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Abstract

Recent research has shown that many mountain lakes are particularly sensitive to
environmental change, including climate change. Lochan Uaine, at an elevation of 910
m in the Cairngorms of Scotland, is thought to be one such lake. Previous high
resolution analyses undertaken at the lake reveal quasi-cyclic variations in the loss-on-
ignition profiles of two cores. It is hypothesised that these cycles are driven by
fluctuations in lake primary productivity. In turn, this productivity is thought to be
driven by climatic variability, possibly through the influence of winter ice cover

duration on growing season.

Fluctuations in LOI comparable to those seen previously are evident in a more recent
core from Lochan Uaine (core UACT6) representing the last ¢. 2000 yr of sediment
accumulation. This core is dated by correlation of the LOI profile with that of a
radiometrically-dated core, although attempts to validate the chronology by
identifying microtephra layers were unsuccessful. Analysis of the sediment organic
fraction reveals concurrent fluctuations in total organic carbon content, chlorin
content, and bulk organic 8"°C with LOL Although few studies have been undertaken
in lake sediments, the chlorin profile is thought to represent variations in lake primary
productivity. Similarly, bulk organic 8'>C may reflect variations in the relative inputs
of autochthonous and allochthonous material to the sediment. To further investigate
these hypotheses, organic geochemical analysis of the unbound lipid fraction is
described. Certain lipids identified in the sediment record are assigned to particular
organic sources through comparison with published data, analysis of vegetation
collected from the lake catchment, and compound-specific §'°C analysis. Lipid
biomarkers attributed to higher plant sources show little downcore variation in
concentration, whereas those attributed to algal and bacterial sources show variations
similar to the LOI profile. These results support the hypothesis that LOI fluctuations
are driven by changes in lake productivity. The productivity changes are discussed in
relation to late Holocene climate variability, although an unambiguous correlation
between productivity and climate is prevented by the uncertain chronology of
UACT®6, and our current inadequate understanding of Holocene climate variability in

temperate latitudes.
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1.1 Background

1.1.1 Global climate variability

With growing concern over greenhouse gas emissions and associated global warming,
the issue of climate change is very much in the public consciousness. Yet climate
change is not a recent phenomenon. While there is debate on the impact of
anthropogenic activities on climate during the last few hundred years, there is no
doubt that the global climate has varied naturally for billions of years, since the
formation of the earth itself. During this time a large range of climates have been seen,
from ‘greenhouse’ periods when ice was absent from the poles, to ice ages when the
continents were covered by vast ice sheets. This forms the crux of the problem
regarding anthropogenically-induced climate change. The twentieth century saw a
global temperature rise of around 0.5°C (Briffa and Jones, 1993) - but it is not easy to
say how much of this was caused by human activity, and how much was a product of
continuing natural climate variability. The difficulty in determining the causes of
recent climate change has implications for the prediction of future climate change. It is
vital to know whether we can expect temperatures to continue to rise as greenhouse
gas emissions continue unabated, or whether the recent warming is merely part of a
natural cycle of climate variability, to be followed by a period of cooling in the coming

years, decades or centuries.

Predictions of future climate changes rely on the development of computer models to
calculate the climatic responses to various forcings (e.g. Rind and Overpeck, 1993;
Stouffer et al., 1994; Mitchell et al., 1995; Trenberth, 1997; Conway, 1998; Mitchell
and Hulme, 1999; Timmermann et al., 1999). Although highly complex, such models
are nonetheless comparatively simple representations of the vastly more complex
global climate system. Validation of these models is needed to indicate the accuracy of
any future climate change predictions. One method for doing this is to run the models
using past climatic data (Harrison et al., 1991a; Kohfeld and Harrison, 2000). This
allows climate change as calculated by the models to be compared with ‘known’
climate change. Instrumental records may be used for this purpose. The earliest
continuous instrumental records date from as long ago as the late seventeenth century,

although near-global coverage is only available for the last century, and data from
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Antarctica only from the late 1950s. Prior to the instrumental period climate must be
reconstructed from palaeoclimate proxies. For use in models these proxy climate
reconstructions should ideally be continuous, accurately datable on a calendrical
timescale, and of an annual or better resolution. Proxies that meet these requirements
include tree-ring widths and densities, ice cores (isotopes, melt layers), corals,
speleothems, and lake varves (Jones et al., 1998). Other climate proxy records exist,
as listed in Table 1.1. These generally have lower temporal resolution and are less
precisely and accurately datable. With all proxies, there is a tendency for the overall
quality of the record to deteriorate with increasing age as records become more

scarce, discontinuous, less reliably datable, and so on.

