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Climatic records have been obtained from five ombrotrophic raised peat bogs in Northern 
Britain (Heathwaite Moss, Killorn Moss and Tore Hill Moss) and Ireland (Ardkill Moss 
and Cloonoolish Moss). These records cover the last 2500 years, apart from Heathwaite 
Moss, which spans the period from ca. cal. 2500 BC to AD 500. 

These proxy records were produced using three main bog surface wetness 
reconstruction techniques, including plant macrofossil, humification and testate amoebae 
analyses. These records have high quality chronologies produced using a combined 
number of 42 AMS radiocarbon dates, spheroidal carbonaceous particle (SCP) analysis 
and the rise of pine pollen. A search for tephra at all sites produced two layers, at 
Heathwaite Moss and Tore Hill Moss. These were geochemically typed using an electron 
microprobe and were matched to two known tephras of Hekla 4 and Glen Garry. 

Detrended correspondence analysis (DCA) was applied to both the macrofossil and 
testate amoebae data with the latter producing a more sensitive record owing to low 
levels of species diversity in the macrofossil data. A transfer function was also applied to 
the testate amoebae data to obtain quantitative estimates of the depth of the water table 
by using a calibration program (WACALIB). Despite a less sensitive record from the 
macrofossil data there was a high degree of agreement between all three-proxy 
indicators. Evidence of Little Ice Age deterioration is noted at ca cal AD 1730 (Ardkill 
Moss) and 1640 (Killorn Moss and Tore Hill Moss). Wet shifts are recorded after a 
period of dryness within the Roman period at four sites and these occur at ca. cal. AD 
450 and AD 440 (Cloonoolish and Tore Hill Moss) and ca cal. AD 280 and AD 260 
(Ardkill Moss and Killorn Moss). All sites apart from Killorn Moss show evidence for 
synchronous wet shifts between ca cal. AD 10-75. Heathwaite, Killorn and Tore Hill 
Moss all show a further wet shifts initiating between ca. cal. 400-5 10 BC. The oldest and 
longest record at Heathwaite Moss also displays wet shifts at ca cal. 2100 BC, 1500 BC, 
and 1030 BC. Prominent dry phases were recorded at most sites between ca cal. AD 
900-AD 1150 (possibly relating to the Medieval Warm Period), ca cal. AD 0-440 
(Roman period) and dry shifts at ca cal. AD 590 and 630 (Cloonoolish and Killorn 
Moss). Tore Hill Moss and Heathwaite Moss record a dry phase ca. cal. 760-550 BC and 
930-560 BC respectively. Heathwaite Moss also displays dry shifts at ca. cal. 2300,2100 
and 1300 BC. Cycles relating to climate change were recorded at 200-300,350 and 500- 
700 years in duration possibly relating to the influence of NADW production and solar 
activity. 
The decline of Sphagnum imbricatum was recorded at three sites and has been linked to 

increases in bog surface wetness. Problems with the techniques used such as species 
dependent decay, insensitive macrofossil species, and the decay of testate amoebae with 
depth, are also examined and their influence assessed. 
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Chapter 1 

Introduction 

The future, it has been suggested, holds a potential anthropogenic climate change to higher 

temperatures. Cycles of climate change at the Milankovitch scale and their causes have been 

studied extensively and a reasonable understanding has been obtained. Century scale 

changes associated with the periods within orbital cycles and the factors driving them are 

substantially less well known. Without being able to understand the potential base natural 

variation of the climate over this scale the true implications of human actions regarding 

"Global warming " will not be able to be assessed. There is therefore a large gap in the 

palaeoclimatic record within this period. 

Climatic changes of the late Holocene have been noted by Barber et al., (1999) and Hass 

(1996), as being especially important with regard to defining natural base level chnges. The 

environment has stayed in a similar state regarding the proportion of ice, land and sea, and 

crucially there are some documentary and instrumental records against which at least the last 

thousand years' record can be assessed. Most importantly, as Mayewski et al. (1993, 

p. 12,839) suggests, is that the late Holocene and more specifically the last 2000 years, 

"incorporates climate events which serve as our most recent analogs for conditions cooler and 

warmer than the present century: the Little Ice Age (LIA) and the Medieval Warm Period 

(MWP), respectively. " 

Despite the fact that these climatic changes and others, such as possible greater warmth in 

the Roman period, are relatively small they do represent the boundaries of natural variability 
during the late Holocene. Unfortunately in Europe meteorological records only date back to 

around the seventeenth century and elsewhere records are substantially shorter. Therefore 

there is a need for proxy records to fill the gap between meteorological records and the 
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Milankovich scale cycles of climate change. Lamb (1977) suggested from documentary 

records two main periods of climatic change in the last two thousand years for Europe. 

Lamb perceived the MWP (900-1300 AD) and the LIA (12th to early 20th century) as being 

periods of, respectively, generally warm and cool conditions. Other climatic changes of the 

late Holocene have been recorded, a major one being the transition from the Sub-Boreal to 

the Sub-Atlantic (Van Geel et al., 1998). New proxy data from tree rings, ice cores and 

glacier advances suggest that this is an over-simplified view. Evidence from tree rings 
(Briffa et al., 1992) suggest that century scale events in the late Holocene such as the MWP 

were experienced at differing magnitudes and times, from region to region, even within 
Europe. Investigation of the late Holocene to examine the magnitude, synchroneity and 

regionality of these and other events is therefore essential if the underlying causes and 

therefore the potential predictability of further events are to be assessed. Proxies can have 

various problems. Stahle and Cleaveland (1994, p. 205) noted that: 

"Tree ring chronologies... are not ideal for detecting very long century scale climate trends. 

The general necessity for removing age related growth trends in tree ring data limits the low 

frequency climate data in these data. " 

Aaby (1976) observed that raised peat bogs act as low pass biological filters, which can 

reflect longer-term climatic tendencies. It is suggested that these sources of data could reveal 

more valuable information about the climate of the late Holocene. It should also be stated 
that little is known about the climate from AD 0-1000. Little attention has been paid to the 
Dark Ages or the Roman period, although Lamb (1977) suggests that these were cooler and 

warmer periods respectively. 

The need identified above is the basis for this research project. The aim of this project 
therefore is to obtain high-resolution palaeoclimatic records for the late Holocene from 

raised bogs across northern Britain and Ireland. Attention will be given to finding evidence 
of proposed events such as the MWP, LIA and also the climate of the Roman and Dark Age 

periods. An attempt to determine the regionality and synchroneity of such century scale 
events across the study area will be carried out. Conway (1948) hypothesized that differing 
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moisture thresholds may operate from area to area and even from bog to bog allowing 

climatic changes in peat to be registered at differing times. Haslam (1987) has demonstrated 

the greater sensitivity of bogs from oceanic environments. As the sites within my study will 

encompass a wide range of rainfall regimes, the sensitivity of the bogs to these possible 

century scale events will be observed. Climatic changes of the late Holocene detected from 

these sites will be able to be validated against instrumental and documentary evidence from 

other studies. 

Palaeoclimatic reconstructions from peat have been carried out by, for example, Haslam 

(1987), Stoneman (1993), Mauquoy (1997) and Langdon (1999). This study will examine 

the late Holocene period (with special attention to the last 2000 years) exclusively, using a 

multi-proxy approach. Multi-proxy studies, in this case the use of macrofossil, humification 

and testate amoebae analyses, are relatively rare and include Mauquoy (1997,1999a), 

Charman et al., (1999) and Langdon (1999). Mauquoy (1997) examined the sensitivity of 

raised bogs to climate within the Borders and southern Scotland using paired raised bog 

sites. Langdon (1999) examined the Holocene record of climate change for Scotland and 

successfully used and identified a number of tephra layers to complement radiocarbon 
dating. This present study differs from those previously undertaken by using a high 

sampling resolution for all proxies, combined with a series of AMS radiocarbon dates on 

each core, which will allow a high quality climatic record based on a much more reliable 

chronological framework to be obtained. Previous studies such as Wimble (1986), 

Stoneman (1993) and Mauquoy (1997) have relied on relatively few bulk radiocarbon dates 

per core. 

This project therefore will attempt to answer the following questions. 

1) a. Can a multi-proxy approach provide a palaeoclimatic record capable of recording 

century scale climate changes such as the Medieval Warm Period (MWP) and the 
Little Ice Age (LIA)? 

b. Are these changes validated by the documentary records that are available? 
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c. How do the climatic changes reported in this study compare with previous climatic 

reconstructions? 
2) By utilizing AMS radiocarbon dates can the synchroneity and regionality of climate 

change within the last 2000 years be determined? 

3) From the climatic records obtained can any cycles in the data be observed and therefore 

can possible factors forcing the climate be proposed? 

4) How effective are the individual proxy methods used? Are there problems that need to be 

addressed? 



Chapter 2 

Previous literature 

This chapter will first examine the link between climate change and bog stratigraphy. It will 

then review some of the early work carried out by researchers before the shift in study focus 

that proceeded from the results of researchers such as Walker and Walker (1961) and Barber 

(1981). A review of the climate records produced from peat stratigraphy after this time from 

all three major proxies of macrofossil, humification and testate amoebae analyses will be 

carried out. 

The legitimacy of using single core analyses for climate reconstruction will be examined, as 

this is a common question regarding studies such as this. The final part of this chapter will 

briefly examine some of the major climate reconstructions from archives other than peat. 

- _________ 
This will remain relatively brief as many_ such studies are used to compare and validate the 

results that have been gained in the present study in section 7.2. A full account of the records 

of MWP and LIA events will be presented to illustrate geographical and chronological 

differences of each. 

2.1 Climate change and peat stratigraphy 

2.1.1 The link between climate change and bog stratigraphy. 

Ombrotophic raised peatlands are, as their name suggests, "rain fed". The main 

constituent of these bogs, Sphagnum, by way of its unique characteristics, is crucial in 

forming the bogs' domed profile. Growth from the capitula and the very slow decay rates 

associated with these plants allows rapid accumulation, which progresses above the local 

groundwater table. The water table within the raised bog is drawn upwards with the 

growth of the Sphagnum. Water tables are maintained above the ground water level 
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owing to impeded drainage, as noted by Ingram (1983), within the catotelm (Ivanov, 

1981). Sphagnum enters the catotelm through the aerobic acrotelm and subsequent decay 

leads to the collapse of structure, reducing pore sizes and leading to a reduction in 

hydraulic conductivity (Clymo, 1991). This lowering of conductivity within the catotelm 

provides the impeded drainage. Therefore, the level of precipitation minus the level of 

evaporation dictates the level of the water table. There is a requirement for sufficient 

precipitation, as lateral seepage within the more hydraulically conductive area of the 

acrotelm will lead to a drawdown of the water table. It is the dependence on precipitation 

to regulate the water table, which allows raised bogs to be such a good climatic archive. 

" Since raised bogs derive all their moisture from the atmosphere it is logical to conclude that 

there must be a relatively direct relationship between the mean water table of the bog and 

effective precipitation - the balance of precipitation less evapotranspiration. " 

Barber (1993, p. 476) 

Sphagnum does not have a regulatory system of stomata like vascular plants, which can 

control its level of evapotranspiration and therefore as Barber (1982, p. 180) comments, 

"Sphagnum is at the mercy of the climate" 

That differing Sphagna and other bog plants have different tolerances to water table 

levels has been known for many years. Ratcliffe and Walker (1958) and Clymo and 
Hayward (1982) observed that certain species occupy preferred niches on the bog surface. 
For example, Ratcliffe and Walker (1958) suggested that Sphagnum section Acutifolia 

(molle and fuscum) was associated with drier hummock environments along with other 

mosses such as Racomitrium lanuginosum, whereas plants associated with areas below or 

close to the water table were inhabited by Sphagnum cuspidatum and sedges such as 
Rhynchospora alba. 
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Once these mosses and plants die, upward growth of new Sphagnum buries the older 

growth. Once these remains have passed through the aerobic acrotelm decay is extremely 
low within the anaerobic catotelm (Clymo, 1991). 

"That decay rates can be low may be deduced from the fact that macroscopic and microscopic 

plant structures (not only pollen) are still identifiable after several thousand years as peat. " 

Clymo (1983, p. 201) 

It is this remarkable preservation that allows the reconstruction, via macrofossil analysis, 

of the past surface vegetation that can give valuable information on water table 

movements and therefore wetness changes. Such studies have been carried out by Barber 

(1981), Haslam (1987), Mauquoy (1997) and Mauquoy and Barber (1999 a), initially 

using 5 point scale abundance measure and more recently using Quadrat and Leaf Count 

Macrofossil Analysis (section 4.2), which allows the macrofossil data to be subject to 

multivariate statistics (Barber et al., 1994). 

It was not until the work of Walker and Walker (1961) and Barber (1981) that the 

significance of climate in the development of even small-scale features, such as 
hummocks and hollows, was envisaged. The details of the previous paradigm for bog 

development and its falsification, that of "cyclic succession", can be found in Barber 

(1981) and therefore will not be repeated here. 

Aaby and Tauber (1974), using rhizopod (testate amoebae) analysis and levels of 
humification of a peat core from Draved Mose in Denmark, was able to show how the 
humification of the peat was largely dependent on the moisture during peat formation. 

The position of the water table, being primarily controlled by the level of effective 

precipitation, led to the increase and decrease in the size of the aerobic acrotelm. The 

acrotelm is the upper layer of peat containing an oscillating water table, high hydraulic 

conductivity, and is rich in peat-forming aerobic bacteria and other micro-organisms 
(Ingram, 1978). As the acrotelm is accountable for the majority of the decay, the degree 

of humification recorded from peat samples can be indicative of the water table level and 
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therefore climate. Numerous studies based on this principle have been undertaken and 

will be examined in section 2.2. 

Charman and Warner (1992) have shown that testate amoebae assemblages are also 

mainly dependent on the water table depth. The reconstruction of past assemblages 

therefore has been mated with macrofossil analysis in order to obtain and corroborate bog 

surface wetness changes (Woodland et al., 1998; Langdon, 1999). Results from such 

analyses will be noted in section 2.1.7. 

Despite the fact that studies such as Barber (1981) and Walker and Walker (1961) point 

to the bogs reacting to climate across the whole surface, it has been noted that some core 

positions are potentially more complacent to climate change than others. For example, 

Barber (1982) noted that the use of a single core on a raised bog can be representative of 

a bog's reaction to climate change, as long as it is not taken from a climatically 

complacent microform, such as a persistent hummock which is recognisable in the field 

stratigraphy, or from an area subject to drainage such as a bog margin. The debate as to 

whether one core from a bog can be solely representative of a bog's climatic response 

will be examined in section 2.2. 

2.1.2 Recurrence surfaces 

Before the falsification of cyclic succession (Barber, 1981), the influence of climate in 

the development of raised bogs was viewed as being limited to large-scale changes 
known as recurrence surfaces. These were acknowledged in peat sections as changes 
from well humified dark Sphagnum peat, which was rich in Calluna and in more 

continental areas often Betula and Pinus remains, to light relatively unhumified 
Sphagnum peat. The "Grenzhorizont" was initially noted as occurring around the time of 

the Sub-Boreal to Sub-Atlantic transition ca 2500 BP (Weber, 1900). Weber originally 

suggested that this horizon had been formed from peat produced in the preceding wet 
Atlantic period, which had then been humified in the drier Sub-Boreal. Godwin (1946) 
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realised that in fact peat had continued to accumulate through the Sub-Boreal and the 

change to a wetter climate in the Sub-Atlantic had led to the production of fresh 

Sphagnum peat, which was attributable to the higher water tables and hence smaller 

acrotelm depths on the peat bogs. 

Granlund (1932) found further recurrence surfaces from work on the bogs of southern 

Sweden. Surfaces were found at the following dates RYI (AD 1200), RYII (AD 400), 

RYIII "Grenzhorizont" (600 BC), RY IV (1200 BC), RY V (2300 BC). Other workers 

looked for these horizons, such as Nilsson (1935) and Lundquist (1962), and suggested 

that there had been nine and seven of these horizons respectively. A large degree of 

confusion ensued over the lack of synchroneity of these horizons, partly due to the poor 

quality of the radiocarbon dating strategies involved. The poor quality and quantity of 

dating has dogged studies for many years. This is something that will be improved upon 

in the present study. The realisation by Conway (1948) that individual bogs and their 

vegetation could have differing moisture thresholds, which would result in differing 

reaction times to climate change, is a possible explanation for the lack of synchroneity 

seen. Earlier work was carried out using peat sections, which could be openly viewed and 

mass humification changes easily recorded. Later work involved the use of boreholes that 

did not allow this. The realisation by Aaby and Tauber (1974) and Barber (1981) that 

small-scale changes in peat stratigraphy could be influenced by climate led the discipline 

away from the recording of simple humification changes. 

"One may fairly assume that the previous concentration of effort on dating RY's tended to 

distract attention from what is now seen as the aim of peat-stratigraphic work, related to the 

construction of climatic curves based not only on visible field stratigraphy but analysis of the 

Sphagna in thin slices of peat, thus reconstructing the past surface wetness condition of each of a 

number of profiles. " 

Barber (1982, p. 107) 

RYI and RYII, at AD 1200 and 400 respectively, are seen in modern studies as potential 

periods of wet shifts in climate of the last 2000 years. Shifts that roughly correspond to 

these have been noted by modern studies using detailed stratigraphical analysis. Aaby 



(1976) for example noted wet shifts at AD 1500 and AD 450 based on humification and 

rhizopod analysis from Draved Mose in Denmark. An examination of previous climatic 

curves produced, with emphasis on the last 2000 years, can be seen in the following part 

of this chapter. 

2.1.3 Climatic reconstructions based on macrofossil analysis. 

This section will examine the results of some of the major palaeoclimatic studies carried out 

on peat using macrofossil analyses. The present study will deal with the Sub-Atlantic period, 

a time of climatic deterioration relative to the previous Sub-Boreal. The boundary between 

the two is a major stratigraphic change known as the "Grenzhorizont" (Weber, 1900). 

Extensive analysis by Van Geel (1978) on a peat section for both macro and microfossils 

from Engbertsdijksveen in the Netherlands also identified this boundary. Evidence from 

this section was compared to that of Wietmarscher Moor III (WMIII) which was 35 km 

away. Similar fluctuations in Corylus pollen were identified in both sections around the 

Sub-Boreal/Sub-Atlantic transition. Declines in the level of this pollen were correlated 

with rises in the levels of Sphagnum cuspidatum and Sphagnum imbricatum within an 

overall Sphagnum rubellum peat. Together with rises in Fagus pollen this result led to the 

conclusion that a period of deterioration to more oceanic conditions had occurred. Falls in 

the level of Corylus were suggested as being a consequence of rainy winters or late- 

spring frosts, which would prevent the release of pollen (Godwin, 1975). Owing to their 

replication in both sections, these changes were viewed as a definite climatic response. 
The sharp change in Corylus pollen was made up of smaller fluctuations, which had a 

periodicity of around 150-200 years. This periodicity was inferred as being climatically 
induced. 

Climatic fluctuations of the last 2000 years were considered by Barber (1981) using 

macrofossil analysis. This work, as mentioned in section 2.1.2, led to the falsification of 

cyclic succession. Evidence of wet phase shifts from a number of sections at Bolton Fell 

Moss was used to create the graph displayed in figure 2.1. The results showed a marked 
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similarity to those from documentary data indicating summer wetness and winter severity 

(Lamb, 1977). Wet shifts were identified as a change from a dry plant community to a 
lawn community, or to definite pool formation, identified by the occurrence of Sphagnum 

cuspidatum, Sphagnum subsecundum or algal mud. The wettest periods were identified as 

occurring between AD 900-1100, AD 1320-1485 and AD 1745-1800. A post-Roman 

period of climatic deterioration was also identified. The problems of recording dry 

periods were noted, but where strong stratigraphic evidence existed dry periods were 
inferred. Drier periods were noted as occurring around AD 90-600, AD 800s, AD 1200s 

and the early AD 1500s. This record does therefore contain climatic signals of the Little 

Ice Age and Medieval Warm Period. 

Figure 2.1 Surface wetness curve of Bolton Fell Moss (Barber, 1981) 
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Wimble (1986) examined a series of peat sections from three mires, White, Foulshaw, 

and Helsington Mosses in South Cumbria. Macrofossil analysis of these sections 
demonstrated a good level of synchroneity between wetness shifts, not only within the 

same bog (using different sections) but also between bogs regionally. This was aided by a 
large number of radiocarbon dates. Wet shifts around ca. cal. 3100-3150 BP at Foulshaw 

and Helsington Moss and ca. cal. 3500 BP at White Moss were found that could be 

correlated to the recurrence surface seen by Granlund (1932) and also that of RYIV. 

Further wet shifts were seen at around ca. cal, 2800 BP and ca. cal. 1800-1500 BP in all 
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but White Moss. A further wet shift that seemed to correspond to RYI was noted at White 

Moss around ca. cal. 550 BP. 

Work on MHC's (major humification changes) has been carried out by Haslam (1987). 

Haslam examined many bogs in northwestern Europe, from the more continental conditions 

of Germany and Poland to the more Atlantic conditions of Ireland. This work used detailed 

macrofossil analysis of the plant remains and humification levels measured subjectively by 

the von Post scale and objectively by colorimetric determination. He recognized that the 

bogs in the more continental regions displayed far fewer recurrence surfaces, as climatic 

change was not of sufficient amplitude to cross the vegetation threshold. Overall, however, 

he found six general periods when there was climatic deterioration: 

1. Deterioration to maritime conditions ca. 3800 BP (1850 BC), MHC at Tregaron 

and Flanders Moss 

2. Deterioration leading to continentality ca. 3000 BP (1050 BC) 

3. Distinct move to more maritime conditions ca. 2800 BY (850 BC) 

4. Renewed continental conditions ca. 2500 BP (550 BC) 

5. Oscillatory deterioration from ca. 2500-1500 BP (550 BC-AD 450) with maritime 

phases at ca. 2300 BP (350 BC), ca. 1900 BP (AD. 50) and ca. 1500 BP (AD 450) 

and two continental phases at ca. 2200 BP (250 BC) and ca. 1600 BP (AD 350). 

6. Decline to more continental conditions ca. 1200 BP (AD 750). 

So periods which were found to most favour RY production were ca. 3800 BP, ca. 
2900 BP, ca. 2450 BP ca. 1900 BP and ca. 1200 BP. 

The deterioration at 1200 BP could correspond to a post-Roman decline. 

Stoneman (1993) produced a series of macrofossil diagrams for raised bog sites along a 

rainfall gradient across northern England and southern Scotland. Quadrat and Leaf Count 

Macrofossil Analysis, devised at Southampton University, was used (section 4.2). 
Detrended correspondence analysis (DCA) performed on the data allowed climatic curves 
to be produced. DCA, carried out using the Canoco program (ter Braak, 1988), searches 
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for underlying environmental gradients within taxa and assigns a value to each based on 

its position on such a gradient (section 6.3.1). Gradients found within the bog taxa mainly 

relate to wetness tolerances. Stoneman (1993) has a low dating resolution, partly owing 

to the number of sites examined, and the climate record is "masked" by Sphagnum 

imbricatum and Sphagnum section Acutifolia. The reasons for this and the possible 

solutions will be examined at the end of this section. Climatic shifts were seen but the 

degree of agreement between sites was quite low. Stoneman (1993, p. 200) suggested that: 

"The plethora of wet shifts observed means that, for any given period, correlation can always 

be found, illustrating a problem with the adopted approach" 

This is illustrated in figure 2.2 where a large number of wet and dry shifts have been 

recognised. The data do indeed seem to point to a LIA signal with most sites recording a 

deterioration of climate around the 1500s to 1600s. This thesis is very important as it 

pointed the way to a series of possible improvements, which could increase the validity 

and worth of such climatic reconstruction. Two cores from Walton Moss were analysed 

and a good degree of continuity between the two was seen, further complementing the 

view expressed by Barber (1981) of a synchronous response to climatic change within a 

bog. The cores both exhibit large levels of Sphagnum cuspidatum from around 36 cm to 

22 cm indicating a pool environment and possibly a reaction to the LIA. A large increase 

in monocots immediately before at 36 cm to 46 cm can also be noted in both. Despite the 

good correspondence between the two it should be noted that the cores were only 2 

metres apart. Examination of the lateral extent (many tens of metres) of the pool layers in 

the stratigraphy in Atlantic bogs in plate 1.0 at Cloonoolish Moss (western Ireland) 

illustrates the synchroneity of change. 

Barber et al. (1981) suggested, based on the curve produced for the last 2000 years, that 
Bolton Fell Moss was extremely sensitive to climate change, having a stratigraphy 
dominated by horizontal swathes of peat of varying humification. A4 cm sampling 

resolution on a5m core enabled a comparatively high-resolution record for over 6000 

years to be obtained from macrofossil data by Barber et al. (1994 b). The core was also 
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well dated with initially 12 radiocarbon dates. Time series analysis was applied and the 

cyclicity of the wetness changes was found to be 800 years. 

As part of the TIGGER IIa program, Barber et al. (1999) examined a core from Fallahogy 

bog in Northern Ireland, which was viewed as the most intact site available. A climatic 

record for the last 2000 years was targeted and the results led to the impetus for the 

present study. The core was dated using a series of pollen-land use correlations, a tephra 

layer (AD 860) and twelve radiocarbon dates. Radiocarbon dating was attempted on the 

upper part of the core but five out of the six dates were contaminated by "bomb carbon". 

Both humification and macrofossil analyses were used and the resultant DCA on the 

macrofossil results can be seen in figure 2.3. Both the analyses pointed to a deterioration 

between AD 1685-1845, which was viewed as a LIA signal. DCA analysis also displayed 

a possible drier period post AD 860 (possibly relating to the MWP) and also a drier 

Roman period that was preceded and post-dated by deterioration. 

Of most interest was the level of synchroneity and similarity shown between this record 

and that which was carried out on Moine Mhor, which is a blanket mire in the 

Caimgorms (Barber et al., 1999). A similar timing for a LIA deterioration and drier 

period ca AD 860 was seen (figure 2.4). These two bogs are 300 km apart, yet they 

seemed to display relatively similar records. The potential regionality and synchroneity of 

the LIA and MWP, demonstrated in this work, would require further analysis, which will 
be carried out in the present study. 

Mauqouy and Barber (1999) examined two bogs within close proximity to each other, 
Coom Rigg Moss and Felicia Moss in Northern England and noted further synchroneity 
between climate change records between the sites. Macrofossil DCA (detrended 

correspondence analysis) data were used to produce climate records which displayed 

deteriorations from ca. cal. AD 1770-1800, AD 1400-1470, AD 1110-1260, AD 920- 

1060, AD 550-670, AD 210-360,30 BC to AD 80,180-130 BC, 590-520 BC and 760- 

710 BC. 
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Figure 2.3 Proxy climate record from Fallahogy bog, northern Ireland. 

(Barber et al., 1999) 
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Figure 2.4 Proxy climate record from Moine Mhor in the Cairngorms 

(Barber et al., 1999) 

WET Proxy-Climate Index DRY 

Dates AD 

1940 

1850 

1715 

1290 

1020 

860 TEPHRA 

645 

MOINE MHOR, CAIRNGORMS 

10 

20 

30 

- 40 

50 

60 

17 



Few macrofossil data have been obtained from blanket bogs, as they are generally not 

considered to hold a high quality macrofossil record. Barber (1993, p. 475) suggests that: 

" blanket bog is a mixture of ombrotrophic and minerotrophic mires and while they do contain 

Sphagna they also may be dominated by sedges, and the generally higher degree of breakdown of 

plant tissue in the peat may mean they are of less archival use. " 

Despite this Tallis has carried out a number of studies on the blanket bogs of the 

Pennines, which he suggests is a climatically sensitive area. Tallis (1995) using sections 

from the southern Pennines and Berwyn Mountains in Wales examined the occurrence of 

Racomitrium. This moss has been associated with very low water tables. The existence of 

two layers of this moss at the southern Pennine site at AD 1250-1450 and AD 1700-1750 

were given very differing origins. The first of these was suggested as being due to lower 

water table levels in the drier MWP. Sphagnum recolonised after the MWP thus inferring 

deterioration. Desiccation is suggested to have led to enhancement of sub-surface pipe 

drainage, which would have lead to greater drainage capacity. It is this that is suggested 

as causing the latter period of high Racomitrium moss abundance. 

Further work at 18 sites on blanket mires in the southern Pennines using a different 

species, that of Empetrum nigrum, as a dry indicator led to a further possible MWP signal 
(Tallis, 1997). This study is included here despite the fact that this work used pollen as 

opposed to macrofossil evidence. Empetrum nigrum is indicative of drier hummocks and 

areas above 15-30 cm from the water table (Lindsay, Riggall and Bignal, 1983). It has 

been noted as being very sensitive to high water table levels (Bell, 1969). The 

justification for using pollen in this way to derive palaeoclimatic data was that Empetrum 

nigrum pollen has a very low dispersal and falls within the area surrounding the parent 

plant. High Empetrum nigrum pollen levels were noted ca. AD 1100-1250 which was 

suggested as being a possible period of desiccation within the MWP. A subsequent fall 

and subsequent increase in levels of Sphagnum from ca. AD 1250-1750 is reported as 
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being indicative of a possible climatic deterioration leading into the LIA. The degree to 

which these two studies can be taken as offering palaeoclimatic data is difficult to assess, 

as complications of human interactions, causing erosion and vegetation changes are 

widespread. 

2.1.4 The limitations of macrofossil analyses. 

There are two main limitations that have arisen from previous palaeoclimatic studies 

based on macrofossil analysis of peat. Firstly, there is the potential masking of climatic 

change due to climatically insensitive species. Secondly there is the possible problem of 

species-dependent decay that also affects humification analysis. These issues are 

examined briefly in sections 4.2 and 4.4.1, and fully with regard to the present studies 

results in sections 7.4.1.2 and 7.4.2.2. 

Stoneman (1993) demonstrated the degree of masking that can occur within the wetter 

Sub-Atlantic period. To illustrate this, macrofossil data from Glasson Moss (Stoneman, 

1993) are displayed in figure 2.5. Sphagnum imbricatum is the dominant peat former and 

inhibits the climate record that can be derived. Sphagnum imbricatum can inhabit both 

drier and wetter habitats on a bog surface (Green, 1968) and therefore can limit the 

surface wetness data provided. Macrofossil diagrams are often dominated by high levels 

of Sphagnum section Acutffolia, which is difficult to split in to species by microscopic 

analysis. Sphagnum section Acutifolia contains species with a wide range of water table 

tolerances; for example Sphagnum molle and Sphagnum capillifolium var capillifolium 

all inhabit relatively dry areas, whereas Sphagnum subnitens and Sphagnum subfulvum 

inhabit much wetter areas (Daniels and Eddy, 1990). A period of insensitive Sphagnum 

imbricatum or Sphagnum. section Acutifolia domination can reveal significant surface 

wetness fluctuations when humification or testate amoebae analyses are used. These 

combined methods have been used by Langdon (1999) to good effect. 
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2.1.5 Climatic data derived from humification analyses. 

That climate change could influence the humification levels of peat was acknowledged 
by Weber (1900) following the recognition of recurrence surfaces (section 2.1.2). Aaby 

(1976) noted that humification changes could also be attributed to a possible climatic 

cause. By comparing the degree of humification and the abundance of two wet loving 

species of rhizopod at Draved Mose in Denmark, a link between the humification of peat 

and moisture level was deduced. Despite the views to the contrary of Schneekloth (1965) 

and Olausson (1957) Aaby (1974, p. 10) concluded that: 

" The change in the humification curve thus essentially seems to depend on the humidity or 
dryness of the bog surface at the time of formation" 

Aaby (1976) produced a humification curve from Draved Mose, which compared 
favourably to rhizopod evidence and pointed to a series of wet shifts within the last 

5500 years (figure 2.6). These wet shifts were dated to AD 1500, AD 1050, AD 450, 

AD 250,600 BC, 1500 BC and 2000 BC (underlined dates correlate with recurrence 

surfaces). Extensive dating, involving 55 radiocarbon dates, enabled a periodicity of 
260 years to be seen. Aaby suggested that this was possibly the highest resolution of 

climatic change that a raised bog could provide, and proposed that a raised bog acted 

as a potentially biological low pass filter. The record was favourably compared to 

temperature data from the last millennium from Lamb (1968), Climatic deterioration 

around the period of the LIA was proposed at AD 1500. A later deterioration noted by 

Lamb (1966) around AD 1700 is not reflected in the Draved Mose data. Aaby 

suggested that the climatic change might not have been sufficient to be registered. 

Humification analyses from Norway by Nilssen and Vorren (1991) found a very 

similar pattern to that seen by Aaby (1976). Fourteen ombrotrophic bogs in Northern 

and Central Norway were examined and a series of wet shifts of a very similar nature 
to those seen by Aaby were recorded. Wet shifts dating from 4600-4400 BP, 3850- 

3750 BP, 2950-2750 BP, 750-500 BP, 2200-2050 BP and 400-200 BP were noted. 
The latter of these dates could possibly be a reaction to LIA deterioration. 
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Figure 2.6 Wet shifts recorded from Draved Mose (Aaby, 1976). 
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The potential of blanket bog sites as climatic recorders using humification analysis 

was illustrated by Blackford and Chambers (1991). Five blanket sites across a rainfall 

gradient from Harolds Bog in the northeast of England to bogs near Letterfrack in the 

west of Ireland were subjected to humification analyses. The results displayed by 

Blackford and Chambers concentrate on the clear recognition from all the sites of a 

climatic deterioration at ca 1400 BP. This shift was radiocarbon dated at all sites, and 

notwithstanding the possible dating error, the change was strikingly synchronous. 

This, over such a gradient, led the authors to conclude that the shift was of climatic 

origin. Previous studies have also recognised a potential climatic deterioration at this 

point, such as Granlund (1932), Aaby (1976) and Barber (1981). The documentary 

information for this period is very scarce, yet what is available suggests that there was 

deterioration in post-Roman times (Lamb, 1977). 

Further humification analyses carried out on blanket bog sites near Letterfrack in 

western Ireland led to a potential link between the climatic signal and solar variability 

(Blackford and Chambers, 1995). The sites in the west of Britain were viewed as 

being highly sensitive to climatic change. Two water-shedding sites within 1.6km of 

each other were chosen for analysis. Marked deterioration occurred around AD 1410 - 
1540 and AD 1660-1720. A warmer climate is implied for the periods from AD 1230- 

1380, AD 1560-1650 and AD 1730-1780. Most interestingly the periods of 

deterioration from the 1400s onwards seemed to correlate with periods of low sunspot 

numbers pointing to low levels of insolation receipt. Deterioration noted at ca AD 

1410-1540 and AD 1660-1720 correlates with the Spörer and Maunder minima. It 

must be noted that this correlation is not complete, as the Wolf minimum at ca. AD 

1250-1350 occurs simultaneously with an inferred drier period. Therefore, other 

driving forces are expected to have played a part. The dating of the two cores could 

have led to various errors. Radiocarbon dates of two similar wet shifts from the two 

bogs are suggested as being similar enough to suppose synchroneity. The wide error 

margin of the dates of up to ±80 years must leave the degree of synchroneity open to 

question. The rest of the dates were derived by linear interpolation from radiocarbon 
dates. Future work must try to minimise dating error by using AMS radiocarbon 
dates, and if possible tephra isochrons. 

23 



Analyses carried out at Talla Moss (Chambers et al., 1997) in Scotland showed a 

similar correspondence between the LIA and the Spörer minimum. Five radiocarbon 
dates were used to provide the chronology for the 5500 year humification record 

along with a series of tephra horizons. These horizons offer a tremendous opportunity 
for correlating between cores. Cycles of 210 years were seen within the data, which is 

not dissimilar to those seen by Aaby (1976), especially when possible errors in dating 

are taken in to account. Wet shifts are noted at 3455 BP, 2600 BP, 1930 BP, 1095BP 

and a marked shift at 540 BP. The latter of these probably marks a shift due to LIA 

climates. 

2.1.6 Limitations of humification analyses. 

A widely recognised problem with humification analyses is the possibility of species' 
dependent decay. This is examined further in sections 4.4.1 and 7.4.2.2. Clymo 

(1965) for example, suggested that Sphagnum section Acutifolia and especially 
Sphagnum cuspidatum have relatively high rates of decay, despite the latter species 

wet bog position. Coulson and Butterfield (1978), based on work in the southern- 
Pennines, proposed that the level of nitrogen in Sphagnum is the most critical factor. 

High levels of nitrogen content are reported to lead to greater rates of decay. Johnsen 

and Damman (1991) demonstrated that the decay of differing Sphagnum species is 

determined primarily by their chemical composition, rather than the habitat in which 
they live. There is a habitat component though, as species transplanted in to hummock 

habitats with a larger acrotelm all decayed at a higher rate. Despite this Johnsen et al., 
(1990) suggested that there was in fact greater decay in hollows where there is 

sufficient, and in some reported cases more available oxygen (Zobel, 1986). Whether 

this decay is due to species decay or the habitat remains unclear. The following 

theories are proposed by Johnson et al. (1990) to possibly explain reasons for species 
dependent decay. 

1) Effect of species-specific antibiotic substances that inhibit microbial decay; 
2) Differences in nutrient content among differing species; 
3) Species specific resistant substances such as polymerised lipids which increase 

as the plant ages. 
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The effect of such species-dependent decay on climatic reconstruction could be 

severe. If the humification curve simply traces the abundance of various fast or slow 
decaying species, no additional useful information will be gained. Once humification 

analyses have been completed, comparison with a macrofossil diagram is required to 

see if this is the case. Often there are indeed significant fluctuations within a single 
Sphagnum species dominated horizon, which would suggest that other factors, such as 

water table depth are more important. Correlation of proposed wet shifts with other 

proxies such as testate amoebae could also add additional information. Chambers et 

al. (1997, p. 395-396) acknowledged this problem and observed that: 

" There must therefore be a concern that changes in peat humification (or light 

transmission values) might merely reflect changes in local species composition - producing 

what might be termed a `vital effect' (Figge and White, 1995)" 

A further problem exists with the use of humification analyses, especially for the 

recent past. Peat within the acrotelm, which has not yet past through to the catotelm, 
has still to experience complete acrotelmic decay. As Clymo (1991) stated, the 

majority of decay occurs in the acrotelm, so therefore peat within this zone cannot be 

directly compared with that of peat within the catotelm, even after the data are 
detrended. Charman et al. (1999), upon examining near surface peat from Coom Rigg 

Moss, observed that the humification data are difficult to interpret owing to 
incomplete decomposition in the acrotelm. 

2.1.7 Climate records from testate amoebae. 

Testate amoebae are microscopic animals between 20µm and 25011m across which 
inhabit the surface layers of peatland environments (Woodland et al., 1998). The 

major influence over their occurrence and assemblage is the depth of the water table 
(Warner and Charman, 1994). Identification of these species is by the size and shape 
of the resistant tests (shell-like abode) that are left once the organism has died. One 

major advantage in using these organisms is that they are usually identifiable to the 

species level, unlike Sphagnum section Acutifolia for example. Testate amoebae will 
be used in this study in order to enhance water table reconstruction when both the 

macrofossil and humification data are inconclusive. Masking of climatic signals by 
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Sphagnum imbricatum for example could be resolved using information provided by 

testate amoebae. 

" Rhizopod analysis can help to construct a reliable and much more detailed picture of the 

successional changes of mire surfaces than can a peat analysis alone, for example, in a case 

when a single Sphagnum species (often Sphagnum fuscum) has been responsible for the peat 

growth over many millennia" 

Tolonen (1971) 

The establishment of the main factors governing species assemblages on the mire 

surface has been the subject of much of the analyses undertaken in the last twenty 

years. Qualitative relationships were first sought by, for example, de Graaf (1956) and 

Meisterfeld (1977). More recently quantitative relationships have been sought, 

establishing both percentage soil moisture and depth to water table as the most 
important factors governing testate assemblages (Warner, 1991). Charman (1997) and 
Charman and Warner (1997) have taken this a step further, by attempting to use 

modem testate amoebae data from a site to establish the tolerance of differing species 

to the water table and soil moisture, and have then developed a transfer function based 

on these data. Further details of this are examined in section 6.6. The transfer function 

has been used to predict past water table and soil moisture levels based on fossil 

assemblages. Predictions of water table levels for sites in New Zealand led to the 

conclusion that water tables and soil moisture levels could be reconstructed to within 
f 5.7cm and ±2.9% respectively, if there are good matches between fossil 

assemblages and modern analogues. One hundred and sixty three modem testate 

samples were examined from British mires by Woodland et al., (1998). A tr ansfer 
function was devised in a similar way to that of Charman (1997) and the validity of 
this function was tested by its application to a section from Bolton Fell Moss. The 

application of the function to the fossil data provided two curves of soil moisture 

percent, and water table depth. The possibility of a quantitative measure of water table 
fluctuation, combined with the other qualitative data sources would provide a 

significant advance in the science as Woodland et al. (1998, p. 272) suggest: 

"Such reconstructions provide a new technique for estimating fluctuating mire surface 
wetness. In combination with complementary approaches such as plant macrofossil and 
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humification analyses, these should enable higher precision, more accurate 

palaeohydrological curves for British mires. In particular the magnitude of changes can now 
be assessed quantitatively in terms of a meaningful environmental variable other than as an 

abstract relative measure. " 

Langdon (1999) used a multi-proxy approach to reconstruct climate change from 

several raised bogs in Scotland. Testate amoebae were counted for five of the sites 

and when compared with humification and macrofossil data they showed a good 

correspondence. Langdon used a transfer function similar to that used by Woodland et 

al., (1998) for converting the testate amoebae assemblages in to reconstructed 

quantitative water table depths. Langdon (1999, p. 349) concluded that the use of 

testate amoebae was advantageous and noted that: 

"A multi-proxy approach is essential in order to determine climatic changes from peat 

stratigraphy. " 

A recent application of testate amoebae analysis has been carried out by Hendon et al. 
(2001) who actually used the transfer function devised by Woodland et al. (1998) to 

compare both within sites and between site comparability of ombrotrophic bog water 
table records. This study suggests that climate changes across northern Britain have 

occurred in relative concert over the last 2000 years. 

2.1.8 Stable isotope analyses of peat. 

Isotopic records have been immensely successful in other fields, such as the oxygen 
isotope ratios for ocean sediment and ice cores, in displaying climatic related records. 
The use of isotopes has also been carried out with regard to peat records, although the 
results have been marred by many problems. 

Schiegl (1971) was one of the first to recognize the possible potential of the level of 
deuterium (ZH/'H) in peat as a climatic indicator. There was a direct relationship between 

the level of carbon in the peat and that of deuterium. The carbon levels would rise during 
decay and because of this relationship, if the deuterium and carbon levels were known in 

a sample and present-day carbon levels in the plants were also noted, this could allow the 
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original level of deuterium to be calculated. Schiegl (1971) suggested that the value of 

the original deuterium level of organically bound hydrogen is useful, as it is related to 

the amount in the precipitation at that time. This, Schiegl thought, depended on the 

temperature: a lower temperature led to a lower deuterium level. This was confirmed by 

Vogel (1969) who used pollen analysis to create a proxy temperature curve for the peat 

examined. Deuterium levels were also calculated, and when compared rising 

temperatures did indeed seem to correspond to higher deuterium levels. This 

relationship, and the graph which Vogel produced from it, could be used to give 

palaeo-temperatures from the known deuterium levels. 

Brenninkmeijer et al. (1982) examined the above isotope and also examined the use of 

oxygen isotope analysis in cellulose extracted from peat. These were tested specifically 

between 3100-2400 14C years BP, as this was the well established Sub-Boreal to Sub- 

Atlantic transition. Brenninkmeijer observed that there were three links between the SD 

and S'BO composition of peat and climate. The ratio of isotopes within precipitation, 

which provides the water for the plants to take up, depends on temperature. 

Evapotranspiration can give rise to enrichment of the heavier isotope in the leaves, and 

this itself depends on the level of humidity. The third and least known is that the levels 

of these isotopes can change owing to isotopic fractionation in the plants. Pollen 

analysis was used independently to show the transition between the Sub-Boreal and Sub- 

Atlantic. The two isotope ratios of 8D and S'$O showed a definite fall across the 

boundary, reflecting the climatic change. Brenninkmeijer noted a large problem in the 

use of these isotopes. The species of plant involved had a large bearing on the isotopic 

measure seen. Sphagnum species had much lower levels of SD and 5180, due to a large 

potential for water mixing which allowed less enrichment within hyaline cells compared 

to vascular plants. This explained a great deal of the fall at the Sub-Atlantic to Sub- 

Boreal transition, as the level of Sphagnum increased greatly. Brenninkmeijer suggested 

though that with compensating adjustments there was still a climatically valid signal. 

Dupont (1986) carried out a study of the temperature variations of the Holocene using 
the above two isotopes. The results of this study led to the possible confirmation of many 

of the phase shifts seen as RYs. Haslam (1987) proposed that Dupont's work confirmed 

the deterioration seen in his own work between 4000-3000 BP, as an isotopically 

deduced fall in temperature from 10 to 9° C was noted. This was followed by a rise in 
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temperature shortly after 3000 BP to 11 C, and followed by a decline to 9 °C after 2000 

BP. 

Dupont and Mook (1987) also used 2W'H ratios to try to create a palaeoclimatic curve. 

They used a statistical method to overcome the problems of species-dependent isotopic 

fractionation. The dependence each species had was calculated by a series of complex 

multiple linear regressions. These values were then subtracted from the sample values. 

The record produced was compared against other established records, such as oxygen 

isotope records from Greenland, tree ring widths, and Corylus pollen influxes. The 

isotopic record was highly dissimilar and obviously showed that there were still many 
fundamentally unanswered questions in the use of isotopes on peat. 

Work carried out at Carbury Bog (Co. Kildare, Ireland) by van Geel and Middeldorp 

(1988) on the last 850 years of peat accumulation illustrates this point. Detailed 

macrofossil analysis allowed reconstruction of the bog's previous vegetation. When this 

was compared to the deuterium levels, a large dependence on the type of species was 
displayed. The deuterium levels showed a negative correlation with the Medieval 

Climatic Optimum, the Little Ice Age and the subsequent period of climatic warming, as 

shown by Lamb's (1977) independent temperature record. The species dependence was 

so large that any possible climatic signal was probably drowned out. 

Limited work has been carried out on the use of carbon isotopes in peat to record 

atmospheric CO2 levels and humidity. Mosses cannot regulate their CO2 or water uptake, 

owing to their lack of stomata. The VC depended therefore on the CO2 of the 

atmosphere and the water availability. The VC of sedges, which can control their CO,, 

can be used to remove the water component from the moss's signal. Graphs of CO2 levels 

relating to temperature and humidity levels were produced by White (1994), from a bog 

near Estoncia Harberton on the Beagle Channel in South America. The main data of 
interest were the warming periods seen at 12,800 BP, 10,000 BP and 4400 BP. The last 

of these was thought to have been ENSO related. Humidity levels were seen to be at 
their suspected maximum around 6500 BP. Humidity levels from 6000 to 1000 were 

seen to be relatively low compared to the rest of the Holocene. 
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Ficken et al. (1999) used the 813C values of plant lipid biomarkers to examine the 

molecular stratigraphy of Moine Mhor (a blanket bog in Scotland). The values were 

compared to macrofossil data from the site. Very little agreement was seen between the 

two approaches. Problems associated with the early diagenesis of the lipid biomarkers 

was cited as being the reason for the lack of agreement between the original vegetation 

and the subsequent lipids preserved in the peat archive. 

The data provided thus far have the potential to remove much of the uncertainty that is 

inherent in the use of macrofossils and humification. Isotopes could allow quantitative 

instead of qualitative temperature changes to be obtained. Unfortunately, knowledge of 

the subject is not extensive enough to do this consistently, or with any great level of 

accuracy. Many more studies will be needed before these lines of evidence can be 

viewed as reliable. 

2.2 Representativity of single core analyses. 

Many of the previously examined climatic analyses have been carried out using a 

single core from each of the analysed bogs. A popular question when confronted with 

such data is whether the dataset is representative of the reaction of the whole bog to 

climate change. Are the results seen in the core replicable? Also, are the changes 

replicable in nearby bogs? 

These questions have arisen since the increased use of coring, as opposed to sections, 

where stratigraphy can be readily examined. Barber (1994, p. 3) noted: 

" It is obviously preferable in any stratigraphic study to be able to examine sections rather 

than bore holes. However there are practical problems with this approach on both untouched 

bogs where no sections are available and due to new methods of peat extraction on damaged 

bogs. " 

Within Atlantic bogs, such as those examined by Walker and Walker (1961, p. 3), a 

single core might be expected to be representative of the whole mire based on their 

conclusion that: 
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" the most interesting feature of most of these sections is the evidence for a bog surface 

reacting all over and in the same direction to a change in conditions. " 

This sentiment was further endorsed by Barber (1981), after the examination of many 

peat sections. This situation has been noted mainly on Atlantic bogs, which have a 

relatively flat surface and relatively extensive and continuous lateral stratigraphy, as 

shown in plate 1. 

Plate 1.0 Stratigraphy of a raised bog site in Co. Galway Western Ireland 

Several studies have been able to demonstrate a degree of replicability and 

synchroneity of stratigraphic changes, from both within cores from the same bog and 

from more than one bog. Wimble (1986) examined three raised bog sites in southern 

Cumbria (Helsington, Foulshaw and White Moss), comparing results from 4 sections 

from the same bog and between sites. The main stratigraphic changes which were 

seen in these bogs have already been noted in section 2.1.4. 

"It appears that the changes are generally synchronous over the short distances investigated 

(with the time errors inherent in sampling and radiocarbon assay techniques). Furthermore, 
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they show a high degree of synchroneity between sites, the same mire and perhaps in a 

limited region" 
Wimble (1986) 

Blackford and Chambers (1991) suggested that the synchroneity of wetness shifts 

across a large rainfall gradient, encompassing five sites from NE England to the far 

west of Ireland, has been demonstrated in their work using blanket bog sites. A wet 

shift at around 1400 BP is replicated within these bogs using humification analyses. 

Bulk radiocarbon assay was used to date the shift at the sites, which resulted in large 

error bars and potential date ranges of the order of up to 190 years. 

Two cores from Walton Moss were analysed by Barber et al. (1994) for macrofossils. 

The second core, positioned on the bog surface 2m from the first, was only 60 cm 

long compared to 330 cm for the second. The macrofossil diagrams produced were 

very similar, their corresponding parts displaying similar vegetation changes. Van 

Geel et al. (1996) noted a fall in the 14C content of the atmosphere ca. 850 and 760 

BC. Abrupt climatic deterioration, inferred from macrofossil and pollen evidence 

from the raised bog at Engbertsdijksveen, occurred at the same time as this. Van Geel 

and Renssen (1998) also observed similar palaeoecological data from other bogs 

which support this deterioration, such as that from Barber (1982) and Charman (1990; 

1995). Barber et al. (1998) examined ten short cores from both Walton and Bolton 

Fell Moss to investigate the replicability of change within and between bogs. In a 

similar way to Stoneman (1993) two of the Walton Moss cores were placed 5.7 m 

apart and showed a high level of similarity between vegetation changes (figure 2.7). 

Short cores were taken from Bolton Fell Moss across a 70 m transect and five of the 

resultant macrofossil diagrams are shown in the publication. These display a good 

degree of similarity. For example, all show a wet period at around AD 1600-1650 

associated with increases in the abundance of Sphagnum cuspidatum and decreases in 

Sphagnum magellanicum (figure 2.8) 

Examination of the replicability of results from neighbouring bogs has been carried 

out by Mauquoy and Barber (1999 a). Both plant macrofossil and humification 

analyses of 3 metres of peat from Felicia and Coom Rigg Moss were compared to 

each other. 
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Figure 2.7 Walton Moss macrofossil diagrams (Barber et al., 1998) 
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Macrofossil diagram from Walton Moss, profiles SC3 and 4. 

A large degree of similarity could be seen. The curves were dated using initially the 

pine rise and four bulk radiocarbon dates per core with errors of up to ±50 years. 
When the large variability of the records (especially humification) is appreciated, it is 

possible that errors of even this size could lead to some troughs or peaks being paired 
incorrectly, thus compromising the synchroneity shown. The authors stressed the need 
for a better chronology, possibly involving wiggle-matched AMS radiocarbon dates. 

Charman et al. (1999) assessed the level of within-site variability by comparing two 

closely spaced cores from Coom Rigg Moss. 
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Figure 2.8 Macrofossil diagrams from Bolton Fell Moss. (Barber et al., 1998) 
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Macrolossil diagrams from Bolton Fell Moss, profiles M1-4. 

Testate amoebae were used along with humification and macrofossil data to provide a 

water table level reconstruction. A good degree of agreement was seen between the 

proxies within Sphagnum peat, although problems arose in more ericaceous and 

monocot rich peat. Replicability between cores was noted as being best within the last 

1000 years. 
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The results illustrated in this section demonstrate that repetition within the same bog 

and neighbouring bogs is indeed possible. There seems to be a good degree of 

synchroneity between these changes based on the chronologies used. Unfortunately, 

the errors involved with bulk radiocarbon dates are too large to allow a definite degree 

of synchroneity to be demonstrated. Therefore a study is required which will carry out 

multi-proxy studies on peat from a wide range of mires and date relevant wetness 

changes with AMS wiggle matched dates. This may allow the degree of synchroneity 

of wetness changes between sites to be established. This is part of the brief for the 

present study to try to gain a palaeoclimatic study the high quality of which is 

matched by the quality of the chronology. 

2.3 Climate change of the Late Holocene 

Palaeoclimatic studies derived from peat archives have been examined already in this 

chapter. The following section will involve a brief look at some of the commonly 

identified climate changes from other archives such as records of glacier movement, 

dendrochronology, and isotopic data. This will be split in to time zones. Much of the 

data within the period examined by this study is used to compare to the present 

studies results in section 7.2. To highlight the problem of both the existence and 

timing of possible climate changes regionally, nationally and internationally evidence 

for the Medieval Warm Period (MWP) and the Little Ice Age will be examined in 

detail. These are often seen as the most important climate changes of the Late 

Holocene and especially the last 2000 years. The other periods will be examined in 

the sections of 2500 BC- AD 0, AD 0 -1000. 

2.3.1 2500 BC-AD 0 

Glacier front fluctuation data from both European sites and America suggest that there 

were two or possibly three main periods of deterioration within this time period. The 

timing of these varies from region to region. Whether this is due to actual climate 

change or radiocarbon dating error remains unanswered. Evidence from Europe 
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(Karlen, 1988; Nesje and Dahl, 1991; Leeman and Niessen, 1994; Wanner et al., 

2000) suggests deterioration ca 2000 BC, 1500 BC, and 500 BC. Actual dates vary 

between a hundred years or so either side of these. Evidence from American glaciers 

(Grove, 1988) show similarly timed deteriorations especially ca. 1350 BC. Limited 

tree ring data point to relatively similar times of deterioration in Europe (Baille and 

Munro, 1988) ca. 1628 BC and ca 1150 BC. Dendrochronological records from 

California (Lamarche, 1974) record periods of worsening climate ca 1300 BC and ca 

500 BC. Increases in IRD (Ice Rafted Debris) from cores in the North Atlantic (Bond 

et al., 1997) occurred ca. cal. 2800 BP. The GISP2 ice core (Meese et al., 1994) has 

recorded periods of deterioration ca. 3750-3550 BP (1800-1600 BC) and ca. 2450- 

1950 BP (500 BC-AD 0). 

2.3.2 AD 0-1000 

Evidence in Europe shows that there have been a series of deteriorations and 

ameliorations within this time period. Glacier data from Europe show periods of 

glacier front advances ca. 1800-1500 BP in Switzerland (Wanner et al., 2000), 

although ameliroation was recorded ca. 1850-1300 BP (Leeman and Niessen, 1994) 

in Switzerland as well. Evidence from Norway also suggests amelioration ca. 1800- 

1700 BP (Nesje et al., 2001) and between ca. 2000 BP and 1400 BP (Karlen, 1988). 

Possible amelioration around this time is also supported by tree ring data from 

California (Lamarche, 1974; Scuderi, 1993) where a warmer climate has been 

suggested ca. AD 0-400. 

A period of deterioration has been recognised around the middle of the first 

millennium AD which has been termed as the start to the Dark Ages (Blackford and 
Chambers, 1991). There is much evidence for this deterioration yet there are 
differences in the exact timing. Blackford and Chambers (1991) record from peat 

stratigraphy that this climate change occurred ca 1400 BP in the British Isles. Tree 

ring evidence from Fennoscandia (Briffa et al., 1992) shows a similar period of 
decline from ca. AD 500-700 (1450-1250 BP). There is also evidence for IRD in 

ocean cores for this period further implying cooler conditions (Bond et al., 1997). 
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2.3.3 The `Medieval Warm Period' (MWP) 

"for a few centuries in the Middle ages the climate in most parts of the world regained 

something approaching the warmth of the warmest postglacial times. The climax of this 

warm epoch was not quite contemporaneous everywhere, and the duration of the fairly stable 

warm regime seems nowhere to have exceeded 200 to 300 years. In the heartland of North 

America, as in European Russia and Greenland, the warmest times may be placed between 

about AD 950 and 1200. In most of Europe the warmest period seems to have been between 

1150 and about 1300, though with notable warmth also in the 900's. " 

Lamb (1977, p. 435) 

This statement by Lamb suggested that the period known as the Medieval Warm 

Period (MWP) was a period of continuous warmth. With the advent of new climatic 
data this notion has been challenged by many authors such as Hughes and Diaz (1994) 

who suggested that the term Medieval Warm Period is misleading and should be 

dropped. The following section will review some of the documentary and proxy data. 

2.3.3.1 Documentary Data 

Lamb (1977) produced a series of data relating to the climate of England in the last 

1100 years. Winter severity and summer wetness indices have been derived and are 

shown in figure 2.9. Indices were derived from a series of documentary and proxy 
data including for example, limits of viticulture, agriculture and forest tree-line limits, 

levels of sea ice from Iceland and inferences from the settlement of Greenland by 

Viking peoples. The winter severity index does generally show a warmer period from 

AD 1150-1300, although there are obvious fluctuations within Lamb's data, which 

possibly point to a period of warmer but also colder conditions. Lamb's data have 

been the main documentary source used by many other climatic analyses to try to 

validate their records, for example Dansgaard et al., (1975), Aaby (1976) and Barber 

(1981). 
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Ingram (1978) and Ogilvie (1991) have severely questioned many of the sources used 

to compile much of Lamb's record, suggesting that they do not pass new critical 

historical analyses. 

Figure 2.9 Winter severity index (Lamb, 1977) 
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Ogilvie (1991), for example: suggests that the information used by Lamb regarding 

sea ice levels off Iceland, from Bergthörsson (1969), is highly unreliable. This 

information is based on Thorddens 1916 compilation, which contains no reliable data 

for 24 out of 59 decades from AD 950-1540. Ingram (1978) noted that many of the 

compilations often used contain `a mish mash of valuable and worthless data'. 

Comparison of Lambs winter severity index to a reliable and verified compilation for 

Belgium by Alexandre (1976 a; 1976 b) for the period AD 1100-1400, showed a 

correlation of only 0.2. This could be due to genuine climatic differences between the 

two regions, but Ingram et al. (1978, p. 33 1) proposed that it is more likely that it: 

"must largely be attributed to the variable but generally poor quality of compilations used 

by Lamb. " 

Wigley (1986) compared Lambs winter severity record to the verified records of 
Alexandre (1976 a; 1976 b) and Pfister (1981). There is little correspondence between 

Lamb's and Alexandre's record from AD 1220 to 1419 although post AD 1419 a 
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roughly similar record is seen. Wigley, using verified data, devised an improved 

record for the period from AD 1220 to 1419 and suggests that in combination with the 

rest of Lamb's record, this makes the best compilation for N. W. Europe (figure 2.10). 

This record suggests that a relatively warmer period deteriorated around AD 1200. 

Figure 2.10 Comparison of documentary derived climate records (Wigley (199? ). 
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Alexandre (1976 a; 1976 b), using verified and reliable sources, created records for 

countries north of the Alps (winter severity index) and for Western Europe (summer 

and winter precipitation). Areas north of the Alps are postulated as having a warmer 

period in the mid 14u' century and a dominant cold winter climate from AD 1150- 

1330, with more severe phases in mid 12th and at the start of the 13th and 14th century. 
Western Europe is suggested as having experienced a series of dry summers from AD 

1200-1310 and high levels of precipitation in the early 12th and 14th century. 

The settlement of Greenland by the Vikings in AD 985 has been used to suggest that 

the climate may have been warmer than at present. That they were able to bury their 

dead in soil that had since been permanently frozen, has been used by Lamb to 
indicate a warmer climate. The abandonment of the Western Settlement in the mid 
14th century has been used as a possible indicator of deterioration of the climate. 
Barlow et al. (1997) has carried out a review of the circumstances surrounding the 

abandonment of Greenland settlement and has suggested that there was indeed 

climatic deterioration as noted by Dansgaard et al. (1975). It was also noted that 

climatic change was one of many problems that faced these people including lack of 

resources, ignorance of other cultures, and religion and over-grazing. 
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Ogilvie (1991) examined sea ice records from Iceland and noted that there was 

circumstantial evidence for warmer conditions in the tenth and eleventh centuries, 

until deterioration around the late 12`x' century. It is suggested that this warmer period 

may well have been as mild as the climate in much of the twentieth century. 

Pfister et al., (1998) examined a whole series of compilations for the period between 

AD 750-1300 and tried to reconstruct air temperature variations in winter for the 

Benelux countries, France, W. Germany, Switzerland and N. Italy. From AD 1090 to 

1179 temperatures are noted as being at similar levels to those seen in the Little Ice 

Age. From AD 1180 to 1299 winter temperatures were indicated as being as warm as 

those of the present century. Within the 13th century stable generally warm winter 

conditions are noted permitting the growth of olives and other tropical plants in 

Northern Italy. From AD 1300 to 1329 deterioration occurred with a postulated fall of 

1°C. 

A recent study by Yan et al., (1997) compared a series of reliable historical datasets 

from Europe with tree-ring evidence from Fennoscandia (Briffa et al., 1992) and 

glacial evidence from the Swiss Alps (Grove and Switsur, 1994). This comparison led 

Yan to remark that most of Western Europe had a warm period around AD 1200. The 

subsequent period between AD 1200 to 1426 is noted as being pretty stable and 

unremarkable. Yan et al., (1997) expressed the need for caution when using the term, 

`Medieval Warm Period', owing to its apparently fluctuating and discontinuous 

nature. 

Ogilvie and Farmer (1997) examined a large series of documentary data and climatic 

compilations from English sources and noted the following climatic trends. A period 

of prolonged cooling from AD 1240-1340 and a warming period around AD 1510 are 

suggested. Icelandic data lead them to suggest that the latter half of the 12th century 

and early 13th century reflect a generally cooler climate after the period of warming 

noted in the other proxies in this section. After this period continued deterioration into 

the LIA is suggested. 
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Very few documentary data exist for countries outside Europe, although some 
documentary evidence from China has been published. These data are mainly derived 

from documentary records of cultivation limits. Evidence of citrus tree and Boehmeria 

nivea (a perennial herb) distribution has led Zhang De'er (1994) to suggest that the 

130' century was probably a relatively warm period, based on their northerly 
distribution. Based on the present distribution of these vegetation types the climate in 

this period is suggested as being up to 0.9°C to 1.0°C higher than that of the present. 

Chu Co-Chen (1973), using further citrus tree data (lychee distribution), suggests that 

this vegetation type declined from its northern limits after the 12`h century. Further 

evidence has been gleaned from Japan based on cherry tree blossom blooms, which 

are dependent on the climate. The earliest blooms where noted within the 9t' century 

and the latest in the 11th century there by delimiting a warmer period. 

Quality documentary data overall are rather scarce for this period especially for areas 

other than Europe. Previous benchmark compilations have been drawn in to question 

and new critically analysed data used. 

2.3.3.2 Data derived from glacier fluctuations. 

Grove and Switsur (1994) have proposed that glacier fluctuations can be used to 
delimit the Medieval Warm Period. These fluctuations are dated using radiocarbon 
dating on organic material overlying deposited moraines. The time between moraine 
deposition and the accumulation of the dated material will present as a time lag that 

can cause dating errors. Problems associated with the use of glacier fluctuations are 
noted in Grove and Switsur (1994, p. 143) who suggested that: 

"It can reasonably be hypothesised that the Medieval Warm Period (MWP) should be 
bracketed by the dates of the moraines formed during the periods of enlargement which 
preceded and followed it. " 

The Swiss Alps offered the best Holocene record derived from glacier fluctuations. 
Initial work by Oeschger and Röthlisberger (1961) and later work by Holzhauser 
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(1984,1988) have led to a detailed reconstruction of the Aletsch Glacier fluctuations. 

Derived evidence suggests that an advance took place from AD 850-900 followed by 

a retreat from AD 900-1000. A renewed period of glacier advance occurred from AD 

1350. Grove and Switsur (1994) note that this possible warm period between the two 

previous advances was by no means uniform as a smaller advance occurred from AD 

1050-1150. 

Karlen (1988) suggested that a series of glacier expansions in Scandinavia occurred 

during the medieval period, from 1500-1100 BP (AD 500-900) with more minor 

advances at 940 BP (AD 1060) and 600-560 BP (AD 1400-1440). This would imply a 

warmer period ca AD 900 to AD 1060 that would equate to that seen in the Alps. 

Evidence from the Sandskardfonna cirque glacier reveals that it was in a state of 

contraction or did not exist at all within the period from AD 1030-1220 indicating a 

possibly quite long period of unfavourable conditions (Nesje and Dahl, 1991). 

Worsley and Alexander (1975) have noted sheared-off trees from the front of 

Engabreen in Northern Norway, which have been dated to 1230±80 and 1060±80 BP, 

pointing to the end of a warmer period. Data from Scandinavia generally show a 

similar picture to that seen in the Alps. 

Evidence for N. America has been found by Röthlisberger and Geyh (1986) who 
looked at evidence from the Juneau Icefield. Advances preceding and post-dating a 

warm period from the Hoboe glacier are noted as occurring from AD 880-1025 and 
AD 1430-1480 respectively. Warmer periods are inferred between AD 955/1030 and 
AD 1425/1470. 

Grove and Switsur (1994), based on their review of glacial evidence from the 

Medieval Warm Period, suggest that this was a globally important event, although it 

was by no means uniform. 

2.3.3.3 Data derived from dendroclimatology. 

Much of this summary has been drawn from the excellent review carried out by 

Hughes and Diaz (1994). Long verified tree ring records covering the last 1000 years 
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are not common; the main ones are from the Urals (Graybill and Shiyatov, 1989), N. 

Fennoscandia (Briffa et al., 1992), N. Italy (Serre-Bachet, 1994), the Sierra Nevada 

(Graumlich, 1993; Scuderi, 1993), Tasmania (Cook et al., 1991) and South America 

(Villalba, 1994). Despite these worldwide data, the individual records are highly 

regional and cannot be used to infer climate change for larger areas. Owing to highly 

variant records produced by tree-ring data, identification of centennial-scale changes 

are often difficult, so Hughes and Diaz (1994) applied a filter to these data sets to 

attempt to view longer scale changes (figure 2.11). 

From figure 2.11 it can be observed that the Polar Urals and Sierra Nevada records 

have relatively warm periods from AD 1110 to AD 1350 and AD 1090-1450 

respectively. The northwest European record infers a warmer period between AD 

1190-1350. There are two relatively warmer periods noted from Fennoscandia, those 

of AD 971-1100 and AD 1350-1540. The inferred cooler period between these 

coincides with warmer periods in the Urals and northwest Europe, which could 

suggest that atmospheric circulation changes were a factor. Records from Tasmania 

and South America show a short-lived warmer period between AD 1075 and 1150. 

When these data sets are viewed in their unfiltered state the degree of variance is 

generally so high that century-scale changes are difficult to observe. 

Further data for the period from AD 900-1300 have been provided by Luckman 

(1994) for the Canadian Rockies. Luckman notes several data sets that cover parts of 

the medieval period although only one from the Robson glacier site covers the whole 

period from AD 900-1300. Unfortunately, this chronology is only based on two trees 

which show generally much wider ring widths between AD 950-1100, possibly 

indicating more favourable growing conditions. Other major records examined by 

Luckman from Athabasca, Bennington, and Larix on the whole show deterioration 

from AD 1110-1120 and AD 1340-1360 within the Medieval period. This might 

suggest that a relatively long-lived warmer period was experienced in Canada earlier 

than in most parts of Europe. 

There are of course numerous problems with data derived from tree rings, not least 

those associated with the number of statistical alterations the raw data are subjected to 

before a `climatic' signal can be seen. How much of the signal is lost because of these 
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procedures is open to question. A review of such problems can be seen in Hughes and 
Diaz (1994). 

Figure 2.11 Series of tree-ring derived climate 

records (Hughes and Diaz, 1994) 
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2.3.3.4 Data derived from ice core measurements. 

Dansgaard et al. (1975) examined a core for 0180 from the Greenland ice cap (Crete) 
for the last 1420 years (figure 2.12). These data are plotted along with data from 
Iceland, drawn from sea ice observations and data from England using temperature 
data from Lamb (1968). For the medieval period Dansgaard concludes that mid- 
Atlantic longitudes are out of phase with records of similar changes in Europe and N. 
America. For example warmer periods are suggested to have started up to 250 years 
earlier in Greenland around AD 880 to AD 1100, compared with that in England at 
ca. AD 900/1000 to 1300. Therefore deterioration after the MWP is much earlier at 
the Greenland site. 
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Evidence from the accumulation rates of the GISP2 ice core suggests that a period 

analogous to a MWP in Northern Greenland may have occurred substantially earlier 

than other regions (Meese et al., 1994). Greater levels of accumulation were 

correlated with higher )'8O levels and therefore were used to imply warmer periods. 

Accumulation levels of up to 8% higher than the Holocene average were seen 
between AD 620-1150. Coastal evidence for a MWP suggest an onset at around 800 

AD, although Meese suggested that this difference based on its more northerly 

position is not out of the ordinary. 

Figure 2.12 Isotopic and documentary data for climate change 

of last millennium (Dansgaard et al., 1975) 
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2.3.4 The Little Ice Age 

"The term "Little Ice Age" is widely used to describe the period of a few centuries between 

the Middle Ages and the Warm period of the first half of the twentieth century, during which 

glaciers in many parts of the world expanded and fluctuated about more advanced positions 

than those they occupied in the centuries before or after this generally cooler interval. " 

Grove (1988, p. 3) 

Lamb (1977) suggests that this period spanned roughly between AD 1550-1800. The 

winter severity index for Great Britain, derived by Lamb from analysis of both 

documentary and proxy records, shows a significant short lived cooler episode in the 

early 1400s followed by a steady fall in the number of severe winters from AD 1500 

to a minimum around the early 1600s. The generally cooler climate is noted as being 

retained in to the late 1800s, although a few warmer shifts in the 1700s were also 

noted. 

Many authors (Briffa et al., 1990 and Cook et al., 1991) suggest that this period was 
by no means continually cold and hence suggest caution over using such a term as the 

Little Ice Age. Landsberg (1985) suggested that this period was not worldwide in 

extent and that, 

" it is a misnomer because continental glaciation did not increase nor was there any 

sustained low global temperature. " 

(Sourced from Grove 1988, p. 3) 

There are many different proxy records that record a cooler period within the period 
from the Middle Ages up to nearly the present day. The initiation and duration of 
these cooler periods are by no means synchronous geographically. The following 

sections will outline some of the evidence for this cooling in the climate and also 
highlight the differences between records and regions. 
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2.3.4.1 Documentary and instrumental data. 

