at one site and 1.7 months at another, but 

did not present any chronological results to elucidate how these figures were derived. A 

publication by the same research group (de Klerk et al., 2007) showed clearly the extent 
to which figures such as these may vary (see also Table 7.1). In contrast, Blaauw et al. 
(2007) assessed the contemporaneity of LIA wet-shifts in north-west European raised 
bogs (including Walton Moss) with solar minima and volcanic eruptions using wiggle- 

matched 14 C dates in a Bayesian framework that constructed millions of plausible age- 
depth models to quantify the chronological uncertainty both within and between the 

proxy archives. Even with this degree of chronological control, they concluded that the 

"uncertainties of non-annually resolved palaeoclimate records are too large for 

answering decadal timescale questions". However, Yeloff et al. (2007) stated that high- 

resolution pollen analysis (for example) coupled with WMD does allow the constraint 

and resolution of details of vegetation history at decadal timescales. Blaauw et al. ý 
(2007) stated further that "even with many data and sophisticated models, accumulation 
histories of non-annually layered deposits will never be known exactly". The ability to 
draw meaningful conclusions from the current research in light of these findings must 
be carefully considered. 

It is not possible to apply a Bayesian approach (sensit Blaauw et al., 2007) to the limited 

number of 14 C dates available and therefore an alternative approach has been applied in 

order to assess the extent of chronological uncertainty in the age-depth models used in 

this thesis. De Klerk et al. (2007) investigated short-lived vegetational change within a 
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longer pollen sequence using contiguous I mm samples. Their 530 cm core was dated 

using five 14 C determinations, with one date placed at the depth of the fine-resolution 

zone (fine-resolution zone; 454.6 - 456.2 cm, 14 C date; 455 - 456 cm). In order to 

calculate the duration of the fine-resolution changes they identified, the longest, shortest 

and mean accumulation rates were calculated between the 14 C date at 455 - 456 cm and 

a further determination below the fine-resolution zone at 502 - 502.5 cm. 

Table 6.7 summarises the duration and accumulation rates of the fine-resolution zones, 

as calculated from the age-depth models presented in Chapter 5. Whilst these are 

considered the most robust models possible using the available data (see Sections 5.1.4 

and 5.5), there is an inherent degree of error resulting from the calibration of individual 
14 C dates. In order to quantify this error in terms of the accumulation rate and duration 

of fine-resolution zones (and hence the temporal resolution achieved), the approach of 
de Klerk et al. (2007) was adopted. The shortest and longest possible durations for each 
fine-resolution zone were calculated using the error ranges of the upper and lower 

datable points of each model (Figure 7.1). Results are shown in Table 7.1 and it is clear 
that there is a high degree of variation in all chronological indicators. The amount of 

variation is dependent on the type of dating evidence and age-depth model used. For 

example, the duration of fine-resolution zones which include a tephra layer varies by 31 

years between the longest and shortest possible values whereas that value rises to 86 

years for those zones without one of these pinning points, highlighting the value of 

using tephrochronology in this thesis. The least amount of variability in duration is 

exhibited by the LIA event at Walton Moss (10 years) since this age-depth model is 

based on a linear regression with a relatively high number of datable points including 

SCP data. Those models using only 14 C determinations and based on a linear regression 

using a low number of dates, or linear interpolation between two dates, showed the 
highest amount of variability. For example, the duration of the fine-resolution zones of 
the 1400 cal. BP events at Fallahogy Bog and Fagelmossen varied by 165 and 168 years 
(With accumulation rates in the ranges of 8- 24.5 years/cm and 9.3 - 26.1 years/cm) 

respectively and were based on limited 14 C data with relatively wide error margins 
(Figures 7.1 and 7.2). Table 7.1 illustrates that using the preferred or shortest duration 

age-depth models, all 2 min samples and all but one set of 5 min samples (Dosemnoor 

LIA event) exhibit sub-decadal resolution. When using the longest duration age-depth 
models, this number is reduced. At Dosenmoor during the 140 0 cal. BP and 3500 cal. 
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Figure 7.1: Age-depth models for all sites and events showing alternative trendlines based on shortest 
(dashed red line) and longest (dashed blue line) possible durations within chronological uncertainty for 

each fine-resolution zone (delimited by dashed lines). 

BP events, accumulation rates of 3 years/cm and 2.1 years/cm respectively are 

modelled, indicating a sub-annual sampling resolution at 2 mm. However, these rates 

of accumulation are anomalously fast when compared to those from other sites/events 

and also other sites throughout north-west Europe (e. g. Table 2 in Joosten and de Klerk, 

2007b) and should therefore be viewed with caution. Despite the variability described, 

it is noteworthy that when the three most variable age-depth models are excluded (1400 

cal. BP events at Fallahogy Bog and Fdgelmossen and the 3500 cal. BP event at 

Dosenmoor), the mean variability in the duration of the fine-resolution zones is reduced 

to 28 years, which equates to <25% of the mean duration of these zones as calculated 
from the preferred age-depth models (113 years). Fine-resolution results from those 
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Figure 7.2: Illustration of the variability of a fine-resolution record (plant macrofossil data from the 1400 
cal. BP event at Ffigelmossen) using different age-depth modelling choices (blue - shortest duration of 
fine-resolution zone; black - preferred age-depth model; red - longest duration of fine-resolution zone). 

Actual record could theoretically fall between any of these three possibilities. 

events named above that exhibit a higher degree of chronological uncertainty than the 

remaining data are therefore viewed with additional caution in forthcoming analyses. 

Chronological control is a vital aspect of any palaeoclimatic study and its importance is 

highlighted when attempting to characterise sub-decadal variability. Despite the issues 
discussed above, there is still much value to be drawn from the data collected in this 

thesis; in particular, section 7.3 discusses the validity of the fine-resolution results in 

relation to their use as palaeoclimatic data. 

7.3 Validation of thefine-resolution records 
In this section, the fine-resolution results for each proxy method are considered in detail 

before their co-variance in multi-proxy records is discussed. In attempting to determine 

whether the fine-resolution records can be confidently interpreted as palaeoclimatic 
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indices, or reflect 'noise' in the palaeoclimatic 'signal' (see discussion in Section 2.2), 

the recommendation of Simmons et al. (1985) is followed; namely that the basic 

assumptions of the methods employed should not differ just because of the resolution 

used, but that more care is needed in the interpretation of those records (when compared 

with data produced used standard techniques). Similarly, Moore (1980) stated in 

relation to high-resolution pollen data that the sequential manner of the results made 

them believable and that if fluctuations were small, it did not make them insignificant. 

Whilst there are differences in the nature of pollen records when compared with the 

proxies employed in this study (i. e. allogenic vs. autogenic deposition), these statements 
highlight that the approach taken to the validation of fine-resolution records in previous 

research has tended to be based around "visual inspection combined with general 

ecological reasoning" (Joosten and de Klerk, 2007b) rather than statistical treatment. 

7.3.1 Plant macrofossil analysis 

The sampling resolution for plant macrofossil analysis was tested and discussed in 

detail in Section 3.3.2. Contiguous 5 mm samples indicated the same direction of 

palaeoclimatic change as previous analyses of the same core using a standard sampling 

resolution (i. e. I cm samples taken every 8 cm) and were interpreted as indicating 

palaeoclimatic change. It was concluded that plant macrofossil analysis provided a 

reliable background record to the finer resolution peat humification and testate amoebae 

records, although it was also stressed that unless high-resolution research was focussed 

on zones of significant palaeoclimatic change, there was no benefit to the use of fine 

contiguous sampling resolutions. As a result, analysis of skeleton cores using standard 

methodologies prior to fine-resolution sampling was carried out in this thesis to ensure 

that only zones of significant palaeoclimatic change were focussed upon (Section 6.2). 

However, in some instances, the fine-resolution plant macrofossil results did not reflect 

the changes recorded in the skeleton diagrams (see further Section 7.3.4.1) and therefore 

only every other 5 mm sample was analysed (see Section 6.5). 

Only two of the nine fine-resolution zones studied exhibited major changes in plant 

macrofossil composition whereby the dominant peat fon-ning taxa changed dramatically 

within duration of the zone, indicating in both cases a major shift to cooler and/or wetter 
conditions by the replacement of the dominant UOM by Sphagnum lawn taxa 
(Dosenmoor LIA event; S. magellanicum, Dosenmoor 3500 cal. BP event; S. 
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papillosum; Figures 6.51 and 6.66). These events, in particular the latter, are the highest 

magnitude of the plant macrofossil shifts recorded and two of the three events to exhibit 

higher variability in Dupont WA scores than the mean of all events (see Table 7.4 in 

Section 7.3.4; LIA event = 2.8; 3500 cal. BP event = 4.1; mean = 1.9). The third event 

with higher than average variability is the 3500 cal. BP event at Fallahogy Bog (range 

in Dupont WA scores = 2.1). Throughout the 13 cm zone there is a reduction in S. 

austinii from 78 - 33% and increase in UOM from I- 33% indicating a shift to warmer 

and/or drier conditions. Despite these relatively significant changes in peat 

composition, this shift lacks the abruptness of the previous two and notably, even when 
S. austinii is at its lowest abundance and UOM its highest, the two taxa are present at 

equal percentage values indicating that a complete change in peat composition did not 

take place within the fine-resolution zone. These three events are of similar magnitude 

to the most significant shifts recorded in other studies, although it should be noted that 

there are relatively few published Dupont WA profiles since DCA is generally preferred 
for deriving proxy-climate indices from plant macrofossil data and that comparison of 

the magnitude of shifts between those recorded here and other studies is complicated by 

slight variations in the weightings used. However, at Cloonoolish Moss (ca. 2700 year 

record) and Ardkill Moss (ca. 2200 year record) in Ireland, studied by Blundell et al. 
(2008), the total ranges in Dupont WA scores were approximately 5 and 4 respectively, 

with the ranges of the highest magnitude shift approximately 3.5 and 2.5 respectively. 
At Glen West Bog (ca. 3400 year record), studied by Swindles et al. (2007b), the total 

range and highest magnitude shift were both approximately 4.5. 

Since the abrupt changes in peat composition recorded over the LIA and 3500 cal. BP 

events at Doserimoor were studied using contiguous samples, it has been possible to 

accurately define the temporal abruptness of the changes. This is not possible using 

standard methodologies, where switches in peat types often appear abrupt, but in reality 

may not be so (as per definition in Section 2.7), due to the relatively coarse sampling 

resolution necessary when a long time-period is under investigation (i. e. I cm samples 
taken every 4- 16 cm; see for example changes in frequency of 5phagnum taxa in 16 

cm resolution skeleton diagrams in Section 6.2). During the Dosenmoor LIA event, & 

magellanicum rises from 5- 59% and UOM falls from 59 - 14% over I cm (Figure 

6.5 1), which equates to a time period of 20 - 24 years when the uncertainty of the age- 
depth model is incorporated (see Table 7.1). During the Dosenmoor 3500 cal. BP 
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event, S. papillosum rises from 6- 66% and UOM falls from 48 - 4% over 1.5 cm 
(Figure 6.66), which equates to a time period of 3- 23 years when the uncertainty of the 

age-depth model is incorporated (see Table 7.1). These figures clearly illustrate the 

rapidity with which the dominant peat forming taxa may change in response to climate 
forcing and illustrate the potential risk of rapid decline in Sphagnum communities on 

raised bogs in response to future climate warming. 

The remaining fine-resolution plant macrofossil events exhibit a lower magnitude of 

variability and are defined by changes in abundance of co-varying Sphagnum taxa 

(hummock forming S. s. Acutifolia with lawn species S. papillosum, magellanicum or 

austinii) and changes between the dominant Sphagnum species and other taxa such as 
UOM. Given its propensity to define abrupt shifts to cooler and/or wetter conditions 
both in the skeleton diagrams in this thesis and in published research (e. g. Hughes et al., 
2000), the absence of significant peaks in S. s. Cuspidata is noteworthy and is discussed 

further in Section 7.3.4.1. With the exception of the 1400 cal. BP event at Dosenmoor, 

where the increasing abundance of T cespitosum towards the top of the profile indicates 

a trend towards a warmer and/or drier climate, monocotyledon remains are present at 

only low abundance throughout the fine-resolution zones and consequently have little 

influence on the Dupont WA scores. This increases confidence in the fine-resolution 

plant macrofossil results as reliable palaeoclimatic data since methodological 

experimentation showed that monocotyledon root fragments sliced into adjacent 

samples was one of the major sources of noise in contiguous fine-resolution plant 

macrofossil samples (e. g. Plates 3.2 and 3.3). 

7.3.2 Peat humification analysis 
Peat humification was the only proxy applied using contiguous 2 mm samples 

throughout all fine-resolution zones because of the relative speed of the technique, and 

therefore represents the most complete record over each event. In Section 3.3.1, testing 

was carried out to determine the amount of acceptable within-sample variability for 

percentage light transmission results and indicated that up to 5.9% variability may be 

expected to arise from inherent random variability in the method. This is a higher value 
than that of Tipping (1995), who stated that differences between humification samples 

greater than ca. 2% could be considered free of laboratory errors. Consequently, it is 

reasonable to assume that, subject to careful interpretation of multi-proxy results taking 
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into account factors such as a potential species signal in humification data (see Sections 

2.4 and 6.5.3.1), any shifts in peat hurnification within the fine-resolution zones of a 

magnitude that exceeds the higher of these values are not the result of methodological 

error and therefore reflect a reliable BSW record. For example, the range in percentage 

light transmission values over the 1400 cal. BP event at FAgelmossen is only 5.2%; this 

variability could potentially derive from methodological error and as a result, these data 

cannot be confidently interpreted as a palaeoclimatic record. 

The two highest magnitude shifts in peat humification (ca. 18% light transmission) 

occur over widely different time-scales in the LIA fine-resolution zones at Walton Moss 

and Doserimoor (Figures 6.50 and 6.52) and highlight the potential benefits and 

drawbacks of fine-resolution sampling. At Walton Moss, there is an abrupt shift to 

cooler and/or wetter conditions at ca. 320 cal. BP (cal. AD 1630) over four samples 

lasting only 5-6 years when accounting for error in the age-depth model. At 

Dosenmoor, hurnification values change by a similar magnitude however the shift 

occurs more gradually throughout the zone, over a period of 160 - 195 years. When the 

Walton Moss shift is considered, it is clear that fine-resolution sampling was beneficial 

since a reduction in sampling resolution smoothes both the magnitude and abruptness of 

the shift (see below). However in the case of the Dosenmoor event, fine-resolution 

sampling provided little extra benefit since small fluctuations within the overall trend 

(Figure 6.52) were within the range of methodological variability and cannot be 

confidently interpreted as reflecting changes in BSW. At Dosemnoor, a much wider 

sampling interval would have provided much the same result. For example, Figure 7.3 

illustrates the effect of sampling procedure on the peat hurnification data (sensu Green 

and Dolman, 1988; see Figure 2.1). Five sampling procedures are shown; using every 

contiguous 2 mm sample (A), the average of two adjacent samples (B), every other 2 

mm sample (C), the average of five adjacent samples (D) and one 2 mm sample in every 
five (E). At Walton Moss, using (C) has the least effect on the nature of the abrupt and 

short-lived change at ca. 59 cm, although the magnitude is slightly reduced. Sampling 

procedure (B) reduces the magnitude of the event further and does not reflect the shift to 

warmer and/or drier conditions in the uppermost sample. Using either (D) or (E) 

significantly reduces both the magnitude and abruptness of the shift. In contrast, at 
Dosenmoor the choice of sampling procedure has little effect on the results, indicating 

that the use of contiguous 2 mm samples results in more work for little extra benefit. 
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adjacent samples and groups of samples that exceed the methodological error limits and 

can therefore be considered indicative of a sub-decadal resolution BSW record. 

In addition to the LIA shift at Walton Moss discussed above, the rapidity of shifts in 

BSW exhibited in the peat hurnification data is shown by the 3500 cal. BP event at the 

same site where the major shift to cooler and/or wetter conditions from ca. 3560 - 3540 

cal. BP occurs over 6 samples which equates to 12 - 14 years incorporating error in the 

age-depth model. 

