Master’s thesis

Assessing past ecological changes in Lake Isojarvi and its
suitability as a Finnish lake reference site using

sedimentary diatoms

Mika L. Nieminen

¢

University of Jyviskyla

Department of Biological and Environmental Science

International Aquatic Masters Programme

29.5.2008



Greek: oia (dia) = “through” + téuverv
(temnein) = “to cut”, i.e. “cut in half”



UNIVERSITY OF JYVASKYLA, Faculty of Science

Department of Biological and Environmental Science
International Aquatic Masters Programme

Nieminen, Mika L.: Assessing past ecological changes in Lake Isojdrvi and its
suitability as a Finnish lake reference site using sedimentary
diatoms

Master’s thesis: 52 p., 2 appendices

Supervisor: Dr. Jarmo J. Merildinen

Reviewers: Professor Roger 1. Jones, M.Sc. Arja Palomiki

May 2008

Keywords: diatoms, ecological status, paleolimnology, reference condition, transfer
function, European Water Framework Directive

ABSTRACT

Paleolimnology studies the past of inland aquatic ecosystems through the physical,
chemical and biological information stored into the sediments of lakes. The usefulness of
paleolimnological methods has been acknowledged in defining the reference conditions of
watersheds required in the implementation of the European Water Framework Directive
(WFD). In this study a diatom record from a sediment core was used to infer the past
limnological and trophic status changes in Lake Isojérvi, located in Central Finland, which
has been proposed as a reference lake representing oligohumic mid-sized lakes in the
Finnish lake typology. Transfer functions were used to reconstruct total phosphorus (TP),
total organic carbon (TOC), colour and pH history of the lake. In addition, the physical and
chemical data from Merildinen et al. (2006), who studied the same lake and sediment core
as in this study, were compared with the diatom record. Some changes were observed in
the loss-on-ignition (LOI %), carbon content (C %) and water content (%) of the sediment,
which probably reflect catchment erosion caused by logging. The dominant diatom taxa
were Aulacoseira subarctica (O. Miiller) Haworth and Cyclotella rossii (Grunow)
Hakansson, comprising 25.7-40.5 % and 22.0-32.4 % of the observed taxa. Although
minor changes in the diatom assemblages representing the lake’s history were observed,
the lake is suggested to be a suitable Finnish lake reference site for use in implementation
of the WFD.
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TIIVISTELMA

Vesiekosysteemien sedimentteihin kerrostunutta fysikaalista, kemiallista ja biologista
tietoa voidaan tutkia paleolimnologisin tutkimusmenetelmin. Paleolimnologisten
menetelmien kéyttokelpoisuus on havaittu mm. Euroopan Unionin Vesipuitedirektiivin
(VPD) tdytantoonpanossa tarvittavissa jarvien referenssitilaselvityksissd. Téssa
tutkimuksessa jérvisedimentin piilevid kdytetddn Keski-Suomessa sijaitsevassa [sojirvessa
tapahtuneiden limnologisten ja trofiatason muutosten selvittdmisessd. Isojarved on
ehdotettu  kaytettdvdksi VPD:n  keskikokoisten ja  vdhdhumuksisten jdrvien
referenssijarvend. Kokonaisfosforin, orgaanisen hiilen (TOC), virin ja pH:n muutokset
rekonstruoitiin kayttdmélld valmiita kalibraatioaineistoja. Liséksi tarkasteltiin samoista
sedimenttindytteistd aiemmin tehtyjen fysikaalisten ja kemiallisten analyysien tuloksia
(Merildinen et al. 2006) yhdessd tdssd tutkimuksessa kerdtyn piilevdaineiston kanssa.
Muutoksia havaittiin  sedimentin hehkutushdvidssd (LOI %), hiili- (C %) ja
vesipitoisuudessa (%), joiden arvioidaan heijastelevan hakkuiden aiheuttamaa valuma-
alueen eroosiota. Hallitsevina piilevilajeina olivat Aulacoseira subarctica (O. Miiller)
Haworth ja Cyclotella rossii (Grunow) Hékansson, jotka muodostivat vastaavasti yhteensi
25,7-40,5 % ja 22,0-32,4 % havaituista lajeista. Vaikka jdrven historiaa kuvastavissa
piilevien lajikoostumuksissa havaittiin pienid muutoksia, ehdotetaan sen olevan sopiva
vertailujarvi kiytettdviksi vesipuitedirektiivin toimeenpanossa.
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1. INTRODUCTION

Paleolimnology is the multidisciplinary science that studies the ontogeny of lakes
and other inland aquatic ecosystems (i.e. their development through time). The record of an
ecosystem’s development through time is stored into the sediments as physical, chemical
and biological information, often called proxy information. This proxy information can be
sampled, studied and analysed using various paleolimnological techniques (e.g. Frey 1969,
Dixit et al. 1992, Smol 2002, Cohen 2003, O’Sullivan 2004).

Material generated by processes within the catchment and in the atmosphere of a
lake, eventually accumulates its sediments, which is why the sediments can be described as
an ecosystem’s memory or, merely, its archive (Figure 1). Therefore, paleolimnological
analyses can also provide information about both processes in the catchment areas and
changes in the atmosphere, in addition to processes within the lake itself (Frey 1969, Smol
2002, Cohen 2003, O’Sullivan 2004).
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Figure 1. An illustration of different sources of allochthonous and autochthonous material, which
accumulate in the bottom sediments of lakes (from Smol 2002).

Paleolimnological methods have proved their usefulness, for example in defining the
reference conditions to be used in assessing the ecological status of water bodies. The
European Water Framework Directive (hereafter referred to as WFD), which came into
force on 22 December 2000, emphasises ecological quality, rather than chemical quality,
for assessing the status of a lake, wherein this respect the WFD differs from many earlier
water directives and legislation. The hydromorphological and physico-chemical variables



are still used, but they are considered as supportive elements or secondary information, and
ecological variables as primary elements, when assessing the quality of the watercourses
(European Parliament 2000, Bennion et al. 2004, Résdnen et al. 2004, 2006, 2007,
Bennion & Battarbee 2007).

Long-term information about aquatic ecosystems is an acknowledged need for their
management and research. However, long-term monitoring data are often missing for
various reasons, usually related to the difficulty in implementing long-term monitoring
programs (e.g. Battarbee 1999). According to Dr John P. Smol (seminar 23.5.2007,
Helsinki, Finland: “Arctic Environments, Lake Mud, and Climate Change: A window on
the past and a view to the future”), approximately 90 % of the reviewed environmental
assessments were three years or less in duration. In order to detect long-term trends and
have statistically defensible results, paleolimnology is usually the only way to get the
required data. For instance, even a 50-cm long sediment core from an oligotrophic lake can
provide a considerable time span for assessing the trends in a lake more reliably than a
short, 3-year study (Dixit ef al. 1992, Smol 2002).