Evidence for a cooler period in Britain can be noted from the work of Parry (1975). 

Parry suggested that climatic deterioration after the Medieval Warm Period led to a 

series of abandonments of upland settlements in the Lammermuir Hills, as land 

became more marginal for cultivation. Oat cultivation in this area required a minimum 

of 1050-degree days above a base of 4.4°C and a maximum of 6.2m/sec wind speed 

and 60mm potential rain surplus in summer wetness. Parry used the data from Lamb 

(1968) to obtain trends in temperature and potential water surpluses. This allowed the 

theoretical limits to agriculture to be mapped in the area throughout this time period 
(figure 2.13). The diagrams show that there is a close relationship between the actual 

abandonment of farms and the theoretical limits to agriculture. The abandonment of 
farms spanned a period of AD 1300-1800. Parry suggested that based on this evidence 

this abandonment must have been in part influenced by the climate. 

Data from viticulture have provided much documentary evidence for climatic change 
for the last millennium, including valuable data for the MWP. Le Roy Ladurie and 
Baudant (1980) have combined a series of data relating to the date of grape harvests 

from many departments in France and areas in Switzerland. They suggest that late 

harvests are generally indicative of cooler temperatures over the growing season. The 

record spans a period from the late 1400s to AD 1900. The dominant feature of the 

record is that it does not contain any long periods of late harvests indicating a long 

cool period. Instead the record is marked by many fluctuations of inferred cooler and 

warmer conditions. The periods of most significant warmth can be noted at AD 1636- 

1638, AD 1676-1687, AD 1758-1762, AD 1778-1784 and AD 1857-1875. Cooler 

conditions can be noted from AD 1640-1644, AD 1648-1651, AD 1672-1675, AD 
1688-1698, AD 1713-1716, AD 1739-1757, AD 1766-1777, AD 1813-1817, and from 

AD 1850-1855. 

Compilations using mainly documentary data from France (Alexandre, 1976a and b) 

and Switzerland (Pfister, 1981) can be seen in fig 10. These winter severity index 

records are plotted next to Lamb's winter severity index. All three show that there was 
a greater number of harsh winters from AD 1500 to a trough at AD 1600. The full 

record from Switzerland (Pfister, 1981) can be seen in figure 2.14. 
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Figure 2.13 Pattern of settlement abandonment in the Lammermuir Hills (Parry, 

1975 
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This record shows the general decline post AD 1500 but also points to a series of 
ameliorations. A severe series of winters can be noted in the late 1600s before a 
recovery in to the mid 1700s. 
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Figure 2.14 Winter severity index calculated from compilations using mainly 
documentary data from France (Alexandre, 1976a and b) and Switzerland (Pfister, 
1981 
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Grove (1972) used the occurrence of landslides, avalanches and floods in Western 

Norway to imply a period of harsher conditions associated with the Little Ice Age. 

Information was gained using land rent assessments and applications for their 

reduction. The incidence of these geomorphological events became much greater 

around the late 17th century and on in to the 19th century. The main concentration of 

events spanned the period from AD 1650-1760. This period has been mentioned 

previously as being a cooler period by reference to the work of Pfister (1981) 

Using the level of sea ice recorded in documentary sources Ogilvie (1992) examined 

the period from AD 1500 to AD 1800. Ogilvie suggested that the timing and duration 

of the LIA has differed greatly from region to region and further suggests-that the 

climate of Iceland between the above dates was one of extreme variability. The sea ice 

data show that there has been a possible (the relationship between sea ice and 

temperature is not necessarily proportional) period of cooler conditions from the end 

of the 16th century and at the start of the 17th century. Mild conditions are noted in the 

1610s followed by cooling in the 1620s and 30s, followed by a further milder period 
from AD 1641-70, and an extremely cold series of winters in the 1690s. There was a 
further very cold period from 1731-60, which was interrupted by a milder decade in 
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the 1760s. The subsequent 1780s are noted as being the coolest within this time 

period. This was probably due to the Laki eruption in 1783-1784. Based upon this 

highly fluctuating record Ogilvie (1992, p. 114) suggests that: 

"It is thus perhaps primarily during the period -1750-1900 AD that the Little Ice Age 

must be sought in Iceland" 

The level of documentary data outside of Europe for this period (as for the MWP) is 

very limited. However, China does possess a series of documentary records of note. 

Wang and Wang (1991) have collated a series of documentary and instrumental data 

for Northern and Eastern China. Comparison of these data with other documentary 

series around the world was also made. Cooler periods observed are mainly 

concentrated within the period from AD 1500 to the late 1800s. Three major cooler 

periods, each with two separate phases had been suggested. The first cooler period 

and its two phases are from AD 1450-1470 and AD 1490-15 10. The second period 

and its phases are from AD 1560-1600 and AD 1620-1690 and the third and final 

series of phases are from AD 1790-1810 and AD 1830-1890. Similar fluctuations 

have been noted in the previously discussed data. Wang and Wang (1991) suggest that 

comparable cooler periods occurred earlier in Eastern Asia than in China, but the third 

cooler period noted was established significantly earlier in Europe. He also suggests 

that in the Southern Hemisphere, in New Zealand for example, the coldest periods 

were from the 18th century as opposed to the 17 ̀x' and 19th centuries in the Northern 

Hemisphere. 

Further evidence has been examined by Pfister et al. (1998) from both Europe and 

China. Pfister suggests that the two areas had pronounced cooler periods in the middle 

and late seventeenth century. The longest instrumental series of temperature data is 

that of the "Central England" temperature series derived by Manley (1953; 1974). 

This record spans a period from AD 1659-1973. The series, along with the latest data, 

is shown in figure 2.15 and shows a highly fluctuating temperature record. A 

significant trough in annual temperatures can be seen around AD 1700 indicating a 

fall of 1.5°C (relative to the series mean) which was also noted by Pfister (1981). 
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Figure 2.15 Central England temperature series (from Hulme and Barrow, 1997 
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Lower winter temperatures are also seen between around AD 1750-1820. Warmer 

periods of above average temperatures can be seen in the 1730s, and the early and late 

1900s. The warmer period around the mid 1700s has also been noted from the 

documentary data derived by Pfister (1981). 
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2.3.4.2 Data derived from glacier fluctuations. 

Grove (1988) has brought together a wealth of mainly Northern Hemispheric 

information on glacier advances and retreats within the last 500 years. Based on the 

evidence noted she suggests that: 

" Glaciers on every continent have expanded in the last few centuries; the Little Ice Age 

was a global phenomenon. The multiple moraines that were left behind indicate that a number 

of individual pulses were involved" 

Grove comments that there was a small advance in many European alpine glaciers, 
before the major LIA advances, at around AD 1300. Main advances of glaciers in the 

Alps are suggested as being initiated at around AD 1600. The glaciers of Northern 

Scandinavia are noted as advancing at a similar or slightly earlier time. Advances in 

Iceland are not recorded until around the middle of the 17`h century. The main 

advances noted in European glaciers are from AD 1600-1610, AD 1690-1700,1770s, 

around AD 1820 and 1850 and the 1880s, 1920s and 1960s. 

Karlen (1988) examined most of the available data for glacier fluctuations in Sweden 

and Norway and suggested that the advances noted were generally synchronous and 
that the largest of these were seen in the 18th and 19'' centuries, which is generally in 

agreement with other European glacier data noted. 

Matthews et al., (2000) from glacier evidence in Southern Norway suggest that there 
have been three late-Holocene Neoglacial episodes. The first of these occurred 
between 2400 and 1600 cal. BP with maximum at 2200 and 1800 cal. BP. The 

second occurred from 1400 to 900 cal. BP with a maximum at 1100 cal. BP. The third 
phase is thought to have occurred within the last 500 years within the LIA. 

Nesje et al. (2001) examined the proglacial sediments of Jarbuvatnet lake in Western 
Norway and combined the sedimentological evidence with previous data from Nesje 

et al. (1991) to produce a Holocene glaciation curve for the area. Periods of higher 

than the average 1961-90 normal precipitation in the late Holocene have been inferred 

as 2100-1800,1600-1300, and 1200-1000 and finally from 900 cal. BP. to the present. 
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Evidence of glacier fluctuation outside Europe is relatively scarce. A few of the main 

studies will be examined here. Evison et al. (1996) noted that there were two 

prominent advances from the eight glaciers examined in the Brooks Mountain range 
in Alaska. These advances were seen in nearly all of the eight records and were 

lichnenometrically dated to 450 and 60 lichenometric years BP. From Glaciers in 

Alaska, Wiles et al. (1999) suggest that there has been three periods of glacier 

advance around the period of the LIA. These are from AD 1200-1300, AD 1600-1750 

and AD 1860-1900. 

Evidence from the Southern Hemisphere is especially scarce although information for 

New Zealand and South American glaciers can be found. Salinger (1976) has 

examined the Franz Josef and Fox glaciers from New Zealand and suggests that the 

most advanced positions that they attained within the last 500 years was around AD 

1600. Between AD 1600 and AD 1800 both glaciers positions were more advanced 

than that of the present, which would propose a cooler climate. Salinger though 

interestingly notes that the pattern seen here is not that dissimilar to that noted in 

much of the Northern Hemisphere. Winkler (2000) using lichonometric dating of 

glacier advances in New Zealand suggest that there was a Little Ice Age maximum at 

the Mueller Glacier at around AD 1725/1730. Other advances have been suggested at 
AD 1740,1860,1895, and 1905. 

Similar cooler periods to those in European examples are also displayed by the 

glaciers examined by Villalba (1994). Evidence has been brought together in this 

study from Chile and Argentina. Much of the evidence is taken from work carried out 
by Röthisberger (1986). Most of the radiocarbon dated advances are within three 

periods implying cooler periods from AD 1280-1460, AD 1560-1690 and around AD 

1860. 

Luckman (2000) notes that periods of synchronous glacier advances in the Canadian 

Rockies occurred in the 12''-13th centuries. In the early 18th and throughout the 19th 

century further glacier advances occurred. These advances are noted as being periods 

of low summer temperatures and the latter advances the result of both low summer 
temperatures and increased levels of precipitation as shown by dendrochronological 
data. Luckman notes that it is only the 19v' century that has a long period of cold 
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summers, the rest of the last millennium displaying continuous variability at both 

decade-century timescales. The author suggests therefore that the term general term 

LIA is redundant and should not be used. 

2.3.4.3 Data derived from dendroclimatology. 

Evidence for America, Canada, the Mediterranean, the Polar Urals (Russia), China, 

South America and finally Europe will be examined here. 

Seven tree ring width chronologies were used by D'Arrigo and Jacoby (1992) to give 

a composite climatic record for north of Northern America. The record suggests that 

there were lower temperatures in the early 1600s and the early 1700s, which was 

followed by a warming in to the late 1700s. This warmer period was terminated by a 

reversion to cooler conditions from the early to mid 1800s. This record is supported 

by a record produced for Quebec by Payette (1989), who notes cooler periods from 

the early 1600s, late 1600s and the early to mid 1800s. Further evidence from the 

Canadian Rockies provided by Luckman (1994) suggests a remarkably similar series 

of date ranges for cooler periods. 

Graybill and Shiyatov (1992) have produced one of the few records obtained from 

Russia. The authors suggest that a similar series of cooler periods can be identified 

from their data as seen in many North American studies. They note that there are 

pronounced cooler periods from AD 1610-1640, AD 1810-1820 and AD 1850-1880 

(figure 2.11). 

Evidence from China also shows a degree of similarity to data already discussed. Wu 

(1992) has examined tree ring records from the Northwest and Northeast of China. 

The number of trees used in these collections of data is quite small and therefore not 

as comprehensive as many of the other records such as those from Europe. From 

these records though a series of warmer and cooler conditions have been noted for the 

last 500 years. Like all of the data reviewed so far this suggests that the LIA was a 

period of undulating temperatures with both warmer and cooler conditions. Warmer 

conditions have been note by Wu from AD 1538-1621, AD 1741-1796 and AD 1871- 
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1923 and cooler periods from AD 1428-1537, AD 1622-1740, AD 1797-1870 and AD 

1924 onwards. These cooler periods are reasonably well supported by the previous 

evidence presented from documentary data from Wang and Wang (1991). 

Evidence for the Southern Hemisphere has been derived by Villalba (1994) for 

Patagonia and Cook et al. (1991) for Tasmania. Villalba suggested that the Patagonian 

region (figure 2.11) experienced a particularly early cooler period from AD 1270- 

1660. This period was interrupted by a warmer period between AD 1380-1520. Cook 

et aL (1991) suggest from a record derived from Huon pine, that there is a general 

lack of any LIA signal. There is a generally stable climate within the period associated 

with the LIA with a low level of fluctuation (figure 2.11). The only significant cooler 

period that can be seen is that from the early 1900s. This is significantly different 

from the evidence derived from glacier fluctuations from New Zealand by Salinger 

(1976). 

One of the longest records available is that obtained in Fennoscandia by Briffa et al. 

(1990) which spans the last 1400 years. Briffa et al. noted that the climate from the 

present-day back to AD 1500 has been highly variable. The evidence obtained led to 

the conclusion that there was no long period of cooler conditions for this area of the 

world. The only significantly long period was that from AD 1570-1650 when the 

temperature is suggested to have fallen by 0.5°C from the long-term mean. These data 

led Briffa et al. to suggest that the LIA has been overstated, as from their evidence 

and others there is little coherent change even between regions. 

A composite northern latitude tree-ring data series for the last 2000 years derived by 

Briffa (2000) has led the author to suggest that the concept of the Little Ice Age is a 
flawed one. The record beyond AD 1200 exhibits both warmer and cooler periods 

none of which is sustained for any long period. The coolest times within this period 

are suggested as the 13th and early 14th centuries AD. 
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2.3.4.4 Data derived from ice core measurements. 

A lack of any LIA signal has been noted from authors such as Stuvier et al. (1995) 

within the Central and Southern Greenland Ice cores. 

However, Fischer et al. (1998) have shown a clear Little Ice Age signal from one on 

the Northern Greenland Cores. Using the Oxygen isotope levels Fischer was able to 

note possible periods of cooler climates in most of the 17th century and the first half of 

the 18"' century. A distinct cooler period in the early 19th century was also noted. The 

maximum deviation in isotopic values of 0.7%° equates to a fall of temperature by 

1 °C. 

Further evidence from another Greenland ice core (Dansgaard et al., 1975) (figure 

2.12) shows that there is disagreement even within Greenland itself. These isotopic 

data suggest that the 17th century was relatively stable with a major cooling episode in 

the 15th century, the late 18th century and the early 19th century. 

Oxygen isotope records from the southern hemisphere in Peru from Quelcaccaya 

(Thompson et aL, 1986) suggest that there were cooler periods, from 1500s to the late 

1800s with the most severe phase occurring at around 1820 AD. These data have been 

compared to those from China, Camp Century, and Antarctica. Barlow (2001) examined 

records from the GISP2 ice core and the Central west Greenland averaged record 
between AD 1400 and 1800. It was noted that on a decadal time scale periods of isotopic 

lows were infrequent and it was suggested that there has been a large degree of temporal 

and spatial variability of climate change especially when these records were compared 

with records from Iceland and NW Europe. The lack of correlation between these 

records in suggested is part as being due to the NAO (North Atlantic Oscillation). 

Mayewski et al. (1993) have shown with increased levels of major ions from AD 1400 

in the GISP2 ice project that the LIA is associated with higher levels of polar circulation 

causing greater levels of sea-salt and continental dust. 
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Figure 2.16 Various oxygen isotope records 
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The selection of climatic data for the Late Holocene covered in section 2.3 illustrates the 

diversity of both climate change between geographical areas and in chronology. 

Different proxy records have their own problems associated with them, some of which 

have been noted. The problems are often more related to the quality of the chronology. 

The present study will attempt to mate a good reliable chronological framework to high- 

resolution multi-proxy data from 5 peat bog sites. This high-quality record will be used 

to examine synchroneity of climate change within northern Britain and Ireland. Peat 

bogs, owing to the nature of their accumulation, offer a good way to examine century- 

scale climate changes. This study will examine not only the record of these changes but 
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also try to determine cycles within the data and therefore try to suggest forcing factors 

behind the changes seen. The existence, duration and significance of many of the 

`recognised' climate changes, such as the MWP and LIA will be assessed. 
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Chapter 3 

Site Descriptions 

3.1 Sites 

3.1.1 Site selection 

As the aim of this research is to examine climatic change during the last 2000 years 

across Northern Britain and Ireland, a series of sites reflecting the differences in 

modern climate gradients was examined. Two sites in Ireland were examined, one 

from the oceanic west near Galway and the other from the drier east not far from 

Dublin. The other three sites from Northern Britain are in a roughly diagonal line 

from the southwestern area of the Lake District through the centre of Scotland, around 

the Forth Valley, to the north east of Scotland in the Grampian region, reflecting 

varying precipitation and temperature regimes. 

If a record of the last 2000 years is to be attained sites also need to be intact. There are 

few remaining intact, unstudied raised bogs in Ireland. Many of the sites visited in 

Ireland were damaged through peat cutting, both commercial and non-commercial. 

Information regarding the location of sites was gained via the Irish Peatland 

Conservation Council. English Nature and Scottish Natural Heritage provided advice 

on the degree of intactness of the other sites used. SCP analyses were also carried out 

on all sites to discover their level of surface damage. The existence of a tephra layer 

was a definite advantage although sites where this was not found were not 

automatically rejected, as unlike Langdon (1999) this was not a major part of the 

study. 

Mauquoy (1997) used a paired site approach to look at the sensitivity of the climate 

signal within a region. Two of the sites used in this study are within close proximity 

to two sites previously examined by Langdon (1999), thus providing a similar 

opportunity for comparisons of the regional climate signals provided by raised bogs. 

Overall, seven sites were considered for this project with five finally being chosen. 
These are listed in table 3.1. 
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3.1.2 Coring strategy 

Cores were taken from each site using a wide bore 30x9 cm Russian corer (Barber, 

1984). Each consecutive core overlapped with the previous core by 5 cm in order to 

obtain a complete record. The cores were placed in 30 cm plastic halved drainpipes 

and wrapped in plastic bags that were sealed and further wrapped with tape. The top 

40 cm were sampled using a monolith tin (40x10x10 cm) that was pushed in to the 

peat surface adjacent to the coring hole and subsequently cut out. These cores were 

immediately refrigerated at 4°C upon arrival at the laboratory in Southampton to 

prevent fungal growth. 

Single cores were taken from all sites. The question could be asked as to whether a 

representative and potentially replicable picture of hydrological change can be 

inferred for a site with just a single core. Stoneman (1993), Barber (1993) and Barber 

et al. (1998) have addressed this subject with regard to hydrological change inferred 

by macrofossil analysis. Barber et al. (1998), using ten short cores from Bolton Fell 

Moss, suggested that variation between profiles was slight and overall a series of 

coherent changes was noted. 

All cores were taken from lawn positions mainly vegetated by Sphagnum 

magellanicum or Sphagnum papillosum in order to avoid coring through a 

climatically insensitive hummock. A series of long cores using a 100x5cm Russian 

corer at set distances along a transect were taken and their stratigraphic changes 

noted. This was carried out using the Troels Smith sediment description scheme 
(Troels Smith, 1955). This exercise allowed the best coring position for a master core 
to be determined and also to assess the degree of similarity between the cores' 

stratigraphic records. If the stratigraphy that was observed in each core was similar 

the use of one analysed core to represent the whole bog could be justified. The results 

of these cores can be seen in section 3.4. 
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3.2 Site descriptions 

The locations of all five sites in this study within Britain are shown in map 3.1. 

3.2.1 Ardkill Moss (Grid ref. N695 350) 

This is one of the most easterly raised bogs in the whole of Ireland and is a 48-hectare 

remnant of the larger Carbury bog system (map 3.2,3.3 and figure 3.3). It is situated 

1.0 km northeast of Carbury in County Kildare and is bordered to the west, east and 

north by a series of small hills. The International Mire Conservation Group described 

the bog as being intact. The bog is crossed to the north by a railway line that locals 

suggest has been the initiator of a few fires within the last 50 years or so from 

discarded embers. The site is also bounded by birch (Betulapubescens) woodland. 

There is a small amount of encroachment onto the bog of Betulapubescens and Pinus 

sylvestris probably signifying a recent drying of the surface. The bog is privately 

owned by Mr. Cecil Polterton and is currently being developed as an educational 

resource. There is a typical hummock-hollow surface pattern with some Sphagnum 

lawns. Surface vegetation includes Narthecium ossagum, Cladonia, Sphagnum 

capillffolium, Andromeda, Erica tetralix, Calluna vulgaris, Eriophorum 

angustifolium, and Aulacomnium palustre (pers. obs. ). 

A core of over 9m in length was recovered, 3m of which have been used in this 

study. Despite a core length of 9m the fen-bog transition was not encountered, 

illustrating the large depth of ombrotrophic peat at this site. 

3.2.1.1 Climate data 

. 
All climate data that is quoted for this and the other sites are from Barrow et al., 
(1993) and Hulme and Jenkins (1998). This site is situated at 90 m OD and is one of 

the most easterly raised bogs in Ireland. This location exhibits a drier climate as the 
depressions crossing the North Atlantic pass the northwest of Ireland. Maritime 

influences are more pronounced on the western coast. 
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Map 3.1 Location of all five sites. 
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Map 3.2 Location of Ardkill Moss. 

Source: Ordnance Survey (1: 25,000) 

(X marks the core location) 
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Map 3 .3 Extent and condition of Ardkill Moss. 
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Figure 3.3 Aerial photograph of Ardkill Moss. 
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Source: Irish Peatland Conservation Council (IPCC) (1: 20,000) 

(X marks the core location) 
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The hills and mountains on the western coast shield the central and eastern areas from 

direct oceanic influences (Foss, 1991). Ardkill Moss exhibits the lowest level of 

annual rainfall for any of the sites in this study of 817.13 mm (figure 3.2). It has a 

very low effective precipitation (monthly precipitation - potential evapotranspiration) 

of 214.34 mm per year. There is a water deficit from April to August which is not 

conducive to good Sphagnum growth (Backeus, 1988). This deficit is related to the 

relatively high temperatures and low rainfall at this site (Figure 3.4). The average 

annual temperature of 9.2°C is larger here than at any of the other sites (Figure 3.1). 

The maximum and minimum monthly temperatures are 14.9°C in July and 4.5°C in 

January. 

3.2.2 Cloonoolish Moss (M830150) 

This bog is situated about 1.5 miles north of Killimor in Southeast Co. Galway (map 

3.4). There has been peat cutting around two sides of the bog where large peat cut 
faces are evident, although the crown of the bog does appear to be intact. The bog is 

surrounded by farmland and is bordered by some birch (Betulapubescens) and some 

alder trees (Alnus). The bog is dominated by hummocks although there are some 
Sphagnum lawns. Present vegetation includes Calluna vulgaris, Erica tetralix, 
Eriophorum vaginatum and angustifolium, and some Sphagnum section Acutffolia and 
Sphagnum papillosum (pers. obs. ). A4m core was taken at this site from an area of 
Sphagnum section Acutifolia and Sphagnum papillosum although only 2.5 m of the 

core was used in this study. Cloonoolish Bog is a good example of a small East 

Galway raised bog and will continue to be so if protected from drainage. 

3.2.2.1 Climate data 

This site is in the lee of the mountains along the Galway coast, which may explain its 

relatively low annual rainfall total of 992.5mm (Hulme and Jenkins, 1998). This is the 
second lowest total of all sites considered in this study apart from Ardkill Moss 
(figure 3.2). 

70 



Map 3 .3 Location of Cloonoolish Moss. 

Source: Ordnance Survey (1: 25,000) 

(X marks the core location) 
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In common with Ardkill this site generally experiences mild winters and a mild 

climate due to its proximity to the sea and the influence of the Gulf Stream (figure 

3.1). The annual average temperature is 9.1°C, with a winter low of 4.5°C in January 

and a summer high of 14.8°C in July (Hulme and Jenkins, 1998). There is a water 

deficit from May to July and a total annual effective precipitation of 425.7mm (figure 

3.5). 

3.2.3 Heathwaite Moss (SD 236 874) 

This raised bog is located within the Duddon Valley in Southern Cumbria about 2km 

north of Grizebeck. Heathwaite Moss forms the northern part of what was once a vast 

raised bog system within the Duddon Valley (map 3.5). It lies between the uplands of 

Fell End and High Cross Fell and is separated from the former Duddon complex by 

Kirkby Pool to the southwest. There are several raised bog sites in this area including 

Black Moss, White Moss, Wreaks Moss and Bank End Moss. These sites have been 

quite extensively damaged through drainage and afforestation. Heathwaite Moss is 

described by English Nature as having 50-60% of its extent remaining intact. There 

has been peat cutting especially to the north-eastern area of the bog and some to the 

south-western end (figure 3.6). 

The last fire to have affected the bog was recorded in 1973 but unfortunately the 

extent and severity of this was not recorded. The uncut bog surface has vegetation 

dominated by Calluna vulgaris and Trichophorum cespitosum. On the west of the 

crown Sphagnum cover is more extensive with Sphagnum magellanicum, Sphagnum 

capillifolium, Sphagnum papillosum, Sphagnum pulchrum, Sphagnum cuspidatum and 

Sphagnum tenellum. Other vascular species present include Andromeda polifolia, 
Drosera, Eriophorum vaginatum, Eriophorum angustifolium, Rhynchospora alba and 

Narthecium ossifragum. This information was gained from an English Nature survey 

recorded in their peat land database called BogBase. 
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`lap 3.5 Location of Heathwaite Moss. 

Source: Ordnance Survey (1: 25,000) 

(X marks the core location) 
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Figure 3.6 Aerial photograph of Heathwaite Moss. 

T.; ý 

Source: University of Cambridge. (1: 10,000) 

(X marks the core location) 

75 



N_ 

C 
ON 

co = 
I 
CC 

CO 
ý (p 

vý 'ä 
ö 0) 

Q 

.ä> 

Löý aw 
1 

\lo r- 

O Cý (D 
IV 0S 

000 CD 00N0 (V r- rr 

OO0 
N 11 (9 

Cc 0 

ww 



3.2.3.1 Climate data 

Heathwaite Moss has the highest annual rainfall total of all the sites considered in this 

study of 1600 mm/yr (figure 3.2). It is also one of the warmer sites with an annual 

average temperature of 9.11°C (figure 3.1). High levels of evaporation compared to 

precipitation cause an overall water deficit in May, June and July (figure 3.7). The 

total effective annual precipitation is the highest of any of the sites at 986.65 mm. 

3.2.4 Killorn Moss (NS 262 696 

This raised bog is situated just to the south of the River Forth within the Forth valley 

in Central Scotland. Killorn Moss is adjacent to another small raised bog site, 

Shirgarton Moss, that has been extensively studied by Langdon (1999). About a 

kilometre to the north is the expansive raised bog complex of Flanders Moss that has 

been studied by Haslam (1987). The site is 34.9 hectares in extent which makes it the 

smallest of the three local mires (map 3.6). These three bogs are all part of a former 

extensive raised bog system that used to cover the entire area of the Carse of Stirling. 

The border of the mire has a well-developed rand that is surrounded by birch (Betula 

pubescens) trees. The aerial photograph indicates that there may have been some 
draining of the site (figure 3.8). The surface vegetation is dominated by Calluna 

vulgaris, and Eriophorum vaginatum situated mainly upon the hummocks. There are 

open areas of Sphagnum composed of Sphagnum rubellum, Sphagnum magellanicum, 
Sphagnum papillosum, and Sphagnum tenellum. In the wettest areas of the bog there 

is Drosera rotundifolia, Vaccinium oxycoccus, Narthecium oss agum and 
Andromeda polifolia. A 3m core was taken for analysis from a wet open area of 
Sphagnum magellanicum, Sphagnum section Acutifolia and Sphagnum section 
Cuspidata. 

3.2.4.1 Climate data 

Killorn Moss is located very closely to that of Mallachie Moss which has been studied 
by Langdon (1999), who suggests that this site is relatively continental in its climate. 
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Map 3.6 Location of Killorn Moss. 

Source: Ordnance Survey (1: 25,000) 

(X marks the core location) 
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Figure 3.8 Aerial photograph of Killorn Moss. 

'L 

r 

_*. 

Source: Scottish Natural Heritage (SNH). (1: 4500) 

(X marks the core location) 
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This site has an annual precipitation total of 1005.1 mm (figure 3.2) and the lowest 

annual mean temperature (figure 3.1) of all the sites of 6.8°C (Barrow et al., 1993). 

Both the maximum and minimum average monthly temperatures are also the lowest 

of all the sites, 13.2°C in July and 1.3°C in January (Barrow et al., 1993). There is a 

small water deficit at this site during the months of May, June and July (figure 3.9). 

3.2.5 Tore Hill Moss (NH 299 817) 

This is a small raised bog site of less than 30 hectares in Abernethy forest about 2km 

northeast of Tulloch in Scotland (map 3.7). The site is surrounded by natural stands of 

Scots pine (Pinus sylvestris) and is bordered to the south by the forested Tore Hill 

(339m OD). The site is located about 3km east-north-east of another raised bog site 

called Mallachie Moss that has been extensively studied by Langdon (1999). The site 

has been affected by peat cutting within the last 200 years especially on its eastern 

edge. The only reported burning incident took place just after the First World War, 

although this is said to have only affected the surrounding trees leaving the bog 

virtually unscathed (pers. comm. Stewart Taylor (SNH Manager)). There is quite 

significant encroachment of Scots pine on to the site, although local sources suggest 

that this has been the case for many generations. These trees have been cored and 

revealed ages of up to 153 years (pers. comm. Stewart Taylor (SNH Manager)). 

The crown of the bog would appear to be intact. The surface is quite hummocky 

although there are small swathes of open Sphagnum-rich areas. An ecologically 
interesting feature of this site is that there are many Sphagnum imbricatum hummocks 

evident. This Sphagnum moss species is known to have become extinct across much 

of Britain (Barber, 1981; Smith, 1985; Wimble, 1986; Stoneman, 1993; Mauquoy, 

1997; Langdon, 1999; Mauquoy and Barber, 1999 b). It is interesting to note that 

palaeoecological data from the nearby site of Mallachie Moss (Langdon, 1999) show 

an absence of this moss type. Surface vegetation is dominated by Calluna vulgaris, 
Erica tetralix, Eriophorum vaginatum with wetter areas containing Sphagnum section 
Acutifolia, Sphagnum section Cuspidata, 'and Sphagnum magellanicum (personal 

observation). A3m core for analysis was taken from a wet Sphagnum magellanicum 
lawn, bordered by Sphagnum section Cuspidata. 
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Map 3 .7 Location of Tore Hill Moss. 

Source: Ordnance Survey (1: 25,000) 

(X marks the core location) 
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3.2.5.1 Climate Data 

This site is at 19 in OD but is bordered by the Grampian Mountains and Campsie 

Fells which ensures a high level of precipitation. The annual average precipitation 

(figure 3.2) for this site is the highest of all sites cored at 1476.2 mm (Barrow et al., 

1993). The annual average temperature for the site is 8.5°C, (figure 3.1) which is 

cooler than the two Irish sites (Barrow et al., 1993). The maximum monthly 

temperature is similar to the Irish sites but the winter is cooler with a minimum 

monthly temperature of 3.2°C in January (Barrow et al., 1993). Combined with the 

higher precipitation levels this produces only a small summer water deficit through 

May, June and July when there is a large level of potential evapotranspiration (figure 

3.10). 

3.3 Site stratigraphy 

3.3.1 Introduction 

At each site a series of cores was examined in the field along a transect, with the 

master core taking up the central position. The cores were extracted using a 100x5 cm 

Russian corer and the peat examined with the use of a hand lens. The stratigraphy was 

noted by using the Troels Smith (1955) system and a value for the degree of 

humification based on the von Post scale (von Post, 1924) was also noted. 

As peat-cut sections are usually rare and degraded, peat cores are used to obtain 

samples. Stratigraphy could be easily examined along these sections as can be seen 

from plate 1. This has led to speculation that single core analyses of peat bog sites do 

not truly represent the changes seen through the bog as a whole. This issue has been 

addressed by various studies such as Barber et al. (1998), Charman et al. (1999) and 

Hendon et al. (2001). Barber et al. (1998) recommend that stratigraphic analyses be 

undertaken to ensure that the most climatically sensitive position is obtained when 

coring a site. 

The stratigraphy diagrams shown in this study are a simplified version of the original 

highly detailed record that was produced. The more detailed record is tabulated in the 

84 



appendix. In order for the diagrams to be legible similar stratigraphic sections have 

been amalgamated. The existence of pool layers is extremely important, but these 

could not be shown on the stratigraphy diagrams, as they are often only a few 

centimetres in depth. 

3.3.2 Ardkill Moss (figure 3.11) 

Five cores along a 60 m transect aligned from 90°-270° were used to examine the 

stratigraphy for this site. The initial 20-30 cm of each core has been affected by 

burning events and therefore has a high level of Substantia humosa, whereas the rest 

of the upper-most 2.5 metres is dominated by Sphagnum of either Sphagnum 

imbricatum or Sphagnum section Acutffolia. There are some pool layers which are 

recorded in the appendix, a recurrent one being at around 140-160 cm. This appears to 

be the same major change that occurs in the master core at around 180 cm where there 

is a major shift from Sphagnum imbricatum dominance to Sphagnum section 
Acutifolia and Eriophorum angustffolium. 

3.3.3 Cloonoolish Moss (figure 3.12) 

Four cores from this site along a 50 m transect aligned from 90°-270°, including the 

master core have been examined. The initial one and a half metres are dominated by 

Sphagnum moss of either Sphagnum section Acutifolia or Sphagnum imbricatum. A 

band of peat dominated by Sphagnum and Eriophorum vaginatum occurs around 150- 

180 cm in three of the cores. From around 2 metres to the base, there is an increase in 

the influence of fen vegetation such as Phragmites australis. There are few pool 
layers in evidence in any of the cores. 
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3.3.4 Heathwaite Moss (figure 3.13) 

Seven cores have been used to form a 60 m transect which is aligned from 110°-290°. 

The cores are generally dominated by Sphagnum moss which is made up mainly of 

Sphagnum imbricatum. At 110-140 cm there is a layer in most of the cores which has 

a high level of Substantia humosa. This would appear to be correlated to the section 

from the master core of high UOM and charcoal levels around 100-115 cm. 

3.3.5 Killorn Moss 

Owing to time constraints in the field no stratigraphy was recorded at Killorn Moss. 

3.3.6 Tore Hill Moss (figure 3.14) 

Seven cores were observed including the master core along a 60 m transect from 40°- 

2200, across the short axis of the bog. All the cores are dominated by Sphagnum moss 

of either Sphagnum imbricatum or Sphagnum section Acutifolia. Most of the cores 

have been recovered through low lawn or pool microenvironments and therefore 

Sphagnum section Cuspidata forms an important component for the first 20 cm or so. 

A subsequent layer of Sphagnum and Substantia humosa for a further 20 cm is 

recorded at all core positions. All cores display Sphagnum moss as the dominant 

component for up to a metre and a half in depth. The macrofossil data from the master 

core suggest that this section is composed of either Sphagnum section Acutffolia or 
Sphagnum imbricatum. At depths greater than 2 metres in all cores the dominance of 
Sphagnum moss begins to fall and Turfa herbacea (Th) becomes more evident. There 

are very few pool layers evident in any of the cores from this site. 
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Chapter 4 

Methodology 

4.1 Tephra methodology 

4.1.1 Introduction 

Research into tephra layers was initiated in Iceland in the 1930s. It was in the doctoral 

thesis of Sigudur Thorarinsson (Thorrarinsson, 1944) that the terms tephra and 

tephrochronology were first used. Tephra was defined as a collective term for 

pyroclasts and tephrochronology, a term denoting the dating method using tephra. 

This work was the first to extol the advantages of tephra as a dating tool and aid to 

palaeoenvironmental studies. 

The Laacher See area in the Eifel district of Western Germany, the Island of Jan 

Mayen, and Iceland are the three known source areas for tephra for northwestern 

Europe in the Holocene (Mangerud et al., 1984). Of these Iceland and in particular the 

Hekla system has been most productive in the Mid to Late Holocene. A detailed 

tephrochronology for Iceland has been produced (Larsen and Thorarinsson, 1977; 

Thorarinsson, 1981 b) by virtue of both radiocarbon dating and a series of historical 

eruption sources. There are 12 widespread acidic tephra layers which can be found in 

Icelandic soils within the Holocene (Thorarinsson 1981 a). 

The discovery of Icelandic tephra in Scandinavia peat bogs (Persson, 1966; Persson, 

1967; Persson, 1971) confirmed that tephra has been deposited to form layers beyond 

the boundaries of their source areas. Further discoveries have occurred in Norwegian 

marine, lacustrine, and continental shelf sediments (Mangerud et al., 1984), the Faroe 

Islands (Mangerud et al., 1986, and Germany (Bogaard et al., 1994). A blanket bog at 

Altnabreac (Caithness, Scotland) was the site of the first discovery of Icelandic tephra 

(Hekla 4) in the British Isles (Dugmore, 1989). Since then further tephra layers have 

been found in Northern Ireland (Pilcher and Hall, 1992), Northern England (Pilcher 

and Hall, 1996), and Scotland (Bennett et al., 1992, Dugmore et al., 1995; Langdon, 

1999). Wind and rain are the most important factors influencing tephra distribution, 

the latter of which can flush out the tephra from the air and create localised 
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concentrations in a similar way to concentrations of radioactivity that occurred after 

the Chernobyl disaster (Dugmore, 1989). The 1947 eruption of Hekla for example, 

produced a tephra cloud that passed over Britain yet deposition only occurred where 

there was rain or sleet falling. This can lead to sporadic deposition where sites often 

within a 50 km or less radius of each other register different tephra layers (Pilcher and 

Hall, 1996). 

The use of tephra layers as a dating tool relies on a few assumptions. Firstly, that the 

layer was deposited instantaneously and therefore represents roughly the same age, 

which is generally the case. Secondly, the tephra must possess a unique geochemical 

signature (Hunt and Hill, 1993) to enable it to be correlated between sites. Tephra 

shards are usually representative of the bulk geochemistry of an eruption or at least 

conform within a trend particular to that eruption. These tephra layers, upon 

successful geochemical characterization can form markers through all sorts of 

sedimentary records. As many of the tephras from Iceland are historically dated 

tephra, isochrones can offer dating accuracy within the last 1000 years far beyond 

anything offered by radiocarbon methods. For example, the AD 1510 Hekla tephra 

can be dated to the last week of July in that year. 

"Isochrones provide an unambiguous means of correlating sediments and can be used to 

test whether past events assumed to be synchronous are indeed so, or whether they are time 

transgressive. " 

Dugmore (1989, p. 168) 

Vitally, it has been shown that tephra grains are highly resistant to post depositional 

chemical alteration in peat deposits. Hekla 4 from various bog sites in Scotland and 

the Northern Isles has been successfully geochemically with tephra from its source in 

Iceland despite being resident in the peat for over 3800 years (Dugmore et al., 1995). 

Hodder et al., (1991) has illustrated that chemical changes to tephra can result in 

acidic (< pH 4) environments especially with regard to ferromagnesium minerals. 
This problem can be avoided by examination of individually targeted glass shards 
(Dugmore et al., 1992). Post-depositional mobility is also limited. Glen Garry tephra 

found at Harthorpe and Fleet Moss in Northern Britain for example are confined 

within a lcm and 2.5cm range respectively (Pilcher and Hall, 1996). 
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These isochrones have been employed successfully in palaeoclimatic and 

palaeoenvironmental studies. Langdon (1999) successfully identified 14 tephra layers 

in 7 raised bog sites in Scotland, many of which were the Hekla 4 and Glen Garry 

tephras. These pinning points aided in determining the degree of synchroneity of 

climate change between sites. The discovery of distal tephra layers has led to the 

possibility of investigating impacts upon the environment, climate and humans of 
distant volcanic eruptions (Burgess, 1989). Hekla 4 tephra has been correlated in sites 
in Scotland as being coincident with the decline of Pinus sylvestris (Blackford et al., 
1992; Hall et al., 1994). Whether this is coincidence, an effect of acid rain, or due to a 

volcanically induced climatic deterioration is open to question but the tephra layer 

provides an excellent marker that allows the synchroneity of the event between sites 

to be determined. Baille and Munro (1988) have pointed to possible climate change 
due to volcanic explosivity by correlating narrow tree rings in Irish oaks to volcanic 

eruptions. 

4.1.2 Ashing technique 

As distal tephra in Britain is not visible with the naked eye other methods to 
determine its existence in cored samples are required. Initial prospecting can be 

attempted in more than one way. As all tephra has a small degree of iron oxides 

present, use of environmental magnetic measures such as SIRM (Saturated Isothermal 

Remanent Magnetization) (Bogaard et al., 1994) and whole core susceptibility 
(Dugmore, 1989) has been attempted. The use of whole core susceptibility (Dugmore, 

1989) proved unsuccessful and measures carried out by the author using this method 
found that the degree of iron was not high enough to obtain above background 

readings. Bogaard et al. (1994) found a series of SIRM peaks in a raised bog in 
Germany, one of which was coincident with the Hekla 3 tephra, the others attributed 
to aeolian minerogenic input. 

The use of X-ray analysis has been proven to be successful in detecting all but the 
lower density tephra layers (Dugmore and Newton, 1992). More recently 
luminescence and reflectance properties of a cleaned smooth peat core surface has 
been shown to be able to detect tephra layers to a resolution of up to 0.05 mm 
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(Caseldine et al., 1999). Luminescence signals are suggested as being caused by the 

adsorption of organic acids onto tephra shards. 

Despite the non-destructive and rapid detection rate using these methods confirmation 

by visual examination using a microscope is required. The influence of aeolian 

minerogenic material on the above methods makes them far from definitive. Initial 

exploration for tephra in this study was carried out using the ashing technique devised 

by Pilcher and Hall (1992). 

5x1x1 cm contiguous samples were removed from the cores and heated at 600°C in a 

furnace for four hours. Upon cooling 10% HC1 was added in order to remove the 

soluble inorganic fraction. Samples were transferred to test tubes, centrifuged and 

decanted. Distilled water was added, mixed with the residue and then centrifuged and 

decanted once more. The remaining residue was then pipetted on to a slide and dried 

on a hotplate and subsequently mounted in Histomount. 

Slides were scanned using a Nikon Alphaphot microscope at x200 and x400 

magnification. Tephra shards were distinguished from other inorganic material by 

their distinct colour, vesicularity and shape (Westgate and Gorton, 1981). When a 

concentration of tephra grains was found within the 5cm' samples further 1 cm3 

samples within this were examined in order to determine the concentration and 
distribution of tephra. 

4.1.3 Geochemical analyses 

Tephra shards identified by the "ashing" technique described above are unsuitable for 

geochemical analysis, as high temperatures combined with organic matter leads to an 

alteration of the glass composition. In order to type the tephra geochemically from 

peat the inorganic fraction must be isolated by way chemical digestion of the organic 
fraction. The method used in this study is the same as that followed by Dugmore et al. 
(1995), and is outlined below. 
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4.1.3.1 Acid digestion technique 

Peat samples of 2-3 cm; (from the peak recorded concentration) were placed in a 

conical flask (150 ml) and separated into smaller pieces. 50 ml of concentrated (98%) 

sulphuric acid (H2S03) was added and the flask shaken. A few ml of nitric acid 

(HNO3) were then added. This often causes a vigorous reaction which if too violent 

can be quelled by addition of a few drops of Octan-2-ol. Once the foaming was under 

control more nitric acid was added. Once the foaming had vanished the flask was 

placed on a hot plate and the sample was boiled until it turned clear or yellow. If the 

fumes turned white before the liquid clears additional nitric acid was added using a 

pipette. After the sample cleared the flask was removed from the hotplate and left to 

cool to allow any sediment to settle out. Once cool, the sample was decanted ensuring 

enough liquid remained to contain the sample. The contents were then transferred to a 

centrifuge tube, distilled water added, and then centrifuged for 5 minutes at 3000 rpm. 

Samples were decanted leaving the sediment and a small level of liquid. The addition 

of distilled water and further centrifuging and decanting of the samples was continued 

until the liquid in the sample had a pH close to 7. Litmus paper was employed here to 

determine the pH of the sample. The remaining sediment was the inorganic fraction 

that contains tephra. 

Dugmore et al. (1992) investigated the possibility that this extraction process could 

alter the geochemistry of the tephra shards. Analyses of 129 treated and untreated 

samples of tephra from peat in Iceland displayed no discernible geochemical 

differences, suggesting that the extraction technique caused no detrimental effects. 
The only possible problem observed was an increase in hydration of the sample 
leading to lower recorded element totals, which were recorded when using the 

electron micro-probe. 

4.1.3.2 Preparation of microprobe slides 

For micro-probe analysis to proceed the mineral sample from the previous acid 

digestion stage had to be mounted on a slide. Glass slides were frosted initially using 

600 grit carborundum powder to provide grip for resin, and then cleaned using an 

ultrasonic bath. Some of the sample was pipetted on to the slide that was warmed on a 

95 



hotplate. The liquid was evaporated until only a crust of inorganic material was left. 

An epoxy resin (araldite) and a hardener were mixed drop-wise at a ratio of 9: 1 and 

then folded together. It is essential to mix the araldite well at this stage to prevent the 

epoxy failing (P. Hill pers com. ). A few drops were then placed over the material on 

the slide and once settled the material and resin were mixed together and left on the 

hotplate to harden for up to 5 hours. By creating a crust of the material on the slide, 

loss of shards incurred by "plucking" during the subsequent grinding process is kept 

to a minimum. The result is a hardened resin of around 200µm thick. 

Grinding of the sample is required to lower its thickness to around 70µm. Grinding is 

carried out in steps using 400 µm carborundum paper initially for thickness between 

300-150 µm, 600 µm carborundum paper between 150 and 100 µm and finally 1000 

or 1200 µm carborundum paper to attain a thickness of 70-80 µm. Samples are then 

cleaned in petroleum ether in an ultrasonic bath for 10 minutes. 

Surface scratches left by the grinding process have to be removed so that absorption 

of x-rays is prevented. This was achieved by polishing the surface of the sample 

initially with a6 µm paste and then a1 µm paste. The samples were then given a 

carbon coating and colloidal graphite was added to the edge of the samples to ensure a 

good degree of conductivity across the slide, in order to prevent electrostatic build-up 

caused by the incident electron beam whilst using the microprobe. Slides were left to 

dry before commencing with microprobe analysis. 

4.1.4 Electron microprobe analyses 

Major and minor element composition of volcanic glass is most reliably determined 

by the use of electron microporobe analysis (Westgate and Gorton, 1981). The 

microprobe allows individual shards to be targeted therefore avoiding the possible 

problems afforded to bulk analyses of foreign material. As freshly polished surfaces 

of shards are used in analysis, effects of surface alteration and hydration can also be 

avoided (Hunt and Hill, 1993). 

The microprobe involves the use of X-rays that are produced by an electron beam 

hitting the sample shard. The X-ray energy that is produced is unique to each element, 
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and the intensity is proportional to the abundance of that element. X-rays are collected 

by crystal spectrometers and allow a geochemical signature of each shard to be 

attained. Analysis for this study was carried out at the University of Edinburgh 

(Geology and Geophysics Department) under the supervision of Dr Pete Hill. A 

Cambridge Instruments Microscan V microprobe, using a standard WDS (Wavelength 

Dispersive Spectrometry) technique was employed. An accelerating voltage of 20kV 

and a beam current of 15nA (checked after every measurement by use of a Faraday 

cup) and a beam width of 1µm was used. Once turned on the electron beam had to be 

left for up to 20 minutes to stabilise, and then a series of standards of known 

composition (relating to the main elements measured) were measured in order to 

calibrate the machine. A sample of known composition, in this case andradite, was 

checked at the start and end, and also at regular intervals throughout the analysis time 

in order to ensure the reproducibility of results. Elements were analysed using two 

spectrometers with an X-ray counting time of 10 seconds per element resulting in a 
total analysis time of 50 seconds. A computer logged the results and corrected them 

for counter dead-time, fluorescence and atomic number effects by employing a ZAF 

correction programme (Sweatman and Long, 1969). 

One of the main problems encountered with this type of analysis is that of sodium 

mobilisation. This is due to the heating of the shard by the electron beam that results 
in sodium migrating from the area of analysis. The degree of this effect is related to 

the beam width and the time that the beam is focused on the sample. This and the 

effect of hydration can lead to low percentage composition levels and an over- 

representation of other elements, especially silica. Within the analysis sodium was 

measured both first and last to determine the degree of mobilisation. It is 

recommended that total percentages are only accepted above 95% (Hunt and Hill, 

1993). 

4.2 Macrofossil analysis methodology 

Macrofossils are defined by Birks and Birks (1980) as potentially any identifiable 
fossil preserved in sediment that can be seen by the naked eye. They are often able to 
be determined to species level and in raised bogs are deposited in situ. Different 
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degrees of preservation can cause a problem when trying to reconstruct former 

vegetation abundance. The effect of decay on certain plant macrofossils is discussed 

in section 4.4.1. 

4.2.1 Laboratory procedure 

Quantification of macrofossils from ombrotrophic bogs has previously been carried 

out using a 1-5 abundance scale where 1=rare, 2=occasional, 3=frequent, 4=common 

and 5 =abundant (Walker and Walker, 1961; Barber, 1981; Smith, 1985; Wimble, 

1986). This scale allowed repeatable and quick analyses to be made. Unfortunately, 

this method is subjective and only semi-quantitative making statistical analyses of 

data difficult. The use of only 5 classes also limits the degree of subtle change that can 
be recorded in the record. 

Green (1965) examined the number of branch leaves of various groups of Sphagna. 

Barber (1981) criticised the use of this method owing to difficulty in determining 

Sphagnum types only by recognition of branch leaves. Sphagnum section Acutifolia is 

often seen as individual leaves unlike section Cymbifolia for example, where whole 

branches containing leaves are preserved. Heikurainen and Hukari (1952) devised a 

point frequency method based on 100 point determinations of peat constituents per 

slide. Barber (1981) noted that this suffered from similar problems and was 

consequently not used. 

Van Geel (1978) used a combined method to quantify macrofossils. Many 

macrofossils were identified to type level and their frequency was estimated as 

volume percentage in the macrofossil sample. Abundance of ericacaeous roots was 

estimated by a 1-5 abundance scale. 

Many of these techniques are extremely time consuming and overly complex. 
Collaboration between Prof. Barber, Dr M. Clarke and Dr. C. Haslam led to a new 

method being devised. The Quadrat and Leaf count method involves the estimation of 
the percentage coverage of macrofossil types with the aid of a 10 x 10 grid quadrat in 

the eyepiece of the microscope in a similar way to the use of ecological quadrats. The 
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method was first used in a published paper in Barber et al. (1994). This is the method 

that has been applied to the samples in this study. 

All five sites were sampled for macrofossil analyses at a4 cm resolution. Samples of 

4x1x1 cm and were removed using a surgical scalpel or scissors when monocotyledon 

remains were dominant. Samples were placed in a 125µm sieve and washed with a 

strong jet of water. The remains were placed in a 20xlOx5 cm glass trough and 

distilled water added to provide a uniform coverage of remains on the trough base. 

The percentage coverage of identifiable Sphagnum, monocotelydons, U. O. M. 

(Unidentifiable Organic Matter) and ericacaeous remains was estimated using a Nikon 

stereozoom microscope (SMZ-U) containing a 1040 quadrat within the eyepiece. If 

a component covered more than one half of a square it was given a value of I%. 

Where possible monocotyledon remains were identified to species level. This is 

essential as some species are indicative of wetter conditions and others drier 

conditions. Sheets of epidermal cells were mounted on slides using aquamount and 

examined at 100-400 times magnification. Species were identified with the help of 

drawings from Katz et al. (1977) and Clarke (1988) and also photographs of cell 

structures contained in Mauquoy (1997) and Grosse-Brauckmann (1972) and also 

type material at PLUS (Palaeolaboratory in the University of Southampton). 

Ericacaeous remains included all root material. Ericacaeous wood was recorded 

separately and where possible was identified to Calluna or Erica tetralix based upon 

characteristic arrangements of petioles. Quantification in this way was carried out for 

15 quadrats which was noted by Clarke (1988) as being the best compromise between 

expenditure of time and a truly representative analysis. 

One hundred Sphagnum leaves were randomly selected from the sample using fine 

nose tweezers and mounted on a slide using Aquamount. These were identified using 

detailed descriptions and pictures of the leaves contained in Daniels and Eddy (1990). 

Bryophytes other than Sphagnum were identified in some of the cores. These were 

mounted on slides and identified with the use of type material and Smith (1980). Once 

identified they were expressed in terms of percentage coverage along with the other 

components such as identifiable Sphagnum. Mosses other than Sphagnum that were 
identified in the course of this study include Aulacomnium palustre and Racomitrium 

lanuginosum. 
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Seeds, charcoal, Cenococcum, and acari mites were also quantified although these 

were measured using a simple method of obtaining the total number observed in all 15 

quadrats. Type material and the use of keys and photographs within Berggren (1969) 

and Berggren (1982) aided seed identification. 

4.3 Testate amoebae methodology 

4.3.1 Introduction 

Testate amoebae belong to the order Testacea and class Rhizopoda. They are 

unicellular animals with a test (shell) that covers the cytoplasm. The test can consist 

of a secretion, plates or of a series of organic or mineral particles. Testates are known 

to live in lacustrine, damp soil, and salt marsh environments, but most studies have 

concentrated on peat. They depend on water to live because their cell membrane is 

unprotected from dessication (Warner, 1990). They are therefore restricted to the thin 

water films around plant matter or soil particles. Testates are the most common group 

of unicellular organisms living in surface peat (Tolonen, 1986). Heal (1962) 

suggested that they represent an abundance of up to 16x 106 individuals per m2. 

The study of the ecology of these organisms has led to the recognition of a series of 

environmental factors that govern their distribution. Examinations of modern 

assemblages of a site has led to the conclusion that the most important factor 

governing testate distribution is moisture content or the depth to the water table (Heal, 

1962; Heal, 1963; Meisterfeld, 1977; Tolonen et al., 1992). Other factors are 

influential such as pH, availability of food (linked to water content), availability of 

test materials and the need for light (Heal, 1962), but all of these are consistently 

found to be subordinate to moisture or the depth to the water table. 

Within the last decade work has concentrated upon the use of multivariate statistics 

such as CCA (canonical correspondence analysis) to determine quantitatively the 

environmental factors governing modem testate distribution (Charman and Warner, 

1992; Warner and Charman, 1994; Tolonen et al., 1994). Analyses such as these have 
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led to the determination of species optima and tolerances to water table depth and 

moisture levels for various sites. These data have subsequently been used to determine 

water table depths from assemblages where they are not known such as fossil 

assemblages (Charman and Warner, 1997). A series of modelling techniques has 

been applied to modern data sets to predict past water table depths by way of a 

transfer function (Charman and Warner, 1997; Charman, 1997; Woodland et al., 

1998). Results show that the choice of model is paramount and that predictions can be 

accurate. Charman (1997), modelling hydrological change in New Zealand peatlands, 

was able to predict soil moisture to within ±2.9% and water table depths to within ± 

5.7 cm. 

Predicted water table depth diagrams derived from testate data have now been used in 

multi-proxy climate studies from peat (Charman et al., 1999; Hendon et al., 2001). A 

testate derived dataset is an extremely useful tool as not only does it provide 

quantitative data, it can also be used to determine a more detailed reconstruction when 
for example there is a dominance of a single Sphagnum species causing a complacent 

macrofossil record (Stoneman, 1993). 

4.3.2 Identification of testate amoebae 

Leidy (1879), who examined freshwater species in North America, provided the first 

survey of testate amoebae.. The first survey of taxa from raised bog and fen peat was 

conducted by Steinecke (1913). Subsequent works, the majority of which are from 

German sites, have been completed by Harnisch (1927) and Jung (1936). Heal (1961) 

examined testate species in a series of bog sites and found a series of problems using 
the previous identification keys of Penard (1902), Hoogenraad & de Groot (1937) and 
Deflandre (1936). Many of the closely related species were too similar to separate and 

were therefore placed in to groups and given the term "complex". The main 

complication with using these keys for palaeoenvironmental work is that many use 

characteristics of the living parts of the testate, which are not preserved in the palaeo- 

record. Despite this the identification papers from Grospietsch (1958) and Corbet 

(1973) have both been useful additional manuals in the course of this study. Corbet 
(1973) combines much of the above work and provides a series of very useful 
illustrations. 
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Charman (1999) identified the lack of consistency between different authors, 
identifications which were often due to the over-classification of taxa. In order to 

obtain repeatable results between different research groups an identification scheme 
designed for palaeo-record production, taking in to account problems of 
decomposition and variable size due to environmental conditions was required. A new 

classification based on the previous ones, but taking in to account the above, has been 

produced by Charman (2001 QRA guide). This guide provides a clear and concise key 

that is user friendly. This guide was the main source of instruction in the 

identification of testates in this study. 

4.3.3 Testate amoebae preparation technique 

Testate amoebae in early peat based studies were often recorded whilst counting 

pollen and therefore had been subject to pollen extraction techniques (Aaby and 
Tauber, 1974; Barber, 1981). The harsh chemical treatment used for pollen analysis 

resulted in relatively low species numbers being identified. Hendon and Charman 

(1997) showed that using a specific extraction method tailored to testates rather than a 
method used for pollen, the number of testates in the samples was greatly improved. 

The method they employed was a variation of that used by Tolonen (1986) and 
Warner (1990), and was also used in this study. 

A peat sample of 2 cm' was placed in a 250 ml beaker and broken up to aid 
disaggregation. Three Lycopodium tablets (Stockmarr, 1972) were added to the beaker 

as an exotic to allow testate concentrations to be determined. 100 ml of distilled water 
were added to the beaker that was then left on a hotplate to boil for 1 Ominutes. The 

sample was stirred occasionally to aid the break up of the peat. Upon cooling the 

sample was washed through a 250 pm sieve using distilled water and then sieved 
through a micromesh sieve (24 pm). Hendon and Charman (1997) recommend the use 
of 300 pm and 15 pm sieves. As testate amoebae are generally within the 20-200 pm 
range only Cryptodif, flugia oviformis and Cryptodifflugia sacculus totals may have 
been affected. Sieving with a slightly larger mesh greatly aided the speed at which 
samples could be prepared. The sieved remains were then poured in to a centrifuge 
tube, topped up with distilled water, shaken and then centrifuged at 3000 rpm for at 
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least 5 minutes. The samples were then decanted and a few drops of safranine added 

to aid identification. Distilled water was again added and the samples were 

centrifuged and decanted once more. Several drops of glycerol were added and the 

samples then poured out into vials and sealed. A few drops of sample were placed on 

a slide and overlain by a cover slip. Slides were not retained after examination as they 

quickly dried out even if sealed with nail varnish. 

4.4 Humification analyses 

4.4.1 Introduction 

Humification is defined by Clymo (1983) as the loss of plant structure, often 

accompanied by a darkening of colour. The rate at which peat decays is determined by 

a series of factors including temperature, degree of water present, oxygen supply, and 

the composition of the peat itself, Many of these factors are inter-related such as the 

degree of water and supply of oxygen for example. All affect the activity of micro- 

organisms and invertebrates within the peat which are the instigators of 
decomposition. 

The importance of invertebrates in the decay process appears to be limited. Heal et al., 
(1978) has shown that invertebrates such as Cognetta sphagnetorum (an enchytraeid) 

are effective only within the top few centimetres as decomposers and stimulaters of 

greater microbial activity. Sample bags of Sphagnum, Calluna and Eriophorum leaves 

displayed a 1.35 times greater decay rate when these worms were present. Coulson 

and Butterfield (1978) have demonstrated the importance of the presence of 
Enchytaeidae, Collembola and Dipteran lavae in the near surface layer especially 

regarding the decomposition of Calluna, whilst their effect on Sphagnum and 
Eriophporum was seen as negligible. 

Microbial activity is accepted as being by far the most dominant cause of 
decomposition (Clymo, 1965; Heal et al., 1978; Johnson and Damman, 1991). The 

decomposition rate is determined by the degree of water and the degree of oxygen 

present. Decomposition is much less within the saturated and generally anaerobic 

catotelmic peat, as opposed to that of the acrotelm (Ingram, 1978). Clymo (1983) 
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cited the fact that macroscopic and microscopic plant structures are still identifiable 

after thousands of years as evidence of this. The decay rate within the catotelm is as 

low as 0.01% mass loss per year (Clymo, 1983; Clymo, 1984) but is far from 

ineffectual as it is spread over a much greater period of time. 

Numerous palaeoclimatic studies have used humification analyses. On water shedding 

blanket bog and raised bogs the water table is determined primarily by the effective 

precipitation. The link between the water table depth and therefore the length of time 

that peat is within the aerobic zone enables climatic data to be determined. 

The composition of the plant material itself can affect the degree of decomposition. 

Eriophorum leaves have a high percentage of degradable compounds such as soluble 

carbohydrates and low levels of more resistant lignin, allowing a very quick initial 

degree of deomposition (Heal et al., 1978). This is in contrast, for example, to 

Calluna stems that have a higher percentage of lignins and hence decay more steadily 

through the acrotelm. Johnson and Damman (1991) noted that soluble carbohydrates 

only account for 4-6% by weight of most sphagna. Despite this, decay is initially 

rapid as these are preferentially removed. Sphagnum species decay at a much slower 

rate due to higher degrees of resistant lignin like compounds and polymerised lipids 

(Karunen and Ekman, 1982). The degree of nitrogen present in the plant has also 

been proven to be influential (Coulson and Butterfield, 1978). A high level of 

nitrogen within plant material causes an increase in microbial decomposition. 

Sphagnum, known to decay more slowly than the vascular plants, has less than 1% 

dry mass of nitrogen (Clymo and Hayward, 1982). 

Some plant material such as Eriophorum roots and the base of the shoots will always 
be better preserved simply because they are deposited at depth and are either already 

within or nearly within the catotelm. This can lead to problems of possible over- 

representation. Differential decomposition of Sphagnum species has been confirmed 

experimentally. Clymo (1965) was able to show (under similar environmental 

conditions) an order of decomposition from the greatest to the least of Sphagnum 

cuspidatum, Sphagnum capillifolium and Sphagnum papillosum. It was suggested that 

the degree of decomposition was both due to the composition of the plant and its 
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depth relative to the water table. Johnson and Damman (1991) found that Sphagnum 

fuscum, in the oxic part of a hummock, decayed at a slower rate than that of 
Sphagnum cuspidatum in a hollow. When placed in mesh bags in the same 

microhabitat Sphagnum cuspidatum lost dry mass twice as fast as Sphagnum fuscum. 

It was therefore pronounced that decay was primarily species led. Hogg (1993) noted 

a similar trend initially but also saw that decay of older material within the uppermost 
12.5cm of peat was mainly depth related with little dependence on species when 

placed in the same microhabitat. 

Methods for determining the degree of decomposition of peat have varied widely 
incorporating visual techniques, physical techniques and chemical extraction techniques. 

Visual determination is the simplest method, and careful examination can yield accurate 

results. Initial stratigraphic work on bogs by Blytt (1882) and Sernander (1910) 

employed simple visual techniques to determine major humification changes and it 

became the basis of divisions within the Holocene. Von Post (1924) devised a 10-point 

scale that determined humification by the colour and condition of Sphagnum remains. 
This is a quick method that is suitable for the field when fresh peat can be examined 
before the colours fade through oxidation. Although widely used (Haslam, 1987), as 

with all visual techniques, it is subjective and also relies upon the existence of 
Sphagnum. Casparie (1972) and Dickenson (1975) have used variations upon the same 
theme. 

Stoneman (1993) devised a semi-quantitative method, known as the turbidity index. The 
degree of turbidity was determined by pouring of 5 litres of water that had been used to 

sieve a sample in to a glass tube upon a white tile marked with a black cross. When the 

cross could no longer be seen the depth was measured. The water contained matter 
which was less than 125µm which it was suggested was related to the degree of 
humification. 

Numerous physical properties, such as bulk density, drainage and water retaining 
capacity, proportion of fibre, and heat of combustion are related to the degree of 
humification and therefore could be used as in direct measures (Clymo, 1983). The 

proportion of fibre has been suggested by Levesque and Mathur (1979) as being the 

most useful (fibre is organic matter which can not pass through a sieve with a mesh size 
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of 1.5mm (Clymo, 1983)). Blackford and Chambers (1993) proposed that this method is 

highly dependent upon the species composition. 

Numerous palaeoclimatic studies have employed the degree of humification as a proxy 

indicator of past mire wetness (Aaby, 1976; Blackford and Chambers, 1991; Blackford 

and Chambers, 1995; Chambers et aL, 1997; Nilssen and Vorren, 1991; Mauquoy, 1997; 

Langdon, 1999; and Chiverrell, 2001). All of these studies have favoured the use of a 

chemical extraction technique. Humic substances are defined as, 

`a general category of naturally occurring heterogeneous organic substances that can generally 

be characterized as being yellow to black in colour, of high molecular weight, and refractory. ' 

(Aiken et al., 1985, p. 1). 

This class of organic matter is split in to three types, that of fulvic and humic acids and 
humin. Humic acids are defined, by Aiken et al., (1985, p. 1), as 

`The fraction of humic substances that is not soluble in water under acid conditions but becomes 

soluble at greater pH. ' 

From a large number of tests the best extracting agent of humic substances and more 

particularly humic acids (Hayes et al., 1975) has been determined as dilute aqueous 

sodium hydroxide (NaOH). There has been criticism of this method as there is evidence 

that autoxidation of the humic components may take place on contact with the air. The 

preferential release of high molecular weight fractions (humic acids) from Sphagnum 

peat, as opposed to Carex peat, has also been noted (Garcia et al., 1993). The degree to 

which light is absorbed by these extracts is assumed to be proportional to the degree of 
humic matter present (Aaby and Tauber, 1974). Experiments carried out by Blackford 

and Chambers (1993) have concluded that chemical extraction using NaOH is the most 

effective method and therefore this has been employed in this study mated with 

absorbance measurements of the extract to determine humification. 

Luminescence measurements of extracts have recently been used to try to determine 

their components (Caseldine et al., 2000). This work led to a series of conclusions. 
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Firstly, the NaOH solution extracted all humic acids from the samples. The second was 

that NaOH produces a mix of organic decay products that reflect a series of factors, 

probably including the concentration and relative proportions of humic and fulvic acids 

in the original peat, but also species composition and suscepibility to further breakdown 

by the procedure itself. Based upon these conclusions it was suggested that standard 

colorimetric techniques should only be used as an indicator of major shifts in surface 

wetness. The rest of any record may reflect "noise" and would need to be backed up by 

other proxies. 

Clymo (1983, p. 161) has noted that there is a broad degree of agreement between 

methods but little in detail and concurs that, 

"The lack of detailed agreement is not surprising: peat is a mixture of still largely unknown 

chemical substances and the techniques for assessing humification are still comparatively crude. " 

There is therefore a great deal more work required to further understand the processes 

behind humification and its calculation. 

4.4.2 Chemical extraction technique 

A sample of about 0.2 g of dried peat was placed in a 200 ml beaker and 100 ml of 
freshly mixed 8% NaOH added. Blackford and Chambers (1993) suggested that this 

concentration would give the best yield of extracted humic acids. The time that the 

NaOH was added was subsequently noted. Samples in batches of twenty were then 

placed on a hot plate until they boiled. Once all had begun to boil the hot plate was 
turned down and the samples were left simmering for 1 hour. After 1 hour the samples 

were removed from the hotplate and allowed to cool. 

The samples were then transferred to 200 ml volumetric flasks and topped up to the 

mark using distilled water. The samples were well shaken and filtered through Whatman 

1 qualitative filter paper and 50 ml of the filtrate was mixed 1: 1 with double distilled 

water in a 100 ml volumetric flask, and shaken thoroughly. A portion of the sample was 

placed in to clear plastic cuvette and the degree of absorbance was measured on a light 

spectrometer using a wavelength of 550 nm. The samples were measured three times and 
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an average value for absorbance calculated. A control sample of distilled water was 

measured after every sample. Samples were all measured 4 hours after the original 

addition of NaOH. After this period the colour of the solution becomes more liable to 

fading. 

4.5 MethodoloLyv for spheroidal carbonaceous particle analysis. 

Fly ash particles are produced by high temperature combustion of fossil fuels and are 

composed of two main types of particle, spheroidal carbonaceous particles (SCPs) and 

inorganic ash spheres (IASs) (Rose et al., 1998). SCPs are a product of the incomplete 

combustion of fossil fuel and therefore consist of elemental carbon. IASs are formed 

by fusing of mineral inclusions (Rose, 1995). 

Records of SCP deposition can be obtained from accumulating sediment in lakes and 

plant matter in ombrotrophic peat bogs. SCPs are highly resistant to oxidation and 

acid digestion and are therefore extremely well preserved in these environments. 

Many SCP records have been obtained from lakes to determine modern geographical 

distributions of pollutants in the United Kingdom (Rose and Harlock, 1998), Ireland 

(Bowman and Harlock, 1998) and Sweden (Larsen et al., 1995). Pollution histories of 

regions in Sweden (Reneberg and Wik, 1984) and Britain (Rose et al., 1995) have 

been obtained by examining lake sediments. SCP profiles consistently produce a 

similar series of characteristics, which are useful as a dating tool. 

The initiation of the record is linked to the earliest burning of coal by industry around 

the mid-nineteenth century, followed by a rapid rise (take off) attributable to greater 

post-WWII energy demands, and finally a peak before a decline due to modem 

pollution legislation (Rose et al., 1995). The exact dating of these three features varies 
from region to region depending on local industrial development. Once these features 

have been dated within a region further profiles can be produced and dates 

transferred. Rose et al. (1995) examined a series of SCP records from lakes in the UK 

and, Ireland and dated these stages using radiometric dating including 210Pb, 137Cs and 
241Am, the results of which are shown below. 
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Figure 4.1 Idealised SCP curve 

(modified from Rose et al., 1995) 
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Most work has been carried out on lake sediments, although ombrotrophic bogs offer 

many advantages as a potential record of SCP deposition. Input of mineral matter is 

confined to the atmosphere and there are few post-sedimentation mechanical 

disturbances (Punning and Alliksaar, 1995). Experiments by Punning and Alliksaar 

(1997) have illustrated that there is little post-depositional mobilization of SCPs in 

peat profiles. Up to 90% of SCPs deposited on a 6-10 cm Sphagnum layer was fixed 

within the top 1-3 cm. 

109 

SCP concentration -* (g CM '1 ) 



Table 4.1 Inferred dates for SCP curves from regions in Britain ( derived from Rose et 

al., 1995). 

Region of Britain Start of SCP record 
(Date range) 

Rapid increase (Take off) 
(Date range) 

Sub surface peak 
Date range 

Number of sites 

examined In region 

Northern Scotland 1830s - 1870s 1950s - 1960s 197432 - 197812 7 

Wales 1840s - 1860s 1940s -1970s 1975±2 - 1979±2 6 

Ireland 1850s - 1910s 1940s - 1970s 1981±2 - 1982±2 5 

Southern Scotland 

and Northern England 1840's - 1870's 1940's - 1950's 197512 - 1977±2 4 

SCP profiles have been used in this study as an additional dating tool in a time zone 

where radiocarbon dates are unreliable and problematic and also to determine whether 

the upper peat is intact. Methodologies for the extraction of SCPs from lake sediment 
are well documented (Rose, 1990; Rose, 1994). Mauquoy (1997) extracted SCPs from 

peat using a method from Rhodes (1996) designed for charcoal analyses, involving 

the bleaching of the sample with hydrogen peroxide to allow identification of the 

charcoal particles. Counting was carried out using a stereomicroscope at x40 

magnification. This method is problematic as SCPs in the <1 Opm fraction could be 

overlooked. The method used in this analysis is the same as that employed by 

Langdon (1999) which is a modification, based on recommendations from N. Rose, of 

the method employed for lake sediments (Rose, 1990; Rose, 1994). 