7.3.2.1 Time series analysis 
Since the peat hurnification results are the only contiguous fine-resolution dataset 

available, time series analysis (Section 2.8.4) was carried out to investigate whether 

short-duration periodicities were present in the fine-resolution zones. Analysis was 

performed using the programme PAST (Hammer et al., 2001) which includes the Lomb 

algorithm for unevenly spaced data (see Press et al., 1992). Section 2.8.4 highlighted 

that there must be at least seven cycles of any given periodicity in a dataset for it to be 

considered statistically significant and that each cycle must be defined by at least two 

samples. The shortest known climate cycle that may be identified is the II -year 
Schwabe sunspot cycle, although Beer (2000) identified that this has varied between 7 

and 18 years since AD 1750. In addition, Ram et al. (1997) identified the same cycle in 

a 100,000 year record of background dust concentration in the GISP2 ice core and 
found that it varied between 6.9 and 15.5 years in length. The 1400 cal. BP zone at 
Dosenmoor was excluded from the time series analysis since the zone is only 24 - 56 

years in duration (Table 7.1) and therefore not long enough to permit the necessary 

number of cycle repetitions. Results are shown in Figure 7.4 and Table 7.2. Results 

from the 3500 cal. BP event at Walton Moss have been omitted since no significant 

periodicities of less than 100 years were recorded. All cycles identified are defined by 

more than two samples and, with the exception of the LIA event at Dosenmoor, all 
dominant periodicities are repeated more than seven times within each fine-resolution 

zone (Table 7.2). The 29.4 year cycle identified during the LIA event at Dosenmoor is 

repeated only 6.4 times (using the duration for the fine-resolution zone based on the 

age-depth model in Figure 5.35) and must therefore be viewed with caution. All 

sites/events with the exception of the 1400 cal. BP event at I'Agelmossen show a 

statistically significant periodicity of between 7 and 13 years, indicating that evidence 
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of the 11 -year Schwabe cycle may be present in the fine-resolution peat hurnification 

data when considering the fluctuations in that cycle (Ram et al., 1997; Beer, 2000). The 

validity of the hurnification results from the 1400 cal. BP zone at Fagelmossen has 

already been brought into question (Section 7.3.2) and furthermore, there are significant 

differences between the fine-resolution results in that zone with those from the skeleton 

core (see Sections 6.5.2.3 and 7.3.4.1). 
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Figure 7.4: Results of time-series analysis. Dashed red line indicates the 95% confidence level. 
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Event ýite Dominant 
cycle 

Length of 
zone 

Number 
of cycle 
repeats 

Temporal 
sampling 
resolution 

Number of 
samples 
per cycle 

Walton Moss 11.6 years 87 years 7.5 1.5 7.7 

LIA Dosenmoor 29.4 years 188 years 6.4 4.7 6.3 

F5gelmossen 11.1 years 84 years 7.5 1.7 6.5 

Fallahogy Bog 7.9 years 162 years 20.5 3.2 2.5 
1400 cal. BP 

F6gelmossen 19.7 years 161 years 7.7 3.0 6.6 

Fallahogy Bog 13 years 117 years 9.0 1.8 7.2 
3500 cal. BP 

Dosenmoor 9.3 years 83 years 8.9 2.1 4.4 

Table 7.2: Results of time-series analysis. 

Solar forcing of Holocene climate change has received much attention in the literature 

and is reviewed in detail in Section 2.7.1.1. This study represents the first time that 

peat-based palaeoclimatic data of fine enough temporal resolution to reveal short- 

duration cycles has been subject to spectral analysis. In general, previous peat-based 

research has been limited by sampling resolution to confidently identifying cycles. of ca. 

200 years or longer (see Section 2.8.4). However, Chambers and Blackford (2001) did 

accept cycles of ca. 50 - 60 years, also derived from high-resolution peat humification 

data. In order to improve the confidence with which the 11 -year cycle is reflected in the 

fine-resolution humification data, it would be advantageous to increase the length of the 

time period under investigation, rather than focussing on snapshots of time over 
individual abrupt changes. However, that the II -year cycle (within the variability 
described above) has been identified at all study sites over abrupt events spanning the 

past ca. 4000 years does suggest that the cycle is pervasive in the late-Holocene. In 

particular, the timing of the LIA events at Walton Moss and Fagelmossen, where the 

11 -year periodicity is reflected most precisely, coincides with the Maunder and Spbrer 

sunspot minima, especially when dating error is taken into consideration; these sunspot 

minima have been repeatedly linked to climatic deteriorations during the LIA in 

previous peat-based studies (e. g. Mauquoy et al., 2002a; see Section 2.7.3). 

The potential identification of a known climatic cycle in the peat humification data 

lends further support to the notion that the sub-decadal, fine-resolution results can be 

interpreted as a reliable BSW record (Section 7.3.2). That this cycle was identified 

using the entirety of each fine-resolution dataset also suggests that lower magnitude 
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changes, within the methodological error limits of the technique, should not be entirely 
dismissed as palaeoclimatic fluctuations. Potential mechanisms whereby the relatively 
low magnitude variations in solar output evident over such cycles are reflected firstly in 

changes in climate and secondly, manifested in peat stratigraphy have been discussed in 

Section 2.7.1.1. The results presented in this section suggest that the peat hurnification 

proxy is sensitive to these variations on a sub-decadal time-scale. 

7.3.3 Testate amoebae analysis 
The European TF of Charman et al. (2007) has been applied to-the testate amoebae data 

from the fine-resolution zones to provide quantitative reconstructions of depth to water- 

table (Section 3.5.3). Results are presented in Section 6.5 in a normalised BSW index, 

the range in values over each zone is shown in Table 7.4 (Section 7.3.4) and depth to 

water-table profiles are plotted in Figures 7.6 - 7.8 (Sections 7.4.2 - 7.4.4). The 1400 

cal. BP (range of 10.6 cm) and 3500 cal. BP (range of 13 cm) events at Fallahogy Bog 

are the only two profiles that exhibit greater variability in reconstructed water-table 
depth than the mean of all sites/events. In the former zone, there is a major, but gradual, 
decline in H. subflava coupled with increasing values of 4. muscorum and D. pidex 
(Figure 6.55). In the latter zone, there is a major peak and decline in H. papilio. The 

remaining fine-resolution zones show only comparatively small fluctuations intestate 

amoebae abundance and are generally dominated by between two and four main taxa, 

with other species occurring only rarely or at low abundance. As a result, only every 

other 2 mm sample was analysed since the considerable extra time required to upgrade 

the results to a contiguous record could not be justified (see also Section 6.5). Since TF 

results are expressed on a linear scale it is possible to directly compare the magnitude of 

change in the fine-resolution zones with other studies. A review of relevant literature 

reveals that the range in depth to water-table values expressed in Holocene records 
between 1500 and 5000 years in length is from ca. 10 - 20 cm (e. g. Charman et al., 
1999; Chiverrell, 2001; Blundell and Barber, 2005; Langdon and Barber, 2005; de Jong 

et al., 2007; Sillasoo et al., 2007; Blundell et al., 2008), suggesting that, with the 

exception of the two events discussed above, the variability exhibited in the fine- 

resolution testate amoebae records is relatively low. However, to re-iterate Section 7.3, 

this does not necessarily make the fluctuations that are present in the record 
insignificant (Moore, 1980). Bootstrapped error estimates for the fine-resolution 

reconstructed water-table depth results had a mean value of _+ 6.15 cm and standard 
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deviation of 0.39. However, in this case it is not appropriate to use this as an indication 

of the validity of the results (see Section 7.3.2). For example, in the (relatively low- 

resolution), ca. 1600-year testate amoebae record of de Jong eral. (2007), it is possible 

to draw a straight line (i. e. indicating no change) through the reconstructed water-table 

profile within the error limits; however, given the reliability of the technique over such 

time-scales, this does not invalidate the results. 

In addition to using the TF of Charman et al. (2007) to reflect changes in past BSW 

from an ombrotrophic bog in south-western Sweden, de Jong et al. (2007) grouped 

testate amoebae into categories of taxa strongly indicative of wet or dry conditions, and 

indifferent taxa, based on their ecological wetness preferences. Changes in the 

percentage sum of wet and dry indicators were then used to model BSW fluctuations 

downcore. Results reflected those derived from the TF but transitional phases between 

periods of dominance of either wet or dry taxa were emphasized, and the abruptness of 

these shifts highlighted (ca. 60 - 100 years). Given the low variability exhibited in the 

majority of testate amoebae zones, this approach has been applied to investigate 

whether abrupt shifts occurred in the fine-resolution zones that were not revealed by the 

TF results. Categories applied to the species of testate amoebae are shown in Table 7.3 

and results are illustrated in Figure 7.5. As a note of caution, de Jong et al. (2007) 

stated that whilst this approach was used to identify major hydrological shifts in the 

record, TF results did provide more information on short-term variability. 

Wet indicators Indifferent Dry indicators 

Amphitrema flavum Assulina seminulum Arcella catinus type 
Amphitrema stenostoma 
Amphitrema wrightianum 
Arcella artocrea 
Arcella discoides type 
Centropyxis aculeata type 
Difflugia lucida type 
Hyalosphenia elegans 
Hyalosphenia papilid 
Nebela carinata 
Nebela tubulosa type 
Nebela vitraea type 

Cyclopyxis arcelloides type 
Difflugia oblonga type 
Difflugia pristis type 
Euglypha tuberculata type 
Nebela parvula 
Nebela tincta 
Pseudodifflugia fascicularis 

Assulina muscorum 
Bullinularia indica 
Difflugia pulex 
Euglypha rotunda type 
Heleopera petricola 
Heleopera sphagni 
Heleopera sylvatica 
Hyalosphenia subflava 
Nebela collaris 
Nebela flabellulum 
Nebela militaris 
Trigonopyxis arcula type 

Table 7.3: Wetness categories for testate amoebae (sensit de Jong et al., 2007; additional information 
from Charman et al., 2000). 
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Notably, there are some differences in the degree to which abrupt changes are registered 
in the fine-resolution zones between the TF and wetness indicator results (Figure 7.5). 

Figure 7.5 illustrates that the three LIA zones are dominated by 'wet' species with little 
fluctuation, indicating relatively stable BSW conditions, despite variations in taxa. In 
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magnitude shift in reconstructed depth to water-table, is dominated by 'dry' species and 

again, indicates relatively stable conditions throughout the fine-resolution zone. In the 

3500 cal. BP zone at Fallahogy Bog, a high magnitude abrupt deterioration at ca. 3815 

cal. BP is indicated occurring over 4 samples, equivalent to 12 - 16 years (Table 7.1), 

that is not evident in the TF profile (Figure 6.63). During the 3500 cal. BP zones at 
Walton Moss and Dosenmoor, abrupt deteriorations are registered at ca. 3650 cal. BP 

and ca. 2850 cal. BP that are more abrupt (i. e. occurring over less samples from peak to 

trough) in the TF results. For example, at Dosenmoor the event occurs over five 

samples, equivalent to 4- 30 years in Figure 7.5, whereas in the TF results the event 

occurs over only three samples, equivalent to 2- 18 years in duration (Table 7.1). The 

major shifts in wetness indicators in the 1600-year record of de Jong el al. (2007) 

occurred over a range of ca. 35 - 70% and while those in the fine-resolution zones 

occur over a range of ca. 10 - 60%, a higher proportion of events are of an equivalent 

magnitude when compared to the TF results discussed above. 

Testate amoebae are sensitive indicators of palaeoenviromnental change (Section 2.5) 

and their rate of reproduction (10 - 27 generations per year; Cliarman, 200 1) ensures a 

rapid response to fluctuations in BSW. As stated in Section 2.5, Bobrov el al. (1999) 

identified that there may be an effect of Sphagnum species on testate amoebae 

assemblages but results from the fine-resolution zones indicate that this is not the case; 

changes in the abundance of Sphagnum taxa do not generally coincide with changes in 

testate amoebae (but see Section 7.3.4). Following the recommendation of Simmons el 

al. (1985) that the basic assumptions of the methods employed should not differjust 

because of the resolution used (Section 7.3), there is no evidence to indicate that tile 
fine-resolution testate amoebae records do not reflect a sub-decadal palaeoclimatic 

record. Further analysis of the co-variance of the testate amoebae results with the plant 

macrofossil and peat hurnification results is undertaken in Section 7.3.4. 

7.3.4 Multi-proxy results 
The extent to which the three proxy-records co-vary in the fine-rcsolution zones is 

highly variable. Over five of the nine events studied, there is reasonable agreement 
between all three proxies throughout each fine-resolution zone, based on the nornialised 
records shown in Section 6.5 (LIA at Walton Moss and Dosenmoor, 1400 cal. BP at 
Fallahogy Bog and Dosemnoor and 3500 cal. BP at Dosenmoor), although in two of 
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these zones, there are abrupt and short-lived changes indicated by one or more proxies 

that are not replicated by the others (LIA at Walton Moss and Dosenmoor). Over three 

of the *events studied, there is reasonable agreement between the plant macrofossil and 

peat hurnification records, while the testate amoebae indicate a different direction of 

change (1400 cal. BP event at Ffigelmossen and 3500 cal. BP event at Fallahogy Bog 

and Walton Moss). Conversely, over the LIA event at Ffigelmossen, the plant 

macrofossil and testate amoebae records are in agreement whilst there is a short-lived 

shift in the peat hurnification record in the opposite direction. Over all events, there is 

decadal-scale variability in the timing of shifts registered by the fine-resolution records. 

Section 2.6 highlighted the approach taken in previous research to addressing some of 

these differences by careful examination and cross-validation of the individual proxy 

evidence. Before a similar approach is considered in relation to the fine-resolution 

results, it is clear that in some cases, the statistical process of normalising the proxy- 

records can explain some of the variability exhibited. For example, during the 1400 cal. 

BP event at Fa5gelmossen, the peat hurnification and plant macrofossil records indicate a 

shift to warmer and/or drier conditions whereas the testate amoebae TF results suggest 

the opposite direction of change (Figure 6.60). Table 7.4 indicates that the two former 

records are the lowest magnitude of all sites/events and, in addition, the humification 

data may only relate to methodological error (Section 7.3.2). The testate amoebae data 

is more convincing with a gradual decrease in dry indicator H. pelt-icola and increase in 

hydrophilous A. wrightianum throughout the fine-resolution zone consistent with a wet- 

shift (Figure 6.59). When all three records are normalised to a common y-axis scale, the 

co-varying shifts in plant macrofossils and peat hurnification appear more significant 

whereas careful assessment of the evidence as above suggests that the testate amoebae 

are the most reliable wetness indicators in this instance. 

Secondly, during the LIA zone at Dosenmoor (Figure 6.52), the testate amoebae show a 
fluctuation of greater magnitude than the entire plant macrofossil or peat humification 

records at ca. 860 cal. BP (cal. AD 1090). However, Table 7.4 shows that this zone 

exhibits the lowest magnitude of change of all testate amoebae results and Figure 7.5 

confirms that the zone is dominated throughout by wet indicators. Indeed, Swindles el 

al. (2007b) stated that testate amoebae may be insensitive to hydrological changes under 

very wet conditions which is also supported by evidence from the other LIA zones 

289 



Total range in values within fine-resolution zone 

Event Site Plant macrofossils Peat hurnification Testate amoebae 
(Dupont WA score) (% light transmission) 

(Depth to water- 
table, cm) 

WLM 1.4 22.0 4.8 

LIA DSM 2.8 17.5 2.9 

FGM 1.2 11.6 5.1 

Event mean 1.8 17.0 4.3 

FGY 1.8 8.1 10.6 

1400 cal. BP DSM 1.4 13.1 4.9 

FGM 1.0 5.2 5.8 

Event mean 1.4 8.8 7.1 

FGY 2.1 19.5 13.0 

3500 cal. BP WILM 1.1 14.1 5.9 

DSM 4.1 13.0 6.3 

Event mean 2.4 15.5 8.4 

All mean 1.9 13.8 6.6 

Table 7.4: Comparison of the magnitude of change in all proxies over all events. Highest magnitude 
change of each proxy is highlighted in red. 

where the magnitude of change in reconstructed depth to water-table is relatively low 

(Table 7.4; Figure 7.5). Examination of the Dosenmoor LIA testate amoebae diagram 

(Figure 6.5 1) further reveals that the shift is related to minor changes in the proportions 

of A muscorum and A. flavum. In contrast, plant macrofossils exhibit a major switch 
from UOM to Sphagnum dominance which results in the climatic deterioration at ca. 
800 cal. BP (cal. AD 1150) and there is a high magnitude but gradual shift to cooler 

and/or wetter conditions indicated by the peat hurnification data. Careful assessment of 
the evidence in this way makes it clear that the process of normalising the three proxy- 

records has resulted in the apparent high magnitude shift in the testate amoebae record, 

which must be therefore be interpreted with caution. Indeed, the extent to which multi- 

proxy records can be cross-validated is somewhat limited by the inability to directly 

compare the magnitude of events. Recent work to develop a depth to water-table TF for 

plant macrofossils in Ireland (Mitchell et al., 2007) suggests this situation may improve 

in the future since these results could be directly compared to testate amoebae 

reconstructed water-table depth. 

Over the 3500 cal. BP event at Walton Moss, all three proxies indicate an abrupt 
deterioration within the ca. 160 year zone. The timing of the plant macrofossil and peat 
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humification shifts is overlapping; both occur between ca. 3600 - 3545 cal. BP although 

the humification shift is much more abrupt. The shift in the testate amoebae record 

occurs earlier in the zone from ca. 3660 - 3640 cal. BP. The lead of ca. 40 years could 

reflect the more rapid response rate of testate amoebae when compared to the other 

proxies. This is partly supported in the LIA zone at Walton Moss, where an abrupt and 

short-lived shift in testate amoebae precedes a similar change in the humification record 
by ca. 20 years, but is not generally supported in other fine-resolution zones, where 

shifts intestate amoebae may occur at the same time, or later than the other proxies. 
For example, in the LIA zone at Ffigelmossen, all three proxies indicate a climatic 
deterioration from ca. 320 - 290 cal. BP (cal. AD 1630 - 1660) although the shift in 

testate amoebae occurs ca. 10 years after the other two proxies., In other fine-resolution 

zones, most notably the 1400 cal. BP events at Fallaliogy Bog, from ca. 1780 - 1740 

cal. BP (cal. AD 170 - 210) and Dosenmoor from ca. 1400 - 1380 cal. BP (cal. AD 550 

- 570) and the 3500 cal. BP event at Dosenmoor from ca. 2860 - 2845 cal. BP, abrupt 

changes are indicated that are well-replicated by all three proxies with no discemable 

leads or lags between proxies. 