Diatoms (Class Bacillariophyceae) are a group of microscopic algae, which are
considered one of the most valuable group of fossils found from lake sediments and used
for paleolimnological investigations. Due to their ability to colonise new habitats quickly,
diatoms are sensitive to changes in their environment. Diatoms are also ecologically
diverse and they colonise virtually all microhabitats in lakes and rivers. Furthermore,
diatoms are nearly always present, which makes them inter alia a valuable biological
indicator (Hutchinson 1967, Round et al. 1990, Dixit et al. 1992, Battarbee et al. 1999,
Wetzel 2001, Smol 2002).

The biology and ecology of diatoms has been studied rather intensively in different
habitats, which makes them useful in pollution studies (Round et al. 1990, Dixit et al.
1992, Stoermer & Smol 1999a, Smol 2002). One of the best known examples of the value
of diatoms in assessing the state of the environment has been their use in lake acidification
studies (e.g. Dixit ef al. 1992, Battarbee et al. 1999, Smol 2002). The features described
above make diatoms ideal ecological indicator species, which can be used to reconstruct
lake water pH on the basis of the species composition observed in a sample (Dixit et al.
1992). Much cited papers by Birks er al. (1990) and Birks (1998) describe the
reconstruction as a two step process, where the first step involves modelling of modern
diatom abundances responses to pH (i.e. regression), and the second step, where the
modelled responses are exploited to infer the pH according to the species composition in a
sediment sample (i.e. calibration).

The aforementioned problem of lack of long-term monitoring data can be overcome
with paleolimnological data, which allows the determination of the reference conditions
even from already impacted lakes. In contrast to paleolimnological data, there is a problem
in comparing the historical and modern monitoring data obtained with conventional
methods, which have been changing over time (e.g. changes in the detection limits of
laboratory methods). Furthermore, data sets describing the status of a lake in its pre-
disturbance condition are very scarce (Battarbee et al. 2005, Bennion & Battarbee 2007).

In many areas there are no lakes which can be used as reference lakes per se and the
only way to obtain information about the pre-impact state is through a paleolimnological
analysis, which also allows any baseline date to be selected to represent the pre-impact
conditions (see e.g. Bennion et al. 2004, Weckstrom et al. 2004, Risédnen et al. 2006). In
the context of the WFD, the reference condition refers to the state of an aquatic ecosystem
before human impact and should therefore be defined separately for each study area as it



becomes clear that it cannot be the same in every place (European Parliament 2000,
Bennion & Battarbee 2007). It is also important to understand that the pre-human state of a
lake does not refer to a purely clean natural state, but the state before infensive human
impact (Résénen et al. 2004, 2006).

This thesis applies paleolimnological methods and especially diatom analysis to infer
limnological and trophic status changes from a bottom sediment core from Lake Isojérvi,
located in Central Finland. The usefulness of the information from the diatom analyses is
discussed from the perspective of the WFD. Several caveats do arise when using
paleolimnological methods, and especially diatom analysis, in deciphering the ecological
history of aquatic ecosystems, and some of these caveats are also to be discussed in the
thesis, but the emphasis is on the applicability of paleolimnology and especially of diatom
analysis.

In the case of Lake Isojérvi, the direction and rate of possible changes are the focus
of interest. The suitability of Lake Isojédrvi as a Finnish lake reference site, as defined in the
WEFD, is discussed in the end of the thesis.



2. BACKGROUND

2.1. Applications and development of paleolimnology

The paleolimnological approach can be viewed as a set of separate phases, starting in
the field and ending with data processing (Figure 2). The collection of samples is the most
critical phase in any biological study, and in a paleolimnological approach the sampling
technique used becomes emphasized as the bottom sediment is difficult material for
sampling. Due to the water content of sediments, it is difficult to get an undisturbed
sample, which is the prerequisite for conserving the temporal resolution naturally
preserved in the sediments in certain circumstances (Glew et al. 2001, Smol 2002).
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Figure 2. An overview of a typical paleolimnological study (from Smol 2002).

2.1.1. Applications of paleolimnology

Several different applications of paleolimnological methods provide examples from a
spectrum of possibilities and applications, such as reconstruction of climatic changes (e.g.
Smol et al. 2005), human impacts on watercourses like pulp and paper mill pollution (e.g.
Merildinen et al. 2001, 2003, Hynynen et al. 2004), logging in the catchments of lakes
(Rédsédnen et al. 2007), and municipal sewage water (Merildinen et al. 2003). Sarmaja-
Korjonen et al. (2006) studied the paleolimnological development of Lake Njargajavri, and
the effect of climatic and environmental changes on an aquatic ecosystem. Guhrén et al.
(2007) studied the effects of liming on lakes through diatom records in the sediments, thus
providing straightforward information for lake management purposes.
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Furthermore, paleolimnological studies provide valuable information for ecosystem
monitoring, because systematic monitoring of water courses often has a shorter history
than the human impacts on water courses (e.g. Anderson 1995, Simola et al. 1996,
Battarbee 1999, Anderson 2001, Kauppila et al. 2002, Smol 2002). Simola et al. (1996)
used paleolimnological analyses as an information source in biomonitoring of large lakes
and concluded that the methods used can provide detailed information about the past,
which is helpful in assessing the current status, as well as future trends. This was also
emphasized by Anderson (1995) and Battarbee (1999), who highlighted the role of
paleolimnology in predicting the future of a lake through knowledge of the past, and
possibly in identifying early warning signs. Anderson (1995) also noted that the
information inferred from the sediments enables more efficient modelling of lake
dynamics.

Flower et al. (1997) and Battarbee (1999) discussed the use of sediments in
ecosystem restoration projects, by comparing the diatom assemblages obtained from the
sediments with modern sites, thus allowing a more in-depth picture of the desired goal of
the restoration and providing valuable information for lake managers and authorities.

Information about the past can be utilised in implementing the WFD, for example in
defining a ‘good ecological status’ for a particular lake (e.g. Kauppila et al. 2002,
Miettinen et al. 2005, Leira et al. 2006, Résinen et al. 2006, 2007, Guhrén et al. 2007).
Miettinen et al. (2005) used diatom derived transfer functions to assess background and
present total phosphorus and water colour in lakes in eastern Finland. At the time of that
study, water colour was suggested by Pilke et al. (2002) to be one basis for a Finnish lake
typology, and thus the information about the past water colour in lakes is an essential
starting point when evaluating the ecological status of a lake. The definition of ‘good
ecological status’ has produced a straggle of complex connotations, and paleolimnological
investigations have provided some answers, which have had an important role in
implementing the WFD (Bennion & Battarbee 2007).

