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ABSTRACT

A multiproxy study of Holocene environmental and climate change using sediments of 

an upland lake in the Kola Peninsula is presented. The potential of diatoms as indirect 

qualitative indicators of climate change in freshwater lakes is assessed.

Since climate can indirectly affect water chemistry parameters which in turn influence 

diatom distribution, the training set of 25 lakes was generated and diatom-water 

chemistry relationship was examined using multivariate statistics. pH which may be 

responsive to climate change was also identified as the most influential variable and a 

diatom-pH model was developed. Predictive abilities of the KOLA pH model were then 

compared to the SWAP and AL:PE models and the AL:PE model was found to be the 

most appropriate for reconstructing past pH of Chuna Lake

A sediment core from the lake Chuna was analysed for diatoms, pollen, sediment 

chemistry, and magnetic properties. Changes in the past lake pH indicate slow 

acidification but no correlation with climate change.

The environmental history of Chuna Lake was divided into two major periods. The first 

period (9,000 - 4,200 cal BP) is characterised by slow natural acidification and major 

changes in diatom flora, the shift in the treeline, changes in erosion, sediment organic 

content and DOC. During this time the changes in diatom composition, species richness 

and diatom-inferred DOC are largely synchronous with the regional pollen changes, the 

shift of the treeline and fluctuations of catchment erosion. During the second period (the 

last 4,200 years) diatom-based proxies show no clear response to pollen and erosion 

changes. Apparently, autochthonous ecological processes became more important than 

external climate influence during the late Holocene.

Overall, the results suggest that Holocene climate variability can be studied using diatom 

sediment record. In Chuna Lake the best diatom-based climate proxies are DOC and 

species richness.
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CHAPTER ONE 

INTRODUCTION

1.1 Background

The role of palaeoenvironmental data in understanding the natural variability of global 

climate and possible future chmate change has been widely recognised (see Birks, 1993, 

Gajewski, 1993, Bradley, 1999). Palaeodata provide a 'window on the past' and allow an 

estimation of bow the Earth chmate system functioned under different conditions 

(Anderson, 1995). Palaeoenvironmental records facilitate opportunities for hypothesis- 

testing and validation of the General Circulation Models (GCMs) developed for 

assessment and prediction of global chmate variations (e.g. PAGES Open Science 

Meeting, 1998).

The identification of millennium-scale global chmate changes during the remote past (i.e. 

10̂  years BP) usually involves analysis of deep sea sediment cores or ice cores (e.g. 

Duplessy, 1989). However, recently palaeoecological studies focus on palaeoclimate 

changes at smaller time-scales (10  ̂ - 10^) during the Holocene with the emphasis being 

on the last 2,000 years (e.g. Gajewski, 1993, PAGES workshop report, 1997, Barber et 

al., 1999). An understanding of short-term chmate variability during the late Holocene 

may help to resolve one of the key issues in modem chmate studies, namely whether 

chmate warming in the 20^ century is a natural chmate oscillation or whether it is driven 

anthropogenically (Bradley and Eddy, 1989).

High resolution palaeoecological analysis of lacustrine sediments is one of the ways to 

study short-term chmate variability. Lake sediments gradually accumulate physical, 

chemical and biological material derived from the lake, its catchment and the atmosphere 

and hence the environmental history of the lake and its catchment can be revealed by 

analysing the sediments (Battarbee, 2000).

Traditionally, chmate and environmental reconstmctions using lake sediments have been 

based on pollen data (e.g.Bradley, 1985, Gajewski, 1988, Velichko et a l,  1997) on lake-
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level data (Harrison et a l, 1996) or on a combination of the two (Harrison and 

Digerfeldt, 1993). However, recently other proxy data, namely sediment chemistry, 

magnetic characteristics, diatoms, plant macrofossils, chrysophyte cysts and scales, 

ostracods, chironomids, cladocera, stable isotopes etc. have also been found useful as 

climate indicators (e.g. Schmidt and Psenner, 1992, Korhola, 1992, Pienitz et a l,  1995, 

Vyverman and Sabbe, 1995, Douglas and Smol 1995, Snowball, 1996, Anderson et a l, 

1996, Kauppila and Salonen 1997, Levesque et a l, 1997, Lotter et a l,  1997b, Walker 

et a l, 1997, Weckstrôm et al, 1997a, Rietti-Shati et a l,  1998, Wolfe et a l, 1998, 

Willemse and Tômqvist, 1999). Many recent studies use multiple proxy data and this 

strengthens the reconstruction (e.g. Bradbury, 1997, Lotter et a l, 1997a).

The main aim of this thesis is to assess, for the first time, the potential of using diatoms 

from a freshwater lake in reconstruction of environmental and especially climatic change 

during the Holocene in the Russian Arctic (the Murmansk region in the Kola Peninsula). 

A direct relationship between diatoms and water temperature has been established in 

some studies and temperature-diatom transfer functions have been generated (Pienitz et 

a l, 1995, Vyverman and Sabbe, 1995, Weckstrôm et a l,  1997a and b) and mean annual 

palaeotemperatures have been inferred using a diatom/temperature transfer function (e.g. 

Servant-Vildary and Roux, 1990). However, it is still unclear whether the diatom 

assemblage responds to the temperature change directly or whether its response is 

determined by the change of water chemistry resulting from the temperature change.

The link between water acidity, water organic content and temperature has been 

confirmed in several studies (see details in section 1.4.3.3, e.g. Webster et a l, 1990, 

Schmidt and Psenner, 1992, Sommaruga-Wograth et a l, 1997, Psenner et a l, 1999). 

The aim of this study is to use diatom-based proxies (i.e. climate-related water chemistry 

characteristics reconstructed using diatom transfer functions, diatom species richness and 

diatom accumulation rate) in qualitative palaeoenvironmental reconstruction. Diatom- 

based climate indicators are used together with pollen, sediment chemistry and mineral 

magnetic characteristics in palaeoenvironmental reconstruction. Pollen is used as a main 

climate proxy, and sediment chemistry together with mineral magnetic properties are 

used as additional means facilitating interpretation of pollen and diatom changes.
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This is a first attempt in exploring the connection between changes in past water 

chemistry and the short-term climate changes during the Holocene period in the Russian 

Arctic. The study involves generation of a training set of lakes, development of an 

appropriate diatom-based transfer function for selected water chemistry characteristics 

and analysis of a Holocene core from a selected study site. Pollen assemblages from the 

surface sediments of the training set lakes are used as modem analogues for 

interpretation of past vegetational changes.

The reasons for choosing a study area in the Arctic region and in the Kola Peninsula in 

particular as well as the different ways of reconstmcting past climates and environments 

are discussed below. This focuses on palaeoecological methods, mainly pollen analysis, 

diatoms, sediment chemistry and magnetic properties. An outline of the structure of the 

thesis is provided at the end of the chapter.

1.2 Importance of Arctic palaeoclimatology

Studies in Holocene climate change often involve lakes located in Arctic and Subarctic 

regions especially along the tree line boundary (e.g. Hyvarinen, 1975, Karlen 1976, 

Gajewski et a l, 1995, MacDonald et a l, 1993, Pienitz et a l, 1995, Berglund et a l, 

1996, Kremenetski et a l, 1998). The PALE (Palaeoclimate from Arctic Lakes and 

Estuaries) and the CAPE (Climate of Arctic Palaeoenvironments) projects which are the 

part of the PAGES (Past Global Changes) International Geosphere-Biosphere 

Programme, include the palaeoclimatic studies of arctic regions (e.g. PAGES workshop 

report, 1997).

The issue of climate change in the high-latitude regions has attracted special scientific 

interest for several reasons. Firstly, arctic regions have been found to be particularly 

sensitive to changes in environmental conditions and therefore environmental change is 

more pronounced there and may be traced more easily (Houghton et a l, 1990, Cwynar 

and Spear, 1991, Douglas et a l, 1994). Arctic regions are also relatively pristine and 

still remote from direct human disturbance (with few exceptions e.g. the island of 

Novaya Zemlya, certain areas in the Kola Peninsula, Russia) therefore providing data
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free from anthropogenic impact (Overpeck et a l, 1997). Secondly, possible future 

global warming is expected to particularly affect arctic and boreal causing changes in 

ecotonal forest/tundra boundaries (e.g. tree-line) (Payette et a l,  1989, MacDonald et a l, 

1993, Pienitz et a l, 1999). The redistribution of boreal forest may in turn affect the 

global climate through changes in river run-off, effects on atmospheric circulation and 

concentration of CO2 and CH4 (Houghton et a l, 1990, Weller, 1995). According to 

Bryson (1966) the tree line also indicates the mean summer location of the Arctic Front. 

In summary, arctic palaeoclimate studies are essential for both understanding the climate 

forcing mechanisms, the impact of chmate change on the environment and for improving 

the predictability of climate models.

Hence, this study, which is concerned with Holocene environmental change in the 

Russian Arctic will contribute towards understanding Holocene climate events and 

circumpolar climate change in the Northern Hemisphere.

1.3 Palaeoecological studies in the Kola Peninsula

The Kola Peninsula is a Russian part of Northern Fennoscandia which also includes 

northern-most parts of Norway, Swedish and Finnish Lapland (see map of the study area 

in Figure 2.1, Chapter 2).

The first palaeoecological studies in the Kola Peninsula go back to the mid-1930s, and 

were started by Rikhter in 1936 (Rikhter, 1936) when the industrial development of the 

region stimulated studies on Quaternary palaeoecology. The first studies of diatoms in 

Quaternary deposits of the Kola Peninsula were presented by Poretski et a l (1934). 

Most early Russian studies concern the late Quaternary geological and geomorphological 

history of the Kola Peninsula (e.g. Lavrova, 1960) but some of them also give an account 

of past vegetation and climate dynamics (Armand, 1969) and on tree line dynamics 

during the Holocene (Solonevich, 1938). Aario and Sorsa analysed pollen stratigraphy 

and modem pollen rain in north-eastern Finland (present Russia), the areas adjacent to 

the Pechenga region of the Kola Peninsula (Aario, 1943) and the river Lotta valley 

(Sorsa, 1965), respectively.
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During recent decades the Holocene history of landscape, vegetation and climate has 

been generally established (the summary of geological, landscape, vegetational and 

climate history of the Kola Peninsula is given in Chapter 2). The reconstruction of the 

Holocene vegetation dynamics is based on the pollen analysis of lake sediment in the 

study by Kremenetski and Patyk-Kara (1997). Vegetation and climate dynamics during 

the Holocene were studied using pollen profiles in peat bogs (Yelina et a l, 1995, 

Kremenetski et a l, 1997, 1999). Holocene pollen sequence from peat bogs and 

sediment profiles from river valleys were also used by Lebedeva (1973, 1983) and Yelina 

and Lebedeva (1982) for vegetation and climatic reconstructions.

Both pollen and diatom analyses were used by Lebedeva et a l (1989), Kagan et a l 

(1992) and Davydova and Servant-Vildary (1996) to reconstruct the Holocene 

environmental history of the Kola Peninsula. The latest work by Lebedeva et a l (1989) 

presents summaries of reconstructed vegetational history over the Holocene together 

with summary analyses of aU chmate and vegetation reconstructions in existence by that 

time. Geological and palynological techniques were used, and sediment sequences were 

derived mainly from river terraces, gravel pits, soil profiles and peat bogs. Diatom and 

pollen analysis of lake sediments were used to reconstruct the Holocene environmental 

history of five lakes in the Kola Peninsula including the largest lake, Imandra (Kagan et 

a l, 1992).

In spite of the substantial amount of palynological and diatom research, few sediment 

sequences have been dated and the resolution of the analyses is such that short-term 

climatic events could have been missed. To date, there is no evidence for the existence 

of the late Holocene short-term chmatic oscillations (e.g. ‘Medieval warm period’ or 

‘Little Ice age’) in the Kola Peninsula although these chmate events have been detected 

for Northern Europe and the rest of Fennoscandia (e.g. Briffa et a l, 1990, Dahl and 

Nesje, 1996). Proxy data such as sediment chemistry and magnetic properties have 

never been used in the Kola Peninsula for reconstructing Holocene environments. Only 

pollution related research on heavy metals concentrations in the surface lacustrine 

sediments has been conducted (e.g. Dauvalter, 1992, 1994, Moiseenko et a l, 1997).
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This study is a first attempt to quantify modem water chemistry-diatom relationship and 

to employ a multiproxy approach and a diatom-based transfer function in 

palaeoenvironmental reconstmctions in the Russian Arctic.

1.4 Methods of palaeoenvironmental reconstructions used in this study

This section will focus on the advantages and the disadvantages of pollen and diatom 

analyses together with sediment chemistry and magnetic properties for 

palaeoenvironmental reconstructions using sediment from freshwater lakes.

1.4.1 Pollen analysis

1.4.1.1 Introduction

Pollen analysis is possibly the most widely used method for reconstmcting vegetation and 

climate dynamics over long time periods (10  ̂ - 10̂  years) (e.g. Birks, 1981, Ritchie et al, 

1983, Guiot et a l, 1989) owing to the abundance, diversity, resistance to decay and wide 

distribution of pollen grains and spores. Pollen possesses specific morphological features 

which allow one to attribute them to certain plant taxa and therefore permit the 

reconstruction of past vegetation cover. Much has been done in palynology to evaluate how 

well the pollen accumulated in the lake sediments represents the real vegetation cover of the 

catchment (e.g. Janssen, 1973, Bonny, 1978, Pennington, 1979, Bradshaw and Webb, 

1985, Prentice and Webb, 1986, Prentice, 1988, Schwartz, 1989). On the whole, many 

studies of contemporary pollen rain have confirmed that pollen grains found in the sediments 

are diagnostic for conparatively large plant communities e.g. forest formations (e.g. Bradley, 

1985, Faegii and Iversen, 1989). Therefore, pollen diagrams reflect the major changes in 

vegetation patterns (e.g. changes in the tree line) which have taken place in the catchment 

area over certain time periods in the past. The main assurr^tion in the pollen-based 

palaeoecological methods is that similar vegetation types in the past would produce similar 

pollen assemblages in basins of given type and size (Prentice, 1988, Birks, 1995). However, 

‘death’ pollen assemblage (i.e. pollen found in sediments) differs substantially from the ‘life’ 

poUen assemblage (actual pollen produced by plants) and it is therefore important to take into 

account factors which affect pollen representation in the sediments. Pollen analysis has also 

certain spatial and temporal resolution which determine the limits of its application for 

palaeochmatic research (Prentice, 1988). These problems are discussed below.

27



1.4.1.2 Pollen production and dispersai

There are several factors influencing the representation of pollen composition in sediments 

which must be taken into account when choosing a sampling site and interpreting pollen 

diagrams.

In the course of pollen production, dispersal and deposition, the pollen ‘life’ assemblage 

undergoes certain changes (Birks and Birks, 1980). For instance, poUen production of high- 

stand wind-pollinated taxa is considerably higher than pollen production of insect-pollinated 

taxa, and wind-pollinated taxa with light grains, e.g. Pinus, Betula etc. are always over

represented in sediments whereas Acer with large heavy grains is usually under-represented 

(e.g. Bradshaw and Webb, 1985, Prentice, 1988). Taxa with heavier grains always have a 

smaller source area (Tauber, 1977). Therefore, correction factors are normally used to 

predict tree frequencies from pollen frequencies (Schwartz, 1989).

Pollen dispersal involves different pathways, namely air-bome and water-borne transport 

(Bonny and Allen, 1984). In the areas of high relief and rainfall a substantial proportion of 

pollen may enter the lake sediments with run-off from the catchment or via weathering of the 

catchment soils (e.g. Bonny, 1978, Jacobson and Bradshaw, 1981). Pollen can be inwashed 

into lake sediments by stream inflow and incorporation of older pollen from surrounding soils 

is likely (Hirons, 1988). Waterborne pollen affects the values of absolute pollen influx (e.g. 

Bonny, 1978) and this should be taken in account when interpreting the results of pollen 

analysis.

After deposition the death assemblage is influenced by sediment diagenesis, differential fossil 

preservation and destruction which leads to reduction in total biomass and number of taxa 

(Birks and Birks, 1980). For instance, fine pollen grains (e.g. Populus) could be easily 

destroyed in the process of sedimentation. In summary, fossil pollen found in the lake 

sediments may differ substantially in composition and abundance from actual pollen rain. In 

order to minimise possible bias in pollen representation sanpling sites with high catchment 

relief, intensive catchment erosion and substantial inflow should be avoided.
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1.4.1.3 Spatial resolution

The pollen conposition of lake sediments consists of pollen produced by extralocal (aquatic), 

local, regional and long-distant plant communities (Janssen, 1973). The proportion of the 

above pollen groups in the sediments depends on the size of sampling basin, the structure and 

composition of its vegetation, the dispersal properties of the pollen and the distance between 

vegetation and the lake (Prentice, 1988). For example, pollen in the sediments of a lake 

located in a dense forest would have a higher proportion of the local component corrpared to 

the lake located in an open area which would have higher proportion of the regional 

component. Generally, regional pollen rain is sufficiently represented only in the lakes with an 

area about 10 ha or more (Jacobson and Bradshaw, 1981).

Another factor influencing spatial resolution of pollen analysis in high latitudinal regions with 

sparse vegetation and low pollen production is over-representation of long-distance tree 

pollen in the sediments (e.g. Birks, 1991, Gajewski, 1995). Pollen concentrations in tundra 

areas of Northern Fennoscandia are largely biased by long-distance extra-regional transport of 

pine pollen. This was first reported by Aario (1940, 1943). Therefore high percentages in a 

pollen assemblage do not necessarily indicate the presence of pine at the site. The use of 

absolute pollen values rather than percentages in estimations of tree-line boundary is therefore 

preferential (Hyvarinen, 1975, Seppa, 1996). All these factors are of primary importance for 

obtaining reliable and accurate results and they have been taken into account whilst choosing 

the study area, analysing pollen and interpreting the resulting pollen diagram.

1.4.1.4 Temporal resolution

Generally, the temporal resolution of pollen analysis depends on the vertical thickness of 

a sample, the sediment accumulation rate and the extent of mixing within a sediment 

column (Prentice, 1988). Temporal resolution often depends on the objectives of the 

study. Fine-resolution pollen analysis which is usually applied to laminated sediments 

allows a time resolution for up to one year (Turner and Peglar, 1988). In theory, 

unstratified lacustrine sediments could also be closely sampled but it is still impossible to 

identify the time period covered by each sample. Fine-resolution pollen analysis of 

varved sediments allows one to reconstruct short-term ecological processes within local 

plant populations and communities (i.e. forest successions, secondary succession after 

disturbance and gap-phase dynamics, Bradshaw, 1988, Turner and Peglar, 1988). The
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temporal scale is often determined by the spatial scale i.e. study of year-to-year events 

would detect changes in a local forest succession whereas changes in regional or 

continental vegetation patterns can be revealed on century to millennium time scales.

As vegetation changes on a regional-to-continental-scale are more directly driven by 

climate than annual to decadal changes in local plant communities, pollen analysis is 

commonly used in palaeoclimatology to reconstmct long-term vegetation dynamics on a 

regional scale (e.g. Huntley and Birks, 1983, Huntley, 1988, Guiot et a l, 1989). As 

there is always a time-lag between change of climate and change in vegetation and, 

generally, vegetation changes are not always directly driven by climate, the pollen 

analysis is not suitable to study short-term (decadal to century) climate fluctuations.

1.4.1.5 Climate/vegetation relationship

Recent controversy concerns extent to which changes in plant community are driven by 

climate. Currently there are two opposite hypotheses known as climate/vegetation 

equilibrium and climate/vegetation disequilibrium respectively (Prentice et a i, 1991). 

The equilibrium theory suggests that vegetation was constantly changing together with 

the post-glacial chmate change, i.e. climate is the most important regulating factor in 

vegetation dynamics (Roberts, 1989).

The climate/vegetation disequilibrium theory proposes that plant communities were not 

necessarily in constant equilibrium with the climate during the last post-glacial especially 

in its early stages when abrupt climate transitions took place. Hence, the hypothesis 

assumes that vegetational changes occurred during the Holocene that can not be 

explained solely by chmatic variables and that other factors also play an important role in 

controlling the dynamics of plant communities and migration of plants (Iversen, 1960, 

1973; Birks, 1986). In the absence of human influence (which is assumed to be 

insignificant in the north of Fennoscandia) the structure and composition of the 

vegetational cover is determined by a complex of biotic and abiotic factors namely 

chmate, soil properties, characteristics features of rehef, and various parameters of plant 

ecology (Hustich, 1948, Birks, 1986). The complex of the specific ecological properties 

regulates the migration rate of different plant species from refuges towards the

30



boundaries controlled by climate. The migration rate together with other factors such as 

existence of physical (e.g. mountains, seas etc.) and biological (competitive species), 

barriers for migration etc., localities of refuge areas and soil quality were found to be 

significant factors for determining vegetation dynamics during the Holocene, at least in 

Fennoscandia (Birks, 1986). The disequilibrium hypothesis allows a delay between the 

time when climate conditions become suitable for a certain type of vegetation and the 

time when this vegetational type occurs.

The disequilibrium hypothesis seems better able to explain the vegetation transition 

throughout the post-glacial and there are many studies presenting evidence in its support 

(e.g. Iversen 1960, Birks, 1986, Eronen & Huttunen, 1993). The recent work of Seppa 

(Seppa, 1996) also suggests that several biotic factors rather than climate alone are 

responsible for the migration of Pinus sylvestris in Fennoscandia in the early Holocene 

and acknowledges the existence of a millennium-scale migrational time-lag for pine.

The feasible hypothesis is that during the periods of rapid climate change the 

vegetation/climate equilibrium could not be achieved. However, when the climate 

transition slowed down the plant communities are assumed to have reached equilibrium 

with existing climate (Seppa, 1996). Accepting this hypothesis contradicts the 

uniformitarian assumptions adopted in palaeoecology and therefore imposes certain 

limits on palaeoecological reconstructions. Climate conditions inferred from past 

vegetation may not reflect accurately the actual climate conditions in the past. One way 

to overcome these problems is to use other chmate indicators to validate the pollen- 

based reconstruction.

1.4.1.6 Methods of pollen-based palaeoclimate reconstructions

All pollen-based chmate reconstructions assume that chmate and vegetation are in 

equilibrium. Transfer function and modem analogues methods are most widely used 

today (e.g. Guiot et a l, 1989, Allen et a l,  1996, Penalba et a l, 1997). A basic 

assumption of these methods is that the relationship between modem pollen and modem 

chmate or/and modem vegetation and modem chmate are the same as in the past (e.g. 

Bradley, 1985). Two major approaches are used:

31



• reconstruction of past climate via determining the relationship between modem 

vegetation and modem climate;

• reconstmction of past climate via determining relationship between modem pollen 

and modem climate;

The former way was pioneered by Iversen (1944) who discovered that the distribution of 

Hedera, Viscum and Ilex is limited by mean summer and winter temperatures and plotted 

present temperatures at sites of fossil occurrences of these plants. The latter approach 

was first described by Webb and Bryson (1972). As the statistical methods became more 

advanced the latter method has become more popular (e.g. Huntley and Prentice, 1988, 

Guiot et a l, 1989, and Guiot, 1990).

In recent studies climate transfer functions are based on plant functional types (PFT) and 

biome concepts first developed by Prentice et a l (1992) rather than on individual taxa. 

PFT are groups of plant taxa with similar chmatic response (i.e. they feature similar 

phenology, stature, leaf form and climatic thresholds). Biomes are characterized by one 

or several PFTs. Groups of taxa show a more robust relationship with climate compared 

to individual taxa and that is why the biome approach in chmate reconstmctions has 

become increasingly popular (Prentice et a l, 1992, 1996, Guiot et a l,  1996, Peyron et 

a l, 1998). Palaeochmatic reconstmctions based on the biome approach usually employ 

extensive modem data sets so they can cover various chmatic conditions in the past (e.g. 

Prentice et a l, 1996, Peyron et a l, 1998, Tarasov et a l, 1998).

In general, chmate reconstmctions based on pollen data or biomes are often validated by 

means of independent reconstmction using other chmate proxy data (i.e. ice core data, 

deep-sea records, tree rings, water level, macrofossils, microfossils etc.) (e.g. Valero- 

Garces et a l,  1998, Aalsberg and Litt, 1998, Bmgam et a l, 1998) because pollen 

analysis is not always sensitive to short-term chmatic patterns on regional scale. Such an 

approach is adopted in the current study to compensate for the shortcomings of pollen 

analysis in reconstmcting short-term environmental and chmate changes in the past.
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In this study pollen analysis of the sediment core was undertaken for several reasons.
14 210

Firstly, it provides an independent (from C and Pb) chronological frame for the 

changes in the sediment core. Secondly, pollen stratigraphy also helps to assess the 

integrity of the master sequence and, finally, the pollen composition of the sediment core 

reflects the changes in the local and regional vegetation through time and therefore 

permits conclusions on climate dynamics as well. Quantitative pollen-based climate 

reconstructions were not possible as regional chmate data were not available for all the 

sampled lakes. Quantitative climate reconstructions also require extensive data sets 

which were logistically impossible to provide. Qualitative climate estimates were instead 

based on the comparison of the pollen profile with the literature sources. The method of 

modem analogues (e.g. Overpeck, et al, 1985, Anderson et a l, 1989, Bartlein and Whitlock,

1993) is also used to interpret changes in the pollen profile whereby modem pollen 

assemblages from the training set of lakes are used to reconstmct the vegetation pattems in 

the past.

1.4.2 Diatom analysis

1.4.2.1 Introduction

Diatoms (division Bacillariophyceae) are unicellar algae dwelling in a diverse range of 

habitats including marine, freshwater and soil ecosystems (Battarbee, 1986). The diatom 

cell wall consists of silica, with the effect that diatom fmstules are preserved after death 

and accumulate in lake sediments. Since the precise diatom identification up to species 

and sub-species level is based on the omamentation of the fmstule, usually well 

preserved in freshwater, diatom analysis has become a widely used palaeoecological 

technique.

As with all other organisms each diatom species occupies a specific ecological niche 

which is determined by a series of biotic and abiotic factors (environmental variables). 

Among a number of environmental variables controlling diatom species distribution in 

lacustrine ecosystems several are recognised as the most influential i.e.: pH/alkalinity, 

salinity and nutrient content (e.g. Hustedt, 1937 - 1939, Nygaard, 1949, Bradbury 1975, 

Battarbee, 1978, 1984, Gasse, 1987). Thus it is possible to infer these environmental 

variables in the past by analysing the composition of the diatom assemblage preserved in
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the sediments.

Diatom-based climate reconstructions commonly involve reconstructions of changes in 

salinity and water level which are associated with climate changes (e.g. Ehrlich, 1973; 

Bradbury et a l, 1981, Gasse 1987, Gasse et al., 1997, Laird et a l, 1996). These works 

are concerned mainly with salt lakes found in arid and semi-arid regions. Recently, 

however, chmate studies based on diatom analysis of freshwater lacustrine ecosystems 

have received much consideration (e.g Smol, 1988, Servant-Vildary and Roux, 1990, 

Pienitz et a l, 1995). These studies pursue two main goals: firstly, attempts to find a 

direct response of diatoms to changing temperature (e.g Servant-Vildary and Roux, 

1990, Pienitz & Smol, 1993, Weckstrom et a l, 1997, Lotter et a l, 1997) and 

investigations into indirect relationship between chmate and, secondly, composition of 

diatom assemblage (e.g. Smol 1988, Schmidt and Psenner, 1992, Schindler et a l, 1996, 

Bradbury, 1997, Brugam^ra/., 1998).

On the whole, there are several advantages of using diatoms compared to terrestrial 

chmate indicators (i.e. pollen). Diatom-based chmate reconstructions can have higher 

resolution and better reflect short-term chmate variability than pollen-based 

reconstructions. This was shown by comparing inferred chmate changes using a

diatom/salinity model with annual historical chmate records (e.g. Gasse et a l, 1997). 

Diatom-based chmate reconstructions are sensitive to chmate variations on local-to- 

regional scale whereas pollen reconstructions tend to reflect chmate changes at larger 

regional-to continental scale (e.g. Prentice, 1988, Bradley, 1999). Therefore, developing 

diatom-based chmate transfer functions could help to study chmatic variations on smaller 

temporal and spatial scale and provide further evidence on the interaction between 

chmate and lake ecosystems.

1.4.2.2 Direct relationships between diatoms and temperature 

a Physiological studies

Freshwater diatoms like many other algae are traditionally considered to be insensitive to 

temperature (Smol, 1988) although Hustedt (1957) attempted to define temperature 

optima for some diatom species and Foged (1964) described several endemic Arctic and
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Antarctic species. Latitudinal and altitudinal gradients in diatom distribution was also 

first observed by Foged (1964) and later by Servant-Vildary and Roux (1990), Vyverman 

(1992), Vyverman and Sabbe (1995). Several studies on phytoplankton physiology also 

proposed that temperature is one of the factors determining algal growth and 

photosynthetic activity (e.g. Rhee and Gotman 1981, Seaburg et aL, 1981, Michel et a l, 

1989) and therefore algal abundance can be temperature dependent (Stoermer and 

Ladewski 1976, Tilman and Kiesling, 1984). Cold temperatures can also restrict algal 

mobility (Raven and Geider, 1988). Evidence for cold temperature adaptations and 

thresholds was found for sea-ice diatoms (Bunt, 1968), snow algae (Fukushima, 1963, 

Hoham, 1975) and marine phytoplankton (Guillard and Ryther, 1962).

Several experimental studies have been undertaken to estimate the temperature optima 

and tolerance ranges for diatom taxa (e.g Hutchinson, 1967, Patrick, 1969, 1971; Hartig 

and Wallen, 1986). However, it is almost impossible to create natural environmental 

conditions in the laboratory and to separate temperature effects from the effects of other 

abiotic and biotic factors that naturally influence both population and individual 

organisms together with temperature (Patrick, 1969, 1971).

On the whole, in spite of substantial research into relationships between diatoms and 

temperature, biological and physiological studies have shown no evidence of direct 

temperature control over diatom distribution in natural populations.

b Palaeolimnological studies

Recent palaeolimnological studies applying methods of multivariate statistics along with 

unimodal regression and cahbration identified temperature as one of the important 

factors determining diatom distribution along the latitudinal gradient (e.g. Pienitz and 

Smol, 1993, Pienitz et a l, 1995a, Lotter et a l, 1997, Weckstrom et a l, 1997a). These 

palaeoecological investigations used data sets of modem diatom species from surface 

sediments of lakes located along temperature gradients. The robust statistical approach 

combined with extensive data allow the effect of individual environmental factors on 

organisms to be estimated (ter Braak and van Dam, 1989), even when this influence is 

not apparent from the biological experimental data.
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One of the first successful palaeolimnological attempts to reveal temperature gradients in 

diatom distribution was conducted in the Canadian Northwestern Territories and the 

Yukon (e.g. Pienitz et al., 1995a). The diatom species composition, chemical, physical 

and climate variables in the training set of 59 lakes were analysed using canonical 

correspondence analysis (CCA) and Monte Carlo permutation tests. Surface water 

temperature together with sodium and potassium concentrations and lake depth were 

found to influence the changes in surficial sediment diatom composition. Subsequently a 

diatom/temperature transfer function was generated for the Northwestern Canadian 

Territories. Pienitz et al. (1995b) conducted similar research in Northern Fennoscandia 

analysing diatoms and other fossils from lakes located along a transect from Finnish 

boreal forest to Norwegian tundra. The obtained results exhibited many similarities with 

the Canadian data on latitudinal diatom distribution, and CCA revealed that diatom 

assemblages from the forest zone were effectively separated from the tundra 

assemblages. In a study by Weckstrom et al. (1997a) a quantitative diatom/temperature 

transfer function was developed for Northern Fennoscandia. The model is based on a 

study of diatom distributions in surface sediments of 37 lakes located across the tree line 

along the latitudinal and temperature gradient.

A clear response of diatom assemblage to the cooling during the Younger Dry as was 

revealed in studies of annual laminated late-glacial sediments of Holzmaar (Germany) 

(see Lotter et a l, 1995). Vyverman and Sabbe (1995) studied diatom distribution in 

tropics (Papua New Guinea) in terms of its relation to temperature. This work discusses 

factors controlling diatom distributions along an altitudinal gradient used as an analogue 

for temperature gradient. In this case the altitudinal gradient and conductivity were the 

main factors responsible for the variation in diatom taxa. In both studies the other 

variables associated with the floristic changes in the diatom assemblages were 

atmospheric pressure, gas exchange, UV radiation, rainfall and cloudiness. A 

diatom/temperature transfer function was generated and it can be applied for further 

climate reconstructions in tropics. Similar results were obtained in the study of an 

altitudinal gradient in diatom distribution in the Bohvian Andes (Servant-Vildary and 

Roux, 1990). A transfer function based on the relationship between altitudinal
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temperature gradient and diatom distribution was applied to the Holocene diatom 

sequence and the temperature changes during the Holocene were reconstructed. The 

results generally agree with temperature reconstmctions obtained by pollen analysis.

The potential of different lake sediment microfossils (i.e. diatoms, cladocera, 

chironomids and crysophyte cysts) as indicators of mean summer temperature was also 

studied in 68 small lakes located along the altitudinal gradient in Switzerland (Lotter et 

aL, 1997a). The transfer function based on chironomid/temperature relationship was 

found to have the lowest error of prediction (RMSEP = 1.37°C); whilst the RMSEP of 

the diatom/temperature transfer function is 1.62 °C.

Hence, at the moment substantial palaeolimnological evidence suggests that changes in 

diatom composition can be associated with temperature shifts. However, it can be 

argued that temperature influences diatom algae indirectly via changing water chemistry, 

diatom microhabitat or catchment variables. The latter statement seems more plausible 

than the direct temperature-diatoms hnk, especially considering the data on diatom 

ecology and physiology (e.g. Patrick, 1969, 1971).

1.4.2.3 Indirect relationship between diatoms and temperature

There are several indirect ways in which temperature and therefore climate can control 

diatom floristic composition. The discussion here concerns only those characteristics 

applicable to the high latitudes of the Northern Hemisphere.

a Diatoms and temperature-related limnological characteristics

Diatoms have been found to be sensitive indicators of microhabitat. Microhabitat or 

microniche implies a complex of physical factors such as types of substrate, degree of 

light penetration, water turbulence and turbidity (Patrick and Reimer, 1966, Smol, 1988, 

Smol et a l, 1991, Stager et a l, 1997, Reavie et a l,  1998). Chmate cooling causes 

extended ice and snow cover which in its turn reduce the amount of hght available for 

diatom growth and photosynthesis. Therefore, species occupying the shallow water zone 

(e.g. Fragilaria) would be more abundant compared to deep water benthic species e.g. 

large Pinnularia and Navicula (Smol, 1988, Brugam et a l, 1998). Some heavily
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silicified planktonic diatoms (e.g. Aulacoseira granulata, A. ambigua) favour wind- 

turbulent conditions to maintain their position in a water column (Gasse et a l, 1983, 

Smol, 1988, Stager et a l,  1997) and therefore require a longer ice-free period than 

benthic diatoms.

Recently Holocene water-level changes were inferred using a diatom/water depth 

transfer function developed for Michigan freshwater lakes (Brugam et a l, 1998). The 

model was based on the changes in diatom species composition consistent with water 

depth. High abundance of deep-water planktonic diatoms (e.g. Aulocoseira ambigua) 

correlates with higher water level and therefore implies a wetter and colder chmate 

whereas Fragilaria taxa are abundant in shallow waters brought about by chmate 

warming. The water depth reconstruction is consistent with chmate reconstruction based 

on pollen analysis.

b Diatoms and temperature-related catchment characteristics

Chmate changes can cause changes in the catchment erosion and leaching rates (e.g. 

Mackereth, 1966, Karlen, 1976, MacDonald et a l,  1993, Rouse et a l, 1997) which 

influences water chemistry and turbidity and subsequently affects diatom assemblage. 

For example, chmate amelioration in the early post-glacial in the Northern temperate 

zone resulted in the development of catchment vegetation cover which in turn reduced 

catchment erosion and increased leaching and weathering in the lakes (e.g. Mackereth, 

1966, Seppa, 1996, Kauppila and Salonen, 1997). In contrast, chmate cooling is often 

associated with increased catchment erosion (Berglund et a l,  1996).

Change in catchment vegetation affects the composition of soils which in turn influences 

the water chemistry and therefore diatom composition (Korsman et a l,  1994, Anderson 

et a l, 1996). For example, it was found that the level of all nutrients and major ions are 

higher in the lakes from the boreal forest zone of Canada than in the tundra zone (Pienitz 

and Smol, 1993). This can be explained by the higher nutrient level of the more 

developed soils in the boreal forest zone and higher leaching rates in the boreal zone as 

leaching rates positively correlate with chmate (Rouse et a l,  1997, Kauppila and 

Salonen, 1998). A strong relationship found between summer temperature and diatom
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species richness by Anderson et a l (1996) in a boreal forest lake in Sweden was 

attributed to the influence of climatically induced changes in catchment vegetation and 

soils on the lake ecosystem.

The concentration of allogenic organic matter (dissolved organic carbon DOC) is also 

controlled by the type of vegetation cover and soils of the catchment, which are climate 

related parameters (Pienitz and Smol, 1993, Korsman et a l, 1994). For example. Rouse 

et a l (1997) suggest that a general warming would lead to an increase in terrestrial 

organic matter production which would increase the catchment input of organic matter 

into lake ecosystems and therefore lead to increased DOC. Warmer years during the last 

200 years were associated with higher organic production in high-alpine lakes from the 

Central Alps (Schmidt and Psenner, 1992). Many studies have revealed the strong 

correlation between DOC and diatom distribution (e.g. Stevenson et a l, 1989, Kingston 

and Birks, 1990). Therefore in theory it is possible to infer climate changes by 

reconstructing DOC-related diatom changes. However, the mechanisms controlling the 

DOC content in lakes are too complex for generating a robust inference model. For 

instance, studies in North American boreal lakes revealed the opposite to the findings of 

Schmidt and Psenner (1992), i.e. climate warming was associated with a decline in DOC 

during recent decades (Schindler et a l, 1996). The drier conditions as a consequence of 

temperature increase in this region initially caused reduced influx of DOC into the lakes 

with the effect that the lake productivity also declined.

Changes in water pH have been attributed to climate changes by Schmidt and Psenner, 

(1992) in the study of acidification of Italian alpine lakes. Changes in pH were 

connected with the in-lake alkalinity generation which in turn was mainly controlled by 

the climatic conditions i.e. that warmer (and dryer) periods were associated there with 

higher alkalinity, higher pH and more intensive weathering of bedrock in comparison 

with colder (and wetter years). In recent years (i.e. from 1950) the correlation between 

warmer years and increased pH became weaker. This is apparently due to the increased 

acid deposition which decoupled biogeochemical and climatic cycles (Schmidt and 

Psenner, 1992). Similar results were obtained by Sommaruga-Wograth et a l  (1998) in 

further research into interaction between climate and water chemistry in remote alpine
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lakes during the last decade (1985 - 1995). The recent changes in water chemistry (i.e. 

increase in pH, base cations, silica and sulphate) were related to an increase in the mean 

air temperature of about 1 °C. However, the opposite effect of climate warming on lake 

acidification was found by Schindler et ah (1996) and Webster et al. (1990) for North 

American boreal lakes. In both cases climate warming led to drier conditions and lake 

acidification.

On the whole much factual evidence, discussed above, indicates that changes in climate 

affect different parameters of lake water chemistry and therefore could be reconstructed 

using diatom/water chemistry inference models. However, the exact mechanisms of 

climatically induced changes in water chemistry are still unclear. Apparently, in the 

absence of anthropogenic sulphur and nitrogen deposition, the chmate influence on lake 

water chemistry depends on lake hydrological regime, bed-rock, internal alkahnity 

generation, catchment geology, soils and vegetation.

Upland tundra lakes in the Kola Peninsula may be analogous to the alpine lakes studied 

by Schmidt and Psenner (1992) and Sommaruga-Wograth et al. (1998) in terms of their 

granite/gneiss geology, small treeless catchments, thin soils and water chemistry. The 

natural acidification in these lakes could be also determined by internal alkahnity 

generation which largely depends on the intensity of lake productivity and weathering 

which are both positively correlated with chmate (e.g. Schmidt and Psenner, 1992, 

Rouse et a l, 1997). One of the major differences between water chemistry of the Kola 

and alpine lakes may be recently discovered alkalisation effect of Sahara dust on many of 

the lakes from Alps (Psenner, 1999). However, the influence of Sahara dust on the 

lakes from Alps is only being researched and there is not enough evidence to fuhy assess 

this phenomen. In this project the attempt is made to correlate changes in lake water 

chemistry, reconstructed by means of diatom analysis, with chmatic changes during the 

Holocene.

1.4.3 Sediment chemistry

The chemical composition of sediments can be used to trace environmental changes both 

in the lake and in its catchment. The mineral component of sediment composition is
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largely a result of influx from the drainage basin and a direct relationship exists between 

erosion indicators (e.g. Na, K, Ti and Ca) and rate of erosion (e.g. Mackereth, 1966, 

Karlen 1976, Engstrom and Wright, 1984). Erosion in its turn may be a reflection of 

climate change (Smol et al, 1991, Kauppila and Salonen, 1997, Rouse et a l, 1997) in 

the boreal zone.

The organic content of sediments is influenced by both the catchment influx of organic 

matter and biological production within the lake. As chmate warming may cause both 

increased lake productivity and organic input from the catchment through increased 

weathering in the boreal or alpine zones (e.g. Schmidt and Psenner, 1992, Rouse et a l, 

1997) the ratio of organic material to mineral material in the sediments (which is easily 

measured by means of dry weight and loss on ignition, LOI) can reflect climatic 

variability. It depends on several climatically driven factors, i.e.:

- fluctuations in the organic productivity within the catchment;

- fluctuations in the organic productivity within the lake;

- fluctuations in the erosion rate;

- fluctuations in the rate of microbial destruction of organic matter at the sediment 

surface.

The potential of using LOI as chmate indicator has been recently studied in Greenland. 

The fluctuations of LOI from several Greenland lakes closely followed century-scale 

chmate fluctuations inferred using Greenland oxygen isotope records from Summit ice 

cores (Willemse and Tomqvist, 1999). Hence, loss on ignition analysis provides an 

additional means for assessing palaeoclimate dynamics and this is used in the current 

study.

The mobile elements iron and manganese enter the sediments as constituents of mineral 

particles and thereby reflect the intensity of catchment erosion in a similar way to ahcah 

and earth-alkali metals discussed above. Oxidised forms of Fe and Mn are not very 

mobile and thus the concentrations of Fe and Mn in lake sediments under oxidising soil 

conditions approximately reflect their lithospheric concentrations (Mackereth, 1966). On
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the other hand, under reducing conditions in soils these elements become more mobile. 

They form soluble complex organic ligands with organic compounds and enter lake 

sediments as organic Hgands or colloidal particles. Manganese is more easily mobilised 

than iron under reducing soil conditions and therefore the Fe/Mn ratio can be an 

important indicator of soil conditions in the catchment (Davison, 1982, Engstrom and 

Wright, 1984). A drop in the Fe/Mn ratio indicating reduced conditions in catchment 

soils could be a result of an increased water level in the catchment soils of the humid 

temperate zone caused by a change of climate.

Soils that develop under coniferous forest are especially rich in humic and fulvic acids 

forming organic complexes with Fe and Mn. The sudden increase in Fe and Mn 

concentrations in the sediments could reflect the development of coniferous forest in the 

lake catchment (Digerfeldt, 1972, Engstrom and Wright, 1984, MacDonald et aL, 1993).

In the current project, analyses of sediment profiles of erosion indicators, mobile 

elements and LOI chemistry are used to strengthen the interpretation of the results of 

diatom and pollen analyses.

1.4.4 Magnetic parameters of lake sediments

Magnetic minerals occurring in the lake sediment largely originate from the lake 

catchment (e.g. Dealing and Flower, 1982, Dealing, 1997) although under certain 

circumstances magnetics could be also formed authigenically. On the whole, the role of 

magnetic grains as sensitive indicators of catchment environmental change is well 

documented (e.g. Dealing et aL, 1985, Thompson and Oldfield, 1986, Snowball, 1996). 

Magnetic parameters of lacustrine sediments are widely used in palaeoenvironmental 

studies (Thompson and Oldfield, 1986, Verosub and Roberts, 1995). The concentration 

and type of allochthonous magnetic minerals in the lake sediments are often related to 

specific catchment sources. Changes in the type and concentration of allochthonous 

magnetic minerals are used to trace environmental changes in the catchment, such as 

erosion history (e.g. Thompson and Morton, 1978, Stober and Thompson, 1979, 

Dealing and Flower, 1982), chmate and glacier activity (Hirons and Thompson, 1986, 

Snowball, 1996, Snowball and Sandgren, 1996, Berglund et aL, 1996). Magnetic
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minerals are used for core correlation (Thompson et aL, 1975) and also to determine the 

extent of recent pollution (Yang et a l,  1997). The presence of autochthonous magnetic 

minerals (i.e. greigite, bacterial magnetite) is a good indication of anaerobic conditions 

on the sediment surface or within the sediment column (e.g. Anderson and Rippey, 1988, 

Snowball, 1991, Snowball, 1994), and these phenomena are often related to changes in 

lake productivity.

In this study mineral magnetic characteristics (i.e. magnetic susceptibility, saturation and 

anhysteretic remanences and their ratios) are used as environmental and chmate 

indicators to be used in addition to pollen, diatoms and sediment chemistry.

1.5 Thesis outline

The main objectives of the thesis is (1) to study climate and environmental changes 

during the Holocene in the Kola Peninsula using the sediment record from a small upland 

freshwater lake and (2) to assess the potential of diatoms as indirect qualitative indicators 

of climate change.

The research involves:

1. Generation of a calibration data set of lakes located along a vegetation and climate 

gradient. Analysis of pollen in surface sediments from the training set lakes. Analysis of 

the effect of environmental characteristics on pollen distribution in the lake sediments. 

Analysis of the pollen sequence in the Holocene core and qualitative climate inferences 

using literature sources and the modem pollen training set.

2. A study of the relative effect of potentially climate related environmental variables on 

the distribution of diatom taxa within the training set of lakes. Identification of the most 

important explanatory variables controlling variance in the diatom assemblage and 

development of a corresponding diatom-based transfer function. Analysis of the diatom 

profile in the Holocene core of a selected site and the application of the above model.

3. Analysis of sediment chemistry and magnetic parameters of the Holocene core in order 

to strengthen diatom and pollen evidence for environmental change.
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4. Comparison of all lines of evidence (diatom, pollen sediment chemistry and magnetic 

characteristics) and reconstruction of lake and catchment development and regional 

climate during the Holocene. Discussion of the potential role of diatom-based climate 

indicators. Comparison of the results with published Holocene temperature 

reconstructions from the North Atlantic and evaluation of relative importance of different 

sediment indicators for climate reconstructions using sediment from freshwater arctic 

lakes.

By this means, the thesis comprises three separate parts. These include analysis of a 

modem pollen training set (Chapter 4), analysis of modem diatom training set and 

development of a quantitative inference model (Chapters 5 and 6), and a study of 

Holocene environmental and climate change in a selected Chuna Lake (Chapters 7 - 9 ) .  

Chapter 10 provides an overall discussion and Chapter 11 presents conclusions.
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CHAPTER TWO 

STUDY AREA

2.1 Introduction

This chapter provides the description of geology, climate and vegetation of the Kola 

Peninsula as a whole with the emphasis on the area where the studied lakes are situated. 

It also gives a brief description of the catchment geology, vegetation and morphometry 

of the each of the 25 lakes of the KOLA training set. This provides a context for the 

modern pollen training set (Chapter 4) and the modern diatom training set (Chapters 5 

and 6).

A detailed description of the geology, local climate, catchment vegetation, and modern 

diatom flora of the study site selected for the palaeoenvironmental reconstruction 

(Chuna lake, KOLA25) is also given. The rationale for site selection is presented in 

Chapter 3.

2.2 Geography
The Kola Peninsula is located in the north-east of Northern Fennoscandia comprising the 

territory of about 100,000 km^ (Atlas of Murmansk region, 1971). The majority of the 

surface area of the Kola Peninsula is situated north of the Arctic Circle (Figure 2.1). The 

Kola Peninsula is confined by the Barents Sea in the north and east and by the White Sea 

in the south. The seas are connected by the Gorlo strait.

The region is covered by 111,609 lakes with the area more than 1 ha (Atlas Murmanskoi 

oblasti, 1971). The three largest lakes are Imandra Lake, Lovozero Lake and Umbozero 

Lake which are located in the central part of the Kola Peninsula (Figures 2.1, 2.3). Most 

of the large rivers flow into the Barents Sea (e.g. Teriberka, Pechenga, Kharlovka and 

lokan’ga). Two relatively large rivers flow into the White Sea (Varzuga and Strel’na) and 

the Ponoi river flows into the Gorlo strait.

The study area comprises the north-western part of the Kola Peninsula situated above the 

Arctic Circle within two biogeographical zones - tundra and northern boreal forest 

(northern taiga). The area is surrounded in the north and east by the Barents Sea, in the 

west by the Norwegian and Finnish border and in the South by the Khibiny mountains
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and Imandra Lake (Figure 2.1).

2.3 Geology

The main geological features of the study area are presented in Figure 2.2. The geology 

of the Kola Peninsula is complex. The oldest crystalline bedrock of Archaean origin 

(2,700 - 3,600 million years BP) predominantly occurs in the coastal areas of the Barents 

Sea and the Gorlo strait and in the western part of the Kola Peninsula along the Finnish 

border (Atlas of Murmansk region, 1971, Nikonov and Lukina, 1994), see also Figure 

2.2. It is mainly siliceous granite, gneiss, grano-diorite and gneiss-like diorite. Intrusive 

alkaline (gabbro, diabase, peridotite, alkaline granite and sienite) and acid-sensitive 

rocks (granite, crystalline slate, gneiss, diorite) of Archaean and Proterozoan origin 

occur as patches within the Archaean granite-gneiss area (Atlas of Murmansk region, 

1971).

Intrusive sensitive Archaen gneiss and diorite also comprise a large area to the south of 

Murmansk around Lovozero Lake (Figure 2.2). Proterozoan slate and aluminiferous 

gneiss occur in the eastern inland part of the Kola Peninsula near Kiasnoshehe and the 

river Kanevka. Proterozoan alkaline volcanic and sediment rocks occur in the river 

Ponoi valley in the south-east of the Kola Peninsula and near the Finnish border around 

the town of Nikel (Atlas of Murmansk region, 1971). Metamorphic intrusive alkaline 

and ultra-alkaline rocks (gabbro-amphibolite, amphibolite) are also present in the small 

area near the town of Monchegorsk (see Figure 2.2). The area between Imandra, 

Umbozero and Lovozero lakes is formed by intrusive alkaline syenite-nepheline of 

Palaeozoic origin (Figure 2.2). In summary, the predominant bedrock of the Kola 

Peninsula is sensitive to acidification, more than 70% of bedrock is classed as having 

low buffering capacity (Moiseenko, 1994).

Most of the territory, except for the coastal Barents sea area, is covered with Quaternary 

deposits consisting of moraine and some fluvio-glacial deposits (Atlas of Murmank 

region, 1971). The mineralogical composition of these Quaternary deposits is very 

similar to granite-gneiss bedrock and main intrusive rocks. It is low in calcium and 

magnesium and contains silica, potassium and sodium (Nikonov and Lukina, 1994). 

Moraine is characterised by the high percentage of boulders, on average about 50% and 

at some sites up to 80% (Nikonov and Lukina, 1994). Common minerals of the light 

fraction (grade 0.25 - 0.1 mm) are quartz, feldspar (predominantly plagioclase) and
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muscovite (Afanas’ev, 1977). Blende, biotite and garnet prevail in the heavy fraction 

(Lavrova, 1960).

Granite, gneiss and metamorphic intrusive diorite comprise the most part of the study 

area except for the Khibiny mountains, Lovozerskie Tun dry and areas nears towns of 

Nikel and Monchegorsk (see above). More details on the geology of the studied lakes 

are given in section 2.8.

2.4 Deglaciation and the post-glacial land uplift

During the last glaciation the Kola Peninsula was covered by the Kola ice sheet which 

was connected with the Scandinavian ice sheet (Lavrova, 1960). Apparently, the whole 

Kola Peninsula was covered with ice during the last glacial period, the end moraine is 

found to the north from Rybachii Peninsula and Kildin Island (Figure 2.3) (Lavrova, 

1960). Small ice-free areas might have remained only in the north-east of the Kola, at 

the Svyatoi Cape (Lavrova, 1960). The deglaciation started from about 16,000 BP 

(Kremenetski et aL, 1999). The ice retreat began from north-west according to the 

moraine evidence (Lavrova, 1960, Corner et aL, 1999). The ice remained in the upland 

areas of the central Kola Peninsula (e.g. Chibiny mountains, Monche Tundra, Chuna 

Tundra, Lovozerskie Tundra) up to 9,500 - 8,500 BP (about 10,500 - 9,500 cal BP) 

(Lebedeva et aL, 1989, Kremenetski et aL, 1999).

Soon after the deglaciation the coastal areas in the west of the Kola Peninsula 

experienced fast (at 3cm/yr) land uplift between 10,000 and 8,000 BP (Lavrova, 1960, 

Lebedeva et aL, 1989, Corner et aL, 1999). The emergence of the shoreline became 

slower between 8,000 and 7,000 (average 0.4 cm/yr) and reached minimum rate at 

around 6,000 BP (Lebedeva et aL, 1989, Corner et aL, 1999) which correlates with the 

Tapes transgression (Holocene maximum) in more seaward areas (e.g Seppa 1996). The 

rate of shoreline uplift increased again between 4,500 and 4,000 (Corner et aL, 1999). 

In general, the whole of the Kola Peninsula experienced isostatic uplift after the 

glaciation (Koshechkin, 1979). The central part of the Kola Peninsula (e.g. Khibiny 

mountains) rose at about 120 - 140 m during the Holocene period (Kremenetski et aL, 

1999).

2.5 Relief
The base of the Kola Peninsula is formed by the north-eastern part of the Baltic Shield
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(Lavrova, 1960, Nikonov and Lukina, 1994) which is a part of the Russian Platform. 

The major elements of the modern relief of the Kola Peninsula occurred during the last 

Quaternary and are related to the last Glacial period (Strelkov, 1973). Like other parts 

of the Russian Platform, the Kola Peninsula is essentially a flat area with some elevated 

upland regions.

The modern altitudes of the Kola Peninsula vary from 0 to 1,500 m a.s.l. The most 

elevated area (700 - 1,500 m) is a chain of upland plateau located in the centre of the 

Kola Peninsula (i.e. Chibiny and Lovozerskie Tundry together with Monche, Chuna, 

Sariselke, Tuadesh, Volchfya and Salmaya Tundra) (Lavrova, 1960). Another elevated 

area with average altitudes of 300 - 500 m is stretched along the northern coast of the 

Barents sea from west to east. The upland parts of this area are divided by large hollows 

with mires and lakes (Lavrova, 1960).

The large lowland area (maximum altitude 150 m a.s.l.) is situated in the south of the 

Kola Peninsula (south to Imandra Lake) near Russian Karelia. This lowland area is 

covered with manifold mires and shallow lakes. Another lowland is situated in the most 

western part of the Kola Peninsula to the north from the central elevated part along the 

Lotta river valley. The coastal areas of the Kola Peninsula have the lowest altitudes 

varying on average from 0 to 100 m.

2.6 Climate

The climate of the Kola Peninsula belongs to the Atlantic-Arctic sub-zone of the 

temperate climate zone (Alisov et aL, 1954). The climate is oceanic. Climatic conditions 

of the area are determined by the North Atlantic. The climate is also influenced by the 

northern branch of the Gulf stream. This keeps the winter temperatures relatively high 

compared to the other Russian regions located at the same latitudes. The absence of - 

permafrost, the occurrence of trees up to 69° N and the spread of agriculture up to 67° 

N in the western part of the Kola Peninsula indicate much milder climatic conditions in 

the Kola Peninsula compared to the eastern part of Russia (e.g. Urals, Siberia) (Nikonov 

and Lukina, 1994). The Gulf stream keeps the waters around the Kola Peninsula ice-free 

in winter. The sea-ice boundary occurs to the north from the eastern-most tip of the Kola 

Peninsula (Lavrova, 1960).

The North Atlantic Oscillation (i.e. the low atmospheric pressure around Iceland during
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Table 2.1 Summary climate characteristics o f the Kola Peninsula for 1930 -1990. A îi tr  Annual reports on meteorology (1930 -1990). 
Locations of sites are shown in Figure 2.3.

Site
No

Site names Latitude Longitude Altitude,
m

T Jan,
°C

T July,
°C

T, annual,
°C

Precipit., 
Jan, mm

Precipit, 
July, mm

Annual
precipitation

mm
1. Pechenga 69°34’ 31°16’ 171 -12.3 12.7 -0.2 43.5 74.9 710
2. Ura-guba 69°17’ 32°48’ 67 -11.4 11.7 -0.3 44.8 61 635
3. Dal’nie Zelentsy 69°07’ 36°03’ 69 -8.85 9^8 0.1 43.9 69.9 681
4 Teriberka 69°ir 35°12’ 120 -8.7 10.46 - 32.7 70.4 619
5. Murmansk 68°97’ 33°05’ 57 -12.67 12.04 -0.28 28.23 75.26 624
6. Lovozero 68°08’ 34°80’ - -14.4 12.7 -1.67 23.9 80.8 628
7. Kandalaksha 67°15’ 32°33’ 57 -12.1 14.6 0.1 13 69 682
8. Monchegorsk 67°58’ 32°52’ 132 -14.2 13.7 -0.6 74.6 84.6 932
9. Kirovsk 67°39’ 33°40’ 1093 -11.6 12.6 -1.2 - - 928
10. Kovdor 67°34’ 30°24’ 247 -14.0 13.2 -0.85 30.6 98.7 775.8
11. Apatity 6734’ 33°22’ 136 -13.3 13.8 -1.0 - - 587
12. Zasheek 67°25’ 32°33’ 151 -14.8 13.5 0.66 - - 612
13 Khibiny 67°40’ 33°12’ 134 -12.6 13.5 -0.7 - - 640
14 Yukspor 67°38’ 33°46’ 902 -12.1 8.8 -4 - - 1342
15 Kan-Ozero 67°02’ 34°12’ 58 -13.6 14.3 -0.8 - - 572
16 Krasnosel’skoe 6T2T 37°or 155 -13.0 12.8 -1.5 - - 562
17 Tersko-

Orlovskoe
67°18’ 41°22’ 72 -9.9 8.6 -1.1 - - 634

18 Kuzomen’ 66°17’ 36°56’ 11 -10.3 12.5 -0.2 - - 568
19 Pialitsa 66°12’ 3930’ 5 -10.2 9.8 -0.8 - - 567



the summer time) determines the intensive cyclonic activity in the Kola Peninsula 

(Lebedeva et aL, 1989). The cyclones are generated at the boundary between the Polar 

front and warm air masses of the North Atlantic. The area is characterised by more 

intensive cyclone activity in winter and less intensive in summer (Yakovlev, 1961) 

resulting in high variability of temperature regime and consequently frequent weather 

changes including light frosts during the summer months and spells of relatively warm 

weather in winter. Due to the high-latitude location of the Kola Peninsula, the direct solar 

radiation is low, the annual balance of solar radiation is 20 - 30 kcal/cm2 (Nikonov and 

Lukina, 1994).

The summary climate characteristics of 19 meteorological stations are presented in Table 

2.1. Figure 2.3 shows the locations of meteorological stations. Figures 2.4 and 2.5 show 

the distribution of January and July temperatures in the study area. Average annual 

temperatures are negative for almost all the Peninsula except for the most southern areas 

(e.g. Kandalaksha, Table 2.1.). The distribution of winter and summer temperatures 

shows the oceanic influence on the climate of the Kola Peninsula. In the centre and the 

west of the Kola Peninsula, where the climate is the most continental, the winter 

temperatures are the lowest reaching on average -14 »C (e.g. Monchegorsk, Khibiny, 

Lovozero, Kovdor sites, see Table 2.1 and Figure 2.4). In the central and western areas 

the frost-free period is short, it lasts only for 60 - 70 days and the snow cover persists for 

up to 210 - 220 days (Lebedeva et aL, 1989). In the coastal areas winters are milder with 

the average January temperature varying from -9 °C to -12 "C. The longest frost-free 

period also occurs in the north-western and south-western coastal areas (up to 110 - 120 

days) (Nikonov and Lukina, 1994).

In contrast, summer temperatures are higher in the centre and the west of the Kola 

Peninsula compared to the coastal areas of the same latitudes (Table 2.1, Figure 2.5). The 

period with average day temperatures above 5°C (plant vegetation period ) also first 

starts in the west of Kola Peninsula (end of May), then it starts in north-western, central 

and southern parts of the Peninsula (beginning of June). In the coastal areas of the 

Barents and White Seas the plant vegetation period starts only from mid-June (Lebedeva 

et aL, 1989). In general, the continentality of the climate increases with the distance 

from the sea. The similar effect of the ocean on the climate is observed in the coastal 

areas of Norway (e.g. Seppa, 1996).
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Figure 2.3 Locations of meteorological stations listed in Table 2.1.
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The climate of the Kola Peninsula is excessively moist, i.e. precipitation exceeds 

evaporation (Nikonov and Lukina, 1994). On average, the annual precipitation varies 

from 500 - 600 mm/year in the south-western and southern areas and to 600 - 800 

mm/year in the rest of the Kola Peninsula. The precipitation is the highest in the central 

mountainous regions (up to 1,300 mm/year. Table 2.1).

In summary, the following climatic seasons can be distinguished (Nikonov and Lukina,

1994):

(1) winter - cold period with average day temperatures below 0 °C lasting up to 6.5 

months;

(2) spring - intermediate period from cold to warm with average day temperatures from 

0 to 10 continuing up to 1.5 months (May - first half of June);

(3) summer - warm period with average day temperatures above 10 °C lasting up to 2.5 

months (second half of June - August);

(4) autumn - intermediate period from warm to cold with average monthly temperatures 

from 10 °C to 0 °C continuing up to 1.5 months (September - first half of October).

The warm period (spring, summer and autumn) is characterised by the maximum 

precipitation, 65% of the total annual rainfall (400 - 600 mm) precipitates during this 

period, especially in July and August (Semko, 1982).

The Kola Peninsula is characterised by a short period of biological and geochemical 

activity (May - September). Despite a long winter and a short period with temperatures 

above 0 °C no permafrost has been formed due to the specific regime of atmospheric 

circulation and influence of the Gulf stream. However, the upper ground layers freeze 

down to 3.2 m during the winter months near Murmansk. The average depth of frozen 

ground in winter is about 2.4 m in the Kola Peninsula (Yakovlev, 1961). In the central 

upland area the rocks are permanently in a frozen state. The peat is permanently frozen 

inside the large peat mires (Lavrova, 1960). The soil temperatures are also low even 

during the vegetative period. According to Semko (1982) the temperatures of the soils 

beneath cranberry pine forest are above 10 °C (‘active’ temperatures) for less than one 

month (from the end of June to the end of July). Active temperatures occurred only in 

the upper 5-cm soil layer and only during the anomalous warm years do the active 

temperatures reach 40 cm depth (Semko, 1982).

55



White S ea

Vegetation zones

tundra

birch forest-tundra 

northern boreal forest 

alpine tundra 

arctic desert

Figure 2.6 Major vegetation zones of the Kola Peninsula. 
After A t o  of Murmansk region (1971)



2.7 Vegetation

The study area comprises two major vegetation zones - tundra and northern taiga. The 

latter is divided into two sub-zones: birch forest-tundra and northern boreal forest 

(northern taiga). Northern boreal forest differs from boreal forest by stand parameters, 

i.e. average stand height is only 12 - 16 m in northern taiga and stand density is lower 

than in boreal forest (Nikonov and Lukina, 1994). Another distinguishing feature of 

northern taiga in the Kola Peninsula is the high occurrence of birch species (e.g. Betula 

verrucosa, B. pubescens) which comprise up to 50 % of the forest stand. Betula tortuosa 

forms the northern treeline. Northern boreal forest is also characterised by the wide 

spread of boreal mires.

The geographical distribution of the major vegetation zones is influenced by the climate. 

The short period of vegetation growth, persistent winds and low summer temperatures in 

the coastal areas lead to the spread of the tundra zone down to the Arctic circle in the 

east of the Kola Peninsula. The boundary of the tundra zone generally follows the coastal 

line and the July isotherm of 10 ( Lebedeva et aL, 1989, Nikonov and Lukina, 1994).

However, in the western part of the Kola Peninsula due to the longer summers and higher 

summer temperatures the zone of northern Boreal forest spreads up to 69 ®N. In 

summary, the geographical distribution of major vegetation zones have both latitudinal 

and longitudinal gradients (Figure 2.6). In upland areas, an altitudinal gradient in 

vegetation distribution also exists (e.g. Kremenetski et aL, 1999). In the section below, 

the composition of vegetation zones occurring in the Kola Peninsula is described in 

detail. All plant taxa mentioned in the sections below are listed in Appendix 8.

2.7.1 Arctic desert

Mountain arctic deserts occur on the top of Khibiny and Lovozerskie Tundry above 900 

m. Pteridophytes and lichens prevail in the vegetation cover which occupies only 5% of 

the total arctic desert area. The most common species are crustose lichens as harsh 

climatic conditions prevent vascular plants from growing in arctic deserts. Other species 

comprise Rhacomitrium lanuginosum, Andreaea rupestris, Alectoria nigricans, 

Sphaerophorus globosus etc. (Flora Murmanskoi oblasti, 1953, 1956, Atlas of 

Murmansk region, 1971, Nikonov and Lukina, 1994). Lycopods {Diphasiastrum 

alpinum, Huperzia selago, Selaginella selaginoides, Lycopodium clavatum) and spo

radic flowering plants (e.g. Carex bigelowii, Juncus trifidus, Luzula arcuata, Saxifraga 

oppositifolia) normally occur within moss or lichen cushions.
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Figure 2.7 Lichen tundra in the vicinity of KOLAS

Figure 2.8 Shrub-lichen tundra in the catchment of KOLA22
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2.7.2 l\indra

According to the classification adopted in Russian literature (see e.g. Nikonov and 

Lukina, 1994) four main types of tundra vegetation occur in the Kola Peninsula:

(1) lichen tundra with the dominance of Cladonia alpestris. Cl. mitis, Cetmria nivalis', 

Betula nana, and Empetrum hermaphroditum',

(2) lichen/dwarf birch tundra with the dominance of Betula nana, Empetrum nigrum, 

Vaccinium myrtillus, and V. vitis-idaea;

(3) moss/dwarf birch tundra with the dominance of Betula nana, Pleurozium schreberi',

(4) shrub/lichen tundra with the dominance of Empetrum hermaphroditum, E. nigrum, 

Betula nana, Vaccinium vitis-idaea, Phyllodoce coerulea, Arctostaphylos uva-ursi, and 

Loiseleuria procumbens.

Lichen tundra is the most wide-spread type of tundra vegetation occurring on dry and 

poor soils of upland continental areas of the Kola Peninsula (Atlas of Murmansk region, 

1971). Betula nana and Empetrum hermaphroditicum normally have a creeping form 

within lichen tundra. Lichen-dwarf birch tundra occur on richer and more moisturised 

soils on sheltered from wind slopes. The vegetation cover is mosaic, patches of dwarf 

shrubs {Vaccinium myrtillus, V vitis-idaea, B. nana etc) alternate with lichen patches 

(Flora Murmanskoi oblasti, 1953). Figure 2.7. shows typical lichen dominated tundra in 

the vicinity of KOLAS.

Dwarf birch reaches its maximum height (up to 1.2 m) within the sub-zone of moss- 

dwarf birch tundra (Nikonov and Lukina, 1994). This type of tundra occurs at the 

bottoms of river valleys on better soils (compared to lichen and dwarf birch-lichen tun

dra) with a thin humus layer. Together with the prevailing moss Pleurozium schreberi, 

several herbaceous plants (e.g. Potentilla, Ranunculus, Geranium, Achlemilla, 

Eriophorum, Carex etc.) and dwarf willows (e.g. Salix glauca, S. lapponica) occur in 

this type of tundra vegetation.

Dwarf shrub tundra is typical for the coastal areas. Empetrum nigrum together with 

Betula nana and Vaccinium vitis-idaea dominate the dwarf shrub oceanic tundra. 

Phyllodoce coerulea and Chamaepericlymenum suecicum also occur on sheltered 

patches with better soils. Mosses and lichens are less common for the coastal tundra
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than for the more continental types of tundra. Similar dwarf-shrub tundra vegetation is 

present in the coastal areas of Norway (Seppa, 1996). Often the above types of tundra 

vegetation mix together especially if the micro-relief is varying. It was difficult to dis

tinguish the above types of tundra vegetation in the catchments because the vegetation 

cover is patchy and depends on the series of micro-conditions such as particular soil 

type, micro-relief, exposure to wind etc. A typical mixed dwarf shrub-lichen tundra pre

vails in the catchment of KOLA22 (Figure 2.8).

2.7.3 Forest-tundra

This zone was formed because of the mild oceanic climate of the Kola Peninsula, and it 

is about 50-100 km wide. Forest-tundra is a northern-most part of boreal forest and 

geographically occupies an intermediate position between tundra and taiga. The main 

characteristic feature of the zone is the total absence of conifer trees although conifer 

shrubs such as juniper (Juniperus sibirica) are common in the birch forest. The definition 

‘forest’ for this vegetation community is debated in some works (see Ramenskaya, 1983) 

because of its differences from common boreal forest. The same intermediate zone of 

birch forest also occurs over all Northern Fennoscandia (Seppa, 1996, Makela, 1998). 

The only other region in the Northern Hemisphere where birch forms a northern treeline 

is the Far East (e.g. the Kamchatka Peninsula and Japan) (Lebedeva et al., 1989).

The dominant birch taxon is Betula tortuosa, B. subarctica and B. callosa are also 

common. The height of birch trees varies from 4 to 8 m high, the stand is very thin and 

trees have a twisted form. Usually canopies have the shape of fruit trees. Birch forest is 

characterised by total vegetative reproduction and usually several (from 2 to 6) birch 

stems grow from one root (Nikonov and Lukina, 1994).

The two main sub-zones are distinguished (Nikonov and Lukina, 1994) within birch 

forest:

- lichen/moss birch forest with the dominance of Betula tortuosa, Betula subarctica,

B. callosa, Cladonia alpestris, C. rangiferina, Juniperus sibirica.

- grass/shrub birch forest with the dominance of Betula tortuosa, B. subarctica, 

Pleurozium schreberi, Hylocomium splendens, Empetrum nigrum, Deschampsia 

flexuosa, Juniperus sibirica, Solidago lapponica, several Gramineae.

The main difference between the above sub-zones is in the type of the lower vegetation.
60



Figure 2.9 Alpine forest-tundra in the catchment of KOLA2

Figure 2.10 Pine forest in the catchment of KOLA 16
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The ‘ lichen’ type of birch forest prevails on drier soils whereas the ‘ moss’ type of birch 

forest prefers more moisture and richer soils. Figure 2.9 shows the alpine grass/shrub 

birch forest-tundra in the catchment of K0LA2.

2.7.4 Northern boreal forest

Although birch is almost always present in northern boreal forest, Pinus mdPicea are 

the main tree taxa dominating the forests of the Kola Peninsula. Pine forests occur in the 

western part of the Kola Peninsula comprising up to 70% of all forests. The dominance 

of Pinus sylvestris in boreal forest is a unique feature of all Fennoscandia. Boreal forest 

from the eastern part of European Russia, Siberia and North America is dominated by 

spruce (Nikonov and Lukina, 1994). Since spruce migrated to the Kola Peninsula from 

the East during the Holocene (e.g. Kremenetski et al, 1999), spruce forests prevail in the 

eastern and the south-eastern part of the Peninsula.

The zone of northern boreal forest is divided into three main sub-zones according to the 

dominant tree species and vegetational composition of the ground layer (Nikonov and 

Lukina, 1994):

(1) lichen/moss pine forest with the dominance of Pinus sylvestris spp. lapponica, 

Cladonia, Ericaceae and Polytrichum commune (see Figure 2.10)

(2) moss spruce/birch forest - Picea obovata, P. fennica, Pleurozium schreberi, 

Vaccinium myrtillus, V. vitis-idaea, Betula verrucosa.

(3) grass spruce forest - Picea obovata, Salix lapponica, S. glauca, S. phylicifolia, Sorbus 

gorodcovii, Rubus idaeus, Alnus sp. Geranium sylvaticum, Epilobium angustifolium, 

Trollius europaeus.

Birch {Betula verrucosa and B. pubescens) may comprise up to 50% of trees in all types 

of the forest. Pine forest is commonly associated with poor acidified soils, prevailing 

fluvial Quaternary deposits and sand. Spruce forest requires more organically rich and 

more alkaline soils. Spruce forest is generally more productive and more diverse than 

pine forest (Nikonov and Lukina, 1994). At present, spruce forest covers up to 30% of 

the Kola Peninsula (Atlas of Murmansk region, 1971). Picea obovata together with birch 

( B. verrucosa and B. pubescens) forms the higher floor of the forest. Pine can also 

comprise up to 10% of trees in the spruce forest. The lower floor is formed by Sorbus 

gorodcovii, Alnus glutinosa and Populus tremula. The main shrubs are Vaccinium
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myrtillus and V. vitis-idaea and Ericaceae. In moist and boggy places Ledum palustris 

and several willow species (e.g. S. glauca and S. phylicipholia) also

occur. Mosses (e.g. Pleurosium and Hylocomium) together with Gramineae and 

Geranium sylvaticum, Cirsium heterophyllum, Trollius europaeus and Melampyrum 

sylvaticum form the lowest floor.

Most mires occurring within the spruce boreal forest zone are dominated by Sphagnum 

spp. and contain peat. Several Equisetum taxa (E. sylvaticum, E. palustre, E. arvense, E. 

pratense etc) and Rubus chamaemorus prevail in the ground flora. Dwarf willows {Salix 

lapponica, S. glauca and S. phylicifolia) together with Betula nana. Ledum palustris and 

Vaccinium myrtillus are dominant shrubs. The density of the spmce forest is very low 

on Sphagnum mires, with time trees gradually disappear.

Peat mires occurring within the pine forest zone are usually dominated by both 

Sphagnum spp. and Polytrichum commune. Spruce and birch grow together with pine on 

pine forest mires. The ground layer vegetation of the pine mires is very similar to the 

ground vegetation of the spruce mires. It is also dominated by Equisetum, Rubus 

chamaemorus. Ledum palustris etc.

2.8 Site descriptions (KOLAl - KOLA24)

In this section, brief descriptions of the geography, geology, catchment vegetation and 

lake morphometry of the 25 sampled lakes are given. The criteria for the lake selection 

are presented in Chapter 3. As most of the lakes did not have names, they were named 

KOLA and numbered in the order of sampling. Lake KOLA25 (Chuna Lake) was cho

sen for the study of the Holocene environmental history and therefore the description of 

Chuna Lake is more detailed. Large-scale topographic maps (property of the Kola 

Science Centre, Apatity) were used to generate bathymetric maps of the sampled lakes. 