Swindles et al. (2007b) stated that discrepancies between proxies occurred where there 

was a marked dominance of robust taxon A. niuscot-uni which may have been a product 
of selective test preservation; this may partly explain the differences between the testate 

amoebae and other proxy records in the 3500 cal. BP zone at Fallahogy Bog, 'where A. 

muscorum is an abundant taxon. In addition, there is some evidence for an effect of 
Sphagnum species on testate amoebae in the 3500 cal. BP zone at Dosenmoor where the 

curve of A. flavitm closely matches that of S. papillostan; both species are indicative of 
wetter conditions. However, A. flavinn is a common species in fine-resolution zones 
without S. papillosum and during the 1400 cal. BP fine-resolution zone at 176gelmossen, 
both taxa are present without any obvious co-variance. Finally, as stated in Section 
6.5.3.1, evidence from the 3500 cal. BP zone at Fallahogy Bog argues against a plant 
macrofossil species signal in the hurnification data. This is supported by evidence from 

the LIA zone at Dosemnoor, where an abrupt change in plant macrofossils from UOM 
to Sphagnum dominance occurs. There is also a major shift in peat humification but 
this occurs more gradually throughout the entire zone and begins before the abrupt shift 
in macrofossils,, suggesting a lack of autocorrelation. 
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Previous authors have interpreted and analysed multi-proxy results and used the data to 

create composite records of palaeoclimatic change, which were then compared to pre- 

existing reconstructions (see Sections 2.6 and 6.2). The multi-proxy, fine-resolution 

figures throughout Section 6.5 each included a decadal composite record, which was 

simply an average of all data (see Section 6.5) and did not take into consideration any of 

the inconsistencies discussed above. However, since even re-evaluated versions of 

these records would remove much of the abrupt and short-lived variability exhibited by 

the individual proxies, thereby limiting the advantages gained by fine-resolution 

sampling, they are not used in the same manner here. Rather, the individual proxy 

records (see Figures 7.6 - 7.8 in Sections 7.4.2 - 7.4.4) are compared to other high- 

resolution palaeoclimatic data in Section 7.4, with an awareness of where certain results 

may be unreliable based upon the careful analysis of data presented in Section 7.3. The 

high degree of agreement exhibited by the three proxies in some fine-resolution zones 

(see above) further enhances confidence in those records as reliable palacoclimatic data, 

but it is clear that decadal-scale variability in leads and lags between proxies exists in 

some zones and that differences in the timing and direction of shifts are not always 

consistent between proxies. Based on the discussion presented in this chapter to date, it 

is concluded that the multi-proxy, fine-resolution records developed in this thesis call be 

interpreted as sub-decadal resolution palaeoclimatic data, however any conclusions 
drawn from these data in a palaeoclimatological sense must be made Xvith an awareness 

of the limitations inherent in them. 

7.3.4.1 Relation to skeleton diagrams 

Examination of the plant macrofossil profiles from both the skeleton and master cores 

reveals discrepancies between the nature of the climatic shifts defined in the skeleton 

and fine-resolution diagrams, although this is not always the case (see Sections 6.5.1.2 

and 6.5.1.3 where the two datasets match well over the LIA events at Dosenmoor and 
FAgelmossen). For example, the absence of major peaks in S. s. Cuspidata in the fine- 

resolution zones is particularly notable since several of the abrupt deteriorations in the 

skeleton cores were defined by shifts to cooler and/or wetter conditions indicated by 

peaks in this taxa. At Walton Moss, there were peaks in S. s. Cuspidata during the LIA 

and 3500 cal. BP events (Figure 6.19) however the taxa is almost absent from the fine- 

resolution diagrams (Figures 6.49 and 6.64). A climatic deterioration was indicated 

over the 1400 cal. BP event at Dosenmoor in the skeleton core, although the fine- 
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resolution analyses suggested the opposite direction of change (Section 6.5.2.2). 

Finally, the 1400 cal. BP fine-resolution zone at Ffigelmossen was defined by a major 

change in peat forming taxa and shift in humification in the skeleton core which had 

been previously identified at the site by Borgmark and Wastegard (2005). However, 

this was not evident in the fine-resolution analyses with all proxies exhibiting a low 

magnitude of change (see Figure 6.61 and Section 6.5.2.3). 

Two possible explanations exist for the fine-scale variability between the closely spaced 

skeleton and master cores (Section 3.2.1). Firstly, methodological error in the coring 

procedure may have resulted in slight variation in the actual depths under investigation 

if there was error in the depth from which individual core sections were taken in relation 

to the bog surface. However, every effort was made in the field to minimise this and 
furthermore, standardised fieldwork practices were applied at each site, meaning that if 

methodological error existed, it would be systematic through all sites/events, which, as 
discussed above, is not the case. The second possible explanation is that fine-scale 

variations in microtopography existed within the coring zones at some sites and depths. 

This would account for the differences between the plant macrofossil results and, as 

such variations could conceivably vary with depth, could explain the inconsistency with 

which this problem is encountered. Variations in microtopography could be assessed by 

replication of fine-resolution results in a number of closely spaced cores, however this 

was not undertaken here because of the focus away from replicate coring in the 

methodology for this thesis (see Sections 2.1.2 and 7.6). Given the question marks this 

potential source of error raises over the reliability of the changes represented in the fine- 

resolution zones, an attempt to quantify it through replicate coring (sensu Charman, 

2007a; see also Charman et al., 1999) is recommended for future fine-resolution 

research. Finally, it is interesting to note that de Klerk et al. (2007) identified short- 
lived pollen fluctuations in fine-resolution samples that were not present in a coarser 

resolution analysis and stated simply that the fine-resolution changes reflected those that 

were not registered at the wider depth interval. 

Z4 Comparison of the fine-resolution records 
Sections 7.2 and 7.3 analysed the fine-resolution results in relation to the primary nit-a of 
this thesis (Section 1- 1) and concluded that, with due awareness of the limitations 
inherent in the data, they may be considered indicative of sub-decadal palacocliniatic 
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change. In Sections 7.4.2 - 7.4.5, the fine-resolution results are considered in relation 

to the second, climatological, aim of this thesis, namely to investigate in detail key 

abrupt climate events in the late-Holocene. Before results from the LIA, 1400 cal. BP 

and 3500 cal. BP zones are considered, the results of the quantitative correlation of fine- 

resolution data with an instrumental climate record are interpreted (Section 7.4.1). 

Sections 2.7.3 - 2.7.5 highlighted the coincidence in timing between diverse 

palaeoclimatic records, including peat-based studies, relating to the events of interest to 

this thesis. It is not intended to repeat that here; rather, the abruptness and timing of 

change in a range of palaeoclimatic archives of comparable resolution to those in this 

thesis (Table 7.5) will be investigated to determine whether the. abrupt and short-lived 

shifts registered in the fine-resolution zones reflect changes that occurred over a wide 

spatial scale; the choice of these records was largely governed by their public 

availability. Fine-resolution records cannot be compared on an inter-site basis due to 

the lack of contemporaneity between zones related to the same event but 14 C dates are 

plotted on Figures 7.6 - 7.8 to illustrate the potential flexibility in these zones (see also 

Figure 7.2). Comparison of records is qualitative since the dating resolution does not 

permit more rigorous statistical methods to be confidently applied (Sections 2.8.3 and 

7.2). In undertaking any qualitative comparison of palaeoclimatic data, the limitations 

of such an approach, for example individual proxy-effects, regional climate variability 

and the limitations of the fine-resolution results (in terms of the number of available 

datasets and the duration of these) must be taken into account (see Section7.4.5). In 

addition, the divergence in timing of the abrupt events studied in this thesis from 

apparent synchroneity in the skeleton diagram phase to a lack of overlap in the fine- 

resolution phase revealed the extent to which non-synchronous events may be subject to 

'suck in and smear' (Baillie, 1991) when sites are compared by 'eye-balling' through 

uncertainty in chronological control. Compilations of the timing of abrupt wet-shifts in 

peat records illustrated that events are often clustered into groups over periods of up to 

ca. 500 years (Hughes et al., 2000; Barber and Charman, 2003; Barber el al., 2003; 

2004a). Whilst the fine-resolution zones studied in this thesis rarely overlap in time 

(see Figures 7.6 - 7.8), it is likely that they would have been grouped together as the 

same event if studied at coarser resolution; the issue of whether the abrupt shifts are 

separate events or lagged responses to the same forcing will therefore be considered. 
Individual fine-resolution events are omitted from comparison with other high- 
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resolution palaeoclimatic data where previous analysis revealed considerable concern 

over the validity of the results; i. e. the 1400 cal. BP event at FAgelmossen. 

Reference Proxy Region Reconstructed 
climate parameter 

Length of 
record 

Temporal 
resolution 

Johnsen et al. (1997) GRIP ice Greenland Temperature Full 
H l cene 

1-4 years 
core o o 

Briffa (2000) Tree-rings Northern 
hemisphere Temperature 2000 years Annual 

Grudd eta/. (2002) Tree-rings Northern Sweden Summer 
temperature 7400 years Annual 

Grudd (2008) Tree-rings Northern Sweden Summer 
temperature 

1500 years Annual 

Moberg et al. (2005) Various Northern 
Hemisphere Temperature 2000 years Annual 

Proctor et a/. (2000) Speleothem Northern Scotland Mean annual 
precipitation 

1000 years Annual 

Proctor et al. (2002) Speleothem Northern Scotland Precipitation 3600 years Annual 

Pauling et al. (2006) Various Europe Annual 
precipitation 

500 years Annual 

Table 7.5: High-resolution palaeoclimatic datasets used in comparison with fine-resolution results 
(see Sections 7.4.2 - 7.4.4). 

7.4.1 Comparison with instrumental climate data 

Results of the comparison of instrumental data, %vith multi-proxy, fine-resolution results 

from FAgelmossen are presented in Section 6.5.4 and the age-depth model upon which 

the correlations are based is discussed in Section 5.5.4.1. Despite problems With 2 1OPb 

and 137 Cs dating, there was good dating resolution; the age-depth model was based on 
four datable points within 18 cm, derived from a well-defined SCP curve (Section 

5.3-2-4) and the Askja AD1875 tephra. layer (Section 5.2.3.2). Correlation coefficients 

were generally higher between every sample and averaged meteorological data than 

between non-averaged climate data and annual values for the proxy-climate data (see 

Section 6.5.4.1 and Table 6.6) but in both cases, there were no statistically significant 

relationships. Correlation coefficients were higher when data was averaged to remove 

short-term variability; between decadally averaged proxy-climate and meteorological 
data there were statistically significant relationships with precipitation values and 

annual temperature. In previous studies (Charman et al., 2004; Sclioning el al., 2005), 

correlations were performed on decadally averaged data to rcflc*ct chronological 
uncertainty and the results presented here indicate that, despite the relatively high 

degree of chronological control achieved, the lack of significant relationships between 
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non-averaged datasets may reflect chronological uncertainty. However, the statistically 

significant correlations evident in the decadally averaged datasets for all proxies 

indicate that a climate signal is evident in the fine-resolution data, strengthening the 

conclusions drawn in Section 7.3. In the case of the peat huniffication and testate 

amoebae records, using a 10 or 20 year lag generally reduced the strength of the 

correlations, however plant macrofossils showed the highest signiflcant correlation with 

annual precipitation lagged by 10 years (-0.726). The correlation between plant 

macrofossils and annual temperature with a 10 year lag was also of a similar magnitude 

(-0.724). Peat huniffication and testate amoebae results showed the highest statistically 

signiflcant correlations with annual precipitation (peat huniffication -0.872; testate 

amoebae -0.801), although, more so with the peat hurnification data, correlations with 

summer and warm period precipitation were still significant (summer precipitation - 
0.709; warm period precipitation 0.730). Correlations with temperature parameters 

were generally lower and not statistically significant, although for plant macrofossils 

and testate amoebae, correlations with annual temperature (decadal means) were 

significant and similar to those reported previously (Schoning el al., 2005; testate 

amoebae 0.598; plant macrofossils -0.613). Irrespective of temperature or precipitation, 

there were more statistically significant correlations with annual values than with 

summer or warm period values for all proxy-climate methods. ' 

Results from the instrumental data comparison partly support the findings of similar 

previous studies (Charman et al., 2004; Schoning et al., 2005; Charman 2007a). These 

compared testate amoebae and instrumental climate data in both oceanic and continental 

settings and hypothesised that summer precipitation was the primary driver of the peat 

record at oceanic sites with summer/annual temperature increasingly important (but still 

subsidiary to precipitation) in continental areas (although Schoning el al., 2005 found 

no significant relationship to precipitation in eastern Sweden). The results presented in 

Section 6.5.4 and discussed above indicated that while annual precipitation was the 

primary driver of the FAgelmossen record, correlations with annual temperature (using 

decadal means of the proxy-climate and meteorological data) were of a similar 

magnitude to those reported from other continental sites with similar climate data (see 

above). However, certain results suggest that the spatial variability in the relationship 
between BSW and climate may be more extensive than previously hypothesised. For 

example, the correlation coefficients between decadal means of proxy-climate and 
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summer temperature data were notably low when compared to the dataset as a whole 
(peat hurnification 0.000; testate amoebae -0.111; plant macro fossils -0.07 1). Inthat 

respect, the Ffigelmossen results do lend support to the finding of Schoning el al. (2005) 

that summer and growing season conditions do not drive BSW in Sweden, however to 

some extent this is counter-intuitive given that low average temperatures result in sites 
in the region being frozen throughout much of the winter (Table 7.6). Schoningetal. 

(2005) also concluded that the lack of a response to precipitation in sites in eastern 
Sweden was a function of generally low rainfall in the study area and the subsequent 

suboptimal conditions for peat growth, in addition to relatively low rainfall variability 

over the comparison period. This is partly supported here; climate parameters between 

the sites are generally similar (Table 7.6) but total annual precipitation values are far 

more variable in the Karlstad data (range of values over compa . nson period = ca. 650 

mm, as opposed to ca. 150 mm from Uppsala). This may account for the much stronger 

correlations between annual precipitation and all proxies, but especially peat 
hurnification and testate amoebae, at Ffigelmossen. Finally, Charman (2007a) 

concluded that BSW records specifically reflected antecedent periods of 5- 10 years of 
the length and intensity of the summer water-table deficit period. This is partly 

supported by Hughes et al. (in prep. ), who compared meteorological and peat 
humification data from an ombrotrophic bog in Newfoundland, Canada and found the 

strongest correlation with annual temperature once a five year lag was introduced. With 

the exception of the plant macrofossil data (see above), introducing a lagged response to 

the fine-resolution proxy-climate data reduced the significance of the correlations with 

most, but not all, climate parameters. In particular, the correlation coefficient between 

peat humification and summer temperature (decadal means) with no lag was 0.000 

whereas when a ten year lag was introduced, this increased to 0.586 (but not statistically 

significant), suggesting that this proxy at least may react quicker to the "spatially and 

Oceanic Continental 
N. England Estonia E. Sweden Fhgelmossen 

Annual precipitation (mm) 866 657 568 639 
JJA precipitation (mm) 186 
DJF precipitation (mm) 254 
Annual temperature (OC) 9.47 

229 188 190 
123 115 124 
4.47 5.23 5.70 

JJA temperature ("C) 15.32 15.21 15.03 15.54 
DJF temperature (OC) 4.07 -6.00 -4.08 -3.70 
Table 7.6: 1961 - 1990 average climate data from FAgelmossen and other sites used for instrumental dntn 

comparisons in previous studies (see text for references). 
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temporally incoherenf 'precipitation signal (Barber and Langdon, 2007) whereas 

temperature variability takes longer to influence peat humification through its effect on 

evapotranspiration. Indeed, it may be hypothesised that since precipitation is more 

variable on short time-scales, the highest correlations would be expected between this 

climate parameter and the fine- resolution palaeoclimatic data; this is supported by the 

results presented here. In addition, peat hurnification and testate amoebae, which were 

most strongly correlated with annual precipitation with no lag are likely to exhibit a 

quicker response to BSW fluctuations than plant macrofossils, which were most 

strongly correlated with annual temperature when a ten year lag was introduced. 

The statistically significant correlations reported between the fine-resolution results and 

climate parameters lend support to the notion that a climate signal is present in those 

data (Section 7.3), however correlations were only significant when decadal means of 
both datasets were used, possibly reflecting chronological uncertainty. Comparison 

with meteorological data was performed on multi-proxy data which was an advance on 

previous studies which have focussed on either testate amoebae or peat humification 

records. Results partly supported the conclusions of previous studies with regard to the 

primary drivers of the peat record in oceanic and continental regions, but also indicated 

greater regional variability than previously hypothesised. 