The prediction of future climate change is only one aspect of climate research. An
equally important component is the study of the effects of climate change. Climate
variability affects natural systems on a wide range of spatial scales, from global
phenomena such as changing sea levels, to local and regional phenomena, such as
vegetational migrations and shifts in vegetational composition. For those climatic
proxies listed in Table 1.1 which do not provide data of sufficient length, resolution or
accuracy to be used for palacoclimate model calibration, the real use may be in the

records they contain of responses to climate variability.

1.1.2 Evidence for Holocene climate variability

The Holocene is the latest warm period to have occurred during the Quaternary (last
¢. 2 Myr). The Quaternary has been characterised by a succession of glacials and
interglacials which have occurred as a response to ‘Milankovitch’ orbital forcing. On
the whole the glacial periods have lasted for longer than the interglacials, and in this
respect interglacial periods may be considered to be ‘abnormal’ for the Quaternary.
The last glaciation reached a maximum at around 18,000 '“C yr BP, after which
melting of the large northern hemisphere ice sheets occurred. During the Lateglacial
Interstadial from c. 13,000-11,000 '“C yr BP global climate was relatively mild. A
further cold period (the ‘Younger Dryas’), most clearly expressed in the Northern
Hemisphere, followed from approximately 11,000-10,000 '“C yr BP. The end of this
period marks the beginning of the Holocene. By comparison with these large

fluctuations between glacial and interglacial conditions, the climate through the



Table 1.1 Comparison of palaeoclimate proxy measurements, the length of record, spatial and temporal resolution, and response time. Example references are given,

although the list is by no means definitive. The table is based on those presented by Guiot (1991, T able 1, page 280), Lamb (1995, Table 1, pages 102-107), and Jones

et al. (1998, Table 1, page 457 and Table 2, page 458).

Proxy source Variable(s) measwed  Climatic information Length of Holocene Temporal resolution Spatial resolution Responsetime  Example references
record
Instrumental All (air temperature,  All (air temperature, Earliest temperature Greater than seasonal Local, but datasets Instantaneous Manley (1974), Parker et al. (1992),
(ground stations, SST, precipitation, SST, precipitation, records fromlate resolution, usually daily can be mergedto Briffa and Jones (1993), Thompson
ship-borne, air- humidity, pressure, humidity, pressure, 17th Century provide up to global (1995), Jones et al. (1998), Mann et al.
borne) wind efc.) wind etc.) (Europe) resolution (1998)
Satellite Temperature, cloud Temperature, cloud Since 1970s Very high, daily Regional to global Instantaneous Lean et al. (1995), Lean (1996), Waple
cover efc. cover efc. (1999), Wentz and Schabel (2000), Beer
et al. (2000)
Historical records ~ Weather, extreme Most climatic Varies, few records Daily to annual, but Local to regional Instantaneous Gleissberg (1965), Feynman and Fougere
(weatherregisters,  events (severe parameters, butdata date from before records tend to be (1984), Feng et al. (1993), Livingstone
diaries, ships logs,  winters, droughts, tend to be quaitative 2000 yr BP discontinuous (1997), Pfisteret al. (1998)
chronicleseic.), floods, good/bad
archaeological harvests), ice break-
records up dates, glacier
e e LJOOVEINCRLSEIC. et e e e e o e e e e e e e+ s e e+ @ et e e e e e e e s e
Tree-rings Width, density Temperatureduring ~~ Some records cover  Seasonal, annual; but Local to regional Few years Blasing and Duvick (1984),Pilcher et al.
growing season(width)  full Holocene information canbe lost by (1984), Dubois and Ferguson (1985),
or late spring and the need to standadise Baillie and Munro (1988), Stahle et al.
summer season longer timescales (1988), Kelly et al. (1989), Briffa et al.
(density) (1990, 1995, 1998), Lara and Villalba
(1993), D’ Arrigo et al. (1993), Feng et al.
(1993), Baillie (1994), Overpeck et al.
.............. (1997), Cook et al. (1998), Briffa (2000)
Isotopes (8"0, §°H, Summer temperature Some records cover Seasonal, annual; but Local to regional Few years Stuiver and Braziunas, (1989, 1992,
81°C, 1*0) (8°C), precipitation full Holocene information canbe lost by 1993), Lipp and Trimborn (1991), Attolini
(8'%0, 8’H), solar the need to standadise etal. (1991)
variability (**C) longer timescales e
" Trecline change  Fossil stumps,pollen ~ Temperature, Full Holocene ~~~ Discontinuous data Local to regional Upto 1000 yr,  Dubois and Ferguson (1985), Lowe
precipitation (relying on ‘threshold due to slow (1991), MacDonald et al. (1993),
events), resolutionrelies on speed of McConnell and Legg (1995), Haas et al.
the precision andaccuracy migration (1998)

