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Changes 1in Holocene palaeoclimates in Scotland have been reconstructed from seven sites:
six ombrotrophic raised mires (Longbridge Moss, Langlands Moss, Temple Hill Moss,
Shirgarton Moss, Mallachie Moss, and Craigmaud Moss) and one ombrotrophic blanket mire
(Ben Gorm Moss) located across geographical and climatological gradients in Scotland.

The main techniques used for palaecoclimatic reconstruction were plant macrofossil,
colorimetric humification, and testate amoebae analyses, which were supported by a
radiocarbon based chronology, aided by analyses of spheroidal carbonaceous particles and
pine pollen at specific sites. Field stratigraphy was undertaken at each site in order to show
that the changes detected within the peat profiles are replicatable. In an attempt to identify
synchroneity of climatic phases, tephra 1sochrones were utilised to allow the precise linking of
time-spans between sites. Fourteen tephras were identified from the seven sites, and electron
microprobe analysis has been used to geochemically type the tephras to known isochrones
from Icelandic eruptions.

Detrended correspondence analysis (DCA) has been used to reconstruct a climatic proxy
record from the plant macrofossil data. The testate amoebae data were subjected to a transfer
function which produces quantitative reconstructed mire water table values using a calibration
program (WACALIB). The results show coherent wet and dry phases over the last ca. 5000
years (ca. 7500 years at Temple Hill Moss), with the three proxy reconstructions supporting
each other extremely well. Significant wet phases were identified at ca. cal. AD 1350-1550,
AD 870-1150, AD 500-600, 750-940 BC, 1240-1390 BC, 1450-1630 BC, 1700-1900 BC, and
ca. cal. 2200-2300 BC. Additional wet phases were recognised at Temple Hill Moss at ca.
cal. 3350 BC, 3900 BC, and ca. cal. 4700 BC. Significant dry phases were documented at ca.
cal. AD 920-1340, AD 350-520, and ca. cal. 540-390 BC. Correlations at the time of the Glen
Garry and Hekla-4 1sochrones revealed a significant difference between climatic phases in the
north and south of Scotland, highlighting the possibility of asynchronous changes between
northern Scotland and the rest of Britain.

The local extinctions of Sphagnum imbricatum in the four sites where it previously grew
occurred at different dates, but were all associated with a wet phase.

Spectral analyses of the DCA and humification data revealed identical significant
periodicities in both sets of data from four sites, either between 520-580 years or around 280

years. A millennial scale periodicity (1100 years) was identified at Temple Hill Moss, which
may be related to an oceanic climate forcing mechanism,
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“Nature has conducted complex
but undesigned experiments for
palaeoecologists to try to unravel.”

H.J.B. Birks (1994)



Chapter 1. Introduction

1.1 Background

This thesis aims to reconstruct climatic change in Scotland from peat stratigraphy over
the last ca. 5000-7500 years. Ombrotrophic (rain-fed) bogs have been shown to be
sensitive to climatic changes as they rely mainly on precipitation for their moisture
inputs. Past proxy effective precipitation (precipitation minus evapotranspiration)
records from peat stratigraphy can be correlated with instrumental and documentary

evidence, thus validating the peat climatic archive (Barber, 1981).

Palacoclimatic research on peatlands has received a renewed interest over the last
dcca'dc. Much work has been undertaken on mires in northern England, The
Netherlands, and Scandinavia, which 1s documented in Chapter 2. However, very little
peat stratigraphic work on climatic change has been undertaken in Scotland (Lowe,
1993), which is one recason why this region was chosen as a field area for this research.
Scotland experiences a complex array of local and regional climates due to the variable
topography (Harrison, 1997; Roy, 1997). Average January maximum temperatures can
be of the order of 1°C higher in the extreme southwest of Scotland than on the east
coast, with similar differences for mintimum temperatures (Meteorological Office,
1989). The geographical location of Scotland also makes it a sensitive site to climatic
change, as it can be a ‘hinge-line’ for the movement of the polar front, which influences
climate as weather patterns are trained along the southern flank of this boundary (Lowe
and Walker, 1997). This suggests that Scotland could be the location in Britain where a
climatic change would be registered first. A southerly shift of the polar front over
Scotland has been suggested as being responsible for the Little Ice Age (LIA) in
Scotland (Whittington, 1985), and may have been responsible for other climatic

fluctuations throughout the Holocene.

Seven sites are selected for palaeoecological analysis in this project, covering a range of
geographical and present day climatological regimes. Three main techniques are
used in order to detect climatic changes: plant macrofossil analysis, colorimetric

humification analysis, and testate amoebae analysis. These techniques are underpinned



by a radiocarbon based chronology, supported by tephrochronology, and at specific sites
analyses of spheroidal carbonaceous particles and pine pollen have been used to aid the
dating of recent peats. The ability of tephra isochrones to precisely correlate climatic
changes from multiproxy evidence at a suite of sites is an exciting and original
development. Where tephras are present in the stratigraphy the potential synchroneity

of climatic changes can be tested, something which cannot be achieved with

radiocarbon dated profiles alone.

The techniques used for reconstructing climatic changes from peat stratigraphy rely on
the changing surface moisture content of the bog. Temperature clearly has an important
affect on these changes, either on evaporation or evapotranspiration. Isotopic analyses
have attempted to reconstruct temperature fluctuations from the peat via deuterium
(*H/'H) ratios (Dupont, 1986; van Geel and Middeldorp, 1988). Dupont (1986)
considered the deuterium ratios to be influenced by temperature, but van Geel and
Middeldorp (1988) found no correlation between the deuterium record from a bog in
Ireland and climatic indices developed by Lamb (1977b) over the last 850 years,
suggesting that differing plant taxa, specifically vascular plants and Sphagna, influence
the enrichment of the 1sotopes within the peat. A new approach is currently being tested

to examine the role of temperature in the peatland climatic record, which is discussed in

section 2.4.3.

Many uncertainties still remain concerning the timing, magnitude and spatial scale of
climatic changes, and a priority in palacoclimatic work is to increase the amount and
detail of proxy data for the Holocene (Maslin and Berger, 1997). This thesis aims to do
this for Scotland, and to compare the results with identified climatic changes from
northwest Europe. The synchroneity between climatic changes can be tested using
tephra 1sochrones, and time series have been created in order to identify periodicities

within the data. An appraisal of the development and biodiversity of the ombrotrophic

bogs studied 1s also undertaken.



1.2 Thesis Structure

A detailed study of previous research on climatic changes reconstructed from peatlands
1s presented 1n Chapter 2. This section also details possible forcing mechanisms which
produce Holocene climatic variability. The palaeoecological and chronological
methods used are described in Chapter 3, as well as detailing the use of a
tephrochronological approach to the research and the site selection strategy. This
Chapter is written in reasonable detail, as it is important to understand the processes
underpinning each technique. Chapter 4 provides the site descriptions, which includes
an outline of the present day climatic conditions. Chapter 5 is dedicated to the
chronology of each site. All the geochemical data for the tephra isochrones are
presented, as well as inferences about the spatial dispersal of specific tephras. The
radiocarbon dates are documented, and used in association with tephras, SCP and pine
pollen profiles (where applicable) to create age/depth models for each site. Time series
for further analyses were constructed from these models. The palacoecological results
are presented in Chapter 6, which includes a preliminary section on descriptions relating
to moisture preferences of the various taxa identified in the thesis. This is vital for the
interpretation of plant macrofossil and testate amoebae diagrams. The plant macrofossil
data were subjected to detrended correspondence analysis, and a transfer function used
on the testate amoebae data. The results are presented in site sections, and a synthesis
of the three proxy reconstructions for an individual site is made at the end of each
section. A final results section in Chapter 6 details the periodicities found at each site.

A discussion of the main results is undertaken in Chapter 7, and the conclusions and

suggestions for future research form Chapter 8.

Nomenclature follows Stace (1991) for vascular plants, Daniels and Eddy (1990) for
Sphagna, Smith (1980) for non-Sphagnum bryophytes, and Charman et al. (in press) for

testate amoebae.



Chapter 2. Previous research

2.1 Introduction

Ombrotrophic (rain-fed) peat bogs have been shown to contain archives of past
environmental information, much of which can be specifically related to changes in
climate (Godwin, 1981; Barber, 1981). Ombrotrophic bogs tend to be dominated by
Sphagnum, which function as cation exchangers (Andrus, 1986), lowering the pH of the
ecosystem which results in a species poor environment. The subfossil remains of these

species are frequently well preserved, and can be used to infer former mire surface wetness

given their sensitivity to specific moisture gradients.

This important terrestrial record has at times been undervalued as a proxy indicator of
climatic change, primarily due to misconceptions about the formation of peat (Barber,
1994), which was once thought to grow in a cyclic regeneration pattern (Osvald, 1923).
However, this theory was questioned when detailed stratigraphic work was undertaken on
peat faces, notably by Walker and Walker (1961), and 1t was finally refuted by Barber
(1978; 1981). The ideas and research with respect to reconstructing climatic changes from
peat stratigraphy undertaken up to the 1970’s are presented in the second part of this
review. In the 1980’s and 90’s, as interest grew in Holocene research, coupled with the
realisation that detailed climatic proxies could be extracted from peat stratigraphy, a

rejuvenation of peat stratigraphic research occurred. This work is discussed in the third

section.

At the start of the final decade of this millennium very little palaeoclimatic work had been
attempted in Scotland using alternative lines of evidence from pollen-stratigraphic data
(Lowe, 1993). As stratigraphic studies of plant macrofossils still remain to be better
exploited (Huntley, 1996), this would suggest that there is a wealth of information on past
climates still to be gathered from peat stratigraphy in Scotland. Whittington and Edwards
(1997) endorsed these sentiments, although in the last few years an increasing amount of

work has been accomplished in order to address these shortcomings, much of it



concentrating on peat stratigraphy (e.g. Chambers et al., 1997a; Anderson, 1998;
Anderson et al., 1998; Baker et al., 1999). A detailed study of palaeoclimatic inferences

in Scotland from peat stratigraphy is discussed in the fourth part of this review.

Before palacoclimatic reconstructions from peat stratigraphy can be made, it is necessary
to contemplate the factors relating to the origins and development of ombrotrophic bogs
which may adversely affect the detection of a climatic signal. Detailed reviews of these
factors have been undertaken in the theses of Stoneman (1993) and Mauquoy (1997), so a
brief synopsis will be given here (section 2.2). The final section of this review will
document the main forcing factors thought to affect Holocene climatic change, followed

by a synthesis of northwest European climatic changes over the mid to late-Holocene.

This thesis will use calibrated AD/BC radiocarbon dates wherever possible, but where
dates have been quoted in papers in years BP (calibrated or uncalibrated), they will be
quoted here as such due to uncertainties with calibration techniques or errors on the
original dates. The exception for this rule 1s in Table 2.1 (in section 2.6), where all the

dates have been converted to AD/BC (the above caveats notwithstanding) in order to

make comparisions between data easier.
2.2 Factors influencing the climatic signal on ombrotrophic peatlands

None of the factors discussed in this section have been considered as serious problems in
climatic reconstructions from peat stratigraphy in Britain (Stoneman, 1993; Barber et al.,
1994a,b,c; Mauquoy, 1997; Mauquoy and Barber, 1999a,b; Hughes et al. in press), with
the possible exception of an internal hydrological regime distorting the climatic signal at
Ellergower Moss (Stoneman, 1993), which is discussed below. However, 1t is important
to be aware of the possible problems with climatic reconstructions from peat stratigraphy,
especially as mires throughout the world may respond differently to climatic changes, and

have dissimilar autogenic mechanisms (e.g. Haslam, 1987; Glaser et al., 1997).

2.2.1 Internal hydrological controls
Mire hydrology is influenced by the relative biophysical properties of the organic
accumulations of peat massifs, which are commonly divided into two horizons. Ivanov

(1981) defines them as follows: the upper horizon, or acrotelm, has a variable water
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content, high hydraulic conductivity, with periodic aeration and relatively intense
biological activity; the lower layer, or catotelm, is constantly saturated, with low hydraulic
conductivity, and an absence of aeration with only slight biological activity. The catotelm
of an intact mire is overlain by the acrotelm. Autogenic changes in the internal hydrology
of ombrotrophic bog development could possibly mask climatic changes, as mires have
only a limited ability to store excess water in their aerated acrotelm, although this is only

thought to affect mires once the equilibrium between bog hydrology and prevailing

climate has been altered (Stoneman, 1993).

The water table of a raised bog 1s domed, and maintained in dynamic equilibrium by
impeded drainage (Ivanov, 1981; Ingram, 1982), and although after r;ain the water would
sink quickly through the acrotelm, 1t would sink very much more slowly through the
catotelm. The removal of excess water from the mire surface may occur through
subsurface pipes. Although not well understood, Foster and Fritz (1987) suggested that
these pipes may have developed due to hydrostatic pressure on the peat floor which
followed lines of weakness in the subsurface peat. Subsurface pipes may be responsible
for draining the surface of Ellergower Moss (located in the Silver Flowe, Scotland), as the
mire is situated in an area of comparatively high precipitation but exhibits a relatively dry
sequence (Stoneman, 1993). Rapid surface runoff can also occur, which may initially
store the excess water by ponding. As this storage is exceeded, the movement rapidly

occurs from one microtopographical low to another, and is eventually discharged into the

lagg stream (Boatman, 1983).