Merildinen et al. (2006) suggested using Lake Isojdrvi and Lake Saari-Kiekki as
reference lakes for WFD, on the grounds of paleolimnological studies. A study by Leira et
al. (2006) provides another demonstration of the potential use of paleolimnological
approach in implementing WFD in Ireland. Bennion et al. (2004), Leira et al. (2006) and
Bennion and Battarbee (2007) cautioned that using the same historical reference state in all
lakes is not appropriate when the land use of different regions differs from each other.

Résénen et al. (2006) compared the classification of lakes made on the grounds of
the lake chemistry and diatom analysis, and concluded that the inferred status of a lake
assessed using diatoms is often better than the chemistry implies. As an example they cited
naturally eutrophic lakes, which were already nutrient-rich before intensive human impact,
contrary to a common belief about the natural ontogeny of lakes. Battarbee et al. (2005)
extended this subject by discussing the need to study oligotrophication, which is a rather
understudied field, however relating to a very practical question about restoration targets
set for human impacted lakes.

Another, rather exotic example by its nature, is a paleolimnological study of Lake
Rano Raraku, Easter Island, by Dumont et al. (1998), which has shed light on the mystery
of what happened on Easter Island, hence providing again a different application of
paleolimnology. Dumont et al. (1998) studied microfossils of plants and animals from a
sediment core obtained from Lake Rano Raraku, located in the quarry where the island’s
giant statues were carved. Based on the microfossils and the dated sediment core, Dumont
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et al. (1998) suggested that Amerindians did have a role in the cultural collapse of the
island.

2.1.2. Development of paleolimnology

A vast literature about different methods for obtaining information from lake
sediments has been published as handbooks by Berglund (1986a), Last & Smol (2001a,b),
Smol et al. (2001a,b) and Cohen (2003). As a field of science, paleolimnology has
developed to be more interdisciplinary from its beginning (O’Sullivan 2004). Both
O’Sullivan (2004) and Smol (2002) described the development as rapid and coupled with
fast evolution of methods and technology, which have made possible more effective and
thorough studies of the sediments.

Anderson (2001) described three areas of progress in paleolimnology, which have
had major consequences in the development of modern techniques:

1. Increased concern with quantification of data (e.g. by using weighted
averaging (WA) models and constrained ordination).

2. Increased concern about temporal resolution (e.g. the use of annually-
laminated sediments and fine-interval sampling).

3. Integrated, multidisciplinary projects, which make it possible to carry out
multi-proxy studies.

Although paleolimnology has been, and still is, considered largely a descriptive
science because the data obtained are mostly qualitative, it has developed to be a more
quantitative and objective science as the methods have been improved (Anderson 1995,
2001, Battarbee 1999). New methods are constantly being implemented and old methods
refined (Dixit ef al. 1992, Smol 2002).

Battarbee (1999) recognized three key developments which have contributed to the
increased use of paleolimnological techniques in understanding contemporary lake
dynamics, in contrast to more traditional long-term studies. In addition to the
aforementioned coring and numerical techniques, accurate methods for dating the younger
sediments have made it possible to assess near historical changes.

At the same time, Battarbee et al. (2005) acknowledged the need for a closer
communication between limnology and paleolimnology, as there is a need to further
improve the comparability of observational data and paleolimnological records, and on the
other hand, to lengthen the time-scales usually considered in limnological research.

2.2. Diatoms as a source of information

Diatoms (Class Bacillariophyceae) are a group of microscopic algae, which are
considered one of the most important lacustrine microfossils that can be used in
paleolimnological work (e.g. Dixit et al. 1992, Flower et al. 1997, Stoermer & Smol
1999a, Cohen 2003, O’Sullivan 2004). As an example of the abundance and commonness
of diatoms, according to Werner’s (1977a) estimation, diatoms constitute approximately 20
to 25 % of the world net primary production. In addition, according to Anderson’s (1990)
estimate, already one gram of dry sediment can contain several tens of million diatom
frustules.

Diatoms are unicellular and eukaryotic, with a distinctive, ornamented cell wall. The
cell walls are composed primarily of resistant opaline silica (Si0,). As compared to other
organic algal cell wall materials, Si uptake and deposition consumes less energy thus
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making the structure of diatoms energy efficient, and thus could be viewed as an ecological
and evolutionary advantage (Werner 1977b, Round et al. 1990, Battarbee et al. 2001).
Diatom cells are pigmented and photosynthetic, although some species can live

heterotrophically in the dark, which requires a suitable source of organic carbon (Round et
al. 1990).

If bicarbonate is not taken into account, silica is often the most abundant acidic
substance in inland waters. In some waters, the silica concentration may be even greater
than the concentration of bicarbonate. Diatom algae are the main mechanism of loss of
silica in lakes and streams, as they assimilate large quantities of silica. If the concentration
of silica is decreased under approximately 0.5 mg 1", many diatoms cannot compete with
nonsiliceous algae (Hutchinson 1957, Wetzel 2001).

Diatoms are usually separated into two major groups according to their symmetry:
the centric diatoms, which have radial symmetry and the pennate diatoms, which are
bilaterally symmetrical. The cells of diatoms consist of two thecae, with one theca a bit
larger than the other and working as some kind of lid (

Figure 3). The vegetative cell division involves a successive decrease in population
mean cell size, which is a special characteristic of diatoms, also known as the MacDonald-
Pfitzer rule (Round et al. 1990, Battarbee ef al. 2001, Wetzel 2001).

6 <

Figure 3. The structure of a diatom frustule. 1 = epivalve, i.e. the lid of the frustule, where the face
and the edge (1a) of the lid can be distinguished, 2 = epicingulum, i.e. the middle piece, comprises
the epitheca together with the epivalve, 3 = hypocingulum i.e. the middle piece, comprises the
hypotheca together with the hypovalve, 4 = hypovalve, i.e. the bottom of the frustule, where the
face and the edge (4a) of the bottom can be distinguished, 5 = epitheca and hypotheca together
comprise the diatom’s frustule, and 6 = the frustule of the diatom, where epicingulum and
hypocingulum are overlapping (from Eloranta et al. 2007).

The most common mode of multiplication of diatoms is vegetative reproduction. Due
to the successive decrease in the cell size during asexual reproduction, the size is restored
by auxospore formation. Sexual reproduction takes place periodically when the cells reach
a minimum critical size, approximately 30 to 40 % of maximum size. Changes in size and
shape during the vegetative and sexual reproduction cause morphological variation
(Battarbee 1986, Round et al. 1990, Wetzel 2001).
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Identification of diatoms is based on their siliceous cell walls (frustules), which are
composed of two valves (Figure 3). The number of different recognised species varies
between in the order of 10* and 10°, according to author and species concepts. The first
classification systems were based on shape, symmetry and ornamentation of the frustules,
as seen with light microscopy. As electron microscopy developed, finer details were
revealed, which led to refinements in diatom systematics. In recent studies on diatom
systematics, more emphasis is put on using living material and on molecular techniques
(Dixit et al. 1992, Stoermer & Smol 1999a,b, Battarbee et al. 2001).