A sample of 0.1g of dried peat was placed in a test tube and 3 ml of concentrated 
HN03 added and left overnight. The tubes were then topped up with distilled water 

and centrifuged for 5 minutes at 1500 rpm. The liquid was then decanted off and 

another 3 ml of HN03 added. The samples were placed in a boiling water bath for 2 

hours. HNO3 is an extremely strong oxidant and is used here to remove organic matter 
from the sample leaving the highly resistant SCPs. The samples were allowed to cool 
and then centrifuged as before and decanted. If there was still evidence of organic 
matter remaining further addition of 3 ml of HNO3 and the water bath stage and 
subsequent centrifuging and decanting was repeated. The samples were then topped 
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up with distilled water centrifuged as before and decanted. This process was further 

repeated. A glass vial and stopper were weighed and the contents of the test tube 

poured in to the vial now containing the resistant inorganic fraction and water. This 

was then re-weighed and centrifuged. The water in the vial was then pipetted off and 

the vial and inorganic remains weighed to allow determination of the weight of 

residue. A portion of the residue was then pipetted on to a slide placed on a hot plate 
to allow evaporation of any further water. The residue was then mounted in Naphrax 

and covered by a cover slip. Counting of SCP particles was carried out using a Nikon 

alphaphot microscope at *400 magnification, to aid both accurate recognition and also 

so that all size fractions were examined. The number of SCPs counted is expressed as 

number of SCP particles per gram of dry peat. 

4.6 Radiocarbon dating 

4.6.1 Introduction 

A good geochronology is paramount in any palaeoecological study, especially if 

comparisons are to be made between features in different cores. Despite its potential 
range of 45,000 years (over 8 half lives) radiocarbon dating is the most utilised dating 

technique for Quaternary studies. 14C is produced in the upper atmosphere by the 
displacement of protons from nitrogen atoms to form carbon atoms. 14C is readily 
oxidised to CO2 and incorporated by living material. After death CO2 incorporation 

ceases and 14C, which has been incorporated in to living tissue, is no longer replaced 
and undergoes decay. The half-life of 14C is known to be 5730±40 years (Godwin, 
1962). Assuming the amount of14C in the original sample is known the age of the 

sample can be deduced using this half-life estimate. Lowe and Walker (1997) noted 
that the use of 14C as a dating technique relies on a series of assumptions. 

1. The production of 14C has remained the same over time. 
2. The 14C/12C ratio in the living matter is in equilibrium with the atmospheric 
ratio. 
3. The decay rate of 14C can be estimated. 
4. There has been a closed system in existence since the death of the living matter. 
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Unfortunately there are several problems associated with these assumptions that will 
be examined. 

De Vries (1958) disputed the idea that14C production had remained constant over 

time, which was found by the application of a series of radiocarbon dates to a long 

tree-ring chronology. This showed that there had indeed been a large degree of 

variation in production within the Holocene (Pearson and Stuivier, 1986) primarily 
due to changes in cosmic ray production. Variations in the14C production record 

appear to exhibit two characteristics, a major long-term "sine wave" and a series of 

middle and shorter-term high frequency components known as the de "Vries effects" 

or "wiggles" (Taylor et al., 1996). Radiocarbon ages therefore have to be corrected 

owing to deviations from the assumed constant production rate. There is therefore 

recognition that 14C time is elastic as it is either compressed or inflated in comparison 
to calendar dates (Taylor et al., 1996). A 9800year record of 14C production has been 

constructed using combined high-precision 14 C and dendrochronological data, based 

on bristlecone pine, Douglas fir and Irish and German oaks (Stuiver and Pearson, 

1993; Pearson and Stuiver, 1993) using bidecadal tree segments. This has been 

provisionally extended to 11,390 cal years BP using a `floating' tree ring segment 
from pine and German oak (Kromer and Becker, 1993; Becker and Kromer, 1993). 
When a radiocarbon date is compared to the calibration curve it can lead to a series of 
true calendar dates. The date may intersect the calibration curve several times 
depending on the number of wiggles at that point. This is a problem that cannot be 

overcome. Calibration programs based on such dendrochronologies, such as Calib 4.1 
(Stuvier et al., 1998a; Stuvier et al., 1998b), can be used to calibrate the radiocarbon 
time to calendar time. 

Further problems exist due to the burning of fossil fuels and recent nuclear activity 
within the last 200 years. This has led on one hand to the dilution of the14C record 
and on the other to a release of more 14C making the dating of surface sediments 
extremely problematic. 

The assumption that the14C/12C ratio in living matter is in equilibrium with the 
atmospheric ratio is also not true. Fractionation of carbon isotopes by plants leads to 
the differential take up of 14C (Pilcher, 1991). The radiocarbon laboratory has to take 
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a measure of the 12C/13C ratio of each sample to correct for this. Consequently, the 

material used for dating in this study has been kept as uniform as possible with 

Sphagnum leaves dominating the samples. 

"Old carbon" can be incorporated in to samples and therefore produce erroneous ages. 

This is often due to the existence of carbon dioxide or bicarbonates in the system that 

is derived from old carbonate rock. This "hard water" effect is mainly confined to 

marine and lacustrine sediments (Pilcher, 1991). 

Olsson (1986) identified that some plants obtain their CO2 from the sediment, which 

can produce "reservoir" effects producing abnormal radiocarbon ageing. This was 

shown to be of greatest influence on fen and lake samples, with raised bogs being 

much less affected. Erroneous ages of samples by up to 100-150 years have been 

noted by Killian et al. (1995) after having dated a series of peat samples. These 

samples contained Sphagnum and 2-4% very fine Ericaceae rootlets. It was suggested 

that the ageing was due to the incorporation of old 14C from CH4 produced 

anaerobically below the bog water table. The CH4, it is suggested, was sequestered 

either into the root tissue or by fungi which had colonised them. This "reservoir" 

effect can be avoided by the application of AMS dating. Shore et al. (1995) noted that 

differing fractions such as humin and humic acids can give rise to differing dates from 

the same sample even though Sphagnum moss was singularly dominant. 

The contamination of samples with "modem" carbon is usually a much greater 

problem as far as peat samples are concerned. One major contributor to this is the 

penetration of roots especially those of monocotyledons, such as Eriophorum. This 

can be prevented by the use of selected macrofossil remains, which are then AMS 

(Accelerator Mass Spectrometry) dated. Contamination of samples during the 

sampling procedure is possible and many measures to minimise the possibility of this 

have to be taken. The use of new gloves, distilled water, new stainless steel scalpels 

and extremely clean laboratory working areas are essential. Samples must also be 

refrigerated and placed in sealed plastic bags in order to prevent fungal growth. 

The large number of problems associated with radiometric dating has hindered 

workers looking at the synchroneity of change between sites or the linking of events 

113 



recorded in the sediment to the historical record. Baille (1991) suggested that one- 

third of all dates are useless for tight chronological control in environmental 

archaeology. This is suggested as being due to firstly incorrect dates and secondly a 

lack of closely spaced dates which would allow an erroneous date to be identified. 

Dates with large errors attached can lead to the "suck-in" effect where for example, 

archaeological events known to have occurred within the dating range are 

automatically assigned to these dates. Wide age ranges can also lead to a "smearing" 

of synchronous events across long periods of radiocarbon time (Baille, 1991). 

Dumayne et al. (1995) noted similar problems when examining the pollen record 

from raised bogs around Hadrians Wall. For example, a major clearance phase 

recorded in the pollen record at Fozy Moss is assigned a radiocarbon date of cal. AD 

70-260 (2a range). This date range prevented a link between the clearance phase 

recorded and the building of Hadrians wall in AD 126-130 being established. Only 

after further archaeological evidence was consulted could this event be "sucked in" to 

the date range. The recognition of synchronous century-scale events using large 

sample sizes (up to 8 cm in length) and wide calibrated age ranges is not viable. A 

greater number of more closely spaced dates, high precision, AMS, or wiggle- 

matched AMS dates along with the use of tephrochronology is seen as the way 

forward (Dumayne et al., 1995). 

4.6.2 AMS dating 

AMS radiocarbon dating involves the use of particle accelerators as mass 

spectrometers, which count the actual number of14C atoms in a sample material 

(Lowe and Walker, 1997). The main advantage of using AMS dating is that only a 

very small sample is required (Pilcher, 1991). Most AMS laboratories require only 1- 

3 milligrams of carbon compared to 5-10 grams for conventional dates. AMS dates 

can also be determined extremely quickly. Oldfield et al. (1997) noted that AMS 

dating allows the selection and dating of individual macrofossils (leaves or seeds). 
This means that problems relating to the `reservoir effect' (Kilian et al., 1995) and 

possible "modern" contamination can be avoided. 
Oldfield et al. (1997, p. 284) commenting upon AMS compared to bulk dates noted 

that, 
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"... statistical counting uncertainties are greater but organic matter can be picked from the 

peat to reduce or eliminate error arising either from rootlet penetration or from the time 

transgressive slice across sloping stratigraphic boundaries. " 

Unfortunately, as the sample is much smaller if contamination does occur, it will 

possibly lead to greater errors (Shore et al., 1995). AMS dates do have some 
disadvantages. Pilcher (1991) notes that the error estimate is usually 1 per cent which 
is the same as one standard deviation precision which would equate to ± 80 years at 
5.5ka BP. Therefore on their own they do display a lack of precision. This can be 

improved by using the wiggle-match dating technique. 

4.6.3 Wiggle match dating 

Variations of 14C in the atmosphere, which are displayed in the tree-ring calibration 

curves (Pearson et al., 1986), have been viewed as a disadvantage to the radiocarbon 
dating of material. The wiggles seen on the calibration curve can make calibration 
difficult and can result in a large calendar date range. AMS wiggle-match dating uses 
these wiggles as an advantage, allowing much more accurate dates to be derived. The 

small sample required for AMS dates means that a series of closely spaced dates 

could be derived. This will create a `floating chronology' that can then possibly be 

matched to the various troughs and peaks of the calibration curves. Wiggle matching 
was first used with regard to tree samples, as the period between AMS dates would be 
known. 

Wiggle-match dating has been successfully carried out on peat samples, by van Geel 

and Mook (1989) and later by Clymo et al. (1990) and Pilcher et al. (1995). 
Obviously the period between dates is unknown as this is related to the accumulation 
rate although this is a necessary condition for the technique to work. Van Geel and 
Mook (1989) suggest that with a constant accumulation rate the real age vs depth 

relationship is proportional, but with an unknown proportionality constant. The 

calendar date chronology of the stratigraphic sequence needs to be stretched until the 
dates ̀ best fit' the calibration curve. This can be carried out using computer programs, 
such as that devised by Van der Plicht (1993). Pilcher et al. (1995) dated the Hekla 1 
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tephra using this technique. The date of this event is known to have occurred at AD 

1104 from the historical record. The date derived using a wiggle-matched series of 
AMS dates was that of 1088±20. 

AMS dating has been used in this study. It was decided that wiggle match dating 

would require too large a number of dates to make it worthwhile. It was decided 

therefore that a reasonable number of non-wiggle matched AMS dates on each core 
(up to nine) would be used. 

4.6.4 Dating procedure 

A total of 42 AMS radiocarbon samples were taken from the five sites. Nine were 

taken from all sites apart from Cloonoolish Moss where only six were deemed 

necessary. Samples were taken using a wide-bore Russian corer and any obvious 

modem contamination immediately removed in the field. Cores were wrapped and 
sealed in plastic bags and subsequently refrigerated at 4°C to prevent fungal growth. 

The majority of AMS samples that were chosen were comprised totally of Sphagnum 
leaves and branches. Individual macrofossils were picked out of each sample. The rest 
of the samples all contained above-ground material and the vast majority of 
ericaceous rootlets were removed. Samples were sent to the NERC Radiocarbon 
Laboratory in East Kilbride for pre-treatment before being sent to the AMS 
Laboratory at the University of Arizona. 
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Chapter 5.0 Results 

5.1 Tephrochronology results 

5.1.1 AshinL, results 

Preliminary prospecting for tephra layers using 5x1x1 contiguous samples took place 

using the aching method described in section 4.1.2 (Pilcher and Hall, 1992). All seven 

of the sites that were considered for this project were subjected to this. Only two sites 

revealed any tephra layers with a significant number of shards present. These were 
Heathwaite Moss and Tore Hill Moss. Sub-sampling using 1 cm3 samples allowed the 

exact position of these tephra layers to be pinpointed, and the results are shown in 

figure 5.1 and 5.2. 

Figure 5.1 
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Heathwaite Moss displayed a tephra layer within 6 cm, from 234-240 cm. There are 

two peaks in abundance here, a peak of 7 shards at 239 cm and 17 shards at 236 cm. A 

layer showing a greater abundance of tephra shards is illustrated at Tore Hill Moss. 

The layer from Tore Hill Moss is between 208-216cm and exhibits a single peak in 

abundance at 212 cm with 42 tephra shards within a1 cm3 sample. 

Figure 5.2 
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No further occurrences were recorded throughout either core. That these two layers 

are totally isolated would suggest that they could only be formed due to atmospheric 
fall-out, as opposed to any reworking or secondary transportation mechanism. The 
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depth range in which they occur suggests that there may have been some post- 

depositional movement. At Tore Hill Moss there is a large number of Eriophorum 

roots present at this depth which may have caused the tephra to spread 

stratigraphically. Langdon (1999) points to the possible influence of Eriophorum 

roots in producing levels separate from the main layers with small tephra numbers, 
due to the roots physically moving the tephra down profile. 

The tephra layer at Heathwaite displays an extremely low level of tephra shards. 
Dugmore et al. (1995 b) suggested that layers of low abundance could be caused by 

up to three factors. Firstly, they can be caused by a primary tephra airfall, secondly 

they can be made up of reworked grains, or thirdly they can be a combination of the 

two. Geochemical data obtained by Dugmore et al. (1995 b) suggest that these 

deposits in raised bogs are principally the result of primary volcanic events. Less than 

I% of the grains analysed formed outliers from the main populations. 

5.1.2 Geochemical analyses 

5.1.2.1 Introduction 

The two tephra layers identified by the ashing technique were subjected to 

geochemical analysis using an electron microprobe as detailed in section 4.1.4. 
Results from these analyses have been compared to other tephra samples in order to 
determine their origin. Data from the Tephrabase website 
(http: //www. geo. ed. ac. uk: 81/tephra/test/) compiled by Dr. A Newton have permitted 
the comparison of the geochemical results of this study to numerous other studies. 
These data have been compiled by a series of workers investigating tephra layers 

throughout Britain and Ireland. 
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Only geochemical results that were obtained with total oxide levels of 94% and above 

are used in the following analysis. Frogatt (1992) advocated the use of totals as low as 

90-91% although this is discouraged by Hunt and Hill (1992). Hydrogen present in 

water in the shards, as it does not produced x-rays, is not recorded by EMPA, and 

hence can lead to lower totals. This normally only accounts for around 2% 

(Carmichael, 1979) of the total oxides. Theoretically, lower totals than 98% must be 

the result of poor slide preparation, poor probe operating conditions or thin samples. 

In practice Hunt and Hill (1992) suggest that 95% total oxide levels should be seen as 

the minimum. Total oxide levels of below 95% have been accepted by Pilcher et al., 

(1995) and Turney et al., (1997). Langdon (1999) and Morriss (2001) accepted oxide 

totals of 93 and 91 % partly owing to a limited number of grains being found. Total 

oxide levels of 94% have been accepted here owing to the low number of analyses 

from Heathwaite Moss. All analyses from Tore Hill Moss have oxide totals above 

95%. There has been a series of eruptions that have led to tephra layers being 

deposited in Britain and Ireland (Table 5.1). Most of these can be discounted as being 

responsible for either of the two layers found in this study based upon their known 

age and also geochemical compositions which are very different to those displayed 

here. The most likely candidates are the Glen Garry and the Hekla 4 tephra layers. 

5.1.2.2 Heathwaite Moss geochemical data (table 5.2) 

Despite the low number of shards that were found upon ashing, a second attempt to 

geochemically type the tephra proved successful. The first attempt was thwarted 

owing to an inappropriate preparation technique that led to the araldite being removed 

upon grinding. Unfortunately, only seven shards were found using the electron 

microscope although owing to their large size multiple analyses were possible. Upon 

discussion with Dr Pete Hill it was decided that the number of analyses should be 

maximised upon the low number of shards recovered. 

The results of the EMPA are shown in table 5.2. These data have been compared with 

other records of tephra geochemical signatures from the database compiled at 
Edinburgh University (see web site quoted previously). The layer at Heathwaite is 

compared to EMPA results from other Hekla 4 occurrences in England (Pilcher et al., 
1996). From these it has been noted that the tephra at Heathwaite matches the 
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geochemical signature relating to the Hekla 4 tephra layer. Dugmore et al. (1995 b) 

noted that Hekla 4 is characterised by a Si02 of between 59-76 wt%, although 

generally >70% is most common and 72-75% is usually dominant (figure 5.3). The 

layer at Heathwaite is between 72 and 74 wt% Si02 (figure 5.3). For a given CaO 

content Hekla 4 has much lower magnesium content than the Glen Garry tephra which 

is illustrated in figure 5.4,5.7 and 5.10. CaO and MgO ranges from 1.17-1.50 wt% 

and 0.02-0.06 wt% respectively compared to that noted by Pilcher et al. (1996) of 
between 0.96-1.44% and 0-0.06% (figure 5.4). 

Table 5.2 Geochemical results from EMPA for the tephra layer from Heathwaite 

Moss at 236 cm. 

Analysis 
number 

Si02 Ti02 AI203 FeO MnO MgO CaO Na20 K20 Total 
% oxide 

1 73.62 0.13 12.88 1.91 0.00 0.03 1.19 4.29 2.86 96.91 
2 72.54 0.10 12.65 1.70 0.06 0.03 1.45 3.92 2.94 95.39 
3 71.60 0.14 12.67 1.87 0.06 0.03 1.28 3.71 2.92 94.28 
4 72.80 0.08 12.89 1.90 0.06 0.05 1.37 2.86 3.13 95.14 
5 72.57 0.10 12.69 1.94 0.07 0.06 1.34 4.23 2.94 95.94 
6 72.94 0.08 12.89 2.00 0.06 0.04 1.17 3.35 2.93 95.46 
7 72.99 0.13 12.96 1.86 0.05 0.04 1.34 4.34 2.90 96.61 
8 72.85 0.56 12.86 1.84 0.05 0.04 1.30 4.34 2.73 96.57 
9 73.14 0.10 13.03 1.85 0.04 0.06 1.28 3.83 2.92 95.25 

10 73.35 0.09 12.73 2.05 0.04 0.04 1.32 4.02 2.96 96.60 
11 72.86 0.09 12.60 1.92 0.01 0.02 1.35 4.15 2.85 95.85 
12 72.29 0.15 12.67 1.73 0.05 0.03 1.19 4.22 2.68 95.01 
13 72.89 0.09 12.71 1.77 0.05 0.04 1.20 4.05 2.85 95.65 
14 73.04 0.08 12.73 1.97 0.00 0.04 1.17 3.98 2.92 95.93 
15 72.70 0.10 12.52 2.00 0.07 0.02 1.50 3.97 2.68 95.56 
16 73.19 3.80 13.08 1.95 0.03 0.02 1.37 4.06 2.87 100.37 
17 73.37 0.08 12.63 1.82 0.07 0.03 1.25 2.31 2.90 94.46 
18 73.08 0.17 13.06 1.70 0.08 0.04 1.35 3.62 2.83 95.93 
19 73.81 0.05 12.85 2.14 0.07 0.04 1.25 3.67 2.93 96.81 
20 72.49 0.09 12.86 1.89 0.06 0.06 1.22 4.02 2.79 95.48 
21 73.20 0.14 12.66 1.79 0.07 0.05 1.29 3.78 2.97 95.95 

MEAN 72.92 0.30 12.79 1.89 0.05 0.04 1.291 - 3.84 2.88 96.01 
S. D. 0.48 0.81 0.16 0.11 0.02 0.01 0.09 0.50 0.10 1.23 

When FeO and Ti02 are compared (figure 5.5) for this tephra layer they range from 
1.70-2.14 wt% and 0.08-0.56 wt% as compared to the results of Pilcher et al. (1996) 

of 0.05-0.18 wt% and 1.57-2.01 wt%. It would appear that this layer does most 
closely match the Hekla 4 tephra geochemical signature. Figure 5.9,5.10 and 5.11 
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illustrate its very different signature as compared to that of the tephra layer found at 

Tore Hill Moss. 

Table 5.3 Geochemical results from EMPA for the tephra layer from Tore Hill Moss 

at 212 cm. 

Analysis 

number 

Si02 Ti02 A1203 FeO MnO MgO CaO Na20 K20 Total 

% oxide 

1 73.4 0.57 12.86 3.82 0.14 0.43 2.18 3.35 2.21 98.95 
2 72.9 0.58 12.74 3.73 0.04 0.41 2.35 3.07 2.01 97.8 

3 70 0.62 12.84 4.45 0.15 0.6 2.81 3.23 1.92 96.61 

4 72.2 0.57 12.33 3.7 0.47 0.44 2.25 3.47 1.9 97.28 
5 71.3 0.69 12.58 4.01 0.19 0.5 2.53 3.23 1.97 96.97 
6 69 0.75 12.7 4.82 0.11 0.73 3 3.42 1.84 96.34 
7 71.7 0.58 12.15 3.86 0.14 0.43 2.19 3.65 2.02 96.71 
8 72.7 0.6 12.49 3.8 0.08 0.43 2.3 3.17 2.06 97.61 
9 72.4 0.57 12.36 5.41 0.11 0.38 2.29 3.65 2.09 99.27 

10 70 0.72 12.86 4.72 0.15 0.67 2.96 2.78 2.02 96.87 
11 72.7 0.51 12.42 3.58 0.14 0.38 2.28 3.73 2.02 97.75 
12 73 0.49 12.3 3.85 0.12 0.42 2.9 3.53 1.95 98.6 
13 72.3 0.49 12.45 4.98 0.13 0.42 2.21 3.58 2.6 99.16 
14 72.9 0.57 12.4 3.51 0.08 0.42 2.23 3.52 1.95 97.53 
15 73.1 0.51 12.38 3.74 0.11 0.44 2.26 3.33 2.2 98.1 
16 73.3 0.48 12.36 3.82 0.04 0.41 2.19 3.4 2.07 98.09 
17 72.5 0.54 12.38 3.89 0.13 0.45 2.36 3.79 1.87 97.94 
18 70 0.74 13.01 4.47 0.1 0.63 2.96 3.64 1.97 97.49 
19 73.2 0.48 12.51 3.65 0.06 0.41 2.32 3.4 2.08 98.06 
20 71.6 0.46 12.17 3.47 0.11 0.43 2.27 3.25 1.92 95.66 
21 72.4 0.72 12.54 3.69 0.1 0.38 2.33 3.59 1.96 97.67 
22 73 0.56 12.67 3.67 0.11 0.41 2.2 3.18 2 97.75 
23 70.8 0.74 11.98 3.64 0.14 0.39 2.34 3.32 1.86 95.19 
24 69 0.75 12.77 4.98 0.11 0.73 3.08 3.52 1.74 96.7 
25 71.8 0.54 12.47 3.91 0.06 0.46 2.16 3.21 2.25 96.81 
26 70.1 0.77 13.01 4.81 0.11 0.68 2.91 3.38 1.81 97.58 
27 70.2 0.69 12.73 4.54 0.12 0.6 2.75 3.59 1.79 97.05 
28 72.4 1.54 12.76 3.81 0.1 0.42 2.24 3.48 2 98.74 
29 70.6 0.65 13.04 4.43 0.08 0.62 2.76 3.69 1.83 97.74 
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30 72.4 0.58 12.27 3.99 0.13 0.41 2.31 3.46 1.85 97.43 

31 69.8 0.81 13.1 4.93 0.12 0.73 3.06 3.35 1.69 97.55 

32 68.6 0.7 12.95 4.7 0.15 0.64 2.78 3.23 1.95 95.71 

33 70.9 0.58 12.57 4.17 0.04 0.51 2.4 3.37 1.9 96.42 

34 70.5 0.61 12.34 3.65 0.05 0.39 2.2 3.29 1.97 94.98 

35 71.6 0.57 12.64 4.12 0.13 0.38 2.39 3.44 1.97 97.28 

36 71.7 0.63 12.59 3.76 0.1 0.42 2.16 3.79 2.01 97.18 

37 69.8 0.7 12.7 4,8 0.11 0.71 2.83 4.07 1.89 97.64 

38 71.8 0.46 12.28 3.54 0.03 0.41 2.08 3.42 1.96 95.96 

39 71.1 0.53 12.5 3.85 0.08 0.43 2.39 3.41 2.09 96.36 

40 68.6 0.7 12.58 4.42 0.07 0.64 2.63 3.59 1.82 95.08 

41 72.4 0.57 12.52 3.65 0.04 0.47 2.25 3.45 1.93 97.28 

42 69.6 0.75 13.05 4.31 0.13 0.66 3.02 3.29 1.81 96.61 

43 69 0.75 12.82 4.73 0.17 0.73 3.16 3.51 1.8 96.62 

44 70.1 0.72 12.9 4.64 0.1 0.68 2.8 3.51 1.84 97.25 

45 72.2 0.51 12.08 3.98 0.06 0.44 2.06 3.23 2.19 96.73 

46 67.5 0.95 12.7 5.29 0.12 0.78 3.26 2.57 1.71 94.88 

47 72 0.51 12.47 3.76 0.1 0.46 2.2 2.56 1.99 96.09 

48 71.2 0.46 12.43 3.96 0.03 0.42 2.03 2.47 1.99 95 

49 73.3 0.54 12.54 3.59 0.08 0.45 2.31 3.66 1.93 98.38 

50 72.9 0.84 12.69 3.86 0.15 0.47 2.42 3.32 2.04 98.68 

51 71.1 0.62 12.61 4.36 0.04 0.54 2.68 3.51 1.94 97.41 

52 72.4 0.52 12.46 3.62 0.06 0.41 2.56 3.59 2.1 97.74 

53 73.1 0.46 12.56 3.83 0.05 0.43 2.35 3.31 1.94 98.07 

54 72.7 0.48 12.41 3.77 0.04 0.47 2.26 3.64 2.04 97.82 

55 70.7 0.52 12.19 3.93 0.04 0.41 2.29 3.48 1.96 95.55 

56 72.8 0.52 12.46 4 0.03 0.44 2.34 3.45 2.14 98.2 

57 72.7 0.48 12.37 3.78 0.1 0.45 2.31 3.44 2.01 97.59 

58 71.4 0.47 12.24 3.71 0.07 0.45 2.28 3.19 2.04 95.8 

59 72 0.58 12.48 4.35 0.08 0.48 2.63 3.71 2.15 98.42 

MEAN 71.46 0.62 12.56 4.10 0.10 0.50 2.48 3.40 1.98 97.18 

S. D. 1.44 0.17 0.26 0.49 0.06 0.12 0.32 0.29 0.15 1.09 
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Figure 5.3 SiO, against K, O for tephra from Heathwaite Moss 

and all other Hekla 4 data. 
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Figure 5.4 CaO against MgO for tephra from Heathwaite Moss 
and all other Hekla 4 data. 
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Figure 5.5 FeO against TiO, for tephra from Heathwaite Moss 

and all other Hekla 4 data. 
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Figure 5.6 SiO, against K, O for teohra from Tore Hill Moss 
and all other Glen Garry data. 
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Figure 5.7 CaO against MgO for tephra from Tore Hill Moss and 
all other Glen Garry tephra data. 

120- 

00 0 C 
,. oo - 

D00 0.80 
00 

0.90- 0A 
Op Q4 o 0 boo 

0.40 -o" 
0o 

020 

0.00 ---- 
0.00 0.50 100 150 2.00 250 3.00 3.50 400 4.50 5.00 

rMXC 0 

Fioune 5.8 FeO against 110, for teDhra from Tore Hill Moss and 
all other Glen Gann teahra data. 

1.80 - 

1.00 - 
140- 

120- 

1.00 - OOP 
0h00 

0.80 "o0 

0.80 
o" 

o" 
OAO- 

020 - 

0.00 - -- - 
0 00 100 200 300 400 500 6.00 

wt% F"O 

0 
00 

00 
0 

700 800 

" T. Hl Moss Tsphra 

0 Ot sr Glen Garry da 

" Torn HI Moss 
TepM- 

o Ottwr Glen Gerry 
dab 

129 



Figure 5.9 SiO, against K, O for both tephra layers. 
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Figure 5.11 FeO against TiO, for both tephra layers. 
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5.1.2.3 Tore Hill Moss geochemical data (table 5.3) 
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The geochemical signature of the tephra layer at Tore Hill Moss resembled that of the 

Glen Garry tephra that has been noted in Scotland and Northern England (Dugmore et 

al., 1995, Pilcher et al., 1996, Langdon, 1999). 

The results therefore are compared to those of Dugmore et al. (1992) and Dugmore et 

al. (1995) which are contained on the tephra base web site. Glen Garry tephra has a 

Si02 content of between 62-75wt°% although Dugmore et a!. (1995) notes that less 

than 14% of these analyses had S102 lower than 70%. Glen Garry tephra can be 

distinguished from other tephra by its distinctive levels of potassium, calcium and 

magnesium. Figure 5.6 displays SiO2 against K20 for both the EMPA data for this site 

and those obtained from Tephrabase. It can be seen that the data for this site are all 

within the field containing the other selected data for this tephra. Si02 and K20 values 
for this site range from 67.5-73.4 wt°io and 1.71-2.25 wt% compared to a range of 
62.09-74.09 wt% and 1.25 and 2.14 wt'o for the other selected data. Glen Garry 
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tephra usually displays lower levels K20 compared to Hekia 4 (figure 5.9). The levels 

of CaO and MgO can also be a defining factor when trying to determine Glen Garry 

tephra. Figure 5.7 illustrates that the data for Tore Hill Moss are confined within the 

field displayed by the other selected data. When these data are compared to those of 

data thought to be from Hekla 4 (figure 5.10) this difference is clear. The Hekla 4 data 

have a much lower MgO content for a given CaO content and this agrees with the 

observations of Dugmore et al., (1995). Examination of the levels of FeO and Ti02 

can also discriminate the Glen Garry tephra (figure 5.8). The data for this site are 

contained within the field plotted for the other selected data. This tephra is 

distinguishable from the Hekla 4 tephra layer as Glen Garry does not exhibit levels of 

Ti02 below 0.4 wt% (figure 5.11). 

5.1.3 Summa 

The two tephra layers that have been found at these sites will greatly enhance the 

chronology of each of these sites. These points will be able to correlate directly to the 

same tephra layers in any other study where they are found. This is something that 

cannot be achieved by radiocarbon dating. Hekla 4 has been wiggle match dated to ca. 

cal. 2310±20 BC by Pilcher et al. (1995) and the Glen Garry tephra layer is less 

securely dated but is estimated to have been deposited ca. 2100 BP. The results of 

radiocarbon dating and SCP analyses will be examined in the following sections of 

this chapter. 

5.2 Radiocarbon dates 

The plots of the radiocarbon dates show calibrated 2 sigma ranges of each date and 

also the mid-point of this range. Two tephra markers (noted in section 5.1) are used at 

Tore Hill Moss and Heathwaite Moss which allow the AMS radiocarbon dates to be 

verified. A black cross on the two age-depth models represents their position. 

Spheroidal carbonaceous particles (SCPs) have been analysed at all sites and have 

allowed a further series of dates within the last 200 years to be generated (see section 
5.3). Open circles on all of the age-depth models represent the dates obtained. A 

summary diagram of the time periods covered by each analysed site is provided in 

figure 5.22. 
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5.2.1 Ardkill Moss (figure 5.12) 

A simple single linear regression model could not be applied to this site, as there are 

varying accumulation rates evident from the radiocarbon dates. The top 24 cm (0-24 

cm) has been dated using SCP analysis (see section 5.3.1) which provides two dates 

of AD 1880 at 22 cm and 1970±2 at 4 cm. A further date is provided by the rise in 

pine pollen from 20 cm which has been recorded and dated from Carbury Bog (part of 

the same bog system before latter day commercial peat cutting) and dated to AD 1739 

(Van Geel and Middledorp, 1988). A second order polynomial model provided the 

best fit to the radiocarbon and SCP dates with an R2 of 0.9778 (figure 5.12). 

Accumulation rates based on this model range from around 14.2 yrs/cm for 0-72 cm, 

6.4 yrs/cm for 70-185 cm, and 5.08 yrs/cm for 185-256 cm. 

The much lower accumulation rate towards the surface of the bog could be due to 

various reasons. The top of the core has been disturbed by anthroprogenic activity 
involving a degree of burning which can be seen by the high levels of charcoal and 
UOM between 0-12 cm. According to local residents embers being thrown from 

locomotives in the 1950s caused fire to spread across the site. The number of times 

this happened is not known. This may have led to a degree of peat loss and 

subsequently lower levels of accumulation. It can also be observed that at around 72 

cm there is a small peak in the level of Racomitrium lanuginosum that is associated 

with high hummock top positions (Pearsall, 1956; Ratcliffe and Walker, 1958; Moore, 

1977; Lindsay et al., 1988). The very dry conditions expected here are supported by a 

peak in humification before a shift towards much wetter conditions and therefore 

there may have been a hiatus in growth. 

From 72 cm a combination of both Sphagnum imbricatum and Sphagnum section 
Acutifolia dominates the stratigraphy. The latter dominates from 72-186 cm, whereas 

the former dominates from 186 cm to the base of the core. 
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From the cores examined in this study it would seem that Sphagnum, and especially 

Sphagnum imbricatum is, under the right conditions, able to accumulate extremely 

quickly. 

5.2.2 Cloonoolish Moss (figure 5.13) 

The age-depth model for Cloonoolish Moss is shown in figure 5.13. The first 

radiocarbon date at 195 cm and the date at 155 cm shows that there has been a slow 

down in peat accumulation at the site compared to the section above from 155-56 cm. 

A linear regression model was placed between these two dates giving an accumulation 

rate of 11.8 yrs/cm. This slower rate of peat growth could be explained by the 

domination of Ericaceae and Calluna vulgaris within zone Clo-c (figure 6.3). This 

zone also exhibits high levels of humification. 

A linear model was fitted to the top five radiocarbon dates as they fall roughly in a 

straight line. As the removal of peat is suggested as occurring from around 32 cm this 

model was used to predict dates up to this hiatus. The accumulation rate for this 

section of the core is noted as 4.99 yrs/cm, which represents an extremely fast growth 

rate within a period of Sphagnum section Acutffolia and Sphagnum imbricatum 

domination (figure 6.3). 

A linear regression model has been fitted to the SCP data to interpolate intervening 

dates for the top 30 cm. The accumulation rate is noted as 4.3 yrs/cm. This is 

obviously affected by the lack of compaction and incomplete break down of plant 

structure at the surface. From the SCP date of AD 1880 at 30 cm to the radiocarbon 
date at of AD 1130 at 56 cm there is either a large fall in the level of accumulation 

rate or there has been peat removed. The first scenario will be examined first. 

A fall in the accumulation rate to 28.8 yrs/cm from the first radiocarbon date to the 
SCP record may have occurred. This decline could be due to a number of factors. 

There has been extensive peat cutting around the margins of this mire which may 
have led to a draw down of the water table leaving the crown of the mire susceptible 
to desiccation and high levels of humification. 
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The humification record does show a high level of decomposition just prior and 
during this period (figure 6.58). Peat could have been eroded and rapidly decomposed 

due to fire at the site. This would appear to be unlikely as there is little evidence of 

charcoal fragments between 30 and 56 cm (figure 6.3). 

The second scenario is that the surface of the bog itself may have been extensively cut 

at some time between the end of the SCP record and the start of the radiocarbon 

record. The site showed no visible signs of surface cutting, as the surface vegetation 

appears undisturbed. Sphagnum growth is undisturbed at the site from 130 cm until 

around 32 cm where there is a decline to extremely low abundance (figure 6.3). This 

is followed by a large increase to a peak in the abundance of Trichophorum cespitosus 

at 28 cm, which is known to often dominate in dry conditions as the result of erosion, 

cutting, or fire events (Ratcliffe, 1964). There is also a small level of Sphagnum 

section Cuspidata around 30 cm possibly indicating a degree of pooling of water post 

peat removal. At 32 cm the level of previously abundant Amphitrema wrightianum 
falls rapidly and is replaced by Cyclopyxis arcelloides indicating drier conditions 
(figure 5.25). It can also be noted that the Pinus sylvestris record also begins at this 
level possibly signalling the onset of new modern growth after cutting (figure 5.25). 
This explanation due to the reasons given above is preferred to the scenario of low 

accumulation rates. 

Based on the age-depth model presented there appears to be up to 640 years of record 
that may have been removed. The exact timing of the actual removal is impossible to 
determine without documentary or first hand sources of information. 

5.2.3 Heathwaite Moss (figure 5.14) 

Eight of the nine radiocarbon dates were used to produce the age-depth model at 
Heathwaite Moss (figure 5.14). A linear regression model was used giving an R2 of 
0.9914 showing a relatively constant accumulation rate of 13.1 yrs/cm between 26 cm 
and the base of the core. The radiocarbon date AA-42380 was not used in the age- 
depth model, as it is the same age as AA-42379. 
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This date is suggested as being valid as it forms a near straight line with the other 

dates in the profile and the Hekla 4 tephra layer. AA-42380 may have been 

contaminated by younger carbon, although how this could have happened is unclear 

as individual leaves of Sphagnum imbricatum were selected from this position. 

The record from 0-24 cm, based on the SCP record, appears to be intact and shows an 

accumulation rate of 6.4 yrs/cm. There is a further date at 20 cm of AD 1800 derived 

from the rise of pine pollen in the area from local plantations (Oldfield, 1963). The 

greater level of accumulation is due in part to the incomplete breakdown of the plant 

structures and a lack of compaction from above. This leaves a2 cm gap between the 

end of the SCP record and the first radiocarbon date, a gap that is 1480 years in 

duration. It is extremely unlikely that this is due to drying out of the surface causing 

slower accumulation. The accumulation rate would be 740 yrs/cm which is unlikely. 

It is therefore suggested that at some time between AD 1800 and AD 510 the surface 

of the bog has been cut removing a large section of peat. This is not obvious from the 

surface of the bog itself. There has been peripheral cutting, but the crown appears to 

be intact. The macrofossil diagram exhibits no great rise in the level of UOM at this 

point, which may have been expected as a cut surface would decompose at a faster 

rate (figure 6.4). There are three peaks in the abundance of Eriophorum vaginatum 

which may have been able to dominate after a period of cutting and presumably 

drying of the surface (figure 6.4). Increased nutrient levels from a drying surface may 

have further influenced the abundance of Eriophorum vaginatum. This is not reflected 

though in the UOM record. The peat loss here is unlikely to have been due to fire as 

there is a very low level of charcoal fragments at this time (figure 6.4). Furthermore, 

large burning events have occurred at around 110 cm and 200 cm without seemingly 

any fall in the level of accumulation. Physical removal of the peat is the only 

explanation that can explain such a degree of peat loss. A survey of the Duddon Moss 

area by English Heritage (Hodgkinson et al., 2000) revealed a series of bloomery 

mounds at the northern fringe of the mire as well as charcoal burning areas. There is a 
large level of documentary and archaeological evidence to suggest that the monks 

used many of the mires in the area, although no evidence suggests that Heathwaite 

Moss was used. Evidence for later human interference at the site is sparse. It may be 

that peat removal was not a consequence of events in the last hundred years or so but 

may be much older. 
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5.2.4 Killorn Moss (figure 5.15) 

The age-depth model for this site is shown in figure 5.15. A series of models was 

attempted but a single linear and series of polynomial models proved unsatisfactory, 

and therefore a series of linear models was used. The SCP data for this site (section 

5.3.4) are complicated by a large degree of UOM relating possibly to human-induced 

disturbance. It is suggested that the date that relates to the sub-surface peak of SCPs 

should be the only one used in the age-depth model. 

From 122 cm (date AA-42385, cal. AD 200) a linear regression model has been used 

to fit the radiocarbon dates, apart from AA-42388 at 190 cm which appears to be too 

young. It is hard to ascribe a reason as to why this date is too young as leaves of 

Sphagnum imbricatum were handpicked and washed. Monocotyledon roots are often 

a source of younger carbon but there is very little at this level. The linear regression 

through these four radiocarbon dates gives an accumulation of 6.5 yrs/cm which is a 

rapid rate. This is not unusual in the context of this study. 

The final two radiocarbon dates (AA-42381 and AA-42382) show that there has been 

a possible contamination problem. The first at 48 cm gives a date of cal. AD 1300 

whereas the second from a lower position at 55 cm gives a younger date of cal. AD 

1560. It is not easy to determine which of these is the incorrect date as both were 
derived using hand picked leaves of Sphagnum papillosum and Sphagnum 

imbricatum, thus minimising contamination. The previous two dates below this at 78 

and 94 cm are in a line that can be directly extended through that of the second date at 
55 cm. This would suggest that it is the first date that is erroneous. It is difficult to 

suggest a reason as to why this might be the case. There are only very low amounts of 
Ericaceous material (figure 6.5) so the reservoir effect, as noted by Kilian et al., 
(1995), should not be an influence. A linear regression line has been fitted to the dates 

AA-42382-AA-42385 giving an R2 of 0.9975 and an accumulation rate of 20.4 

yrs/cm. 
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This is quite low but when the stratigraphy is observed it is quite understandable. 

There are two major Sphagnum section Cuspidata peaks within this period (figure 

6.5). This moss (especially Sphagnum cuspidatum) is known to decay at a high rate in 

its pool position (Johnson and Damman, 1991) and therefore may have led to a 

smaller depth of peat accumulating through this period. The change in accumulation 

rates from 20.4 yrs/cm to 6.5 yrs/cm at 122 cm occurs at a transition to Sphagnum 

imbricatum dominated peat below 122 cm. There is also a significant change in testate 

assemblage at this point from a wetter indicating assemblage dominated by 

Amphitrema wrightianum and Amphitrema flavum to one below 122 cm dominated by 

Difflugia pulex and Amphitrema flavum (figure 5.27). 

A linear regression line has been placed between AA-42382 and the SCP date to 

interpolate the chronology of the upper peat. This is the only option for this section of 

the profile and obviously gives an R2 of 1 as there are only two points. The 

accumulation rate here is calculated as being 10.7 yrs/cm which is quite rapid 

considering the disturbance that has occurred in this section, although the uppermost 

peat will not be fully decomposed or compacted. 

5.2.5 Tore Hill Moss (figure 5.16 

The age-depth model for Tore Hill Moss contains three linear regressions, as there are 
three separate periods of differing accumulation (figure 5.16). A single linear 

regression model and various polynomial regressions were attempted but these proved 

unsatisfactory. 

The final radiocarbon date of the core at 216 cm is situated next to the Glen Garry 
tephra (212 cm) which has been dated to 2100 BP (cal. 359 BC-cal. AD 10). This 
tephra layer further authenticates this radiocarbon date which is ca. cal. 310 BC. The 
first phase (248-172 cm) shows a slow down in the accumulation rate to a level 

similar to that of the final phase of 17.6 yrs/cm. The mid-phase is characterised by a 
much faster rate of accumulation of 5.14yrs/cm. 
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The last two AMS radiocarbon dates at 24 and 40 cm and the SCP date (denoting the 

SCP peak at 1977+/-2yrs) form the final part of the model with an accumulation rate of 

19.6 yrs/cm. One rogue date, that of AA-42422 (cal. 230 AD at 64 cm) is not included in 

the model as it is far too old based on the other dates in the sequence. It is hard to ascribe 

a reason to this, as contamination during sampling would be highly unlikely to cause this, 

as samples were prepared in stratigraphic order from the surface down, thus minimising 

this sort of contamination. The date directly above and below this at 40 cm of AD 1208 

and at 88 cm of AD 880 shows the erroneous nature of the date at 64 cm of AD 230. The 

only reasonable explanation would be that the reservoir effect as described by Killian et 

al. (1995) might have had an influence. For this to have occurred though a reasonable 

degree of Ericaceae would be expected, and it is clear from this level that its abundance 

is very low (figure 6.6). 

The change in accumulation rate between the final (40-0 cm) and second linear 

regression model (40-172 cm) can be justified by examining the macrofossil diagram 

(figure 6.6). That there are three dates within the final model that are linear shows that 

this is indeed a true accumulation rate. The macrofossil diagram through this time shows 

a generally lower level of Sphagnum and greater Ericaceae, as well as a peak in UOM 

around 20 cm (figure 6.6). There is also a high level of humification from around 20-48 

cm which would further slow the accumulation rate. The change to a much faster 

accumulation rate of 5.14yrs/cm, shown by the second linear regression model, is related 

to an increase to dominance of either Sphagnum imbricatum or Sphagnum section 
Acutifolia from 40-172 cm (cal. AD 1210-500). From 172 cm (cal. AD 500) this 

domination ends, as levels of Ericaceae, UOM and Monocotyledons become more 

abundant. The level of humification from this point to the base of the core, though 

fluctuating, is generally higher (figure 6.67). 

The second phase of this model displays an extremely fast accumulation rate. There is no 
doubt that this is reliable as there are six radiocarbon dates in a line through this section 
in only 132 cm of peat (from 40-172 cm). Mallachie Moss (Langdon, 1999), a site 

around 3 km to the south-west, displays a degree of agreement with this accumulation 

rate (section 7.5.2). 
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The onset of Sphagnum domination ties in with the onset of the Dark Ages, a period of 

suggested climatic deterioration from a warmer Roman period. Barber (1981) noted a 

decline at Bolton Fell Moss based on a wet shift to lawn and later pool species from 

around ca. cal AD 600. Other peat-based studies have noted deterioration in Northern 

Europe at around the mid point of the first millennium AD (Aaby and Tauber, 1975; 

Aaby, 1976; Blackford and Chambers, 1991; Mauquoy and Barber, 1999 a). This 

inferred increase in precipitation and bog surface wetness would promote the domination 

of Sphagnum that in turn would facilitate higher rates of accumulation. 

5.2.6 Summary 

From 42 AMS radiocarbon dates two appear to have been contaminated in some way. 
This has still permitted a detailed chronology to be obtained for each site, especially 

when combined with available SCP and tephra data. It is the SCP data that are considered 
in the next and final section of the chronology chapter. 

5.3 Spheroidal carbonaceous particle analysis 

The SCP results for all of the sites are shown in figures 5.17-5.21. The dates derived for 

each site have been obtained by comparison with other studies in the area which have 

dated the characteristic profile changes (Rose et al., 1995). 

5.3.1 Ardkill Moss (figure 5.17) 

This site is compared to Lough Maumwee in western Ireland (Rose et al., 1995) which is 

on the opposite side of the country but is the closest SCP record that could be found. 

SCPs are recorded in figure 5.17 from 22 cm, albeit at very low abundance. The initiation 

of the record occurs within a section of the core dominated by Sphagnum section 
Acutffolia and can be dated to around the 1880s. The rapid rise in SCPs occurs from 4 cm 
which can be dated to around the 1970s. The top of the core is known to have been 
disturbed due to burning which is illustrated in the macrofossil diagram (figure 5.2) by 

the presence of charcoal fragments and a high level of UOM. 
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Figure 5.17 Ardkill Moss SCP analysis. 
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The lack of a decline near to the surface makes the identification of a true sub-surface 

peak impossible. This may well mean that a small amount of the surface of the core is 

missing. The first two SCP dates have been used within the age-depth model together 

with the radiocarbon dates. 

5.3.2 Cloonoolish Moss (figure 5.18) 

This site has also been compared to Lough Maumwee in Western Ireland, but in this case 
Cloonoolish Moss is in close proximity to it. The SCP record commences from 30 cm at 
this site suggesting a date here of 1880s when compared to Lough Maumwee (Rose et 
al., 1995). A rapid rise occurs at 14 cm (1970s) and a subsequent subsurface peak is 

noted at 8 cm (1981±2 yrs). This is followed by a long decline to around 300 SCPs per 

gram of dry peat by the surface sample. The SCP record is very important at this site as it 

shows that the top 30 cm is definitely modem in age, which illustrates that there is a large 

age difference between the base of the SCP record and the first radiocarbon date, despite 

there being a very small depth difference. With the aid of this SCP record and the 

radiocarbon dates it has been inferred in section 5.2.3 that up to possibly 640 years of 
record is missing. 

5.3.3 Heathwaite Moss (figure 5.19) 

This record has been compared to the SCP record found at Burnmoor Tarn which is in 

central Cumbria (Rose et al., 1995). The record initiates at 24 cm which when compared 
to the dated study at Burnmoor Tam translate into a date of around the 1850s. There is a 
long period from 24 cm until around 8 cm before the SCP levels rise significantly. This 

point can be dated to around the 1950s. A subsurface peak is encountered at 4 cm, dating 

this depth to around 1978±2. This record, as at Cloonoolish Moss, is important as it 

confirms that the top 24 cm are of a modem age and allows dates to be interpolated 

within this depth range by use of a linear regression model. 
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Figure 5.18 Cloonoolish Moss SCP analysis. 
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Figure 5.19 Heathwaite Moss SCP analysis. 
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The first radiocarbon date from this site at 26 cm has revealed a date of AD 510, which 

means that between these depths there must have been peat removed presumably by 

cutting. This cutting could of happened at any time between ca. cal. AD 510 and 1850. 

53.4 Killorn Moss 

The record at Killorn Moss exhibits a long tail of low levels of abundance from 36 cm to 

22 cm. There is a `take off in abundance from 20 cm that rises to a peak by 16 cm of 
12,590 per gram of dry peat. A rapid decline in the number of SCPs follows and a 

plateau of low abundance is observed from around 10 cm. Only the date of the 

subsurface peak is reliable here owing to anthroprogenic disturbance at this site. This 

peak gives a date of 1977±2 yrs when compared to the profile at Lochnagar (Rose et al., 
1995; Yang et al., 2001). 

5.3.5 Tore Hill Moss (figure 5.21) 

This site has been compared with that of Lochnagar (Rose et al., 1995; Yang et al., 2001) 

which is roughly 70 km to the south. The SCP record begins at around 22 cm and 

remains at a low level until at 10 cm when there is a rapid rise in the number of SCPs 

found. The subsurface peak of SCPs occurs at 4 cm and subsequently falls to the surface. 
By comparison with Lochnagar (Rose et al., 1995; Yang et al., 2001) it is possible to 
infer a date for both the rapid rise and the subsurface peak of the curve of the 1960s and 
1977±2. The apparent initiation of the record occurs at 22 cm although this is suspect. In 

the macrofossil diagram it can be noted that at this point there is a rise in the degree of 
UOM and also a low level of charcoal (figure 6.6). It is possible then that the there may 
have been some human interference here, such as peat cutting or a series of burning 

events which may have removed some of the initial part of the record. The date of the 

subsurface peak is used in the age-depth model, whereas the date of 1960s is not as this 

would form a significant outlier from the trend shown by the first two radiocarbon dates. 
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Figure 5.20 Killorn Moss SCP analysis. 
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Figure 5.21 Tore Hill Moss SCP analysis. 
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5.3.6 Summary 

This study has illustrated the usefulness of spheroidal carbonaceous particles as a dating 

tool for the most recently deposited peat. The size of the errors for radiocarbon dates in 

the last 200 years makes its usage limited. Unfortunately, the use of SCP analyses did 

make the loss of peat at Heathwaite or Cloonoolish Moss sufficiently obvious to prevent 
further work occurring. The next chapter will examine the results from the three proxies 

of macrofossil, humification and testate amoebae analyses for each site to which the 

dating framework from this chapter has been applied. 
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6.0 Results 

Macrofossil analyses 

This section contains two subsections; the first is a description of the ecological 

tolerances of the macrofossils found. The second is the presentation and description of 

the macrofossil results from the five sites examined in this study. 

6.1 Components of the macrofossil diagrams 

6.1.1 Introduction 

Knowledge of the present-day ecology of the various macrofossil components is 

required if the data are to be used to draw ecological conclusions about the past. The 

main factors governing the distribution of various plant species on the mire surface 

are the moisture conditions and the position of the aerobic limit (Lindholm and 

Markkula, 1984). Information on water table requirements for various species is 

essential for this study if climatic inferences are to be made, as water table levels are 

strongly related to levels of effective precipitation (Malmer, 1962). There has been a 

series of studies concerned with determining the relationship between the position of 

species relative to the water table depth (Ratcliffe and Walker, 1958; Andrus et al., 

1983; Van der Molen and Hoekstra, 1988; Okland, 1990; Hammond et al., 1990; Van 

der Molen et al., 1994). Other factors have influenced the position of species along 

the hydrological gradient from wet pool-loving species to drier hummock-inhabiting 

species, such as competition and the influence of man. These issues will be examined 

in relation to the components that have been recognised in the diagrams from the five 

sites. 

6.1.2 U. O. M (Unidentified Organic Matter) 

This component includes plant macrofossils that could not be identified owing to a 
lack of structure. The lack of structure is primarily the result of a high level of 
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humification caused by well-aerated peat due to lowered water table levels. This 

could result from a hummock top environment or be possibly due to secondary 

decomposition after a fire. Drainage by man could also lead to such a drying out of 

the surface. 

Pools also produce mud that can be classed as Unidentified Organic Matter. Pool 

muds are primarily composed of the remains of algae. They can be noted in the field 

whilst carrying out field stratigraphy owing to their yellow-green greasy nature. When 

cores are returned to the laboratory it is difficult to distinguish the matter produced by 

algal mud and that which is produced by high levels of humification, as samples 

rapidly oxidise and the characteristic colours are lost. It is therefore wise to use field 

stratigraphic data (section 3.4) and also data from other proxies to determine the true 

ecological inference that can be made from this component. 

6.1.3 Ericaceae 

The occurrence of Ericaceae remains can be regarded as implying generally drier 

conditions on the bog surface. 

This component could include the following species: Calluna vulgaris, Erica tetralix, 

Vaccinium oxycoccus, Vaccinium myrtillus and Empetrum nigrum. The majority of 

the macrofossils observed are fibrous roots. Woody material, sometimes with leaves 

attached, permits the identification of Calluna vulgaris or Erica tetralix by the 

morphology of the leaves and the number and arrangement of petioles. 

Calluna vulgaris is an important component as it helps to maintain the hummock- 

hollow pattern on the mire surface. In a continuously growing Sphagnum mat it can 

form new adventitious roots on overgrown shoots. This results in a quick and 

continuous rejuvenation of the plant (Malmer et al., 1994) which makes individuals 

potentially immortal in this environment (Wallen, 1987). It is the stronger dwarf 

shrubs such as Calluna vulgaris that provide a scaffold-like structure for the weak 
Sphagnum species thus maintaining hummocks. Ericaceae, especially Calluna 

vulgaris and Empetrum nigrum, prefer hummock environments as their roots and 
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endomycorrhizae require an aerated layer of around 10-20cm in depth (Lindholmm 

and Markkula, 1984). 

Calluna vulgaris is mainly associated with dry hummock environments (Ratcliffe and 

Walker, 1958; Van der Molen et al., 1994). Ratcliffe and Walker (1958) noted that 

stunted forms of Erica tetralix and Calluna vulgaris can exist in flat lawn areas but 

are dominant on hummocks. Du Rietz (1949) has defined the distinction between a 

hummock and hollow environment as the "Calluna limit" where the lower limit of 

dominance exists. Malmer (1986) noted that on northwestern European mires the 

lower limit for a dense covering of Calluna vulgaris closely relates to the maximum 

water table height during the year. Pearsall (1956) observed at two Sutherland bog 

sites that Calluna vulgaris was dominant on erosion complexes that were 

characterised by desiccation and peat oxidation. Ratcliffe and Walker (1958), 

Boatman and Armstrong (1968) and van der Molen and Hoekstra (1988) reported that 

Erica tetralix could withstand slightly wetter conditions than Calluna vulgaris. The 

hummock slope is suggested as being dominated by Erica tetralix whereas the 

hummock top is Calluna dominated. 

Drying of the mire surface due to fire incidence can lead to a dominance of Erica 

tetralix and Calluna vulgaris along with Eriophorum vaginatum and Trichophorum 

cespitosum, at the expense of Sphagnum species (Ratcliffe, 1964). Ericaceae such as 
Calluna vulgaris and Erica tetralix are very resistant to fire as only the mature and 
degenerate wood is burnt and an immediate recovery from stem bases can be staged 
(Gimingham, 1964). Barkman (1992) observed the accidental burning of a plot at 
Dalen (Netherlands) in the summer of 1982. Pre-fire vegetation consisted of 85% 

Erica tetralix cover. The recovery here was exceptionally fast, as by October 55% 

Erica tetralix cover was regained by juvenile plants. 
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6.1.4 Sphagnum 

6.1.4.1 Introduction 

Sphagnum is a genus of wetland habitats though certain species can tolerate differing 

levels of desiccation and hydrology is a major factor in determining the distribution of 

species (Daniels and Eddy, 1990). Water table depth is of far greater influence on 

their distribution than any other factor, such as chemical status (Bragazza, 1997). 

Sphagnum mosses have no control over their water loss by evapotranspiration and are 

not able to photosynthesise when they are dry (Titus et al., 1983) and therefore prefer 

wet conditions. It is noted that most Sphagnum can tolerate high water levels, 

although hollow species cannot survive at higher levels above the water table (Rydin 

and McDonald, 1985 a). The changing species from hummock to hollow appears to 

be the result of a combination of two factors: the ability of species to transport water 

and competition. When the water table is lowered in the summer the capitula (where 

the majority of the photosynthesis takes place) lose water that has to be replaced by 

capillary action from below (Rydin, 1993). Species from hummocks, such as 

Sphagnum capillifolium, have a greater number of capillary spaces as they have small 

closely packed capitula and stems (Clymo and Hayward, 1982). Clymo (1973) noted 

that there is greater evaporation from hummocks than hollows. The level of capillary 

transport from below must therefore be enough to compensate for this. Unlike hollow 

species, hummock species are very rarely observed as being papery white owing to 

desiccation (Rydin and McDonald, 1985b; Rydin, 1986). Despite the fact that 

hummock species can survive in hollow environments this does not happen, due to 

the hollow species having a greater growth and photosynthesis rate and therefore they 

have a competitive edge (Okland, 1990; Clymo and Redway, 1971). 

Within this study Sphagnum leaves were identified to at least section level, although 

those within section Sphagnum were identified to species level. Only the Sphagnum 

that was identified in this study will be examined in more detail in the next section. 

Figure 6.1 illustrates the typical types on oligotrophic mires in Britain according to 

Daniels and Eddy (1990). 
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Figure 6.1 

Sphagnum species from British ombrotrophic bogs (Daniels and Eddy. 1990). 
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6.1.4.2 Sphagnum section Acutifolia 

As figure 6.1 illustrates there are five species within section Acutifolia that are 

common on British and Irish bogs. They have photosynthetic cells that are triangular 

to trapezoid with the widest exposure on the adaxial leaf surface (Daniels and Eddy, 

1990). This is an important feature as some species within section Cuspidata are 

similar in appearance but possess the opposite orientation of photosynthetic cell. The 
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most likely species to be found on mire surfaces in Britain are Sphagnum molle, 
Sphagnum subnitens, Sphagnum fuscum, and Sphagnum capillifolium var. rubellum. 
Unfortunately, it is difficult to determine these species from the fossil record. The 

latter two species branch leaves are similar in shape and size at around 1.0 mm in 

length. Sphagnum molle and Sphagnum subnitens possess larger branch leaves of over 
1.0 mm and Sphagnum molle has a characterisic "resorption furrow". It is possible 

with care to identify Sphagnum molle, although the remaining species have varying 
dimensions that overlap too much. 

The species within this section do not all occupy a similar niche with respect to the 

water table so care must be used when reconstructing water table levels. Sphagnum 

subnitens is noted by Daniels and Eddy (1990) as being an intermediate species often 
inhabiting a position just above the water table. Sphagnum molle occupies a similar 

position in respect to the water table (Daniels and Eddy, 1990). 

Sphagnum fuscum is a definite hummock builder preferring a position well above the 

water table (Tansley, 1939; Ratcliffe and Walker, 1958; Ratcliffe, 1964; Clymo and 
Hayward, 1982; Johnson et al., 1990; Bragazza, 1997). Andrus et aL (1983) examined 
the vegetation and its relation to the water table at a bog in the Adirondack Mountains 
(New York State) and found that it was a hummock species with a mean height above 
the water table of 30.9±10.6 cm. This species can grow experimentally at all ranges of 
water table depth (Rydin, 1993) except possibly at a few centimetres from the water 
table (Rydin and McDonald, 1985 a). It is though confined to a hummock position, as 
it cannot compete against hollow species (Rydin, 1993). 

Sphagnum capillffolium var rubellum is reported by Andrus et al. (1983) as being a 
lawn and hummock builder with a mean height above the water table of 24.8±9.4 cm. 
Rydin (1993) also proposed that this species is a dominant hummock species. 

It is problematic therefore to use this section as an indicator of water table change on 
its own owing to the difficulty of identifying to species level and the overlapping of 
ecological niches. 
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6.1.4.3 Section Sphagnum 

Sphagnum magellanicum 

Andrus et al. (1983) have observed this species as both a hummock and lawn builder 

with a mean height above the water table of 25.8±9.5 cm. Hammond et al. (1990), at 

Lodge Bog in Co. Kildare Ireland, found that the species had a 90% occurrence at 24 

cm above the water table (a lawn position). Bragazza (1997) reported that its position 

in Wölflmoor, oligotrophic mire in the Southern Alps of Italy, is mainly that of low 

hummocks. Gerdol (1995) suggested that growth of Sphagnum magellanicum is 

relatively independent of the distance to the water table and the niche it has is 

therefore related to competition. Li et al. (1992) noted that Sphagnum magellanicum 

and Sphagnum papillosum occupy similar niches with regard to depth to water table, 

both occurring in lawn habitats. Sphagnum magellanicum was found under laboratory 

conditions to be a superior competitor for water when under dry conditions, as it had 

greater water transport ability. The growth of Sphagnum papillosum improved when 

associated with Sphagnum magellanicum as it could benefit from this. Sphagnum 

magellanicum growth was noted as being less dependent on precipitation as it has a 

good water holding capacity unlike Sphagnum papillosum. Sphagnum magellanicum 

is rarely associated with pools or hummock tops and is most commonly indicative of 

a water table between the two. 

Sphagnum magellanicum has replaced Sphagnum imbricatum within the last 

millennium at many sites in Britain (Van Geel and Middledorp, 1988; Stoneman et 

al., 1993; Mauquoy and Barber, 1999 b). Van Geel and Middledorp (1988), from 

analyses at Carbury bog in Ireland, noted a coincidence between the decline in 

Sphagnum imbricatum and a decline in tree pollen and an increase in the level of 

charcoal and soil dust. Rudolf and Voigt (1986) suggested that Sphagnum 

magellanicum can withstand higher nitrate levels than other Sphagnum species and 

therefore its emergence at the expense of Sphagnum imbricatum may be related to 

greater agricultural activity. This has also been suggested by Williams and Silcock 

(1997) who were able to show that Sphagnum magellanicum will respond well to low 
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levels of nitrogen input, but beyond this its growth is inhibited by limited 

phosphorous. 

Sphagnum papillosum 

This species is easily identifiable under the microscope owing to its characteristic 

papillose internal conunissural walls (Daniels and Eddy, 1990). 

Hammond et al. (1990) suggested from observations of vegetation on an Irish raised 

bog that its mean height above the water table is 24 cm, also indicative of a lawn 

position. Rydin (1993) observed that Sphagnum papillosum has a wide water table 

depth tolerance range and can exist in floating or semi-floating carpets or form 

hummocks on its own or with other species. Ratcliffe and Walker (1958) also 

observed that despite generally being known to be a wetter indicator it was also noted 

as a hummock builder at the Silver Flowe in Scotland. Despite this Okland et al. 

(1990) proposed from observations in southeastern Norway that this species is very 

rare in hummocks, only occurring as single shoots. Clymo and Reddaway (1971) 

recorded that Sphagnum papillosum has a maximum level of productivity in an 

intermediate lawn habitat. 

As previously mentioned Sphagnum magellanicum and Sphagnum papillosum often 

grow together and are actually more productive when mixed (Li et al., 1992). 

Sphagnum magellanicum is a superior competitor for water in dry conditions and 

therefore Sphagnum papillosum occupies a lower position (Li et al., 1992). This 

species overall is reported to occupy a relatively wide range of positions on the bog 

surface, although it is most common in a lawn environment. 

Sphagnum imbricatum 

Hill (1988) suggested that there are two species of Sphagnum imbricatum; 

Sphagnum imbricatum austini and Sphagnum imbricatum affine. It is Sphagnum 
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imbricatum austini which has been dominant on many raised mires in Britain and 

therefore further discussion in this section will be about this species. This species is 

easily recognised by its characteristic comb fibrillae within the hyaline cells of the 

leaves (Daniels and Eddy, 1990). 

Sphagnum imbricatum today is found in hummock positions high above the water 

table (Flatberg, 1986). Van der Molen and Hoekstra (1988) noted its presence in 

hummock environments at Engbertsdijksveen where it is associated with dry 

indicators such as Calluna vulgaris and Eriophorum vaginatum. Its decline and 

replacement by Sphagnum magellanicum was also observed and its inability to 

compete with this species in wetter conditions is put forward as a reason for its 

decline. 

This species can grow in two different forms, a lax form that is suited to wetter 

conditions and a compact form more suited to drier conditions (Green, 1968) which is 

present in some areas today. This lax form was induced experimentally by Green 

(1968), and was noted as producing elongated shoot intemodes and larger branches 

compared to the original hummock derived moss. Palaeoecological studies often show 
Sphagnum imbricatum as indicative of wetter conditions (Casparie, 1972; Van Geel, 

1978; Barber, 1981; Stoneman, 1993). The potentially wide hydrological tolerance of 

this species makes it difficult to use as an indicator of water table conditions. This 

point has been well illustrated by Stoneman (1993). 

Examination of many of the recent palaeoecological studies from raised mires 
illustrates that Sphagnum imbricatum has been one of the most important peat formers 

within the Late-Holocene period (Godwin and Conway, 1939; Piggot and Piggot, 

1963; Pearsall, 1956; Barber, 1981; Barber et al., 1993; Barber et al., 1994; Stoneman 

et al., 1993). This species has now disappeared from most mire surfaces in Britain and 
the few remaining occurrences are confined to isolated hummocks in very wet bogs 

(Green, 1968). There have been a number of theories as to why this moss should have 

suddenly become extinct in so many locations within the last millennium. A gradual 
decline is reported to have taken place at Bolton Fell Moss that is dated from the 
Middle Ages to as late as AD 1800. A major factor Barber (1981) suggested was the 
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spread of pool and wet lawn areas associated with a deterioration of the climate ca. 

cal. AD 1300-1400. This is associated with the decline of Sphagnum imbricatum in 

lawn positions, although it was able to survive in hummock microforms until AD 

1800. Sphagnum magellanicum and Sphagnum papillosum, or both, superseded both 

positions. Mauquoy and Barber (1999 b) noted the decline of Sphagnum imbricatum 

from six raised bog sites in Britain. Four of the six declines are associated with wet 

shifts in climate at Raeburn and Bells Flow between ca. cal. AD 1160-1400 and at 

Coom Rigg Moss and Felicia Moss between ca. cal. AD 1395-1485. Decline from the 

other two sites, Bolton Fell Moss and Walton Moss, was dated to between ca. cal. AD 

1030-1485 and was suggested as being due in part to interspecific competition 

between Sphagnum species in association with a wet shift. 

Other theories include demise due to grazing pressure, burning, drainage (Pearsall, 

1956; Piggot and Piggot, 1963) and airborne eutrophication (Van Geel and 

Middeldorp, 1988). 

6.1.4.4 Sphagnum section Cuspidata 

This section contains a series of species that may be found on oligotrophic mires 
including Sphagnum cuspidatum, Sphagnum recurvum, Sphagnum balticum, 

Sphagnum majus and Sphagnum pulchrum (figure 6.1). Of these the latter three are 

not widely distributed in Britain and fossil assemblages of the latter species are rarely 
if ever found. Leaves found from this section are most likely to be either Sphagnum 

cuspidatum or Sphagnum recurvum. It is not easy to determine the moss to species 
level and hence only section level is recorded in this study. 

Sphagnum cuspidatum 

Its leaves that are often three, and as much as six times longer than their breadth that 
identify this species. The trapezoid photosynthetic cells of this species are nearly as 
wide as the hyaline cells (Daniels and Eddy, 1990). It is a definite pool species with a 
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narrow hydrological range (Ratcliffe and Walker, 1958; Malmer, 1962). Hammond et 

al. (1990) recorded 90% of occurrences of this species at a mean height of 5 cm above 

the water table, and a narrow range of 0-8 cm. Andrus et al. (1983) similarly noted a 

mean depth to the water table of around 12.1±5.4 cm. 

SnhaQnum recurvum 

Leaves of this species are not as long in comparison to their breadth as Sphagnum 

cuspidatum leaves and often have in-rolled upper leaf margins. It often exists between 

the wettest indicating species such as Sphagnum cuspidatum and the main hummock 

formers Sphagnum papillosum and Sphagnum magellanicum in a wet lawn position. It 

is often associated with Eriophorum angustifolium which can grow as scattered shoots 

within the Sphagnum carpet (Daniels and Eddy, 1990). 

6.1.5 Racomitrium lanusinosum 

This moss is found in very dry hummock positions distant from the water table 

(Pearsall, 1956; Ratcliffe and Walker, 1958; Moore, 1977; Lindsay et al., 1988). At a 

raised bog site near Loch Maree, Tansley (1939) observed that it was often associated 

with other dry-loving species, such as Hypnum cupressiforme. Godwin and Conway 

(1939) at Tregaron bog found this moss to be associated with Calluna vulgaris and 
Sphagnum rubellum forming distinct raised hummocks. It cannot compete with other 
bog mosses and hence is restricted to areas that are unfavourably dry and can be 

easily displaced by Sphagnum species once wetter conditions return (Tallis, 1995). It 

is often dominant around areas of erosion that have led to desiccation, often replacing 
the Sphagnum cover and even stands of Calluna vulgaris and Trichophorum 

cespitosum. Ratcliffe (1964) noted that as a result of drying out, raised bogs in the 

north and west of Scotland can have a marked increase in the amount of Racomitrium 

lanuginosum which forms both dense hummocks and carpets, possibly due to greater 
levels of burning. Tallis (1995) observed the dominance of this moss around AD 

1250-1450 at blanket bog sites in the Pennines and interpreted this as being due to a 
drier climate around the Medieval Warm Period. Barber et al. (2000) used evidence of 

165 



Racomitrium dominated peat to infer drier periods of climate from Moine Mhor in the 

Cairngorms. 

6.1.6 Aulacomnium palustre 

At two mires in the Adirondack Mountains in New York State, Andrus et al. (1983) 

found that Aulacomnium palustre tended to have relatively high positions in relation 

to the water table. Mean heights above the water table for this moss were 31.4±7.2 

and 30.0±8.1 cm. Okland (1990) examined a mire in northeast Norway and suggested 

that this moss is most abundant in upper hummocks or elsewhere as single shoots 

within Sphagnum moss carpets. Hughes et al. (2000) noted its occurrence in a 

marginal core at Walton Moss where it was associated with an increase in Calluna 

vulgaris indicating a lowering of the water table just prior to a wet shift at 4000 BP. 