When catastrophic flooding of mires occurs, the peat stratigraphy is often able to reflect
such events. At Bourtangersveen in the Netherlands, a bog burst is thought to have
occurred at ca. 2500 BP (Casparie, 1972). Analysis of the stratigraphy revealed evidence
of many erosion channels and the sudden replacement of a Sphagnum section Cuspidata
layer by Sphagnum imbricatum and Sphagnum papillosum. 1t was thought that the sudden
drainage of an unstable mire lake (which was formed due to the climatic deterioration at
this time) led to the erosion channels within the mire, which subsequently allowed the

colonisation of other Sphagna. The event was found to be relatively short lived compared

with the whole peat record.



2.2.2 Artificial raising of the water table

Ombrotrophic bogs are considered to have a raised water table which operates in a
detached manner from the groundwater table. However, it has recently been suggested
that ombrotrophic bogs can be recharged by an artesian upwelling of groundwater during
dry periods, resulting in internal water tracks (Glaser et al., 1997). This model has been
developed from bogs which originate on sand and gravel substrates (within the glacial lake
Agassiz region of Minnesota), and it is thought that this process should not affect basin
mires with a clay substrate, as 1s common in Britain. However, this process of upwelling
groundwater has been further developed by Lamers et al. (1999), who suggested that a
calcium carbonate rich groundwater influence on raised water tables can react with acids
in the upper peat layers forming CO;. This mechanism promotes higher levels of
decomposition to take place, producing relatively high levels of methane and CO,. The
CO, diffuses from the peat, stimulating photosynthesis and growth in aquatic and
terrestrial Sphagna, and part of the methane oxidises to CO,. It may therefore be possible
that not all the nutrients utilised by ombrotrophic mire flora are received from the
atmosphere. However, an increase in CO, concentrations has been shown to have little or
no effect on the growth of Sphagnum fuscum, as it was found that low water levels are

more of a limiting factor (Jauhiainen et al., 1997).

Methane is formed in peat as the cellulose of dead plants, which is usually degraded
aerobically to CO; and water, becomes anaerobically decayed by a consortium of bacteria

(Brown and Overend, 1993). Considerable amounts of methane are suggested to be

trapped in ombrotrophic bogs, and it 1s thought that these bubbles (ca. 70ptm in diameter -
Brown, 1997) may reduce the hydraulic conductivity in the lower layers of the peat by
blocking the pore spaces, preventing fluid movement, and elevating the water table
(Brown et al., 1989). The impeded drainage suggested by Ingram (1982) could therefore

reflect trapped gaseous methane in the catotelm (Brown, 1997).

At present there 1s not yet enough data to suggest whether the amount of methane present
in a bog affects the ambient mire water levels. Brown (1997) suggested that more
information on the microbial metabolism of peat bogs is necessary before the water
movement in mires can be realistically modelled. However, recent research has indicated

that the major pathway for methane fluxes to the atmosphere is through Eriophorum
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vaginatum tussocks, which exhibit significantly higher fluxes than Sphagnum (Frenzel and
Rudolph, 1998). This is due to very low rates of methane oxidation associated with
Eriophorum, and it is suggested that methane bubbles may become trapped in the network
of Eriophorum roots within a tussock. Subsequently, methane diffuses into the roots and
is eventually transported to the atmosphere. Frenzel and Rudolph (1998) noted that the
Lriophorum roots and rhizomes cover a wide area, often extending below Sphagnum
lawns, and may therefore drain the methane even from these areas. The problem of
methane artificially raising the water table and damping any climatic signal from peat

stratigraphy might thus be not as important as was initially thought.

2.2.3 Anthropogenic disturbances

Humans have not only damaged and destroyed large areas of mires, but have also played
an important role in the development of the British peatland landscape (Charman, 1997a).
The best example is probably the initiation of blanket peats which are frequently
associated with human activity from the Mesolithic onwards (Moore, 1993). However, a
large amount of damage to mires has occurred over the last few hundred years. Smout
(1997) reviews ‘Bogs and People since 1600°, and comments from accounts written
between 1630 and 1730, on the reputation of bogs as a useful resource being particularly
high in Scotland. Most of these uses were for fuel, but reclamation was not unusual - an

account from 1724 describes parts of Flanders Moss being converted into arable land.

Burning and grazing is likely to have an effect upon bog flora (Chambers, 1997). Burning
s considered to be the more serious of these influences, and is discussed in detail 1n
Chapter 6 (section 6.1.25) with respect to macroscopic charcoal remains recovered from
peat stratigraphy. Welch (1997) considered the loss of heather and prevention of tree
regeneration or colonisation to be the main impacts of grazing by large herbivores on
British peatlands, implying that Ericaceae may at times be under-represented in the

palacoecological record due to non-climatic factors.

The cutting of drainage ditches on peatlands can influence the hydrology and affect the
water table levels. Van der Molen et al. (1992) studied the recent changes in hummock-

hollow complexes from Clara Bog, Co. Offaly. They found that drier conditions prevailed



between ca. AD 1600 - 1880 (which is unusual as many sites register an increase in
moisture or cooler conditions at this time often referred to as the Little Ice Age (LIA), f.
Barber et al., 1999; Mauquoy and Barber, 1999a; Barber et al., in press), whereas after
1880 the water table rose significantly and increased wetness continued until at least 1927.
However, although they considered that human influences were unlikely, surface drains
had been cut from AD 1700 - 1750 onwards to drain the peatlands for hunting purposes.
After the Great Famine (1845 -1851) the drains became overgrown and filled in,
corresponding with an inferred increase in surface wetness conditions soon after. The
former suggests that the influence of the drains can be clearly seen in the peat stratigraphy,

cven though the authors suggested climate as the main mechanism for changes in surface

Welness.

An increase in atmospheric deposttion of nutrients from anthropogenic activities has also
been considered to influence peat growth. Van Geel and Middeldorp (1988) considered
the extinction of Sphagnum imbricatum at Carbury Bog (Co. Kildare, Ireland) to be related
to an increase in dust flux as a consequence of human activity around the bog. They
argued that the subsequent abundance of Sphagnum magellanicum was possibly due to
increased atmospheric deposition of nitrate. There is some evidence to support this theory,
as the effects of variable concentrations of nitrate and ammonium on growth of Sphagnum

magellanicum have been studied by Rudolph and Voigt (1986). They discovered that
although for several Sphagnum species an optimum nitrate concentration was of 100 UM,

concentrations of up to 322 puM were found to be favourable for Sphagnum magellanicum.
The growth of Sphagnum magellanicum was, however, discovered to be rather sensitive
to ammonium ions, which has also been found to affect Sphagnum cuspidatum (Press and
Lee, 1982; Press et al., 1986). Li and Vitt (1994) have also suggested that nitrate Joading
may significantly affect the establishment of certain moss species, while not affecting
others, a feature which has also been noted in Sphagnum species by Kooijman and Bakker
(1995). More recently it has been recognised that in highly polluted areas, which have
high nitrate levels, a further increase in nitrogen deposition resulted in no increase in

Sphagnum productivity (Aerts et al., 1992). It was suggested that this limitation to plant
growth is due to a deficiency in phosphorus, indicating that the N:P ratio for a mire may be

crucial to productivity (Aerts et al., 1992; Willams and Silcock, 1997). Hence, an increase
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in pollution may have promoted the abundance of certain Sphagna, and as Sphagnum
magellanicum grows faster than Sphagnum imbricatum this may have given it a

competitive advantage.

An anthropogenically derived signal may therefore be apparent within the last few
hundred years of pcat growth, although peat based proxy climate records have been
positively correlated with instrumental and documentary records (e.g. Barber, 1981;
Blackford and Chambers, 1991; Charman er al., 1999). Long records of climatic change
can also be ascertained, even from bogs which have been recently cut and drained, e.g.

Bolton Fell Moss (Barber et al., 1994b; Hughes et al., submitted).
2.3 Climatic reconstructions from peat stratigraphy

2.3.1 Introduction

Ombrotrophic bogs accumulate peat and maintain their water tables above the local
groundwater table, and are thus particularly sensitive to changes in climate as they rely
principally on precipitation inputs to maintain and sustain them. Analysis of plant
macrofossils within the peat stratigraphy, as well as specific microfossils and changes in
humification, enables semi-quantitative measurements of changes in past water table
depths to be inferred (e.g. Charman et al., 1999). Hence proxy records of changes in

effective precipitation can be derived, which reflects the balance of precipitation

remaining after evaporation.

Reconstructing past mire water table depths enables the identification of wet and dry
phases within the peat sequences. This allows detailed climatic histories to be
reconstructed, which can be correlated through a radiocarbon based chronology to
historic-documentary and instrumental climatic changes (Barber, 1981). In undamaged
bogs the climatic archive can extend back to ca. 8000 years BP (Hughes et al., in press),
and time series analysis of the climatic fluctuations can reveal dominant periodicities

within the records (Barber et al., 1994b).

Pcat bogs are relatively easy to date using radiocarbon techniques, although potential

problems do exist (see Kilian et al., 1995). However, there is now an increasing interest In
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determining rates of change within palaeoclimatic records, which limits the use of bulk
radiocarbon dating (Pilcher, 1991). Approaches such as ‘wiggle-matching’ are therefore
necessary (van Geel and Mook, 1989), although the use of this technique can be a costly
exercise. Most of the past work on peat bogs has utilised bulk radiocarbon dates, which
allows questions related to the general timing of climatic changes to be addressed, but are
not precise enough to determine if these changes are synchronous between sites.

Techniques such as tephrochronology and dendrochronology are now being used in order

to answer such questions.

2.3.2 Peatland pioneers and the establishment of a climatic proxy

Studying changes in peat humification as a proxy for past climatic change has been
undertaken since before the start of this century, notably by Blytt (1876) and Sernander
(1908). However, misconceptions by Von Post and Sernander (1910) and later by Osvald
(1923) led to the development of the theory of cyclic regeneration of peat growth. The
fundamental problem with this theory was that at no time had peat stratigraphy been
properly studied, as most observations had been concerned with surface features (Backeus,
1990). Conway (1948) suggested that if the climate was found not to be stable but always
in some phase of a larger and smaller oscillation then the cyclic regeneration theory could
be considered flawed, although 1t was only when detailed investigations into peat
stratigraphy were undertaken that progress was made. It was realised that the positions of
hummocks and hollows remained constant over time, thus not supporting the cyclic
regeneration theory (Walker and Walker, 1961; Casparie, 1972), and the theory was finally
refuted by Barber (1978; 1981) who produced evidence for a replicatable climatic
response from 21 profiles from Bolton Fell Moss, Cumbria. For a full review of the

falsification of the cyclic regeneration theory see Barber (1981).

One of the first stratigraphical features of mires to be attributed to climate change were
recurrence surfaces, the original of which was termed the Grenzhorizont - a sharp division
between the lower highly humified Sphagnum-Calluna-Eriophorum peat and the upper
pale fresh Sphagnum peat (after Weber, 1900). The Grenzhorizont documented by Weber
was estimated to be dated between 800-500 BC, and was initially thought to contain a

hiatus of up to 1000 years between the horizons, due to a cessation in peat growth initiated
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by the late Sub-Boreal warmth or dryness as postulated by Blytt and Sernander. The

subscquent regrowth of peat was attributed to a sudden deterioration to cool and wet

summers (in Barber, 1981).

Granlund (1932) found that recurrence horizons occurred consistently amongst raised bogs
in Sweden, probably the most famous of which is the boundary between the ‘old’ Sub-
Boreal and Sub-Atlantic at around 600 BC (Weber’s Grenzhorizont), which has been
found over large parts of northwest Europe (reviewed by van Geel et al., 1996). Granlund
(1932) documented other recurrence surfaces which he dated to 2300 BC, 1200 BC, AD
400, and AD 1200. This approach made a considerable impression on Godwin (1946,

p.6), who wrote:

“This simple and attractive picture of a bog-horizon due to climate change and
available over big distances as a correlation level has suffered a good deal of recent

scrutiny and modification, but there is no reason to doubt its essential validity.”

An address by Godwin to the Royal Meteorological Society in 1966 on climate change
between 8000 to 0 BC highlighted the main themes being explored at the time. He
stressed the inherent difficulties when trying to correlate recurrence surfaces found at
various sites in northwest Europe using pollen analyses, and suggested that radiocarbon
dating was the next major step in an attempt to determine synchronous climatic changes.
However, once radiocarbon dating became available to palaecoecologists it became
obvious that recurrence surfaces could not always be correlated synchronously between
sites, although the metachroneity of the recurrence surfaces were apparent (Frenzel, 1966).
Overbeck et al. (1957) obtained radiocarbon dates from recurrence surfaces in German
bogs which were dissimilar to Granlund’s results, including a date of 100 BC for the main
recurrence surface which Granlund had dated at 600 BC. Lundquist (1962) published
radiocarbon dates for recurrence surfaces in two Swedish bogs which appeared to differ in
age and produce evidence of a time-gap between the old Sphagnum and younger

Sphagnum regrowth (see comments in Barber, 1982). Godwin (1966), however,

suggested that the metachroneity of the recurrence surfaces agreed with British findings at

Tregaron bog in Wales and Chat Moss, Lancashire. Nilsson (1964a) produced a suite of
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radiocarbon dates which enabled a chronology to be established throughout the Holocene,
documenting the changing growth rates of the peat, and relating them to changing wetness
of the mire surface (in Godwin, 1966). The publication of a second paper (Nilsson,
1964b) used pollen diagrams which were used to correlate recurrence surfaces from a
number of sites at Agerdds Moss (southern Sweden), and indicated that the humification
zones were synchronous (in Dickinson, 1975). It was therefore deduced that periods of

relatively moist/cold climates, as well as phases of relatively dry/warm climates could be

distinguished from peat stratigraphy.