7.4.2 Little ke Age 

Multi-proxy, fine-resolution results within the LIA zones are illustrated in Figure 7.6 

and have not been combined into composite records following the conclusion drawn in 

Section 7.3.4. Given the date of the fine-resolution zone at Dosenmoor (920 - 735 cal. 
BP/cal. AD 1030 - 1215), it is questionable whether these shifts should be considered 

as part of the LIA since they fall outside of the widest temporal definition of the period 
discussed in Section 2.7.3 (AD 1250 - 1850; Jones and Mann, 2004) and occur before 

the earlier phase of climatic deterioration identified by Barber et al. (2004b; AD 1300 - 
1500). Examination of the skeleton peat humification and plant macrofossil results 
from Dosenmoor (Section 6.2.4) reveals that no abrupt wet-shifts occurred higher in the 

profile than those studied at fine-resolution. The age-depth model (Figure 5.35) 
indicated the slowest accumulation rate of all fine-resolution zones between the 14C 

dates at 47 and 57 cm and the lowest SCP date at 17 cm (see Table 6.7). Previous 

research from the site has also indicated a dramatic slowing of accumulation in the 
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uppermost peats (Barber et al., 2004a). Field observations suggested some drying 

and/or shrinkage of near-surface peats may have occurred (Section 4.4), suggesting that 

the LIA signal at the site may be hampered by the anthropogenic disturbance that has 

taken place, although Barber et al. (2004a) did identify the "first pulse of the LIA" at 

ca. 600 cal. BP (cal. AD 1350), indicating either differences in microtopography or 

chronological uncertainty between the two cores used (see also Section 7.3.4.1). 

Nevertheless, there is some correspondence between the high-resolution palaeoclimatic 

records (Table 7.5) and the climatic deteriorations shown in the plant macrofossil (810 - 
740 cal. BP/cal. AD 1140 - 1210) and peat humification (880 - 765 cal. BP/cal. AD 

1070 - 1185) records at Dosenmoor. The northern Scottish speleothem record of 
Proctor et al. (2000), reflecting variations in the strength of the 'winter North Atlantic 

Oscillation (NAO), indicates a major increase in mean annual precipitation from ca. 880 

- 860 cal. BP (cal. AD 1070 - 1090). The northern hemisphere composite tree-ring 

record of Briffia (2000) indicates declines in temperature from ca. 845 - 825 cal. BP 

(cal. AD 1155 - 1125) and 760 - 740 cal. BP (cal. AD 1190 - 1210) and the northern 
Swedish tree-ring record of Grudd (2008) indicates cooling from ca. 850 - 820 cal. BP 

(cal. AD 1100 - 113 0). There is an abrupt reduction in stable isotope 8180 values, a 

proxy for temperature, in the GRIP ice core (Johnsen el al., 1997) from ca. 815 - 795 

cal. BP (cal. AD 1135 - 1155). Finally, the northern hemisphere temperature record of 
Moberg et al. (2005), derived from lake and ocean sediment records in addition to tree- 

ring data, indicates a decline in temperature from ca. 845 - 820 cal. BP (cal. AD 1105 - 
1130). Despite sub-decadal resolution, the changes recorded in the fine-resolution 
Doseninoor LIA results persist throughout much of the zone an 

'd 
therefore the shifts in 

the annual resolution archives appear short-lived in comparison. 

In contrast to the Dosenmoor event, the LIA fine-resolution zones at Walton Moss (405 
320 cal. BP/cal. AD 1545 - 1630) and Ffigelmossen (335 - 250 cal. BP/cal. AD 1615 
1700) fall within the LIA as traditionally defined (Section 2.7.3), although both occur 

too early for comparison with long instrumental climate records such as the Central 
England Temperature Series (Manley, 1974). Within the temporal limits of the fine- 

resolution zones, the highest magnitude increase in precipitation in the record of Proctor 

et al. (2000) occurs from ca. 340 -3 10 cal. BP (cal. AD 1610 - 1640). In contrast, the 
European precipitation reconstruction of Pauling el al. (2006) indicates the two driest 
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years at 281 cal. BP (cal. AD 1669) and 264 cal. BP (cal. AD 1686) although there is a 

persistent increase in wetness from ca. 315 - 285 cal. BP (cal. AD 1635 - 1665). 

Northern hemisphere tree-rings (Briffa, 2000) indicate a decrease in temperature from 

ca. 385 - 360 cal. BP (cal. AD 1565 - 1590) and rapid warming from ca. 310 - 290 cal. 

BP (cal. AD 1640 - 1660) followed by cooling from ca. 290 - 270 cal. BP (cal. AD 

1660 - 1680). Within the Ffigelmossen fine-resolution zone, an extreme cold year 

occurs at 252 cal. BP (cal. AD 1698). The northern hemisphere temperature record of 

Moberg et al. (2005) indicates the coldest year in the 2000 year record at 371 cal. BP 

(cal. AD 1579) within an abrupt deterioration from ca. 385 - 370 cal. BP. (cal. AD 1565 

- 1580). Finally, the northern Swedish tree-ring record of Grudd (2008) indicates 

persistent cooling from ca. 390 - 345 cal. BP (cal. AD 1560 - 1605). 

While the above testifies that abrupt deteriorations occur in other high-resolution 

palaeoclimatic archives that are coincident with the Walton Moss and Ffigelmossen 

fine-resolution zones, the exact timing of shifts ivithin the zones is not as consistent. 
For example, in the Walton Moss peat humification record there is an abrupt shift to 

cooler and/or wetter conditions indicated from ca. 325 - 320 cal. BP (cal. AD 1625 - 
1630) that is contemporary with only two of the shifts identified above. However, 

given the chronological uncertainty in the absolute dating of the fine-resolution zones, 

regional variability of the LIA (Section 2.7.3) and variations in the response of different 

proxies to diff6rent climatic parameters, it is questionable whether exact correspondence 

of climatic deteriorations between the palaeoclimatic records under investigation is a 

reasonable expectation. For example, Pauling et al. (2006) used tree-ring data in their 

European precipitation reconstructions but stressed that some records were sensitive to 

winter precipitation and others to spring or summer precipitation. By contrast, Grudd el 

al. (2002) and Grudd (2008) found that tree-rings from northern Sweden were positively 

correlated with summer temperature but had no significant correlation to precipitation. 
In addition, all of the tree-ring chronologies used in the northern hemisphere composite 

record of Briffa (2000) were also sensitive to summer temperature. BSW records reflect 

changes in effective precipitation, equal to precipitation minus evapotranspiration, the 

latter of which is controlled primarily by temperature. Whilst there is debate over 

which of these climatic parameters is the dominant driver of the peat record (see Section 

7.4.1), it is clear that a mixed climate signal is derived from bog records (both in terms 

of summer/winter/annual as well as precipitation/temperature). The extent to which the 

301 



different proxy records considered in Sections 7.4.2 - 7.4.4 (Table 7.5) are forced by the 

same widespread changes in palaeoclimate is therefore variable although records such 

as those developed by Moberg et al. (2005) or Pauling et al. (2006) do reflect changes 

registered in a wide range of proxy evidence, partly removing individual proxy effects. 

7.4.3 1400 cal. BP 

Multi-proxy, fine-resolution results within the 1400 cal. BP zones are illustrated in 

Figure 7.7. As stated in Section 7.4, results for this event from Ffigelmossen will not be 

compared to other high-resolution palaeoclimatic archives since there is concern over 

the validity of the data. It is interesting to note, however, that the fine-resolution zone, 

in addition to that from Dosenmoor, encompasses the major changes identified in 

Section 2.7.4 as occurring at ca. 1410 cal. BP (cal. AD 540), and that the Fagelmossen 

skeleton diagram exhibited major changes in plant macrofossil composition and peat 
humification at approximately this age (Section 6.2.5). The Dosenmoor fine-resolution 

zone is dated to ca. 1420 - 1380 cal. BP (cal. AD 530 - 570) but also exhibits no sign of 

this dramatic event, although the skeleton diagram again indicated an abrupt and short- 
lived change (Section 6.2.4). Rather, all three fine-resolution proxies indicated a shift to 

warmer and/or drier conditions. This is not supported by the tree-ring records of Briffa 

(2000) or Grudd et al. (2002) which both indicate deteriorations to extreme low values 

at ca. 1410 cal. BP (cal. AD 540), although from ca. 1410 - 13 80 cal. BP (cal. AD 540 

- 570) temperatures do increase from these low points. The no ' rthern hemisphere 

temperature record of Moberg et al. (2005) also indicates a shift to cooler conditions 

throughout the DSM fine-resolution zone and there is an abrupt reduction in 8180 values 
in the GRIP ice core from ca. 1400 - 1380 cal. BP (cal. AD 550 - 570) indicating a 
decrease in temperature (Johnsen et al., 1997). 

Within the Fallahogy Bog fine-resolution zone (1810 - 1645 cal. BP/cal. AD 140 - 
305), a climatic deterioration is registered from ca. 1780 - 1740 cal. BP (cal. AD 170 - 
210) that is extremely well-replicated in' all three proxies (Figure 6.56). Northern 
hemisphere temperatures (Moberg et al., 2005) decline from ca. 1795 - 1775 cal. BP 
(cal. AD 155 - 175), which partly overlaps with Fallahogy Bog shift but from ca. 1775 

cal. BP (cal. AD 175) onwards the record is variable with no clear trend. The northern 
hemisphere tree-ring record of Briffla (2000) indicates a climatic deterioration from ca. 
1790 - 1780 cal. BP (cal. AD 160 - 170) followed by an increase in temperatures 
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throughout the rest of the fine-resolution zone. There are a number of short-lived 

declines in northern Swedish summer temperature (Grudd el al., 2002) within the 

Fallahogy Bog fine-resolution zone from 1810 - 1800,1725 - 1715 and 1690 - 1680 

cal. BP (cal. AD 140 - 150,225 - 235 and 260 - 270) although none correspond with 

that identified in the peat record. There is little variation in spelcothem bandwidth 

through any of the 1400 cal. BP fine-resolution zones (Proctor el al., 2002) indicating 

relatively high but stable precipitation in Scotland and the wider North Atlhntic region. 

7.4.4 3500 cal. BP 

Multi-proxy, fine-resolution results from the 3500 cal. BP zones are illustrated in Figure 

7.8. However, only a limited number of the high-resolution records in Table 7.5 extend 

to ca. 4000 cal. BP, limiting the extent to which comparisons with the fine-resolution 

data can be made. This is partly a indication of the smaller number of millcnnial-scale 

palaeoclimatic archives but also reflects the impetus behind many palacoclimatic 

records covering the last ca. 2000 years, which were developed to place recent climate 

change in a longer term context rather than to investigate Holocene climate change in a 

more general sense (e. g. Moberg et al., 2005). The spelcothern record of Proctor el al. 
(2002) extends to 3600 cal. BP, covering only the Dosenmoor fine-resolution zone in its 

entirety. The period 2930 - 2845 cal. BP is one of fluctuating bandwidth values, with 
high values reflecting an increased growth rate caused by a decline in precipitation. In 

particular, there is a decrease in growth rate, indicating an increase in precipitation, 
from ca. 2855 - 2845 cal. BP, which coincides with a well replicated (between proxies) 

climatic deterioration in the Dosenmoor fine-resolution zone from ca. 2860 - 2845 cal. 
BP (Figure 6.67). Decreases in temperature are indicated in the northern Swedish tree- 

ring record of Grudd et al. (2002) from ca. 2855 - 2835 cal. BP, which also coincides 

with the Dosenmoor multi-proxy shift, and from ca. 2895 - 2885 cal. BP which occurs 

within the Dosemnoor fine-resolution zone, but is not coincident with a shift in any of 
the bog proxies. Abrupt and short-lived decreases in temperature from Grudd el al. 
(2002) from ca. 3800 - 3790 cal. BP and ca. 3640 - 3620 cal. BP are also present 

within the Fallahogy Bog and Walton Moss fine-resolution zones, although only the 
latter coincides with a climatic deterioration as indicated by a bog proxy (in this case 
testate amoebae). The high-resolution GRIP ice core data (Johnsen el al., 1997) reveals 

only a number of low magnitude fluctuations in 8180 values, with no major changes 
indicated in any of the 3500 cal. BP fine-resolution zones. 
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7.4.5 Summary of comparison ivith high-resolution dalasels 

A qualitative comparison of the sub-decadal resolution palaeoclimatic changes 

registered in the fine-resolution zones in this thesis with abrupt'and short-lived climatic 
deteriorations (i. e. increases in reconstructed precipitation or decreases in reconstructed 

temperature) registered in tree-ring, speleothem and ice core records in north-west 
Europe (Table 7.5; see Sections 7.4.2 - 7.4.4) has revealed that while there was some 

correspondence between the records, these relationships were not consistent between 

either sites, proxies or events. A similar approach has been applied consistently in peat- 
based research over recent years to compare lower resolution (i. e. decadal to centennial 

scale) records with some success, although the limitations of this have been highlighted 

(e. g. Blaauw et al., 2007). However, it is clear thatwhen sub-decadal resolution 

palaeoclimatic records are compared, a qualitative comparison of the timing of short- 
lived shifts is more limited in the extent to which conclusions may be drawn on, for 

example, the co-variance of records and potential climate forcing mechanisms behind 

this. For example, Section 7.4.2 highlighted coincidence in timing of wet-shifts 
between the northern Scottish speleothem record of Proctor el al. (2000) with LIA fine- 

resolution zones at all sites. Proctor et al. (2000; 2002) stated that stalagmite growth 

was primarily linked to the NAO, although a possible link, to solar output was 
implicated. Section 7.3.2.1 indicated that fine-resolution peat humification data 

exhibited a ca. 11 year periodicity, suggesting that solar forcing of the bog record 
operates at decadal as well as centennial to millennial time-scales (see Section 2.7.1.1). 
Solar variability therefore provides a potential link between the two records, although in 

order to better examine such palaeoclimatological aspects of the data, the need for 
longer, regionally replicated, fine-resolution peat records with more robust 
chronological control that would permit the application of statistical methods to 

examine the relationships between palaeoclimatic datasets is highlighted. The 
development of such records in this thesis was not possible due to time and latterly, 
dating provision issues (Section 7.6). 

Sections 7.4.2 - 7.4.4 have also permitted a comparison of the abruptness of climatic 
changes between the peat-based and other high-resolution datasets and it is evident that, 
despite increased temporal resolution in the peat records, climatic deteriorations 

generally persisted for longer than in the tree-ring, speleothem and, in particular, ice 

core records examined; notably, the GRIP ice core data examined (Johnsen el al., 1997) 
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was of comparable resolution to the peat humification and testate amoebae records in 

most fine-resolution zones (Tables 6.7 and 7.5). Significant short-lived shifts (deffiled 

by several samples and lasting ca. 5- 20 years) were present in peat humification and 

testate amoebae data (e. g. Figures 6.50,6.56 and 6.65) although trends to cooler and/or 

wetter or warmer and/or drier conditions often persisted for longer than this (e. g. 

Figures 6.52 and 6.58). This may suggest that peat stratigraphy is not sensitive to, or 

smoothes, the high-frequency variability evident in annual ly-resolved palacoclimatic 

archives and that further increases in sampling resolution to those applied in this thesis 

would not enhance the resultant palaeoclimatic data, although such a hypothesis would 

require formal testing that was not possible here because of methodological restraints 
(Section 7.6). 

The second, climatological aim of this thesis was to investigate in detail key abrupt 

climate events in the late-Holocene (see Sections 1.2 and 2.7.2), building on the work of 

previous research that studied these events at coarser resolution. Examination of the 

peat-based publications discussed in Sections 2.7.3 - 2.7.5 reveals that even the most 

abrupt events identified persisted for ca. 50 - 100 years with some wet-shifts lasting up 

to ca. 200 years. The fine-resolution results presented in this thesis clearly show that 

abrupt events are registered in peat stratigraphy that are significantly more short-lived 

than this (see above) indicating that the lower resolution employed in previous peat- 
based studies has made rapid shifts appear longer, rather than bogs acting as 'low-pass 

biological filters' (sensu Aaby, 1976) to smooth events temporally with a lagged 

response (Section 2.7.4). However, the lack of contemporaneity between fine- 

resolution zones of the same event between sites (Figures 7.6 - 7.8) means it is not 

possible to assess whether rapid change is characteristic of a particular event over a 

wide spatial scale. This leads to the question of whether the lack of contemporaneity 
between fine-resolution zones indicates lagged responses between sites to the same 
forcing or event, whether each 'event' is characterised by a number of abrupt shifts 

within a period of time (this is true of the LIA although the 1400 cal. BP and 3500 cal. 
BP events are considered to be individual shifts) or whether fine-resolution zones 

represent separate events. 

Over the LIA and 3500 cal. BP events, the Dosenmoor fine-resolution zones occurred 

significantly earlier and later respectiYely than those from the other sites investigated. 
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The difference in timing for the LIA zone has already been considered (Section 7.4.2). 

The 3500 cal. BP fine-resolution zone at Dosenmoor was dated to ca. 2930 - 2845 cal. 

BP and it is therefore likely that this should be considered as a separate event, since 

even compilations based on coarser resolution studies only grouped shifts within the 

range 3850 - 3020 cal. BP (e. g. Hughes et al., 2000; Barber et al., 2003; 2004a). In all 

cases, wet-shifts ca. 2900 cal. BP were grouped with those relating to a well-studied 

shift ca. 2700 cal. BP (e. g. van Geel et al., 1996; Swindles et al., 2007a; see Section 

2.7.2). Examination of the skeleton diagram results from Dosenmoor reveals that a 

climatic deterioration occurred from 456 - 448 cm in both proxies (fine-resolution zone 

was 410 - 402 cm) that may have been more relevant, although examination of the age- 

depth model (Figure 5.37) suggests that a date of 3500 cal. BP would occur at ca. 420 

cm, at which point both proxy methods indicate a shift to warmer and/or drier 

conditions; it is therefore questionable whether evidence for the 3500 cal. BP event is 

present in the Doserimoor core. Of the fine-resolution zones that overlap and/or are 

closely spaced in time, it is interesting to note that sites at the oceanic end of the 

climatic transect occur before the continental sites. For example, the Walton Moss LIA 

fine-resolution zone overlaps with that from Ffigelmossen but begins ca. 70 years 

earlier, while the Fallahogy Bog 1400 cal. BP fine-resolution zone precedes those from 

Fagelmossen and Dosenmoor by ca. 200 years. Previous research has identified that 

oceanic sites may respond quicker to changes in effective precipitation and therefore it 

may be hypothesised that in the above cases, all sites are responding to the same forcing 

or event but that the changes take longer to influence the relative abundance of bog 

species and the degree of peat humification at continental sites; this is discussed further 

in Section 7.5. 