The moss was also suggested as indicating an increase to a more minerotrophic status. 
Li and Vitt (1995) examined the performance of A ulacomnium palustre together with 
Polytrichum strictum and four Sphagnum species against an experimental moisture 

gradient. Aulacomnium palustre could initially become rapidly established along the 

whole gradient. The survival of the moss was observed as being poor yet the 

production of new individuals was rapid from the production of terminal gemmae. 
Decreases in the moss became apparent at the extremes of the hydrological gradient 
as water content and competition from Polytrichum limited its survival. 
A ulacomniumpalustre performed best in peat with water content of between 580 and 
750%. The moss exhibits well developed rhizoids that can wind around the stems of 
Sphagnum and intercept and conduct water. Andrus et al. (1983) noted that when the 

moss exists alone it is usually found on the sides of hummocks. Ratcliffe (1964) 

stated, from lowland raised bogs in Scotland, that this moss is often associated with 
Drepanocladus fluitans and is incorporated into the general Sphagnum moss carpet 
and is often indicative of water movement. 
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6.1.7 Monocotyledons undifferentiated 

6.1.7.1 Introduction 

This group includes a series of possible species that could simply not be identified 

owing to absence of epidermal tissue that exhibit characteristic cells. Rhynchospora 

alba, Eriophorum angustifolium, Eriophorum vaginatum, and Trichophorum 

cespitosum are sedges that are often found on raised bogs and could be included 

within this group. As the next series of sections testify these species represent very 

differing water table positions. This category on its own therefore is of limited use 

when reconstructing previous water table levels. When epidermal tissue was found 

identification to species level was carried out. 

6.1.7.2 Eriophorum angustifolium 

Philips (1954) noted that Eriophorum angustifolium could often be present in bog 

pool environments although it could suffer from nutrient deficiency and appear 

unhealthy. Rodwell et al., (1991) and Ratcliffe and Walker (1958) found that it can 

dominate in shallow pools and is often an important coloniser of bare peat in dried-up 

pool bottoms. There can be direct competition between Eriophorum angustifolium 

and Eriophorum vaginatum. The roots of Eriophorum angustifolium cannot penetrate 

the Eriophorum vaginatum tussocks and are therefore often found in the intervening 

spaces. Van der Molen and Heokstra (1988) examined the hummock-hollow complex 

at Engbertsdijksveen and observed from macrofossil data that this species was mainly 

associated with Sphagnum cuspidatum in hollow environments. A mean height above 

the water table of 8-10 cm has been derived from observations at Irish sites (Van der 

Molen, 1986). This plant is relatively resistant to burning as it has a well-protected 

stem apex (Philips, 1954) and has been noted as being even more vigorous in growth 

after a fire (Pearsall, 1956) possibly owing to the liberation of nutrients. 
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6.1.7.3 Eriophorum vaginatum 

Eriophorum vaginatum has a wide water table tolerance but it appears to be most 

dominant in communities that have a surface water table in the spring, but then 

become drier in the summer (Tansley, 1939; Gimingham, 1964). Van der Molen et al. 

(1994) undertook analyses on the relative position of plants on the hummock-hollow 

complex of Clara Bog in Ireland and suggested that this species is most abundant at 

25-35 cm above the water table. Ratcliffe and Walker (1958) have observed this 

species in a stunted form in wet Sphagnum flats although it appeared to dominate in 

higher positions at the sides of and upon hummocks. This species can cope with 

waterlogging and can even take advantage of nutrients that are released by dying 

Sphagnum species (Gore and Urquhart, 1966). 

Barber (1981) stated from evidence at Bolton Fell Moss that this species is capable of 

invading pools. Drought conditions are not a problem for this species either, owing to 

its very long roots that can grow over 60 cm in depth and can absorb nutrients all 

along this length (Wein, 1973; Hunter and Knight, 1958). Gimingham (1964) has 

observed that this species can survive for a long time after a drying out of the bog 

surface and becomes more tussocky and luxuriant owing to its long roots that can still 

be rooted in the wetter peat levels. Eriophorum vaginatum responds well to the 

addition of phosphorous and potassium and has the ability to recall phosphorous from 

its leaves in autumn that can then be used to aid growth in the next year. Robertson 

and Woolhouse (1984) noted that this species has a very high photosynthetic rate 

compared to Calluna vulgaris, and the retention of over-wintering leaves allows it to 

combine both the ability to conserve nutrients and intercept radiation in the early 

growing season. These observations partly explain why this species is so successful in 

this nutrient-stressed environment. 

Eriophorum vaginatum can better tolerate the effects of burning than the dwarf shrubs 

such as Calluna vulgaris, and can become dominant after such an event (Ratcliffe, 

1959) with more luxuriant growth due to a release of nutrients. If this species 
dominates a lowered water table can be inferred (Hughes et al., 2000). 
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6.1.7.4 Trichophorum cespitosum 

This plant has the majority of its roots in the upper aerobic layer of the peat (Malmer 

et al., 1994). Van der Molen and Hoekstra (1988), from fossil assemblages at 

Engbertsdijksveen (Netherlands), noted that this species is associated with Calluna 

vulgaris and Eriophorum vaginatum on the higher and drier parts of hummocks. It has 

a high level of resistance to the effects of burning and can form climax vegetation 

with Eriophorum vaginatum (Ratcliffe, 1964) after such an event. 

6.1.7.5 Rhvnchosvora alba 

Ratcliffe (1964) stated that this species is typical in Scottish lowland raised bogs in 

hollows and Sphagnum flats where the water table is very close to the surface, often 

in association with Sphagnum cuspidatum and Drosera anglica. Observations from 

the Silver Flowe in Scotland show that Rhynchospora alba has a very small 

hydrological range, from -3 to 5 cm (Ratcliffe and Walker, 1958). They observed that 

this species often forms a distinct pale coloured margin around pool edges. Okland 

(1990), Hammond et al. (1990) and Van der Molen et al. (1994) also noted its 

preference for low positions above the water table of 5-7 cm, 8 cm and 0-10 cm 

respectively. Godwin and Conway (1939) reported that this species often occupies 

clearly defined shallow pools and the margins of deeper ones at Tregaron Bog (Cors 

Caron). 

6.1.7.6 Scheuchzeria nalustris 

This has been proposed as being a plant that prefers a pool environment (Ratcliffe, 

1964; Malmer, 1986) and is often associated with Eriophorum angustffolium and 
Sphagnum cuspidatum (Van der Molen and Hoekstra, 1988). Its present-day British 

distribution is confined to Rannoch Moor. Tallis (1995) has also noted that it is useful 
in climatic reconstructions from raised bogs as it is indicative of wetter conditions. 
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6.1.8 Cenococcum sp. 

Cenococcum are indicative of aerated conditions (Ferdinandsen and Winge, 1925) and 

have been found at the fen-bog transition by Hughes et al. (2000) where dry 

conditions are thought to have preceded the onset of raised bog formation. These 

fungi are usually associated with other dry indicating components such as Ericaceae, 

Eriophorum vaginatum and UOM (Langdon, 1999; Hughes et al., 2000) Van Geel 

(1978) noted the occurrence of Cennococcum geophilum Fr., sclerotia at 

Weietmarscher Moor where it is suggested as indicating relatively dry conditions. 

6.1.9 Charcoal fragments 

"Very little is known about the relationship between the charred particle curves and the 

intensity and/or frequency of fires, but it is usually assumed that relatively high frequencies 

and /or intensities of fire are expressed by the charred particle peaks in sediments. " 

(Singh et aL, 1981(from Tolonen 1986, p. 490)) 

A peak in charred material must mean that there has been a burning event on the bog 

surface. The charcoal examined in this study was counted in conjunction with 

macrofossil analysis using a stereomicroscope and therefore only relatively large 

fragments could be recorded. This is significant, as the fragments recorded will not 
have been transported from elsewhere but will have been deposited in situ. The 

fragments were simply counted from the 15 quadrats used in the macrofossil analysis 

and totalled. Charred fragments do not though divulge the reason as to why the fires 

started. This is a problem when interpreting the results. It is not known whether these 

fires are anthroprogenic or climatic in origin. Insight can be gained by comparison of 

the record with the other proxies used in this study to see if peaks in charcoal are 

coincident with low inferred water tables. 
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6.2 Macrofossil results 

6.2.1 Ardkill Moss (figure 6.2) 

Results from this site show that Sphagnum mosses have been extremely dominant 

components of the bog in the past. Only a recent series of fires has caused an abrupt 

cessation of this dominance. Levels of monocotyledons, Ericaceae, and UOM are all 

extremely low throughout. The main variation through the diagram is between three 

Sphagnum taxa recorded at the site, Sphagnum section Acutifolia, Sphagnum 

imbricatum and Sphagnum section Cuspidata. The diagram (figure 6.2) has been split 

in to zones based on the variation of these taxa. 

6.2.1.1 Zone ARD-a256-189 cm (ca. cal. 70 BC-AD 250 

Sphagnum imbricatum dominates this zone, never having abundance lower than 34% 

and peaking in abundance at 236 cm (ca. cal. AD 20) with a value of 88%. Sphagnum 

section Acutifolia is the other major peat-forming component in the zone, although it 

is always subordinate to Sphagnum imbricatum. There is a consistently low level of 
Ericaceae and monocotyledon remains through the zone. A small peak of Eriophorum 

vaginatum is recorded at 196 cm (ca. cal. AD 220) that may suggest that there was a 
fluctuating water table at that time. 

6.2.1.2 Zone ARD-b 189-93 cm (ca. cal. AD 250-860 

The start of this zone exhibits a significant change from Sphagnum imbricatum 

dominance to Sphagnum section Acutifolia dominance. The change is rapid and is 

maintained through the rest of the zone. Around this transition there are traces of both 

Sphagnum section Cuspidata at 188cm (ca. cal. AD 260) and Eriophorum 

angustffolium at 176 cm (ca cal. AD 320) suggesting a wet shift. 
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There is also a small peak in Sphagnum section Cuspidata (15%) towards the end of 

the zone at 100cm (ca cal. AD 810) associated with a peak level of Sphagnum section 

Acutifolia and a low of Sphagnum imbricatum. Monocotyledon and Ericaceae remains 

continue to exhibit consistently low values. 

6.2.1.3 Zone ARD-c 93-75 cm (ca. cal. AD 860-1010) 

Sphagnum section Acutifolla falls from prominence to half its previous value at the 

close of the last zone and a rapid rise in the level of Sphagnum imbricatum to a peak 

of 66% at 84 cm (ca cal. AD 930) is recorded. From this peak Sphagnum imbricatum 

falls in abundance but still remains the dominant component by the end of the zone. 

6.2.1.4 Zone ARD-d 75-62 cm (ca. cal. AD 1010-1130) 

Sphagnum section Acutfolia increases rapidly at the start of this zone and replaces 

Sphagnum imbricatum as the most dominant peat-forming component. There is also a 

peak in Sphagnum section Cuspidata at the end of this zone suggesting the zone 

represents a relatively wet period. 

6.2.1.5 Zone ARD-e 62-42 cm (ca. cal. AD 1130-1360) 

A rapid and brief reversal to Sphagnum imbricatum dominance marks the opening of 

this zone. Sphagnum imbricatum peaks at 60 cm (ca cal. AD 1150) with an 

abundance of 84% but declines from this point to 0% at 48 cm (ca cal. AD 1280), 

although there is a brief recovery at 44 cm to a peak of 29%. Sphagnum imbricatum 

subsequently declines to 0% and is not noted in the profile again from 44-40 cm. The 

decline from the initial peak is associated with a renewed low level of Sphagnum 

section Cuspidata and a rapid rise in the level of Sphagnum section Acutifolia, which 

suggests an increase in wetness. 
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6.2.1.6 Zone ARD-f 42-14 cm (ca. cal. AD 1350-1920) 

Sphagnum section Acutifolia is the dominant species throughout this zone with an 

average abundance of 71%. There is a small but significant rise in the level of UOM 

and Ericaceae material throughout the zone. 

6.2.1.7 Zone ARD-e 14-0 cm (ca. AD 1920-2000 

There is a rapid change from Sphagnum section Acutifolia to a high level of UOM, 

peaking at 12 cm with 92%. This rise in UOM is associated with a large increase in 

the level of charcoal fragments recorded, signifying a single or a series of fires. UOM 

declines at the very top of the core as Sphagnum section Cuspidata, Ericaceae and 

monocotyledon remains all increase in prominence. 

6.2.2 Cloonoolish Moss (figure 6.3 

6.2.2.1 Zone CLO-a 248-222 cm (ca. cal. 490-190 BC 

Monocotyledon roots, Phragmites australis and Myrica leaves, suggesting that there 

was a very high water table at this time and minerotrophic conditions, initially 

dominate this zone. Towards the end of the zone Ericaceae remains become dominant 

as the level of Phragmites australis declines. Phragmites australis was observed on 

the modern surface of the bog in some areas. Haslam (1970) noted that nutrient status 
is usually more important than water table height for this species. The proximity of 
this site to the Atlantic means that nutrients derived from sea spray can be brought in 

by westerly winds. The observed modern samples were somewhat stunted and 

appeared stressed. 
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6.2.2.2 Zone CLO-b 222-185 cm (ca. cal. 190 BC-AD 250) 

A rapid rise in Sphagnum section Acutifolia marks the start of this zone as well as a 

phase of A ulacomnium palustre. There is a negligible level of both UOM and 
Ericaceae remains suggesting that this zone has a relatively high water table. 

Aulacomnium palustre is usually associated with low water tables (Andrus et al., 
1983; (kland, 1990) but is also associated with more minerotrophic conditions. Trace 

levels of Scheuchzeriapalustris and Menyanthes trifoliata provide further evidence 
for a high water table at 204 (ca cal. AD 20) and 220 cm (ca cal. 160 BC) (Tallis, 

1995) and from 196-200 cm (ca cal. AD 70-120). There are two peaks of 
Eriophorum vaginatum at 188 and 208 cm (ca cal. AD 210 and 20 BC) that may 

reflect a brief lowering of the water table. 

6.2.2.3 Zone CLO-c 185-165 cm (ca. cal. AD 250-480) 

Ericaceae remains rise rapidly in abundance at the start of the zone and are dominant 

throughout replacing the previously dominant Sphagnum section Acutifolia, and 
suggesting a shift to drier conditions. There is a trace of Sphagnum imbricatum in this 

zone which could possibly be contamination which has been dragged by the corer 
from above. By the end of the zone there is a small peak in the Trichophorum 

cespitosum further implying a lower water table. 

6.2.2.4 Zone CLO-d 165-150 cm (ca. cal. AD 480-640) 

A rapid fall in the abundance of Ericaceae and a coincident rapid rise from 165 cm to 
a peak of 92% at 156 cm (ca cal. AD 480-590) of Sphagnum section Acutifolia marks 
a wet shift in this zone. Traces of Rhynchospora alba and Sphagnum section 
Cuspidata in the zone also emphasise this wet shift. 
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6.2.2.5 Zone CLO-e 150-126 cm (ca. cal. AD 640-770) 

Ericaceae rises as Sphagnum section Acutifolia falls in abundance to become the 

dominant peat-forming component. The first half of the zone also contains peaks of 

Eriophorum vaginatum and Trichophorum cespitosum. These changes in macrofossil 

assemblage suggest a lowering of the water table. By 132 cm (ca. cal. AD 740) the 

level of Sphagnum section Acutffolia rises again at the expense of Ericaceae remains. 

6.2.2.6 Zone CLO-f 126-90 cm (ca. cal. AD 770-950) 

This zone is dominated by a phase of Sphagnum imbricatum which increases rapidly 
initially and remains at an average abundance of 64%. The rest of the peat forming 

mass is made up of Sphagnum section Acutifolia which rises to a peak at 104 cm of 
56%. 

6.2.2.7 Zone CLO-g 90-70 cm (ca. cal. AD 950-1050) 

Initially there is a rapid decline in the abundance of Sphagnum imbricatum which is 

succeeded by a large peak in Eriophorum vaginatum of 65% at 84 cm (ca. cal. AD 
980) which might suggest a lowering of the water table. From this peak Eriophorum 

vaginatum declines and is replaced by a rapidly increasing abundance of Sphagnum 

section Acutffolia which becomes the dominant peat former by the close of the zone, 
peaking at 77% at 72 cm (ca cal. AD 1040). This moss co-exists with a relatively low 
level of Sphagnum imbricatum. Interpretation regarding the water table depth is 
difficult from the evidence in this zone and hence further information from the testate 

amoebae and humification data is required. 
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6.2.2.8 Zone CLO-h 70-42 cm (ca. cal. AD 1050-1200) 

Ericaceae remains and more specifically Ericaceae wood abundance gradually 

increases through this zone. Sphagnum species are the most dominant peat former, 

although their dominance fall throughout. There is a rapid increase in the level of 

Sphagnum imbricatum to a peak of 76% at 64 cm,. replacing the dominant Sphagnum 

section Acutifolia of the previous zone. From this peak the level of this moss species 

declines as it is replaced by Sphagnum section Acutffolia which peaks at 60% at 44 

cm (ca. cal. AD 1190). Associated with this increase are trace levels of both 

Eriophorum angustifolium and Sphagnum section Cuspidata and also at 44 cm a 

small increase in Rhynchospora alba. The presence of these species would suggest 

that the change to higher Sphagnum section Acutifolia levels is associated with a shift 

towards higher water tables. 

6.2.2.9 Zone CLO-i 42-15 cm (ca. cal. AD 1200- 1950 (includes period of peat loss)) 

A decline in the abundance of Sphagnum species is evident. There are two peaks of 

UOM and increases in the level of Ericaceae remains at both the start and end of the 

zone. Trichophorum cespitosum exhibits a large and brief peak in abundance of 76% 

at 28 cm which occurs after a low level of recorded charcoal fragments. The increase 

in this species may be related to the increase in dryness after such a fire event 

(Ratcliffe, 1959; Ratcliffe, 1964) and also the possible release of nutrients after 

secondary decomposition. It is suggested from the radiocarbon results that there has 

been significant peat removal from this part of the core (section 5.2.3) The two 

increases in UOM are also related to the recorded incidence of charcoal fragments and 

hence fires. The latter part of the zone records an increase in the abundance of 

Sphagnum papillosum which then remains at an average of 15%. Trace levels of 

Sphagnum section Cuspidata at the start of this rise suggest a brief period of wetter 

conditions probably due to the pooling of water on a temporarily impermeable surface 

after a fire event or peat removal. Overall the zone reflects drier conditions than seen 

in the previous zone. 
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6.2.2.10 Zone CLO-i 15-0 cm (ca. AD 1950-2000 

UOM declines rapidly and is replaced initially by Ericaceae which grows through the 

effects of the fire at the end of the previous zone and continues to rise in abundance 

until 8 cm. Sphagnum section Acutifolia rises throughout the zone to peak of 88% at 

the surface of the profile. With this rise there is a fall in the level of Sphagnum 

papillosum. Within the top 10 cm there is increased abundance of Calluna vulgaris 

remains reflecting the present-day dominance of the species on the bog surface. 

6.2.3 Heathwaite Moss (figure 6.4 

6.2.3.1 Zone HWM-a 248-222 cm (ca. cal 2560-2220 BC 

Ericaceae dominates this zone with abundance as high as 73% at 244 cm. The first 

appearance of Sphagnum imbricatum occurs at 240 cm (ca. cal. 2460 BC), associated 

with a decline in ericaceous material possibly indicating a higher water table, which 

subsequently declines by 232 cm (ca cal. 2350 BC). This decline is associated with 

greater levels of Ericaceae and identified remains of Erica tetralix and Calluna 

vulgaris signifying a return to drier conditions. The decline in Sphagnum imbricatum 

and the rise in Ericaceous material are associated with greater levels of macroscopic 

charcoal signifying a fire or a series of fire events. The increase of Ericaceae and 
decline in Sphagnum is probably a direct result of the fire as Ericaceous plants, such 

as Calluna vulgaris and Erica tetralix are extremely resistant to burning (Ratcliffe, 

1964) and recover very quickly (Barkman, 1992). 
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6.2.3.2 Zone HWM-b 222-193 cm (ca. cal. 2220-1840 BC) 

This zone is characterised by two peaks in Sphagnum imbricatum of 81 % at 216 cm 

and 60% at 204 cm The first peak is associated with the species recovery from the 

previous fire at 220 cm (ca. cal. 2190 BC). These peaks are interrupted by declines; 

the first at 212 cm (ca cal. 2090 BC) is associated with a peak of Trichophorum 

cespitosum possibly indicating a short period of drier conditions. The second is 

associated with high levels of macroscopic charcoal and a peak in Ericaceae (ca cal. 

1980 BC). An episode of fire would have suppressed the Sphagnum growth leaving 

more fire resistant ericaceous plants to flourish. The suppression of the Sphagnum 

growth is short-lived and a rapid rise in Sphagnum imbricatum follows as the 

incidence of fire declines. The degree to which climate change can be reconstructed 

from this data is debatable, as the pauses in Sphagnum imbricatum growth and 

subsequent Ericaceae growth could be down to fire incidence alone. The climate was 

probably relatively dry to allow the fires to occur but without further information it is 

difficult to say. 

6.2.3.3 Zone HWM-c 193-153cm (ca. cal. 1840-1310 BC) 

A rapid rise (post fire) and subsequent dominance of Sphagnum imbricatum is 

recorded from 193 cm to 164 cm (ca. cal. 1840-1450 BC) peaking at 83% at 192 cm 

in this zone after the high level of charcoal at the end of the last zone. There is 

evidence of Eriophorum angustifolium at 160-156 cm (ca. cal. 1430 BC -1350 BC) 

that is associated with a slight fall in the level of Sphagnum imbricatum possibly 

signifying a period of higher water table levels which is confirmed by the massive rise 

to a peak of Amphitrema wrightianum (figure 6.26). There is evidence of fire activity 

throughout this zone, although the number of charcoal fragments observed is 

relatively low compared to some of the larger events in this profile. Ericaceae, UOM 

and monocotyledon levels remain low throughout the zone, indicating that this zone is 

probably indicative of relatively wet conditions with Sphagnum imbricatum forming 

large areas of lawn. Towards the end of the zone the testate amoebae data suggest 
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that the water table rose further (figure 6.26) which is probably why Sphagnum 

imbricatum declines in the next zone. 

6.2.3.4 Zone HWM-d 153-142cm (ca. cal. 1310-1160 BC 

There is a rapid decline in the abundance of Sphagnum imbricatum at the start of this 

zone. It declines from a high value of 72% at 156 cm (ca. cal 1350 BC) in the 

previous zone to a low of 5% at 148 cm (ca. cal 1270 BC) in the middle of this zone. 

This species is replaced by a combination of small peaks in UOM, Ericaceae and 

monocotelydons undifferentiated. Towards the end of the zone a peak in Eriophorum 

vaginatum epidermis occurs at 144 cm above a small peak in Eripohorum vaginatum 

roots, and UOM and Ericaceae decline possibly indicating a fluctuating water table. 

The decline in Sphagnum is not associated with any charcoal and hence fire is not a 

related factor here. The decline may well have been due to a large wet shift recorded 

by the incidence of Eriophorum angustifolium at the end of the previous zone and 

peaks in Amphitrema wrightianum (testate amoebae), indicating a pool environment 

on the border of this and the previous zone (section 6.4.5). The pool seems to have 

dried up allowing Eriophorum vaginatum to colonise and eventually Sphagnum 

imbricatum to re-establish. Eriophorum vaginatum at this point may indicate a 

fluctuating water table. 

6.2.3.5 Zone HWM-e 142-115cm (ca. cal. 1160-810 BC 

The start of this zone is dominated by the rapid rise of Sphagnum imbricatum 

abundance to a peak at 132 cm (ca. cal. 1030 BC) of 87%. The rest of the zone is 

dominated by this species although there is a small decline at 124 cm (ca. cal. 930 

BC) where greater levels of UOM and Ericaceae are noted. This is probably due to a 
fire event shown by a peak in charcoal at this point. Sphagnum imbricatum is known 

not to be tolerant of fire, often being replaced by ericaceous plants (Pearsall, 1956). 

The effect though appears to be very short-lived and not severe. The dominance of 
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Sphagnum imbricatum in this zone makes a climatic inference difficult without 
further information. 

6.2.3.6 Zone HWM-f 115-98cm (ca. cal. 810-580 BC) 

A rapid rise in UOM to 68% at 112 cm accompanied by an equally rapid decline of 

Sphagnum imbricatum from 71 % at 116 cm in the previous zone to 0% at 112 cm (ca 

cal. 770 BC) characterises the start of this zone. These changes coincide with a peak 

of charcoal fragments at the start of the zone. Charcoal is abundant throughout this 

zone although it declines from its initial peak. The charcoal signifies the existence of 

one or a series of fires possibly due to a dry climate at the time. After the peak in 

charcoal is recorded Sphagnum imbricatum slowly recovers. The abundance of 

monocotyledon remains after the peak in charcoal increases significantly along with 

incidences of the species Eriophorum vaginatum. These vascular plants are known to 

have a greater fire resistance than Sphagnum (Phillips, 1954; Pearsall, 1956; Ratcliffe, 

1964; Wein, 1973). The fire here may have released nutrients that these plants would 

utilise. At the end of the zone there is a small peak in Racomitrium lanuginosum that 

is indicative of very dry conditions (Tallis, 1995) and can often become resident in 

areas that have a large degree of desiccation due to fire incidence (Ratcliffe, 1964). 

6.2.3.7 Zone HWM-g 98-42cm (ca. cal. 580 BC-AD 150) 

Sphagnum imbricatum abundance rises rapidly across the boundary of this and the 

previous fire affected zone to a peak of 88% at 96 cm. From this peak Sphagnum 

imbricatum then declines through the zone as it is replaced by greater levels of 
Sphagnum section Acutifolia, which peaks in abundance at 46% at 68 cm. There is a 

short-lived decline in Sphagnum species accompanied by a rise in monocotyledons 
(undiff. ), Eriophorum vaginatum, UOM, Rhynchospora alba seeds and a low level of 
Sphagnum section Cuspidata at 80 cm (ca cal. 350 BC). This small decline in 

Sphagnum imbricatum could possibly be due to a temporary wetter phase, the UOM 

signifying pool mud. There is a decline in Sphagnum section Acutifolia and 
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Sphagnum imbricatum at 60 cm (ca cal. 80 BC) which is associated with an increase 

in charcoal and hence a fire event. There is also a small peak in Trichophorum 

cespitosum, which is known to be tolerant of fire (Ratcliffe, 1964). After this small 
fire event both Sphagnum species are quickly re-established, although both decline 

rapidly by the end of the zone. From 60 cm levels of UOM, Ericaceae and 

monocotyledons (undiff. ) rise slowly. The water table behaviour through this zone is 

complex and requires more information from either the testate amoebae or 
humification data before it can be determined. 

6.2.3.8 Zone HWM-h 40-21 cm (ca cal. AD 180-1870, AD 180-360 from 40-26 cm) 

The level of UOM falls from its previous peak at the start of this zone and is 

accompanied by the first appearance of Sphagnum papillosum at 40cm along with a 

very small amount of Sphagnum section Cuspidata. This would imply that the water 
table had risen briefly. Sphagnum imbricatum rises in abundance rapidly to a peak of 
56% at 36 cm that coincides with a peak in Trichophorum cespitosum and a fall in 
Sphagnum papillosum and Sphagnum section Cuspidata, possibly indicating a 
lowering of the water table. From this peak Sphagnum imbricatum subsequently 
declines to 0% by 24 cm. This decline is associated with small increases in Sphagnum 

section Cuspidata and Sphagnum papillosum and also an increase in monocotyledons 
(undiff. ) and Eriophorum vaginatum, which peaks to 66% at 24 cm. The increases in 

these two Sphagnum species would suggest a higher water table that would agree with 
the very low levels of both UOM and Ericaceae through this zone. It appears that an 
Eriophorum vaginatum tussock became established towards the end of this zone 
possibly indicating that the water table fluctuated considerably through this time. 
From the radiocarbon dates in section 5.2.4 it is suggested that there has been 

significant peat loss from around 26 cm as there is a 1460 year gap between the SCP 

and radiocarbon record. 
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6.2.3.9 Zone HWM-i 0-21 cm (cal. AD 2000-1840) 

A final small rise (1%) in Sphagnum imbricatum can be observed at 20 cm before it 

finally becomes extinct at this site. The Eriophorum vaginatum tussock evident at the 

end of the last zone is overgrown by a combination of Sphagnum magellanicum and 
Sphagnum papillosum at 20 cm indicating a change to wetter conditions and a lawn 

microform. This could be evidence of the re-establishment of Sphagnum species on 
the bog after a large level of peat removal. This is interrupted by a second brief 

resurgence of the tussock at 16 cm before a return to the lawn microform. A high 

level of charcoal is present at 8 cm and is coincident with the decline of Sphagnum 

magellanicum and Sphagnum papillosum, the latter is known to be very susceptible to 
fire Markman, 1992). These species are replaced by a present day pool microform. 
The presence of Rhynchospora alba along with greater UOM levels within the top 10 

cm suggest a bare peat surface resulting from the fire event which is probably 

relatively impermeable as the ash produced would clog up pores within the peat 
(Mallik et al., 1984). This impermeable surface would explain the abundance of 
Sphagnum section Cuspidata at 4 and 0 cm as water would pool on the surface. 

6.2.4 Killorn Moss (figure 6.5) 

6.2.4.1 Zone KIL-a 205-248 cm (ca. cal. 490-250 BC) 

Sphagnum section Acutifolia rises at the expense of Sphagnum imbricatum from 248 

cm to a peak of 64% at 236 cm (ca. cal. 420 BC) and then subsequently falls to a low 

of 14% by 228 cm. This fall is associated with a rapid rise in the level of Sphagnum 
imbricatum to a peak of 77% at 228 cm (ca cal. 380 BC). After this peak there is 

evidence of a rise in the water table as there is a small peak of Sphagnum section 
Cuspidata, and Eriophorum angustifolium becomes more established. The last 

continues to be evident until 216 cm (ca. cal. 310 BC). This may suggest that the fall 
in Sphagnum imbricatum here is due to a higher water table. 
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After the small peak in Sphagnum section Cuspidata, which is known to prefer 

relatively wet conditions (Ratcliffe and Walker, 1958), there is a succession through 

Eriophorum angustifolium, Eriophorum vaginatum in to increasing levels of 

Ericaceae material. This is accompanied by a return to a peak of Sphagnum section 

Acutifolia by 208 cm (ca cal. 270 BC) to 47%. A slow re-colonisation of a pool takes 

place with the water table slowly falling from a high at the start of the zone. 

6.2.4.2 Zone KIL-b 205-125 cm (ca cal. 250 BC- AD 160) 

The peak in Sphagnum section Acutifolia from the previous zone declines rapidly 
from 205cm to 0% by 192cm. This is accompanied by a rapid rise to dominance of 
Sphagnum imbricatum to 93% by 196 cm (ca. cal. 200 BC). As Sphagnum 

imbricatum rises there is a small amount of Sphagnum section Cuspidata present. The 

presence of a small amount of Sphagnum section Cuspidata is not necessarily an 
indicator of wetter conditions as a few individuals can be supported in even a 
hummock microform, owing to hummock species with superior water conducting 

mechanisms indirectly supplying water (Proctor, 1982). By 192 cm Sphagnum 

imbricatum declines in response to a significant rise in the water table signified by a 
large rise in the level of Sphagnum section Cuspidata to a peak of 41 % by 176 cm 
(ca. cal. 90 BC). This is also associated with a return of Rhynchospora alba evident at 
184 and 180 cm and another wet pool-loving species Eriophorum angustifolium from 

180-168 cm (ca. cal. 110-40 BC). Sphagnum section Cuspidata rapidly declines to 
0% by 172cm. Low levels of Sphagnum papillosum are also evident along with an 
increase in Sphagnum section Acutifolia. This signifies that this pool area has possibly 
begun to infill as the mire surface builds up after a rejuvenation in growth provided by 

the wet shift. This allows Sphagnum imbricatum to re-establish to its previous 
dominance throughout the rest of the zone, rarely dropping below 85%. 

6.2.4.3 Zone KIL-c 125-95 cm (ca. cal. AD 160-770) 

Sphagnum imbricatum falls rapidly from dominance in this zone to 0% at 120 cm. 
This decline is associated with a rise in water table levels as Sphagnum section 
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Cuspidata rapidly rises to a peak of 75% at 120 cm (ca cal. AD 260). There are small 

amounts of charcoal fragments recorded at the time of this decline although there is 

no associated increase in Ericaceae, Trichophorum cespitosum, or Eriophorum 

vaginatum which might be expected if there was a severe fire. There is an appearance 

of Rhynchospora alba associated with the peak in Sphagnum section Cuspidata 

further suggesting a pool microform. Sphagnum section Cuspidata falls rapidly after 

this and is succeeded initially by a small peak in Sphagnum imbricatum and then a 

succession in to Sphagnum papillosum dominance. 

Sphagnum papillosum dominates from 112 to 104 cm (ca cal. AD 430-590) but still 
is associated with low levels of Sphagnum section Cuspidata suggesting that there is 

still a high water table here possibly indicating a low lawn microform. Sphagnum 

papillosum declines rapidly to 2% by 100 cm and is replaced mainly by Sphagnum 

imbricatum, which re-establishes rapidly to 55% by 96 cm (ca cal. AD 750). From 

the initial fall of Sphagnum section Cuspidata at 116 cm there has also been a slow 

rise in the level of Sphagnum section Acutifolia to the end of the zone. This zone has a 

clear succession of Sphagnum mosses from Sphagnum section Cuspidata (pool), 

Sphagnum papillosum, and finally Sphagnum imbricatum. This probably reflects a 
lowering of the water table throughout the zone from an initial pool microform. 

6.2.4.4 Zone KIL-d 95-40 cm (ca. cal. AD 770-1720 

This zone exhibits a similar succession of Sphagnum species to that of the previous 

zone. Sphagnum remains dominate the zone, as there is a very limited level of UOM, 
Ericaceae, or monocotyledons. As with the last zone Sphagnum imbricatum declines 
from its peak to 0% at 92 cm (ca cal. AD 830) and is replaced by an increase to a 

peak of 57% of Sphagnum section Cuspidata and also a steady rise in Sphagnum 

papillosum to a peak of 85% at 84 cm (ca cal. AD 1000). This clearly represents a 
higher water table at this point and a marked wet shift. Sphagnum section Cuspidata 
declines from its original peak and is no longer evident in this zone from 76 cm. 
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A rapid rise and peak of Sphagnum imbricatum to 61 % abruptly halts the dominance, 

of Sphagnum papillosum at 76 cm (ca cal. AD 1160). This is probably due to a 

lowering of the water table allowing Sphagnum imbricatum to re-colonise an area 

where it could previously not compete with Sphagnum papillosum. Evidence from the 

testate amoebae and humification analyses will need to be consulted to confirm this 

(section 6.4.6; section 6.7.4). Sphagnum imbricatum is replaced as the dominant 

species in as little as 4 cm and is replaced by a resurgence of Sphagnum papillosum at 

72 cm (ca cal. 70 BC). This rapid rise in the level of Sphagnum papillosum is 

accompanied by a low level of Rynchospora alba remains. This may suggest that 

there was a wet shift here that excluded Sphagnum imbricatum. 

Sphagnum papillosum falls again to 0% at 60 cm (ca. cal. AD 1480) where it is 

replaced by a peak in Sphagnum section Acutifolia (81% at 60 cm) that has been 

rising in abundance slowly from the start of the zone. A decline of Sphagnum section 

Acutifolia is accompanied by a resurgence of Sphagnum imbricatum to a peak at 52 

cm (ca. cal. AD 1590) of 60% which itself declines to 0% by 48 cm (ca. cal. AD 

1640) and is replaced by a peak in Sphagnum papillosum of 80%. This would suggest 

another wet shift within this zone. The peak in Sphagnum papillosum declines to 0% 

by the end of this zone and is replaced largely by a rising level of UOM, ericaceous 

material and monocotyledons. The rise in UOM from 44 cm is extremely rapid and 

largely replaces the Sphagnum population. There is no significantly large level of 

charcoal at this level. 

This zone contains a series of successions of various Sphagnum species that record 

three wet shifts at 92 cm (ca cal. AD 830) and 48 cm (ca. cal. AD 1640) and possibly 

two shifts to relatively drier conditions at 76 cm (ca. cal. AD 1160) and 60 cm (ca. 

cal. AD 1480). 

6.2.4.5 Zone KIL-e 41-25 cm (ca cal. AD 1710-1880) 

UOM dominates this zone and peaks at 88% at 36 cm (ca cal. AD 1760). The peak of 

UOM is associated with an increase in charcoal fragments and also Cenococcum 

indicating that a fire event left the peat dry and aerated. At 32 cm there is a temporary 
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resurgence of Sphagnum with small peaks in Sphagnum section Acutifolia, Sphagnum 

section Cuspidata and an initial appearance of Sphagnum magellanicum which are 

associated with a fall in UOM. The initial increase in UOM occurs at the end of zone 
KLM-d which suggests that a shift to drier conditions possibly instigated the 

incidence of fire. 

6.2.4.6 Zone KIL-f 25-0 cm (ca. cal. AD 1880-2000) 

UOM falls rapidly in abundance at the start of this zone and remains at around 0%. 
Eriophorum vaginatum rises rapidly to 70% at 20 cm colonising the dry highly 

humified peat represented by high UOM levels in the last zone. This species is able to 

take advantage of the bare burnt surface that is probably relatively rich in nutrients. 
This species is rapidly overtaken by a return to wetter conditions illustrated by a rapid 
increase in the level of identifiable Sphagnum from 16 cm until the end of the zone. 
Sphagnum magellanicum and Sphagnum papillosum are the dominant species 

although there are low levels of Sphagnum section Acutifolia as well. 

6.2.5 Tore Hill Moss (figure 6.6) 

6.2.5.1 Zone THM-a 248-215 cm (ca cal. 840-260 BC) 

Sphagnum section Acutifolia dominates this zone initially with over 60% from 248- 
244 cm. There is a rapid fall in the abundance of this species from 244 cm (ca. cal. 
770 BC), which is accompanied by a rise to a peak in the level of Trichophorum 

cespitosum at 240 cm to 25%. This is superseded by a brief peak in the level of 
Eriophorum vaginatum before an equally brief resurgence of Sphagnum section 
Acutifolia to 61 % at 232 cm. Sphagnum section Cuspidata rises to a peak of 60% at 
228 cm (ca cal. 490 BC) and signifies the formation of a pool microform and 
therefore wetter conditions. Coincident with this rise is an increase in the level of 
Eriophorum angustffolium. This pool microform is overgrown by Sphagnum 
imbricatum by the end of the zone, possibly signifying a lowering of the water table. 
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6.2.5.2 Zone THM-b 215-174 cm (ca. cal. 260 BC-AD 470) 

Sphagnum imbricatum falls rapidly from the previous zone to 0% by 196 cm, which is 

coincident with an increase in charcoal fragments from 216 cm (ca cal. 280 BC) and 

also a rapid rise in the abundance of UOM to a peak of 78% at 208 cm (ca cal. AD 

130). The dominance of UOM after the probable fire event here is slowly replaced by 

a re-emergence of Sphagnum section Acutifolia, as Sphagnum imbricatum does not 

immediately recover. Eriophorum vaginatum also colonises after the fire and is 

evident until 176 cm. The end of the zone displays another two peaks in charcoal 

levels which are related to an increase in UOM and a brief depression in Sphagnum 

section Acutifolia values. Traces of Sphagnum section Cuspidata and Sphagnum 

tenellum are evident through the zone as well as a relatively constant level of 

Ericaceae around 20%. 

6.2.5.3 Zone THM-c 174-162 cm (ca cal. AD 470-570) 

This zone is characterised by a resurgence of Sphagnum imbricatum to a peak of 62% 

at 172 cm (ca. cal AD 510) at the expense of Sphagnum section Acutifolia. There is 

also an associated rise in the level of Ericaceae material (wood and roots) signifying 

relatively dry conditions. The initial dominance of Sphagnum imbricatum is 

transferred to Ericaceae by the end of the zone. 

6.2.5.4 Zone THM-d 162-117 cm (ca cal. AD 570-800) 

There is a rapid rise in abundance of Sphagnum section Acutifolia to 63% at 160 cm 

and it dominates the rest of the zone to 117 cm (ca cal. AD 580-800). There is a 

small rise in the level of Ericaceous material at 124 cm. Sphagnum imbricatum is 

evident intermittently through the zone but never totals over 30%. 

6.2.5.5 Zone THM-e 117-64 cm (ca. cal. AD 820-1070) 

Sphagnum continues to dominate from 114 to 64 cm (ca. cal. AD 820-1070), the 
dominating species varying from Sphagnum sectionAcutifolia to Sphagnum 
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imbricatum. Peaks in Sphagnum imbricatum occur at 114 cm, 88 cm and 64 cm. 
There is a peak in Ericaceae at 96 cm (ca cal. AD 905) of 47% which is coincident 

with a small rise in UOM. 

6.2.5.6 Zone THM-f 64-18 cm (ca cal. AD 1070-1680) 

From 64-32 cm (ca cal. AD 1070-1381) Sphagnum section Acutifolia dominates. 

Sphagnum imbricatum declines to a low of 3% at 44 cm, which is coincident with a 
high level of charcoal fragments and a peak in ericaceous material. A rise in the 

abundance of Sphagnum imbricatum to a peak of 48% at 40 cm is followed by a 

subsequent fall and then final rise to a peak of 35% at 24 cm, before its final decline 

from this core at the end of the zone at 18 cm (ca cal. AD 1680). From 32 cm to 20 

cm (ca cal. AD 1380-1640) there is a rise in the level of UOM, which is associated 

with a low level of recorded charcoal fragments and also the initiation of a pool 

micro-form signified by increasing Sphagnum section Cuspidata and a trace of 
Eriophorum angustifolium epidermis. Associated with the decline in Sphagnum 

imbricatum is initial evidence for the growth of Sphagnum magellanicum from 20 cm. 
Both ericaceous material and levels of monocotyledons are low and relatively stable 
throughout the zone. 

6.2.5.7 Zone THM-f 18-0 cm (ca cal. AD 1680-2000) 

Increasing levels of Sphagnum section Cuspidata lead to a dominance of the species 
at the surface, reflecting the pool/low lawn environment from which the core was 
taken. Levels of monocotyledons and ericaceous material fall to 0% by the end of the 

zone. Sphagnum magellanicum is evident through the zone but never has an 
abundance of over 17%. There is a large increase in the number of Erica tetralix 
leaves and Calluna leaves found in this zone. 
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6.3 Detrended Correspondence analysis of plant macrofossil data. 

6.3.1 Correspondence Analysis (CA) and Detrended Correspondence Analysis 
CA 

6.3.1.1 Introduction 

DCA ordination has been applied to both the testate and macrofossil data to try to 

discover latent environmental gradients within the data. This is a form of indirect 

ordination as opposed to direct ordination techniques such as canonical 

correspondence analysis (CCA) that require the actual values of possible 

environmental factors such as water table depth etc. This direct technique has been 

used to determine the main relationship between testate amoebae and environmental 

variables in Britain by Woodland (1996). This technique assumes a Gaussian 

response of species to environmental factors which is more realistic than using a 

linear approach. Species are commonly low in abundance at the extremes of the 

environmental factor and more abundant between these extremes, thus describing a 

roughly bell-shaped curve representing a unimodal response. CA and DCA are 

unimodal response models and are best suited to the macrofossil and testate data 

because they can cope with long environmental gradients where samples from either 

end of the gradient have very different species compositions. 

6.3.1.2 Correspondence Analysis 

Correspondence analysis allows the examination of species abundance data 

throughout the core to see if there are any underlying environmental factors 

influencing the distribution. This can be executed simply if data on the possible 

factors are known as CCA can be used. For the macrofossil data in this study there are 

no environmental data that can be used in this way. CA allows a theoretical variable 

to be inferred which best explains the variation in the species data. The testate 

amoebae data have also been subjected to DCA to determine the main factor 

governing species variation at these sites. A detailed explanation of all the points 
discussed in this section can be found in ter Braak (1995). 
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CA can determine this underlying gradient by selecting the best values for the sites 

that will result in the maximum dispersion of the species scores (species optimum in 

relation to the environmental variable). The spread of species scores in relation to this 

theoretical factor is displayed on the first ordination axis. Subsequent axes can be 

determined but must be totally uncorrelated with each other. In this way more and 

more of the variance within the data is explained. The first axis is the one that 

explains the most variation, with two axes usually being adequate to explain the 

majority of the variance in the data. The degree of variance explained by an axis is 

conveyed by its eigenvector value. Eigenvectors are a measure of the degree of 
dispersion of the species scores on the axis and are between 0 and 1. Values close to 1 

denote a high level of dispersion and therefore a strong underlying relationship. 

If values are known for the environmental variable which is affecting the species 
composition, then the optimum for a species can be determined by averaging the 

value for the environmental variable over the sites in which the taxa occur. The 

environmental variable at a site can be determined if species optima are known as the 

average of the optima of the species present at a site can be calculated. These are 
simply applications of the weighted averaging process. The data in this study do not 
have a predetermined environmental factor that is causing the changes in 

assemblages, and therefore the best theoretical gradient has to be found. Hill (1973) 

noted that by applying this averaging process both ways in an iterative way using 
random figures for either the values of the sites or for the species would lead to a 
convergence of species and site scores. These scores are not dependent on the initial 

scores and are the results for the first ordination axis. This is known as reciprocal 
averaging and is carried out using the CANOCO computer program (ter Braak, 1987). 

One stage of this process is shown below in the table 6.1 and 6.2. The first table 

shows the abundance data for five species of raised bog vegetation from 10 sites. The 

site scores from 1-10 are used as initial scores and are used to derive a species score 
by obtaining the weighted average of site scores for each species using formula (1.1). 
From these species scores new site scores can be derived using formula (1.2). 
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Formula 1.1 
n .. n 

uk - i_l Yid Xi/ Yld 

Formula 1.2 mm 
Xi= k--l. YiiUk/ k--l Yii 

If the species and site scores are now arranged in to order depending on species and 

site scores it is noted in table 6.2 that there is a large degree of structure evident in the 

data from just the first iteration. This example will stop here, as the structure shown is 

a good enough illustration of the process, although the iterations would continue until 

the data stabilised. 

Table 6.1 

Species (k) Sites (i) 

12 3 456 78 9 10 

Species scores 
(uk) 

S. imbricatum 3 22 1 21 
Rhynchospora alba 4 3 2 2 3 
S. s. Cuspidata 5 4 3 23 2 
S. papillosum 4 2 1 2 1 
S. s. Acutifolia 4 1 44 31 
xi 12 3 456 78 9 10 

Table 6.2 

Species (k) Sites (i) Species scores 

(uk) 7 4 1 3 8 10 2 6 5 9 
S. s. Cuspidata 2. 3 5 4 32 4.58 
Rhynchospora alba 1 2 4 3 23 4.93 
S. papillosum 2 21 4 1 5.00 
S. S. Acutifolia 1 1 4 4 4 3 5.82 
S. imbricatum 11 3 2 2 2 5.41 
xi 4.70 4.72 4.74 4.85 4.93 5.02 5.37 5.47 5.55 5.57 
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This process illustrates how an underlying "latent" gradient can be found within this 

type of data. From the known ecology of raised mire species the gradient that has 

been discovered here is related to the species tolerances to water table depths. The 

results of these iterations lead to the results for the first CA axis. A second axis can 

now be calculated using the same iteration process although it must be completely 

uncorrelated with the first axis. The trial site scores for the second axis are plotted 

against the site scores of the first axis. A linear regression line is fitted and the 

residuals from this are used to form the new site scores. 

6.3.1.3 Detrended Correspondence Analysis 

There are several problems that affect CA ordinations. The averaging that takes place 

leads to smaller ranges of both species and site scores. This can be seen for the site 

scores from just one iteration in the table above. This can stopped by re-scaling either 

the site or species scores. One way to do this is to standardise the site scores, which 

keeps the distance between the scores and is applied after the first iteration. The 

standardisation process is fully explained by ter Braak (1995). Another problem is 

that of the "arch effect". This is when the ordination scores produce an arch shape 

relating to the first and second axis. If all of the variation is explained by the first axis 

CA will obtain a second axis by folding the first axis in the middle and bringing the 

ends together (ter Braak, 1995). This will produce a series. of scores on the second 

axis uncorrelated with the first. This process will occur even if there is a second latent 

factor behind the data if their dispersion is less that that of the folded axis. This 

produces an axis that does not show any further valuable information. Hill and Gauch 

(1980) developed a detrending process in the DCA analysis to overcome this problem. 
Ter Braak (1995) provides a full account of this process. 

The second fault is that the site scores are often compressed at either end of the axis 

compared to the middle, resulting in narrower species curves (relating to species 

niche). Hill and Gauch (1980) have rectified this problem by using non-linear re- 

scaling so that the Gaussian species curves are all near to being equal and therefore 

inter-site variance is also equal. This translates into Gaussian species curves that have 

a tolerance of one standard deviation (s. d. ) (ter Braak, 1995). For a species to emerge, 

rise to a peak, and fall again will require around 4 s. d. and therefore sites that are 
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separated by more than this will have no species in common. The ordination axis is 

split into segments and the species ordination is expanded for segments that have low 

within-sample variance and contracted for segments with high within-sample variance 

(ter Braak, 1995). After the species ordination has been corrected the final site scores 

are derived using the WA process. 

These correction processes are incorporated in to the DCA process, but despite these 

measures the process still has drawbacks that need to be considered when interpreting 

the data in this study. Taxa scores at the extremes of the axis may dominate the axis if 

they are far from the other data points. These may well represent a taxon with an 

extreme preference for an environmental variable or they may simply be very rare 

taxa. These outliers are simply best removed (Hill and Gauch, 1980). 

Taxa that are located in the middle of the diagram may indeed have their optima 
located here. These taxa may also be bimodal in their response or totally unrelated to 

the ordination axis (ter Braak, 1995). Examination of a matrix at the end of the WA 

process similar to that in table 6.2 (table 6.2 only shows the results from a single 
iteration) will determine which of the above scenarios is the case. 

Despite successful application of this method to the testate amoebae data, a successful 

outcome was not common for the plant macrofossils. The many reasons as to why this 
is the case will now be examined along with the presentation of the plots themselves. 

6.3.2 DCA analysis of macrofossil data 

6.3.2.1 Ardkill Moss (figures 6.7-6.9) 

Ardkill Moss is an extreme case as there are only really three Sphagnum taxa, those of 
Sphagnum section Acutifolia, Sphagnum imbricatum and Sphagnum section 
Cuspidata, which show any variation through the core. 
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Figure 6.8 Ardkill Moss. Axis 
1 scores vs depth. 
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Other species, which are rare in the profile, such as Eriophorum angustifolium, 

Racomitrium lanuginosum, and Eriophorum vaginatum form outliers that are not 

representative of any environmental gradient. If these are left out as Hill and Gauch 

(1980) recommend there is very little remaining. Other components of the diagram 

such as Ericaceae, Ericaceae wood and monocotyledons (undiff. ) show so little 

variation that they would be plotted in the central area of the DCA graph. Therefore, 

these have also been removed. This only leaves the three Sphagnum taxa as 

previously mentioned (figure 6.7). From the scatterplot of taxa and sample scores it 

can be observed that the sample scores mainly occur between Sphagnum section 
Acutffolia and Sphagnum imbricatum which would be expected as these are the two 

most prominent taxa throughout the diagram (figure 6.7). If the axis 1 scores are 

plotted this basically produces a curve that retraces the shape of the Sphagnum 

imbricatum abundance curve (figure 6.8; figure 6.9). Owing to the low number of 

varying taxa this is the only possible result. Based on the evidence from the testate 

amoebae data (section 6.4.3) it can be suggested that Sphagnum imbricatum is 

dominant at this site when drier conditions prevail. Sphagnum imbricatum is 

dominant from the base of the core to around 192 cm that is in turn dominated by 

Difflugia pulex, Hyalosphenia subflava and low levels ofAmphitrema favum. 

Sphagnum section Acutifolia dominance from 96-180 cm is characterised by wet- 
loving species of testate amoebae such as Amphitrema f avum and A. wrightianum. 
Based upon this there is no reason why the curve produced from the DCA analysis 
should not be employed as a relative surface wetness record. 

A further problem with this site is the dominance of UOM near the surface, which can 
be attributed to recent human-induced fire episodes. This has been removed from the 
DCA analysis so that the plot of axis 1 scores starts from 20 cm depth (figure 6.8). 

The curve produced by the DCA axis 1 scores therefore reflects the same key changes 
that are noted in section 6.2.1. From 188 cm to the base of the core relatively dry 

conditions are suggested. There are major changes to higher water tables and 
therefore wetter conditions at around 188 cm (ca. cal. AD 260) continuing until 
around 100 cm (ca. cal. AD 810) (Figure 6.9). A shift to drier conditions occurs from 
92 cm (ca. cal. AD 870) peaking at around 84 cm. (ca. cal. AD 930). A brief shift to 
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wetter conditions is evident from 80 cm (ca. cal. AD 970) to a low at 64 cm (ca. cal. 

AD 1110) represented by a rise in the degree of Sphagnum section Acutifolia and a 

brief period of higher Sphagnum section Cuspidata abundance. A further shift to drier 

conditions around 62 cm (ca. cal. AD 1130) is evident, providing a dry period until 

around 50 cm (ca. cal. AD 1260). 

6.3.2.2 Cloonoolish Moss (figures 6.10-6.12) 

Several problems were encountered when using DCA on the macrofossil data for this 

site. The most significant of these is that at the base of the core it would appear that 

more minerotrophic species are encountered. This introduces a new possible 

environmental gradient concerning the degree of nutrient input to the mire. The 

existence of Phragmites australis and Myrica leaves confirm the existence of more 

minerotrophic conditions here. If climate change is the primary concern then this 

section must be discarded, as the bog is not ombrotrophic in character. For this reason 

samples 248-224 cm have been removed from the analysis. Furthermore, rare species 

have also been removed such as Scheuzeriapalustris and Menyanthes trifoliata. 

The resulting DCA ordination axes can be seen in figure 6.10. The axis 1 scores 

loosely resemble a gradient of tolerance to water table levels, although it is far from 

conclusive. Trichophorum cespitosum is plotted to the far left of axis 1 along with 

UOM. Ericaceae and monocotyledons (undiff. ) are plotted to the left of centre. Owing 

in part to its rarity through the core and its occurrence with Trichophorum cespitosum 

and UOM, Sphagnum papillosum is plotted to the far left also. The other extreme of 

axis 1 contains Sphagnum imbricatum, Sphagnum section Acutffolia and 
Rhynchospora alba. 
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Figure 6.11 Cloonoolish 

Moss. Axis 1 scores vs depth. 
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If this is used as a water tolerance gradient Sphagnum imbricatum is suggested as 
being the wettest indicator. This is obviously not always the case when testate 

amoebae evidence is also considered (section 6.4.4). Sphagnum imbricatum is often 

associated with Hyalosphenia subflava and Difflugia pulex which are more 

representative of drier conditions. 

The plot of axis 1 scores can be seen in figure 6.11 and 6.12. A significant change to 

inferred drier conditions can be noted at 188 cm (ca. cal. AD 210) peaking at 168 cm 
(ca. cal. AD 450). This reflects the greater level of Ericaceae. A shift to implied 

wetter conditions occurs from 164 cm (ca. cal. AD 490) as Ericaceae is replaced by 

Sphagnum. A shift back to drier conditions is noted from 150 cm (ca. cal. AD 640) as 
Ericaceae again becomes dominant. From 128 cm (ca. cal. AD 760) a shift towards 

wetter conditions is implied as a rise in Sphagnum imbricatum replaces the previously 
dominant Ericaceae which continues until 88 cm (ca. cal. AD 960). This inferred 

change does not agree with evidence from the testate amoebae data (section 6.4.4). A 

brief drier period is implied at 84 cm (ca. cal. AD 980) where Eriophorum vaginatum 
becomes dominant. A return to wetter conditions is implied from 80 cm (ca. cal. AD 

1000) as Sphagnum section Acutifolia becomes dominant. These wetter conditions are 

suggested as continuing until around 40 cm where drier conditions are implied as 
levels of Sphagnum fall and Trichophorum cespitosum rise briefly. This is not in 

agreement with the testate amoebae data from around 70-55 cm where greater levels 

of Sphagnum imbricatum are correlated with greater levels of Hyalosphenia subflava 
(section 6.4.4). A shift to wetter conditions is implied from 12 cm as the level of 
Sphagnum section Acutifolia rises again. 

6.3.2.3 Heathwaite Moss (figures 6.13-6.15) 

Problems were encountered when applying this analysis to the plant macrofossil data 

of this site. The major problem was that the plant macrofossils are dominated by the 
absence or presence of a single species throughout the whole profile, that of 
Sphagnum imbricatum. This species can have a large water table tolerance and can 
therefore mask the water table signal (Stoneman, 1993). 
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Figure 6.14 Heathwaite Moss. DCA axis 1 scores 
vs depth. 
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The rare species have been removed from the analysis and the resulting scatterplot of 

taxa scores and sample scores can be seen in figure 6.13. This does not really show 

any clear water table tolerance gradient along axis 1. Instead it shows Sphagnum 

imbricatum at one extreme because when it does occur it is usually completely 
dominant. Ericaceae and UOM, which usually occur when there are low levels of 
Sphagnum imbricatum, are plotted over 3 standard deviations away, illustrating their 

mutual exclusivity. Eriophorum vaginatum forms an outlier on the other extreme of 
the plot partly owing to its rare appearances but also because it is dominant when it 

does occur. 

Owing to the dominance of Sphagnum imbricatum a plot of axis 1 scores simply 

reflects its own abundance curve through the diagram. Evidence from the testate 

amoebae analysis implied that this moss is not always either in wet or dry conditions, 
but often spans the two (section 6.4.5). The inconclusive nature of the analysis means 
that an axis 1 plot against depth or age (figure 6.14; figure 6.15) is not reflective of 
water table changes. It is best to compare the macrofossil diagram with other proxies, 
such as testate amoebae and humification in order to define changes in water table 

and hence climate. 

6.3.2.4 Killorn Moss (figures 6.16-6.18) 

Several problems were encountered when using DCA on the macrofossil data. First of 
all the large level of UOM from 44-24 cm, when included in the DCA, led to the axis 
1 scores being dominated by this peak, to the point that the rest of the axis 1 scores 
down core showed little variation. In order to counter this the UOM was simply 
removed from the DCA as it was forming an outlier (Hill and Gauch, 1980). This 

created a further problem though as the remaining components for these levels from 
44-24 cm did not now properly represent the assemblage and therefore produced 
unsatisfactory results. The only remedy that could be found was not only to remove 
the UOM component from the DCA, but also to remove all the samples from 0-44 

cm. The removal of this section can be justified, as it would appear to be influenced 
by human induced disturbance. 
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Figure 6.17 Killorn Moss. 
Axis I scores vs depth. 

Wet Dry 

sd. units*100 

0 50 100 150 200 250 300 
0 

20 

40 ' 

80 

100 ------------ ----------- ------ 

Depth (cm) 120 

140 ----------------- ------------------------------------------------------------------------ ------------ 

160 

180 

200 

220 " -240 

260 ----- ------------- 

280 .............................................................. . 
213 



d 

ca 
N 

N 
C) 
L. 
0 
:. i 
U) 

UA 

cu 

U 

N 
N 
0 

0 

Co T 

C) 
L 

ai 
LL 

0 
--------------------------------------------------------- "............................ .0 

0 
----------------- ------- ---------------------- ---------------------------- - 

--------------- ---------------------------- ---------------------------- - N 
i 

----------- --------------- ............. "----... -"--------------------------------- - 

O 
-------------------- 

N 

0 

O M 

O 
Q 

N 

co a 
U 

0 0 0 

O 
N 

O 

O 
O 

O 
O 

Ö 

O 
00 p N 
00 

Cl) N 
00 L. s; iun "ps 

v 
N 



The DCA was run again without samples 0-44 cm or UOM. UOM is an insignificant 

part of the rest of the diagram and hence its removal would not adversely affect the 

results for the rest of the core. The results of the DCA can be seen in figure 6.16,6.17, 

and 6.18. 

The scatterplot in figure 6.16 reveals an environmental gradient along axis 1 that 

appears to represent tolerance to the water table. Sphagnum papillosum and 

Sphagnum section Cuspidata are plotted to the left side of the diagram and species 

such as Trichophorum cespitosum and Ericaceae are plotted to the right hand side. 

Sphagnum imbricatum is plotted to the far right of the diagram, as when it occurs in 

the diagram it is usually dominant, co-existing with few other species. 

The plot of the axis 1 scores versus depth and age can be seen in figure 6.17 and 6.18. 

Figure 6.17, from the base of the core until 124 cm, retraces the course of Sphagnum 

imbricatum abundance. Implied increases in wetness occur at 236 cm (ca. cal. 420 

BC) and 224 cm (ca. cal. 360 BC), the latter of which is associated with rises in 

Eriophorum angustifolium, Rhynchospora alba and Sphagnum section Acutifolia. 

Inferred drier conditions occur from 204 cm (ca. cal. 240 BC) as Sphagnum 

imbricatum rises again in abundance. This drier phase is halted at 184 cm (ca. cal. 

130 BC) as a shift to wetter conditions occurs as Sphagnum section Cuspidata rises in 

abundance. A return to drier conditions from around 172 cm (ca. cal. 70 BC) is 

implied as Sphagnum imbricatum levels rise until 124 cm (ca. cal. AD 180). A rapid 
increase in wetness is suggested from 124 cm as Sphagnum section Cuspidata and 
Sphagnum papillosum increase in abundance until 104 cm (ca. cal. AD 590), 

whereupon increased levels of Sphagnum imbricatum are encountered. At 96 cm (ca. 

cal. AD 750) a rapid return to increased wetness is implied as the level of Sphagnum 

section Cuspidata and Sphagnum papillosum rise. A further brief shift to drier 

conditions is implied at 76 cm (ca. cal. AD 1160) before a return to wetter conditions 
indicated by greater levels of Sphagnum papillosum at 72 cm (ca. cal. AD 1240), 

which in turn is succeeded by a final return to inferred drier conditions from 64 cm 
(ca. cal. AD 1400). 

215 



6.3.2.5 Tore Hill Moss (figures 6.19-6.21) 

The DCA analysis of the macrofossil data from this site did give reasonable results, 

although a few problems were encountered. Rarities were again removed to prevent 

the problem of outliers. Sphagnum section Cuspidata, which is normally extremely 

important with regard to the water table, was removed as its rarity through the core 

led to an adverse result. Once this was removed the samples where it dominates at the 

surface of the core also had to be removed from the analysis. The scatterplot of the 

species and sample scores can be seen in figure 6.19. It can be noted that UOM 

occurs at the far right of the plot associated with Eriophorum vaginatum. The wet- 

loving species Eriophorum angustifolium is also plotted in proximity to these dry 

indicating species. It occurs only once with any great abundance in the profile, 

superseding a peak of Eriophorum vaginatum. Its occurrence probably does reflect a 

move to wetter conditions as Eriophorum vaginatum is out-competed, but owing to its 

brief association with this species it is plotted nearby. 

To the far left of the plot the two dominant components of the diagram, Sphagnum 

imbricatum and Sphagnum section Acutifolia can be noted. These are plotted at very 

similar positions along axis 1, as they often co-exist in varying proportions through 

the profile. Ericaceae wood and monocots (undiff. ) are relatively constant (at a low 

magnitude) through the profile and are plotted centrally. The macrofossils that are the 

main governing factors of the axis 1 scores curve (Figure 6.20) are the two Sphagnum 

taxa and the degree of UOM and Ericaceae. The two Sphagnum taxa from the plot are 

suggested as being the "wet" indicating components and the UOM and Ericaceae the 

"dry" indicating components. This is not necessarily supported by the testate amoebae 

evidence, which often associates Sphagnum imbricatum with the existence of 

Hyalospenia subflava, a very dry indicating species, and Nebela militaris. High 

abundances of Sphagnum section Acutifolia are often associated with wet indicating 

testate amoebae from this site such as Amphitrema f avum and Amphitrema 

wrightianum (section 6.4.7). 
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Figure 6.20 Tore Hill Moss. 
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The plot of axis 1 scores against depth and age (figure 6.20; figure 6.21) therefore are 

far from a comprehensive record of water table changes. The curve reflects the 

scatterplot in that high levels of Sphagnum are suggested as reflecting wetter periods. 

A shift to drier conditions is implied from near the base of the core at 244 cm (ca. cal. 

770 BC) to a peak at 236 cm (ca cal. 630 BC). This is in response to a peak in 

Eriophorum vaginatum and lower levels of Sphagnum. A period of wetter conditions 

is implied around 232 cm (ca. cal. 560 BC) as the level of Sphagnum peaks. From this 

point to 224 cm (ca cal. 420 BC) another dry period is suggested. This is in fact not 

the case though as the DCA has plotted Eriophorum angustifolium, which is present 

in this period, at the dry end of the gradient. There are therefore implied wetter 

conditions from 232 to 216 cm (ca. cal. 560-280 BC). From 216 cm (ca. cal. 280 BC) 

to 200 cm (ca cal. AD 10) a return to drier conditions occurs as a peak of UOM 

dominates. A return to wet conditions occurs from 200 to 196 cm (ca cal. 80 AD) as 

Sphagnum levels increase. A further increase in UOM from 196-176 cm (ca. cal. AD 

80-300) implies drier conditions before a major deterioration from around (ca. cal. 

290-500 AD). A brief period of drier conditions is implied from 172- 164 cm (ca. cal. 

AD 500-560) after which deterioration appears to dominate. There are three brief 

periods of implied drier conditions between the inferred wet period between 160-40 

cm (ca. cal. AD 580-1190). These periods are implied by increases in ericaceous 

material and peak at 124,96, and 48 cm (ca. cal. AD 760, AD 910 and AD 1150). 

6.3.2.6 Summ 

A series of wet and dry shifts has been identified from the macrofossil data for each 

site. The sites are all dominated overall by Sphagnum, although the level of 
Sphagnum section Cuspidata (apart from at Killorn Moss) has been remarkably low. 

Many of the major changes in Sphagnum abundances have been between Sphagnum 

section Acutifolia and Sphagnum imbricatum. The similar water table tolerances of 

these taxa means that further information is required to clarify the water table record 

that has been obtained. Additional evidence has been gained from testate amoebae 

and humification analyses that are detailed in the following section (6.4) and also in 

section 6.7. 
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6.4 Testate amoebae results 

6.4.1 Introduction 

-In order to interpret the testate amoebae data from the five sites examined, their 

modern ecology has to be examined. Water table depth has been noted as being the 

most important factor governing the species found in an assemblage (Charman and 

Warner, 1992; Tolonen et al., 1992; Woodland et al., 1998). This has been 

corroborated by examination of modern assemblages and monitoring the 

environmental factors such as water table depth. These studies are invaluable for 

water table depth reconstruction in this study. Table 6.3 summarises the main findings 

of these studies listing the species, their water table tolerance, the authors responsible 

for the work, and the country from which the information came. 