Summary characteristics of the geography, geology, catchment vegetation and 

morphometry of the sampled lakes are presented in Table 1, Appendix 1).

KOLAl

KOLAl is a lowland shallow (max depth 5 m) lake surrounded by a mixed spruce- 

birch forest with grass dominated ground layer (Figure 2.11). It has one major inlet and 

one outlet. The lake is located in the area of predominantly granite bedrock with quartz 

and sand intrusions (Figure 2.2). Sorbus gorodcovii, Populus tremula, Alnus incana.
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A. glutinosa, Juniperus sibirica, Rubus idaeus comprise the undergrowth layer in the 

forest. Dwarf willows and dwarf birch together with Ericaceae {Ledum palustris) form 

the shrub layer in the moist, paludified parts of the catchment close to the lake shores. 

Eriophorum vaginatum, Vaccinium vitis-idaea, V. uliginosum, Rubus chamaemorus, 

Trollius europaeus together with Sphagnum spp. occur in the ground layer in the moist 

parts of the catchment. Drier areas further away from the lake shores are covered with 

Cirsium heterophyllum, Pyrola media. Geranium sylvaticum, Melampyrum sp. and 

Vaccinium myrtillus. Aquatic vegetation is not abundant comprising mainly Nuphar 

lutea and Equisetum spp.

KOLA2

KOLA2 is situated in the bottom of an upland valley of the Khibiny mountains at 450 m 

a.s.l (Figures 2.1 and 2.9). The lake is small (area is about 4 ha) and relatively deep 

(maximum depth 8m) (Figure 2.12). The lake bedrock is ultra-alkaline comprising 

mainly apatite and nepheline-syenite (Figure 2.2). The lake has no inlets and only one 

small stream flows out. One side of the lake is formed by a barren steep hill with 

virtually no vegetation except for crustose lichens. The low shore is covered by the 

alpine forest-tundra dominated by Betula tortuosa. Betula subarctica and B. callosa are 

less common. The trees have twisted trunks with maximum height up to 5 m.

The lake catchment is paludified at places. Carex spp., Salix spp., Vaccinium uliginosum, 

V. vitis-idaea, Andromeda polifolia, Equisetum spp., Rubus chamaemorus and 

Sphagnum occur in moist parts of the catchment, whereas lichens {Cladonia alpestris. 

Cl. rangiferina, Cetraria nivalis), Betula nana, Empetrum hermaphroditicum, and 

Calluna vulgaris, prefer drier areas. Occasional specimens of low-height Juniperus also 

occur on the drier patches of the lake catchment.

KOLA 3

KOLAS (Figure 2.13) is a small shallow (maximum depth 1.5 m) lowland lake located 

to the north-east of Murmansk, near the road to the town of Teriberka (Figures 2.1, 2.2). 

The lake is situated on granite and gneiss bedrock. The birch forest-tundra catchment of 

the lake is moist and peaty. The lake is surrounded by marshland formed by Sphagnum 

spp., Oxycoccus palustris, Andromeda polifolia, Rubus chamaemorus, Vaccinium 

uliginosum etc. Similar to the catchment of KOLA2, the catchment of KOLAS is 

dominated by Betula tortuosa with twisted trunks up to 5.5 - 6 m height. Two-three
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trunks usually stem from one root owing to the vegetative reproduction of birch in the 

forest-tundra zone. Juniperus sibirica forms the undergrowth in the birch forest. It 

occurs on drier patches of the catchment. The mosses Pleurozium schreberi and 

Hylocomium splendens and lycopods (Diphasiastrum alpinum, Huperzia selago, 

Lycopodium sp.) prevail in the ground layer. Deschampsia flexuosa, Solidago lapponica 

and Chamaepericlymenum suecicum together with several Ericaceae are also present in 

the catchment.

KOLA 4

As with KOLA3, KOLA4 (Figure 2.14) is also located in the moss/lichen birch forest- 

tundra to the north-east of Murmansk on the acid-sensitive granite/gneiss bedrock. 

(Figures 2.1 and 2.2) The catchment of KOLA4 is more elevated compared to the 

catchment of KOLA3 and at parts covered with Quaternary moraine. KOLA4 is a 

relatively deep (maximum depth 7 m) lake situated between a hill with a steep slope 

covered with the birch forest and a peat mire. The lake has one outlet and no inflows.

The ground layer of the catchment birch forest is dominated by green mosses 

Pleurosium schreberi and Polytrichum commune and by lichens Cladonia and Cetraria. 

Lycopods (Diphasiastrum alpinum, Lycopodium clavatum, L. annotinum) also occur. 

Dwarf Ericaceae shrubs (Vaccinium vitis-idaea and Empetrum nigrum) are also 

abundant. The lowland part of the catchment is covered with Sphagnum and Carex 

hummocks. Andromeda polifolia, dwarf Salix spp., Rubus chamaemorus and 

Eriophorum vaginatum also occur in the peat mire.

KOLAS

Forest-tundra site KOLAS is located to the north-west of Murmansk near the Ura-Guba 

bay on granite-gneiss bedrock (Figures 2.1, 2.2). KOLAS is the deepest lake from the 

training set with a maximum depth of 19.2 m (Figure 2.15). It is a round lake surrounded 

by forested hills with stony and steep slopes. Large boulders covered with crustose 

lichens occur near the shoreline. The catchment birch forest belongs to the moss/grass 

type with the prevailing moss Pleurozium schreberi together with tall grasses Solidago 

lapponica, Epilobium angustifolium, Chamaepericlymenum suecicum and Geranium 

sylvaticum. Betula tortuosa with height ranging approximately from l.S to 3 m is a 

dominant tree in the forest-tundra. Menyanthes trifoliata occurs along the shoreline.
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KOLA6

KOLA6 is located in the vicinity of KOLAS within the moss/grass birch forest zone to 

the north-west of Murmansk on granite/gneissbedrock. The lake is shallow, the 

maximum depth is 2.6 m (Figure 2.16). The birch forest occurs on drier elevated parts 

of the catchment. On one side the lake is surrounded by a peat mire. It is dominated by 

dwarf willows, Ericaceae (mainly Ledum palustris and Vaccinium) and Rubus 

chamaemorus. The vegetation composition of the birch forest is similar to the catchment 

of KOLAS and is dominated by Pleurozium schreberi and tall grasses. Isolated 

specimens of Juniperus also occur in the forest.

KOLA7

KOLA7 is also located in the moss/lichen birch forest zone near the Ura-guba bay. The 

lake is more elevated compared to KOLAS and KOLA6, the altitude is 240 m a.s.l (Table 

1, Appendix 1). KOLA7 is a relatively deep round lake with a maximum depth of 7 m 

(Figure 2.17). The lake is situated at the bottom of a steep hill covered with the birch 

forest. A part of the lake catchment is a boulder field with virtually no vegetation except 

for the custose lichens. The ground layer of the birch forest is dominated by Cladonia, 

Cladina and Cetraria and by Pleurozium schreberi. The flora of the moss/lichen birch 

forest is generally less diverse compared to the grass/moss forest with fewer vascular 

plants occurring in the ground layer (mainly Ericaceae). Betula nana and Juniperus also 

occur in the forest.

KOLAS

KOLAS is a shrub tundra site located to the north-east of Murmansk on granite bedrock 

(Figures 2.1 and 2.2). It is a relatively large lake with a maximum depth of 5.5.m (Figure 

2.18). The lake is situated at 240 m a.s.l near the Barents sea coast (Table 1, Appendix 

1). Although this site is situated near the coast, the inland type of lichen-shrub tundra 

dominates elevated parts of the catchment. Dwarf shrubs Betula nana and Empetrum 

nigrum together with lichens {Cladonia, Cladina, and Cetraria) prevail in the catchment. 

Salix glauca and Potentilla palustris are common in moist patches of the catchment. A 

peat mire with prevailing Sphagnum spp., Rubus chamaemorus and Eriophorum 

vaginatum is located in the lowland part of the catchment.

KOLA9
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A small round shallow (maximum depth 1.5 m) shrub/lichen tundra lake is located about 

70 km further inland from KOLAS (Figure 2.1). A field of lichen-covered boulders 

occurs on the lower part of the lake catchment. Elevated parts of the catchment are 

covered with coastal tundra (Figure 2.19). The floristic composition of the catchment 

tundra vegetation is similar to the catchment of KOLAS. It is dominated by lichens 

{Cladonia, Cetraria and Alectoria) and by dwarf shrubs {Betula nana and Empetrum 

nigrum). Diphasiastrum alpinum, Arctostaphylus uva-ursi, Vaccinium vitis-idaea, V. 

myrtillus, Alchemilla alpina and Loiseleuria procumbens also comprise the catchment 

vegetation of K0LA9. Salix glauca, S. lapponica, Rubus chamaemorus, Epilobium 

angustifolium occur in moist patches.

KOLAIO

KOLAIO (Figure 2.20) is another coastal tundra site. It is located approximately between 

KOLAS and KOLA9 along the road to the town of Teriberka (Figure 2.1). The bedrock 

of the lake are granite and diorite. Like most tundra sites, the lake is elevated with the 

altitude of 260 m (Table 1, Appendix 1). The lake is situated between a steep slope 

covered with lichen/shrub coastal tundra similar to the catchment vegetation of KOLAS 

and KOLA9. Betula nana and Empetrum nigrum together with Cladonia alpestris. Cl. 

mitis. Cl. rangiferina, Cetraria nivalis, Diphasiastrum alpinum, Huperzia selago are the 

most abundant taxa in the catchment. The shore is sandy and covered with Quaternary 

moraine in places.

KOLAll

KOLA 11 is a relatively large and deep (maximum depth is 12 m) coastal tundra lake 

located between KOLA 10 and KOLAS (Figure 2.1). The lake is situated in the bottom 

of a small valley sheltered from the northern winds by a hill (Figure 2.21). The lake 

bedrock is granite (Figure 2.2). The dry elevated part of the catchment is covered with 

the lichen tundra dominated by Cladonia, Cetraria and Alectoria. The moist lower part 

of the catchment also has dwarf shrubs {Salix spp., Betula nana, Empetrum nigrum, 

Vaccinium myrtillus). A small grove of Betula tortuosa grows in the sheltered moist 

depression on the southern shore. This indicates a relatively mild micro-climatic 

conditions around KOLAll.

KOLA12

A small shallow lake (maximum depth is 2.7 m) is located to the south from KOLA 9
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near Serebryanskoe reservoir on the edge of birch forest-tundra belt (Figure 2.1). The 

lake bedrock is granite (Figure 2.2). The elevated part of the catchment is covered with 

moss/lichen birch forest occurring mainly in sheltered moist patches. The tree height is 

low, ranging from 1.5 to 2.0 m. Pleurozium schreberi, Hylocomium splendens, Cladonia 

alpestris, CL rangiferina and Cl. mitis dominate the ground layer of the birch forest. 

Empetrum nigrum, Solidago lapponica and Deschampia flexuosa aie the most abundant 

vascular plants in the birch forest. Exposed parts of the catchment are covered with 

shrub/grass tundra comprising mainly Betula nana, Salix spp., E. nigrum, Vaccinium 

vitis-idaea, V uliginosum, Diphasiastrum alpinum. Allium sibirica and Campanula 

rotundifolia.

A  low part of the catchment is dominated by Sphagnum spp. and Polytrichum commune. 

Carex spp., Andromeda polifolia, Rubus chamaemorus, Equisetum spp., Eriophorum 

vaginatum. Potentilla palustris and P. erecta are also common in the paludified parts of 

the catchment.

KOLA13

KOLA 13 is an enclosed small, shallow lake (maximum depth 3.5 m) surrounded by a 

pine forest from one side and by a marshland from another side (Figure 2.23). It is 

located to the south-west of Murmansk, and to the south of Nikel in the valley of the 

Lotta river (Figure 2.1). The relief of the Lotta river valley comprises low-height but 

sometimes steep hills (‘ ozy’, Lavrova, 1960) formed by fluvio-glacial deposits (sand, 

gravel) during the late-glacial period. The lake bedrock are metamorphic diorite, gneiss 

and schist (Figure 2.2).

The sandy elevated catchment is covered with the lichen type of pine forest with 

Cladonia alpestris. Cl. rangiferina and Cl. mitis forming the ground layer. The forest is 

totally dominated by Pinus sylvaticum, it has almost no undergrowth. Betula pubescens 

and B. verrucosa are not abundant, they occur only in moist depressions. Several 

Ericaceae (mainly Vaccinium vitis-idaea and Empetrum nigrum) are also abundant. The 

tree growth is not dense. Patches of the forest alternate with open ‘ windows’ with grass 

and herbaceous plants (e.g. Cirsium, Melampyrum sylvaticum, Viola, Campanula patula, 

Fragaria vesca etc.).

The low part of the catchment is paludified. Sphagnum spp, Carex spp. Polytrichum
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commune. Ledum palustris, Eriophorum vaginatum, Vaccinium uliginosum, Rubus 

chamaemorus and Potentilla palustris, Oxycoccus palustris, Trollius europaeus are 

abundant in the marshland. Nuphar lutea was the only aquatic found in the lake.

KOLA14

KOLA 14 is located to the west from KOLA 13 (Figure 2.1). The site is very similar to 

the previous lake. KOLA 14 is also an enclosed small round lake surrounded from one 

side by hills with pine forest and by a peat mire from another side (Figure 2.24). 

KOLA 14 is situated on metamorphic gneiss, diorite and schist and has sandy soils and 

moraine deposits in the catchment (Figure 2.2).

The pine forest occurring on the elevated part of the catchment is dominated by lichens 

with a few Ericaceae taxa. Several herbaceous plants (e.g. Fragaria vesca, Melampyrum 

sp., Epilobium angustifolium, Solidago lapponica, Pyrola media) are common in the 

open patches. The vegetation composition of the marshland area is typical for boreal 

mires (see description of KOLA 13). It comprises Sphagnum, Carex, Rubus chamae

morus, Eriophorum, Equisetum, Ledum palustris, Vaccinium sp. etc.

KOLA15

KOLA 15 is the most western site located near the border with Finland. It is a relatively 

large (area 0.11 km^) shallow lake (depth 4.2 m) with no inlets. A stream of medium 

size (2-3 m wide) flows out of the lake. The lake is situated on granite bedrock (Figure 

2.2) and surrounded by the green moss/lichen pine and birch forest in the west and by a 

marshland in the south and east (Figure 2.25). The catchment soils is sandy.

The forest vegetation of the KOLA 15 catchment differs from the above KOLA 13 and 

KOLA 14 catchments. The tree vegetation is more dense and birch {Betula pubescens) is 

more abundant than in catchments of KOLA 13 and KOLA 14. The undergrowth 

comprises Alnus, Sorbus and Populus tremula. The ground layer is dominated by both 

mosses (Pleurozium schreberi. Polytrichum commune) and lichens {Cladonia alpestris, 

Cetraria nivalis). Ericaceae (e.g. Vaccinium vitis-idaea, V uliginosum, V myrtillus) are 

more abundant than in the catchments of KOLA 13 and KOLA 14.

The marshland area is dominated by the several Carex taxa, largely Carex rostrata, and 

by Equisetum spp.. Sphagnum spp. and Pleurozium sp. together with Rubus
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chamaemorus and also occur in places.

KOLA16

KOLA 16 is located near the Finnish border in the valley of the river Lotta (Figure 2.1). 

It is a typical small shallow forest lake similar to KOLA 13 and KOLA 14 (Figure 2.26). 

It is surrounded by hills with a lichen pine forest. The lake bedrock comprises granite 

(Figure 2.2). The hills around the lake are formed by the late-Quaternary deposits 

(mainly sand and gravel). The forest in the catchment is totally dominated by Pinus 

sylvestris with virtually no Betula and no undergrowth. The ground layer is comprised 

by Cladonia and Cetraria with Vaccinium vitis-idaea and Empetrum nigrum shrubs.

KOLA17

KOLA 17 is situated between K0LA16 and KOLA 14 near the Lotta river and is very 

similar to both lakes (Figure 2.1). The lake is 5m deep, it has an inlet and a small stream 

flows out of it (Figure 2.27). Like all studied lakes in the valley of the Lotta river, 

KOLA 17 is surrounded by the gravel and sand hills formed during the late-Quaternary 

(Lavrova, 1960). Metamorphic diorite, gneiss and schist comprise the lake and 

catchment bedrock.

The pine forest in the catchment belongs to the lichen type described above. However, 

the vegetation diversity of the forest is slightly higher than in the catchment of KOLA 16. 

Vaccinium uliginosum, V myrtillus and, Calluna vulgaris are also abundant together with 

V vitis-idaea and Empetrum nigrum. Although undergrowth is absent, birch groves occur 

in the depressions. Grasses and herbs (e.g. Fragaria vesca, Melampyrum, Solidago, 

Geranium etc) occur in the open patches of the forest.

The low part of the catchment is a Car^x-dominated marshland with patches of 

Sphagnum spp., Pleurozium schreberi, and Polytrichum sp. Ledum palustris, Vaccinium 

uliginosum and Andromeda polifolia are also common on the moist parts of the 

catchment. Nuphar lutea is abundant in the lake.

KOLA18
KOLA 18 is located to the east from the valley of the Lotta river near Tulomskoe 

reservoir (Figure 2.1). It is a small enclosed forest lake with maximum depth of 5 m 

(Figure 2.28). The lake is located on gneiss and schist bedrock (Figure 2.2) and is
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covered with sandy and gravel deposits formed during the late-Quaternary (Lavrova,

1960X

A large part of the catchment is paludified (Figure 2.28). Sphagnum spp., Pleurozium 

schreberi. Polytrichum commune, Carex spp.. Ledum palustris and Rubus chamaemorus 

and Betula nana dominate the mire vegetation. Mixed spruce/birch/pine forest grows on 

the elevated part of the catchment. Picea obovata and P. fennica comprise up to 70% of 

trees (Nikonov and Lukina, 1994). Betula pubescens and Pinus sylvestris are the other 

most abundant tree taxa in the catchment forest. The undergrowth consists of Sorbus 

gorodcovii, Populus tremula and Alnus glutinosa. Juniperus also occurs in the forest. 

Pleurozium schreberi, Hylocomium splendens. Polytrichum commune together with 

Cladonia alpestris. Cl mitis and Cetraria nivalis dominate the ground layer. Ericaceae 

{Empetrum nigrum, Vaccinium myrtillus, V uliginosum and V. vitis-idaea), and Betula 

nana are abundant in the shrub layer.

KOLA19
KOLA 19 is a small, shallow (maximum depth 4 m) forest lake situated to the south of 

Imandra lake near the road to Murmansk (Figure 2.1). The lake bedrock is granite 

(Figure 2.2). The part of the catchment surrounding the lake is paludified. The 

lichen/moss spruce forest occurs on the hills 10 - 15 m away from the lake (Figure 2.29).

The peat mire around the lake is formed mainly by Sphagnum spp., Eriophorum 

vaginatum. Ledum palustris, Betula nana, Salix spp. and Rubus chamaemorus also 

dominate the mire vegetation. The spruce forest comprises Picea obovata and P. fennica 

together with Betula pubescens and B. verrucosa. Pinus sylvestris is less abundant. The 

undergrowth comprising Alnus incana, A. glutinosa and Populus tremula is less 

developed compared to KOLA 18. Pleurozium schreberi. Poly trichum commune, 

Cladina and Cladonia together with Ericaceae {Empetrum nigrum and Vaccinium) and 

Betula nana dominate the ground and shrub layers.

KOLA20
KOLA20 is a small shallow (maximum depth 3 m) forest-tundra lake situated to the

south east of Murmansk near the road to the town of Teriberka (Figure 2.1). The lake

bedrock is granite (Figure 2.2). A marshland occurs at the south low side of the lake near

the outflow (Figure 2.30). The elevated part of the catchment is covered with the birch

forest comprising mainly Betula tortuosa (height 4 - 5 m). The lake lies near the northern
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pine limit and sparse low-height pines (up to 10 m) grow within the lake basin.

Populus tremula, Juniperus sibirica and Rubus idaeus also grow in the birch forest 

around the lake. The field layer of the forest comprises mosses {Pleurozium schreberi. 

Polytrichum commune and Hylocomium splendens), lycopods {Diphasiastrum alpinum, 

Lycopodium clavatum, L. annotinum) and lichens {Cladonia alpestris. Cl rangiferina, 

CL mitis, Cladina sp., and Cetraria nivalis).

The paludified part of the catchment is dominated by Sphagnum spp.. Ledum palustris, 

Betula nana, Salix spp., Rubus chamaemorus, Eriophorum vaginatum and Carex 

rostrata.

KOLA21

A small shallow (maximum depth is 5 m) lake K0LA21 lies further east from KOLA20 

in the forest-tundra belt (Figure 2.1). The lake bedrock comprises granite and 

metamorphic diorite and gneiss (Figure 2.2). The lake is surrounded by a peat mire, birch 

forest grows on the hills at about 15-20 m away from the lake (Figure 2.31).

The birch forest in the lake catchment belongs to the grass/moss type with Pleurozium 

schreberi, Hylocomium splendens, Deschampsia flexiiosa and Solidago lapponica 

prevailing in the ground and field layers. The grass/moss birch forest has a denser tree 

stand than the lichen/moss type of the birch forest. The birch trees are also higher (up to 

5 - 6 m) and less twisted. Juniperus sibirica and Populus tremula comprise the 

undergrowth. Salix spp. grows on moist patches and near the shoreline. Vaccinium 

uliginosum, V. myrtillus, V. vitis-idaea and Empetrum nigrum are also common. The 

paludified area around the lake comprises typical mire vegetation (e.g. Sphagnum spp., 

Eriophorum vaginatum. Ledum palustris, Rubus chamaemorus, R. saxatilis, Trollius 

europeaus).

KOLA22

KOLA22 is a small tundra lake located at about 45 km south from the coastal settlement 

of Dal’nie Zelentsy (Figure 2.1). Lake bedrock is formed by sensitive to acidification 

metamorphic diorite and gneiss (Figure 2.2). The lake lies between two steep hills 

covered with shrub-lichen tundra (Figure 2.32). The most part of the catchment is 

elevated and stony. Only a northern lowland part of the catchment is sandy. The
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maximum depth of KOLA22 is 6.5 m.

Shrub-lichen tundra comprising the catchment vegetation of the lake is a transitional 

type between the moist oceanic shrub tundra and dry inland lichen tundra. A similar type 

of tundra vegetation occurs in the catchments of KOLA9 - KOLAll. Cetraria nivalis, 

Cladonia alpestris. Cl mitis are the prevailing lichens. Betula nana and Empetrum 

nigrum together with Vaccinium vitis-idaea and V myrtillus form the shrub layer. In the 

moist depressions Pleurozium schreberi also occurs.

KOLA23

KOLA23 is the most eastern lake situated in the coastal tundra zone near the settlement 

of Dak nie Zelentsy (Figure 2.1). It is a small tundra lake which lies at the bottom of a 

steep hill with a marshland occupying a part of the catchment (Figure 2.33). The lake 

bedrock is granite (Figure 2.2).

Oceanic shrub tundra in the catchment (similar to the catchment of KOLAS) is 

dominated by Betula nana and Empetrum nigrum, Vaccinium uliginosum, Salix 

glauca. Taraxacum officinale, Diphasiastrum alpinum, Arctostaphylos alpina and 

Campanula rotundifolia are also common. The moist paludified part of the catchment 

is occupied by Sphagnum spp., Pleurozium schreberi and Dicranium sp. together with 

Salix spp. and Carex spp.

KOLA24

KOLA24 lies to the south of KOLA23 near the road to Dak nie Zelentsy (Figure 2.1). It 

is also a tundra lake with dwarf shrubs prevailing in the catchment. KOLA24 is a 

relatively deep lake (maximum depth 18.5 m) situated between two steep hills (Figure 

2.34). In the south, before the hill, a mire of 15-20 m width occurs. Metamorphic diorite 

and gneiss comprise the lake bedrock (Figure 2.2).

The tundra vegetation of the lake catchment is similar to the vegetation of KOLA23 and 

is typical for the coastal areas of the Barents Sea (Nikonov and Lukina, 1994). It is 

formed by Betula nana and Empetrum nigrum together with Salix glauca, Vaccinium 

myrtillus, V vitis-idaea and V uliginosum, Arctostaphylos uva-ursi, Diphasiastrum 

alpinum and Loiseleurea procumbens. Pleurozium schreberi and Dicranum sp. occur 

in the moist patches. Lichens are sparse. The mire around the lake is dominated by
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Sphagnum spp., Salix spp., Carex spp. and Eriophorum vaginatum.

2.8.1 KOLA25 (Chuna Lake)

The sediment core from KOLA25 was used for the study of environmental and climate 

changes during the Holocene. KOLA25 was named “Chuna” lake after the Chuna 

Tundra plateau where the lake is located.

2.8.1.1 Geography, geology and morphometry

Lake Chuna is an upland lake located at 32° 29’ E and 67° 57’ N in a small depression 

on the top of the Chuna Tundra mountain plateau at 475.5 m a.s.l. in the centre of the 

Kola Peninsula (Figure 2.1). The Chuna Tundra plateau is a part of an ancient peneplain 

formed by the gneiss-type siliceous bedrock of Archaean origin (Atlas of Murmansk 

region, 1971). The most common types of rock are gneiss-like quartz diorite and grano- 

diorite with low buffering capacity.

Quaternary deposits cover the most part of the catchment and are represented mainly by 

boulder moraine. Chemically moraine in the Chuna Lake catchment is close to granite 

and contains silica, potassium and sodium. It lacks iron, calcium and magnesium 

(Nikonov and Lukina, 1994).

The lake area is c. 0.125 km^ , and the catchment area is c. 2 km^. One small stream 

flows into the lake and one stream flows out. The lake has one inflow. Most of it stretch

es along the stream which flows into the lake. The lake bed is flat and has an elongated, 

circular shape (Figure 2.35). The maximum depth is 18.0 m (Moiseenko et at., 1997), 

although in this study the sediment core was collected from 16.0 m.

The lake is located above the tree-line and the vegetation of the catchment belongs to the 

alpine tundra type (Nikonov and Lukina, 1994). The lake lies between two hills with flat 

tops which comprise the summit of the Chuna Tundra. The relief is rock-dominated; thin 

soils occur only in the small valley around the lake. From the north-west the lake is 

surrounded by a moist lowland area with patches of peat (Figure 2.35). A part of the 

catchment comprises a large field of boulders covered with custose lichens. Quaternary 

deposits cover the most part of the catchment and are represented mainly by boulder 

moraine.
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Figure 2.35 Chuna Lake (KOLA25)
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2.8.1.2 Climate

The climate of the Chuna Tundra plateau (together with similar upland plateau 

Lovozerkie tyndry, Khibiny mountains, Monche Tundry) is more continental compared 

to the other parts of the Kola Peninsula (Nikonov and Lukina, 1994). The winters are the 

coldest in the Kola Peninsula with the mean January temperature between 1930 and 1990 

reaching -14.2 °C (see Table 2.1, site Monchegorsk is the nearest to the lake). The 

summer temperatures are higher than in the coastal areas (the mean temperature is 13.7 

°C in July between 1930 and 1990, Table 2.1). The precipitation is also high in the 

Chuna Tundra plateau (932 mm/year, see Table 2.1 for Monchegorsk). The lake is 

covered with ice during 8 . 5 - 9  months a year (from the mid September to the end of 

May/ mid June) (A. Sharov, pers. commun.).

2.8.1.3 Vegetation

The alpine tundra in the catchment of the lake is dominated by lichens {Cladonia 

alpestris, CL rangiferina, Cetraria nivalis, Alectoria nigricans and A. ochroleuca). 

Shrubs (mainly Betula nana and Empetrum nigrum spp. hermaphroditum) grow on 

moist patches in the sheltered depressions. Arctostaphylos uva-ursi, Lycopodium spp., 

Diphasiastrum alpinum, Vaccinium myrtillus, L vitis-idaea and Gymnocarpium 

dryopteris are also common on drier parts of the catchment. Huperzia selago, Luzula 

arcuata, Saxifra oppositifolia and Silene acaulis are less common. Figure 3.36 shows a 

part of Chuna Lake catchment in summer. Salix spp., Cyperaceae {Carex bigelowii) and 

Juncaceae {Juncus trifidis) hummocks occur at the edge of the lake along with patches 

of Sphagnum spp. The only abundant aquatic is of a species of water bryophyte which 

grows on the bottom of the lake as the lake water is highly transparent (the Secchi depth 

is 16.0 m). A Sphagnum mire is located in the north-western part of the catchment 

(Figure 3.35).

2.8.1.4 Modern diatom flora

Modern diatoms were collected in August 1994 and July-August 1995 from the 

submerged Sphagnum and bryophyte specimens and were scraped from boulders 

occurring in the shallow waters. The lake periphyton is dominated by the large 

Pinnularia, Frustulia and Brachysira genera (mainly Frustulia rhomboides v. saxonica, 

Brachysira brebissonii, B. vitrea and Pinnularia biceps). These taxa comprise about 

90% of epiphytic samples collected from Sphagnum mosses. Nitzschia angustatula also 

occurs on Sphagnum. Achnanthes (A. marginulata and A. minutissima) prevail in the 

epiphytic samples from submerged bryophyte. Epilithic samples comprise up to 70%
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Figure 3.36 Catchment of Chuna Lake in August

of Pinnularia, Brachysia and Frustulia. The less common diatoms which occupy the 

boulder surface include Cymhella lunata, Navicula begerii and Cymbella perpusilla. 

Planktonic samples collected in May, June, July, and September 1997 by Dr. A. Sharov 

(Kola Science Centre) contained no diatom algae (A. Sharov, pers. commun.).

2.9 Summary

The KOLA training set of lakes covers three main vegetation zones of the study area: 

tundra, forest-tundra and northern boreal forest. The alpine sites KOLA2 and KOLA25 

have catchment vegetation which is very similar to the forest-tundra and tundra 

respectively. Pine/lichen forest and mixed birch/spruce forest are the two main types of 

boreal forest occur in the catchments of the KOLA lakes. The vegetation of the tundra 

sites is more uniform, i.e. almost all of them (with the exception of two coastal lakes) 

belong to the so-called ‘ shrub/lichen’ type of tundra. The catchments of KOLAS 

and KOLA23 arc covered with more oceanic type of tundra dominated by shrubs. 

However, lichens are also present in the catchments of KOLAS and KOLA23 albeit at 

lower abundance compared to the rest of the tundra sites.

The forest-tundra sites show the highest diversity in their catchments vegetation due to 

the nature of this intermediate vegetation zone comprising both forest and tundra
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features. The forest-tundra lakes are also the most diverse in terms of their geology and 

climate. The micro-climate and vegetation composition in many of the forest-tundra sites 

is influenced by the local relief and their water chemistry is expected to be the most 

diverse.

The geological patterns of the lake catchments are generally even. The bedrock of most 

lakes consists of granite, gneiss, diorite and schist with low buffering capacity. The 

exception is KOLA2 with ultra-alkaline nepheline syenite bedrock in the catchment.
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CHAPTER THREE 

METHODS

3.1 Introduction

This chapter provides a description of the methods used for selection of sampling sites, 

sample collection, sample preparation, and laboratory analytical techniques for the two 

major sections of the thesis. These comprise the development of pollen and diatom 

surface sediment training sets (Chapters 4, 5 and 6) and the analysis of the Holocene 

sediment sequence (Chapters 7, 8 and 9). In this chapter, the numerical techniques most 

commonly used throughout the thesis are introduced. Other numerical methods are dealt 

with in the appropriate chapters.

3.2 Rationale for site selection

3.2.1 Surface diatom and pollen training sets

In order to test the potential effect of climate-related environmental characteristics (e.g. 

catchment vegetation, soils etc.) on the distribution of diatoms and pollen, the lakes of the 

diatom and pollen training sets were chosen along the climatic and vegetation gradient from 

tundra to boreal forest to span all major types of vegetation. The choice of sampling sites 

was based on the following:

• Lakes with the smallest possible catchment, low disturbance in the catchment and low 

inflow were chosen to minimise taphonomic effects on the distribution of fossil diatom 

and pollen assemblages (e.g. Bonny, 1978, Jacobson and Bradshaw, 1981, Leavitt and 

Carpenter, 1989).

• In order to avoid lakes with disturbed sediment surfaces small (area less than 50 ha) lakes 

with simple morphometry, i.e. with regular shoreline and single basin were selected. 

Sediment cores taken from the deepest point of such lakes are more informative than 

lakes with the more complex morphometry (Hâkanson and Jansson, 1983). During 

winter, ice may disturb the sediment surface in shallow lakes so all sampled lakes have an 

average depth greater than 1.5 m thus exceeding the maximum thickness of ice cover 

typical for the lakes in the Kola Peninsula (Nikonov and Lukina, 1994).

• Pristine lakes remote or sheltered from sources of pollution were selected to avoid the 

effect of human impact.
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• For logistical reasons lakes accessible by car were preferred to the remote lakes in the east 

of the Kola Peninsula reachable only by a helicopter. Number of sites in the training set 

was restricted also due to logistic reasons.

3.2.2 Holocene long core

The following factors were taken into account in selecting a site for the study of the 

Holocene climate and environmental change. The lake must:

• be located near the modem tree line in order that the shift of the treeline during the 

Holocene would be recorded in the lake sediment (e.g. Payette et a l, 1989, Seppâ, 

1996);

• be situated in a remote uninhabited area to avoid the effects of early agriculture, 

forest clearance or reindeer grazing on the sediment pollen and diatom composition 

(e.g. Renberg et a l, 1993);

• have a minimum depth of 3 m, with a simple morphometry and a single basin;

• have a size between 9-10 and 50 ha so that the pollen assemblage represents mainly 

the regional signal (Jacobson and Bradshaw, 1981);

• have a sensitive geology so that pH changes can be traced.

3.3 Field methods

3.3.1 Surface sediment samples

All surface sediment samples were collected between 14 August to 3 September 1995. The 

fieldwork was organised by the Kola Science Centre. Samples of surface sediments were 

collected using the standard Glew corer (Glew, 1991). The sediments were collected from the 

deepest point of the lake to obtain the most representative modem diatom assemblage 

(Charles, 1990). The depth was determined with a portable echo-sounder. All cores were 

extmded in the field using standard extmsion equipment. The top 1 cm of sediment, which 

represents an integrated sample (in space and time) of the diatoms and pollen over the 

previous few years was used in this study.

3.3.2 Water samples

Water samples were collected at the same time as the sediment samples. Surface-water 

sanples were collected from the centre of the same lakes from the depth of 0.5 m. All water 

samples were collected in acid-washed polyethylene 1 litre bottles. The bottle was dipped
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below the water surface and the lid fitted whilst underwater to avoid air being trapped. 

Two water samples were taken from each lake.

3.3.3 Collection and subsampling of the long sediment core

A Russian peat sampler (Jowsey 1966) was used to retrieve a sequence of two parallel 
sediment cores covering the Holocene. The core CHI (Figure 3.1.) was collected from a 
depth of 15.5 m from a water surface and a core CH2 from the depth of 16.0 m (50-cm 
deep in the sediment column). A layer of unconsolidated sediments was lost from the 
top of CHI during coring due to the peculiarities of Russian peat sampler (Jowsey 1966) 
and a 23-cm freeze core (FR) was collected from a depth of 15.5 m.

The fieldwork involved colleagues from the Kola Science Centre, Russia and from the 
University of Umea, Sweden. Once wrapped in cling film, cores were transported in 
wooden boxes to the Department of Environmental Health, University of Umea where 
they were sub-sampled at every 0.25 cm. Before sub-sarr^ling the cores were stored in a 
cold room with a temperature of 5°C.

3.4 Laboratory methods

3.4.1 Water chemistry

Conductivity and pH were measured in the field using portable Jenway and Beckman 

meters.

A detailed analysis of lake water chemistry was undertaken in the Aquatic Ecosystem 

Laboratory, Kola Science Centre by Dr L. Kudryavtseva. Chemical data quality is ensured 

through participation of the Laboratory in the Intercalibration Programme administered by the 

UN-ECE International Co-operative Programme on Acidification of Lakes and Rivers.

Water samples were analysed for 16 chemical parameters: water colour (COL), ammonium 

(NHt"^, calcium (Ca "̂ ,̂ magnesium (Mĝ "̂ ), sodium (Na^, potassium (K^, sulphate (S0 4 '̂), 

chloride (Cl), total dissolved silica (Si), total nitrogen (Ntot), total phosphorus (Ptot), 

alkalinity (ALK), chemical oxygen demand (COD), total organic carbon (TOC) and iron (Fe).

Alkalinity was determined using the Gran titration method (Gran, 1952). The anions (SO/ 

and Cl ), total nitrogen (Ntot) and ammonium ISTL̂  were analysed using ion chromatography. 

Cations (Mg^ ,̂ N a\ K ,̂ and Ca^^ and Fe and were measured after filtration by atomic
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adsorption spectroscopy. Total organic carbon (TOC) and chemical oxygen demand (COD) 

were analysed by a bichromate method (Wetzel and Likens, 1981). Silica (Si) was measured 

colorimetrically (Rond et al., 1975). Water colour (COL) was analysed by a comparator 

method using a calibrated platinum solution (Rond et al, 1975). Total phosphorus in 

unfiltered water was determined as orthophosphate after potassium persulphate digestion 

(Korolev, 1970).

3.4.2 Physical variables of the surface training set

Latitude, longitude, altitude and the lake area of the sampled lakes were determined using 

large scale (1: 1000) topographic maps, the property of the Kola Science Centre. The 

maximum depth was measured in the field using a portable echo-sounder.

3.4.3 Master core correlation
The ‘master’ sequence which was used for palaeoecological analyses presented here was 
constructed from a section of freeze core and two sections of two Russian cores (Figure 
3.1).

A distinctive band of aquatic bryophytes located at about 70 cm in CHI and at a depth of 
30 cm in CH2 were used as the main means of the correlation of CHI and CH2. 
Sediment colour and lithology were also used for the identification of stratigraphie 
boundaries. The resultant 153 - cm sequence was constructed from the upper 70 -cm 
part of CHI and lower 83-cm part of CH2. The freeze core was correlated with CHI by 
comparing profiles of Pb/ Pb in both cores (I. Renberg, pers. commun.).

3.4.4 Sediment lithology and sediment chemistiy

The sediment lithology was described using the Troels-Smith system (1955). Parameters 

of sediment geochemistry were analysed from the depth of 10 cm to the bottom of the 

core (163 cm). As the top 10 cm of the master sequence is a freeze core, it does not 

contain sufficient sediment for geochemical analysis. The resolution of the geochemistry 

analyses was determined by the results of the diatom analysis. The major diatom floristic 

change occurred between 115 and 163 cm (Chapter 9) and therefore geochemistry 

analyses carried out every cm within this part of the sediment sequence. The sediment 

accumulation rate increases in the upper 30 cm (Chapter 7) and this is the reason for the
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Figure 3.1 Diagram showing the correlation of the two sections of Russian cores and the section of a freeze core to form a master sequence 
together with the lithology of the master core
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1-cm resolution of the geochemical analysis between 30 and 10 cm of the core. The rest 

of the sediment sequence (from 30 to 115 cm) was analysed every two cm.

In total, 112 samples of the master sediment sequence were analysed for 15 metals (Fe, 

Mn, Ca, K, Cu, Pb, Zn, Br, Sr, Cr, Ni, Al, Ti, Zr, Rb), organic content, CaCOs, Si, S and 

Cl.

Concentrations of aU metals, except for Mn and Fe, as well as Si, S and Cl were determined in 

dry powder using non-destructive X-ray Fluorescence analyser (XRF) at Department of 

Geography, University of Liverpool (e.g. Fitton, 1997). International reference materials (18 

samples, mostly rock powders) were used to calibrate the instrument. NIST standard SRM 

2704 (Buffalo river Sediment) was analysed to monitor the performance. Spectra were 

collected at Metorex XMET 920 Fluorescence spectrometer with ^̂ Fe and ®̂̂ Cd gamma 

sources, and the spectra were deconvoluted and calibrated using the DEC0NV3 programme 

(John Boyle, unpubl. programme).

However, several elements, primarily trace metals (Cu, Pb, Zn, Sr, Cr, and Ni) as well as 

A1 and Cl were present at low concentrations which appeared to be below the detection 

limit of the X-ray-meter. The XRF method is not particularly sensitive in determination 

of the above elements (John Boyle, pers. comm.). Measured concentrations of the above 

elements were dominated by the background ‘noise’ and therefore were excluded from 

the further analysis

Concentrations of Fe and Mn were measured using flame atomic absorption 

spectrophotometer UNICAM Solar system 939 at Department of Geology, University 

College London, because XRF method is not sensitive enough for determining Fe and Mn 

(John Boyle, pers. commun.). Prior to measurements, sanples were digested in HCL for 24 

hours.

Percentage of organic content of the sediments was measured by loss of ignition method 

(% LOI ) at 550°C at the Department of Geography, UCL. Percentage carbonates (% 

CAC) were also calculated by placing the crucible into a muffle furnace at 950 °C for 

two hours, after the % LOI measurements had been recorded, and finally re-weighing
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(Dean, 1974).

3.4.5 Sediment mineral magnetic characteristics

Analyses of the core magnetic parameters was conducted at the Environmental 

Magnetism Laboratory, Department of Geography, University of Liverpool. Prior to 

analyses, samples of sediments were air dried at < 50°C, wrapped in cling fihn and tightly 

packed in measuring pots. Due to very low values of magnetic properties, they were 

only measured in the lower third of the core which is more minerogenic and therefore 

magnetic parameters had higher values.

Low frequency specific magnetic susceptibility (%lf) was measured on a Bartington 

Instruments Magnetic Susceptibility Meter with magnetic field of 0.5 m T (Bartington 

Instruments Ltd., Oxford, England). Preliminary screening measurements of magnetic 

susceptibihty were conducted throughout the core to assess the general level of 

magnetisation. The values of %lf were very low, close to zero (about 0.01 pm^ kg'^) and 

sometimes lower than the background values for the air inside the magnitometer and 

below the detection level of the magnitometer. Due to the low level of natural 

magnetisation of the sediments, the results of repetitive measurements of magnetic 

susceptibility were inconsistent and the error exceeded the measured value itself. 

Because of this, the measurements of all other magnetic parameters were only taken in 

the lower third of the core where the major floristic diatom change takes place (from 115 

cm, see Chapters 8 and 9) and measurements of high frequency % were omitted. The 

lower part of the core is also more minerogenic (see section above) and has relatively 

higher level of %lf.

In the conditions of very low magnetisation, only externally induced remanent 

magnetisations and their ratios can provide data on mineral magnetic properties and grain 

sizes. Magnetisation of samples in stages (at 20 mT, 40 mT and 100 mT) in order to 

acquire Isothermal Remanent Magnetisation (IRM) curve was not successful (the results 

of repetitive measurements were not consistent) and, hence, ARM, %arm and SIRM were 

chosen as the most sensitive indicators of mineral magnetisation.

ARM and %arm were applied by a DTECH 2000 Demagnetizer (DTECH Ltd., Tim
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Wasco) using a biasing field of 0.1 mT. Samples were exposed to a field with peak value 

100 mT. An Omitec Trilec Pulse Magnetizer achieved a magnetic field of 1 T in order to 

generate SIRM. Both remanences (ARM and SIRM) were measured on a Fluxgate 

Spinner Magnetometer (Molspin Ltd.).

3.4.6 Dating techniques

A core chronology was established using AMS and ^^^b analyses. AMS analysis 

was conducted at the AMS Facility at University of Arizona, Tuscon, USA through 

NERC funding, ^^^b analysis was carried out at the University of Liverpool, UK. 

Stratigraphieal integrity of the master core sequence and the core chronology were 

verified by means of pollen analysis by subsequent correlation of the pollen stratigraphy 

with the available pollen sediment records (e.g. Seppa, 1996, Kremenetski and Patyk- 

Kara, 1997, Kremenetski et a l, 1999, Makela, 1998) from Northern Fennoscandia.

3.4.6.1 analysis

^ °̂Pb occurs naturally in lake sediments as one of the radioisotopes in the ^̂ *U decay 

series. It has a half-life of 22.26 years, making it suitable for dating sediments laid down 

over the past 100-150 years. The total ^'°Pb activity in sediments comprises supported 

and unsupported ^̂ ‘̂ Pb (Oldfield and Appleby, 1984). In most samples the supported 

^ °̂Pb can be assumed to be in radioactive equilibrium with ^^^Ra and the unsupported 

activity at any level of a core is obtained by subtracting the ^^^Ra activity from the total 

^̂ ^Pb.

Subsamples for ^^^b analysis were taken from the top of the master sequence ( 0 - 1 0  

cm) which is represented by a freeze core. The subsamples were dried at room 

temperature. The dating model in which a constant net rate of supply is assumed (CRS 

dating model, see Appleby and Oldfield, 1978) was used to calculate the dates. The 

dilution of unsupported ^^^b concentration as sediment accumulation rate increases is 

taken into account in the CRS model in contrast to the constant initial concentration 

(CIC ) model which assumes a constant concentration of unsupported ^^^b at each 

sampled depth (Battarbee et a l, 1980). When the sediment accumulation rate is changing 

during the dated period, results of CIC model can be incorrect (Oldfield et a l, 1978).
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3.4.6.2 AMS ‘“C dating

dates of bulk limnic sediment are known to be a subject to numerous errors (e.g.

Olsson, 1986). In Chuna Lake the reservoir effect which causes the to be too old can 

be excluded due to the absence of carbonates from the catchment (Chapter 2). However,

erroneous ^^C dates can still be caused by the incorporation of older carbon due to 

erosion from the catchment, bioturbation, resuspension and refocusing of older organic 

material into the deeper part of the lake etc. (Bamekow et a l,  1998). The best results are 

usually achieved by the dating of terrestrial plant macrofossils. In the absence of plant 

macrofossils in the Chuna sediments, the remains of bryophytes were used where

possible together with the bulk sediments for AMS ^^C dating.

The section of the master core between 25 and 158 cm was sub-sampled for AMS 

radiocarbon dating. Twenty AMS "̂̂ C dates were initially sought to establish the 

sediment accumulation rate throughout the core, and the funding for 10 dates was 

obtained. As the project initially focused on the environmental and climatic changes 

during the last 2,000 years, the upper part of the core (from 99 to 31 cm) was sampled 

with higher frequency (every 10 cm).

Sediment subsamples (about 1 g wet weight) were dried at room temperature and sent 

for dating in sealed plastic containers. Remains of bryophytes were hand-picked from 

the sediments, washed in distilled water and sent for dating in distilled water in glass 

vials.

Conventional radiocarbon dates were calibrated using CALIB 3.0 (Stuiver and Reimer, 

1993). Bidecadal tree-ring data set A limited to 11,390 cal BP were used to calibrate the 

date of the base of the core and decadal tree-ring data set B was used to calibrate the rest 

of the dates for higher precision. Conventional radiocarbon ages were calibrated by 

simple intercept with a linear interpolation of the data points. Curve smoothing by 10 

samples was employed to avoid several Hnear intercepts method (Stuiver and Reimer, 

1993). This method is recommended by Tomqvist and Bierkens (1994) when the error in 

determining original dates is > 30 years. Ranges of standard deviations (2a) for
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calibrated ages were derived using a probability method (Stuiver and Reimer, 1993).

3.4.7 Diatom analysis

3.4.7.1 Preparation of the surface sediment samples

Approximately 0.2 g of wet sediment was digested using the standard hydrogen peroxide 

method (Battarbee, 1986). Wet sediment is preferable to dry, as breakage of diatom 

valves is kept to a minimum. Slides were mounted using Naphrax medium. Two sets of 

light microscope slides were prepared for each of the 25 sites. In addition, diatom 

suspensions were settled on to cover slips and mounted on to specimen stubs and then 

gold-coated in a sputter coater for scanning electron microscopy (SEM).

3.4.7.2 Preparation of the samples from the long sediment core

The preparation of the diatom samples from the long sediment core followed the 

technique described by Renberg (1990b). In this method a water bath is used instead of a 

hot plate to heat sediment samples dissolved in hydrogen peroxide. In order to calculate 

concentrations of diatom valves and diatom accumulation rate a known weight of 

approximately 0.2 g of wet sediment was used (Battarbee & Kneen, 1982). A known 

weight of polydivinyl benzene microsphere suspension at a concentration of 3.96 x 10̂  

spheres ml'  ̂ was added to the prepared sample. Microscope slides were made as 

described in section 3.4.6.1.

3.4.7.3 Long core: resolution level of diatom analysis

The following strategy was adopted to identify the necessary resolution of diatom analysis. At 

first, diatoms were analysed from every 4 cm of the core, the skeleton diatom diagram was 

obtained and levels of the major flohstic changes were identified. The diatom diagram was 

then compared with the skeleton pollen diagram (see Figure 7.5, Chapter 7) to obtain 

approximate age estimations (at that stage the results of radiocarbon dating were not 

available).

The resolution of the diatom analysis is higher within the upper 50 cm of the core in order to 

trace the short-term climate changes during the late Holocene. Diatoms were counted at 

every 0.25 cm between 0 and 5 cm and at every 0.5 cm between 5 and 50 cm of the master 

sequence.

100



The major change in diatom composition occurred at the depth of 125-126 cm and diatoms 

were examined with higher resolution (every 1 cm) from 115 cm to the bottom of the core. 

The part of the core between 50 and 125 cm was analysed in every 2 cm because though 

some fluctuations of diatom composition do take place no major species changes were found 

within the above part of the core. Altogether 193 slides were counted in the Holocene 

sediment core.

3.4.7.4 Diatom identification, nomenclature, taxonomy and counts

The diatoms were identified and counted using a Zeiss light microscope with magnification 

of X 1000 using oil immersion. At least 500 valves were counted from each surface 

sediment sample and a minimum of 300 valves were counted from the long core samples. 

Diatom counts were first entered into the ECRC diatom data base AMPHORA and then 

transferred into a TILIA spreadsheet. On the whole, the diatom taxonomy was 

straightforward and most of the diatom taxa were identified at least to the species level.

A SEM Zeiss DSM 940 (Department of Geology, UCL) was used to clarify the taxonomy of 

the genus Aulacoseira which was the most complicated and to examine the taxonomy of the 

genus Stauroforma Flower, Jones and Round gen. nov. (former Fmgilaria virescens v. 

exigua). This genus consists of two species (Flower et al, 1996) which could only be 

separated by the SEM. The surface diatom samples where Stauroforma spp. occurs with the 

relative abundance > 10% and the bottom part of the long core (163- 126 cm) were scanned 

under the SEM. Ten levels of the long sediment core where Stauroforma is the most 

abundant (163 - 155 cm, 137 and 126 cm) were examined under the SEM. At least 100 

valves of Stauroforma spp. were counted in each surface and long core slide.

Most diatom taxa were identified using Krammer and Lange-Bertalot (Krammer & Lange- 

Bertalot, 1986-1991). The taxonomy of the genus Aulacoseira followed Cambum and 

Kingston (1986), Florin (1981), Haworth, (1988) and Siver & King (1997). The taxonomy of 

the genus Stauroforma followed Flower et a l (1996). Other taxonomic references comprise 

Van Heurck (1885) and Haworth (1977).

Diatom nomenclature follows the flora of Krammer and Lange-Bertalot (1986-1991) for the
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most taxa. Some taxa were named according to the nomenclature adopted in the SWAP and 

AL:PE projects (Stevenson et al, 1991, Cameron et a l, 1999). Raw diatom data are stored 

in the computer diatom database Amphora developed at the ECRC - UCL, London (Beare,

1995) which uses the SWAP and AL:PE nomenclature.

Taxonomic descriptions are given below for the diatom species which are taxonomically 

difficult and whose identification follows other sources than Krammer and Lange-Bertalot 

(1986-1991). SEM photographs of the diatom species discussed below are presented in 

Appendix 2.

GENUS AULACOSEIRA

Aulacoseira distans v. nivaloides Cambum v. nov.

Specimens occurring in the lower part of the sediment core closely adhere to the description 

in Cambum and Kingston (1986) (see SEM micrographs in Appendix 2, Figures 1 - 2). The 

specimens with diameter of 4-6 and 11-12 pm are most common. The larger specimens (dm

ll-12pm) are more common between 148 and 150 cm They could be confused with A. 

distans v. nivalis which also occurs at the same depth (see Figure 9.1, Chapter 9). The major 

differences are distinct concave or convex shape of the valve face and slightly elongate dash- 

hke puncta which form parallel striae on the mantle face of A. distans v. nivaloides (Haworth, 

1988, Cambum and Kingston, 1986, Siver and Kling, 1997). There are about 4 - 5  rows of 

these very characteristic oval-shaped puncta on the mantle face in A. distans v. nivaloides. 

The density of mantle face striae is about 9-11 in 10 pm for A. distans v. nivaloides .

The species only occurs in the sediment core between 150 and 115 cm with maximum 

abundance of 25% (148-149 cm) and an average abundance of 5-6% (Figure 9.1b, Chapter 

9). It has not been found in the modem samples of Chuna Lake or in the lakes fi'om the 

KOLA training set.

Aulacoseira distans v. tenella (Nygaard) Florin

(Syn. Melosira tenella Nygaard 1956, Aulacoseira tenella (Nygaard) Simonsen)

The morphology of the Chuna specimens closely resemble that illustrated by Nygaard (1956),

Florin (1981), Cambum and Kingston (1986) and Siver and Kling, (1997) (see Appendix 2,
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Figure 3). The valve diameter varies from 5 to 9 |jm although Cambum and Kingston (1986) 

found specimen with the diameter up to 11 pm The valve face is covered with punctae finer 

than those of A. distans v. nivalis (the density of valve face puncta is about 17- 20 in 10 pm). 

The main morphological difference from A. distans v. nivalis is that the valve of A. distans v. 

tenella is very shallow and fine, the pervalvar axis length is 2-3 pm ( 3 - 4  pm reported by 

Nygaard (1956)). The mantle face is covered with parallel striae which are composed of two- 

three rows of punctae and this is one of the morphological characteristics which is most 

important in the identification of A. distans v. tenella .

The species occurs with an average abundance of 3-4% between 163 and 125 cm, but it has 

not been found in the modem samples of Chuna Lake (Figure 9. lb. Chapter 9). However, it 

occurs at relatively low abundance in 7 tundra and forest-tundra lakes from the Kola training 

set (see Figure 5.3, Chapter 5 and Table 6.2, Chapter 6).

Aulacoseira distans v. nivalis (W. Sm. ) Kirchner.

Van Heurck 1880-1885

The morphology of the specimens from Chuna Lake specimens agrees with the drawings in 

Van Heurck (1880-1885, pi 86, Figs 25-27) and the photographs and description given by 

Cambum and Kingston (1986).

The size of the species varies. The valve diameter of the majority of specimens varies from 

7 to 14 pm (8 - 16 pm in Cambum and Kingston (1986) and 8-18 pm in Haworth (1988)). 

The pervalvar axis is about 4 - 5  pm long (compared to the more shallow valve of A. distans 

V. tenella) (Figure 4, Appendix 2).

Unlike A. distans v. nivaloides, the valve face of A. distans v. nivalis is flat. It is covered with 

coarse irregularly shaped penetrating areolae, with the largest areolae occurring on the 

periphery of the valve face. The density of these areolae on the valve face is about 13-16 in 

10 pm (10-15 in 10 pm in Cambum and Kingston, 1986). Aulacoseira distans v. nivalis has 

larger valve face areolae compared to A. distans v. tenella (see Appendix 2, Figure 4).

The mantle face of A. distans v. nivalis is covered with 3-4 rows of large elongate puncta 

which are different in shape and density from the mantle face puncta of A. distans v. 

nivaloides. The density of striae on the mantle face of A. distans v. nivalis is about 7 -9 in 10
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pm.

The taxon occurs throughout the whole core, with higher concentrations (5 - 10%) in the 

lower layer (from 115 to 163 cm). The highest concentration ( 8  - 10%) of Aulacoseira 

distans v. nivalis was found at a depth of 140 cm, 145 cm and 160 cm (Figure 9.1b, Chapter 

9). It also occurs in the surface sediments of the KOLA lakes (e.g. KOLA22, see Figure 5.3 

and Table 6.2).

Aulacoseira nvgaardii Cambum

The description of the species given in Cambum and Kingston (1986) applies closely to the 

specimens from Chuna Lake. The valve diameter varies from 7 to 9pm and the valve length 

ranges from 3 to 5 pm (see Appendix 2, Figures 5 - 7). The mantle face is covered with rows 

of fine parallel striae, 26-28 in 10 pm (20-22 in 10 pm in Cambum and Kingston, 1986). The 

striae consisting of fine puncta, almost indiscernible under the light microscope. The periphery 

of the valve face is covered by a distinctive row of radiate striae and the remaining valve face 

is covered with irregular non-penetrating puncta visible under SEM (Appendix 2, Figure 6 ). 

The irregular puncta covering the valve face were not mentioned in the Cambum and 

Kingston (1986) description, probably because they are invisible under the light microscope.

Aulacoseira nygaardii can be easily confused with A. distans v. laevissima (Gmnow 1881), 

Haworth, (1988), which is very similar to A. nygaardii in appearance, shape and dimensions 

(Haworth, 1988). The principal difference is that the puncta of the valve face of A. nygaardii 

are non-penetrating and do not look like typical ’distans’ pores of A. distans v. laevissima as 

it was described by Haworth (1988). The other difference is the shape of the spines occurring 

around the perimeter of the valve face. Spines of A. distans v. laevissima are longer than 

spines of A. nygaardii and have ‘anchor-shaped’ pointed ends whereas spines of A. nygaardii 

have more regular triangular shape without pointed ends (Appendix 2, Figure 7).

The specimens are largely confined to the bottom of the Chuna core (163 to 145 cm, see 

Figure 9.1) where they occur at an average abundance of 5 - 7%. Aulacoseira nygaardii also 

occurs at low abundance at a few levels up to the 117 cm and in the surface sediments of 

three KOLA lakes (K0LA14, abundance 1.16%, KOLA15, abundance 0.65, and K0LA18, 

abundance 0.85%, see also Table 6.2 and Chapter 5).
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GENUS STAUROFORMA Flower, Jones & Round.

This newly described genus includes forms formerly known as Fragilaria virescens v. exigua 

Grun. The genus comprises two species Stauroforma exiguiformis Flower, Jones & Round 

nov. comb, and Stauroforma inermis Rower, Jones and Round sp. nov (Rower et al., 1996).

It occurs at high abundance (up to 70% ) in the bottom layers of Chuna Lake from 163 to 

126 cm and in many KOLA lakes (e.g. KOLA3, KOLA6 , KOLAS - 10, K0LA12 and 

KOLA20). The levels of the long core (160-163 and 153 - 158 cm) and all samples from the 

KOLA lakes where genus Stauroforma occurs were scanned for the presence of spineless and 

spinose forms. Only Stauroforma exiguiformis (spinose form of Stauroforma (Rower et al, 

1996)) was found in the Chuna sediments. AU scanned KOLA lakes contained more than 

95% of S. exiguiformis except for KOLA3 where S. inermis comprised about 56% of aU 

Stauroforma.

Stauroforma exiguiformis Rower Jones & Round comb, nov.

(Syn. Fragilaria {virescens v.) exigua Grun. in Cleve and MoeUer No 144; Fragilaria 

virescens v. exigua Grunow in Van Heurck (1880-1885); Fragilaria exigua (Grun.) in 

Krammer and Lange-Bertalot (1991); Fragilaria exiguiformis Lange-Bertalot, 1993.).

The specimens found in the sediments match closely the description of S. exiguiformis Rower 

et a l (1996). The length of the valve varies greatly from 7 to 20 pm with the prevailing length 

of 10 -15 pm. Valve width ranges from 4.0 - 4.5 pm and striae density is about 20-25 str/10 

pm (see Appendix 2, Figure 8 ). S. exiguiformis forms long chains consisting of up to 20 ceUs 

(Appendix 2, Figure 9).

In the girdle view smaU Stauroforma exiguiformis may be contused with Fragilaria 

brevistriata and F. construens v. venter. The major difference between S. exiguiformis and 

the above Fragilaria taxa in girdle view is the density of striae and the size of areolae on the 

mantle face. Stauroforma exiguifomis has the highest striae density and smaUest areolae (20- 

25 striae/10pm and 34-37 areolae/10pm respectively). The areolae density of Fragilaria 

brevistriata is about 10-11 in 10 pm (it has no striae) and the striae and areolae density of F. 

construens v. venter are respectively 16-18 striae/10pm and 29-31 areolae/10 pm.
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Stauroforma inermis Flower. Jones and Round, sp. nov

The non-spinose Stauroforma species was clearly different under SEM from the above 

species. The morphology follows closely Flower et al (1996). Most specimens of 

Stauroforma inermis were 11-13 pm long and 3.5 - 4.5 pm wide with striae density of 19-21 

str/pmj. Stauroforma inermis which occurs in K0LA3 has a more oval shape compared to 

more lanceolate S. exiguiformis. Specimens connected in pairs occur more often than long 

chains typical for S. exiquiformis (Appendix: 2, Figure 10).

3.4.8 Pollen analysis

3.4.8.1 Preparation of the surface sediment samples

Preparation of pollen slides followed Andersen (1960) and Bates et al (1978). The samples 

(wet sediments, about 1- 2 g) were first treated with HCL in order to remove carbonates. The 

samples were then boiled for 20 mins with HF to remove mineral matter and silicates, and 

finally the samples were treated with Erdtman solution (acetic anhydride and concentrated 

H2SO4) in order to dissolve cellulose. Tertiary butyl alcohol was used to dehydrate the 

samples. Pollen was mounted using silicone oil, which allows pollen grains to be moved 

during the identification under the microscope. Pollen was stained with safranin. The 

coverslips were sealed with nail vamish.

3.4.8.2 Preparation of the samples from the long sediment core

A known weight of wet sediment (about 2 g) and exotic pollen grains {Eucalyptus) were 

used in order to calculate pollen concentration and pollen accumulation rate. Two tablets 

of Eucaliptus of known weight were dissolved in HCL and added to the sediment 

samples prior to the HCL treatment. After that, the pollen slides were prepared as 

described in 3.3.9.1.

3.4.8.3 Long core: resolution level of pollen analysis

Pollen was analysed only in the part of the master sequence covered by the Russian cores 

(10 - 163 cm) as the freeze core samples did not contain enough sediment for the 

preparation of pollen slides. In total 36 pollen samples were analysed. Pollen was 

analysed every 8  cm between 10 and 114 cm and every cm between 118 and 163 cm. 

The sample at 128 cm was spoiled during the preparation and excluded from the
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counting. The resolution of the pollen analysis was determined by the results of the 

diatom analysis (Chapter 9) which identified the part of the core (114 - 163 cm) where 

the major diatom floristic changes took place.

3.4.S.4 Pollen counting, identification, nomenclature and diagrams

In total, 500 pollen grains were counted per slide of both surface samples and long core 

samples. A Zeiss light microscope with x 400 magnification was used to identify the pollen 

grains. Oil immersion and xlOOO magnification was used in cases of difficult identification. 

Pollen grains were identified using keys in Faegri and Iversen, (1989) and in Moore et al 

(1991). Pollen reference material from ECRC, Department of Geography, UCL and 

Department of Botany, University of Bergen was also used in identification. Pollen grains 

were identified up to the taxonomic level proposed in the set of conventions by Birks (1973), 

for example:

• Salix - Genus determination certain;

• Gramineae - Family determination certain;

• Ericaceae undiff. - Family determination certain, some genera presented separately.

• Rubus cf arcticus - Genus determination certain, species determination uncertain but 

possible

Undeterminable grains were classified according to Cushing (1967) but different groups of 

indeterminable grains (e.g. corroded, concealed, crumpled etc.) are united in the pollen 

diagram. Charcoal, Sphagnum, Pediastrum and Botryococcus were also included into 

counting.

The percentages of terrestrial pollen (trees, shrubs, dwarf shrubs, total herbs and 

graminoids) and pteridophytes are based on the sum of all terrestrial pollen and spores, 

SP (Sp = Strees + Sshrubs + SO.T.P + Spteridophytes). Percentages of aquatics were 

based on SP  + Saquatics. The same approach was used to derive the percentages of 

Botryococcus, Sphagnum, Pediastrum and indeterminable grains.

Betula nana was not separated from the tree Betula pollen. It was difficult to separate 

Corylus and Myrica when pollen grains with corroded or concealed pores were counted. 

When certain identification was impossible, counts for Corylus, Myrica and Betula were
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amalgamated and assigned as 'Betula-Corylus-Myrica' (B-C-M) on pollen diagrams. 

Sometimes it was difficult to separate Rumex from Oxyria and counts for these pollen were 

amalgamated. Calluna and Empetrum were separated from the rest of Ericaceae.

Programmes TILIA version 1.11 and TILIA»GRAPH version 2.0b (Grimm, 1990) were 

used to plot pollen diagrams. Details of pollen diagrams for surface sediment pollen data 

and for long core pollen data are given in Chapters 4 and 7.

3.5 Numerical analysis

3.5.1 Ordination

Ordination techniques, namely PGA, DCA, RDA, CCA and DCCA, were used to analyse the 

relationships between species and environmental variables in the pollen and diatom training 

sets. Ordination methods were also used to assess the relationship between diatom and pollen 

fossil assemblages throughout the sediment core. DCA and DCCA were also used to 

determine the gradient length in the species and environmental data. All ordinations were 

performed using programme CANOCO version 3.12 (ter Braak, 1988). The programme 

CALIBRATE (Juggins and ter Braak, 1992) was used to plot the results of ordination.

3.5.1.1 Linear methods. PCA

Principal Con^onent Analysis (PCA) is an ordination linear method for an indirect gradient 

analysis of variation in a data-set. In PCA linear relationships between the variables and the 

underlying latent variables are assumed (ter Braak, 1988a). PCA is appropriate for analysing 

data with short (less than 1.5 standard deviations) gradients .

The following rules were used to interpret PCA plots:

• the length of the arrows reflects the variance of the data, the arrow points towards the

increase of the fitted value of a variable.

• arrows which point in the same direction are positively correlated and the smaller the

angle between then the higher is the correlation.

• if the arrows are perpendicular there is no correlation and arrows pointing in opposite

directions indicate negative correlation (ter Braak, 1987c).

3.5.1.2 Linear methods. RDA

Redundancy analysis (RDA) is a form of principal component analysis in which the axes
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are restricted by a multiple regression model. The RDA axes are designed to maximally 

explain the variance in the response variables (species data) with the constraint so that 

each axis is a linear combination of explanatory variables (environmental data) (ter Braak 

1995a). Rules of interpretation of RDA plots are the same as the ones for the PCA plots 

described above.

3.5.1.3 Unimodal methods. DCA

Detrended correspondence analysis (DCA) is a technique for indirect gradient analysis which 

assumes a unimodal responses of variables to the underlying gradient. DCA is usually applied 

to analyse variation in floristic composition because it provides robust results while ordinating 

data with large number of taxa, many zero values (i.e. for samples where species are absent) 

and long (>2 standard deviations) gradients of floristic variation (Hill and Gauch, 1990).

The interpretation of the DCA is as follows: the distance between sites reflects the degree of 

the dissimilarity in species composition and the expected abundance of species at a site 

corresponds with the distance between the species position on the plot and the site position 

(Hill and Gauch, 1980).

3.5.1.4 Unimodal methods. CCA

Canonical correspondence analysis (CCA) is a unimodal-based method for direct 

gradient analysis. CCA allows the study of the direct relationship between floristic 

composition and environmental variables because, in contrast to indirect gradient 

analysis, it uses both species and environmental data to arrange sites along the ordination 

axes which are constrained to be the function of environment variables (ter Braak, 1995). 

Rules of interpretation of CCA plots are the same as the ones for the PCA and RDA plots 

described above.

• the vector for an environmental variable points in the direction of the maximum variation 

of this variable across the diagram and its length is related to the rate of variation;

• the species points can be projected on these vectors and the order of the projected points 

approximately correlates with the ranking of species scores with respect to an 

environmental variable (ter Braak, 1987a).
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3.5.1.5 Unimodal methods. DCCA

Detrended Canonical Correspondence Analysis (DCCA), like CCA, is a unimodal method 

for direct analysis of the relationship between response and explanatory variables. In this 

study, DCCA was used to measure the gradient length of the environmental variables.

3.5.2 Hypothesis testing

Monte Carlo permutation was performed to test the significance of canonical axes and 

variables in CCA, RDA and DCCA. The Bonferonni test (Manly, 1992) was used to 

establish the value of P for which successive variables were retained as significant (P < 

0.05 for the first selected variable, P < 0.025 for the second selected variable and P < 

0.016 for the third variable). Monte Carlo test with 99 unrestricted permutations was 

used to establish the significance of axes in the analysis of modem pollen and diatom 

assemblages. When CCA was applied to the stratigraphie data, permutations were 

restricted by depth. Monte Carlo tests with 999 permutations were applied to assess the 

significance to the third decimal place.

3.5.3 Zonation

The zonation of the pollen, diatom and sediment chemistry diagrams follows 
recommendations by Birks (1986b) and Birks, 1987. The programme ZONE version 1.2 
(Juggins, 1991, unpubl. programme) was used to split the diagrams into stratigraphie 
zones. Five following programmes were chosen in ZONE to identify pollen zones: 
CONSLINK - constrained single-link cluster analysis (Gordon and Birks, 1972)

CONISS - constrained incremental sum of squares (Grimm, 1987)

SPLITSQ - constrained binary divisive analysis using sum-of-squares deviations as a 
global measure of variability within a sequence (Gordon and Birks, 1972)

SPLITINF - constrained binary divisive analysis using global information content as a 
global measure of total variation within a sequence (Gordon and Birks, 1972)

OPTIMAL DIVISION - constrained optimal divisive analysis using a dynamic programming 

algorithm (Gordon and Birks, 1972)

Zone boundaries identified by most methods were used in the analysis.
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CHAPTER FOUR

THE MODERN POLLEN DATA SET AND LAKE AND CATCHMENT

CHARACTERISTICS

4.1 Introduction

This chapter presents the analysis of modem pollen assemblages from surface sediments 

of the KOLA training set lakes. The modem pollen training set analysed in this chapter 

is used in Chapter 7 in order to qualitatively reconstmct past vegetation changes from 

fossil pollen sequence via method of modem analogues. At the time meteorological data 

(i.e. temperature, moisture, prevailing wind, precipitation) were not available to fully 

cover the training set region and in some cases precise geographical locations of 

meteorological stations were unavailable. The length of climate gradient and a number 

of sites in the training set were also insufficient for generation of a quantitative transfer 

function and it was not created.

Here the general description of modem pollen assemblages and lake and catchment 

characteristics of the KOLA lakes are given. The trends in the distribution of pollen 

through the lakes of the training set are analysed and the relationships between pollen 

and lake and catchment characteristics are explored using multivariate statistics.

4.2 Sites

Most of the lakes studied have no names. They were therefore numbered in the order of 

sampling and named ‘KOLA’. General descriptions of the geography, geology, climate 

and catchment vegetation of the study area are given in Chapter 2. Table 1, Appendix 1 

shows summary characteristics of the KOLA lakes. Figure 2.1 in Chapter 2 shows the 

map of the study area. Figures 2.11 - 2.35 in Chapter 2 present the maps of the individual 

lakes sampled for pollen.

Initially all 25 KOLA lakes were sampled for pollen, however, pollen assemblages of 

only 23 lakes were analysed. Two lakes (K0LA6 and KOLA20) did not have sufficient 

amount of sediment in the surface 1-cm layer for making pollen slides and only diatoms
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were analysed in these lakes (see Chapter 5).

4.3 Methods

Detailed description of the field and laboratory methods applied are given in Chapter 3. 

Cores were taken from the deepest point of the lake using a Glew corer (Glew, 1991). 

The top 1 cm of sediment was used in this study. Catchment vegetation and geology 

were described in the field using Flora Murmanskoi oblasti (1953 and 1956). The 

descriptions were also based on the Atlas o f Murmansk region (1971).

Pollen and spores were divided into following groups

• trees (Pinus, Betula, Alnus, Picea, Tilia and Que reus)

• shrubs {Corylus, B-C-M, Juniperus and Salix)

• dwarf shrubs {Calluna, Empetrum and Ericaceae undiff.)

• herbs and graminoids (the rest of NAP, 10 taxa)

• pteridophytes {Dryopteris-iypo,, Gymnocarpium dryopteris, Selaginella, 

Diphasiastrum, Lycopodium and Huperzia)

•  aquatics {Isoetes and Potamogeton)

4.4 General description of catchment and lake characteristics

4.4.1 Introduction

A general description of the environmental variables which influence pollen 

representation and composition in the lake sediment is presented. Geographical locations 

of lakes, lake maximum depth, lake area and percentage of peat and forest in the 

catchment are those measured environmental variables which can affect pollen 

distribution in the lake sediment (Heikkinen and Birks, 1996, Hicks and Birks, 1996). 

Maximum depth, lake area and catchment vegetation of the sampled lakes are shown in 

Table 1, Appendix 1. Table 5.1b., Chapter 5 presents a summary statistics of environmental 

characteristics of the lakes and their catchments.

4.4.2 Morphometric characteristics

Measured morphometric characteristics comprise maximum water depth (Max D) and lake 

area.
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Max D ranges from 1.5 m to 19.2 m with a mean for the total training set of 6.5 m. The 

majority of the lakes have the depths from 3 to 7 m (Table 1 Appendix 1). The tundra lakes 

tend to be deeper (a mean 7.8 m) than the forest and forest/tundra lakes (means equal 4.5 and 

6 m, respectively).

Lake area varies from 0.04 to 0.3 km .̂ Most lakes have a small size of 0.04 - 0.06 km^ and 

therefore the pollen sediment assemblage represents the local catchment component and 

partially (about 25%) a regional component (Jacobson and Bradshaw, 1981). Two tundra 

lakes (KOLA 11 and K0LA8) have the largest area within the training set and this influenced 

the mean for the tundra lake area (0.11 km  ̂compared to 0.056 km  ̂ and 0.054 km  ̂ for the 

forest and forest/tundra zones respectively). On the whole, no geographical patterns in the 

lake size were found.

4.4.3 Catchment characteristics

Catchment characteristics include percentage of forest and peat in the lake catchment and 

reflect the major vegetation zones. Consequently, the forest lakes have the highest percentage 

of forest and the tundra lakes have the lowest. The percentage of forest in the catchment 

varies from 0.1% to 92.9% throughout the whole training set.

The percentage of peatland area in the lake catchments varies from 0.1% to 46.8%. Forest 

lakes have the highest percentage of peat (26% on average) whereas the tundra lakes have the 

lowest amounts of peatland in their catchments (mean equal 3.7%).

4.4.4 Geographical characteristics

Latitude, longitude and altitude comprise geographical characteristics included as 

environmental variables. Latitude varies from 67°33' to 69° 14', longitude - from 28°4’ to 

36°4’ and altitude from 79 to 475.3 m. In principle, geographical site location is related to 

vegetation zones and climate and that was one of the reasons for including these 

characteristics in the analysis. However, geographical characteristics have very small ranges 

and as a result do not correlate well with the catchment vegetation zones and climate. Local 

relief, soils and geology have as much influence on the vegetation and local climate at this 

scale. Practically, it was impossible to cover and sample a wider geographical region during 

one field season. Despite this, latitude and especially longitude correlate well with distance
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from the sea and reflect the marine influence on catchment micro-climate. Thus they were 

retained for further analysis.