7.5 Role of the cliniatic transect 
As discussed in Section 4.1.1, the study sites for this thesis were located oil an oceanic - 
continental climate transect across north-west Europe to allow an assessment of the 

effect, if any, of prevailing climate on fine-resolution peat-based palacoclitrintic records. 
Previous research has suggested that proxy-climate records from continental bogs are 
less sensitive to climate change (i. e. record a lower number of shifts) than those from 

oceanic settings, and that differences exist in the extent to which BSW records reflect 
temperature and/or precipitation variability in oceanic and continental settings (Section 

7.4.1; Haslarn, 1987; Charman et al., 2004; Charman, 2007a). In addition, Matiquoy 
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and Barber (2002) investigated the water balance, size and shape of bogs in northern 
England and the Scottish Borders and concluded that those without summer water 
deficits exhibited greater palaeoclimatic sensitivity due to the optimal growth conditions 
for Sphagnum. Specifically, Haslarn (1987), who studied 17 sites along a similar north- 

west European climate transect stated that 'wet' (i. e. oceanic) sites displayed limited 

ability to absorb increases in effective precipitation and would initiate unhurnificd peat 
formation in the early stages of a climatic deterioration, whereas 'dry' (i. e. continental) 

sites had larger storage capacities and would therefore cross threshold levels much later 

(if at all) in a deterioration. Mauquoy and Barber (2002) also proposed that sites with a 

summer water deficit may accumulate at a slower rate, making them potentially less 

suitable for fine-resolution analysis. 

Modem climate data and Continentality Index calculations from all sites illustrated a 

clear split in degree of continentality (Chapter 4). In the west, the water balances for 

Fallahogy Bog and Walton Moss (Figures 4.7 and 4.9) showed comparatively low and 

short duration summer water deficits, whereas those for Dosenmoor and I'Agelmossen 
(Figures 4.12 and 4.16) illustrated that summer water deficits were longer and 
approximately three times more extreme, suggesting less optimal growth conditions for 

Sphagnuni. A straightforward comparison of the sites in tcrins of the number and 
timing of shifts recorded is not possible, since each skeleton diagram was developed 

using variable sampling resolutions to focus on particular events, leading to an 
inevitable bias in any comparison of the number of shifts recorded. In order to examine 
potential differences along the transect, skeleton diagram plant macrofossil data from all 
sites have been subjected to grouped DCA analyses. Firstly, individual site data were 
stacked vertically using all sampled depths with each taxon occurring in more than one 
profile included in the ordination (Figure 7.9A). As well as providing the opportunity 
to compare the ordination space in which the sample scores for cach site fall, this 
analysis has also been used to feedback on the reliability of the original DCA 

ordinations (Section 6.2) since each taxon is described from its occurrence at two or 
more sites (see below). Secondly, sites were stacked horizontally using consistent 
sample depths (16 cin resolution; Figure 7.913) in order that the position of each taxon 
along axis one could be compared between oceanic and continental sites. Results are 
illustrated in Figures 7.10 and 7.11. 

309 



A Taxon a .. . Taxon b ... Taxon c ... taxa continue 
FGY 
(all depths) # # # # 

WILM i 

(all depths) # # # # 

DSM I 

(all depths) # # # # 

FGM I 

(all depths) # # # # 

FGY taxa - WLM taxa - DSM taxa - FGM taxa 

0 cm # # # # 
16 cm # # # # 

32 cm # # # # 

48 cm # # # # 

64 cm # # # # 

... depths continue ... 

Figure 7.9: Schematic illustration of the layout of data in the two stacked DCA ordinations 
(A - vertically stacked, B- horizontally stacked). 
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Figure 7.10: DCA axis one and two biplot from vertically stacked ordination of all study sites 
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Figure 7.11: DCA axis one and two biplot from horizontally stacked ordination of all study sites 

Figure 7.10 illustrates that sample scores from all sites occur within ca. 2.5a along axis 

one, indicating a lack of significant separation (see Section 3.5.2). All sites overlap 

with each other and there is no clear separation between sites at the oceanic and 

continental ends of the transect, although mean values for each site are ordered along 

axis one from west to east in line with increasing Cl scores (Table 4.1). Inaddition, 

Fallahogy Bog and Fdgelmossen are the least overlapping sites and also the most widely 

separated in terins of Cl results (Table 4.1) but significantly, the mean values for all 

sites, used by Haslam (1987) to discern clusters of sites relating to different chniatic 

regions, are separated by less than Ia along the water-table gradient. 

Figure 7.11 shows the biplot of axes one and two scores from the horizontally stacked 

ordination and illustrates the position that taxa are plotted on the water-table gradient ill 

relation to other sites. Individual taxa are colour coded and each site plotted with a 
different symbol. The majority of taxa occur within a relatively short /. one along axis 

one (<2a), indicating that the same position along the water-table gradient is 

represented by each taxa at each site. The exceptions are C. vulgaris, S, austinii and 

magellanicum and S. papillosum. C. vulgaris is the only taxa that cannot be compared 
between an oceanic and continental site. It occurs at Fallahogý- Bog and Walton Moss 

and is separated by 2.5a on axis one. This difference call be explained Nvith reference to 
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the original 16 cm resolution plant macrofossil analyses; at Fallahogy Bog, C vidgaris 

was plotted towards the 'wet' end of the water-table gradient (Figure 6.5) due to a lack 

of taxa in the profile indicative of high BSW, whereas at Walton Moss, it was plotted at 

the extreme dry end of the water-table gradient (Figure 6.16). Differences in the 

relative position of S. austinii and niagellanician result from variability in the extent to 

which the latter species replaces the former in the skeleton profiles (see also Section 

2.3). The highest degree of separation along axis one in Figure 7.11 is exhibited by S. 

papillosum, which occurs at Walton Moss and Dosemnoor and is separated by 6.4a, 

occurring at the extreme 'wet' and 'dry' ends of the water-table gradient. 

The stacked ordinations provide the opportunity to re-evaluate the skeleton diagram 

DCA axis one proxy-climate curves presented in Section 6.2. Figure 7.11 suggests that 

S. papillosum, for example, was not a reliable wetness indicator in the original profiles 
from Walton Moss and Dosenmoor. All other taxa are separated by less than 4a, 

suggesting at least some degree of overlap. The vertically stacked ordination produced 

a set of axis one scores for each site, based on new species scores incorporating data 

from two or more sites, which can be compared to the original plots. The new plots are 

shown in Figure 7.12 and it is clear that with the exception of Fallaliogy Bog, the 

profiles are almost identical, lending confidence to the original proxy-climate curves. 
Crucially, despite differences in the Fallahogy Bog proxy-climate curves between 

Figures 7.12 and 6.11, it is clear that climatic deteriorations are still recorded within the 
fine-resolution zones. Again, the greater degree of difference in the updated Fallaliogy 

Bog profile can be attributed to the lack of 'wet' taxa in the original ordination. 

The stacked DCA analyses have revealed that it was not possible to satisfactorily split 
the sites at opposite ends of the climate transect in ternis of their plant macrofossil 
content, suggesting that climate shifts would be recorded identically in either type of 

site and that therefore, fine-resolution analysis would be equally applicable to either. 
Mauquoy and Barber (2002) suggested that degree of continentality may affect 

accumulation rate, however Fallahogy Bog, at the oceanic end of the transect, exhibited 
the slowest overall rate of accumulation whereas the 1400 cal. BP event at Dosenmoor 

provided the fastest rate of accumulation from any of the fine-resolution zones. In 

selecting sites for fine-resolution analysis, site-specific factors such as accumulation 
rate, species diversity and the abruptness of climate changes should be considered above 
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the degree of continentality. The extent to which these factors are inter-related is 

beyond the scope of this project, however, with the exception of the Ffigelmossen plant 

macrofossil profile, which is dominated by S. s. Aculifolia, the empirical evidence 

gathered here suggests no significant link; i. e. fast accumulation rates are evident in 

continental sites, Dosenmoor has high species diversity and arguably the most abrupt 

and dramatic change in peat composition occurred at Ffigelmossen. A high degree of 

continentality should not necessarily be seen as a barrier to fine-resolution analyses if 

other, more pertinent, site-specific characteristics can be satisfactorily defined. An 

understanding of the peat composition, rate of accumulation and basic stratigraphic 

composition should be developed before a site is selected for fine-resolution work. 

7.6 Methodological appraisal 
This project has combined established techniques for reconstructing BSW with fine 

sampling intervals to determine whether sub-decadal palaeoclimatic data may be 

reliably reconstructed from ombrotrophic bogs. A rigorous approach was applied to all 

stages of the methodology, but the fine-resolution data is still limited in some respects. 
This section will appraise the methodologies used and review the limitations, making 

recommendations for future fine-resolution research. 

The dating methodology imposed on this thesis was the major limitation of the project 

and affected the way in which the fine-resolution results were compared with other 

sources of high-resolution palaeoclimatic data (Sections 7.2 and 7.4). Whilst the It 

results did not provide the chronological precision offered by WMD (Section 5.1.1), by 

adopting the approach of de Klerk et al. (2007), the error inherent in the age-depth 

models was assessed, and it was concluded that in the majority of cases the sampling 
interval used represented sub-decadal resolution. The use of tephrochronology was 
highly beneficial since this reduced the amount of error in all age-depth models where it 

was applied. It is therefore considered that even without the application of WMD, it has 

still been possible to draw meaningful conclusions from the fine-resolution data in 

chronological terms. Without funding support for the application of WMD, future rule- 

resolution work must focus on alternative approaches to the development of precise 
chronologies. For example, Vorren et al. (2007) investigated palacoclimatic changes 
from a raised bog in northern Norway that were seemingly coincident with tephra layers 

while Langdon and Barber (2004) investigated climatic conditions before and after 
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Figure 7.12: New skeleton diagram DCA axis one/two plots for all sites based on sample scores from 
stacked DCA analyses (dashed red lines indicate fine-resolution zones). 
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tephra layers in sites throughout Scotland to assess regional variability. Similar 

approaches would permit precise inter-site comparisons, but have the disadvantage that 

climatic shifts are not always identified alongside tephra isochrons. 

An alternative 14 C based approach to testing records of high temporal resolution would 

be to obtain chronological control on cores first, before sampling took place. This 

would allow samples of varying thickness, but equal time resolution to be taken. This 

approach is currently being applied to fine-resolution pollen data within the Millennium 

Project (Hicks et al., 2007) but would not have been possible for this research because 

of time restraints and the NERC framework of obtaining 14 C data, where dates are only 

typically awarded after considerable data collection has taken place. 

Inconsistencies in the vegetation changes occurring depth-to-depth between skeleton 

core and fine-resolution samples were identified at all sites (Section 7.3.4.1). These are 

most likely to reflect fine-scale differences in microtopography but assessment of this 

potential error source in the fine-resolution data was not possible as intra-site replicate 

coring was not applied in this thesis. The author would therefore advocate replication 

of fine-resolution results in future research to quantify the extent to which a consistent 

and reliable palaeoclimatic signal is being derived from the fine-resolution data. Barber 

et al. (1998) performed a similar task for peat-based research at a much coarser 

resolution and concluded that variation between profiles was slight, but the results from 

this study indicate that it would be pertinent to re-evaluate this issue in light of the fine 

sampling resolutions applied here. 

The differences between cores described above could have been avoided if skeleton and 
fine-resolution analyses were performed on the same core, this would have also been 
beneficial in that dating evidence could be applied directly to the skeleton diagrams, 

enabling more informed choices on events to study at fine-resolution. In turn, this may 
have enabled more contemporary time-slices to be investigated, Section 7.4 highlighted 

the lack of overlap between fine-resolution zones focussed on the same palaeoclimatic 
events. However, even reducing the sample size used for the three proxy-climate 
methods, it was not possible to devise such a methodology (see Chapter 3). The 

rigorous and uniform approach to field and core sampling and laboratory preparation of 
samples for all methods was beneficial since any error introduced was systematic and 
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therefore did not affect interpretation. The method developed for fine-slicing of 

millimetre- scale samples performed well with minimal snagging of plant material 
between samples. However, in general, a2 mm sample was required to provide enough 

sample material for the methods being performed, despite the slicer being designed to 

take I mm samples (Section 3.3.3). This limited the sampling and temporal resolution 
that could be achieved, but since 2 mm samples provided sub-decadal resolution, the 

primary aim of the thesis (Section 1.2) was not compromised. 
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CHAPTER 8: CONCLUSIONS 

8.1 Conclusions 

Abrupt Holocene palaeoclimatic events are a current research focus and may occur oil 

decadal to sub-decadal time-scales. They have been identified, but not well 

characterised, in recent peat-based research. Climatic control of ombrotrophic bog 

stratigraphy at decadal resolution is well established but it was unclear whether 

autogenic 'noise' may override the allogenic 'signalý at shorter time-scaics. The 

primary aim of this thesis was therefore to determine whether fine-resolution, multi- 

proxy analyses from ombrotrophic peat bogs with high rates of accumulation could 

accurately reflect sub-decadal palaeoclimatic change. Four sites located on an oceanic 

to continental climate transect in north-west Europe were selected and peat cores 

covering the past ca. 4000 years were studied at coarse resolution to identify selected 

abrupt events. Following rigorous testing of novel sampling techniques and changes to 

standard methodologies, short time-slices over each event were intensively investigated 

using a multi-proxy approach combined with 2-5 mm sampling resolution which. 

when age-depth models based on 14C, SCPs and tephra layers were applied. equated to 

sub-decadal temporal resolution. Results were analysed to determine whether they 

could be confidently interpreted as indicative of sub-decadal palaeocliniatic change. 

Non-climatic influences on the peat record were minimised by careful site selection. 
fieldwork methods and sampling procedures. Plant macrofossil analysis was carried out 

at 5 mm resolution since it was identified that contiguous I-2 mm sampling introduced 

a potential non-climatic source of noise into the results by slicing the same plant 

remains into consecutive samples. Given the relatively low volume ofsaniple material 

available per level, the sample size used for each of the three main proxy methods was 
halved to enable fine-resolution analysis to take place. The effect of this was first tested 

and it was concluded that reducing the sample size did not effect the palaeocliniatic 

record derived and therefore analyses proceeded using this approach. A peat slicer that 

facilitated I mm sampling was custom built and performed well although testing 

revealed that 2 mrn samples were required to provide the pre-requisite volume of peat 

needed for fine-resolution peat hurnification and testate amoebae analyses aild therefore 

analyses using these proxies were limited to this sample resolution. 
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Abrupt shifts to cooler and/or wetter conditions were identified in skeleton cores at all 

sites relating to (within a skeletal dating framework based on near-surface SCP dating 

and a number of geochernically typed tephra isochrons) well-known late-Holocene 

palaeoclimatic events during the Little Ice Age and at 1400 and 3500 cal. BP. Each of 

these was then studied at fine-resolution in order to address the aims of the thesis. III 

addition, multi-proxy, fine-resolution data from one site spanning a ca. 90 year period 

were compared to local instrumental climate data. Results from that test, the first to 

compare multi-proxy data to meteorological records, indicated the highest correlations 

with decadally averaged annual precipitation values, although correlations with annual 

temperature were still high for certain proxies, especially for plant macrofossils when a 

ten year lag was introduced. These results only partially supported similar previous 

studies, suggesting that the spatial variability in the relationship between BSW and 

climate may be more extensive than previously hypothesised. Correlations were only 
high when decadal means of both datasets were used, indicating that chronological 

uncertainty limited the value of correlating the near annual resolution multi-proxy data 

with climate parameters; the age-depth model used was based on SCPs and a tephra 
layer since there were problems with 2 1OPb dating at the same depth. 

Results from the study of the abrupt events identified above, in addition to the 

comparison with instrumental climate data, indicated that the fine-resolution records 

could be confidently interpreted as sub-decadal palaeoclimatic data, although careful 
interpretation of all fine-resolution records is deemed essential since some datasets were 

problematic in certain respects. In particular, there was a lack ofcorrespolidence 
between certain fine-resolution zones and the changes in the skeleton cores used to 
define the depths of the zones. It was concluded that this was most likely to relate to 

small-scale variations in microtopography between proximal coring locations since ally 

methodological error introduced would have been systematic, which was not the case. 
As a result of these inter-core differences, within-site replication offine-resolution 

results was recommended for future research. 