of the dating method used
(tree ring widths,"C)
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Table 1.1 continued

Proxy source Variable(s) measwed  Climatic information Length of Holocene Temporal resolution Spatial resolution Responsetime  Example references
record
Ice cores Accumulation rate, Air temperature, Full Holocene Annual (recent period Continental, Varies, linked Alley et al. (1993)
melt layers precipitation dated by layer counting), hemispherical, to large scale

decadal to centennial potentially global response of

(older periods datedby ocean-

flow modelling) atmosphere

system

Isotopes (°Be, *C, Moisture source and Full Holocene Aunnual (recent period Continental, Varies, linked  Bamola et al. (1987), Beer et al. (1988),

8'%0, 8°H), trapped temperature, dated by layer counting), hemispherical, to large scale Bond et al. (1993), Taylor et al. (1993),

atmospheric gases precipitation, air decadal to centennial potentially global response of Larsen et al. (1995), Stuiver et al. (1995),

and aerosols, temperature (5'°0); (older periods datedby ocean- Mosley-Thompson(1996), White et al.

dustiness climate change linked flow modelling) atmosphere (1996), Morgan and van Ommen (1997),
to solar variability and system Petit et al. (1999)
cosmogenic isotope
production

Glaciers Advancesand Air temperature, Some records cover  Res elies on the Regional to 10-20 years Nesje and Dahl (1991), Nesje and
retreats (historical precipitation, duration  full Holocene precision andaccuracy of continental Johannessen (1992), Werner (1993), Dahl

records, dated of melt season, the dating method used and Nesje (1994)

moraines) sunshine and (historical records, '*C)
cloudiness e

Lakes Varve thickness Temperature,seasonal  Some records cover Seasonal, annual Local Daysto weeks  Schove (1987), Goslar et al. (1995,
temperature differences  full Holocene 2000), Overpeck (1996), Zolitschka
influencing ice melt, (1996), Gajewski et al. (1997), Overpeck
precipitation e etal. (1997)

Lake level Precipitation, Full Holocene Resolution relies on the Local to regional 15 years (?) Stine and Stine (1990), Street-Perrottand
evaporation (linked to precision andaccuracy of Perrott (1990), Harrison et al. (1991b),
temperature) the dating method used Stine (1994), Lent ez al. (1995), Gasse

(historical records, 'C) (2000), Verschuren et al. (2000)

Salinity Precipitation, Full Holocene Resolution relies on the Local to regional 15 years (?) Fritz et al. (1991), Laird et al. (1996),
evaporation (linked to precision andaccuracy of Verschuren et al. (2000)
temperature) the dating method used

(HC)
“pH Air temperature Few hundred years Resolution relies on the Local to regional Few years or Servant-Vildary and Roux (1990), Psenner
(so far), potentially precision andaccuracy of less and Schmidt (1992), Vyverman and Sabbe

full Holocene

the dating method used
(**C, varves)