Much of the early palacoecological work on peatlands in Ireland was undertaken by Jessen
(1949), whose work was later followed up by Mitchell (1956) who published pollen
diagrams for a number of Irish raised bogs, and found many recurrence surfaces (between
one and three per bog). Mitchell suggested that climatic change may not be responsible
for the development of each surface, and he inferred that autogenic factors may be
involved. However, as an oceanic climate tends to dominate in western Ireland, many of
the bogs exhibit a ‘wet’ stratigraphy, so that only dry peaks can be detected in the
stratigraphy (Barber, 1978). Mitchell did produce evidence for concentrations of wet
shifts around 3450 BP, 2750 BP, and 1450 BP, which appear to agree with other

palacoecological records in northwest Europe (see Table 2.1).

As radiocarbon dating of peat deposits became more routine, so the amount of research
into peatlands, and specifically climate change grew. Detailed analyses of peat
stratigraphy (e.g. Walker and Walker, 1961) gave initial clues that there might be a more
refined climatic story in peatlands, specifically in the subtle variations rather than just
recurrence surfaces. More detailed analyses of plant macrofossils and microfossils
followed (e.g. Casparie, 1972; van Geel 1978), and the correlation of a proxy climatic
record from peat stratigraphy with independently derived climatic indices (Lamb, 1965a:
1965b; 1966; 1977a; 1977b) by Barber (1981) rejuvenated interest in the peat archives,

and opened the door to the reconstruction of detailed peat stratigraphic proxy climatic

records.
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2.3.3 Rejuvenated interest in peat stratigraphy

A great amount of research into peatlands, and effort in the generation of palaeoecological
data, took place in the Netherlands in the 1970’s and 1980’s. The inferences generated
from such analyses also became more complex. Wijmstra et al. (1971) discovered a short-
term cycle of 80 years in the Alnus curve from Wietmarschen Moor, eastern Netherlands,
with the cycle occurring every 4cm throughout the profile (1cm contiguous samples were
taken). The 80 year cycle (possibly with a solar influence as it corresponds with the well
known 80-100 years Gleissberg cycle — see Frick et al., 1997) was suggested to be
responsible for changes in the local water table, and hence Alnus trees, by either varying
pollen production or by actually altering the composition of the forest. However,
assumptions regarding the validity of the cycle must be questioned due to the poor
chronological control, which was based on average rates of sedimentation from a nearby

core, and subtle variations in peat growth would alter such a short cycle.

With the help of radiocarbon dating, another profile from Weitmarschen Moor - II, van
Geel (1972) described Corylus pollen cycles with a 32 year frequency. Van Geel (1978)
suggested that Corylus pollen changes are a good indicator of climatic change as they
appear high when hummock forming vegetation is dominant and comparatively low when
wet Scheuchzeria peat dominated the stratigraphy. The mechanism by which Corylus
pollen declines in wetter conditions relates to the Corylus catkins, which can often
degenerate without having produced any pollen in years with very rainy late winters.
Macrofossil evidence supported this idea, as hygrophilous Sphagnum cuspidatum was
found at the same stratigraphic levels as the evidence for Corylus decline. However, the

Corylus pollen curve from a nearby profile at Engbertsdijksveen showed cyclic
fluctuations in the order of 150-200 years (van Geel, 1978). The two sites are throught to
have reacted synchronously to climatic changes as Sphagnum imbricatum growth was
initiated on both sites at the same time and the main Corylus pollen curve changes are
similar between sites (van Geel, 1978). A marked decline in Corylus pollen occurred
between 1400-600 BC at both sites, and although this has been interpreted as a
synchronous decline, the large range of dates which fall within this phase do not
necessarily suggest synchroneity. It is possible that this is the reason why different cycles

have been identified from the two data sets.
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Aaby (1976) was able to secure a good chronology in order to investigate humification
changes from peat stratigraphy. He utilised 70 radiocarbon dates of which 55 were from a
single 2.5 metre peat profile from Draved Moss, Denmark. The peat record extended for

5500 years, within which Aaby claims to have detected a periodicity of 260 years, with

some double periods of 520 years.

Other research around this time in the Netherlands tended to concentrate on macrofossils,
as well as microfossils. Casparie (1972) undertook research from Bourtanger Moor, near
the Dutch/German border. He suggested that the synchronous invasion of Sphagnum
imbricatum and Sphagnum papillosum on a highly humified peat surface could have been
due to an increase in precipitation at ca. 2000 BC, indicating a change to more oceanic
conditions. Van Geel (1978) was also able to infer various shifts in climate since the
Atlantic period from an examination of the macrofossil and microfossil stratigraphy of the
Engbertsdijksveen (ENG I), and he also pioneered research into fossil fungal spores and

palynomorphs, which may have a major influence in palaeoecology in the future.

Another profile from the Engbertsdijksveen (ENG VII), taken over 1km away from the
core analysed by van Geel (1978), has been investigated by Dupont and Brenninkmeijer
(1984). A decline of Corylus pollen occurred at 820 BC, and was inferred to be in good
agreement with ENG 1. The suggestion of a climatic deterioration at this time was also
indicated by isotopic records - the “H/'H and '®0/'°O ratios of cellulose. Comparisons
between ENG I and ENG VII also revealed simultaneous expansions of Sphagnum section
Cuspidata and Calluna. However, Dupont and Brenninkmeiijer (1984) suggested that
ENG VII was wetter than ENG I at 800 BC, and that changes in Sphagnum assemblages

could not always be easily correlated between profiles, suggesting local ecological

variability.

Palaeoclimatic inferences from peat stratigraphy in Britain were still ongoing in the
1970’s, although much of the research on mires concentrated on detailed structural and

hydrological features of bog surfaces (e.g. Boatman and Tomlinson, 1973; 1977).

Dickinson (1975) analysed a number of cores from Rusland Moss, Cumbria, in order to

test whether the recurrence surfaces identified in the sequences were synchronous.
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Dickinson noted that subtle changes in humification could be detected within the peat
sequences (sampled with a Russian corer), although the analyses lacked detailed
macrofossil identification, and there was little interpretation in terms of climatic changes.
However, Dickinson did propose that the recurrence surfaces identified were at
synchronous levels throughout the bog, even though some of them displayed more gradual
changes in humification. The main changes in humification were dated to 740 BC, AD

400, and AD 1145, which compare well with other reconstructions (Table 2.1).

The main wet phases identified from 21 profiles by Barber (1981) at Bolton Fell Moss,
Cumbria, occurred between AD 900-1100, AD 1320-1485, and AD 1745-1800. Dry
phases were also suggested, although they were harder to identify with any certainty, as the
onset of a dry phase could result in a cessation in peat growth or peat erosion. Having
stated this, the main dry periods recorded at Bolton Fell Moss were between AD 90-600,
the AD 800’s, the AD 1200’s, and the early AD 1500’s. Further work carried out on
macrofossil data from Bolton Fell Moss by Barber et al. (1994b) suggested that

fluctuations in moisture operated over a 800 year periodicity, with an ocean-driven cycle

being the possible driving mechanism.

Stoneman (1993) also worked on Bolton Fell Moss, and produced evidence for climatic
deteriorations between AD 930-1120 (similar to Barber, 1981), and around 840 BC and
530 BC, either of which could be similar to the event which occurred across NW Europe
around 2650 BP (van Geel et al., 1996). Research on Bolton Fell Moss has been
undertaken by Mauquoy (1997), who found a periodicity from macrofossil changes of
260-280 years, which is directly comparable with the cyclicity found by Aaby (1976) of
260 years. Recent work at the site (Hughes ez al., submitted) compared the 1994 core
(BFM1 - Barber et al., 1994b) with another core taken from within 100 meters (BFML).
Several wetter phases are apparent in both profiles, the most prominent of which
commenced at ca. cal. 4700-4500 BP. This event was clearly one of the most significant
events of the mid-late Holocene as it has also been reported in fluctuating lake levels
(Digerfeldt, 1988; Yu and Harrison, 1995) and from other mire data (Korhola, 1995;
Anderson, 1998). Other climatic deteriorations have been identified by Hughes et al.

(submitted) around ca. cal. 3000-2800 BP, 1900 BP, and ca. cal. 1000 BP. Futhermore,
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detailed climatic reconstructions for the last 1500 years have been undertaken on Bolton

Fell Moss using testate amoebae analysis (Woodland et al., 1998).

Dupont (1986) constructed temperature and rainfall records for the Holocene using
palacoecological and 1sotope analysis from the Meerstalblok, part of the former extensive
Bourtangerveen in the Netherlands. A semi-quantitative curve of moisture conditions was
calculated from the palaecoecological data which employs simple weighted averaging with
respect to the moisture tolerance of the species. An element of subjectivity 1s involved
with this method, as some taxa have bimodal moisture distributions (specifically
Sphagnum imbricatum and Sphagnum section Acutifolia), although the method does give
a good first approximation for climatic changes. The analyses identified a number of
climatic phases, several of which corresponded to phases observed in the records from
Engbertsdijksveen (cf. van Geel, 1978; Dupont and Brenninkmeijer, 1984). Dupont found
a trend towards drier vegetation between 4500-4000 BP, becoming wetter between 3700
and 3500 BP. A good correlation is also apparent between both sites which suggest a wet
phase between 3500-2500 BP. Dupont also found a periodicity of 206 years in the
temperature data, and tentatively suggested that the cycle could be linked to solar

variability and climate, but stated the need for more data before drawing firmer

conclusions.

Work undertaken at Store Mosse in southern Sweden was able to show a change in raised
bog stratigraphy which appeared indicative of increasing humidity (Svensson, 1988a).
This has been dated to ca. 2400 BP and is comparable with Granlund’s (1932) recurrence
surface I and is indicative of the general climatic deterioration found over NW Europe
around this time (van Geel et al. 1996). Another recurrence surface was indicated by a
‘Magellanicum bog stage’ which replaced the ‘Fuscum-Rubellum bog stage’ and was
radiocarbon dated to ca. 1200 BP. Svensson (1988b) suggested that the climate may have
become more oceanic during the development of the mire, as the peat forming

communities showed an upward trend comparable with the present day east-west gradient

in bog communities.
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Changes in humification from ombrotrophic peatlands have also yielded valuable proxy
climatic data. Nilssen and Vorren (1991) sampled 14 ombrotrophic mires in northern and
central Norway and subjected them to colorimetric humification analysis. Their data
appears to correlate well with the results from Aaby’s 1976 work, and significant phases
of lower humification, indicating wetter climates were identified between 3850-3750 BP
and 2950-2750 BP. Recent research concentrating on colorimetric changes in
humification in Britain has also been undertaken, notably by Blackford (1990), Blackford
and Chambers (1991; 1995), and Chambers et al. (1997a), and in conjunction with other
proxy indicators by Chiverrell and Atherden (1999), Mauquoy and Barber (1999a), and

Baker et al. (1999), which are discussed later.

Blackford and Chambers (1991) provided evidence for a Dark Age (1400 BP) climatic
deterioration from five sites in a transect from western Ireland to North Yorkshire, which
can also be seen in many other palacoecological reconstructions (see Table 2.1), and 1s
within the same timescale as the AD 536 volcanic event (Baillie, 1994 and section 2.5.2).
Blackford and Chambers (1995) compared two radiocarbon dated blanket peat
humification records from near Letterfrack, Co. Galway, western Ireland over the last
1000 years. The broad similarities between the datasets suggested a climatic origin for the
humification changes. Wetter (or cooler) periods were recorded between ca. AD 1410-
1540 and AD 1660-1720. Drier (or warmer) periods were registered between ca. AD
1230-1380, AD 1560-1650 and AD 1730-1780. The results from Blackford and
Chambers (1995) show similarities with historical records and other proxy records for the
Medieval Warm Period (MWP) and Little Ice Age (LIA). Blackford and Chambers
proposed that the palacoclimatic records from Letterfrack could be correlated with sunspot
activity, notably the Maunder minimum (AD 1650-1715) and Sporer minimum (AD 1420-
1530), and suggested that the peat record was in general agreement with solar activity

between AD 1650 and 1900. However, the earlier part of the record provided no clear
correlation with the Wolf minimum (AD 1280-1340).

Many palaeoecological investigations have been undertaken on the raised bog complexes
in southern Finland, but due to the flat topography most of the mires have developed

through paludification. Studies have therefore been more concerned with analysing the
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development of peat growth before trying to decipher the climatic signals that may be in
the peat stratigraphy (see Korhola, 1992; 1994 and Mikilid, 1997). As paludification of the
mires occurred, vertical growth would have slowed, suggesting that peat growth, both
vertical and lateral, appeared not to have proceeded at a uniform rate, making climatic
inferences difficult (Korhola, 1992). However, a more ‘peaceful period’ of mire growth
(mainly paludification) occurred between 6000-4000 BP at many mires in southern
Finland, and this has been interpreted as a dry climatic phase (Korhola, 1992; 1994). A
more humid climate has been suggested for the formation of slightly humified peat

between cal. 3300-2700 BP and during the last 1300 years (Miikila, 1997).

A regional approach has been adopted by Korhola (1995), in order to identify phases of
climatic change from peat stratigraphy in southern Finland. He studied 71 radiocarbon
dated basal peats, known to have originated by paludification, from 23 different sites in
southern Finland. A period of more intense peat formation between ca. cal. 4300-3000 BP
was identified, and as this period appeared strikingly similar to lake level changes in
southern Sweden, an increase in humidity at this time was suggested. A period of
increased dryness has been identified earlier in the Holocene, starting at about cal. 7300
BP. This period corresponded with a less active phase of peatland initiation, and has also
been documented in decreasing lake levels (Digerfeldt, 1988). This dry phase ended at
about ca. cal. 5600-4400 BP in southern Sweden (Digerfeldt, 1988; Harrison et al., 1993),
which coincided with the intensive peat formation which began at cal. 4300 BP.