Proxy records were considered individually before their co-variance in multi-proxy 
datasets was considered. Due to the relative speed of the technique, peat hunlification 

was the only method to be applied using contiguous 2 mm resolution and as SLIC11 results 

could be subjected to spectral analysis to investigate any underlying periodicitics in the 

318 



data. A dominant cycle of between 8 and 13 years was recorded suggesting a link to the 

ca. II year Schwabe sunspot cycle. This was the first time that peat-based data of fine- 

enough temporal resolution to confidently identify such short cycles had been 

developed and the potential identification of the Schwabe cycle in the peat huinification 

data not only improved confidence in the results as reliable palaeoclimatic records but 

provided support to the body of evidence suggesting a link between solar variability, 
late-Holocene climate change and peat stratigraphy. Multi-proxy results revealed 

variability in the extent to which the individual records co-varied in the fine-resolution 

zones and while there was often reasonable agreement between the datasets over the 

period of each fine-resolution zone, short-lived variability was less consistent. In 

particular, there were no consistent relationships between proxies although in general, 

peat hurnification and plant macrofossils co-varied with the greatest regularity. 
However, this did not imply auto-correlation of the two records in terms of a species 

signal in the peat hurnification data since the latter fluctuated significantly around the 

lower resolution trend of the plant macrofossil results. 

Chronological uncertainty in the dating of the fine-resolution records had a limiting 

effect on the absolute dating of the palaeoclimatic changes recorded although within the 

dating framework that existed it ivas possible to quantify potential error and the effect 

this had on the temporal resolution achieved. Tephra layers were identified at all sites 

and where they were included in age-depth models for fine-resolution zones they were 
found to significantly reduce chronological error. However, it was concluded that the 

fine-resolution results were not dated with enough precision to permit rigorous 

statistical comparison with other sources of high-resolution palaeoclimatic data. Rather, 

a qualitative comparison was made and while this identified contemporancity between 

some fine-resolution shifts with, for example, tree-ring and spelcothern records from 

north-west Europe, these relationships were not consistent between either sites, proxies 

or events. 

This thesis represents the first application of multi-proxy fine-resolution techniques to 

peat-based palaeoclimatic research and as such the conclusion that sub-decadal 

resolution palaeoclimatic data may be reliably reconstructed from rapidly accunluinting 

ombrotrophic bogs is a significant step forward in the investigation of abrupt 

palaeoclimatic change using this proxy-climate archive. However, due prininrily to 
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chronological uncertainty in the absolute dating of the fine-resolution results, but also a 
lack of contemporaneity between fine-resolution zones of the same event at different 

sites, it was not possible to satisfactorily address the second, climatological aim of the 

thesis. However, the fine-resolution results did provide evidence of significant high- 

magnitude changes in all three proxy methods that occurred over ca. 5- 20 years, 
indicating that the three palaeoclimatic events studied may have been more abrupt than 

suggested in previous pe4t-based research. 

In order to maximise potential temporal resolution and produce reliable palaeoclimatic 
data, peat-based studies should obtain the best possible chronological control, ideally 

using Bayesian WMD techniques alongside tephrochronology; focus on sites with high 

species diversity and rates of accumulation of 10 years/cm or faster; employ the 

methodological advancements developed in this thesis and perform replicate coring to 

assess intra-site differences in microtopography. Site-specific factors such as those 

listed above should be considered as more important than the degree of continentality in 

the selection of sites for future fine-resolution research since analysis of the sites along 

the oceanic to continental climate transect revealed no significant separation of results. 

This thesis has identified the potential for sub-decadal peat-based palaeoclinlatic records 
to be developed from non-near surface peat cores, despite only limited chronological 
control. Standard peat-based palaeoclimatological methods were advanced and tested at 
the outset of the research to permit fine-resolution analyses to take place. Results 

clearly show the potential for fine-resolution techniques to contribute significantly to 
future research on abrupt climate change in the late-Holocene and, if appropriate sites 

can be identified, are also applicable to earlier time-periods. With only a limited 

number of short duration records, the climatological conclusions of the thesis are 
limited; this stresses the need for longer, replicated (both intra- and inter-site) and 
robustly dated fine-resolution records to be developed that will ultimately improve 

confidence in the palaeoclimatic signal being recorded. Initial results from this thesis 
indicate that the considerable time and effort involved in developing such records will 
be richly rewarded. 
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APPENDIX ONE: DETAILED FIELD STRATIGRAPHY 

Fallahogy Bog, Northern Ireland 

FGY-1 N 54' 54' 42.5" W 06' 33' 49.7" 
Start of W-E transect. 
Result of depth probing - 5.8 m 

Depth (cm) Troels-Smith Other comments 
0-3 Tb4 
3-10 SM Tl++ Th+ 
10-51 Tb3 Thl Sh+ 
51-81 Th2 Tb2 Sh+ Tl+ 
81-125 Tb4 Th+ 
125-146 Sh2 Tbl Tll Th+ 
146-170 Tb4 Th+ 
170-190 Tb2 Thl Shl 
190-210 Tb3 Thl 
210-274 Tb4 Th+ 
274-295 Sh2 Tbl Til 
295-312 Tb3 Thl Sh+ 
312-474 Sh2 Th2 Tl+ 

Live surface Sphagman 

474-588 Sh3 Thl Tl+ Increasing TI and presence of 
Awginites towards base 

FGY-2 N54'54'43.1"WO6'33'44.1" 
100 m due E of FGY-1 
Result of depth probing - 9.6 m 

Depth (cm) Troels-Smith Other comments 
0-37 Tb4 Live surface Sphagman 
37-60 Th2 TbI Shl 
60-110 Tb4 Th+ 
110-145 Tb3 Thl Sh++ 
145-182 Tb4 Th+ 
182-200 Th2 Tbl Shl 
200-229 Tb2 Thl Shl. 
229-232 Sh3 Thl Tb+ 
232-242 Tb3 Thl Sh+ 
242-251 Sh2 Th2 Tl+ 
251-305 Tb3 Thl Sh+ 
305-313 Sh3 TbI Tli++ 
313-358 Tb4 Th+ Tl+ 
358-359 SM Algal pool layer 
359-364 Tb4 Th+ 
364-367 SM Th+ 
367-414 Tb4 Th+ Tl+ 
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414- 433 Sh2 Tll Thl Tb+ 
433- 454 Th3 Sh I 
454- 460 Sh4 Th+ 
460- 491 Th3 Sh I Tb++ 
491- 506 Tb2 Shl Thl 
506- 510 Sh4 Tb+ Th+ 
510- 525 Sh2 Th2 Tb+ 
525- 540 Th4 Th+ Sh+ 
540 -570 Sh2 Thl Tll 
570 -574 Sh4 Th+ 
574 -600 Sh3 TI I Th+ 

FGY-3 N 54' 54'43.6" W 06' 33'38.6" "CORE SITE** 
100 m due E of FGY-2 
Result of depth probing - 10.5 m 

Depth (cm) Troels-Smith Other comments 

0-9 Tb4 Live surface Sphagnuni 
9-1 6 Th2 Shl. TbI 
16- 28 Th3 Shl Tb+ 
28- 40 Tb3 Th I 
40- 43 Sh4 Algal pool layer 
43- 67 Tb3 Th I 
67- 110 Tb3 Thl. Sh+ 
110 -165 Tb4 Th+ 
165 - 185 Th2 Tb I Shl 
185 -240 Tb4 Th+ 
240 -242 Sh4 Th+ 
242 -280 Tb3 Thl Sh+ 
280 -312 Sh3 Thl Tb++ 
312 -338 Tb3 Th I Sh++ 
338 -342 Sh3 Th I Algal pool layer 
342 -360 Tb3 TI I Th+ 
360 -382 Sh2 Thl TbI 
382 -400 Tb4 Tl+ Th+ Sh+ 
400 -402 Sh2 Thl TbI 
402 -467 Tb3 Th I Sh+ 
467 -482 Th2 Shl TbI 
482 -526 Th3 Shl Tb++ 
526 -528 Sh4 Th+ 
528 -575 Th3 Sh I 
575 -600 Sh2 Th I T11 
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FGY-4 N 54' 54' 44.1 "W 06* 3 3' 32.7" 
100 m due E of FGY-3 
Result of depth probing - 9.1 m 

Depth (cm) Troels-Smith Other comments 
0-17 Tb4 Live surface Sphagnitin 
17-45 Th2 Tb2 Tl+ 
45-71 Sh2 Th2 
71-100 Th2 Shl TbI Tl+ 
100-193 Tb3 Thl. Tl+ Sh+ 
193-205 SM Algal mud layer 
205-270 Tb4 Th+ 
270-272 SM Algal mud layer 
272-285 Tb4 Th+ 
285-290 SM Th++ 
290-314 Tb2 Thl. Shl 
314-324 Sh2 Th2 Tl+ Tb+ 
324-330 Tb2 Shl Thl 
330-343 Sh2 TbI Thl 
343-375 Th3 Shl Tb+ 
373-391 Tb4 Th+ Tl+ 
391-420 Tb2 Thl. Shl. 
420-440 Tb3 Thl Sh+ 
440-462 Th2 Tb2 
462-515 Tb4 Th+ Tl+ 
515-518 SM Th++ 
518-600 Sh2 Thl. TlI Tb+ 

FGY-5 N 54" 54' 46.5" W 06' 33' 3 8.6" 
'Start of N-S transect; 100 m due N of FGY-3 
Result of depth probing - 10.2 m 

Depth (cm) Troels-Smith Other comments 
0-13 Tb4 Live surface Sphagnum 
13-20 Sh3 Thl 
20-27 Sh2 Th2 
27-44 Th2 Shl Tbl 
44-62 Tb3 Thl 
62-88 Sh2 Thl T11 
88-103 Tb2 Shl Thl 
103-153 Tb3 Thl Sh++ 
153-162 Sh3 Thl Tb+ 
162-187 Tb3 Thl Sh++ 
187-209 Sh2 Tb2 Th++ Tl+ 
209-263 Tb2 Thl Shl Tl+ 
263-267 Sh3 Thl Tl+ 
267-280 Sh2 Tbl Thl Tl+ 
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280-300 Tb4 Th+ Tl+ 
300-310 Tb2 Sh2 
310-332 Tb3 Tll Th++ 
332-351 SM Th+ Tl+ 
351-375 Shl Thl Tll Tbl 
375-413 Th2 Shl Til Tb+ 
413-443 Th3 Tbl Sh++ 
443-453 Tb3 Thl Tl+ 
453-500 Th2 Tbl Shl 
500-517 Th2 Sh2 Tl+ 
517-525 Th4 
525-548 Th3 Shl Tl++ 
548-600 Sh2 Th2 Tl++ 

FGY-6 N 54' 54' 40.4" W 06' 33' 38.6" 
100 m due S of FGY-3 
Result of depth probing - 7.7 m 

Depth (cm) Troels-Smith Other comments 
0-7 Tb4 Live surface Sphagman 
7-35 Th4 Sh++ Tb+ 
35-57 Th3 Shl Tb+ 
57-60 Tb2 Thl Shl 
60-86 Th2 Tbl Shl 
86-152 Tb4 Th+ 
152-172 Tb2 Thl Shl 
172-200 Tb4 Th+ Tl+ 
200-236 Sh2 Tbl Thl 
236-273 Tb3 Thl Sh+ 
273-287 Tb2 Thl Shl 
287-300 Th2 Tbl Shl Tl+ 
300-313 SM Th+ Tb++ 
313-340 Sh2 Th2 
340-362 Th3 Shl 
362-378 Tb2 Shl Thl 
378-382 SM Th++ 
382-405 Th2 Tb2 Tl+ 
405-460 Tb3 Thl Tl+ 
460-475 Tb2 Th2 Sh++ Tl+ 
475-500 Th3 Tbl Tl+ 
500-600 Th2 Shl Tll Tb+ 
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FGY-7 N 54' 54' 38.6" W 06' 33' 38.5" 
50 m due S of FGY-6 
Result of depth probing - 7.5 m 

Depth (cm) Troels-Smith Other comments 
0-11 Tb4 Live surface Sphagntan 
11-43 Tbl Th2 Shl 
43-112 Tb2 Th2 
112-124 Tb4 Th+ 
124-144 Sh3 Thl. Tl+ 
144-156 Tb4 Th+ Tl+ 
156-180 Tb2 Shl Thl 
180-242 Tb4 Th+ 
242-253 Tb2 Thl Shl. 
253-259 Tb3 Thl Tl+ 
259-262 SM Algal mud layer 
262-282 Tb2 Thl Shl Tl+ 
282-308 Tb4 Th+ Tl+ 
308-320 Tb2 Th2 Sh+ 
320-336 Tb4 Th+ 
336-343 Tb2 Thl Shl 
343-352 Tb3 Thl. 
352-374 Tb3 Thl. Sh++ 
374-424 Tb4 Th+ Tl+ 
424-425 SM Algal mud layer 
425-445 Tb2 Th2 
445-461 Tb4 Th+ Tl+ 
461-482 Th2 Tb2 Sh+ 
482-500 Sh2 Thl TlI 
500-523 Thl T11 TbI Shl. 
523-561 Th2 TH. Shl 
561-600 SM Thl. Tl++ 

F6gelmossen, Sweden 

FGM-1 N 59' 3 1' 51.9" E 12" 10' 27.3" 
Start of main stratigraphy transect in SSE comer of bog 

Depth (cm) Troels-Smith Other comments 
0-20 Tb4 Live surface SlAagnum 
20-224 Tb4 Th++ Tl+ 
224-235 Sh2 Thl Tll 
235-245 Tb4 Th+ Tl+ 
245-255 Sh2 Th2 

_255 - 
288 Tb4 Th+ Tl+ 
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288-300 
300-335 
335-360 
360-400 

400-410 
410-430 
(cored to refusal) 

Sh3 Til Tb+ 
Tb2 Thl Shi Tl+ 
Tb4 Th+ 
Tb2 Th2 Tl+ Sh+ 

Th2 Sh2 Tl+ 
Mixed 

Very decayed organic black fragments 

Grades quickly from above to silts and 
gravel; lake deposits. High degree of 
banding evident. Evidence of 
Phraginites 

FGM-2 N59'31'53.1"EI2'10'25.5" 
50 m NNW of FGM-1, bearing of 339' 

Depth (cm) Troels-Smith Other comments 
0-38 Tb4 Live surface Sphagnian 
38-120 Tb4 Tl+ Th+ 
120-165 Tb4 Th++ 
165-190 Core section missing but likely to be 

Tb4 
190-195 
195-200 
200-240 
240-264 
264-268 
268-310 
310-334 
334-353 

Tb2 Th2 
Sh2 Thl Tll 
Tb3 Thl Tl+ 
Tbl Tll Sh2 
Sh3 Til 
Tb3 Thl 
Tb2 Thl Shl Tl+ 
Tb4 Th+ Tl+ 

Very decayed organic black fragments 

353-444 Tb3 Thi Tl+ Extremely wet layer 
444-458 Sh3 TlI Th++ Extremely highly hurnified, very stiff 

peat 
458-462 Very highly hurnified wet layer with 

high proportion of woody fragments 
462-490 SM Tl+ Th+ Some very large woody fragments. 
(cored to refusal) Sediment grades into lake deposits with 

gravel towards base. 
Note: Base of core sounds like rock 
when reached. 
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FGM-3 N 59' 3F 54.5" E 12' 10' 23.8" 
50 m NNW of FGM-2, bearing of 339' 

Depth (cm) Troels-Smith Other comments 
0- 10 
10- 222 
222 -254 
254 -272 
272 -308 
308 -334 
334 -394 
394 -412 
412 -438 

Live surface Sphagnum 

Stiff peat 

Tb4 
Tb4 Th++ Tl+ 
Th4 
Th2 Shl Tbl Tl+ 
Tb3 Thl 
Tbl Th2 Shl 
Tb4 Th+ Tl+ 
Sh3 Th I 
Tbl T12 Shl Th+ 

438-440 Sh4 Highly hurnified. Lake deposit'? 
(cored to refusal) Note: Base of core sounds like rock 

when reached. 

FGM-4 N 59' 3F55.8" E 12' 10' 21.8" 
50 m NNW of FGM-3, bearing of 339' 

Depth (cm) Troels-Smith Other comments 
0-10 Tb4 Live surface Sphagnum 
10-228 Tb4 Th++ Tl+ 
228-284 Tb3 Thl 
284-293 Sh2 Thl T11 
293-300 Shl TbI TlI Thl 
300-325 Tb3 Thl 
325-445 Tb4 Th+ Tl+ lcm deep well-hurnified pool layer 

present at 345 cin 
445-455 Tb2 Thl Shl 
455-465 Sh3 Th I 
465-485 Sh4 Tl++ 
485-500 TbI Shl. T11 Thl 
500-590 Th3 Shl Tl++ Figure given is averaged vcry stiff, 
(cored to refusal) well-hurnified peat 

"Core site located between FGM4 and FGM-5** 
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FGM-5 N 59" 3F 57.0" E 12' 10' 19.8" 
50 m NNW of FGM-4, bearing of 339' 

Depth (cm) Troels-Smith Other comments 
0-15 Tb4 Live surface Sphagnian 
15-228 Tb4 Th+ Tl+ 100 - 130 cm had higher proportion of 

Th (ca. Thl) 
228-270 TO Tll Tb+ 
270-440 Tb4 Th+ Tl+ Much darker, more liumificd layers 

present at 334 and 384 cm 
440-482 Th2 Shl T11 
482-565 SM TI I Very large woody fragments present. 

Very stiff, dark fen or lake related 
deposit, with charcoal. Extremely black 
layer present at 522 cm with very high 
proportion of charcoal. Reed (cf. 
Phraginites) remains present. 