With some exceptions, the siliceous frustules of the diatoms are well preserved in
sediments, which is why most fossil taxa can be identified to species level (Flower 1993,
Stoermer & Smol 1999a, Battarbee et al. 2001). As most sediments contain more than 100

taxa, with a range of different morphological forms, diatom taxonomy is considered rather
difficult (Battarbee 1986).

2.2.1. Different diatoms in different environments

Different diatom taxa have their preferred environmental conditions and limits of
tolerance to changes. Changes in the environment are seen in the composition of the
diatom assemblages, which therefore can be used in inferring the past conditions of a lake
(e.g. Birks et al. 1990). For example, the main variable affecting the diatom productivity
and species change is most often phosphorus, whose fluctuation through time is often
reconstructed from diatom records in lake eutrophication studies (Stevenson & Pan 1999,
Battarbee ef al. 2001, Smol 2002). Birks et al. (1990) and Dixit et al. (1992), inter alia,
describe diatoms as good ecological indicators for lake water pH, due to which they are
often used in lake acidification studies.

An analysis of sedimentary diatoms is relatively robust against the effects of seasonal
variation and changing weather conditions, in comparison to single water column samples
(Miettinen et al. 2005). Hall & Smol (1999) pointed out that the annual ranges of nutrients
such as P are greater in more eutrophic lakes, which brings noise into diatom inference
models, because of peak populations representing different total phosphorus concentrations
during the same year, causing prediction errors to increase.

The distribution of diatoms is controlled by several environmental factors (e.g.
Round et al. 1990, Battarbee ef al. 2001, O’Sullivan 2004):

1. Physical factors: temperature, light, mixing, turbulence, ice cover, wind,

2. Chemical factors: pH, dissolved organic carbon (DOC), salinity, conductivity
and nutrient concentration, especially total phosphorus (TP), but also nitrogen
(N) and silica (Si) concentration; and,

3. Biological factors: grazing, mutualism, and parasitism, which are important,
but changes through time are difficult to assess.

Temperature affects the metabolic processes in diatoms, which is why they have
been used in inferring the past temperatures. Temperature has an obvious effect on
physical factors (e.g. stratification and ice-cover), and on chemical factors (e.g. pH and
nutrients) (Battarbee et al. 2001). Some authors have found certain diatoms occurring in
specific temperatures (see e.g. Bigler et al. 2000, Weckstrom et al. 1997), whilst other
authors have discussed inferring the past temperatures indirectly through resource-related
competition and a temperature-pH relationship (Lotter et al. 1999). Strong correlations
between diatoms and temperatures have been published especially from extremely cold
environments (Cohen 2003). Bigler and Hall (2003) stated that fluctuating lake water pH,
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nutrient concentrations, and habitat availabilities might influence the diatom communities
more than temperature, thus decreasing the accuracy of diatom inferred temperatures.
However, it was concluded that if pH seems constant, diatoms can be considered as
reliable indicators of temperature in their study sites in northern Sweden.

Light plays a key role in photosynthesis, and therefore its influence can be seen in
diatom communities. Turbidity of water is often related to eutrophication or increased
allochthonous material (e.g. due to deforestation, agriculture, forest fires, vegetational
changes). In many boreal lakes, the light climate is affected by dissolved organic carbon
(DOC) due to humic substances. Based on diatom-DOC coupling, it has been possible to
assess the optical characteristics of the water column (Battarbee ef al. 2001, O’Sullivan
2004). In dystrophic lakes and in high-latitude lakes the wvariation in the diatom
communities is more closely explained by the variation in DOC than by pH (Pienitz &
Vincent 2000, O’Sullivan 2004).

Diatom communities, especially planktonic diatoms, but also benthic diatoms
through resuspension, are affected by turbulence. Mixing of the water column and
stratification have an impact on the diatom assemblages according to different adaptations
of diatom species. Hence, changes in stratification may be reconstructed from the sediment
record (Battarbee et al. 2001).

Salinity has been suggested to have the strongest impact from all environmental
factors that affect the diatom distribution (Battarbee 1986, van Dam et al. 1994, Battarbee
et al. 2001). Therefore, diatoms can provide information about thalassic (coastal) areas and
athalassic (inland salt lake) environments. Changes in salinity can be inferred from diatoms
adapted to different salinities (Battarbee 1986, Battarbee et al. 2001). As in the case of pH
reconstruction, classification of diatoms according to salinity has been replaced by the use
of transfer functions (Figure 2, Figure 4). Transfer functions can also be used in inferring
the past nutrient status (mainly total phosphorus, e.g. Miettinen et al. 2005) of a lake (Smol
2002, O’Sullivan 2004). Reconstructions of the changes in nutrient status can be used in
studies of lake ontogeny (long-term change) and eutrophication (short-term change)
(Battarbee 1986). Miettinen et al. (2005) used diatoms and transfer functions in TP and
colour reconstructions (DOC). An earlier example of an eutrophication study by Stockner
(1972) used simpler methods through calculation of ratios between two diatom orders
(Centrales and Pennales).

Diatom species can be classified according to Hustedt’s five pH categories (Table 1),
based on studies of diatoms in different habitats (Hustedt 1938-1939). Hustedt’s
observations about different responses to pH of different species, and consequent
classification according to pH, were the earliest of their kind, and hence had an important
role in the development of new classifications and statistical methods (Battarbee 1986,
Battarbee ef al. 1999). van Dam et al. (1994) use the same categories as Hustedt (1938-
1938), but have added a category ‘circumneutral’ for diatoms occurring at pH-values about
7. van Dam et al. (1994) noted that the category ‘indifferent’ was replaced by later authors,
as the ‘indifferent’, i.e. diatoms insensitive to pH, are extremely rare.

Different indices have been developed on the basis of Hustedt’s classification
system. An example is Nygaard’s indices, where three indices are calculated based on the
amount of acid and alkaline taxa (Battarbee et al. 1999). For instance, in a much cited
study by Merildinen (1967), Nygaard’s indices were used and the results from Finnish
lakes were compared with those from Danish lakes, which Nygaard himself had used.
Although the indices proved to be a little different between Finnish and Danish lakes, it
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was concluded that diatom floras can be used to infer the pH of natural water fairly
accurately.

Table 1. Hustedt’s (1938-1939) five pH categories, which have been widely used in classifying the
diatoms. Hustedt has presented categories also for different salinity preferences (Battarbee 1986,
Battarbee et al. 1999, O’Sullivan 2004).