(1995), Pienitz et al. (1995), Lotter et al.
(1997b), Sommaruga-Wograth et al.
(1997), Koiniget al. (1998), Rosén et al.
(2000)
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Table 1.1 continued

Proxy source Variable(s) measwed  Climatic information Length of Holocene Temporal resolution Spatial resolution Responsetime  Example references

record

Lakes (continued)  Isotopes ¢"C and Temperature, Full Holocene Resolution relies on the Local to continental Varies Stuiver (1970), McKenzie (1985),

%0 - from precipitation (linked to precision and accuracy of Siegenthalerand Eicher (1986), Hodell et
carbonate, calcareous ~ €vaporation) the dating method used al. (1995), Holmes et al. (1995), Curtis et
and siliceous ("'C, varves) al. (1996), Mullins (1998)
microfossils,organic
matter etc.)
Pollen Air temperature, Fuil Holocene Resolution relies on the Locai to regional Up to 5000 Huntley and Birks (1983), Huntley and
precipitation precision andaccuracy of years (due to Prentice (1988, 1993), Bennett (1989),
the dating method used slow vegetation Lowe (1991, 1993), Gear and Huntley
(MC, varves) migrationafter  (1991), MacDonald et al. (1993), Huntley
ice retreat) (1994, 1999), Mooney (1997), Sawada et
‘ al. (1999), Rosén et al. (2000)
Other biological Air temperature, Full Holocene ™~~~ Resolution relies on the Local to regional Varies, Holmes (1992), Hodell et al. (1995),
proxies seasonal temperatures precision and accuracy of generallyrapid  Brooks (1996), Curtis ef al. (1996),
(chironomids, etc. the dating method used (few years) Brooks et al. (1997), Lotter et al. (1997b),
chrysophytes, ("*C, varves) Olander et al. (1997), Walker et al.
cladocera, diatoms, (1997), Rosén et al. (2000)
molluscs, ostracods
CIC. )

Peats Humification, Precipitation Since development of Resolution relies on the Local to regional Few years Aaby (1976), Blackford and Chambers
macrofossils, testate peats ¢. 7000 yr BP precision andaccuracy of (1991), Blackford (1993), Barber (1994),
amoebae, §'°0, the dating method used Barber et al. (1994a,b, 1998), Chambers
pollen ("C, tephra) et al. (1997), Andersonet al. (1998),

Mauquoy and Barber (1999a,b), Charman
et al. (1999), Hong et al. (2000)
Speleothems Growth, 1sotopes Precipitation, surface Some records cover Annual, less ifdated by Local to regional Few years Baker et al. (1993, 1995, 1999), Baker
temperature full Holocene “Cor U-Th (1999), Lauritzen and Lundberg (1999),
McGarry and Baker (2000), Proctor et al.

Corals Growth, isotopes, ~ Seasurface ~ Few hundredyears Annual, less if dated by Continental and Varies; Beck et al. (1992, 1997), Dunbar et al.

trace elements temperature “c above depends on (1994, 1996), Cole (1996), McCulloch et
SST al. (1996), Crowley ez al. (1997), Quinn
) et al. (1998), Gagan et al. (2000)

“"Marine cores Foraminifera, Sea'surface” Full Holocene Resolution relies on the Continental and Weeks to Pestiaux ez al. (1987), Bond et al. (1993),
isotopes (8”C and temperature precision andaccuracy of above years; depends  Sirocko et al. (1993), Keigwin (1996),
8"0 of microfossils, the dating method used on SST Heusser and Sirocko (1997), Overpeck et
carbonate), long (*C with marine response to air  al. (1997), Perks and Keeling (1998),
chain-length correction) temperature Hughen et al. (1998), Black et al. (1999),
alkenones, pollenetc. changes Sawada et al. (1999), Chapman and

Shackleton (2000)
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Holocene has been relatively stable. However, a growing body of evidence over the
last few decades has shown that climatic variations have occurred throughout the

Holocene, at a variety of spatial and temporal scales.