FGM-6 N 59' 31' 58.3" E 12* 10' 18.1" 
50 m NNW of FGM-5, bearing of 339' 

Depth (cm) Troels-Smith Other comments 
0-25 Tb4 Live surface Sphagnum 
25-365 Tb4 Th+ Tl+ Wetter section from 175 - 187 cm. 

Very narrow black liumified bands at 
135 and 140 cm. 

365-400 Th4 Tl++ 
400-415 Shl T12 Thl 
415-460 Th3 T11 
460-475 Sh2 Th2 

FGM-7 N 59' 3 1' 55.3" E 12" 10' 18,7" 
50 m WSW of FGM-4 

Depth (cm) Troels-Smith Other comments 
0-28 Tb4 Live surface Sphagnian 
28-250 Tb4 Th+ Tl+ 
250-274 Th3 Tbl Tl+ 
274-290 Th3 TbI Tl+ Same definition as above but core 

section is a lot wetter 
290-296 Core section missing due to extreme 

wetness 
296-312 Th3 TI I 
312-384 Shl Th2 T11 Very large woody fragments 

(e. g. 2xIxI cni) 
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384-405 Th2 T12 
405-420 Sh4 Tl+ Very black 
420-430 As4 Tl+ Lake clay/mud 

FGM-8 N 59' 31' 56.3" E 12' 10'24.8" 
50 m ENE of FGM-4 

Depth (cm) Troels-Smith Other comments 
0-23 Tb4 Live surface Sphagnuin 
23-238 Tb4 Th+ Tl+ Core section from 130 - 140 cni 

missing due to extreme wetness. Core 
section from 140 - 155 cin has higher 
proportion of Th (ca. Th I). 

238-255 Tb2 Th2 
255-300 Th3 Shl Tl+ Tb+ Core section from 275 - 285 cm very 

wet 
300-313 Th3 Tb I 
313-372 Sh2 T12 Tb+ 
372-382 Tb2 Thl Tll 
382-448 Sh2 T12 Tb++ Th++ 
448-510 SM Tl++ Varying degrees of stiff, very hunlified 

peat grading towards lake deposits. 
Core section from 490 -5 10 cm has 
higher proportion of As. 
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APPENDIX TWO: TEPHRA GEOCHEMISTRY RE SULTS 

Note: Shard ID = site and tephra. number (where relevant), shard number - replicate 

number. All element and total values are percentages. 

Geochemistry results for Fallahogy tephra layer (Hekla 4). 

Shard ID Na20 M90 A1203 MnO FeO K20 CaO Si02 Ti02 P205 Total 
FGY I-1 4.9767 0.0159 12.7490 0.1266 1.8911 2.8327 1.3314 73.4277 0.2118 -0.0087 97.5629 

FGY 1-2 4.7970 0.0243 12.7724 0.0040 1.9258 2.8218 1.3371 71.5046 0.0936 -0.0159 95.28D6 

FGY2-1 4.8688 0.0107 12.5749 0.0927 1.9753 2.7598 1.2197 71.2839 0.0918 0.0520 94.9295 

FGY 2-2 4.7843 0.0146 12.6341 0.1105 2.0572 2.9334 1.2772 72.1878 0.0682 0.0252 96.0924 

FGY 3-1 4.4147 0.0218 12.2232 0.1075 2.1446 2.7846 1.3361 71.7955 0.0724 0.0245 94.9250 

FGY4-1 4.7579 -0.0032 12.5483 0.0676 1.9984 2.8155 1.2360 71.9852 0.1290 0.0773 95.6152 

FGY 5-1 4.6160 0.0159 12.4239 0.1176 1.8474 2.7752 1.2537 71.5342 0.0778 0,0293 94.6909 

FGY 5-2 4.8109 0.0269 12.3455 0.0560 1.8423 2.8398 1.3916 72.1362 0.1254 -0-0166 95.5748 

FGY6-1 4.6621 0.0259 12.2681 0.0300 1.8907 2.7805 1.2597 71.7155 0.0299 -0.0276 94.6624 

FGY7-1 4.4868 0.0153 12.4274 0.0763 1.9592 2.9254 1.2575 71.9477 0.1653 -0.0156 95.2610 

FGY 8 -1 4.6087 0.0171 12.4431 0.0671 1.9280 2.7723 1.3739 72.6448 0.1687 -0.0326 96.0237 

FGY 9 -1 4.8017 0.0036 12.4739 0.0343 2.0991 2.9373 1.2636 72.0222 0.0884 0.0190 95.7429 

FGY 10 -1 4.5945 0.0137 12.4256 0.1143 1.9101 2.8690 1.3630 71.2295 0.1166 0.3660 95.0023 

FGY 11 -1 4.8318 0.0203 12.5666 0.0859 1.7471 2.8231 1.4012 72.0615 0.0654 0.0250 95.6279 

FGY 12 -1 4.8499 0.0183 12.5389 0.0031 
. 

2.0489 2.8767 1.4066 73.2798 0.1250 -0.0266 97.1471 

Mean 4.7241 0.0161 12.4943 0.0729 1.9510 2.8365 1.3139 72.0504 0.1086 0.0316 95.6092 

SD 0.1543 0.0080 0.1564 0.0406 0.1060 0.0601 0.0645 0.6440 0.0473 0.0979 0.8398 

Geochemistry results for Walton Moss tephra, layer #1 (Glen Garry). 

Shard ID Na20 M90 A1203 MnO FeO K20 CaO SiO2 Ti02 P205 Total 
WLM1 1 -1 3.3027 0.3946 11.9269 0.1322 3.9343 2.1645 2.2810 72.4132 0.5009 0.0709 97.1212 
WLMI 2 -1 3.5833 0.4154 12.0511 0.0185 3.9041 2.0211 2.3285 73.3947 0.5504 0.0791 98.3462 
WLM1 2-2 3.5921 0.4083 12.2466 . 0.1469 3.8954 2.0761 2.2841 73.1073 0.5065 0.0941 08.3572 
WLMI 3 -1 3.5043 0.3950 12.2871 0.0932 3.8716 2.1392 2.5008 73.7144 0.5155 0.0414 99.0626 
WLMI 3-2 3.6765 0.4165 12.5978 0.0738 3.7754 1.9952 2.3462 72.8425 0.5996 0.1322 98.4557 
WLM1 3-3 3.6545 0.4279 12.1841 0.1328 3.8207 2.1376 2.3409 73.6821 0.4901 0.0459 98.9167 
WLMI 4 -1 3.4041 0.3999 12.2225 0.0944 3.8210 2.12BO 2.3510 73.4479 0,5628 0.0857 98,5172 
WLMI 4-2 3.8051 0.4048 12.6310 0.1545 3.8875 2.2094 2,3592 73.4432 0.4826 0.1168 99.4942 
WLM1 5-1 3.7543 0.4829 12.7270 0.1886 4.1308 1.9926 2.6158 72.9986 0,5289 0.1224 09.5419 
WLMI 6 -1 3.5677 0.3597 12.2508 0.0412 3.6848 2.1184 2.2879 73.7127 0.4688 0.0887 08.5808 
WLM1 6-2 3.6313 0.3805 12.1757 0.1029 3.7603 2.0210 2.2985 73.4491 0.5107 0.0634 08.4025 
WLM1 7 -1 3.7806 0.4735 12.1587 0.0523 4.5973 2.0424 2.6253 72.1905 0,5106 0.105B 08.546D 
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WLMI 8-1 3.7203 0.3723 12.1417 0.1174 3.7928 2.1169 2.2472 73.1450 0.5207 0.1086 98.2829 

WLMI 9 -1 3.8237 0.5207 12.4411 0.1346 4.1814 1.9806 2.5610 72.5045 0.5776 0.1049 98.8302 

WLMI 10 -1 3.6834 0.6798 12.8536 0.0982 4.8623 1.90,00 3.0438 70.2471 0.7146 0.1455 98.2283 

WLMI 10 -2 4.0558 0.6553 12.2436 0.1581 4.9393 1.9613 2.9575 69.8693 0.6994 0.1306 97.6702 

WLM1 11-1 3.8651 0.6603 12.7851 0.0696 5.1009 1.9209 2.9345 70.8148 0.6964 0.1728 99.0204 

WLM1 12-1 3.7358 0.3991 12.2853 0.1999 3.6890 2.0950 2.3577 73.3192 0.4992 0.0968 98.6771 

WLMI 13 -1 4.0652 0.4136 12.3493 0.1907 3.9888 2.0358 2.3502 72.7663 0.5500 0.0876 98.7976 

WLM1 14-1 3.8528 0.4323 12.1643 0.0859 3.8136 2.0129 2.3365 72.2572 0.5551 0.0881 97.5986 

WLM1 15 -1 3.4246 0.4292 12.3290 0.1364 3.7680 2.0939 2.4147 72.6316 0.5173 0.0853 97.8300 

WLM1 16-1 4.0057 0.4206 12.1909 0.1898 3.8459 2.0846 2.3038 72.8873 0.5276 0.0857 98.5420 

WLMI 16-2 3.7962 0.4071 12.4676 0.0443 3.9826 1.9925 2.3068 72.8168 0.5926 0.0774 98.4837 

WLMI 16-3 3.8177 0.4107 12.4756 0.1277 3.8067 2.0075 2.3336 71.9357 0.4408 0,1238 97.4798 

WLMI 17-1 3.4418 0.4200 12.2039 0.0558 3.9244 2.0973 2.3307 73.8068 0.5125 0.0744 98.8676 

WLM1 18 -1 3.8236 0.4090 12.2500 0.0916 3.5806 2.0649 2.3525 74.1857 0.4632 0.0557 99.2769 

WLMI 19 -1 3.5198 0.4160 11.9780 0.0561 3.7713 2.0292 2.3987 73.1635 0.5866 0.0816 98.0009 

WLMI 20 -1 3.3924 0.4111 12.2293 0.0862 4.1272 2.0473 2.2428 73.9965 0.5705 0.0870 99.1903 

WLM1 21 -1 3.4942 0.4085 12.6054 0.2129 3.8670 2.0948 2.4627 73.2457 0.5247 0.0873 99.0033 

WLM1 21 -2 3.5156 0.4111 12.5020 0.0573 4.0492 1.9788 2.4503 73.1506 0.6256 0.0865 98.8270 

WLM1 22 -1 3.7692 0.4139 12.1974 0.1318 3.7709 2.0243 2.4442 72.6052 0.5486 0.0572 97.9625 

Mean 3.6793 0.4403 12.3275 0.1121 3.9982 2.0511 2.4338 72.8305 0.5474 0.0930 98.5133 

SD 0.1959 0.0808 0.2285 0.0519 0.3734 0.0713 0.2057 1.0024 0.0664 0.0290 0.5846 

Geochemistry results for Walton Moss tephra layer #2 (Hekla 4). 

Shard ID Na20 M90 A1203 MnO FeO K20 CaO %9i02 
Ti02 P205 Total 

WLM21 -1 4.4378 0.0238 12.0468 0.0636 1.8963 2.8677 1.2463 72.7135 0.0846 0.0464 95.4267 

WLM22-1 5.0545 0.0035 11.4521 0.1077 1.7278 2.9446 1.4535 72.0594 0.0247 -0.0480 94.8277 

WLM23-1 4.4219 0.0212 12.3167 0.0250 1.9210 2.8052 1.3732 71.6848 0.0547 0.0985 94.7223 

WLM2 4 -1 4.7503 0.0108 11.8411 0.0187 1.9184 2.8571 1.3290 72.5210 0.0809 0.0420 95.3694 

WLM2 5 -1 4.6584 0.0085 12.3851 0.0605 1.7265 2.8636 1.3206 72.2909 0.0440 -0.0718 95.3581 

WLM26-1 4.9122 0.0211 12.1397 0.1108 1.9133 2.9099 1.3363 72.6618 0.1163 -0.0189 96.1213 

WLM27-1 4.6162 0.0232 12.2081 0.0452 1.8311 2.7605 1.3898 71.6985 0.0422 0.0231 94.6380 

WLM2 8 -1 4.5053 0.0404 12.2505 -0.0205 1.7943 2.7506 1.3248 72.3670 0.1479 0,0084 95.1893 

Mean 4.6696 0.0191 12.0800 0.0514 1.8411 2.8449 1.3467 72.2496 0.0744 0.0100 95.2066 

SD 0.2117 0.0108 0.2852 0.0417 0.0782 0.0640 0.0566 0.3764 0.0389 0.0515 0.4523 
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Geochernistry results for Dosenmoor tephra layer (Kebister/Hekla Selsund). 

Shard ID Na20 M90 A1203 MnO FeO k20 CaO Si02 Ti02 P205 Total 
DSM1 -1 4.8199 0.1397 13.6763 0.1662 2.8877 2.6020 2.0358 70.9609 0.2125 0.1269 97.6278 

DSM2-1 4.5622 0.1081 13.7106 -0.0286 2.7806 2.6422 2.0239 71.5436 0.1740 0.0463 97.5916 

DSM3-1 4.4847 0.1328 13.6017 0.0559 2.9681 2.5760 2.1447 71.7626 0.1529 0.0376 97.9170 

DSM4-1 4.5878 0.1285 13.8262 0.1744 2.8257 2.5814 2.0265 71.6977 0.2178 0.0267 98.0928 
DSM4-2 4.2332 0.1264 13.5698 0.1574 2.7469 2.5285 1.9770 71.1386 0.2602 0.0380 96.7760 

DSM 5-1 4.5793 0.1180 13.8577 0.1054 2.9754 2.5769 2.0546 71.1768 0.2055 0.0172 97.6668 

DSM6-1 4.8103 0.1417 13.9337 0.1172 3.1091 2.5573 2.0442 71.3651 0.2090 0.0248 98.3123 

DSM7-1 4.4430 0.1409 13.5566 0.1443 3.0963 2.5662 1.9061 72.1764 0.2002 0.0331 98.2632 

DSM8-1 4.4979 0.3363 14.4945 0.1347 4.9845 2.1564 3.2665 68.0152 0.2798 0.1244 98.2902 

DSM9-1 4.3027 0.1374 13.9103 0.1632 3.0341 2.6374 2.0282 71.3444 0.2582 O. OB74 97.9032 

DSM 10-1 4.2748 0.4837 14.2371 0.1485 6.4323 2.0890 3.6887 66.5757 0.4571 0.1494 98.5363 

DSM 11 -1 4.2688 0.1071 13.3667 -0.0074 2.8930 2.5478 2.0115 70.9194 0,2411 -0.1735 96.3552 
DSM 12 -1 4.2082 0.3998 14.1967 0.1341 5.8050 2.1598 3.1931 65.8557 0.3791 0.0987 96.4303 
DSM 13 -1 4.1757 0.5027 14.4919 0.2249 6.4634 1.9988 3.6M 66.2785 0.5040 0.1613 98.4662 
DSM 14 -1 4.7602 0.1194 13.3561 0.0400 3.3192 2.7624 2.0622 71.4128 0.1863 0.0427 98,0612 

DSM 14 -2 4.9926 0.1118 13.8167 0.1219 2.8666 2.5068 2.0236 71.6074 0.1249 0.0555 98.2278 

DSM 15 -1 4.2605 0.1310 13.6382 0.0973 2.9967 2.4234 2.0848 70.7044 0.1900 0.2592 96.7854 

DSM 16 -1 4.1962 0.4077 14.4650 0.2344 6.1203 2.1090 3.4786 65.3859 0.3927 011130 96.9028 

DSM 17 -1 4.3783 0.3395 14.3938 0.0653 5.2792 2.1533 3.2555 67.7847 0.3202 0.0718 98.0416 
DSM 18 -1 4.5173 0.3774 14.5837 0.1993 5.8468 2.0970 3.2669 67.5860 0.3914 0.0675 98.9332 
DSM 19 -1 4.3711 0.3640 14.2599 0.2535 5.3009 2.1196 3.2909 67.0878 0.36B9 0.1025 97.5191 
DSM 20 -1 4.5197 0.3352 14.6070 0.0801 5.4217 2.2789 3.3232 67.2959 0.3795 0.0902 98.3313 
DSM21 -1 4.3892 0.3529 14.1808 0.1535 5.2075 2.1784 3.1889 65.9374 0.3236 0.0883 96. OOD4 
DSM 22 -1 4.6154 0.1458 13.8771 0.0293 2.9180 2.5626 2.0776 71.7428 0.2129 0.0624 08.2440 

DSM 23 -1 4.4910 0.1311 13.8545 0.0886 2.9639 2.4670 2.0191 70.9948 0.1531 0.0363 97.1094 
DSM 24 -1 4.1879 0.3886 14.8284 0.1396 5.4598 2.2021 3.2870 66.7712 0.3218 0.1223 97.7087 
DSM 25 -1 4.2729 0.3379 13.9898 0.1882 4.7922 2.2463 2.9742 68.6354 0.2960 0.0963 97.8294 
DSM 26 -1 4.7563 0.1167 13.5734 0.0783 3.1880 2.5962 2.0859 71.2472 0.1354 0.1101 97.8876 
DSM 27 -1 4.4276 0.3135 14.4836 0.2185 5.1347 2.0352 3.0871 67.6844 0.4164 0.1026 97.9037 
DSM 28 -1 4.4669 0.8190 14.9611 0.1967 7.3118 1.8677 4.1259 63.1434 0.7865 0.2477 97.0267 
DSM29-1 4.2867 0.1369 13.5685 0.1890 3.1969 2.4988 2.0343 70.3266 0.2180 0.0489 96.5045 

Mean 4.4561 0.2559 14.0280 0.1311 4.2041 2.3653 2.6365 69.2309 0.2893 0.0811 97.6850 
SD 0.2121 0.1671 0.4381 0.0698 1.4435 0.2422 0.6991 2.5122 0.1359 0.0748 0.7260 
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Geochernistry results for Ffigelmossen tephra layer #1 (Ask-ja AD 1875). 