Category according Category according

to pH Description to salinity Description
alkalibiontic diatoms occurring only at pH > 7 diatoms that are widely
. . polyhalobous distributed along the salinity
alkalinhilous diatoms occurring at pH 7 and gradient
p optimum distribution at pH > 7
indifferent / diatoms occurring at both sides diatoms occurring in brackish
. mesohalobous
circumneutral of pH 7 waters

diatoms occurring at pH 7 and
optimum distribution at pH <7

diatoms occurring in fresh

acidophilous
waters

oligohalobous

diatoms with optimum
distribution at pH 5,5 and below

diatoms occurring in high salt

acidobiontic .
concentrations

halophobous

In addition to the common nutrients, phosphorus (P) and nitrogen (N), limiting algal
growth, the diatoms can also become limited by silica (Si). P is the most common limiting
nutrient for diatom communities. However, in the situation of excess P loading, the Si
reserve might become depleted, as the permanent sedimentation of diatoms increases, as it
was shown in the Laurentian Great Lakes (Schelske 1999). Si uptake by diatoms can at
times be so effective that the dissolved Si can become undetectable in the laboratory water
analysis (Round ef al. 1990).

A variety of different productivity indices have been used, such as the ratio of
planktonic to benthic taxa, where the increase in the ratio reflects eutrophication in a
shallow lake due to increased concentration of P (O’Sullivan 2004). Other indices that
have been used are the Centrales:Pennales (C:P) and Araphinidineae:Centrales (A:C)
ratios, which are based on characteristic species for eutrophic, mesotrophic, and
oligotrophic conditions (Merildinen 1967, Stockner 1972, Battarbee 1986). However,
many of the indices have been set aside as they have proved to be too simplistic (Hall &
Smol 1999). As the statistical methods and computers have been developed, more detailed
analyses of each taxa in a sample has become possible.

2.2.2. Diatom analysis in environmental studies

The use of diatoms as indicators of environmental changes has proven to be a
powerful and reliable method (Battarbee 1986). The diatom analyses have been used in
reconstruction of the backgrounds for public environmental concerns, such as climate
change, eutrophication and surface water acidification. Furthermore, diatom analysis has
established a firm position in the assessment and monitoring of running waters (Dixit et al.
1992, Battarbee et al. 1999, Smol 2002, Eloranta et al. 2007).

Diatom analysis of lake sediments can be used in inferring the lake ontogeny,
changes in shorelines (fluctuation in water level, e.g. Sarmaja-Korjonen et al. 20006),
surface water acidification (e.g. Flower & Battarbee 1983), eutrophication (e.g. Stockner
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1972, Kauppila et al. 2002), and climate change (e.g. Battarbee et al. 2001, Smol et al.
2005). The sedimentary diatom compositions provide also a reliable way for recognising
naturally eutrophic lakes and selection of the reference lakes required by WFD, as noted by
Miettinen et al. (2005) and Leira et al. (2006).

Surface water acidification studies in the 1980s brought diatoms into wider use and,
at the same time, started the rapid development of new statistical methods for pH
reconstruction, which have been applied also for the other variables (Battarbee ef al. 1999).
For example, a study by Flower and Battarbee (1983) used *'°Pb dated sediment cores and
diatoms in inferring the past changes in two lakes, which were found out to have become
strongly acidified during the past 130 years. Their study also showed differences between
lakes with forested and afforested catchments, from which they made an important
observation that the acidification process can be partly controlled by catchment
characteristics.

In addition to analyzing the diatoms from the whole sediment core, a “top-down”
approach has been used successfully in acidification studies, whereby only the bottom and
top of the core (preacidification and modern situations respectively) have been analyzed.
This top-down approach allows many lakes to be studied in a relatively short time
(Battarbee ef al. 1999, Smol 2002).

In relation to acidification, liming has been used as a lake restoration technique in
mitigating its effects on watercourses. Guhrén et al. (2007) used diatoms in assessing the
effects of liming in 12 lakes in Sweden. The results showed the biological responses to
acidification to be complex in different lakes. The importance of knowing the history of a
lake and its catchment was emphasised in order to be able to establish sensible restoration
goals.

2.2.3. Things to be taken into account with diatoms

The composition of the diatom communities can change within the same lake,
depending on the sampling site. Therefore, in order to make more careful estimates of
diatoms, a multiple-core approach should be used. In addition, the sediment sample can
include diatoms from other sources (catchment soils or upstream habitats), or conversely
the sample might not represent all the diatoms in the lake, due to losses through the
outflow or from grazing (Battarbee 1986).

Other processes (e.g. slow accumulation rates and bioturbation of the sediments) can
weaken the resolution of the reconstruction and thus the selection of the sampling site is of
critical importance (Battarbee 1986, Battarbee et al. 2001).

Several factors affect the preservation of diatoms in the bottom sediments, which
thus have to be taken into account in order to get reliable results. The diatom frustules
become easily dissolved in saline and alkaline (pH > 9.0) solutions, and the dissolution is
further enhanced by high temperatures (Flower 1993, Battarbee et al. 2001, Cohen 2003).
In general, diatoms are best preserved in acid lakes (with some exceptions), rather than
alkaline lakes. Flower (1993) emphasised that dissolution of the frustules is a multivariate
problem, thus making the interpretation challenging if the rate of dissolution varies
between species.

Benthic marcroinvertebrate activity has an influence on diatom preservation together
with the silica content of the cell wall (Battarbee er al. 2001). In addition, high pressure in
the bottom of deep lakes can break the frustules and thus make their identification
impossible. Most of the dissolution of the frustules takes place in the water column,
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sediment-water interface (SWI), or during the first few decades after deposition (Flower
1993, Battarbee et al. 2001, Cohen 2003, O’Sullivan 2004).

Mann and Droop (1996) noted that the existing species-level classification system
has been found to be too coarse. Consequently, the old classification system hides some of
the potential information, which could be obtained from the diatoms. In some species
sympatric phenodemes are reproductively isolated and, hence are considered to be separate
species. Bearing this in mind, the total number of diatom species would be at least 2 x 10°.

Battarbee et al. (2001) discussed recent studies that have been putting more emphasis
on living diatoms and on molecular techniques, which again enables more detailed
refinements in diatom systematics. Constantly changing taxa is a challenge for a diatom
analyst as new genera are created and old genera are refined.

An important note is that diatoms should not be used as the only method in inferring
the past of the ecosystems, especially in eutrophication studies, where the complex food-
webs are likely to affect the lake. As diatoms are only one of the many algal groups in
lakes and represent only one trophic level, other fossil remains should be used as well
(Simola et al. 1996, Hall & Smol 1999).