4.5 General description of the modern pollen spectra

Figure 4.1 presents a percentage pollen diagram of the 23 KOLA lakes. The numbers of 

the sites on the axis Y coincide with the names of the lakes, e.g. site 1 in Figure 4.1 is 

KOLAl etc. Only pollen taxa with abundance >0.5% are shown in the diagram, taxa 

with abundance < 0.5% are shown separately in Table 4.1. A total 27 of taxa of 

terrestrial pollen were found, 7 of pteridophytes, and two of aquatics.

Table 4.1 Modern pollen spectra from 23 KOLA lakes: species with abundance < 0.5 %

Site of occurrence Pollen type

K0LA2. KOLAl8, KOLA22 Tilia

KOLAS Quercus

KOLA23 Cereal

KOLAS, KOLAl6, KOLA22 Ranunculus

KOLAl - KOLA3, KOLAS, K0LA9 - KOLAl 1, K0LA19, KOLA22 Caryophyllaceae

KOLAl, K0LA3, KOLAl6, KOLA22 Filipendula

K0LA3, KOLAS, KOLAl 1, K0LA13, KOLA19 Rubus chamaemorus

KOLAl, K0LA3, KOLAl6, KOLA 19, KOLA21 Rosaceae

K0LA3, KOLAS, KOLAS, K0LA9, K0LA16, KOLA23-KOLA2S Rumex/Oxyria

K0LA2, KOLA24 Chenopodiaceae

KOLA20 Plantago

KOLAl, K0LA4 Isoetes

K0LA14, KOLAlS, K0LA16 Potamogeton

On the whole, the modem pollen assemblages from the KOLA lakes are typical for the 

tundra-forest transition of Northern Fennoscandia (e.g. Lebedeva et a l,  1989, Davydova 

and Servant-Vildary, 1996, Seppa, 1996, Kremenetski and Patyk-Kara, 1997, 

Kremenetski et a l, 1999). The surface assemblages are dominated by tree pollen, with 

Pinus and Betula comprising up to 90% of total pollen (KOLA13). Even the treeless 

tundra sites have a high percentage (up to 40% each) of the pine and birch pollen. Due 

to the low pollen production in the Arctic (Ritchie et a l, 1986, Birks, 1991, see also 

Chapter 1) and long-distance transport of the highly abundant tree pollen, mainly Pinus 

and Betula, pollen assemblages in treeless tundra regions are considerably biased towards
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Figure 4,1 Percentage diagram of modern pollen spectra from 23 KOLA lakes
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Figure 4.1 (continued) Percentage diagram of modern pollen spectra from 23 KOLA lakes
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the Pinus and Betula pollen. The Pinus and Betula pollen also prevail in the Holocene 

pollen diagrams from Northern Fennoscandia (e.g. Seppa, 1996, Kremenetski and Patyk- 

Kara, 1997) and northern part of the forest zone in Russia (Velichko et a l, 1997).

Unlike pollen diagrams from Canadian arctic lakes (e.g.Gaejwski et ah, 1993, Gajewski,

1995) where Picea is a dominant tree taxon, in the KOLA lakes Picea pollen comprises 

comparatively a small proportion. The other difference from Canadian Arctic pollen 

assemblage is the relatively low proportion of Alnus.

Alnus comprises up to 20% of the pollen sum in arctic western Canada (Ritchie et a l, 

1986) whereas in the KOLA training set its maximum is only about 4-5% of the total 

pollen sum (forest lakes, e.g. KOLAl, see Figure 4.1). The same low abundance of 

Alnus is shown in pollen diagrams from Northern Finnish and Norwegian lakes (Seppa,

1996) and lakes in the south of the Kola Peninsula (Kremenetski and Patyk-Kara, 1997, 

Kremenetski et a l, 1999). Alnus is totally absent from the pollen assemblages from 

Karelian lakes (Davydova & Servant-Vildary, 1996).

These differences in Picea and Alnus abundances between Northern Fennoscandian 

Canadian pollen assemblages are mainly due to the differences in vegetation composition 

in these arctic regions. Canadian boreal and forest-tundra zones are dominated by Picea 

{Picea glauca, P. maritima) with extensive Alnus crispa shrub patterns (Ritchie et al., 

1986).

Juniperus is relatively abundant in the KOLA training set (up to 8% in the forest-tundra 

zone (KOLA4 and K0LA5) compared to the pollen assemblage from Babozero Lake 

(Kremenetski and Patyk-Kara, 1997) where it is totally absent. Juniperus is also absent 

from the modem pollen assemblage from northern Canadian lakes (Ritchie et a l,  1986, 

Gajewski, 1995). In northern Finnish lakes the proportion of Juniperus is comparable 

with the KOLA training set (Seppa , 1996).

On the whole, the herb diversity in the KOLA data set is rather low, herbaceous plants 

are represented by only 11 taxa (see Figure 4.1 and Table 4.1.). Only six taxa 

(Gramineae, Cyperaceae, Compositae, Caryophyllaceae, Artemisia and Rumex/Oxyria)
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occur at abundance higher than 1% . Cyperaceae and Gramineae are dominant taxa in the 

herbaceous group. They comprise up to 10% of the total pollen sum in the forest-tundra 

lakes and tundra lakes. Artemisia is also relatively abundant. In comparison, Northern 

Finnish and Northern Canadian lake pollen diagrams have higher herb diversity, with up 

to 15 and 20 taxa respectively (Ritchie et a l, 1986, Seppa, 1996, ). Diagrams from the 

southern Kola lakes also contain low number of herbaceous plants, 11 taxa were found 

in the forest lakes Krygloe and Babozero (Kremenetski and Patyk-Kara, 1997). These 

lakes have prevailing Cyperaceae and Artemisia.

The lower species richness of herbaceous pollen in the Kola Peninsula compared to the 

northern Finnish lakes may be explained by the lower floristic diversity of the vegetation 

in the Kola Peninsula and overwhelming influence of the long-distance tree pollen. The 

low abundance of pollen in the sediment may also contribute towards the low diversity of 

herbaceous pollen in the diagrams. In addition, the KOLA lakes are more northerly than 

the northern Finnish lakes (Seppa, 1996). This could be the other reason for the lower 

number of herbaceous taxa in the KOLA pollen assemblages compared to the northern 

Finnish lakes, although it does not explain the low herbaceous pollen diversity of the 

southern Kola lakes, described by Kremenetski and Patyk-Kara (1997).

Pteridophytes are represented by ferns and lycopods typical for this biogeographical 

region, i.e. Lycopodium clavatum, Huperzia selago, Selaginella selaginoides and 

Dryopteris-iypo, etc. The alpine sites (K0LA2 and KOLA25) have relatively high 

percentage of Diphasiastrum alpinum. The species composition of pteridophytes found 

in the KOLA set of lakes is very similar to the northern Finnish lakes (Seppa, 1996) and 

to the lakes from Canadian Arctic (e.g. Ritchie et a l, 1986).

Isoetes and Potamogeton are the only aquatic plants occurred in the KOLA pollen data 

set. They are confined to the forest lakes (KOLA 14, KOLA 15, KOLA 17). 

Myriophyllum, Typha and Alisma were found in the southern KOLA lakes (Kremenetski 

and Patyk-Kara, 1997). However, none of the modem sediment from the northern 

Finnish lakes contains any aquatics (Seppa, 1996). Sphagnum occurs in the majority of 

lakes with the highest relative abundance in the forest lakes (KOLA 13-KOLA 19), see 

Figure 4.1.
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4.6 Numerical analysis

4.6.1 Preliminary data transformation

Pollen absolute counts were transformed into percentages and all taxa with the abundance > 

0.5 % (see Figure 4.1) and the occurrence in at least 3 lakes were retained for further 

numerical analysis. Due to the low pollen diversity in the KOLA training set the list of pollen 

taxa used for the numerical analysis comprises only 22 species (variables). The low number of 

response variables implies that the species data can be used in a non-transformed, raw form. 

Normally, data transformation is applied to stabilise the variance and to reduce statistical 

noise in species data with many variables (usually more than 100) and many zero values (e.g. 

Eilersten et a/., 1990).

Table 4.2 illustrates the effect of different types of transformation on total inertia which is an 

indicator of the noise in the data. Three exploratory DCA were performed with (1) 

untransformed percentage data, with (2) log(y+l) transformed data and with (3) square-root 

transformed data to identify the best type of transformation.

Table 4.2 Effect of transformation on stabilising the variance and noise in species data

Eigenvalues, X XI, X2, A. 3, Total
Inertia

Raw data 0.154 0.530 0.012 0.407

log(y+l) 0.089 0.047 0.021 0.455

Square root 0.084 0.065 0.029 0.440

The DCA of untransformed raw data has the lowest total inertia (0.407) and the highest 

eigenvalue of the first axis (0.154). The difference between the second and the third 

eigenvalues is also the greatest in DCA with raw data, which suggests the more 

statistically stable ordination than in DCA of log- and square-root transformed data (ter 

Braak, 1995a). Therefore in this case raw untransformed species data are most 

statistically robust. All further numerical analyses were therefore performed using raw 

data.
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4.6.2 Gradient length in species and environmental data

The gradient length reflects the variation in data and is commonly used in order to determine 

whether linear (e.g. PCA or RDA) or unimodal methods (e.g. DCA or CCA) of numerical 

analysis should be applied (Eilersten et al, 1990). If the gradient length of the first axis 

expressed in standard deviation units (SD) is higher than 2.0, the non-linear methods are 

applied, correspondingly if the gradient length is lower than 1.5, linear methods are 

recommended and if the gradient length is between 1.5 and 2.0 both linear and unimodal 

methods can be applied (H.J.B.Birks, pers. commun.).

The gradient length in species data was assessed using DCA with detrending by segments and 

non-linear rescaling of axes (Table 4.3).

Table 4.3 DCA: summary of eigenvalues, cumulative percentage variance and the length of gradient for 

23 samples and 22 pollen taxa

Axes 1 2 3 4 Total Inertia

Eigenvalues, X 0.154 0.053 0.012 0.007 0.407

Length of gradient, SD 1.353 0.742 0.524 0.589

Cumulative variance of the 
species data, %

37.8 50.7 53.6 55.3

The length of gradient of the species data is 1.353 SD which implies that linear methods 

(i.e. PCA and RDA) should be used to analyse the variance in the pollen taxa.

The gradient lengths of the environmental variables were measured individually using 

Detrended Canonical Correspondence Analysis (Korsman and Birks, 1996). The results 

are presented in Table 5.4, Chapter 5. The gradient lengths of all the environmental 

variables discussed in this chapter (i.e. Max D, Lat, Long, Area, % forest and % peat) 

are lower than 1.5 SD and therefore linear methods (i.e. PCA) are applied to analyse the 

variance within the set of environmental variables.
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4.6.3 PCA: analysis of the interrelations within the pollen taxa and environmental 

variables

4.6.3.1 Introduction

A PCA on correlation matrix centred by species was performed in order to study the major 

patterns of variation in the species and environmental data and examine the relationship 

between individual pollen taxa and environmental variables (ter Braak, 1988a). The results of 

PCA were interpreted by examining CANOCO solution and outcome files (ter Braak, 

1988a).

4.6.3.2 Pollen data

Summary results of PCA with 23 samples and 22 pollen taxa are presented in Table 4.4. 

The first two axes explain less than 50% of variance in the species data which is 

comparable with other studies (e.g. Stevenson et a l, 1991).

Table 4.4 PCA: summary of eigenvalues , cumulative percentage variance for 23 samples and 22 
pollen taxa

Axes 1 2 3 4

Eigenvalues, X 0.239 0.205 0.125 0.090

Cumulative variance, % 23.9 44.3 56.9 65.9

Eigenvalues of the first two axes are close in value which means that both of them are 

important in interpreting the ordination.

Figure 4.2 displays the PCA correlation biplots of Axis 1 against Axis 2. Figures in the 

diagrams correspond with the lakes names, i.e. ‘3’ in Figure 4.2 corresponds with K0LA3 

etc. Picea and Pinus contribute equally to the both axes whereas most of the tundra shrub 

pollen (e.g. Calluna, Ericaceae, Salix) and Betula have higher scores on PCA axis 2 whereas 

alpine taxa (e.g. Diphasiastrum alpinum, Selaginella selaginoides, Huperzia selago) have 

closer correlation with the first PCA axis. PCA clearly separates forest sites from forest- 

tundra and tundra sites (Figure 4.2. (1)) and reflects major patterns of the regional and 

catchment vegetation. AU but one (KOLAl) forest sites occupy the low left quadrant of the 

diagram with the maximum Pinus values (Figure 4.2 (2). KOLAl has a mixed spruce forest 

in its catchment and therefore it is separated from the rest of the forest lakes which are
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Figure 4.2 PCA with 22 pollen taxa and 23 samples. Arrangement of site scores 
is shown in (1); pollen scores are shown in (2). Forest sites are shown as filled 
squares; forest-tundra sites - filled circles; tundra sites - filled triangles; 
alpine sites - stars
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heated in a predominantly pine area. Pinus is negatively correlated with the vegetation 

assemblages from the coastal shrub and lichen-shrub tundra sites (KOLA22 - KOLA24) and 

the forest-tundra sites KOLA 12, KOLA3 and K0LA21 (e.g. Calluna, Empetrum, 

Cyperaceae, Artemisia, Dryopteris-iype, and Gymnocarpium dryopteris).

The forest-tundra lakes (KOLA4 - KOLA7) and the lichen tundra lakes (KOLAS - KOLAl 1) 

are located around the central part of the diagram (Figure 4.2(1)). These sites have higher 

Pinus pollen concentration conpared to the coastal shrub tundra sites (KOLA22 - KOLA24) 

and forest-tundra sites KOLAS, KOLA 12 and K0LA21. The eastern tundra sites which are 

situated closer to the coast (KOLA 22 - KOLA24) occupy the upper-central part of the 

diagram together with the three eastern forest-tundra lakes (KOLAl2, KOLAS and 

KOLA21). These sites have maximum BgrwZa-^aZùc-Cyperaceae and Ericaceae values 

compared to the rest of the lakes.

The two alpine sites KOLA2 and KOLA25 are distinctively separated from the rest of lakes 

and situated in the lower-right quadrant of the diagram (Figure 4.2 (1) and (2)). Their pollen 

assemblages are dominated by a number of alpine pteridophytes (e.g. Diphasiastrum 

alpinum, Selaginella selaginoides, Lycopodium clavatum) and B-C-M.

On the whole, the PCA diagrams reflect major trends in the pollen distribution in the 

sediment from the KOLA lakes. The geographical pattern is the most pronounced. 

Sites are arranged along the longitudinal gradient (see Figure 4.2 (1)), i.e. the most 

western forest lakes have the lowest scores on both axes and the eastern coastal tundra 

sites have the highest scores. This mainly reflects the patterns of vegetation distribution 

in the Kola Peninsula. For instance, pine forests prevail in the western part and spruce 

forest occurs mainly in the east (Chapter 2). Shrub and hchen shrub tundra vegetation 

prevail in the eastern coastal tundra (KOLA22 - KOLA24) whereas hchen tundra 

dominates the catchments of more western and inland sites (KOLAS - KOLA 11) 

(Chapter 2). The results show an oceanic influence on the plant distribution in the Kola 

as longitude reflects distance from the sea in the training set. This confirms the results of 

the previous studies on the plant distribution in the Kola Peninsula (e.g. Ramenskaya, 

1983). A similar oceanic influence on the vegetation distribution has also been found in 

Northern Fennoscandia (Seppa, 1996) and in Scotland (e.g. Brown et a l, 1993).
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The more common (e.g. Heikkinen and Birks, 1996) latitudinal trend in plant distribution 

is less apparent although there is a clear separation of low-latitude forest sites from 

relatively higher latitude tundra and forest-tundra sites. Altitude is another geographical 

variable which influences pollen distribution within the training set. Upland sites 

(KOLA2 and KOLA25) are separated in PCA from lowland lakes (Figure 4.2 (1 and 2)).

4.6.3.3 Environmental data

The summary results of PCA with seven environmental variables (i.e. maximum depth 

(Max D), area, longitude (long), latitude (lat), altitude (alt), % forest in the lake 

catchment (% for), and % of peat in the lake catchment (% peat)) are presented in Table 

4.5.

Table 4.5 PCA of environmental variables: summary of eigenvalues and cumulative percentage 

variance for 23 samples and 7 environmental variables

Axes 1 2 3 4

Eigenvalues, X 0.392 0.231 0.134 0.117

Cumulative variance, % 39.2 62.3 75.6 87.4

The eigenvalue of the first PCA axis is more than 1.5 times higher than X2 , which implies 

that the first PCA axis is the most important in interpreting the ordination (ter Braak, 

1988a). The first two PCA axes account for 62.3 % in the variance of environmental 

variables and the eigenvalue of the third PCA axis is considerably lower than the 

eigenvalue of the second axis. This suggests that the two first axes sufficiently explain 

the variation in environmental data and the third axis does not merit interpretation.

Figure 4.3 presents the PCA correlation plot of 23 sites and 7 environmental variables. 

As the first PCA axis is the most influential, sites are arranged horizontally along it. 

Longitude, maximum depth, percentage of peat and forest in the catchment contribute 

mostly to the value of the first axis. Latitude, lake area and altitude have higher absolute 

scores on the second axis. Longitude and maximum depth are positively interrelated
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because tundra sites tend to be deeper than forest sites. These variables are negatively 

correlated with % peat and % forest.

Sites are distributed on the PC A diagram along the longitudinal gradient, with eastern 

tundra sites occupying the left half of the plot and western forest sites locating in the 

right half of the diagram. Generally, the site ordination in PGA with 7 environmental 

variables are very similar to the PGA with species data. The forest sites are separated 

from tundra and forest-tundra in a similar manner with KOLAl standing out of the rest 

of forest lakes. The alpine sites are also separated from the lowland lakes and eastern 

coastal tundra and forest-tundra lakes are separated from the inland lakes. This implies 

that pollen distribution is affected by the above environmental variables. In order to test 

this, the RDA was performed with pollen and environmental data.

Figure 4.3 PGA with 7 environmental variables and 23 sites.
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4.6.4 RDA: analysis of pollen-environment relationship

4.6.4.1 Introduction

RDA centred and standardised by species norm was performed on a correlation matrix of 

22 pollen taxa and 7 environmental variables. Forward selection in RDA was used to 

determine the rninirnal set of environmental variables accounting for the significant proportion 

in the species variation. The results of RDA were interpreted by examining species and 

environmental scores listed in CANOCO solution and output files and RDA biplots (Figure 

4.4). Canonical coefficients, their r-values and inter-set correlations were used to assess the 

relative importance of the selected environmental variables to the ordination axes.

4.6.4.2 Results and discussion

Table 4.6 shows the summary results of RDA with 22 pollen taxa and 7 environmental 

variables. The first two axes account for 37.4% of variance in the species data which is 

comparable with similar studies (e.g. ter Braak and Jaap, 1994, ter Braak, 1995a). The 

eigenvalue of the third RDA axis is low in comparison with Xi and X2 and therefore the 

third RDA axis is relatively unimportant in explaining the variance in species data. The 

first and second RDA axes were found significant (P= 0.01 and 0.02) respectively. The 

statistical significance of the second RDA axis was assessed by using RDA axis 1 as a 

covariable.

Canonical (regression) coefficients, their t-values and intra-set correlations of 

environmental variables with the RDA axes are shown in Table 4.7. These parameters 

indicate the relative input of individual variables into axes and the strength of the 

correlation between axes and variables. The first four variables (Alt, Long, Lat and Max 

D) have a statistically significant correlation with RDA axis 1, longitude and latitude are 

also significantly correlated with the second axis. Latitude, % forest and area are 

negatively correlated with the first axis. Max D, % peat and area are negatively 

correlated with the second axis. The following three variables were forward selected in 

RDA (in descending order): Alt, Long and Lat. Monte Carlo test with Bonferonni 

correction showed significance of all three variables with P = 0.01 (Table 4.8). These 

three variables also have the highest t-values and intra-set correlations with RDA axes.
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Table 4.6 RDA with forward selection: summary statistics for 23 samples, 22 pollen taxa and 7 

environmental variables

Axes 1 2 3 4 Total Inertia

Eigenvalues, X 0.217 0.157 0.098 0.031 1.304

Cumulative variance of the species data,
%

21.7 37.4 47.2 50.2

Cumulative variance of species- 
environment relation, %

38.7 66.7 82.4 89.6

Sum of all canonical eigenvalues 0.561

Table 4.7 RDA: canonical coefficients of the four selected variables, their t-values and intra-set 

correlations (* indicates t-value significant a t f  < 0.05, n= 23, d.f. = 15)

Environmental
variable

Canonical
coefficients

t-values of canonical 
coefficients

Intra-set
correlations

Axis 1 Axis 2 Axis 1 Axis 2 Axis 1 Axis2

Altitude 0.6178 0.3544 4.1588* 1.4564 0.8376 -0.1752

Longitude 0.3175 0.8491 2.5959* 4.2385* 0.3365 0.7199

Latitude -0.2848 0.8809 -2.0651* 3.8995* -0.4197 0.6316

Max depth 0.3951 -0.0811 4.4234* -0 .5544 0.4839 0.1045

% forest -0 .0382 0.4159 -0.1993 1.3258 -0.5512 -0.5241

% peat 0 .0004 -0.0738 0.0036 -0 .4473 -0 .3914 -0.3914

Area -0.0483 -0.2215 -0.6213 -1.7391 -0.1206 0.0332

Table 4.8 Percentage of variance potentially explained by the three selected variables before 

selection and variance explained with the addition of each variable together with P  

values

Environmental
variable

Variance added 
with selection

Before forward 
selection

P

Altitude 0.18 0.18 0.001

Longitude 0.23 0.13 0.001

Latitude 0.08 0.07 0.001
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This suggests that altitude, longitude and latitude are the most important in explaining 

the species variance.

The first two axes of RDA with forward selected variables explain 33.7% in species 

variance which is 90% of the total variance explained by all variables (see Table 4.6). 

The RDA plots are presented in Figure 4.4. Figure 4.4 (1) shows the arrangements of 

site and species scores against the first two RDA axes and Figure 4.4 (2) displays the 

vectors of environmental variables. In general, the site arrangement in the RDA diagram 

resembles the PCA plot with pollen species described above (see Figure 4.2). The forest 

sites are also clearly separated from the tundra and forest-tundra sites, the alpine sites are 

separated from the lowland sites. The division of the forest lakes from the higher latitude 

lakes is more pronounced in RDA than in PCA. All the forest sites have maximum Pinus 

values, sites KOLAl and KOLA 19 have also high Picea values. The eastern coastal 

tundra sites KOLA22-KOLA24 are also more separated from the inland tundra and the 

forest-tundra sites in RDA than in PCA.

The arrangement of the environmental vectors in Figure 4.4 (2) is very similar to the 

PCA diagram with environmental variables (see Figure 4.3), longitude is also negatively 

correlated with % forest and % peat, altitude - with area and latitude. There is virtually 

no relationship between altitude and longitude, Alt forms its own independent gradient.

On the whole, the results of RDA confirmed the previous findings by PC As of 

environmental variables and species. Major gradients in pollen distribution among the 

lakes of the training set are geographical characteristics related to climate, i.e. longitude, 

altitude and latitude. These results agree with numerous studies of distribution of modem 

vegetation and pollen in relation to climate (e.g. Brown et a l,  1993, Heikkinen and 

Birks, 1996, Hicks and Birks, 1996).

The fact that lake area plays relatively small role in influencing pollen distribution can be 

due to the small gradient of this variable, aU lakes in the training set have more or less 

similar size. Maximum depth forms its own independent gradient in RDA which is 

slightly correlated with longitude and altitude. This is due to the fact that the eastern
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Figure 4.4 RDA with 7 environmental variables, 22 pollen taxa and 23 sites. 

Pollen taxa are shown in (1), environmental variables are shown in (2)
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coastal tundra lakes tend to be deeper and have higher altitude than inland forest lakes 

located in the western lowland part of the Kola Peninsula.

4.7 Summary

• The pollen diversity of the KOLA training set is low but comparable with other arctic 

regions. The modem pollen spectra from the KOLA lakes comprises 33 taxa.

• The regional tree pollen (mainly Pinus and Betula) dominates the pollen assemblages 

from the KOLA training set, with up to 90% abundance in the forest lakes and up to 

60% abundance in the tundra lakes. The Picea and Alnus pollen occur at relatively 

low abundance.

Despite minor differences pollen composition of the KOLA lakes is similar to the 

pollen diagrams from Northern Fennoscandia, southern and central parts of the Kola 

Peninsula and Karelia. Representation of several taxa {Picea, Alnus, Juniperus) is 

different in pollen assemblages of Canadian Arctic due to the differences in the 

vegetation cover.

Numerical analysis allows one to distinguish four major pollen assemblages in the 

KOLA training set: the forest 'Pinus' assemblage, the assemblage of alpine lakes 

{Diphasiastrum alpinum, Lycopdium clavatum, Huperzia selago and B-C-M), the 

assemblage of eastern tundra lakes (Ericaceae, Empetrum, Cyperaceae, Dryopteris- 

type and Gymnocarpium dryopteris) and the assemblage of the inland tundra and 

forest-tundra lakes (tree Betula and Salix)

Climate related biogeographical variables (altitude, longitude and latitude) are the 

main measured parameters controlling pollen distribution within the KOLA lakes.
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CHAPTER FIVE

THE MODERN DIATOM TRAINING SET AND THE DEVELOPMENT OF A

DIATOM-pH MODEL

5.1 Introduction

This chapter focuses on exploring the relationships between the composition of modem 

diatom assemblages and chemical, physical and vegetation characteristics of the KOLA lakes 

and their catchments. The main objective of this chapter is to identify the environmental 

variables influencing diatom distribution in the arctic lakes studied, to assess the relative effect 

of climate-related variables on diatom composition, and to develop an appropriate transfer 

function for later palaeoecological reconstructions. Multivariate statistical methods are 

applied to ascertain the relative importance and statistical significance of different 

environmental variables.

The general characteristics of the geography, geology, climate and vegetation of the lakes 

studies are given in Chapter 2. Chapter 4 presents the analysis of range and distribution of 

the sub-set of the measured catchment and lake characteristics (environmental characteristics, 

(i.e. latitude, longitude, latitude, lake area, maximum lake depth, % forest in the lake 

catchment and % peat in the catchment).

5.2 Sites

The geographic distribution of the sampling sites is shown in Figure 2.1., Chapter 2. A 

summary of the geographic characteristics of the lakes and their catchments is presented in 

Table 1, Appendix 1. The maps of individual sites are presented in Chapter 2, Figures 2.11 - 

2.35.

5.3 Quality, range and geographical distribution of environmental variables and basic 

statistics

5.3.1 Introduction

Chemical and environmental variables measured in the training set are shown in Tables 1 and 

2 of Appendix 3. The total environmental data-set comprises 24 environmental variables.
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Table 5.1 Comparison of water chemistry data for 25 lakes located in different vegetation zones

Variable Forest Forest-tundra Tundra Alpine

for/tun

Alpine

tundr
a

All lakes combined

No of sites 8 9 7 1 1 25

M in M ax M ean M ed. M in M ax M ean M ed M in M ax M ean M ed M in M ax M ean M ed

pH 5.10 7.44 6.41 6.80 5.00 7.00 6.32 6.35 5.80 6.60 6.32 6.40 7.00 6.40 5.00 7.44 6.35 6.40

COND
mS/cm

8.00 41.00 24.10 23.00 29.00 88.00 0.88 33.00 9.00 42.00 2.06 35.00 47.00 9.00 8.00 88.00 32.70 35.00

ALK, meq/1 -4.00 283.00 111.10 111.5 -9.00 210.0 69.00 61.50 24.30 59.00 6.53 37.00 210.00 24.30 -9.00 283.0 72.77 59.00

COL, °P 3.00 120.0 57.87 65.00 5.00 240.0 98.55 91.50 16.00 46.00 33.00 38.00 5.00 4.00 3.00 240.0 63.40 46.00

NH4, pg/1 3.00 21.00 9.00 7.00 1.00 24.00 0.33 5.50 3.00 28.00 0.07 9.00 15.00 7.00 1.00 28.0 9.84 9.00

Ntot, pg/1 143.0 305.0 230.0 236.0 110.0 470.0 283.3 279.5 94.0 215.0 146.5 133.0 388.0 234.0 94.0 470.0 226.0 215.0

Ptot, pg/1 4.00 12.00 6.75 6.50 3.00 17.00 8.55 8.00 2.00 10.00 6.14 6.00 10.00 12.00 2.00 17.00 7.44 7.00

COD, mgO/1 1.40 11.20 6.91 7.40 1.67 24.40 10.45 10.25 2.45 5.40 3.92 3.72 11.00 1.63 1.40 24.40 7.13 7.30

TOC, mg/1 2.30 10.10 6.79 7.25 2.80 20.20 9.47 9.40 3.40 5.70 4.52 4.40 2.50 0.73 0.73 20.20 6.60 5.70

S i0 2 , mg/1 0.04 2.37 0.87 0.71 0.16 2.91 1.26 0.87 0.53 1.12 0.66 0.65 2.90 0.70 0.04 2.91 0.94 0.75

K, mg/1 0.13 0.99 0.46 0.38 0.23 0.83 0.53 0.34 0.23 0.31 0.27 0.28 1.17 0.04 0.04 1.17 0.39 0.34

Na, mg/1 0.44 3.32 1.55 1.49 2.93 11.3 4.78 3.60 3.19 5.64 4.60 4.45 5.50 0.50 0.44 11.3 3.53 4.45

Ca, mg/1 0.30 4.18 2.11 2.13 0.39 2.48 1.27 1.37 0.37 1.22 0.85 0.81 0.50 0.90 0.30 4.18 1.40 1.09
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Table 5.1 (continued) Comparison of water chemistry and environmental data for 25 lakes located in different vegetation zones

V ariab le F o res t F o res t-tu n d ra T u n d ra A lpine

fo r/tun

A lpine

tu n d ra

All lakes com bined

M in M ax M ean M ed. M in M ax M ean M ed. M in M ax M ean M ed. M in M ax M ean M ed.

Mg, mg/1 0.14 1.40 0.68 0.65 0.63 1.36 0.89 0.90 0.56 0.89 0.69 0.71 1.00 0.14 0.14 1.40 0.74 0.71

S 0 4 , mg/1 1.06 5.00 2.66 2.38 1.26 4.71 2.51 2.84 1.90 2.71 2.33 2.23 1.40 1.80 1.06 5.00 2.48 2.71

C l, mg/1 0.65 1.94 1.31 1.315 3.71 21.9 13.5 5.92 4.96 9.43 7.74 7.68 0.80 0.62 0.62 21.9 5.21 5.51

Fe, mg/1 1.8 190.0 64.9 34.5 19.0 320.0 124.3 95.0 20.0 49.0 4.6 35.0 2.0 49.0 1.8 320.0 72.3 74.0

L a ti tu d e 67.33 68.44 68.12 68.35 68.42 69.14 68.78 68.53 69.02 69.11 69.06 69.02 67.42 67.57 67.30 69.14 68.40 68.50

L o n g itu d e 28.41 34.05 30.65 30.37 32.37 35.37 33.87 32.84 34.52 36.04 35.28 34.59 33.28 32.29 28.40 36.40 32.90 34.00

A lti tu d e , m 104.0 179.0 128.0 115.7 101.0 240.0 170.5 150 79.0 260.0 155.87 125 460.0 475.3 79.0 506.0 174.0 170.0

M a x  D e p th , m 3.0 6.2 4.5 4.6 1.5 19.2 6.0 4.1 1.5 18.5 7.81 6.5 8.0 16.0 1.5 19.2 6.5 5.5

A re a ,  km^ 0.04 O il 0.054 0.04 0.04 0.09 0.056 0.045 0.04 0.3 O il 0.04 0.04 0.09 0.04 0.30 0.07 0.04

%  fo re s t 42.9 92.9 64.4 66.0 0.1 57.4 20.8 8.3 0.1 1.0 0.19 1.0 0.1 0.1 0.1 92.9 28.3 1.0

%  p e a t 8.2 46.8 26.82 22.5 0.1 14.6 4.66 9.4 0.1 6.7 3.87 6.7 0.1 0.1 0.1 46.8 11.3 1.6

U)U)



Tables 5.1a and 5.1b compare the results of summary statistics (maximum (Max), minimum 

(Min), mean, and median (Med)) of water chemistry and environmental characteristics for the 

total training set and for the three catchment vegetation zones i.e. tundra, forest-tundra and 

boreal forest. Water chemistry characteristics of two alpine sites (KOLA2, forest-tundra and 

KOLA25, tundra) are shown separately.

On the whole, the water chemistry characteristics of the total set of lakes are very diverse. 

The diversity of chemical variables of the study sites is also indicated in Figures 1 and 2 

(Appendix 3) which show frequency histograms for a number of chemical variables.

5.3.2 pH and alkalinity

The pH data have a skewed distribution with the majority of values falling in the range 

between 6.3 and 6.7 with a mean and median for the whole training set of 6.41 and 6.40 

respectively. pH values for the full data-set range from 5.00 to 7.44. Only four sites (KOLA3, 

KOLA17, KOLA19 and KOLA22) have pH lower than 6.0 and two sites (KOLAl and 

KOLA2) have pH greater than 7.0 (Table 2, Appendix 3).

Alkalinity values are generally low with a mean for the data-set of 72.77 peq 1'̂  and median of 

111.1. The sites falls in the range from -9 to 283 peq 1*. The four lowest pH sites 

expectedly have low alkalinity and are the only sites with negative alkalinity values. Six sites 

have a relatively high alkalinity of over 100 peq 1'̂  (KOLAl, KOLA2, KOLAl3, K0LA15, 

KOLA 18 and KOLA20). K0LA2 (alpine forest-tundra) has the highest alkalinity value 

within the training set because it is situated in the Khibiny mountains on ultra-alkaline 

bedrock.

pH and alkalinity distribution within forest, forest-tundra and tundra (alpine sites are included 

into tundra sites) is illustrated by means of box-and-whisker plots in Figures 5.1 and 5.2. 

The box and whiskers represents the total range of a variable, while the box represents 50% 

of the inter-quartile range (25% on the either side of the median, the line dissecting each box). 

Both pH and alkalinity show no geographical patterns in distribution of their values among 

the lakes within the training set. Generally, the tundra lakes have a smaller range of pH and
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Figure 5.1 Box-and-whisker plot of pH values in three different 
vegetation zones
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Figure 5.2 Box-and-whisker plot of alkalinity values in three different 
vegetation zones
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alkalinity than the lakes from other vegetation zones (Figures 5.1 and 5.2).

5.3.3 Conductivity

All the lakes are dilute. Conductivity values range from 8.00 to 88.00 )liS cm'  ̂with most sites 

falling in the range 20-42 \iS cm"\ with a mean value of 32.740 cm'\ KOLA6 (the forest- 

tundra zone) has the maximum value within the training set of 88 îS cm'\ which may be due 

to its proximity to the sea (see Figure 2.1, Chapter 2). Other sites located in the vicinity of the 

sea (e.g. KOLA23, KOLA24) also have rather high conductivity values (see Table 1, 

Appendix 3). K0LA2 and KOLAl have high conductivity values compared to other lakes 

because of their geology. KOLA25 (alpine tundra) and KOLA 17 (boreal forest) are 

characterized by the lowest conductivity values within the training set (9 |LiS cm'̂  and 8 p.S 

cm * respectively).

5.3.4 Majorions

There is a high variation in the concentrations of all ions. KOLA6 and KOLA2 are 

characterized by the highest values for all major ions for the reasons discussed above. The 

lowest concentrations of all major ions were found in KOLA 17 and KOLA25.

5.3.4.1 Potassium, calcium and magnesium

All lakes have low potassium concentrations ranging from 0.04 (KOLA25) to 1.17 mg 1 * 

(KOLA2) and with a mean for the whole training set of 0.394 mg 1*. The potassium 

concentrations of the majority of sites (20 out of 25) vary within the narrow range from 0.1 

to 0.5 mg r*. Calcium concentrations for all lakes are also comparatively low varying from 

4.18 mg r* (KOLAl) to 0.3 mg 1* (KOLA 17) and with a mean of 1.4 mg f* (Table 5.1).
-1Sixteen lakes have calcium concentrations between 0.3 and 1.5 mg I

Magnesium concentrations form a normal distribution (Figure 2, Appendix 3) i.e. with the 

majority of sites falling in the mid-range between 0.55 and 0.9 mg 1* (the mean is 0.741 

mg r*). The site KOLA13 (boreal forest) has the maximum magnesium concentration of 1.4 

mg r* and KOLA17 has the lowest magnesium value of 0.14 mg 1*.

Calcium and potassium concentrations are closely correlated and show a similar type of 

distribution within the training set. These ions show similarities in their distribution to pH and
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alkalinity. They will be also discussed in the numerical analysis section.

No clear correlation between vegetation zones and the distribution of the above ions was 

observed although the tundra lakes have lower values of calcium and potassium (see Table 

5.1) compared to the lakes with forested catchments. The range of calcium and potassium 

values is also smaller in the tundra sites. This can be influenced by a general low level of 

basic ions in tundra soils. Magnesium concentrations show no difference between tundra and 

forest zones.

S.3.4.2 Sodium, sulphate and chloride

Sodium concentrations vary greatly within the training set and approximate a normal 

distribution (Figure 2 Appendix 3). The mean sodium concentration for the whole training set 

is 3.53 mg and 11 lakes fall into the mid-range with concentrations from 3 to 5 mg V \ The 

maximum Na concentration was found in the forest-tundra site KOLA6 (11.3 mg 1 '̂ ) and the 

lowest value of 0.44 mg T̂  was in KOLA17.

Chloride concentrations show a great range, i.e. from 0.62 in the alpine tundra (KOLA25) to

21.9 in KOLA6. The distribution of chloride concentrations is negatively skewed. Ten lakes 

have chloride values below 2.0 mg 1'̂  and chloride concentrations of the remaining 15 lakes 

are almost evenly distributed within the range from 2 to 10 mg l '\

The distribution of sulphate is close to even (Figure 2 Appendix 3). It varies from 1.06 mg T' 

(KOLA 17) to 5.0 mg 1 (KOLAl and KOLA19, forest sites) with a mean of 2.6 mg \'\ 

Inland sites KOLAl and K0LA19 may be slightly influenced by the air pollution from the 

large smelters in the town of Monchegorsk (Moiseenko, 1994) and therefore exhibit higher 

sulphate values.

Sodium and chloride concentrations are closely influenced by the geographical locations of 

the lakes. The highest concentrations of sodium and chloride are found in the tundra and 

forest-tundra sites which are closer to the sea than the boreal forest sites are (Table 5.1). For 

example, the mean of sodium for the tundra sites (3.53 mg 1' )̂ is equal to the mean for the 

total set and is more than two times higher than the mean for the forested sites (1.55 mg l ’). 

This is an expected result as sodium and chloride enter into the composition of sea salts.
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The distribution of the sulphate concentrations in the lakes seems to have no influence from 

the sea salts and shows no clear geographical patterns. The mean of sulphate for the forest 

zone is highest (Table 5.1).

5.3.5 Dissolved silica

The concentrations of dissolved silica range from 0.04 to 2.91 mg 1̂  and are generally 

low to moderate with a data-set mean of 0.94 mg Only five sites have very low SiO] 

values of less than 0.5 mg 1'̂  (KOLAl, K0LA4, KOLA 17, KOLAl 1 and KOLA 19) 

(Table 1, Appendix 3). In the majority of sites SiOz values range between 0.5 and 1.5 mg 

\ '\ Three sites (K0LA2, KOLAl8, and KOLA20) have a SiOz concentration above 2,0 

mg l '\  Dissolved silica shows no geographical patterns in its distribution among the 

lakes of the training set.

5.3.6 Nutrients

All lakes have low level of nutrients and are of oHgotrophic or dystrophic status which is 

typical for this geographical region.

The total oxidised nitrogen concentrations vary from 470 p.g f' (K0LA3, forest-tundra) to 

94 mg (KOLAS, tundra) with a mean value of 226 pg and a median value of 215 pg l'\ 

The distribution of nitrogen concentrations forms two distinctive maxima. Nitrogen values for 

6 lakes fall in the range of 100 to 150 pg 1 and 9 lakes have nitrogen concentrations of 200 

to 250 pg (Figure 2 Appendix 3).

Ammonia concentrations are generally low ranging from 1.0 pg f̂  (K0LA5, forest-tundra) to 

28 pg f̂  (K0LA3) with a mean and a median of 9.84 pg 1'̂  (K0LA3) and 9.0 pg f ’ 

respectively. As expected, the ammonia values show a positive correlation with the total 

nitrogen values.

Total phosphorus values form a normal distribution i.e. the majority of the lakes have 

phosphorus concentrations in the mid-range from 4 to 8 pg Ŷ  (the mean for the total set is 

7.44 pg r^). Phosphorus concentrations vary from 2 pg 1'̂  (KOLA24, tundra) to 17 pg f* 

(KOLA3, forest-tundra zone).
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The nitrogen and ammonia values are almost two times higher in lakes with the forest in the 

catchments, with greater values in the forest-tundra zone. Phosphorus concentrations are 

higher in the forest-tundra zone and they are similar for the tundra and forest zones. On the 

whole, forest-tundra lakes have the highest range of nutrient concentrations.

5.3.7 Organic matter

Three parameters reflecting the organic matter content in the lake water were measured: total 

organic carbon (TOC), water colour (COL) and chemical oxygen demand (COD). All three 

determinants are closely interrelated and show not much difference in their distribution. 

Therefore only the range and distribution of TOC will be discussed.

KOLA25 (alpine tundra) has the lowest values for all three parameters and KOLA20 exhibits 

the maximum for dissolved organic matter.

The distribution of dissolved organic matter in the lakes has two major peaks. One maximum 

is formed by lakes with TOC concentrations between 3 and 6 mg l '\  These nine lakes with 

relatively clear water and rocky and sandy catchments are mainly located within the tundra 

zone but there are also some lakes in the forest zone. Another maximum (TOC varies from 9 

to 12 mg r^) is formed by the brown-water lakes within peatland areas in the forest-tundra 

zone. Generally, forest-tundra lakes exhibit the greater diversity in organic matter 

concentrations compared to the tundra and forest lakes (Table 5.1).

5.3.8 Iron

Iron values form a normal distribution within the training set. Iron concentrations vary 

greatly from 1.8 mg 1'̂  (KOLAl) to 320 mg 1'̂  (K0LA4) with a mean of 72.3 mg 1'̂  and 

median of 74.0 mg Y\ The majority of the lakes have iron values ranging between 20 mg 1'̂  

and 90 mg only five lakes (K0LA3, K0LA4, K0LA14, KOLAl8 and KOLA20) have 

iron values above 100 mg 1'̂  . As high iron concentrations affect the water colour, iron 

correlates positively with colour.

5.3.9 Environmental characteristics of the lakes and their catchment

Measured environmental variables comprise morphometric (lake area and maximum depth).
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catchment (% of forest and tundra in the catchment) and geographical (latitude, longitude 

and altitude) characteristics. These parameters are discussed in Chapter 4. Table 5.1 presents 

the summary statistics for the above variables. Environmental characteristics of the training 

set lakes and their catchments are also shown in Table 1, Appendix 1.

5.4 General characteristics of the modem diatom assemblages from the KOLA lakes

The total list of identified diatom taxa conprises 202 species with many rare taxa occurring 

only in one or two lakes. Figure 5.3 shows 55 most common species from 25 lakes of the 

training set (diatoms with abundance more than 3% and occurrence in at least 3 lakes are 

shown). Diatoms are sorted by maximum occurrence. Chapter 3 presents the descriptions of 

morphology and distribution within the training set of several taxonomically difficult 

Aulacoseira taxa (A. nygaardii, A. distans v. nivaloides, A. distans v. nivalis) and genus 

Stauroforma.

The most abundant and widespread species are acid-tolerant Brachysira brebissonii, B. 

vitrea, and Frustulia rhomboides v. saxonica, circumneutral Achnanthes [minutissima agg.] 

and Stauroforma spp. (former Fragilaria virescens v. exigua) (see Chapter 3). Acid- 

tolerant Brachysira and Frustulia occur in the highest abundance in the forest and forest- 

tundra lakes with peaty catchments which is also known from literature (e.g. Pienitz and 

Smol, 1993, Korsman et al, 1994, Pienitz et al, 1995b). Other acid-tolerant taxa (less 

common than Brachysira and Frustulia) which occur in the same type of shallow coloured 

forest lakes with higher organic content conprise small benthic Navicula and Cymbella 

species (e.g. N. mediocris, N. hoefleri, N. subtilissima, C. lunata, C. perpusilla and C. 

cesatii).

The ecological preferences of the above diatom taxa are also known from the literature (e.g. 

Anderson et al, 1986, Kingston and Birks, 1990, Pienitz and Smol, 1993. Pienitz et al, 

1995b, Weckstrom et al, 1997a and b). Cyclotella gaemanii also commonly occurs in the 

above type of lakes, although it has not been found in Fennoscandian lakes by Pienitz et al, 

(1995b). However, its widespread occurrence in northern Finland was confirmed by 

Weckstrom et al (1997a and b).
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Figure 5.3 Surface sediment diatom assemblages from 25 KOLA lakes. 
Only diatoms with abundance > 3% are shown
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Figure 5.3 (continued) Surface sediment diatom assemblages from 25 KOLA lakes.
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Achnanthes minutissima is a circumneutral cosmopolitan species which shows no 

geographical patterns in its occurrence. Tabellaria flocculosa is another cosmopolitan 

species which is known from the literature as more acid-tolerant than A. minutissima (e.g. 

Stevenson et al, 1991, Cameron et a l, 1999). It also occurs in many lakes without any 

particular preference. The acid-tolerant Pinnularia biceps also occurs in small quantities in 

almost all lakes having high abundance of about 20% in the forest site KOLA 17 (pH 5.1.) 

and the alpine lake KOLA25 (pH 6.4).

Centric planktonic Cyclotella species (C. rossii and C. pseudostelligera) are relatively rare. 

Cyclotella rossii, which is common for deeper lakes in northern Finland (e.g. Sorvari and 

Korhola, 1998, Korhola et al, 1999) is a dominant species in the two deep clear water 

tundra lakes (KOLA5 and KOLA24) and occurs at lower abundance in a number of the 

forest-tundra lakes. Cyclotella pseudostelligera is confined to the alkaline forest lake 

KOLAl (pH 7.4). The genus Aulacoseira (e.g. A. lirata v. alpegina, A. perglabra v. 

perglabra, A. distans v. nivalis shows distribution patterns similar to C. rossii, i.e. it prefers 

deeper tundra or forest-tundra clear water oligotrophic lakes with higher pH (6.4-7.4). This 

is a well established fact in the literature (e.g. Pienitz and Smol, 1993, Weckstrom et al, 

1997b, Sorvari and Korhola, 1998, Korhola et al, 1999). In general, planktonic and 

meroplanktonic species are not as common in the KOLA set of lakes as benthic acid-tolerant 

Brachysira/Frustulia/Pinnularia group described above. Similar findings are presented by 

Pienitz et al (1995b) for Fennoscandian lakes.

The small benthic Achnanthes species (e.g. A. marginulata, A. scotica, A. altaica and A. 

lacus-vulcani) and Fragilaria species (e.g. F. elliptica, F. construens v. venter) have similar 

ecological preferences as the above Cyclotella/Aulacoseira group, i.e. these species prevail 

in the clear-water forest-tundra and tundra lakes with higher pH. However, in contrast to 

the meroplanktonic/planktonic group, Achnanthes/Fragilaria are more common in shallow 

lakes. This fact is also indicated by Smol (1988) , Smol et al.(\99\) and by Pienitz et al 

(1995b).

In summary, the diatom composition of the KOLA lakes is typical for cold water small 

dilute lakes. It has many similar features with previously described diatom assemblages of 

Arctic Canada (e.g. Pienitz and Smol, 1993, Wolfe, 1996b) and Northern Fennoscandia
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(e.g. Pienitz et al, 1995b, Weckstrom et al, 1997b, Sorvari and Korhola, 1998, Korhola et 

al, 1999).

5.5 Numerical analysis

5.5.1 Data transformation

AU environmental variables except pH were lg(x+l) transformed to reduce the positive 

skewness and to standardise the variables. Diatom counts were transformed into percentages.

Unlike modem poUen data (see Chapter 4), the diatom data are characterised by a presence 

of many rare species occurring only in one or two lakes. The high number of variables 

(species) may increase the statistical noise and destabiUse the variance (ter Braak et al, 

1987c). In order to curb these effects, only taxa with abundance >1%  and occurrence in at 

least three lakes were retained for the further numerical analysis (98 taxa altogether).

Species data transformation was also performed in order to decrease the statistical noise and 

total inertia of the species data. Three exploratory DC As were performed with (1) 

untransformed percentage data, with (2) log(y+l) transformed data and with (3) square-root 

transformed data to compare the effects of different types of transformation on the total 

inertia of the response variables (Table 5.2).

Table 5.2 Effect of transformation on stabilising the variance and noise in the species data

Eigenvalues, X X I, X2, X3, Total Inertia

Raw data 0.131 0.110 0.61 3.126

log(y+l) 0.138 0.111 0.74 1.910

Square root 0.179 0.128 0.069 1.285

UnUke influence of transformation on poUen data discussed in section 4.6.1., Chapter 4, the 

lowest total inertia was obtained in DCA with the square-root transformed diatom data. The 

highest eigenvalue of the first axis {X\) and the largest difference between X2 and X3 also 

occurred in DCA with square-root transformation. This is an indication of a more stable 

ordination compared to the results of other DCA (ter Braak, 1995a). Hence, square-root 

transformation of species data generates the best results and aU further analyses were
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performed with the square-root transformed species data.

5.5.2 Identification of ‘outlier’ samples

Outlier sançles, i.e. samples having both unusual diatom composition and environmental 

characteristics were identified using an exploratory PCA of the explanatory variables 

(environmental data) and a DCA of the response variables (diatom data). KOLA 17 had the 

highest PCA score because it has an unusually low water concentrations of major ions, high 

dissolved organic content and low pH (5.1). This site was identified as an outlier also in DCA 

because of its diatom composition with a relatively low species diversity (22 taxa), the highest 

abundance of Stauroneis anceps within the training set and the dominance of large 

Pinnularia taxa.

Two additional outlier sites (KOLAS and KOLAl 1) with extreme (> 8x) influence were 

detected using the leverage diagnostics in the exploratory CCA (ter Braak, 1988a). These 

sites have the largest areas. However, the exclusion of the above sites (KOLAS, KOLA 11 

and KOLAl7) from the further CCA analysis did not inprove the ordination and therefore 

these sites were retained.

K0LA3 also had a high score on the first DCA axis and high (>5X) influence detected by 

leverage diagnostics in CCA (ter Braak, 1990). The site has the lowest pH (5.0) and 

alkalinity (-9) in the training set and is dominated by Stauroforma spp. with high proportion 

of S. inermis (Chapter 3). This is the only lake in the training set where S. inermis occurs at 

high abundance and therefore KOLA3 was excluded from the further analysis. This 

improved the ordination in CCA.

5.5.3 Elimination of redundant and superfiuous variables

Environmental data were screened before numerical analysis in order to eliminate redundant 

and superfluous variables, unusual or 'outlier' samples and environmental variables that do not 

influence diatom distribution. The deletion of superfluous environmental data was especially 

essential for further analysis in CCA because a number of environmental variables was equal 

to a number of samples and this leads to the absence of constrain on axes and CCA 

effectively becomes Correspondence Analysis (CA) (ter Braak, 1995a).
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The screening of the environmental data followed ter Braak (1987a). The following criteria 

were imposed to identify multicoUinear and superfluous variables:

- high variance inflation factors of the variables in an exploratory DCA with the total diatom 

data set with all environmental variables regressed onto the DCA axes (ter Braak, 1988a);

- high correlation of the variables with the second 'arched' axes in the CCA (ter Braak, 

1987c).

NH4  ̂ and COD fulfilled both criteria and therefore they were excluded from the further 

analysis.

5.5.4 Gradient length in species and environmental data

Detrended Correspondence Analysis (DCA) and Detrended Canonical Correspondence 

Analysis (DCCA) were used to determine the gradient length in the species and 

environmental data respectively (explanations see in Chapters 3 and 4).

The results of DCA on species matrix of 98 diatom taxa (detrending by segments, non-linear 

rescaling of axes, rare species down-weighted, environmental variables regressed onto axes) 

are presented in Table 5.3.

Table 5.3 DCA: summary of eigenvalues, cumulative percentage variance and the length of gradient 

for 24 samples and 98 diatom species

Axes 1 2 3 4
Total

Inertia

Eigenvalues, X 0.182 0.123 0.062 0.040 1.304

Length of gradient, SD 2.555 1.802 1.470 1.180

Cumulative variance of the species 

data, %

13.9 23.4 28.2 31.3

The gradient length of the first axis is 2.555 which implies that the unimodal methods (DCA 

and CCA) should be used to explore the relationship within the species data and species- 

environmental relationship. The detailed discussion of the DCA results is given below in 

section 5.5.6. A series of DCCA (detrending by segments, non-linear rescaling of axes, rare 

species down-weighted) was performed with each environmental parameter as a single
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variable to establish the gradient length of environmental variables. Table 5.4 shows the 

results of 20 DCCA. Thirteen highlighted variables have statistically significant relationship 

with the diatom data in DCCA. The gradient lengths of most tested variables are below 1.5 

SD, only pH, TOC, and COND have their gradient between 1.5 and 2.0 SD. Therefore 

linear methods (PCA) are required to analyse the variation within the environmental variables.

Table 5.4 DCCA; summary of eigenvalues (À), lengths of gradient for the first axis (SD), cumulative 

variance (%) and probability distribution (P) for 24 samples and 22 environmental variables. Full 

names of variables and units of measurements are given in Table 5.1. Statistically significant 

ordinations (F < 0.05) are highlighted in bold

Variable %i SD Xz %2 P

pH 0.127 9.9 1.986 0.119 18.9 0.01

Cond 0.084 6.5 1.71 0.171 19.6 0.02

COL 0.092 7.1 1.233 0.174 20.5 0.04

Ntot 0.063 4.8 0.992 0.139 15.5 0.20

Ptot 0.048 3.7 0.893 0.167 16.4 0.71

Si 0.059 4.5 0.934 0.155 16.4 0.36

ALK 0.093 7.1 1.34 0.160 19.4 0.01

K 0.073 5.6 1.303 0.125 15.2 0.07

Na 0.093 7.4 1.423 0.164 19.9 0.02

Ca 0.085 6.5 1.390 0.180 16.6 0.03

Mg 0.075 5.7 1.230 0.144 16.8 0.07

SO4 0.053 4.0 0.876 0.137 14.6 0.61

Cl 0.088 6.7 1.155 0.205 18.3 0.02

Fe 0.092 7.1 1.390 0.132 17.2 0.03

Lat 0.076 5.9 1.016 0.156 17.8 0.05

Long 0.116 8.9 1.255 0.143 19.9 0.01

Alt 0.078 5.9 1.319 0.139 16.6 0.10

Max D 0.082 6.3 1.224 0.157 18.3 0.10

Area 0.045 3.5 0.776 0.178 17.1 0.83

% for 0.114 8.8 0.869 0.166 21.5 0.01

% peat 0.096 7.4 0.904 0.155 19.2 0.01

TOC 0.103 7.9 1.663 0.125 17.8 0.01
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5.5.5 PCA: analysis of the interrelations within the environmental training set

5.5.5.1 Introduction

PCA was applied to study the major patterns of variation in the environmental data and 

examine the relationship among environmental variables (ter Braak, 1988a). The study 

focuses on the relationships between environmental variables rather than on the relationships 

between sites and therefore centred by species PCA on a correlation matrix of 20 response 

variables was performed (ter Braak, 1993).

5.5.5.2 Results and discussion

The eigenvalues and cumulative variance of the data accounted by the first four PCA axes are 

shown in Table 5.5. The first two PCA axes account for more than 50% variance in the 

environmental data. Therefore the first two axes are the most important in explaining the 

relationships between environmental data (ter Braak, 1993).

Table 5.5 PCA: summary statistics for 24 samples and 22 environmental variables

Axes 1 2 3 4

Eigenvalues, X 0.389 0.253 0.194 0.056

Cumulative variance, % 38.9 64.2 83.6 68.6

Figure 5.4 displays the PCA correlation plots of Axis 1 against Axis 2. For interpretation of 

PCA plots see Chapter 3.

Water chemistry parameters (i.e. conductivity, sodium, chloride and magnesium), and latitude 

and longitude are strongly (P < 0.05) negatively correlated with the first PCA axis; pH, 

alkalinity, calcium and potassium show high correlation with the second axis. Physical 

variables (altitude and Max D) are correlated with the third axis which was revealed by 

examining the CANOCO solution file.

PCA separates the 22 environmental variables into several groups. The major ‘pH/alkalinity’ 

group which includes highest number of variables is represented by intercorrelated alkalinity, 

pH, potassium, magnesium, and silica. This is an expected result because all of the above 

variables influence water acidity and water conductivity. Similar
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Figure 5.4 PCA with 24 sites and 22 environmental variables. Site scores 
are presented in (1) and environmental variables are presented in (2). 
Forest sites are shown as filled squares, forest-tundra sites - filled circles, 
tundra sites - filled triangles; alpine sites - stars
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results have been described in other studies of arctic and antarctic regions (Jones and Juggins, 

1995, Weckstrom et al, 1997b, Battarbee et a l, 1997).

However, there are certain differences. For instance, sodium and chloride, which are 

intercorrelated, are more related to longitude than to the above ‘pH/alkalinity group’. This 

suggests that sea salts affect lake water chemistry composition and this effect depends on the 

distance from the sea represented by longitude. This relationship between longitude and Na 

and Cl concentrations in the lakes did not occur in Canadian Arctic (Pienitz et al, 1995a, 

1997a,b). TOC, colour and Fe form a separate group which is negatively correlated with the 

‘pH-alkalinity’ group of variables. A separate gradient formed by carbon concentration and 

associated variables (e.g. water colour) was described in other studies (e.g. Battarbee et al, 

1997, Weckstrom et al, 1997b). The ‘TOC-Fe’ group is positively correlated with % forest, 

% peat, Ntot and Ptot and negatively correlated with the ‘sea salt-longitude’ group. This 

implies that the forest lakes have more peat in the catchment and higher nutrient 

concentrations, which agrees with Pienitz and Smol (1993). This also confirms the above 

conclusion about the influence of sea salts on the water chemistry, i.e. forest lakes situated 

farther from the sea than tundra lakes have lower concentrations of sea salts.

The PC A plots illustrate the separation of the tundra sites (left half of the plot. Figure 5.4 (1)) 

from the sites with arboreal vegetation in the catchment (right half of the plot. Figure 5.4 (1)). 

The forest sites have wider range of chemical characteristics, higher carbon and nutrient 

concentrations and this agrees with results of other studies (e.g. Pienitz and Smol, 1993). 

The tundra sites are influenced by sea salts, they also tend to have higher depth, larger area 

and they are located at higher altitudes. The tundra and forest-tundra lakes are also more 

alkaline (left part of the diagram. Figure 5.4 (2)) than the forest lakes (right part of the 

diagram). Similar results on the relationship between lake environmental variables ( e.g. pH, 

depth, and altitude) are described by Weckstrom et al (1997b).

Overall, the results of PC A agree with the preliminary results presented in section 5.3.
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5.5.6 DCA: analysis of interrelations within the species data

5.5.6.1 Introduction

Detrending by segments DCA was performed on the species matrix of 98 diatom taxa. Since 

the DCA is used to reveal ecological differences between species it is sensitive to rare species 

and therefore rare taxa were down-weighted (Eilersten et al, 1990). The DCA axes were 

related by regression to external environmental variables which helps to interpret the resulting 

plot.

5.5.6.2 Results and discussion

The eigenvalues, cumulative percentage variance and the lengths of gradient accounted for 

the first 4 axes in DCA of 99 diatom species and 20 environmental variables regressed onto 

the axes are given in Table 5.3. (see section 5.5.4). The first two axes account for 23.4% of 

the variance in the species data. The low percentage of variance explained is typical for data 

with many taxa and many zero values (Stevenson et al, 1991) and occurs in many ecological 

studies (e.g. Pienitz et al, 1995, Korsman and Birks, 1996). The lengths of gradient for the 

first two axes are 2.55 and 1.80 SD respectively. This indicates that the sites placed on the 

opposite ends of the diagram have relatively different species composition (Hill and Gauch, 

1980).

DCA revealed the major patterns in diatom distribution within the training set which are 

presented in Figure 5.5. The most acidified, dilute and clear lakes (e.g. KOLA17, KOLA 19) 

are grouped on the right side of the plot. Therefore, associated acidophilous species such as 

Navicula hoefleri, N. seminulum, N. subtilissima, N. tenuicephala, Eunotia praerupta, E. 

serra. Stauroneis anceps v. anceps, Cymbella perpusilla, C. naviculiformis, Pinnularia 

stomatophora are also placed on the right part of the plot.

The left-hand side of the plot is occupied by the species occurring in the more alkaline waters 

with higher COND and cation concentrations, predominantly small benthic Achnanthes and 

Fragilaria (i.e. Achnanthes didyma, A. suchlandtii, A. nodosa, A. pseudoswazi, A.curtissima, 

A. levanderi, A. flexella, Fragilaria brevistriata and F. pseudoconstruens), and Cyclotella 

pseudostelligera. Small benthic Achnanthes and Fragilaria, which prevail on the left part of 

the diagram, are the typical species for arctic shallow lakes with higher alkalinity and 

conductivity (e.g. Smol, 1988, Jones and Juggins, 1995, Pienitz et a l, 1995b).
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Figure 5.5 DCA with 24 sites and 98 diatom taxa. Diagram (1) illustrates the 
arrangement of sites, diagram (2) shows the variation in species data. Species 
centroides are shown as open triangles. Full names of diatoms are given in 
Tahle 6.2 (Chapter 6)
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The upper half of the plot is dominated by the complex of deep and clear water centric 

planktonic and meroplanktonic diatoms: Cyclotella rossii, C. pseudostelligera, Aulacoseira 

lirata v. subarctica, A. distans v. nivalis, A. distans v. tenella, A. per glabra v. florinae. 

These taxa are confined to the deep clear-water tundra and forest-tundra lakes with relatively 

high pH (6.4-7.1) and low TOC (e.g. KOLA5, KOLA24, KOLAll, see Figure 5.4. (1)). 

DCA shows no clear separation between TOC and Max D gradients.

The lower half of the plot is occupied by the diatoms which prefer shallow and more 

productive lakes with higher TOC concentrations (e.g. Navicula vitiosa, N. minuscula, 

Aulacoseira lirata v. lacustris). These are mainly the forest and forest-tundra lakes (e.g. 

K0LA14, KOLA20, K0LA12).

The high scores and therefore the extreme positions of several species (which are not 

abundant in the whole training set) close to the edge of the diagram e.g. Stauroneis anceps v. 

anceps, Navicula jaagii, indicate only the fact that these particular species occur in the lakes 

with the extreme for this training set environmental parameters (i.e. pH and water depth), and 

such species can not be considered as indicators of acid conditions {S. anceps), alkaline 

conditions (A. suchlandtii) or low TOC environments (N jaagii). Although the rare species 

were down-weighted they still appeared to influence the analysis, and this is one of the 

shortcomings of DCA (ter Braak, 1987c).

Hence, the DCA effectively separates diatom species in the training set according to their 

water acidity (pH) and water TOC. The influence of these environmental variables on diatom 

distribution have been found in many ecological studies (e.g. Smol, 1988, Dixit et al, 1991, 

Pienitz et al, 1995a, Korsman and Birks, 1996, Weckstrom et a l, 1997b).

Since the forest lakes have the longest pH gradient they are arranged along the first DCA axis 

according to their pH (Figure 5.5). The tundra lakes are predominantly grouped on the upper 

and central part of the plot because TOC gradient is much shorter in tundra lakes compared 

to the forest lakes. Generally, tundra lakes tend to have lower TOC than forest-tundra and 

forest lakes, which occupy the lower half of the plot. The forest lakes KOLA16 and KOLA13 

are exceptions; they are situated in the upper part of the plot because of the extremely low 

TOC concentrations.
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On the whole, the results of DCA of diatom distribution are in agreement with the findings in 

section 5.5 and with studies of diatom distribution in Fennoscandia and northern Canada (e.g. 

Pienitz and Smol, 1993, Pienitz et al, 1995a, Weckstrom et a l, 1997b)

5.5.7 CCA: analysis of relationship between diatoms and environmental variables 

5.5.7.1 Introduction

CCAs were performed on the species matrix of 98 taxa and 22 environmental variables to 

identify the explanatory variables directly controlling the variations in floristic composition. In 

all CCAs rare species were down-weighted, the species scores were scaled to be weighted 

averages of the site scores, which is the most popular type of scaling used in similar 

palaeoecological studies (e.g. Pienitz and Smol, 1993, Pienitz et al, 1995, Korsman and 

Birks, 1996). Sites were plotted as linear combination of environmental variables (ter Braak, 

1987c).

Similar to RDA described in Chapter 4, section 4.6.4. forward selection was used in CCA to 

identify the set of the most important environmental variables. The canonical coefficients, 

their r-values and inter-set coefficients were also used to assess the relative importance of the 

selected environmental variables to the ordination axes. Partial CCAs and variance 

partitioning were performed to assess the proportion of species variance explained by 

different sets of environmental variables and individual environmental determinants (ter 

Braak, 1988b).

5.5.7.2 CCAl with 22 environmental variables and 98 diatom taxa

CCA was performed on the species matrix of 98 diatom taxa and 22 environmental variables. 

The summary statistics are given in Table 5.6.

The first two CCA axes (Ài = 0.179 and À2 = 0.154) explain a total 25.5% of the variance in 

the diatom data which is similar to the results of the DCA (23.4%). The species- 

environmental correlations are high for the first axes (0.992 and 0.990). Twenty two 

environmental variables account for 43.2. % in the species variance which is comparable with 

the findings in other studies (e.g. Vyverman and Sabbe, 1995, Pienitz, 1995, Weckstrom et 

al, 1997). However, the Monte Carlo test of significance of the Axis 1 with 99 unrestricted
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Table 5.6 CCAl: summary statistics for 24 samples, 22 environmental variables and 98 diatom 

species

Axes 1 2 3 4 Total

Inertia

Eigenvalues, X 0.179 0.154 0.133 0.099 1.304

Cumulative variance of the species data, % 13.7 25.5 35.7 43.2

Cumulative variance of species-environment 

relation, %

14.1 26.2 36.7 44.5

Sum of all constrained eigenvalues 1.268

permutations showed that the axis is not statistically significant (P = 0.62). The low ratio of 

^ 2 /^3  = 1.1 suggests that the CCA ordination is not stable and the high number of 

environmental variables also weakens the constraint on the axes (ter Braak, 1988a). This 

means that the variance of the species data is not sufficiently explained by the set of 

environmental variables. The high species-environmental correlations in this case do not 

mean that there is a strong species-environmental relationship (ter Braak, 1995). Several 

reasons could lead to the unsatisfactory CCA ordination:

• superfluous and multicoUinear environmental variables;

• presence of outlier sites or sites with unusual environmental variables; characteristics 

which bias the environmental gradients;

• discrepancy between short environmental gradients and a long diatom gradient.

Subsequent analyses were undertaken in an atterrit to evaluate the above hypotheses. After 

exclusion of COD and NH44  ̂(section 5.5.3) several environmental variables (for the most 

part major ions and COND) still remain multicoUinear. For example, inflation factor for Na is 

116, for Cl - 137 and for COND - 57. These variables were eliminated from the series of 

CCAs but this has not improved the ordination and the first axis remained statisticaUy 

insignificant. The voluntary exclusion of Na, Cl and COND from the ordination also has 

Uttle ecological sense because the preliminary CCAs and many Uterature sources show their 

important role in explaining diatom distribution (e.g. Stevenson et a l, 1991, Dixit et al, 

1991).
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A separate CCA was performed with 13 variables each of which have statistically significant 

relationship with species data in the DCCA (see section 5.5,4 and Table 5.4). However, the 

CCA with all 13 variables was not statistically significant. Exclusion of outlier sites discussed 

in section 5.5.2. also did not improve the CCA ordination because it makes environmental 

gradients even shorter.

5.5.7.3 CCA2 with forward selected variables

Forward selection in CCA was used to identily a minimal set of environmental variables 

which provide statistically significant ordination. Four variables were selected in CCA (in 

descending order of their respective contribution): pH, Long, TOC and Max D.

Table 5.7 presents the summary statistics for the CCA2 with forward selection. The first two 

CCA axes account for 19.8% variance in the species data which is slightly less than CCAl 

with the full set of environmental variables. However, the first two axes explain 62.2% of 

variance in species-environment relation. This is considerably higher compared to CCAl 

(26.2%). All four selected variables account for the 30% of variance in species data.

Both the first and the second CCA2 axes are statistically significant (P= 0.001 and 0.01) as 

revealed by Monte Carlo permutation test. The ratio of X2/X3 = 1.29 in CCA2 which is 

higher than the same ratio in CCAl (1.1). This is an indication that CCA2 with forward 

selected variables provides statistically significant ordination and the set of selected variables 

sufficiently explains the variation in the diatom data.

Table 5.7 CCA2 with forward selection: summary statistics for 24 samples, 4 environmental 

variables and 98 diatom species

Axes 1 2 3 4 Total Inertia

Eigenvalues 0.141 0.118 0.091 0.066 1.304

Cumulative variance of the species data, % 10.8 19.8 26.8 31.9

Cumulative variance of species- 

environment relation, %

33.9 62.2 84.0 100.0

Sum of all canonical eigenvalues 0.416
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Table 5.8 shows the percentage of variance explained by each of the four variables. Analysis 

of the canonical coefficients, their r-values and intra-set correlations of environmental 

variables with the ordination axes (see Table 5.9.) shows that pH, Long, and TOC are 

significantly correlated with the first CCA axis and Max D is correlated with the second 

CCA2 axis. pH, Long and Max D have negative correlation with CCA axes 1 and 2 and TOC 

is positively correlated with CCA axis 1. TOC is also strongly negatively correlated with 

CCA axis 3 (regression coefficient = -1.0446; f-value = -7.6821, intra-set correlation^ -

0.7572).

Table 5.8 CCA2: Percentage of variance potentially explained by 4 selected variables 

before selection and variance explained with the addition of each variable

Environmental
variable

Variance added 
with selection

Before forward 
selection

P

pH 0.13 0.13 0.001

Long 0.12 0 .12 0.001

TOC 0.09 0 .09 0.001

Max D 0.08 0 .07 0 .012

Table 5.9 CCA2 Canonical coefficients of the four selected variables, their t-values and 

intra-set correlations (* indicates t-value significant at P < 0.05, n = 24, d.f. = 19)

Environmental
variable

Canonical
coefficients

t-values of canonical 
coefficients

Intra-set
correlations

Axis 1 Axis 2 Axis 1 Axis 2 Axis 1 Axis2

pH -0.8342 0.5049 -7.9966* 5.1117* -0.7038 0.5302

Long -0.5906 -0 .6196 -5.6418* -6.2508* -0 .4334 -0 .7284

TOC 0.2044 0.0696 1.8904* 0.6507 0.4157 0.2343

Max D 0.0766 -0.4059 0.6988 -6.2508* -0.1428 -0.4667

The CCA2 plots (Figure 5.6) display the patterns of site (1) and species arrangements (2) 

along the axes to be close to the DCA diagram (Figure 5.5). The sites are arranged 

horizontally along the pH gradient and vertically along gradients of maximum depth.
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Figure 5.6 CCA2 with 24 site scores, 4 environmental variables and 98 

species scores. The arrangement of environmental gradients and sites is 

shown in (1); the variation in species data is shown in (2)

(N

I
<
B

3.0

.15
1 6 "2.0 -

,18

14

TOC

0 .0 - 20
.17

^gTTVlax Depth
- 1.0 - .19

22
- 2.0

4.53.01.50.03.0

(1)

CCA ax isl

6.0

(S

I
<
B

4.0 —

2 .0 -

0 .0-

- 2 . 0 -

-4.0-

A
ACSUCH

ACDIDY
A

A NA RA DI

A CM D ESC

A A
A CM CESA BRZELL

A A , A * A * A a°T̂  p i m e s o'A “ A A

Aa a

A
ACLVU L

A A 

A

a'
EU SERR

A A

A a ‘
ACM ARG  

A C C U I^  A U F L O R a A U PERG  
O T V EL A A A UN IV A

^  CM PERP "  FU RH O M

CY RO SS A c A ÀAT -
SU LIN E A  ̂A

A A U TEN E

aA
SA A N C E A

N A SU B T
A

-4.0 “ T“
0.0-3.0 -2.0 -1.0 0.0 1.0

CCA axisl
2.0 3.0 4.0

(2)

5.0 6.0

158



longitude and TOC. The sites with high pH (KOLAl and KOLA2) are located in the left 

upper quadrant and the most acidic sites (e.g. KOLA 19 and K0LA17) are situated in the 

right lower part of the diagram (Figure 5.6). Longitude is strongly positively correlated with 

Max D and negatively correlated with TOC. This suggests that the coastal sites (tundra for 

the most part) grouped in the lower left quadrant of the plot are deeper and have lower TOC 

concentrations than inland sites (forest and forest-tundra sites) located in the upper right 

quadrant. TOC influences diatom variation in the forest and forest-tundra sites with peaty 

catchments (e.g. K0LA14, KOLAl 8). pH accounts independently for the variation in the 

species data. The results of CCA2 with forward selection are somewhat different from PCA 

and DCA because a separate TOC gradient is revealed in CCA (in PCA TOC was 

intercorrelated with pH/COND group, in DCA TOC effect on diatom distribution was 

coUinear with Max D). The TOC gradient in CCA is not as strong as the pH, longitude and 

Max D gradients, and it has its highest canonical coefficient and intra-set correlation on the 

third CCA axis which has rather low eigenvalue. Apparently, a larger training set is required 

to reveal a more significant TOC influence. This is an indication that direct gradient analysis 

(CCA) is a more powerful numerical technique than indirect analysis (e.g DCA or PCA).

Figure 5.7 CCA2 plot of axis 1 and axis 3 (24 site scores, 4 environmental variables)
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Additional patterns in the influence of TOC on the site arrangement are revealed in Figure 5.7 

which shows CCA2 axis 1 plotted against axis 3 as TOC has its highest scores on the axis 3. 

The diagram in Figure 5.7 is, in principle, very similar to the discussed diagram in Figure 5.6, 

the sites are only slightly rearranged. In Figure 5.7 the deeper coastal tundra and forest- 

tundra sites with relatively higher pH and rocky catchments (left lower part of the diagram) 

from inland shallow forest and forest-tundra with peaty soils in the catchment (right part of 

the plot) in a way similar to DCA (see section 5.6.6). Exceptions are KOLAl (a forest lake 

with a high pH of 7.4.), which is grouped together the with tundra and forest-tundra sites and 

KOLA22 ( a tundra lake with low pH of 5.8) which is placed together with the forest lakes.