6.4.2 Modern testate amoebae samples 

Palaeoecology is based upon the premise that the present is the key to the past. 
Species are therefore suggested as reacting in the same way to water table changes 

now as they did thousands of years ago. If this is correct then modern species 

assemblages from selected positions with respect to the water table should contain 

similar species to those from these situations in the past. Modern samples taken from 

9 sites across Britain have been used to derive species tolerances for the testate 

transfer function (section 6.6) developed by Woodland et al. (1998). In this next 

section two positions relative to the water table are examined at two sites to see if the 

testate amoebae found at these extremes are the same as those found at other sites in 

Britain. Samples were collected from just two bog sites from this study owing to time 

constraints. 
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Table 6.3 Water table tolerances of testate amoebae species 

Testate amoebae Preferred habitat based on water Author Country or region 

table depth or moisture level 

Amphitrema favum low hummocks Heal (1964) Northern Britain 

wet conditions Tolonen (1971) S. Finland 

93.2% wet weight Tolonen et at (1985) Eastern N. America 

water table optimum 2.8 cm Tolonen et at (1994) Finland 

water table optimum 15.04 cm Warner and Charman (1994) NW Ontario/Minnesota 

water table optimum 10.27 cm Charman and Warner (1997) Newfoundland 

water table optimum 4.60 cm Woodland et at (1998) United Kingdom 

water table optimum 6.6 cm Bobrov et al. (1999) Western Russia 

water table optimum 11 cm Mitchell et at (2001) (Swiss Jura) Switzerland 

Amphitrema stenostoma More or less restricted to bog pools Heal (1961) Northern England 

bog pools Corbet (1973) Northern England 

water table optimum 6.54 cm Charman and Warner (1997) Newfoundland 

water table optimum 5.33 cm Woodland et at (1998) United Kingdom 

Amphirema wrightlanum bog pools Heal (1964) Northern England 

water table optimum 0.8 cm Tolonen et at (1994) Finland 

water table optimum 4.07 cm Charman and Warner (1997) Newfoundland 

water table optimum 3.52 cm Woodland et at, (1998) United Kingdom 

water table optimum 9 cm Mitchell et at., (2001) (Swiss Jura) Switzerland 

Arcella catinus Hygrophilous de Graaf (1956) Netherlands 
dry hummocks Heal (1961) Northern England 

water table optimum 13.5 cm Tolonen et at (1994) Finland 

water table optimum 9.06 cm Warner and Charman (1994) NW Ontario/Minnesota 

water table optimum 9.81 cm Charman and Warner (1997) Newfoundland 

water table optimum 4.12 cm Woodland et at (1998) United Kingdom 

water table optimum 25.6 cm Bobrov et at (1999) Western Russia 

Arcella discoides water table optimum 4.8 cm Tolonen et at (1994) Finland 

water table optimum 8.98 cm Warner and Charman (1994) NW Ontario/Minnesota 

water table optimum 2.92 cm Charman (1997) New Zealand 

water table optimum 0.91 cm Charman and Warner (1997) Newfoundland 

water table optimum 3.33 cm Woodland et al. (1998) United Kingdom 

water table optimum 1.7 cm Bobrov et al, (1999) Western Russia 
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Assulina muscorum driest parts of hummocks Heal (1961) Northern England 

90.5% wet weight Tolonen et al (1985) Eastern N. America 

water table optimum 16.6 cm Tolonen et at (1994) Finland 

water table optimum 42.53 cm Warner and Charman (1994) NW Ontario/Minnesota 

water table optimum 20.61 cm Charman (1997) New Zealand 

water table optimum 17.44 cm Charman and Warner (1997) Newfoundland 

water table optimum 6.82 cm Woodland et at (1998) United Kingdom 

water table optimum 24.8 cm Bobrov et at (1999) Western Russia 

water table optimum 59 cm Mitchell et at (2001) (Swiss Jura) Switzerland 

Assulina seminulum bog hummocks Heal (1964) Northern Britain 

90.5% wet weight Tolonen et at (1985) Eastern N. America 

water table optimum 10.9 cm Tolonen et al (1994) Finland 

water table optimum 39.29cm Warner and Charman (1994) NW Ontario/Minnesota 

water table optimum 13.95 cm Charman and Warner (1997) Newfoundland 

water table optimum 6.52 cm Woodland et al. (1998) United Kingdom 

water table optimum 20.4 cm Bobrov et al, (1999) Western Russia 

water table optimum 38 cm Mitchell et at, (2001) (Swiss Jura) Switzerland 

Bullinularia indica drained peatlands Grospietsch (1953) Germany 

driest parts of hummocks Heal (1961) Northern England 

bog hummocks Heal (1964) Northern Britain 

70.8% wet weight Tolonen et al. (1985) Eastern N. America 

water table optimum 12.7 cm Tolonen er al. (1994) Finland 

water table optimum 10.31 cm Woodland et al. (1998) United Kingdom 

water table optimum 26.9 cm Bobrov et al. (1999) Western Russia 

water table optimum 35 cm Mitchell et al. (2001) (Swiss Jura) Switzerland 

Centropyxis aculeara type water table optimum 7.8 cm Tolonen et at (1994) Finland 

water table optimum 24.35 cm Warner and Charman (1994) NW Ontario/Minnesota 

water table optimum 6.18 cm Charman and Warner (1997) Newfoundland 

water table optimum 3.88 cm Woodland et al. (1998) United Kingdom 

water table optimum 16 cm Mitchell eta!. (2001) (Swiss Jura) Switzerland 

Centropyxis cassis type water table optimum 18.6 cm Tolonen et al (1994) Finland 

water table optimum 17.92 cm Charman (1997) New Zealand 

water table optimum 5.04 cm Woodland et al. (1998) United Kingdom 

Centropyxis arcelloides type 78-89% water content (dry) Warner (1990) Ontario 

water table optimum 20.6 cm Tolonen et at (1994) Finland 

water table optimum 32.01 cm Warner and Charman (1994) NW Ontario/Minnesota 

water table optimum 20.61cm Charman (1997) New Zealand 

water table optimum 4.69 cm Charman and Warner (1997) Newfoundland 

water table optimum 4.75 cm Woodland et at (1998) United Kingdom 

water table optimum 14 cm Mitchell et al. (2001) (Swiss Jura) Switzerland 
Cryptod ugia oviformis submerged wet Sphagnum Heal (1964) Northern England 

dry bog hummocks Tolonen (1966) S. Finland 

water table optimum 35 cm Mitchell et at (2001) (Swiss Jura) Switzerland 
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Cryptodijfugia sacculus Probably a relatively wet indicator Charman and Warner (1997) Newfoundland 

Difflugia oblonga type water table optimum 11.00 cm Warner and Charman (1994) NW Ontario/Minnesota 

water table optimum 7.69 cm Charman (1997) New Zealand 

water table optimum 5.25 cm Charman and Warner (1997) Newfoundland 

water table optimum 5.46 cm Woodland et al. (1998) United Kingdom 

Difflugia leidyi wet conditions >95% moisture Tolonen et aL (1992) S. Finland 

Dijfugia pristis type water table optimum 5.01 cm Woodland et aL (1998) United Kingdom 

Difflugia pulex type Usually associated with other Hendon (1998) Britain 
dry indicating taxa 

Difflugia oblonga type Very wet Sphagnum de Graaf (1956) Netherlands 
Euglypha compressa water table optimum 5.99 cm Woodland et al. (1998) United Kingdom 

water table optimum 21.3 cm Bobrov et al. (1999) Western Russia 

water table optimum 24 cm Mitchell et al. (2001) (Swiss Jura) Switzerland 
Euglypha rotunda water table optimum 15.4 cm Tolonen et al. (1994) Finland 

water table optimum 38.91 cm Warner and Charman (1994) NW Ontario/Minnesota 

water table optimum 20.14 cm Charman (1997) New Zealand 

water table optimum 18.41 cm Charman and Warner (1997) Newfoundland 

water table optimum 31 cm Mitchell et al. (2001) (Swiss Jura) Switzerland 
Euglypha tuberculata water table optimum 14.6 cm Tolonen et al. (1994) Finland 

water table optimum 4.81 cm Woodland et a1. (1998) United Kingdom 
Euglypha strigosa 90.5% wet weight Tolonen et al. (1985) Eastern N. America 

water table optimum 8.1 cm Tolonen et al. (1994) Finland 

water table optimum 36.55 cm Warner and Charman (1994) NW Ontario/Minnesota 

water table optimum 14.43 cm Charman and Warner (1997) Newfoundland 

water table optimum 16.4 cm Bobrov et aL (1999) Western Russia 

water table optimum 53 cm Mitchell et al. (2001) (Swiss Jura) Switzerland 
Heleopera petricola water table optimum 3.1 cm Tolonen eta . (1994) Finland 

water table optimum 31.08 cm Warner and Charman (1994) NW Ontario/Minnesota 
water table optimum 10.27 cm Charman (1997) New Zealand 
water table optimum 7.27 cm Charman and Warner (1997) Newfoundland 
water table optimum 7.87 cm Woodland et al. (1998) United Kingdom 
water table optimum 8.4 cm Bobrov et al. (1999) Western Russia 
water table optimum 44 cm Mitchell et al. (2001) (Swiss Jura) Switzerland 
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Heleopera rosea Bog hummocks and drier Sphagnum Jung (1936) Germany 

water table optimum 6.79 cm Woodland et al (1998) United Kingdom 

water table optimum 30 cm Mitchell et at (2001) (Swiss Jura) Switzerland 

Heleopera sphagni 90.2% wet weight Tolonen et at (1985) Eastern N. America 

90-95% water content (moderately wet) Warner (1990) Ontario 

water table optimum 9.1 cm Tolonen et al (1994) Finland 

water table optimum 6.91 cm Woodland et al. (1998) United Kingdom 

water table optimum 4.1 cm Bobrov el at (1999) Western Russia 

Heleopera sylvatica water table optimum 15.8 cm Tolonen et at (1994) Finland 

water table optimum 23.37 cm Warner and Charman (1994) NW Ontario/Minnesota 

water table optimum 14.46 cm Charman (1997) New Zealand 

water table optimum 23.22 cm Charman and Warner (1997) Newfoundland 

water table optimum 3.92 cm Woodland et at (1998) United Kingdom 

Hyalosphenia elegans wet conditions Tolonen (1971) S. Finland 

90.3% wet weight Tolonen et at (1985) Eastern N. America 

water table optimum 8.0 cm Tolonen et al. (1994) Finland 

water table optimum 26.26 cm Warner and Charman (1994) NW Ontario/Minnesota 

water table optimum 21.59 cm Charman and Warner (1997) Newfoundland 

water table optimum 15.5 cm Bobrov et at (1999) Western Russia 

water table optimum 14 cm Mitchell et a!. (2001) (Swiss Jura) Switzerland 

Hyalosphenia ovalis wet conditions Tolonen (1971) S. Finland 

93.2% wet weight Tolonen et aL, (1985) Eastern N. America 

water table optimum 8.5 cm Tolonen et at (1994) Finland 

water table optimum 42.94 cm Warner and Charman (1994) NW Ontario/Minnesota 

water table optimum 19.96 cm Charman and Warner (1997) Newfoundland 

Hyalosphenia papilio low hummocks Heal (1964) Northern Britain 

88.3% wet weight Tolonen et at (1985) Eastern N. America 

90-95% water content (moderately wet) Warner (1990) Ontario 

water table optimum 7.1 cm Tolonen et a!. (1994) Finland 

water table optimum 9.87 cm Warner and Charman (1994) NW Ontario/Minnesota 

water table optimum 17.74 cm Charman and Warner (1997) Newfoundland 

water table optimum 3.93 cm Woodland et al. (1998) United Kingdom 

water table optimum 10.7cm Bobrov et at (1999) Western Russia 

water table optimum 14 cm Mitchell et at (2001) (Swiss Jura) Switzerland 

Hyalosphenia subfava drained peatlands Grospietsch (1953) Germany 

73.0% wet weight Tolonen et al. (1985) Eastern N. America 

78-89% water content (dry) Warner (1990) Ontario 

water table optimum 0.8 cm Tolonen et al. (1994) Finland 

water table optimum 49.92 cm Warner and Charman (1994) NW Ontario/Minnesota 

water table optimum 14.94 cm Charman (1997) New Zealand 

water table optimum 22.81 cm Charman and Warner (1997) Newfoundland 

water table optimum 8.79 cm Woodland et at (1998) United Kingdom 

water table optimum 59 cm Mitchell et at (2001) (Swiss Jura) Switzerland 

Nebela carinata More or less restricted to bog pools Heal (1961) Northern England 

water table optimum 0.8 cm Tolonen et at, (1994) Finland 

water table optimum 1.09 cm Charman and Warner (1997) Newfoundland 

water table optimum 3.87 cm Woodland et at (1998) United Kingdom 

water table optimum 7.0 cm Bobrov et at (1999) Western Russia 

water table optimum 10 cm Mitchell et at (2001) (Swiss Jura) Switzerland 
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Nebela collaris 90-95% water content (moderately wet) Warner (1990) Ontario 

Nebela fabellulum water table optimum 7.68 cm Woodland et at (1998) United Kingdom 

water table optimum 30.04 cm Charman and Warner (1997) Newfoundland 
bog hummocks Heal (1964) Northern Britain 

water table optimum 14 cm Mitchell et at (2001) (Swiss Jura) Switzerland 

Nebela griseola water table optimum 11.14 cm Charman and Warner (1997) Newfoundland 

water table optimum 3.89 cm Woodland et at (1998) United Kingdom 

water table optimum 9.3 cm Tolonen et al. (1994) Finland 

water table optimum 9.6 cm Bobrov et at (1999) Western Russia 

Nebela marginata water table optimum 7.8 cm Tolonen et a!. (1994) Finland 

water table optimum 6.89 cm Charman and Warner (1997) Newfoundland 

water table optimum 5.83 cm Woodland et at (1998) United Kingdom 

water table optimum -3.4 cm Bobrov et at (1999) Western Russia 

water table optimum 9 cm Mitchell et at (2001) (Swiss Jura) Switzerland 
Nebela militaris 90.5% wet weight Tolonen eta!. (1985) Eastern N. America 

water table optimum 15.1 cm Tolonen et at (1994) Finland 

water table optimum 41.85 cm Warner and Charman (1994) NW Ontario/Minnesota 

water table optimum 19.09 cm Charman(1997) New Zealand 

water table optimum 20.66 cm Charman and Warner (1997) Newfoundland 

water table optimum 7.44 cm Woodland et al. (1998) United Kingdom 

water table optimum 48 cm Mitchell et at, (2001) (Swiss Jura) Switzerland 

water table optimum 22.5 cm Bobrov et al. (1999) Western Russia 
Nebela minor water table optimum 9.33 cm Charman and Warner (1997) Newfoundland 

water table optimum 6.61 cm Woodland et at (1998) United Kingdom 

water table optimum 16.83 cm Charman (1997) New Zealand 

water table optimum 27.58 cm Warner and Charman (1994) NW Ontario/Minnesota 
Nebela parvula water table optimum 6.98 cm Charman and Warner (1997) Newfoundland 

water table optimum 15.1 cm Tolonen et at (1994) Finland 

water table optimum 25.2 cm Bobrov et at (1999) Western Russia 
Nebela tincta water table optimum 22.4 cm Tolonen et al. (1994) Finland 

water table optimum 18.80 cm Charman (1997) New Zealand 

water table optimum 11.67 cm Charman and Warner (1997) Newfoundland 

water table optimum 5.09 cm Woodland et at (1998) United Kingdom 

water table optimum 58 cm Mitchell eta!. (2001) (Swiss Jura) Switzerland 
water table optimum 24.2 cm Bobrov et at (1999) Western Russia 

Trigonopyxis arcula drained peatlands Grospietsch (1953) Germany 
driest parts of hummocks Heal (1961) Northern England 
73.0% wet weight Tolonen et at (1985) Eastern N. America 
water table optimum 19.5 cm Tolonen eta!. (1994) Finland 
water table optimum 57.68 cm Warner and Charman (1994) NW Ontario/Minnesota 
water table optimum 15.58 cm Charman and Warner (1997) Newfoundland 
water table optimum 7.89 cm Woodland et at (1998) United Kingdom 
water table optimum 30.6 cm Bobrov et at (1999) Western Russia 
water table optimum 60 cm Mitchell et at (2001) (Swiss Jura) Switzerland 
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At two sites, Heathwaite and Tore Hill Moss, two 8 cm3 samples were taken from 

high hummock tops (and therefore the driest) positions on the bog surface and another 

two were taken from established pools at both sites. As the samples were not 

compacted and were of low density, a greater sample size was deemed necessary to 

obtain enough testate amoebae for identification. All samples were taken around the 

central area of the raised bogs to avoid the influence of minerotrophic water. Two 

hundred testate amoebae were counted from each sample which is above the 

recognised required amount of 150 to gain a full species record (Woodland, 1996). 

The results of these counts are displayed in figure 6.22 and 6.23. The two samples 

from hummock and pool positions at each site have been added together to form an 

aggregate sample for that position. 

At Tore Hill Moss the two high hummock sites are dominated by Hyalosphenia 

subflava, Assulina muscorum and Heleopera rosea (figure 6.22). The whole 

assemblage possesses only two recognised wetter indicating species, those of 

Hyalospheniapapilio (Tolonen et al., 1994; Woodland et al., 1998) and Nebela 

carinata (Heal, 1964; Tolonen et al., 1994), which are very low in abundance. Most 

importantly there is a complete absence of all major wet indicators from the 

Amphitrema or Arcella genus. 

At Heathwaite Moss the two hummock sites show a similar assemblage (Figure 6.23). 

Oddly, there is no evidence for Hyalosphenia subflava despite the very dry nature of 

the hummocks examined. The surface of this mire had recently been subjected to a 

brief fire episode which certainly from the fossil evidence (figure 6.26) has been 

associated with the occurrence of Hyalosphenia subflava as it is known to prefer 

aerated peat (Grospietsch, 1953; Tolonen, 1986; Woodland et al., 1998). Recognised 

relatively dry indicators that are present include Assulina muscorum, Assulina 

seminulum, Trigonopyxis arcula, Nebela flabellulum and Nebela militaris. There is 

also a presence of both Nebelaparvula and Nebela tincta which are noted as being 

able to survive in most conditions as they are capable of adapting by changing shape 

to suit shallower water films (Heal, 1962; Woodland, 1996). 
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Figure 6.22 
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Figure 6.23 
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The most dominant species is Cyclopyxis arcelloides, which is noted as a dry 

indicator by Warner and Charman (1994) and relatively wet by Woodland et al., 

(1998). There are no wet indicating species apart from Arcella discoides which as 

observed from some of the fossil records in this study is often found in dry conditions 

where it can survive owing to its thin test in shallow water films. 

The two pool sites at Tore Hill Moss are dominated by Amphitremaflavum. 

Amphitrema wrightianum, which is usually associated with bog pools (Heal, 1964), is 

evident but in very low abundance (figure 6.22). Other known wet indicators present 

are Hyalosphenia papilio, Nebela carinata, and Nebela griseola. Species that are 

recognised as generally dry indicators such as Assulina muscorum and seminulum 

(Heal, 1961; Heal, 1964; Woodland, 1996) are present in low abundance. These two 

species are evident no matter what the situation, as the results have shown. Reference 

to the fossil data in the diagrams also confirms their omnipresence although they do 

excel in drier conditions. 

The pool sites from Heathwaite Moss (figure 6.23) are similarly dominated by 

Amphitremaflavum with an abundance of 37%. Nebela carinata and Arcella 

disciodes represent the remainder of the known wet indicating species. Unusually, 

considering its abundance in the hummock samples from this site, Cyclopyxis 

arcelloides exhibits an abundance of 9%. Woodland et al. (1998) found from modern 

samples that this species was a relatively wet-intermediate indicator (optimum water 

table depth of -4.75 cm), which is at odds with evidence from Finland suggesting that 

it is common in hummock tops (Tolonen et al., 1994). These observations led to the 

conclusion that this species can tolerate a wide range of conditions. The size of this 

species is known to vary enormously (Charman et al., 2001) and this may be a 

possible reason for its wide tolerance range. 

Within all of these samples from both hummock and pool micro-sites Euglypha 

species have been present. These have been ignored as they are present in modern 
samples but are rarely present below the top 10-20 cm of peat as tests composed of 
siliceous plates are easily dissolved in the acidic water within peat bogs (Tolonen, 
1986) and therefore they have little influence on water table reconstruction. 
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The information gathered from this analysis, and that of the numerous authors listed 

in table 6.3, should be remembered as the results of the testate amoebae analysis are 

described in the next section. 

6.4.3 Ardkill Moss (figure 6.24) 

6.4.3.1 Zone ARD-a 256-189 cm (ca cal. 70 BC-AD 250) 

Initially Amphitremaflavum is dominant and is associated with Amphitrema 

wrightianum indicating a high water table level (Woodland et al., 1998). The former 

declines steadily to a low of 1% at 228 cm and the latter declines to 0% by 236 cm. 

This implies a lowering of the water table, which is emphasised by the rapid rise and 

subsequent dominance of Difflugia pulex from 248-216 cm (ca. cal. 40 BC-AD 110). 

From 236-224 cm (ca cal. AD 20-80) there is a rise to a peak and subsequent decline 

of Hyalosphenia subflava indicating a lowering of the water table. The peak at 228 

cm of 51% is coincident with the slump to 1% ofAmphitrema flavum and represents 

very dry conditions. 

From 220-204 cm (ca cal. AD 90-170) Amphitrema f avum rises to a peak of 58% 

and is associated with a further short-lived appearance of Amphitrema wrightianum 

and a decline of D[ugia pulex indicating a return to wetter conditions. This 

transition is associated with a temporary rise in Sphagnum section Acutifolia at the 

expense of Sphagnum imbricatum in the macrofossil diagram. Amphitrema flavum 

declines from 204 cm and a renewed rise in both Difflugia pulex and Hyalosphenia 

subflava occurs, the latter rising to a peak of 42% at 196 cm (ca. cal. AD 220). This 

represents a further shift to drier conditions and also corresponds to a lowering of the 

percentage of Sphagnum section Acutifolia compared to that of Sphagnum 

imbricatum. Arcella discoides, Assulina muscorum, Assulina seminulum and Difflugia 

pristis are all present at a relatively constant low percentage through the zone. 
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6.4.3.2 Zone ARD-b 189-93 cm (ca cal. AD 250-860) 

This zone is dominated by wet indicating testate amoebae throughout. Amphitrema 

flavum never falls below 22% and peaks at 67% at 160 cm and is the most dominant 

species. Amphitrema wrightianum, which is indicative of very high water levels 

(Heal, 1964; Tolonen et al., 1994; Woodland et al., 1998), is also present through the 

majority of the zone. This species rapidly rises in abundance at the start of the zone to 

a peak of 53% at 180 cm (ca cal. AD 300) and coincides with a decline in the level of 

Difflugia pulex. This represents a highly significant shift to wetter conditions which is 

further endorsed by an increase to a peak in the level of Alona rustica postabdomina 

remains which are indicative of the presence of open water on the bog surface (Van 

Geel, 1978). 

Amphitrema wrightianum declines from its peak and remains at a relatively constant 

level of around 11% until its decline to 0% at 100 cm. This decline is associated with 

an increase in the level of both Amphitrema flavum and Difflugia pulex. The wet- 

indicating Arcella discoides is present at a low percentage throughout the first half of 

this zone. There is a peak in its abundance at 132 cm that is immediately followed by 

a small peak in Hyalosphenia subflava representing drier conditions (ca cal. AD 

580). This transition occurs at a point where there is an increase in the degree of 

Sphagnum imbricatum compared to Sphagnum section Acutifolia. From 128 cm there 

is a rise in the level of D jugia pulex and Arcella discoides and a small decline in the 

dominance of Amphitrema flavum. It would appear that towards the end of the zone 

there is sufficient evidence to suggest a move to slightly drier conditions. The last few 

samples from the zone at 96 and 100 cm suggest a brief reversal of this trend as the 

wetter indicating species of Hyalospheniapapilio and Hyalosphenia elegans 
(Tolonen, 1971; Warner, 1990; Tolonen et aL, 1994; Woodland eta!., 1998) are 

evident. Assulina muscorum, Assulina semiinulum, and Difflugia pristis are all 

evident at relatively constant low percentages through the zone. 
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6.4.3.3 Zone ARD-c 93-75 cm (ca. cal. AD 860-1010) 

This zone is interpreted as suggesting a move to lower water tables and therefore drier 

conditions. Amphitremaflavum falls and remains at around 15% through the rest of 

the zone and there is a near absence of Amphitrema wrightianum. The start of the 

zone is marked by the steady increase in the abundance of Hyalosphenia subflava to a 

peak at the close of the zone of 39% at 76 cm (from ca. cal. AD 860 to peak at AD 

1000). This very dry indicating species (Grospietsch, 1953; Warner, 1990; Woodland 

et al., 1998) is also associated initially with a low but significant percentage of the 

wetter indicating species of Arcella discoides and Hyalospheniapapilio. This could 

be due to their shallow test morphology that allows them to survive in thin water films 

(Woodland, 1996). This zone also displays a small rise in the abundance of Assulina 

muscorum, Assulina seminulum, Cyclopyxis arcelloides and Trigonopyxis arcula, all 

of which are relatively dry indicators (Heal, 1961; Heal, 1964; Warner, 1990; 

Woodland et al., 1998). As a whole the zone is dominated by Difflugia pulex until the 

Hyalosphenia subflava peak is recorded. 

6.4.3.4 Zone ARD-d 75-62 cm (ca. cal. AD 1010-1130) 

This zone marks a shift to wetter conditions from the previous dry-indicating testate 

assemblage. There is an increase in both Amphitremaflavum and Amphitrema 

wrightianum and there is an absence of Hyalosphenia subflava throughout the zone. 
Lower levels of the drier-indicating Assulina muscorum, Assulina seminulum, and 

Trigonopyxis arcula are also noted. This zone still contains a high level of Difflugia 

pulex (average of 24%) that appears to be relatively cosmopolitan with respect to 

water tables, although Hendon (1998) found this species associated with drier- 

indicating testate amoebae species. 

6.4.3.5 Zone ARD-e 62-42 cm (ca. cal. AD 1130-1360) 

The abundance of Ampitrema wrightianum continues to rise initially in this zone to a 

peak of 38% at 56 cm. Within this depth range there is also a significant presence of 
the wet-indicating species of Hyalosphenia elegans and Hyalosphenia papilio. From 
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56 cm (ca. cal. AD 1200) there is a decline in the abundance of Amphitrema 

wrightianum to 0% at the start of the next zone. This may indicate a shift to drier 

conditions, as there is also an increase in the level ofAssulina seminulum, Dif lugia 

pulex, Hyalosphenia subflava and Trigonopyxis arcula. The level of Amphitrema 

flavum remains relatively constant at an average of 24%. 

6.4.3.6 Zone ARD-f 42-14 cm (ca cal. AD 1350-1920) 

This zone reflects a shift to wetter conditions than those seen at the close of the last 

zone, even though Dfflugia pulex is the most abundant species. There are increases in 

wet-indicating species such as Amphitrema wrightianum and Arcella discoides. 

Amphitremaflavum again forms a significant presence throughout this zone. 

6.4.3.7 Zone ARD-g 14-0 cm (ca cal. AD 1920-2000) 

As reported in the macrofossil results (section 6.2.1), humanly induced fires have 

influenced this most recent part of the record. UOM is the major macrofossil 

component owing to the secondary decomposition brought on by the effects of fire. 

The start of the zone is marked by a rapid rise in the level of Hyalosphenia subflava to 

a peak of 98% at 12 cm. The abundance of this species declines from this peak to 3% 

at 0 cm. This species is associated with the driest of situations on a bog surface, often 

as the result of drainage (Tolonen, 1986; Woodland et al., 1998). Following the rise to 

a peak of Hyalosphenia subflava other dry-indicating species (not as extremely dry as 

Hyalosphenia subflava) rise in prominence such as Assulina muscorum, Assulina 

seminulum, Cyclopyxis arcelloides, Difflugia pulex, and Heleopera sylvatica. 

6.4.4 Cloonoolish Moss (figure 6.25) 

6.4.4.1 Zone CLO-a 248-222 cm (ca. cal. 490-190 BC) 

The wet-indicating species ofAmphitrema flavum dominates this zone and continues 

to increase its abundance through to the zone termination at 222 cm. There are low 

levels of both dry- and wet-indicating species through the zone, the main ones of 

which are Assulina muscorum, Centropyxis aculeata, Cyclopyxis arcelloides, 
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Heleopera sphagni and Hyalospheniapapilio. This zone is suggested as being one of 

relatively high water tables. 

6.4.4.2 Zone CLO-b 222-185 cm (ca cal. 190 BC-250 AD 

High water table levels are evident throughout this zone as Amphitremaflavum and 

also, in the second half of the zone, Amphitrema wrightianum are prevalent, the 

former of these never falling below 35%. From 212 cm (ca. cal. 70 BC) there is an 

increase to one of the two peaks of Amphitrema wrightianum suggesting an even 

higher water table position. Hyalosphenia papilio, a very wet indicator (Woodland et 

al., 1998) is evident throughout the zone also. Heleopera rosea is also evident and 

terminates at the end of the zone. This species is a dry-loving species (Jung, 1936), 

which is hard to explain given the dominance of wetter species. 

6.4.4.3 Zone CLO-c 185-165 cm (ca. cal. AD 250-480 

A dry shift occurs at the start of this zone. There is a rapid decline in the previously 

dominant Amphitrema flavum from 70% at 184 cm to 16% at 180 cm (ca. cal. AD 

310). A combination of Cyclopyxis arcelloides, Trigonopyxis arcula, Nebela militaris, 

and a steep rise in the level of Difflugia pulex briefly replace the formerly dominant 

Amphitrema flavum. This is reflected in the macrofossil evidence by a significant rise 
in the level of Ericaceae (figure 6.3). This dry period is short lived as Amphitrema 

wrightianum, which is not evident at the start of the zone in this drier period, rises 

steeply by the zones close as a wet shift occurs from 170 cm (ca. cal. AD 420). 

6.4.4.4 Zone CLO-d 165-150 cm (ca. cal. AD 480-640 

The wet shift initiated in the previous zone shown by Amphitrema wrightianum peaks 

at 160 cm (ca. cal. AD 540) and subsequently falls from this peak within this zone. 
There is a constant level ofAmphitrema flavum in evidence of around 25% along with 

a significant level of the wet-loving species Centropyxis aculeata. 
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Alona rustica postabdomina also rise to a peak coinciding with the peak in 

Amphitrema wrightianum. This is supported by a rise in Sphagnum section Acutifolia 

to a peak in this zone. Drier conditions are inferred from 156 cm (ca. cal. AD 590) as 

the wetter species decline and are replaced by a large rise in the level of Difflugia 

pulex to a peak of 53% by 152 cm. 

6.4.4.5 Zone CLO-e 150-126cm (ca. cal. AD 640-770) 

Difflugia pulex is dominant throughout this zone, as it is always over 25% of the total 

testate amoebae observed. Wetter indicating species Amphitremaflavum and initially 

Amphitrema wrightianum are also present, the former falling to a low of 3% at 136 

cm (ca cal. AD 710). This coincides with a peak in the level of Ericaceae in the 

macrofossil diagram. A low but near constant level of the dry-indicating Assulina 

muscorum, Cyclopyxis arcelloides and Difflugia pristis is also present. This zone 

represents a period of relatively low water tables although the existence of both 

Ampitrema wrightianum and Amphitrema flavum suggest that these were by no means 

extreme. 

6.4.4.6 Zone CLO-f 126-90 cm (ca cal. AD 770-950) 

From 126-108 cm (ca cal. AD 770-860) relatively dry conditions are most dominant. 

Dif ugia pulex is again the primary testate amoebae in evidence along with lower 
levels of other dry-loving species, such as Assulina muscorum, Difflugia pristis, and 
Nebela militarfs. From 108 cm (ca cal. 860 AD) there is a move to wetter conditions 
signified by a steep rise in the percentage of Amphitrema flavum from I% at 112 cm 
to 36% at 100 cm (ca cal. 900 AD), accompanied by an equally steep demise of 
Difflugia pulex. Coincident with this there is smaller rises in the wet-loving species of 
Amphitrema wrightianum and Hyalosphenia papilio. The drier conditions through the 

majority of this zone are reflected by the abundance of the hummock-forming growth 
form of Sphagnum imbricatum. 
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6.4.4.7 Zone CLO-g 90-70 cm (ca cal. AD 950-1050) 

Amphitrema flavum and Difflugia pulex dominate this zone, suggesting a relatively 

intermediate water table level. The end of the zone is characterised by a shift to drier 

conditions as the level of Hyalosphenia subflava rises to a peak of 28% at 72 cm (ca 

cal. AD 1040). 

6.4.4.8 Zone CLO-h 70-42 cm (ca. cal. AD 1050-1200) 

Hyalosphenia subflava and Difflugia pulex continue to form the majority of the count 

until a change to wetter conditions noted by the rise of both Amphitremaflavum and 

Amphitrema wrightianum from 60 cm (ca cal. AD 1100). The latter of these peaks is 

at 48 cm with 39%. This zone would appear to initially represent dry conditions and 

later (beyond 60 cm) signifies a return to a higher water table. Other significant 

constituents include Assulina muscorum, Cyclopyxis arcelloides, Difflugia pristis and 

Nebela militaris, although all remain relatively constant. This suggestion is borne out 

by the macrofossil evidence where a high level of Sphagnum imbricatum is replaced 

later in the zone by a high level of Sphagnum section Acutifolia (figure 6.3). 

6.4.4.9 Zone CLO-i 42-15 cm (ca cal. AD 1200-1950) 

This zone sees a rise in dominance of the relatively dry-indicating species (Woodland 

et al., 1998) of Cyclopyxis arcelloides from 11% at 44 cm to 30% at 40 cm, a level at 

which it roughly remains for the rest of the zone. The initial part of the zone has a 

significant level of Amphitrema flavum and Amphitrema wrightianum, although this 

declines throughout. The start of the zone also records the large decline of Dif, flugia 

pulex that remains at a low level. The testate amoebae here imply a relatively 

intermediate to low water table position which complies with the macrofossil data. It 

is suggested, based on the radiocarbon dates (section 5.2.3), that at around 32 cm peat 
has been removed. At 32 cm there is a fall in Amphitrema wrightianum and 
Amphitrema flavum suggesting a change to drier conditions. At this point there is also 

a large level of Alona rustica postabdomina and spermatophore of copepoda. These 

are thought to reflect open water on the bog surface (van Geel et al., 1978) and are 
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evident above the Amphitrema wrightianum peak at 36 cm and therefore may reflect 

pooling of water on the surface after human induced disturbance. 

6.4.4.10 Zone CLO-j 15-0 cm (ca cal. AD 1950-2000) 

Three major changes characterise the testate amoebae in this zone. Firstly, the level of 
Cyclopyxis arcelloides declines to nearly 0%, and secondly there is a rise to a peak of 
34% at 0 cm of Heleopera rosea. This testate is usually found in areas of low water 
tables such as bog hummocks (Jung, 1936; Woodland et al., 1998). The third change 
is that there are many more species evident but with a low percentage including many 

unusual (to this core) Euglypha, Heleopera and Nebels species. 

6.4.5 Heathwaite Moss (figure 6.26) 

6.4.5.1 Zone HWM -a 248-222 cm (ca cal. 2560-2220 BC) 

Consistently high levels of Df ugia pulex dominate throughout this zone reaching a 
peak level of 61% at 224 cm. Cyclopyxis arcelloides are always evident peaking at 
38% at 236 cm and remaining above 15% throughout the zone. This peak possibly 
relates to slightly wetter conditions, as there is a peak in Sphagnum imbricatum 

replacing ericaceous material at this level. Both D jugia pristis and Assulina 

muscorum are also present throughout at a low level. There is a very low percentage 
of the wetter indicating species such as the Amphitremas or the Arcellas. Difflugia 

pristis and Assulina muscorum are noted by Woodland et al. (1998) as being 
indicative of relatively dry to intermediate water table levels. There are no published 
sources concerning the preferred habitat of D(ugia pulex although Hendon (1998) 
has shown that it is associated with dry-indicating testate amoebae, such as Assulina 

muscorum, Bullinaria indica, and Df ugia pristis. This zone therefore would appear 
to be dominated by a drier climate with relatively low water tables. 
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6.4.5.2 Zone HWM-b 222-193 cm (ca cal. 2220-1840 BC) 

This zone is dominated by relatively dry and intermediate indicating species such as 

D[ugia pulex, Cyclopyxis arcelloides, Assulina muscorum and Difflugia pristis. 

Difflugia pulex declines from the start of the zone to a trough at 212 cm where it is 

replaced by a peak in Cyclopyxis arcelloides of 60%. This may indicate a small 

increase in the water table height as Cyclopyxis arcelloides has been noted as being 

more intermediate than dry in its habitat (Woodland et al., 1998). This peak then 

declines and Df ugia pulex returns as the dominant species for the rest of the zone. 

The whole zone is generally indicative of relatively dry conditions. 

6.4.5.3 Zone HWM-c 193-153 cm (ca. cal. 1840-13 10 BC) 

The level of Difflugia pulex generally falls through this zone reaching 0% at 156 cm 

from a maximum at the start of the zone of 51 % at 192 cm. After an initial fall in 

levels there is a short-lived resurgence from 184 cm to 176 cm and then the fall to 0% 

at 156 cm. The initial decline is associated with a rise and peak in Amphitremaflavum 

to 44% at 184 cm (ca cal. 1720 BC) and also a small rise in Hyalospheniapapilio 

from 2-9% from 192-180 cm. Both of these species are indicative of wet conditions 

and imply rising of the water table. 

The small resurgence of Dffflugia pulex from 176-184 cm is accompanied by a 
decrease in Hyalosphenia papilio to 0%. This would imply that there was a lowering 

of the water table at this time. The Dffflugia pulex peak at 176 cm (ca cal. 1610 BC) 

recedes and is replaced by increasing levels of both Amphitremaflavum and 
Amphitrema wrightianum, the latter of which increases to a peak of 58% at 156 cm. 

This implies that there is a steady increase in the water table height from 172 cm (ca. 

cal. 1560 BC) culminating possibly in a pool microform as Amphitrema wrightianum 

are known to prefer pool habitats (Heal 1964; Tolonen et aL, 1992). The macrofossil 
diagram (figure 6.4) shows evidence of Eriophorum angustifolium and subsequently 

an increase in UOM at this depth further pointing to a possible pool microform. The 

increase in water table height from 172 cm is accompanied by small increases in very 
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dry indicating species such as Bullinaria indica, Euglypha rotunda and Hyalosphenia 

subflava, suggesting that there was a degree of water table fluctuation here. 

Other species of note in this zone are Assulina muscorum, Cyclopyxis arcelloides and 

Difflugia pristis. These species remain relatively constant throughout the zone but 

decrease with the higher water tables from 168 cm. The testate amoebae results 

reported here suggest initially lower water tables followed by a brief wetter episode 

that is replaced by brief drier phase before a return to wetter conditions possibly 

culminating in a pool microform at the end of the zone. 

6.4.5.4 Zone HWM-d 153-142 cm (ca. cal. 1310-1160 BC) 

From its peak of 58% at 156 cm Amphitrema wrightianum declines to 0% by 152 cm, 

but a rise in Amphitrema flavum is recorded and it peaks at 50% at 148 cm (ca. cal. 

1240 BC) implying continued wet conditions from 172 cm (ca. cal. 1560 BC). A 

decline to a low of 3% at 144 cm (ca. cal. 1200 BC) occurs subsequently implying a 

shift to drier conditions. Assulina muscorum, Dffflugia pristis, and Nebela militaris all 

exhibit small increases in this zone indicating a move to drier conditions following the 

drying out of a pool. The decline in both Amphitrema species also suggests a shift to a 

lower water table and drier conditions. This zone culminates in a large increase in 

Difflugia pulex to a peak of 78% at 144 cm that would further suggest that this zone is 

predominately one exhibiting a lowering water table. 

6.4.5.5 Zone HWM-e 142-115 cm (ca cal. 1160-810 BC) 

This zone is generally dominated by the occurrence of testate amoebae signifying 

intermediate to relatively dry conditions, such as Dffflugia pulex, Cyclopyxis 

arcelloides, Assulina muscorum, and Assulina seminulum. There are two pulses of 

possibly wetter periods at 136 and 128 cm (ca cal. 1100 BC and 980 BC) where there 

are increases in Amphitrema flavum and Hyalosphenia papilio. There is a peak in 

Difflugia pulex at 124 cm (ca cal. 930 BC) of 60% that is associated with 0% 
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Amphitrema flavum. This appears to be the start of a lowering of the water table, 

which continues until the end of the zone whereupon the initiation and rapid rise in 

the level of Hyalosphenfa subflava occurs. This testate amoebae species is often 

restricted to the driest habitats (Tolonen et al., 1994). The increase in the abundance 

of this testate amoebae species occurs before the subsequent rise in macroscopic 

charcoal and therefore implies that the water table fell to such an extent that the 

vegetation on the mire was able to bum possibly due to lightning strike or human 

interference. 

6.4.5.6 Zone HWM-f 115-98 cm (ca cal. 810-580 BC) 

Hyalosphenia subflava peaks at the start of this zone with 78% at 112 cm (ca. cal. 770 

BC) and is coincident with the peak in charcoal and UOM levels that are noted in the 

macrofossil diagram. There is a rapid decline from 112 cm to 0% for this species at 

108 cm followed by a small resurgence. This on its own signifies that there was 

extremely well aerated dry peat at the start of the zone probably due to the incidence 

of fire. The decline is associated with increases in the levels of Assulina muscorum, 
Cyclopyxis arcelloides and D(ugia pristis, which are also relatively dry indicators. 

This zone is indicative of very dry conditions that have been left after an initially high 

incidence of fire. There is a very low percentage of any wetter indicating species 

within this zone; those present are Amphitrema flavum, Amphitrema wrightianum and 
Centropyxis aculeata. 

6.4.5.7 Zone HWM-g 98-40 cm (ca cal. 580 BC-AD 180) 

Assulina muscorum, Cyclopyxis arcelloides and Assulina seminulum all fall in 

abundance as the wet indicators of Amphitrema f avum and Amphitrema wrightianum 

rise significantly at the start of this zone. Amphitrema wrightianum increases rapidly 
from 0% at 96 cm (ca cal. 560 BC) to a peak of 35% at 80 cm (ca. cal. 350 BC) 

whereupon there is a small decline in this species as Amphitrema flavum becomes 

more abundant, rising from 4% at 96 cm to 79% at 68 cm. This suggests a major shift 
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to a higher water table. The early peak in Amphitrema wrightianum is mirrored by a 

higher abundance of Alona rustica postabdomina, which are indicative of pools on the 

bog surface (Van Geel, 1978). Despite the decline in Amphitrema wrightianum the 

bog can still be interpreted as having high water tables as Amphitremaflavum rises to 

a peak at 68 cm (ca. cal. 190 BC). This rise coincides with the rise of Sphagnum 

section Acutifoliä at the expense of Sphagnum imbricatum suggesting that the former 

is more indicative of higher water table levels. 

From 68 to 56 cm (ca. cal. 190-30 BC) there is a rapid decline in the level of 

Amphitremaflavum from 79% to 3% that is accompanied by a small rise in drier 

indicating species, such as Difflugia pulex, D[ugia pristis and Cyclopyxis 

arcelloides. This period suggests that after an initial rise there is subsequently a brief 

fall in the water table levels, influenced at least initially by the fire event at 60 cm. 

Amphitrema wrightianum from 56 cm (ca cal. 30 BC) rises rapidly to replace 

Difflugia pulex and dominate from 56 cm to 40 cm (ca cal 180 AD), indicating a shift 

to a much higher water table. This increase is again coincident with an increase to a 

peak at 40 cm of Alona rustica postabdomina and also spermatophore of copepoda. 

This zone would appear to indicate an increasingly wet environment throughout 

peaking at the end of the zone. There is a brief interruption to this in the middle of the 

zone where drier conditions existed. This coincides with the gradual decline of 
Sphagnum imbricatum suggesting that increasingly wet conditions influenced this 

decline. 

6.4.5.8 Zone HWM-h 40-21 cm (ca cal. AD 180-1870, AD 180-360 from 40-26 cm) 

Amphitrema wrightianum falls rapidly from its peak of 77% at the end of the 

previous zone to 15% at 36 cm and stays around this level through the rest of the zone 
implying drier conditions (ca cal. AD 180-360). Coincident declines in both Alona 

rustica postabdomina and spermatophores of copepoda occur. Amphitrema 

wrightianum is replaced as the dominant component by Assulina muscorum which 

exhibits a peak of 56% at 36 cm, marking a shift to drier conditions. Increases in 
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Assulina seminulum and intermittent increases of Difflugia pulex and Difflugia pristis 

can also be noted. After the peak in Assulina muscorum this species declines to about 

24% and remains at this level until the end of the zone. Cyclopyxis arcelloides 

increases in abundance from 32 cm to a peak of 30% at 28 cm suggesting that this 

zone ends with a shift to slightly wetter conditions. This corresponds with a slight 

increase in the level of Sphagnum section Cuspidata and Sphagnum papillosum and a 

subsequent decline of Sphagnum imbricatum. This point reflects the peat loss inferred 

from the radiocarbon dates as water pools on the surface. The drier conditions at the 

start of this zone appear to have given Sphagnum imbricatum an opportunity to re- 

establish itself. 

6.4.5.9 Zone HWM-I 21-0 cm (ca. cal. AD 1870-2000 

This zone exhibits a return to wetter conditions-that would be expected as the core 

was taken from a low lawn area containing Sphagnum magellanicum, Sphagnum 

papillosum and Sphagnum section Cuspidata. At 20 cm there is a large increase in the 

abundance of Amphitrema wrightianum to 46% indicating a higher water table. This 

may be in direct response to the pooling of water on the bog surface after peat 

removal signalled by the radiocarbon dates (section 5.2.4). Subsequently Sphagnum 

moss has been able to re-establish itself and the previously dominant Eriophorum 

vaginatum has declined. Amphitrema wrightianum subsequently declines to 0% at 12 

cm but is replaced by a rising level ofAmphitrema flavum and Arcella discoides to the 

top of the core. There are abundant levels ofAIona rustica postabdomina and 

spermatophore of copepoda. These would be expected in such a low lawn position 

where there may occasionally be open water. There are many testate amoebae species 
in this upper zone, most of which are only evident at a very low percentage. Many of 
these species are not noted anywhere else in the diagram. These include Difflugia 

rubescens, Euglypha strigosa, Pseudodifflugia fascilularis, Heleopera petricola, 
Nebela griseola, and Nebelaflabellulum. These tests are possibly less resistant to 
decay than the others that are more widespread throughout the diagram. The wetter 

conditions initially seem to have suppressed Sphagnum imbricatum indefinitely as a 
Sphagnum magellanicum and Sphagnum papillosum lawn developed. 
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6.4.6 Killorn Moss (figure 6.27) 

6.4.6.1 Zone KIL-a 248-205cm (ca cal. 490 BC-250 BC) 

From 248-228 cm (ca cal. 490-380 BC) Difflugia pulex dominates with values of 

over 35%. Other testate amoebae species with significant abundances are Amphitrema 

flavum, Nebela militaris, and Amphitrema wrightianum. Dominance switches from 

Dffflugia pulex to Amphitremaflavum from 224 cm (ca. cal. 360 BC), which 

subsequently has levels of over 33% until the zone ends, whereas levels of Df ugia 

pulex fall to around 20%. This can be interpreted as a change to a higher water table. 

This change in dominance is coincident with an increase in the abundance of 

Sphagnum section Acutifolia at the expense of Sphagnum imbricatum (figure 6.5). 

This would suggest that Sphagnum imbricatum is a relatively dry indicator here. 

6.4.6.2 Zone KIL-b 205-125 cm (ca cal. 250 BC- AD 160 

Df ugia pulex dominates together with lower levels of Amphitrema flavum. Levels of 

Dffflugia pulex increase generally at the expense of Amphitrema f avum. Low levels 

of Nebela militaris, Assulina muscorum, D jugia pristis and Assulina seminulum 

also exist through the zone. Amphitrema wrightianum is initially present at the start 

but briefly disappears until it returns from 180-172 cm (ca. cal. 110-70 BC) at around 

10%. This low-level resurgence is correlated with the increase in Sphagnum section 

Cuspidata in this zone (figure 6.5). The co-existence of large levels of Amphitrema 

flavum and Df ugia pulex would suggest that there have been relatively intermediate 

water table depths, apart from the increased level of wetness seen between 190-172 

cm. 

6.4.6.3 Zone KIL-c 125-95 cm (ca cal. 160-AD 770 

The border between this zone and the previous one marks a distinct wet shift recorded 
by the testate amoebae data. Dominance of Difflugia pulex previously is rapidly 

replaced by an equally rapid rise in the abundance of Amphitrema wrightianum to a 

peak of 62% at 124 cm (ca. cal. AD 180). Dffflugia pulex falls from 39% at 128 cm to 

around 5% through this zone. 
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Levels of Amphitremaflavum remain relatively constant at between 18-33% through 

the zone. Low levels (below 10%) of Assulina muscorum, Hyalospheniapapilio, and 

Nebela carinata are also evident. The rapid rise of Amphitrema wrightianum and the 

trace levels of Hyalospheniapapilio and Nebela carinata all suggest that there was a 

large shift to wetter conditions at this point. This is also reflected in the macrofossil 

data by a fall in the level of Sphagnum imbricatum and its replacement by Sphagnum 

section Cuspidata (figure 6.5). There is also a large rise in the level of Alona rustica 

postabdomina at the start of the zone, which are indicative of open water (Van Geel, 

1978). There is a lowering of the water table at around 96 cm (ca. cal. AD 750) that is 

followed by a return to wetter conditions noted in the next zone. 

6.4.6.4 Zone KIL-d 95-40 cm (ca cal. AD 770-1720) 

Amphitrema wrightianum dominates initially from 92-84 cm with an abundance of 

over 55%. Amphitremaflavum is again relatively constant at around 20%, although 

values fall slightly towards the end of the zone. The major change in this zone is the 

fall in the abundance of Amphitrema wrightianum from its peak at 84 cm (ca. cal. 

1000 AD) to a low value of below 5% at 64 cm (ca. cal. AD 1400). Coincident with 

this fall is the rise in the abundance of Difflugia pulex, D jugia pristis, Nebela 

militaris and Cyclopyxis arcelloides all of which indicate a lowering of the water 

table. The end of the zone is marked by a further wet shift indicated by the resurgence 

of Amphitrema wrightianum to 41% at 48 cm (ca cal. AD 1640). This is also 

reflected in the macrofossil evidence as Sphagnum imbricatum is superseded by 

Sphagnum papillosum. 

6.4.6.5 Zone KIL-e 40-25 cm (ca cal. AD 1710-1880) 

The abundance of Amphitrema wrightianum falls at the start of this zone to 0% and is 

not encountered again. The disappearance of Amphitrema wrightianum has been 

noted by Woodland (1996), Hendon (1998) and Langdon (1999) and appears to be a 
common trend within the top 50 cm of peat. This testate amoeba is initially replaced 
by an increase in Arcella discoides at 36 cm that has a peak of 34% at 32 cm. 
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Hyalosphenia subflava rises in abundance from 28 cm to a peak of 57% at 24 cm and 

co-exists with Arcella discoides. Arcella discoides is regarded as an indicator of very 

wet conditions and Hyalosphenia subflava is a testate amoeba that prefers very dry 

and aerated peat (Woodland et al., 1998). These can co-exist as Arcella discoides is 

known to be able to survive in very shallow water films (Woodland, 1996) and 

therefore this assemblage probably represents a lowering of the water table. This 

agrees with the macrofossil evidence, which is dominated by high levels of UOM. 

6.4.6.6 Zone KIL-f 25-0 cm (ca cal. AD 1880-2000) 

This zone exhibits a large number of species with a relatively low abundance. There 

are many Euglypha species present which are rarely seen lower in the profile as 

testate amoebae made from siliceous plates are soluble in peat (Tolonen, 1986). 

Hyalosphenia subflava falls to 0% in this zone and Arcella discoides becomes the 

most dominant testate until 8 cm, where upon it is then replaced by an increase in the 

level of Amphitrema flavum. This suggests a raised water table, which is confirmed by 

the existence of Sphagnum section Cuspidata here (figure 6.5). Other significant wet- 

indicating testate amoebae noted in this zone are Nebela tincta, Hyalosphenia 

elegans, Hyalosphenia papilio and Nebela griseola. 

6.4.7 Tore Hill Moss (figure 6.28) 

6.4.7.1 Zone THM-a 248-215 cm (ca cal. 840-260 BC) 

Amphitremaflavum, Assulina muscorum, and Assulina seminulum are the dominant 

species that are present in this zone in that order. Amphitrema flavum exhibits a peak 

of 75% at the start of the zone at 248 cm before a slump that is followed by a 

relatively stable abundance level of around 35%. After this initial peak in Amphitrema 

flavum levels, Assulina muscorum and Assulina seminulum both have relatively stable 

abundances averaging around 35% and 15% respectively. Amphitrema wrightianum is 

evident throughout the zone with its highest abundances between 220-228 cm (ca. cal. 
350-490 BC). There are also sporadic low levels of Difýlugia pristis, Cyclopyris 

arcelloides and Hyalosphenia sub, flava. 
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The abundance of Amphitrema flavum and lower levels of Amphitrema wrightianum 
would suggest that this zone represents a relatively wet period. 

6.4.7.2 Zone THM-b 215-174 cm (ca cal. 260 BC-AD 470) 

From the start of the zone to 204 cm the same three species from the last zone 
dominate, these being Amphitrema flavum, Assulina muscorum and Assulina 

seminulum. Within this depth range there is a rise in the level of spermataphores of 

copepoda, which Van Geel (1979) suggested was indicative of the presence of open 

water. The assemblage is briefly dominated by Difflugia pristis at 200 cm and reaches 
71 % and is the cause of a fall in the abundance of previously dominant species. These 

species recover but undergo a decline towards the end of the zone, as there is a rise in 

the level of Difflugia pulex, Arcella discoides and a rapid rise (from ca. cal. AD 240) 

in the level of Hyalosphenia subflava to a peak of 54% at 180 cm (ca. cal. AD 360). 

6.4.7.3 Zone THM-c 174-162 cm (ca cal. AD 470-570) 

Wet-indicating testate amoebae such as Amphitrema flavum and Amphitrema 

wrightianum have negligible abundance through this zone. The zone is dominated 
initially by the continued rise in abundance of Arcella discoides to a peak of 63% at 
172 cm. This species abundance subsequently falls through the rest of the zone. 
Hyalosphenia subflava is the other co-dominant species in the zone, but it too falls in 

abundance towards the end of the zone as the level of Difflugia pulex increases. This 

zone reflects low water tables as indicated by the dominance of Hyalosphenia 

subflava. Arcella discoides, despite indicating wetter conditions, is known to be able 
to survive in very shallow water films enabling it to co-exist with Hyalospenia 

sub, flava. 

6.4.7.4 Zone THM-d 162-117 cm (ca. cal. AD 570-800) 

Amphitremaflavum rises in abundance at the start of this zone and is dominant 
throughout (ca. cal. AD 570-800), apart from a brief fall where Assulina muscorum 
rises to dominance from 144-136 cm (ca. cal. AD 650-700). Assulina seminulum also 
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rises in association with Assulina muscorum but declines towards the end of the zone. 

Arcella discoides initially rises to a peak of 51% at 160 cm but then falls to near 0% 

through the rest of the zone before resurging at 128 cm. Other present species of note 

are a brief increase from 0% of Amphitrema wrightianum from 132-120 cm and the 

presence of Hyalosphenia papilio from 152-136 cm, both wet-indicating species. This 

zone appears to be dominated by wetter indicating species. 

6.4.7.5 Zone THM-e 117-64 cm (ca cal. 820-1070 AD) 

Dry indicating species are prevalent in this zone as opposed to the wetter-indicating 

species identified in the last zone. There is no evidence of Amphitrema wrightianum 

and the level ofAmphitrema flavum never rises over 15%. There is a peak initially in 

Arcella discoides of 39% at 116 cm that could indicate a fluctuating water table 

between this and the previous zone, as it occurs briefly with the dry-indicating 

Hyalosphenia subflava. Arcella discoides subsequently declines and remains at a low 

level of abundance through the rest of the zone. The zone between 108-96 cm is 

dominated by Assulina muscorum and Difflugia pulex species that alternate in 

dominance. From 88 cm Assulina muscorum remains relatively constant in abundance 

at around an average of 28%, although Difflugia pulex falls to a negligible abundance. 

This zone is marked by the emergence of Hyalosphenia subflava at 116 cm (ca. cal. 

AD 800) and its continued presence until 64 cm (ca cal. AD 1070), peaking at 35% at 

92 cm (ca cal. AD 930) and 23% at 80 cm (ca. cal. AD 990). Nebela militaris is 

evident from 116 cm and from 100 cm is continually evident at an average of 13%. 

Other dry-indicating species evident in the zone include Trigonopyxis arcula, 
Bullinaria indica, Assulina seminulum and Nebelaflabellulum. There is also a small 

rise in Hyalosphenia papilio from 84 cm possibly indicating a small relative increase 

in wetness. 

6.4.7.6 Zone THM-f 64-18 cm (ca cal. AD 1070-1680) 

Paramount in this zone is the steady rise in abundance of Amphitrema Jlavum from 
0% at the start of the zone to 68% at 32 cm. Other wet-indicating species such as 
Arcella discoides, Amphitrema wrightianum and Hyalosphenia papilio are evident at 
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low levels of abundance. This zone is dominated by increasing levels of wetness 

represented by Amphitremaflavum, although a change to lower water tables is noted 

at the end of this period. Around this transition there is an increase in the level of 

spermataphore of copepoda. This increase in wetness appears from 56 cm rising to a 

peak at 32 cm (from ca. cal. AD 1110-1380). From 32 cm until the end of the zone 

drier species dominate (ca. cal. AD 1380-1680). These species include Difflugia 

pristis, Cyclopyxis arcelloides and Hyalosphenia subflava. 

6.4.7.7 Zone THM-f 18-0 cm (ca cal. AD 1680-2000) 

Arcella discoides is initially dominant in this zone along with Amphitrema flavum and 

wrightianum which complies with the surface pool environment. This marks a 

significant change to higher water tables from 18cm (ca. cal. AD 1680). The upper 

part of the zone though exhibits a lower level of these species owing to the overall 
high species diversity. There are numerous species within the top 15 cm that are 

rarely seen again throughout the whole profile including many Euglypha, Heleopera 

and Nebela species. 

6.4.8 Summary 

The testate amoebae data described above largely support the water table inferences 

made by the macrofossil data in section 6.2. The testate amoebae data have been able 
to provide further evidence where the macrofossil data have been complacent owing 
to a singular dominant species being present. This has been exemplified by the results 

gained from Ardkill Moss. The significance of the macrofossil data at this site would 

not have been realised without the data gained from testate amoebae. These data will 
now be further scrutinised using both DCA and a transfer function. 
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6.5 Detrended Correspondence Analysis of testate amoebae data 

Mauquoy (1997) suggested, for the sites examined in his thesis, that DCA ordination 

was not suitable for testate amoebae data. Only results from Walton Moss were noted 

as displaying a latent gradient on axis 1 which is related to the depth to the water 

table. Conversely in this present study DCA analysis has been very successful at all of 

the five sites with respect to testate amoebae data. All sites show a first ordination 

axis with a spread of species scores that can be clearly related to known water table 

tolerances. Rare species are excluded from the DCA since they plot as outliers and 
distort the results. These include species that are only noted within the top few 

centimetres of the core, such as many Euglypha species. For each site there are three 

figures. The first shows the axis scores for the samples and species considered in the 

DCA analysis (refer to testate amoebae species key). The second and third plot the 

axis 1 scores against depth and age. 

6.5.1 Ardkill Moss (figures 6.29-6.31 

Axis 1 results from Ardkill Moss (figure 6.29) clearly represent a water tolerance 

gradient. Relatively wet-indicating species plot to the left of the diagram. Three 

species, Hyalosphenia elegans (28), Amphitrema flavum (3) and Centropyxis aculeata 
(9), are plotted at the extreme wet end of axis 1. Only Centropyxis aculeata (9) is a 

rare species and hence will be plotted next to whatever it occurs with in a very limited 

number of samples. This species and the others are recognised as genuinely wet- 
indicating species (Woodland et al., 1998). Hyalosphenia subflava (30) is situated at 
the opposite end of the gradient (dry end). It can be seen that this species is located 

very closely to a sample score that corresponds to this species dominance initially in 

the diagram due to the effects of burning. This is not its only occurrence though and 
hence its position on the gradient can be seen as a reliable dry indicator. Trigonopyxis 

arcula (12), Heleopera sphagni (26) and Cyclopyxis arcelloides (11) also plot at the 
drier indicating end of the gradient. 
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Testate amoebae species key 

Species Species Number 

Amphitremaflavum .................................. 
I 

Amphitrema stenostoma ............................ 
2 

Amphitrema wrightainum .......................... 
3 

Arcella catinus ........................................ 
4 

Arcella discoides ..................................... 
5 

Assulina muscorum .................................. 
6 

Assulina seminulum ................................. 
7 

Bullinaria indica ..................................... 
8 

Centropyxis aculeata ............................... 
9 

Centropyxis cassis type ......................... 
10 

Cyclopyxis arcelloides .......................... 
11 

Trigonopyxis arcula ................................ 
12 

Difflugia lucida ...................................... 
13 

Diff ugia pristis ...................................... 
14 

Difflugia pulex ....................................... 
15 

Difflugia rubescens ................................. 
16 

Pseudodifflugia fascicularis 
..................... 

17 
Cryptodifflugia oviformis ......................... 

18 
Cryptodiff ugia sacculus .......................... 

19 
Euglypha compressa ............................... 

20 
Euglypha rotunda ................................... 

21 
Euglypha strigosa ................................... 

22 
Euglypha tuberculata .............................. 

23 
Heleopera petricola ................................ 

24 
Heleopera rosea ..................................... 

25 
Heleopera sphagni .................................. 

26 
Heleopera sylvetica ................................ 

27 
Hyalosphenia elegans ............................. 

28 
Hyalosphenia papilio ............................. 

29 
Hyalosphenia subflava ........................... 

30 
Nebela carinata .................................... 

31 
Nebela flabellulum ................................ 

32 
Nebela griseola .................................... 

33 
Nebela militaris .................................... 

34 
Nebela parvula ..................................... 

35 
Nebela tincta ........................................ 

36 

Open circles denote sample scores and filled 
diamonds denote species scores 
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Figure 6.30 Ardkill Moss. Testate amoebae DCA 
axis 1 scores vs depth. 
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Species that are relatively constant throughout the diagram and therefore may 

possibly have a relatively cosmopolitan water table range are plotted in the centre, 

such as Difflugia pulex (15), Difflugia pristis (14), Arcella discoides (5). 

6.5.2 Cloonoolish Moss (figures 6.32-6.34) 

At Cloonoolish Moss (figure 6.32) the axis 1 eigenvalue is relatively low at only 

0.361. This degree of variance is explained by a clear water table gradient. 

Hyalosphenia subflava (30) and Trigonopyxis arcula (12) are plotted at the opposite 

end to the wetter indicating species ofAmphitrema flavum (1), Amphitrema 

wrightianum (3) and Hyalospheniapapilio (29). Also at the wetter end is Centropyxis 

playstoma (l Oa) and Arcella catinus (4). Despite being relatively wet indicators their 

extreme position is also a function of their rarity throughout the diagram. Difflugia 

pulex (15) and Dfflugia pristis (14) appear at the drier end of the gradient at this site, 

which would comply with the observation by Hendon (1998) that they reflect dry 

conditions. Species of a cosmopolitan nature appear to be those such as Assulina 

seminulum (7), Assulina muscorum (6), Nebelaflabellullum (32) and Nebela militaris 
(34). These appear throughout the core and are not necessarily intermediate in their 

water preference but appear to be able to exhibit a low abundance in most conditions. 

6.5.3 Heathwaite Moss (figures 6.35-6.37) 

At Heathwaite Moss (figure 6.38) over half of the variance is explained by axis 1 

(eigenvalue of 0.529). Hyalosphenia subflava (30) and Trigonopyxis arcula (12) are 

plotted at the extreme dry end of the axis. The former species axis 1 position is 

dictated by the fact that it is a very dry indicator (Charman and Warner, 1997; 

Woodland et al., 1998) and also that it is only abundant in one section of the core. 
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Figure 6.33 Cloonoolish Moss. Testate amoebae 
DCA axis 1 scores vs depth. 
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Figure 6.36 Heathwaite Moss. Testate amoebae 
DCA axis 1 scores vs depth. 
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Dffflugia pristis (14) and Difflugia pulex (15) are plotted at the dry end of the central 

grouping that contains Assulina muscorum (6), Assulina seminulum (7), Cyclopyxis 

arcelloides (11) and Nebela militaris (34). Amphitrema wrightianum (3), Amphitrema 

flavum (1), Arcella catinus (4), Hyalosphenia elegans (28) and Nebela tincta (36) are 

the main wetter indicating species plotted at the opposite end to the xeric testate 

amoebae. 

6.5.4 Killorn Moss (figures 6.38-6.40) 

Killorn Moss (figure 6.38) displays a similar relationship to the sites already 

mentioned with a gradient with wetter species such as the Amphitrema (1,3) at one 
end and drier indicating species such as Hyalosphenia subflava (30) and Trigonopyxis 

arcula (12) at the other. Nebela carinata (31) plots at the extreme wet end of the axis 

as it occurs briefly in a period of Amphitrema wrightianum domination. Arcella 

discoides (5), generally recognised as a wet-loving species, is positioned at the 

opposite end of the axis to that expected. This is because it is often associated with 
Hyalosphenia subflava, a dry-loving species. Arcella discoides can survive owing to 
its shallow test in very thin water films. Species positioned centrally are again 
relatively ubiquitous through the core. 

6.5.5 Tore Hill Moss (figures 6.41-6.43) 

The scatterplot derived from the Tore Hill Moss data (Figure 6.41) shows a large 

spread between species. No two species are in close proximity apart from DffJlugia 

pulex (15) and Difflugia pristis (14). This suggests that the samples in which these 

species occur are often dominated by these species. Hyalosphenia subfava (30) and 
Amphitrema wightainum (3) are again plotted at either extreme of axis 1. The only 
real departure from the other plots is that Assulina seminulum (7) is plotted as 
occurring with much wetter indicating species than previously noticed. 
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Figure 6.39 Killorn Moss. Testate amoebae DCA 

axis I scores vs depth. 
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Figure 6.42 Tore Hill Moss. Testate amoebae DCA 
axis I scores vs depth. 
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6.5.6 Observations from testate amoebae DCA results. 

There are several similarities between these plots and some important observations 

that can be drawn. Df ugia pulex is not included in the transfer function developed 

by Woodland (1996). This could potentially be a problem as there are large 

abundances of this species in some of the testate amoebae diagrams in this study. 

DCA analysis is helpful in this respect, as it determines the latent gradient best able to 

explain the variance in the data. The gradient at all sites (axis 1) does reflect the 

tolerance to the water. This means that the influence of Difflugia pulex on water table 

signal can be assessed and therefore the significance of its absence from the transfer 

function can be determined. Difflugia pulex is plotted centrally along axis 1 for data 

from Ardkill Moss, Heathwaite Moss, Killorn Moss and Tore Hill Moss. This central 

positioning suggests an intermediate water table tolerance, or that the species has a 

bimodal response curve (Hill and Gauch, 1980). From the testate amoebae diagrams 

(figure 6.24-6.28) it can be noted that Difflugia pulex does usually decline in wetter 

periods that are dominated by Amphitrema flavum or Amphitrema wrightianum, but 

rarely ever disappears completely. This suggests that it is tolerant of a wide range of 

water table depths, but appears to thrive in more intermediate to dry conditions. This 

central positioning means that the main shifts to wetter or drier conditions (figure 

6.29-6.48) are the same as those in the transfer function plots (section 6.6). 

Cloonoolish Moss is the only site where Di ugia pulex is associated with very dry 

indicating species such as Hyalosphenia subflava and Trigonopyxis arcula. This 

would appear to have very little effect upon the outcome of the transfer function 

(section 6.6) and axis 1 sample score plots, as on comparison they are both very 

similar. Presence or absence of wetter indicating species appears to be the factor that 

governs the DCA curve. In fact the curve for this and many other sites for both the 

transfer function (section 6.6) and DCA graphs, mainly track the abundance levels of 

either Amphitremaflavum or Amphitrema wrightianum. 

Arcella discoides, usually considered a wet-indicating species (Woodland et al., 1998; 

Bobrov et al., 1999), is sometimes found in association with Hyalosphenia subflava 
(figure 6.28). This is explained by the species shallow test that permits the amoebae to 
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live in shallow water films and hence co-exist with such a dry-indicating species 

(Woodland, 1996). This does lead to a couple of minor differences between the DCA 

plots and the transfer function plots for these two sites. At Tore Hill Moss a small wet 

shift around 175 cm is recorded in the transfer function based plot (figure 6.52), 

which is not replicated within the DCA (figures 6.42 and 6.43). At Killorn Moss the 

change to drier conditions around 48 cm is suggested as occurring earlier from the 

DCA compared to the transfer function data as indicated by the presence of Arcella 

discodes. 

The water table record gained by DCA analysis of the testate data is very similar to 

that of the transfer function output that has been examined in the next section. 

6.6 Testate transfer function 

6.6.1 Introduction 

Testate amoebae data derived before the last decade have been analysed in a wholly 

qualitative or semi-quantitative manner. Bartos (1940) after examining samples from 

43 sites in the Carpathian Mountains divided the observed testate amoebae in to four 

classes, those of hydrophilous, hygropilous, xerophilous and eurotopic. These 

moisture classes were by no means exact and often had species crossing into different 

groups, prompting De Graaf (1956) to modify this scheme. Jung (1936) (cited in 

Tolonen, 1986) used a scale of I-VIII to estimate the water content of a moss layer 

that was later added to by Meisterfield (1977) (cited in Tolonen, 1986). 

It has only been within the last decade, however, that true quantitative reconstruction 

techniques have been used in relation to testate amoebae data. Ordination techniques 

have recently been used to determine the link between fossil and modem data and 

their relationship to environmental factors. "Transfer functions" have been employed 

to reconstruct environmental factors from fossil assemblages. Imbrie and Kipp (1971) 

were the first to employ transfer functions in the field of palaeoecology, using the 

relationship between modem assemblages of foraminifera, and sea surface 

temperatures to reconstruct SST from fossil assemblages. Since then they have had 

many other applications including the reconstruction of pH levels from fossil diatom 
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assemblages (Gasse and Tekaia, 1983; Birks et al., 1990). In order for a transfer 

function to be viable a series of assumptions and requirements has to be met. A 

comprehensive explanation of these is contained in Birks (1995) and will not be 

discussed further, apart from to say that the data in the present study meet these 

criteria. 

As Woodland et al. (1998) suggested, the first requirement when trying to fit a 

transfer function to your data is actually to have a relationship between the testate 

amoebae assemblages and an environmental factor. This has been carried out using 

various ordination techniques. Charman and Warner (1992), Tolonen et al. (1994), 

Charman (1997), Charman and Warner (1997), Woodland et al. (1998) and Bobrov et 

aL (1999) have all used canonical correspondence analysis (CCA) to discover 

underlying environmental forcing factors. Each of these studies has found either the 

depth to the water table (cm) or the moisture level (%) the most important 

environmental factor. Detrended correspondence analysis (DCA) has been carried out 

on all of the testate data from this study and also shows a strong relationship between 

the assemblage found and the water table (section 6.5). This was carried out to 

confirm that the environmental factor governing testate amoebae assemblages at the 

sites in this study corresponded to those from the training set used by Woodland 

(1996). 

Once a relationship between the modern assemblage and a dominant environmental 

gradient is found it can be modelled and applied to the fossil assemblage. These 

modern data make up the "training" data set. Woodland et al. (1998) derived a British 

training data set from a series of testate amoebae assemblages and water table data 

from nine mires totalling 163 samples. There are very few sites in Britain that have 

had a long history of water table data and the sites in this study are no exception, so 

the data set from the study of Woodland (1996) has been employed. This is not 

unreasonable, as most of the testate amoebae are cosmopolitan especially in Britain. 

There are some problems with this, however, as all the sites that were examined by 

Woodland (1996) were very wet and therefore some of the drier species, such as 
Hyalosphenia subflava, are to an extent under-represented within the transfer 

functions derived from this data set. There are some taxa that were absent from the 
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training set which were found at the sites used in this study. These include most 

importantly Difflugla pulex and also Difflugia lucida and Pseudodifflugia fasicularis. 

These problems can be resolved in the future by increasing the number of studies on 

sites with water table data. 

Woodland et al. (1998) tested a series of models to try to derive transfer functions 

from the modem testate amoebae and hydrological dataset, including weighted 

averaging (WA), tolerance down weighted averaging (WA-Tol), weighted partial 

least squares (WA-PLS) and partial least squares (PLS). The latter of these methods is 

a linear response model and is generally not widely used in palaeoecological studies. 

These models were assessed for their predictive power by two validation methods. 

The models were used to try to predict the data from which they were derived and the 

difference between the actual values and the predicted values noted. A cross 

validation technique called "jack-knifing" (ter Braak and Juggins, 1993) was also 

applied. This involves the weighted averaging technique for example being run a 

number of times on a data set minus 1 sample (n-1). The model is then used to predict 

the omitted sample and the difference between the predicted and observed is 

calculated and expressed as a prediction error. From these analyses on all of the 

models listed, WA and WA-PLS were noted as being the best for predicting water 

table and moisture levels. So-called "rogue" samples, which were not well predicted 

by the models (within 5%), were discarded to increase the robustness of the model's 

predictive powers. Three samples were omitted from the water table data set, 

(Woodland et al., 1998) which would not lead to adverse bias. Woodland et al. (1998) 

decided that the WA method was the best method to use compared to WA-PLS as it is 

easier both computationally and to interpret. WA also imitates ecological variance 

well with its uni-modal response. WA performs best when there are a large number of 

taxa (Birks, 1995) and will work when the fossil assemblage is slightly different to 

that of the modem assemblage. WA makes inferences by using individual optima of 

taxa in common between the two assemblages. There are several problems associated 

with this technique, including the fact that WA ignores any other environmental 

gradients that may be in evidence. Some of the more specific limitations have already 
been noted. 
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The five testate amoebae data sets obtained from the sites in this thesis have been. 

subjected to the WA technique to predict fossil water table data. Dr. Dan Charman 

from Plymouth University executed the procedure. WA is a uni-modal technique 

which assumes that a site with an environmental gradient value of x will have an 

assemblage dominated by species with an optimum tolerance of a similar value to x 
(assuming that the species is uni-modal with respect to x) (Birks, 1995). The optimum 

value of x for a site is the weighted average of all the optima values of x of all the 

taxa evident. The optimum is therefore a weighted average. Taxa that are not evident 
in the site are given zero weighting. The tolerance of the species can be determined by 

the weighted average standard deviation of x (see equation 1.4). In order to obtain the 

taxon optimum (ük) for water table depths WA regression is used (equation 1.3). From 

the estimated optima for each taxa WA calibration can be used to reconstruct a value 

of for a site from its fossil assemblage using the formula below (equation 1.5). 

Equation 1.3 

Equation 1.4 

Equation 1.5 

nnn 
Yikxi Yik Yikxi/Yk+ 

i=1 i=1 i=1 

tk - Yik (xi 
- ük 2 

Yik 
. 