For example, Hynynen et al. (2004) used chironomids in addition to diatoms in
interpreting the changes in Lake Lievestuoreenjdrvi. A study by Sarmaja-Korjonen et al.
(2006) demonstrated the usefulness of using many organisms (Cladocera, chironomids and
diatoms), instead of fewer methods. Bigler and Hall (2003) used diatoms in estimating past
changes in temperature and were able to justify their results with parallel proxy data.
Numerous factors are affecting the diatom communities, which is why multi-proxy
approach should be used to get reliable results and information about the complex climate-
environment interactions.

2.2.4. Handling the data and development of statistics

Even though Hustedt’s classification system (Table 1) is still helpful in assessing the
history and development of a lake, it and linear models derived from it have a number of
weaknesses and restrictions, which have been taken into account when developing new
ways to reconstruct the past. For example, an assumption that a taxon can be classified into
an individual class, is problematic. Another invalid assumption is that the species have
linear or monotonic relationship to pH (Battarbee et al. 1999). Thus, the Hustedt
classification system and linear regression models for pH have largely been replaced by
transfer functions (Figure 4) (Battarbee 1986, Battarbee et al. 1999, O’Sullivan 2004).

In addition to transfer functions, several indices can be used in handling the data
from diatom analyses. An example of software designed to analyse the data from diatom
analyses is OMNIDIA programme, which is an important and widely used tool in
processing the data and producing information, which can be easily presented. All known
information about freshwater diatoms has been collected into the programme, which
calculates a group of different indices and gives ecological information about the sample,
after the identified diatoms and their abundances have been inputted (Lecointe ef al. 1993,
Eloranta et al. 2007). Eloranta et al. (2007) recommend the use of the OMNIDIA
programme for assessing the river water quality by using diatom assemblages.

2.3. Statistical analysis of diatom data

After the quantitative data about the ecological characteristics of diatoms has been
obtained, there are various methods available for the statistical analysis of diatom data.
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Instead of a linear response, most organisms have a unimodal response to environmental
variables (Smol 2002). Birks (1998) stated that the major advances in statistical techniques
happened after the numerical unimodal-based techniques for gradient analysis were
developed. Reconstruction of an environmental variable (e.g. pH, TP, DOC and TOC) can
be done by using weighted averaging (WA) regression and calibration, which assume
unimodal relationship between the diatoms and the variable. In WA it is assumed that taxa
that have their optima at a certain pH are then also the most abundant at that pH. Taxa that
have narrower tolerance can be taken into account by giving them more weight in WA,
than for taxa that have wide tolerance (Battarbee ef al. 1999, Smol 2002). However, some
taxa might appear to have linear response to the sampled environmental gradient, if the
gradient is not long enough. The selection of the technique can be done objectively by
using DCA in determining how long the gradient is, measured in standard deviation (SD)
units (Birks 1998, Smol 2002). According to Birks (1998), the linear techniques (e.g. PCA
or RDA) are more appropriate if the gradient is <2 SD units.

Multivariate statistical techniques allow determination of those environmental factors
which are mostly affecting the species distribution, and on the other hand the possibility to
do eyeballing of otherwise convoluted numerical data. One of the most used statistical
approaches in diatom studies is canonical (i.e. direct-gradient) correspondence analysis
(CCA), which allows analysis of environmental variables and species data together (e.g.
diatom-environment relationships in lake training sets). As an alternative, also redundancy
analysis (RDA) can be used, if linear technique is required (Hall & Smol 1999, Smol
2002). PCA and DCA can be used in studying water chemistry and diatom variation
independently in a training set (i.e. calibration set), which is then used in constructing the
transfer function (Dixit ef al. 1992, Battarbee ef al. 1999, Hall & Smol 1999).

Principal component analysis (PCA) is perhaps more widely known statistical
method used in ecological studies. Like RDA, PCA is a linear technique. PCA is based on
eigenvalue-technique. The difference between PCA and RDA is that the PCA is an indirect
ordination technique, whereas the RDA is a direct ordination technique, like CCA. The
direct ordination technique refers to a technique, which can detect patterns in the species
data that can be directly related to measured environmental variables. Indirect techniques
(e.g. PCA) can be used for revealing the patterns within multivariate species data (Smol
2002).

The direct ordination techniques (e.g. CCA and RDA) can be compared to multiple
regression analysis, but they are multivariate in nature, as the all species in the dataset can
be modelled simultaneously with one or more environmental predictors (Battarbee et al.
1999, Hall & Smol 1999, Smol 2002).

2.3.1. Transfer functions

Transfer functions have been developed for reconstructing the past of an aquatic
system in a quantitative manner, by assuming that the biological remains, e.g. diatoms,
reflect the environmental conditions (Jeppesen et al. 2001, Smol 2002).

In the case of diatoms, the transfer functions are based on modern observations of
diatom distributions in different lakes. These modern data sets are commonly termed
training sets (Figure 4). Most often surface sediment samples (usually 0.5 or 1 c¢cm thick
layer) are used in constructing the training sets. Training sets should cover the
environmental gradients under study, with reliable measurements of water chemistry. The
diatom taxa observed in the samples are assumed to have a unimodal or Gaussian
distribution along the environmental variable, e.g. TP or DOC, the optimum occurring in
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the conditions where the maximum abundance of the particular taxa is observed (Battarbee
et al. 1999, Hall & Smol 1999, Jeppesen 2001).

Statistical significance between diatoms and the studied environmental variable can
first be tested using Monte Carlo permutation tests. Only after that can a transfer function
be constructed. In general, a two-step process, which includes a regression step and a
calibration step, is used in generating the transfer function. In practice, the regression step
means modelling the relationship between the modern surface sediment diatom
assemblages and water chemistry, by using the modern training set. In the regression step,
the living optimas and tolerances of each diatom species are taken into account. In the
calibration step, the studied environmental variable is inferred from fossil diatom
assemblages, by using the function generated during the regression step (Birks et al. 1990,
Battarbee et al. 1999, Hall & Smol 1999).

Due to morphological differences, some diatom species preserve better than others.
This can have a significant impact on the accuracy of transfer functions, due to the biases
in the composition of the diatom assemblages in the sediment (Flower 1993, Battarbee et
al. 2001).

Contemporary
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Figure 4. Schematic drawing showing the different steps in constructing a transfer function and

finally reconstructing the changes in the measured environmental variables (from Hall & Smol
1999).