S.5.7.4 CCA3 with excluded longitude

The fact that longitude is chosen by forward selection means that it represents a major 

environmental gradient. Basic statistics and PCA of environmental data revealed that 

longitude is positively correlated with sea salts and negatively correlated with % forest and % 

peat. Due to the limited geographical range it is unlikely that longitude reflects only the 

climatic gradient.

However, the above CCAs have revealed clear geographical patterns in the arrangement of 

the sites in relation to the longitude vector. The effect is that longitude may be a substitute 

for another gradient, possibly for sea salts, because longitude reflects the distance from sea 

(i.e. eastern sites with higher longitude are located closer to the coast and western sites are 

situated farther from sea). Longitude also shows a strong negative correlation with the 

vegetation gradient (see PCA analysis in section 5.5.5) which implies that longitude might 

reflect the effect of catchment vegetation and soils on water chemistry and, indirectly, on 

diatom distribution.. It has a longer gradient than latitude suggesting that within the KOLA 

training set the major climate and vegetation changes are more pronounced in the east-west 

direction rather than in the north-south.

In order to understand which environmental factor is represented by longitude, it was 

excluded from CCA3. It was expected that, in the absence of longitude, a variable, which 

affects the diatom distribution in a similar to longitude way will take its place in the CCA3 

forward selection.
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The summary statistics of CCA3 are shown in Table 5.10. The following variables were 

forward selected (in descending order): pH, % forest, colour (COL) and maximum depth 

(Max D). The canonical coefficients together with their t-values and intra-set correlations of 

CCA3 are presented in Table 5.11. The results of CCA2 presented in Tables 5.8. and 5.9 

agree closely with the respective values of CCA3 (Tables 5.10 and 5.11). The first and the 

second CCA3 axes are statistically significant with P = 0.01 and 0.02 respectively. The 

eigenvalues of CCA3 have slightly lower values and the first axis accounts for the less 

variance both in species data and in species-environmental correlation. The first axis also 

shows a strong negative relationship with pH, the second axis correlates well with Max D, 

COL and % forest. The site and environmental scores firom the CCA3 are plotted in Figure

5.8. The diagram shows that in the absence of longitude, water colour becomes more 

significant than TOC in influencing diatom distribution. Clearly, these two variables account 

for the diatom variation in the similar way, the same sites (e.g. KOLA20, K0LA21) with 

peaty catchments and coloured water have highest variation both in TOC and COL (compare 

Figures 5.6, Figure 5.7 and Figure 5.8). In small boreal lakes the main source of TOC and/or 

DOC is humus input from the catchment (Engstrom, 1987, Kingston and Birks, 1990, 

Korsman et al, 1994) and therefore lakes with higher TOC tend to have more highly 

coloured water.

Figure 5.8 CCA3 with 24 site scores, 4 environmental variables (in the absence

of longitude)
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The results of CCA3 show that in the KOLA training set longitude represents a vegetation 

gradient rather than the distance from sea and the influence of sea salts. In the CCA3 

forward selection % forest was the second variable selected, as it was longitude in CCA2.

Table 5.10 CCA3 with forward selection in the absence of longitude: summary statistics for 

24 samples, 4 environmental variables and 98 diatom species

Axes 1 2 3 4 Total

Inertia

Eigenvalues, X 0.130 0.118 0.077 0.065 1.304

Cumulative variance of the species data, % 10.0 19.0 25.0 29.9

Cumulative variance of species- environment 

relation, %

33.4 63.7 83.5 100.0

Sum of all canonical eigenvalues 0.390

Table 5.11 CCA3: canonical coefficients of the four selected variables, their t-values and 

intra-set correlations (* indicates t-value significant at i* < 0.05, n = 24, d.f. = 19)

Variable Canonical coefficients t-values of canonical 
coefficients

Intra-set correlations

Axis 1 Axis 2 Axis 1 Axis 2 Axis 1 Axis2

pH -0.9528 0.0495 -7.6998* 0.6465 -0.8655 0.0463

% forest 0.0058 -0.8319 0.4380 -10.2068* 0.0940 -0 .9082

COL 0.1501 -0.1972 1.1398 2.4223* 0.2754 -0.4753

Max D 0.2237 0.1869 1.6939 -2.2884* 0.1015 0.5397

Longitude and Max D are negatively correlated with the % forest (see PCA plot in Figure

5.4) and therefore the site arrangement in Figure 5.8 looks somewhat different from Figures

5.6 and 5.7. However, there are the same patterns in the distribution of the sites in Figure

5.8, i.e. the shallow deep-coloured forest sites are separated from the deep clear water tundra 

sites.
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The percentage of forest in a lake catchment reflects major vegetation zones (tundra, forest- 

tundra or forest zone) and indirectly reflects climate. However, the climate-vegetation 

relationship is not linear, in some cases vegetation cover can be determined by the local relief 

and geology as well as by the ten^erature (Tuhkanen, 1984). This is especially pronounced 

in the transition regions of ecotonal boundaries, e.g. forest-tundra, (Nikonov and Lukina, 

1994) although in the boreal zone temperature is still a major factor controlling vegetation on 

a broad scale (Ritchie, 1987).

It is difficult to separate the influence of climate on lake water chemistry from the influence of 

catchment parameters (geology, soils etc.) some of which are determined by the type of 

vegetation. As was noted above, the forest sites in the training set have more peat in the 

catchments and their water contains more dissolved organic carbon and has a deeper colour. 

On the other hand, climate partly controls the rate of nutrient circulation, soil formation and 

rate of soü chemical processes which influences lake water chemistry and therefore diatom 

composition. The complex relationship between soil chemistry, catchment geology, 

catchment vegetation, climate and lake diatom composition have yet to be fully researched 

although some studies have recently appeared (e.g. Rouse et a l, 1997).

Consequently it is premature to draw broad conclusions how longitude influences diatom 

distribution in the lakes of the training set. More data are required to test the effect of 

vegetation zones and climate on diatom distribution.

S.5.7.5 CCA4.1 - 4.4: pH as the sole explanatory variable. Hypothesis testing and 

partitioning the variance

All previous estimations show that pH has the strongest and the most significant contribution 

to the variance in the species data and therefore a pH-inference model could be developed. 

DCCA with pH as a single variable (Table 5.4., section 5.5.6) showed that pH alone accounts 

for 9.9% in species variation, the ordination is significant {P = 0.01) and the eigenvalue of the 

first constrained axis is higher than the eigenvalue of the second unconstrained axis (k\lX2 = 

1.06). This suggests that the pH gradient is sufficient for successful development of diatom- 

pH transfer function (ter Braak, 1988a).

To assess directly the influence of pH on variation in floristic composition a series of partial
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CCAs and partitioning of the variance was performed (ter Braak, 1988a, Borcard et al, 

1992, 0kland and Eilersten, 1994). The variance partitioning was performed with both set of 

all variables and only with statistically significant variables (see highlighted variables in Table

5.4) as recommended by 0kland and Eilersten (1994). The results of both types of variance 

partitioning are compared in Table 5.12. The following analyses were performed to identily 

the percentage of variance explained by pH:

1. To identify total variance explained by pH: CCA4.1. of the species matrix constrained 

only by pH;

2. To identify the unexplained variance: Unexplained variance = 100% - explained variance 

in CCA 4.1.

3. To identify the variance explained by pH independently of other environmental variables: 

CCA4.2. of the species matrix constrained by pH and other environmental variables as 

covariables;

4. Total variance explained together by covariance of pH and other environmental variables 

step (1) - step (3).

5. To identify the variance explained by pH independent of other water chemistry variables: 

CCA4.3 of the species matrix constrained by pH and other water chemistry variables as 

covariables.

6. Total variance explained together by covariance of pH and other water chemistry 

variables step (1) - step (5).

7. To identify the variance explained by pH independent of physical variables: CCA4.4 of 

the species matrix constrained by pH and physical variables as covariables.

8. Total variance explained together by covariance of pH and physical variables: 

step (1) - step (7).

The results of CCA 4.2 and CCA4.3 were statistically insignificant and therefore it is difficult 

to interpret them. Surprisingly little difference between two types of variance partitioning 

implies a relatively small role of statistically insignificant variables in ordination. pH covaries 

a little with the measured physical characteristics and this is confirmed in both types of 

variance partitioning.

Apparently, pH covaries with water chemistry variables at much greater extent compared to
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CCAs and partitioning of the variance was performed (ter Braak, 1988a, Borcard et al, 

1992, 0kland and Eilersten, 1994). The variance partitioning was performed with both set of 

all variables and only with statistically significant variables (see highligthed variables in Table

5.4) as recommended by 0kland and Eilersten (1994). The results of both types of variance 

partitioning are compared in Table 5.12. The following analyses were performed to identify 

the percentage of variance explained by pH:

1. To identify total variance explained by pH: CCA4.1. of the species matrix constrained 

only by pH;

2. To identify the unexplained variance: Unexplained variance = 100% - explained variance 

in CCA 4.1.

3. To identify the variance explained by pH independently of other environmental variables: 

CCA4.2. of the species matrix constrained by pH and other environmental variables as 

covariables;

4. Total variance explained together by covariance of pH and other environmental variables 

step (1) - step (3).

5. To identify the variance explained by pH independent of other water chemistry variables: 

CCA4.3 of the species matrix constrained by pH and other water chemistry variables as 

covariables.

6. Total variance explained together by covariance of pH and other water chemistry 

variables step (1) - step (5).

7. To identify the variance explained by pH independent of physical variables: CCA4.4 of 

the species matrix constrained by pH and physical variables as covariables.

8. Total variance explained together by covariance of pH and physical variables: 

step (1) - step (7).

The results of CCA 4.2 and CCA4.3 were statistically insignificant and therefore it is difficult 

to interpret them. Suprisingly little difference between two types of variance partitioning 

implies a realtively small role of statistically insignificant variables in ordinatation. pH 

covaries a little with the measured physical characteristics and this is confirmed in both types 

of variance partitioning.

Apparently, pH covaries with water chemistry variables at much greater extent compared to
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its covariance with physical variables. This may be the reason for statistical insignificance of 

CCA4.2 and CCA4.3. However, DCCA (see section 5.5.4), CCA4.1, and CCA4.4 showed 

that pH represents independent on physical variables and statistically significant gradient in 

environmental data, it is the most influential environmental variable in the training set and it 

can be used for generation of successful transfer function.

Table 5.12 Results of partitioning the variance in the partial CCA4.1 - 4.5 of diatom matrix of 98 

taxa and pH as the sole environmental variable. Entries are percentages of the total variance in 

the data set. P  - probability in Monte Carlo tests of significance of the first CCA axis

Source of variance Total set of 
environmental variables 

(24)

Set o f signifcant 
environmental 
variables (13)

% P % P

1. Unexplained variance 56.8 - 57.3

2. Variance explained by pH as sole 
environmental variable

9.8 0.001 10.1 0.01

3. Variance explained by pH 
independent of all other variables

4.8 0 .37 8.4 0.51

4. Variance explained by pH 

independent of other water chemistry 

variables

2.9 0 .20 6.1 0.6

5. Variance explained by pH 
independent of physical variables

8.8 0.01 9.0 0.01

6. Variance explained by pH together 
with physical variables

1.0 0.01 1.1 0.01

5.6 General discussion

On the whole, analysis of the KOLA training set confirms the results of other authors 

working in similar Arctic regions: northern Canada and Northern Fennoscandia (e.g. Pienitz 

and Smol, 1993, Pienitz et al, 1995a, 1995b, Korsman and Birks, 1996, Weckstrom et al, 

1997a, 1997b, Battarbee et al, 1997, Sorvari and Korhola, 1998). Interrelationships within 

the environmental set of variables explored by PCA are typical for low-nutrient, low- 

electrolyte, small northern lakes located along the vegetation gradient. Sea salt 

concentrations in the lakes are correlated with the longitude and therefore with the distance
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from sea and negatively correlated with the vegetation gradient reflected by % forest and % 

peat.

The diatom composition of the KOLA lakes is similar to Northern Fennoscandian and 

northern Canadian lakes described in several studies listed above. It also has some similarities 

with the diatom composition of the AL:PE training set (Cameron et a l, 1999) and high alpine 

lakes (Schmidt and Psenner, 1992).

pH, maximum depth, longitude and TOC are the set of variables explaining more than 30% 

of the variance in the species data and more than 60% of the total explained variance. pH, 

longitude and TOC individually explain the variance in the diatom data in DCCA. This is in 

agreement with the findings of other authors.

The high influence of pH on diatom composition is well known (e.g. Hustedt, 1937 - 1939, 

Nygaard, 1949, Merilainen, 1967, Renberg and Hellberg, 1982, Battarbee, 1984, Charles et 

al, 1989, Dixit et al, 1991) and many pH based transfer function have been successfully 

developed and used for inferring past acidity changes (e.g. Stevenson et a l, 1991, Korsman 

and Birks, 1996, Cameron et a l, 1998). pH accounts for more than 30% of the explained 

variance in diatom data, its influence on diatom distribution is statistically significant and its 

gradient is long enough for the successful generation of a transfer function. Apparently, pH 

covaries with other water chemistry variables but its influence is independent from physical 

variables.

The other variable, which appeared important in the training set, is maximum depth. Several 

studies of diatom distribution in polar regions also recognised maximum depth as an 

important factor accounting for distribution of diatom taxa (e.g. Hall and Smol 1992, Pienitz 

and Smol, 1993, Smol, 1988, Dixit and Smol, 1994, Pienitz et a l, 1995a, Rouse et al, 

1997). Water depth is correlated with light penetration and consequently with water 

transparency and, consequently, with habitat variability. Therefore, the influence of water 

depth is greater in clear water oligotrophic lakes which are usually common for the tundra or 

alpine zones (Smol, 1988). Water depth also affects diatom microhabitat, so that planktonic 

species occur in deep-water lakes whereas shallow lakes are dominated by benthic and 

periphytic diatom assemblages (e.g. Brugam et a., 1998, Wolin and Duthie, 1999). The
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current results confirm this, i.e. the deep-water tundra lakes are clearly separated from 

shallow forest lakes and the most pronounced effect of water depth on diatom distribution 

occurs in tundra zone. Although DCCA with Max D as a sole variable is not statistically 

significant, its clear influence on diatom distribution in DCA and a separate gradient revealed 

in PCA confirms the importance of maximum depth in explaining diatom variance.

TOC and water colour seem to be the weakest variables in the set of forward selected 

variables and apparently a larger set of lakes is required to reveal the influence of TOC. DCA 

also did not separate the effect of TOC fi"om the influence of Max Depth on diatom 

distribution. However, appearance of TOC and colour as statistically significant forward 

selected variables confirms that these variables are important in explaining diatom distribution 

in high latitude small oligotrophic lakes (Pienitz and Smol, 1993, Korsman et a l, 1994, 

Rouse et a l, 1997).

Longitude and latitude were included in this training set as surrogate characteristics of climate 

because the vegetation zones have both latitudinal and longitudinal zonation in the Kola 

Peninsula. Longitude appeared to be a stronger variable than latitude in its effect on diatom 

distribution. This is due to the different ranges of these two variables. Longitude has almost 

three times longer gradient than latitude.

Longitude appears to reflect the vegetation and biogeographical change in the training set. 

Generally, vegetation and biogeography are integral parameters which reflect different 

characteristics, i.e. geology, soils, climate. In the KOLA training set it also represents 

distance fi*om the sea. Therefore, it is impossible to determine exactly which characteristics 

reflected by the vegetation gradient influence diatom distribution, although it is possible that 

climate is one of them. It would be helpful if data on average summer air/surface water 

temperatures of the lakes were available. Unfortunately, these data do not exist and the usage 

of one temperature measurement during the field season is unreliable due to their high 

interannual variability (Annual reports on meteorology, 1930-1990).

Generally, this study shows the relative importance of water chemistry (pH, TOC, water 

colour) and catchment and geographical characteristics (longitude and maximum depth) in 

explaining diatom distribution in sensitive small oligotrophic lakes in northern regions. pH is
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clearly a driving force in diatom distribution and it is independent of measured catchment 

parameters. However, it is still unclear what are the factors influencing lake acidity in the 

northern regions with low buffering capacity bedrock and the absence of anthropogenic 

acidification. There is evidence that pH can by influenced to some extent by humic input from 

the catchment which can be due to the presence of spruce in the catchment (e.g. Engstrom 

and Hansen, 1985, Korsman et al, 1994) and in-lake alkalinity generation (Schmidt and 

Psenner, 1992, Sommaruga-Wograth, 1997). Organic acids are suggested to be the most 

important factor in the recent acidification of acid-sensitive lakes in Northern Fennoscandia 

(e.g. Jansson and Ivarsson, 1994, Korsman and Segestrom, 1998, Korsman 1999).

5.7 Summary

• The diatom composition and the diatom-environmental relationships within the KOLA 

training set are similar to the studied sets of lakes in Northern Fennoscandia and northern 

Canada.

• pH, maximum depth, longitude/% forest and TOC/water colour are the most important 

explanatory variables in this training set.

• pH appeared to be the strongest explanatory variable in the training set, its effect on the 

diatom distribution is the most clear and its influence is statistically significant. It accounts 

for variance in the diatom data that is independent of the physical variables.

• pH gradient is adequate for the useful development of an inference model.

• The influence of longitude on diatom distribution mainly reflects the effect of catchment 

vegetation and might also reflect climate influence. However, more data is required to 

confirm this.

• Catchment characteristics and lake morphometry appear to be as important as water 

chemistry in explaining the variance in diatom data from northern small oligotrophic 

lakes.
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CHAPTER SIX

pH MODEL GENERATED USING THE KOLA TRAINING SET AND ITS 

COMPARISON WITH OTHER pH MODELS

6.1 Introduction

As was shown in Chapter 5, pH is the main variable determining species distribution and 

composition in the studied lakes. The influence of pH on species distribution within the 

KOLA training set is statistically significant and it is an appropriate variable to generate an 

adequate pH transfer function (ter Braak, 1988a). It was also pointed out in Chapter 1 that 

pH can be indirectly influenced by climate in remote upland sensitive lakes with low buffering 

capacity such as Chuna Lake (e.g. Psenner and Schmidt, 1992) and therefore it may be 

possible to link past climate dynamics with the changes of the lake pH through time.

In this chapter a pH transfer function is generated using the KOLA training set described in 

Chapter 5, the diatom indicator species of the KOLA training set are identified and diatom pH 

optima are obtained. The diatom pH optima generated in the KOLA training set are 

compared to the optima generated in several other training sets of lakes located in the similar 

environments (e.g. Fennoscandia). The predictive performance of the KOLA pH transfer 

function is compared with the predictive performance of the pH transfer function generated in 

the SWAP training model (Stevenson et a l, 1991) and with the AL:PE model (Cameron et 

al, 1999).

The SWAP calibration set comprises 167 lakes situated in NW. Europe with pH ranging 

between 4.33 to 7.25 with mean and median of 5.56 and 5.27 respectively (Stevenson et al, 

1991). Many of the SWAP lakes are situated in lowland biologically productive areas. In 

contrast, the AL:PE training set includes 118 more ultra-oligotrophic sites lakes from remote 

alpine regions of Europe (Cameron et al, 1999). The pH of the AL:PE lakes varies from 4.8 

to 8.0 with mean and median of 6.15 and 6.10.

The pH reconstructions using the KOLA, SWAP and AL:PE models are performed on the 

Holocene sediment diatom profile from Chuna Lake described in Chapter 9. The results of
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reconstructions are compared using the method of modem analogues, and the most 

statistically robust pH reconstruction is used in Chapter 9.

6.2 Numerical methods

Since the gradient length of the species data is 2.55 SD, (Chapter 5, section 5.5.4.), this 

requires application of unimodal regression methods i.e. weighted averaging (WA) or 

weighted averaging partial least squares (WA-PLS). On the other hand, there is a linear 

relationship between pH and diatoms as it was revealed in DCCA (Chapter 5, section 5.5.4). 

Therefore, two numerical methods were initially applied to generate a transfer function: 

weighted averaging partial least squares (WA-PLS) which is appropriate for the data with 

unimodal response to environmental variable and partial least squares regression and 

calibration (PLS) which is a linear multivariate statistical method.

PLS is a technique which was first used in chemometrics for analysing spectroscopic data 

(Geladi, 1988, Martens & Naes, 1989, De Jong, 1993). The algorithm for PLS is similar to 

PCAR (principal component regression i.e. PCA followed by regression (see Chapter 3). 

Both PCAR and PLS are types of regression which are resistant to multicoUinearity within 

environmental variables by selecting a number of orthogonal components (ter Braak and 

Juggins, 1993). The main difference is that PCA is designed to maximise the variance within 

the predictive variables i.e. PCA uses arbitrary initial site scores irrespective of their predictive 

value whereas PLS maximises the covariance between response variables i.e. PLS uses 

environmental scores or the current residuals (De Jong, 1993, ter Braak and Juggins, 1993).

PLS combines the high correlation of inverse regression and the stable predictors of high 

variance of PCAR, always giving a better fit (P) than PCAR. The number of components in 

PLS influences the predictive power; if the number of components is equal to the number of 

response variables PLS is reduced to an ordinary multiple regression (ter Braak and Juggins, 

1993, Birks, 1995). Therefore, it is essential to choose the number of components which 

gives the minimum prediction error estimated by the leave-one-out cross-validation method 

(jack-knifing) (Martens and Naes, 1989).

WA-PLS regression has also been used to generate a pH transfer function (Korsman and 

Birks, 1996); it is a unimodal version of PLS first developed by ter Braak and Juggins (1993).
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WA-PLS combines the ecologically plausible idea adopted in the weighted averaging 

technique (WA), namely that species respond in a unimodal way to the environment, with the 

predictive power of PLS. It was proved that WA is a variant of WA-PLS when only the first 

corrponent is used (ter Braak and Juggins, 1993). WA-PLS normally gives a lower error of 

prediction with lower average and maximum bias conq)ared to WA because it uses the 

residual structure of species data to improve species estimates (‘optima’) in the final WA 

predictor. Inverse deshrinking used in WA-PLS gives more robust species estimates when the 

unknown samples are largely fi'om the central part of distribution of the training set (which is 

a property of the KOLA training set) compared to classical deshrinking which gives more 

robust estimates for samples at the edge of the training set (ter Braak, 1995).

The programme CALIBRATE (Juggins & ter Braak, 1992) was used to perform PLS and 

WA-PLS regression of the reduced training set (24 samples, 98 diatom taxa). Species 

percentage data were square-root transformed.

The programme HOF (J. Oksanen, 1996, unpubl. programme) was used to model different 

types of diatom responses to pH. The predictive abilities of PLS and WA-PLS transfer 

functions were assessed by the squared correlation coefficient of prediction ( /) , the jack- 

knifed root mean squared error (RMSEP) of prediction, the average and maximum bias of 

predicted values and the distribution of residual (observed - predicted) values of lake pH 

(Birks, 1995). Jack-knifing leave-one-out cross-validation involves pH prediction for each 

sample based on the remainder of samples in the data-set other than the one being tested 

(Hinkley, 1983).

The programme RMSEP (Line and Birks, unpubl. programme) was used to derive the error 

of prediction for the KOLA model. The programme MAT (Juggins, unpubl. programme) 

was applied to choose the best modem analogues for the fossil diatom samples of the 

Holocene sediment core of Chuna Lake. The programme uses squared chord distance as a 

dissimilarity measure (Overpeck et a l, 1985, Bartlein and Whitlock, 1993) to identify best 

modem analogues for fossil sangles. The value of the 5th percentile of distribution chord 

distances among samples in modem training sets was used as a cut-off limit for analogue 

estimation; fossil sample has a ‘good’ modem analogue if its is less than the value of 5th 

percentile (e.g. Birks, 1995).
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Sample-specific error of prediction of pH reconstruction for fossil samples of the Chuna Lake 

was derived using the programme WAPLS with 500 Monte-Carlo simulations (Juggins and 

ter Braak, 1995, unpubl. programme). The programme CANOCO (ter Braak, 1988a) was 

used to evaluate the goodness of fit of reconstructed pH by calculating squared residual 

length of fossil samples in relation to the first CCA axis constrained by pH.

6.3 The KOLA pH model

6.3.1 Introduction

In this section, the diatom-pH model is generated using the KOLA data set and the predictive 

power of the KOLA model is assessed. The relationship of diatoms to pH in the KOLA data 

set is also explored using programme HOF. pH diatom optima generated by the KOLA 

model are conpared to the pH optima obtained in other studies.

6.3.2 PLS and WA-PLS models

Table 6.1 shows the results of summary statistics for PLS and WA-PLS with 6 components. 

Sixth component of PLS outperforms WA-PLS in ‘apparent’ error RMSE and goodness of 

fit estimation (the best values are highlighted with asterisks in the Table). However, RMSE is 

not a reliable measure, it is usually underestimated because of resubstitution of samples during 

the computing of RMSE. The realistic estimation of the model prediction power is given by 

‘prediction’ (with jack knife cross-validation) statistics which takes into account the degrees 

of fi*eedom and determines the optimal number of components (ter Braak and Juggins, 1993). 

The first WA-PLS component gives the best estimations for RMSEP and average bias. 

Maximum bias is the lowest when all six WA-PLS components are included (Table 6.1). 

However, the decrease in maximum bias with all six conponents is negligible (0.5%), overall 

performance of WA-PLS with the first component gives the best results.

ter Braak and Juggins (1993) have proved that one-component WA-PLS is a simple weighted 

averaging regression (WA) (ter Braak and Van Dam, 1989, Birks et al, 1990a). The fact 

that simple WA regression outperformed WA-PLS suggests that pH is the only 

environmental gradient significantly influencing the structure of the species data (ter Braak 

and Juggins, 1993, ter Braak, 1995). This was also confirmed by the results of DCCA ( see
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section 5.5.4, Chapter 5) i.e. the gradient length of the second unconstrained axis in DCCA 

with pH as a single environmental variable is shorter that the first constrained axis.

Table 6.1 Summary statistics for PLS and WA-PLS. Six components are retained for each model, 

optimal statistics is highlighted by asterisks

a ‘Apparent’ or ‘estim ated’ statistics

M odel with 6 

components

/ RMSE Average bias Maximum bias

PLS 1 0.7412 0.2614 0.00 0.4739

2 0.9474 0.1179 0.00 0.2484

3 0.9789 0.0745 0.00 0.0704

4 0.9902 0.0508 0.00 0.0507

5 0.9965 0.0305 0.00 0.0390

6 0.9989* 0.0168* 0.00 0.0317*

WA-PLS 1 0.8436 0.2041 0.0031 0.3300

2 0.9622 0.0999 0.0012 0.1900

3 0.9865 0.0597 0.0022 0.0841

4 0.9940 0.0405 0.0062 0.0462

5 0.9956 0.0357 0.0* 0.0462

6 0.9978* 0.0243* 0.0* 0.0134*

b ‘Prediction’ statistics

Model with 6 / RMSEP Average bias Maximum bias

components

PLS 1 0.2920 0.4339 -0.0049 1.0090

2 0.1746 0.4928 -0.0034 1.0203

3 0.1978 0.4801 -0.0063 1.0184

4 0.2118 0.4787 -0.0098 1.0297

5 0.2118 0.4839 -0.0008 1.0683

6 0.1983 0.4903 -0.0051 1.1059

WA-PLS 1 0.5203* 0.3695* 0.0075* 0.8812

2 0.4104 0.3947 0.0084 0.8896

3 0.3775 0.4057 0.0176 0.8893

4 0.3848 0.4012 0.0235 0.8873

5 0.4038 0.3972 0.0235 0.8441*

6 0.4038 0.3972 0.0170 0.8441*
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Figures 6.1a and 6.1b illustrate the predictive abilities of the transfer function. Comparison of 

the plots (1) and (2) in Figure 6.1a reveals a little bias of overestimating pH values at the low 

end of the gradient (lakes KOLA19 and KOLA17) and underestimating the values at the high 

end of the gradient (KOLAl and KOLA2). This is an expected bias because WA-PLS is an 

inverse deshrinking regression which unlike classical deshrinking regression tends to give 

better predictions in the middle rather then at the edges of the gradient (Martens and Naes, 

1989, ter Braak and Juggins, 1993).

The diagrams of ‘prediction residuals’ (predicted pH - observed pH) plotted against observed 

pH (Figure 6.1b (3)) and predicted pH (Figure 6.1b (4)) demonstrate the same in-built bias at 

the ends of the gradient: the predicted pH of KOLA19 and KOLA 17 are 5.9 and 6.05 

respectively (measured pH of both lakes are 5.1), predicted pH of KOLAl is 6.8 whereas the 

measured pH of the lake is 7.0. On the whole, the greater error of prediction occurs at the 

low end of the gradient. Naturally, these lakes at the ends of the pH gradient also have the 

highest prediction residuals, e.g. KOLAl9 has the highest prediction residual of 0.98, 

K0LA17 - 0.82 and KOLAl - 0.59.

As a result of the higher prediction error at the gradient extremes the gradient of the predicted 

pH is shorter than it is in reality, i.e. the predicted pH varies from 5.88 to 6.91 (measured pH 

ranges from 5.1 to 7.0). As it was shown above simple WA regression generates the transfer 

function with the highest predictive power. In attempt to improve the fit, WA regression with 

tolerance downweighing (WA-tol) was performed. However, the WA-tol model gives higher 

error of prediction and lower squared correlation coefficient (RMSEP toi = 0.4848, r̂  = 

0.1665 ) and therefore it was rejected.

On the whole, the apparent statistics of the KOLA model (first component of WA-PLS, see 

Table 6.1.) are comparable with models generated in other studies (e.g. Stevenson et al, 

1991, Dixit et a l, 1991, Pienitz and Smol, 1993, Pienitz et al, 1995, Korsman and Birks, 

1996, Cameron et a l, 1999, Korhola et a l, 1999). The prediction statistics are also in line 

with the findings of other authors although the /  of prediction is lower than in the majority of 

the relevant models (Stevenson et al, 1991 Korsman and Birks, 1996, Cameron et al, 1999). 

The relatively low /  of prediction may reflect the short pH gradient in the KOLA training set
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F igure 6.1a Predictive abilities o f  the K O L A  m odel. (1) observed  pH  against pred icted  

pH ; (2) observed pH  against estim ated pH . F orest sites are show n as filled  squares; 

forest-tundra sites- filled circles; tundra sites- filled triangles; a lp ine sites - stars
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Figure 6.1b Predictive abilities o f the K O L A  m odel. (3) observed  pH  aga in st pred iction  

residuals (predicted-observed pH); (4) observed pH  against estim ated  pH
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and the relatively high percentage of diatoms with a poor relationship to pH compared to 

other training sets, e.g. SWAP and AL:PE (Stevenson et al., 1991, Cameron et al, 1999). 

Clearly, a longer pH gradient is required to improve the model performance. However, the 

further analysis shows that the model is robust enough to generate pH optima comparable 

with other studies and it is therefore possible to successfully apply it.

6.3.3 Diatom relationship to pH

Table 6.2 lists 98 diatom species which occurred in at least three KOLA lakes with the 

abundance ^ 1% pH optima generated in simple WA, their tolerances, number of diatom 

occurrence, effective number of occurrence (N2) introduced by Hill (1973) and the type of 

diatom response to pH modelled in HOF are also presented. N2 is a measure of diversity 

reflecting both taxon abundance and occurrence, so that taxon occurring in many sites with 

low abundance has low N2. Species tolerances were adjusted for N2.

Only taxa which occur in more than 11 lakes were included in HOF modelling (10 is the 

minimum number of points required by the programme). HOF chooses the simplest 

statistically significant model of individual taxon response to an environmental variable by 

fitting a hierarchical set of different models starting fi-om the most complex model first and 

progressively removing parameters from the regression (Huisman et a l, 1993). The following 

models are used in HOF:

• a skewed asymmetric unimodal model (AUM) (ter Braak and Looman, 1986)

• a symmetric Gaussian unimodal model (UM) (Birks et al, 1990a)

• an increasing (TM) or decreasing sigmoidal model (DM) (Birks et a l, 1990a)

• a null model (NM) of no relationship to an environmental variable (Birks et a/., 1990a).

Altogether 35 taxa were included into the HOF modelling which is 35.4% of the total number 

of diatoms. Results of the species screening in HOF presented in Table 6.2. are summarised 

below in Table 6.3.
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Table 6.2 pH optima for 98 taxa estimated by WA regression, number of occurrences (N), 

effective number of occurrences (N2), the simplest statistically significant response model as well 

as diatom taxon code used in figures. Taxa used in HOF are highlighted in bold. Symmetric 

unimodal model - (UM); Sigmoidal increasing model - (IM); Sigmoidal decreasing model - (DM); 

Null model - (NM)

Taxon

Code

Taxon Nam e N N2 O pt. Toi. M odel

ACPSEU Achnanthes pseu dosw azi Carter 5 4.84 6.60 0.43

ACMINU A chnanthes m inutissim a  v. m in utissim a  Kutz. 19 17.60 6.61 0.35 IM

ACNODÜ A chnanthes nodosa  Cleve-Euler 13 12.30 6.62 0.36 NM

ACSUCH Achnanthes suchlandtii Must. 3 2.70 7.01 0.59

ACPUSI A chnanthes pu silla  v .p u silla  Grun. 13 12.30 6.33 0.33 NM

ACDIDY Achnanthes didynia  v. didym a  Must. 4 3.89 6.81 0.55

ACDETH Achnanthes detha. 10 9.28 6.55 0.47

ACLEVA Achnanthes levanderi Must. 5 4.78 6.72 0.5

ACALTA A chnanthes a lta ica  (Poretzky) Cleve-Euler 18 17.30 6.46 0.33 NM

ACCURT A chnanthes ciirtissim a  Carter 11 10.70 6.66 0.36 IM

ACKUEL A chnanthes kuelbsii Lange-Bertalot 13 12.50 6.46 0.33 NM

ACLVUL Achnanthes lacus-vidcani Lange-Bertalot & Kramer 7 6.55 6.73 0.46

ACMARG A chnanthes m arginulata  Grun in Clev.& Grun 18 16.70 6.44 0.40 NM

ACSCOT A chnanthes scotica  Jones & Elower 11 10.70 6.53 0.23 IIM

ACKRIE Achnanthes kriegeri Krasske 8 7.42 6.66 0.32

ACFLEX Achnanthes jlex e lla  (Kutz.) Brun 6 5.80 6.61 023

ACHELV Achnanthes austriaca v.helvetica  Must. 7 6.84 6.30 0.23

ACSPEC Achnanthes sp. 3 2.78 6.53 0.18

AUALPE A ulacoseira  lira ta  v. alpigena  (Grun) Haworth 17 15.90 6.45 0.46 NM

AULACU A ulacoseira lira ta  v. lacustris (Grun. in Van Heurck) Ross in Hartley 7 5.79 6.36 0.14

AULILA Aulacoseira lira ta  v. lirata  (Ehrenb.) Ross in Hartley 4 3.76 6.41 0.21

AUFLOR A ulacoseira perg labra  Jloriniae 10 9.63 6.44 0.44

AUPERG A ulacoseira  perg labra  perg labra 15 13.65 6.26 0.38 UM

AUVALI Aulacoseira italica  v. valida  (Grun. in Van Heurck) Simonsen 6 0.48 6 39 0.23

AUSUBA Aulacoseira subarctica  (O.Mull) Haworth 9 8.15 6.30 0.26

AUNIVA A ulacoseira  d istans v. nivalis (Nygaard) Ross 14 12.18 6.27 0.36 UM

AUTENE Aulacoseira distans v. tenella  (Nygaard) Ross 7 6 88 6.29 0.29

AUNYGA A ulacoseira nygaardii Cambum 3 2.84 6.57 0.31

APRUTI Am phipleura rutilans (Trentepohl ex Roth) Cleve 5 4.94 6.56 0.33

BRVITR B rachysira vitrea  (Grun.) Ross in Hartley 22 20.95 6.42 0.45 NM

BRBREB B rachysira brebisson ii v. brebisson ii Ross 23 21.96 6.36 0.47 NM

BRZELL Brachysira zellensis (Grun) Round & Mann 7 6.09 6.63 0.32

CM PERP C ym bella perpu silla  Cleve 16 15.13 6.31 0.48 NM

CMCESA C ym bella  cesatii v. cesatii (Rabenh.) Grun in Schmidt 14 13.08 6.69 0.31 UM

CMMINU C ym bella minuta v. minuta Hilse ex Rabenh 10 9.13 6.76 0.41

CMLUNA C ym bella lunata W.Sm. in Grev. 22 21.17 6.45 0.44

CMMICR C ym bella m icrocephala  v. m icrocephala  Grun in Van Heurck 9 8.63 6.59 028

CM IIERB C ym bella  h ebrid ica  (Grun ex Clev.) Cleve 16 15.42 6.28 0.45 NM

CMGAEM C ym bella  gaeu m an n ii Meister 13 12.34 6.31 0.22 UM
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Table 6.2 (continued)

Taxon
Code

Taxon Name N N2 Opt. To! Model

CMDESC Cym bella descrip ta  (Hust) Kram. & Lange-Bert. 7 6.68 6.63 0.30

CMNAVl Cym bella naviculiform is Auersw. ex Heib 9 8.66 6.35 0.58

CYPSEU C yclotella  pseudostelU gera  Hust 4 3.61 6.99 0.42

CYROSS Cyclotella rassit Hakansson 7 6.42 6.58 0.23

EUCURV Eunotia curvata  v. curvata  (Kutz) Lagerst. 8 7.60 6.48 0.18

EUSPEC Eunotia sp. 16 2.0 6.04 0.74

EURHOM E unotia rh om boidea  Hust. 16 15.64 6.34 0.43 NM

EUSERR Eunotia serra  v. serra  Erhenb. 9 83.66 6.22 0.55

EUPRAE Eunotia p raeru p ta  v. praerupta  Ehrenb. 10 8.99 6.41 0.53

ElIVANH Eunotia vanheurckii v. vanheurckii Patr. 13 12.26 6.31 0.43 NM

FRVENT F ragilaria construens v. venter (Ehrenb) Grun. in Van Heurck 9 8.59 6.50 0.49

FRELLI Fragilaria ellip tica  Schum. 9 8.30 6.61 0.45

FRPSEU Fragilaria pseudoconstruens Marciniak 6 5.66 6.55 0.50

FRCBRE Fragilaria [cf. brevistria ta] Botungen 6 5.59 6.66 0.52

FRCNRI Fragilaria constricta  v. cons trie ta  Ehrenb 9 8.81 6.19 0.46

FRPINN Fragilaria pinnata  v. pinnata  Ehrenb. 8 7.60 6.44 0.22

FRBICA Fragilaria b icapitata  A.Mayer 5 4.93 6.45 0.28

RJSAXO Frustulia rhom boïdes  v. saxon ica  (Rabenh) 22 20.56 6.27 0.52 NM

ElIRIIOM F rustu lia  rhom boïdes v. rh om boïdes (Ehrenb) 17 15.84 6.19 0.54 NM

R IV IR I Frustu lia rhom boïdes v. vlrldula  (Breb ex Kutz) Cleve 13 2.68 6.31 0.38 NM

GOPARV Gom phonem a parvulum  v. parvulum  Kutz. 9 8.59 6.50 0.49

MEAREN M elosira arentii (Kolbe) Nagumo & Kobayasi 6 5.77 6 29 0.64

NARADl N avicula radiosa  v. radiosa  Kutz. 8 7.74 6.75 0.39

NAPSELI N avicula pseudoscutiform is Hust. 7 6 6 2 6.67 0.46

NAPUPU N avicula pupula  v. pupula  Kutz. 8 7.87 6.66 0.35

NABEGE N avicu la begeri Krasske 12 11.37 6.37 0.65 NM

NADIGI N avicula digitu lus Hust. 6 5.41 6.75 0.43

NAHOEF N avicu la  h oefleri Sensu Ross et Sims 18 16.59 6.28 0.63 DM

NAMEDI N avicula m ediocris Krasske 18 17.23 6.31 0.38

NAJAAG Navicula ja a g ii Meister 4 3jC 6 86 0.08

NALEPT Navicula leptostria ta  Jorgensen 19 18.31 6.40 0.41

NASUBT N avicu la sub tlllsslm a  Cleve 16 15.07 6.21 0.61 DM

NAIMPE N avicula impexa Hust. 5 4.83 6.44 0.28

NASUBM N avicula subminuscula Manguin 3 2 9 5 6.12 0.29

NAVITI Navicula vitiosa  Schimanski 5 4.37 6.51 0.31

NACFIM Navicula [cf. im pexa] Scoat Tam (EYH-SWAP) 3 2.93 5.84 0.71

NACOCC N avicula cocconeiform is v. cocconeiform is Greg, ex Greville 5 4.65 6.43 0.19

NASOEH N avicula soehrensis v. soehrensis Krasske 9 8 5 8 6.37 0.28

NAPVEN N avicula pseudoventralis Hust. 3 2.95 6.44 0.23

NASERA N avicula seminulum  v. radiosa 3 2.80 6.49 0.22

NATENU N avicula tenuicephala Hust. 5 4.85 5.88 0.77

NASEMI N avicula seminulum  Grun 4 3 7 8 6.03 0.91
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Table 6.2 (continued)

Taxon
Code

Taxon Name N N2 Opt. Toi Model

NAMINU N avicula minuscula Grun in Van Heurck 4 3.77 6.51 0.33

NIFONT N itzch ia fon tico la  Grun in Van Heurck 18 16.52 6.58 0.32 IM

NIPERM N itzch ia  perm in u ta  (Grun in Van Heurck) M.Perag 21 19.96 6.43 0.49 NM

NIPALE N itzchia pa lea  v. p a lea  (Kutz.) W.Sm. 3 2.90 6.68 0.33

NIRECT N itzch ia recta  Hantzch ex Rabenh. 11 10.20 6.49 0.25 NM

NICGRA N itzchia [cf. f^racilis] SWAP Sweden 5 4.86 6.51 0.42

NIANGU N itzch ia  angustata var angustata  (W.Sm). Grun. in Cleve & Grun 13 12.67 6.53 0.24 UM

PIMICR P innularia  m icrostauron  v. m icrostau ron  (Ehrenb) Cleve 18 16.74 6.31 0.61 NM

PIBICE Pinnularia biceps v. biceps Greg. 21 18.97 6.29 0.58 DM

PISTOM P innularia  stom atophora  v. stom atophora  Greg. 15 13.0 6.19 0.69 DM

PIMESO P innularia  m esolepta  v. m esolepta.(E hrenb) 11 10.4 6.36 0.61 NM

SAANCE Stauroneis anceps v. anceps Ehrenb 3 2.65 5.54 0.59

SAGRAC Stauroneis anceps v. gracilis Rahenb. 12 11.52 6.37 0.23 UM

SAPHOE Stauroneis phoenicentron  v. phoenicentron  (Nitzch) Ehrenb 9 8.68 6.39 0.56

STAURO Stau roform a  spp. Flower, Jones and Round, gen.nov 20 19.7 6.43 0.42 NM

SIJLINE Surirella linearis v. linearis 7 6.78 6.38 0.38

TAFLOC Tabellaria floccu losa  v. flocculosa 19 18.2 6.34 0.52 NM

Table 6.3 Models of species responses generated in HOF

Model type Number of taxa Percentage of 

screened taxa

1. Asymmetric unimodal model 0 0

2. Gaussian unimodal model 7 20%
3. Increasing model 3 8.5%
4. Decreasing model

4 H.5%
5. Null model

21 60%

The results show that the majority of species have no statistically significant relationship to 

pH. There was also no taxon whose response to pH fits the most complex asymmetric 

unimodal model (AU). For comparison, in the AL:PE training set only 2.5% of analysed taxa 

have no significant response to pH and 5% of taxa fit the AU model, in SWAP training 15% 

of analysed diatoms show no response and 2.5% taxa fit the AU response to pH (Cameron et 

al, 1999). Fifty percent of all taxa with a significant response fit an increasing or decreasing 

sigmoidal model which is in fact a linear relationship meaning that the taxon's optima is below 

(DM) or above (IM) the gradient limits. In the AL:PE training set only 25% of all taxa with
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significant responses are related in linear way to pH and 32% taxa in SWAP (Cameron et al, 

1999).

The reason for the high percentage of taxa with no relationship to pH may be the considerably 

shorter pH gradient in the KOLA data set compared to the AL:PE and SWAP data sets. The 

low number of samples in KOLA (in comparison to AL:PE with 118 lakes and SWAP with 

167 lakes) may have also affected the results. Relatively low /  of prediction in WA-PLS of 

the KOLA training set also suggests that species-pH relationship is not as strong as it is in 

SWAP and AL:PE data-sets.

On the whole, the species responses to pH in the KOLA training set are ambiguous i.e. the 

number of taxa with unimodal responses is equal to the number of taxa with linear responses 

whereas unimodal responses prevail both in AL:PE and SWAP training sets. Nevertheless, as 

it was shown in section 6.3.2, unimodal WA regression generates a statistically acceptable pH 

transfer function and outperforms linear PLS . However, the above evidence (low percentage 

of unimodal pH-species relationship and high percentage of no pH-taxon relationship) 

suggests that the pH optima generated in the KOLA training set may not reflect the real 

diatom distribution along the pH gradient.

6.3.4 KOLA diatom optima

Diatom optima generated by WA regression for the KOLA training set are presented in Table 

6.2. Table 6.4. gives a comparison between the diatom optima generated using the KOLA 

training set and diatom optima generated by the SWAP training set (Stevenson et al, 1991), 

the AL:PE training set (Cameron et a l, 1999), by the training set of North Swedish lakes 

(NST) (Korsman and Birks, 1996), the North Finnish training set (NET) (Weckstrom et al, 

1997a) and the training set of high alpine lakes (ATS) (Schmidt and Psenner, 1992). Only 

diatoms which occur in 10 or more lakes in the KOLA training set and are common in other 

training sets are included. The Table also shows the optimal HOF model of species response 

to pH in the KOLA training set. Although pH optima are not absolute values comparison 

between the optima of most common diatom species generated in other training set is usefull 

for qualitative assessment of the model performance.
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Generally, the KOLA diatom optima agree with optima generated in other studies, i.e. 

common acid-tolerant taxa have optima relatively lower than common alkali-tolerant taxa 

(e.g. Dixit et al, 1991, Schmidt & Psenner, 1992).

Table 6.4 pH optima for common diatoms obtained in the KOLA, AL:PE, SWAP, NST, NFT 

and ATS training sets. The KOLA optima and optima closest to them in value are shown in bold

Taxon name Model KOLA AL:PE NST NFT ATS SWAP

A c h n a n t h e s  m i n u t i s s i m a  [agg] IM 6.61 6.63 6.76 7.30 6.72 6.14

A c h n a n t h e s  n o d o s a NM 6.62 6.29 - 7.02 - 6.20

A c h n a n t h e s  p u s i l l a  v. p u s i l l a NM 6.33 7.08 6.77 7.28 - 6.20

A c h n a n t h e s  d e t h a NM 6.55 - 6.62 7.17 6.64 6.10

A c h n a n t h e s  a l t a i c a NM 6.46 6.10 6.60 6.97 - 5.7

A c h n a n t h e s  c u r t i s s i m a IM 6.66 6.41 6.67 7.35 - -

A c h n a n t h e s  m a r g i n u l a t a NM 6.44 5.71 6.39 6.96 5.92 5.2

A c h n a n t h e s  s c o t i c a UM 6.53 6.06 - - 6.19 5.6

A c h n a n t h e s  k u e l b s i i NM 6.46 6.27 6.39 - - -

A u l a c o s e i r a  l i r a t a  v. a l p i g e n a NM 6.45 5.99 6.24 - 5.71 5.3

A u l a c o s e i r a  p e r g l a b r a  v. p e r g l a b r a UM 6.26 6.01 6.18 - - 5.7

A u l a c o s e i r a  d i s t a n s  v. n i v a l i s UM 6.27 5.58 6.18 6.66 - 5.0

B r a c h y s i r a  v i t r e a NM 6.42 6.19 6.56 7.16 - 5.3

B r a c h y s i r a  b r e b i s s o n i i NM 6.36 6.00 6.41 6.80 - 5.9

C y m b e l l a  p e r p u s i l l a NM 6.31 6.01 6.31 - - 5.2

C y m b e l l a  c e s a t i i UM 6.69 6.55 6.76 7.32 - 6.4

C y m b e l l a  h e b r i d i c a NM 6.28 5.63 6.49 6.12 5.94 5.1

C y m b e l l a  g a e u m a n n i i UM 6.31 5.86 6.35 6.12 5.97 5.9

E u n o t i a  r h o m b o i d e a NM 6.34 5.52 5.57 5.72 - 5.1

E u n o t i a  v a n h e u r c k i i NM 6.31 - 6.20 - - 5.1

F r u s t u l i a  r h o m b o i d e s  v. s a x o n i c a NM 6.27 5.74 6.33 6.29 - 5.2

F r u s t u l i a  r h o m b o i d e s  v. r h o m b o i d e s NM 6.19 5.75 6.09 6.17 5.99 5.1

F r u s t u l i a  r h o m b o i d e s  v. v i r i d u l a NM 6.31 - 6.05 6.49 - 5.3

N a v i c u l a  h o e f l e r i DM 6.28 5.59 6.17 5.52 - 4.9

N a v i c u l a  s u b t i l i s s i m a DM 6.21 5.71 6.21 5.79 - 5.2

N i t z s c h i a  f o n t i c o l a IM 6.58 6.89 - 7.33 - 6.3

N i t z s c h i a  p e r m i n u t a NM 6.43 6.56 6.43 6.81 6.73 5.7

P i n n u l a r i a  m i c r o s t a u r o n NM 6.31 5.93 6.36 6.63 6.81 5.3

P i n n u l a r i a  b i c e p s  v. b i c e p s DM 6.29 5.74 6.48 6.45 6.08 5.25

S t a u r o n e i s  a n c e p s  v. g r a c i l i s UM 6.37 6.15 - 6.62 - 5.9

S t a u r o f o r m a  spp. NM 6.43 6.27 6.45 7.02 6.20 5.7

T a b e l l a r i a  f l o c c u l o s a NM 6.34 5.69 6.36 6.63 5.99 5.48
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For exan^le, typical acidophilous diatoms Navicula hoefleri, N. subtilissima, Pinnularia 

biceps, P. microstauron, Frustulia rhomboides, F. rhomboides v. saxonica and Stauroneis 

anceps have relatively low WA optima and this agrees with other authors (e.g. Stevenson et 

a l, 1991, Cameron et al, 1999).

Most of the small Fragilaria taxa have relatively high optima and this is also in agreement 

with the estimates obtained in other studies (e.g. Schmidt & Psenner, 1992). However, the 

pH optima of the majority of diatoms are overestimated in the KOLA training set compared 

to the AL:PE, ATS and SWAP training sets. The optima estimated in the NST (Korsman 

and Birks, 1996) are closest to the KOLA optima and sometimes the pH values even coincide 

(e.g. Navicula subtilissima, pH 6.21, Cymbella perpusilla, pH 6.31). Several pH diatom 

optima generated in NFT are also close to the KOLA optima (e.g. optima for Frustulia 

rhomboides v. saxonica, F. rhomboides v. rhomboides and F. rhomboides v. viridula) 

although the majority of the NFT optima are higher than the diatom optima of the KOLA set 

and other discussed training sets (Table 6.4).

Species with increasing sigmoidal responses to pH have optima closest to ones estimated in 

AL:PE and SWAP, e.g. Achnanthes minutissima, A. curtissima and Nitzschia fonticola. 

These alkali-tolerant species are likely to have their optima underestimated by the KOLA 

model due to the short pH gradient in the KOLA training set. Their ‘real’ optima are above 

the gradient limits or very close to the edge. Similarly, acid-tolerant Navicula hoefleri, N  

subtilissima, and P. biceps have their optima overestimated by the KOLA model and the 

difference between the KOLA estimates and the AL:PE and SWAP optima is the greatest for 

these species.

Generally, the optima estimates of diatoms which have a unimodal response to pH should be 

the most accurate in all training sets (Table 6.4). However, there is a large difference in 

estimates for species which form unimodal response to pH in several training sets (KOLA, 

AL:PE and SWAP, for NST, NFT and AST these data are not available).

For example, the optimum for Achnanthes scotica was estimated as 6.53 in KOLA, 6.06 in 

AL:PE and 5.6 in SWAP, the optimum for Aulacoseira distans v. nivalis was assessed as 

6.27 in KOLA and 5.58 in AL:PE, in SWAP it has no relationship with pH. The greatest
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discrepancy between the KOLA and other models in estimations of optima of acid-tolerant 

Eunotia rhomboidea, which is estimated by the KOLA model as high as 6.34 whereas 

estimates from other training sets range from 5.1 in SWAP to 5.72 in NFT.

Table 6.5 Descriptive statistics for the KOLA, AL:PE, SWAP and NST training sets

KOLA NST NET AL:PE SWAP

Number o f samples 24 119 37 118 167

Number o f taxa 98 115 136 530 277

RMSEP 0.369 0.43 0.39 0.326 0.290

Maximum bias 0.881 0.430 0.120 0.745 0.231

M ean bias 0.002 -0.015 0.0 -0.001 -0.02

0.520 0.75 0.91 0.816 0.859

No. of WA-PLS compon. 1 1 1 3 2

pH range 5.1 -7 .4 5.0 - 8.3 5 .0 -7 .7 4.8 - 8.0 4.33 - .25

pH mean 6.35 6.5 6.8 6.15 5.59

pH median 6.4 6.5 6.9 6.10 5.40

Alkalinity (p eq/L) range -9.0 - 283.0 0 -2 9 0 1 -15(mg/l) - 0 -9 0 3

Aik. M ean 72.77 82.0 7.3( mg/1) - 57.3

Aik. M edian 56.0 70.0 8.0 (mg/1) - 12.8

DOC, mg/1 range - - - 0.2 - 3.2 0.1-17.0

DOC mean - - - 1.1 3.9

DOC median - - - 1.1 2.8

TOC, mg/1 range 0.73 - 20.2 - 3 .1-12 - -

TOC mean 6.6 - 7.7 - -

TOC median 5.7 - 8.0 - -

C o lou r, Pt/1, range 3.0 - 240.0 5 -2 0 0 - - -

C o l., mean 63.4 48.0 - - -

Col, median 40.0 35 - - -

Altitude, m, a.s.1. range 79.0 - 174.0 7-576 108.0 - 930 20-3050 10-1246

Alt, mean 174.4 285.0 380.9 - 349.0

Alt, median 150 287 330 - 270.5

Max. depth, m, range 1.5 - 19.2 2-23 0.85 - 27 1-60 1.0-61

Max. depth, m, mean 6.5 7.5 5.90 - 15.9

Max. depth, m, median 5 7.2 4.10 - 13.5
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One of the reasons for the difference between the KOLA diatom optima and optima from 

other training sets is the way pH is distributed along the gradient (Cameron et al, 1999). For 

example, the fact that SWAP generated the lowest pH optima is due to the skewed 

distribution of pH values along the gradient in the SWAP training set (see Table 6.5 where 

the selected variables for the KOLA, AL:PE, NST, NFT and SWAP training sets are 

presented). The SWAP data set is strongly skewed towards the lakes with pH of 5.5 with 

fewer lakes with the pH of 6  - 7 (Stevenson et al, 1991). The lakes in NFT are more alkaline 

than the lakes in all other training sets (pH in NFT ranges between 5.0 and 7.7 with the mean 

and median of 6 . 8  and 6.9 respectively. Table 6.5). This may be the reason why the pH 

optima are overestimated by NFT compared to the pH optima in aU other discussed training 

sets.

In the KOLA data set 19 out of 24 lakes have pH values between 6.2 and 6.9 with only three 

lakes having a pH below 6.0 and two lakes with a pH of 7 and 7.4 respectively (see Appendix 

2, Figure 3 and Table 6.5.). Consequently, the diatom optima estimated by the KOLA model 

are biased towards the pH range of 6.2-6.9.

Surprisingly, there is a very little difference between optima estimates in the KOLA training 

set and the North Sweden training set (NST) except for the optima of Eunotia rhomboidea 

discussed above. The NST set is considerably larger, it comprises 119 lakes and has a long 

pH gradient (pH ranges from 5.0 to 8.3 with median and mean of 6.5). However, the values 

of the pH mean and median in NST (both are 6.5) are closest to the pH mean and median in 

the KOLA training set (6.35 and 6.4 respectively) and this is, apparently, the main reason for 

the little differences between the KOLA and NST diatom optima.

Generally, a comparison between the environmental characteristics and generated pH optima 

in the above training sets shows that the mean and median pH and the pH distribution along 

the gradient are the main factors which determine the estimations of diatom pH optima. 

Other factors (e.g. water chemistry, catchment characteristics, lake morphometiic 

characteristics) play a secondary role in influencing estimations of pH optima. For example, 

the lakes from both Northern Fennoscandian training sets (i.e. NST and NFT) have many 

similarities between them and they are similar to the KOLA lakes in terms of biogeography,
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catchment vegetation, geology, lake area, water depth and water chemistry (Table 6.5). 

However, there is a large difference between pH optima generated in the NFT and in the 

KOLA and NST training sets because pH of the 28 out of the 37 NFT lakes ranges between 

6 .8  and 7.7 (Weckstrom et al, 1997a) whereas pH of most KOLA and NST lakes varies 

from 6.2 to 6.9 (Korsman and Birks, 1996).

6.3.5 Identification of indicator species

One of the important characteristics of a training set is a presence of indicator or pH-sensitive 

species with relatively narrow tolerance limits and strong relationship to pH. The higher the 

number of indicator species the more accurate is pH prediction. The following criteria were 

applied (Stevenson et al, 1991) to assess sensitivity of individual taxa to pH:

• more than 10% of a taxon variance should be explained by pH in a CCA with pH as a

sole environmental variable;

• the WA tolerance should be lower than the average tolerance for the training set (0.41);

• a taxon should occur in more than 1 0  lakes.

Table 6.6 Indicator species together with their WA optima, No. o f occurrences, tolerance limits 

and model of their response to pH

Taxon
code

Taxon name No of 
occur.

Opt. Toi. Model

ACMINU Achnanthes minutissima v. minutissima Kutz. 19 6.61 0.35 IM

ACNODO Achnanthes nodosa Cleve-Euler 13 6.62 0.36 NM

ACPUSI Achnanthes pusilla v. pusilla Grun. 13 6.33 0.33 NM

ACCURT Achnanthes curtissima Carter 11 6.66 0.36 IM

AUPERG Aulacoseira perglabra v. perglabra 18 6.44 0.40 UM

AUNIVA Aulacoseira distans v. nivalis (Nygaard) Ross 14 6.27 0.36 UM

CMCESA Cymbella cesatii v. cesatii 14 6.69 0.31 UM

FUVIRI Frustulia rhomboides v. viridula (Breb ex Kutz) 13 6.31 0.38 NM

NIFONT Nitzschia fonticola Grun in Van Heurck 18 6.58 0.32 IM

NIANGU Nitzschia angustata v. angustata (W.Sm). Grun. 13 6.53 0.23 NM

Table 6 . 6  lists 10 species which ftilfil the above criteria. Several species which show a 

unimodal response to pH in HOF were not included into the list of indicator species because
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pH explains too little proportion of their variance. pH optima of all indicator species fall into a 

narrow range between 6.3 and 6.7. For comparison, the AL:PE list of indicator species 

comprises 29 species with pH varying from 5.34 to 7.01 and there are 30 indicator species in 

SWAP.

6.4 Predictive abilities of the KOLA, SWAP and AL:PE models

6.4.1 Introduction

The predictive power of the KOLA model assessed by means of the RMSEP, average and 

maximum bias is comparable with other models (e.g. SWAP, AL:PE and NST). However, 

the relatively low squared correlation coefficient ( / )  of prediction, the low number of 

indicator taxa and taxa having unimodal responses to pH and the prevalence of lakes with pH 

between 6.2 and 6.9 may reduce the predictive abilities of the KOLA model. It is therefore 

important to compare predictive performance of the transfer functions available at ECRC to 

use for pH calibrations (i.e. KOLA, SWAP and AL:PE) and to choose the most suitable 

model for the future pH reconstruction from Chuna Lake.

The predictive power of the KOLA model in comparison with the SWAP and AL:PE models 

(NST and NFT species and pH data were unavailable) were estimated by ‘predicting’ pH for 

24 KOLA lakes using the KOLA, SWAP and AL:PE models in programme CALIBRATE . 

pH of 20 randomly chosen AL:PE and SWAP lakes were also predicted using the KOLA 

model and compared with the AL:PE and SWAP pH predictions for the same lakes 

(Cameron et al, 1999).

6.4.2 Inference of modem pH for the KOLA lakes by the SWAP and AL:PE models

Table 6.7 presents the results of pH inference for 24 KOLA lakes by the SWAP and ALiPE 

models. The KOLA model generates the highest /  and the lowest RMSEP compared to 

AL:PE and SWAP. Inferred pH values were rounded to the first decimal point because the 

KOLA pH were measured only to the first decimal point. The pH values inferred using the 

KOLA model are closer to the measured values than the pH values inferred by the AL:PE 

model. The AL:PE model gives better predictions and lower error of prediction than the 

SWAP model. As expected, the SWAP model underestimates pH in the KOLA training set 

and gives better predictions for the lakes with low pH (KOLA17 and KOLA19). The error
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Figure 6.2a Comparison of the predictive abilities of the SWAP, AL:PE and KOLA models. 

(1) observed pH of the KOLA lakes against AL:PE residuals (pH of the KOLA lakes 

predicted by the AL:PE model - observed pH of the KOLA lakes); (2) pH of the KOLA 

lakes inferred using the AL:PE model against the AL:PE residuals
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of prediction for the SWAP model is almost three times higher than the RMSEP for the 

KOLA model.

Figures 6.2a and 6.2b compare the predictive abilities of the SWAP, AL:PB and KOLA 

models. Comparison of plots (1) with (3) and (2) with (4) in Figures 6.2a and 6.2b shows that 

the prediction residuals of pH inferred by the SWAP model are higher than the AL:PE 

prediction residuals (AL:PE residuals vary from - 0.9 to 0.6, SWAP residuals range from -0.1 

to 1.93). pH of the most acid KOLA lakes (17 and 19 in the diagrams (3) and (4) with pH 

5.1.) is better predicted (the residual is lower) by the SWAP than by the AL:PE model. These 

lakes have highest residuals in the AL:PE model.

Comparison of diagrams in Figures 6.1a and 6 . lb with Figure 6.2a and 6.2b shows similarities 

between the distribution of the AL:PE prediction residuals (Figure 6.2a (1) and (2) ) and the 

KOLA prediction residuals (Figure 6.1b (3) and (4)). Both models generate better prediction 

for the lakes with pH in the middle of gradient and prediction residuals are the highest for the 

lakes on the edges of pH gradient (lakes KOLA17, K0LA19 and KOLAl). The diagrams 

also reveal that the tundra and forest-tundra lakes have better pH predictions than the forest 

lakes by both the AL:PE and KOLA models (Table 6.7).

Unlike the ALiPE and KOLA models, the SWAP model generates better predictions for the 

forest lakes. The SWAP model generates the highest prediction residuals for the forest- 

tundra and tundra lakes. The alpine lakes KOLA2 and KOLA25 have relatively good 

predictions for both the SWAP and AL:PE models.

On the whole, pH values inferred by the AL:PE and KOLA models are in good agreement. 

Values of the prediction residuals of both models lie within the same limits from - 0.6 to 0.9. 

The SWAP model clearly underestimates pH and the greater RMSEP occurs in the 

estimations of pH for the tundra and forest-tundra lakes in SWAP.
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F igure 6.2b C om parison o f  the predictive abilities o f  the S W A P , A L :P E  and K O L A  

m odels. (3) observed pH  o f the K O L A  lakes aga in st SW A P  residuals; (4) pH  o f  the  

K O L A  lakes inferred using the SW A P  m odel against SW A P  residuals
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T a b le  6.7 C o m p a r is o n  o f  m e a s u re d  p H  o f  24  K O L A  la k e s  a n d  p H  p re d ic te d  b y  th e  S W A P  a n d  

A L :P E  m o d e ls . T h e  in fe re n c e  c lo sest to  th e  o b se rv e d  v a lu e  a n d  o p tim a l p re d ic tio n  s ta tis tic s  

a r e  sh o w n  in  b o ld

K O L A  lak es M e a s u re d  p H K O L A
'^pH

S W A P
'^pH

A L :P E
''p H

KOLAl 7.4 7 .4 5.8 6.8

KOLA2 7.0 7 .0 6.8 6.7

K0LA4 6.3 6.7 6.5 6.5

KOLAS 6.7 6.6 5.5 6.2

K0LA6 6.4 6.5 5.3 6.4

K0LA7 6.2 5.8 4.3 6.0

KOLAS 6.4 6.4 5.3 6.4

KOLA9 6.4 6.6 5.5 6.6

KOLA 10 6.3 6.4 5.7 6.4

KOLAl 1 6.4 6.2 4.6 6.0

KOLA 12 6.7 6 .6 5.5 6.2

KOLA 13 6.9 6.7 6.8 6.7

KOLA 14 6.3 6.5 5.9 6.2

KOLA 15 6.9 6.6 6.0 6.3

KOLA 16 6.9 6.9 6 .9 6.8

KOLA 17 5.1 5.3 4.7 6.0

KOLA 18 6.7 6.5 5.7 6.4

KOLA 19 5.1 5.6 5.2 5.9

KOLA20 6.3 6.0 4.4 5.7

KOLA21 6.3 6.3 4.9 6.0

KOLA22 5.8 5.8 4.5 5.7

KOLA23 6.3 6.2 5.2 6.0

KOLA24 6.6 6.6 6.2 6.5

KOLA25 6.4 6.3 5.7 6.2

RMSEP 0 .369 1.067 0.694

Maximum bias 0.881 0 .896 0 .317

Mean bias 0 .007 -0 .872 -0.136

/ 0 .522 0.334 0 .482

191



6.4.3 Inference of modern pH for the AL:PE and SWAP lakes using the KOLA, 

SWAP and AL:PE models

Table 6 .8  compares the median of pH measured in 17 randomly chosen high altitude AL:PE 

lakes with the pH inferred by the SWAP, AL:PE and KOLA models. The data for the pH 

values inferred using the SWAP and AL:PE models and prediction statistics are derived from 

Cameron et al. (1999). Expectedly, the AL:PE model outperforms the SWAP model, which 

in most cases generates underestimated pH values and gives the best estimates for the lakes 

with relatively low pH. The SWAP model in its turn outperforms the KOLA model. The 

KOLA model greatly overestimates most of the pH values. Its correlation coefficient is the 

lowest and RMSEP is the highest compared to the SWAP and AL:PE models.

Table 6.8 Comparison between measured and diatom-inferred pH for 17 AL:PE lakes using the 

SWAP, AL:PE and KOLA models Measured pH values, closest inferred pH values and the best 

prediction statistics are shown in bold

AL:PE lakes Measured pH SWAP
^pH

AL:PE
^pH

KOLA
^pH

1. Arresjon 5.81 5.85 5.85 6.87

2. Etang d ’Aube 6.10 5.31 5.91 6.34

3. Laguna Caldera 8.04 6.83 7.97 7.01

4. Laguna Cimera 6.18 5.72 6.16 6.05

5. Dlugi Staw 5.78 5.91 6.48 6.78

6. Lochnagar 5.40 5.30 5.35 6.21

7. Lough Maam 5.04 5.19 5.21 6.04

8. Milchsee 6.55 6.32 6.62 7.05

9. Ovre Neadalsvatn 6.20 5.29 6.03 6.00

10. Laguna Redo 5.54 5.89 6.35 7.25

11. Starolesnianske Pleso 4.79 4.92 5.02 5.62

12. Stavsvatn 5.94 5.14 5.63 6.05

13. Nizne Terianske 6.86 6.17 6.81 6.87

14. Zielowny Staw 6.88 6.33 6.86 6.86

15. Chuna Lake 6.40 5.81 6.35 6.33

16. Lagoa Escura 5.32 5.07 5.62 5.33

17. Lac Noir 7.18 6.44 6.75 7.14

RMSEP 0.59 0.32 0.72

Maximum bias 0.96 0.31 0.52

Mean bias -0.42 0.02 0.33

0.79 0.87 0.36
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Comparison between measured and diatom-inferred pH for the 17 SWAP lakes using the 

SWAP, AL:PE and KOLA models is given in Table 6.9. The SWAP model clearly performs 

better than the AL:PE and KOLA models. The KOLA model always generates 

overestimated inferences, it has the highest RMSEP, mean and maximum bias, although the 

squared correlation coefficient is higher for the KOLA model than for the AL:PL model. The 

AL:PL and KOLA models infer more accurate pH values for the Scandinavian lakes whereas 

the SWAP model performs better with the UK lakes. The fact that the SWAP model gives 

the best results only with the UK lakes was also pointed out by Cameron et al. (1999).

Table 6.9 Comparison between measured and diatom-inferred pH for 17 SWAP lakes using the 

SWAP, AL:PE and KOLA models Measured pH values, closest inferred pH values and the 

optimal prediction statistics are shown in hold

SWAP lakes Measured pH SWAP
"'pH

AL:PE
^pH

KOLA
'^pH

1. Botnavatn 5.44 5.87 6.22 6.27

2. Brarvatn 6.26 5.33 5.00 5.91

3. Rein sennvatnet 6.49 6.41 6.53 7.10

4. Holmvatn 4.68 4.64 4.58 5.62

5. Loch na L ’Achlaise 5.10 5.14 5.38 5.92

6. Round Loch of Glenhead 4.72 4.62 4.96 5.75

7. Langevatn 4.79 5.42 5.45 6.16

8. Heivann 6.05 5.48 5.69 6.05

9. Llyn Barlwyd 6.43 6.04 6.50 6.82

10. Holmevatn 4.70 4.79 4.81 5.69

11. Loch Mannoch 6.45 6.59 6.73 7.33

12. Lill Jangen 5.49 5.16 5.59 5.80

13. Llyn gynon 5.12 6.25 6.48 6.06

14. Gyusvatn 5.14 5.06 5.05 5.86

15. Fiskeloyse 6.60 6.76 6.71 6.99

16. Rosja 6.58 6.56 6.67 6.77

17. Edasjon 7.16 6.45 6.44 6.85

RMSEP 0.46 0.57 0.77

Maximum bias 0.40 0.44 0.68

Mean bias -0.02 0.12 0.10

/ 0.67 0.54 0.64
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6.4.4 Reconstruction of past pH from Chuna Lake using the SWAP, AL:PE and 

KOLA models

The past pH of Chuna Lake (KOLA25 in the KOLA training set) which is the study lake (see 

Chapters 2 and 3) of the current project was reconstructed using the KOLA, SWAP and 

AL:PE models (Figure 6.3). Table 6.10 presents the descriptive statistics for the pH 

reconstruction of the lake using three above models.

Chuna Lake is a dilute, oligotrophic, highly transparent upland lake with alpine tundra in the 

catchment (see Table 1, Appendix 1 and Chapter 2 for general description) . The modem 

diatom assemblage, which is dominated by the genera Brachysira and Frustulia, is typical for 

arctic lakes with slightly peaty catchment (e.g. Pienitz and Smol, 1993, Pienitz et a l, 1995b). 

Fossil diatom assemblages consist of 133 species, with the upper 114 cm of the core 

dominated by the diatom assemblages close to the modem (Brachysira/Frustulia/Pinnularia 

complex) and the prevalence of Stauroforma and Aulacoseira taxa in the lower section of the 

core (163 -114 cm, see Chapter 9).

In summary, all three models have similar features: reconstmcted pH does not show great 

variation and it gradually decreases towards the top of the core. (Figure 6.3). pH 

reconstmcted using the AL:PE model has the widest range (5.64 - 6.81), the range of pH 

reconstmcted by the KOLA transfer function is the narrowest (5.92 - 6.22) (Table 6.9).

The SWAP model generates the lower pH estimates compared to the AL:PE and KOLA 

models. pH reconstmcted by the AL:PE model is slightly higher than the pH values 

reconstmcted by the KOLA model. The ALiPE pH also shows greater variations throughout 

the core (see Figure 6.3.).

In order to statistically evaluate the pH reconstmctions, the RMSEP for an individual fossil 

sample from the Chuna Lake was calculated using the AL:PE, SWAP and KOLA models in 

programme WA-PLS (Juggins, 1995, unpubl. programme). The mean error of prediction 

(RMSEP) for 162 fossil samples calculated for the above models together with the standard 

deviation are presented in Table 6.10. The SWAP model generates the lowest mean RMSEP. 

The highest mean RMSEP is generated by the KOLA model.
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Figure 6.3 pH of Chuna lake reconstructed using the AL:PE model (1); the SWAP model (2); and the KOLA model (3)
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Table 6.10 Descriptive statistics of the Chuna pH reconstruction using the SW AP, AL:PE and 

KOLA models

SWAP KOLA ALzPE

pH minimum 5.1 5.92 5.64

pH maximum 5.83 6.22 6.81

pH mean 5.53 6.18 6.33

pH SD 0.143 0.111 0.164

Number and % of fossil diatoms 

occurring in the training set
50; 37% 71; 53% 111; 80%

Number of fossil samples having 

modern analogues in the data sets

5 36 98

Mean RMSEP 0.356 ± 0.04 0.416 ±0.006 0.384± 0.04

Goodness of fit for fossil samples 0.5392 0.5092 0.7074

Another way of estimating the accuracy of reconstruction is to calculate how well the fossil 

samples fit in the model. The goodness of fit was calculated as a ratio of a mean squared 

residual distance (SRD) of modem samples from a training set to a mean SRD of fossil 

sangles (calculated from the pH axis in CCA). Table 6.10 shows the ‘goodness of fit’ for the 

fossil sangles. The closer is a ratio value to 1.0 the better is the fit of fossil samples in a 

model. The Chuna fossil samples shows the best fit with the samples of the ALiPE training 

set (ratio is 0.7074). The Chuna samples fit to the SWAP and the KOLA training sets is 

lower (Chuna/SWAP ratio is 0.5396 and Chuna/KOLA ratio is 0.506).

Table 6.10 also illustrates the representation of the Chuna fossil diatom assemblage by the 

three data sets. The Chuna fossil diatoms are better represented by the ALiPE data set (111 

or 80 % of the Chuna fossil diatoms occur in the AL:PE training set of lakes) than by the 

KOLA training set (53% or 71 fossil species) and the SWAP data set (only 50 species or 

37% of fossil diatom assemblage are found in the SWAP lakes).

The highest number of Chuna fossil samples (98, Table 6.10) have modem analogues in the 

AL:PE training set, 36 Chuna fossil samples have analogues in the KOLA training set and 

only five Chuna samples have modem analogues in the SWAP training set. Fossil samples 

which have close modem analogues in the KOLA and AL:PE training sets occur in the upper 

2/3 of the core (above 114 cm) dominated by Brachysira brebissonii, B. vitrea, Frustulia
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rhomboides v. saxonica and Pinnularia biceps. AU five fossil sarrples which have modem 

analogues in the SWAP data set are found in the bottom part of the core at the depth of 128 

cm and 144 -148 cm where Stauroforma spp. together with species of genus Aulacoseira 

dominate the diatom assemblages.