Table 1.1 listed some of the proxy records which have been used in the reconstruction
of Holocene climate, although the list is by no means exhaustive. A great variety of
records may be seen. These proxies respond to different climatic variables such as
temperature, precipitation, sunshine and cloudiness. They represent climatic variations
at different spatial scales, from local to hemispherical and even global. They differ in
the seasonality of their responses, with some proxies responding to summer climate
and others to winter climate, and in the temporal resolution of the record provided.
They also differ in the time taken to respond to a climatic forcing, and this lag can
vary from days to several thousand years. Integration of these proxy sources to create
a coherent reconstruction of palaeoclimate is a major challenge in Holocene

palaeoclimatology.

Despite the range of climatic proxies available, evidence for large-scale, spatially
coherent climatic events during the Holocene is minimal. In Europe, a commonly used
climatic model is the Blytt-Sernander scheme (Table 1.2). This suggests that broad
climatic variation on millennial timescales occurred during the Holocene. However,
this scheme has been criticised by Lowe (1993, page 73): “It appears that the scheme
over-generalizes both the spatial and temporal complexity of climatic changes during
the Holocene. In addition, the idea of a mid-Holocene thermal maximum does not fit
with recent model simulations of Holocene climate based upon the integration of
different types of proxy data”. The northern hemisphere summer insolation maximum
occurred earlier than suggested by the Blytt-Sernander scheme, at ¢. 9000 '*C yr BP
(Huntley and Prentice, 1993). The problems with the Blytt-Sernander scheme are
thought to be associated with its reliance on vegetation dynamics to infer climate. Not
only do many plant communities appear comparatively insensitive to small-scale
climatic changes, but the time lags between climatic changes and vegetational

responses are potentially large.



CHAPTER 1 INTRODUCTION 28

Table 1.2 The Blytt-Sernander model of European climate during the Holocene (from Roberts, 1989,

page 88).
Period Inferred climate Approximate age '*C yr BP
Pre-Boreal cool/dry 10,000-9,500
Boreal warm/dry 9,500-7,000
Atlantic warm/wet 7,000-5000
Sub-Boreal warm/dry 5,000-2,500
Sub-Atlantic cool/wet 2,500-present

Evidence for synchronous climatic events over large spatial scales occurring at
centennial or shorter timescales is minimal for the Holocene period. A period of low
8180, accumulation rate, and chloride, calcium and methane concentrations is seen in
Greenland ice cores at c. 8200 cal yr BP (Chappellaz et al., 1993; Dansgaard et al.,
1993; Alley et al., 1997). This is the most prominent event that occurs during the
Holocene in Greenland ice core records. Alley et al. suggest that this event may be
seen in climatic anomalies from palaeoclimate records in North America, the North
Atlantic, monsoonal regions of Africa, the Arabian peninsula, northwest India, and
Tibet, although they point out that problems of dating and resolution make it difficult
to say whether the 8200 cal yr BP event was truly synchronous between these
regions. Klitgaard-Kristensen et al. (1998) present evidence for a regional cooling in
northwest Europe at this time, while Barber et al. (1999) propose that the event may

have been driven by catastrophic drainage of Laurentide lakes.

During the latter half of the Holocene, studies of regionally synchronous climatic
variations have generally focused on two events - the ‘Mediaeval Warm Period’ and
‘Little Ice Age’ (Matthes, 1939). These are thought to have occurred at around 1100-
1300 and 1500-1850 AD respectively (Bradley and Jones, 1993; Hughes and Diaz,
1994; Lauritzen and Lundberg, 1999; Verschuren et al., 2000). Much of the evidence
for these appears to have come from documentary sources. For example, Lamb
(1995) cites evidence of the effects of Little Ice Age cooling in Scotland, including
reports of permanent snow cover on the Cairngorm summits, an Inuit [sic] landing his
kayak near Aberdeen, a decline of the North Atlantic cod fishery, emigration from
Scotland and abandonment of settlements due to famines, and a small lake in

Strathglass which maintained a permanent ice cover. Similar documentary evidence is
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given for warmer temperatures during the Mediaeval Warm Period, both in Britain
and across Europe. These documentary sources have generally been interpreted as
describing the effects of large scale climatic anomalies which were synchronous across
Europe and lasted for several centuries. This interpretation was reinforced by the
apparent coincidence between the Little Ice Age and the ‘Maunder Minimum’ period
of low sunspot activity, and between the Mediaeval Warm Period and the ‘Grand
Maximum’ period of high sunspot activity (Eddy, 1976; Waple, 1999), which

suggested that these climatic anomalies were driven by solar irradiance variations.