Allogenic forcing (climatic change) has therefore been suggested as a possible mechanism

(Korhola, 199)5).

A recent study by Almquist-Jacobson and Foster (1995) of raised bog development in
central Sweden found that fen development leading to an accumulation of Sphagnum peat
occurred between 5000-4000 BP, during relatively dry phases. This dry phase fen-bog
transition was also found in British mires by Hughes (1997), although the event generally
occurred earlier in the Holocene in Britain. This highlights the differences between the
climatic phases suggested by the Finnish mires and British mires, and it is possible that the

mires in Finland are not so climatically sensitive.
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The recent peatland palacoclimatic work 1n Britain appears to have been mainly
undertaken in northern England, and more recently in Scotland (documented in section
2.4). Complementary to the work carried out on Cumbrian raised bogs, extensive research
into palaeoclimates from the blanket peats in the Pennines has been undertaken by Tallis
(1994; 1995; 1997). Plant macrofossil analysis at Alport Moor (Tallis, 1994) found
relatively high levels of Sphagnum leaves in just over half the samples recorded. The
majority were Sphagnum section Acutifolia, although Sphagnum section Cuspidata were
also recorded, signifying wet phases, and Sphagnum imbricatum and Sphagnum
magellanicum were found associated with active hummock building. Tallis found that
changes in Sphagnum richness, when radiocarbon dated, compared well with the climatic
phases of Lamb (1977b). However, care must be taken when interpreting an increase in
Sphagnum cover with respect to climate change. Other factors influence vegetational
changes in blanket mire systems, notably the topography (and its relative retention of
impacting water), pollution (Ferguson and Lee, 1978; 1980) and wildfires, possibly
resulting in permanent loss of Sphagnum cover (Tallis, 1987; 1994). Studies on the
nearby Featherbed Moss were used to interpret the development of the erosional system on
Alport Moor. Tallis (1994) interpreted a climatic phase shift from dry to wet conditions at
1400 BP, which has also been recorded in the same region by Blackford and Chambers
(1991) and Mauquoy (1997). There also appeared to be strong evidence for a much drier
climate between AD 1150 and 1300. Before this period there seems to have been dry bog
vegetation at ca. 2800 BP, which developed into a wet surface by ca. cal. 200 BC,

providing similar dates to the climatic deterioration around 2650 BP (van Geel ef

al.,1996).

At other blanket peats in the Pennines, Tallis (1995; 1997) has used the remains of
Racomitrium lanuginosum macrofossils (Holme Moss and Over Wood Moss), and
Empetrum nigrum pollen records to infer climatic signals. Racomitrium lanuginosum
displays oceanic characteristics (Lindsay et al., 1988); however, competition from other
mire flora, mainly Sphagna, tends to restrict its distribution to areas with a lower water
table. Therefore, its presence indicates high humidity (wet climate) with a dry bog
surface, potentially indicating in the palacoclimatic record a change from relatively dry

conditions to a wetter climate. The Racomitrium levels in the Pennines are synchronous
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with a rise in Plantago pollen, which has been dated by reference to historical dates (Tallis
and Switsur, 1973) and by correlation with radiocarbon dates from nearby profiles at
Alport Moor and Featherbed Moss (Tallis and Livett, 1994). Two Racomitrium zones
occurred at these sites, the first appeared to be between ca. AD 1250 - 1450. This would
have been associated with the documented shift to wetter climates after ca. AD 1300 and
appeared to tie in with the recognised early Medieval Warm Period of AD 1150 - 1300
(Lamb, 1985). The upper zone has been dated to ca. AD 1700 - 1750, implying dry

climatic conditions at around AD 1700, just before a phase shift to a wetter climate after

this date.

Records of Empetrum nigrum pollen have been assembled for 18 blanket bogs in the
southern Pennines (Tallis, 1997). Empetrum nigrum prefers to live in areas with reduced
water table levels, and as the pollen is dispersed only over short distances, its occurrence
in abundance in the pollen record can be viewed as a proxy for climate change. Surface
quadrat sampling confirmed that high values of Empetrum pollen were indicative of purely
local presence and most likely to be from hummock forming microtypes. The main
episodes of high Empetrum pollen occurred prior to ca. 860 BC and between ca. AD
1100-1250. The first date indicated a warm period before the climatic deterioration seen
over NW Europe at 2650 BP, and the second corroborates the Racomitrium lanuginosum

record of Tallis (1995) as an indicator of the Early Medieval Warm Period.

Much of the dating for Tallis’ work relies on relatively few radiocarbon dates, and
correlations with pollen curves relating to historical dates, resulting in a certain amount of
subjectivity. The fact that the dates 1dentifed by Tallis correlate with independently
derived climatic phases may be quite correct and emphasise the strength of the
palaeoclimatic record, but it may also be a case of ‘suck in and smear’ (Baillie, 1991),

signifying the need for a better chronology before validating the proxy climatic records.

Recent work on reconstructing climatic changes from peat stratigraphy in Cumbria, by
Mauquoy and Barber (1999a), presented a replicated 3000 year proxy climate record from
Coom Rigg Moss and Felecia Moss. The study recorded ten periods of effective

precipitation through detailed plant macrofossil and colorimetric humification analyses.
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The main wet phases were dated using a chronology of radiocarbon dates which was
supported by pine pollen correlations, and the subsequent age/depth model was able to
interpolate significant dates. Both proxy records showed periods of increased effective
precipitation around ca. cal. 760-710 BC, 590-520 BC, 180-130 BC, 30 BC - AD 80, AD
210-360, AD 550-670, AD 920-1060, AD 1110-1260, AD 1400-1470, and ca. cal. AD
1770-1800. Coom Rigg Moss has also been studied by Charman et al. (1999), who
compared the plant macrofossil and humification records with testate amoebae
reconstructions from replicate cores. One of the cores (CRMI) recorded very little
significant changes in the macrofossil content, as they were dominated by monocotylodons
and UOM, with very little Sphagna and- surprisingly virtually no Sphagnum imbricatum.
The second core (CRMIV) showed greater variability in all three proxies, suggesting the
area the core was taken from was much more sensitive to hydrological changes throughout
its growth (sensu Barber et al., 1998). Wet shifts were identified in all of the proxies from
CRMILIV at ca. cal. 1550 BC, 950-750 BC, 200 BC, AD 400, AD 600, AD 950, AD 1100,
AD 1350, AD 1500, and ca. cal. AD 1850, which show some agreement with the wetness
changes identified by Mauquoy and Barber (1999a). Charman et al. (1999) indicated that
moisture changes from the CRMI record can be correlated with CRMIV for the last 1500
years with some confidence. The earlier periods show less agreement, although the

overall implication was that the replicability was best over the last 1000 years.

This work has been complemented by the research of Hughes et al. (in press) who
documented a full Holocene peat archive from Walton Moss, Cumbria. Wet shifts have
been registered as commencing at ca. 7800 BP, 5300 BP, 4410-3990 BP, 3500 BP, 3170-
2860 BP, 2320-2040 BP, 1750 BP, 1450 BP, 300 BP, and ca. 100 BP. Notable

comparisions can be made between the sites, especially the wet shift in the Dark Ages,
around 1400 BP, which has also been identifed by Blackford and Chambers (1991), and
documented by Baillie (1994; 1995), who suggested the ‘event’ may have had a volcanic
origin (see Section 2.5.2). The Walton Moss record also exhibits periodicites of ca. 1100
years and ca. 600 years between wet shifts, which has been suggested as being broadly
comparable with the 1470 £ 500 year mean pacing of Holocene Ice Rafted Debris in the
north Atlantic (Bond et al., 1997). This indicates that the climatic changes could be linked

to changes 1n oceanic ctrculation (Barber et al., 1994b; Anderson et al., 1998).
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2.4 Holocene climatic changes in Scotland

2.4.1 Peatstratigraphy

The detailed pattern of terrain in Scotland can produce significant variations over short
distances, for example substantial areas of upland massifs afford little shelter, enhancing
any local factors which ameliorate microclimate (Morrison, 1983). This will influence
protection from the wind, orographic rainfall, local cloud cover and hence insolation. It is
therefore possible to view past and present Scottish climates as being intensely regional
(Lowe, 1993), a factor which has been documented by the regional differentiation of

woodland succession and consequent decline throughout the Holocene (Tipping, 1994).

Peat has formed over large areas in Scotland throughout the Holocene, and at present
occupies 10.4% of the land surface (Taylor, 1983). Ombrogenous bogs generally
developed on lowland sites, specifically plains, valleys or basins. Blanket peats tended to
start forming from ca. 4000 BP (Bennett, 1984; Dubois and Ferguson, 1985), and did so in
abundance on the western side of Scotland. Here the climate is so humid that there is a
pronounced tendency for peat to form where the slope lies at less than 15° as at this angle

the ground moisture remains almost constantly in excess of that lost by evaporation

(Ratcliffe, 1964).

Early research into Scottish mires was undertaken by Lewis (1905; 1906; 1907; 1911),
who analysed stratigraphy and macrofossil assemblages, and related their fluctuations to
past climates. Lewis’s sites were re-examined by Samuelsson (1910), who stated that two
distinct pine stump layers, which Lewis had identified, did not exist, and also doubted
many of Lewis’s macrofossil identifications. Many of the findings from these early works
are contradicted by Pears (1968), who suggested that one or both reached erroneous
conclusions, probably due to the enormous area they studied (with comparatively few sites

per region), and the variations in local topography studied between basins and surrounding

gentler slopes (Pears, 1968).

Since these early insights, very little work appears to have been undertaken on Scottish

peat stratigraphy in relation to climatic changes, and the research emphasis has been on
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pollen analysis (Lowe, 1993). Recent evidence for climatic change from pollen analysis
has been fully discussed 1n the reviews by Birks (1977), Walker (1984), Lowe (1993) and
Tipping (1994), with some more recent examples detailed in section 2.4.3. The second
section on Holocene climatic change in Scotland concentrates on both macrofossil and
microfossil evidence from Pinus sylvestris (section 2.4.2), as its expansion and subsequent

decline in the mid to late-Holocene may well have been connected with climatic changes

and the expansion of blanket peat.

Plenty of ecological studies have been carried out on Scottish mires during the last
century, notably during the last 40 years in the Silver Flowe bog complex (e.g. Ratcliffe
and Walker, 1958: Boatman and Tomlinson, 1973; Boatman, 1977). Some studies

recorded mire stratigraphy (e.g. Durno, 1957; Boatman and Tomlinson, 1977; Boatman,

1983), although very little attention was given to chimatic changes.

It appears that detailed peat stratigraphic work in relation to climatic change has only been
undertaken in Scotland from the late 1980’s onwards, since the falsification of the cyclic
regeneration theory by Barber (1981). From a transect encompassing 18 mires between
western Ireland and northeastern Poland, Haslam (1987) analysed the changes in
macrofossil content across the main humification change, which enabled proxy climatic
curves to be constructed for the period between 4500-500 BP in northwestern Europe. At
Flanders Moss in Stirlingshire, Scotland, Haslam documented a clear division between
the lower humified and upper non-humified stratigraphy. Macrofossil analyses revealed a
more complex situation, as the hygrophilous Sphagnum section Cuspidata could be found
in abundance in the lower, more humified, peats. Haslam dated the wet shift at the main

humification change to 3480150 BP, whereas Turner (1965), in a polien stratigraphic
study, dated the lower humified Sphagnum peat to 2712120 BP. The difference in dates

was explained by Haslam as the possible resultant of local hydrological factors, which

may have affected Turner’s marginal site by influencing fresh Sphagnum peat initiation.

Stoneman (1993) studied a suite of 10 mires in northern England and southern Scotland
across a comparable temperature regime and marked rainfall gradient, utilising plant

macrofossil and humification analyses. He inferred significant climatic phases when shifts
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in bog surface wetness appeared to coincide from three or more sites, and rejected the
hypothesis that the spread of shifts were purely random. Those mires that did not provide
evidence of climatic shifts at the same time may have had their sensitivity to climatic
shifts masked by the presence of Sphagnum imbricatum or Sphagnum section Acutifolia
which can both grow over a range of hydrological conditions (see section 6.1). This
highlights the need for multiproxy data in such investigations (Barber ef al., 1998;
Charman et al., 1999). Stoneman was only able to utilise three radiocarbon dates per core,

and used an age/depth model to interpolate other dates. The suggested phases of wetter

bog surface wetness can be seen in Table 2.1.

As well as raised mires, much of the recent palacoclimate work on Scottish bogs has
concentrated on blanket mires, as these tend to dominate in the wetter regions, specifically
along the northwest coast and Hebridean Islands. Chambers et al. (1997a) derived a proxy
climate record for Talla Moss in the Scottish Borders which was out of phase with
changes in the pollen record from the same site. Thus it was inferred that major shifts in
peat humification could be attributed to external forcing. A markedly wet phase
commenced at Talla Moss at ca. 540 BP, which seemingly correlated with the start of the
LIA, and this also heralds the Sp6rer minimum for solar sunspot activity (cf. Blackford
and Chambers, 1991). Other wet shifts were identified at ca. 3455 BP, 2600 BP, 1930 BP
and ca. 1095 BP. Spectral analysis revealed a cyclicity in the proxy climate record of 210
years, a figure which is comparable with the cyclicity of 206 years identified by Dupont
(1986) and the 260 year cyclicity found by Aaby (1976) from raised mires in Denmark.