GeneraUy, the AL:PE training set is closer floristicaUy to the fossil diatom assemblage of 

Chuna Lake. Only 20% of fossU diatoms from Chuna Lake do not occur in the AL:PE 

training set (conpared to 67% in SWAP and 47% in KOLA). The highest number of the 

fossil Chuna samples have their modem analogues in the AL:PE training set whereas the 

fewer Chuna samples have their modem analogues in the KOLA and SWAP training sets.

On the whole, pH reconstmction of Chuna Lake by the AL:PE model is the most reliable. 

Although the RMSEP for the SWAP model is the lowest, the fossil samples poorly fit into the 

SWAP model. The SWAP model underestimates pH and the fioristic representation of the 

Chuna fossil diatom assemblages is low in the SWAP training set. The KOLA model tends to 

overestimate diatom optima, the RMSEP is the highest for the KOLA transfer function and 

the fit of the fossU samples is the lowest. The representation of the fossil assemblage in the 

diatom composition of the KOLA lakes is also not high enough to generate a reUable pH 

reconstmction.

6.5 General discussion and conclusions

In the KOLA training set, the simple WA model has the highest predictive power compared 

to the WA-PLS model. The predictive statistics of the KOLA WA model are comparable 

with those from other studies. The model underestimates pH at the high end of the gradient 

and overestimates them at the low end (Figure 6.1).

However, the squared correlation coefficient ( / )  is clearly lower in the KOLA model than in 

other relevant models (e.g. SWAP and AL:PE). This indicates that the relationship between 

diatom taxa and pH in the KOLA training set is less strong than in the discussed training sets. 

Since the discussed training sets (e.g. SWAP, AL:PE and NST) comprise considerably higher 

number of lakes (Table 6.5.), the pH gradient is longer and steeper in those training sets and 

therefore the diatom-pH correlation is stronger than in the KOLA training set where the lakes 

were not originally selected along the pH gradient. The distribution of pH along the gradient
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in the KOLA training set is also biased towards the narrow pH range of 6.2 - 6.9 (19 out of 

24 lakes fall into this range) which suggests that the generated diatom optima and inferred pH 

would be also biased towards this pH range.

Relatively weak correlation between diatoms and pH in the KOLA training set is reflected by 

the low number of unimodal responses of individual taxa to pH, relatively high number of no 

statistically significant relationship between taxa and pH, and, therefore, by the low number of 

indicator species in the KOLA training set in comparison with the SWAP and AL:PE training 

sets.

The diatom optima generated by the KOLA model are generally in agreement with the optima 

derived by other models i.e. acid-tolerant species have relatively lower optima than alkali- 

tolerant species. The exception is the optima for Eunotia rhomboidea which is considerably 

overestimated by the KOLA model. Although majority of the KOLA optima are higher 

compared to the SWAP and ALiPE optima, the KOLA optima and the NST optima are in 

good agreement and they are close in values despite NST has wider and steeper pH gradient 

compared to the KOLA. The optima generated in the NET training set are considerably 

higher than the pH optima derived in the KOLA, SWAP, AL:PE and NST training set. The 

main reason for the difference in the diatom pH optima derived in the different training sets is 

the difference in the mean and median of the training set lake pH as well as the pH 

distribution along the gradient. Other factors (e.g. biogeography, lake size, depth, climate 

and catchment characteristics) apparently play a secondary role in influencing pH optima.

The KOLA model always under-performs the AL:PE and SWAP models in inferring modem 

AL:PE and SWAP lake pH. Naturally, the KOLA model outperforms AL:PE and SWAP in 

inferring pH of the KOLA lakes. However, the difference in the RMSEP and /  between the 

KOLA model and the AL:PE model is less in this case compared to the difference between 

the KOLA prediction statistics and the AL:PE prediction statistics when the KOLA model 

was used to infer pH of the modem AL:PE lakes. The SWAP model outperforms the KOLA 

model in inference of the modem AL:PE pH even though the SWAP model tends to 

underestimate pH and the AL:PE and KOLA training sets have more similarities between 

them than the SWAP and AL:PE training sets in terms of biogeography and water chemistry
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(Cameron et a l, 1999). This is another indication that biogeography and water chemistry is 

relatively unimportant for the diatom pH optima generated in a training set.

A trial reconstruction of pH from Chuna Lake shows that the AL:PE diatom assemblages are 

closer floristically to the fossil diatom assemblages from Chuna Lake than the SWAP and the 

KOLA modem diatom assemblages. The representation of the Chuna fossil diatom 

assemblages by the modem AL:PE diatom samples is good enough for the reliable pH 

reconstmction. It is more realistic than the SWAP reconstmction which clearly 

underestimates pH or the KOLA reconstmction, which is skewed towards the narrow pH 

range of 6.3-6.9.

Therefore, AL:PE is the most appropriate model set compared to the SWAP and KOLA 

models to use for the pH reconstmction of Chuna Lake. It would be interesting to analyse 

the predictive power of the NST model and to apply it for reconstmction of the Chuna pH. 

However, the NST data currently are not available and therefore the ALiPE training set wiU 

be used to reconstmct pH of the Chuna Lake during the Holocene in Chapter 9.
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CHAPTER SEVEN 

CHUNA LAKE:

LITHOSTRATIGRAPHY, CORE CHRONOLOGY AND POLLEN ANALYSIS

7.1 Introduction

This chapter presents the results of chronological, lithostratigraphical and pollen 

analyses of the Holocene sediment sequence from Chuna Lake (Kola Peninsula, 

Murmansk region), the study site described in Chapter 2. Chuna Lake is included in the 

KOLA training set of lakes and the rationale for selecting this site for sediment analysis 

together with the construction of a ‘master’ sediment sequence from two separate 

Russian cores and a freeze core are presented in Chapter 3. Site description is given in 

the Chapter 2. In this chapter, modem pollen assemblages from the pollen training set 

described in Chapter 4 are compared numerically to the fossil pollen assemblages from 

the sediment core, and the closest modem analogues are identified. This facilitated 

interpretation of the pollen changes recorded in the sediment core.

Since the main objective of this project is to study Holocene environmental ehange 

recorded in lake sediment, the analyses of the core lithostratigraphy and pollen 

composition were undertaken in order to assess both the regional and catchment 

environmental change. Geochemistry and magnetic properties of the core discussed in 

Chapter 8  also show evidence for environmental processes in the catchment. Chapter 9 

focuses on changes in the lake ecosystem itself by analysing the sequence of diatom 

assemblages during the Holocene period and Chapter 10 analyses all the lines of 

evidence and presents an integrated discussion of the Holocene environmental change in 

the lake and its catchment.

7.2 Methods

7.2.1 Pollen identification and pollen diagrams

The age scale presented in pollen diagrams is based on radiocarbon dates calculated as a 

mean of radiocarbon age ranges, see Table 7.1 and section 7.4.
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Generally, pollen identification and the construction of pollen diagrams closely 

followed the description in Chapter 4. The percentage pollen diagram includes all taxa 

with an abundance >1%. Due to their low abundance all herbs were united into one 

group, ‘total herbs’.

All pollen and spores were divided into following groups

• trees {Pinus, Betula, Alnus and Picea, )

• shrubs and dwarf shrubs {Corylus, B-C-M, Juniperus, Salix, Calluna, Empetrum 

and Ericaceae undiff.)

• other terrestrial pollen (O.T.P.): Cyperaceae, Gramineae and total herbs

• pteridophytes {Dryopteris-iypQ, Gymnocarpium dryopteris, Selaginella 

selaginoides, Diphasiastrum, Lycopodium and Huperzia)

The pollen-accumulation rate diagram shows only the most abundant taxa, i.e. Pinus, 

Picea, Betula, Alnus, Gramineae, Cyperaceae and Ericaceae. The abundance of aquatics 

was below 1 % and therefore these taxa were excluded from the resulting percentage 

diagram. An exaggeration factor of 5 was introduced to make taxa of low abundance 

more conspicuous on the diagram.

7.2.2 Computing and numerical analysis

The age of the base of the core was also estimated using pollen analysis. This is 

discussed in section 7.5.3 of the current chapter. Numerical analysis comprises several 

types of cluster analysis, binary divisive analysis, ordination methods and analogue 

matching. Square-root transformation was applied to the pollen percentage data. The 

total concentration of pollen grains and the pollen accumulation rate values were 

calculated in TILIA (Grimm, 1991). The total concentration was measured in thousand 

pollen grains per 1 gram of wet sediment (1 0  ̂ grain g'^) and accumulation rate values 

were measured in grains cm'^ y r'\

Pollen species richness was used to estimate the overall catchment floristic changes in 

the pollen profile. Pollen species richness at a constant sample count was estimated by 

rarefaction using programme RAREPOLL version 1.0 (Birks and Line, unpubl. 

programme) with a base count of 500 (Birks and Line, 1992).
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Dissimilarity between each fossil sample and its closest floristic analogue in the modem 

pollen training set was calculated using programme ANALOG 1.6. (Line and Birks, 

1992, unpubl. programme). The squared chord distance {(f) was used as a measure of 

dissimilarity (Overpeck et al., 1985, Anderson et al., 1989, Bartlein and Whitlock, 

1993). A threshold value for a ‘good’ analogue was identified as 5% of the 253 

dissimilarities calculated between all modem samples (Bartlein and Whitlock, 1993, 

Birks, 1995). All fossil samples having a ( f  below 0.065 are therefore considered to be 

‘good analogues’.

7.3 Core lithology

The major part of the sediment core is very homogenous and highly organic. Most of 

the core (from 0 to 150 cm) belongs to the Lso class diatomite (Limus siliceus 

organogenes) and to Ld^ {Limus detrituosus, O degree of humicity) according to the 

Troels-Smith (1955) classification. Many samples contain remains of bryophytes which 

form a distinctive layer at a depth of 80 cm and in the lower part of the core starting 

below 120 cm (Figure 3.1, Chapter 3). The same type of bryophytes occurs today on the 

bottom of the lake, which implies that transparency of the water column was always 

very high.

The bottom 3-cm layer contains more mineral material and was classified as gyttja-clay. 

The increased mineral content of the bottom layer may indicate higher catchment 

erosion soon after deglaciation due to unstable soils and lack of vegetation cover.

7.4 Core chronology

7.4.1 AMS '“'C dates

The results of AMS C dating analysis are presented in Table 7.1. The dates used for 

the constmction of an age curve are shown in bold. Where ‘moss’ dates were available 

they were always preferred to ‘bulk sediment’ dates as it is well established that bulk
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Table 7.1 Core chronology of Chuna lake: conventional ‘̂ C age, calendar age, calendar age ranges and sediment accumulation rate.

Dates shown in hold are used for the construction of an age curve

Publication
code

Sample number 
and sample type

Depth 
range, cm

Conventional C 
age,
yrs BP ± 1 a

Range of calendar 
age,
yrs BP (95% 

probability)

Calendar age, yrs BP 
(linear intercept 
method and smoothing)

Probability,
%

Sediment 
accumulation rate 
mm/yr

A A-26332 1. Sediment 31-33 1,215 ±45 1263- 1046 1090 81

0.480A A-26333 2.Sediment 40-43 1,700 ±45 1734- 1412 1568 98
A A-26334 3.Sediment 50-54 2,040 ± 55 2 1 5 3 - 1860 1951 96
AA-26335 4.Sediment 60-64 1,575 ±45 1571 -  1309 1516 98
AA-26336 4 . M 0SS 60-64 1,380 ± 4 5 1411-1169 1294 98

0.190AA-26337 5.Sediment 70-74 2,055 ± 45 2156-1867 1995 96
AA-26338 5 . M 0S S ** 70-74 1,880 ± 50 1950-1687 1820 90

0.132AA-26339 6.Sediment 80-84 2,530 ± 60 2749-2427 2544 86
AA-26340 6.Moss*** 80-84 2,750 ± 170 3266-2430 2784 96

0.197AA-26341 7. Moss* 97-99.5 3,130 ± 50 3477-3159 3356 96
AA-26342 8.Sediment 121.5-125 4,485 ± 55 5310-4946 5049 90

0.185A A-26343 8. Moss* 121.5-125 4,180 ± 60 4867-4511 4706 96
A A-26344 9. Moss 135-139 5,320 ± 60 6212-6016 6113 68 0.07
A A-26345 10. Sediment 163 8,160 ± 65 9375-8945 8998 97 0.1

* insufficient material: estimated value of o  ^̂ C used to calculate ^̂ C result
**small sample: %C result may he inaccurate
*** small graphite target: poor precision due to exhaustion of the graphite target as the ion source of AMS
**** value is based on both the results of *̂”Ph and ‘̂‘C dating



lake sediment are often exposed to contamination by older and tend to give older 

results than the actual age (e.g. Olsson, 1986, Oldfield et a l, 1997, Bamekow et a l, 

1998, ). In the case of Chuna Lake, which is a small, soft water lake with granite-type 

bedrock, the ‘reservoir’ effect of calcareous bedrock can be excluded (Stuiver and 

Polach, 1977) but incorporation of older carbon is still possible.

The sources of contamination could include resuspension and focusing of older 

marginal organic material into a deeper part of the lake (Oldfield et a l, 1997), sediment 

mixing and disturbance of equilibrium by water plants because of uptake of CO2 

from sediments, and erosion from the catchment (Olsson, 1986). Therefore, although 

age estimates of moss samples are generally in line with the sediment age estimates the 

preference was given to moss samples for calculating sediment accumulation rate. As 

would be expected, moss samples are younger than sediment samples but the difference 

is only about 200-250 years (Table 7.1). An exception is the age estimate for the moss 

sample 6, which is not accurate due to the exhaustion of the graphite target.

In the case when moss samples were not available or the results were not reliable due to 

the small amount of dating material, bulk sediment samples were used (see Table 7.1). 

The samples with the highest probability and smallest range were also given preference. 

The rate of sediment accumulation was calculated using the calendar age and the mean 

depth of each sample (Table 7.1). The same calendar age was used to construct an age 

curve (Figure 7.1).

In the remainder of this chapter all calibrated dates are denoted as ‘cal BP’ and 

conventional dates are denoted as ‘years BP’. The discrepancy between the 

conventional age (BP) and the calendar age (cal BP) is considerable for the early and 

mid- Holocene period with the conventional age always being younger than the 

calibrated. Starting from about 3,500 BP the conventional ages fit within the ranges of 

the calendar age (Figure 7.2). Age calibration was essential because many of the dates 

reported for Northern Fennoscandia are calibrated (e.g. Seppa, 1996, Bamekow et a l, 

1998) and the use of conventional ages, especially for the early Holocene period, is 

misleading when comparisons are made.
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Figure 7.1 Core chronology: conventional and calendar dates, 
Pb dates and age curve
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The age of the base of the core is estimated between 9375 and 8945 cal BP. Higher 

minerogenic content of the bottom sediments compared to the rest of the core (see 

section 7.4.) also suggests that the base of the core can be dated to the early post-glacial 

period. However, as the bulk sediment dates tend to give older results, the actual age of 

the base of the core could be 200 - 250 years younger, giving an estimated age of 8,700 

- 8,750 yr BP which fits in the Boreal time in the Kola Peninsula (Lebedeva et al, 1989). 

Generally, the first seven dates up to the depth of 60 cm (age 1294 cal BP) seem to be 

realistic. A good agreement exists between these radiocarbon dates and age estimated 

by pollen analysis in this study and other studies in Northern Fennoscandia (e.g. Seppa, 

et a l, 1996, Kremenetski and Patyk-Kara, 1997, Kremenetski et a l, 1999). However, 

the top three radiocarbon dates covering about 1,300 years BP are obviously much older 

and are not compatible with the previous dates. Most probably, contamination with 

older carbon took place e.g. by resuspension and refocusing of older sediments. The 

older carbon contamination could be also caused by catchment erosion. Accumulation 

rate of allochthonous material increased above 40 cm as estimated by concentrations of 

alkali metals (Chapter 8). As mentioned above, bulk lacustrine sediment is not the best 

dating material (Olsson, 1986, Oldfield et a l, 1997, Bamekow et a l, 1998) since they 

are prone to dating errors especially when the carbon content is low as in the Chuna 

sediment (see Chapter 8). Therefore, the top three radiocarbon dates were excluded 

from the further analysis.

The sediment accumulation rate is very low in the bottom part of the core; 1 mm of 

sediment in 10 years between 163 cm and 135 cm and decreases further to 0.7 mm in 10 

years from 135 to 124 cm of the core. From the depth of 121.5 cm upwards the 

accumulation rate rises to 1.85 mm in 10 years between 121.5 and 97 cm of the core cm 

and it reaches 1.97 mm in 10 years between 97 and 80 cm. From 80-cm depth, the 

accumulation rate slows down to 1.38 mm in 10 years between 80 and 70 cm. The rate 

of sediment accumulation increases again from 70 cm and reaches 1.90 mm in 10 years 

between 70 and 60 cm. The drop in the sediment accumulation rate between 80 and 70 

cm of the core may be due to the use of ‘bulk sediment’ dates instead of ‘moss’ dates at 

a depth of 80 cm. The moss date at this depth might not be accurate because of the 

exhaustion of the graphite target (see footnotes to Table 7.1) and therefore the sediment 

date was preferred. Despite the small size of the moss date at 70 cm it was still
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preferred to the bulk sediment date because it seems more realistic than the sediment 

date.

As the three top radiocarbon dates are not likely to be correct, the ^^Pb dates were used 

instead for the top of the core. This is discussed in the section below.

7.4.2 dates

The results of ^̂ ®Pb analysis are presented in Table 7.2. On average, the ^*^Pb flux is 

equal 63.7 ± 4.4 Bqm '^yf* throughout the analysed part of the core. The peak 

concentration of unsupported ^^^Pb is at 0.5-cm depth, which suggests that 

unconsolidated sediments may mix in the very top of the core. The sediment 

accumulation rate is generally low although it increases exponentially towards the top 

(see Figure 7.2). The mean sediment accumulation rate for the top 6 cm is 0.62 mm per 

year.

Since the upper three radiocarbon dates were rejected, the sediment accumulation rate 

between 62 and 6 cm of the core was calculated using the ^'^Pb date for 6 cm and the 

date for 62 cm. It is equal to 0.48 mm per year. The resultant age curve (Figure 7.2) 

shows the gradual increase of sediment accumulation rate from the bottom to the top of 

the core. The rate of sediment accumulation in Chuna Lake is slow and reflects the 

oligotrophic state of the lake. It is comparable to other upland oligotrophic lakes with 

low productivity (e.g. Roberts, 1989, Flower et a l, 1997).

The comparison of the ^^^Pb/^^^Pb profile in the core and total Pb concentration can give 

additional information on the core chronology. In Europe due to pre-industrial pollution, 

the Pb increase and ^^^Pb/^^^Pb ratio decreases after 1000 AD (Renberg et a l, 1994, 

Brannvall et a l, 1997). According to the profiles of ^^^Pb/^^^Pb and Pb concentrations 

in the core, 1000 AD is located at about 40-cm depth on the master sequence (I. 

Renberg, pers. comm.). This point approximately matches the age curve in Figure 7.1 

based on ^'^Pb and curve dates (1000 AD corresponds to 45 cm in the curve).
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Table 7.2 Core chronology of Chuna Lake: results of dating

Depth,

cm

Cumulative 

unsupported 

'̂®Pb, Bq m^

Dry mass, 

gcm'^

Age, 

years BP

Age, 

Years AD

Std Error, 

years

Sediment 

accumulation rate, 

mg cm^ yr^

Sediment 

accumulation rate, 

mm yr^

0 2044.4 0 0 1996

0.5 2309.7 0.0298 2 1994 1 6.7 1.06

1.0 1759.7 0.0597 5 1991 2 6.1 0.97

1.5 1340.7 0.0895 14 1982 2 5.5 0.87

2 1060.0 0 .1244 21 1975 4 5.1 0.72

2.5 8 2 7 3 0.1623 29 1967 5 4.7 0.60

3 629.3 0.2015 38 1958 7 4.2 0.53

3.5 419.2 0 .2417 51 1945 11 3.3 0.41

4 244.6 0 .282 68 1928 19 2.0 0.24

6 0.46 146 1850 0.25

90% equilibrium depth is equal 4 .2  cm, or 0.30 g cm'^

99% equilibrium depth is equal 6 .0  cm, or 0.46 g cm'^, or 1850 A D
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Apparently, the age-depth model slightly overestimates the rate of sediment 

accumulation in the upper 60 cm of the core.

7.5 Pollen analysis

7.5.1 Introduction

The representativeness of pollen assemblages preserved in lake sediment is to a large 

extent a function of lake size (Jacobson and Bradshaw, 1981). Regional pollen rain is 

sufficiently represented only in lakes with an area about 10 ha and more. Since the area 

of Chuna Lake is about 9 ha (see Chapter 2, and Table 1 Appendix 1), the pollen in 

Chuna sediment mainly reflects the regional vegetation.

In this section, the changes in the pollen stratigraphy from the Chuna sediment core are 

compared with the changes in regional vegetation and climate during the Holocene in 

the Kola Peninsula, north-eastern Finnish Lapland and Northern Fennoscandia as a 

whole. Closest analogues are identified in the KOLA pollen training set for each of the 

fossil pollen samples. Species richness index E(S) and the PCA scores of sediment 

samples are used as additional means of assessing the changes in pollen assemblages 

during the Holocene. Pollen accumulation rates are used to assess the tree-line location 

in relation to Chuna Lake. Vegetation and climate changes in the Chuna catchment and 

the central Kola Peninsula are inferred using the pollen evidence.

Since the Blytt-Semander system of pollen and climate classification has been used by 

several authors in the descriptions of the Holocene climate change in the Kola Peninsula 

(e.g. Lavrova, 1960, Lebedeva et a l, 1989, see also Chapter 2) the use of its terms here 

seems to be appropriate although the system itself has been criticised (e.g. Wendland 

and Bryson, 1974, Roberts, 1989).

7.5.2 General characteristics of the pollen sediment composition

Figure 7.3 shows the percentage pollen diagram. It includes all the spore and pollen 

taxa identified with an abundance > 1%, total pollen concentration, total pollen 

accumulation rate and local pollen assemblage zones (L.P.A.Z.). A total list of 

identified taxa comprises 51 species; 25 taxa are included in the pollen diagram. A list
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of closest analogues for the fossil samples together with dissimilarity coefficients ^  is 

presented in Table 1, Appendix 4.

The diagram is dominated by the tree pollen {Betula, Pinus, Alnus and Picea) and 

shrubs, largely represented by Corylus and Juniperus. The Betula-Myrica-Corylus 

pollen was also included in the 'shrub' group.

‘Total herbs’ includes a sum of percentages of terrestrial pollen, which were found in the 

sediments but were not included in the diagram individually because of their low 

abundance. The group includes Artemisia, Rumex, Compositae (mainly Cirsium group), 

Rosaceae {Potentilla and Fillipendula type), Chenopodiaceae, Caryophylaceae, and 

Plantaginaceae. The low abundance of the pollen grains (1-3 per slide) does not allow 

the individual role of the above taxa in the regional vegetation to be assessed, but the 

sum of ‘total herbs’ reflects the main trends in vegetation change.

On the whole, the pollen sediment composition from Chuna Lake (Figure 7.3) is typical 

for alpine tundra and forest-tundra pollen spectra from Northern Fennoscandia (e.g. 

Davydova and Servant-Vildary, 1996, Seppa, 1996, Kremenetski and Patyk-Kara, 1997, 

Makela, 1998, Kremenetski et al., 1999). The lake is located above the treeline and the 

catchment vegetation is very sparse, to a large extent dominated by dwarf shrubs 

(Ericaceae) with low pollen production and lichens (Chapter 2). Therefore the pollen 

diagram is highly influenced by the long-distance transport of the tree pollen, mainly 

Betula and Pinus, which represent the regional pollen signal (Seppa, 1996).

7.5.3 Pollen stratigraphie zones

The list of main sites referred to in this chapter is given in Table 7.3. A map in Figure 

7.4. shows the locations of main reference sites from Table 7.3. Table 7.5 summarises 

the vegetation and climate changes within each of L.P.A.Z. It also presents analysis of 

stratigraphie changes in pollen species richness coefficient E(S), PCA sample scores, and 

pollen accumulation rates. Appendix 9 shows the details of how the stratigraphie zones 

were identified using programme ZONE.
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Figure 7.3 Chuna Lake: percentage pollen diagram
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Figure 7.3 (continued) Chuna lake: pollen percentage diagram
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because of the Betula maximum, general dominance of trees and low abundance of 

herbaceous plants (e.g. Artemisia) and Gramineae. This period in the Kola Peninsula 

can be dated as c. 9,000 cal BP according to Sorsa (1965), Lebedeva et al. (1989) and 

Kremenetski and Patyk - Kara (1997). This agrees well with the radiocarbon dates (see 

section 7.4.1) and with other dated pollen diagrams available for Northern Fennoscandia 

(e.g. Hyvarinen, 1975, 1976, Eronen and Hyvarinen, 1982, Lebedeva et a l, 1989, 

Kremenetski et al., 1999).

POL I (163 - 154 cm. c. 9.000 - 8.000 cal BP)

The Betula abundance decreases in this zone, it is the end of 'Betula time’ in the 

regional pollen stratigraphy according to Lebedeva et al. (1989), Kremenetski and 

Patyk-Kara, (1997) and Makela (1998). The relative abundance of the Pinus and 

pollen increases at the end of the period and the Betula abundance sharply declines. 

Betula, Pinus and Alnus are the only tree taxa, Picea grains were not found in this zone. 

Pollen grains of the ‘shrub group’ include Juniperus. Ericaceae is present at a very low 

abundance of about 1.5%.

Tree pollen totally dominates the pollen diagram in POL I. The total sum of trees is 

more than 90%. Other terrestrial pollen found in this period includes Cyperaceae, 

Gramineae and Artemisia. Fern spores comprise Diphasiastrum alpinum, 

Gymnocarpium dryopteris and Dryopteris-typQ. The total pollen concentration in POL 

I is lower than in the subsequent zone and averages 52.3 x 10  ̂grains g'  ̂ ranging from 

29.6 to 96.6 X 10  ̂ grains g '\  The total pollen accumulation rate ranges from 270.0 to

971.0 grains cm’̂  yr'  ̂with a mean of 971 grains cm'^ y r'\

On the whole, the pollen composition of POL I corresponds with L.P.A.Z. Skaide m  (c. 

8,700 - 8,000 cal BP, Seppa, 1996) and III Ha (c. 8,000 - 6,000 years BP, Makela, 1998) 

in north-eastern Finnish lakes. The only difference is in the abundance of Ericaceae in 

lake Elompolo (Makela, 1998), where it is much higher than in Chuna Lake. This might 

be due to the differences in local vegetation. POL I also corresponds with the 

beginning of ‘Middle Flandrian’ zones (e.g. Suo 2, c. 7,310 BP and Aku 2, c. 7,700 

years BP) according to Hyvarinen (1975, 1976). Overall high proportion of tree pollen 

in POL I implies an advance of the treeline and therefore warm climate (e.g. Payette
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and Lavoie, 1994). The spread of pine forests also indicate warm and dry summers 

(Seppa, 1996, Eronen et a l, 1999).

POL I I 1154 - 130 cm. c. 8.000 - 5.400 cal BP)

POL II is characterised by the increase in Pinus pollen, corresponding decrease in 

Betula and the occurrence of Corylus and Picea. Pinus abundance increases towards the 

end of the zone. Alnus reaches its maximum in POL II. The abundance of other 

terrestrial pollen (Cyperaceae, Gramineae and herbs) also increases.

The relatively early occurrence of Picea and Corylus pollen in the Chuna sediment 

(estimated age about 6,000 cal BP) compared to the evidence from more western 

Fennoscandian sites (e.g. Korsman et al. 1994, Berglund et a l, 1996), indicates the east- 

west direction of Picea and Corylus spread in Fennoscandia. According to Kremenetski 

et al. (1999), Picea arrived in the Kola Peninsula at about 7,000 years BP from the east, 

and this date approximately corresponds to 6,000 cal BP. Occurrence of Picea in 

eastern Fennoscandian sites (e.g. Finnish Lapland) at an abundance of about 1-2% 

during the same period of time is also pointed out by Makela (1998), and Seppa (1996) 

found both Picea and Corylus in north-eastern Finnish and Norwegian lakes. However, 

the actual arrival of Picea in the area adjacent to the Chuna catchment (the lake is 

located above the tree-line and it is unlikely that Picea has ever been present in its 

catchment) probably occurred about 2,000-3,000 years later. Picea is considered to be 

present in the catchment area if its pollen concentration >5%  (Talantire, 1972) whereas 

the maximum Picea abundance in POL II is only 2.3%.

The transition from birch to pine forests with their subsequent dominance in POL II is 

characteristic of the Boreal and the beginning of the Atlantic in the Kola Peninsula 

(Lebedeva et al., 1989 ). It corresponds to the first half of the regional Pinus/Alnus zone 

shown by Makela (1998) and L.P.A.Z HI Fb from the lake lilompolo. Similar changes 

in sediment pollen composition during this period of time are also outlined by Seppa 

(1996). A maximum of Alnus pollen at about 5,000 years BP (this approximately 

corresponds with 6,000 cal BP, see Figure 7.2) in the Khibiny mountains (a mountain 

range close to Chuna Lake) is also found by Kremenetski et al. (1999).
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Table 7.3 Chuna Lake: list of main reference sites

Name of site Type of 

site

Type of 

dates

Latitude Longitude Country Reference

l.Virtaniemi lake ''^C, uncalib 68°53'N 28=24' E Finland Sorsa, 1965

2. Kaunispaa lake C, uncalib 68°25’ N 27°05' E Finland Sorsa, 1965

3. Tankavaara lake C, uncalib 68°H 'N 27°14'E Finland Sorsa, 1965

4. Kaakkurilampi lake C, uncalib 67°03'N 28=56' E Finland Sorsa, 1965

5. Hopseidet lake ‘'‘C, calib 70°50' N 27=43' E Norway Seppa, 1996

6. Ifjord lake calib 70°26' N 27=38' E Norway Seppa, 1996

7. Skaidejarvi lake •'‘C, calib 70°03' N 27=52' E Finland Seppa, 1996

8. Rautuselka lake •'’C, calib 69°34' N 28=32' E Finland Seppa, 1996

9. Suovalampi lake C, uncalib 69°35' N 28=50' E Finland Hyvarinen, 1975

10. Akuvaara lake ''‘C, uncalib 69°07'N 27=41' E Finland Hyvarinen, 1975

11. Bruvatnet lake C, uncalib 70°11'N 28=25' E Norway Hyvarinen, 1975

12. Domsvatnet lake C, uncalib 70°19'N 31=02'E Norway Hyvarinen, 1976

13. 0stervatnet lake ''*C, uncalib 70°09' N 29=28' E Norway Prentice, 1981

14. Mukkavaara lake ''̂ C, uncalib 68°55’ N 21=00' E Finland Eronen and Hyvarinen, 

1982

15. Rattuvârri lake ''‘C, uncalib 69°21'N 20=19'E Finland Eronen and Hyvarinen, 

1982

16. Imandra 

catchment

peat bog C, uncalib n/a n/a Russia Lebedeva er a/., 1989

17. Lotta valley river

deposit

C, uncalib n/a n/a Russia Lebedeva e/a/., 1989

18. Kovdor lake ''*C, uncalib 67°30' N 33=00' N Russia Davydova and Servant- 

Vildary, 1997

19. Babozero lake C, uncalib 66°22' N 37=31'N Russia Kremenetski and 

Patyk-Kara, 1997

20. Krygloe lake '"‘C, uncalib 66°22' N 37=35' N Russia Kremenetski and 

Patyk-Kara, 1997

21. Lutnermayok peat bog C, uncalib 67°41'N 33=17'E Russia Kremenetski el al., 

1999

22. Rybachiy peat bog uncalib 69°38' N 32=22' E Russia Kremenetski et al., 

1997

23. Kanyok peat bog C, uncalib 67°41'N 67=41'E Russia Kremenetski el a l ,  

1997

24. Tibetanus lake ’"C, calib 68°20' N 18=42'E Sweden Berglund et a/, 1996

25. Kilpisjarvi lake n/a 69°00' N 20=15'E Finland Kauppila & Salonen, 

1997

26. lilompolo lake ’'‘C, uncalib 69°30' N 28=03'E Finland Makela, 1998
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The total pollen concentration and the accumulation rate are higher in the this zone 

compared to POL I and fluctuations in both are also the greatest compared to the rest of 

the core. The total pollen concentration varies from 29.9 to 221.5 x 10  ̂ grains g'  ̂ and 

the total pollen accumulation rate changes from 300 to 2200 grains cm'^ y r'\ A mean 

total pollen concentration in POL II is 108.2 x 10̂  grains g‘̂  and a mean total pollen 

accumulation rate is 1015 grains cm'^ yr'\

A maximum of forest cover and the high Pinus abundance in POL II indicate the 

Holocene climate optimum. The summer temperatures were likely to be 1-2°C warmer 

than at present (Seppa, 1996, Eronen et al., 1999)

POL III (130 - 114 cm. c. 5.400 - 4,200 cal BP)

The continuing increase in Pinus abundance, the decrease in Betula and a slight 

decrease in Alnus coupled with the increase in Picea are the main features of POL III. 

A pronounced decrease in Betula abundance and increase in Pinus and several peaks in 

pteridophytes are the main criteria for separation of POL II from POL III.

POL II and POL III (c.8,000 - 4,200 cal BP) cover the maximum spread of Pinus in 

the central Kola Peninsula. This corresponds with the data from Finnish Lapland, 

northern Finland and Norway (e.g. Fronen and Hyvarinen, 1982, Seppa, 1996, Fronen et 

al., 1999). The Pinus maximum in the Abisko region occurred later, between c. 6,000 

and 3,800 cal BP (e.g. Berglund et al., 1996, Bamekow, 1999) whereas the Pinus 

maximum in the southern and central Norway occurred earlier, between 9,000 and 6,000 

cal BP (e.g. Dahl and Nesje, 1996). This evidence indicates the diachronous pattern in 

Pinus spread in Fennoscandia.

Although the proportion of pine pollen increased, total tree pollen started to decrease 

compared to the previous zone. The increase in Pinus pollen corresponds with a drop in 

the pollen richness index F(S) (see section below. Table 7.3 and Figure 7.3) which may 

imply the presence of a denser forest canopy in the area adjacent to the catchment of the 

lake. Pollen diversity is usually lower in a dense forest compared to an open area (e.g. 

Moore et a l, 1991, Seppa, 1998). The closest ‘good’ analogue to the fossil pollen
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assemblage from 122-cm depth (about 4,700 cal BP) is KOLA 15 (see section below and 

Table 1, Appendix 4) which is a small lake surrounded by pine forest (Chapter 2). This 

is perhaps another evidence of the presence of a dense pine forest in the vicinity of 

Chuna Lake during that time.

The range of fluctuations of total pollen concentration is smaller than in the previous 

zone, it changes from 13.3 to 74.9 x 10̂  grains g‘* with the mean of 38.3 x 10̂  grains g '\ 

Total pollen accumulation rate decreased slightly compared to POL II, on average it 

equals 927.0 grains cm'^ yr'\

POL III coiTclates with the second half of the regional Pinus/Alnus stage (Makela, 

1998). The decrease in the total tree pollen is an indication of the retreat of the treeline. 

This marks the end of the Holocene climate optimum and the onset of climate 

deterioration during the Sub-Boreal (e.g. Hyvarinen, 1975, Lebedeva et al., 1989, 

Eronen et a l, 1994).

B A R E N T S
S E A

R U S S I ACl,

2 0 0  k mO

Figure 7.4 Locations of the main reference sites listed in Table 7.3
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POL IV (114-42  cm. c. 4.200 - 900 cal BP)

The main characteristic of POL IV is the increase in Gramineae, shrubs {Juniperus and 

Ericaceae) and Alnus in the middle of the zone and the decline of the latter taxon by the 

end of the period. Betula occurs at its minimum abundance during this period. The 

spread of Picea in the immediate region of Chuna Lake (abundance of Picea pollen 

ranges from 5 to 12%) is the other important change in the vegetation in this zone. 

KOLA 19 (a forest lake with spruce forest in the catchment. Chapter 2) was identified as 

a good analogue to the Chuna sediment pollen assemblage from the 82-cm depth (Table 

1, Appendix 4). This also suggests that Picea occurred in the vicinity of Chuna Lake 

during that time.

The Picea pollen reaches its maximum abundance in the core by the end of the period 

(12% of total pollen abundance at c. 1,200 -  1,000 cal BP). The increase in the Picea 

pollen is usually attributed to the decrease in temperature and increase in moisture. 

Similar trends in Picea during that period of time are outlined by Seppa (1996), Makela

(1998) and Kremenetski et al. (1999). Generally, Picea is characterised by lower pollen 

production compared to Betula and Pinus (Moore et a l, 1991) and 12% of spruce 

pollen in the sediments may correspond to about 36-48% of spruce in the vegetation 

(Segestrom, 1990).

Corylus also occurs at a maximum during POL IV and this corresponds with the data 

reported by Lebedeva et a l (1989) and Kremenetski and Patyk-Kara (1997). Engelmark 

(1976) also finds a rise in Corylus during this time period for lakes in Northern Sweden. 

However, no Corylus pollen occurred in lake sediments from north-eastern Finland 

(Seppa, 1996, Makela, 1998) or in a peat bog from the Khibiny Mountains. This can be 

partly explained by the more southern location of Chuna Lake and northern Swedish 

lakes compared to Finnish lakes. The absence of the Corylus pollen from the 

Lutnermayok peat bog from Khibiny may be due to the prevalence of a local pollen 

component in this peat bog. The peat bog is located at the bottom of a mountain valley 

and therefore less affected by the long-distance pollen compared to Chuna which is a 

hill-top lake.
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The relative abundance of fern and lycopod spores gradually increases in POL IV. 

Gymnocarpium dryopteris appears again after being absent from the previous zone. This 

implies the gradual development of tundra vegetation in the catchment of the lake. The 

abundance of the Sphagnum spores also increase indicating the development of a 

Sphagnum mire in the lake catchment. The mire development in the Chuna catchment 

corresponds with the increase in Sphagnum spores in other areas of the Kola Peninsula 

(see Lavrova, 1960 and Lebedeva et a l, 1989) and in Finland during the late Holocene 

(e.g. Korhola, 1995 and Seppa, 1996).

The total pollen concentration is lower in this zone. It ranges from 12.9 to 36.6 x 10̂  

grains g '\  with a mean of 25.8 x 10  ̂ grains g '\  The total pollen accumulation rate also 

drops compared to POL III, it ranges from 1250.0 to 315.0 grains cm'^ yr ' with a mean 

of 622.0 grains cm'^ yr '.

In summary, the pollen changes in POL IV correspond to the Sub-Boreal chronozone 

with relatively cool and moist climate and its transition into the Sub-Atlantic (Aaby, 

1976, Lebedeva et a l, 1989, Eronen et a l, 1994). The mire development in the Chuna 

catchment indicates relatively cold and moist climate condition in POL IV. The 

increase in the Picea pollen at c. 1,200 - 1,000 cal BP may be attributed to the short

term climate warming during this period described in a number of papers (e.g. Briffa et 

a l, 1990, Bell and Walker, 1992). However, a higher resolution of pollen analysis is 

required in order to confirm this.

POL V (42 - 10 cm, approx. 900 cal BP - 300 cal BP)

In POL V the percentage of trees declines from 84% (maximum for POL V) at a depth 

of 26 cm (c. 900 cal BP) to 64 % at 10 cm (300 cal BP). This is mainly caused by the 

decrease in Pinus pollen, as the abundance of birch and spruce remain similar to the 

previous period. The Alnus and Corylus pollen also gradually decline, while Juniperus, 

by contrast, slightly rises by the end of the zone. The percentages of herbs, Gramineae, 

Cyperaceae, Polypodiaceae, Lycopodiaceae and Sphagnum increase. Three closest 

modem analogues to the pollen assemblages from POL V are alpine tundra and forest 

tundra lakes, with alpine tundra being the modem Chuna Lake pollen assemblage. This
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implies that vegetation in the Chuna catchment became similar to the modem Chuna 

vegetation and that the treeline retreated southwards during this period.

The decrease in Pinus pollen, the further development of peaty areas and the increase in 

Cyperaceae, Gramineae and herbaceous plants during the last 1000 years are shown in 

Northern Finland by Seppa (1996) and Makela, (1998) and in the Kola Peninsula by 

Lebedeva et ah, (1989). The decrease in Pinus and Alnus and increase in Picea, 

Cyperaceae and Gramineae due to the climatic deterioration is also found by Kauppila 

and Salonen 1997) in a northern Finnish lake. A considerably higher abundance of 

Picea was recorded by Kremenetski et a l (1999) during this period in a peat bog from 

the Khibiny mountains (about 20%) compared to that at Chuna Lake (maximum 12%). 

This may be caused by the differences between local vegetation because the peat bog in 

the Khibiny mountain range is surrounded by Picea dominated forest whereas Chuna 

Lake is located in an open area and therefore is influenced more by long-distance pine 

pollen (see also above).

The concentration of pollen grains in POL V is the lowest compared to the rest of the 

core, which may be due to the increased rate of sediment accumulation (see Figures 7.1 

and 7.2). The mean pollen accumulation rate, by contrast, is highest within POL V, it 

reaches 2300.0 grains cm’̂  yr'^at a depth of 26 cm and it equals 1139.0 grains cm’̂  yr'  ̂

on average.

The local pollen zones POL IV - POL V correspond to the regional Pinus/Picea stage 

(Makela, 1998). The division into POL IV and POL V was based upon the relative 

abundances of Corylus, Juniperus and Ericaceae which all have their maximum in POL 

V and upon an increasing abundance of pteridophyte spores in POL V.

Overall, the pollen evidence from the Chuna sediment core (i.e. increase in Sphagnum, 

pteridophytes, herbs and decrease in tree pollen) indicates a decrease in temperature and 

increase in moisture in POL V. Generally, this period in Northern Fennoscandia is 

characterised by greater climate variability, i.e. alternating of generally warm and 

generally cool conditions. Although the duration and amplitude of these temperature 

oscillations varied substantially during the last 1000 years (Briffa et a l, 1990), the
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general trend was continuation of the climate cooling which started at about 2,500 - 

3000 cal BP (Karlen, 1984, Lebedeva et a l, 1989).

In summary, the pollen stratigraphy of Chuna Lake matches closely the known 

vegetation and climate history of the Kola Peninsula (e.g. Lebedeva et a l, 1989) and 

other pollen stratigraphies from both the Kola Peninsula (Davydova and Servant-Vildary, 

1996, Kremenetski and Patyk-Kara, 1997, Kremenetski et a l,  1999) and Northern 

Fennoscandia as a whole (e.g. Hyvarinen, 1975, 1976, Kauppila and Salonen, 1997, 

Seppa, 1996, and Makela, 1998). Chuna Lake is characterised by the higher abundance 

of Picea and Corylus during the Sub-Atlantic and Atlantic chronozones compared to the 

lakes in the northern Finland and Norway (Hyvarinen, 1975, 1976, Seppa, 1996, 

Kauppila and Salonen, 1997, Makela, 1998). This can be explained by the east-west 

direction of Corylus and Picea spread in Fennoscandia. The differences in Picea and 

Corylus abundance between Chuna Lake and the peat bog from the Khibiny mountains 

are possibly due to the predominance of the local pollen component in the peat bog 

pollen composition, compared to Chuna Lake sediment where pollen composition is 

largely influenced by the long-distance pollen.

7.5.4 Analysis of pollen accumulation rates

Radiocarbon dating gives the opportunity of estimating absolute pollen accumulation 

rates in lake sediment. Pollen accumulation rates in sediments of an enclosed lake 

measured in grains cm'^ are assumed to represent pollen rain falling on the lake bottom 

as a whole (see Davis et a l, 1984). It can be used to estimate pollen production and 

vegetation densities and the general presence/absence of a taxon from a local catchment 

as well as the location of past tree-lines especially across the forest-tundra ecotone (e.g. 

Hyvarinen, 1975, 1976, Prentice, 1988). Although pollen production is not usually 

related directly to the density of vegetation (e.g. Andersen, 1973, Schwartz, 1989, 

Sugita, 1994) it could be used together with certain correction factors in reconstruction 

of the vegetation density in the vicinity of the lake. However, the pollen accumulation 

rates are subject to greater random variability than the percentage values (Jacobson and 

Bradshaw, 1981, Prentice, 1988) and therefore they should be treated with greater 

caution.
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Pollen accumulation rates from Chuna Lake arc presented in Figure 7.5. On the whole, 

total pollen accumulation rate (PAR) and individual taxa rates of accumulation are low 

and comparable with pollen accumulation rates in the north Fennoscandian lakes (e.g. 

Hyvarinen, 1975, Prentice, 1982 and Seppa, 1996). Although the lake is located to the 

south from the lakes described in the above papers, its catchment is formed by alpine 

tundra due to its higher altitude (506 m a.s.l.). As PAR values in Chuna Lake are close 

to the PAR values of the northern-most Fennoscandian lakes the same cut-off values for 

taxa presence/absence can be applied to the PAR values in Chuna (e.g. Hyvarinen, 

1975, Prentice 1982).

General trends in the dynamics of the pollen accumulation rates for all trees except for 

Picea are very similar. Pinus, Betula and Alnus have increased PAR in the lower 1/3 

part of the core (especially from 152 to up to 114 cm) and in the upper part of the core 

(starting from about 50 cm).

7.5.4.1 Betula

The Betula values are already high at the bottom of the core (mean PAR is 202 grains 

cm'^ y r ’ in POL I). On the whole, the Betula PARs vary frequently from a min. of 100 

to a maximum, of 800 within zones POL I - POL III (163 - 114 cm) with an mean of

337.0 in POL II and 262.0 in POL III. The mean Betula PAR values within POL I - 

POL III are close to its ‘presence’ limit (see Prentice, 1982) of about 200.0 - 300.0 

grains cm'^ yr"̂  and in POL II (8,000 - 5,400 cal BP) are well above it. This suggests 

that Betula forest might have been present in the catchment of Chuna Lake during that 

period of time.

The Betula values decrease from 144 to 58 cm. The mean Betula accumulation rate 

within POL IV is 151.0 grains cm'^ yr'  ̂ and it increases slightly to 261.0 grains cm'^ yr' 

 ̂ within POL V. The decrease in the Betula PAR reflects the gradual retreat of birch 

woodland during the last 5,000 years. At present birch forest occurs up to 420 - 450 m 

a.s.l. in the Chuna Tundra plateau where the lake is located. The presence of birch 

forest in the catchment of tundra lake Hopseidet in the northern Finland during the same 

period of time (8,000 - 5,000 cal BP) and its subsequent retreat from c. 5,500 - 5,000 cal

222



Figure 7.5 Chuna Lake: pollen accumulation rates
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BP is also shown by Seppa (1996). The short-term increase in Betula accumulation rate 

by the end of POL IV and in POL V is more likely associated with the increased 

catchment erosion than with the advance of the Betula treeline. More discussion on this 

issue is presented below.

7.5.4.2 Pinus

The low PARs of Pinus at the bottom of the core rapidly increase upwards and reach a 

maximum of 1181.0 grains cm'^ yr'  ̂ for Pinus in POL II at 152 cm (c. 8,000 cal BP). 

The mean Pinus accumulation rate increases from 223.0 in POL I to 498.0 in POL II 

and reaches 525.0 grains cm'^ yr'  ̂ in POL III. The ‘presence' limit for Pinus is 

estimated as about 500 grains cm'^ yr'  ̂ for the north of Fennoscandia by Hyvarinen 

(1975) although obviously this value may vary depending on local conditions. 

Comparatively high Pinus accumulation rates within POL III (5,400 - 4,200 cal BP) 

suggest a shift of the Pinus boundary northwards (or/and to higher elevations in upland 

areas). It is unlikely, however, that Pinus was ever present in the immediate catchment 

of Chuna Lake. No Pinus macrofossils (e.g. needles) or conifer stomata cells occurred 

in the sediment. The occurrence of Pinus macrofossils and stomata cells is a direct 

indication of actual pine presence in the catchment (e.g. Birks, 1993, Clayden et a l, 

1996, Hansen et a l, 1996).

However, it is obvious that pine forest advanced northwards and upwards during the 

Holocene climate optimum (c. 8,000 - 5,000 cal BP) and pine might have occurred just 

below the altitude of Chuna Lake. At present the upper limit of mixed pine/spruce taiga 

is about 250-350 m a.s.l. in the Chuna Tundra uplands.

7.5.4.3 Picea

The Picea PAR is very low in the bottom of the core and it increases from 50 cm 

upwards. The low Picea values in the bottom of the core correlate with its low 

abundance in the percentage diagram and confirms that the first arrival of Picea in the 

central Kola Peninsula was between 5,000 and 5,500 cal BP (Lebedeva et a i, 1989, 

Kremenetski 1997). This correlates well with the data on the first occurrence of spruce 

forest in Northern Sweden (Berglund et a l, 1996), northernmost Finland and Norway 

(Hyvarinen, 1975, 1976, Seppa, 1996). The maximum expansion of Picea occurred in
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the above regions of Northern Fennoscandia about 2,000 years later, between about

3,000 and 2,000 cal BP (Hyvarinen, 1976, Korsman et a l, 1994, Korsman and 

Segestrom, 1998) which corresponds with the PAR values of Picea from about 80 cm 

upwards in the diagram (see Figure 7.5). A high value of Picea PAR at 42 cm (about 

1000 cal BP) correlates with the high Picea abundance in the percentage diagram (12%, 

see Figure 7.3). This can be an indication of the maximum Picea expansion in the 

Chuna Tundra mountain range during that time. From 42 cm upwards both PAR values 

and abundance of Picea gradually decline possibly reflecting the retreat of the Picea 

treeline during the last 1000 years.

Kremenetski et a l  (1999) suggest that Picea spread in the central Kola Peninsula 

(Khibiny mountains) from c. 4,500 BP (c. 4,500 - 5,000 cal BP). However, the results of 

this study do not support their findings. The expansion of Picea in the Chuna Tundra 

mountain plateau (evidence from Chuna Lake) which is located at about 100-150 km to 

the north west from the Khibiny mountains occurred from c. 2,000 - 1,500 cal BP. This 

corresponds with the data from the rest of Northern Fennoscandia shown above and 

with the earlier studies in the Kola Peninsula (Lebedeva et a l, 1989).

A possible reason for earlier dates of Picea spread presented by Kremenetski et a l 

(1999) may be the use of "̂̂ C dates derived from bulk lacustrine sediments which tend to 

give older age estimates. The other possibility is that Imandra Lake would have been a 

large obstacle in Picea migration from the south-east of Russia to the north-west of 

Fennoscandia. Imandra Lake is the largest lake in the Kola Peninsula; the Tundra 

uplands are located near the north-west shore of Imandra Lake and the Khibiny 

mountain range is located on the south-eastern shore of the lake (see Figures 2.1., 2.2, 

Chapter 2). It would therefore be possible to find the high Picea abundance in the 

Khibiny mountains earlier (i.e. 4,000 - 4,500 BP) than in the Chuna Tundra uplands 

(2,000 cal BP). However, it is rather difficult to compare the results of this study with 

the findings of Kremenetski et a l (1999) because no PARs were presented by the latter 

authors.
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7.5.4.4 Alnus

The profile of Alnus PAR shows very similar features to the Pinus PAR profile. Like 

Pinus, Alnus PAR values increase upwards from the bottom of the core and reach a 

maximum within POL II (92.0 grains cm'^ yr'  ̂ at 146 cm, about 7,400 cal BP ). A 

maximum of Alnus PAR values corresponds with its maximum relative abundance (see 

percentage diagram in Figure 7.3) within POL II. The Alnus PARs gradually decline 

upwards and reach its minimum in POL IV. The Alnus values increase again at the 

POL IV/POL V boundary and finally decline in the upper 35 cm of the core.

An increase in Alnus pollen abundance starting from c. 9,000 - 8,500 cal BP in northern 

Norway and Finland is also shown by Seppa (1996). Maximum Alnus PARs are found 

between 7,000 and 5,000 years BP in the Varanger Peninsula (Northern Norway) by 

Hyvarinen, (1975, 1976). In northernmost Finland a maximum of Alnus PAR values 

occurred between 6,500 and 5,000 years BP (Hyvarinen, 1975). Kremenetski et al.

(1999) suggest that Alnus arrived in the Kola Peninsula from the Northwest at about

7.000 years BP (about 8,000 cal BP). This generally agrees with the findings of this 

study. Like Betula, Alnus might have occurred in the catchment of Chuna Lake between

7.000 and 5,000 cal BP.

The Alnus PAR started to decline in northern Finland (lake Skaidejarvi) 7,000 - 6,500 

cal BP (Seppa, 1996) and from about 5,000-4,500 years in the Varanger Peninsula and 

north-eastern Finland (Hyvarinen, 1975, 1976). This evidence corresponds with the 

changes in the Alnus PAR profile of Chuna Lake except for the short increase in Alnus 

values between 50 and 35 cm. This increase in Alnus PARs (as with the increases in 

Picea at 42 cm, and Pinus and Betula at 35 cm) may not reflect the real changes in the 

vegetation, but it could be caused by the incorporation of older pollen in the sediment 

core. The overall post-glacial changes in the treeline in the Kola Peninsula are also 

discussed in the section below.

7.5.4.5 Overall changes in the treeline

The increased values of tree pollen in the bottom part of the core (163 - 114 cm) reflect 

the increased total rate of pollen accumulation within this part of the core. Cyperaceae 

also have several peaks within POL II and Ericaceae have increased values within POL
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I l l  (130 - 114 cm). Generally, increased accumulation rates of tree pollen in the lower 

section of the core are correlated with the time of the climate optimum and with the 

maximum spread of boreal forest in the Kola Peninsula.

From 114 cm upwards, the pine PAR decreases to 296.0 grains cm'^ yr'  ̂ on average. It 

increases again from 50 cm to 34 cm where it reaches a maximum of 1000.0 grains cm'^ 

yr'\ From 34 to 10 cm Pinus values decline together with PARs of other trees. It is 

possible that the short-term increase in trees PARs is an indication of advancing treeline 

during the late Holocene as a result of the short-term climate amelioration (e.g. 

’Medieval climatic optimum’). However, it is more likely that the values of PARs are 

inflated within POL V and reflect more than just the pollen rain. The sediment 

accumulation rate is increased in the upper part of the core (starting from about 60 cm) 

and this coincides with the evidence of increased erosion from about 40 cm (see Chapter 

8). Increased catchment erosion could increase the recruitment of older tree pollen from 

the peaty catchment soils into the lake sediment (e.g. Hirons, 1988). The older than 

expected radiocarbon dates in the upper part of the core (50, 40 and 30 cm) which were 

rejected may also indicate possible incorporation of older soils or inwash of older 

marginal sediments into the sediment column. By this means, the peak in Pinus, Betula 

and Picea PAR values at 34 cm, together with increased Cyperaceae and Gramineae 

values at this level are unlikely to reflect real change in the vegetation of the area.

7.5.5 Pollen species richness

Species richness is one of important integral parameters of the ecosystem as a whole 

(e.g. Whittaker, 1965) and the change in species richness can indicate environmental 

change (e.g. Anderson et a l, 1996). For example, a change in palynological richness 

may reflect an anthropogenic influence (forest clearing usually leads to a higher 

diversity of pollen taxa) or an opening of forest canopy (again resulting in a higher 

diversity of pollen taxa in sediments) due a climate change (Perry and Moore, 1987, 

Seppa, 1998).

Figure 7.6 shows the changes in pollen richness index (E(S) in RAREPOLL (Birks and 

Line, 1992) plotted against the core depth (pollen richness profile is also shown in 

Figure 7.3). On the whole, the upper section of the (E(S) profile (from 114 to the
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Figure 7.6 Chuna Lake: profiles of pollen species richness E (S) and
pollen PCA scores
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surface) is more uniform than the lower part of the core. The pollen richness ranges 

between 21.9 and 16.6 slightly increasing towards the top of the core. Pollen species 

richness gradually increases from the bottom of the core upwards with peaks at 138 cm 

and 156 cm. It drops (E (S) = 7.0) at the depth of 124 cm, then recovers to 17.5 and after 

that continues to slowly increase further up the core. A maximum of pollen diversity (E 

(S) = 22.1) is found between 64 and 50 cm (zone POL IV). The mean of species 

richness above 124 cm is 19.7± 1.5 and the mean of E(S) below 124 cm is 13.6 ± 2.8. 

The layer from 163 to 124 cm covers the period of the early-mid Holocene climate 

amelioration in the North Atlantic (e.g. Bell and Walker, 1992). The change in climate 

is reflected by fluctuations in palynological diversity during this period of time (see 

Figure 7.6). The sharp decline in E(S) at 152, 140 and 124 cm coincides with the 

maximum of Pinus pollen in sediments and the high Pinus accumulation rates (see 

Figure 7.5). This may reflect the effect of comparatively dense pine forest in the 

vicinity of the lake catchment on the pollen diversity (see Moore et a l, 1991). From c. 

5,400 cal BP climate gradually deteriorated and the treeline moved southwards (see 

section 7.5.3). This resulted in the establishment of the alpine tundra vegetation in the 

lake catchment which generally has higher plant diversity than a closed canopy forest 

(Seppa, 1998).

7.5.6 Modern analogue matching

Altogether five good analogues to the Chuna fossil pollen samples were identified in the 

modem KOLA training set. The modem pollen assemblages analogous to the fossil 

samples were discussed in the context of the major changes in the sediment pollen 

profile in section 7.3.3.3. In summary, the pollen composition of all identified close 

analogues reflects the major vegetation changes recorded in the pollen sequence of 

Chuna Lake. The low number of good analogues is possibly due to the small size of the 

KOLA training set of lakes.

7.5.7 Ordination of the pollen profile

The strategy of ordination analysis generally follows the description in Chapters 4 and 

5. To estimate the length of the compositional gradient the pollen percentage data were 

first analysed by DCA (Detrended Correspondence Analysis) with detrending by 

segments and non-linear rescaling of the axes. The gradient length of 0.833 SD
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(standard deviation) units indicates a linear response of the pollen data to the underlying 

environmental gradients and suggests that linear ordination methods (PCA) should be 

applied. Only taxa with abundance > 1%  were included in the analysis. No species 

transformation and no standardisation was applied and species-centred PCA on a 

correlation matrix of 33 response variables (pollen taxa) and 36 samples was performed 

(ter Braak, 1994).

Table 7.4 shows the PCA summary statistics for the pollen data. The first two axes 

explain 92.8% of the variance in the pollen data. The eigenvalue of the first axis is 

more than twice as high as the second axis which means that the first axis is the most 

important in interpreting the relationship within the variables. The eigenvalues of axes 

3 and 4 are very small and are therefore ignored.

Table 7.4 Summary statistics for PCA with 17 taxa and 36 samples

Table 7.4 AXES 1 2 3 4 Total inertia

Eigenvalues, X 0.638 0.289 0.020 0.014 1.000

Cumulative
% variance of species data

63.8 92.8 94.9 96.3

Figure 7.6 presents the pollen PCA sample scores plotted against the depth (the profile 

is also shown in Figure 7.3). The diagram shows the dramatic difference between the 

vegetation during the early Holocene period (the part of diagram between 163 and 154 

cm (9,000 - 8,000 cal BP, see Table 7.3) with high sample scores and the later period. 

The high PCA scores in this part of the core are largely associated with a high Betula 

abundance in the early Holocene, and a sharp decline in the PCA scores between 163 

and 154 cm (from 3.3 to - 0.385) follows the drop in Betula abundance in POL I.

The PCA scores continue to decline from 154 to 118 cm ranging from -0.385 to 1.13. 

From a depth of 118 cm the PCA scores rise slightly and stabilise at around -0.4. Two 

intervals of decline in PCA scores (from 80 to 60 cm and from 28 to 24) are associated 

with a drop in the Betula values (see also Figures 7.3 and 7.5) because Betula have the 

highest scores in PCA axes 1 and 2. Generally, the fluctuations in the PCA score profile 

are driven by the changes in the most abundant pollen taxa (i.e. Betula and Pinus).
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The changes in the PCA score profile are negatively correlated (r = - 0.55) with the 

changes in the profile of pollen richness (Figure 7.6, Table 7.3). This confirms the 

earlier suggestion that pollen diversity in sediment is largely dependent on the presence 

of dense forest in the vicinity of the lake.

On the whole, the profile of PCA scores shows a summary picture of vegetation 

development during the Holocene. The PCA scores are associated with the changes in 

the abundance of major tree taxa and largely reflect the fluctuations in the treeline.

The PCA plot reflects the long-term trends in the development of vegetation during the 

Holocene. Betula and Alnus forests which were dominant in the early Holocene (lower 

right part of the plot) were later replaced by more diverse mixed Pinus forests and 

tundra vegetation (upper left part of the plot). Betula is strongly negatively correlated 

with Picea and this is an illustration of the equilibrium between birch and spruce in a 

mixed forest {Betula is gradually substituted by Picea and vice versa with the total tree 

abundance remaining at the same level).

Figure 7.7 Chuna Lake: PCA with 17 pollen taxa and 36 samples. Arrangement of 
vegetation gradients
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The PCA diagram in Figure 7.7 shows that the abundant species have higher scores (e.g. 

Betula and Pinus on Axis 1; Pinus, Picea and B-C-M on Axis 2) than taxa occurring at 

low abundance. Alnus and Betula show a certain interrelation; they are also positively 

correlated with the first PCA axis and show negative correlation with the majority of the 

other variables except for Pinus and Gymnocarpium (for detailed explanations of how 

to interpret PCA, DCA and CCA plots see Chapter 4 and 5). Pinus and Gymnocarpium 

are strongly negatively interrelated and they show almost no relationship with any other 

variables.

7.5.8 Summary of the pollen changes and inferred climate and environmental 

changes

Analysis of stratigraphie changes in pollen relative abundances, pollen absolute values, 

and pollen species richness allows one to reconstruct major changes in regional 

vegetation and climate as well as vegetation changes in the catchment of Chuna Lake. 

Reconstruction of past vegetation was also facilitated by the use of modem analogues 

from the KOLA pollen training set. The major pollen changes in local pollen 

assemblage zones together with the corresponding regional pollen zones and inferred 

regional and vegetation changes are outlined in Table 7.5.

7.6 General discussion and conclusions

Overall, "̂̂ C and ^̂ ®Pb dates correspond well with the pollen stratigraphy of the core. 

Erroneous dates in the top of the core (30, 40, and 50 cm) have probably resulted from 

the inwash of older marginal sediment or older soils from the catchment and this led to 

recruitment of older pollen and, subsequently, to inflated pollen accumulation rates 

between 35 and 25 cm. However, the majority of the sediment sequence is undisturbed 

and represents the period from c. 9,000 to 300 cal BP.

The pollen composition of the core is typical for alpine tundra lakes with a low pollen 

diversity and a dominance of long-distance pollen taxa, largely tree pollen. The pollen 

stratigraphy of the core shows a good agreement with the Holocene pollen diagrams 

from both the Kola Peninsula and Northern Fennoscandia. The local pollen zones
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T a b le  7 .5  C h u n a  L a k e : su m m a ry  o f  p o llen  c h a n g e s  a n d  in f e r r e d  c lim a te  a n d  e n v iro n m e n ta l  

c h a n g e s

Local pollen assemblage zone Regional 
pollen zone

"̂*C calibrated age and 
inferred climate and 

environmental changes

POL V (42 -10 cm)
Further decrease in the tree pollen, 
especially in Pinus and Alnus. Corylus 
almost disappears. Increase in Picea, 
Juniperus, Gramineae, Cyperaceae and 
pteridophytes. Large drop in pollen richness 
coincides with the drop in the PCA sample 
scores. Closest modem analogue is Chuna 
Lake.

Second half 
of

Pinus/Picea  
regional zone

900-300 cal BP

Higher climate variability 
during the last 900 years. 
Establishment of the modem 
alpine tundra vegetation in the 
catchment of Chuna Lake.

POL IV (114-42 cm)

Further decrease in the total tree pollen. The 
rise in the Picea, Corylus, B-C-M, 
pteridophyte and Sphagnum  abundance. A 
drop in the total concentration and the total 
PAR. Increase in pollen species richness. A 
lake with spruce forest in the catchment is 
the closest modem analogue.

First half of 
P in u s/P icea  
regional zone

4,200 - 900 cal BP

Climate deterioration towards 
cooler and moister climate. 
Gradual spread of P icea  forest 
in the central Kola Peninsula. 
Development of a Sphagnum  
mire and tundra vegetation in 
the catchment of Chuna Lake.

POL III (130-114 cm)

Further rise in Pinus and Picea  abundance 
but overall decrease in tree pollen. Decrease 
in Betula, Pinus, Alnus PARs and total PAR. 
Fluctuations in species richness and decline 
in PCA scores . A lake with pine forest in 
the catchment is the closest modem 
analogue.

Second half 
of regional 

Pinus/Alnus 
zone

5,400 - 4,200 cal BP
The end of climate optimum 
and the onset of chmate 
deterioration. Retreat of Betula  
from the catchment. Pinus 
forest is likely to occur in the 
vicinity of Chuna Lake.

POL 11(154- 130 cm)

Maximum in the abundance and PARs of 
Pinus and Alnus, maximum in Betula PAR. 
Appearance of Picea  and Juniperus. High 
proportion of tree pollen. Overall low 
species richness increases by the end of the 
zone.

First half of 
 ̂Pinus/Alnus 

’ regional 
zone

8,000-5,400 cal BP

The Holocene climate 
optimum. Climate is warmer 
and drier than present. Overall 
dominance of Pinus forests in 
the central Kola Peninsula. 
Betula  forest-tundra is likely to 
occur in the catchment.

POL I (163 - 154 cm)

Decrease in Betula by the end of the zone 
and increase in Pinus abundance. High 
proportion of tree pollen. Increase in the 
total pollen concentration and total PAR. 
High PCA scores decrease towards the end 
of the zone. Fluctuations of species richness.

'Betula - 
Pinus' 

regional zone

9,000 - 8,000 cal BP

The onset of the Holocene 
climate optimum. Open, 
undeveloped tundra vegetation 
is likely to present in the 
catchment of Chuna Lake
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identified in the Chuna sediment core fit well with the regional pollen zones. The 

subdivisions in L.P.A.Z. are based on both regional and local changes in vegetation.

Pollen assemblages of the close modem analogues from the KOLA training set 

strengthen the interpretation of the general trends in the vegetation changes 

reconstructed from the Chuna pollen profile.

Changes in absolute pollen values imply that Betula forest-tundra might have occurred 

in the vicinity of the lake between 8,000 and 6,000 cal BP. The absence of Pinus 

macrofossils and stomata suggests that the presence of pine in the vicinity of the lake 

was unlikely. Despite the increased pine accumulation rates between 5,500 and 4,500 

cal it is unlikely that boreal pine forest has ever grown in the immediate catchment of 

the lake.

A maximum expansion of pine forests in the central Kola Peninsula occurred between c.

8,000 and 5,400 cal BP and this corresponds with the evidence from north-eastern parts 

of Fennoscandia. The evidence from this study confirms the diachronous nature of pine 

spread in Fennoscandia during the Holocene.

According to this study, Picea occurred in the central Kola Peninsula from c. 2,000 cal 

BP. This corresponds with the data from Northern Fennoscandia (Hyvarinen, 1975, 

1976, Korsman et a l, 1994, Berglund et al., 1996, Seppa, 1996) and the Kola Peninsula 

(Lebedeva et al., 1989). The earlier time of the Picea arrival in the central Kola 

Peninsula (c. 5,500 -5,000 years BP) found by Kremenetski et al. (1999) can be 

explained by the use of the older dates derived from the bulk sediments, and also 

could be due to the delay in the Picea expansion to the rest of the Kola Peninsula 

because of the large barrier formed by Imandra Lake.

Relatively high abundance of Corylus pollen in the sediments of Chuna Lake compared 

to the more western and northern Fennoscandian sites suggests that one of the possible 

migration routes of Corylus to the Kola Peninsula was from the south-east.
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Overall, the changes in the pollen profile, pollen diversity and PCA sample scores 

reflect the major climate patterns of the North Atlantic region during the Holocene, i.e. 

climate optimum between 9,000 and 5,400 cal BP and gradual climate deterioration 

during the last 5,400 years. The short-term climate fluctuations (e.g. ‘Medieval climate 

optimum’) are not reflected by the pollen sequence. A higher sampling resolution is 

required in order to detect such short-term changes.
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CHAPTER EIGHT

CHUNA LAKE: 
GEOCHEMISTRY AND MAGNETIC PROPERTIES

8.1 Introduction

This chapter describes the analysis of the geochemical and magnetic properties of the 

Holocene sediment core from Chuna Lake. Unlike pollen, which usually only provides 

information on catchment change (Chapter 7), geochemical and magnetic sediment 

characteristics contain a record of both allochthonous and autochthonous processes 

affecting lake ecosystems. In this chapter, geochemical and magnetic properties are 

initially analysed separately, the relationships between them are subsequently discussed 

and related to the vegetation changes described in Chapter 7. The magnetic properties 

of the sediment core are used in addition to the pollen and geochemistry data in order to 

assess environmental and climatic changes in the lake catchment. Calibrated dates of the 

Chuna core are based on the age-depth model developed in Chapter 7. The results are 

discussed within the context of the environmental and climatic history of Chuna Lake 

and its catchment during the last 9,000 years in Chapters 9 and 10.

8.2 Geochemical characteristics of the sediment core

8.2.1 General characteristics of the core geochemical composition

Sediment concentrations of 9 elements, % LOI and % CaCOs, Fe/Mn and Ca/K ratios 

are shown in Table 1, Appendix 5. Table 8.1 shows summary statistics of the measured 

geochemical parameters.

In general terms, the geochemical composition of the sediment core is characterised by 

an unusually high concentration of silica compared with all other elements and a high 

percentage of organic content. Each group of elements is discussed separately below and 

then relationships between the groups are analysed.
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Table 8.1 Chuna Lake: summary statistics for 12 geochemical parameters

Geochemical
parameters

Maximum Minimum Mean Median Standard
Deviation

Fe, mg/g 3.48 1.23 2.36 2.35 0.441

Mn, mg/g 0.013 0.001 0.007 0.007 0.002

Fe/Mn 789.10 130.38 341.13 337.75 113.45

LOI, % 44.01 18.05 29.61 27.91 4.08

C aC 03, % 7.94 0.44 3.13 3.18 1.05

Ca, mg/g 9.21 3.66 5.57 5.33 1.01

K, mg/g 2 3 8 0 3 2 1.43 1.40 0.31

Ti, mg/g 1.08 0.29 0.596 0.57 0.14

S, mg/g 3.68 0.04 1.37 1.107 0.75

Zr, |ag/g 17.94 0.00 1.97 0.42 3.10

Rb, \xJg 5.65 0.00 0.67 0.00 1.22

Ca/K 6.01 2.99 3.94 3.85 0.47

Si, mg/g 350.93 197.62 295.92 298.82 28.00

8.2.2 Indicators of erosion

The origin of Ca, K, Ti, Si, Zr, and Rb in the lake sediments is predominantly allogenic 

and they are traditionally used as indicators of intensity of catchment erosion (e.g. 

Mackereth, 1966, Jones and Bowser, 1978, Engstrom and Wright, 1984, Norton et a l, 

1992, Kauppila and Salonen, 1997). However, the high silica values (mean 295.92 

mg/g see Table 1 Appendix 5 and Table 8.1) compared with all other allogenic elements 

imply that some part of sediment Si may originate from authigenic sources. Given that 

the major part of the core is gyttja-diatomite (see Chapter 7), it is possible that the high 

Si values have a biogenic origin (e.g. Kauppila and Salonen, 1997). Unfortunately, it 

was not possible to determine the authigenic fraction of total Si because the method is 

destructive (Engstrom and Wright, 1984) and there was insufficient sediment material 

for further analysis. The profile for total Si and profiles for such indicators of 

terrigenous material as Ca, K and Ti plotted together in Figure 8.1 show no correlation 

because of the considerable contribution of biogenic silica to the total measured Si.

The measured concentrations of the other erosion indicators Zr and Rb are very low and 

may not be entirely accurate because of background ‘noise’ (J. Boyle, pers. comm., see 

Table 1, Appendix 5 and Table 8.1). They are excluded from further analysis.
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The alkali, alkali-earth and transition metals, i.e. potassium, calcium and titanium 

appear to be the best indicators of terrigenous material in the case of Chuna Lake. 

These metals are derived from granite and other silicates (gneiss, schist) which comprise 

the catchment bed-rock (see site description in Chapter 2) and occur in the lake 

sediment primarily in the form of allogenic elastics (Engstrom and Wright, 1984).

The ratio of Ca to K is sometimes used to separate erosion from leaching (Kauppila and 

Salonen, 1997). Calcium is more indicative of weathering than potassium and therefore 

an increase in Ca/K ratio values in sediment would indicate the prevalence of leaching 

(Kauppila and Salonen, 1997). Despite the low concentrations, Ti is the best erosion 

indicator in lakes due to its conservative nature (Cowgill and Hutchinson, 1970).

The concentrations of Ca, K and Ti in the Chuna sediment are relatively low (Table 8.1, 

Figure 8.1) in comparison with concentrations of these elements in the sediment from 

other lakes with similar geology in Scandinavia (e.g. Kauppila and Salonen, 1997, 

Larsen et a l, 1996) and in Wales (Jones, 1984). However, Ti concentrations in the 

lower part of the sediment core from Pieni Majaslampi Lake, Finland are very close to 

those in Chuna (Virkanen et a l, 1997).

The potassium concentrations vary from 0.824 to 2.38 mg/g with the mean and median 

of 1.43 and 1.40 mg/g respectively. These values are 4-5 times lower than mean K 

concentrations in similar types of lakes (e.g. Larsen et a l, 1996, Flower et a l, 1997). 

Since K and Ti concentrations are directly proportional to the intensity of erosion, low 

potassium and titanium content in lake sediment suggest a very slow erosion rate and 

more effective leaching (Mackereth, 1966).

Calcium is less conservative compared with Ti and K. It can form compounds with 

organic acids (e.g. humic and fluvic) and organically rich sediment can contain a 

proportion of authigenic Ca (Engstrom and Wright, 1984). However, Ca concentration 

also depends on lake bedrock (Mackereth, 1966). In the case of Chuna Lake, which has 

igneous bedrock in its catchment, it seems that Ca is predominantly allogenic. The 

calcium concentration is low, generally it is about 1 . 5 - 2  times lower than the average
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Ca concentration in the sediment of lakes with similar geology and sediment organic 

content (Mackereth, 1966, Larsen et al., 1996, Virkanen et al., 1997). However, the Ca 

concentrations in the sediment of Siberian Lake Kholodnoe (Flower et ah, 1997) are 

very close to the average Ca values in the Chuna sediment.