However, recent reassessments of the Mediaeval Warm Period and Little Ice Age
events using high resolution climate proxy data question the duration, spatial scale,
and regional synchroneity of these events. Tree-ring and ice core data are of particular
use for this analysis. Bradley and Jones (1993) state that far from being a 400-500 cal
yr long globally-synchronous cold period, the Little Ice Age was actually “...a period
of both warm and cold climatic anomalies which varied in importance geographically”
(page 374), with the coldest intervals in the Northern Hemisphere occurring from c.
1570 to 1730 AD and during the nineteenth century. Likewise, Hughes and Diaz
(1994) demonstrate that evidence for a several century long, global Mediaeval Warm
Period is unconvincing. Similar views are expressed by Briffa et al. (1995), although
Briffa et al. (1990) state that evidence for a main European phase of the Little Ice

Age between 1550 and 1700 or 1800 AD is reasonably compelling.

Despite the lack of evidence for synchronous global scale climatic events during the
late Holocene, with the possible exception of the Little Ice Age, there is nonetheless
considerable evidence that small magnitude climatic fluctuations have occurred
throughout the period. Ice core, tree-ring, speleothem, and coral-based proxy climate
reconstructions show considerable variability at annual to decadal timescales (e.g.
Lipp and Trimborn, 1991; Mosley-Thompson, 1996; Lauritzen and Lundberg, 1999;
Gagan et al., 2000). In most cases these are not a response to outside forcings such as
insolation changes - there is little evidence that even the well-studied 11 yr solar cycle
can be seen in climatic proxy records (R. Thompson, pers. comm.) - nor a response to

changes in global ‘average’ climate, but an expression of forcing from the naturally-
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dynamic ocean-atmosphere system at smaller scales. Examples of features of the
ocean-atmosphere system which affect regional climates on annual to decadal
timescales include the El Nifio-Southern Oscillation, and shifts in tropical monsoon
belts (Sirocko et al., 1993; Sirocko, 1996; Dunbar et al., 1996; Heusser and Sirocko,
1997; An, 2000). In more maritime areas of northwest Europe, the North Atlantic
Oscillation is of particular importance (D’Arrigo et al., 1993; Cook et al., 1998;
Rodwell et al., 1999; Perry, 2000; Sarachik and Alverson, 2000; Cullen et al.,
submitted). Proxy-climate records from ice cores, tree-rings, speleothems, and corals
are particularly good at reflecting short term climate variability as they have an annual
or sub-annual resolution. However, a major drawback of these proxies is that they

provide little indication of environmental responses to climate change.

In terms of future climate change, a warming of a few degrees or a change in
precipitation is unlikely to have a direct impact on human life. The principal effects
will be indirect, through the influence of climate change on the natural environment.
Such changes could include sea level rises caused by ice sheet melting, shifting zones
of agriculture, increased incidence of flooding in some areas, increased incidence of
drought in other areas, and so on. The study of these effects is a vital part of climate
research. In the same way that certain proxy records may be used to reconstruct past
climate changes, so other proxy records may be used to reconstruct past responses to
those changes. The sediment records of lakes are potentially sensitive to climatic
influences. They contain an array of indicators, both organic and inorganic, which can
provide information on past environmental change. Furthermore, they give the
responses of aquatic and terrestrial systems. The study of one such lake forms the

focus of this study.

1.1.3 Holocene climate and lake sediments

Not all lake sediments contain climatic information. In mid to high latitudes, the
Holocene period has been characterised by comparatively small climatic fluctuations,
and only certain lakes are sensitive to these fluctuations. Larger fluctuations are seen
in low to mid latitudes where many lakes are sensitive to climate change. Water

budgets in low latitude lakes are sensitive both to precipitation, and to temperature
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changes through their effect on evaporation. The combined influences of precipitation
and temperature changes may show up as changes in salinity (e.g. Fritz et al., 1991;
Laird et al., 1996; Battarbee, 2000; Verschuren et al., 2000), lake level (e.g. Stine
and Stine, 1990; Street-Perrott and Perrott, 1990; Harrison et al., 1991b; Lent et al.,
1995; Gasse, 2000), or isotope geochemistry of carbonates and fossils of aquatic

micro-organisms (e.g. Stuiver, 1970; McKenzie, 1985; Holmes, 1992).