Two recent papers by Anderson et al. (1998) and Anderson (1998) provide a number of
inferences about climatic changes in Scotland throughout the mid to late-Holocene.
Anderson et al. (1998) investigated five sites in northern Scotland which showed evidence
of a major transition in climate, radiocarbon dated to between 3900-3500 BP. The mires
used in the study were topogenous bogs which formed in basins. Anderson (1998)
suggested that such bogs can be sensitive to climatic change if they are predominantly
ombrotrophic and isolated from nearby streams. However, this approach can be
problematic, as it is difficult to identify climatic changes if streams had been inflowing

into the basin earlier in the Holocene, possibly influencing the sensitivity of the mire to
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climate change. Some of the inferences made from microfossil analyses may also be
ambiguous. Anderson (1998) states that, although the interpretation of fluctuations in
Cyperaceae pollen is not straightforward, because these species can grow over a very wide
range of moisture conditions (see Section 6.1), a large change from Ericaceae pollen to an
increase in Cyperaceae pollen could be interpreted as a shift from drier to wetter bog
conditions. However, other evidence is needed to corroborate this assumption, as the
change in pollen assemblages noted by Anderson (1998) may just be indicative of
ecological changes on the mire, with the sedge pollen indicating a dominance of Scirpus
cespitosus or Eriophorum vaginatum, both of which can grow on dry mire surfaces. These
potential problems notwithstanding, major changes in surface wetness from macrofossil

and microfossil analyses have been identified by Anderson ef al. (1998) and Anderson

(1998).

The major transition in climate between 3900-3500 BP was implied to be synchronous
with changes inferred from other regions (Anderson et al., 1998). Proving that changes
are synchronous can be problematic, especially when employing radiocarbon dates alone,
as potential regional lags in the climatic system may not be resolvable. The nature and
magnitude of the climatic shift, however, did seem to be highly significant. Whilst
summarising data from many sites, Barber (1982) suggested that there had been a major

climatic change over Europe between 3950-3850 BP (see Table 2.1).

Other climatic shifts identified by Anderson et al. (1998) and Anderson (1998) included
three other regional shifts to wetter bog conditions and two regional shifts to drier
conditions. Best estimates for the wet phases spanned ca. cal. 5120-5070 BP, 3340-3270
BP and ca. cal. 940-800 BP. Dry shifts were estimated between ca. cal. 4330-4120 BP
and ca. cal. 1480 to 1340 BP. This last phase shift is especially interesting as at 1400 BP
there appears to have been a major wet shift in northern England (Blackford and
Chambers, 1991; Tallis, 1994; Mauquoy, 1997). Using pollen evidence from Alnus
glutinosa, Bennett and Birks (1990) suggested that climatic changes do not appear to have
been synchronous between Scotland and England. It therefore seems possible that the
discrepancy between the climatic shifts of Anderson et al. (1998) and dates for climatic

changes in northern England could be due to asynchronous events between Scotland and
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northern England that Bennett and Birks (1990) suggested from their pollen data.
However, even though Anderson (1998) suggested that humification shifts may have
occurred within a hundred years, the lack of precision associated with radiocarbon dating

(Pilcher, 1991) may well account for the difference of ‘only’ a hundred years between the

dates.

The climate in Scotland will be particularly influential in areas where vegetation grows at
the limit of its range, and where stresses within vegetational communities will be high.
One of these areas is the Cairngorms, where the climate is the dominating natural force
governing the environment (McClatchey, 1996). A water shedding blanket bog in the
northern Cairngorms, Moine Mhor, was found to contain well preserved plant
macrofossils, and subsequent analyses suggested that the surface wetness of the bog had
fluctuated repeatedly over the last 2000 years (Barber et al., 1999). The proxy effective
precipitation record from the Cairngorms could also be correlated with another similar
reconstruction from a raised bog at Fallahogy, Northern Ireland, the largest change of
which was driven by climate in the period AD 1700-1850, which was interpreted as the
LIA (Barber et al., in press). It was suggested that when the two bogs were in phase with
each other they were responding to a spatially coherent temperature signal, whereas when

they were out of phase they may have been responding to a non-coherent rainfall regime.

Peat humification records have recently been compared with another terrestrial
palaeoclimate proxy, in the form of stalagmite luminescence data, in northwestern
Scotland (Baker et al., 1999). The two records have been correlated over the last 2500
years, and have been found to compare well with historical climatic events, showing
wetter conditions at 150-400 BP and 500-600 BP which coincide with the Maunder and
Sporer sunspot minima and climatic deteriorations recognised by Blackford and Chambers
(1991) and Chambers et al. (1997a). Precise correlations between records is difficult
however, as the errors on both the AMS and U-Th dates are £100 years. Taking into
account the dating errors, spectral analysis has been performed, and a clear periodicity of
80-125 years was identified in both records, and was potentially attributed to solar
variability, notably the well known 80-100 year Gleissberg cycle (Frick et al., 1997).

Baker et al. (1999) also speculated whether the wet phases could be solely due to a more
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southerly track of the polar front as a result of solar variability, or if this mechanism could

be combined with the internal ocean-climate variability.

2.4.2 The late-Holocene history of Pinus sylvestris: coupled with climatic change
and blanket peat expansion?

Proxy climatic indicators are able to demonstrate the rapid warming at the start of the
Holocene, but the scale of climatic variations during the rest of the Holocene is harder to
evaluate. This becomes especially apparent during the late Holocene, when potential
anthropogenic effects on the vegetation in Scotland make it difficult to establish possible
climatic changes, especially where the landscapes tended to be unwooded (Vorren, 1986).
In the Cairngorms, about 3000 years ago forests declined regionally as a result of
anthropogenic pressures, and peatland ecosystems increased in areal extent (Bennett,
1996). This decline in forest, and subsequent increase in peatland ecosystems occurred in
many other areas in Scotland, and especially the Western Isles and Shetland (Bennett et
al., 1990; Bennett et al., 1992). However, these vegetation changes were not all
necessarily due to anthropogenic changes, especially as in many places (particularly the
more remote islands) vegetation changes were taking place when there is no evidence for
human occupation (see Bennett et al., 1990). This implies that another factor(s) was

influencing vegetation changes, and the main overriding mechanism to be considered must

be climate.

Possibly one of the best proxy indicators of environmental change in Scotland during the
late-Holocene may be derived from analyses of the macrofossil and microfossil remains of
Pinus sylvestris (Scot’s Pine) and their relationship with blanket peat formation. Pinus
sylvestris is potentially a good indicator of environmental change because it appears to
have expanded rapidly during the mid-Holocene, possibly in two phases (Bridge, et al.,
1990), but underwent a sudden decline around 4000 BP (Bennett, 1984; Bridge et al.,

1990), perhaps due to the initiation or rejuvenation of blanket peat formation.

The natural indigenous pinewoods of Britain may be regarded as being confined to

Scotland, although they have been widely planted in the British Isles (Carlisle and Brown,

1968). Pinewoods can tolerate a wide range of climatic conditions, and it is possible that
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the northern distribution is limited by low temperatures during either pollination or
fertilization (Carlisle and Brown, 1968), and this has been found to be more important
than rainfall in influencing growth (Grace and Norton, 1990). Pinus sylvestris prefers
light, freely drained soils, and although they have been planted successfully on deep peats,

they tend to suffer on wetter sites which are well exposed and elevated, and susceptible to

fire (Carlisle and Brown, 1968).

The fossilised remains of pine stumps have been found in blanket mires throughout
Scotland. These were first studied in detail in the 1960’s and 70’s by Pears (1968, 1969)
~and Birks (1975), after the 1nital surveys by Lewis (1905-7; 1911) and Samuelsson (1910).
Pears attempted to reconstruct the altitudinal limits of the tree line by mapping the
distribution of pine macrofossils preserved in the blanket peats of the Cairngorms. Two
layers of pine stumps were identified, although there was a lack of dating control on both
layers (Pears, 1975a), and the assumption that the pine remains at the highest altitudes are
synchronous at each site remained problematic (Pears, 1975b). Research by Birks (1975)
in the Cairngorms arrived at similar conclusions, confirming that the pine (and birch)
remains did not form synchronous horizons. Birks suggested that in some instances the
pines had been killed by increased waterlogging, whereas at another site the cause of death
appeared to have been fire, leading Birks to infer that there were no overriding climatic
changes controlling bog development from ca. 7000-4000 BP. However, a review of pine
stumps in blanket peats throughout Scotland by Birks revealed a striking group of dates
between 4500-4000 BP which corresponded with substantial declines in pine pollen from
a number of sites. This suggested a possible climatic deterioration at this time, potentially

associated with a increased expansion of blanket peat (Birks, 1975).

The former growth of pine on peat bogs has been interpreted as indicating that the upper
layer of peat was sufficiently aerated due to dry surface conditions, whereas the
preservation of pine stumps indicated somewhat wetter conditions in the surrounding peat
(Birks,1975). However, many of the recorded stumps have been dated after Pinus
sylvestris was thought to have declined from pollen records. Gear and Huntley (1991)
presented two theories for the presence of pine stumps. They first suggested that at the

time of preservation there was only a sparse population of Pinus sylvestris, growing only
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in particularly favourable sites, and therefore little pollen was available for preservation,
but the stumps were preserved during favourable conditions. Their second theory
suggested that regional pine forests developed only for brief periods of time, which had
been overlooked by conventional pollen studies. Gear and Huntley (1991) supported this
argument by illustrating a fine resolution pollen stratigraphic record (containing an
interstratified pine stump in the peat exposure), and found that pine pollen was greater

than 30% of the terrestrial pollen sum for only 68mm in a 123mm set of samples, with the

greatest values spanning only 7 and 15mm of peat respectively.

Isotopic analysis on macrofossils of Pinus sylvestris has been used to suggest a
relationship with precipitation and pine growth. Dubois and Ferguson (1985) used
cellulose from pine stumps for deuterium isotopic analysis, with extremely low deuterium
values indicating periods with very heavy rainfall, which were identified as ‘pluvial
phases’. Dubois and Ferguson (1985) found that pluvial phases occurred around 7300 BP,
6200-5800 BP, 4200-3940 BP, and at about 3300 BP. No pines younger than 3200 BP
have been found above 530m, and Dubois and Ferguson (1985) suggested that trees at
lower altitudes were not preserved as the destruction of less dense wood occurred before
the trees could have been enveloped by peat. The onset of a pluvial phase at around 4200
BP suggested that blanket bogs became rejuvenated in the Cairngorms, and developed on
a large scale, as the soil became waterlogged due to increased precipitation, and initiated
the increase in peat formation (cf. Birks, 1975). A spread of blanket bogs in northern
Britain at ca. 4000 BP, possibly initiated by widespread climatic change, which severely

reduced the range of Pinus sylvestris, has also been suggested by Bennett (1984).

Similar dates for the expansion of blanket peat have been suggested by Bennett et al.
(1990), who proposed that a major spread of blanket peat may have begun around 5500
BP on Southern Uist of the Western Isles; and that by 4300 BP the blanket peat was
dominant, as by this time the abundance of tree and shrub pollen had decreased from 60%
to 10%, and was replaced by pollen of Calluna, Gramineae, and Cyperaceae. The status

of Pinus sylvestris on Southern Uist, Western Isles, was described as uncertain.
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Bridge et al. (1990) used the pluvial episodes described by Dubois and Ferguson (1985),
and compared them with major rises in pine pollen. It appeared that pine grew
successfully on mire surfaces in the western Highlands from 6800-4000 BP, although
during this time there were probably variations in density, size and longevity of the trees,
possibly in relation to changing environmental conditions. This was emphasised by local
variations in pine history found by Bridge et al. (1990), including a major expansion of
pine woodland at ca. 6800-6600 BP, followed by a significant reduction in pine cover
between 6600-4970 BP, and a second expansion of pine around ca. 4970-4660 BP. Two
distinct phases of pine growth were also recorded between ca. 6500-3000 BP at low
altitudes from Rannoch Moor, western Scotland (Ward et al., 1987). Bridge et al. (1990)
found that there was a time lag between pine reduction and climatic change, with the
troughs in macrofossils seeming to follow the pluvial episodes. This could have indicated
that the pine woodlands were significantly reduced by a climatic change, or that the
macrofossils have not been preserved, or are yet to be discovered. However, it was

suggested that the density and distribution of pine varied in Scotland probably as a result

of variation in precipitation levels.

A brief phase of local pine forest between ca. 4500-4000 BP, from a mainly treeless
landscape, in the Flow Country, northern Scotland, has also been noted by Charman
(1994), although the reasons for this sudden growth of pine are unclear from the pollen
data. Charman suggested that it may be indicative of the mire surface drying out before
4500 BP, enabling pine to colonise. The sudden decrease in pine at 4000 BP 1s in
accordance with other records (Bennett, 1984; Bridge et al., 1990), with local pine growth

in the area having ceased around 3920 BP, and pine had disappeared almost completely by

ca. 3400 BP.

Changes in growth of pine have also been documented from Scandinavia. Kullman
(1987) used Pinus sylvestris megafossils to infer that the pine tree-limit in southern
Sweden was stable from before 8000 BP, and remained at high altitudes until 4000-3500
BP. Kullman argued that climatic shifts of relatively low magnitudes are not able to
change the ranges of pine, implying that if climate was responsible (rather than biological

processes) then the event must have been of considerable magnitude. This is similar to the
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evidence presented by Anderson et al. (1998) of a major climatic event between 3900 -
3500 BP. Dendrochronological inferences have also been made from Scandinavia using
Pinus sylvestris chronologies, which have been able to show that the LIA was not a
synchronous event throughout northwest Europe (Briffa et al., 1990). Recent research
documented warm summers 1n eastern Norway around AD 1510 (the same date as a
historical tephra eruption from Hekla which has been identified in Scotland), AD 1770,
and AD 1940, whereas cool summers occurred around AD 1600, AD 1710, and AD 1800
(Kalela-Brundin, 1999).