Shard ID Na20 M90 A1203 MnO FeO K20 CaO Si02 Ti02 P205 Total 
FGM1 I-1 3.5195 0.6018 12.1470 0.0793 3.1312 2.5219 2.3139 74.1283 0.7655 0.1135 99,3218 
FGM1 2 -1 3.6423 0.6307 11.7614 0.1203 3.3266 2.4738 2.4091 73.3072 0.8387 0.1567 98.6668 
FGM1 2-2 3.3881 0.6347 11.9902 0.0456 3.4524 2.3746 2.4216 73.2154 0.8374 0.1812 98.5412 
FGMI 3 -1 3.6675 0.5999 11.9851 0.0725 3.1672 2.4646 2.2709 73.1073 0.7072 0.1466 98.1889 
FGMI 3-2 3.8105 0.5794 12.4038 0.0938 3.1666 2.4869 2.3311 74.6297 0.7755 0.1259 100.4033 
FGM1 3-3 3.5869 0.5922 12.0488 0.0369 3.0374 2.6206 2.2468 74.1826 0.8003 0.1505 99.3029 
FGMI 4 -1 3.7062 1.4948 12.9263 0.1827 6.5342 1.9639 4.4771 65.6540 1.4272 0.3994 98.7658 
FGM1 5 -1 3.8208 0.6879 12.2446 0.0906 3.3081 2.5463 2.4061 71.7882 0.8333 0.1844 97.9103 
FGM1 6 -1 3.5801 0.7600 12.2602 0.1748 3.4561 2.4255 2.6083 72.9105 0.9166 0.2103 99.3023 
FGM1 6-2 3.5350 0.7545 12.1238 0.0859 3.8407 2.4362 2.8056 70.7294 0.8335 0.1690 97.3136 
FGMI 6-3 3.5556 0.7737 12.3395 0.1057 3.6580 2.3733 2.8342 72.4742 0.7797 0.1755 99.0622 
FGM1 7 -1 3.1178 0.8048 12.3130 0.0817 3.8646 2.4149 2.7005 72.5995 0.9272 0.2016 99.0258 
FGMI 8 -1 3.2196 0.6865 12.2100 0.0824 3.4584 2.4492 2.5484 72.5545 0.8210 0.1569 98.1869 
FGMI 9 -1 3.7516 1.6791 12.7281 0.1522 7.1727 1.8342 4.7845 64.6797 1.5360 0.3880 98.7060 
FGM1 9-2 4.0837 1.7101 12.5401 0.2676 7.2650 1.7285 5.1226 63.6810 1.5806 0.39D4 98.3696 
FGM1 10-1 3.2116 0.7643 12.1046 0.1356 3.9030 2.4035 2.8762 72.7305 0.9223 0.1706 99.2222 
FGM1 11 -1 3.8382 0.7278 12.4643 0.1399 3.4556 2.4298 2.5560 72.7451 0.8628 0.1397 99.3591 
FGM1 12-1 3.4517 0.6097 12.0338 0.0866 3.2508 2.5519 2.3520 72.7628 0.7563 0.1634 98.0190 
FGMI 12-2 3.1654 0.6389 11.9206 0.1793 3.3791 2.5907 2.3525 72.8976 0.7981 0.1685 98.0908 
FGM1 13-1 3.5499 0.6108 11.9225 0.1474 3.1050 2.5377 2.3628 73.2756 0.8039 0.1461 98.4616 
FGMI 14-1 3.5404 0.7182 12.3296 0.1218 3.6637 2.3834 2.7767 72.8644 0.9946 0.1585 99.5511 
FGM1 15 -1 3.3822 0.6130 11.8754 0.2205 3.1954 2.6865 2.3103 73.1912 0.7613 0.1802 98.4159 
FGMI 16-1 3.8020 0.7582 12.2458 0.1669 3.5642 2.4749 2.8242 72.5288 0.8274 0.1583 99.3508 
FGMI 16-2 3.2049 0.7279 11.7685 0.0775 3.8230 2.4373 2.5801 72.3051 0.8903 0.1484 97.9629 
FGM1 17-1 3.6973 1.4623 12.5174 0.1185 6.3382 1.9197 4.2972 65.4753 1.2778 0.4380 97.5415 
FGM1 18-1 3.4702 0.8275 12.0493 0.1020 4.0045 2.3968 2.8830 72.1195 0.9743 0.1616 98.9889 
FGM1 19-1 3.2992 0.6406 12.1560 0.1530 3.1405 2.5209 2.3595 73.3835 0.8020 0.1076 98.5627 
FGM1 20 -1 3.5513 0.7439 12.3479 0.0575 3.7613 2.3662 2.9445 72.9973 0.8645 0.2310 99.8656 
FGMI 21 -1 3.5316 0.7195 12.1235 0.1672 3.5859 2.3139 2.6363 72.1553 0.8345 0.1720 98.2395 
FGM1 21 -2 3.5562 0.7048 12.0822 0.0495 3.4637 2.4553 2.7110 72.8733 0.8141 0.1277 98.8379 
FGMI 22 -1 3.7793 0.7351 11.9662 0.2093 3.5978 2.5066 2.6356 72.1967 0.8642 0.1663 98.6770 
FGM1 23 -1 3.7164 0.6168 12.1881 0.1319 3.3839 2.4905 2.3856 72.8612 0.7842 0.1768 98.7355 

Mean 3.5542 0.8003 12.1912 0.1230 3.8892 2.3931 2.8164 71.6439 0.9129 0.1933 98.7172 
SD 0.2255 0.3119 0.2607 0.0546 1.1654 0.2209 0.7489 2.7824 0.2215 0.0852 0.6686 
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Geochernistry results for Ffigelmossen tephra layer #2 (Hekla 3). 

Shard ID Na20 M90 A1203 MnO FeO K20 CaO Si02 Ti02 P205 Total 
FGM2 1 -1 4.6426 0.1417 13.8377 0.0741 3.2445 2.5647 2.1007 71.4367 0.1913 0.1728 98.4067 

FGM22-1 4.6596 0.1313 13.4729 0.1487 3.2032 2.3975 1.9353 71.1842 0.1534 0.0327 97.3187 

FGM23-1 4.5698 0.1304 13.9666 0.1883 3.1429 2.4770 1.9688 70.8512 0.2210 0.0367 97.5528 

FGM24-1 4.3800 0.1282 13.8179 0.1352 2.9724 2.5042 2.0944 70.9213 0.1799 0.0467 97.1802 

FGM25-1 4.3862 0.1154 13.9184 0.0705 3.2240 2.6494 1.9692 
. 
71.7169 0.1768 0.0183 98.2451 

FGM2 5-2 4.5789 0.1358 13.5616 0.1557 3.1435 2.5600 1.9871 70.8718 0.1091 0.0501 97.1537 

FGM26-1 4.3322 0.1343 13.2157 0.0670 3.2456 2.4625 2.0259 69.1950 0.1691 0.0247 94.8719 

FGM27-1 4.2524 0.1243 13.6096 0.0364 3.2221 2.5752 1.9949 71.1338 0.2kg 0.0598 97.2395 

FGM2 8-1 4.2686 0.1115 13.7042 0.1706 2.9213 2.5506 2.0343 70.4284 0.2162 0.0995 96.5053 

FGM29-1 4.1014 0.1212 14.0699 0.0664 3.1293 2.5501 2.1205 70.6421 0.2492 0.1376 97.1877 

FGM2 10 -1 4.4312 0.1396 13.5696 0.2253 2.9644 2.6073 2.0148 71.2097 0.2145 0.0766 97.4530 

FGM2 11 -1 0.4839 0.1169 14.1803 0.0733 3.0447 2.2446 2.0404 74.1548 0.1968 0.0290 96.5647 

FGM2 12 -1 3.9782 0.1317 13.2320 0.1608 3.1811 2.3743 2.0520 69.9731 0.1353 0.0402 95.2588 

FGM2 13 -1 4.4836 0.1434 14.018 0.0111 3.6835 2.3601 2.4171 70.0238 0,188 0.0501 97.3787 

Mean 4.1106 0.1290 13.7267 0.1131 3.1659 2.4913 2.0540 70.9816 0.1880 0.0625 97.0226 

SD 1.0623 0.0100 0.2987 0.0638 0.1847 0.1124 0.1175 1.1271 0.0382 0.0451 0.9775 

Geochemistry results for Ffigelmossen tephra layer #3 (Kebister/Hekla Selsund). 

Shard ID Na20 M90 A1203 MnO FeO K20 CaO Si02 Ti02 P205 Total 
FGM31 -1 4.2775 0.5654 14.8272 0.1820 5.7345 2.1051 3.3334 66.0118 0.4590 0.1608 97.6567 

FGM32-1 4.3625 0.5428 14.2922 0.1652 5.5878 2.0369 3.3971 65.2402 0.4603 0.1214 96.2264 

FGM32-2 4.3424 0.5247 14.5600 0.1375 5.6104 2.0599 3.4605 66.0884 0.3958 0.1333 97.3131 

FGM33-1 4.4654 0.5539 14.7329 0.3099 5.9722 1.9159 3.4159 65.8356 0.4906 0.1567 97.8490 

FGM3 4-1 4.2700 0.4336 14.3177 0.1733 5.3222 2.2273 3.0900 68.1251 0.4016 0.1070 98.4676 

FGM3 6 -1 4.1674 0.4830 14.9854 0.1188 5.5333 2.1644 3.3884 '67.2487 0.4962 0.1477 98.7333 

FGM3 6-2 4.4141 0.5089 14.7312 0.1074 5.7847 2.0401 3.3268 66.8464 0.4429 0.1172 98.3197 

FGM37-1 4.6185 0.6029 15.1380 0.2030 5.8527 2.0294 3.6641 66.3169 0.4419 0.1392 99.0066 

FGM38-1 4.6400 0.5786 14.3953 0.1612 6.2891 2.0659 3.4665 65.8284 0.5043 0.1725 98.1018 

FGM39-1 4.0103 0.5104 14.4142 0.2941 5.5313 2.1381 3.3094 66.5506 0.4945 0.1457 97.3985 

FGM3 12 -1 4.2466 0.6827 14.4676 0.1824 5.9603 2.0950 3.5363 66.5592 0,4810 0.1327 98.3437 

FGM3 13 -1 4.1440 0.5083 14.6354 0.1645 5.4509 2.0900 3.2289 65.1739 0.4300 0.1417 95.9676 

FGM3 14 -1 4.7868 0.4657 14.7454 0.1528 5.3935 2.0433 3.1319 66.8825 0.3672 0.1237 08.0928 

FGM3 15 -1 4.4165 0.4738 14.4591 0.2146 5.5116 2.1720 3.3029 67.2421 0.4195 0.1521 98.3642 

FGM3 16 -1 4.6038 0.5879 14.7344 0.1047 5.9420 2.0877 3.3467 65.6568 0.4447 0.1603 97.6688 

FGM3 17 -1 4.3103 0.5610 14.7792 0.0937 5.8585 2.1162 3.5364 66.6065 0.4525 0.1119 98.4263 

FGM3 20 -1 4.4718 0.5883 14.4906 0.1725 5.5568 2.1240 3.5258 65.4624 0.5484 0.1528 97.0934 

FGM320-2 4.3119 0.5557 14.6042 0.0648 5.9797 2.1031 3.5778 65.9876 0.5221 0.1430 07.8499 

FGM3 21 -1 4.4769 0.5632 14.7949 0.1238 5.8933 2.1686 3.4275 67.2648 0.5310 0.1355 99-3796 

FGM3 23 -1 4.7096 0.5130 14.8398 0.1503 5.6983 2.0895 3.2267 65.7179 0.4910 0.1260 97.5621 

FGM3 25 -1 4.5675 0.5144 14,6946 0.1918 5.8831 2.1039 3.3174 66.1841 0.4898 0.0975 08,0441 

FGM3 25 -1 4.4860 0.4893 14.5319 0.1658 5. '5093 2.1045 3.4466 66.9284 0,3984 0.0939 08.1541 
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FGM3 26 -1 4.6669 0.0402 12.6665 0.0642 1.8147 2.7374 1.3130 75.6604 0.0654 0.0328 99.0615 
FGM3 27 -1 4.1961 0.4034 14.3227 0.1431 4.9731 2.1997 3.0145 66.6307 0.3564 0.1003 96.3400 
FGM328-1 4.4220 0.5855 14.7002 0.2487 6.2144 2.2076 3.4913 65.6072 0.4687 0.2024 98.1480 

Mean 4.4154 0.5135 14.5544 0.1636 5.5543 2.1290 3.2910 66.7063 0.4429 0.1323 97.9028 
SD 0.1935 0.1149 0.4463 0.0604 0.8311 0.1432 0.4400 1.9991 0.0930 0.0325 0.8494 

Geochemistry results for Ffigelmossen tephra layer #4 (Hekla 4). 

Shard ID Na20 M90 A1203 MnO FeO K20 CaO Si02 Ti02 P205 Total 
FGM41 -1 4.0310 1.7000 14.6412 0.3055 9.6789 1.4470 5.2426 58.9280 1.1794 0.5819 97.7356 

FGM4 1-2 4.3212 1.7667 14.4719 0.2094 10.3331 1.4394 5.7781 -57.9365 1.1525 0.5520 97.9609 

FGM42-1 4.1171 0.0400 12.4656 0.1704 2.0462 2.7813 1.4009 73.0131 0.1424 0.0865 96.2634 

FGM43-1 4.7876 0.0398 13.4716 0.2086 3.9441 2.4582 2.2964 69.8950 0.2223 0.0271 97.3505 

FGM44-1 5.8052 0.0023 13.8081 0.0071 0.9253 2.3060 1.2960 73.0422 0.0176 0.0380 97.2480 

FGM4 5 -1 4.0645 0.0261 12.4371 0.1675 1.8348 2.8591 1.3158 71.7524 0.1460 0.0780 94.6813 

FGM4 5-2 4.0182 0.0171 12.7132 0.1095 2.1015 2.8793 1.3225 71.9847 0.1460 -0.0407 95.2919 

FGM46-1 3.9741 0.0044 12.8120 0.1563 1.7264 2.9462 1.3861 71.8485 0.0581 0.1119 95.0239 

FGM47-1 4.0653 0.0156 12.3570 0.0712 1.8855 2.9687 1.2361 72.1198 0.0862 0.0318 94.8373 

FGM4 8-1 4.6744 0.2573 13.9988 0.1976 7.0906 1.9526 3.5029 66.0054 0.4781 0.1306 98.3782 

FGM49-1 4.4097 0.0967 12.8507 0.0026 1.9816 2.9854 1.4662 73.9041 0.0986 -0.0591 97.7956 

FGM4 10 -1 4.4200 0.0297 12.9986 0.0833 1.7811 2.9545 1.3561 71.8852 0.1056 0.0551 95.6693 

FGM4 11 -1 4.2731 0.0155 12,4663 0.0996 2.0065 2.7593 1.3287 73.1264 0.1425 0.0595 96.2774 

FGM4 11 -2 4.3938 0.0204 12.3836 0.1819 2.0442 2.7671 1.3050 72.5163 0.1196 0.0421 95.7740 

FGM412-1 4.3602 0.3613 13.9076 0.2824 8.0549 1.9030 4.0661 63.9882 0.5394 0.1676 97.6307 

FGM4 13 -1 4.3299 0.0236 12.4006 0.1250 2.0824 2.7336 1.3144 72.0895 0.0229 -0.0317 95.1220 

FGM4 14 -1 3.9271 0.0272 12.1235 0.0648 1.9772 2.9241 1.3262 
. 
72.4515 0.1461 0.0726 95.0402 

FGM4 15 -1 4.2035 0.0152 12.6557 0.0054 2.0070 2.7946 1.2692 71.7924 0.0810 -0,0222 94.8240 

FGM4 16 -1 4.6941 0.1824 14.0496 0.2052 5.1560 2.1284 2.9785 67.2062 0.2933 0.0624 96.9561 

FGM4 17 -1 4.3492 0.0253 12.4607 0.0098 1.9322 2.8668 1.3620 73.5763 0.1057 -0.0326 96.6880 

FGM4 17 -2 4.5435 0.0314 12.5429 0.1449 1.7397 2.9013 1.3435 72.6457 0.1250 -0.0395 96.0178 

FGM418-1 4.4856 0.0111 12.4ý963 0.0945 2.0153 2.8441 1.3186 72.9733 0.0493 0.2160 96.5042 

FGM4 19 -1 4.0119 0.0195 12.4435 0.0732 1.8305 2.7910 1.3313 72.0197 0.1264 -0.0228 94.6470 

FGM4 19 -2 3.9666 0.0196 12.3663 0.0173 2.0201 2.8817 1.3593 71.8258 0.0282 0.0386 94.5234 

Mean 4.3428 0.1978 12.9718 0.1247 3.2581 2.5947 1.9997 -70.3553 0.2338 0.0876 96.1767 

SD 0.3976 0.4810 0.7567 0.0866 2.7041 0.4741 1.3292 4.3877 0.3139 0.1627 1.2267 
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