2.4. Future perspectives of paleolimnology

Smol (2002) discussed the increasing complexity of environmental problems, as the
interlinking factors make it difficult to forecast how individual issues eventually pile-up.
According to Smol (2002), paleolimnology can help to answer many of the questions
relating to environmental change, as long time series can be used to detect the trends and
sudden changes can be dated relatively accurately. Anderson (1995) and Dearing et al.
(2006) also emphasize the importance of understanding long-term changes, to be able to
model the future better by knowing the past. Dearing ef al. (2006) discussed the role and



20

importance of paleoenvironmental studies in research on human-environment interactions,
where the background data is usually missing due to short data series. Issues related to
human-environment interactions require long-term perspectives and more studies in
degraded human-dominated landscapes and highly-valued ecosystems, hence providing
opportunities still unused for the paleolimnologists. Anderson (1995) remarked that
although there have been significant improvements in paleolimnology there is still a need
to improve paleolimnology towards more quantitative and objective direction.

Diatom taxonomy and nomenclature have received too little attention for the past
century, even though these underpin all diatom studies. Resources aimed for this kind of
basic research are few, as the science in general has been constrained more and more by
directed research programmes (Stoermer & Smol 1999b). Battarbee et al. (2001) reflected
the constantly changing taxa as a challenge for a diatom analyst, which becomes
emphasized when taking into account what Stoermer and Smol (1999b) said about
taxonomy and nomenclature related research above.

Stoermer and Smol (1999b) recognized also the need for better knowledge of life
cycles and life history processes of diatoms. Consequently, there is also a need for
experimental evidence on diatom physiology. As an example, in order to exploit fully the
current statistical analyses, more basic data should be used than is available at the present.
Stoermer and Smol (1999b) concluded that a lot of potential information through diatom
research is still waiting to be utilized.

In conclusion, as Stoermer and Smol (1999b) and Smol (2002) promised a lot of
potential information remains to be extracted by going into finer details and analysis
techniques. Smol (2002) described the fast development of paleolimnology and concluded
that development will undoubtedly continue, but already now a huge amount of data is
possible to be collected even from a single sediment sample by using multiproxy
techniques. For example, in relation to eutrophication studies and the use of diatoms, Hall
and Smol (1999) discussed the importance of also analysing other bioindicators in addition
to diatoms from the sediments, as they may reveal essential information about food-webs,
which might stay obscure if only diatoms are used.

As the paleolimnological data has had a key role in the implementation of the WFD
and in the definition of the reference conditions, there seems to be many opportunities still
to become for paleolimnologists (Bennion & Battarbee 2007). Furthermore, Battarbee et
al. (2005) acknowledge the need to increase the communication between limnology and
paleolimnology, which is needed to improve the comparability of the observational data
and paleolimnological records.

2.5. Rationale for the study

According to Merildinen et al. (2006), Lake Isojérvi is suitable as a reference lake in
implementing the WFD. Although a clear indication of changes supposedly caused by
erosion was detected in the sediment profile, it was concluded that this has not caused any
significant changes in the ecological state of the lake. The same sediment core slices were
analysed for their diatoms in this study as was studied by Merildinen et al. (2006), who
analysed the subsamples for their organic content (LOI %), water content, selected
chemical elements, and the stable isotope ratios of nitrogen (8'°N) and carbon (5"°C). In
addition, the diatoms were analysed from three subsamples by Merildinen ef al. (2006).

In comparison to the study by Merildinen et al. (2006), in this study the diatom
analysis was done for all the sediment subsamples, in order detect possible changes in the
diatom record, which cannot be done reliably by analysing only three subsamples, even
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though that kind of method is often used due to the laborious nature of diatom analysis
(e.g. Smol 2002). Furthermore, the analysis of all subsamples for their diatoms, allows the
diatom data to be statistically studied with the chemical data. Hence the underlying
rationale was that making a more detailed diatom analysis from all the subsamples would
allow an improved evaluation of the preliminary assessment made by Merildinen et al.
(2006) as to the suitability of this site as a reference lake.



22

3. MATERIAL AND METHODS

3.1. Lake Isojarvi

Lake Isojarvi is located in the Province of Western Finland, Central Finland Region,
in the municipality of Kuhmoinen (Figure 5). According to the information available from
the Finnish Environment Administration’s HERTTA-database (the Environmental
Information System), the lake is part of the Kymijoki river basin area (lake number
14.263.1.001). North of Lortikanvuori hill Lake Isojirvi drains to Lake Péijanne and south
of the hill to Lake Langelmivesi. Lortikanvuori is located on the south side of Lake
Isojarvi.

Table 2. Physiographic data for Lake Isojirvi (obtained from HERTTA database). * A.s.l. is the
abbreviation for “above the sea level”.

Parameter Unit Value
Altitude m a.s.l.* m +118.90 (N60)
Lake area km’ 18.3
Drainage basin km’ 156.0
Drainage basin to lake m? km™2 8.5

area ratio

Maximum lake depth m 69.7
Mean depth m 16.4
Shore length km 117.3
Volume 10° m’ 300233

Table 3. Water quality data from Lake Isojirvi (obtained from HERTTA database). All water
samples were taken from 1 m depth at site Isojarvi 4, which is a national sampling site for lake
water quality monitoring.

Date of the measurements

Parameter
11.7.2007 1.9.2005 30.6.2005 23.2.2005 17.2.2004 30.5.1990 31.3.1977 24.1.1964

™ 4 4 5 5 4 5 12 .
(ngl™)

TN

; 310 290 340 430 380 410 600 -

(ngl™)

pH 6.9 6.5 7.0 6.4 6.6 6.8 6.7 6.7

0: 8.5 9.1 89 116 131 114 131 131
(mgl”)

0, 98 91 91 81 91 102 95 94

(%)
Colour 25 30 35 35 30 30 35 35

(mg Pt17)
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According to the Environment Administration’s general usability classification, Lake
Isojarvi belongs to Class I (HERTTA). According to the Finnish lake typology (Vuori et
al. 2006) required to implement the WFD, Lake Isojidrvi belongs to type VA, i.e.
oligohumic lakes, where the water colour is < 30 mg Pt 1" (cf. Table 2, Table 3). In
addition, Lake Isojérvi is classified as a medium sized lake (i.e. lakes with surface area 5-
40 km?). Type Vh corresponds to the type 4a in an earlier proposal for the Finnish lake
typology by Pilke et al. (2002). The lake’s surface area is 18.3 km? and the maximum
depth 69.7 m (HERTTA).

The bedrock of the area around the lake consists mainly of granite, quartz diorites,
granodiorites, mica schists, and mica gneisses, with occasional spots of amphibolites,
gneissic amphibolites, and prophyrites (Vesihallitus 1978, Suominen et al. 2002). The
catchment of the lake is mostly covered with forests (80.2%) and peatlands (10.2%).
Cultivated land comprises only 0.75% of the catchment area (HERTTA). Soil type around
Lake Isojdrvi is mainly bare rock, with small spots of sand, clay, sedge peat and sphagnum
peat (Suominen et al. 2002, GEOKARTTA, METSAHALLITUS). The lake has formed
inside a fracture in the earth’s crust, i.e. a fault-line in the bedrock (Vesihallitus 1978,
METSAHALLITUS), which is why the lake is relatively deep with a steep morphology
(Table 2). The fault-lines in the area of Isojdrvi National Park, which formed when the
bedrock fractured some 200 million years ago, are in the direction of northwest to
southeast.