Peat development on the Shetland Islands seems to have occurred slightly later than 4000
BP. A study from Lunnasting indicated that at 3900 BP there was a temporary decline in
woodland, followed by a recovery for ca. 400 years (Bennett et al., 1992). By 3120 BP,
however, Bennett er al. (1992) showed that the landscape appears to have been treeless,
and was dominated by acidic heathland and blanket peat. Birks and Line (1992) suggested
that the decline in palynological richness from 3100 BP may have been due to a
simplification of the vegetational mosaic during the development of blanket peat. Bennett
et al., (1992) point out that the changes 1n vegetation may not be due to climatic change,
but that soils may have become leached, then podsolized, initiating peat growth. Thus the
increase in mire vegetation from 4800 BP could be due to natural acidification, and even
though there is no archaeological evidence for human settlements before 5000 BP,

anthropogenic effects since then could have affected the magnitude of any naturally

OCcurring processes.

It was not always the case that Pinus sylvestris was able to dominate forested areas of
Scotland before declining at around 4000 BP. At Claish Moss in northwest Scotland
Pinus never achieved dominance 1n the pollen spectra, as Quercus and Ulmus tended to
dominate (Moore, 1977). Moore (1977) suggested that the resistance of forests to the
dominance of Pinus may be due to the oceanicity of the western sites. Bennett (1984)
noted that at ca. 9000 BP competition from other species (for example, Corylus avellana
type, Ulmus, and Quercus) restricted the habitats available to Pinus sylvestris. This may
also have been the case in stopping Pinus sylvestris colonising Shetland, the remote outer

islands and parts of southwest Scotland, as Quercus may have arrived before Pinus
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sylvestris, and formed sufficiently dense woodland to prevent colonisation from Pinus
sylvestris (Bennett, 1984). Today Pinus sylvestris is only native to the Scottish Highlands,

and where it grows it is often the dominant forest tree (Bennett, 1984).

Other methods have also been used in order to extract environmental information with
respect to the pine decline. Tephra studies have been used in order to ascertain if the
Hekla-4 eruption had a causal affect on the decline of pine, and also to provide greater
precision when dating the decline (Blackford et al., 1992; Hall et al., 1994b; section
3.2.1). Dendroclimatological studies can also assign detailed information to specific
subfossil wood samples, such as fire episodes (e.g. Chambers et al., 1997b) and periods of
environmental stress, potentially related to climatic change (e.g. Lageard et al., 1999).
Investigations of bog pines in Scotland were initially limited to the last few centuries for
detailed climatic reconstructions (e.g. Hughes ef al., 1984) and floating chronologies (e.g.
Ward et al., 1987), but pine macrofossils from Cheshire have recently been cross-matched
to subfossil oak records allowing a more accurate dating of pines on bogs, which will aid

precise correlations and comparisons of proxy-climate data between sites (Lageard et al.,

1999).

The above evidence indicates that the decline of Pinus sylvestris was not synchronous
across Scotland, although evidence does exist for the initiation of peat growth around ca.
4000 BP. However, even if this event is synchronous across Scotland, and this 1s
suggested as unlikely (Moore, 1993), it may not have been due to increased rainfall, but
lowered rates of evaporation (Whittington and Edwards, 1997). A set of modelling
simulations by Kutzbach and Guetter (1986) concentrated on the changing orbital
parameters and their relationship with climate over the last 18,000 years. They have
suggested that between 12,000-6000 BP the tilt of the earth’s axis was greater than at
present and perihelion took place in the northern summer. An increase in anticyclonic
conditions would have occurred, and although winters would have been cooler, the
summers would have been warmer than present, with a comcomitant increase in
evaporation rates (Whittington and Edwards, 1997). Thus, by 4000 BP, as the orbital
parameters were changing, comparative evaporation rates may have been lowered,

resulting in peat formation where local conditions allowed.
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2.4.3 Other evidence for late-Holocene climate change

Geomorphic evidence can also be used to infer climatic changes in the late-Holocene.
Ballantyne (1991) commented that many authors assume that landscape instability is
automatically associated with climatic deterioration, especially the onset of enhanced
erosion in the Scottish Highlands being attributed to climatic deterioration during the LIA.
Landscape instability has also been used to suggest climatic cooling during the LIA from
areas in Ireland (P. Coxon, pers. comm.). However, Innes (1983) used lichenometry to
post-date some debris flows in the Scottish Highlands to after the LIA, and suggested that
during the nineteenth and twentieth centuries an increase in debris flows in the Highlands
resulted from land use changes (including increased grazing and burning practises), and
not climatic changes and progressive weathering. Hinchliffe (1999) examined the debris
reworking from relict talus slopes in northern Skye, and through an analysis of buried
palaeosols, found that different sectors underwent reworking at ca. cal. 5900-5600 BP,
2300-1700 BP, and ca. cal. 700-500 BP. No evidence for anthropogenic burning or
management of local vegetation was found, and in the absence of any direct causal
relationship between climatic change and reworking (Ballantyne, 1991), the coincidences

between the dates and inferred climatic deteriorations at these times require further

research (Hinchliffe, 1999).

Sedimentological (including colorimetric humification) and pollen stratigraphical
techniques from a raised bog at Burnfoothill Moss, East Dumfriesshire, have produced
results from which potential climatic changes could be inferred, notably a climatic
deterioration around the proposed time of the LIA (Tipping, 1995). A very wet phase has
been identified just before ca. 400 cal. BP, interpreted by Tipping as the initial stages of
the LIA, which is preceded by a dry phase between ca. 600-400 cal. BP, possibly an
indication of the MWP. Other climatic shifts identified from this site included a wet shift
at cal. 5250 BP, followed by a more substantial wet shift at cal. 4000 BP (coherent with
many other studies), and also a dry shift at cal. 1900 BP, which ends at ca. cal. 1200 BP.
Tipping identifies a potential weakness in his approach, as some of the shifts from the
proxy indicators appeared to contradict each other, stressing the need for a multiproxy
approach. Another problem in his approach occurred when each proxy indicated a

unidirectional shift, but not synchronously. Tipping suggested this may be due to natural
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lags in response time within the peat system, which has implications for intra site

correlations.

There has been a large amount of interest in determining periodicities in recent years, and
hence forcing mechanisms, within Holocene palacoecological data (from Aaby 1976
through to Baker et al., 1999). Oliver et al. (1997) presented detailed analyses on a pollen
profile from a peat-filled kettle hole at Pickletillem near Fife in eastern Scotland. The
analyses revealed strong spectral peaks, with frequencies that corresponded to the
stratigraphical structure in the core. This suggested that the pollen assemblages vary
cyclically, from woodland to grassland alternating in a quasi-cyclic manner. Significant
periodicites were identified at 360 years and 800 years, the latter of which corresponds
with that estimated by Barber et al. (1994b), and the former can be associated with the
period found by Wjimstra et al. (1984). The potential significance of these cycles is

discussed in section 2.5.

Evidence for late-Holocene climatic change in Scotland may also be derived from lake
sediments. The Cairngorms are host to many enclosed lakes, one of which, Lochan Uaine,
has been used to construct climatic changes using a wide range of physical, chemical and
biological methods. A low amplitude cycle of organic matter production over the last
4000 years with a mean periodicity of 200 years was identified by Battarbee et al. (1996).
It was hypothesised that the cycles were controlled by variations in temperature which
dictated the length of the ice-free season, and influenced the amount of organic matter
generated. Brooks (1996) constructed a 3000 year record of changes in chironomid
assemblages from Lochan Uaine, which was used as a proxy for environmental change. A
significant change in the assemblage was recognised around 2500 BP, associated with
changes in trophic conditions or climatic cooling. Brooks states that sampling at a finer
resolution and comparisons with the results from other proxy records should elucidate a
more complete picture of climatic change in the Cairngorms. Holocene chironomid
reconstructions have rarely been used in Britain, and it 1s suggested that by utilising a
temperature proxy indicator for which a transfer function has been derived, such as
chironomids (Lotter et al., 1999; Olander et al., 1999; Brooks and Birks, 1999), coupled

with mire surface wetness reconstructions (e.g. Woodland et al., 1998; Mauquoy and
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Barber, 1999a; Charman et al., 1999; Hughes et al., in press) a greater understanding of

the proxy signal in peat bogs and the climatic forcing mechansisms could be achieved.

2.5 Forcing mechanisms

Scientists are always searching for causal mechanisms for climatic changes, especially
when there is a suggestion that cyclicity can be detected in a palaeoenvironmental
reconstruction. A number of forcing mechanisms are thought to have influenced
Holocene climatic changes, the scale of which has been referred to as “Little-ice age-scale
variations” (Bartlein, 1988). The most commonly identified ‘external’ mechanisms are
solar variability and volcanic activity, which are thought to modulate ‘internal’

mechanisms, such as natural oscillators (e.g. oceanic circulation) and internal feedbacks.

Forcing mechanisms are thought to operate on different temporal scales, and a spectrum of
climatic variance was presented by Mitchell (1976) which documented forcing
mechanisms operating at different frequencies (Figure 2.1). The ‘Gap’ identified by
Mitchell related to millennial scale changes, and has been suggested as driving Holocene
climates. A forcing mechanism which operates over these frequencies has recently been
identified in North Atlantic sediments and corresponds to a cyclicity of 1470 + 500 years
(Bond et al., 1997). The mechanism has been linked to thermohaline circulation in the
North Atlantic, coinciding with increases in Ice Rafted Debris. During deglaciation the
cycle is thought to have regulated iceberg discharges into the North Atlantic, regulating the
production of North Atlantic Deep Water. A model simulation by Bond et al. (1997) also
suggested that large amplitude oscillations in thermohaline circulation can be induced by
increasing fresh water fluxes to the ocean, which can be related to Northern Hemisphere
ice sheet decay. The importance of the ocean in modulating climatic variability has been
known for some time, although the aspects of the sun-climate relationship, and the

influence of the oceans, is still the subject of much ongoing research (e.g. van Geel et al.,

1999).
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Figure 2.1 Spectrum of climatic variance (after Mitchell, 1976, with adaptations by

J. Overpeck, pers. comm.).

2.5.1 Solar variability

Variations in the solar radiation that reach the lower atmosphere and the earth’s surface are
thought to affect the circulation of the atmosphere and oceans. Variations in the surface
appearance of the sun have been apparent since the times of Galileo and have allowed long
records of solar activity to be established. Long periods of constant variation have been
recognised, for example anomalously low solar activity (low sunspot I{ambers - dark
patches on the sun which burn at only ca. 5000°K instead of the more usual temperature of
ca. 6000°K) have been identified throughout the last 1000 years, with notable episodes
such as the Maunder, Sporer and Wolf Minimums (Blackford and Chambers, 1995).

Correlations between solar variability and climate change have been investigated by
utilising the isotope '*C as a proxy for solar variations (e.g. Stuiver et al., 1995; 1997).
The isotope *C should be of the same proportions in living matter as in atmospheric COs,.
However, variations in '*C have been determined from past levels of CO, which have
been caused by geomagnetic and solar modulation of the cosmic ray flux (Stuiver and

Braziunas, 1993). Hence records have been determined for the changes in ¢ over time,
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and various periodicities of solar variability have been discovered. Van Geel et al. (1996;
1998) have correlated the climatic deterioration which occurred across northwest Europe
around 2650 BP with a sudden and sharp rise in "*C. If this correlation is validated by

other proxy records and known climatic regimes then it could appear that "“C levels could

act as a climate proxy.

Other attempts have been made to correlate '*C anomalies with climatic records. Wigley
and Kelly (1990) compared climatic records from both hemispheres with '“C anomalies
and found a statistically significant correlation. However, they used a simple energy-
balance climate model to show that the mean reduction of solar 1rradiance, when “C was

at a maximum, would have to have been between 0.22 and 0.55% over a period of roughly

200 years to cause these cool periods. Kelly and Wigley argued that these changes are up
to an order of magnitude larger than have been observed by satellite measurements.
However, Lean et al. (1995), using a long term solar variability record calculated from the
Schwabe (11 year) irradiance cycle, suggested that total solar irradiance during the

Maunder Minimum may have been reduced by 0.24%, a figure just within the boundaries

suggested by Wigley and Kelly (1990).

Karlén and Kuylenstierna (1996) used climate data from reconstructed glacier fluctuations
and tree-line shifts over Scandinavia to compare with an index of solar variability (C
anomalies). A lag of 150 years was used for the pine tree record as they can often survive
for some time after the onset of cooler climates, and this showed that lower temperatures
in Scandinavia correlated with peaks in 1%C 17 out of 19 times over the last 9000 years.
This suggests that solar variability is an important mechanism for determining climate

change, even if it is coupled to other mechanisms, such as oceanic circulation.