Lakes at higher latitudes tend to be less sensitive to changes in water budgets, and
other techniques for reconstructing palacoclimates must be employed. In varved lakes,
numerous studies have found a link between varve thickness and climate (Schove,
1987; Goslar et al., 1995, 2000; Overpeck, 1996; Zolitschka, 1996; Gajewski et al.,
1997; Overpeck et al., 1997). Biological proxies may also be used to reconstruct
climate. These include the remains of aquatic organisms such as chironomid larvae
(Brooks, 1996; Brooks et al., 1997; Olander et al., 1997, Walker et al., 1997),
cladocera and chrysophytes (Lotter et al., 1997b), or indicators of terrestrial
organisms such as pollen (Bennett, 1989; Lowe, 1991; Gear and Huntley, 1991;
Bennett et al., 1992; MacDonald et al., 1993; Mooney, 1997; Sawada et al., 1999).
There is also growing interest in the use of diatoms, either to reconstruct temperature
directly (Servant-Vildary and Roux, 1990; Vyverman and Sabbe, 1995; Lotter et al.,
1997b), or to reconstruct lake water pH, which in high mountain lakes is thought to
respond to climate (Psenner and Schmidt, 1992; Pienitz et al., 1995; Sommaruga-
Wograth et al., 1997; Koinig et al., 1998). In the latter category, a diatom-pH
reconstruction which potentially responds to climate has also been produced for
Lochan Uaine (Cairn Toul) in the Cairngorm Mountains of Scotland (Battarbee et al.,
1996). A sediment core from Lochan Uaine forms the focus of this study. The diatom-
pH reconstruction was one of a suite of analyses undertaken at this lake as part of an
earlier study, which together suggested that the lake may be sensitive to climate

change (Section 1.1.5).

1.1.4 Lake productivity and the carbon cycle
In many cases, it is not possible to reconstruct past climates directly from

measurements of lake sediment properties. Rather, the responses of lake systems to
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climatic variations are indirect. It is thus important to understand the processes
occurring in lake systems which may lead to the preservation of a proxy climate signal

in the sediment record.

Lake sediments consist of organic and inorganic components. The inorganic
component is a product of processes such as catchment erosion, mineral precipitation,
and biogenic production of mineral matter such as diatom cell walls. The organic
component reflects the balance between organic matter production within the lake and
catchment, and processes affecting that organic matter after organism death. A variety
of different factors are important in determining lake productivity, particularly the
availability of nutrients such as phosphorus and nitrogen. However, it is carbon which
arguably offers the greatest opportunities for investigating palaecoproductivity in lake
systems. Carbon skeletons form the basis for all organic molecules. Much of this
thesis is devoted to an investigation of carbon in lake sediments. Hence, a brief

summary of the carbon cycle in lake systems may be useful.

Organic carbon present in lake sediments may derive from a variety of different
sources via a variety of different routes. The two major potential sources are the
atmosphere and catchment rocks. On a global scale, by far the largest carbon reservoir
is the crust, containing approximately 5x10' tonnes of carbon compared to 7.4x10"!
tonnes of carbon in the atmosphere (Killops and Killops, 1993). However, on a
catchment scale the input of carbon to the lake from rocks is dependent on catchment
geology. This input will be large in catchments containing carbonate rocks, but much
smaller in catchments formed of igneous silicate rocks, such as Lochan Uaine. In lakes
with silicate rock catchments, the atmosphere may be a more important source of

carbon.