" i=1 i, l 

.0 

"m 
Xi = 

(YkJ/(tYikJ 

k=1 k=1 ' 
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All formulae are from Birks (1995) 

üa taxon optimum 

n= number of sites 
i= sample 

y; abundance of taxon k in sample I 

x; value of environmental variable at site I 

tk= taxon tolerance 

m=number of taxa 

Dr Dan Charman also carried out `bootstrap error' estimation on the samples. This 

process involved 1000 bootstrap cycles, each of which involved a subset of the 

training sample being randomly selected and replaced by a set of the same size from 

the original training set. This formed a bootstrap training set of the same size as the 

original training set. Samples, which are not included in the bootstrap training set, are 

used as a bootstrap "test" set for the cycle. The process of WA regression is carried 

out on the bootstrap training set to reconstruct the environmental variable (xi) from 

the modem samples in the bootstrap test set. In order to assess the errors involved in 

the fossil sample predictions WA calibration is used to infer the value (xo) from the 

fossil samples. The standard deviation, for both the modern and fossil inferred values 

are derived and form one part of the model prediction error (Si). A second error 

component concerning the variation of taxa abundance at a certain environmental 

value is also derived using the RMS (root mean square) of the difference between the 

actual x; and the average bootstrap estimate of xi when the modem sample is in the 

bootstrap test set (Birks, 1995). 

Dr. Dan Charman has used the bootstrap method to obtain higher, mean and lower 

values for the water table depth estimates from the fossil testate data from this study. 
These errors are 2 standard error estimates. 
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6.6.2 Testate amoebae water table reconstructions 

Water table reconstructions displayed in this section (figure 6.44-6.53) have an upper 

and lower limit that refers to a2 standard deviation error range either side of a 

calculated mean. If the whole range is examined for a site it is possible to suggest that 

within this error margin the water table could potentially have moved very little. This 

would be a naive assumption considering the major species changes within the 

assemblages of testate amoebae recorded (section 6.4). The results of the application 

of the transfer function to the five sites in this study will now be described. 

6.6.2.1 Ardkill Moss (figures 6.44 and 6.45) 

At the base of the core (ca cal. AD 75) until around 244 cm (ca. cal. AD 20) water 

table levels are high with a mean of -2 cm. There is a subsequent rapid fall in water 

table levels to a low at 228 cm (ca cal. AD 60), which is due to a rapid rise in the 

level of Hyaloshphenia subflava. A subsequent rise in the water table is noted to a 

maximum at 204 cm (ca cal. AD 174) as Amphitremaflavum returns to dominate the 

assemblage. A further rapid lowering of the water table, associated with an increase in 

Hyalosphenia subflava, is again recorded, peaking at 196 cm (ca. cal. AD 220). From 

this peak a return to wetter conditions is recorded which correlates with the change in 

Sphagnum dominance from Sphagnum imbricatum to Sphagnum section Acutifolia 

(section 6.2.1). A mean depth to the water table of around -3cm is maintained until 

there is again a shift to drier conditions at around 100 cm (ca. cal. AD 810) which 

peak at 76 cm (ca cal. AD 1000). This is indicated by an increase in Hyalosphenia 

subflava which itself is associated with high levels of Sphagnum imbricatum (section 

6.2.1). A rise in the water table occurs from this period of peak dry conditions to a 

maximum at 72 cm (ca cal AD 1040) and continues until around 56 cm (ca. cal. AD 

1195). This is associated with a large increase in the level of Amphitrema 

wrightianum. A subsequent lowering of the water table occurs from around 52 cm 
(ca cal. AD 1240) to a peak level at 44 cm (ca. cal. AD 1330). Results show a 

subsequent slow rise in the water table from the previous peak in dry conditions 

which continues until 16 cm (ca. cal. AD 1850) 
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A fall is indicated in the reconstructed water table data for the top 15 cm by a rapid 
increase in the level of Hyaolsphenia subflava, which in turn is due to recent human 

induced burning of the surface. 

6.6.2.2 Cloonoolish Moss (figures 6.46 and 6.47) 

The water table level is relatively stable from the base of the core to around 196 cm 
although overall there is a general rise. There is a wet shift at 196 cm (ca. cal. AD 

120) that leads to a wet period until 188 cm (ca cal. AD 210) shown by a small peak 
in Amphitrema wrightianum. From 188 cm (ca. cal. AD 210) to 172 cm (ca cal. AD 

400) there is a lowering of the water table as shown by a fall of Amphitrema flavum 

and a rise in the level of Cyclopyxis arcelloides, Nebela militaris and Difflugia pulex. 
A major shift to higher water table occurs at 172 cm (ca. cal. AD 400) peaking at 160 

cm (ca cal. AD 540). From this point water tables fall, shifting in two stages to a 
trough at 124 cm (ca. cal. AD 780), which is related to increases in Hyalosphenia 

subflava and declines in the abundance of Amphitrema flavum. The second stage of 
this shift to lower water tables starts from around 128 cm (ca. cal. AD 760) and these 
low levels (below -5 cm) continue until 104 cm (ca. cal. AD 880). From 104 cm there 
is a shift to higher water tables peaking initially at 100 cm and then exhibiting low 
levels of fluctuation until 76 cm (ca cal. AD 1023). A major shift to lower water 
tables occurs (of over 5 cm mean value) at 74 cm that leads to a minimum water table 
level of -10.5 cm at 72 cm. This period of low water tables continues until 62 cm (ca. 

cal. AD 1110) whereupon a new shift towards higher water tables occurs. This shift is 

staggered but is of a high magnitude of around 9cm (mean value) peaking at 48 cm 
(ca cal. AD 1170). From this peak the water table level falls continually to the 
surface. 
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6.6.2.3 Heathwaite Moss (figures 6.48 and 6.49 

From the base of the core at 248 cm to 188 cm (ca. cal. 2560-1770 BC) the 

reconstructed water table level remains relatively constant with only very minor 

changes. There are relatively higher water table levels that are in line with high levels 

of humification in the period from ca cal. 2100-1610 BC. From 188 cm there is a 

shift towards higher water tables peaking at 156 cm (ca cal. 1350 BC) reflecting 

higher levels of Amphitrema flavum initially and then Amphitrema wrightianum. 

Water tables fall from this peak to lower levels culminating in a trough at 112 cm (ca. 

cal. 770 BC) associated with a large increase in Hyalosphenia subflava. The major 

shift to drier conditions here occurs at 128 cm (ca. cal. 980 BC). A shift to higher 

water tables can be noted from 96 cm (ca. cal. 560 BC) resulting in a period of 

relatively wet conditions from 92 cm to 68 cm (ca cal. 510-190 BC). A further wet 

shift occurs at 56 cm (ca cal. 30 BC) that lasts until around 40 cm (ca. cal. AD 180) 

and is followed by a shift to lower water tables by 36 cm (ca. cal. AD 230). Drier 

conditions are observed from around 68cm to 56 cm (ca cal. 190-30 BC) before the 

shift to wetter conditions. From 36 cm there is a general rise in the water table level 

peaking at 20 cm. This could be the due to the possible influence of peat cutting at the 

site resulting in the pooling of water. 

6.6.2.4 Killorn Moss (figures 6.50 and 6.51) 

From 248 cm to 125cm (ca. cal. 490 BC-160 AD) the water table levels are relatively 
low as Amphitremaflavum, and more importantly Difflugia pulex, dominate the 

assemblage. Within this period though there are some small fluctuations. The very 
base of the core (at ca. cal. 480 BC) appears to have had relatively wet conditions. 
Minor shifts to lower water tables occur from the base of the core leading to a dry 

period to 228 cm (ca cal. 380 BC), and from 160 cm (ca. cal. AD 0). Overall this part 

of the core reflects relatively drier and stable conditions. The transfer function does 

not take Difflugia pulex in to account so the lower water tables here are based on the 

evidence of Nebela militaris, Dffflugia pristis, and low levels of Amphitrema 

wrightianum. 
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From 125 cm (ca cal. AD 160) there is a distinct shift to higher water table levels that 

are maintained up to around 80 cm (ca cal. AD 1080), reflecting the emergence and 

dominance of Amphitrema wrightianum. There is a small period around 96 cm (ca 

cal. AD 750) of lower water tables. From 80 cm (ca. cal. AD 1080) there is a shift to 

lower water tables and hence drier conditions which peak at 56 cm (ca. cal. AD 

1550). Water tables rise again from this trough and peak at around 32 cm (ca. cal. AD 

18 10). The dominance of Hyalosphenia subflava associated with UOM, possibly 

related to human interference, reflects a dramatic fall in the water table to a trough at 

20 cm. A rise in water tables follows to the surface of the core as Sphagnum returns 

accompanied by Arcella dicoides. 

6.6.2.5 Tore Hill Moss (figures 6.52 and 6.53) 

Figure 6.53 shows a series of both major and minor changes in water table depths. 

Major shifts to higher water tables occur at 176 cm (ca. cal. AD 440), 136 cm (ca 

cal. AD 700), and 52 cm (ca cal. AD 1130). These shifts are related to increases in 

Arcella discoides and Amphitremaflavum, at the expense of dry-indicating species. 

Minor wet shifts occur at 228 cm (ca cal. 490 BC), 200 cm (ca cal. AD 15) and 164 

cm (ca cal. AD 550). The period between ca cal. AD 450 and AD 850 exhibits an 

overall tendency to high water tables but is a period of large fluctuations in a short 

period of time. Shifts to lower water tables are noted around 224-232 cm (ca cal. 

770-560 BC), 216-200 cm (ca. cal. 280BC-AD 10), (ca cal. 280 BC-AD 10), 188 cm 
(ca cal 220 AD), 148 cm to 136 cm (ca. cal. AD 640-700), and 112 cm (ca. cal. AD 

800). The latter of these leads to a prolonged dry period from ca cal. AD 820-1110. 

These are characterised by increases in Assulina muscorum and Hyalosphenia 

subflava at the expense of wetter indicating testate amoebae species. The dry shift 
from ca. cal. AD 220 leads to a period of low water tables from ca cal. AD 290-440. 

The wet shift at ca. cal. AD 1130 leads to a period of prolonged high water tables up 

to the present day. There are small fluctuations within this period with a shift to drier 

conditions from around ca cal. AD 1380 to 1550 and high water tables from ca cal. 
1550 AD. The period from the base of the core (ca. cal. 840 BC to AD 220) exhibits 
high water table levels with a low level of fluctuation. 
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6.7 Humification results 

The theory and methods behind humification analyses have been examined in section 

4.4. The results of the humification analyses are presented in three forms to help 

illustrate the process of retrieving the final detrended signal and also to show the data 

against both depth and age scales. The initial diagram for each site illustrates the raw 

absorbance data at 550 nm against depth and also the regression line and subsequent 

equation used to detrend these data. The data are detrended as there is usually a trend 

to greater levels of decay with depth. For ease of interpretation this trend is removed 

using a linear regression model. The detrended form of the data is also shown against 
depth. For clarity, a full-page version of the detrended data against both depth and 

age is included. As noted by Blackford and Chambers (1995) the positive residuals 

are suggested as reflecting relatively drier conditions and the negative residuals wetter 

conditions. A wet shift is defined as the point half way down a significant fall in 

absorbance levels. A wet period is the period of time with negative residuals. The 

opposite of the last statement holds for a suggested period of dryness. 

6.7.1 Ardkill Moss (figures 6.54-6.56 

Humification levels for the whole of this core show some significant wet and dry 

shifts, but the majority of these are staggered and highly fluctuating trends. At the 
base of the core there is a shift to wet conditions, exhibiting the lowest absorbance 
level for the whole core at 252 cm (ca. cal. 60 BC). A rapid shift to inferred drier 

conditions at 248 cm (ca. cal. 40 BC) reaches a peak at 240 cm. A staggered shift to 

wetter conditions occurs from 232 cm (ca cal. AD 40) resulting in a trough in 

absorbance values at 212 cm (ca. cal. AD 130). A dry shift at 200 cm (ca. cal. AD 

200) forms the start of a generally drier period, peaking at 156 cm (ca. cal. AD 440). 

From this peak the level of humification falls slowly to a trough at 112 cm forming a 

period of inferred wetter conditions from 120 to 96 cm (ca. cal. AD 670-840). 

From 92 cm (ca cal. AD 870) there is again a staggered rise in the level of 
humification to a peak at 72 cm (ca cal. AD 1040). 
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Figure 6.54 Ardkill Moss humification data vs depth 
(detrended and raw data). 
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Subsequently there is a rapid shift to lower humification values from 68 cm (ca. 

cal. 1070 AD) to a trough at 60 cm (ca cal. AD 1150) that is associated with a peak in 

Sphagnum section Cuspidata (section 6.2.1) and high levels of Amphitrema 

wrightianum (section 6.4.3), indicating wet conditions. An equally rapid shift to 

higher humification levels occurs at 52 cm (ca cal. AD 1240), peaking at 44 cm (ca 

cal. AD 1330) that is associated with an increase in Sphagnum section Acutffolia 

abundance (section 6.4.1). From this point humification levels fall as the acrotelm is 

encountered. 

From the base of the core to around 200 cm the macrofossil record is dominated by 

Sphagnum imbricatum (section 6.2.1). Despite some fluctuation the humification 

levels remain relatively low compared to the period from 190 cm to around 130 cm 

which is dominated by Sphagnum section Acutifolia. The peak in humification at 72 

cm is also related to high levels of Sphagnum section Acutifolia. There does appear to 

be a degree of species-led humification change at this site. This is further qualified 

when the testate amoebae results are consulted (section 6.4.3). For example zone 

ARD-b is suggested as being a long period of generally wet conditions by the 

abundance of Amphitrema wrightianum and Amphitremaflavum. This zone though is 

dominated by Sphagnum section Acutifolia which has produced a series of mainly 

positive humification values suggesting dry conditions. This can also be noted for 

Sphagnum imbricatum, which dominates zone ARD-a, and has generally low 

humification levels (section 6.2.1). Despite this the testate amoebae data suggest that 

this was a drier period as Df ugia pulex and peaks of Hyalosphenia subflava are 

dominant. There is a similar situation between 90 and 75 cm. It should be observed 

that the hydrological tolerances of D jugia pulex are not entirely known as yet, but it 

is usually associated with dry indicating species (Hendon, 1998). 

6.7.2 Cloonoolish Moss (figures 6.57-6.59) 

From the base of the core at 248 cm (ca cal. 490 BC) low levels of humification are 

observed until 188cm (ca. cal. AD 210). The low levels here are in agreement with 

the testate amoebae and macrofossil evidence. Amphitrema flavum and Hyalosphenia 

papilio, both of which are indicative of very wet conditions, dominate this section of 

the core from the base to 188 cm (section 6.44). 
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Figure 6.57 Cloonoolish Moss humification data vs depth 
(detrended and raw data). 
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The existence of Phragmites australis, Menyanthes trifoliata, and Scheuzeria 

palustris within zones CLO-a and CLO-b also suggests that the conditions were 

extremely wet (section 6.2.2). Phragmites australis existed within a zone from ca cal. 

490-210 BC and is therefore probably unlikely to represent the fen-bog transition. 

From 188 cm there is a shift towards higher levels of humification. This is a rapid 

shift and lasts until 168 cm (ca cal. AD 450). A rise to the domination of Ericaceae 

(figure 6.3) and also a large decrease in the abundance of wet-indicating testate 

amoebae species (figure 6.25) complement this. From 168 cm there is a major shift to 

low levels of humification implying wetter conditions. This change peaks at 156 cm 

(ca cal. AD 610) and continues until 148 cm (ca cal. AD 650). A rise in the level of 

Sphagnum section Acutifolia at the expense of Ericaceae and a coincident rise and 

peak in the abundance of Amphitrema wrightainum confirms this as a wet period. 

From 148 cm there is an equally rapid shift to higher humification values lasting until 

124 cm (ca cal. AD 780). This dry period is supported by an increase in the 

abundance of Ericaceae macrofossils and also an increase in Difflugia pulex at the 

expense of wetter indicating testate amoebae species (section 6.4.4). A major shift to 

inferred wetness occurs from 124 cm (ca cal. AD 780) peaking at 104 cm (ca cal. 

AD 880) and continuing until 92 cm (ca. cal. AD 940). This is correlated with the first 

substantial appearance of Sphagnum imbricatum in the core (figure 6.3). Despite the 

wet conditions suggested by the humification data the testate amoebae evidence 

suggests that this is not necessarily the case. Zone CLO-f is actually dominated by 

Difflugia pulex and also exhibits some minor peaks of Hyalosphenia subflava 

suggesting relatively dry conditions (figure 6.25). 

At 92 cm (ca. cal. AD 940) there is a brief and rapid shift to inferred drier conditions 
peaking at 84 cm that is correlated to a peak in Eriophorum vaginatum (section 6.2.2). 

An equally brief and rapid shift to lower levels of humification occurs subsequently at 
80 cm (ca. cal. AD 1000), peaking at 76 cm (ca. cal. AD 1020). A high level of 
Amphitrema wrightianum and high levels of Sphagnum support this shift. A long 

period of higher humification values occurs from 72 cm (ca cal. AD 1040) lasting 

until 36 cm (ca cal. AD 1230). This is indicated by gradually increasing level of 
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Ericaceae and UOM. From this point the level of humification falls in a staggered 

fashion until the top of the core is reached. 

6.7.3 Heathwaite Moss (figures 6.60-6.62) 

From the base of the core there is a shift towards drier conditions peaking at around 
224 cm (ca cal. 2240 BC). This is related to relatively high levels of UOM, 

Ericaceae, and Eriophorum vaginatum (section 6.2.3). A shift to wetter conditions 

occurs at 220 cm (ca cal. 2190 BC) with a trough at 216 cm. This is directly related 

to an increase in the level of Sphagnum at this point. Subsequently a shift to drier 

conditions occurs from 212 cm (ca cal. 2100 BC). This produces a period of 

suggested drier conditions from this point to 176 cm (ca. cal. 1610 BC). This is 

confirmed by the domination of Difflugia pulex and Cyclopyxis arcelloides testate 

amoebae species (section 6.4.5). 

From 176 cm (ca. cal. 1610 BC) a staggered but large fall in values implies a wet shift 

to a trough at 164 cm. Increasing levels of Amphitrema flavum and Amphitrema 

wrighianum confirm this. The macrofossils in this period are dominated by Sphagnum 

imbricatum, which appears to be masking this increase in wetness, although there is 

evidence of Eriophorum angustifolium at around 160 cm (section 6.2.3). This wet 

period continues until 156 cm (ca cal. 1350 BC). The change in humification level is 

again related to increases in the level of Sphagnum imbricatum present, although the 

degree of humificationifalls throughout this period of high Sphagnum abundance. 

A shift to drier conditions is indicated from 152 cm (ca. cal. 1300 BC) peaking at 148 

cm. This dry period continues until 136 cm (ca. cal. 1100 BC). A shift to wetter 

conditions takes place from 140 cm (ca cal. 1140 BC) peaking at 132 cm. This shift 

to wetter conditions is related to an increase and peak in Sphagnum imbricatum. Once 

more the testate amoebae do not confirm this shift and actually suggest the opposite 
(section 6.4.5). This period exhibits a fall in the abundance of Amphitrema flavum and 

wrightainum and a dominance of Difflugia pulex. 
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Figure 6 . 60 Heathwaite Moss humification data vs depth 
(detrended and raw data). 
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A major dry shift subsequently occurs from 128 cm (ca cal. 980 BC) and this forms 

the start of a dry period until 100 cm (ca cal. 610 BC) that is related to a large 

increase in both the level of charcoal and UOM. There is also a marked increase in the 

level of Hyalosphenia subflava further suggesting a very dry period. 

A wet shift at 96 cm (ca. cal. 560 BC) takes place peaking at 92 cm and lasting until 

68 cm (ca. cal. 190 BC). This is confirmed by increases in the wet-indicating testate 

amoebae of Amphitrema flavum and Amphitrema wrightainum (section 6.4.5). Drier 

conditions are subsequently suggested from a shift at 64 cm (ca cal. 140 BC) 

encompassing the period until 24 cm. From 64 cm there is an increasing level of 

UOM until around 42 cm that would appear to comply with the humification results. 

When the testate amoebae data are consulted a large peak in Amphitrema 

wrightainum is noted suggesting that the UOM in this instance actually relates to pool 

mud. The conditions therefore in zone HWM-g from 80 cm would actually appear to 

get wetter and not drier up until about 36 cm as the humification curve would suggest. 

From 24 cm to the surface the humification level falls as the acrotelm is encountered. 

6.7.4 Killorn Moss (figures 6.63-6.65) 

Relatively dry conditions are inferred from the base of the core until 236 cm (ca cal. 

420 BC). A high level of Df ugia pulex (section 6.4.6) and a relatively large level of 
Ericaceae (section 6.2.4) confirm this. At 236 cm there is a major rapid shift to 

implied wetter conditions that continue until 228 cm (ca. cal. 380 BC). This is related 

to a peak in Sphagnum imbricatum (section 6.2.4). The testate amoebae data do not 

support this shift, as Difflugia pulex remains dominant. From around 224 cm (ca. cal. 

360 BC) there is an equally rapid and large shift to implied drier conditions that 

continues until 208cm (ca cal. 270 BC). This is supported by the macrofossil data, as 

there are peaks in Eriophorum vaginatum and Ericaceae (section 6.2.4), although 

there is no support for this from the testate amoebae data that actually suggest an 
increase in wetness at this point with greater levels ofAmphitrema flavum (section 

6.4.6). 
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Figure 6.63 Killorn Moss humification data vs depth 
(detrended and raw data). 
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From 208 cm (ca cal. 270 BC) a rapid shift to wetter conditions occurs and these 

conditions are evident until 136 cm (ca. cal. AD 130). This shift is coincident with an 

increase to dominance of Sphagnum imbricatum (section 6.2.4). The testate amoebae 

data suggest that this period is one of stability with intermediate conditions as it is 

dominated by both Amphitrema flavum and Difflugia pulex (section 6.4.6). The 

increase in Sphagnum section Cuspidata to a peak at 180 cm is noted as a low series 

of humification values but is not recorded by the testate amoebae data. It would seem 

that at this site the testate amoebae record is relatively insensitive (section 6.4.6). 

From this point a staggered shift to higher levels of humification takes place peaking 

at 124 cm (ca. cal. AD 180). 

A shift to suggested wetter conditions occurs from 120 cm (ca cal. AD 260) that 

leads to a period of low levels of humification until 76 cm (ca. cal. AD 1160). This 

wet period is confirmed by an increase in the level of Amphitrema wrighainum and a 

succession of Sphagnum species peaks. A brief return to higher levels of humification 

is noted from 76 cm (ca. cal. AD 1160) peaking at around 72 cm. This brief interlude 

is halted by a return to implied wetter conditions from 72-52 cm (ca. cal. AD 1240- 

1590). A two-peaked period of higher humification occurs subsequently peaking at 

40cm (ca cal. AD 1720) and 24 cm (ca. cal. AD 1890). This is directly related to the 

two peaks of UOM recorded in the macrofossil diagram and may be related to human- 

induced disturbance of the peat surface. 

6.7.5 Tore Hill Moss (figures 6.66-6.68) 

From the base of the core there is a shift to drier conditions leading to an implied dry 

period from 248-232 cm (ca. cal. 770-560 BC). A fall in Amphitremaflavum and 

subsequent rise in drier indicating species of Assulina muscorum and Assulina 

seminulum confirm this (section 6.4.7). There is also a fall in the level of Sphagnum 

section Acutifolia which is replaced by a combination of Trichophorum caespitosum 

and Eriophorum vaginatum (section 6.2.5). A rapid and brief shift to lower levels of 
humification occurs at 228 cm (ca. cal. 490 BC) and is possibly related to a peak in 

Sphagnum section Cuspidata at the same point, thus indicating wetter conditions. 
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Figure 6.66 Tore Hill Moss humification data vs depth 
(detrended and raw data). 
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From 228-160 cm (ca. cal. 490 BC to AD 580) there is a large level of fluctuation. A 

few of the more major components will be highlighted. A shift to implies drier 

conditions from 208 cm (ca. cal. 130 BC) occurs peaking at 200 cm (ca. cal. AD 10). 

This is coincident with a low of Amphitrema flavum and a peak in the drier indicating 

D ifflugia pristis (section 6.4.7). A high level of UOM is observed just previous to this 

point as well, suggesting a shift to dryness. A shift to implied wetter conditions 

follows from 200 to 188 cm (ca cal. AD 10-220), which is confirmed by an increase 

to a peak in the level of Amphitrema flavum. 

A brief return to implied drier conditions is recorded at 184 cm (ca cal. 290 AD). A 

further shift to drier conditions is implied from 176-160 cm (ca cal. 430-580 AD). 

The testate amoebae results at this point show a high level of both Arcella discoides 

and Hyalosphenia subflava (section 6.4.7). It has been suggested in this study already 

that the former is able to survive in dry conditions with the latter species. Macrofossil 

data show an increase in the level of Sphagnum imbricatum and also Ericaceae 

(6.2.5). 

A major shift to suggested wetter conditions occurs from 160 cm (ca. cal. AD 580) 

and continues as a wet period until ca cal. AD 740. This is verified by an increase in 

the abundance ofAmphitrema flavum through this period. The shift is also associated 

with an increase in the level of Sphagnum section Acutifolia. Two brief peaks of drier 

conditions are observed at AD 760 and AD 800 and are relatively low in amplitude 

compared to other changes in this diagram. A shift to wetter conditions takes place 

from ca cal. AD 820 peaking at ca. cal. AD 840. A major shift to implied drier 

conditions (the highest for the site) has also been found from ca cal. AD 890 peaking 

at ca cal. AD 930. This is complemented by a large rise in the level of Hyalosphenia 

subflava and an increase in Ericaceae (section 6.4.7). This is followed by an equally 

rapid shift to wetter conditions from ca cal. 930 AD, resulting in a period of implied 

wetter conditions until ca. cal. AD 1090. This is not confirmed by the testate 

amoebae data as being a wet period, as this period is one of relatively high 

Hyalosphenia subflava, Nebela militaris and Assulina muscorum abundance. The 

macrofossil record exhibits Sphagnum imbricatum domination in this period (section 

6.2.5). Low levels of humification related to Sphagnum imbricatum and conflicting 
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testate amoebae data containing Hyalosphenia subflava appear to be relatively 

common in not only this site but in many of the others. It is possible that this is truly a 

dry period but the humification signal is governed by the species present and not 

necessarily the climate at this point. 

A period of implied drier conditions follows starting from ca cal. AD 1090-1640. 

This is also not confirmed by the testate amoebae data as a large rise in Amphitrema 

flavum occurs at the start of this period which then dominates suggesting increasing 

wetness. A change to wetter conditions at ca cal. 1640 AD continues until ca cal. 

AD 1890, peaking at ca cal. AD 1810. These wetter conditions are confirmed by the 

macrofossil (section 6.2.5) and testate amoebae data (section 6.4.7) as Sphagnum 

section Cuspidata and Arcella discoides dominate. 

6.7.6 Summary 

The humification data on the whole would appear to support the wetness shifts that 

have been derived from the other proxies. There are some notable exceptions where 

this is not the case. Testate amoebae data have occasionally been noted as recording a 

dry period or shift when both humification and macrofossil records suggest a wet shift 

or period. These occurrences are usually associated with increases in Sphagnum 

imbricatum in tandem with lower humification levels. The testate amoebae data in 

these instances are occasionally dry indicators such as Hyalosphenia subflava or 
Difflugia pulex. Examples of this can be noted from the previous section from many 

of the sites. This might suggest that the humification data on these occasions were 

species-led. This issue will be examined in relation to the present studies results in 

section 7.4.2.2. 
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6.8 Summary and comparison of all proxies at each site. 

Each of the proxies (plant macrofossil DCA, humification and reconstructed water 

table data derived from testate amoebae) is displayed against age for each site in 

figures 6.69-6.78. There are two of these graphs per site one illustrating indicated 

changes to wetter conditions (blue line) and the second illustrating indicated changes 

to drier conditions (red line). At the end of this section there are also two tables (table 

6.4 and 6.5). These show not only the shifts to wetter and drier conditions but also the 

periods of these conditions. 

6.8.1 Ardkill Moss 

Plant macrofossil DCA, humification and testate water table reconstruction data are 

compared for this site in figures 6.69 and 6.70. Both climatic deterioration and 

amelioration can be seen, supported by at least two and in some cases all three of the 

curves. Amelioration and deterioration are shown as red and blue lines on the separate 

figures. 

A wet climate is implied from the data at the base of this profile at ca. cal. AD 60 as 

there is a trough in the level of humification and a series of low reconstructed water 

table levels. Deterioration, noted by all proxies, occurs at ca. cal. AD 75 and lasts 

until ca. cal. AD 150. Climatic deterioration can be inferred at ca cal. AD 280 from 

all three proxies also. Deterioration appears to continue until ca. cal. AD 870. The 

humification data confirms this, despite a high level of humification at ca. cal. AD 

440, as the level falls to a low at the end of this period. Both the testate amoebae and 

plant macrofossil DCA data also suggest that this was generally a wet period with 

some low amplitude fluctuations. The testate amoebae assemblage through this period 
is dominated by Amphitrema flavum and Amphitrema wrightianum and the 

macrofossils are dominated by Sphagnum section Acutifolia. All three proxies at ca. 

cal. AD 810 record a marked deterioration within this period. 
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Figure 6.69 Comparison of macrofossil DCA. 
humification, and reconstructed water table data from 
testate amoebae for Ardkill Moss (wet shifts). 
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Figure 6.70 Comparison of macrofossil DCA, 
humification, and reconstructed water table data from 
testate amoebae for Ardkill Moss (dry shifts). 
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A further climatic deterioration confirmed by all three proxies occurs at ca. cal. AD 

1080 and is suggested as lasting until ca cal. AD 1240 from the testate amoebae and 

humification evidence. The plant macrofossil data here show a trough at ca. cal. AD 

1110 but rise steeply to a peak at ca. cal. AD 1150 due to a large increase in the level 

of Sphagnum imbricatum. Two further deteriorations occur at ca cal. AD 1500 and 

ca cal. AD 1730 as shown by both the testate amoebae and humification curves. 

A series of drier climates occur confirmed by at least two of the proxies in figure 

6.70. Shifts to drier conditions occur at ca. cal. AD 20 and ca. cal. AD 170 (dry 

period from ca cal. AD 170-280). These are indicated by increases in Hyalosphenia 

subflava (testate amoebae species) and increases in the level of Sphagnum 

imbricatum. The next major shift to drier conditions is indicated at ca. cal. AD 900 in 

both the plant macrofossil DCA and testate amoebae data (dry period from ca. cal. 

AD 900-1000). The humification data show increasing values through this period but 

do not peak until ca cal. AD 1040. The final major shift to drier conditions at this site 

is indicated from ca cal. AD 1280 as recorded by the testate amoebae and 

humification data. 

6.8.2 Cloonoolish Moss 

The plant macrofossil DCA, humification and water table data derived from testate 

amoebae are all shown in figures 6.71 and 6.72. There is a series of climatic 

deteriorations shown on figure 6.71 is supported by at least two of the proxies and in 

some cases all three. Deterioration to wetter phases are suggested by all three proxies 

at ca cal. AD 70 (wet period AD 70-210), ca cal. AD 450 (wet period ca. cal. AD 

450-630), and ca. cal. AD 1020. There is a brief move to wetter conditions at ca cal. 

AD 20 as well but this could, certainly based on the plant macrofossil data, be the 

start of the deterioration from ca. cal. AD 70. A further increase in wetness is 

suggested by both the plant macrofossil DCA curve and the humification curve at ca. 

cal. AD 770 (wet period ca. cal. AD 770-960) when Sphagnum imbricatum 

dominates. This is not initially replicated by the testate amoebae data however, which 

show a dry period from ca. cal. AD 770-880. 
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Figure 6.71 Comparison of macrofossil DCA, 
humification, and reconstructed water table data from 
testate amoebae for Cloonoolish Moss (wet shifts). 
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Figure 6.72 Comparison of macrofossil DCA. 
humification, and reconstructed water table data from 
testate amoebae for Cloonoolish Moss (dry shifts). 
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This is because the testate amoebae here are dominated by Dffflugia pulex and 
Hyalosphenia subflava, the former of which is not considered in the transfer function 

and Hyalosphenia subflava is one of the most influential species on the function at 

this point. The testate amoebae show a move to wetter conditions later in this period 
from ca. cal. AD 880 (wet period ca cal. AD 880-960). 

A series of drier phases is confirmed by at least two and in some cases three proxies is 

recorded. Dry conditions can be inferred from three proxies from ca. cal. AD 260 (dry 

period ca cal. AD 260-450). Plant macrofossil and humification data suggest a move 
to drier conditions from ca. cal. AD 630 (dry period ca. cal. AD 630-760). This is a 

period of Ericaceae domination, but the testate amoebae are dominated by Difflugia 

pulex and to a lesser extent Amphitrema flavum. As D fflugia pulex is not considered 
by the transfer function the wet species Amphitrema flavum is the most influential. 

This is erroneous as the period does probably reflect drier conditions as Df ugia 

pulex does dominate. This is a problem with the transfer function itself. 

A shift towards drier conditions can also be inferred from ca cal. AD 1040 from both 
the humification and water table data. The plant DCA data does not support this as the 

macrofossils at this point are dominated by Sphagnum imbricatum. The DCA analysis 
is oblivious that this species can have two different growth forms that means it can 
tolerate various water table conditions. The DCA has plotted this species at the wet 
end of the gradient but other evidence from the testate amoebae and humification in 

this period would appear to refute this. The testate amoebae data suggest that this 
drier period spanned ca cal. AD 1040-1110, although the humification data suggest 
that it continued for longer until ca cal. AD 1230. Examination of the stratigraphy in 

this period reveals that UOM becomes a more prominent component at a time when 
the level of Amphitrema wrightianum was also prevalent. UOM therefore at this 

point, leading to higher humification levels, may be related to bog pool mud. It is not 
wholly reliable to use the record just before the suggested break in the stratigraphy 
caused by peat cutting, as secondary decomposition may have occurred. 

323 



6.8.3 Heathwaite Moss 

Figures 6.73 and 6.74 show all three proxies together allowing a comparison of 
indicated climatic changes. The plant macrofossil DCA curve, as suggested in section 

6.3.3, is not a good representation of a water table gradient and hence is not compared 
here. The graph is included though so that the reader can see that it does not compare 

well with the other proxies. It is important to stress that this does not mean that the 

macrofossil data are invalid, merely that the DCA analysis was not competent. The 

mean water table depth data derived from the testate transfer function are also 
displayed. The DCA testate amoebae data, apart from exaggerating the peaks and 

troughs of the curve, are largely the same and hence have not been included. The 

water table data are thus compared with the humification data for this site. 

From these figures it can be observed that there is climatic deterioration at ca. cal. 
2100 BC, 1500 BC (wet period ca cal. 1560-1350 BC), 1030 BC and 510 BC (wet 

period ca cal. AD 510-200). Further deterioration within this wet period occurred at 

ca. cal. AD 20 in the testate amoebae data, but is marked by high levels of 
humification. This is due to the presence of pool mud at this point, so the proxies are 
in fact in agreement. There are also significant shifts to drier conditions confirmed by 

both proxies at ca cal. 1300 BC (dry period 1300-1140 BC), ca cal. 930 BC (dry 

period ca. cal. 930-560 BC) and and a minor dry shift at ca cal. 2300 BC (dry period 

ca cal. 2300-2130 BC). Other periods of disagreement between the proxies include 

the period between ca. cal. 2000 and 1700 BC. Around this period there is a high 

level of humification but relatively high water tables as noted by the testate amoebae 
data. The reason for this could be that at this point there is a large level of Difflugia 

pulex that is not taken in to account by the transfer function, possibly making the 

water table depth look higher than it should be. Overall both do reflect a move to 

wetter conditions culminating at ca. cal. 1500 BC. 
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Figure 6.74 Comparison of macrofossil DCA, 
humification, and reconstructed water table data from 
testate amoebae for Heathwaite Moss (dry shifts). 
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6.8.4 Killorn Moss 

All three proxies for this site are compared in figures 6.75 and 6.76. Climate 

deterioration is confirmed by all three proxies at ca. cal. 400 BC, ca cal. AD 260 (wet 

period from ca cal. AD 260-590) and ca cal. AD 750 (wet period from ca cal. AD 

750-1080). The major deterioration at this site occurred at ca. cal. AD 180 and 

displays a steep fall in all the curves delimiting the change from a previously 

Sphagnum imbricatum and Difflugia pulex dominated peat to one dominated by 

wetter loving Sphagnum papillosum, Sphagnum section Cuspidata and Amphitrema 

flavum and Amphitrem wrightianum. A further increase in wetness is confirmed by at 

least two of the proxies at ca. cal. AD 1640, by the testate amoebae data which record 

an increase in Amphitrema wrightianum and the plant macrofossil data where a peak 

in Sphagnum papillosum occurs. It is difficult to know how long this change lasted as 

the stratigraphy from 48 cm is disturbed owing to burning presumably by 

anthroprogenic activity. 

There is a series of inferred shifts to drier conditions supported by at least two and in 

some cases three of the proxies (figure 6.76). Dry shifts are noted at ca. cal. AD 670 

and ca cal. AD 1080 (dry period from AD 1080-1590 in testate amoebae derived 

data). The latter of is recorded by all proxies, yet the testate amoebae derived data 

suggest that it lasts from ca cal. AD 1080-1590, whereas the other proxies suggest a 

shorter period followed by a return to wetter conditions from ca cal. AD 1320-1590 

(humification) and AD 1240-1400 (plant macrofossil DCA data). The plant 

macrofossil DCA data rise to comply with the peak of the dry period noted by the 

testate amoebae data from ca cal. AD 1400-1590. A further shift to drier conditions is 

implied by the testate amoebae data and macrofossil DCA analyses at ca. cal. AD 0 

(dry period from ca. cal. AD 0-260). The humification data show a steadily increasing 

level of humification, suggesting a shift to drier conditions from ca cal. AD 90-260. 

This period of Sphagnum imbricatum domination comes to an abrupt end at 124 cm 

and the peak in humification at this point suggests that there may have been a slow 

down in the level of accumulation here caused by a possible hiatus between the 

transition to much wetter conditions. This is certainly supported by the age-depth 

model for the site which shows a major change in accumulation rate from the rapid 

accumulation recorded with Sphagnum imbricatum to a much slower one seen with a 
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mixture of Sphagnum section Cuspidata, Sphagnum papillosum and Sphagnum 

imbricatum. A final shift to drier conditions is noted by both the humification and 

testate amoebae derived data at ca cal. AD 1810. This is related to the large UOM 

peak in the macrofossil diagram and also evidence of charcoal, and therefore this shift 
is probably anthropogenic in origin. 

6.8.5 Tore Hill Moss 

Plots of all three proxies, macrofossil DCA, humification and testate amoebae derived 

water table data are displayed in figures 6.77 and 6.78. There is a series of climatic 
deteriorations reflected through all three proxies. The first of these can be observed at 

ca. cal. 490 BC. The plant macrofossil DCA and humification data suggest that a 

subsequent drier period occurred which is at odds with the reconstructed water table 

data that suggest that this wetter period continues until ca cal. 350 BC. Reference to 

the macrofossil diagram shows that Eriophorum angustifolium is present at this point 

and would therefore suggest wetter conditions in agreement with the testate amoebae 
data. The DCA plots this species at the dry end of the environmental gradient for 

reasons that are explained in section 6.3.5. Therefore, the plant macrofossil data do 

indeed comply with the testate amoeabae data suggesting a wet period from ca. cal. 
490-350 BC. The humification results show a period of high humification which is 

not straightforward to explain. It is possible that this material has decayed at a faster 

rate compared to Sphagnum as it contains lower levels of nitrogen (Clymo and 
Hayward, 1982), but these epidermal sheets from the basal area of the plant are often 
deposited at depth. 

All three proxies suggest that an increase in wetness has occurred at ca. cal. AD 10 
forming a wet period from ca cal. AD 10-220 (plant DCA suggests a period of ca. 
cal. AD 10-80). Both the plant macrofossil and testate amoebae derived water table 
data suggest that there has been a major deterioration in climate at ca. cal. AD 440 
leading to a period from ca cal. AD 440-800 of unstable highly fluctuating, but 

generally wetter conditions. A shift to further wetter conditions within this period is 

confirmed by all proxies at ca cal. AD 580 (ca cal. AD 580-640). 
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Figure 6.75 Comparison of macrofossil DCA. 
humification. and reconstructed water table data from 
testate amoebae for Killom Moss (wet shifts). 
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Figure 6.76 Comparison of macrofossil DCA, 
humification. and reconstructed water table data from 
testate amoebae for Killorn Moss (dry shifts). 

300 
Dry 

250 

8 200 

ISO C 
100 

so 
wet 

0 

4 
Dry 

3 

z 
N 
4 

d' 

w« II 
ZIII 

pry -14 

-12 

. 10 
oII 
a .g 

f2 

is o wet 2 
2000 1800 1600 1400 1200 1000 800 600 400 200 

Cal years AD/BC 

330 

0 -200 -400 -600 



The plant macrofossil and humification data suggest that this wetter period is longer 

than this and lasts until ca cal. AD 700. All proxies at ca. cal. AD 780 confirm a 
final brief wet shift in this fluctuating period. 

A climate change to wetter conditions is implied by both the plant macrofossil and 
humification data at ca. cal. AD 930 (wet period from ca cal. AD 930- 1090). This is 

not supported by the testate amoebae data which are dominated by Hyalosphenia 

subflava, Nebela militaris, and Assulina muscorum. The macrofossils are dominated 

by Sphagnum imbricatum and to a lesser extent Sphagnum section Acutifolia which 

may explain the lower levels of humification in this section. The plant DCA data plot 
Sphagnum section Acutifolia and Sphagnum imbricatum at the wet end of the 

environmental gradient (section 6.3.5). DCA plots do not indicate the possible wide- 

ranging potential tolerances that these types of Sphagnum can have. Hyalosphenia 

sub, flava is a testate amoebae species that dominates in very dry conditions 
(Woodland et al., 1998) and has no other niche in this country. It is suggested that the 

testate amoebae data are giving an accurate assessment of the conditions at this time 

and that Sphagnum imbricatum was a hummock dweller as it is today on this bog and 
this period was actually a relatively dry one. 

A wet shift is suggested by the testate amoebae data at ca. cal. AD 1090 (wet period 
ca cal. AD 1090-1390) which is followed by another one at ca cal. AD 1640 (ca cal. 
AD 1640-1890) that is supported by the humification results. The first of these is not 
visually supported by the humification data as the humification levels are increasing. 
The greater level of UOM forcing this increase is probably derived from pool mud, as 
the stratigraphy above is dominated by Sphagnum section Cuspidata. Therefore, the 
two are actually in agreement if not visibly so in the diagram. 

A series of shifts to drier conditions can also be inferred some of which are 
universally approved by all proxies while others are not (figure 6.78). A shift to drier 

conditions at ca cal. 760 BC (drier period from ca cal. 760-550 BC) is recorded by 

all three proxies and a shift at ca cal. 210 BC (dry period from ca. cal. 210 BC-AD 
10) is noted by both testate amoebae and plant DCA data. There is a peak of high 
humification levels in this period but this falls by the end. A further dry shift noted by 
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both testate amoebae and plant DCA data occurs at ca. cal. AD 230 (drier period from 

ca cal. AD 230-440). The humification data show a series of low values here. Brief 

shifts to drier conditions can also be noted by all three proxies at ca. cal. AD 550, AD 

930 (see above). A further brief shift is indicated by both the DCA and humification 

data at ca. cal. AD 1150. 
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Figure 6.77 Comparison of macrofossil DCA. 
humification, and reconstructed water table data from 
testate amoebae for Tore Hill Moss (wet shifts). 
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Flure 6.78 Comparison of macrofossil DCA, 
humification. and reconstructed water table data from 
testate amoebae for Tore Hill Moss (dry shifts). 
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6.8.6 Summary 

The climate changes recorded by the sites in this study have been examined in this 

section. The proxies do agree with each other for most of the major changes in 

wetness recorded at each site. These changes now need to be compared with other 
data from other studies both from peat and alternative archives. There is also a 

series of problems associated with producing these results that also require careful 

examination. These points will be discussed in the next chapter. 
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Chapter 7 

Discussion 

This chapter contains two major sections. The first section compares the climatic 

data derived from this study with climatic data obtained from other peat-based 

records. Secondly this chapter examines data from other non peat-based records to 

try to discover whether the changes found from this study are supported. 

The second part of the chapter examines other issues concerning the usage of the 

three proxies and the problems that were encountered through this study. The 

results of each proxy at all the sites are inspected and their problems discussed. In 

the context of macrofossil analysis, problems such as the hydrological tolerance of 

Sphagnum imbricatum and its decline in recent times are observed. The issue of 

species-led humification in relation to this study is scrutinised. With regard to 

testate amoebae analyses, issues such as the hydrological role of Difflugia pulex 

and the level of testate amoebae decomposition with depth are discussed. 

7.1 Peatland proxy records 

There are a number of problems that have to be recognised before comparisons 

between sites can be carried out. Only geochemically typed and recognised tephra 

layers can provide a genuine exact link in time between cores. Recommendations 

made by Mauquoy and Barber (1999a) suggested that the quality of their climatic 

reconstructions from Felicia and Coom Rigg Moss were not matched by the 

geochronology and suggested that future studies might employ SCP and AMS 

wiggle matched dates. The employment of both SCP analysis and AMS dates has 

led to a relatively good chronology in this study. When comparing climatic 

changes between sites there will be a degree of error due to possible hiatuses 

between radiocarbon dates and also errors based on the age-depth models chosen 

to interpolate intervening dates. The chronology of all of the sites represent a 

significant improvement on many such previous studies, as up to 9 radiocarbon 
dates are employed at each site on only 2.5m of peat. 
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7.1.1 Consistent wet periods 

Through this section reference will be made to other sites and proxies from other 

authors who have produced climate records from peat. The climatic records from 

many peat studies are displayed in tables 7.1 and 7.2 and these will be referred to 

throughout this section. Two graphs showing periods of similar changes to wetter 

and drier conditions from the present study are shown in figures 7.1 and 7.2. 

The upper section of Heathwaite Moss's record has been lost due to peat cutting 
(section 5.2.4) so the 2.5 m of peat analysed spans further back in history than the 

other sites. It therefore has a series of wet and dry shifts that cannot be compared 

with and substantiated by the other sites in this study (figure 7.1). Heathwaite 

Moss has a wet shift (figure 7.1) at ca. cal. 2100 BC, ca cal. 1500 BC (1500-1350 

BC) and ca cal 1030 BC. It is interesting to note that the spacing of these events, 

which is roughly 500-600 years apart, is continued through to the final wet shift at 

this site at ca cal 510-200 BC (section time series analysis). This has been a 

widely recognised climatic cycle in previous peat studies such as Aaby (1976) and 
Langdon (1999). Wimble (1986) examined a series of raised bog sites in Southern 

Cumbria in close proximity to Heathwaite. At White Moss, the closest to 
Heathwaite Moss, wet shifts are recorded at ca. cal. 3500 BP (1550 BC) and ca 

cal. 2250 BP (300 BC). The other sites examined by Wimble also show some wet 

shifts at similar times. From Foulshaw Moss (directly on the S. E. Cumbrian coast) 

shifts at ca. cal. 4300 BP (2350 BC), ca. cal. 3400 BP (1450 BC) and ca. cal. 2900 

BP (950 BC) have been observed. Wet shifts at Helsington Moss occurred at ca 

cal. 2800 BP (850 BC) and also concur with the shifts at Heathwaite. Aaby (1976) 

recorded shifts to wetter conditions (table 7.2) at all of the periods recorded at 
Heathwaite Moss at ca. cal. 1 100 BC, ca. cal. 1500 BC and ca. cal. 2000-2100 BC 
from Draved Mose in Denmark. It is remarkable that these should be so well 

replicated at this site as well as the cycle that accompanies it. The wet shift at ca. 

cal. 510 BC recorded at Heathwaite (which falls within the time range of the other 
sites examined in this study) is also replicated at Draved Mose (table 7.2). 
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Fig ure 7.1 Inferred wet shifts and periods from all 
five sites. 
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Figure 7.2 Inferred dry shifts and periods from 
all five sites. 
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A similar story can be noted from the sites that Langdon (1999) examined. Mallachie 

Moss, Temple Hill Moss and Longbridge Moss all record wet shifts at ca cal. 2250- 

2300 BC and four of the seven sites examined also displayed wet shifts ca. cal. 1500- 

1650 BC (table 7.1). 

A selection of shifts to wetter conditions from various raised bog sites are displayed 

in table 7.1, many of which comply with these early wet shifts noted at Heathwaite 

Moss. The shift at ca cal. 2100 BC is replicated at many other sites suggesting a 

common change across NW Europe (Granlund, 1932; Van Geel, 1978; Tipping, 1995 

a; and Anderson, 1998). The shift to wetter conditions at ca. cal 1500 BC is also well 

supported across NW Europe. The shift at ca cal. 1030 BC is only really replicated 

by Nilsson and Vorren (1991) where a shift from ca. cal. 1000 BC was noted using 

Norwegian sites. Other works have recorded a shift at ca cal. 950-900 BC (Van Geel, 

1978; Haslam, 1987; Charman et al., 1999) and given the differing age-depth models 

between studies it is possible that they are recording the same event. 

The first identifiable period of synchronous climate change between the sites in this 

study occurred at Tore Hill, Killorn and Heathwaite Mosses. At Heathwaite Moss a 

wet shift occurred at ca cal 510 BC and at Tore Hill Moss at ca. cal. 490 BC. These 

shifts are supported by two of the proxies and form subsequent wet periods (table 6.4; 

figure 7.1) from ca cal. 490-350 BC (Tore Hill Moss) and ca cal. 510-200 BC 

(Heathwaite Moss). A wet shift at a similar time was recorded at ca. cal. 400 BC at 
Killorn Moss. It is likely that these events have reacted to the same cause but is not 

exactly synchronous owing to ecological threshold differences between sites 

(Conway, 1948) and also the differences in the age-depth models. From table 7.1 and 

7.2 it can be proposed that many of the studies in Britain show wet shifts ca. cal. 600- 

500 BC (Haslam, 1987; Stoneman, 1993; Mauquoy, 1999). There is also evidence for 

this from Scandinavia. Svensson (1988) recorded a change in stratigraphy at Store 

Mosse in Southern Sweden from Sphagnum fuscum dominated peat to that of 
Sphagnum fuscum and Sphagnum rubellum dominated peat. This was interpreted as 
being due to an increase in wetness. At Tore Hill Moss there is a transition to greater 
levels of Sphagnum section Cuspidata which is then followed by the first appearance 

of Sphagnum imbricatum in the profile. Heathwaite displays a rapid rise in Sphagnum 

imbricatum after a period of highly humified peat affected by fire. All of the sites 
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show a large shift to lower levels of humification and high reconstructed water tables 

(Chapter 6). 

Wet shits ca. cal. 500 BC appear to be earlier than those recorded by Van Geel 

(1978), Dupont and Brennnnikmeijer (1984) and Dupont (1986) who observed a wet 

shift (derived using macrofossil, Corylus pollen and 2H/'H ratios) marking the 

transition from the Sub-Boreal to the Sub-Atlantic ca. cal. 850 BC. Other studies that 

have found this shift to wetter conditions around this time in Britain include 

Dickenson (1975) ca. cal. 736 BC, Mitchell (1956) Ireland ca. cal. 800 BC, Barber 

(1981) ca cal. 800 BC, Stoneman (1993) ca cal. 840-730 BC, Langdon (1999) ca 

cal. 950-750 BC, and Charman (1999) ca cal. 950-750 BC (table 7.1). 

Wet shifts are concentrated in the period between ca. cal. 60 BC-AD 75 at four 

sites: Ardkill Moss, Cloonoolish Moss, Heathwaite Moss and Tore Hill Moss (figure 

7.1). There are two wet shifts in this period at Ardkill Moss supported by all three 

proxies at ca cal. 60 BC and ca cal. AD 75. The latter of these forms a wet period 

from ca cal. AD 75-150. The shifts at Tore Hill Moss and Cloonoolish Moss also 

lead to subsequent wet periods from ca cal. AD 10-220 and ca cal. AD 70-210 

respectively. Table 7.1 and 7.2 show that this is replicated by many other studies. For 

example, Chambers et al., (1997) noted a wet shift at ca. cal. AD 20 from Talla Moss 

and Van Geel (1978), Haslam (1987), Stoneman (1993) and Anderson (1998) 

recorded shifts from ca cal. AD 50,60,100, and 10-150 respectively, demonstrating 

that this change is registered across a wide geographical area. 

The period from ca cal AD 400-800 is one of generally wetter conditions according 

to evidence from the sites in this study (table 6.4 and figure 7.1). It is a time of a 
fluctuating climate with some drier periods in between. Testate amoebae and plant 

macrofossil data from Ardkill Moss suggest that the period from ca. cal. AD 280-8 10 

was dominated by wetter conditions with no drier phases in between. The testate 

amoebae data are dominated by Amphitremaflavum and Amphitrema wrightianum 

and the macrofossil assemblage is dominated by Sphagnum section Acutifolia (section 

6.2.1 and 6.4.3). For this site to show such a dominance of wet conditions through this 

period is unexpected especially when compared to its more western and therefore 

oceanic neighbour of Cloonoolish Moss which displays two drier periods as well 
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through this time. Other studies show two phases of deterioration through this period 

with wet periods from ca. cal. AD 250 and ca cal. AD 450 (Aaby, 1976), ca cal. AD 

210-360 and ca cal. AD 550-670 (Mauquoy and Barber, 1999), and ca. cal. AD 260- 

540 and ca cal. AD 550-650 (Chiverell, 2001) respectively (table 7.1). Killorn Moss 

also displays overall. a wet climate through this period. A shift to wetter conditions is 

recorded from ca. cal. AD 260 which initiated a wet period ca. cal. AD 260 to 590. 

Cloonoolish Moss and Tore Hill Moss display wet shifts from ca cal. AD 450 and ca 

cal. AD 430 respectively (figure 7.1). Tore Hill Moss displays a fluctuating but 

generally wet period from ca cal. AD 430-800. Wet shifts are noted by both the 

testate amoebae and macrofossil data at ca cal. AD 430,580, and 780 leading to wet 

periods of ca cal. AD 430-550, AD 580-640, and AD 780-800. These individual wet 

shifts are replicated by many of the studies in table 7.1 and 7.2. Few sites display all 

of these shifts, which may suggest that this is a particularly sensitive site to climate 

change. The period between ca cal. AD 500 and 1200 at Tore Hill Moss does possess 

an extremely high accumulation rate (5.14 yrs/cm), which may aid its ability to record 

higher frequency climate changes (section 5.2.6). 

This period has been noted as being one of deterioration from a number of other 

studies from peat (table 7.1 and 7.2). Many sites have marked deteriorations around 

AD 500-600. One such example is that of Blackford and Chambers (1991) where a 

series of five bogs across Britain and Ireland demonstrated evidence for deterioration 

to wetter conditions from ca. cal. 1400 BP (AD 550). This is replicated by many 

British sites where deterioration is recorded from ca. cal. AD 450 (Barber et al., 

1994), ca cal. AD 400 (Charman et al., 1999), ca. cal. AD 500-600 (Langdon, 1999), 

ca. cal. AD 550-670 (Mauquoy and Barber, 1999) and ca cal. AD 550-650 

(Chiverrell, 2001). Further evidence of wetter conditions at this time is provided by 

Wimble (1986) who noted two periods of deterioration from White Moss (north and 

south) of ca. cal. AD 250 and 450. This change has also been recorded across many 

bogs in Europe and was proposed as RY II (Granlund, 1932). The recorded time of 

this event is not the same at all bog sites owing to differences in firstly the degree and 

accuracy of the radiocarbon dating used and also the sensitivity of each individual 

bog. Killorn and Ardkill Moss have earlier shifts to a wetter climate at ca. cal. AD 

260 and 280 respectively than Tore Hill and Cloonoolish Moss. 
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The decline observed relates to the deterioration that has often been recorded in the 

"Dark Ages" after amelioration in the period when the Roman occupied Britain. 

Hendon et al. (2001) suggested that there was clearly a major deterioration in climate 

beginning around the end of the 4th century cal. AD which continued for 300-400 

years. The sites in this study do suggest a major deterioration within the first half of 

the first millennium AD lasting up to 590 years at Ardkill Moss, 180 years at 

Cloonoolish Moss, 330 years at Killorn Moss and 370 years at Tore Hill Moss (table 

6.4; figure 7.1). The latter of these two are more complicated as Killorn Moss has a 

later deterioration, and Tore Hill Moss's record at this time despite being wet overall 

has a number of minor dry shifts (see section 7.1.2) 

Ardkill Moss, Cloonoolish and Tore Hill Moss records demonstrate a wet shift 

between ca. cal. AD 1000 and AD 1100. All three, Ardkill Moss, Cloonoolish and 

Tore Hill Moss initiated at similar dates, ca. cal. AD 1080,1020 and 1090. At Tore 

Hill Moss the wet shift developed into a period of 200 years based solely on the 

testate amoebae data (see section 6.4.7). At Killorn Moss a wet shift from ca. cal. AD 

750 developed in to a period which crosses in to this period as it ends at ca. cal. AD 

1080. A similar period of relatively wet conditions was noted by Barber (1981) at 

Bolton Fell Moss from ca cal. AD 860-1100. Shifts at this time have been recorded 
from other studies as shown in table 7.1 and 7.2 such as Aaby (1976) at ca cal. AD 

1050, Stoneman (1993) from ca. cal. AD 930-1120, Blackford and Chambers (1995) 

at ca cal. AD 1050, Langdon (1999) from ca cal. AD 870-1150, Mauquoy and 

Barber (1999) ca. cal. AD 1110-1260 and Charman et al. (1999) ca. cal. AD 950- 

1100. 

At Killorn Moss a wet shift at ca. cal. AD 750 occurred lasting until AD 1080, which 
is unusual when the other sites are compared with this. This will be illustrated in 

section 7.1.2, as dry periods dominated the other sites through much of this inferred 

wet period. Other studies have found a similar wet period to this one (table 7.1) 

Mauquoy (1997) from a synthesis of seven sites in Northern England and the Scottish 

Borders suggested deterioration from ca cal. AD 760-1060. Haslam (1987) from a 

series of sites across N. W Europe also concluded that there was deterioration around 
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ca. cal. AD 750. Other studies have noted deterioration at a slightly later date but with 

a similar period such as Barber (1981) and Langdon (1999). 

Between ca cal. AD 1500 and the present day there are a series of wet shifts from 

three of the relevant records in this study (Heathwaite and Cloonoolish have 

incomplete upper sections). Ardkill Moss displays the earliest shift to wetter 

conditions in this period at ca. cal. AD 1500. This is shift is replicated by a number of 

geographically widespread studies including Aaby (1976) in Denmark, Nilssen and 

Vorren (1991) in Norway, Stoneman (1993), Charman et al. (1999) and Chiverrell 

(2001) in Northern England, Blackford and Chambers (1995) in Ireland, and 

Chambers et al. (1997) in Scotland (table 7.1). Barber (1981) recorded an earlier 

much wetter period between around ca cal. AD 1350-1450 after a drier period 

(suggested as evidence of the MWP) at Bolton Fell Moss and another wetter period 

from the late 1500s. 

At both Tore Hill and Killorn Moss shifts to wetter conditions at ca. cal. AD 1640 

occurred, which in the case of Tore Hill Moss forms a period of 250 years. At Ardkill 

Moss a shift took place slightly later at ca cal. AD 1640, which is a continuation of 

the decline initiated at ca. cal. AD 1500. The length of this period is hard to 

determine, as human disturbance is evident within the top 20 cm of the core. These 

Little Ice Age related shifts are also extremely well replicated by many other studies 

which are shown in table 7.1, with many recording deterioration at the end of the 

1600s or the start of the 1700s. Hendon et al. (2001) noted that deterioration in the 

Little Ice Age period from three sites in northern England began around the late 13th 

Century AD and is followed by a brief drier period in the 16th century AD which is 

then followed by a wet shift until the present day. The present study does not show 

such an early deterioration. Deterioration has taken place in many of the sites in the 

11th century AD and a drier period has often followed this (section 7.1.2). 

Deterioration around the late 16th and early 17`x' centuries is supported. Ardkill Moss 

appears to have displayed twofold deterioration in the last 500 years; here too is a 

common feature among other studies listed in table 7.1. Further records of Little Ice 

Age deterioration were not possible at the other sites owing to peat removal. 
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To summarise there is a large amount of evidence from Britain and N. W. Europe to 

suggest that there has been (taking into account dating errors) relatively synchronous 

climatic deteriorations between 2350-2000 BC, 1650-1450 BC and 1110-900 BC. 

These dates span the period covered by sites with marked shifts around 3000 years 

ago and earlier. Evidence also points to deterioration of the climate within the period 
from 600-400 BC both from the sites in this study and those from table 7.1 and 7.2. A 

wetter climate has been observed by many, especially Van Geel et al., (1996), ca. cal. 
850 BC. Further synchronous deteriorations in climate between 60 BC-75 AD are 

evident. Widespread evidence for two wet shifts across N. W. Europe within the first 

600 years of the first millennium is also demonstrated. An earlier shift between the 

period 210-280 AD has often been recorded as has a later and more common shift to a 

wetter climate between 400-600 AD. There is also ample evidence for deterioration 

between 870-1150 AD across much of Europe. Any potential Little Ice Age record 
from the sites in this study are somewhat hampered by human disturbance, although 
two deteriorations are noted (table 7.1). 

7.1.2 Consistent dry periods 

There are several of inferred drier periods that have been noted in the results section 

at each site (table 6.5; figure 7.2). This section will examine the synchroneity of these 
between the sites in this study and also in respect to other peat-derived records. Dry 

periods and shifts are rarely quoted, as these are easily misinterpreted from the 

stratigraphical evidence. For example, as Aaby (1976) suggested, with regard to 
humification analyses, that the shift from lighter to darker peat does not necessarily 
depend on the climate, as periods of climatic stability can lead to infilling of pools for 

example. Shifts to drier conditions are still inferred in this study when two or more of 
the proxies suggest that this is the case. 

Two dry shifts and subsequent dry periods are recorded at Heathwaite Moss from ca. 
cal. 2300-2130 BC and ca. cal. 2100-1610 BC. Langdon (1999) noted some similar 
shifts for some of the Scottish raised peat sites examined in his study. Mallachie Moss 
displays a dry shift at ca cal. 2350 BC, although this is the only site out of seven sites 
studied by Langdon with a shift at this time. A later shift is more commonly observed 
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in this study with three of the sites, Ben Gorm, Temple Hill and Langlands Moss 

displaying dry shifts between ca. cal. 2000-1700 BC. Tipping (1995) at Burnfoothill 

Moss, also in Scotland, recorded drier periods signified by both high levels of Calluna 

and other Ericaceous pollen and also high levels of decomposition from ca. cal. 4050- 

3950 BP (2100-2000 BC) and ca cal. 4400-4200 BP (2250-2450 BC) which is in 

broad agreement with Barber et al. (1994), Langdon (1999), Mauquoy (1997) and 

results from Heathwaite Moss. Further afield Casparie (1972), at Bourtanger Moor in 

Holland, noted a band of well-humified peat related to a drier period between ca. cal. 

2500-2000 BC. 

A series of dry shifts (table 6.5 and figure 7.2) and subsequent periods are noted for 

all sites in this study in the first half of the first millennium AD (excluding 

Heathwaite Moss owing to removal of peat from this period). The timing and duration 

of these periods differs at every site except Cloonoolish and Tore Hill Moss. At these 

sites a dry shift is initiated at ca cal. AD 230 and 260 respectively. The duration of 

each is also similar with Cloonoolish Moss lasting from ca. cal. AD 260-450 and the 

period at Tore Hill Moss lasting from ca cal. AD 230-440 before subsequent shifts to 

wetter conditions. Shifts to drier conditions are noted earlier at all the other sites. 

Ardkill and Killorn Moss record a change to drier conditions from ca. cal. AD 20 and 

AD 0, lasting until ca. cal. AD 75 and AD 260 respectively. Ardkill Moss displays a 

second dry shift from ca cal. AD 170-280 after a brief wet shift from ca cal. AD 75- 

150. All display relatively long periods of drier conditions within the first half of the 

first millennium AD. 

It has been determined in other peat-derived records that around the time of the 

Roman occupation of Britain there had been a climatic amelioration before 

deterioration towards their demise around the late 5th century AD (Blackford and 

Chambers, 1991). Barber (1981) at Bolton fell Moss noted a prolonged period of 

dryness from ca cal. AD 100-600. A dry period was recorded by Chiverrell (2001) 

from two cores at May Moss (blanket mire) on the N. York Moors from ca. cal. AD 

200-400 which reflects the periods from both Tore Hill and Cloonoolish Moss. The 

previous section detailed the studies that show deteriorations towards the close of the 

"Roman Period". This suggests that there were indeed drier periods beforehand even 
if the authors do not state them. Mauquoy (1997) having noted the difficulty of 

350 



dating dry shifts suggested from the seven raised bog sites examined that drier periods 

were recorded from ca cal. AD 230-370 and ca. cal. AD 360-530. Mauquoy (1997) 

also wrote that there was a ̀ dearth of palaeoclimatological evidence for dry periods at 

this time', a situation which has changed little to the present day especially with 

regard to peat derived data. 

Despite the later half of the first millennium being relatively wet as mentioned in 

section 7.1.1 there are a number of dry shifts and periods. Cloonoolish, Killorn and 

Tore Hill Moss all recorded shifts at a similar time, ca cal. AD 550, AD 630 and AD 

590 respectively (table 6.5; figure 7.2). At Cloonoolish and Killorn Moss this led to 

drier periods from ca. cal. AD 630-760 and ca. cal. AD 590-750. The shift at Tore 

Hill Moss was short-lived as a new period of deterioration ensued. Mauqouy (1997) 

recorded that amelioration at Bolton Fell, Bells Flow, Coom Rigg and Felicia Moss 

occurred between around ca. cal. AD 640-890. Barber (1981) reported a dry period 

within the 9th century AD, which is later than the shifts noted in the sites in this study. 

Stoneman (1993) recorded a slightly later period of amelioration at ca. cal. AD 765- 

970 from a series of sites in Northern Britain in agreement with Barber (1981). 

Langdon (1999) recorded dry shifts at Ben Gorm on the Isles of Skye (also Langdon 

and Barber, 2001) and Craigmaud Moss (Eastern Scotland) around ca. cal. AD 600- 

840 and AD 770. None of the other five sites examined in this study recorded a shift 

in this period. Chiverrell (2001) has shown evidence for amelioration at a similar time 

to the sites in this study at May Moss from ca. cal. AD 650-860. 

A further period of drier conditions recorded by most of the sites in this study 

occurred around the Middle Ages. A shift to drier conditions is recorded at all sites 

apart from Heathwaite Moss (part of the record has been removed) between ca. cal. 

AD 900-1100. Ardkill and Tore Hill Moss attain drier conditions around a century or 

so earlier than Cloonoolish and Killorn Moss (table 6.5; figure 7.2). The former two 

sites display shifts to drier conditions from ca cal. AD 900 (period ca. cal. AD 900- 

1000) and ca. cal. AD 930 (period ca cal. AD 930-1090) respectively both lasting for 

around a hundred years. The shifts at Killorn and Cloonoolish Moss are relatively 

synchronous at ca cal. AD 1040 and ca cal. AD 1080. The subsequent dry periods 

are noted as ca. cal. AD 1040-1110 (derived from testate amoebae data) and ca cal. 

AD 1080-1590 at Killorn Moss. This very long period at Killorn Moss is derived 
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from testate amoebae data only (section 6.4). Macrofossil and humification data 

suggest that this period ends at ca cal. AD 1300. There is ample evidence of drier 

conditions around this period (the period often termed as the Medieval Warm Period) 

from all manner of palaeoclimatic evidence (section 7.2.1) but only the peat-derived 
data will be examined in this section. 

Barber (1981) and Mauquoy and Barber (1999 a) recorded a distinct period of dryness 

ca. cal. AD 1200-1300 at Bolton Fell Moss. At Talla Moss, Scotland, Chambers et al. 
(1997) inferred a slightly later peak in dry conditions at ca cal. AD 1100-1200 than 

those seen in this study. Blackford and Chambers (1995) from a site in Galway close 
to Cloonoolish Moss inferred dry conditions from ca cal. AD 1050 followed by a 

deterioration in the AD 1300s. The timing of this dry period is very similar to that 

noted for the nearby Cloonoolish Moss and Killorn Moss. From the N. York Moors 

evidence suggests that there was a dry period from ca. cal. AD 670-980 and much 
later from ca. cal. AD 1290-1410. The latter period does correspond to a later period 

noted at Ardkill Moss from ca. cal. AD 1280-1440. Barber et al. (1999) have shown a 

similar change to drier conditions from two distant sites at Fallahogy (N. Ireland) and 
Moine Mhor (Cairngorms) at ca cal. AD 860. This reflects the early shifts inferred 
from both Tore Hill Moss (located near to the Cairngorms) and Ardkill Moss (eastern 

Ireland). At Moine Mhor the dry period is of similar length to that of the one recorded 

at Tore Hill Moss of around 100 years. Dry conditions have been recorded in the 
Pennines by Tallis (1995) at ca cal. AD 1250-1450 and also at ca cal. AD 1100-1250 
(Tallis, 1997). Stoneman inferred a later amelioration in Northern Britain from ca. 
cal. AD 1235-1370 similar to that observed at Ardkill Moss and recorded by Barber 
(1981), Tallis (1995), Tallis (1997), Mauquoy and Barber (1999), Chiverrell (2001) 

and Hendon et al. (2001). 

The most recent dry shift recorded by Killorn Moss is almost certainly humanly 
induced, as it occurred where there is evidence of burning followed by a high level of 
Eriophorum vaginatum. 

A series of dry shifts and periods that are relatively synchronous across Britain and 
often across Europe have been determined. Two dry shifts between around 2450-2100 
BC and 2100-1610 BC are well replicated. Within the first 600 years of the first 
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millennium AD there appears to be evidence for two dry shifts, an earlier one within 

the first 200 years and a later more substantiated shift between ca cal. AD 230-280. 

The later shift would appear to, from many peat-derived studies, have lasted for 

around 200 years before subsequent deterioration. There would appear to be a dry 

shift recorded at many sites within the generally wetter Dark Ages between ca. cal. 

AD 530-640. 

There is a spread of dates relating to a period of amelioration around the Middle 

Ages. From the results for the sites in this study there are two periods of dryness. An 

early period ca. cal. AD 900-1000 and a later one which initiated at ca. cal. AD 1040- 

1080 and continued for around 100 years. Other peat-derived studies suggest similar 

results, although a later warm period form the late 13th century AD is also observed. 

7.2 Major Late-Holocene climate changes recorded by this study: 
their synchroneity and comparison with non-peat derived records. 

The Holocene was once considered as an extremely stable period with regard to 

climate change, especially compared to the major glacial to interglacial cycles found 

in much of the Quaternary period (Dansgaard, 1993). Palaeoclimatic data from both 

Atlantic ocean cores and Greenland ice cores helped to suggest that the Holocene has 

displayed a series of important climatic fluctuations (O'Brien et al., 1995; Bond et al., 

1997; Chapman and Shackleton 2000). The major climatic changes detected by this 

study for the Late Holocene period will now be identified and comparisons of these 

data with documentary, continental glacier fluctuation, tree ring, ocean core and ice 

core data will be undertaken. 