The profiles of Ca, K and Ti plotted in Figure 8.1 have very similar patterns. The 

highest correlation is between Ti and K (r = 0.9 at P  < 0.05). The correlation between 

Ca and Ti and K is somewhat lower but still high enough to be statistically significant at 

P< 0.05 (r = 0.88 for Ti and Ca and r = 0.87 for Ca and K). This supports the allogenic 

source of Ca in the sediment of Chuna Lake.

The calcium, potassium and titanium stratigraphies were split into five major 

stratigraphie zones using the programme ZONE (Juggins, 1991, unpubl. Programme, 

see Appendix 9 for details of zonation procedure). Table 8.2 presents the summary 

statistics for each element within each stratigraphie zone and for the whole core. The 

summary statistics of Ca/K within each ‘erosion’ stratigraphie zones were also included 

in Table 8.2 although the stratigraphie sequence of Ca/K was not analysed by ZONE. 

Table 8.8 in section 8.5 summarises all major changes in the erosion indicators.

The first zone (ER I) covers the period from 163 cm to 151 cm (c. 9,000 - 7,700 cal BP, 

Chapter 7). The values of the erosion indicators show decline in spite of several peaks. 

However, overall the Ca, K and Ti concentrations are high in ER I. The mean and the 

median values of all three elements in ER I are higher than their mean and median for 

the whole core. The high concentrations of erosion indicators within ER I correlate 

well with the elevated post-glacial erosion reported for all lakes which experienced 

glaciation (Mackereth, 1966, Renberg, 1976, Huttunen et a l, 1978, Snowball and 

Sandgren, 1996, Kauppila and Salonen, 1997). The decline in erosion indicators
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Figure 8.1 Lake Chuna: profiles of Ca, K, Ti,Ca/K and Si
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Table 8.2 Summary statistics for Ti, K, Ca and Ca/K in ER stratigraphie zones and in the 

whole core

ERI,

163-151

cm

ER II, 

151-130 

cm

ER III, 

130-115 

cm

ERIV,

115-46

cm

ERV,

46-10

m

Total

core

Ca, mg/g

mean 5.71 5.25 5.93 4.79 6.51 5.57

median 5.87 5.15 5.55 4.88 6.36 5.33

std. dev. 0.59 0.33 1.42 0.53 0.81 1.01

K, mg/g

mean 1.59 1.26 1.42 1.27 1.69 1.43

median 1.61 1.23 1.33 1.31 1.68 1.40

std. dev. 0.29 0.16 0.44 0.21 0.19 0.31

Ti, mg/g

mean 0.62 0.51 0.63 0.51 0.72 0.59

median 0.64 0.50 0.63 0.54 0.70 0.57

std. dev. 0.11 0.06 0.21 0.10 0.10 0.14

Ca/K

mean 3.64 4.18 4.28 3.80 3.84 3.94

median 3.67 4.14 4.15 3.72 3.80 3.85

std. dev. 0.36 0.39 0.61 0.32 0.28 0.47

correlates with the deglaciation of the Chuna catchment and development of tundra soils 

and vegetation (Chapter 2).

The concentrations of erosion indicators continue to decline within ER II (151 - 130 

cm) but the rate of overall decline is slower compared to ER I. Both the mean and 

median values for all three elements are lower than in the previous zone (Table 8.2). 

However, the values of Ca/K are higher than in ER I. This may indicate increased 

leaching in ER II compared to ER I. ER II (7,700 - 5,400 cal BP) covers the time of 

the climate optimum in the Kola Peninsula and the whole of Northern Fennoscandia. 

This period is characterised by the northernmost treeline boundary and possible 

presence of a birch forest in the Chuna catchment (Chapter 7).

ER III (130 - 115 cm) is characterised by the highest amplitude of variations in all three 

parameters compared to the rest of the core. The mean concentrations of all three 

elements have increased compared to the previous zone. However, the increase in Ca 

concentration is more pronounced compared with the increase in Ti and K. This may be
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an indication that both elevated erosion and leaching contributed towards a more 

pronounced increase in the Ca values compared to Ti and K. The mean value of Ca/K 

also slightly increased compared to ER II suggesting that leaching was more intensive 

than erosion within ER III. ER III (5,400 - 4,200 cal BP) covers the end of the climate 

optimum and the start of the climate deterioration followed by the retreat of the birch 

treeline from the catchment of Chuna Lake (Chapter 7).

Zone ER IV (115 - 46 cm) is characterised by the smaller variations in Ca, Ti and K and 

a general absence of any change. Calcium concentrations declined slightly. The mean 

and median concentrations of Ca are the lowest compared to the rest of the core (Table 

8.3). The profiles of Ti and K show almost no change compared to the previous zone, 

the mean and median values of Ti and K are also close to those within ER II. The Ca/K 

values decline slightly compared to ER II and ER III. This may suggest that, while the 

level of erosion remained the same in ER IV, the intensity of leaching declined slightly 

compared with ER III. This period (c. 4,200 - 1,000 cal BP) is characterised by the 

general climate deterioration in the central Kola Peninsula and the whole of Northern 

Fennoscandia (Chapter 7). Tundra vegetation with soils depleted in organic matter were 

likely to have been present in the Chuna catchment during this period (Chapter 7).

The values of Ca, Ti and K start to increase again within ER V (46 cm - 10 cm, c. 1,000 

- 300 cal BP). The mean and median values of Ca, Ti and K are the highest in ER V 

compared to the rest of the core. The calcium concentrations show the most distinct 

increase compared with the other erosion indicators, the increase in Ti concentrations is 

the least pronounced in ER V compared to Ca and K (see Figure 8.1 and Table 8.2). 

This may be explained by the fact that both erosion and leaching contributed to the 

increase in Ca whereas the increase in Ti is the result of erosion only. The mean and 

median of the Ca/K ratio showed almost no change compared to ER IV indicating that 

the general erosion/leaching ratio remained almost unchanged in ER V compared with 

ER IV. On the whole, the pronounced increase in Ti, K and Ca towards the surface 

coincides with the increased sedimentation rate in the top 1/3 of the core (see Chapter 7) 

and possibly reflects the increased erosion during the last 1000 years. However, the
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unchanged Ca/K ratio indicates that the intensity of leaching has also increased 

proportionally to the intensity of erosion in ER V compared to ER IV

8.2.3 Indicators of redox change

In oligotrophic lakes located in the vicinity of the tree-line boundary Fe, Mn and Fe/Mn 

profiles in the lake sediment can reflect both the intensity of catchment erosion and the 

reducing conditions of catchment soils often resulting from the development of 

coniferous forest or paludification (e.g. Mackereth, 1966, Kauppila and Salonen, 1997, 

see also Chapter 1). The change in the Fe/Mn ratio can also indicate the redox change 

on the water/sediment boundary and diagenetic changes in Mn and Fe within the 

sediment column (Davison, 1982, Ochsenbein et al., 1983). Under oxidising conditions 

the Fe/Mn ratio is close to the lithospheric one. However, under reducing conditions, 

Mn becomes more easily mobilised and Fe/Mn increases (Mackereth, 1966, Digerfeldt, 

1972, Engstrom and Wright, 1984). The average concentration of Fe in the sediment of 

Chuna Lake is lower (the mean Fe concentration in the Chuna sediment is 2.36 mg/g, 

see Table 8.1) than the average iron concentration in the lithosphere which is about 50 

mg/g (Mackereth, 1966). The values of Fe are lower than those measured in sediment 

of similar types of lakes. For example, the mean Fe concentration in the Kholodnoe 

core is about 20 mg/g in the major part of the core and increases up to 36-38 mg/g only 

during recent years (Flower et al., 1997). Downcore Fe concentrations are close albeit 

lower than Fe concentrations in the surface sediment layers (Moiseenko et al., 1997).

Manganese, appears to be significantly depleted in the Chuna sediment. It varies from 

0.013 to 0.0011 mg/g which is about 100 times smaller than the average Mn 

concentration in the lithosphere (Mackereth, 1966). It is also considerably lower than 

Mn in the sediments of most lakes with similar geology (e.g. Larsen et al., 1997, 

Kauppila and Salonen, 1997). Extremely low Mn concentrations in the Chuna sediment 

obviously indicate its depletion in the lake drainage basin and absence of reducing 

conditions in the catchment soils. The downcore values of Mn are close to the values in 

the surface sediment (Moiseenko et al., 1997). Theoretically, it could also be a result of 

reducing conditions within the sediment column of Chuna Lake (Davison, 1983, 

Kauppila and Salonen, 1997). Under reducing conditions within the sediment, Mn 

could become soluble and diffuse upwards in the sediment column whereas Fe would
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remain stable. However, the diagenetic redistribution of Mn throughout the sediment 

column would result in smooth gradual changes in Mn concentration rather than in 

sharp peaks and drops as shown by the Mn profile (Kauppila and Salonen, 1997, J. 

Boyle, pers. comm.).

The profiles of Mn and Fe show similar trends in some parts of the core (Figure 8.2) but 

the overall correlation between Mn and Fe profiles is low (r = 0.283) and therefore no 

formal zonation methods were applied to the Mn and Fe profiles. From the bottom of 

the core up to about 125 cm (c. 9,000 - 4,700 cal BP, Chapter 7) both the Fe and Mn 

concentrations gradually decrease (Fe from 3.26 to 2.22 mg/g and Mn from 0.012 mg/g 

to 0.002 mg/g).

The high Mn and Fe values in the bottom of the core and their subsequent gradual 

decline up to 125 cm may be a reflection of decreasing post-glacial erosion. Between 

163 and 125 cm the Mn and Fe profiles have a high positive correlation (r = 0.54). This 

suggests that within this part of the core both Mn and Fe are likely to have the same 

origin and reflect catchment erosion like Ca, Ti, and K (Mackereth, 1966). However, 

despite the similar trends between mobile elements and erosion indicators in this part of 

the core, the correlation coefficients between them are low. This may be due to the fact 

that Fe and Mn represent topsoil erosion whereas Ca, Ti and K reflect subsoil erosion 

(Bearing et a l, 1985, J. Boyle, pers. comm.).

Between 125 and 94 cm (c. 4,700 - 3,100 cal BP, Chapter 7) Mn and Fe have the lowest 

values in the core except for one sharp peak at 98 cm where both Mn and Fe have their 

maximum concentrations (Figure 8.2). Generally, Mn and Fe show no apparent change 

and have similar trends between 125 and 94 cm. The Mn/Fe correlation within this part 

of the core is also high (r = 0.53). The absence of changes and the low level of Mn and 

Fe between 124 and 94 cm generally corresponds with the low concentrations of erosion 

indicators between 115 and 46 cm. The low Fe and Mn values within this part of the 

core imply a low level of erosion. The high Fe/Mn correlation may suggest similar 

origin of these elements in the Chuna sediment between 125 and 94 cm.
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However, from a depth of 94 cm upwards the profiles of Fe and Mn have different 

trends. Manganese shows a gradual but consistent increase towards the top of the core 

whereas the iron profile show no major change. The iron concentration fluctuates 

around its mean value (c. 2.36), declines sharply at 24 cm and then increases gradually 

towards the top of the core. A sharp drop in Mn (down to 0.001 mg/g) occurs at 27 cm 

and apparently has no connection with the drop in Fe at 24 cm (Figure 8.2). The Fe/Mn 

correlation is low (r = 0.1) within this part of the core suggesting a little connection 

between Fe and Mn origin in the Chuna sediment above 94 cm.

A plausible explanation for the gradual increase in Mn concentration from 94 cm (c. 

3,100 cal BP) may be that reducing conditions have increased in the catchment soils due 

to an increase of water table in the Chuna catchment. Generally, the late Holocene 

(from c. 4,500/4,000 cal BP) is characterised by the higher level of winter precipitation 

(e.g. Dahl and Nesje, 1996), bog expansion (e.g. Kremenetski and Patyk-Kara, 1997, 

Lebedeva et al., 1989, Korhola, 1995, Eronen et al., 1999) and cooler climate both in 

Fennoscandia and the Kola Peninsula. The abundance of the Sphagnum spores in the 

Chuna sediment also increases from c. 82 cm upwards (c. 2,500 cal BP, Chapter 7) 

indicating the development of a Sphagnum mire and more humid conditions in the 

Chuna catchment. The relationship between sediment chemistry and catchment 

vegetation is discussed in more detail in section 8.5.

The changes in Fe concentration above 94 cm have no apparent correlation with the 

changes in the profiles of erosion indicators. They may be partly explained by the 

influence of topsoil erosion, which declined as catchment soils developed in the second 

half of the Holocene. As Fe is more stable than Mn, its sediment profile does not reflect 

the change in redox potential of catchment soils as well as the Mn profile. However, the 

Fe concentrations in the upper 94 cm of the core still may be partly influenced by the 

reducing conditions in the catchment soils.

Changes in the Fe/Mn profile are clearly driven by changes in the Mn concentration. 

The decrease in Mn between 163 and 125 cm correlates with the increase in the Fe/Mn 

values within this part of the core (Figure 8.3). Fe/Mn gradually decreases upwards
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from 94 cm thus reflecting the increasing Mn concentrations in the top 94 cm of the 

core.

In summary, Mn, Fe and Fe/Mn reflect catchment topsoil erosion between 163 and 94 

cm. From 94 cm upwards the concentrations of Mn and Fe/Mn are likely to be 

influenced by the increase in water level followed by the development of a Sphagnum 

bog in the catchment of Chuna Lake. Clearly, the iron fluctuations in the upper 94 cm 

of the core are more difficult to interpret than the changes in Mn profile. Several factors 

can affect iron concentration in the upper 94-cm part of the core. Since the changes in 

Mn profile indicate the erosion in the lower 69 cm of the core and the changes in the soil 

reducing conditions in the upper 94 cm of the sediment, Mn is a better indicator of the 

catchment environmental change than Fe. However, Mn is generally depleted in the 

Chuna sediment and measurements of such low concentrations are prone to errors (J. 

Boyle, pers. comm.). Therefore, the changes in the Mn profile in the Chuna sediment 

should be interpreted with caution.

8.2.4 Indicators of sediment organic content and lake productivity

Loss on ignition (% LOI at 550° C) and calcium carbonate content (% C O 3 at 950° C) 

are widely used to estimate organic content and inorganic C of sediment or soils (e.g. 

Mackereth, 1966, Norton et al., 1992, Flower et al., 1997, Punning et al., 1997). 

However, the estimates become less accurate in largely inorganic samples (when true 

carbon content < 2%, (Mackereth, 1966). LOI can reflect both authigenic and allogenic 

organic matter (e.g. Willemse and Tomqvist, 1999). In the case of Chuna Lake with no 

major inflows and a little catchment erosion, LOI is likely to reflect mainly authigenic 

organic matter. Sulphur in the lake sediments can also be both allogenic and authigenic. 

Allogenic inorganic sulphur enters the sediment as a constituent of mineral particles 

eroded from the catchment. For example, average sulphur content in post-glacial clays 

is about 1 mg/g (Mackereth, 1960). Generally, sulphur is one of the constituents of 

organic molecules such as aminoacids and proteins and therefore biogenic sulphur 

enters lake sediment with all dead organic material. However, the major biogenic 

source of sediment sulphur are primary producers, e.g. autotrophic algae. Sulphur in the 

form of the sulphate ion is largely consumed by algae from the water column and then is

247



Figure 8.3 Lake Chuna: profiles of Fe/Mn, % LOI, 
% CO3 and S

900

800

700

600

500 -

Fe/Mn300

200 -

100  -

5 15 25 35 45 55 65 95 125 135 155 165 17575 85 105 115 145

50 ]

%  LOI

20

15

% C 03

25 165 17515 35 45 55 65 75 85 95 105 115 125 135 145 155

0.5

5 25 35 45 55 65 85 95 105 125 135 145 155 165 17515 75 115

Depth, cm

248



transferred to the sediment with dead algal cells. In the sediment, the sulphate ion is 

reduced to sulphide by sulphate-reducing bacteria and stored in various chemical forms, 

mostly as ferrous sulphide (Mackereth, 1966). As the average sulphur lithosphere 

concentration is about 0.6 - 0.8 mg/g (Mackereth, 1966), the major part of sulphur 

occurring in the Chuna Lake sediment is of biogenic origin (the mean S concentration in 

the sediment of Chuna Lake is 3.68 mg/g. Table 8.1). Therefore, the sulphur sediment 

profile can be used to assess changes in biological productivity of Chuna Lake 

throughout the Holocene.

The sediment is highly organic with average LOI of 29.91%. As expected, the calcium 

carbonate content is low, varying from 7.94 to 0.44 % throughout the core (Table 8.1). 

The low levels of calcium carbonate in the sediment is a reflection of siliceous bedrock. 

The carbonate content remains fairly constant throughout the core, increasing slightly 

only in the lower part of the core (from 106 to 163 cm, see Figure 8.3). LOI is also 

higher in the lower part of the core although the major increase of organic content 

occurs at a lower depth (122 cm) than the increase in CaCOg content. The lower section 

of the core is also characterised by the higher amplitude and frequency of LOI and 

CaCOg fluctuations.

Sulphur concentrations in the Chuna Lake sediment vary from 3.68 to 0.04 with the 

mean and median of 1.37 and 1.07 mg/g, (Table 8.1) and is comparable with the sulphur 

sediment content in oligotrophic/mesotrophic lakes (e.g. Mackereth, 1966). Like LOI 

and CaCOs, the increased sulphur concentrations in the sediment core occur between 

117 and 145 cm. Generally, the sulphur and LOI profiles show a strong positive 

correlation (r = 0.56) which reflects the largely biogenic origin of sulphur in the Chuna 

Lake sediment and its connection with the lake productivity.

The sulphur and LOI profiles were divided into three stratigraphie zones. The summary 

statistics (mean, median and standard deviation) of sulphur and LOI within the three 

stratigraphie zones are compared with these for the whole core in Table 8.3. Table 8.8 

in section 8.5 gives a summary description of the stratigraphie changes in LOI and S 

together with the estimated age and major climate events.
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Table 8.3 Summary statistics for S and LOI within BI stratigraphie zones and in the whole core

Geochemical 
N. Parameters 

StratigraphiK.
Zones Nv

LOI,% S, mg/g

mean median std. dev. mean median std. dev.
BI I, 163c m -1 5 1 c m \ 31.92 32.86 3.15 1.24 1.18 0.26

BI II, 151 cm -118 cm 33.75 34.95 4.48 2.37 229 0.57

BI III, 118 cm -10 cm 27.19 27.25 1.41 0.91 0.90 0.26

Total core 29.61 27.91 4.08 1.37 1.10 0.75

The first zone BI I (163 - 151cm, approx. 9,000 - 7,700 cal BP) is characterised by a 

gradual increase in both LOI and S concentrations. This zone coincides with ER I, the 

first stratigraphie zone of erosion indicators which is characterised by the decrease in Ti, 

K and Ca (see section 8.2.2). The gradual increase in the sediment organic and sulphur 

content (correlated with the decrease in erosion) is easily explained by the end of 

intensive post-glacial erosion and start of the maturing of lake ecosystem (e.g. 

Mackereth, 1966, Engstrom and Wright, 1984). BI I corresponds to the time when the 

catchment of Chuna Lake was recently deglaciated, and the soils were highly 

minerogenic with low organic content (Chapter 7). The mean and median values of LOI 

and S within BI I are very close to their mean and median in the whole core (Table 8.3). 

The mean and median of LOI and the S median are slightly elevated whereas the S mean 

is lower compared with the whole core. This implies that the rise in the LOI values is 

more consistent than the increase in sulphur.

Both LOI and S have their maxima values within BI II (151 - 118 cm, approx. 7,700 -

4,500 cal BP) compared to the rest of the core. The comparison of LOI and S mean and 

median values within BI II with these values in the whole core shows that the overall 

increase in S is more pronounced than the increase in LOI (Table 8.3). BI also exhibits 

the highest amplitude of changes in both parameters (standard deviations of LOI and S
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are the highest in BI II), with S values having higher amplitude than LOI. The overall 

increase in LOI and S may be connected to the general climate warming during that 

period in Northern Fennoscandia (Chapter 7, e.g. Karlen ,1976, Seppa, 1996). An 

increase in LOI due to the increased lake productivity during climate warming was 

reported for tundra and forest-tundra lakes in Canada and Greenland (e.g. MacDonald 

et al., 1993, Willemse and Tomqvist, 1999).

The profiles of LOI and S show little change within the last zone BI III (188 - 10 cm, c.

4,500 - 300 cal BP). Both parameters have their lowest mean and median values within 

this zone (Table 8.5.). Since the rates of organic circulation decrease with the decrease 

in temperature (Rouse et al., 1997), the low values of biogenic indicators during the 

second half of the Holocene may reflect the general climate cooling in Northern 

Fennoscandia and the North Atlantic after 5,000/ 4,500 cal BP (e.g. Eronen et al., 1999). 

Lake productivity seems to be unaffected by the short-term climate changes during the 

last 1,500-1,000 years.

8.2.5 Relationship between geochemical parameters

Ordination methods were used to analyse the relationship between geochemical 

variables. Carbonate, Zr, Rb and Si were excluded from the analysis because measured 

concentrations of Zr or Rb may not be totally accurate (see 8.2.2) and profiles of silica 

and carbonate do not show any significant change throughout the core (see sections

8.2.2 and 8.2.3). In total seven variables were analysed. The analytical methods are 

similar to those used in Chapters 4 and 5.

At first, DCA was performed in order to estimate the length of gradient within the 

stratigraphie matrix of 9 variables. The length of gradient is below 1 SD (0.893) and, 

therefore, a linear method of analysis (PCA) was applied to the stratigraphie data. Table

8.4 shows the summary statistics for PC A centred by species norm performed with 7 

geochemical variables and 112 stratigraphie samples. All variables are normally 

distributed and the variance in the data is low, therefore variables require no 

transformation (e.g. ter Braak, 1988).

The first two axes explain 99.9% of variance in the data and therefore PCA axis 3 and 4
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do not merit interpretation. PCA axis 1 is the most important in explaining the 

relationship between geochemical variables, its eigenvalue is 8 times higher than X 2. 

The

Table 8.4 PCA: summary of eigenvalues and cumulative percentage variance for 112 samples and 7 

environmental variables

Axes 1 2 3 4

Eigenvalues,A, 0.897 0.102 0.001 0.000

Cumulative variance, % 98.7 99.9 100.0 100.0

PCA plot in Figure 8.4 illustrates the relationship between the variables. Most of arrows 

representing geochemical variables are arranged horizontally in the PCA diagram 

(Figure 8.4.) reflecting the importance of PCA axis 1.

PCA effectively separates seven geochemical variables into two major groups: an 

‘erosion’ group and an ‘organic matter/biogenic’ group. The ’erosion’ group includes 

potassium, titanium and calcium which are strongly intercorrelated and manganese 

which also shows positive correlation with Ca/K/Ti group (see also Table 8.5). 

However, the correlation between Mn and ‘true’ erosion indicators is not particularly 

strong. This may be due to the effect of reducing conditions in the catchment soils on 

Mn distribution within the sediment column.

Table 8.5 Pearson product-moment correlation matrix for 9 geochemistry parameters

Fe

Mn 0.283

LOI 0.166 -0.271

Ca -0.006 0.351 -0.228

K -0.066 0.400 -0.298 0.878

Ti -0.081 0.359 -0.261 0.879 0.907

S 0.353 -0.341 0.568 0.126 -0.018 0.046

Fe Mn LOI Ca K Ti S

* Statistically significant correlations (P < 0.05, d.f. = 103) are shown in bold

Since iron and sulphur constitute the same chemical forms (e.g. ferrous sulphide) they 

are positively inter-correlated. As expected, Fe has also a positive correlation with Mn.
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Since sulphur and LOI are both related to biogenic processes in the lake (see section 

8.2.4), they are positively correlated (r = 0.56). These parameters have overall negative 

correlation with all erosion indicators.

F igure 8 .4  PC A  w ith  7 geochem ical variab les and 112 stratigrap h ie  sam p les. A rran gem en t  

o f  geoch em ical grad ients
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However, the connection between erosion indicators and sulphur and LOI is complex 

and may depend on the intensity of erosion, the type of lake primary producers (i.e. 

planktonic or benthic) and development of catchment soils among other things. For 

example, increased erosion can contribute to the increase of allogenic S and LOI in the 

sediment. It can also lead to enhanced nutrient supply, thus increasing primary 

productivity resulting in the subsequent increase of sediment S and organic content 

(Rouse et ah, 1997). For example, the peak in erosion indicators at 121 cm is followed 

by the maximum of S at 120 - 119 cm, suggesting that an increased level of erosion 

caused the increase in sediment sulphur. However, the LOI values are low at 120-119 

cm. This may be explained by the potential effect of biogenic silica from diatom 

frustules on the LOI values. As the proportion of biogenic silica was not analysed, it is 

impossible to make definite conclusions. The connection between diatom accumulation 

rates and LOI is discussed in Chapter 9.
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Elevated erosion can also lead to a higher water turbidity and a consequent decrease in 

water transparency and light penetration. This would affect primary producers, 

especially planktonic algae, and could therefore lead to a decrease in sediment sulphur 

and organic content. The increase in S and LOI in BI I may be connected to the 

increased light penetration and water transparency caused by the gradual decrease in 

erosion indicators in ER I.

However, the increased level of erosion during the last 1,000 years (ER V) has no 

apparent effect on the sediment sulphur and organic content. This may be due to the fact 

that during the last 1,000 years the algal community in Chuna Lake became dominated 

by the shallow-water benthic taxa which are less influenced water transparency than 

planktonic and deep-water taxa. The relationships between floristic changes in diatom 

assemblage and changes in geochemistry are discussed in Chapter 9.

8.3 Mineral magnetic parameters

8.3.1 General characteristics of magnetic parameters

Magnetic minerals occurring in the lake sediment largely originate from the lake 

catchment (e.g. Bearing and Flower, 1982, Bearing, 1997) although under certain 

circumstances magnetics could be also formed authigenically (this is discussed in the 

sections below). They can be also derived from air pollution but in the case of Chuna 

Lake this source can be excluded because the lake is well sheltered from the possible 

contamination (see Chapter 2).

The following magnetic properties were measured in sediment core from Chuna Lake:

• Magnetic susceptibility (%)

• Anhysteretic Remanent Magnetization (ARM)

• Anhysteretic susceptibility {zarm)

• Saturation Isothermal Remanent Magnetization (SIRM)

Xarm/SIRM and SIRM/ARM ratios were calculated to obtain additional information 

on the concentration and grain-size of magnetic minerals. A list of measured magnetic 

parameters and calculated quotients together with their units of measurements and
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summary interpretation of their physical meaning are given in Table 2 Appendix 5. All 

measured parameters were divided by a sample mass (g) to give a value independent of 

the mass of a sample.

The measured magnetic parameters are presented in Table 3, Appendix 5 except for % 

which is very low and inconsistent and therefore was not interpreted (see Chapter 3, 

section 3.4.5). Low magnetic susceptibility values in the sediment material imply a low 

concentration of ferrimagnetic materials (i.e. magnetite, maghaemite and 

titanomagnemite) (Bearing and Flower, 1982). However, a loss of magnetic 

susceptibility may be also due to the diagenetic changes in the sediment during storage 

(Oldfield et al., 1992). The sediment material was stored in a cold room in moist 

conditions for 20 months prior to magnetic analysis which gives enough time for 

ferrimagnetic oxides (e.g. magnetite, magmaemite) to be transformed into paramagnetic 

or antiferromagnetic minerals (Williams, 1991). The other reason for very low % values 

may be the low volume of samples (dry mass of all samples ranges between 0.69 and 

0.23 g). Very low % values suggest that ultra-fine superparamagnetic grains (SP grains, 

< 0.012 p) are absent from the Chuna sediment because ultra-fine SP grains tend to have 

higher levels of magnetic susceptibility (Thompson and Morton, 1979, Thompson and 

Oldfield, 1986, Maher, 1988).

Table 8.6 Chuna Lake: summary statistics for magnetic parameters

SIRM,

lO^Am^kg^

ARM,

lO^Am^kg'

Xarm,

10*Am^kg-^

Xarm/SIRM 

10 ® Am^

SIRM/ARM

Maximum 64.53 5.13 64.49 296.00 23.54

Minimum 10.01 0.82 10.36 53.30 4.24

Mean 29.68 2.41 30.32 112.30 12.80

Median 27.51 2.33 29.27 99.00 12.60

Std. Dev. 11.87 0.81 10.18 49.50 4.36

Table 8.6 presents the summary statistics for all measured magnetic parameters and their 

ratios. As expected, all measured magnetic determinants have comparatively low values 

even for a lake with highly organic sediment consisting of diatomites with a stable 

catchment and a low erosion rate. All the measured magnetic parameters and their ratios
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are discussed individually below and the discussion of the relationship between 

magnetic characteristics is also presented.

8.3.2 Saturation Isothermal Remanent Magnetisation (SIRM)

SIRM, like reflects the concentration of all ferrimagnetic elements in a sample. The 

SIRM values range from 64.53 to 10.01 lO'^Am^kg'^ with mean and median values of 

29.68 and 27.51 10'^Am^kg'\ respectively (Table 8.6). The SIRM values are 1-2 orders 

of magnitude lower in comparison with SIRM from the lake sediment measured in the 

comparable studies (e.g. Thompson and Morton, 1979, Hirons and Thompson, 1986, 

Yang et al., 1997). Even sediment from lakes with similar lithology (granite/schist) 

have higher SIRM values (Stober and Thompson, 1979, Snowball, 1996). For example, 

the mean value of SIRM for a lake with similar catchment geology in eastern Finland 

(Lake Kiteenjarvi, Stober and Thompson, 1979) is 301.0 lO'^Am^kg'^ which is one 

order of magnitude higher than the mean SIRM for the sediment of the Chuna Lake. 

The mean SIRM values from a series of geochemically similar Antarctica lakes vary 

from 269 to 55.2 lO'^Am^kg'^ (Noon, 1997). The median and mean SIRM value of the 

core is close to the SIRM value of granite (30 lO'^Am^kg'^ (Thompson and Oldfield, 

1986) which is predominant bedrock of the lake catchment. Relatively low values of 

SIRM indicate the low concentration of ferro- and ferrimagnetic minerals (e.g. 

magnetite, maghaemite, titanomagnetite and titanomaghaemite).

On the whole, the SIRM values fluctuate considerably throughout the sediment core 

reaching sharp single peaks at 128 cm (57.49 lO'^Am^kg'^), 135 cm (40.79 lO'^Am^kg' 

)̂, 144 cm (53.96 lO'^Am^kg^ ), 153 cm (47.63 lO'^Am^kg'^) , 156 cm (53.99 10 

^Am^kg'*) and 163 cm (64.53 lO'^Am^kg'^) (Table 2, Appendix 5 and Figure 8.5). 

Generally, the SIRM values decrease from the bottom of the core upwards as its 

minerogenic content decreases (see Chapter 7). The relatively high SIRM values in the 

bottom of the core and their subsequent decline between 163 and 158 cm may be an 

indication of the end of intensive early post-glacial erosion in Chuna Lake (sections

8.2.2 and 8.2.3).

256



8.3.3 Anhysteretic Remanent Magnetisation (ARM) and Anhysteretic 

Susceptibility (%arm) ‘

ARM and %arm are similar magnetic parameters, %arm is ARM normalised by a biasing 

field (0.1 mT = 12.59 Am'^) and therefore they are discussed together. Both parameters 

are sensitive to the presence of ferrimagnetic minerals and can be used, together with 

SIRM and %fd, to discriminate between different grain sizes showing sensitivity 

especially to the grains with diameter about 0.02 pm (Anderson and Rippey, 1988, 

Maher, 1988,) (see also Appendix 5, Table 2).

Both ARM and %arm have relatively low values in the sediment of Chuna Lake. ARM 

ranges between 5.13 and 0.824 lO'^Am^kg'^ and %arm varies from 64.49 and 10.36 10 

^Am^kg'\ The values for ARM and %arm are at least one order of magnitude smaller 

than these values from lakes with similar lithology (Thompson and Oldfield, 1986, 

Snowball 1996). However, the ARM values from Chuna Lake are comparable with the 

ARM values from Lough Augher, Northern Ireland (Anderson and Rippey, 1988) 

although Lough Augher is located in a limestone-sandstone catchment with considerably 

lower magnetic parameters than the predominantly granite catchment of Chuna Lake. 

The low values of ARM and %arm indicate the dominance of coarse MD (multidomain) 

magnetic grains (Maher, 1988, Oldfield, 1994)

The values for ARM and %arm have identical profiles with several peaks at 129 cm, 

144 cm, 152 and 153 cm. Both ARM and %arm increase slightly towards the bottom of 

the core, although the increase is not as apparent as the increase in the SIRM values in 

the bottom of the core. Changes in the SIRM and ARM/%arm values have similar 

trends, with all three stratigraphies exhibiting peaks at about 128-129 cm, 143, 144 cm 

and 155 - 156 cm and showing increase towards the bottom of the core.

8.3.4 xarm/SIRM

Xarm/SIRM indicates the variations in magnetic grain size and it is used in granulometry 

together with xfd or MDVarm (medium destructive fields) to discriminate between fine 

SP (superparamagnetic) and coarse MD (multidomain) grains (Maher, 1988, Snowball, 

1996). The advantage of using the ratio is that it is independent on diamagnetic and
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Figure 8.5 Chuna Lake: profiles of SIRM, ARM and Xarm
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paramagnetic influences (Anderson and Rippey, 1988).

The xarm/SIRM values range from 29.6 to 55.3 10'^A/m and this may indicate the 

presence of magnetic grains with size range from 0.012 - 0.069 pm, the grain size 

spanning SP/SD (superparamagnetic/single domain) boundary (Maher, 1988) or the 

presence of bacterial magnetosomes (Oldfield, 1991, Snowball, 1994). The high 

xarm/SIRM ratio results from the fact that the SIRM values are very low and not 

because %ann is high which is always a case when grains of SP/SD range are present. 

This further suggests the presence of bacterial magnetite. The relationships between 

different magnetic parameters are discussed in detail in the section below.

As expected, the xarm/SIRM profile is negatively correlated with the SIRM profile, i.e. 

peaks in xarm/SIRM coincide with troughs SIRM (Figure 8.6 and Appendix 5, Table 3). 

Peaks in the xarm/SIRM values are located at 125 cm, 129 cm, 150 cm and 152 cm.

8.3.5 SIRM/ARM

The SIRM/ARM ratio, like xarm/SIRM, reflects variations in grain size and is widely 

used to discriminate between coarse and fine grains. Generally, SIRM is more sensitive 

to MD grains than ARM and xarm and comparison of these two ratios helps to identify 

prevailing grain size (Anderson and Rippey, 1988, Banerjee et a l, 1981).

The SIRM/ARM ratio is very variable between 115 and 163 cm reflecting the variability 

of SIRM. It ranges from 4.24 to 23.54 with mean of 12.80 and median of 12.60 (Table 

8.6). Generally, downcore changes in the SIRM/ARM profile positively correlate with 

the changes in the SIRM profile (see Figures 8.5 and 8.6). Although SIRM/ARM varies 

greatly, it has slightly higher values within 119 - 124 cm and 156 - 163 cm (Figure 8.6). 

The mean of SIRM/ARM is 18.46 between 119 cm and 124 cm and the mean of 

SIRM/ARM is 14.46 between 163 and 156 cm which is higher than the mean 

SIRM/ARM for the rest of the core. The increased SIRM/ARM values may reflect the 

increased erosional component in the above parts of the sediment core.
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Figure 8.6. Lake Chuna sediment core: profiles of Xarm/SIRM and SIRM/ARM
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8.3.6 Relationship between magnetic parameters

On the whole, all measured magnetic parameters and their ratios vary within relatively 

narrow ranges and do not have exhibit changes which would be clearly indicative of 

catchment erosion (except for the bottom part of the core between 163 and 156 cm) or 

of major authigenic magnetic diagenesis processes (e.g. Anderson and Rippey, 1988, 

Snowball, 1994). The only common consistent feature is the increased SIRM, ARM 

and SIRM/ARM values between 163 and 158/156 cm. This may be a reflection of an 

early post-glacial stage in lake development when the lake sediment was more 

minerogenic. However, the trend is too short to enable concrete interpretation.

As only two magnetic parameters (SIRM and ARM) were measured and all other 

determinants were mathematically calculated from the measured ones, ordination 

methods of analysis are not appropriate. Correlation coefficients were calculated 

instead. Figure 8.7 shows the scatter plot of SIRM plotted against ARM. The 

correlation coefficient (r) between SIRM and ARM is 0.50, which is statistically 

significant at P < 0.05. As expected, SIRM and xarm/SIRM have negative correlation 

(r = -0.55) and SIRM is positively correlated with SIRM/ARM with (r = 0.56). 

xarm/SIRM and X^rm have statistically insignificant positive correlation (r = - 0.36). 

The degree of correlation between SIRM, ARM and their quotiens is close to those 

described by Noon (1997).

8.3.7 Magnetic grain size and origin of magnetic grains

Since only few magnetic parameters were measured due to the low level of 

magnetisation, full granulometric analysis as described by Maher (1988) or Bearing et 

al. (1996) was not possible. It is only possible to make approximate estimations of the 

grain size based on the relationship between magnetic parameters and the range of their 

values. The low specific susceptibility % values suggest that ultra fine SP grains (< 0.01 

pm) are absent from the magnetic assemblage (Thompson and Oldfield, 1986, Maher, 

1988). Magnetic susceptibility increases with increased grain size for magnetic grains 

with diameter 0.01 - 50 pm reaching another smaller peak for the grain size of about 50 

pm after which it slowly declines (Maher, 1988). A similar trend was observed for 

xarm which has maximum values for magnetic grains of about 0.02 - 0.1 pm diameter 

and then slowly decreases reaching very low values for grains with size 100-200 pm
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Figure 8.7 Chuna Lake: relationship between SIRM and Xarm
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(King et al., 1983, Maher, 1988). SIRM is also negatively correlated with grain size 

(Thompson and Oldfield, 1986) with smallest values for magnetic grains with diameter 

> 20 p.m (Stober and Thompson, 1979).

The xarm/SIRM ratio is rather high which implies that the dominant grain size range is 

likely to be around the SP/SD boundary, i.e. 0.012 - 0.069 p,m (King et ah, 1983, Maher, 

1988). However, the high values of x^rm/SIRM were associated with much higher 

values of SIRM, X^rm and x in the above studies (several orders of magnitude higher 

than for the Chuna sediment). Maher (1988) also compared xarm/SIRM with xfd and 

with MDFarm in order to discriminate between tail ends of the grain size range. 

Although these parameters are not available in the current study very low susceptibility 

values suggest that the presence of fine SP and SD grains with sizes < 0.02 pm is 

unlikely.

The high xarm/SIRM values are also associated with the presence of authigenically 

formed bacterial magnetite with a grain size in the SD/MD range (single 

domain/multidomain grains) (Oldfield, 1991, Snowball, 1994). Taking into account the 

low SIRM and xarm values and low susceptibility it is more probable that the dominant 

magnetic species in the Chuna core are MD ferrimagnetic grains with diameter >100 

pm rather than fine grains spanning SP/SD boundary.

Generally, authigenic magnetite can be formed in two ways:

• formation of magnetite of the coarse SD/MD range through bacterial production in

the sediment column in strictly anaerobic conditions (Karlin and Levi, 1983,

Lovley, 1987, Oldfield, 1991, Snowball, 1994).

• formation of greigite (Fe3S4) of the SP/SD range through sulphate reduction in partly

reducing conditions in the surficial sediment layers (Jones and Bowser 1978,

Bloemendal 1982, Hilton et al., 1986, Snowball, 1991, 1996).

The lake is oligotrophic with low productivity and an extremely low sediment 

accumulation rate, and therefore the loadings of organic matter are unlikely to be high 

enough to create anaerobic conditions in the surface layers. The sediment accumulation
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rate was even lower at the time covered by this part of the sediment core (4,200 - 9,000 

cal BP, see Chapter 7).

Presently, light penetration into the lake is also high. Light reaches the bottom which 

allows photosynthetic bryophytes to grow at the bottom of the lake (see Chapter 2 for 

the lake description). The same bryophytes which occur on the bottom of the lake at 

present were found in the older parts of sediment core (see Chapter 7). This implies that 

the water transparency between 4,200 and 9,000 cal BP was similar to the modem and 

therefore conditions on the bottom are unlikely to have been anaerobic.

However, anaerobic bacterial processes or reductive magnetic diagenesis in anaerobic 

conditions leading to the loss in the fine-grain magnetite range could take place inside 

the sediment column (Snowball, 1984, Anderson and Rippey, 1988). Reductive 

diagenesis also leads to coarsening of magnetic grains and reduction of overall 

magnetisation. Analysis of Fe/Mn, LOI and K/Ca/Ti profiles may provide additional 

information on the redox processes in the Chuna sediment. The relationship between 

sediment chemistry and magnetic characteristics is discussed in the section below.

8.4 Relationship between magnetic characteristics and geochemistry

The relationships between sediment magnetic and geochemical properties can provide 

some evidence on the origin of magnetic grains in the lake sediment. If the major source 

of mineral magnetic grains is outside the lake then a positive correlation must exist 

between terrigenous indicators (i.e. Ca, Ti, and K), Mn (Mn is connected to the 

catchment erosion in a lower third of the core, section 8.2.3) and magnetic parameters. 

If magnetic grains (e.g. greigite) are produced within the lake by sulphur authigenesis 

then the indicators of organic matter and biological productivity LOI and S would be 

correlated positively with the concentration of magnetic grains (e.g. Snowball, 1996). 

Negative correlations between organic matter and magnetic properties also suggest the 

possibility of magnetic diagenesis under anaerobic conditions which leads to reduction 

in overall concentration and coarsening of fine magnetic grains (e.g. Anderson and 

Rippey, 1988).
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Table 8.7 Correlations between magnetic and geochemical parameters

Fe 0.1028 0.0292 0.0297 -0.0787 0.0290

Mn 0.3799* 0.3495* 0.3503* -0.0642 0.0103

Fe/Mn -0.3488* -0.4331* -0.4337* 0.0165 0.0458

LOI -0.1035 0.3310* 0.3313* 0.4079* -0.4785*

Ca 0.1703 -0.0677 -0.0673 -0.2411 0.4138*

K 0.2617 -0.0725 0.0725 -0.2245 0.3544*

Ti 0.2064 -0.0905 -0.0899 -0.3097 0.4747*

S -0.1956 -0.1218 -0.1214 0.0626 0.0382

SIRM ARM xarm xarm/SIRM SIRM/ARM

* indicates statistically significant correlations at P<  0.05, d.f. = 34

Table 8.7 presents the Pearson product-moment correlation coefficients between the 

magnetic and several geochemistry parameters. The correlations clearly show that 

SIRM/ARM is the best terrigenous indicator, it is positively correlated with Ca, K and 

Ti and negatively with LOI. This suggests that SIRM/ARM is mostly related to the 

allogenic magnetic grains in the sediment which is likely to be magnetite/maghaemite 

grains of SD/MD range. SIRM, %arm and ARM are also positively correlated with Mn 

and the correlation is higher than between these parameters and K, Ti and Ca. This may 

suggest that SIRM, %arm and ARM are more influenced by the topsoil erosion 

represented by Mn than by the subsoil erosion reflected by K, Ca and Ti (sections 8.2.2 

and 8.2.3).

The positive correlations between SIRM, ARM, %arm/SIRM and LOI may indicate that 

the production of greigite occurred on the sediment surface. However, S and 

xarm/SIRM are uncorrelated. As discussed above, it is unlikely that semi-anaerobic 

conditions necessary for authigenic greigite production ever existed on the sediment 

surface of Chuna Lake. The profile of Mn (Figure 8.2), which is correlated with the 

erosion indicators between 115 and 163 cm also argues against the occurrence of 

anaerobic conditions on the sediment surface and inside the sediment column. 

Therefore, despite positive correlations between organic matter content and SIRM, 

ARM, and x^rnVSIRM, it is unlikely that greigite production would occur. The
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likelihood that magnetic dissolution occurred inside the sediment column is also low as, 

if it had, LOI would have a strong negative correlation with the magnetic parameters 

(e.g. SIRM, ARM). Although the values of %arm/SIRM are close to those generated by 

bacterial magnetosome production (e.g. Bearing et al., 1996), they have no correlation 

with Fe and they do not correlate with the depth. If bacterial magnetosome production 

took place inside the sediment column, the values of %arm/SIRM would increase with 

depth (e.g. Snowball, 1994).

Overall, the origin of magnetic grains is complex in the sediment from Chuna Lake. The 

presence of SD/MD magnetite grains derived from the catchment soils is evident 

between 163 and 158 cm and this is an indication of early post-glacial intensive erosion. 

With the data available it is not possible to identify the origin of magnetic grains in the 

Chuna sediment and they can not be used as reliable indicators of environmental change 

in the catchment.

8.5 Vegetation change and geochemistry characteristics

In this section, the major changes in sediment chemistry are summarised and compared 

with the vegetation changes in the Chuna catchment (Figure 8.8). In Table 8.8 

environmental changes in the catchment are inferred from the sediment chemistry and 

compared with the changes in catchment vegetation and climate inferences discussed in 

Chapter 7. Changes in sediment chemistry are summarised within the stratigraphie 

boundaries of ER zones (section 8.2.2).

Overall, the changes in sediment chemistry and SIRM/ARM (the most reliable terrigenous 

magnetic proxy, section 8.4) are related to the vegetation change in the catchment of 

Chuna Lake. These relationships were particularly strong during the early and mid 

Holocene when the catchment of the lake underwent considerable environmental change 

following deglaciation through open tundra with poor soils and vegetation to birch forest- 

tundra.
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Table 8.8 Chuna Lake: summary of the stratigraphie changes in the geochemical and magnetic 

parameters, inferred catchment environmental changes together with corresponding pollen 

stratigraphie zones and inferred climate

Stratigraphie changes in 

geochemical and magnetic 

parameters

Inferred environmental 

changes in the catchment 

of Chuna Lake

Corresponding POL zones and 

inferred climate

46 cm -1 0  cm

Increase in erosion and Mn, no 

change in leaching. Low values of 

biogenic indicators.

1,000 - 300 cal BP

Organically poor soils. 

Increase in catchment 

erosion.

POL V, 900 - 300 cal BP

Establishment of the modem 

alpine tundra vegetation. High 

climate variability, climate is cold 

and moist.

115 - 46 cm

Overall low level of erosion, leaching 

and biogenic indicators. Gradual rise 

in Mn.

4,200 -1 ,000 cal BP

Stable vegetation cover 

with organically poor soils. 

Gradually increasing water 

table.

POL IV, 4,200 - 900 cal BP

Development of tundra 

vegetation and Sphagnum  peat 

mire in the catchment. Overall 

decrease in temperature and 

increase in moisture

130 -115  cm

Highest variability of erosion, 

leaching and biogenic indicators. 

Low values of Mn.

5,400 - 4,200 cal BP

High variability of 

catchment erosion

POL III, 5,400 - 4,200 cal BP

Retreat of birch forest-tundra 

from the catchment. The onset of 

climate deterioration.

151 -130  cm

Overall decline in erosion and Mn. 

Minimum mean values of Ca, K, and 

Ti. Higher level of leaching 

compared to the previous zone. 

Maximum values of biogenic 

indicators.

7,700 - 5,400 cal BP

Development of catchment 

vegetation and soils.

POL II, 8,000 - 5,400 cal BP

Birch forest-tundra in the 

catchment. Holocene climate 

optimum. Climate warmer and 

drier than at present.

163 -151  cm

Overall low level of biogenic 

indicators and leaching and high 

level o f erosion, Mn and SIRM/ARM

9,000 - 7,700 cal BP

Open recently deglaciated 

catchment with organically 

poor, minerogenic soils

POL I, 9,000 - 8,000 cal BP

Tundra vegetation with low 

pollen diversity. The onset of the 

Holocene climate optimum
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Higher rates of erosion (i.e. relatively high values of Ca, K, Ti, Mn and SIRM/ARM) are 

associated with an open, recently deglaciated catchment with sparse, undeveloped 

vegetation cover inferred from pollen analysis. The arrival of trees in the lake catchment 

resulted in a decrease in erosion and an increase in leaching (i.e. rise in Ca/K). Similar 

results were described by Kauppila and Salonen (1997). The development of catchment 

soils under forest cover brings more organic material into the lake sediment through 

leaching, (e.g. forest or forest-tundra) in the lake catchment compared to the open tundra 

In Chuna the arrival of birch forest-tundra between 8,000 and 5,400 cal BP has led to 

the increased productivity in the lake and therefore increased LOI and S values since 

nutrient supply through leaching is usually increased with the presence of trees 

(Kauppila and Salonen, 1997) and at higher temperatures (Rouse et al., 1997).

The retreat of birch forest from the catchment probably caused the substantial increase in 

variability of subsoil erosion and leaching although it had no apparent effect on Mn 

concentration. From c. 3,200 cal BP the increase in water table height in the catchment 

related to the general climate deterioration seems to be the main reason behind the increase 

in Mn. Since the vegetation cover stabilised by that time, erosion did not increase. Both 

low Ca/K ratio and low LOI and S imply a decrease in nutrient supply through leaching 

and decreased rates of organic matter circulation. These are associated with colder climate 

in Fennoscandia during the late Holocene(e.g. Briffa et al., 1990).

The increase in erosion during the last 1,000 years might be related to the change in 

vegetation (during this period a modem alpine vegetation was present in the Chuna 

catchment). However, it could also reflect, the higher climate variability during the last 

1,000 years in Northern Fennoscandia (e.g. Eronen et al., 1999).

8.6 Summary

• On the whole, the sediment core from Chuna Lake is depleted in many elements,

especially in Mn, and has a low concentration of mineral magnetic grains. Mineral

and magnetic characteristics of the sediment generally reflect the composition of

lake bed-rock and catchment soils.
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Figure 8.8 Chuna Lake: catchment vegetation changes and sediment chemistry
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Potassium, titanium and calcium are the best terrigenous indicators among measured 

geochemical parameters. These elements probably reflect subsoil erosion. Changes 

in their concentrations suggest two major periods of increased catchment erosion (1) 

an early Holocene stage (163 - 121 cm) and (2) the more modem period occurring 

from 46 to 10 cm. These changes may be connected with the changes in the 

catchment vegetation and climate.

Except at the base of the core, the iron profile has little correlation with erosion 

indicators. It has no apparent connection with either terrigenous indicators or 

changing redox conditions in the catchment soils or in the sediment column in the 

rest of the core. The manganese sediment profile is more correlated in its lower part 

(163 - 95 cm) with indicators of catchment erosion. It is likely to reflect topsoil 

erosion. The variations in manganese concentration above 94 cm are possibly related 

to redox conditions in catchment soils and increased water table in the catchment.

The origin of magnetic grains in the Chuna sediment is complex. Allogenic 

SD/MD grains are likely to dominate at the base of the core. Lack of measured 

magnetic parameters which is due to low values of magnetic susceptibility and 

remanences prevented further analysis of magnetic grain size. In Chuna sediment 

SIRM/ARM appears to be the magnetic best related to catchment processes. On the 

whole, magnetic parameters within the Chuna sediment core can not be used to 

fully assess catchment processes.

The changes in the sediment chemistry are related to the changes in the catchment 

vegetation of Chuna Lake and climate changes in Fennoscandia during the 

Holocene. The presence of trees in the catchment during the climate optimum 

correlates with the increase in lake productivity and the decrease in the 

concentrations of erosion indicators and Mn in the lake sediment. The periods of 

higher climate variability result in increased erosion. Climate cooling during the 

late Holocene correlates with the lower values of LOI and S and the increase in Mn 

in the sediment.
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CHAPTER NINE 

CHUNA LAKE:

DIATOM STRATIGRAPHY, RECONSTRUCTED pH AND DOC PROFILES

9.1 Introduction

This chapter comprises two parts. In the first part, the changes in the diatom composition 

of the sediment core, the changes in the reconstructed pH and DOC, diatom species 

richness and diatom accumulation rate during the last 9,000 years are analysed. This 

provides evidence for the development of the ecosystem of Chuna Lake. The second part 

of this chapter deals with the interaction between the ecosystem of Chuna Lake and the 

lake catchment during the last 9,000 years by exploring the relationship between the 

pollen changes (discussed in Chapter 7), geochemical changes (Chapter 8) and the diatom 

changes (discussed in this chapter) throughout the sediment core. Hence, the 

environmental history of Chuna Lake and its catchment is summarised in this chapter. 

The comparative analysis of the potential of different diatom indicators (i.e. diatom-based 

pH, diatom-based DOC, diatom species richness E(S) and diatom accumulation rate 

(DAR) for climate reconstructions is also presented in the second part.

Modem geology, geography, catchment vegetation and diatom assemblages from Chuna 

Lake are described in Chapter 2. The taxonomic descriptions of the complicated taxa are 

given in Chapter 3. Appendix 2 presents the SEM micrographs of taxonomically 

problematic taxa. Modem water chemistry and its relationship with the diatom 

assemblage of Chuna Lake are discussed in Chapter 5. The overall discussion is 

presented in Chapter 10.

9.2. Numerical analysis

The acidity of Chuna Lake was reconstmcted using the diatom-based pH transfer function 

generated in the AL:PE project (Cameron et al. 1991, Cameron et a l, 1999). The 

application of the ALiPE transfer function for pH reconstmction gives a smaller RMSEP in 

comparison with the KOLA and SWAP models (see Chapter 6).
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As reconstructed pH appeared to be insensitive to the major climate changes during the last

9,000 years, it was decided to reconstruct water organic content (i.e. DOC, TOC or colour) 

which is known to be responsive to climate and vegetation change (e.g. MacDonald et al., 

1993, Pienitz et a l, 1999, see Chapter 1). However, the gradients of total organic carbon 

(TOC) and colour in the KOLA training were not sufficient for generating a transfer 

function for water organic content, and DOC was not measured (see Chapter 5). The 

changes in DOC throughout the core were inferred using the diatom-DOC transfer function 

developed for the SWAP training set (Stevenson et a l, 1991). Quantitative reconstruction 

of DOC values were made with weighted averaging (WA) using the programme 

CALIBRATE (Juggins and ter Braak, 1992) at the levels where diatom analysis was 

conducted. The modem diatom composition of the SWAP lakes is the closest to the fossil 

diatom assemblages from Chuna Lake amongst the other available DOC-diatom models. 

The details of the SWAP lakes are given in Chapter 6.

The zonation strategy is fully described in Chapter 3. Appendix 9 shows the details of 

zonation procedure. To obtain the length of the gradient, diatom data were first analysed by 

DCA (Detrended Correspondence Analysis) with detrending by segments and rescaling of 

axes to obtain the length of gradient. The gradient length of 2.4 SD (standard deviation) 

units indicates that unimodal methods should be applied for analysing the diatom profile, 

and DCA was used to generate diatom sample scores. No species transformation was 

performed and rare species were down-weighted. Species scores were calculated as 

weighted means of sample scores.

CCA was used to analyse the direct relationship between the diatom and pollen 

assemblages of the sediment core (see Chapter 3). Diatom species richness was used to 

estimate the overall biotic changes in the diatom profile. Diatom species richness at a 

constant sample count was analysed by rarefaction using the programme RAREPOLL 

(Birks and Line, 1992) with a base count of 300.

9.3 Diatom analysis

9.3.1 General characteristics of fossil diatom assemblages from Chuna Lake

The diatoms were well preserved throughout the sediment core. Figures 9.1a and 9.1b 

present the percentage diagram of diatoms found in the 192 selected levels with the 

abundance > 3%. The total list of identified diatom species comprises 132 diatoms (see
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Appendix 6), the diagrams presented in Figures 9.1a and 9.1b include 50 taxa. The taxa are 

sorted by their weighted averaging scores from upper left to bottom right so that the 

stratigraphie change of diatom species is more visible.

On the whole, the fossil diatom assemblages from Chuna Lake are typical for oligotrophic 

arctic and sub-arctic lakes (e.g. Pienitz et a l, 1995, Wolfe, 1996b, Weckstrom et al, 1997 

a, b, Battarbee et a l, 1997, Korhola et a l, 1999). The diatom assemblages of the core are 

largely non-planktonic species of the genera Brachysira, Stauroforma, Aulacoseira, 

Achnanthes, Frustulia, Eunotia and Cymbella.

The bottom third part of the Chuna core (between ca. 9,000 and 5,000 cal BP) is dominated 

by Stauroforma spp., several Aulacoseira species (e.g. A. perglabra v. per glabra, A. distans 

V . nivaloides, A. nygaardii, A. distans v. nivalis, A. italica v. valida etc.) and Fragilaria 

taxa (e.g. F, brevistriata, F. elliptica and F. construens). Nitzschia palea and N. navicularis 

also occur predominantly in the lower 1/3 part of the core. The only Aulacoseira species, 

A. lirata v. alpegina, occurs almost at the same frequency throughout the whole core. The 

complex of benthic diatoms i.e. Brachysira brebissonii, B. vitrea, Frustulia rhomboides v. 

saxonica, Pinnularia biceps and Achnanthes marginulata dominates the diatom assemblage 

of the lake from the depth of 125 cm to the surface. Although the relative abundances of 

these species varies, on the whole they remain dominant within the above limits and 

together constitute more than 70% of the total diatom abundance. Several species, i.e. 

Eunotia praerupta, E. arcus, E. curvata, E. pseudopectinalis, Navicula begerii and 

Sellaphora pupula occur only in the upper layers (from about 125 cm to the surface).

Achnanthes marginulata, A. minutissima, Cymbella naviculiformis, C. lunata C. perpusilla, 

Aulacoseira lirata v. alpegina, Pinnularia biceps and Nitzschia angustatula are distributed 

evenly throughout the whole core. The Frustulia species (F. rhomboides v. saxonica and F. 

rhomboides) shows a slight decline below 120 cm, otherwise its abundance does not change 

greatly and varies around 10-14% through the core.
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Figure 9.1a Chuna Lake: diatom stratigraphy, total diatom concentration (TDC) and total diatom accumulation rate (DAR)
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Figure 9.1b Chuna Lake: diatom stratigraphy, reconstructed DOC, reconstructed pH, diatom species richness E(S) 

and DCA sample scores
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9.3.2 Total diatom concentration and diatom accumulation rates

Both total diatom concentration (TDC) and total diatom accumulation rate (DAR) fluctuate 

greatly throughout the core (Figure 9.1a). TDC ranges from 0.47 to 320 10  ̂valves g'̂  , 

DAR changes from 0.17 to 4.56 x 10  ̂valves cm'^ yr'̂  (Table 9.1). The results should be 

treated with caution because of methodological sources of error (Renberg, (1976). For 

example, the accuracy of DAR determination depends on the determination of sediment 

accumulation rate and diatom concentration, which are not always precise.

Differences in the diatom cell sizes might also affect the estimates of DAR (Anderson et 

al., 1995). In this study correction for biovolume was not used in the cell counts. On the 

whole, methodological errors in determination of diatom concentration, imprecise 

radiocarbon dates and the differences in cell volumes of different species may be the 

reasons for the extreme wide range of DAR values (see Table 9.1). However, the general 

trend is clear. Both DAR and TDC have higher values in the lower third of the core (from 

163 to 115 cm, 9,000 - 4,200 cal BP). Above 115 cm DAR and TDC values decrease. For 

example, the average TDC between 163 and 115 cm is 119.40 x 10  ̂valves g'̂  whereas the 

average TDC value above 115 cm is 22.41 x 10  ̂valves g '\  The average DAR between 

163 and 115 cm is 1.09 x 10̂  valves cm'^ yr'\ Above 115 cm the average DAR is 0.87 10̂  

valves cm'^ yr'\

The higher DAR and TDC in the lower part of the core might reflect the higher diatom 

production during that period. The early Holocene in Northern Fennoscandia (8,000 - 

4,500 cal BP) is characterised by the relatively warmer climate than the later Holocene (e.g. 

Briffa et a l, 1990, Dahl and Nesje, 1996), and the higher diatom production during that 

period may be related to the ameliorated climate conditions (Rouse et a l, 1997). The 

changes of both TDC and DAR within each of five diatom zones are discussed in the 

section below.

9.3.3 Diatom stratigraphie zones

The diatom diagram was divided into 5 zones using the programme ZONE (Figures 9.1a 

and 9.1b). Table 10.1 (Chapter 10) summarises diatom changes within each zone, and gives 

brief characteristics of the correspondent changes in climate, pollen and sediment chemistry 

together with calibrated age estimates. Table 9.1 shows the summary statistics of DAR
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within each DT zone and in the whole core. The detailed description of each diatom zone 

is given below.

DT I (163-154 cm. 9.000 - 8.000 cal BP)

DT I is totally dominated by benthic Stauroforma exiguiformis (up to 70% of total 

abundance). Fragilaria brevistriata (5%) and F. elliptica (5%) are also highly frequent in 

this zone compared to the rest of the core. Stauroforma exiguiformis reaches its peak 

between 163 and 155 cm (65 - 70%), then it sharply declines to 15-30%. The diatom 

assemblage from DT I is dominated by Stauroforma and Fragilaria and by the genus 

Aulacoseira which together comprise up to 85%. The Brachysira species also occur in the 

zone at the relative frequency of up to 15% {B. brebissonii) and 5% (B. vitrea).

The abundance of Aulacoseira distans v. nivaloides and A. nygaardii increase by the end of 

the zone and reach a peak at about 15%, whereas the abundance of A. perglabra and A. 

distans v. nivalis, on the contrary, decline. The abundance of A. lirata v. alpegina remains 

at the same level. Aulacoseira italica v. valida which is almost the only true planktonic 

species (e.g. Haworth, 1988) in the diatom assemblage of the core is also present at 

maximum abundance in this zone (6-7%) between 153 and 150 cm. It disappears from a 

depth of 149 cm. Other possible planktonic species are A. distans v. nivalis and A. distans 

V.  nivaloides. According to Wolfe (1996a), the abundance of these Aulacoseira taxa in 

under-ice planktonic tows was higher in a small arctic lake in the Baffin Island than in the 

surface sediments and none of these species were found in periphytic samples. It was 

impossible to study ecology of Aulacoseira species in this research, because they are absent 

from the modem sediments of Chuna Lake. The ecology of A. nygaardii is unclear. The 

rest of the assemblage is constituted by Achnanthes (A. marginulata and A. minutissima), 

Pinnularia (P. biceps and P. microstauron, Cymbella (C. perpusilla C. lunata and C. 

naviculiformis ), Frustulia (F. rhomboïdes v. saxonica and F. rhomboïdes) and Nitzschia 

(N. angustatula and N. palea). On average, the above species are present at relative 

abundance of 3-6%.

The total diatom concentration is highest in DT I compared to the rest of the core, it 

averages 160.6 x 10  ̂valves g'̂  ranging from 40.4 to 320.2 x 10  ̂ valves g \  The DAR is 

also high varying from 0.36 to 2.88 x 10  ̂ valves cm'^ yr'  ̂ with the mean of 1.44 x 10̂  

valves cm'^ yr'̂  (Table 9.1).
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DT II (154 - 126 cm, 8.000 - 4.900 cal BP)

The species composition of this zone is similar to DT I , the dominant genera are again 

Stauroforma and Aulacoseira. The frequency of Fragilaria taxa declines, these taxa almost 

disappear by the end of the zone. Stauroforma occurs at average of 25%, only once, at a 

depth of 138 cm, does it reach the peak abundance of the previous zone (63%).

Though the genus Aulacoseira still dominates the assemblage, its species composition and 

abundance are different from the previous zone. Aulacoseira distans v. nivaloides and A. 

perglabra become the most abundant species in the group, whereas A. nygaardii and A. 

italica v. valida almost disappear half way through the zone. Aulacoseira lirata v. lacustris 

and A. distans v. nivaloides occur for the first time in DT II. Aulacoseira distans v. nivalis 

remains at the same abundance as in DT I.

Table 9.1 Summary statistics for the DAR values within the DT zones and in the whole core. DAR 

values are measured in 10** valves cm^ yr^

D T I DT II DT III DT IV DT V Whole core

Maximum 2.88 2.54 4.28 4.56 0.45 4.56

Minimum 0.36 0.17 0.82 0.04 0.08 0.04

Mean 1.44 0.98 1.98 0.96 0.17 0.98

Median 1.38 0.72 1.45 0.71 0.14 0.72

Std. dev. 0.73 0.66 1.22 0.89 0.09 0.92

The average abundances of Brachysira brebissonii and B. vitrea remain the same as in the 

previous zone, though B. brebissonii rises slightly by the end of DT II. The abundance of 

Achnanthes marginulata, Cymbella perpusilla, Frustulia rhomboides v. saxonica and 

Nitzschia palea increases by 1-2% compared to DT I. Abundances of Achnanthes 

minutissima, Cymbella lunata and Nitzschia angustatula remain at the same level.

Both the average TDC and the average DAR decline compared to the previous zone. The 

TDC ranges from 19.2 to 281.8 x 10  ̂valves g'̂  with the average of 110.3 x 10  ̂valves g '\ 

The DAR varies from 0.17 to 2.54 with the mean of 1.04 x 10'  ̂valves cm'^ yr'\
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DT III (126 -114 cm. 4.900 - 4.200 cal BP)

This zone represents a transition between the Stauroforma/Fragilaria/Aulacoseira 

assemblage which dominates the lower third of the core and the 

Brachysira/FrusîuliaÆunotia assemblage which prevails in the upper 2/3 of the core. 

Stauroforma spp. together with Aulacoseira distans v. nivaloides, A. nygaardii and A. 

distans v. tenella almost totally disappear, Æ perglabra sharply declines and A. distans v. 

nivalis occurs only at two levels with low abundance. Nitzschia palea and N. navicularis 

are also present at very low abundance and virtually disappear by the end of the zone.

The abundance of Brachysira taxa increases by the end of the zone. Eunotia species {E. 

praerupta, E. arcus, E curvata and E. pseudopectinalis) appear for the first time at 

substantial abundance {E. praerupta occurs for the first time in the previous zone but at a 

very low abundance).

Frustulia rhomboides v. saxonica increases its abundance from 5-6% in DT II to 11-13% 

in DT III. Frustulia rhomboides v. rhomboides occurs for the first time in DT III. The 

Pinnularia, Achnanthes and Cymbella species are present at the same frequency in DT III 

as in DT II whilst Denticula tenuis slightly increases its abundance.

The TDC averages 110.0 x 10̂  valves g'̂  in DT III ranging from 42.6 to 222.3 x 10  ̂valves 

g"\ The mean DAR is the highest in DT III compared to the rest of the core, it equals 1.98 

X 10̂  valves cm'^ yr'  ̂ (Table 9.1).

DT IV (114-4 cm. 4.200 cal BP - 68 BPh

Within DT IV the Brachysira/FrustuliaÆunotia complex of species becomes established. 

Though the absolute abundance of the species fluctuate the above genera remain dominant 

in this zone and throughout the rest of the core.

Brachysira brebissonii occurs at the highest frequency and declines slightly by the end of 

the zone, while the abundance of B. vitrea, on the contrary, increases towards the top of the

The date is based on the results of ^'°Pb analysis (Chapter 7, Table 7.2) 279



core. Eunotia arcus forms three distinctive peaks with an abundance of 6-7 % remaining at 

 ̂The date is based on the results of analysis (Chapter 7, Table 7.2) 

the abundance of 3-4 % in the rest of the zone. The abundance of E. praerupta changes a 

little only at the end of the zone otherwise it stays at a level of 3-4%. Relative abundances 

of Achnanthes minutissima, Nitzschia angustatula, Frustulia rhomboides v. saxonica 

slightly decrease compared to DT III, Cymbella lunata, C. perpusilla, and Achnanthes 

marginulata remain the same and P. biceps somewhat increases.

The TDC decreases substantially in comparison with the previous zone with its mean of 

24.9 X 10̂  valves g'̂  and the range between 1.58 and 93.6 x 10  ̂valves cm'^ yr \  The DAR 

also declines compared to DT III. The DAR ranges between 0.04 and 4.56 with the mean 

of 0.96 X 10  ̂valves cm'^ yr'̂  (Table 9.1).

DT V (4 - 0 cm, 68 BP - present time)

The principal difference between DT IV and DT V is the appearance of Stauroforma 

exiguiformis at a mean abundance of 2-3%. It reaches the highest abundance of 5% at a 

depth of 2.25 cm. Otherwise, this zone is very similar to the previous DT IV. The same 

genera: Brachysira, Frustulia, Eunotia, Pinnularia biceps and Achnanthes are dominant. 

However, they occur at different abundances compared to DT IV. For example, Brachysira 

vitrea decreases in relation to DT IV and Achnanthes marginulata and Cymbella perpusilla 

increase by 2-3%. Abundances of Achnanthes minutissima, Pinnularia biceps, Frustulia 

rhomboides v. saxonica remain the same. The Eunotia species {E. praerupta, E. curvata 

and E. arcus) slightly increase whilst Eunotia pseudopectinalis almost disappears.

The TDC decreases further and on average equals 2.61 x 10  ̂valves g'  ̂ ranging from 0.47 

to 4.56 X  10  ̂valves g '\  The DAR also decreases in DT V, it equals on average 0.17 x 10̂  

valves cm'^ yr'̂  ranging from 0.08 to 0.45 x 10  ̂valves cm'^ yr'\

9.3.4 pH profile

Changes in lake pH have been related to the influence of climate in studies of high-altitude 

Italian alpine lakes (e.g. Schmidt and Psenner, 1992, Sommaruga-Wograth, 1997) and north 

American boreal lakes (e.g. Schindler et a l, 1996). Chuna Lake is analogous to the lakes in 

the Italian Alps and the American boreal forest in terms of geology, water chemistry and
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diatom composition. However, unlike the above lakes, it is unaffected by anthropogenic 

acidification. Therefore the possible effect of climate on lake acidification might be clearer 

in Chuna Lake.

Many lakes in northern Europe and North America with sensitive geology (e.g. granite, 

gneiss etc.) experience slow natural post-glacial acidification. This is mainly due to the 

leaching of base cations from the catchment soils and bed-rock, accumulation of acid 

humus and changes in vegetation (e.g. Jones et ah, 1989, Battarbee, 1992, Renberg et ah, 

1993). The catchment of Chuna Lake is mainly formed by granite and gneiss which have a 

low buffering capacity and, therefore, the occurrence of natural post-glacial acidification 

could be expected. The leaching of organic acids from the developing peat in the lake 

catchment (Chapters 2 and 7) together with the base cation uptake during vegetation 

development are the factors most likely to be responsible for slow natural acidification from 

the early- to mid-Holocene of Chuna Lake (Renberg, 1990, Renberg et ah, 1993, Korsman 

and Segestrom, 1998, Korsman, 1999).

Figures 9.1b and 9.2 show the dynamics of the diatom-inferred Chuna pH from c. 9,000 cal 

BP to the present time. On the whole, the Chuna pH shows a little change during the last

9,000 years. The pH of the bottom of the core is estimated as 6.61-6.81 and the present 

inferred pH of the lake is 6.20. The measured pH is 6.40, so the AL:PB model slightly 

underestimates the pH of Chuna Lake.

The summary statistics of pH values for each of diatom zones is compared to the summary 

statistics of pH values for the whole core in Table 9.2. During the period covered by the 

sediment core the inferred pH values vary from a maximum of 6.81 to a minimum of 5.64 

with the mean of 6.32 ±0.15 and the median of 6.31. The Chuna pH gradually declines 

from the bottom of the core ( pH = 6.60 - 6.81) to about 6.11 - 6.32 at 106 cm (3,800 cal 

BP, see Figures 9.2 and 9.1b). The rate of pH decline between 163 and 106 cm is about 

0.0096 pH units in 100 years. Between 163 and 106 cm pH ranges from 6.81 to 5.64 with 

the mean of 6.43 and the median of 6.41. This slow decrease in the Chuna pH is likely to 

be caused by the natural acidification resulting from the humus accumulation and 

vegetation development (see above). For comparison, an average rate of pH change in the
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Figure 9.2 Chuna Lake: reconstructed pH
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sediment core from Krâkenes Lake, Western Norway during the early Holocene period was 

0.09 pH units per 100 years (Bradshaw et al., 2000).

pH sharply decreases at 159 cm (8,500 cal BP) and at 142 cm (6,600 cal BP) which is 

associated with an increase (up to 10.5%) of a comparatively acidophilous taxon 

Aulacoseira distans v. nivalis. The estimated pH optima of this species in the AL:PE data 

set is 5.58 (see Table 6.4, Chapter 6). However, the pH optima of A. distans v. nivalis 

estimated in the KOLA and North Swedish data sets is considerably higher (6.27 and 6.18 

respectively. Table 6.4, Chapter 6). Therefore, the Chuna pH reconstruction based on the 

KOLA model lacks the above sharp decreases in pH (Figure 6.3, Chapter 6).

Above 106 cm the estimated pH slightly increases and remains in the range 6.53 - 5.99 up 

to the surface level showing very little overall change. No evidence of any recent 

anthropogenic acidification is found. Both pH mean and median are 6.28 ± 0.09 within this 

part of the core. The minimum pH value of 5.99 which occurred at a depth of 32 cm is 

associated with the increased relative abundance (7.4%) of Achnanthes marginulata. This 

taxon is assigned with the pH optimum of 5.71 in the AL:PE data-set (Table 6.4).

Table 9.2 illustrates the gradual changes in pH throughout the core. For example, the mean 

pH value in DT I is significantly higher {P < 0.05) than pH values in zones DT II - DT V. 

Lake acidity shows no statistically significant change within zones DT III - DT V.

Table 9.2 Summary statistics for pH values within five DT zones and in the whole core

D T I DT II DT III DT IV D T V Whole core

Maximum 6.81 6.75 6.4 6.53 6.42 6.81

Minimum 6.17 5.64 6.04 5.99 6.14 5.64

Mean 6.65 6.44 6.29 6.28 6.25 6.32

Median 6.69 6.49 6.33 6.29 6.27 6.31

Std. dev. 0.17 0.20 0.11 0.09 0.07 0.15

The dynamics of reconstructed pH from Chuna Lake is similar to the pH history from many 

north-European lakes with sensitive bedrock (e.g. Jones et al., 1989, Korsman et a l, 1994, 

Korsman and Segestrom, 1998). In many of the above lakes pH shows slow change or no 

change at all during the Holocene before the recent industrial period (last 150 - 100 years).
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For example, the pH of Round Loch of Glenhead from Scotland shows no pronounced 

change in pH until about 1800 AD when it became acidified due to pollution (Jones et al., 

1989). In lakes from northern Sweden (e.g. Ortvattnet, Lill, Jangen, Sjonson and 

Myrtjâmen (Korsman et a l, 1994) pH changed a little during the last 9,000 years. In some 

lakes, pH stabilised or increased in the mid or late Holocene due to the natural alkalisation 

(e.g. forest fires in the catchment of Makkasjon lake in northern Sweden, Korsman and 

Segestrom, 1998). However, the slight increase in the Chuna pH above 106 cm has no 

apparent correlation with vegetation changes (see Chapter 7, Figures 7.3a, 7.3b, and 9.8).