Stuiver and Braziunas (1993) constructed two 4C0, records to test spectral relationships,
including a single year record from 0-450 cal. BP, and a Holocene bidecadal record from
0-11,400 cal. BP. The single year record displayed periodicities of 2-6 years, suggesting
El Nifio Southern Oscillation (ENSO) perturbations, and periodicities of 10-11 years,
suggesting solar modulation (the 11-year sunspot cycle) or North Atlantic thermohaline

circulation instability. The Holocene bidecadal record identified a periodicity of 512
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years, which 1s also thought to be related to thermohaline circulation instability, with
North Atlantic deep water forming near the start of the Younger Dryas interval rather than
at the termination. A 206-year cycle has also been 1dentified, which has been attributed to
solar modulation, and is possibly modified by a climatic (or oceanic) response. These
cycles are similar to the ones found by Aaby (1976) from raised bogs in Denmark, as well
as the periodicities found by van Geel (1978), Dupont (1986), Barber ez al. (1994b),
Mauquoy (1997), and Chambers et al. (1997a).

2.5.2 Volcanic activity

Large volcanic eruptions are known to affect the global climate for at least one or two
years (Baldwin et al., 1976; Rampino and Self, 1982). A prime example is the eruption of
Mount Pinatubo in June 1991 which caused the largest perturbation this century to the
particulate content of the stratosphere (McCormick ez al., 1995). This almost immediate
climatic forcing is generally accepted, but the evidence for long term change 1s weaker
(Crowley and Kwang-Yul Kim, 1993). It would, however, appear possible that eruptions
larger than experienced in modern history may have affected the climate for longer, as
suggested by evidence from dendrochronology (Baillie, 1994). The mechanism leading to
narrow growth rings on trees after such an event is a short term shift to cooler, wetter
conditions associated with a negative pressure anomaly over the British Isles (Kelly and
Sear, 1984). It would therefore be possible that these events could have been recorded as

climatic deteriorations in peat stratigraphy, as the short term wetter/cooler conditions may

have pushed specific species over an ecological threshold (cf. Conway, 1948).

The mechanisms by which volcanoes are able to cool the global climate have been
modelled from real examples, and the eruption of Mount Pinatubo from June 1991
onwards has been one of the most studied. The eruption introduced large amounts of
sulphate aerosols into the stratosphere, which resulted in a significantly correlated
decrease in stratospheric ozone, thus reducing the amount of energy available to heat the

lower atmosphere, producing a cooling effect (Kinnison et al., 1994).

Past volcanic eruptions have been documented as acid spikes in ice cores, and as very

narrow tree ring widths in dendrochronological records. The first major link with volcanic

39



events and climatic change occurred when large peaks in sulphates were identified from
the Camp Century and Créte ice core records in central Greenland, and compared to a

temperature index, showing that clustered eruptions had a considerable cooling effect on

the climate (Hammer et al., 1980). The results also appeared to correlate well with the
California tree ring record of LaMarche (1974). More detailed correlations in recent years

have been undertaken between acid spikes in ice cores and volcanism throughout the

Holocene (e.g. Zielinski et al., 1994).

Further research into tree ring data suggested that at various points throughout the late-
Holocene, trees had been damaged by severe frosts (indicated by narrow rings), which had
been apparently caused by stratospheric dust veils produced by major volcanic eruptions
(Baillie, 1995). Specific eruptions appear to have been large enough to cause
regionally/globally cooler conditions (Scuderi, 1990), with specific events detected in tree
ring records and documentary records from around the globe, notably the Santorini
eruption in the early 1600’s BC (Baillie and Munro, 1988 - the exact date is still argued
over - Baillie, 1995), and an eruption at AD 536 (Baillie, 1994). It is known that
significant cooling can occur within months of a major volcanic eruption (Kelly and Sear,
1984: Sear et al., 1987), so it was not surprising to find evidence in the tree ring records
the following year after a documented eruption. However, it is not only atmospheric
temperature which appears to be affected by large volcanic events. Recent research has

also documented an increase in storminess that follows volcanic eruptions from a 200 year

record of gale frequency at Edinburgh (Dawson et al., 1997).

The two dates identified as cooling events from the dendrochronological records at AD
536 and in the early 1600’s BC (see Baillie, 1995) can also be identified as major
deteriorations in climate from many peat stratigraphic records (Table 2.1). The
chronology from peat bogs is far less precise than the dendrochronological records, and so
direct correlations cannot be made. However, if there were large volcanic eruptions at
these times, which resulted in major global cooling events, there is no reason why

evidence for cooling cannot be inferred from peat stratigraphy, as bogs are thought to

respond to temperature changes in a coherent manner over large spatial scales (Barber ef

al., 1999).
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2.6 Synthesis - changes in NW Europe and Scotland

An investigation into proxy climatic records from peat stratigraphy has shown that some
of the phase shifts are well defined across northwest Europe (Table 2.1). Peat stratigraphic
climatic shifts for the late-Holocene have been previously summarised by Barber (1982).
He suggested a climatic deterioration to have occurred at ca. 3950-3850 BP, followed by a
more pronounced wet shift at ca. 3450-3350 BP. The main climatic deterioration in the
late-Holocene (excluding the LIA) appears to have been between ca. 2850-2550 BP, and
as can be seen above this date is picked out by the majority of climatic reconstructions
from peat stratigraphy. Barber (1982) also suggested that there 1s some evidence for
further decline around ca. 2050 BP. This appraisal from 1982 took the majority of dates
for these phase shifts from sites in northern England, Ireland, and on the continent
(especially Scandinavia and the Netherlands) because this is where most of the climatic

reconstructions on raised bogs had been undertaken. As Barber (1982, p.110) comments:

“In particular, there is a need for more continuous data from north-west Scotland,
Ireland and Wales to compare these more oceanic areas with the work from

Cumbria, Denmark and the Netherlands.”

From the data collected since 1982, it is now apparent that much more detail can be
discerned from climatic reconstructions from peat stratigraphy, culminating in local and
more regional palaeoclimatologies. Without precise dating it is currently impossible to
say whether the changes are synchronous, but specific regional differences can be
identified in Table 2.1. There appears to be multiple evidence for a shift to wetter, more
humid conditions soon after 4000 BP, most likely between 3900-3500 BP, although the
exact timing for this climatic deterioration appears to be smeared, probably as a result of
the dating techniques. It is worth noting that there is no evidence in Scotland for an earlier
climatic deterioration between 4450-4250 BP (2500-2300 BC), although this climatic
phase is well documented in records from northern England and northwest Europe. There
is very strong evidence for the well accepted climatic deterioration which occurred at the
end of the Subboreal, ca. 2650 BP, throughout northwest Europe, with the exception of

northern Scotland. It may be possible that the climate was too wet in Scotland and the
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peat bogs were not sensitive to such a change. A wet shift is also evident from virtually all
sites with palacoclimatic reconstructions at 1400 BP, but this shift is not apparent in any of
the evidence from Scotland. In fact, Anderson et al. (1998) suggest a dry shift from ca.
1500 BP in northwest Scotland. Therefore either the climate was changing synchronously
very rapidly across northern Britain, or there appears to be a difference in climatic shifts

between northwest Europe and Scotland at this time. More data are clearly needed in

order to test these hypotheses.

The LIA and MWP appear to be represented in most of the palacoclimatic records
discussed. There is some suggestion that the LIA was a global phenomena, certainly
wider than just Europe; evidence for these climatic regimes has been found as far from
Europe as the northern Sargasso Sea (Keigwin, 1996). However, evidence shown in Table
2.1 suggests that the record of the LIA did not necessarily occur over northwestern Europe
at the same temporal resolution. Barber (1981) suggested that the periods of wettest bog
surfaces in the last millennia occurred between AD 1320-1485 and AD 1745-1800, which
showed a striking agreement with Lamb (1977b). In Ireland there is evidence to suggest
two major phases, initiated between AD 1410-1540, with a second pulse following
between AD 1660-1720; a dry phase occurring in-between (Blackford and Chambers,
1995). Mauquoy (1997) suggested that the LIA in Cumbria occurred between AD 1420-
1800, while Chambers et al. (1997a) suggested that the wet phase which occurred in the
Scottish Borders at AD 1410 could be the start of the LIA. In Dumfriesshire, Tipping
(1995) suggested the initial stages of the LIA occurred just before 400 cal. BP (ca. AD
1550), a little later than suggested for the Borders and further south into northern England.
In Fennoscandia, the LIA only seems to have occupied a period from AD 1570-1650
(Briffa et al., 1990). The fact that two stages of the LIA are picked up in Ireland and

further east into northwestern Europe the cool climatic event becomes harder to detect,

infers the crucial role of the North Atlantic on the climate of northwestern Europe,

although regional variations occur.

Whittington (1985) suggested that from the start of the fifteenth century to the nineteenth
century Scotland experienced its coldest weather since the last of the Devensian ice was

present, with the exception of a warmer period between AD 1500-1550, a period which
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was also detected in Cumbria by Barber (1981). Whittington (1985) attributes this cold
weather to the circumpolar vortex developing meridional loops, which when well
developed can detach from the circumpolar vortex and form slow moving or static cells of
high or low pressure. In turn, these cells can dislocate the westerly airflow, and dislocate
the polar front along which the mid-latitude depressions travel and which cool the seas of
the North Atlantic. Whittington (1985) proposed that these conditions became normal’
during the LIA. Lamb (1977) stated that during 80-85% of summers between AD 1688-

1700 the paths of centres of cyclonic depressions passed over or near Scotland (56° - 62°

N) causing violent storms.

The LIA may only have been confined to a period of 80 years 1n Fennoscandia (Briffa et
al., 1990), but there was also little evidence for the MWP in this region. Although the
MWP phase is found in many of the proxy records, it may not have been a globally
synchronous event. As dendrochronology is able to date proxy records to an annual, and
seasonal, resolution, further work has been able to show that over the Urals 1n Siberia
summers were cool in the 11th and 12th centuries (Briffa et al., 1995), times which have
been shown to be warm in Fennoscandia. Regional disparities also occur over Britain;
evidence since Barber (1981) has shown that a drier (or warmer) phase around the MWP
occurred in Ireland between AD 1230-1380 (Blackford and Chambers, 1995) whereas in
the Pennines a drier/warmer period is recognised between AD 1100-1250 (Tallis, 1997).
Mauquoy (1997) identified a drier period between AD 1110-1290, which appeared similar
to the record from the Pennines, within the boundaries of '*C dating. However, in
Dumfriesshire, Tipping (1995) identified a dry phase between 600-400 cal. BP (ca. AD
1350-1550), which occurred much later than in areas further south. It would therefore
seem that before regional forcing mechanisms can be fully identified, more evidence is
needed on the spatial and temporal variability of climatic events we know to have existed,

but still do not yet have enough evidence to depict their (a)synchroneity.

Just being able to document and synthesise these changes is not always enough. With the
increase in computational power over the past two decades, modelling climatic changes
over the Holocene has become possible and more studies are being undertaken (see

Kutzbach and Guetter, 1986; Kutzbach and Gallimore, 1988; and more recently Valdes
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and Glover, 1999). COHMAP (Cooperative Holocene Mapping Project) was set up in the
1970’s 1n order to compare atmospheric GCM’s with quantitative palacoclimatic
reconstructions (see Wright and Bartlein, 1993). The next phase of palaeoclimatic
modelling is now PMIP (Palaeoclimatic Modelling Intercomparison Project), which has
been set up to enable the comparison of atmospheric general circulation models
(AGCM’s) with palacoecological reconstructions (e.g. Masson et al., 1999). With more
available palacoecological data, and with dating and correlations of these proxy records
becoming more precise, coupled with ever increasing computational power, it is hoped
that in the future modelling will be undertaken which will give better insights into the

forcing mechanisms of the climate throughout the Holocene.

2.7 Conclusions

The evidence cited above shows that climatic changes can be recognised from proxy
evidence throughout northwest Europe. The evidence for climatic changes in Scotland fits
in with many of the phase changes observed in Europe, although there are notable
anomalies. Most evident is the observed wet shift in northern Britain at 1400 BP which
has been recognised as a dry phase in Scotland. However, it has been stressed that there 1s
a relatively small amount of peat stratigraphical palacoecological data relating to climatic
changes for Scotland during the Holocene compared to the rest of northwest Europe.
Building on the established regional climatic shifts, the next step is to try and precisely
date these climatic events, in order to build up a more detailed pattern of climatic change
over Northwest Europe during the Holocene. The magnitude of these changes, coupled
with the increasingly observed local nature of some climatic shifts, seems now to be of the

utmost importance when trying to understand the climatic system, past and present.