There is a series of figures (figures 7.3-7.13) that accompany the following section. 
Figures 7.3-7.8 and 7.10-7.12 display the data from each proxy for each site from AD 

0-2500 BC and the first and second millennium AD. Superimposed on these are some 

general outlines of climatic periods that have been identified in the literature. Figures 

7.9 and 7.13 show the climatic changes between sites and attempt to display the 
degree of synchroneity of climate change between sites. The sites in these figures are 

ordered from the furthest west to the furthest east geographically (from Cloonoolish 

Moss to Tore Hill Moss). 
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7.2.1 2500 BC- AD 0 (figures 7.3-7.5) 

The record at Heathwaite Moss covers an earlier period that is not observed at the 

other sites. Data for this section are mainly drawn from this site although Killorn and 

Tore Hill Moss records do provide data to ca. cal. 800 BC. Deterioration of the 

climate is inferred from all three of these sites around 500-400 BC (ca cal. 510-200 

BC at Heathwaite Moss; ca. cal. 400 BC at Killorn Moss; ca cal. 490-350 BC at Tore 

Hill Moss. This period of deterioration has been detected in many other peat records 

(section 7.1.1) and is thought to represent the transition from the Sub-Boreal to the 

Sub-Atlantic. Three further periods of deterioration are noted from Heathwaite Moss 

at ca cal. 1030 BC (2980 BP), ca cal. 1500-1350 BC (3450-3300 BP) and ca cal. 

2100 BC (4050 BP). 

7.2.1.1 Comparison to glacier movement data 

Glacial advances in Europe do coincide with many of these periods of deterioration. 

Evidence from Silvaplana, a proglacial lake in Switzerland (Leeman and Niessen, 

1994), suggests that the glacier in the valley behind initiated at ca cal. 3450 BP (1500 

BC) and a further period of deterioration was suggested for ca. cal. 2650 BP (700 

BC). Evidence from the Aletsch glacier (Wanner et al., 2000) suggested advances in 

the glacier at ca. cal. 3200 BP (1250 BC) and ca. cal. 2400 BP (450 BC). Glaciers in 

Scandinavia (Karlen, 1988) have been noted as generally advancing at ca. 3200-2800 

BP and 2200-1900 BP (radiocarbon years). Further evidence of deterioration around 

these periods can be gained from Norway at Jostalbreen (Nesje and Dahl, 1991) 

where glaciers are in evidence from 2595±85 BP (ca cal. 840-700 BC) to 2360±80 

BP (ca. cal. 525-385 BC) and a major initiation of glaciers is recorded at around 4000 

BP (ca cal. 2050 BC). The former of these periods is around the time of the Sub- 

Boreal to Sub-Atlantic transition and the latter complies with the deterioration 

observed at ca. cal. 2100 BC at Heathwaite Moss (figure 7.3-7.5). 
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Figure 7.3 Macrofossil DCA data from AD 0- 2500 BC. 
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Figure 7.4 Humification data from AD 0-2500 BC. 
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Figure 7.5 Reconstructed water table data from AD 0-2500 BC. 
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Evidence from America appears to show similar timings for these deteriorations. 

Grove (1988), summarising glacial data for the USA, observed that glaciers around 

the Elias mountains advanced owing to cooling conditions from ca 3300-2400 BP, the 

initiation of which is similar to the deterioration noted at Heathwaite at ca. cal. 3450- 

3300 BP (1500-1350 BC). 

7.2.1.2 Comparison with tree ring data. 

There are even few tree ring records that go beyond 2000 years ago. An Irish tree ring 

record examined by Baille and Munro (1988) displays a number of very narrow tree 

rings between ca 2000 BC and AD 0 including a period initiating from ca 1628 BC 

and one ca 1150 BC. These two periods have been linked via the Camp Century ice 

core acidity data (Hammer et al., 1980) to the effects of the Santorini and Hekla 3 

volcanic eruptions. These periods are similar in date to those of deterioration at 

Heathwaite Moss of ca. cal. 3450-3300 BP (1500-1350 BC) and ca cal. 1030 BC 

(2980 BP) when dating errors are considered. It is possible that these eruptions 

triggered a reaction in other forcing mechanisms that led to a more sustained 
deterioration than one might expect simply from the effects of a volcanic eruption. 
The deterioration at around ca cal. 1500 BC at Heathwaite Moss leads to the lowest 

values for humification and some of the greatest water table heights recorded by the 

testate amoebae data (figure 7.4; figure7.5). 

The 5405-year tree ring record published by Lamarche (1974) from the White 

Mountains in the Sierra Nevada, California, does not confirm the data from the Irish 

tree ring record. There is a deterioration recorded ca 1300 BC, which initiates a 

period of lower temperatures until ca 500 BC. There is a further trough in ring widths 

at ca 500 BC which reinforces the observation of deterioration from this period from 

Heathwaite Moss and Tore Hill Moss. 

7.2.1.3 Comparison with ice and ocean core records. 

There is ample evidence for climatic deterioration around the Sub-Boreal to Sub- 

Atlantic transition from ocean and ice core data. O'Brien et al. (1995) inferred a 
cooler period from a series of glaciochemical data on an ice core from Summit 
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(Greenland) between ca cal. 2400-3100 BP. This ties in with a recorded increase in 

IRD from cores in the North Atlantic (Bond et al., 1997) ca. cal. 2800 BP. 

Accumulation data from the GISP2 ice core (Meese et al., 1994) also display cooling 

from ca cal. 3750-3550 BP and from ca. cal. 2450-1950 BP. The former of these 

correlates with the earlier period of deterioration suggested around ca. cal. 1500 BC 

from Heathwaite Moss and many of the other proxies mentioned in this section. The 

latter correlates to the Sub-Boreal to Sub-Atlantic period. 

7.2.2 The first millennium AD (Roman period and Dark Ages) (figures 7.6-7.9) 

The main climatic events in this millennium that have been recorded in the literature 

are a supposed amelioration in the Roman period and deterioration of the climate into 

the Dark Ages ca 550 AD (1400 BP). The present study suggests that this period 
displayed a series of climatic fluctuations between periods of amelioration and 
deterioration. Cloonoolish and Tore Hill Moss both display a long period of 

amelioration from ca. cal. AD 260-450 and ca. cal. AD 230-440 respectively (figure 

7.9). Periods of amelioration in the other sites in the first half of this millennium are 

earlier at ca. cal. AD 20-75, AD 170-280 (Ardkill Moss) and ca cal. AD 0-260 

(Killorn Moss) (figure 7.9). The other two sites display deterioration at these times. 

7.2.2.1 Comparison to glacier movement data. 

Evidence from the Aletsch Glacier suggests that glacier advances in this region of 
Switzerland were evident at ca 2400-2200 BP and 1800-1500 BP (Wanner et al., 
2000). Between these two series of dates therefore amelioration and glacier retreat is 

indicated. A later period of amelioration is noted by Leeman and Niessen (1994) from 

Lake Silvaplana (a proglacial lake in Switzerland) from 1850-1300 BP (ca. cal. AD 

100-650). Further evidence for amelioration around this period is displayed by 

evidence from Norway where glaciers in the Jostalbreen region show a period of 

retreat at 1800-1700 BP (ca cal. AD 150-250) (Nesje et al., 2001). There is also a 
period of low glacial activity observed from this region at around 1900 BP (ca. cal. 
AD 50). 
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Figure 7 .6 Macrofossil DCA data from the first millennium AD. 
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Figure 7.7 Humification data from the first millennium AD. 
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Further evidence from radiocarbon dates associated with glacier advances in 

Scandinavia (Karlen, 1988) show periods of deterioration ca cal. AD 550-970. The 

previous period of advance before this one is noted as being around 2000 BP (ca. cal. 

50 BC). Amelioration can be inferred between these dates. Evidence from Norway 

(Matthews et al., 2000) suggests a similar period of amelioration as Cloonoolish and 

Tore Hill Moss at ca cal. AD 350-550 (figure 7.9). These sources of evidence do 

bracket the `Roman Period'. Deterioration after this period appears from the glacial 

evidence in Europe to be ca cal. AD 500±100. This is replicated by at least two of the 

sites in this study, with deterioration after a warmer period in the first half of the first 

millennium AD occurring at ca cal. AD 450 and 430 respectively at Cloonoolish and 

Tore Hill Moss (figure 7.9). Deterioration at this time has been inferred from 

humification changes (RY II) in peat (section 7.1.1) and has been described by 

Blackford and Chambers (1991). Their data suggested deterioration into the `Dark 

Ages' to have occurred around ca. cal. 1400 BP (AD 550). Deterioration at Ardkill 

and Killorn Moss is around 200 years earlier. 

7.2.2.2 Comparison to tree ring data. 

There are few tree ring records that cover as far back as the first millennium AD and 

so comparison with tree ring data for this period is limited. One such record is that 

from the 7272-year-old Irish oak tree ring record examined by Baille and Munro 

(1988). From this millennium there is one striking feature which is a very narrow 

series of tree rings ca. AD 541 which is shown as corresponding exactly to a acidity 

peak in the Camp Century ice core record (Hammer et al., 1980) related to a volcanic 

eruption. This event correlates well to data implicating a deterioration such as that 

seen by Blackford and Chambers (1991) from peat bogs. From figures 7.6-7.9 it can 
be observed that only two of the sites, Cloonoolish and Tore Hill Moss appear to 

record sudden deteriorations around this time. Ardkill Moss displays a degree of 

correlation from the humification record, whereas Killom Moss does not show any 

signs of deterioration around this time (figure 7.9). This site does display a severe 
deterioration at around ca. cal. AD 180 after over two hundred years of warmer and 
drier conditions. 
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Tree ring records from the Sierra Nevada in California (Lamarche, 1974; Scuderi, 

1993) show a warmer period from around the start of the millennium to ca. AD 400- 

500. The warmest year throughout the whole record was observed at ca. AD 425 

(Scuderi, 1993) and both authors observed a severe decline thereafter. Scuderi (1993) 

noted the coldest years of the record were at ca. AD 685 and AD 536, the latter 

correlating with the acidity peak noted in the Camp Century ice record (Hammer et 

al., 1980). The climate is suggested as cooling from around ca. AD 300 from 

Lamarche's record albeit at a low rate. This correlates with the earlier cooling around 

ca. cal. AD 260 that is observed at Killorn Moss (figure 7.9). The latter half of the 

millennium was recorded as being highly variable with both periods of relative 

warmth and cold. 

Evidence from a 1400-year tree ring record for Fennoscandia (Briffa et al., 1992) 

confirms the highly fluctuating nature of the climate in the second half of the first 

millennium AD. This record supports a period of deterioration from ca. AD 500 (AD 

500-700) but also shows another period of cooler climate from ca. AD 790-870, with 
AD 800 appearing to be particularly cool. These periods are strongly reflected in 

evidence from Tore Hill Moss where a fluctuating climate is inferred from the latter 
half of the first millennium with cooler periods centred at ca. cal. AD 580-700 and 
AD 780-800 (figure 7.9). Ardkill Moss records cooler and wetter conditions from ca. 
cal. AD 280-870 possibly reflecting its lack of sensitivity to these short term climatic 
fluctuations. A warmer period (before the onset of a warm period around Medieval 

times) was observed by Briffa et al., (1992) between ca. AD 720-790. Warmer 

periods are inferred from the sites of this study within the Dark Age period. Periods of 
ca cal. AD 630-760 (Cloonoolish Moss), ca. cal. AD 590-750 (Killorn Moss), and 
ca. cal. AD 550 (Tore Hill Moss) are observed. 

7.2.2.3 Ice and ocean core data. 

Deterioration around 1400 years ago has been suggested by Bond et al. (1997) from 
North Atlantic deep-sea cores. This period forms one of the IRD (Ice Rafted Detritus) 

events in the Holocene with a suggested periodicity of 1470±500 years. This is further 

confirmed by the accumulation record from the GISP2 ice core (Meese et al., 1994), 
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where deterioration has been suggested as occurring from ca. cal. AD 500-575. 

Evidence of warmth around the Roman period similar to that seen in at least two of 

the sites from this study has been recorded in ocean cores from Skagerrak (NE North 

Sea)(Hass, 1996). Granulometric and oxygen isotope analyses suggest relative 

warmth from ca cal. 400 BC-AD 400 and a subsequent deterioration between ca cal. 

AD 400-700. 

7.2.3 1000-2000 AD (figures 7.10-7.13 

Figures 7.10-7.13 display the changes noted from four of the sites from this study for 

the last 1000 years. The relevant part of the record from Heathwaite is missing owing 

to peat removal and Cloonoolish Moss also has part of the record missing (section 

5.2). The Medieval Warm Period (MWP) and the Little Ice Age (LIA) were proposed 

by many authors as being the most important climatic events of the last two millennia 

(chapter 2). Figures 7.9 and 7.13 are deliberately organised to represent a 

geographical west to east transect. Hence Cloonoolish Moss in the west of Ireland is 

displayed first and Tore Hill Moss in the North East of Scotland is last. 

7.2.3.1 The Little Ice An (figures 7.10-13 

The level of data that has been obtained from this study about the possible existence 

and extent of the Little Ice Age in Britain is relatively limited. This is mainly due to 

the extent of human interference at the surface of the mires examined. Shifts to a 

wetter and cooler climate are suggested from ca. cal. AD 1730 at Ardkill Moss and 

ca. cal. AD 1640 from Killorn and Tore Hill Moss (figure 7.13). Two earlier periods 

of deterioration are also displayed from the data for Ardkill Moss and Tore Hill Moss 

from ca. cal. AD 1080-1240 and from ca. cal. AD 1090-1390 respectively, which 

effectively bring to an end a previous period of medieval warmth (figure 7.13). 

Re-examination of some of the evidence for the Little Ice Age discussed in chapter 2 

shows that there is much support for deterioration of climate around these times. 
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Figure 7.10 Macrofossil DCA data from the 
last millennium. 
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Figure 7.11 Humification data from the last millennium. 
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Figure 7.12 Reconstructed water table data from the last millennium. 
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Documentary data for Europe (Pfister, 1981; Alexandre, 1976 a; 1976 b) suggest that 

the mid to late 1600s displayed a series of very harsh winters which may have led to 

the deterioration recorded in the records of Tore Hill and Killorn Moss around this 

time. Grove (1972) has displayed evidence of a large number of geomorphological 

events, such as landslides and floods, indicating a worsening of the climate in Norway 

around AD 1650-1760 which encompasses the periods noted by the sites in this study. 
A significant trough in the `Central England' temperature series is recorded from 

around AD 1650 to the early part of the 1700s, with a low at AD 1700 (Manley, 

1974). 

Grove (1988), from glacier front fluctuation data, suggested that the some of main 
periods of advance in Europe were around AD 1600-1610 1690-1700, as well as a 
few short lived but significant advances in the 19th century. Similar results have been 

recorded in Scandinavia where advances in Sweden and Norway have been at their 

greatest around the 18th and 19th century (Karlen, 1988). Evidence from other areas of 
the world (Salinger, 1976; Villalba, 1994) also suggest a similar time for the major 

advances in the Little Ice Age period. 

There is significant evidence from other sources to infer that the periods of 
deterioration in the mid 1600s and 1700s represented in data from this study are truly 

representative. There are other stages during the Little Ice Age period that have been 

suggested as times of climatic deterioration, but this period appears to be the most 
severe. The lack of other deteriorations from the sites in this study in the LIA period 
is probably due to human interference affecting the upper record and also an inability 

to record such high frequency fluctuations in peat records. 

7.2.3.2 Medieval Period (figures 7.10-13) 

Lamb (1977) suggested from a series of documentary data that there had, in most 
parts of the world, been a period of a few centuries within the Middle Ages that had 

regained something approaching the warmth of the warmest postglacial times. He 

commented that in Europe this period would appear to have been between AD 1150- 
1300, although a further period within the 900s was also mentioned. Later evidence 
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gained from further documentary data, dendrochronology, glacial expansions, and ice 

core analyses challenged this idea of a period of continuous warmth. Hughes and Diaz 

(1994) commented that the use of the term `Medieval Warm Period' was misleading 

owing to the fragmentary nature of the event. A series of papers and their findings 

have been considered in chapter 2 and therefore a detailed description will not be 

repeated here. Comparison of each site's data for around this period is necessary, as 

well as comparison with other proxy data, to see if these changes are supported. 

There are periods of dryness reflected in the four sites' data for the first half of the last 

millennium. Whilst bearing in mind the possible chronological problems between 

sites, it would appear that dry periods at these sites are by no means synchronous. A 

period of inferred drier conditions at Ardkill Moss from ca. cal. AD 900-1000 is 

paralleled by that noted at Tore Hill Moss of ca. cal. AD 930-1090 (figure 7.13). 

These periods cover four and six samples (at 4 cm intervals) respectively and are 
therefore definite prolonged events. Both of these sites occur in the east; in the case of 
Ardkill, the east of Ireland, and in the case of Tore Hill Moss, the east of Scotland. 

Cloonoolish Moss on the western side of Ireland in Galway has a later dry period 
from ca cal. AD 1040-1110 (figure 7.13). Ardkill Moss displays a further dry period 
which is not found at any of the other sites from ca cal. AD 1280-1440 which is 

preceded by a period of deterioration from ca. cal. AD 1080-1240. Deterioration, 

after the initial dry phase at this site, is also paralleled by Tore Hill Moss, as a period 
of medieval dryness draws to a close at ca cal. AD 1090 and subsequent deterioration 

occurs until ca. cal. AD 1390. Killorn Moss in Central Scotland does appear to 
display a synchronous climate change with Cloonoolish Moss (figure 7.13). A dry 

period identified from Killorn Moss from ca cal. AD 1080-1300 is the longest period 
of relative dryness noted by any of the sites. 

There would appear to be evidence of a dry period of at least around a hundred years 

at each site during the Middle Ages (figure 7.13). The periods implied by this study 
appear to be earlier than many noted by other peat derived records (see section ? ). 
Two periods of dryness initiating from either ca. cal. AD 900 or ca. cal. AD 1040-80 

are recorded from the four sites. These two periods both last about a century with a 
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more prolonged dry period displayed at Killorn Moss. Ardkill Moss displays a 

further prolonged dry period from ca cal. AD 1280. 

7.2.3.3 Comparison with documentary data 

A revised climate record for NW Europe based on documentary data, utilising the 

data of Lamb (1977), Pfister (1981) and Alexandre (1976 a; 1976 b) by Wigley (19?? ) 

suggested deterioration from around AD 1200 which broadly agrees with the data 

from Ardkill and Tore Hill Moss (see figure 7.13). The initiation of drier periods 

within the 10th century AD at Ardkill and Tore Hill Moss is in agreement with 

evidence concerning the establishment of settlements in Greenland (Barlow et al., 

1997). Settlement of this country by the Vikings in AD 985 has been used to suggest 

that the climate was much warmer. The agreement seen here is unusual, as the climate 

changes in Greenland have been stated as generally preceding those of both North 

America and Northern Europe (Dansgaard et al., 1975). The Western Settlement 

(Greenland) was abandoned in the mid 14th century and has been used as an indicator 

of a deteriorating climate (Lamb, 1977). Lamb's (Lamb, 1968) original winter 

severity index spans as far back as around AD 800 and suggested that climate in 

England became warmer from ca. AD 1000 from a previous cooler period. The timing 

of this initiation would appear to be around a hundred years later than that deduced 

from Ardkill and Tore Hill Moss but does agree with the data from Cloonoolish and 

Killorn Moss (figure 7.13). Documentary data used in the reconstructions by Lamb 

(1968) and more recent reconstructions (noted above) have all used, in part, the 

geographical limits of vineyards and their performance as climatic indicators. 

Dansgaard et al., (1975) suggested that the 12th and 13th centuries in England were 

extremely warm as there were 14 commercial vineyards in England from ca. AD 

1000-1300. Dansgaard et al., (1975) also reported that Lamb suggested that there 

might have been vineyards before AD 1000, thus lending evidence to the earlier 
initiation of warmth expressed by two of the sites in this study. 

Only at Killorn Moss is such a long period of dryness observed from ca cal. AD 

1080-1300 (figure 7.13). In fact, the period relating to the Medieval Warm Period, as 
described by Lamb (1968) (between AD 1000-1300), is not confirmed by any of the 

sites apart from Killorn Moss (figure 7.13). The others show more climatic fluctuation 
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within these dates. The termination of these drier periods also appears to be much less 

clear than Lamb suggested. Periods of dryness at Cloonoolish and Tore Hill Moss are 

terminated by the middle of the 12t' century AD. Only Ardkilll Moss and Killorn 

Moss display a possible later termination of around ca cal. AD 1440 and 1300 

respectively. 

Work by Parry (1975) on the abandonment of agricultural land in the Lammermuir 

Hills (chapter 2) suggested that the Medieval optimum period was ca. AD 1150-1250. 

The closest site from this study to this location is that of Killorn Moss. This site does 

indeed agree with the period of amelioration estimated by Parry (1975) (figure 7.13). 

The earlier initiation of drier conditions noted by Ardkill and Tore Hill Moss appear 

to be more aligned to those observed in Greenland and Iceland. Documentary sources 
from the annals suggest that Iceland in the Middle Ages had a variable climate, but 

from around the time of its settlement (AD 865) to the late twelfth century there 

would appear to have been mild conditions (Ogilvie, 1991). The variability of the 

climate will be filtered by a peat record, as its relatively low accumulation rate would 

prevent high-frequency variability from being recorded. Instead a composite climate 
history would be recorded thus the high-frequency fluctuations that are recorded in 

documentary data will rarely be replicated exactly in the peat record. 

7.2.3.4 Evidence from continental glacier fluctuations. 

It has been hypothesised by Grove and Switsur (1994) that the MWP can be detected 
by examination of continental glacier fluctuations, as this period should be bracketed 
by the dates of moraines formed during the periods of enlargement that both preceded 
and followed it. Grove and Switsur suggested that glacier expansion has been 

observed in Europe and many other parts of the world between ca. AD 800 and 900. 
The next period of glacial expansion is proposed as occurring between ca. AD 1250- 
1300 until ca. AD 1850-90. Unfortunately, glaciers are not simply controlled by 

temperature but also by levels of effective precipitation and their response to climate 
change, the latter of which is usually preceded by a considerable lag period. 
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Therefore, evidence should be viewed with a degree of caution. The end of these 

warm periods in the Middle Ages also usually marks the onset of the LIA. 

Evidence from the Aletsch glacier in Switzerland (Oeschger and Röthlisberger, 1961; 

Holzhauser, 1984; 1988) and a series of glaciers in Scandinavia (Karlen, 1988) 

suggest that there was a period of glacier retreat ca. AD 900-1000 and ca. AD 900- 

1060 respectively. The former of these provides one of the best glacier front 

fluctuation records spanning medieval times. The first evidence of LIA advances from 

the Aletsch glacier suggest that they occurred at ca. AD 1250-1350. The proposed 

warmer period between this time and AD 900 was by no means uniform as smaller 

advances ca. AD 1050-1150 also took place. 

These early periods of proposed glacier retreat appear to correlate well with the 

evidence from Ardkill and Tore Hill Moss (figure 7.13). The small expansion within 

the proposed warmer period at Aletsch between ca. AD 1050-1150 appears to be 

similar to that suggested between two periods of amelioration at Ardkill Moss but 

would appear to be directly opposed to the evidence from Cloonoolish of an 

ameliorating climate between ca. cal. AD 1040-1110. Caution needs to be observed 

when comparing other proxy climate records to evidence of glacier expansions and 

retreat. As Hughes and Diaz (1994) explained there is an unknown lapse of time 

between a change in climatic conditions and the response of a glacier and the moraine 

produced. 

Evidence from distal glaciolacustrine sediment cores (Matthews et al., 2000) from 

Southern Norway suggest that there was a later period of warmth between ca cal. 800- 

600 BP (AD 1150-1350) before a deterioration into the LIA at ca. cal. 500 BP (also 

confirmed by work carried out by Griffey and Matthews, 1978). Southern Norway 

however does not correlate and suggests there is a real recorded difference in the 

climate within the two halves of this country (Grove and Switsur, 1994). This can be 

explained by the movement of the oceanic and associated atmospheric polar fronts 

that were situated over Southern Norway within the Little Ice Age period (Lamb, 

1979; 1985; Matthews, 1991). This illustrates the potential for opposing climate 

records over a relatively small geographical area. 
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A period of amelioration around the 11`x' century AD as reported in many of the sites 

of this study is also supported by evidence from Sandskardfonna cirque glacier in 

Scandinavia (Nesje and Rye, 1993). This glacier has been inferred as being absent or 

in a state of retreat ca. AD 1030-1220. Another date representing its reduction in size 

was quoted as ca. AD 1330. Evidence from Hardangerjokulen in Western Norway 

suggests a pre-MWP advance at ca. AD 810-985. Further evidence of a cooler period 

(pre-MWP) is shown by Worsley and Alexander (1975) from Engerbreen where 

advances are stated as occurring between ca. AD 660-890 and AD 880-1025. These 

advances correlate well with the wetter periods described by many of the sites in this 

study (table 6.4). 

More recent evidence from Scandinavia appears to comply with the above periods. A 

composite history of the glacial movements of the whole Jostalbreen region was 

collated by Nesje et al. (2001). Glacier advances in the region have been inferred at 

ca. AD 850 and low levels of glacial activity from ca. AD 950. Reconstructions of the 

degree of precipitation have revealed that between ca. AD 750-950 there was high 

precipitation and therefore potentially glacier advances. A period of low precipitation 

is noted from ca. AD 950-1050 that ties in closely with the periods of drier conditions 

noted by Ardkill and Tore Hill Moss (figure 7.13). 

Periods of glacier retreat have been identified in North America by Röthlisberger and 

Geyh (1986) from the Juneau Icefield between ca. AD 955-1030 and AD 1425-1470. 

Warmer periods are thus inferred in the interim. These dates encompass most of the 

periods depicted by the present study. 

Glacial evidence generally points to a period of warmth or retreating glaciers in most 

of Europe (including Scandinavia) and North America between two periods of ice 

advances before ca. AD 900 and after ca. AD 1250. This period would indeed appear 

to support many of the periods noted by the sites in this study although the duration of 

changes appears to be much larger from the glacial evidence. This is probably due in 

part to the lapse between climate change and reaction of the glacier, which would be 

slower than one might expect from a peat-based record. 
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7.2.3.5 Dendrochronological evidence 

Many tree-ring based climatic records support the periods of amelioration within the 

Medieval Period as inferred from the results of this study. Hughes and Diaz (1994) 

have reviewed much of the data for this period from around the world (Chapter 2). 

Evidence from Scandinavia (Briffa et al., 1992) displays periods of higher than 

average temperatures for the periods of ca. AD 971-1100 and AD 1340-1540. The 

initial period quoted here compares well to the results of this study (figure 7.13) and 

also to the glacial evidence in the previous section. 

A high level of data has been derived for the Sierra Nevada Mountain region in 

California. Despite being a long way from Europe similar periods of warm anomalies 
have been noted (Lamarche, 1974; Graumlich, 1993; Scuderi, 1993). Warmer periods 
have been observed around the late 10`h to early 12th century AD. Lamarche (1974) 

suggested a slightly longer and later period of relative warmth from ca. AD 1150- 

1350 which is very similar to that inferred from Killorn Moss. Hughes and Diaz 

(1994) after reviewing the major works suggested that there was little evidence for a 

continuous period of warmth like that suggested by Lamb (1968) running from ca. 
AD 900-1300. Instead the Medieval Period has some smaller scale fluctuations some 

of which are warm concentrated often in the 12th century. Other data observed here 

and from the present study shows a definite period of warmth within the late 10th and 
the 11th century AD from Britain and Scandinavia. 

7.2.3.6 Ice and ocean core data 

Ice core data from the Greenland region (Dansgaard et al., 1975; Meese et al., 1994; 
O'Brien et al., 1997) appear to suggest that a warmer period occurred significantly 

earlier than suggested by other lines of evidence than in Europe. These studies 

propose a warmer period around the early 8t' to the early 9t' century, the mid 9th to 

early tenth century (Dansgaard et al., 1975), ca. AD 625-1150 (Meese et al., 1994), 

and finally ca. AD 610-960 (O'Brien et al., 1997). This is in contrast to the data 

provided by Mayeweski et al. (1993) who suggested a MWP at around ca. AD 1000- 

1300 from geochemical data from the GISP2 ice core, thus conforming to the 
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classical time period suggested by Lamb (1968). The majority of evidence does 

support an earlier MWP in this region. 

If the results of the present study are examined within this earlier period there is 

indeed a reasonable degree of evidence to suggest that there was also a period of 

earlier amelioration before the assumed period of medieval warming. This is a good 

example of why such terms as the MWP are unhelpful as there is a tendency to try to 

pigeonhole events. Data from Cloonoolish, Killorn and Tore Hill Moss all point to an 

earlier period of amelioration which is covered by many of the periods outlined by the 

ice core data. Periods of amelioration are observed before AD 1000 at ca. cal. AD 

630-760, AD 590-750 and AD 550 respectively (figure 7.9). Whether this signal is 

responding to the same forcing, as that noted in the ice core data is hard to determine. 

Further evidence for an earlier period of amelioration is provided by formanifera and 

lithofacies from Nansen Fjord in Eastern Greenland (Jennings and Weiner, 1996). 

Here a warmer period has been suggested between ca. AD 730-1100 that is correlated 

with the Icelandic sea ice record (Ogilvie, 1991). Ocean core evidence from further 

south in the Atlantic at the Bermuda rise from 5180 and levels of CaCO3 indicate that 

there has been a two-stage warm period at around the 10th and 11`h century and also 

around the 15th century (Keigwin, 1996). This reflects the data found in much of 

Scandinavia (Matthews, 1991). Ardkill Moss only replicates this two-stage pattern, 

although the initial stage is evident in most of the sites of this study 

The evidence from this study appears to show a relatively early warm period between 

around ca. cal. AD 900-1100 with the exception of Killorn Moss. This correlates well 

with much of the glacial evidence from Europe. The similarity between these may be 

a reflection of the lower response times to climate change that these proxies have 

compared to ice core data for example. The high-resolution data such as tree ring 

evidence for Northern Europe suggest a possible two-stage MWP that is omitted from 

most of this study's data possibly owing to its short duration. Data from ice cores 

within the North Atlantic display a similar if not slightly earlier period of amelioration 

to the sites in this study. 
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7.3 Time series analyses 

7.3.1 Introduction 

Searching for climate variation within the Holocene is extremely important for aiding 

the prediction of future climate change. However, without knowledge of the 

underlying causes such forecasts are impossible. Evidence implicating possible 

forcing factors is essential. At sub-Milankovitch timescales there are numerous 

forcing mechanisms that have been suggested as controlling the climate signal. 

Changes in solar activity is one such factor that has been proposed as playing a 

possible role (Stuvier and Braziunas, 1993; O'Brien eta!.,, 1995; Blackford and 

Chambers, 1995; Van Geel et al., 1996; Stuvier et al., 1995; Stuvier et al., 1997; 

Chapman and Shackleton 2000). Volcanic events have been shown to cause relatively 

short-lived climate changes with cooling occurring for only a decade or less after the 

eruption. Correlation of narrow tree rings with eruptions has successfully shown the 

short-lived climatic response that is possible (Lamarche, 1984; Baille and Munro, 

1988). Other forcing mechanisms include variation in NADW (North Atlantic Deep 

Water) production that may act together with atmospheric circulation changes. It has 

been postulated that changes in NADW production may indeed be triggered by 

changes in solar activity (Chapman and Shackleton, 2000). An examination of the 

proxy climate data in this study using spectral analysis has led to the discovery of a 

series of cycles. Many of these cycles are statistically insignificant because the record 
is too short or because the sampling resolution is not high enough. Some statistically 

significant cycles are observed and bear a resemblance to other cycles noted in 

previous studies (table 7.4). Table 7.4 illustrates the cycles within climate data that 
have been derived from peat-based studies. Table 7.5 shows a series of cycles and 
their suggested causes that have been found in various archives. 
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Figure 7.4 Cycles within the climate signal recorded in 
based studies. peat 

Author Location Cycle length (years) 

0-100 101-300 301-600 601+ 
Aaby (1976) Draved Mose 260 (H) 

Denmark 520 (H) 

Wilmstra et al., (1984) Wietmarschermoor 80 (P) 210 (P) 360 (P) 

Netherlands 450 (P) 

Barber at aL, (1994) Bolton Fell Moss 800 (M) 

NorthernEngland 

Oliver at al., (1997) Pickle Tillem 360 (P) 
Scotland 

Chambers at al., (1997) Talla Moss 210 (H) 

Scotland 

Mauquoy and Barber Bolton Fell Moss 275 (H) 516 (H) 
(1999)a+b Core L 261 (M) 341 (M) 

Walton Moss 155 (H) 430 (H) 
274 (H) 338(M) 
282 (M) 

Langdon (1999) Longbridge Moss 520 (M) 1250? (H) 

Langlands Moss 580 (M) 
575 (H) 
370 (H) 
316 (M) 
315 (H) 

Temple Hill Moss 1100 (M+H) 

Shirgarton Moss 465 (H) 

Mallachie Moss 365 (H) 920 ? (M) 

Craigmaud Moss 280 (M+H) 

Hughes at al., (2000) Walton Moss 600 (M) 1100 (M) 

Chambers and Blackford Migneint (Wales) 80 (H) 120 (H) 
(2001) 200(H) 

Harold's Bog (Eng. ) 60 (H) 200 (H) 
100 (H) 

Letterfrack (Ire. ) 80 (H) 

Brecon Beacons 70 (H) 

(Wales) 

Results are derived from macrofossil data (M), humification data (H), 
or pollen data (P). 
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Time series analysis requires that there are no long-term trends in the data set. This 

assumption is true for the humification data as these have all been detrended and there 

are no visible trends in any of the macrofossil DCA plots or reconstructed water table 

data. The age-depth models used in this study for most of the sites have involved 

either a series of linear models or a polynomial model that produces unequal time- 

steps between samples (section 5.2). Conventional methods of spectral analysis, such 

as Fast Fourier Transform, dictate that even spaced steps are required. Therefore, 

another method is required to examine the data. The technique chosen was one 
developed by Lomb (1976) which itself is developed from previous work by Barring 

(1963) and Vanicek (1971) and has successfully been employed by both Mauquoy 

(1997) and Langdon (1999). The analysis was carried out using the Lomb program 
(Press et al., 1992) and the graphs subsequently produced in Excel. 

The proxy analyses from every site were subjected to spectral analysis apart from 

DCA data at Cloonoolish Moss. This site's plant macrofossil DCA record is relatively 

short owing to various problems that were encountered when the ordination was 

carried out (section 6.2.2). The sampling resolution for all proxies was 4 cm, but this 

equates to different time periods at different sites and is also related to where in the 

age-depth model the sample originates. The range of possible time-steps between 

samples for each site will be reported in the following sections. In order to be 

significant a cycle is required to be at least greater than the sum of two sampling 
intervals and must be capable of being repeated at least 7-10 times in the record. A 

cycle of 1000 years within a record of only 2500 years is therefore only capable of 
being repeated twice fully. It may be a true cycle but cannot be considered as being 

statistically significant. Chambers and Blackford (2001) have recently examined the 

existence of cycles with respect to peat-based climate records. Much of the evidence 
from this paper was used to construct table 7.4. 

7.3.2 Ardkill Moss (figure 7.14) 

Analysis of all of the proxy data for this site led to the three graphs in figure 7.14. The 

age-depth model at Ardkill Moss consists of a second order polynomial (section 
6.2.2). The average accumulation rate at the sites is 8.73 yrs/cm although this ranges 
through the model from 22.60 yrs/cm near the surface to around 4.62 yrs/cm at the 
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base of the core. To avoid undue confusion when deciding the significance of the 

cycles detected the average accumulation rate will be used. Using the average 

accumulation rate two samples (sampled at 4 cm intervals) span an average of 69 

years, which is the minimum cycle length that is statistically significant. The record 

extends from the present day to ca. cal. 70 BC, which is 2070 years in length. 

Therefore, if a cycle is to be repeated in the data seven times the maximum cycle 
length that can be considered as truly statistically significant is 295 years. Some of the 

cycles displayed on the graphs are just beyond these boundaries but these should not 
be discounted. 

Similar cycles are noted between the proxies at this site. A cycle of around 200 years 
is noted in the macrofossil DCA (237 years) the humification data (200 years) and the 

reconstructed water table data (187 years) which is similar to the cycles of 210 years 
detected by Chambers et al. (1997) at Talla Moss and Wijmstra et al. (1984) from The 

Netherlands. A further cycle of 200 years is recorded from two British sites examined 
by Chambers and Blackford (2001) (table 7.4). 

A cycle of 320 years is recorded from the reconstructed water table data that is very 

similar to that of 331 years from the macrofossil DCA data. The power indices for 

each cycle is relatively low and therefore the importance attached to this is low. 

Other researchers have found similar cycles to this (table 7.4). 

Finally, cycles of 589 years, from the humification data, and 426 years from the 
reconstructed water table data have been detected. These are not statistically 

significant as they can only be repeated through the core around three and a half to 
five times. These cycles may be significant, but the record would need to be extended 
to discover this. These cycles are similar to those seen by Aaby (1976) of around 520 

years (table 7.4) and also that noted in ocean core records by Chapman and 
Shackleton (2000) of around 550 years (table 7.5). 
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Figure 7.14 Periodogram showing cycles within plant 
macrofossil DCA (a), humification (b), and reconstructed 
water table data (c) for Ardkill Moss for the last 2100 years. 
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7.3.3 Cloonoolish Moss (figure 7.15) 

This record has been analysed for cycles from ca cal. AD 1250 -500 BC thereby 

tackling the part of the record that has possibly been subjected to peat removal. There 

are two reported accumulation rates from the age-depth model (section 6.2.3), the first 

being 11.8 yrs/cm from 248-155 cm, the second being 4.99 yrs/cm from 155-32 cm. If 

the lower accumulation rate is used the smallest cycle that can be viewed as 

statistically significant is 94.4 years as 4 cm equates to a maximum of 47.2 years. The 

DCA record from Cloonoolish Moss has been omitted from the search for cycles 

(section 6.3.3) as its record is too short. 

From the humification and reconstructed water table data there are two cycles that are 

similar (figure 7.15). These are cycles of 360 years (water table data) and 370 years 

(humification data) and 97 years (water table data) and 104 years (humification data). 

The latter of these cycles (around 100 years) is just over the number needed to be 

statistically significant but there is still some doubt concerning its reliability. The 

former cycle of around 360-370 years is significant and has been observed by other 

peat based climatic studies. Both Oliver et al. (1997) and Wijmstra et al. (1984) found 

cycles of 360 years from sites in Scotland and The Netherlands respectively (table 

7.4). A similar cycle was displayed by Langdon (1999) at Langlands Moss (315 and 
370 years), Mallachie Moss (365 years) and Craigmaud Moss (350 years). 

7.3.4 Heathwaite Moss (figure 7.16 

Heathwaite Moss is the only site that has a single linear age-depth model for the 

period considered from ca. cal. AD 340-2600 BC (section 5.2.4). This means that the 

accumulation rate is the same throughout this period at 13.1yrs/cm, which equates to a 

time step of 52.4 years between samples. The record is 2940 years in length and 

therefore 420 years is the maximum recorded cycle that can be considered statistically 

significant. 
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Figure 7.15 Periodogram showing cycles recorded In 
The plant macrofossil DCA (a) and humification data 
(b) from Cloonoolish Moss from AD 1250-500 BC. 
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Figure 7.16 Periodograms showing the cycles In plant 
macrofossil DCA (a), humification (b), and reconstructed water 
table data (c) for Heathwaite Moss from c. cal. AD 340-2600 BC. 
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Spectral analysis of the data at this site shows some cycles that are repeated through 

each proxy (figure 7.16). Cycles of 218 and 263 years, 276 years and 240 years are 

evident from the DCA, humification, and reconstructed water table data respectively. 

These are similar again to the cycle recorded by Aaby (1976) of 260 years. Cycles of 

210 years are observed by Chambers et al. (1997) at Talla Moss and Wijmstra et al. 

(1984) from The Netherlands and a cycle of 200 years is recorded from two British 

sites examined by Chambers and Blackford (2001) (table 7.4). Cycles of 527,505 and 

500 years are observed from the three proxy records that are also similar to the second 

cycle recorded by Aaby (1976) of 520 years. These cycles are only capable of being 

repeated five times in this record and are therefore not strictly statistically significant 

but nevertheless are worth noting. A similar cycle has also been detected by Langdon 

(1999) at Langlands Moss (580 years) and Longbridge Moss (520 years). 

7.3.5 Killorn Moss (figure 7.17) 

The cycles observed in each proxy record for this site are shown in figure 7.17. The 

sampling resolution of 4 cm at this site equates to a maximum time step of 81 years 

(20.4 yrs/cm acca rate) and a minimum lower down the profile of 26 years (6.5 

yrs/cm acca rate). The greater of the two must be employed and therefore only cycles 

which are over 162 years can be viewed as significant. The record itself is 2500 years 

in length and hence only cycles less than 360 years (2500/7) can be regarded as truly 

statistically significant. 

An 80-year cycle is recorded (most prominently in the DCA and reconstructed water 

table data), relating most likely to the time step between sampling intervals. There is a 

similar cycle recorded in both the plant macrofossil DCA and humification data at 

293 and 242 years respectively. This is not recognised in the reconstructed water table 

data, as the testate amoebae appear to be relatively insensitive at this site with only a 

couple of major changes in water table depth being recognised (section 6.6.2). The 

major cycles noted within the reconstructed water table depth data are all statistically, 
insignificant. A further cycle was observed from the humification and plant DCA data 

at around 160 and 173 years respectively. 
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Figure 7.17 Periodoarams showing cycles within 
Plant macrofossil (a). humification (b). and reconstructed 
water table data (c) from Killom Moss for the last 2500 years. 

a) 10 ...... "......... 
g ... ................ 
8 

7 

6 ; ... ... ;... ., years: ö 5 . / 
a , 607 years 

q ...... lot years 
3 

293 years 
.. /..... 173 years... 

2 

0 

bý 
02468 10 12 14 

6 Cycles per 1000 years 

5 ,. 
510 years 

242 years 160 years 
q ... 

ý..... . ........ 

3 

y 

0 
0 2468 10 12 14 

C) Cycles per 1000 years 
10 

g 

7 .... . ............ .. .... . 8o'years 
6 ,.... ..;... ... .... ... ý. 
5 ... ........, '.....,,..... 

4 370 years... ".. 

L 

3 

2 

x 
AA 

O 
0 2468 10 12 14 

Cycles per 1000 years 

390 



This cycle is very close to the boundary of what can be considered statistically 

significant and therefore doubt is raised over its legitimacy. 

In summary, the analysis of cycles within the data for this site is marred by an 

insufficient length of record and low accumulation rate of the upper 120 cm of peat. 

There is a statistically significant cycle around 242 and 293 years. This cycle is 

similar to that found by Aaby (1976) at Draved Mose in Denmark of 260 years. A 

520-year cycle was also reported by Aaby (1976) that is replicated by a cycle of 510 

years in the humification data of Killorn Moss. This cycle can only be repeated fully 

four times through the record and is therefore not strictly statistically significant. 

Further extension of the record in the future may prove this cycle to be relevant. 

7.3.6 Tore Hill Moss (figure 7.18) 

This site has three defined accumulation rates within the age-depth model of, 19.6 

cm/yr from 0-40 cm, 5.14 yrs/cm from 172-40 cm and 17.5 yrs/cm from the base of 

the core to 172 cm (section 5.2.6). This means that the maximum time-step between 

each sample is 78 years. There are periods when the sample spacing is only 20.6 

years, but the maximum of 78 will be used here, which means that cycles have to be 

above 156 years (78x2). The record itself is 2840 years in length and hence the 

maximum significant cycle would be 405 years. 

The individual proxy records for this site do not appear to show consistent cycles. The 

plant DCA data are dominated by a cycle of 2717 years that obviously is not 

significant as it equates to only one cycle in the whole record. The origin of this can 
be seen clearly from figure 6.21. There are two further cycles of 480 and 232 years but 

their relative importance in the dataset is low. 

Several cycles are evident from the humification data, the most prominent and 

significant being those around 300-400 years. These cycles are not replicated in either 

the reconstructed water table data or the plant DCA record. The cycles recorded in the 

reconstructed water table data are most prominent at 558 years, which is not 

statistically significant, but is similar again to that seen by Aaby (1976). 
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Fi gure 7.18 Periodoarams showing cycles In 
pl ant macrofossil DCA, (a) humification (b), and reconstructed 
water table data from Tore Hill Moss for the last 2800 years. 
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The other recognised cycles here are too short to be significant. It must be concluded 

from this site that there are no similar cycles through the different proxy records. 

7.3.7 Possible forcing factors 

Table 7.3 lists the main cycles that are observed in each proxy at each site. The most 

prominent cycles detected within this study are around 500-550 years and 200-300 

years at Heathwaite Moss and 240-300 years and 500-700 years at Killorn Moss. At 

Cloonoolish Moss cycles around 220-235 years and 360-370 years are recorded. At 

Tore Hill Moss cycles around 230-300 years, 300-400 years and 480-560 years are 

observed. There is a degree of similarity between the cycles recorded at each site 

however; cycles are never going to be replicated exactly owing to differing age-depth 

models between sites. It can be concluded that cycles of around 200-300 years, 350 

years and finally a longer cycle of around 500-700 years do appear to be a common 

feature at most sites in at least one proxy. 

These cycles are similar to many that have been recorded in previous peat based 

studies (table 7.4) It is imperative that the reason for these cycles be found in order to 

aid climate change predictions. Similar cycles have also been observed in other 

climate archives, some of which are displayed in table 7.5. Cycles of 512 and 206 

years were observed by Stuvier and Braziunas (1993) from records of atmospheric 
'4C from tree ring records in Europe. Periods of increased atmospheric 14C levels 

were associated with periods of cooler climate in their study. A cycle of around this 

length is also clearly evident for the Late Holocene at the sites in this study and in 

other peat based work (table 7.4) Stuvier and Braziunas noted that the 512-year cycle 

was concentrated within the Early Holocene section of the record from 9440 BC-6000 

BC. A cycle of around this length though is clearly evident in the sites in this study 

and other peat based studies for the Late Holocene as well. The causal factor for this 

cycle was suggested as being one of reduced NADW production. This would explain 

the increased levels of atmospheric 14 C, as there would be a subsequent reduced 

upwelling of14C deficient water. This would result in a cooler climate, as there would 

be less northward heat transport. Despite being concentrated in the Early Holocene, 

reactivations of reduced NADW production are suggested by Stuvier and Braziunas 
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(1993) at ca cal. 5000 and 3000 cal. BP. These may well be related to the relevant 

IRD (ice rafted detritus) events found by Bond et al. (1997) in the series through the 

Holocene at 1400,2800,4200,5900,8100,9400,10,300 and 11,100 years ago. These 

events have an associated cycle of 1420±500 years. These are suggested as being 

cooler periods caused by freshwater injections into the North Atlantic reducing the 

degree of NADW production. Cycles of around this length are displayed within the 

present study at Heathwaite Moss of 1288 years (from DCA data), 1160 years 

(humification data) and 1515 years (testate derived water table data). Killorn Moss 

displays cycles of 1070 years (humification data) and 970 years (testate amoebae 

derived water table data) and Tore Hill Moss shows cycles of 1000 years 

(humification data) and 1020 years (testate amoebae derived water table data). These 

cycles can only be repeated a maximum of twice through the records and are therefore 

unfortunately not statistically significant. A cycle recorded by Hughes et al. (2000) 

of 1100 years from a complete Holocene climate record at Walton Moss does 

compare to that observed by Bond et al. (1997), taking into account dating errors. 

There is no reason why terrestrial records and especially those from bogs should not 

be able to record these periodicities, especially in Britain and Ireland where the 

climate is warmer than other similar latitudes owing to the direct influence of the Gulf 

Stream. 

550-year, 1000-year and 1650-year cycles has been recorded by Chapman and 
Shackleton (2000) using sedimentological colour data (a proxy for NADW 

circulation) from an ocean core in the North Atlantic (table7.5) Chapman and 
Shackleton draw attention to the fact that the two higher frequency periodicities are 

coherent with those noted in the GISP2 5180 core examined by Stuvier et al. (1995), 

suggesting that the atmosphere and ocean systems have been strongly linked in the 

Holocene. Their study confirms that there is indeed a relationship between peak levels 

of atmospheric 14C and reduced NADW production. That these are associated does 

not mean that NADW production is driving the climate changes seen. This may be the 

case but another factor may be at work affecting both indicators. One such factor 

driving NADW production may be changes in solar activity. It may be that the cycles 

around 500 years in this study relate to a similar set of forcing factors. 
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It has been suggested that the variation in the sun's energetic output (over a timescale 

for which reliable records are known) is <0.1%, which equates to 0.2 Win -2 over the 

Earth's surface (Haigh, 1996). This is the variation between the maximum and 

minimum levels of solar activity over the 11-year solar cycle. An amplifying 

mechanism is required, as this change alone cannot account for many of the changes 
in climate recorded during the Holocene. It has been suggested that solar activity may 

provide the trigger for changes in NADW production (Chapman and Shackleton, 

2000) resulting in periodicities of those quoted above. Changes in solar activity are 

even suggested as being a trigger for the Younger Dryas event (Renssen et al., 2000). 

The study by Renssen et al. (2000) developed work by Van Geel (1999) who 

proposed two mechanisms for explaining how solar activity could cause significant 

climate change. Van Geel (1999) proposed that increases in UV radiation would alter 

ozone levels which could lead, as modelled by Haigh (1996), to poleward shifts in the 

mid-latitude storm tracks. The second mechanism is highly complicated, but relates to 

changes in the cosmic ray flux leading to changes in the level of ozone and 

cloudiness. These mechanisms are suggested as being able to produce changes in 

cloudiness, precipitation and temperature. Van Geel (1999) observed that at least 

three of the IRD events noted by Bond et al. (1997) at 8100,2800 years and the Little 
Ice Age event were related to increases in 14 C levels as recorded by Mayeweski 
(1997) and to 1°Be isotope records from GISP2 (Finkel and Nishiizumi, 1997), all 
relating to possible solar influence upon the climate and the cycle observed. 

The cycle detected at many of the sites in this study of around 200-300 years has also 
been noted in other proxy climate data. Stuvier and Braziunas (1993) have detected a 
206-year cycle within tree-ring derived '4C data. This cycle unlike the 512-year cycle 
was found predominantly in the Late Holocene section of the record. The causes of 
this cycle is suggested as being mainly solar activity changes as well as possibly 
lower levels of up welling in the ocean leading to greater14C levels. These cycles 

could be a result of the well-known solar cycle of 211 years known as the `Suess' 

cycle. The calculated global temperature fall based on the level of solar constant 
change for the Maunder Minimum is 0.1-0.3°C, which is short of the level associated 
with the `Little Ice Age' (Stuvier and Braziunas 1993). NADW production is 
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suggested as an amplifying mechanism for such Maunder events of which there are 

many in the Late Holocene. 

The North Atlantic Oscillation (NAO) has been implicated recently in many 

publications as being a major player in climate change around the North Atlantic. 

This is a large seesaw between the subtropical high and polar low atmospheric 

masses. A positive NAO index exhibits a stronger subtropical high pressure and a 

deeper than normal Icelandic low. This leads to stronger winter storms across the 

Atlantic Ocean on a more northerly trajectory, leading to warm and wet winters in 

Europe (similar conditions experienced in the eastern US as well) and cold and dry 

winters in Canada and Greenland. The opposite is the case when there is a negative 

NAO index. Despite being a major influence on the climate in the North Atlantic its 

relevance to peat records is probably very low. The NAO fluctuates annually but 

often remains in a relatively high or low index for up to a decade or so. As can be 

noted from the accumulation rates from the bogs in this study in section 5.2 these 

rates are far too low to record such change. Its influence has been noted by Wanner et 

al. (2000) for example in instrumental temperature and precipitation data for the 

Swiss Alps. 

From the above evidence it is therefore proposed that the dominant cycles within the 
data of this study could possibly relate to a combination of solar activity changes or 

changes in NADW production or a mixture of the two. 

7.4 Examination of proxy methods used in this study. 

This section starts the second part of the discussion. The discussion will now turn to 

issues relating to the proxy methods used and the problems associated with them. 

This will discussed in relation to the results gained in this study. 

7.4.1.1 Comparison of plant macrofossil DCA data across all five sites 

The plant macrofossil DCA analyses for all five sites are shown in figure 7.19 and 
7.20. These figures display similar periods of inferred wetter and drier conditions 
between sites by using blue and red shaded lines respectively. 
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Figure 7.19 Comparison of plant macrofossil DCA 
analyses between all sites. 
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Figure 7.20 Comparison of plant macrofossil DCA 
analyses between all sites. 
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The scale range on the y-axes of the plots is important as this refers to the degree of 

difference between assemblages at each sample level at the site. The greater the range 

the greater the variation of species within the site. 

Despite being visibly varied, the record at Ardkill Moss spans less than 2 s. d. units 

(separation by 4 s. d. units signifies a near complete species turnover). This is due to 

the dominance at the site of only two macrofossil types, either Sphagnum section 

Acutifolia or Sphagnum imbricatum. Despite the low number of influential plant types 

at the site the results do reflect the major changes seen in the results gained from 

testate amoebae and humification analyses (figure 7.24-5 and 7.29-30). The reason 

behind the DCA plot fluctuations would not have been deciphered without the aid of 

the other proxies. Sphagnum imbricatum is plotted as a wet species at this site, which 

in the context of the other plants in the DCA analysis (Sphagnum section Acutffolia) 

would appear to be the correct position along the hydrological gradient (figure 6.7). 

At Cloonoolish Moss axis 1 scores are spread over a much wider range (over 3.5 s. d. 

units), which indicates large changes in sample compositions. At this site Sphagnum 

imbricatum is plotted as a relatively wet species (section 6.3.3). Unfortunately, this is 

not supported by the testate amoebae data, which show that it occurs with Difflugia 

pulex and Hyalosphenia subflava (6.4.4) pointing to a drier preference. The position 

of Sphagnum imbricatum along the hydrological gradient is a fundamental issue in 

this study and will be examined in the next section (section 7.4.1.2). 

The record from Heathwaite Moss is not considered to be particularly reliable. This is 

because Sphagnum imbricatum dominates the site and therefore the degree of 
variation in the axis 1 scores is very low, as similar assemblages exist throughout 

much of the core. 

There is a large degree of fluctuation in the DCA record from Killorn Moss as there 

are many changes in the levels of differing Sphagnum species. This site is the only 

one considered with a good representation of Sphagnum section Cuspidata. The 

presence of this macrofossil was considered by Barber et al. (1998) as an essential 
proviso for the most detailed climatic record to be extracted. This site displays large 
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changes in axis 1 scores between Sphagnum imbricatum (seen here as a relatively dry 

species) and wetter moss types, namely Sphagnum papillosum and Sphagnum section. 

Cuspidata. 

The DCA results from Tore Hill Moss show a spread of around 2.5 s. d. units. The plot 

revolves around the absence or presence of Sphagnum imbricatum and Sphagnum 

section Acutifolia indicating wetter conditions and levels of UOM and Ericaceae 

indicating drier conditions. The position of Sphagnum imbricatum as a wet species is 

challenged by the testate amoebae data which often associate high levels of 

Sphagnum imbricatum with increased levels of Hyalosphenia subflava indicating 

drier conditions (section 6.4.7). Testate amoebae data do seem to support Sphagnum 

section Acutifolia as being generally a wet indicator at this site (section 6.4.7). The 

first half of the record is plotted as being highly fluctuating but generally dry. This is 

because the relatively rare (to this core) monocot species are concentrated here. This 

is unfortunate as one of these is Eriophorum angustifolium at around 224 cm which 

clearly marks a period of increased wetness which is not displayed by the incorrect 

DCA axis 1 plot (section 6.3.6). 

The DCA results for all of the sites (apart from Killorn Moss) are blighted to an 

extent by the low diversity of influential species present. Most of the sites are 
dominated by a combination of Sphagnum section Acutifolia and/or Sphagnum 

imbricatum. This is a problem as the hydrological niches of these taxa are so wide 
(figures 7.21 and 7.22). The latter species is discussed in more detail in section 
7.4.1.2. 

Despite the drawbacks that were encountered using DCA analyses there are similar 

periods of dry and wet conditions between sites (figure 7.19-7.20). For example, 

climatic deterioration after the Roman period at around ca. cal. AD 500 is well 

replicated as well as further deterioration at around the close of the first millennium 
AD. Climatic amelioration is suggested by four of the sites DCA results at ca. cal. 
AD 1100 and around the Roman period by four sites. 
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Figure 7.21 The hydrological tolerance of 
Sphagnum section Acutifolia at all five sites. 
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There are differences between the sites as well. For example, amelioration is 

suggested as occurring within the period of ca cal. AD 900-1100 at Ardkill, 

Cloonoolish and Tore Hill Moss and yet the evidence from Killorn Moss states the 

opposite. This is due to the high levels of Sphagnum section Cuspidata and Sphagnum 

papillosum suggesting deterioration. 

7.4.1.2 Hydrological niche of Sphagnum imbricatum. 

Sphagnum imbricatum forms a dominant part of the macrofossil assemblage at nearly 

all of the five sites examined in this study. The decline of Sphagnum imbricatum to 

extinction in the majority of raised bogs in Britain has intrigued palaeoecologists for 

many years (Stoneman et al., 1993; Mauquoy and Barber, 1999). This moss is thought 

to tolerate a large range of water table levels, as there are two forms. There is a lax 

form that is suited to wetter conditions and a compact form more suited to drier 

conditions (Green, 1968) that are present in some areas today. The lax form was 

induced experimentally by Green (1968), and was noted as producing elongated shoot 

internodes and larger branches compared to the original hummock derived moss. 

Palaeoecological studies often show Sphagnum imbricatum as indicative of wetter 

conditions, (Casparie, 1972; Van Geel, 1978; Barber, 1981; Stoneman, 1993). 

A multi-proxy study such as the one carried out here permits the comparison of other 

independent data to determine the conditions in which Sphagnum imbricatum has 

survived and more importantly the conditions in which it has deteriorated. 

Comparison of its abundance with two testate amoebae species at opposite ends of the 

hydrological gradient and the level of charcoal present (representing burning events) 
have led to an understanding of its ecological niche at the five sites considered in this 

study (figure 7.22). 

Figure 7.22 displays the percentage of Sphagnum imbricatum at each site and three 

other indicators. The other indicators are the percentage of Amphitrema wrightianum 
(very wet indicator), the percentage of Hyalosphenia subf ava (very dry indicator), 

and finally the amount of charcoal present (indicator of burning). 
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Figure 7.22 Factors influencing Sphagnum imbncatumdecline in the 
past from the five sites in this study. 
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The two testate amoebae species of Amphitrema wrightianum and Hyalosphenia 

subflava represent the extremes of the water table range and are frequently 

encountered in the testate amoebae records at the five sites in this study. Amphitrema 

flavum (additional wet indicator) is also displayed at Tore Hill Moss owing to the low 

level of Amphitrema wrightianum. Above many of the declines in Sphagnum 

imbricatum is a symbol (a blue circle, grey square, or red ellipse), which is 

representative of the postulated cause of the decline, based on the information in the 

figure 7.22. 

Decline of Sphagnum imbricatum (other than the most recent one to extinction) would 

appear in the past to have been due to increases in the water table, certainly at Ardkill 

Moss, Cloonoolish Moss, and Killorn Moss (figures 7.22; 7.22 b; 7.22 d). Evidence 

for this conclusion is the correlation between increases in Amphitrema wrightianum 

and an often-rapid decrease in Sphagnum imbricatum. Reference back to the original 

macrofossil diagrams (figures 6.2; 6.3; 6.5) reveals that Sphagnum imbricatum is 

often succeeded by Sphagnum section Acutifolia (Ardkill Moss and Cloonoolish 

Moss) or Sphagnum section Cuspidata and Sphagnum papillosum (Killorn Moss). 

For example, at Killorn Moss at ca. cal. AD 180 a decline from an extended period of 
Sphagnum imbricatum dominance is synchronous with a large rise in the percentage 

of Amphitema wrightianum. 

Other factors are detected as being influential, especially at Heathwaite Moss (figure 

7.22 c), where Sphagnum imbricatum has been able to survive in very wet conditions. 
A period of high water table levels is correlated with high levels of Sphagnum 

imbricatum at ca. cal. 1350 BC (figure 7.22 c). High water tables are still in evidence 

after this point despite the fall in Amphitrema wightianum, as high levels of 
Amphitrema flavum occur subsequently (figure 6.26) The decline at ca cal. 1200 BC 

is therefore suggested as having been due to even higher water tables. A greater factor 

at this site would appear to be the incidence of burning, be it climatically or humanly 

induced. Each charcoal peak at this site is associated with a decline in the level of 
Sphagnum imbricatum. It should be noted that unlike all the other variables in figure 

7.22 charcoal levels are simply the actual number counted and are not in percentage 
terms. The y-axis values are still valid, but they are simply mean abundance not 
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percentage abundance for this variable. Most Sphagnum species are susceptible to 

severe burning events (Janssen, 1960; Joosten, 1985) and Sphagnum imbricatum is no 

exception (Pearsall, 1956; Piggot and Piggot, 1963). Slater and Slater (1978) reported 

that the decline of Sphagnum imbricatum at Borth Bog in Wales was mainly due to a 

severe fire combined with two years of drought. Post-fire recovery was detected at 

this site and the authors commented that at least a decade without burning was 

required to allow re-growth. Evidence from Heathwaite Moss demonstrates that a full 

recovery is possible after a severe fire and that burning does not lead to complete 

species loss. Fire induced Sphagnum imbricatum loss is also recorded at Tore Hill 

Moss at ca cal. 200 BC. This period of Sphagnum imbricatum decline slightly 

precedes the deposition of the Glen Garry tephra at this site. A correlation between 

the two is not envisaged, as little evidence for Sphagnum species being adversely 

affected by tephra deposition has been detected. 

Despite many of the past Sphagnum imbricatum declines being associated with shifts 

to higher water tables, a range of tolerances are shown by figure 7.22. From the 

majority of the Ardkill Moss, Cloonoolish Moss and Tore Hill Moss records, high 

levels of Sphagnum imbricatum are associated with the existence of drier conditions 
interpreted from the increases in Hyalosphenia subflava. Drier conditions are also 

recorded as the preferred niche of Sphagnum imbricatum at Killorn Moss by low or 

falling levels of Amphitrema wrightianum (figure 7.22 d). In opposition to the 

majority of the evidence shown in figure 7.22 high water tables are occasionally 

associated with increasing levels of Sphagnum imbricatum. This can be illustrated at 

Ardkill Moss for example at ca cal. AD 1200 (figure 7.22 a). The previous 
Sphagnum imbricatum decline at this site at ca cal. AD 1000 is suggested as being 

due to higher water tables and yet the subsequent rise of this moss to a peak at AD 

1200 is also associated with increased water table heights. 

7.4.1.3 The final decline of Sphagnum imbricatum. 

Section 7.4.1.2 (above section) has discussed the numerous declines of Sphagnum 

imbricatum in the past at all five sites. Attention will now be turned to the final 
decline to the local extinction of the moss. There are numerous theories regarding the 
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final decline of Sphagnum imbricatum. Mauquoy and Barber (1999) noted that this 

species decline from six ombrotrophic mires was associated with shifts to wetter 

conditions and at two of these sites interspecific competition from Sphagnum 

magellanicum and Sphagnum papillosum seemed to have had an impact. The decline 

of Sphagnum imbricatum from these six sites occurred between ca cal. AD 1030- 

1460. Langdon (1999) reported a similar time span of ca cal. AD 890-1390 from 

three Scottish sites and a much earlier decline of ca. cal. AD 20-230 at Temple Hill 

Moss. Other theories regarding the final decline of Sphagnum imbricatum include the 

incidence of burning by man (noted in the above section) (Pearsall, 1956; Piggot and 

Piggot, 1963; Slater and Slater, 1978) and airborne eutrophication (van Geel and 

Middeldorp, 1988) due to increased agricultural activity. 

Stoneman (1993) suggested that the Sphagnum imbricatum decline was probably due 

to a combination factors and stated the following, 

"A change to a wetter or a drier bog surface resulted in a decline of Sphagnum imbricatum 

as conditions became too wet or too dry respectively. However, at the same time, increased 

arable activity led to a change in bog chemistry because of atmospheric deposition of soil dust 

and possibly charcoal. This encouraged the growth of S. magellanicum. When bog surface 

wetness returned to conditions suitable for Sphagnum imbricatum growth, its niche had been 

invaded by Sphagnum magellanicum. Sphagnum papillosum was able to compete 

successfully with Sphagnum magellanicum and so also out-competed the lax form of 
Sphagnum imbricatum ssp. austinii. " 

Stoneman (1993, p. 185) 

One constant that previous declines display is a subsequent revitalisation of the moss. 
Sphagnum imbricatum is only known to exist at one of these sites today, that of Tore 
Hill Moss. Why has Sphagnum imbricatum been able to rebound back from 

successive declines throughout history only to become extinct at many sites recently? 
Possible reasons for this are displayed in the graphs in figure 7.23. These display the 

same, plus some additional information, as figure 7.22 and are concentrated around 
the period of the final decline at the site in question. 
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Figure 7 
. 
23 Factors influencing the final decline of Sphagnum 

imbricatum at three sites in this study. 
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One site certainly, and possibly two sites, those of Heathwaite and Cloonoolish 

respectively, have been subjected to removal of peat and hence these are not used in 

this section. It is probable that the final recorded decline at these sites is not the actual 

final decline, the record of which has probably been lost when peat was removed. 

From figure 7.23 (a) it can be concluded that decline in the Ardkill Moss record 

results in Sphagnum imbricatum being replaced by Sphagnum section Acutifolia. The 

decline occurs in two stages from a peak at ca. cal. AD 1195 and a further decline 

from a smaller peak at ca cal. AD 1330. Two-stage declines were a common feature 

detected by Langdon (1999) at a series of Scottish sites. The initial peak around ca. 

cal. AD 1195 occurs in a period of relatively wet conditions, as there are increasing 

levels of Amphitrema wrightianum. Despite this, the initiation of this peak occurred as 

the degree of Sphagnum section Cuspidata fell. The decline of this peak of Sphagnum 

imbricatum commenced when Amphitrema wrightianum levels peaked and there was 

a subsequent small rise in the level of Sphagnum section Cuspidata indicating 

increased water tables and Sphagnum imbricatum was succeeded by Sphagnum 

section Acutifolia as the most dominant species. Sphagnum imbricatum returns briefly 

at ca. cal. AD 1330 (figure 7.23). This return is coincident with drier conditions 

signalled by greater levels of Hyalosphenia subflava. This peak is the final evidence 

of Sphagnum imbricatum at this site, and its ultimate decline appears to be coincident 

with evidence of the arrival of higher water tables as shown by increasing levels of 
Amphitrema wrightianum. Sphagnum section Acutifolia remains the major part of the 

assemblage, as conditions are presumably too wet for Sphagnum imbricatum. Most 

species of Sphagnum section Acutifolia prefer relatively dry conditions and hence it is 

postulated that the Sphagnum species in evidence throughout the wetter periods of 
this site was probably Sphagnum subnitens (Daniels and Eddy, 1990), which prefers 
these conditions. Upon inspection of more modern fossil material it proved very 
difficult to identify the exact species of Sphagnum section Acutifolia in evidence. 

Despite a large peak of UOM near the surface of Killorn Moss, which is associated 
with charcoal peaks, evidence from the age-depth model suggests that there has been 
little peat loss here (section 5.2.5). The accumulation rate for the top of the core is 
10.7 yrs/cm which may have been expected to be much lower if there had been 
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significant peat loss. Therefore, it would appear that the final recorded decline of 

Sphagnum imbricatum at this site is the actual final decline (figure 7.23 b). 

Throughout the most recent half of the core (see figure (original macrofossil 

diagram)) Sphagnum imbricatum has been replaced initially by Sphagnum section 

Cuspidata and then Sphagnum papillosum, therefore emphasising the influence of 

higher water tables upon the species at this site. A similar scenario was recorded for 

the final decline of Sphagnum imbricatum. Figure 7.23 (b) illustrates that the final 

decline occurred around ca cal. AD 1590-1640. This decline coincides with a rapid 

rise in the abundance of Amphitrema wrightianum signalling an increased water table 

level. This led to the replacement of Sphagnum imbricatum by Sphagnum papillosum. 

Human disturbance through burning causes the rest of the record to be of little use. 

At Tore Hill Moss Sphagnum imbricatum is actually still present on the surface of the 

site. There are a high number of specimens at the site, although all are restricted to 

high (often over 50 cm in height) hummock tops (personal observation). Despite its 

continued existence at the site there are periods when the moss disappears from the 

record of this core. As at Ardkill Moss there would appear to be a two-stage decline 

recorded. In figure 7.23 (c) peaks of Sphagnum imbricatum from ca cal. AD 800- 

1200 are associated with increased levels of Hyalosphenia subfava indicating dry 

conditions. This is also the case for the rest of the results from this core (figure 7.22), 

therefore suggesting that Sphagnum imbricatum has been resident in much the same 

position as it is found on the present surface. A decline occurs from ca cal. 1070 AD 

which would appear to have been caused by a burning event. This event caused a 

similar, if not so severe fall in the level of Sphagnum section Acutifolia at the site 
(figure 7.23 c). 

Sphagnum imbricatum is recorded as recovering fully to form a new peak in 

abundance at ca cal. AD 1190. The decline from this peak forms the start of the two- 

stage decline and dates immediately after ca cal. AD 1190. The decline was 

associated with both a small increase in the abundance of Sphagnum section 
Cuspidata and Amphitrema wrightianum and also continued high percentages of 
Amphitrema flavum. The increased water table falls enough to permit an increase in 

Hyalosphenla subflava at ca cal. AD 1550 and also a brief re-growth of Sphagnum 
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imbricatum (figure 7.23 c). The final demise of the species from the core, at ca cal. 

1640 AD was correlated again with increases in water table levels demonstrated by 

increasing Sphagnum section Cuspidata and Amphitrema wrightianum and falling 

levels of Hyalosphenia subflava. A further influence is the appearance of Sphagnum 

magellanicum also at ca. cal. 1640 AD and increasing levels of Sphagnum section 

Cuspidata. At Bolton Fell Moss and Walton Moss it has been hypothesised that 

Sphagnum imbricatum growing in a hummock position was taken over by Sphagnum 

magellanicum that had previously colonised the lawns and hollows (Mauquoy and 

Barber, 1999 b). It is possible that Tore Hill Moss is in the early stages of a similar 

process. 

All sites show that Sphagnum imbricatum has been capable of equally rapid 

revitalisation after rapid declines caused by both increased water table levels and 

burning (figure 7.22). At all three sites the final decline is associated with higher 

water tables, but this cannot be the only factor involved. Burning has in the past had 

an affect upon the decline of Sphagnum imbricatum but not on its final demise. 

Ardkill Moss is a remnant of Carbury Bog that was examined by Van Geel and 

Middeldorp (1988). At this site the final decline of Sphagnum imbricatum was noted 

at ca cal. AD 1400, which is unsurprisingly extremely close to the date of the decline 

recorded at Ardkill Moss of ca. cal. AD 1330. The decline is recorded at Carbury in 

association with the first appearance of Sphagnum magellanicum, which is quickly 

succeeded by an increase in the abundance of Sphagnum papillosum, which in turn is 

succeeded (towards the surface of the mire) by a combination of Sphagnum 

magellanicum and Sphagnum section Acutifolia. The lack of Sphagnum magellanicum 

or Sphagnum papillosum from the Ardkill core is simply core specific as samples 

were noted on the surface of the mire. The recent burning at this site (figure 6.2) may 

have also influenced the record. Van Geel and Middeldorp (1988) correlate the 

decline of Sphagnum imbricatum at Carbury Bog with increases in the levels of 

charcoal, sand particles and a decline in tree pollen, signalling greater agricultural 

activity. This, it was postulated could lead to greater nutrient loading of the bog 

surface, especially nitrates, which would adversely affect Sphagnum imbricatum and 

encourage Sphagnum magellanicum (Rudolph and Voigt, 1986). This could be part 

of the reason, in conjunction with increasing water tables, why Sphagnum imbricatum 
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declined at Adrkill Moss. Unfortunately, evidence from this study cannot prove or 

disprove this theory. 