The diatom-inferred pH of Chuna Lake also shows no change related to known short-term 

climate fluctuations (e.g. Medieval climate optimum. Little Ice Age) during the late 

Holocene period. The diatoms also show no evidence of the recent anthropogenic 

acidification. Unlike many other acid-sensitive lakes in northern Europe and North America 

affected by the sulphur and nitrate deposition (e.g. Jones et a l, 1989, Charles et a l, 1989, 

Schmidt and Psenner, 1992, Renberg et a l, 1993) the reconstructed pH from Chuna Lake 

shows no signs of decline in the recent decades. Although the increase in trace metals 

during the recent years in the Chuna sediment was interpreted by Moiseenko et a l  (1997) as 

an indication of air pollution, there is no evidence of acidification from diatom 

assemblages.

9.3.5 Dissolved organic carbon (DOC)

It is well established that dissolved organic carbon (DOC) and/or colour which is closely 

correlated with DOC are important chemical variables influencing diatom distribution (e.g. 

Stevenson et al, 1991, Schmidt and Psenner, 1992, Pienitz et a l, 1993, Korsman et a l, 

1994,1999, Korsman and Segestrom, 1998). It can be especially significant in the arctic 

treeline regions where DOC is largely determined by the composition and density of the 

catchment vegetation (e.g. spruce) (Rouse et a l, 1997, Pienitz et a l, 1997 a, b). 

Consequently the shift in the treeline can affect the diatom composition and therefore 

diatom-based DOC and/or colour reconstructions can be used as a proxy for past vegetation 

changes (Pienitz et al, 1999). Although at present Chuna Lake is located above the modem 

treeline, it is possible that trees (e.g. birch, see Chapter 7) occurred in the catchment and 

that the vegetation density (and pollen species richness) changed during the climate 

amelioration in the early-mid Holocene (e.g. Eronen et a l, 1999, see also Chapter 7).
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Table 9.3 compares the summary statistics for DOC within DT stratigraphie zones with the 

summary statistics for DOC in the whole core. Figures 9.3. and 9.1b show the profiles of 

reconstructed DOC.

Table 9.3 Summary statistics for DOC within five DT zones and in the whole core

D T I DT II DT III DT IV D T V Whole core

Maximum 4.09 6.78 3.32 3.60 3.37 6.78

Minimum 2.82 2.63 2.49 2.314 2.54 2.31

Mean 3.54 3.92 2.87 3..05 2.91 3.18

Median 3.60 3.84 2.80 3.06 2.88 3.01

Std Dev 0.35 0.944 0.27 0.22 0.183 0.53

The changes in DOC are generally correlated with the pH changes, i.e. pH and DOC are 

higher in the lower part of the core compared to the upper section of the core. A slow 

decrease in DOC following natural acidification during the Holocene (up to about 3,000 cal 

BP) was found in many lakes located on the nutrient poor terrain in Sweden (Korsman et 

al, 1994). However, in Chuna Lake, the profile of DOC values is more complex than the 

pH profile. The first diatom zone DT I is totally dominated by Stauroforma (up to 70%) 

and several Fragilaria species which both have lower DOC optima than Aulacoseira 

species occurring in DT II (Stevenson et a l, 1991, Korsman et a l, 1994) and this is 

reflected by the lower DOC mean and median in DT I compared to DT II (see Table 9.3). 

The relatively low DOC in DT I increased in DT II (which also coincides with the climate 

optimum and the period when the birch forest occurred in the Chuna catchment) and then 

started to decline in DT III (Figure 9.1b and Table 9.3). From the end of DT Ill/beginning 

of DT IV DOC remained unchanged throughout DT IV and DT V The late-Holocene 

short-term climate fluctuations (e.g. the Little Ice Age etc.) have no apparent effect on the 

DOC profile.

The decrease in DOC may be related to the gradual soil and vegetation development in the 

catchment of the lake resulting in the general soil impoverishment and the decrease of 

organic supply to the lake (Korsman, 1999, Pienitz et a l, 1999). The higher inferred DOC 

values in the DT II can also be associated with the presence of the birch dominated 

forest/tundra in the catchment of Chuna Lake between 8,000 and 6,500 cal BP (see Chapter
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7, Figure 7.5) which was later substituted by alpine tundra . The values of DOC and/or 

TOC are generally higher for the lakes situated in the forest/tundra zone compared to the 

DOC values in the tundra lakes (see Chapter 5, Pienitz and Smol, 1993, MacDonald et a l, 

1993, Pienitz et al., 1997b, 1999).

The diatom-inferred decrease in DOC may be also a result of a climate cooling in the 

second half of the Holocene in the Northern Fennoscandia since colder climate generally 

leads to the slower rates of organic decomposition and subsequent decrease in supply of 

organic matter to the aquatic systems (Rouse et at., 1997).

9.3.6 Diatom species richness

The coefficient E(S) of the diatom species richness was calculated to analyse the change in 

ecological status of diatom assemblages during the Holocene (Anderson et a l, 1996). A 

profile of E(S) plotted against depth is presented in Figure 9.4. The diatom species richness 

coefficient fluctuates frequently with a maximum of 41.8 and a minimum of 18.5. Table

9.4 compares the summary statistics for E(S) in DT zones and in the whole core. E(S) 

rapidly increases within DT 1 from 22.3 (163 cm) to 41.0 (155 cm ) forming several 

smaller peaks of 35.1 (159 cm), and 39.3 (154) cm. The mean E(S) in DT I is 26.0 ± 7. 

Between 154 cm and 125/126 cm (DT II) the average value of E(S) increases to 31.5 ± 3.8. 

The overall increase in E(S) within DT II may reflect a more mature lake ecosystem as 

species richness generally increases with ecosystem succession (Whittaker, 1975, Tilman, 

1996b).

Table 9.4 Summary statistics for E(S) within the five DT zones and in the whole core

D T I DT II DT III DT IV D T V Whole core

Maximum 39.3 41.0 40.1 38.4 34.8 41.0

Minimum 18.5 24.4 34.7 19.8 27.1 18.5

Mean 26.1 31.5 37.0 30.5 29.8 30.7

Median 23.0 31.9 36.4 30.2 30.2 30.3

Std. Dev. 7.0 3.8 1.9 3.2 2.42 3.9

However, in a statistical sense the difference between the mean E(S) value in DT I and DT 

II is not significant due to the high variability in E(S). Between 120 and 118 cm (DT III) 

E(S) reaches its maximum of 40.1 respectively. On the whole, the average E(S) in DT III 

is the highest compared to the rest of the core. The high values of E(S) within DT III may
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indicate the major floristic change in the diatom assemblage reflected by DT III. Generally, 

the peaks of E(S) are always near the boundaries between diatom zones (Figure 9.1b) 

suggesting that E(S) increases when the diatom assemblage undergoes floristic changes.

E(S) declines significantly in DT IV compared to the previous zone. On the whole, in the 

upper 2/3 of the sediment core zones (DT IV and DT V) fluctuations of E(S) are less 

dramatic and the average value of E(S) (30.5 ± 3.2 ) is slightly lower than the average E(S) 

for the lower part of the core (31.6 ± 5.6). However, this difference is not statistically 

significant. Apparently, the diatom community becomes more stable in the upper 2/3 of the 

core and the variance of E(S) decreases. The higher variability of the E(S) in the lower part 

of the core can be related to the floristic changes in the diatom assemblage .

The decline in E(S) value in DT IV may be also due to the gradual climate cooling during 

the Sub-Boreal and Sub-Atlantic periods covered by DT IV. However, the difference 

between the mean E(S) for DT II (the period of the Holocene climate optimum) and the 

mean E(S) for DT IV is not statistically significant.

The higher resolution of diatom analysis within the top 50 cm of the core shows more 

patterns in E(S) variations (Figure 9.4). From about 27 cm the E(S) values started to decline 

up to 12 cm (about 580 - 290 BP). The mean E(S) for this interval is 27.8 ± 2.9 which is 

lower than the average E(S) for DT IV and for the average E(S) for the whole core (Table 

9.3). The timing of the low E(S) values coincides with the short-term climatic cooling in 

north-west Europe termed ‘Little Ice Age’ (e.g. Grove, 1988, Bell and Walker, 1992) when 

the annual mean temperatures were apparently 1 - 3 °C lower than that of the present day 

(e.g. Lamb, 1977). Biiffa et a l (1990) found a tree-ring evidence of a fall of average 

summer temperatures by 0.5 °C compared to the long-term mean between 1570 and 1650 

AD in Fennoscandia.

The period of E(S) decline is preceded by a short-term rise in E(S) between 51 and 28 cm 

(1040 - 620 cal BP) when the average E(S) is 31.0 ± 3.0. This period corresponds to the so- 

called ‘Medieval Climate Optimum’ (c. 1000 - 1300 AD) in north-west Europe when the 

annual temperatures were 1°C higher than that of the present (Roberts, 1989). However, 

the difference between mean E(S) for the above period and the average for the whole late-
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Holocene (zones DT IV-DT V) is too small to be considered in the analysis. In general, the 

spread and timing of the Medieval Climate optimum in north-west Europe and particularly 

in Fennoscandia is still under debate as not all proxy data show such clear evidence of this 

climatic event (Biiffa et a l, 1990).

The positive correlation between E(S) and diatom accumulation rate and diatom 

concentration is too weak to be considered in the analysis. This implies that the diatom 

productivity was not related to the species diversity in Chuna Lake. Equally, no connection 

between diatom species richness and productivity was found by Anderson et a l (1996) in a 

study of a Swedish boreal forest lake.

9.3.7 DCA of the diatom sequence

Detrended correspondence analysis (DCA) was used to analyse the variance within the 

diatom data. Diatoms occurring at abundance > 1%  were included in the analysis and 

matrix of 192 samples and 94 taxa was analysed. Table 9.5 presents the summary statistics 

of DCA.

T ab le  9.5 D C A : su m m a ry  s ta tis tic s  fo r  th e  d ia to m  d a ta  f ro m  th e  C h u n a  lo n g  co re , 192 sam p les  a n d  94 

ta x a

A X E S 1 2 3 4 T o ta l in e r t ia

E ig en v a lu es , A, 0.550 0.092 0.048 0.034 1.434

L e n g th  o f  g ra d ie n t, SD 2.40 1.77 1.22 1.12

C u m u la tiv e  v a r ia n c e  o f  

species d a ta ,  %
38.3 44.7 48.1 50.5 1.434

The eigenvalue of the first DCA axis (ÀJ is rather high (0.550) but is comparable with the 

results from other diatom studies (e.g. Stevenson et a l, 1991, Pienitz et a l, 1995). It 

reflects the high variance within the diatom data. The eigenvalue of the second DCA axis 

is more than five times lower than X\ and therefore contributes a little to understanding of 

the relationships within the diatom data. The first two axes account for 44.7 % of variance 

in the species data and this is a relatively high proportion of explained variance compared to 

other studies (e.g. Birks, 1995, Vyverman and Sabbe, 1995). The length of the gradient of

2.4 SD (standard deviations) is typical for floristic data. It indicates that the diatom
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composition has changed considerably throughout the sediment profile.

The DCA plot of 46 diatom taxa is presented in Figure 9.6. It shows the major patterns of 

diatom distribution throughout the core. Only taxa which occurred at relative abundance > 

3% are shown in the diagram. Diatom taxon codes used in Figure 9.6 together with the full 

diatom names are presented in Appendix 6.

DCA separates diatom taxa into three groups according to the depth of their occurrence. 

The largest group of diatoms located in the middle of the left part of the diagram consists of 

the acidophilous genera Brachysira, Frustulia, Pinnularia and Eunotia (e.g. Korsman et al, 

1994, Wolfe, 1996b) occurring above the depth of 115 cm. In essence, this group includes 

diatoms dominating in the zones DT IV-DT V described in details in section 9.3.3. All 

taxa of the group have relatively low scores in the first two DCA axis.

Figure 9.6 Chuna Lake: DCA with 193 sites and 94 diatom species. Variation in 

species scores. Full names of diatoms are given in Appendix 6
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The upper right quadrant of the DCA plot is occupied by the diatom assemblages from the 

bottom of the core (163-125 cm) dominated by Stauroforma, Fragilaria and benthic 

Aulacoseira (A. lirata v. lacustris, A. italica v. valida, A. nygaardii and A. nivaloides). 

These taxa also play dominant role in zone DT I Other Aulacoseira species (A. distans v. 

tenella, A. distans v. nivalis and A. perglabra) which occur at high abundance in the bottom 

core layers (140 - 142 cm and 153 cm) where abundance of Stauroforma is comparatively 

low are located in the lower right quadrant of the diagram. These diatoms prevail in DT II, 

The middle right part of the diagram between the two above 'Aulacoseira’ and 

'Stauroforma’ groups is occupied by the complex of taxa which occurred at similar 

abundance throughout the core, e.g. Cymbella, Achnanthes and Nitzschia.

On the whole, major patterns of variance revealed in diatom distribution throughout the 

core by DCA are also reflected by DT zones (see section 9,3,3).

9,3,8 DCA sample score profile

The DCA sample scores from the first DCA axis are plotted against the depth in Figures 

9.1b and 9.5. In general, sample scores in DCA reflect major floristic changes in species 

composition.

The high sample scores of DCA axis 1 in the bottom of the plot indicate the prevalence of 

Stauroforma, Fragilaria and Aulacoseira taxa which dominate diatom assemblages from 

163 to 125 cm (DT I - DT III). A gradual decline in the DCA samples scores between 163 

and 125 cm suggests a transition of floristic composition which indeed takes place. For 

example, several Aulacoseira taxa have alternating maxima (A. perglabra and A. lirata v. 

lacustris in the DT I, A. distans v. nivaloides and then A. perglabra within DT II, see 

Figure 9.1.b) between 158 and 120 cm. The abundance of Stauroforma exiguiformis also 

changes considerably within this part of the core. Acidophilous taxa which dominate the 

upper part of the core {Brachysira/Frustulia/Pinnularia complex) gradually increase in 

abundance.

Between 123 and 116 cm the DCA sample scores do not change considerably, their values 

remaining at about 0.5 - 0.7. This reflects the low abundance of several Aulacoseira taxa, 

the absence of Stauroforma and the steady growth of Brachysira/Frustulia/Pinnularia 

complex.
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From 105 cm to 13 cm the values of the DCA scores are stable and low which reflects the 

dominance of the acidophilous Brachysira, Frustulia, and Pinnularia complex. Two short 

and sharp peaks of the DCA score values between 25 and 15 cm may indicate the 

occurrence of Aulacoseira distans v. nivalis and A. lirata v. alpegina at this depth (see also 

Figure 9.1.b). The DCA scores start to increase slightly from 13 cm to the sediment surface. 

The reoccurrence of Stauroforma in the surface sediment may be the cause of this increase.

Overall, the profile of DCA sample scores gives a good illustration of floristic changes 

throughout the Chuna sediment core. The stratigraphie changes in DCA samples scores 

mainly follow the changes in abundance of Stauroforma and Aulacoseira as these taxa have 

high scores on the DCA axis 1 (see Figure 9.6). The stratigraphie changes through the 

DCA sample score profile generally coincide with the zonation of diatom profile discussed 

in 9.3.3.

9.3.9 General discussion

The first three diatom stratigraphie zones DT I - III (163 - 114 cm, 9,000 - 4,200 cal BP) 

are characterised by major diatom floristic changes, slow natural acidification, changes in 

DOC, and diatom species richness.

It is most likely that the overall decline in pH between 163 and 106 cm is related to the 

leaching of base cations from the catchment soils due to the soil and vegetation 

development rather than to the influence of the organic acids from a peat bog in the lake 

catchment. The leaching of organic acids due to the development of the Sphagnum peat 

mire in the lake basin which expanded from about 2,500 - 2,000 cal BP (Chapter 7) 

apparently did not affect the lake acidity (Figure 9.1b, 9.2). No evidence for an effect of 

organic acids from a catchment peat bog on lake acidity was found in a Scottish Loch by 

Jones et al. (1989).

The changes in DOC are likely to be linked to soil and vegetation development in the lake 

catchment. The low DOC values in the bottom of the core (early post-glacial, 9,000 - 8,000 

cal BP) probably reflect the organically poor mineral rich soils of the arctic tundra which 

occurred in the lake catchment during that time. The Holocene climate optimum resulted in 

the occurrence of birch forest-tundra in the lake catchment and increased the organic
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supply to the lake (Pienitz and Smol, 1993, Rouse et a l, 1997, Pienitz et a l, 1999) and 

therefore the DOC values increase in DT II (see Figures 9.7 and 9.8 which compare major 

diatom changes with changes in sediment chemistry and pollen discussed in Chapters 7 and 

8). In some studies, the mid-Holocene increase in DOC was related to the occurrence of 

spruce in the lake catchment (e.g. Korsman et a l, 1994, Pienitz et a l, 1999). However, the 

presence of birch dominated forest-tundra vegetation can also influence the DOC level of 

the lake (MacDonald et al, 1993).

From c. 5,000 cal BP birch forest-tundra in the lake catchment was replaced by alpine 

tundra vegetation as a result of gradual climate cooling (Chapter 7). This has led to the 

lower DOC values in Chuna Lake from c. 5,000 cal BP due to lower productivity, humus 

accumulation in tundra soils and a slower rate of organic circulation at lower temperatures. 

The stratigraphie changes in diatom assemblages are summarised in the descriptions of DT 

I - III in Table 10.1. These floristic changes are typical for early periods of post-glacial 

development of oligotrophic arctic lakes (e.g. Smol, 1983, Smol, 1988, Wolfe, 1996).

The first stage of the development of diatom assemblages (DT I, 9,000 to 8,000 cal BP) is 

characterised by the total dominance of ‘pioneering’ benthic genera Fragilaria and 

Stauroforma. These taxa are indicators of ‘disturbed’ environmental conditions, they 

survive today in harsh arctic environments with low light penetration where other sensitive 

taxa would not succeed (Smol, 1988). At this time, Chuna Lake is characterised by 

elevated erosion (Table 9.5 and Figure 9.7) which might effect water transparency. The 

dominance of Stauroforma in modem high antarctic lakes, which may be an analogue of 

Northern Fennoscandian lakes between 9,000 - 8,000 cal BP, is mentioned by Flower et a l 

(1996).

Fragilaria elliptica and Stauroforma spp. dominate sediment diatom assemblages in the 

remote alpine lake covered with ice for 10 months a year in the Khamar-Daban mountains 

in south-eastern Siberia (Flower et al, 1997). The dominance of Stauroforma and 

Fragilaria in the early stages of lake development and in late-glacial lacustrine sediments 

was also observed by Pennington et a l (1972) and Haworth, (1975, 1976) in Scotland, by 

Florin (1977) and Renberg (1990) in Sweden, by Smol (1983) and Wolfe (1996) in
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Figure 9.7 Chuna Lake: diatom and sediment chemistry changes
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Figure 9.8 Chuna Lake: diatom and pollen changes
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arctic Canada and by Whitehead et a l (1986) in Adirondack lakes in America. The 

Fragilaria and Stauroforma species have also dominated many arctic and antarctic lakes for 

several thousand years (e.g. Smol, 1988, Schmidt et a l, 1990, Douglas et a l, 1994).

The second stage of the development of the diatom community (154 - 126 cm, DTII, 8,000

- 4,900 cal BP) is characterised by the appearance and dominance of several Aulacoseira 

taxa, some of which are either planktonic or meroplanktonic e.g. A. italica v. valida 

(Haworth, 1988), A. distans v. nivalis and A. distans v. nivaloides (Wolfe, 1996). The 

occurrence and prevalence of diatom species ecologically different from the benthic 

Fragilaria and Stauroforma might be an indicator of changing lake environment, e.g. 

increased water transparency and deeper light penetration due to the more stable catchment 

soils (Smol, 1988, Smol et al, 1991, Anderson et a l, 1996). The order of appearance and 

succession of Aulacoseira species in DT II can be also related to the gradual natural 

acidification (Figures 9.7 and 9.8).

The third stage of the development of the diatom assemblages (125 - 115 cm, DT III, 4,900

- 4,200 cal BP) coincides with the onset of late-Holocene climate cooling (Chapter 7, Table 

7.5, Karlen, 1976, Dahl and Nesje, 1996). It is also a transition between Aulacoseira and 

Stauroforma dominated lower third of the diatom profile (163 - 125 cm) and the upper part 

of the sequence where acidophilous Brachysira and Frustulia prevail. Stauroforma totally 

disappears in DT III, and the abundance of Aulacoseira sharply declines. By the end of the 

zone all the Aulacoseira and Fragilaria species are replaced by acidophilous Brachysira, 

Pinnularia and Frustulia species. The diatom floristic changes similar to those which 

occurred in Chuna Lake between DT II and DT III (i.e. replacement of small benthic 

Fragilaria and Stauroforma by large pennate Pinnularia and Brachysira) were described in 

small lakes in eastern Canada by Wolfe (1996a and b). Wolfe related these floristic 

changes mainly to natural acidification and a decrease in alkalinity. However, in Chuna 

Lake the change between the end of DT II and the beginning of DT III is too abrupt to be 

solely explained by a change in pH which is more gradual, with the average rate of change 

between 163 and 106 cm being 0.0096 pH units in 100 years (see Figures 9.2 and 9.8). 

Although the appearance of acidophilous Eunotia species in DT III suggests that the pH 

decreased in DT III compared to DT II.
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The most plausible explanation of a distinct floristic change between DT II and DT III 

may be a combination of different factors. On one hand, continuous natural acidification 

favours the prevalence of the more acidophilous Brachysira and Pinnularia taxa. On the 

other hand, climatic cooling causes the retreat of forest-tundra and leads to a decrease in 

organic supply to the lake. The cooler and wetter climate also causes longer winters with 

more snow and ice to melt in spring and can create conditions unsuitable for the 

development of some deep-water planktonic and meroplanktonic Aulacoseira species. 

Stauroforma is a benthic ‘pioneer’ taxa adjusted to harsh conditions of arctic and antarctic 

lakes. Therefore, a plausible explanation of the Stauroforma disappearance is that the 

larger Brachysira, Pinnularia and Frustulia were more successful competitors in Chuna 

Lake environment compared to smaller Stauroforma species. Normally, ‘pioneer’ species 

are more successful in colonising new environments rather than surviving inter-species 

competition (Pianka, 1994). The development of Sphagnum around the lake (Chapter 7, 

Figure 7.4b) may be one of the reasons why Brachysira, Pinnularia and Frustulia 

outcompeted Stauroforma in the second half of the Holocene. Sphagnum is apparently the 

microhabitat preferred by Brachysira and Frustulia as modem epiphyton Sphagnum 

samples from the banks of Chuna Lake contain high abundances of these taxa (Chapter 2, 

section 2.8).

The coefficient of diatom species richness has two major peaks between 163 and 115 cm 

which correlate with the floristic changes of the diatom assemblages discussed above. It 

becomes more stable and its value slightly decreases in the upper part of the core starting 

from 115 cm (Figures 9.1b, 9.3, 9.7 and 9.8). The DCA sample scores which represent 

floristic change also decline between 163 and 115 cm and stabilise above 115 cm (Figures 

9.1b, 9.5).

The above evidence suggests that the lake ecosystem as represented by the diatom 

community underwent major environmental changes during the period from 9,000 cal BP to

4,200 cal BP. These changes were not only related to natural acidification and DOC 

fluctuations. Some other factors, namely climatic and vegetation change, water turbidity, 

light penetration, depth and period of snow and ice cover, and speed of snow melting in 

spring are probably responsible for the transition in diatom assemblage.
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The upper part of the core (staring from about 115/106 cm and covering the period from c.

4,200 cal BP to modem times) is more uniform from a floristic point of view. It is totally 

dominated by the coarser, larger acidophilous benthic pennate diatom taxa described in 

section 9.3.3. The pH profile does not change, pH values fluctuate around 6.3 which is 

close to the modem water pH. From 3,800 cal BP the acid-base balance in Chuna Lake was 

apparently achieved and the process of natural acidification stopped. Natural acidification 

has not continued in spite of catchment paludification from about 2,000 cal BP. This might 

partly be explained by the fact that the more organic acids produced by the peat caused 

more intensive weathering of the catchment subsoils releasing base cations (e.g. Jones et 

al, 1989). Generally, even in the absence of extemal factors (i.e. agriculture, forest 

clearance, fires etc.) natural acidification does not always last throughout the whole 

Holocene, it often continues only during the first half of the Holocene period (e.g. Renberg 

et a l, 1993, Korsman et a l, 1994, Wolfe, 1996). Apparently a balance between 

acidification and alkalinity generation and/or rate of weathering was reached in many acid- 

sensitive lakes by the mid-Holocene.

Above 115 cm the DCA sample scores also become more stable illustrating the absence of 

major floristic changes in the diatom community. Species richness declines slightly and has 

no major peaks compared to the lower part of the core. As all dominating taxa in the upper 

section of the core have similar DOC optima there is no reason to expect much change in 

the DOC profile in this part of the core. This suggests that the lake ecosystem became more 

stable and Brachysira, Frustulia, Pinnularia and Eunotia are more competitive in this 

stable environment than Stauroforma, Fragilaria and Aulacoseira. The lake ecosystem is 

apparently unaffected by the short-term climatic fluctuations during the last 2,000 years 

(e.g. Medieval Warm period. Little Ice Age) although the diatom communities from some 

lakes in the Northern Fennoscandia were influenced by these climatic events (e.g. Anderson 

et a l, 1996). There is a slight indication of a possible very recent (last 100 years) floristic 

changes due to the reoccurrence of Stauroforma in the upper 4 cm (figures 9.1b, 9.7 and 

9.8). The abundance of Stauroforma is low, about 3-4% , but this could be a start of future 

floristic changes in the lake.

Overall, the stratigraphie analysis of diatom floristic changes, diatom-inferred pH and DOC, 

DCA samples scores and diatom species richness allows one to divide the history of Chuna 

Lake into two main periods. The first period (9,000 - 4,200 cal BP) is the time of major
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developments in Chuna diatom assemblages, changes in pH and DOC and fluctuations of 

diatom diversity. The second period (4,200 cal BP - present time) is more stable, the 

diatom composition remains the same and no apparent changes in pH and DOC occurred 

(figures 9.7 and 9.8).

The development of the lake ecosystem discussed above can be attributed to the major 

patterns of climate change which took place during that time in the Holocene. The zonation 

of the pollen diagram which reflects regional climate (Chapter 7) correlates well with the 

diatom zones. More discussion on the relationship between diatoms from the Chuna 

sediment and climate together with the outline of environmental history of Chuna Lake and 

its catchment is presented in Chapter 10.

9.4 Potential of diatoms for climate reconstructions

In this section, the direct relationships between vegetation, sediment chemistry and diatoms 

are analysed using ordination methods, and the interaction between the ecosystem of Chuna 

Lake and its catchment is discussed.

9.4.1 Sediment erosion proxies and diatoms

The diatom stratigraphie changes analysed in section 9.3.3 are related in some parts of the 

sediment core to the stratigraphie changes in the sediment concentrations of Ca, K, Ti, and 

Ca/K. In this section CCA was used in order to assess quantitatively the degree of 

correspondence between diatom changes and changes in sediment proxies for erosion and 

leaching (for details on CCA see Chapters 3, and 5, ter Braak, 1987c).

The possible effect of erosion on diatoms is complex (Chapter 1). On one hand, increased 

catchment erosion would increase the level of silica and nutrients in the lake leading to an 

increase in diatom production. On the other hand, an increase in the catchment erosion may 

result in a decrease of water transparency and light penetration and in higher turbidity. This 

would have an effect on planktonic or deep-water diatom taxa and may potentially lead to 

shifts in diatom species composition. Nutrients are also supplied to the lake through 

leaching and therefore an increase in leaching may lead to the increase in diatom 

production.
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The diatom data were used as the response variables and sediment concentrations of K, Ca, 

Ti and Ca/K were treated as the explanatory variables. The species scores were scaled to be 

weighted averages of the sample scores and rare taxa were down-weighted. No 

transformation was applied either to the species or to the environmental data. As K, Ca, Ti 

and Ca/K are highly interrelated (Chapter 8) and thus the use of the variables together in 

one analysis can lead to high variance inflation factors (VBF), a series of separate CCAs was 

performed with each of the variables. Table 9.6 illustrates the results of the analyses.

Table 9.6 C C A l.l- CCA1.4; summary results of CCAs with Ca, K, Ti and CA/K as sole environmental 

variables. P  - probability in Monte Carlo tests of signiHcance of the first CCA axis

Variable variance of species data 

explained, %

Eigenvalue Xi P

Ca 2.5 0.009 0.10

K 2.2 0.010 0.03

Ti 2.1 0.070 0.62

Ca/K 0.7 0.020 0.37

The results of the CCAs show that erosion and leaching indicators explain only a small 

proportion of variance in diatom data. Ordination is statistically significant only when K is 

used as a sole variable.

On the whole, the results of CCAs with erosion and leaching indicators show a little 

evidence of the direct relationship between the core floristic changes and erosion. However, 

stronger influence of erosion on diatom composition might occur in certain parts of the 

core, e.g. in the bottom zones where erosion is elevated. In order to test this hypothesis five 

separate CCAs were performed with potassium and diatom data within the five ER 

stratigraphie zones. Potassium was chosen among other erosion indicators as it relationship 

with diatom data is significant (Table 9.6).

Table 9.7 presents the results of separate CCAs with K as a sole variable in five ER 

stratigraphie zones. Potassium explains more of diatom data variance while its relationship 

with the diatom composition is tested within separate stratigraphie zones. The most 

significant influence of erosion is in ERV, where the relationship with between diatom data 

and potassium is statistically significant. This gives greater confidence in the
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stratigraphie zonation of the Chuna core. Although all eigenvalues of CCA axis 1 (Xi) in 

CCA2.1 - 2.5 are small and the ordinations in ERVI-ERI zones are statistically 

insignificant, the results of CCAs help to identify the time when erosion was likely to 

influence diatom composition.

Table 9.7 CCA2.1 - 2.5: percentage of variance explained, eigenvalue of the CCA axis 1 (XI). P - 

probability in Monte Carlo tests o f significance of the first CCA axis

Stratigraphie erosion 

zones ER, cm

variance of diatom data 

explained, %

Eigenvalue Xi P

ER 1 ,163 -151 12.8 0.031 0.11

ERII, 151 -130 5.1 0.014 0.21

ER III, 130 -114 8.7 0.02 0.15

ER IV, 114 - 46 2.8 0.01 0.84

ER V, 46 -1 0 5.5 0.023 0.01

The effect of erosion on diatoms is highest within ERI and ER V. The concentrations of 

erosion indicators are directly correlated with the relative abundance of Stauroforma in ER 

I (Figure 9.7). This may suggest that the high abundance of Stauroforma in the bottom 

levels is partly related to the elevated erosion. Stauroforma together with the Fragilaria 

taxa favour ‘disturbed’ environments with elevated erosion characteristic for the late- 

glacial-early post-glacial periods (e.g. Haworth, 1975, Smol, 1988). The effect of erosion 

on diatoms in ER V is possibly less direct than in ER I. General climate cooling probably 

brought about both the diatom changes and the increased erosion.

9.4.2 Pollen and diatoms

The effect of vegetation change on the diatoms from the Chuna sediment core was analysed 

in CCA where diatoms were used as the response variables and pollen as the explanatory 

variables. All diatom and pollen taxa with an abundance > 1 %  were included in the 

analysis. No data transformation was applied, rare taxa were down-weighted. CCA was 

carried out with diatom and pollen taxa occurring at 36 sample levels (i.e. levels where both 

pollen and diatoms were analysed).

Table 9.8 presents the summary statistics of CCA3 with 25 pollen taxa and 46 diatom taxa.

The eigenvalue of the first canonical axis is significantly higher than the eigenvalue of
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the second axis indicating the relative unimportance of the second axis and subsequent axes 

in explaining the variance in species data. The changes in pollen data account for 35.7 % of 

the variance in the diatom assemblage and the ordination is statistically significant. The 

changes in diatom composition may be therefore partially explained by the changes in the 

sediment pollen abundance.

Table 9.8 CCA3: summary statistics for 36 samples, 46 diatom taxa and 25 pollen taxa

Axes 1 2 3 4

Eigenvalues, X 0.512 0 .180 0 .116 0 .082

Cumulative variance of species data, % 35.7 48 .2 56.3 62 .0

Cumulative variance of 

species-environment relation, %
42.4 56 .9 66.4 73.6

Total inertia 1.430

Sum of canonical eigenvalues 1.210

P 0.010

On the whole, the distribution of environmental variables in CCA3 (pollen taxa, Figures 

9.9(1)) is similar to the results of PCA with the pollen data (Chapter 7, Figure 7.7). The 

distribution of species variables (diatom data) resembles the results of DCA with the diatom 

data (Figure 9.6). CANOCO solution file and CCA plots in Figures 9.9(1) and 9.9(2) show 

that Betula, Alnus and Gymnocarpium dryopteris are associated with the diatoms prevailing 

in the lower third of the core (e.g. Aulacoseira, Fragilaria and Stauroforma). Alpine tundra 

plants {Diphasiastrum alpinum, Empetrum sp., and Lycopodium annotinum), Cyperaceae 

and Sphagnum are related to Brachysira, Frustulia and Eunotia, i.e. diatoms dominating in 

the upper part of the core. The results of CCA therefore suggest that the changes in the 

birch and alder abundance between 9,000 and 5,400 cal BP might have led to the changes in 

the diatom composition assemblages (DT I- DT III) during that time. Paludification (e.g. 

increase in Sphagnum and Cyperaceae) and the spread of alpine tundra vegetation (e.g. 

increase in Diphasiastrum alpinum, Selaginella selaginoides, Lycopodium annotinum) had 

a significant effect on the Chuna diatom composition during the last 4,500 years. Pollen 

taxa determining diatom distribution in the upper 2/3 of the core (e.g. Sphagnum, 

Diphasiastrum etc.) show closer positive inter- correlation compared to the ‘earlier’ pollen
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taxa (e.g. Betula, Alnus and G. dryopteris). Apparently, G. dryopteris together with Salix 

represent a separate gradient of influence on the diatom distribution throughout the 

sediment core. Pinus has a short independent gradient associated with the diatoms evenly 

distributed throughout the core (e.g. Achnanthes scotica, Cymbella cesatii etc.j and this 

implies that Pinus plays a comparatively minor role in explaining the variance within 

diatom taxa.

Forward selection in CCA3 identified Betula, Alnus and Gymnocarpium dryopteris as 

variables significantly influencing the distribution of diatom taxa. Table 9.9 shows the 

results of the CCA3 with forward selection. The results of CCA3 with forward selection 

are similar to the CCA of the whole set of environmental variables. Only the first CCA3 

axis plays an important role in explaining the variance within the response variables. The 

fourth unconstrained eigenvalues is higher than the third one but smaller than the first axis. 

The ratio XiSkj is 4.29 which is high enough to indicate the relative significance of the first 

axis in influencing the species distribution (ter Braak, 1988a).

Table 9.9 CCA3 with forward selection: summary statistics for 36 samples, 46 diatom taxa and 3 pollen 

taxa

AXES 1 2 3 4

Eigenvalues 0.417 0.097 0.030 0.166

Cumulative variance of species data, % 28.9 35.7 37.9 49.9

Cumulative variance of 

species-environment relation, %
76.6 94.5.0 100.0 0.0

Total inertia 1.431

Sum of canonical eigenvalues 0.542

P 0.01

Betula, Alnus and G. dryopteris together account for 28.9% of total variance in the diatom 

data. The strong correlation between pollen and diatom data in Swedish lakes was 

attributed by Korsman et al (1994) to the change in water chemistry mainly due to the shift 

of the treeline in the lake catchment (11 - 35% of diatom variance is explained by Picea, 

Alnus and Betula pollen in Swedish lakes). However, only Betula and possibly Alnus could
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have influenced the water chemistry from Chuna Lake in POL II (154 - 130 cm, 8,000 - 

5,400 cal BP) when they may have occurred in the Chuna catchment (Chapter 7, section

7.5.4.1), In the rest of the core the Betula and Alnus pollen represent only a regional signal 

directly related to climate. Gymnocarpium dryopteris is likely to have occurred in the local 

Chuna catchment throughout the whole Holocene. However, it is unlikely that the presence 

of G. dryopteris in the lake catchment had a major effect on the lake water chemistry. 

Generally, it is impossible to separate the ‘local’ from the ‘regional climatic’ signal in the 

Betula and Alnus pollen influence on diatom distribution.

However, it is possible to test the diatom-pollen relationship during the period when Betula 

and Alnus were absent from the Chuna catchment. Table 9.10 shows the results of CCA4 

performed with the pollen and diatom taxa occurring between 163 and 154 cm and between 

130 and 10 cm (i.e. with the exclusion of POL II when Betula and Alnus were likely to 

occur in the catchment).

Table 9.10 CCA4: summary statistics for 25 samples, 42 diatom taxa and 22 pollen taxa

AXES 1 2 3 4

Eigenvalues 0.548 0.039 0.015 0.170

Cumulative % variance of species data 45.9 49.1 50.4 64.6

Cumulative % variance of species- 

environment relation:
91.1 97.5 100.0 0.0

Total inertia 1.194

Sum of canonical eigenvalues 0.601

P 0.010

The results of CCA4 clearly demonstrate that the presence of the ‘regional’ signal in the 

vegetation influence on diatom distribution is strong. As climate is one of the main factors 

controlling vegetation changes on regional scale it is possible to link diatom changes in 

Chuna Lake with climate changes in the Kola Peninsula.
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Figure 9.9 CCA 3 with 36 site scores, 25 pollen taxa and 46 diatom taxa (1) arrangement 

of pollen gradients and sites (2) arrangement of diatom scores. Only diatoms with 

abundance more than 3% are shown. Pollen taxa are shown as arrows. Diatom species 

centroids are shown as pluses. Site scores are shown as triangles
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In summary, the diatom-pollen relationship in the Chuna core as reflected by CCA can be 

interpreted as the influence of both regional climate and catchment soils and vegetation on 

the lake diatom assemblage. The high correlation between pollen and diatom stratigraphie 

changes assessed by CCA indicates generally synchronous response of both vegetation and 

lake ecosystem to climatic changes within the current resolution of pollen analysis (200 - 

160 years).

9.4.3 Diatom-based sediment proxies and climate change

The results of CCAs discussed in the section above suggest that the strong relationship 

between diatom and pollen stratigraphies during the last 9,000 years is related to climate 

influence on diatom distribution throughout the sediment core of Chuna Lake. In this 

section the sensitivity of several diatom-inferred indicators (i.e. pH, DOC, diatom species 

richness coefficient (E(S)), DCA diatom sample scores and diatom accumulation rate 

(DAR)) to Holocene climate change is discussed. The chronology of climatic change during 

the last 9,000 years is based on the pollen and dendroclimatological data from Northern 

Fennoscandia including the results of this study (see Chapter 7, Table 7.4., Briffa et al, 

1990, Dahl and Nesje, 1996, Eronen et a l, 1999).

The changes in diatom-inferred indicators and the major climatic events during the last

9,000 years are summarised in Table 9.11. Below the sensitivity of each indicator is 

discussed separately and then the overall discussion is presented.

9.4.3.1 pH

Lake acidity was chosen as one of the climate indicators because several studies have 

shown its sensitivity to climatic changes (Chapter 1, e.g. Webster et a l, 1990, Schmidt and 

Psenner, 1992, Sommaruga-Wograth, 1997, Sweets and Stevenson, 1997, Koinig et al,

1998). However, changes in the diatom-inferred pH of Chuna Lake show no apparent 

relation to the climate change during the last 9,000 years. The lake pH decreases slowly 

(0.0096 pH units/100 years) between 9,000 and 3,500 cal BP. Lake acidification during 

this period is mainly due to the slow uptake of the base cations during soil formation and 

vegetation development in the lake catchment, and slow cation weathering (e.g. Korsman,

1999). The period of rapid early post-glacial acidification when the base cations were
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quickly leached from the unweathered catchment bed-rock and soils (e.g. Battarbee, 1992) 

is apparently not covered by the Chuna sediment core. The acid-base equilibrium is 

possibly reached by 3,500 cal BP and no indication of further acidification is found from

3,500 cal BP to the present time.

Chuna Lake is analogous in many ways (i.e. geology, size, morphometry, diatom flora) to 

the Italian alpine lakes studied by Schmidt and Psenner (1992) and a similar relationship 

between pH and temperature was expected to occur in the sediment core of Chuna Lake 

(Chapter 1). According to Schmidt and Psenner (1992), higher temperatures were 

associated with the increase in diatom-inferred pH values in the lakes in the Italian Alps. 

Lake acidity was also positively correlated with the sediment organic content and the Fe/Mn 

ratio implying that the accumulation of organic matter and change of redox potential were 

also temperature-dependent in the Italian Alpine lakes. However, the increase in LOI in the 

Chuna sediment during the climate optimum (8,000 - 5,500 cal BP) shows no correlation 

with the pH trend (Figure 9.7). Schmidt and Psenner (1992) attributed the correlation 

between pH and temperature to the increase in catchment weathering and in-lake alkalinity 

generation during the warmer periods. Schindler et a l (1990) also found that an increase in 

temperature was correlated with the increase in the Ca concentration in water, which 

implies that alkalinity might increase with the temperature increase.

However, both present day alkalinity and pH are higher in Chuna Lake (24.3 peq/1 and 

6.36) compared to the Italian alpine lakes (6 |ueq/l and 5.86). This difference in sensitivity 

might be one of the reasons why the pH of Chuna Lake is considerably less responsive to 

climate change. One of the other possible explanations is that in the Chuna catchment 

climatically-induced increase in the cation weathering is balanced by the increase of the 

cation uptake by the developing vegetation cover. For example, the occurrence of birch 

during the Holocene climatic optimum might have led to the increase of base cation uptake 

thus balancing the increase of the cation weathering. On the whole, the diatom-inferred pH 

of Chuna Lake has proved to be insensitive to climate change.

9.4.3.2 DOC

The positive correlation between diatom-inferred DOC and temperature increase and/or 

shift in the treeline has been described in many studies (i.e. Pienitz and Smol, 1993, 

Korsman et a l, 1994, Rouse et a l, 1997, Pienitz et a l, 1999). In Chuna Lake the
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occurrence of Aulacoseira species with significantly higher DOC optima coincides with the 

occurrence of birch forest-tundra in the catchment of the lake and the Holocene 

hypsithermal (c. 8,000 - 5,400 cal BP, e.g. Dahl and Nesje, 1996). The end of the climate 

optimum and the onset of the climate cooling from c. 5,500/5,000 cal BP is reflected by the 

major change in diatom composition and the decrease in diatom-inferred DOC .

Reconstructed DOC from Chuna Lake seems to be insensitive to the effect of short-term 

climate fluctuations during the last 1000 years. However, the SWAP model, which was 

used to reconstruct DOC, may not be the most appropriate model for Chuna Lake. The 

SWAP model was used solely because it was the only available model at the time. It was 

shown in Chapter 6 that the SWAP model underestimates pH optima because pH 

distribution in the training set is skewed towards low pH values (5.5 - 5.7). Most lakes in 

SWAP also have low DOC, the DOC mean and median of the SWAP training set is 3.9 and 

2.8 mg r ’ respectively. It is therefore possible that the SWAP model also underestimates 

the DOC optima of Chuna diatoms, and therefore reconstructed DOC profile shows no 

relationship with the short-term climate fluctuations. Thus, the generation of an appropriate 

DOC transfer function for Chuna Lake and quantitative DOC reconstruction might give 

more information on the sensitivity of DOC to short-term climatic changes.

9.4.3.3 Diatom species richness

A strong correlation between diatom species richness and air temperature was found in a 

Swedish boreal lake by Anderson et a l (1996). The pronounced decrease in E(S) from 

Chuna Lake coinciding with the low temperatures of Little Ice Age might be related to the 

effect of colder temperatures. However, more data preferably with finer temporal resolution 

and more reliable chronology (e.g. varved sediments) are required to confirm this.

Generally, species richness is an integral indicator of ecosystem or community ecological 

status which may be influenced by many factors related both to ecosystem development and 

to external influences. It often depends on the stage of ecosystem development (May, 1973, 

Whittaker, 1975). For example, the increase in E(S) in DT II might be a result of maturing 

of the diatom community when a ‘pioneer’ group of species is replaced by a more complex 

assemblage comprising planktonic and meroplanktonic taxa which occupy more diverse 

ecological niches.
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Table 9.11 Response of the diatom-based sediment proxies from the Chuna sediment core to Holocene climate change

dt-pH dt-DOC,
mg/1

E(S) DAR,

10*̂ valves cm^ yr'̂

Major climate events Chronology, 
cal BP

Slow decline. Mean 
pH is the highest 

compared to the rest 
of the core

Relatively 
low DOC

Sharp increase. Mean 
E(S) is the lowest 

compared to the rest of 
the core

Decrease. Mean 
DAR is higher than 

the core average

Onset o f the Holocene 
climate optimum. A 
short-term cooling 

event by the end of the 
zone

9,000 - 8,000

Continuous decline 
at the same rate

Increase in 
DOC

Average increase in 
E(S), smaller 
fluctuations

Decrease in DAR 
compared to the 

previous zone. Mean 
DAR is close to the 

core mean

Holocene climate 
optimum. Climate 

warmer and drier than 
present

8,000 - 5,400

Continuous decline 
in pH at the same 

rate

Decrease in 
DOC

Significant increase in 
E(S). Highest mean 

E(S) for the core

Sharp increase in 
DAR with high 

amplitude of 
fluctuations

Onset o f the climate 
cooling, high 

amplitude of climate 
fluctuations

5,400 - 4,200

No change in pH, 
low amplitude of 

fluctuations

Further 
decrease in 

DOC

Decrease and 
stabilisation of E(S). 
Lower amplitude of 

fluctuations

Decrease in the 
mean DAR. Lower 

amplitude of 
fluctuations

Continuous climate 
cooling.

4,200 - 1000

No change in pH no apparent 
change

Gradual increase in 
E(S). Higher 
amplitude of 
fluctuations

Increase in the 
average DAR. High 
amplitude of DAR 

fluctuations

Possible short-term 
climate warming. 

Increase in moisture

1000 - 700/600

No change in pH no apparent 
change

Significant decrease in 
E(S)

Decrease in DAR. Short-term climate 
cooling. Continuos 

increase in moisture

600/500 - 
300/200

No change in pH no apparent 
change

Increase in E(S) 
compared to the 

previous zone

Decrease in DAR. Climate warming of 
the 20th century

last 100 years

U)o
00



The rise in E(S) may be also due to the increased water transparency which allowed the 

development of planktonic taxa. The substantial rise in E(S) between 5,000 and 4,000 cal 

BP coincides with the increased catchment erosion which might increase the nutrient 

inflow into the lake and lead to greater species diversity (c.f. Tilman and Downing, 1994).

9.4.3.4 Diatom accumulation rate (DAR)

Diatom accumulation rate can be used as an approximate estimate of diatom production 

(Battarbee, 1986, Anderson et a l, 1995). The DAR values should be treated with caution 

because of the possible errors incorporated in the method of its determination. A better 

way of assessing the diatom production is probably measuring biogenic silica in the 

sediments (e.g. Engstrom and Wright, 1984). However, as there was insufficient sediment 

to analyse biogenic silica (Chapter 8) the DAR values had to be used instead. Extremely 

low and high DAR values were ignored and average values calculated for each of five DT 

zones were used to assess the level of diatom production.

Generally, the relationship between diatom production and climate is not straightforward. 

The diatom production is mainly determined by nutrient supply (e.g. Anderson et al, 

1995, 1996). In many cases climate change may alter the supply of nutrients to the lake 

(e.g. via increased erosion or weathering) thus leading to the change in the diatom 

productivity. For example, in lakes from West Greenland (Willemse and Tomqvist, 1999) 

diatom productivity was directly correlated with air temperature throughout the Holocene. 

In Canadian boreal lakes, an increase in total diatom concentration was also associated 

with warmer climate (MacDonald et a l, 1993).

Relatively high levels of diatom production between 9,000 and 8,000 cal BP may be 

related to the dominance of the ‘pioneering’ Stauroforma and Fragilaria taxa which are 

typical ‘r-species’ (small size, high production rates, fast growth) (Pianka, 1994). 

However, DAR shows no correlation with LOI (Figure 9.7). This may be due to the effect 

of biogenic silica on LOI values.

The comparatively low values of DAR between 8,000 and 5,000 cal BP show no 

correlation with increased temperatures during the Holocene climatic optimum. The sharp 

increase in DAR between 5,000 and 4,000 cal BP may be a result of diatom blooms due to
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an increase in nutrient supply via increased erosion (Figure 9.1a). During the last 4,000 

years DAR values generally decrease. Increased values of DAR between about 1,200 and 

900 cal BP are likely to reflect the slightly overestimated sediment accumulation rate 

during that period (Chapter 7, Table 7.1) rather than short-term climate fluctuations.

On the whole, diatom production assessed by the diatom accumulation rate shows no 

apparent correlation with the changes in climate. Diatom production as assessed by DAR 

in Chuna Lake might be more sensitive to nutrient loading rather than to climate influence.

9.5 Summary

• The environmental history of Chuna Lake can be divided into two major periods. The 

first period covers the early and mid Holocene (9,000 - 4,200 cal BP). It is 

characterised by the major floristic changes, natural acidification, changes in DOC, 

species richness and DCA sample scores. During the second period (4,200 cal BP - 

present time) no evidence of pH and DOC changes was found, the diatom 

composition, species richness and DCA sample scores show little change compared to 

the first period.

• Floristic changes during the first period of the lake development, i.e. change from the 

assemblage dominated by Fragilaria/Stauroforma to the Stauroforma!Aulacoseira 

dominated assemblage and then to the assemblages dominated by 

Brachysira!PinnularialFrustulia have occurred in other arctic lakes during the 

early/mid Holocene.

• A complex of factors including natural acidification, changes in DOC, climate and 

vegetation change, paludification are responsible for the above floristic changes. A 

substantial proportion of variance in diatom data explained by pollen data indicates the 

importance of climatic influence on the diatom assemblages of Chuna Lake.

• No apparent evidence of recent anthropogenic acidification has been found in Chuna 

Lake. The lake ecosystem is also unaffected by the short-term climatic events of the 

last 2,000 years, although the drop in species richness between 600 and 200 cal BP
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might be attributed to the effect of the Little Ice Age.

Diatom-based indicators from the Chuna sediment record show different responses to 

climate change. Diatom-inferred DOC appears to be the most sensitive to climate 

change. Generation of an appropriate transfer function for quantitative DOC 

reconstruction would be useful for quantitative assessment of DOC-climate 

relationship.

Diatom species richness also shows positive correlation with climate change. 

However, the response of this parameter to climate is complex as it may be related to 

several other ecological and environmental factors.

Diatom-inferred pH in Chuna Lake appears to be insensitive to the change in climate, 

although upland arctic Chuna Lake is analogous to Italian alpine lakes where pH 

positively correlated with temperature. One of the reasons may be the generally higher 

pH and alkalinity in Chuna Lake. The climate-pH relationship is also possibly more 

pronounced under drier climate conditions. Therefore lake acidity could be more 

useful climate indicator in a more arid climatic zone.

Diatom productivity also shows no correlation with the climate. However, high 

variability in DAR values in the Chuna sediment core could mask the climate signal.
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CHAPTER TEN

DISCUSSION

10.1 Introduction

This chapter presents an overall discussion of the environmental history of Chuna Lake and its 

catchment during the Holocene. In the first part of this chapter, the results discussed in 

Chapters 7 -  9 are summarized and the regional climate changes and environmental changes 

in the catchment of Chuna Lake during the last 9,000 years are inferred.

In the second part of the chapter, the Chuna Lake record of Holocene environmental changes 

is compared with the broader regional and continental-scale climate data derived from 

different proxies (e.g. Greenland ice cores, glacial fluctuations, tree rings, pollen, lake-level 

changes). Regional (i.e. central Kola Peninsula) versus global (i.e. North Atlantic) 

environmental change is assessed by referring to the data from lakes from similar boreal, sub

arctic and arctic vegetation zones of the North Atlantic (i.e. Canada, Greenland, Iceland and 

Fennoscandia and northern European Russia). Overall conclusions for the thesis are presented 

in Chapter 11.

10.2 Climate and environmental changes inferred from the sediment record of Chuna 

Lake

Table 10.1 summarises the results discussed in Chapter 9 (section 9.3.9) by comparing 

the diatom stratigraphy during the Holocene with the climate and catchment vegetation 

changes inferred using the pollen sediment data (Chapter 7, Table 7.5) and with the 

environmental changes in the Chuna catchment reconstructed using the sediment 

chemistry (Chapter 8, Table 8.8).

The environmental history of Chuna Lake was divided into the two major periods 

according to the diatom stratigraphie changes (Chapter 9, section 9.3.9) The first period 

covers the time of the Holocene climate optimum (c. 9,000 - 5,400 cal BP) and the onset 

of the climate cooling during the late Holocene (c. 5,400 - 4,200 cal BP) in Northern
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Table 10.1 Summary of environmental history of Chuna Lake and its catchment

PERIOD I 

9,000 - 

4,200 

cal BP

Stages of 

Chuna Lake 

development

Diatom stratigraphie zones Sediment 

chemistry zones

Pollen stratigraphie 

zones

DT III E R H I POL III

4,900 - 4,200 cal BP 5,400 - 4,200 5,400 - 4,200

Increase in abundance of High variability The onset of climate

CH III Brachysira, Frustulia and in catchment deterioration. Betula
126 -114 cm 

5,000 - 4,200
Pinnularia, almost total erosion and retreats from the

disappearance of 

Stauroforma and 

Aulacoseira. Both pH and 

DOC decline. High and 

variable species richness.

leaching catchment of Chuna 

Lake. Occurrence of 

Pinus forest in the 

vicinity of Chuna 

Lake.

D TE E R II PO LE

8,000 - 4,900 8,000 - 5,400 8,000 - 5,400

Decrease in Stauroforma Development of The Holocene climate

spp. Successive dominance catchment optimum. Climate is
CH II and fall of several vegetation and warmer and drier than

154 -126 cm 

8,000 - 5,000
Aulacoseira taxa. Increase 

in DOC and species 

richness. Slow pH decline.

soils. present. Betula 

forest-tundra is likely 

to occur in the 

catchment.

D T I E R I PO LI

9,000 - 8,000 cal BP 9,000 - 7,700 cal 

BP

9,000 - 8,000 cal BP

Maximum of ‘pioneer’ Open recently The onset of the

CHI Stauroforma, Fragilaria, deglaciated Holocene climate
163 -154 cm appearance of several catchment with optimum. Open
9,000 ■ 8,000 Aulacoseira. Low species organically poor, alpine tundra in the

richness and DOC. 

Relatively high pH slowly 

decreases by the end of the 

zone

minerogenic soils catchment of Chuna 

Lake
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Table 10.1 (continued) Summary of environmental history of Chuna Lake and its catchment

PERIOD II 

4,200 cal BP 

present time

Stages of 

Chuna Lake 

development

CHIV 

114 - 0 cm 

4,200 cal BP 

present time

Diatom stratigraphie zones

DTV 

68 BP - present time

Dominance of Brachysira, 

Pinnularia and Frustulia 

taxa. Appearance of 

Stauroforma at low 

abundance. No evidence 

of recent acidification.

DT IV,

4,200 - 68 BP

No significant changes in 

the relative abundance of 

Brachysira, Pinnularia and 

Frustulia. DOC and pH 

remain at the same level.

Low variability of 

E(S)compared to DT III. 

Decrease in E(S) between 

560 and 280 cal BP.

Sediment 

chemistry zones

POL IV, 

4,200 - 900 cal BP

ERIV, Development of a

4,200 -1000 cal BP Sphagnum mire
Stable vegetation and tundra

cover with vegetation in the
organically poor catchment of
soils. Water table Chuna Lake.
in the catchment Climate becomes

gradually cooler and
increases. moister.

Pollen 

stratigraphie zones

ERV POLV

1000 - 300 cal BP 900 - 300 cal BP

Organically poor Establishment of

soils. Increase in the modem alpine

catchment tundra vegetation

erosion. in the catchment of 

Chuna Lake. 

Higher climate 

variability during 

the last 900 years.
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Fennoscandia (e.g. Eronen et al., 1999). This period is characterised by the major 

floristic changes in diatom composition, diatom species richness, diatom-inferred DOC 

and pH, and DCA diatom sample scores.

Although general climatic inferences based on the pollen stratigraphie data from Chuna Lake 

were made in Chapter 7 (section 7.5.9) the use of multiple proxy data allows more detailed 

and refined reconstructions of both climate and environmental conditions around the lake. 

Higher resolution of the diatom and sediment chemistry data also helps to detect short-term 

centennial scale, climatic fluctuations.

As stratigraphie boundaries of pollen, diatom and erosion zones between 9,000 and 

4,200 cal BP largely coincide, it was possible to subdivide the first period into three 

major CH stratigraphie zones which also reflect the major climate and environmental 

changes in Chuna Lake, its catchment and regional climate (see Table 10.1). 

Stratigraphie boundaries of zones CH I - CH HI are based on the diatom stratigraphy.

CH I (9,000 - 8,000 cal BP) reflects recently deglaciated lake dominated by pioneer 

diatom taxa. Bare, highly minerogenic soils and undeveloped vegetation were 

characteristic for the Chuna catchment then causing relatively high catchment erosion. 

The steep decrease in Betula relative abundance and the corresponding increase in Pinus 

abundance together with the high proportion of tree pollen implies climate warming and 

relatively dry summers and winters (e.g. KuUman, 1995, Seppa, 1996). The decrease in 

catchment erosion (see profile of K in Figure 10.1) also suggests the decrease in precipitation, 

especially in winter. In summary, the evidence of the Chuna sediment record indicates warm 

and dry climate between 9,000 and 8,000 in the central Kola Peninsula.

Within CH H, soils accumulated more organic matter and vegetation cover developed with 

birch forest-tundra occurring in the catchment of Chuna Lake as suggests Betula 

accumulation rate (Chapter 7, section 7.5.4.1 and Figure 10.1). The geochemical evidence 

indicate the increase in both leaching and supply of organic matter to the lake (Chapter 8, 

section 8.2.2, and Figure 10.1). At the same time, erosion decreased and water became more 

transparent. Enhanced DOC and higher water transparency possibly created conditions 

favoured by planktonic diatoms and the diatom community of Chuna Lake became more
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diverse. The shift of Betula forest into the Chuna catchment implies relatively high summer 

temperature (e.g. Payette et al, 1989, KuUman, 1995). The high relative abundance of Pinus 

(Figure 10.1) indicates the maximum spread of pine forests in the Kola Peninsula and 

Northern Fennoscandia which is additional evidence of warm temperatures and relatively dry 

climate (e.g. Seppa, 1996).

At the end of CH II (from c. 5,400 cal BP), birch forest-tundra started to retreat from the 

catchment of the lake but the diatom changes largely associated with the treeline shift 

occurred only c. 400 years later, in CH HI (Table 10.1). Apparently, it took c. 400 years 

for the lake ecosystem to adjust to the changed vegetation and soil conditions in the 

catchment (see Figure 10.1). In CH HI, (4,900 - 4,200 cal BP) planktonic diatoms and 

Stauroforma totally disappeared apparently due to the decline in DOC caused by the 

retreat of the treeline. Overall erosion level also increased and this might be another 

factor affecting the diatom composition in CH III. A significant relationship between 

diatom and pollen changes during this period was revealed by CCA (Chapter 9, section 

9.4). The results of CCA in Chapter 5 (section S.5.7.4) also suggest a strong, 

statistically significant relationship between modem diatom assemblages and catchment 

vegetation and soils of Chuna Lake. The high correlation between pollen and diatom 

changes was also described in the Holocene cores from Canadian and Swedish boreal 

lakes (MacDonald et al., 1993, Korsman et a l, 1994, Anderson et a l, 1996, Pienitz et 

a l, 1999).

A retreat of the treeline at the end of CH II coincided with the decrease in Pinus 

abundance and the proportion of the tree pollen which implies that the late-Holocene 

cooling in the central Kola Peninsula started from c. 5,400 cal BP.

Overall, the diatom stratigraphie changes, changes in E(S) and DOC during the first 

period of Chuna Lake development (9,000 - 4,200 cal BP) are related to the major 

changes in pollen sediment composition, the shift in the birch forest boundary in the lake 

catchment and changes in erosion, leaching and sediment organic content although the 

stratigraphie boundaries of POL, DT, and ER zones do not always coincide (Table

10. 1).
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Figure 10.1 Chuna Lake: stratigraphie changes in major sediment climate proxies
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During the second period (CH IV, 4,200 cal BP - present time) which coincides with the 

late-Holocene climate deterioration the lake ecosystem stabilised and the changes in the 

diatom composition, diatom-inferred pH and DOC, diatom species richness and DCA 

diatom sample scores were generally much less conspicuous than during the first period. 

An increase in water table and development of a Sphagnum mire in the catchment of 

Chuna Lake both indicate increasing humidity. Alpine tundra vegetation gradually 

became established in the catchment of Chuna Lake during the second period (Table

10 . 1).

From c. 4,200 cal BP the changes in pollen and sediment chemistry become 

asynchronous with the diatom floristic changes. The changes in the catchment erosion 

and in the pollen data during the last 1000 years show no clear relationship with the 

floristic changes in the lake diatom assemblages, diatom-inferred DOC or pH. The 

decrease in diatom species richness coefficient E(S) between 570 and 290 cal BP (Table

10.1) is more likely to be related directly to the climate cooling during the Little Ice Age 

(Briffa et a l, 1990) than to the increase in erosion from 46 cm (1,000 cal BP). However, 

more diatom data preferably from varved sediment are required to confirm this.

10.3 Chuna sediment record and climate changes in the North Atlantic during the last

9,000 years

10.3.1 Introduction

In this part of the chapter, the climate changes inferred using the-proxy sediment record from 

Chuna Lake are compared with the climatic inferences from the North Atlantic. Vegetation 

changes in Fennoscandia during the Holocene were often asynchronous with climate (Chapter 

1). The migration of the main tree species (i.e. Pinus and Betula) was not always in 

equilibrium with the climate but was also dependent on a number of biotic and abiotic factors 

including the direction of deglaciation from North East to South West, post-glacial soil 

development and pine and birch autoecology. Thus, pollen-based climate reconstructions may 

not reflect the actual changes in climate, especially during the first half of the Holocene. 

Therefore other climate indicators, namely sediment magnetic properties, sediment chemistry, 

glacier fluctuations, 5^*0 profiles from GRIP and GISP2 cores, lake-level records, diatom and 

cladoceran changes, dendroclimatological and macrofossils evidence, were used together with
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the pollen data to con^are with the climate changes inferred from the Chuna sediment core. 

Figure 10.2 compares climate reconstruction based on the evidence from Chuna sediment 

record with 6^*0 profiles from GRIP (Johnsen et ah, 1997); temperature and moisture 

fluctuations inferred from the pine limit from the Scandes mountains (Dahl and Nesje, 1996) 

and temperature and lake level fluctuations reconstructed using pine macrofossils and pollen 

from Finish Lapland (Eronen et a l, 1999).

The main reference sites in Fennoscandia are listed in Table 1, Appendix 7. Other reference 

sites include boreal, sub-arctic and arctic zones of Canada, Fennoscandia, Greenland, Iceland, 

and European Russia. The Holocene climate change is discussed only within the temporal 

limits covered by the Chuna sediment core (i.e. the last 9,000 years). The Younger Dryas- 

Preboreal climate change is excluded from the discussion. The temporal boundaries of the 

discussed periods are based on the pollen stratigraphie zones POL (Table 10.1). Many '"̂ C 

dates, particularly in the early studies, are uncalibrated, which makes the comparison with the 

results of the Chuna reconstructions more difficult. To make comparisons easier, both 

calibrated and uncalibrated "̂̂C dates are given in the discussion. Calibrated dates are 

assigned as ‘cal BP’, uncalibrated dates as ‘BP’.

10.3.2 Discussion

10.3.2.1 9,000-8,000 cal BP

The amelioration of climate reflected by the high Betula and rising Pinus abundance in the 

Chuna sediment core from 9,000 cal BP was a widespread event of the early Holocene which 

started from c. 11, 000 cal BP with the onset of the interglacial (Bell and Walker, 1992, 

Webb et a l, 1993, Johnsen et a l, 1997, Stuiver et a l, 1995). Numerous pollen, lake-level, 

ice-core, sediment chemistry data etc. are indicative of the relatively high temperatures 

between 9,000 and 8,000 cal BP in the North Atlantic. For example, the mean summer 

temperature is estimated to be 1.2 °C higher at around 9,000 cal BP than today in central 

south Norway according to the glacier fluctuations and pine tree limit (Dahl and Nesje, 1996). 

The spread of pine forests associated with the increase both in winter and summer 

temperature (KuUman, 1995, Seppa, 1996) occurred in the north-east of Norway (Varanger 

and Nordkinn Peninsulas) from as early as 10,290 cal BP (Seppa, 1996). Pinus forest 

became dominant aU over Northern Fennoscandia and the Kola Peninsula from c. 8,500 -

8,000 cal BP (e.g. Hyvarinen, 1975, 1976, Karlen 1976, Lebedeva et al, 1989, Kremenetski
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et al, 1997, 1999).

The maximum altitude of pine in the Scandes mountains was reached at c. 8,250 BP 

(KuUman, 1995) and this is an indication of relatively high temperatures at that time. During 

the early Holocene (c. 8,000 - 8,500 BP) the northernmost positions were also reached by 

spruce in the north-western Canada (Payette and Lavoie, 1994). The tenperature increase at

9,000 cal BP is also reflected by the increase in from Summit ice in GRIP and GISP2 

cores (Dansgaard et al, 1993, Stuiver et a l, 1995, Johnsen et al, 1997, Figure 10.2) and the 

increase in sediment organic content in cores from West Greenland (WiUemse and Tomqvist, 

1999). The poUen data from northern Canada (e.g. Ritchie et al, 1983), and the north of 

European Russia (i.e. Pechora river basin, Ural mountains, see Khotinskii, 1984, Velichko et 

al, 1997, Kremenetski et al, 1998) also imply climate warming.

Despite the general trend towards warming, cUmate during the first half of the Holocene was 

not homogenous. A sudden cooling clearly detectable in the Greenland ice cores (e.g. AUey 

et al, 1997, Johnsen et al, 1997, Figure 10.2) occurred at c. 8,200 cal BP leading to a drier 

and cooler climate for c. 100 - 200 years. Adams et a l (1999) relate this sudden early 

Holocene cooling to the 1,500-year climate cycle found for the last glacial and earlier glacial 

periods (e.g. Bond et al, 1997). Although most poUen data show almost no evidence of this 

cooling, the glacier fluctuations in the Scandes Mountains (Karlen 1976, KuUman, 1995) and 

in central south Norway (Dahl and Nesje, 1996), and the fluctuations of organic matter in 

West Greenland sediment cores reflect this event. The Chuna sediment record shows no clear 

evidence of the cUmate cooUng at 8,200 cal BP although the short-term drop in diatom 

accumulation rate, diatom species richness and poUen species richness (Figure 10.1) may be 

an indication of this event. Apparently a sub-century resolution of the analysis is required to 

detect this short-term cUmate fluctuation.

WhUe the early Holocene temperature increase was a widespread event in the North Atlantic 

region, the humidity reconstructions sometime are more equivocal. On one hand, the lake 

level data (e.g. Digerfeldt, 1988, Vassiljev et a l, 1998) suggest the drier conditions prior to

9,500 BP and then sharp increase in humidity from c. 9,000 BP in the Southern Scandinavia. 

Glacier fluctuations (Dahl and Nesje, 1996) from southern Norway and data on peat 

formation from southern Finland (Korhola, 1995) also imply wetter conditions after c. 9,000
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cal BP. On the other hand, cladoceran and diatom evidence from the lakes in Western 

Lapland (Hyvarinen and Alhonen, 1994) together with pine-macrofossil and 

denrochronological data from Finnish Lapland (Eronen et a l, 1999) and pollen data (Seppa, 

1996) indicate drier conditions in the far north of Fennoscandia. This agrees with the evidence 

from the Chuna sediment core. Drier and more continental climate is also inferred from the 

treeline fluctuations in the Scandes mountains (KuUman, 1993). The evidence from Chuna 

Lake suggests drier conditions at that period of time in the central Kola Peninsula and this 

agrees with the poUen data from the western part of the Kola Peninsula (Lebedeva et al, 

1989). Apparently, the north-south humidity gradient existed in the Fennoscandia during the 

first half of the Holocene (Eronen et al, 1999).

10.3.2.2 8,000 - 5,400 cal BP

This period is characterised by warm and dry climate according to the sediment record from 

Chuna Lake (Table 10.1). At this time pine-birch forest achieved its maximum cover in 

Northern Fennoscandia (Sorsa, 1965, Hyvarinen, 1975, 1976, Eronen and Hyvarinen, 1982, 

Seppa, 1996, Eronen et al, 1999) and the Kola Peninsula (Lebedeva et a l, 1989, 

Kremenetski et al, 1997, 1999). The northward shift of the pine treeline in Swedish Lapland 

(Karlen, 1976) together with the evidence from sediment magnetic properties, poUen and 

glacier fluctuations in the Abisko region (Berglund et a l, 1996, SnowbaU, 1996, Bamekow, 

1999) are other indications of the mid-climate optimum in Fennoscandia. The macrofossU 

data from Spitsbergen also suggest a warmer climate between 8,000 and 4,000 BP (Birks, 

1991).

The mid-Holocene thermal maximum has also been inferred from poUen data in many sites in 

the north of European Russia (Khotinski, 1984, Velichko et a l, 1997, Kremenetski et al, 

1999). The proxy data from North America also show temperature increase during the mid- 

Holocene although the warming was asynchronous. The Holocene temperature maximum 

occurred significantly later in eastern Canada (Quebec -  Labrador) between 5,000 and 4,000 

BP because of the late deglaciation at c. 6,000 BP (Gajewski et al, 1993, MacDonald et al, 

1993, Payette and Lavoie, 1994, Pienitz et al, 1999). This considerable difference in the 

timing of deglaciation is apparently related to the asynchronous shifts in the summer position 

of the Arctic front (Pienitz et al, 1999).
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Figure 10.2 Com parison of the Holocene climate changes inferred from the Chuna sediment record with the climate 
reconstructions based on pine macrofossils and pollen data from Finnish Lapland (Eronen et al. , 1999), pine 
macrofossils from the Scandes m ountains (Dahl and Nesje, 1996) and 0*^0 from GRI P ice core (Johnsen et al. , 1997),
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Temperature reconstructions based on the evidence from the Greenland ice cores (Stuiver et 

al, 1995, Johnsen et al, 1997) generally agree with the multiproxy data from the North 

Atlantic although changes in vegetation and treeline do not reflect high resolution fluctuations 

of 0^*0. The profile of 6^*0 from GRIP show a temperature maximum between 8,000 and

7,000 cal BP and then slow decline up to a short-term temperature increase between 6,000 

and 5,500 cal BP (Johnsen et al, 1997, Figure 10.2). The temperature profiles inferred from 

glacier fluctuations in the south-central Norway (Dahl and Nesje, 1996) match closely the 

GRIP and GISP2 evidence.

The mid-Holocene distribution of humidity in Scandinavia remained similar to the earlier time 

between 9,000 and 8,000 cal BP discussed above. Relatively dry continental climate occurred 

during the mid-Holocene in western Finland (Hyvarinen and Alhonen, 1994), north-eastern 

Sweden (Abisko valley. Snowball, 1996), south-central Sweden (Almquist-Jacobson, 1995) 

and Finnish Lapland (Eronen et al, 1999, see Figure 10.2) and the relatively wet oceanic 

climate and increase in moisture during the mid-Holocene are reported for the Scandes 

mountains (KuUman, 1995), south Finland (Korhola, 1995), south central Norway (Dahl and 

Nesje, 1996) and south Sweden (Digerfeldt, 1988). The data from the Chuna sediment core 

fit weU with the patterns of humidity distribution during the early and mid-Holocene.

The higher temperatures in the high latitudes of the Northern Hemisphere in the early and 

mid-Holocene are commonly attributed to the increase in the summer solar radiation by 8% - 

10% due to the ‘MUankovich’ tüt of the earth’s orbit at around 11,000 cal BP (Webb et al, 

1993, Kutzbach and Ruddiman, 1993). The foUowing development of soils and vegetation, 

the spread of forests and the melting of ice sheets would have decreased albedo of the earth’s 

surface and this in turn increased mid-Holocene temperatures by extra 1-2 °C in boreal 

regions (Foley et a l, 1994, Kutzbach et al, 1996).

10.3.2.3 5,400-4,200 cal BP

In the Chuna sediment core, the period from 5,400 to 4,200 cal BP is characterised by higher 

climate variability and climate deterioration. Extensive evidence from Fennoscandia based on 

the retreat of the pine treeline suggests climate cooling from c. 5,000- 4,500 cal BP 

(Hyvarinen, 1975, 1976, Eronen and Huttunen, 1993, KuUman, 1995). According to the 

dendrocUmatological data from the sub-arctic region of Fennoscandia to the north of lake
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Inari climate became more variable after c. 5,000 BP (Eronen et al,  1994, 1999, Zetteberg et 

al,  1994). An earlier retreat of the pine and birch treeline (starting from c. 6,000 cal BP) was 

found in the Nordkinn Peninsula in Norway (Seppa, 1996). An increased variability of winter 

precipitation between 5,000 and 4,000 cal BP was coupled with a temperature decrease from

5,000 cal BP in south central Norway (Dahl and Nesje, 1996). An increased glacier activity 

and a decrease in the altitude of pine growth from c. 4,500 BP which occurred in Swedish 

Lapland also suggest climate cooling (Karlen, 1976).

The retreat of the pine treeline from c. 5,000 BP has also been observed in the Kola 

Peninsula, Karelia and the Pechora river basin (Davydova and Servant-Vildary, 1996, 

Kremenetski et al,  1999). The northward shift of the birch and spruce treeline from c. 

6,000/5,000 BP in coastal British Columbia also indicates climate cooling (Pellatt and 

Mathews, 1997). In the Greenland ice cores the period from 5,000 to 4,000 cal BP is 

characterised by a short-term drop in the temperature especially pronounced in GISP2 

(StuivQT et al,  1995).

10.3.2.4 4,200 - 900 cal BP

The sediment record from Chuna Lake indicates continuous climate cooling together with 

possible increase in moisture between 4,200 and 1000 years (Figure 10.2) . This agrees with 

the pollen (Hyvarinen, 1975, 1976, Eronen and Hyvarinen, 1983, Seppa, 1996), macrofossil 

(Eronen and Hyvarinen, 1983, Birks, 1991, Kullman, 1995), dendroclimatological (Eronen 

and Huttunen, 1993, Eronen et al,  1994, 1999) and glacier evidence (Karlen 1976, Dahl and 

Nesje, 1996) from both Fennoscandia and the North Atlantic. Increased lake water levels are 

reported for many lakes from northern Europe from 5,000 BP (Digerfeldt, 1988, Harrison et 

al,  1997) or after 4,000 BP (Hyvarinen and Alhonen, 1994). The relatively late retreat of 

pine in the Abisko valley from around 3,500 BP (Berglund et al,  1996) together with the 

evidence from sediment magnetic properties and glacier activity from c. 3,000 BP (Snowball, 

1996) also suggest a climate cooling in the late Holocene period. More intensive peat 

initiation between 4,300 and 3,000 cal BP in southern Finland (Korhola, 1995) and between 

3,300 and 2,700 cal BP in south-eastern Finland (Makila, 1997) indicate increased humidity 

during these periods. Glacier advances at c. 4,700 BP, 4,200 and 3,200 BP in Iceland also 

mark climatic minima (Stotter et al,  1999).
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In the north-east of Canada, the spruce retreat after c. 3,500/3,000 BP corresponds with the 

climate cooling during the late Holocene (MacDonald et a l, 1993, Payette and Lavoie, 1994, 

Pienitz et al, 1999). The pronounced decrease in temperature from c. 3,000 cal BP is 

evident ft"om GRIP and GISP profiles (Stuiver et a l, 1995, 1997, Johnsen et al, 1997, 

see Figure 10.2).