Atmospheric carbon may enter the lake sediment through several different routes. It is
assimilated by catchment plants during photosynthesis, and may be transported
directly into the lake upon the death of the organism. Alternatively, organic material
from dead catchment plants may enter the soil, to be transported into the lake by soil

erosion. Aquatic photosynthesisers cannot directly assimilate carbon from the
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atmosphere, but must use carbon dissolved in the lake water. This carbon may be
deposited directly into the lake sediment following organism death. Given the right
conditions, it is also possible for direct precipitation of inorganic carbon to occur, thus
providing a mechanism by which carbon may enter the sediment column through a

non-biological route.

Assimilation of carbon by organisms does not guarantee eventual deposition in a lake
sediment. While an organism is still alive, carbon is released as CO, during cell
respiration, either directly to the atmosphere in the case of catchment organisms, or
dissolved in lake water in the case of aquatic organisms. This carbon may be re-
assimilated by the same organism, assimilated by a different organism, or lost from the
lake/catchment system altogether. It is not only carbon released while the organism is
alive which may be re-used. A variety of physical, chemical and biological processes
act to redistribute carbon following the death of an organism. Physical processes
include the direct transport of particulate organic material, as mentioned above.
Chemical processes include the release of carbon during cell autolysis, and the
dissolution of organic compounds. Biological processes include the actions of
decomposers and detritivores. Microbial action can result in the release of carbon
from dead organic material as CO, or methane. As with carbon released during
respiration, carbon released following organism death may either be re-assimilated by
other organisms, or lost from the system. These processes outlined above may occur
at any stage, up to and including burial of organic material within the sediment
column. Finally, in any ecosystem there will be a complex interaction between primary

producers, grazers, and predators, all of which can serve to redistribute carbon.

Given the importance of carbon in lake systems, it follows that the investigation of
organic matter in lake sediment records may provide useful information regarding past
lake processes, including palaeoproductivity. It may then be possible to link
palaeoproductivity variations to climatic changes. The following section summarises
the findings of an earlier study at Lochan Uaine (Battarbee et al., 1996), and discusses

why the lake was thought suitable for further investigation.



CHAPTER 1 INTRODUCTION 34

1.1.5 Previous studies at Lochan Uaine - the TIGGER Ila project

The work undertaken at Lochan Uaine prior to this study formed part of the TIGGER
ITa project “Proxy records of climatic change in the UK over the last two millennia”,
funded by the UK Natural Environment Research Council (Special Topic Grant
GST/02/701). The analyses and results are described by Battarbee et al. (1996),
Barber et al. (1999) and Battarbee et al. (in press), and all of the following discussion

is based on the information contained in these publications.

Cores recovered from Lochan Uaine included a 93.6 cm core, designated UACT4,
and a 119.6 cm core, designated UACT3 (the site code, UACT, stands for ‘Lochan
Uaine, Cairn Toul’, and is to distinguish this site from two other lakes with the same
name in the Cairngorms). The cores were subsampled at fine resolution 2 mm
intervals, and radiocarbon dating shows the cores to represent the last ¢. 4000 yr of
sediment accumulation. Dry weight and loss-on-ignition (LOI) analysis revealed
quasi-cyclic fluctuations, which were sufficiently similar to allow correlation between
the two cores. Microscopic inspection of the sediment inorganic fraction showed it to
be comprised mostly of siliceous diatom remains, and concentrations of 1.0-4.0x10°
valves gy« w  were recorded. This high biogenic fraction suggested that the LOI
signal may reflect variations in lake productivity, and it was hypothesised that this

productivity may be driven by cyclical climate variations.

Detailed analysis of contiguous samples across one of the LOI fluctuations from
UACT4 was performed for bulk organic 8°C, diatom and chrysophyte
concentrations, and ‘Hard’-IRM (Figure 1.1). Chironomid analysis was performed
across the corresponding LOI fluctuation from UACT3 (Figure 1.2), and at a lower
resolution for the rest of the core. A clear relationship is seen between LOI and §'°C.
Higher LOI values are associated with less negative 8'°C. It is thought that the
relative lightness of the values is indicative of a strong algal contribution, thus high
sediment organic content is associated with an increased algal component (Chapters 4
and 6, this study). If this is the case, the lack of consistent variation between LOI and
diatom concentration is harder to explain, although Battarbee et al. (in press) propose

that small changes in sediment accumulation rate could disguise variations in the
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