Industrial pollution deposited by the rain has been found to impact Sphagnum 

imbricatum adversely, especially bisulphite and sulphate (Ferguson and Lee, 1980). 

However, declines at these three sites occurred many years before the industrial 

revolution and hence this influence can be discounted. Ferguson and Lee (1980) noted 

that in many more polluted areas of Britain today it would be very unfavourable for 

its growth. It is interesting to note that from the five sites considered it does not exist 

any more at Heathwaite Moss (English Nature survey), Killom Moss (Scottish 

Natural Heritage survey) or Ardkill Moss (pers. obs. Also see Van Geel and 

Middeldorp 1988). There is a possibility that it may still exist at Cloonoolish Moss 

(although not found when the site was visited) as it was noted at nearby Keelloggs 

Moss, Co. Galway (P. Hughes pers. com. ). The sites where it no longer exists are all 

within range of major industrial areas, whereas Tore Hill Moss (section 3.35) is 

located in Abernethy Forest in the Cairngorms significantly away from industrial 

activity. SCP loading is also shown in section 5.3 to be the lowest at both Cloonoolish 

and Tore Hill Moss. 

It is interesting to note that a site called Mallachie Moss (Langdon, 1999) around 3 

km west-south-west from a record spanning the last 5000 years has no record 

whatsoever of Sphagnum imbricatum growing at the site. Future study on these two 

sites may permit greater insight in to the decline of Sphagnum imbricatum. 

The evidence from this study simply confirms that the decline is often associated with 
increasing water tables and at least at one site increased competition. Other theories 

require more research to determine their validity. 

7.4.2 Humification data 

7.4.2.1 Comparison of humification data between sites in this study. 

The humification data for all five sites are illustrated in figure 7.24 and 7.25 where 

periods of broad agreement between the sites are indicated by blue (wet periods) and 

red (dry periods) shaded lines. 
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Figure 7.24 Comparison of humification data from all 

sites (wet shifts). 
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Figure 7.25 Comparison of humification data from all 

sites (dry shifts). 
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There appear to be many periods of agreement yet the process of determining this is 

hindered by the differing accumulation rates between sites, which result in varying 

degrees of sensitivity to climate change. For example from ca cal. AD 500-1200 at 

Tore Hill Moss the accumulation rate is extremely high providing a highly responsive 

record unlike that from Killorn Moss in the same time period. Periods of common 

humification levels include ca. cal. AD 600 for example, at Ardkill Moss, 

Cloonoolish Moss, and Tore Hill Moss which all display low or decreasing 

humification levels (start of the Dark Ages). Killorn Moss is the exception as rising 

humification levels are displayed. From figure 7.25 common periods of dryness can 

be seen. One such period commences at ca cal. AD 250 reflecting the warmer period 

around the time of the Roman occupation of Britain (Lamb, 1977). Other periods are 

supported only by a few sites such as an implied dry period at ca cal. AD 700, which 

is seen at both Cloonoolish and Killorn Moss. Low levels of humifcation are 

recorded during this time period at the other sites. These discrepancies are for one or 

two reasons: different age-depth models between sites and possible dating errors 

associated with them or the differences may reflect actual regional differences in 

climate. 

The following section has been prompted by further possible problems related to 

species-led humification changes which have been postulated when analysing the 

humification data. 

7.4.2.2 The influence of different macrofossils on humification levels. 

Differential species decay was noted by Chambers and Blackford (2001) as being a 

major influence upon changes in humification records. Decomposition rates are often 

species dependent (section 4.4) and hence derived records may not be based solely on 

climate changes. If macrofossil type is a major driving force behind humification 

changes, the commonly found periods of Sphagnum imbricatum dominance may be 

expected to give a largely stagnant record. The macrofossil diagrams for Ardkill Moss 

Heathwaite Moss, and Killorn Moss (figure 6.2,6.4 and 6.5) display some of the 

longest periods of single species dominance and appear to refute this hypothesis as 

numerous fluctuations are recorded within these periods of dominance. A method was 
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devised to examine whether species-led humification changes were evident in this 

studies analyses. 

The most commonly encountered macrofossils from the five sites were examined with 

regard to the question of species-led humification change. These included Sphagnum 

imbricatum, Sphagnum section Acutifolia, Sphagnum section Cuspidata and 
Ericaceae remains. Levels within the profile that contained 50% or more of any of the 

above macrofossil types were grouped together. These levels were defined as having a 
dominant macrofossil type. If dominated levels are compared against their 
humification level a view as to the degree of species-led humification could be 

formed. To achieve this there were a number of factors that had to be considered. 
Firstly, levels within the acrotelm would be unsuitable for such a comparison, as 

macrofossils would naturally be expected to have low humification levels. Therefore, 

all samples within the top 30 cm were ignored whether they had over 50% of the 

macrofossil types mentioned or not. 

Secondly, the range of humification values between each site varies greatly so a 
degree of comparability needed to be established. This involved obtaining the highest 

and lowest value from each site and therefore acquiring the range. The individual 

sample humification was then calculated as a percentage of that range and the result 
allowed humification levels at different sites to be compared. These values were 
plotted against the percent abundance of macrofossil type to determine the degree of 
species-led humification. 

The results of these calculations are shown for each of the macrofossil types 

considered in figures 7.26-7.28. There are some points that need to be considered 
when examining these analyses. Firstly, consideration must be given as to the 

remainder of the macrofossil assemblage. This may have had an influence on the level 

of humification. Obviously with a higher percentage of the dominant macrofossil 
there would be a lower influence on the humification level from other remaining 
macrofossils. It may be suggested that the individual site may show a different trend 
with regard to species decomposition and therefore the results are displayed with the 
sample site origin as well (figure 7.27). 
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Figure 7.26 Percentage of humification range vs S. s. Acutifolia (a), 
S. imbricatum (b). S. s. Cuspidata (c) and Ericaceae (d). 
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Figure 7.27 Percentage of humification range vs 
different plant macrofossils. 
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Despite these reservations, this method has been able to examine the possible problem 
of species-led humification in a simple and effective way. 

Sphagnum section Acutifolia and Sphagnum imbricatum forms a dominant part of 

many of the diagrams examined in this study. Sphagnum section Acutifolia displays 

no bias towards high or low humification levels (figure 7.26 a; 7.27 a; 7.28). The 

results from Tore Hill Moss for example show a large range of humification levels for 

samples with over 60% of Sphagnum section Acutifolia remains (figure 7.26 a; 7.27 

a). Levels of 90% or greater of this macrofossil type also show a large range of 
humification values (figure 7.28). It is noteworthy though that the samples within this 

category from Ardkill Moss are skewed towards the high end of the humification 

scale compared to those from Cloonoolish and Tore Hill Moss (figure 7.26; 7.27). 

This may be expected as Ardkill Moss is located in the east of Ireland and receives 
lower rainfall relative to the other sites. The same relationship is not recorded for 

Sphagnum imbricatum and samples are not preferentially associated with levels with 
UOM as this component is virtually absent from the site. 

From graph b in figure 7.26 and it would appear that there is a large degree of scatter 

of data points suggesting that there is no significant species-led humification by 

Sphagnum imbricatum. Even between 70-80% dominance of Sphagnum imbricatum 

there is still a large range of humification values from 0-90% (figure 7.28). This 

conclusion remains when the results are examined in figure 7.27 (b) where the site 
origin is shown. There is still a large spread of humification values despite high 

percentages of Sphagnum imbricatum being present. This is illustrated by the results 
for Heathwaite Moss that show a series of levels with over 70% of Sphagnum 

imbricatum yet still show a range from 0-90% humification. It is only when samples 
have over 90% Sphagnum imbricatum (all of these levels are from Killom Moss) that 
the range of humification levels become low (figure 7.27 b). Even at this point there is 

still a range from 15-40% humification. The results for Sphagnum imbricatum and 
Sphagnum section Acutifolia signify that there are no adverse effects due to species- 
led humification upon the results for these macrofossils in this study. 
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The percentage of macrofossil abundance required to qualify as dominant had to 

lowered to allow the effect of Ericaceous remains to be examined. This was due to the 

lower abundances of this macrofossil type from all sites. Samples with over 40 % 

have thus been considered. This does mean that there is a greater possibility that other 

macrofossils may have influenced the sample and therefore the analysis becomes less 

significant. The results show that species-led humification is present when there is a 

high level of Ericaceae material (figure 7.26 c; 7.27 c; 7.28). There is not a problem 

with regard to the legitimacy of the humification records, as the most common 

Ericaceae remains from British raised bogs, such as Erica tetralix and Calluna 

vulgaris, inhabit dry micro-habitats on the bog surface. From the graphs (figure 7.26 

c; 7.27 c) it can be seen that the results are skewed to higher humification levels. 

The number of samples dominated by Sphagnum section Cuspidata is relatively low 

and only originate from two sites. Hence, the reliability of the analysis for this 

macrofossil type is also low. Only four samples have abundances of over 40%. These 

all show a relatively low level of humification, which would be expected in very wet 

conditions (figure 7.26 d; 7.27 d; 7.28). 

The degree of species-led humification by the dominant Sphagnum species in this 

study appears to be low. There does appear to be low humification associated with 
Sphagnum section Cuspidata and relatively high humification associated with 
dominant levels of Ericaceous remains. Therefore, none of the results showed present 

a problem to using the humification records as a proxy climate record. 

7.4.3 Testate amoebae data 

7.4.3.1 Comparison of testate amoebae derived water table data between sites in this 

study. 

All of the reconstructed water table data for the five sites in the present study are 
displayed in figures 7.29 and 7.30. Postulated periods of synchronous low and high 

water tables are shown by the use of red and blue shaded bands respectively. 
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Figure 7.29 Comparison of reconstructed water table data 
for all sites (wet shifts). 
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Figure 7.30 Comparison of reconstructed water table data 
for all sites (dry shifts). 

U) 

äÜ 
<C 

E 
U 

ID 
L 

N ýW.. Oý 

O 
r0, O 

CL 
Oä 
Ow 

E 
U 

m 
a ip 
Oý 
gm 
d 
ýo 

LL 
Rä 
mO 
X0 

E 
U 

O 

a 
m 
C5 

N Q1 
NL 

Oä 
= ID 
RD 

E 
U 

m 

m 
Od 

2t 

oÖ 

-18 
-1 
-14 
-12 2 
-10 

-8 
-6 

-2 
0- 
2 

-12 

-10 

-8 

-6 

-2 
0 

-18 
-16 
-14 
-12 
-10 

-8 
-6 

-2 
0 
2 

-14 
-12 
-10 

-8 
-6 

-2 
0 
2 

-12 
-10 

-8 

-6 

-21 01 

Cal years AD/BC 

W shaded lines join periods of relatively low water tables between 

422 

2000 1750 1500 1250 1000 750 500 250 0 -250 -500 -750 -1000 



There are common periods of higher and lower water tables between the sites but the 
legitimacy of these depends on the accuracy of the chronology and the age-depth 

model ascribed to each site. 

The data from each site do not necessarily show any greater sensitivity to water table 

changes than the humification data or the plant macrofossil DCA data. What they 

provide is clarification of many of the shifts that are noted by the other proxies. For 

example, at Ardkill Moss plant macrofossil data show a few major changes between 

Sphagnum imbricatum and Sphagnum section Acutifolia dominance (figure 6.2). As 

these moss types have such a wide water table tolerance the climatic interpretation is 

ambiguous. The cause of these changes, be it climatic deterioration or amelioration, 

was unconfirmed after the humification data were consulted (section 6.7.1). The 

causes of the major changes at around 184 cm (ca cal. AD 280), 88 cm (ca. cal. AD 

900), and 76 cm (ca. cal. AD 1000) for example, remain undetermined after 

consulting the macrofossil and humification data. The testate amoebae data was able 

to show that at 184 cm the change from Sphagnum imbricatum domination to 

Sphagnum section Acutifolia domination was due to a raising of the water table as 

signified by greater levels of Amphitrema wrightianum (section 6.4.3). This was again 

the scenario at 76 cm. At 88 cm confirmation of the relatively drier preference of 
Sphagnum imbricatum was shown by increases in Hyalosphenia subfava. 

Other examples of the testate data providing crucial information regarding water table 

changes can be noted from the other sites, especially Tore Hill Moss. There is a 
further example of this at Heathwaite Moss between 40 (ca. cal. AD 180) and 100 cm 
(ca cal. 610 BC) (figure 7.31). Within this period Sphagnum imbricatum slowly 
declines to nearly 0%. The exact reason for this is not clear from either the 

macrofossil data or the humification data. The former suggest a drying towards the 

end of the period as UOM and Ericaceae remains increase. Sphagnum section 
Acutffolia also shows brief peaks in abundance as Sphagnum imbricatum falls. When 

the humification data are analysed it would again appear that there is a shift towards 

dryness at the top of this section. 
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It is only when the testate data of Amphitrema wrightianum are examined that it is 

clear that higher water tables have caused Sphagnum imbricatum to decline here and 

not increasing dryness (figure 7.31). The greater UOM towards the end of the zone is 

in fact derived from pool mud that also explains the higher humification levels. This 

is another example of where the testate data have proved invaluable in forming an 

accurate water table record when reliance on the other two proxies may have led to an 

erroneous interpretation. 

One might expect that the testate amoebae data may be more sensitive to water table 

changes than the plant macrofossils, as there are many more commonly found species 

with varying tolerances. However, at one site the reconstructed water table data would 

appear to be less sensitive to water table changes than the plant macrofossil derived 

data. This is the case at Killorn Moss especially in the upper half of the core from 120 

cm (ca. cal. AD 260) where there is little fluctuation in water table depths (figure 

6.51). The main reason for this is that only a few species dominate the record despite 

periods of high species diversity. The absence or presence of Amphitrema 

wrightianum and Dffflugia pulex is the only real factor affecting the model output. 

The fact that Difflugia pulex is not considered by the transfer function shows that its 

presence simply dilutes the influence of the remaining assemblage, especially from 

120 cm to the base of the core. The upper part of the core, from the DCA results of 

the macrofossil record, (section 6.3.4) shows a highly variable water table with large 

increases of Sphagnum section Cupidata and Sphagnum papillosum and Sphagnum 

imbricatum. The reason for the unresponsive nature of the testate amoebae derived 

data for the top half of the core is difficult to explain apart from a lack of influential 

species being present other than Amphitrema wrightianum. The dominance of 

Dff, flugia pulex is not a hindrance if there are a number of other influential species 

within the assemblage. This point can be illustrated by the reconstructed water table 

data from Cloonoolish Moss between 150 and 40 cm (figure 6.47) where there are 

high percentages of Difflugia pulex. Despite this there are other influential species 

present such as Hyalosphenia subflava and fluctuating levels ofAmphitrema flavum 

and wrightianum, which result in a highly fluctuating water table record (section 

6.46). 
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Difflugia pulex was described by Hendon (1998) as being a cosmopolitan species, 

although it was observed that it mainly occurred along with drier species. The niche 

occupied by this species is extremely important as it forms a large percentage of the 

assemblages at all of the five sites in this study. From the analyses of these five sites, 

this species would appear to be capable of surviving in virtually all water table 

conditions apart from the extremes of the water table gradient when Amphitrema 

wrightianum (wet extreme) or Hyalosphenia subflava (dry extreme) dominate. The 

DCA ordinations of the testate amoebae data resulted in Difflugia pulex either being 

plotted centrally or towards the drier end of axis 1 (section 6.5). 

Analyses in this study also highlight the fact that despite up to 19 species being 

observed in a sample, it is not high species diversity that appears to result in a more 
detailed water table record. It would appear that a few main species control the output 
from the transfer function. In all the five sites there are only really four or five species 

that contribute to the majority of the assemblage found. These include Amphitrema 

flavum, Amphitrema wrightianum, Arcella discoides, Hyalosphenia subflava, 
Cyclopyxis acelloides and the presence or absence of Difflugia pulex. All other 

species owing mainly to their low abundances or intermediate water ranges appear to 
have little influence on the reconstructed water tables. This is linked to the discussion 

below of testate amoebae decay with depth. 

7.4.3.2 Decomposition of testate amoebae with depth. 

A possible drawback when using testate amoebae data has been stated by Charman 

(1999) as being one of lowering species diversity with depth owing to the decay of 
less resistant tests. These effects have been found to occur, Charman (1999) reported, 
by Louiser and Parkinson (1981) in mineral soils and also in peat by Steinecke (1927) 

and Tolonen (1968). Figure 7.32 displays the number of species associated at each 

sample level at each of the five sites in this study. It can be observed that within the 

top 10 cm or so there is always much higher species diversity at all sites. This is 
largely due to the presence of many of the common species in the core being evident, 
as well as a number of others that are mainly restricted to the top 10-20 cm. These 

relatively restricted species include many of the Euglypha species and also some 
Heleopera species such as Heleopera sylvatica. 
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The former of these is constructed of siliceous plates that are extremely soluble in the 

acidic peaty water (Tolonen, 1986). The latter are constructed of autogenous 

secretions that are also extremely susceptible to decay (Charman et al., 2001). 

Subsequent to the initial high species diversity, there is at Ardkill Moss, Heathwaite 

Moss, and Tore Hill Moss a decline in the number of species recorded with depth 

(figure 7.32). This decline is very slow and the trend has a high level of fluctuation 

imprinted throughout. Actual increases in species diversity occur towards the base of 

the core at both Killorn Moss and Cloonoolish Moss. These fluctuations do not seem 

to correlate to anything obvious. There would appear to be no relationship between 

species diversity and water table depth, humification, percentage Sphagnum or testate 

amoebae concentration. 

Species diversity is depressed at certain times Owing to a dominance of Hyalosphenia 

subflava, for example after very dry conditions caused by fire events. An example of 

this can be seen within the top 16 cm of Ardkill Moss where recent fires have led to 

highly decomposed peat dominated by Hyalosphenia subflava (section 6.2.1 and 

6.4.3). Large increases in testate amoebae diversity after the initial surface maximum 

are recorded at Killorn Moss for example between 80-60 cm and around 175 cm 

(figure 7.32). These do not appear to be related to any particular obvious factor. 

Increase in species diversity at Cloonoolish Moss at the base of the core is correlated 

with increases in Phragmites australis possibly indicating more minerotrophic 

conditions (section 6.2.2). This section of the core is home to up to 19 species, the 

highest recorded level of all the sites, only equalled by some of the surface samples. 

The level of species diversity is not necessarily important with regard to the 

sensitivity of the site and its results. For example, at Ardkill Moss 27% (9) of the total 

number of species evident in the results (33 species) contribute 87% of the total 

testate number at the site. Therefore, the other 22 species only contribute 13% of the 

total number of testate amoebae recorded and are not important within the transfer 

function. This trend is repeated throughout the other sites. With this in mind it is fair 

to question the need to record every testate amoebae species that is found. The 

reconstructed water table would have looked virtually exactly the same if only the 

most important and influential species were counted. In the future, as time is often 
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pressing in palaeoecological studies it may be worth selecting a series of species to 

count, as opposed to recognising all types. 

7.5 Comparing sites from different studies. Is this a feasible 

practice? 

7.5.1 Introduction 

Comparison of climatic data from archives such as tree rings or ice layers is a 

relatively robust practice owing to very high-level resolution dating by counting either 

the rings or layers. Peat archives do not posses these inbuilt absolute dating 

mechanisms and in the main have to rely on radiocarbon dating. In a perfect world 

where finances were unlimited there would be no problem, as hundreds of dates 

would be obtained for a single core, which could then be compared easily to others 

like it. In the real world inadequate numbers of dates are obtained and this creates 

problems. Tephra layers offer a way to obtain very accurate dates. The discovery of 

tephra deposits by Dugmore (1989) in Caithness has led to a proliferation of further 

tephra being found in Britain and isochrones being recognised. These layers offer a 

precise pinning point at sites where they are found. If the same layer is found in two 

sites that depth will be the same age at both sites. Unfortunately, only the Glen Garry 

and Hekla 4 tephra layers are found with any regularity in northern England. 

Two sites from this study are located in close proximity to two that have been 

analysed by Langdon (1999). These form two pairs, the first being Killorn Moss 

(from this study) and Shirgarton Moss (Langdon, 1999), and the second being Tore 

Hill Moss (this study) and Mallachie Moss (Langdon, 1999). These will now be 

examined to determine how reliable it is to compare these records, especially with 

such chronological drawbacks. 

7.5.2 Tore Hill Moss and Mallachie Moss records (figure 7.33) 

Comparing the climate signal between the two sites is problematic owing to their 

different chronologies. Mallachie Moss is reported to have a possible hiatus between 

25-45 cm which itself introduces possible dating errors. 
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Figure 7.33 Comparison of aroxles from two neiahbourino Its 
of Mallachie and Tore Hill Moss. 
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The chronologies from the two sites do have an exact pinning point between them at 

around 2100 BP, when the Glen Garry tephra was deposited. The age-depth model 

used by Langdon (1999) is shown in figure 7.34. When compared with that of Tore 

Hill Moss for the last 2100 years there are some similarities that can be observed by 

the actual radiocarbon dates if not the trend line used to produce the model. From the 

age-depth model at Tore Hill Moss, which is supported by eight AMS radiocarbon 
dates and the Glen Garry tephra, there are (section 5.2.6) three separate accumulation 

rates over the past 2100 years. Slower rates of accumulation occur from 172-248 cm 

and from 0-40 cm of 17.6 yrs/cm and 19.6 yrs/cm respectively. Between these depths 

(172-40 cm) there is an exceptionally fast accumulation rate of 5.14 yrs/cm which is 

supported by 6 AMS radiocarbon dates. There would be a similar accumulation rate at 
Mallachie Moss if the upper two radiocarbon dates were joined as opposed to having 

a second order polynomial split them (figure 7.34). The high accumulation rate 
between ca. cal. AD 500-1200 at Tore Hill Moss leads to a highly detailed and 

sensitive record compared to the same time period denoted at Mallachie Moss. Tore 

Hill Moss may be expected to have a more sensitive record, as for 2100 years there 
has been 212 cm of growth whereas there has only been 120 cm for the equivalent 

period at Mallachie Moss. There has possibly been a hiatus at Mallachie though. This 

makes comparisons between the two more complicated as Mallachie Moss has much 
fewer sample points for the same time period. The only way to correct against such 
drawbacks in the future is to try to gain as many radiocarbon dates and as many 
tephra layers as possible. 

With these drawbacks in mind there are some parallels that can be seen between the 

two sets of records. These are noted on figure 7.33 with red and blue dotted lines. It 

should be mentioned that the water table data derived from testate amoebae for 
Mallachie Moss was only carried out at an 8 cm resolution and therefore conveys 

much less variation than that displayed by Tore Hill Moss. All proxies at both sites 
display a drier period, commencing at ca. cal. AD 200. This appears to continue until 
ca cal. AD 400 where deterioration is suggested by all evidence from both sites. It is 
difficult to draw parallels between the periods of ca. cal. AD 500-1200 owing to the 
high variability of the Tore Hill Moss record compared to that of the one displayed by 
Mallachie Moss. The lower sample numbers within this period at Mallachie Moss 
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have led to a smoothing of the record. What can be observed from the majority of the 

evidence from both sites is the general deterioration from ca. cal. AD 400 to ca. cal. 

AD 1100-1200 (figure 7.33). The higher frequency variation demonstrated by Tore 

Hill Moss is not registered at Mallachie Moss as the calculated accumulation rate is 

much lower. 

Other phases of similar climate changes are displayed. At the lower boundary of the 

record at Tore Hill Moss amelioration from a deteriorating climate is observed at ca. 

cal. 800 BC (figure 7.33). This is mirrored in all the proxies at both sites and may be 

indicative of the Sub-Boreal to Sub-Atlantic transition ('Grenzhorizont' Weber, 1900) 

dated to around ca cal. 800 BC by Van Geel et al. (1996). 

At the time of the Glen Garry tephra deposition there would appear to be some 

consensus between the sites records (figure 7.33). The DCA data for Mallachie Moss 

implies that the tephra fell just at the end of a dry period as conditions were starting to 

deteriorate. Generally, wetter conditions are implied by the humification and testate 

amoebae data for this site at the time of the tephra fall. The humification data for Tore 

Hill Moss also demonstrate wetter conditions at this time, although the testate 

amoebae data are relatively inconclusive. Plant macrofossil DCA results for Tore Hill 

Moss suggest a period of dry conditions based on high levels of UOM. 

7.5.3 Killorn and Shirgarton Moss records (figure 7.35) 

The age-depth models of each site have been derived in very different ways. The age- 
depth model for Shirgarton Moss (figure 7.36) is based on only five radiocarbon 
dates, of which the error bars of the most recent two do not cross the polynomial trend 

line. SCPs and the deposition of the Glen Garry tephra have also been used to obtain 

the age-depth model (figure 7.36). The integrity of the base of the model would 

appear to be intact but the upper part of the model is far from secure. 

The model from Killorn Moss is based on nine AMS radiocarbon dates and a date 

gained from SCP analysis (section 5.2.5). 
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Figure 7.36 Comparison of two neighbouring sites of 
Shigarton and Killom Moss. 
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The dates suggest three periods of different accumulation rates, a fast accumulation of 
6.47 yrs/cm from 128-248 cm, 20.36 yrs/cm from 60-124 cm and 10.69 yrs/cm from 

0-56 cm. The different chronologies and therefore accumulation rates between the 

sites, as with Tore Hill Moss and Mallachie Moss, ensure that different sections of the 

results are more detailed than others. The changes in accumulation rate detected at 

Killom Moss may have also been identified at Shirgarton Moss with a greater number 

of radiocarbon dates. Errors created by an incorrect age-depth model can be large. 

The problem with this of course is that the calculated period around, for example, 100 

cm of ca. cal. AD 500, which occurs between radiocarbon dates at Shirgarton Moss, 

may not correspond to a similar date at Killorn Moss at all. The lower the level of 

radiocarbon dates a site possesses the greater the potential for this error. 

Despite the drawbacks of dating errors these records have been compared to see if any 
broad changes can be seen across both sites (figure 7.35). Deterioration at ca. cal. AD 

800 would appear to be detected in all the proxies of both sites apart from the 

humification record at Shirgarton Moss. This record does display relatively low 

residuals but they are rising around this time. This phase of deterioration would 

appear to be halted by a return to lower water tables just after ca. cal. AD 1000. From 

ca. cal. AD 1000 the water table data (derived from testate amoebae analyses) from 

both sites reflect each other very well. These display a continued period of low water 
tables until a return to wetter conditions around ca cal. AD 1600. Dominant 

assemblages of Sphagnum imbricatum affect the plant macrofossil record from 

Shirgarton Moss. The whole of the record apart from a period of Sphagnum 

papillosum and Sphagnum section Cuspidata dominance (from ca. cal. AD 800) is 

masked by Sphagnum imbricatum. This is why the record shows much less variation 
than that at Killorn Moss, which has numerous Sphagnum assemblage fluctuations. 

The humification record at each site does display some similar features. There are 

generally higher values displaying greater humification from ca. cal. AD 1000 until 
falls in humification towards the most recent 200 years of the record. From ca cal. 
AD 200-1000 humification levels at both sites are relatively low. From the base of the 

record until ca cal. AD 200 there is a greater accumulation rate at Killorn Moss that 
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provides a high frequency fluctuating record which is difficult to compare with that of 

the smoothed record noted at Shirgarton Moss. 

7.5.4 Summary 

Comparison of site records can be a tenuous exercise unless the chronologies used are 

of a high quality. Unfortunately high-quality chronologies with numerous radiocarbon 
dates, tephra layers and SCP analyses are few and far between. It is especially 
difficult when the age-depth models used have been derived in different ways, as 

some parts of one record appear to be more detailed than the same time period in the 

other site. This of course is not necessarily incorrect as growth rates of different plant 

species may explain these accumulation differences. With sites being so close 

together in space a degree of similarity may be expected if climate change is to have 

been a factor in the accumulation noted. Similarities between the records have been 

detected but it would be naive to suggest that all the corresponding peaks and troughs 

displayed on the graph actually correspond in time. The only solution to this is to 

obtain as many AMS radiocarbon dates as possible. It may in future be best to 

concentrate climatic work on sites that have a number of tephra layers that at least 

permit the assurance that the record between layers is in a chronologically `pinned 

down' period. Wiggle match dating of AMS radiocarbon dates on a varied few points 

on the calibration record would also provide secure pinning points. In a perfect world 
these elements would always be included. 
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Chapter 8 

8.1 Conclusions and further research 

This study has provided high-resolution proxy climate records of the Late 

Holocene and has been able to highlight both wetter and drier periods. Many 

of these changes are replicated by the majority of the sites examined and also 
by the results of other studies. 

" Limitations previously encountered in this type of study (Stoneman, 1993; 
Mauquoy, 1997; Langdon, 1999) such the use of poor chronologies and the 

masking of climate changes by relatively insensitive macrofossil data, have 

been addressed in this study. A large number of AMS radiocarbon dates along 

with the discovery of two tephra layers and the use of SCPs has permitted a 

well-dated series of climate changes to be inferred from the five sites 

examined. 

" The Glen Garry tephra layer has been found at Tore Hill Moss and the Hekla 4 

layer has been discovered at Heathwaite Moss. These discoveries have not 

only increased the known coverage of these tephra, but also allow accurate 
comparisons between other profiles containing the same tephra layers to be 

made. 

" SCPs have been analysed on all sites and have provided a useful guide to the 

age of the uppermost peat. In light of problems relating to the intactness of the 

bog surface encountered in this study, it may in future be worth analysing 
SCPs first. 
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There have been many century-scale climate events recorded in the Late 

Holocene data from the present study, some of which are relatively 

synchronous (see tables 6.4 and 6.5; figures 7.1 and 7.2). These diagrams 

summarise the main periods of synchronous climate change at the five sites. 

" Evidence of the LIA is relatively sparse owing to human disturbance in the 

upper part of the record at some of the sites. LIA deteriorations can be seen 
from evidence from three of the sites at ca. cal. AD 1640 at Killorn and Tore 

Hill Moss and later at Ardkill Moss at ca cal. AD 1730. These periods are 

comparable with many of the later deteriorations recorded by other authors 
from the second half of the second millennium AD. 

"A drier period during the Middle Ages has been recorded at all of the sites, 

although these are not all synchronous. Century-scale periods of dryness were 

recorded ca. cal. AD 900 and ca. cal. AD 930 at Ardkill and Tore Hill Moss 

respectively. Slightly later periods from ca. cal. AD 1080 and ca. cal. AD 

1040 were indicated at Killorn and Cloonoolish Moss. These periods are 

within the time frame proposed by Lamb (1966) for the MWP and are similar 
to many periods recorded by numerous archives (section 7.2). 

"A dry phase in the first half of the first millennium AD is also well replicated 
(table 6.5 and figure 7.2). Dry periods of around 200 years are noted from ca. 

cal. AD 260 and ca. cal. AD 230 from Cloonoolish and Tore Hill Moss 

respectively. Dry periods of similar duration are recorded at ca. cal. AD 20 

and 0 AD at Ardkill and Killorn Moss. The former is split by a small wetter 

phase. These periods are relatively synchronous between these two pairs of 

sites and are within the Roman Period. A further dry phase is seen as 

synchronous between the two sites at ca. cal. AD 630 and ca cal. AD 590 at 
Cloonoolish and Killorn Moss respectively, each period lasting around 150 

years. This is also well replicated by other archive evidence (section 7.2) 
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"A common factor to all these drier phases within Roman times is the 

significant deterioration to wetter conditions recorded immediately afterwards. 

The later half of the first millennium has been recorded as a fluctuating, but 

generally wetter phase. Deterioration around 1400 BP (AD 550) has been 

documented by Blackford and Chambers (1991) and has been suggested as a 

progression into a wetter phase after the period of Roman occupation in 

Britain. Deterioration at a similar time to this has been recorded at 
Cloonoolish Moss (ca. cal. AD 450 and Tore Hill Moss (ca cal. AD 440). 

Earlier phases of deterioration at Ardkill Moss (ca. cal. AD 280) and Killorn 

Moss (ca cal. AD 260) are also recognised. Only Ardkill Moss records a 

continuous wet period from through most of the first millennium AD as the 

other sites reveal a more fluctuating climate. 

" Ardkill Moss, Cloonoonish Moss, Heathwaite Moss and Tore Hill Moss all 

record a change to a wetter climate at around 2000 years ago. The dates of 

these deteriorations are ca. cal. AD 75, ca. cal. AD 20 and ca cal. AD 10 

respectively. Evidence for a relatively synchronous shift to wetter conditions 

ca. 500 BC are displayed by the records of Heathwaite Moss (ca cal. 510 

BC), Killom Moss (ca. cal. 400 BC) and Tore Hill Moss (ca cal. 490 BC). 

A further period of dryness has also been identified within the longest records 
in this study at ca cal. 930-560 and ca. cal. 760-550 BC respectively from 

Heathwaite Moss and Tore Hill Moss. 

" Further deteriorations from the earlier record of Heathwaite Moss occur at ca. 
cal. 2100 BC, ca cal. 1500 BC and ca. cal. 1030 BC. These shifts have been 

supported by many other sources of data from both other peat derived studies 

and other archives. Further early dry shifts recorded at this site initiated at ca 

cal. 1300 BC and 2300 BC. 

" It remains to be confirmed whether the differences in dating between climate 

events between sites are due to truly regional differences in climate, the 
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sensitivity of the bogs to climate change or due to dating error and the age- 

depth models employed. 

" The most prominent cycles detected within this study's data are around 500- 

550 years and 200-300 years at Heathwaite Moss and 240-300 years and 500- 

700 years at Killorn Moss. At Cloonoonish Moss cycles around 220-235 

years and 360-370 years are recorded. At Tore Hill Moss cycles around 230- 

300 years, 300-400 years and 480-560 years are observed. 

" It can be concluded that cycles relating to changes in wetness from this study 

are around 200-300 years, 350 years and around 500-700 in duration. 

" Cycles similar to these have been recorded in other peat-based studies, 

although the good chronology employed in this study has added significant 

weight to their legitimacy. 

" Comparison with studies from archives other than peat suggests that these 

cycles may be related to both NADW production and solar activity. It is 

possible that solar activity provides a trigger for the changes in NADW 

(Chapman and Shackleton, 2000), as it would appear that changes in solar 

activity are too small (at 0.2 Wm -2 over the Earth's surface within the period 

of reliable records) to have led to the climate changes seen in the Holocene. 

"A feature through the cores from all sites apart from that at Killorn Moss is the 

large dominance of either Sphagnum imbricatum or Sphagnum section 
Acutffolia, or more commonly a combination of both. In the present study 

comparison with testate amoebae and humification data suggest that both 

these taxa are insensitive regarding their position to the water table. This 

would normally pose a problem for climate reconstruction. Throughout this 

study changes in the abundance of these two taxa can be explained by the 

examination of the other two proxy results, especially testate amoebae 

analyses. In bogs (as in the present study) without regular pool layers shown 
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by the presence of Sphagnum section Cuspidata the use of multi-proxy data is 

essential. 

" The dominance of one or two macrofossil species had a large effect upon the 

effectiveness of DCA analyses on the macrofossil data. This can be observed 

from the Heathwaite Moss plant macrofossil DCA plot that simply traces the 

abundance of Sphagnum imbricatum throughout the diagram. The use of DCA 

analyses should not always be viewed as essential, especially if the site does 

not possess a good number of species with distinct niches with regard to the 

water table. 

9 Examination of the humification data for all sites suggests that species-led 

humification change is not evident within the five sites examined. Major 

changes from macrofossil and testate amoebae data are backed by changes in 

the humification data. 

" Testate amoebae results have provided a good quality water table record 

especially when matched to the transfer function which has provided very 

valuable quantitative data. The results of this study also appear to suggest that 

the number of testate amoebae species do get lower with depth although the 

species that are lost, such as the Euglyphas, have very little influence on the 

reconstruction afforded by simple interpretation of the diagram or the use of 

the transfer function. 

" Owing to problems of peat removal the Sphagnum imbricatum decline was 

recorded in only three of the five cores. The final decline registered in each 

core is ca cal. AD 1330 at Ardkill Moss, ca cal. AD 1590-1640 at Killorn 

Moss and ca. cal. AD 1640 at Tore Hill Moss. The decline of the species is 

correlated with increasing water table levels. The influence of burning appears 

to have had little effect on the final declines. Burning has caused previous 

declines in the cores, although the moss has always, been able to rejuvenate 

straight after the fires. The final recorded decline observed at Tore Hill Moss 

is unique in this study, as isolated hummocks of Sphagnum imbricatum still 
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exist on the surface of the mire. It is possible that this moss is in the early 

stages of decline towards possible extinction that so many other bogs have 

experienced. 

8.2 Future research 

" New studies with higher quality chronologies are the way to progress the 

science. Chronologies have to be improved to allow good comparison of 

records between sites. 

" Further studies looking for tephra layers are required in Britain and Ireland so 

that the extent of as many layers as possible can be determined. Records can 

then be obtained from sites with as many common tephra layers as possible to 

aid the assessment of the synchroneity of climate change between sites. 

" Future studies could use AMS dates, wiggle-matched to the radiocarbon 

calibration curve to date single climate events. The cost is prohibitive yet 

without tephra layers there are no other alternatives to gain a very high level 

of dating accuracy. 

" Re-dating older studies that have high quality palaeoecological data may be 

beneficial. There have been conflicts between climate changes noted in the 

present study and many of those from the past (Stoneman, 1993; Mauquoy, 

1997). This is not surprising based on the low numbers of radiocarbon dates 

per profile in these studies. 

" In order to establish a more robust link between NADW production and bog 

stratigraphy further research could be carried out in maritime areas that are in 

close proximity to the source of NADW production. Work is in progress on 

this (NERC grant by Dr. Paul Hughes, Southampton University) which 
involves the examination of peat records from Newfoundland. 
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" Further work is required to enhance the records derived using the testate 

transfer function. This function is based on a limited number of modern 

training sets which do not represent the drier taxa that well and do not include 

Difflugia pulex which is a major component of many of the testate amoebae 

assemblages in this study. This would require new sites with a history of water 

table monitoring. 

" Further research is required to determine the reason for the decline in 

Sphagnum imbricatum in Britain. Research centred on areas where the moss 

presently exists, such as at Tore Hill Moss, may afford the opportunity to 

monitor the progress of this moss in order to determine the factors leading to 

its decline as it occurs. 
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Appendix 

Detailed stratigraphy logs for all cores at all of the sites 

Ardkill Moss 

A transect from 90°-270° was used. 

Ardkill ARD-1.40 metres west of 
master core (270°) 

Depth (cm) Stratigraphy description Humification Further comment 

0-12 cm Tb2 (sphag), Sh1, Thl H6-7 Dark chocolate brown 
12-28 cm Sh2, Tb l (sphag), Tb 1 H7 Dark brown 
28-42 cm Th2 (sphag), Sh1, Thl H7 Dark chocolate brown 
42-48 cm Tb3 (sphag), Shl, Th+, Tl+ H5-6 Mid brown 

48-58 cm Tb4 (sphag), Th+, Tl+ H4 Mid orange brown 
58-72 cm Tb4 (sphag), Th+, Tl+ H4 Mid orange brown 
72-74 cm Tb4 (sphag), Th+, T1+ H5 Orange/brown 
74-83 cm Tb4 (sphag), Th+, 71+ H4 Mid orange brown 
83-91 cm Th3 (sphag), Thl, Tl+ H4-5 Mid orange brown 
91-100 cm Tb4 (sphag), Th+, Tl+ H4 Mid orange brown 
100-107 cm Tb3 (sphag), T11, Tl+ H5 Mid orange brown 
107-111 cm Tb2 (sphag), Thl, Shl H5 Mid orange brown 
111-135 cm Tb4 (sphag), Th+, Tl+ H3-4 Mid orange brown 
135-159 cm Tb4 (sphag), Th+, Tl+ H2-3 Orange 
159-161 cm Th2, Th2 (sphag) H4-5 Pool layer 
161-165 cm Sh2, Tbl (sphag), Thl H4 Pool layer 
165-172 cm Tb3 (sphag), Sh1, Th+ H4-5 Mid brown 
172-186 cm Th4 (sphag), Th+ H3-4 Light brown 
186-197 cm Th2, Sh2 H3-4 Pool layer 
197-222 cm Tb4 (sphag), Th+, Tl+ H3-4 Mid orange brown 
222-231 cm Th3 (sphag), Sh 1, Th+ H3 Mid orange brown 
231-249 cm Tb4 (sphag), Th+ 13 Light brown 
249-258 cm Tb4 (sphag), Th+, Tl+ H4 Brown 
258-330cm Tb4 (sphag), Tl+, Th+ H3 Light orange brown 
330-347 cm Tb3 (sphag), Shl 114-5 Orange/brown 
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Ardkill ARD-2.10 metres west of 
master core (2700) 

Depth (cm) Stratigraphy description Humification Further comment 

0-12 cm Th2 (sphag), Sh1, Th1 H6-7 Dark chocolate brown 
12-28 cm Sh2, Tbl (sphag), Thl H7 Dark brown 
28-42 cm Th2 (sphag), Sh1, Thl H7 Dark chocolate brown 
42-48 cm Th3 (sphag), Shl, Th+, T1+ H5-6 Mid brown 
48-58 cm Tb4 (sphag), Th+, T1+ H4 Mid orange brown 
58-72 cm Tb4 (sphag), Th+, Tl+ H4 Mid orange brown 
72-74 cm Tb4 (sphag), Th+, Tl+ H5 Orange/brown 
74-83 cm Tb4 (sphag), Th+, 11+ H4 Mid orange brown 
83-91 cm Th3 (sphag), Thl, Tl+ H4-5 Mid orange brown 
91-100 cm Tb4 (sphag), Th+, Tl+ H4 Mid orange brown 
100-107 cm Th3 (sphag), Thl, Tl+ H5 Mid orange brown 
107-111 cm Th2 (sphag), 111, Shl H5 Mid orange brown 
111-135 cm Tb4 (sphag), Th+, Tl+ H3-4 Mid orange brown 
135-159 cm Tb4 (sphag), Th+, Tl+ H2-3 Orange 
159-161 cm Th2, Th2 (sphag) H4-5 Pool layer 
161-165 cm Sh2, Tbl (sphag), ml H4 Pool layer 
165-172 cm Th3 (sphag), Shl, Th+ H4-5 Mid brown 
172-186 cm Tb4 (sphag), Th+ H3-4 Light brown 
186-197 cm Th2, Sh2 H3-4 Pool layer 
197-222 cm Tb4 (sphag), Th+, T1+ H3-4 Mid orange brown 
222-231 cm Th3 (sphag), Shl, Th+ H3 Mid orange brown 
231-249 cm Tb4 (sphag), Th+ H3 Light brown 
249-258 cm Tb4 (sphag), Th+, Tl+ H4 Brown 
258-330cm Tb4 (sphag), Tl+, Th+ H3 Light orange brown 
330-347 cm Th3 (sphag), Shl H4-5 Orange/brown 

Master core 

Depth (cm) Troels Smith 

stratigraphy description 
0-16 cm Sh4 Th (sphag)+ 
16-40 cm Tb3 (sphag) Sh 1 
40-60 cm Tb4 (sphag) Sh+ 
60-190 cm Tb4 (sphag) 
190-205 cm Tb4 (sphag) Th+ 
205-256 cm Tb4 (sphag) 
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Stratigraphy core ARD-3 10 metres 
east of master core (90°) 

Depth 
(cm) 

Troels Smith 

stratigraphy description 
Von Post 
humification scale 

Further Comments 

0-24 cm Sh4, Th+, Tl+ H7-8 Brown/black 
24-42 cm Th3 (sphag), Th1, Tl+ H5 Mid brown 
42-46 cm Tb3 c, Th1, T1+ H4-5 Mid brown 
46-50 cm Tb4 (sphag), Th+ H3-4 Mid brown 
50-66 cm Tb4 (sphag), Th+ T1+ H3-4 Orange/brown 
66-75 cm Tb4 (sphag), Th+ Tl+ H4 Orange/brown 
75-105 cm Tb4 (sphag), Th+ Tl+ H5 Mid brown 
105-128 cm T1A (sphag), Th+ Tl+ H4 Dark orange brown 
128-145 cm Tb4 (sphag) Tl+ H3-4 Dark orange brown 
145-162 cm Sh3, Thl, Tl+ Pool layer 
162-173 cm Tb4 (sphag) Tl+ H3-4 Mid orange brown 
173- 200 cm Tb4 (sphag) Tl+ H4 Mid orange brown 
200-216 cm Tb4 (sphag) Tl+, Th+ 1-13 Orange brown 
216-224 cm Tb3 (sphag), ThI, Tl+ H34 Mid brown 
224-228 cm Th3 (sphag), ThI, T1+ H3/4 Brown 
228-255 cm Tb4 (sphag) Tl+, Th+ 113 Mid orange brown 
255-274 cm Tb3 (sphag), ThI, Tl+ H4-5 Mid brown 
274-290 cm Tb4 (sphag) Tl+ H3 Orange/brown 
290-295 cm Tb4 (sphag) Tl+, Sh+ H34 Dark orange brown 
295-300 cm Th2 (sphag), Th2 H4 Mid brown 
300-307 cm Tb4 (sphag) Th+, Tl+ H4 Mid brown 
307-317 cm Sh2, Th2 (sphag) H6-7 Pool layer 
317-333 cm Tb4 (sphag), Th+, Tl+ H6-7 Chocolate brown 
333-348 cm Tb2 (sphag), Sh2, Th+ H5 Mid brown 
348-379 cm Tb4 (sphag) H3-4 Light brown 
379-381 cm Tb3 (sphag), ShI H2 Pool layer 
381400 cm Tb4 (sphag) Tl+, Th+ H3 Orange brown 
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Stratigraphy core ARD-4 40 metres 
east of master core (90°) 

Depth (cm) Stratigraphy description Humification Further comment 

0-18 cm Sh4 H8 Dark brown 
18-35 cm Tb3 (sphag), Th1, T1+ H5 Mid brown 
35-52 cm Tb4 (sphag), Th+, T1+ H3 Orange/brown 
52-69 cm Th3 (sphag), Thl H4 Mid brown 
69-73 cm Tb3 (sphag), Shi, Tl+ H5 Dark brown 
73-84 cm Tb4 (sphag), Th+ H3-4 Mid orange/brown 
84-88 cm Tb2 (sphag), Sh2 H5 Mid brown 
88-100 cm Tb4 (sphag) Th+, Tl+ H3 Orange/brown 
100-123 cm Tb4 (sphag) Sh++, Th+, T1+ H5-6 Brown 
123-135 cm Tb2 (sphag), Th2 H5-6 Mid brown 
135-151 cm Tb4 (sphag), Th+, Tl+ H3-4 Mid orange/brown 
151-154 cm Sh4, Th+ Pool layer 
154-162 cm. Tb4 (sphag), Th+ H3-4 Orange/brown 
162-174 cm Tb4 (sphag), Th+ H3 Orangelbrown 
174-200 cm Tb4 (sphag) Tl+ H3 Orange/brown 
200-213 cm Tb4 (sphag), Tl+ H3 Mid orange/brown 
213-223 cm Tb3 (sphag), Sh1, Tl+, Th+ H4-5 Chocolate brown 
223-239 cm Tb4 (sphag), T1++, Th+ 113-4 Dark orange brown 
239-247 cm Tb4 (sphag), Tl+, Th+ H3-4 Chocolate brown 
247-257 cm Tb4 (sphag), Tl+ H3-4 Light brown 
257-261 cm Th3 (sphag), Sh1, T1+, Th+ H4-5 Mid brown 
261-269 cm Th3 (sphag), Thl H3 Light brown 
269-273 cm Tb4 (sphag), 71+, Th+ H4 Mid brown 
273-283 cm Tb4 (sphag), Tl+, Th+ H3-4 Mid brown 
283-300 cm Th2 (sphag), Sh2, Th+, Tl+ H6 Chocolate brown 
300-313 cm Tb4 (sphag), Tl+, Th+ 1-13-4 Orange/brown 
313-333 cm Tb4 (sphag), Sh+, Tl+ H4 Dark orange 
333-338 cm Sh2, Tbl (sphag), Thl H4 Pool layer 
338-344 cm Tb4 (sphag) I-I3-4 Orange/brown 
344-347 cm Tb4 (sphag), T1+, Th+ H5 Dark brown 
347-350 cm Tb4 (sphag), Tl+ H3-4 Dark orange 

448 



Cloonoolish Moss 

A transect from 90°-270° was used. 

Stratigraphy core CLO-1 30 metres west of 
master core (270°) 

Depth 
(cm) 

Troels Smith 
stratigraphy description 

Von Post 
humiication scale 

Further Comments 

0-15cm Tb 4 (sphag), Th+ H2 Green/brown 
Sphagnum peat 

15-71cm Tb4 (sphag), Th+ H2 Brown Sphagnum 
peat 

71-86cm Tb4 (sphag), Tl+, Th++ H1 Pool peat layer 
86-91cm Tb3 (sphag), Shl H1 As above 
91-100cm Tb3 (sphag), Shl, Th++ As above 
100-133cm Tb4 (sphag), Sh+, T1+, Th++ H5-6 Mid brown 

Sphagnum peat 
133-144cm Tb4 (sphag), TI+, Th++ H3 Light brown Sphagnum 

peat 
144-170cm Tb2 (sphag), Sh1, Th1, Tl+ H6 Dark chocolate 

brown 
170-175cm Tb2 (sphag), Th2, Tl+ H4 Mid brown 
175-183cm Th2 (sphag), Th1, ShI H4 Light green/brown 

Pool peat layer 
183-192cm Tb4 (sphag), Th+, Tl+ H4-5 Mid brown 
1.92-2.06m Th3 (sphag) Thl Tl+ H4-5 Mid brown 
206-210cm Th3 (sphag), Shl, Tl+ H4-5 Mid brown 

Phragmites evident 
from 206cm 

210-230cm Th2 (sphag), T12 H4-5 Light brown 
230-248cm Tb2 (sphag), Th2 H5 Brown 
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Stratigraphy core CLO-2.10 metres west of master core (270°) 

Depth 
(cm) 

Troels Smith 

stratigraphy description 
Von Post 
humification scale 

Further Comments 

0-18cm Tb4 (sphag), Th+ H1 Green/brown very fresh 
Sphagnum peat 

18-26cm Tb4 (sphag), Ti (vacc)+, Th++ H2 Light brown Sphagnum 
peat 

26-48cm Tb4 (sphag) Light brown Sphagnum 
peat 

48-57cm Sh2, Tbl (sphag), ThI H4 Light green/brown pool 
peat 

57-74cm Tb3 (sphag), ThI (E. ang) Sh++ H4-5 Mid brown Sphagnum/ 
Eriophorum peat 

74-86cm Th2 (sphag), Sh2 1-14-5 Mid brown Sphagnum 
peat 

86-100cm Tb4 (sphag), Th+ (Carex) H4-5 Mid brown 
100-113cm Tb4 (sphag), Th+, Tl+, Sh++ H4-5 Mid brown Sphagnum 

peat 
113-129cm Tb3 (sphag), ShI, Th+, Tl+(vacc) 1-14-5 Mid brown Sphagnum 

peat 
129-48cm Tb2 (sphag), Th2 (E. ang, Evag) Tl+ H5-6 
148-166cm Tb3 (sphag), Thl H5-6 Mid brown 
166-184cm Tb4 (sphag), Th+ H3-4 Orange/brown Sphagnum 

peat 
184-200cm Tb2 (sphag), Th1, ShI H5 Mid brown 
200-206cm Tb4 (sphag), Th+ H4 Light brown Sphagnum 

peat 
206-210cm Tb2 (sphag), Th2 (Phragmites) H2 Light brown 
210-217cm Th3 (sphag), Thl, Sh+ H4-5 
217-227cm Tb2 (sphag), Sh1, 1-14-5 Light brown 

227-235cm Th4 (Phragmites) H2 Light brown with Myrica 
leaves 

235-243cm Tb3 (sphag), Tb I, Th+, Tl+ 1-14-5 
243-268cm Tb3 (sphag), Sh 1, Th++ H4-5 Phragmites evident 

at 60cm 
268-273cm Tb4 (sphag), Th++ H3 Evidence of Menyanthes 
273-293cm Tb3 (sphag), Thl (Phragmites) H4 Mid brown 
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Master core 

Depth (cm) Troels Smith 

stratigraphy description 

0-25 cm Tb3 (sphag) Thl 
25-36 cm Th3 Shl 
36-80 cm Th4 (sphag) 
80-86 cm Tbl (sphag) Th3 
86-122 cm Th4 (sphag) 
122-130 cm Tb1 (sphag) n1 Sh1 T11 
130-154 cm T14 (sphag) 
154-174 cm T12 Thl (sphag) Thl 
174-210 cm Tb3 Thl 
210-240 cm Th2 Th2 (phrag) 

Stratigraphy core CLO-3.10 metres east of master core 
(9011) 

Depth 
(cm) 

Troels Smith 
stratigraphy description 

Von Post 
humification scale 

Further Comments 

0-15cm Tb3 (sphag), Th1, Tl+ H4 Mid dark brown 
Sphagnum peat 

15-28cm Tb2 (sphag), Th2 H4 Green/brown 
28-33cm Th3, Ti (sphag), Sh++ H4 Light green/brown 
33-42cm Tb2 (sphag), Th2, Tl+ H5-6 
42-75cm Tb4 (sphag), T1+ H3-4 Dark orange brown 

peat. Evidence of Phragmites 
at 50cm 

75-86cm Tb2 (sphag), Th1, Shl, Tl+ H7 Dark brown 
86-153cm Tb4 (sphag), Th+, Tl+ H5 Dark orange brown 
153-170cm Th3, TbI (sphag), Sh++ H4-5 Brown 
170-178cm Tb4 (sphag), Sh+ H3 Sphagnum cuspidatum pool 

peat 
178-185cm Th3 (sphag) Th1, Tll H4-5 Light brown 
185-200cm As above H5-6 Brown 
200-227cm Th2, Sh2, Tl+ H5 Dark chocolate brown 
227-238cm Tb3 (sphag), Sh1, Th+, TI++ H4-5 Mid brown Sphagnum peat 
238-249cm Tb2 (sphag), Sh1, Thl H5 Dark chocolate brown 
249-290cm Tb2, Th2, Sh++ H5-6 Contains Phragmites and 

Myrica leaves 
290-300cm Th3, Sh1 H5-6 Phragmites peat 
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Heathwaite Moss 

A transect from 110°-290° was used. 

Stratigraphy core HWM-1.30 metres from master core 
110° 

Depth 
(cm) 

Troels Smith 
stratigraphy description 

Von Post 
humification scale 

Further Comments 

0-6cm Tb3 (sphag), Sh1 H1 Sphagnum cuspidatum 
6-30cm Tb2 (sphag), Sh2, Th+ H6 Dark brown/black 
30-64cm Tb4 (sphag), Th+ H3 Orange/brown 
64-67cm Tb3 (sphag), Shl H4 Brown 
67-82cm Tb4 (sphag), Th+ H3 Orangelbrown 
82-84cm Tb3 (sphag), Sh1, Th+ H5 Dark brown/black 
84-103cm Tb4 (sphag) H3 Orange 
103-116cm Th2, Shl, T hl. (sphag) H6 Dark brown 
116-125cm Tb3 (sphag), Shl, Th+ H5-6 Dark brown 
125-132cm Tb4 (sphag), Tl+ H2-3 Orange 
132-172cm Tb3 (sphag), Shl, Th+ H3 Orangebrown/light brown 
172-176cm Tb2 (sphag), Sh2, Th+ H3 Brown/green pool layer 
176-228cm Tb2 (sphag), Sh2, Th+ H6-7 Dark brown/black 
228-239cm Sh2, Ti (sphag), Thl H6 Dark brown 
239-249cm Sh3, Ti (sphag) H7 Dark brown/black 
249-253cm Th2, ShI, Ti (sphag) H4-5 Light brown 
253-279cm Th4 (sphag), T1+, Sh+ H6 Brown 
279-285cm Sh2, Th2, Tb+ H6-7 Dark brown 
285-320cm Th3 (sphag), Shl, T1+ H6-7 Dark brown 
320-323cm Th2, ShI, Tbl (sphag) H5-6 Light brown 
323-364cm Sh2, Tb1(sphag), Thl H7-8 Dark brown/black 
364-390cm Tb2 (sphag), Sh2, Th+, Tl+ H7-8 Dark brown 
390-400cm Tb2 (sphag), Sh2 H8 Dark brown 

452 



Stratigraphy core HWM-2 20 metres from master core 
110° 

Depth 
(cm) 

Troels Smith 

stratigraphy description 
Von Post 
humification scale 

Further Comments 

0-3cm Tb4 (sphag) H1 Sphagnum cuspidalum 
3-8cm Sh2, Tbl (sphag), Thl H8 Black 
8-22cm Sh3, ThI, Tb+ (sphag) H7-8 Dark brown/black 
22-30cm Tb2 (sphag), Shl, Thl H6-7 Dark brown 

30-59cm Th3, Thl, Tl+, Sh+ H3-4 Orange/brown 
59-84cm Tb4 (sphag), Th+ H3 Orange/brown 
84-119cm Tb4 (sphag) Th+ H4 Light brown 
119-137cm Tb4 (sphag) H2-3 Orange 
137-153cm Tb2 (sphag), Sh2, Th+ H5 Dark brown 

153-165cm Tb2 (sphag), Th2 H3-4 Light brown 
165-180cm Tb2 (sphag), Sh2, Th+ H5 
180-190cm Tb4 (sphag), Th+ 112-3 Orange/brown 
190-209cm Tb3 (sphag), Shl, Th+ H4 Dark brown 
209-219cm Tb4 (sphag), Th+ H3 Orange/brown 
219-225cm Th3, Tbl (sphag) H3 Orange/brown 
225-287cm Tb3 (sphag), Shl, Tl+ H5-6 Dark brown 
287-292cm Tb2 (sphag), Th2 H4 Orange/brown 
292-308cm Th3 (sphag), TI!, Sh+ H6-7 Dark brown/ black 
308-320cm Th2, Sh2, Tb+ (sphag) H5 Chocolate brown 
320-363cm Tb2 (sphag), Thl, Shl, Tl+ H8 Dark brown/black 
363-370cm Sh3, ThI H8 Dark brown/black 
370-374cm Sh2, T12 H8 Dark brown/black 
374-400cm Tb3, Shl, Th+, T1+ H8 Dark brown/black 
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Stratigraphy core HWM-3 10 metres 
from master core (110°) 

Depth 
(cm) 

Troels Smith Von Post 

stratigraphy description humification scale 
Further Comments 

0-7cm Tb4 (sphag) HI Sphagnum cuspi alum 
7-27cm Sh2, Tbl (sphag), Th1 H6-7 Dark brown/black 
27-40cm Th3 (sphag), Thl H4 Dark brown 
40-68cm Tb3 (sphag) Th1 H3-4 Orange/brown 
68-73cm Tb4 (sphag) Th+ H3 Orange 
73-85cm Tb3 (sphag), Shl, Th+, Tl+ H4 Orange/brown 
85-92cm Tb4 (sphag), Th+ H3 Orange 
92-111cm Tb3 (sphag), Tb I, T1+ H4 Dark brown 
111-116cm Th3 (sphag), Shl, Th+ H4 Light brown 
116-125cm Tb4 (sphag), Tl+, Th+ H3 Orange/brown 
125-137cm Tb2, Thl, Shl H5 Dark brown 
137-142cm Tb2 (sphag), Sh2, Tl+, Th+ H2-3 Green/brown pool layer 
142-154cm Tb4 (sphag), Th+ H3 Orange 
154--158cm Sh2, Ti (sphag), Thl H2-3 Green/brown pool layer 
158-175cm Tb4 (Sphag), Th+ H3 Orange 
175-185 cm Th2, Tbl (sphag) ShI H5 Dark brown 
185-216cm Tb2 (sphag), Th2, Sh+ H5-6 Dark brown 
216-225 cm Sh3, TI (sphag), Th+ H8 Dark brown/black 
225-246cm Tb2 (sphag), Sh2, Th+ H7-8 Chocolate brown 
246-258cm Th2 (sphag), Sh2, Tl+ 116-7 Dark brown 
258-268cm Tb3 (sphag), Shl, Tl+ H6-7 Dark brown 
268-271 cm Tb2 (sphag), Th2, Sh+ H5 Light brown 
271-318cm Tb3 (sphag), Shl, Th+ H6-7 Dark brown 
318-352cm Th3, Shl, Tb+ H5 Light brown 
352-373cm Sh3, Tbl (sphag), T1+ H8 Dark brown/black 
373-377cm Tb4 (sphag) 
377-400cm Th2 (sphag), Sh2, Tl+, Th+ H8 Dark brown/black 



Stratigraphy core HWM-4 10 metres from master core 
290° 

Depth 
(cm) 

Troels Smith 

stratigraphy description 
Von Post 
humification scale 

Further Comments 

0-13cm Tb4 (sphag) H1 Sphagnum cuspidatum 
13-35cm Tb4 (sphag), Th+, TI+ H4 Light brown 
35-65cm Tb4 (sphag) H3 Orange 
65-80cm Tb3 (sphag), Thl H3-4 Light brown with E. vaginalum 

roots 
80-112cm Tb4 (sphag), 142-3 Orange with Evaginatum roots 
112-120cm Tb3 (sphag), Shl, Th+ H5 Dark brown 
120-128cm Tb4 (sphag), Tl+, Th+ H3 Orange/brown 
128-145cm Tb3 (sphag), Shl H4 Light brown 
145-155cm Tb4 (sphag) H2-3 Orange 
155-165cm Tb2 (sphag), Sh2 ? Green brown pool layer 
165-185cm Th3 (sphag), Shl H4 Light brown 
185-202cm Tb4 (sphag), Th+, Sh+ H3 Orange/brown 
202-222cm Th3 (sphag), Shl, T1+ H4 Light brown 
222-231cm Tb4 (sphag), T1+ H3 Light brown 
231-243cm Th2, Shl, ThI (sphag) H5 Brown with E. vaginatum 

roots 
243-269cm Sh2, Tb2 (sphag), Tl+ H5 Dark brown 
269-279cm Th3 (sphag), Shl, Th+ H4 Orange/brown 
279-358cm Sh2, Tbl (sphag), ThI H6 Dark brown 
358-387cm Sh2, ThI (sphag), Thl H7-8 Dark brown/black 
387-392cm T13, Shl H8 Dark brown/black 
392-400cm Sh3, TI1 1-18-9 Black 
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Stratigraphy core HWM-5 20 metres 
from master core (290°) 

Depth 
(cm) 

Troels Smith 
stratigraphy description 

Von Post 
humification scale 

Further Comments 

0-4 cm Tb4 (sphag) HI 
4-7 cm Sh4, Th+ Grey-black 
7-25 cm Sh1, Th1, Tb2 (sphag) H5-6 Dark brown 
25-42 cm Tb4 (sphag), Th+ H3-4 Orange/brown 
42-57 cm Tb4 (sphag), Th+ H2-3 Orange/brown 
57-60 cm Sh3, Tbl (sphag) H6 Dark brown 
60-65 cm Tb4 (sphag), Th+ H3 Orange/brown 
65-72 cm Tb4 (sphag), Th+, Sh+ H3-4 Dark orange brown 
72-78 cm Tb4 (sphag), Th+ H3 Orange 
78-83 cm Tb3 (sphag), Shl, Th+ H4 Brown 
83-123 cm Tb4 (sphag), Th+ H3-4 Dark orange brown 
123-129 cm Sh3, Tbl (sphag), Th+ Pool layer 

Green/brown 
129-139 cm Tb4 (sphag), Th+ H2-3 Orange 
139-148 cm Sh2, Tbl (sphag), Th1, Tl+ 1-16-7 Green/brown 
148-158 cm Tb3 (sphag), Shl, Th+ H4 Dark orange brown 
158-169 cm Tb4 (sphag), Th+ H3 Orange 
169-186 cm Tb3 (sphag), Shl, Th+ H4 Dark orange brown 
186-204 cm Sh2, Tb 1 (sphag), Th 1 H6-7 Dark brown 
204-211 cm Tb2 (sphag), Sh2, Th+ H4-5 Brown 
211-234 cm Tb2 (sphag), Sh2 H6-7 Dark brown 
234-245 cm Th2, Sh1, Tbl (sphag) H7 Dark brown 
245-274 cm Tb2 (sphag), Th2, Sh+ H7 Dark brown 
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Stratigraphy core HWM-6 30 metres 
from master core (290°) 

Depth 
(cm) 

Troels Smith 
stratigraphy description 

Von Post 
humification scale 

Further Comments 

0-2 cm Tb2 (sphag), Th2 H2 S. cuspidata/Eangustifolium 
2-4 cm Sh4 H7 
4-28 cm Sh3, Thl, Tl+ H7-8 Dark brown/black 
28-37 cm Tb2 (sphag), Th2 H5 
37-48 cm Tb4 (sphag), Th+, Tl+ H3-4 Orange/brown 
48-65 cm Tb3 (shag), Shl, Th+ H3-4 
65-73 cm Tb4 (sphag), Th+ H3 Orange 
73-93 cm Tb4 (sphag), Th+, Tl+ 113-4 Orange/brown 
93-100 cm Sh2 Ti (sphag), Thl Green/brown pool 
100-111 cm Tb3 (sphag), Shl, Th+ H4-5 Dark brown 
111-115 cm Tb3 (sphag), Thl H3 Orange/brown 
115-136 cm Tb2 (sphag), Th2, Tl+ H7 
136-138cm Sh3, Tbl (sphag) Green/brown pool 
138-163 cm Tb4, Th+ H3 
163-168 cm Tb2 (sphag), Sh2, Th+ H6-7 Dark brown 
168-172 cm Tb3 (sphag), Shl H5-6 Orange/brown 
172-200 cm Sh2 Th 1 (sphag), Tb 1 H6-7 Dark brown/black 
200-211 cm Tb3 (sphag), Sh 1, TI+ H6 Chocolate brown 
211-228 cm Sh2, Tbl (sphag), Thl H7 Dark brown/black 
228-255 cm Sh2, Th2, Tb (sphag)+ H7-8 
255-280 cm Th3, Tbl (sphag), Tl+ 1-17-8 Dark brown/black 
280-304 cm Sh2, Tbl (sphag), Thl H8 Dark brown/black 
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Tore Hill Moss 

A transect from 40°-220° was used 

Stratigraphy core THM-1 
30 metres from master core (40°) 

Depth m Troels Smith 

stratigraphy description 
Von Post 
Humification Scale 

Further comments 

0-0.21m Tb4 (sphag) H2 green/brown pool layer 
0.21-0.31m Sh2 ThI Th2 (sphag) H6 chocolate brown 
0.31-1.00m Tb3 (sphag) Thl H3-4 orange/brown grading 

into dark brown 
1.00-1.85m Tb4 (sphag) Th+ Sh+ H3-4 orange/brown 
1.85-2.12m Th2 (sphag) Th2 Sh+ H4-5 light brown 

2.12-2.54m Tb4 (sphag) Th+ Sh+ H3 orangelbrown 
2.54-3.20m Th3 (sphag) Th1 114-5 orange brown grading 

into dark brown 

Stratigraphy coreTHM-2 
20m from master core (40°) 

Depth (m) Troels Smith 

stratigraphy description 
Von Post 
Humification Scale 

Further comments 

0-0.15m Tb4 (sphag) H2 green/brown pool layer 

0.15-0.30m Th2 (sphag) Th2 H3-4 brown 
0.30-1.66m Tb4 (sphag) Th+ Sh+ H4 orange/brown 
1.66-2.22m Tb3 (sphag) Th 1 H4-5 dark brown 
2.22-2.41m Tb4 (sphag) Th+ H3 orangelbrown 
2.41-2.88m Tb4 (sphag) Th+ H5 brown 
2.88-3.14m Tb4 (sphag) Th+ H3 light brown 

Stratigraphy core THM-3 
1 Om from master core (40°) 

Depth (m) Troels Smith 

stratigraphy description 
Von Post 
Humification Scale 

Further comments 

0-0.1Orn. Tb4 (sphag) H2 green/brown pool layer 
0.10-0.30m Tb2 (sphag) Th2 H6 dark brown 
0.30-1.64m Tb4 (sphag) Th+ H2-4 orange brown 
1.64-2.22m Tb3 (sphag) Th1 H4-5 dark brown 
2.22-2.30m Tb2 (sphag) Th2 (vag) H5 dark brown 
2.30-3.21m Tb3 (sphag) Th1 1-13-6 grading from orange/brown 

to dark brown 
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Master Core 

Depth (m) Troels Smith 

stratigraphy 
description 

0-0.15m Tb4 (sphag) 
0.15-0.45m Sh2 Tb2 (sphag) 
0.45-1.75m Tb4 (sphag) 
1.75-1.90m Sh2 Tb2 (sphag) 
1.90-2.05m Tb3 (sphag) ThI 
2.05-2.20m Sh2 Tb2 (sphag) 
2.20-2.55m Tb3 (sphag) ThI 

Stratigraphy core THM-4 
10m from master core (220°) 

Depth (m) Troels Smith 

stratigraphy description 
Von Post 
Humification Scale 

Further comments 

0-0.20m Tb4 (sphag) H2 green/brown 
0.20-0.32m Tb1(sphag) Thl Sh2 H3 green/brown pool layer 
0.32-1.65m Tb4 (sphag) Th+ 1422-3 orange/brown 
1.65-2.75m Tb3 (sphag) Thl H5-6 (2.27-2.31m H3) dark brown (2.27-2.31m orange/brown) 
2.75-3.09m Tb2 (sphag) Th2 Tl+ 1-15-6 dark brown 

Stratigraphy core THM-5 
20m from master core (220°) 

Depth (m) Troels Smith 
stratigraphy description 

Von Post 
Humifcation Scale 

Further comments 

0-0.18m Tb4 (sphag) H2 green/brown 
0.18-1.45m Tb4 (sphag) Th+ Tl+ H3-4 light orange 
1.45-1.65m Sh2 Tbl. Thl 116-7 dark brown 
1.65-2.61m Th3 Thl Sh+ H6 dark brown 
2.61-3.43m Th4 (sphag) Th+ H4 dark brown 
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Stratigraphy core THM-6 
30m from master core (220°) 

Depth (m) Troels Smith 

stratigraphy description 
Von Post 
Humification Scale 

Further comments 

0-0.15m Tb4 (sphag) H2 green/brown 
0.15-0.28m Sh2 Ti (sphag) Th1 112-3 green/brown pool layer 
0.28-1.54m Tb4 (sphag) Th+ H3-4 orange/brown 
1.54-1.82m Tb2 (sphag) Th2 H4 light brown 
1.82-2.06m Th3 Thl H3-4 brown 
2.06-2.24m Tb4 (sphag) Th+ H3-4 orange/brown 
2.24-2.35m Sh2 Tbl(sphag) Th1 H6-7 dark brown/black 
2.35-3.00m Tb2 Th2 Sh+ H3-4 (2.35-2.68m) light brown (2.35-2.68m) 

H6-7 (2.68-3.00m) dark brown (2.68-3.00m) 
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