10.3.2.5 last 900 years

The multiproxy sediment record fi*om Chuna Lake provides evidence for the increased 

climate instability and the short-term climate cooling during the last 1000 years (Figure 10.1., 

Chapter 8, Figure 8.10, Chapter 9, Figures 9.4, 9.7). This generally agrees with the results 

from the North Atlantic region. One of the most pronounced features during the last 1000 

years is the climate cooling termed ‘Little Ice Age’. This relatively short-term climate episode 

is inferred fi*om many proxy records both in Europe and North America (e.g. Lamb, 1977). It 

is also confirmed by historical records (Bell and Walker, 1992) and may have led to the 

demise of Norse colonies in Greenland (Barlow et a l, 1997). According to the 

dendroclimatological evidence fi*om Fennoscandia (Briffa et a l, 1990), the Little Ice Age 

lasted only from 1570 to 1650 AD there. The evidence fi*om ice cores from Svalbard 

(Tarrussov, 1992) and from Arctic Canada and Alaska (Jacoby and D’Arrigo, 1989, 

D’Arrigo and Jacoby, 1993) gives broader time interval of the short-term Holocene cooling 

(from c. 1600 to 1800 AD). In Iceland the Little Ice age ended in the mid-19th century 

(Stotter et al, 1999). According to the evidence from the Chuna sediment core, (diatom 

species richness. Table 10.1) the short-term climate cooling occurred between 1400/1500 and 

1700/1800 AD. The effects of the Little Ice Age are also seen in the re-advance of the 

mountain glaciers in Fennoscandia (Karlen, 1976, Dahl and Nesje, 1996), in the largest 

change in polar circulation reflected by the increase in wind-blown salt in ice cores (Mayevski 

et al, 1997), and in the pollen records from the east of North America (Gajewski, 1987). The 

changes in the high resolution multiply proxy sediment record from Lochan Uaine, Scotland 

(e.g. increase in erosion) might also suggest the cooling during the Little Ice Age (Barber et 

al, 1999).

Several cold episodes occurred after c. 5,000 BP (e.g. at c. 4,800 cal BP, at c. 3,000 cal BP) 

in the North Atlantic with the Little Ice Age being probably the most profound (Adams et al,

1999). Although various explanations of century-scale climate changes have been put
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forward it is still unclear how climate can change so rapidly on a large scale. The principal 

climate forcing mechanisms behind this short-term climate fluctuation include (1) the 

increased albedo due to the increased volcanic dust in the atmosphere (e.g. Mosley- 

Thompson et al, 1993, Zielinski, 1995); (2) changes in the North Atlantic circulation 

(Rahmstorf, 1994); (3) solar forcing (Stuiver et a l, 1997); and (4) the internal variability of 

Earth’s climate (e.g. 1,500-year Dansgaard-Oeschger cycle) (Adams et a l, 1999).

On the whole, the chronology of climate change inferred using the multiproxy sediment 

record from Chuna Lake agrees with the Fennoscandian climate reconstructions based on the 

pollen data (e.g. 1996, Hyvarinen, 1975, 1976, Prentice, 1982, Berglund et al, 1996, Seppa, 

1996), glacier fluctuations, sediment chemistry and magnetic sediment properties (Karlen, 

1976, Snowball, 1996, Dahl and Nesje, 1996, Kauppila and Salonen, 1997, ), tree rings 

(Briffa et al, 1990, Eronen et al, 1994, 1996) and the tree macrofossils (Kullman 1993, 

1995, 1998b). The chronology of climate change inferred from the Chuna sediment record 

also agrees with the broader climate fluctuations in the North Atlantic region. Climate 

cooling during the late Holocene occurred slightly earlier (c. 5,400 cal BP) according to the 

evidence from Chuna Lake compared to the climate reconstructions from more western sites. 

This east-west gradient is clearly seen in Figure 10.2. However, in many cases, especially with 

the earlier climate reconstructions, the dates could be imprecise and it would be therefore 

premature to draw major conclusions about the time-transgressive nature of the late 

Holocene cooling in the North Atlantic.
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CHAPTER ELEVEN

CONCLUSIONS

The main objective of this thesis is to study Holocene environmental and climate change using 

the lake sediments from an upland lake from arctic Russia. In order to achieve this, (1) a 

calibration data set of lakes was generated; (2) relationships between environmental 

characteristics and distribution of pollen in lake sediments were analysed; (3) relationships 

between diatoms and water chemistry and catchment characteristics were studied and a 

diatom-pH transfer function was developed; (4) the Holocene core from Chuna Lake was 

analysed for pollen, diatoms, sediment chemistry and magnetic characteristics; past pH and 

DOC were reconstructed, and Holocene climatic and environmental changes were inferred.

Overall, this is a first study in the Kola Peninsula where relationships between modem pollen, 

diatom and environmental data are quantified using numerical methods. For the first time, a 

pH-diatom transfer function was generated for lakes from the Kola Peninsula, and lake pH 

was quantitatively reconstmcted over the Holocene period. An application of a multiproxy 

approach to analysis of a lake sediment core for reconstructing past environments and climate 

is also novel for this region.

11.1 Modem pollen spectra

Modem pollen assemblages from the KOLA lakes are typical for Northem Fennoscandia and 

arctic regions in general. Pollen spectra are dominated by the windbome tree poUen {Pinus 

and Betuld). In the tundra and forest-tundra lakes exotic tree pollen comprises up to 60% of 

abundance. Low species diversity is another typical feature of the KOLA pollen assemblages, 

in total they comprise 33 pollen taxa.

In the KOLA training set four major pollen assemblages were identified: a forest 'Pinus' 

assemblage, assemblage of alpine lakes {Diphasiastrum alpinum, Lycopdium clavatum, 

Huperzia selago and B-C-M), assemblage of eastem tundra lakes (Ericaceae, Empetrum, 

Cyperaceae, Dryopteris-iype and Gymnocarpium dryopteris) and inland tundra and
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forest-tundra lakes (Betula and Salix). Climate related biogeographical variables 

(altitude, longitude and latitude) are the main measured parameters controlling pollen 

distribution within the lakes of the training set.

The lack of available climate data and the small size of the pollen training set prevented 

the generation of a pollen-climate transfer function and therefore quantitative climate 

reconstructions were impossible. However, modem analogue matching facilitated 

qualitative vegetation reconstructions. Analogue matching technique was applied for the 

first time for vegetation reconstmction in the Kola Peninsula.

11.2 Modern diatom assemblages and pH transfer function

The surface sediment diatom flora from 25 KOLA lakes is typical for oligotrophic, 

diluted arctic and alpine lakes. The diatom assemblages from the KOLA lakes are close 

floristically to the assemblages from the ALFE lakes and to the assemblages from North 

Swedish training set of lakes.

pH, maximum depth, longitude/% forest and TOC/water colour were identified as the most 

influential environmental variables in the KOLA training set of lakes and this agrees with 

the findings of other authors working in similar arctic regions, namely northem Canada 

and Fennoscandia.

The results of this study confirm the important role of pH in influencing the diatom 

distribution. pH is the strongest variable in the training set and its effect on the diatom 

distribution is statistically significant. These allowed generation of a pH-diatom transfer 

function.

In the KOLA training set, the effect of longitude on diatom distribution is mainly related to 

the influence of catchment vegetation and soils which are indirectly influenced by climate. 

This highlights the important role of climate related characteristics in controlling diatom 

distribution in small northem low-electrolyte lakes and this is an important imphcation. 

Although in the absence of the long-term climate data it was impossible to disentangle 

the direct effect of temperature on diatom distribution from the influence of catchment 

soils and vegetation, this study shows that chmate driven catchment characteristics and
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lake morphometry are as important as water chemistry in influencing diatom distribution 

in arctic lakes.

Despite the strong relationship between pH and diatoms in the KOLA training set, the 

predictive abilities of the SWAP and AL:PE models are higher than the predictive abilities of 

the KOLA model. The main reasons for the poorer performance of the KOLA model are 

shorter pH gradient, the skewed distribution of lake pH and the smaller size of the KOLA 

data set.

The results of this study show that diatom pH optima generated in a training set of lakes 

depend primarily on the gradient and distribution of pH values among the lakes from the 

training set. Lake biogeography, catchment vegetation and geology as well as water 

chemistry play a secondary role. This is an important finding which implies that the most 

robust diatom-pH model can be developed in a training set with a long pH gradient and a 

normal pH distribution and that it is possible to amalgamate training sets of lakes from 

different biogeographical regions in order to achieve the best results.

11.3 Development of Chuna Lake and Holocene climate and environmental change

The environmental history of Chuna Lake was reconstructed using the diatom, pollen and 

sediment chemistry proxies fi*om the sediment core and can be divided into two major 

periods. The first period covers the early and mid Holocene (9,000 - 4,200 cal BP) and 

characterized by the major diatom floristic changes, natural acidification, changes in DOC, 

species richness and DCA sample scores. The diatom changes during the first period are 

correlated with the changes in catchment and regional vegetation and changes in sediment 

chemistry. During the second period (4,200 cal BP - present time) no evidence of pH and 

DOC changes was found, the diatom composition, species richness and DCA sample scores 

show little change compared to the first period. No significant relationship was revealed 

between diatom and pollen and sediment chemistry indicators during the second period.

The catchment of Chuna lake was deglaciated at around 9,000 cal BP. Arctic desert/ 

alpine tundra vegetation on undeveloped minerogenic soils prevailed in the catchment 

between 9,000 and 8,000 cal BP. Diatom assemblages were dominated by pioneer taxa
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Stauroforma and Fragilaria. From about 8,000 cal BP, the organic content of the 

catchment soils increased and Betula forest-tundra was likely to occur in the catchment 

of the lake. This is correlated with the high DOC values in Chuna Lake. The occurrence 

of birch woodland coincided with the Holocene hypsithermal when the temperatures 

were likely to be 1-2 °C higher than at present. Planktonic Aulacoseira occurred in the 

lake and the overall species richness increased. From about 5,400 the climate became 

cooler and moister, the climate variability increased and birch forest-tundra retreated. A 

Sphagnum peat mire started to develop in the catchment from about 4,200 cal BP. 

Brachysira Pinnularia and Frustulia became dominant taxa and remain so at present.

Similar changes in diatom composition have occurred in other arctic lakes during the early 

and mid Holocene. In Chuna Lake these floristic changes were probably caused by a number 

of environmental factors, namely natural acidification, changes in DOC, climate and 

vegetation change and, possibly, paludification. A substantial proportion of variance in 

diatom data explained by pollen data indicates the importance of climatic influence on the 

fossil diatom assemblages from Chuna Lake.

During the last 1,000 years, the alpine tundra, which is analogous to the modem 

vegetation in the Chuna catchment, has been occurring in the catchment of the lake. The 

diatom flora remains largely the same since c. 4,200 cal BP. Unlike many other lakes in 

the Kola Peninsula, Chuna Lake seems to be unaffected by recent anthropogenic 

acidification. The effect of short-term climate events (e.g. Little Ice Age) on Chuna Lake 

is unclear. Although the drop in diatom species richness between c. 1400 -  1800 AD 

coincides with the timing of the Little Ice Age, no other sediment climate indicator from 

Chuna Lake has shown correlation with this event. More high resolution diatom, pollen 

and macrofossil data, preferably from varved sediments, are required to confirm whether 

Little Ice Age was as pronounced in the Kola Peninsula as it was in the rest of Northem 

Fennoscandia.

The results of pollen analysis confirm the earlier findings that spread of pine forest was 

diachronous Fennoscandia. A maximum of spmce expansion occurred at about 2,000 cal 

BP in the central Kola Peninsula and this agrees with the data from other parts of 

Northem Fennoscandia. Higher values of Corylus in the Chuna sediments compared to
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the western sites of Northern Fennoscandia are possibly due to the direction of Corylus 

spread from south east to north west during the Holocene.

Changes in the sediment climate proxies and stages of Chuna Lake development reflect 

the major climate patterns of the North Atlantic region during the Holocene, i.e. climate 

optimum between 9,000 and 5,400 cal BP and gradual climate deterioration during the 

last 5,400 years. The earlier part of the Holocene is likely to be drier than the second part 

in the central Kola Peninsula. This agrees with the occurrence of the north-south 

humidity gradient in Fennoscandia during the Holocene. The late Holocene cooling 

occurs slightly earlier in the central Kola Peninsula than in the western parts of the North 

Atlantic. However, it is unclear whether the late-Holocene cooling was time- 

transgressive in the North Atlantic. More data from easternmost sites of the Kola 

Peninsula would probably clarify this.

11.4 The role of different sediment proxies in climate reconstructions

The major climate inferences are based on pollen analysis. Relative abundances of pollen taxa, 

values of pollen accumulation rate, pollen species richness and PCA sample scores were used 

to determine the patterns of regional climate and the fluctuations of the Betula tree line in the 

catchment of Chuna lake. In the absence of a quantitative model, the use of several pollen- 

based indicators and modem pollen analogues strengthen the interpretation and allows 

climatic and environmental reconstruction to be made on both local and regional scales.

Analysis of changes in sediment erosion and leaching indicators (K, Ca, Ti and Ca/K), 

Mn, and biogenic indicators (LOI and S) facilitated the interpretation of pollen results 

and qualitative reconstmctions of the past catchment environments and 

humidity/precipitation. In the sediment core from Chuna Lake, manganese is a better 

environmental proxy than iron. The Mn profile largely reflects the topsoil erosion in the 

lower 64 cm of the core and the changes in the soil redox processes in the for 

concentrations reflect both erosion and redox processes in the upper 94 cm. Due to the 

low minerogenic content of the sediment core, the changes in the Mn profile, Fe/Mn 

ratio and mineral magnetic parameters were interpreted with greater caution.
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An important aim of the study was to assess the potential of diatoms in chmate and 

environmental reconstructions. In summary, it was shown that diatoms from upland 

oligotrophic remote lakes are sensitive to chmate change and this agrees with the recent 

studies of diatom-climate interactions in boreal and alpine lakes. In the KOLA data set, 

longitude and/or vegetation gradient significantly influence the diatom distribution and 

both of these variables are hnked to chmate. In Chuna Lake, the high percentage of 

variance in diatom data is explained by the regional pollen data in CCA and this confirms 

the strong relationship between diatom composition and both regional and catchment 

vegetation and soils. The changes in diatom composition, species richness and diatom 

inferred DOC are largely synchronous with the regional pollen change, shift of the tree 

hne and fluctuations in catchment erosion during the first part of the Holocene. The 

synchroneity of the diatom and pollen changes during the first half of the Holocene also 

highlights the sensitivity of diatom assemblages to climate change.

However, the changes in diatom assemblages from Chuna Lake are also driven by 

internal ecological factors (e.g. inter-species competition, degree of maturity of diatom 

assemblages). This is likely to be a principal reason behind the asynchroneity between 

diatom and pollen and catchment erosion response to climate variability during the 

second half of the Holocene when autochthonous ecological processes became more 

important than external climate influences.

In this study, sensitivities of several diatom-based proxies to climate were compared for the 

first time. In Chuna Lake the most sensitive diatom-inferred chmate proxy is DOC. Diatom 

species richness despite its high variabihty is another chmate-sensitive parameter. These two 

parameters were shown to be responsive to climate change in other studies. Although lake 

acidity appeared to be responsive to climate change in analogous alpine lakes it showed no 

correlation with the climate in the sediment core of Chuna lake. The higher pH and alkalinity 

of Chuna lake, the different water residence time, and the longer ice cover compared to the 

alpine lakes may be reasons behind the absence of a pH response to climate change.

The relationship between diatom productivity and climate is not clear fi-om the analysis of 

Chuna sediment core. More parameters (e.g. biogenic silica) are required to estimate the 

influence of climate on diatom productivity.
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This study confirmed that lacustrine diatoms are equally responsive to a variety of 

environmental and ecological factors. This may restrict the potential use of diatoms in 

quantitative climate reconstructions as it sometimes difficult to disentangle the effect of 

climate from influences of other environmental factors such as, for example, water 

chemistry. Although it was shown that a large proportion of variance in diatom data is 

explained by regional pollen signal (in Chuna Lake) and by vegetation gradient (in the 

KOLA training set), it is still unclear whether the changes in catchment soils and 

vegetation or regional climate change have most pronounced effect on diatom 

composition. In Chuna Lake and in the KOLA training set, chmate is one of the many 

factors controlling diatom distribution. However, it may be possible to identify a 

freshwater lake system where the effect of climate is more pronounced.

11.5 Recommendations for ftiture research

One of the drawbacks of this study is the absence of modem water and/or air temperature 

data for the sampled lakes and therefore impossibihty to test directly diatom-temperature 

relationship. This was due to the lack of the long-term temperature records in the study 

area. Therefore, one of the important recommendations is to choose a study area where 

climate temperature data is available. This would also facilitate generation of a 

quantitative pollen/climate model.

pH optima generated using the KOLA model suffer from relatively narrow range of pH 

gradient and skewed distribution of pH values between 6.2 and 6.9. Thus, the existing 

training set will benefit from including more alkahne and more acidic lakes or from 

amalgamation with the existing training sets, e.g. North Swedish or North Finnish sets of 

lakes. The predictive power of a quantitative pollen-temperature model will also 

improve if more lakes from floristically different boreal and tundra vegetation zones (e.g. 

spmce taiga or oceanic tundra) are included in the KOLA training set. Generally, 

enlargement of the KOLA training set will provide more modem analogues both for 

pollen and for diatom reconstmctions.

Within the framework of EDDI (European Diatom Data-base Initiative) the KOLA lakes 

are amalgamated with other European diatom training sets in order to generate a united
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training set for pH, salinity and nutrients. However, the EDDI training set is not 

designed for DOC reconstruction and therefore amalgamation of the KOLA data set with 

other training sets (e.g. North Swedish training set) to generate a DOC model is another 

challenge for future research. This will improve the accuracy of DOC reconstructions 

for the Kola Peninsula.

In this study, the lack of sediment material prevented from conducting additional analysis 

of biogenic silica and pollen analysis at higher resolution. Future research would benefit 

from pollen reconstructions at the same resolution as diatom analysis and the use of 

biogenic silica as estimate of diatom production. An ‘ideal’ way to obtain more precise 

estimates of diatom and pollen production will be measuring diatom and pollen influxes 

in sediment traps but this requires at least one or two years of monitoring which is not 

always possible in remote areas. The use of recently developed automatic sediment traps 

will facilitate this.

Effects of temperature on lake acidity and alkalinity generation are apparently more 

pronounced at lower pH and alkalinity levels and/or in drier climate conditions. 

Therefore in future it is important to choose a lake which fits in with these criteria. As 

the organic content of the Chuna sediment core is very high, determination of sources of 

organic matter using organic geochemistry (e.g. chlorins) would help in study of chmate 

effects on lake ecosystem.

Planktonic diatom taxa occurring in relatively deep lakes are likely to be more responsive to 

changes in climate than benthic taxa which normally dominate diatom assemblages of shallow 

lakes. This should be taken into account while choosing a lake system in future.

A study of the short-term climate effects on lake ecosystems would always benefit from a 

more rigorous dating control. This could be provided by using a varved sediment core. 

However, to date all known lakes with varved sediments are located in lowland areas often 

with human disturbance in the catchment and this is a disadvantage especially when study 

concerns climate change during the last 1000 years.
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In conclusion, this thesis has demonstrated that freshwater lake ecosystems from arctic Russia 

are sensitive to changes in climate. Principal challenges for future research include the 

identification of the most climate-sensitive freshwater lake systems and quantification of the 

lake response to global climate changes.
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APPENDIX 1 

STUDY AREA AND SITE DESCRIPTIONS

Table 1 Summary site descriptions

Lake

name

Location Altitude, 

m a.s.l.

Maximum  

depth, m

Area,

km^

Catchment

geology

Vegetation

zone

KOLAl 33°48' E; 

67°33' N

145 5 0.04 granite mixed forest

KOLA2 33°28' E; 

67°42' N

450 8 0.04 nepheline-

syenite

alpine birch 

forest-tundra

KOLA3 35°37' E; 

68°51'N

110 1.5 0.04 granite,

gneiss

birch forest- 

tundra

KOLA4 35°24' E; 

68°48' N'

150 7 0.04 granite birch forest- 

tundra

KOLAS 32°57E; 

69°14' N

101 19.2 0.04 granite birch forest- 

tundra

KOLA6 32°53' E; 

69°03' N

160 2.6 0.04 granite birch forest- 

tundra

KOLA7 32°37' E; 

69°11'N

240 7 0.04 granite birch forest- 

tundra

KOLAS 34°59' E; 

69°11'N

170 5.5 0.3 granite tundra

KOLA9 34°53' E; 

68°53' N

230 1.5 0.08 granite tundra

KOLAIO 34°53' E; 

68°57' N

260 4 0.04 granite tundra

KOLAll 34°58' E; 

69°3'N

110 12 0.28 granite tundra

KOLA12 68°55E; 

34°00' N

218.7 2.7 0.09 granite birch forest- 

tundra

KOLA13 31°07' E; 

68°44' N

104 3.5 0.04 gneiss, schist pine forest
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Table 1 (continued)

Lake

name

Location Altitude, 

m a.s.l.

Maximum 

depth, m

Area,

km̂

Catchment

geology

Vegetation

zone

KOLA14 30°34' E; 

68°43' N

120 6.2 0.04 gneiss, schist pine forest

KOLA15 28°41'E;

68°38'N

150 4.2 0.11 pine-birch

forest

KOLA16 28°50' E; 

68°31'N

105 4.1 0.04 gneiss, schist pine forest

KOLA17 29°17' E; 

68°32' N

110 5 0.04 granite, sand pine forest

KOLA18 30°41' E; 

68°43’ N

111.5 5 0.04 gneiss, schist spruce forest

KOLA19 33°29' E; 

67°34' N

150 3 0.08 granite spruce forest

KOLA20 33°12' E; 

68°42' N

145 4 0.05 granite birch forest- 

tundra

KOLA21 33°24' E; 

68°46' N

151 4 0.08 granite birch forest- 

tundra

KOLA22 35°53' E 

69°02' N
117 6.5 0.04 granite/sand tundra

KOLA23 36°04' E 

69°04' N
79 6.7 0.04 granite tundra

KOLA24 35°57' E 

69°03' N
125 18.5 0.04 granite tundra

KOLA25 32°29' E 

67°57' N
475.3 16 0.12 granite tundra
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APPENDIX 2

SEM MICROGRAPHS OF SELECTED DIATOM TAXA

Figure 1

A u la c o se ira  d is ta n s  v. n iva lo id es
Figure 2

A id a c o se ira  d is ta n s  r. n iv a lo id e s

Figure 3

A id a c o se ira  d is ta n s  v. tenella

Figure 4

A id a c o se ira  d is ta n s  v. n iva lis
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APPENDIX 2

SEM MICROGRAPHS OF SELECTED DIATOM TAXA

Figure 5

A u la c o se ira  nygaardii .

F ig u re  6

Val\'c face o ï  A u la c o se ira  n y g a a rd i i

Figure 7

A u Iacose ira  nygaardii .

Triangular spines are clearly visible

F ig u re  8

.Vtailroforiiui ex ig 11ifonnis
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APPENDIX 2

SEM MICROGRAPHS OF SELECTED DIATOM TAXA

F ig u re  I I

A chain of Stciuroforma exuigifonnis

Figure 10
SfiiiIrofoniia iiiennis
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APPENDIX 3

WATER CHEMISTRY OF THE KOLA LAKES

Table 1 Water chemistry characteristics of 25 KOLA lakes

SIT E pH COND
mS/cm

C O L,

opt
N H 4 ,

mg/1

Ntotj
mg/1

T O C ,

mg/1

Plot)
mg/1

Si02,
mg/1

COD ,
mgO/1

ALK ,

meg/1

K O L A l 7.4 41 5 15 143 2.32 7 0.34 1.4 283

K O LA 2 7.0 47 5 15 388 2.5 10 2.9 11 210

K OLAS 5.0 35 140 24 470 10.4 17 0.75 11.6 -9

K O LA 4 6.3 29 149 8 275 10.1 7 0.16 11.2 56

K OLAS 6.7 43 5 1 110 2.8 3 1 1.67 61

K O LA 6 6.4 88 95 3 284 9.2 11 0.24 10 62

K O LA 7 6.2 30 65 3 187 7.1 5 1.28 7.3 36

K OLAS 6.4 35 16 9 94 3.4 6 0.65 2.45 49

K O LA 9 6.4 28 46 28 215 5.7 8 1.12 5.4 59

K OLAIO 6.3 39 27 3 133 4.2 6 0.53 3.44 27

K O L A ll 6.4 33 38 4.6 208 5.2 10 0.32 4.8 37

K O LA 12 6.7 34 31 2 240 5.3 10 1.13 4.9 74

K O LA 13 6.9 34 57 7 248 7.1 4 0.93 7.2 200

K O LA 14 6.3 19 110 4 216 9.6 12 1.74 10.6 58

K O LA 15 6.9 23 88 16 305 9.6 5 0.53 10.5 127

K O LA 16 6.9 16 3 8 200 3.1 8 0.89 2.08 96

K O LA 17 5.1 8 7 6 256 5.1 6 0.04 4.7 -4

K O LA 18 6.7 29 120 7 249 10.1 5 2.37 11.2 131

K O LA 19 5.1 23 73 3 224 7.4 7 0.17 7.6 -2

K O LA 20 6.3 32 240 21 367 20.2 9 2.91 24.4 79

K OLA21 6.3 30 157 16 229 10.7 5 0.97 12 54

K O LA 22 5.8 30.5 26 9 126 3.9 7 0.43 3.05 10

K O LA 23 6.3 42 40 14 134 4.9 4 0.66 4.44 33

K O LA 24 6.6 41 38 6 116 4.4 2 0.92 3.72 53

K O LA 25 6.4 9 4 7 234 0.73 12 0.7 1.63 24.3
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Table 2 Water chemistry characteristics of the sampled lakes

SIT E K,

mg/1

Na,

mg/1

Ca,

mg/1

M g,

mg/1

SO 4 ,

mg/1

Cl,

mg/1

Fe,

lAg/1

K O L A l 0 .99 3 .32 4.18 0.51 5 .0 0 .95 1.8

K O LA 2 1.17 5 .50 0 .50 1.00 1.40 0 .8 0 2

K O L A 3 0.27 4.53 0 .39 0.71 2.55 7 .63 110

K O L A 4 0.23 3.58 1.22 0.63 1.44 5.51 320

K OLAS 0.41 4 .88 1.52 0.91 4.71 8 .44 75

K O LA 6 0.83 11.30 2.48 1.23 3 .14 21 .9 0 118

K O LA 7 0.34 3.09 1.04 0 .66 3 .30 4 .8 2 74

K OLAS 0.24 4.45 1.09 0.71 2.23 7 .68 35

K O LA 9 0.24 3 .19 1.09 0 .60 2.71 4 .9 6 20

K OLAIO 0.28 5.31 0.67 0 .72 2 .20 9.41 24

K O L A ll 0 .30 4 .37 0.81 0.63 2 .20 7 .24 40

K O LA 12 0 .26 3.63 1.22 0 .89 1.57 6.33 19

K O LA 13 0 .82 1.63 2 .40 1.40 2 .8 2 1.51 28

K O LA 14 0.42 1.78 2.39 0 .94 2 .04 1.94 135

K O LA 15 0.35 1.28 1.87 0.91 1.51 1.12 80

K O LA 16 0.31 0.91 1.13 0.48 1.13 0 .8 6 23

K O LA 17 0.13 0 .44 0 .30 0 .14 1.06 0 .65 21

K O L A IS 0.41 1.73 2.87 0 .80 2 .72 1.82 190

K O LA 19 0.25 1.35 1.74 0.26 5 .0 0 1.67 41

K O LA 20 0.48 2.93 1.92 1.36 3 .30 3.71 195

K OLA21 0.25 3.63 1.18 0 .70 1.26 5 .50 84

K O LA 22 0.23 3.86 0.37 0 .56 1.90 6.93 38

K O LA 23 0.31 5.64 0.74 0 .82 2.53 9.43 52

K O LA 24 0.30 5 .42 1.00 0 .82 2.53 8.84 35

K O LA 25 0.04 0 .50 0 .90 0 .14 1.80 0 .62 49
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APPENDIX 3

WATER CHEMISTRY OF THE KOLA LAKES

Figure I Frequency histograms for a number of chemical variables
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WATER CHEMISTRY OF THE KOLA LAKES

Figure 2 Frequency histograms for a number of chemical variables
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APPENDIX 4 

MODERN POLLEN ANALOGUE MATCHING

Table 1 Results of the analogue matching between modern KOLA pollen assemblages and Chuna 

fossil pollen samples. ‘Good’ analogues are highlighted in bold

Fossil sam ple 

dep th , cm

C losest analogue from  the  K O LA  

tra in ing  set

C a tch m en t vegeta tion  of 

the K O L A  analogue

S quared  chord  

d is tance , cf

10 KOLA25 (Chuna lake) Alpine tundra 0.0045

18 K O L A 25 (C huna lake) A lp ine  tu n d ra 0.0694

26 KOLAl Alpine forest-tundra 0.0423

34 KOLAIS (Chuna lake) Alpine tundra 0.0470

42 K O L A 25 (C huna lake) A lp ine  tu n d ra 0 .0697

50 K 0 L A 2 A lp ine fo rest-tu n d ra 0 .0716

58 K O LA 2 A lp ine  fo rest-tu n d ra 0 .0894

66 K O LA  19 Spruce forest 0.0786

74 K 0 L A 2 A lp ine fo rest-tu n d ra 0 .0789

82 KOLA 19 Spruce forest 0.0638

90 K 0 L A 2 A lp ine fo rest-tund ra 0 .0686

98 K 0 L A 2 A lp ine  fo rest-tu n d ra 0 .0696

106 K 0 L A 2 A lp ine fo rest-tu n d ra 0 .0696

114 K O LA  17 Pine forest 0 .0939

118 K 0 L A 2 A lp ine  fo rest-tu n d ra 0 .0696

120 K 0 L A 2 A lp ine  fo rest-tu n d ra 0 .0853

122 KOLAIS Pine forest 0.0647

124 K O L A  16 P ine  forest 0 .0763

126 K O L A  17 Pine fo rest 0 .0784

130 K O L A  16 Pine forest 0 .0960

132 K O L A  15 Pine forest 0 .1100

134 K O L A  18 S pruce fo rest 0 .1218

136 K O L A  16 P ine  fo rest 0 .0996

138 K 0 L A 5 F o res t-tu n d ra 0 .0696

140 K 0 L A 4 F o res t-tu n d ra 0 .1093
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Table 1 (continued) Results of the analogue matching between modern KOLA pollen assemblages 

and Chuna fossil pollen samples. Good analogues are highlighted in bold

142 KOLAl 8 Spruce forest 0.1103

144 K0LA7 Forest-tundra 0.1099

146 KOLAl 5 Pine forest 0.1443

148 K0LA16 Pine forest 0.1200

150 K0LA16 Pine forest 0.1194

152 K0LA16 Pine forest 0.0987

154 K0LA15 Pine forest 0.0742

156 KOLAl 5 Pine forest 0.1209

158 KOLA 18 Spruce forest 0.1138

160 KOLAll Tundra 0.1064

162 KOLA22 Tundra 0.1564

Percentiles for comparisons between modern samples based on 253 d̂ :

Percentile Bounding

1.0% 0379 to .0404
2.5% .0478 to .0502
5.0% .0632 to .0654
10.0% .0846 to .0848
25.0% .1208 to .1212
50.0% .1714 to .1730
75.0% .2494 to .2495
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APPENDIX 5

GEOCHEMISTRY AND MAGNETIC PROPERTIES OF THE 

HOLOCENE SEDIMENT CORE

Table 1 Chuna Lake: geochemical determinants of the sediment core

Depth,
cm

Fe,
mR/g

Mn,
mR/R

Fe/Mn LOI,
%

C 0 3 ,
%

Ca,
mR/R

K,
mg/g

Ca/K Ti,
mg/g

s ,
mg/g

Zr,
mg/g

Rb,
mg/g

Si,
mg/g

10 2.21 0.010 213.79 18.02 2.63 7.42 1.94 3.82 0.87 1.10 0.68 0.69 286.21

11 2.19 0.010 213.40 26.24 3.29 6.90 1.80 3.83 0.79 0.81 2.69 0.00 283.77

12 2.27 0.010 228.31 27.70 3.61 6.30 1.74 3.62 0.71 0.89 0.06 0.50 289.37

13 2.59 0.014 194.24 26.90 3.62 6.46 1.76 3.66 0.74 1.22 0.13 0.00 299.91

14 2.64 0.012 223.00 26.50 7.10 6.25 1.67 3.75 0.67 0.83 0.79 0.00 303.56

15 1.97 0.011 178.39 28.00 3.79 6.11 1.64 3.72 0.69 1.07 0.75 0.76 309.32

16 2.07 0.010 202.44 26.11 3.50 6.08 1.71 3.56 0.70 0.74 0.00 1.62 294.64

17 1.94 0.010 199.88 25.97 3.31 7.16 1.95 3.68 0.81 0.39 8.23 1.52 291.98

18 2.16 0.009 243.91 27.08 3.10 6.42 1.64 3.91 0.74 0.71 0.42 0.00 295.85

19 1.90 0.010 197.99 28.68 1.34 6.98 1.89 3.70 0.79 0.99 0.00 0.00 289.66

20 2.16 0.011 194.60 28.05 1.92 7.07 2.04 3.47 0.85 1.09 0.00 0.00 284.67

21 2.08 0.012 180.07 27.85 2.00 6.62 1.83 3.62 0.79 0.96 4.92 4.93 301.85

22 2.31 0.010 229.38 27.01 2.65 6.68 1.76 3.79 0.77 1.10 8.25 1.07 308.21

23 2.15 0.010 219.59 26.71 3.15 5.58 1.39 4.02 0.58 0.61 3.32 0.00 266.79

24 1.55 0.007 228.40 26.10 3.92 5.99 1.61 3.72 0.68 0.86 0.00 0.06 309.32

25 1.23 0.009 130.38 27.43 1.92 5.57 1.64 3.41 0.61 0.73 0.40 0.42 302.81

26 2.08 0.010 201.26 28.43 3.92 6.69 1.73 3.86 0.70 0.82 1.52 0.00 300.22

27 2.11 0.001 210.15 27.91 3.00 6.01 1.55 3.88 0.65 0.82 0.00 0.89 300.68

28 1.84 0.008 236.50 27.69 2.94 6.13 1.52 4.02 0.63 1.09 0.00 2.99 296.90

29 2.55 0.010 247.29 26.66 3.22 8.20 2.09 3.92 0.86 1.27 3.56 0.07 285.64

30 2.47 0.010 254.21 26.64 3.14 6.48 1.64 3.94 0.66 0.69 5.08 0.17 290.57

32 2.46 0.009 264.38 27.29 2.90 6.23 1.37 4.55 0.59 0.96 0.75 0.77 314.68

34 2.40 0.009 270.86 26.75 3.19 6.14 1.42 4.32 0.65 0.79 7.84 5.65 320.54

36 2.24 0.011 211.24 27.04 2.09 8.85 1.96 4.51 0.94 0.74 7.94 3.53 289.69

38 2.08 0.009 241.71 26.77 3.10 7.68 1.78 4.31 0.88 0.87 0.00 0.00 298.70

40 2.20 0.009 248.34 26.57 2.86 5.89 1.56 3.78 0.79 0.91 0.00 0.00 304.53

42 1.93 0.007 273.69 26.69 2.52 5.28 1.37 3.86 0.53 0.93 4.20 0.00 310.23

44 2.38 0.009 273.00 27.67 3.42 5.37 1.54 3.49 0.60 0.99 1.49 0.67 321.02

46 2.24 0.007 312.24 25.79 1.49 3.71 0.82 4.50 0.37 0.04 0.00 0.00 273.90

48 2.36 0.009 258.88 25.69 2.39 4.57 1.01 4.51 0.46 0.72 0.51 2.80 315.71

50 2.44 0.009 270.96 26.44 2.51 5.17 1.28 4.05 0.53 0.61 1.85 1.92 326.54

52 2.37 0.009 262.99 26.48 2.45 4.97 1.36 3.64 0.56 1.07 5.20 3.81 323.57

54 2.62 0.009 290.30 27.31 2.47 4.97 1.36 3.64 0.56 1.07 5.20 3.81 323.57

56 1.93 0.009 214.94 26.86 2.18 4.65 1.25 3.72 0.50 0.73 6.32 5.11 308.97

58 2.16 0.008 268.84 26.90 2.42 3.66 0.95 3.84 0.40 0.43 1.33 1.37 226.00

60 2.48 0.001 253.01 26.95 2.69 5.22 1.35 3.87 0.64 0.93 2.03 0.00 310.16

62 2.66 0.008 330.20 27.22 2.44 5.47 1.42 3.86 0.67 0.75 0.00 0.00 294.21
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APPENDIX 5

GEOCHEMISTRY AND MAGNETIC PROPERTIES OF THE 

HOLOCENE SEDIMENT CORE

T a b le  1 (c o n tin u e d )  C h u n a  L a k e : g e o c h e m ic a l d e te r m in a n ts  o f  th e  s e d im e n t  c o re

D e p th ,
cm

F e ,

mR/R

M n ,

mR/R

F e /M n L O I ,
%

C 0 3 ,
%

C a ,

mR/R

K ,
m g /g

C2JK T i,
m g /g

s,
m g /g

Z r ,
m g /g

R b ,
m g /g

S i,
m g /g

64 2.42 0.007 340.06 26.97 2.16 5.23 1.39 3.75 0.63 0.83 6.42 0.00 315.19

66 2.07 0.007 282.13 27.54 2.27 5.33 1.45 3.67 0.60 0.98 3.65 3.65 314.70

68 2.47 0.008 322.66 27.23 2.47 5.29 1.44 3.68 0.65 1.07 0.15 0.00 314.34

70 3.08 0.008 384.44 27.92 2.39 4.65 1.31 3.55 0.48 0.51 0.00 0.00 291.01

72 2.54 0.007 351.18 27.70 2.43 5.12 1.42 3.60 0.57 0.69 3.19 2.23 327.44

74 2.38 0.007 334.64 27.50 2.00 5.14 1.51 3.40 0.61 0.99 0.00 0.00 320.76

76 2.39 0.007 364.95 27.63 1.96 5.16 1.55 3.32 0.64 1.14 0.00 0.00 315.52

78 2.35 0.007 358.45 27.20 2.19 5.12 1.51 3.40 0.58 1.12 0.00 0.00 314.23

80 2.66 0.007 406.11 27.19 2.06 5.23 1.51 3.47 0.60 1.57 0.00 0.00 315.47

82 2.93 0.007 426.68 28.06 1.96 5.29 1.51 3.50 0.60 1.17 0.89 0.00 319.19

84 2.73 0.007 395.66 28.38 2.32 4.58 1.30 3.52 0.50 1.04 0.00 2.60 293.77

86 2.59 0.006 427.54 27.76 2.09 3.92 1.01 3.87 0.41 0.66 0.00 0.00 307.66

88 2.74 0.005 522.07 27.71 2.25 3.93 0.94 4.20 0.33 0.66 0.00 0.00 336.39

90 1.78 0.005 338.00 27.37 2.15 4.89 1.33 3.68 0.56 0.60 0.00 0.00 328.38

92 2.05 0.005 383.61 26.78 2.25 5.42 1.56 3.48 0.60 0.84 3.32 0.45 318.43

94 1.38 0.004 361.25 27.59 2.31 4.87 1.26 3.86 0.47 0.69 0.06 0.06 329.08

96 2.08 0.006 374.21 28.65 0.92 4.66 1.30 3.58 0.47 0.47 0.05 0.05 334.08

98 2.94 0.011 272.80 27.91 2.12 5.34 1.49 3.58 0.57 0.87 2.07 2.41 318.33

100 1.78 0.005 367.39 29.58 2.13 4.87 1.24 3.92 0.48 1.10 1.51 0.00 331.52

102 2.18 0.005 429.58 28.58 2.05 5.39 1.55 3.48 0.56 0.84 0.00 0.00 311.82

104 1.90 0.005 357.25 28.36 1.36 4.13 0.91 4.52 0.37 1.26 0.00 0.00 334.04

106 1.98 0.005 381.67 28.34 4.39 4.24 1.04 4.08 0.36 0.54 0.00 0.00 350.26

108 2.27 0.006 409.43 26.82 3.97 4.23 1.02 4.13 0.36 1.00 0.00 0.00 350.94

110 1.88 0.005 413.41 26.57 3.81 3.80 0.97 3.93 0.30 1.11 0.00 0.00 337.48

112 2.26 0.006 405.45 28.46 3.80 4.81 1.15 4.17 0.55 1.47 0.00 0.00 294.08

114 2.21 0.006 380.85 29.46 4.11 4.80 1.15 4.17 0.54 1.45 0.00 0.00 295.58

115 1.92 0.006 340.27 28.32 3.96 4.74 1.05 4.50 0.44 1.04 0.62 0.64 319.56

116 1.99 0.004 479.91 26.29 3.60 5.03 1.31 3.83 0.52 1.18 1.54 1.19 311.64

117 2.50 0.005 495.45 27.25 4.58 5.17 1.17 4.42 0.50 1.20 6.75 0.85 281.28

118 2.67 0.004 620.88 26.50 3.51 5.56 1.34 4.15 0.64 2.05 2.51 0.08 271.81

119 2.83 0.006 505.79 24.11 3.89 7.16 2.02 3.55 0.93 3.44 4.88 0.10 294.75

120 2.31 0.005 502.94 24.33 3.35 7.91 2.16 3.67 0.97 3.16 6.45 0.00 289.60

121 2.41 0.005 493.80 24.14 3.63 9.22 2.39 3.86 1.09 2.71 4.11 2.55 277.54

122 1.49 0.003 506.70 44.02 4.57 4.38 1.03 4.28 0.81 2.26 4.42 0.00 302.93
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GEOCHEMISTRY AND MAGNETIC PROPERTIES OF THE 

HOLOCENE SEDIMENT CORE

Table 1 (continued) Chuna Lake: geochemical determinants of the sediment core

D epth,
cm

Fe, M n,
mg/g

Fe/M n LOI,
%

C03,
%

Ca,
niR/g

K,
mg/g

Ca/K Ti,
mg/g

s,
mg/g

Zr,
mg/g

Rh,
mg/g

Si,
mg/g

123 2.52 0.004 608.81 30.59 3.46 6.76 1.12 6.02 0.43 2.17 0.00 0.00 327.06
124 2.62 0.004 709.66 29.49 3.42 5.09 1.05 4.86 0.49 2.23 0.00 0.00 306.06
125 2.22 0.003 789.10 34.59 3.42 4.80 1.01 4.73 0.44 2.11 0.00 0.00 302.80
126 2.52 0.006 445.07 31.68 4.74 6.62 1.46 4.54 0.66 3.02 3.15 0.78 237.57
127 1.95 0.006 350.80 38.79 3.32 6.82 1.72 3.97 0.68 2.41 0.00 0.00 210.28
128 2.13 0.006 329.53 36.21 4.75 4.25 111 3.82 0.41 2.24 0.57 0.00 197.63
129 2.04 0.007 311.67 35.42 4.74 5.54 1.37 4.05 0.56 2.84 0.00 0.00 269.88
130 3.13 0.006 517.49 32.72 3.42 5.41 1.38 3.93 0.58 2.49 0.00 0.00 289.85
131 2.34 0.005 440.29 30.36 3.51 5.27 1.37 3.85 0.52 2.96 1.12 1.15 309.16
132 2.33 0.005 455.17 30.54 3.98 5.56 1.47 3.78 0.63 1.83 1.89 1.97 299.60
133 2.27 0.006 377.11 32.58 3.58 5.16 1.39 3.71 0.52 1.69 0.00 1.38 274.95
134 2.43 0.006 382.50 32.29 3.13 5.29 1.20 4.42 0.47 1.95 0.04 0.05 289.31
135 2.23 0.005 414.78 35.42 3.81 5.00 1.24 4.04 0.50 3.68 0.00 0.00 288.92
136 2.74 0.006 437.07 36.38 3.26 5.02 1.19 4.22 0.49 2.59 0.02 0.02 288.92
137 2.72 0.006 440.92 39.05 3.32 5.02 1.19 4.22 0.49 2.59 0.02 0.02 288.92
138 3.28 0.006 555.78 36.45 7.95 5.06 1.22 4.14 0.46 3.02 0.00 0.00 280.60
139 3.36 0.007 466.68 37.83 3.83 5.68 1.22 4.65 0.48 2.80 0.00 0.00 267.10
140 3.12 0.007 420.54 35.44 3.57 5.12 1.24 4.13 0.50 1.81 0.63 0.65 206.51
141 2.98 0.008 369.34 36.02 2.94 5.09 1.23 4.14 0.53 3.02 0.43 0.07 298.94
142 2.98 0.008 361.03 34.28 5.61 5.03 111 4.52 0.50 2.53 1.31 1.73 292.28
143 3.11 0.009 353.22 34.95 4.10 5.31 1.50 3.53 0.61 2.30 2.52 0.00 279.07
144 2.91 0.009 333.98 35.10 3.31 6.08 1.58 3.85 0.66 2.40 0.00 0.00 274.46
145 2.65 0.009 299.69 35.55 3.19 4.55 0.87 5.22 0.44 1.34 0.00 0.00 236.09
146 2.55 0.007 353.96 35.32 3.76 5.42 1.16 4.67 0.47 1.87 3.62 0.20 268.14
147 2.92 0.008 380.49 36.31 3.86 5.60 1.43 3.93 0.55 1.75 3.12 0.00 285.54
148 2.75 0.007 383.89 34.72 3.45 5.56 1.34 4.14 0.58 1.78 0.28 0.34 285.78
149 3.48 0.009 402.47 28.76 3.02 5.15 1.20 4.29 0.45 1.59 0.00 0.00 278.03
150 2.73 0.008 360.98 36.74 3.35 4.88 1.06 4.59 0.45 1.54 0.00 0.00 268.89
151 1.75 0.005 339.32 35.70 0.45 4.79 1.07 4.47 0.42 1.55 2.94 0.00 247.56
152 2.34 0.007 339.50 36.57 2.79 5.87 1.60 3.68 0.62 1.67 8.47 0.41 289.56
153 2.83 0.008 337.51 34.79 3.27 6.20 2.03 3.06 0.77 1.47 0.00 0.00 284.68
154 1.63 0.006 295.33 34.64 3.30 6.43 2.15 2.99 0.76 0.87 7.16 2.97 255.48
155 2.47 0.009 273.05 33.01 2.90 5.94 1.62 3.67 0.69 1.45 8.61 1.72 283.36
156 1.69 0.006 287.15 32.87 3.16 6.34 1.71 3.72 0.73 1.14 0.07 0.10 283.60
157 1.48 0.005 289.73 33.15 3.08 5.38 1.43 3.76 0.53 1.39 2.23 0.00 296.46
158 1.65 0.007 232.13 28.79 2.05 4.45 1.15 3.86 0.42 0.73 0.00 0.00 216.33
159 2.57 0.010 260.37 31.73 3.37 5.21 1.37 3.81 0.57 1.18 2.97 0.00 309.71
160 2.71 0.010 283.16 30.31 3.54 5.77 1.67 3.45 0.65 1.19 2.78 0.00 311.99
161 2.52 0.009 267.77 28.56 4.44 5.83 1.65 3.53 0.64 1.12 9.17 0.28 326.13
162 3.09 0.011 275.16 27.96 3.76 5.97 1.63 3.65 0.64 1.33 0.00 0.00 305.25
163 3.26 0.12 265.44 26.96 3.58 6.08 1.62 3.76 0.66 1.12 0.00 0.00 308.69
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GEOCHEMISTRY AND MAGNETIC PROPERTIES OF THE HOLOCENE 

SEDIMENT CORE

Table 2 Measured magnetic characteristics and their interpretation

Symbol Unit of 

measurement

Interpretation

xif loWkg-1 Low field mass specific Magnetic Susceptibility is proportional to 

approximate concentration of all ferrimagnetic (e.g magnetite, 

titanomagnetite, maghemite) minerals in a sample (Anderson and 

Rippey, 1988).

ARM lO'^Am^g-’ Mass specific Anhysteretic Remanent Magnetization reflects the 

concentration of ferrimagnetic minerals in the sample (magnetite 

and maghemite). ARM is usually used as a indicator of stable 

single-domain (SSD) ferrimagnetic grains (approx. 0.06 - 1.4 pm 

in diameter) (Maher, 1988).

SIRM lO'^Am^kg' Mass specific Saturation Isothermal Remanent Magnetization is 

related to all remanence carrying magnetic grains in the sample. 

Like X, SIRM reflects the concentration of all ferrimagentic 

minerals in a sample. It is the highest remanence obtainable. 

SIRM is negatively correlated with the grain size (coarse 

mulitdomain grains have lower SIRM than SSD grains (Oldfield 

and Thompson, 1986, Maher, 1988).

Xarm lOW kg-' Mass specific Anhysteretic Susceptibility is ARM divided by 

biasing field strength equal 0.1 mT and multiplied by 1000 

(Maher, 1988). It has the same physical meaning as ARM and 

indicates the presence of SSD grains.

%arm/SIRM 10'  ̂Am ' Grain-size dependent ratio, maximum values occur in true SSD 

grains. The ratio decline steeply with increasing grain size (Maher, 

1988) It is sensitive to autochtonous bacterially-produced 

magnetite.

SIRM/ARM The ratio reflects magnetic grain size variations in a sample. High 

concentrations of SSD grains usually correlate with lower values of 

SIRM/ARM (Thompson and Oldfield, 1986).
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MAGNETIC PROPERTIES AND GEOCHEMISTRY OF THE HOLOCENE 

SEDIMENT CORE

Table 3 Measured magnetic parameters

D epth , cm SIR M , ARM , x arm . X arm /SIR M , SIR M /A R M
10'® Am^kg^ 10® Am^kg'^ 10* Am^kg^ 10® Am^

1 2 4 2 9.1 1 .9 3 2 4 .3 2 0 .8 3 1 5 .0 2
1 2 5 1 0 .0 1 1 .8 6 2 3 .3 7 2 .3 3 5 .3 8
1 2 6 4 2 .6 6 2 .9 5 3 7 .1 1 0 .8 6 1 4 .4 4
1 2 7 2 8 .2 7 1 .3 1 2 8 .9 1 1 .0 2 1 2 .2 8
1 2 8 5 7 .4 9 3 .8 2 4 7 ,.8 1 0 .8 3 1 5 .1 1
1 2 9 1 9 .8 7 4 .6 8 5 8 ,.8 4 2 .9 6 4 .2 4
1 3 0 2 6 .1 9 2 .4 1 3 0 ,.1 6 1 . 1 5 1 0 .9 1
1 3 1 1 9 .1 8 2 .3 2 2 9 ,.1 4 1 .5 1 8 .2 7
1 3 2 3 8 .2 5 2 .0 2 2 5 ,.4 3 0 .6 6 1 8 .8 9
1 3 3 2 5 .6 5 1 .7 5 2 1 ..9 9 0 .8 5 1 4 .6 5
1 3 4 1 7 .0 1 1 .5 6 1 9 ..6 4 1 .1 5 1 0 .8 8
1 3 5 2 9 .5 6 1 .8 4 2 3 ,,2 3 0 .7 8 1 5 .9 8
1 3 6 2 2 .4 4 1 .8 8 2 3 ..6 6 1 .0 5 1 1 .9 1
1 3 7 2 0 .8 8 2 .9 5 3 7 ,. 1 2 1 .7 7 7 .0 6
1 3 8 2 4 .3 4 2 .2 6 2 8 ,.3 9 1 .1 6 1 0 .7 7
1 3 9 1 9 .0 2 2 .4 1 3 0 ..2 1 1 .5 8 7 .9 1
1 4 0 4 0 .7 9 2 .5 6 3 2 ,.2 7 0 .7 9 1 5 .8 7
1 4 1 1 7 .8 4 2 .2 4 2 8 ,.2 6 1 .5 8 7 .9 3
1 4 2 2 9 .5 3 2 .0 7 2 6 ,.0 7 0 .8 8 1 4 .2 3
1 4 3 3 9 .9 7 1 .9 1 2 4 ,.0 5 0 .6 1 2 0 .8 7
1 4 4 5 3 .9 6 5 .1 3 6 4 ,,4 9 1 .1 9 1 0 .5 1
1 4 5 2 7 .6 7 2 .3 4 2 9 ..4 1 1 .0 6 1 1 .8 1
1 4 6 1 8 .3 5 2 .4 1 3 0 ,.3 2 1 .6 5 7 .6 1
1 4 7 3 0 .3 7 2 .7 2 3 4 ,.2 4 1 .1 2 1 1 .1 4
1 4 8 3 0 .8 7 2 .9 2 3 6 ,.7 1 1 .1 8 1 0 .5 6
1 4 9 4 0 . 7 3 3 .0 7 3 8 ,,6 3 0 .9 4 1 3 .2 4
1 5 0 1 0 .5 9 1 .7 6 2 2 ,.1 7 2 .0 9 6 .0 2
1 5 1 2 9 .3 9 2 .9 4 3 6 ,.9 6 1 .2 5 9 .9 8
1 5 2 1 8 .4 3 3 .2 1 4 0 ,,4 3 2 .1 9 5 .7 2
1 5 3 4 7 .6 3 3 .5 6 4 4 ,,7 6 0 .9 3 1 3 .3 6
1 5 4 2 2 .4 9 3 .0 3 3 8 ,.1 4 1 .6 9 7 .4 1
1 5 5 3 8 .9 3 3 .0 6 3 8 ,.4 4 0 .9 8 1 2 .7 2
1 5 6 5 3 .9 9 3 .0 5 3 8 ,.3 4 0 .7 1 1 7 .6 8
1 5 7 3 5 .4 8 2 .7 3 3 4 ,.3 3 0 .9 6 1 2 .9 8
1 5 8 2 2 .2 5 1 .6 3 2 0 ,.4 8 0 .9 2 1 3 .6 5
1 5 9 2 3 .5 4 1 .8 8 2 3 ,,6 9 1 .0 1 1 2 .4 8
1 6 0 2 6 .0 9 2 .3 4 2 9 ,.4 9 1 .1 3 1 1 .1 1
1 6 1 3 3 .2 4 2 .4 6 3 1 , 0 2 0 .9 3 1 3 .4 6
1 6 2 3 5 .7 1 2 .5 2 3 1 ,.6 7 0 .8 8 1 4 .1 6
1 6 3 6 4 .5 3 2 .9 7 3 7 . 4 1 0 .5 7 2 1 .6 6
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APPENDIX 6

LIST OF DIATOM SPECIES FROM THE CHUNA SEDIMENT CORE

ACMINU Achnanthes minutissima minutissima Kutz. 1833

ACHELV Achnanthes austriaca helvetica Rust. 1933

ACNODO Achnanthes nodosa A. Cleve-Euler 1900

ACMARG Achnanthes marginulata Grun. in Cleve & Grun. 1880

ACDETH Achnanthes detha

AC ALTA Achnanthes altaica (Poretzky) A. Cleve-Euler 1953

ACKRIE Achnanthes kriegeri Krasske 1943

ACSCOT Achnanthes scotica Jones & Flower

ACCURT Achnanthes curtissima J R. Carter 1963

APRUTI Amphipleura rutilans (Trentepohl ex Roth) Cleve 1894

AUALPE Aulacoseira lirata alpigena (Grun.) Haworth

ACLEVA Achnanthes levanderi Rust. 1933

ACLACU Achnanthes lacus-vulcani Lange-Bertalot & Krammer 1989

ACPUSI Achnanthes pusilla pusilla Grun. in Cleve & Grun. 1880

ACFLEX Achnanthes flexella (Kutz.) Brun 1880

ACKUEL Achnanthes kuelbsii Lange-Bertalot 1989

ACSPEC Achnanthes sp.

APPELE Amphipleura pellucida (Kutz.) Kutz. 1844

AP9999 Amphipleura 5p.

AUDIST Aulacoseira distans distans (Ehrenb.) Simonsen 1979

AUNTVA Aulacoseira distans nivalis (W. Sm ) Kirchner.

AUTENE Aulacoseira distans tenella (Nygaard) R. Ross in Hartley 1986

AUVALI Aulacoseira italica valida (Grun. in Van Reurck ) Simonsen 1979

AUNYGA Aulacoseira nygaardii Cambum

AUFLOR Aulacoseira perglabra floriniae Cambum

AUPERG Aulacoseira perglabra

AUNILO Aulacoseira distans v. nivaloides Cambum 1987

AULACU Aulacoseira lirata lacustris (Gmn. in Van Reurck) R. Ross in Hartley 

1986

BRBREB Brachysira brebissonii brebissonii R. Ross in Hartley 1986
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BRSERI Brachysira serians (Breb. ex Kutz.) Round & Mann 1981

BRSTYR Brachysira styriaca (Grun. in Van Heurck) R. Ross in Hartley 1986

BRVITR Brachysira vitrea (Grun.) R. Ross in Hartley 1986

BRZELL Brachysira zellensis (Grun.) Round & Mann 1981

CAB ACT Caloneis bacillum bacillum (Grun.) Cleve 1894

CATENU Caloneis tenuis Gregory (Krammer) 1985

CYROSS Cyclotella rossii Hakansson 1990

CMCESA Cymbella cesatii cesatii (Rabenh.) Grun. in A. Schmidt 1881

CMDESC Cymbella descripta (Hust.) Krammer & Lange-Bertalot 1985

CMFAIL Cymbella failaisensis (Grun.) Krammer & Lange-Bertalot 1985

CMGAEM Cymbella gaeumannii Meister 1934

CMHEBR Cymbella hebridica (Grun. ex Cleve) Cleve 1894

CMHELV Cymbella helvetica helvetica Kutz. 1844

CMINCE Cymbella incerta Grun. in Cleve & Moller 1878

CMLUNA Cymbella lunata W. Sm. in Grev. 1855

CMMICR Cymbella microcephala microcephala Grun. in Van Heurck 1880 

CMMINU Cymbella minuta minuta Hilse ex Rabenh. 1862

CMNAVI Cymbella naviculiformis Auersw. ex Heib. 1863

CMPERP Cymbella perpusilla A. Cleve 1895

DETENU Denticula tenuis tenuis Kutz. 1844

DTHIEM Diatoma hyemale hyemale (Roth) Heib. 1863

EUARCU Eunotia arcus arcus Ehrenb. 1837

EUBIGG Eunotia bigibba bigibba Kutz. 1849

EUCURV Eunotia curvata curvata (Kutz.) Lagerst. 1884

EUEXGR Eunotia exgracilis A. Berg ex A. Cleve-Euler 1953

EUDENT Eunotia denticulata denticulata (Breb. ex Kutz.) Rabenh. 1864

EUCURV Eunotia curvata subarcuata (Naegeli ex Kutz.) Woodhead & Tweed 

1954

EUEXIG Eunotia exigua exigua (Breb. ex Kutz.) Rabenh. 1864

EUE ABA Eunotia faba (Ehrenb.) Grun. in Van Heurck 1881

EUE ALL Eunotia fallax A. Cleve 1895

EUGLAC Eunotia glacialis Meister 1912

EUNAEG Eunotia naegelii Migula 1907
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EUNYMA Eunotia nymanniana Grun. in Van Heurck 1881

EUPECT Eunotia pectinalis pectinalis (O.F. Mull.) Rabenh. 1864

EURHOM Eunotia rhomboidea Hust. 1950

EUPALU Eunotia paludosa Grun. 1862

EUPRAE Eunotia praerupta praerupta Ehrenb. 1843

EUPPEC Eunotia pseudopectinalis Hust.

EUSEPT Eunotia septentrionalis septentrionalis

EUSERR Eunotia serra serra Ehrenb. 1837

EUSTEI Eunotia steineckei Petersen 1950

EUTENE Eunotia tenella (Grun. in Van Heurck) A. Cleve 1895

EUTRID Eunotia tridentula Ehrenb. 1843

FRBREV Fragilaria brevistriata brevistriata Grun. in Van Heurck 1885

FRELLI Fragilaria elliptica Schum. 1867

FRBINO Fragilaria construens binodis (Ehrenb.) Grun. 1862

FRVENT Fragilaria construens venter (Ehrenb.) Grun. in Van Heurck 1881

FR005A Fragilaria virescens virescens Ralfs 1843

FRPINA Fragilaria pinnata pinnata Ehrenb. 1843

FRSPEC Fragilaria sp.

EURHOM Frustulia rhomboides rhomboides (Ehrenb.) De Toni 1891 

FUSAXO Frustulia rhomboides saxonica (Rabenh.) De Toni 1891

FUVIRJ Frustulia rhomboides viridula (Breb. ex Kutz.) Cleve 1894

GOACUM Gomphonema acuminatum acuminatum Ehrenb. 1832 

GOANGU Gomphonema angustatum angustatum (Kutz.) Rabenh. 1864 

GOPARV Gomphonema parvulum parvulum (Kutz.) Kutz. 1849 

GOSPEC Gomphonema sp.

NABEGE Navicula begeri Krasske 1932

NABRYO Navicula bryophila bryophila J.B. Petersen 1928

NADIGI Navicula digitulus Hust. 1943

NAHOEF Navicula hoefleri Sensu Ross et Sims

NAJARN Navicula jaemefeltii Hust. 1942

NALEPT Navicula leptostriata Jorgensen 1948

NAMEDI Navicula mediocris Krasske 1932

NAMFNI Navicula minima minima Grun. in Van Heurck 1880
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NAPERP Navicula perpusilla (Kutz.) Grun. 1860

NAPSEU Navicula pseudoscutiformis Hust. 1930

NAPUPU Navicula pupula pupula Kutz. 1844

NASEMI Navicula seminulum Grun. 1860

NASUBM Navicula subminuscula Manguin

NASURT Navicula subtilissima Cleve 1891

NATENU Navicula tenuicephala Hust. 1942

NASOEH Navicula soehrensis soehrensis Krasske 1923

NAVITI Navicula vitiosa Schimanski 1978

NEAFFI Neidium affine affine (Ehrenb.) Pfitz. 1871

NEALPI Neidium alpinum Hust. 1943

NEAMPLI Neidium ampliatum (Ehren) Krammer 1985

NEBISU Neidium bisulcatum bisulcatum (Lagerst.) Cleve 1894

NEAMPL Neidium iridis ampliatum (Ehrenb.) Cleve 1894

NEIRDD Neidium iridis iridis (Ehrenb.) Cleve 1894

NIP ALE Nitzschia palea palea (Kutz.) W. Sm. 1856

NIANGU Nitzschia angustata angustata (W. Sm.) Grun. in Cleve & Grun. 1880

NIANTU Nitzschia angustatula Lange-Bertalot 1987

NIDENT Nitzschia denticula Grun. in Cleve & Grun. 1880

NTFONT Nitzschia fonticola Grun. in Van Heurck 1881

NINAVI Nitzschia navicularis (Breb. ex Kutz.) Grun. in Cleve & Grun. 1880

NISPEC Nitzschia sp.

PEFIBU Peronia fibula (Breb. ex Kutz.) R. Ross 1956

PIBICE Pinnularia biceps biceps Greg. 1856

PIBRAU Pinnularia braunii (Grun.) Cleve

PIMESO Pinnularia mesolepta mesolepta (Ehrenb.) W. Sm. 1853 

PIMICR Pinnularia microstauron microstauron (Ehrenb.) Cleve 1891

PILEGU Pinnularia legumen legumen Ehrenb. 1843

PISUBC Pinnularia subcapitata subcapitata Greg. 1856

PISTOM Pinnularia stomatophora stomatophora (Grun. ex A. Schmidt) Cleve 

1891

PIVIRI Pinnularia viridis viridis (Nitzsch) Ehrenb. 1843

STAURO Stauroforma spp. sp nov. Flower, Jones & Round.
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SAANCE Stauroneis anceps anceps Ehrenb. 1843

SAGRAC Stauroneis anceps gracilis Rabenh. 1864

SAPHOE Stauroneis phoenicenteron phoenicenteron (Nitzsch) Ehrenb. 1943

SP002A Stenopterobia sigmatella (Greg.) R. Ross in Hartley 1986

SULINE Surirella linearis linearis W. Sm. 1853

TAFLOC Tabellariaflocculosa flocculosa (Roth) Kutz. 1844
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APPENDIX 7 

HOLOCENE CLIMATE RECONSTRUCTIONS IN FENNOSCANDIA 

Table 1 List o f main reference sites

Site name Climate proxy Type of 
dates

Latitude Longitude Reference

1 Hopseidet, Nordkin 
Peninsula, Norway

pollen calib 70°50’ N 27=43' E Seppa, 1996

2 Ifjord, Norwegian 
Scandes

pollen ‘'‘C, calib 70°26' N 27=38' E Seppa, 1996

3 Skaidejarvi, Finnish 
Lapland

pollen ‘'‘C, calib 70°03' N 27=52' E Seppa, 1996

4 Rautuselka, Finnish 
Lapland

pollen '^C, calib 69=34' N 28=32' E Seppa, 1996

5 Hardangerjokulen, 
Central Southern 
Norway

glacier
fluctuations, pine 
macrofossils

calib n/a n/a Dahl and 
Nesje, 1996

6 Suovalampi, Finland pollen
uncalib

69=35' N 28=50' E Hyvarinen,
1975

7 Akuvaara, Finland pollen
uncalib

69=07' N 27=41'E Hyvarinen,
1975

8 Bruvatnet, Norway pollen
uncalib

70=11'N 28=25' E Hyvarinen,
1975

9 Domsvatnet, Norway pollen
uncalib

70=19’N 31=02'E Hyvarinen,
1976

10 Scandes Mountains, 
Northern Sweden

tree macrofossils
uncalib

63=10' N- 
63 =18'N

12=21'E - 
12 =29' E

Kullman,
1998
Kullman,
1995,
Kullman,
1993

11 Lake Tibetanus, pollen, 5'* 0 , 
magnetics

•'‘C, calib 68=20' N 18=42' E Berglund et 
a l , 1996

12 Lake Bysj on lake level 
fluctuations

" c ,
uncalib

55=7' N 13=05' E Digerfeldt,
1988

13 North East of 
Finland and Norway

pine tree rings
uncalib

69=57' -
68=38'N

29=23' - 
20=57’E

Eronen 
et a l, 1996, 
1999

14 Rattuvârri, Finland pollen, pine 
macrofossils uncalib

69=21' N 20=19' E Eronen &
Hyvarinen,
1982

15 Mukkavaara, 
Finland

pollen, pine 
macrofossils

14c,

uncalib
68=55' N 21=00'E Eronen &

Hyvarinen,
1982

16 Imandra catchment, 
Russia

pollen, diatoms
uncalib

n/a n/a Lebedeva et 
a l , 1989

17 Lotta valley, Russia pollen, diatoms
uncalib

n/a n/a Lebedeva et 
a l, 1989

18 Tuloma river valley, 
Russia

pollen, diatoms
uncalib

n/a n/a Lebedeva et 
a l , 1989

19 Virtaniemi, East 
Finland

pollen
uncalib

68=53' N 28=24' E Sorsa, 1965
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Table 1 (continued) List o f main reference sites

Site name Climate proxy Type of 
dates

Latitude Longitude Reference

20 Kaunispaa, East 
Finland

pollen
uncalib

68°25' N 27°05' E Sorsa, 1965

21 Tankavaara, East 
Finland

pollen
uncalib

6 8 ° ir  N 27°14’E Sorsa, 1965

22 Kaakkurilampi, 
East Finland

pollen
uncalib

67°03' N 28=56' E Sorsa, 1965

23 Lake Kovdor, 
Russia

pollen, diatoms
uncalib

67°30' N 33=00' N Davydova & 
Servant- 
Vildary, 
1997

24 Swedish Lappland fluctuations in 
glaciers, lake 
sediments, pine 
macrofossils

uncalib
n/a n/a Karlen,

1976

25 Abisko region, 
Kârsa valley, Swedish 
Lappland

glacier
fluctuations, lake 
sediment 
magnetic 
properties

uncalib
n/a n/a Snowball,

1996,
Snowball
and
Sandgren,
1996
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APPENDIX 8 

LIST OF PLANT TAXA FROM THF STUDY AREA

Alectoria ochroleuca (HofEm.) Massai 

Alectoria nigricans (Ach.) Nyl

Allium sibiricum L. = A. schoenoprasium var. sibiricum (L.) Hartm.

Alnus glutinosa (L.) Gaertner 

Alnus incana (L.) Moench 

Alchemilla alpina L.

Andreaea mpestris Hedw.

Andromeda polifolia L.

Arctostaphylos alpina (L) Sprengel 

Arctostaphylos uva-ursi (L.) Sprengel 

Betula callosa Noto = B. pubescens v. callosa Noto 

Betula nana L.

Betula pubescens (Ehrh.)

Betula subarctica N.I. Orlova

Betula tortuosa (Led.) = Betula czerepanovii N.I. Orlova 

Betula verrucosa (Ehrh.) = Betula pendula (Roth)

Calluna vulgaris (L.)

Campanula patula L.

Campanula rotundifolia L.

Carex rostrata Stokes 

Carex bigelowii (L.)

Cetraria nivalis (L.) Arch 

Chamaepericlymenum suecicum (Lange)

Cirsium heterophyllum (L.) Hill

Cladonia alpestris (L.) Rabenh, = Cladonia stellaris (Opiz) Pouzar & Vezda

Cladonia mitis Smdsl

Cladonia rangiferina (L.) Weber

Deschampsia flexuosa (L.) Trin.

Diphasiastrum alpinum (L.) Holub. = Lycopodium alpinum L.

Empetrum hermaphroditicum (L.)
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Empetrum nigrum L.

Eriophorum vaginatum L.

Epilobium angustifolium L.

Equisetum arvense L.

Equisetum pratense Ehrh.

Equisetum. sylvaticum L 

Equisetum palustre L.

Fragaria vescal^.

Geranium sylvaticum L.

Gymnocarpium dryopteris (L.) Newman 

Huperzia selago (L.) Bemh. = Lycopodium selago L. 

Hylocomium splendens (Hedw.) BSG  

Juncus trifidus L.

Juniperus sibirica Burgsd.

Ledum palustris L.

Loiseleuria procumbens (L.) Desv.

Luzula arcuata Swartz 

Lycopodium clavatum L.

Lycopodium annotum L.

Melampyrum sylvaticum L.

Menyanthes trifoliata L.

Nuphar lutea (L.) Sibth.

Oxycoccus palustris Pers. = Vaccinium oxycoccus L.

Phyllodoce caerulea (L.) Bab.

Pleurozium schreberi (Brid.) Mitt.

Picea abies (L.)

Picea obovata Ledeb. = Picea abies v. obovata (Ledeb.) Hultén 

Picea fennica (Regel.) Kom.

Pinus sylvestris L.

Pinus sylvestris 55p. lapponica Fr. ex Hart.

Potentilla erecta (L.) Rauschel 

Potentilla palustris (L.) Scop.

Polytrichum commune Hedw.

Populus tremula L.
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Pyrola media Swartz 

Ranunculis acris L.

Ranunculis reptans (Markl. ex Kvist) Ericss.

Rhacomitrium microcarpon (Hedw.) Brid.

Rhacomitrium lanuginosum (Hedw.) Brid. = Rhacomitrium hypnoides Lindb.

Rubus chaemomorus L.

Rubus idaeus L.

Rubus saxatilis L.

Salix lapponum (L.)

Salix glauca (L.)

Salix phylicifolia (L.)

Saxifraga oppositifolia L.

Selaginella selaginoides (L.) PB ex Schrank et Mart.

Silene acaulis (L). Jacq.

Solidago lapponica With. = Solidago virgaurea v. minuata (L.) Arcang.

Sorbus gorodcovii Pojark. = Sorbus aucuparia glabrata (Wimm. et Grab.) Hayek 

Sphaerophorus globosus (Huds.) Vainio 

Taraxum officinale Weber 

Trollius europaeus L.

Vaccinium myrtillus L.

Vaccinium vitis-idaea L.

Vaccinium uliginosum L.

411



APPENDIX 9

IDENTIFICATION OF STRATIGRAPHIC BOUNDARIES USING 

PROGRAMME ZONE ver. 1.2

1. Pollen stratigraphy. The identified stratigraphie boundaries subsequently 

used in the analyses are shown in bold

Piogrammes used Level 1, 

cm

Level 2, 

cm

, Level 3, 

cm

Level 4, 

cm

Level 5, 

cm

CONSLINK 70 1 3 0 136 2 8 1 5 4

CONISS 1 3 0 1 5 4 4 2 1 1 4 136

SPLITSQ 122 1 3 0 1 5 4 1 1 4 4 2

SPLITINF 4 2 1 1 4 1 3 0 90 1 5 4

OPTIMAL DIVISION 1 3 0 1 1 4 124 140 4 2

2 . Erosion stratigraphy. The identified stratigraphie boundaries subsequently 

used in the analyses are shown in bold

Programmes used Level 1, 

cm

Level 2, 

cm

Level 3, 

cm

Level 4, 

cm

Level 5, 

cm

CONSLINK 4 6 26 110 67 72

CONISS 4 6 1 1 5 151 1 3 0 110

SPLITSQ 4 6 125 1 1 5 1 5 1 1 3 0

SPLITINF 4 6 1 1 5 1 3 0 125 151

OPTIMAL DIVISION 151 46 115 130 110
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3 . Stratigraphy of L O I  and S. The identified stratigraphie boundaries 

subsequently used in the analyses are shown in bold

Programmes used- Level 1, 

cm

Level 2, 

cm

Level 3, 

cm

Level 4, 

cm

Level 5, 

cm

CONSLINK 25 27 149 151 115

CONISS 1 1 8 126 1 5 1 60 27

SPLITSQ 1 5 1 1 1 8 126 60 27

SPLITINF 115 60 151 1 1 8 140

OPTIMAL DIVISION 1 5 1 1 1 8 115 126 28

4 . Diatom stratigraphy. The identified stratigraphie boundaries subsequently 

used in the analyses are shown in bold

Pi ogrammes used Level 1, 

cm

Level 2, 

cm

Level 3, 

cm

Level 4, 

cm

Level 5, 

cm

CONSLINK 1 2 6 138 139 1 5 4 149

CONISS 1 2 6 1 1 4 138 1 5 4 149

SPLITSQ 1 2 6 4 1 5 4 79 1 1 4

SPLITINF 4 1 2 6 1 1 4 1 5 4 79

OPTIMAL DIVISION 126 1 1 4 159 1 5 4
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