This thesis aims to test and add to the palaeoclimatic data from Scotland using a
multiproxy approach. The use of tephrochronology will enable the synchroneity of
climatic changes to be tested across a range of sites in Scotland covering a large climatic

gradient. The main themes identified from this review, and hence addressed by this

project, can be listed as follows:
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e ]t is clear from the above study that there is a need for more peat stratigraphical
palaeoclimatic data from Scotland (¢f. Lowe, 1993). Seven sites are analysed in detail
in this thesis. The wealth of palacoecological data attained from these sites should
enable climatic changes to be inferred throughout the last ca. 5000-7000 years over a
local and potentially more regional scale. There is still plenty of scope for a greater

coverage of palacoecological data in Scotland in order to compliment the work carried

out in this thesis.

e This thesis aims to test whether the well known climatic deteriorations which occurred
in northwest Europe during the mid to late-Holocene can be identified from peat bogs
in Scotland. Some of the data in Table 2.1 suggests that these climatic changes in
northwest Europe may have occurred at different times in Scotland, and therefore

potential leads and lags (within the limits of the chronologies) can be tested.

e Scotland has been shown to be sensitive to shifts in the polar front, as documented by
the severe LIA conditions. Although the LIA can also be detected from analysis of peat
stratigraphy in northern England (Barber, 1981; Mauquoy and Barber, 1999a), the
higher latitude of Scotland should allow more subtle changes in the polar front, and
hence climate, to be detected. There may therefore be differences in the nature and
timing of climatic changes between northern and southern sites within Scotland, as well

an oceanic influence affecting western sites compared with eastern sites.

e There is a need for more precise dating and correlation of peat sequences, and 1n the
absence of wiggle-matching within this study, tephra isochrones have been used.
Tephra searches were carried out on every site studied, enabling the possibility of
precise correlations between a suite of sites, and the climatic changes deduced from the

palacoenvironmental analyses.

e Further research into periodicities within peat stratigraphic records is a specific aim of
this thesis, including the subsequent identification with a possible forcing mechanism.
There is now a need for the magnitudes of these climatic changes to be ascertained,

which is now possible with the testate amoebae transfer function (described in Chapter
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6 and discussed further in Chapter 7), as this models the moisture response in a linear
fashion. This offers scope for comparisons of the same event at different sites, and

possibly providing quantitative data for the palacoclimatic modelling community.

e It is also an aim of this thesis to appraise the development and biodiversity of the
ombrotrophic bogs studied. Many changes in species, notably extinctions, are directly

linked to climatic changes, and exploring these relationships further will aid future

interpretations of peat-stratigraphic research.
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Chapter 3. Methods

3.1 Introduction

The previous section has reviewed the nature and extent of past climatic changes
throughout northwest Europe, as detected from the peat stratigraphic archive. The
methods used within this thesis for determining past mire water table fluctuations are
now discussed. They incorporate the analysis of plant macrofossils, colorimetric
humification, and testate amoebae. In order to correlate precisely the palaeoclimatic
reconstructions between sites tephra isochrones have been utilised, and the detection of
these within the stratigraphy was fundamental in the site selection process. Tephra

isochrones also aid the radiocarbon based chronology, acting as ‘pinning points’ within

the chronology (Barber et al., 1999).
3.2 Tephrochronological approach

3.2.1 Introduction
The detection of tephra layers within peat stratigraphy offers great potential in

palaeoecological reconstructions, as the airfall events represent a discrete moment in time.
If these tephra horizons can be found at multiple sites, the tephra layers can be correlated
to develop tephra isochrones (Dugmore et al., 1995a). The utilisation of the tephra

isochrones as a dating method based on the identification and correlation of tephra layers

was first termed ‘tephrochronology’ by Thorarinsson (1944).

Three types of tephra exist: pumice, sand and ash, of which ash is the most fine-grained,
and is therefore the most easily transported by the atmosphere. It is these ash falls which
commonly form the tephra layers identified in sediments located far from the source
volcanoes. In northern Britain, peat deposits have been found to contain fine-grained

Icelandic tephra of varying concentrations, which commonly occur as distinct millimetre-

scale horizons (Dugmore et al., 1995a).

Raised peat bogs are excellent retainers of tephra layers, as the inorganic content within

them will be primarily atmospheric fallout, implying a continuous record of atmospheric
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sedimentation will be stored within the bogs. The first documented discovery of Holocene
Icelandic tephra within mainland Britain was in blanket peat at Altnabreac, situated in the
peatlands of Caithness, Scotland (Dugmore, 1989). Following on from Dugmore’s
pioneering work, discrete, well-defined layers of Holocene tephra have been discovered
at many other sites in Britain (Bennett ef al., 1992 (Shetland); Pilcher and Hall, 1992
and Pilcher et al., 1996 (Ireland); Dugmore ef al., 1995a and Dugmore et al., 1996
(Scotland); Pilcher and Hall, 1996 (northern England)). Locating and dating tephra
horizons in peats has led to environmental interpretations of Holocene landscapes (Hall
et al., 1993; Hall et al., 1994a), and suggested that environmental change may not
always be climatically forced (Blackford et al., 1992; Hall et al., 1994b; Edwards et al.,
1996: Hall er al., 1996). It has been suggested that the Pinus decline in Scotland could
partially have been attributed to volcanic acid loading from the Hekla-4 eruption
(Blackford et al., 1992). However, it appears that in Ireland there is no link between the
Pinus decline and Hekla-4 eruption, with the Pinus decline occurring before the tephra

deposition around 4000 BP (Hall et al., 1994b; Dwyer and Mitchell, 1997).

Tephra shards can be subjected to geochemical analysis as a means of typing each horizon
with a geochemical signature. The glass chemistry within a single eruption is usually
either approximately homogeneous or displays a distinct trend, allowing correlation of
tephra shards along an isochronous layer (Westgate and Gorton, 193 1). Thus, a tephra
isochrone from a single airfall event can be traced spatially over large areas, depending on
local levels of deposition. Dugmore et al. (1992) were able to show that the geochemical
signatures for tephra from the Hekla-4 eruption were replicatable in Iceland and Scotland,
proving that long distance transport and long time burial in peat does not alter the
geochemical properties of the shards. This allows the prospect of precise correlations
between sites across geographical and climatological gradients, and hence precise

correlations between peat derived palaeoclimatic records.

The use of tephras as a means for precise correlations between sites relies on certain
principles being true. Hunt and Hill (1993) suggest that the main assumptions behind
tephrochronology are that the ash is deposited instantaneously (in geological terms) and
that each isochrone possesses a unique geochemical signature. It has been shown above

that the latter of these assumptions is generally valid, with the geochemical trend in
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individual 1sochrones representing compositional changes during an eruption
(Thorarinsson, 1950), with the content of silica decreasing through time during major
cruptions (Thorarinsson, 1967). It is generally accepted that ash layers were deposited

instantaneously, although, spatial variations in fallout can occur, and this often results in

each tephra isochrone displaying a patchy distribution (Dugmore et al., 1995a).

Perhaps the most important aspect of utilising tephra isochrones for palacoecological
reconstructions is the lack of mobility of glass shards through the peat profile. Dugmore
and Newton (1992) have shown that peak influxes of tephra are frequently restricted to
less than 1cm of peat stratigraphy, giving a dating accuracy for the base of the tephra to ca.
15 years. Following up this argument, tephra shards from the Hekla AD 1510 eruption
were studied at Loch Portain, (North Uist, western Scotland) and were found to be
concentrated between 12 -15cm from the top of the monolith (Dugmore et al., 1996).
Detailed sampling revealed two peaks in shard concentrations, and geochemical analysis
revealed two significant populations of tephra. It was therefore suggested that the likely
diffusion of an individual tephra throughout the peat profile would be on the millimetre
rather than centimetre scale (Dugmore ef al., 1996). Supporting this, Hall ef al., (1994b)
demonstrate how 74% of Hekla-4 tephra from Sluggan Bog is restricted to a peat horizon

Smm thick, and 90% restricted to an 8mm band.

The need for replicatable data in order to assess the impact of volcanic activity on mid-
Holocene climates in Ireland has recently been documented by Caseldine et al. (1998),
who used pollen and humification analyses to reconstruct environmental change. Three
profiles taken from a raised mire at West Corlea show a general change to increased mire
wetness at ca. 2300 cal. BC across the period of tephra deposition, which has also been
noted by Dwyer and Mitchell (1997). However, comparisons between the three profiles
do not suggest a major synchronous flooding event immediately following tephra

deposition. It is suggested that mineral and tephra redeposition occurred due to pool

formation.

A number of crucial points can be deduced from the study of Caseldine et al. (1998).
Firstly, it seems imperative that data are replicatable with respect to tephra horizons,

highlighting the need for detailed field stratigraphy when undertaking any
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palacoecological analysis (see Barber et al. 1998). Secondly, a multiproxy approach is
beneficial when trying to establish the synchroneity of signals, and will aid the
interpretation of potential noise within a climatic signal. Finally, it is important to analyse
tephra concentrations at centimetre, or even millimetre scales, in order to make detecting
synchronous changes more reliable. Caseldine et al. (1998) only used contiguous 4cm
samples for tephra analysis, which creates problems in Ireland as it appears that two tephra
layers have been deposited around 4000 BP (Dwyer and Mitchell, 1997). If the peak
concentration of tephra shards could have been restricted to only a centimetre or two,

identifying possible separate volcanic events and correlating changes in humification

could have been made easier.
3.2.2 Laboratory procedures

3.2.2.1 Ashing

The ashing technique of Pilcher and Hall (1992) was used to locate tephra horizons as it
was the quickest known method for analysing long cores. Contiguous Scm® samples of
peat were ashed in nickel crucibles at 600°C for four hours and then left to cool. The
samples were washed in 10% HCl in order to remove any soluble inorganics, then washed
in distilled water. Each sample was sieved through a 241um mesh to remove any small
fractions of detritus and washed again in distilled water. Material was then mounted on
slides in Histomount synthetic mounting medium and analysed at x100 and x400
magnification. The shards were identified by their characteristic morphology which 1s
highly vesicular or curved platelets of bubble walls, often with sharp edges, as well as
isotropism under plane polarised light. A few problems with the identification and
counting of shards were discovered. The ashing technique does not always destroy all the
organic material (especially where the peat is rich in monocot or ericaceous remains).
Thus some shards may have been obscured on certain slides, and therefore not counted.
Certain samples still contained so much material after ashing that not all of 1t was placed
on the slide, therefore possibly under-representing the total amount of shards present at a
certain level. Generally, shards under 20pm were not counted as they were often too small

to be identified with certainty.
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3.2.2.2 Electron microprobe slide preparation

Before work could be undertaken on the electon microprobe the shards had to be isolated
from the peat. The ashing technique cannot be used for this as the high temperatures used
alter shard geochemistry, specifically that of the alkalis. An acid digestion technique
(Persson, 1971; Dugmore et al, 1992) was therefore used to isolate the mainly silicious
material from the peat. 3cm® samples of peat were taken from the same depth as the
centre of the original Scm® sample which contained the largest shard concentration for a
given tephra layer. Once the acid digestion was complete, the samples were pipetted in

solution onto an evaporating dish in order to concentrate the silicates.

Slide preparation for electron microprobe work is an important procedure, and it 1s
suggested that considerable time and care is spent over the procedure (P. Hill, pers.
comm.). Slides were first frosted using a 600 grit carborundum powder, and then cleaned
in an ultrasonic bath. An epoxy resin (in this case araldite and a hardening resin at a ratio
of 9:1) was placed on the frosted slide, and the dried silicious material (containing tephra
shards) was dropped via a spatula onto the resin and mixed in thoroughly. The slide was

then left to harden on a hot plate for approximately 5 hours. Ideally the hardened resin

should be a thickness of between 200-300ium above the slide surface.

The following stage involved grinding down the samples to between 70-100tm above the

slide surface, which exposes some of the tephra shards at the resin surface. It is generally
recommended to use either 1000pum or 1200pum carborundum paper (P. Hill, pers. comm.).

1200um paper was used on these samples as the resin was only ca. 100-150um thick on
most slides, so there was not a substantial amount of resin to grind down, increasing the

chances of losing shards through plucking during the grinding process.

Once ground down to a suitable thickness the slides were washed in petroleum ether 1n an
ultrasonic bath. The final stage of preparation was to polish the surfaces of the slides
using a diamond paste. Flat polished surfaces are necessary to prevent the absorption of
X-rays by scratches in the surface of the sample (Boygle, 1994). The first polish was
carried out using a 6)lm diamond paste which gave a good overall polish but still left a few

visible grooves on some of the material. Thus a second polish was carried out using a
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Ipum diamond paste which erased the majority of grooves and left as smooth a polished

surface as is necessary for probe analysis.

The final procedure of slide preparation was to give the slides a carbon coat in order to
provide a conducting surface layer, and to enable a path for the probe current (Reed,
1993). The edges of the slides were covered in colloidal graphite, leaving a small amount
connecting the sample with the edge of the slide, thus maximising contact between the

slide and the samples. The slides were then ready to be used on the electron probe for

microanalysis.

3.2.2.3 Microprobe operating procedure

The most common and effective tool to determine the geochemical composition of
volcanic glass is the electron microprobe (Westgate and Gorton, 1981; Larsen, 1981). The
advantages over other methods, such as X-ray flourescence (XRF), is that it can be used
where material is limited. Electron probe microanalysis (EPMA) is grain discrete, and
therefore allows parts of glass shards to be targetted where they have not undergone
alteration, or contain vesicles or microphenocrysts (Dugmore, 1989; Hunt and Hill, 1993).

Thus fresh faces of shards can be selected for analysis, reducing the potential of poor

analysis totals.

The electron microprobe discharges a beam of electrons approximately 1-21tm in diameter
towards a glass shard, which then discharges X-rays, which are detected by crystal
spectrometers within the probe. The X-ray energy of the sample is unique to each
element, and its intensity is proportional to the amount of that element (Hunt and Hill,
1993). The X-rays collected by the spectrometers therefore allow a geochemical signature
of each volcanic shard to be derived. Once a population of shards from an isochrone have
been analysed, the geochemical character of the tephra layer can then be determined and -

correlated with the geochemistry of a known eruption (e.g. Hekla-4) or a known tephra

isochrone (e.g. Glen Garry).

The electron microprobe at Edinburgh University (Cambridge Instruments Microscan V)
was used for EPMA on tephra shards from each site. A standard wavelength dispersive

analytical technique was employed with a voltage of 20 kV, beam current of 15nA, and a

33



beam diameter of 1-2um. It is worth noting that the volume from which X-rays are

generated (which produce the analyses) as a result of the beam interaction with the sample,
is a pear-shaped/spherical volume some 3jtm deep and across. This in reality makes it

difficult to analyse anything smaller than Spum, with 10pum being difficult, and anything

over 20pum not generally being a problem.

Once the electron beam had been turned on it was left to stabilise on a copper block for at
least 20 minutes. The beam position was then veri<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>