According to information from METSAHALLITUS, the first large loggings were
carried out around the 1880s in the area of Isojirvi National Park (Figure 5). During the
First World War, the increased need for timber and firewood required further extensive
felling in the 1920s and 1930s. The last known large forest fire in the area of Isojdrvi
National Park is documented to have occurred in the 1850s. After Isojiarvi National Park
was established in 1982, there has been no logging activities in the area of the park,
excluding tree felling by Canadian beavers (Castor canadensis), which have thrived in the
area since the 1990s.
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Figure 5. The location of the study site showed with the rectangulars drawn on the map. Lake
Isojarvi is partly surrounded by the Isojdrvi National Park (diagonal area). The sediment coring site
is marked by the star symbol (HERTTA-database). Lake Isojarvi drains to Lake Péijanne north of
Hill Lortikanvuori and south of the hill to Lake Lingelmivesi (METSAHALLITUS).
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3.1.1. Sediment core characteristics from the previous study

Lake Isojirvi was previously studied by Merildinen et al. (2006), using the same
sediment core as that used in this study. Some results from the previous study are
summarized below. The carbon content (%) seems to be rather stable (Figure 6), until a
marked reduction in carbon concentration at a depth of 10-12 cm, which continues to 4-6
cm. The lowest carbon content is at a depth of 8-10 cm, after which it starts to increase
again. The change is visible also in the water content and loss-on-ignition results. The
change in the sediment profile indicates that more heavy mineral matter than normal was
then being accumulated into the bottom.

C % Water % LOI %
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Figure 6. Carbon content (C %), water content (Water %) and loss-on-ignition (LOI %) in the
sediment profile of Lake Isojirvi (data from Merildinen et al. 2006).
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profile of Lake Isojarvi (data from Merildinen et al. 2006).
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Figure 9. Stable isotope records of carbon (8"°C %o) and nitrogen (8"°N %o) in the sediment of Lake
Isojérvi (data from Merildinen et al. 2006).

The upper layer of the sediment (0-12 cm) is characterised by the elevated Pb, Zn
and Cd concentrations (Figure 7 and Figure 8).

According to Merildinen et al. (2006), the variation of 8'°N (Figure 9) in the
sediment was 1.1 per mille and it had a strong positive correlation with the content of
organic matter and carbon concentration (r = 0.981, p > 0.01). 8"°C (Figure 9) did not have
a significant correlation with any analysed variable. The variation of 8°C was 1.5 per
mille, from -26.8 to -28.3 %o (Figure 9).

3.2. Sediment coring

A 46-cm long surface sediment core was collected from a 57 m deep point of the
basin with a Kajak type corer on October 2005. The sediment core was sectioned into 23
subsamples of 2 cm intervals. The coordinates of the sampling point are 61° 43 21°” N and
24° 56’ 47 E in EUREF-FIN coordinate system, or 6847851 N and 3391599 E in KKJ
uniform grid coordinate system (Merildinen ef al. 2006).The sampling site is near Isojarvi
4, which is a national sampling site for lake water quality monitoring.

3.3. Diatom analysis

Diatom analysis was performed according to the instructions provided in Battarbee
(1986) and Eloranta et al. (2007). Instructions regarding the diatom analysis are also
provided in standard SFS-EN 13946 (2003).
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Subsamples from the consecutive sediment slices were extracted and the organic
matter of the subsamples was oxidized with the mixture of 65% HNO; and 96-98% H,SO4
at 60-80°C. The oxidation of the subsamples continued until the colour of the sediment
material was light grey.

After the oxidation procedure, the absence of organic material was confirmed by
dropping a few drops of 30% H,O, into the wet digestion suspension. The purpose of H,O,
i1s to remove the organic matter by oxidation, and if any organic matter is left the wet
digestion suspension would start to bubble. The oxidized sediment suspensions were
washed at least three times with distilled water, until there were no acid anymore in the test
tubes. The acid residues in the suspension would react with the resin used in mounting the
glass slides and result dimming of the preparate. Between the washes the diatom
suspension were let to settle at least 8 h, in order to make sure that no diatoms were lost
between the washes.

A drop of the oxidized suspension was dropped on glass slides to dry. The glass
slides were mounted with Naphrax® resin, which has a high refractive index. At least 500
frustules were counted from each sample. The counting and identification were done from
glass slide preparations at 1000-1250% magnification.

The material was identified according to Molder and Tynni (1967-1970), Tynni
(1975-1980), Houk (2003) and Krammer and Lange-Bertalot (1986-1991) diatom floras.
The nomenclature of the diatom follows Krammer and Lange-Bertalot (1986-1991), except
for Aulacoseira distans var. humilis (A. Cleve-Euler) identified according to Houk’s
(2003) flora.

3.4. Handling of the diatom data

The amounts of different taxa in each subsample were recorded and the total amount
of frustules calculated per subsample was calculated using a MS Excel spreadsheet
programme. As the number of taxa was relatively low, all taxa were included to the sum.
According to Battarbee et al. (2002), it is sometimes useful to exclude some groups from
the counts, in case some taxa are particularly dominant and hence valuable information
might be lost when the variation of less abundant taxa stays unnoticed.

MS Excel spreadsheet software was used to process the data into a suitable format to
be able to analyze the data with the other software. OMNIDIA version 4.2 (Lecointe et al.
1993) diatom database software was used to calculate the relative proportions of different
trophic status and pH level indicator species.

The reconstructions of the lake water pH, total phosphorus and total organic carbon
(TOC) concentrations based on the diatom assemblages, counted from the sediment
samples, were done by using the European Diatom Database (EDDI) and ERNIE 1.0
software (EDDI, Juggins 2001). The species data was processed into a suitable format by
using WinTran Version 1.5 (EDDI).

Lake water pH reconstruction was calculated by using The Surface Waters
Acidification Programme (SWAP) calibration set and weighted averaging (WA)
calculation method (EDDI). Total organic carbon (TOC) and total phosphorus (TP)
reconstructions were calculated by using combined pH and combined TP datasets
respectively, (EDDI) and locally-weighted weighted averaging (LWWA) calculation
method (Table 4).

According to Juggins (2001), comparisons suggest that the LWWA method is more
effective compared to the other available methods in EDDI, e.g. weighted averaging partial
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least squares (WAPLS), modern analog technique (MAT), and weighted averaging (WA).
For pH reconstruction, only the WA method was available (EDDI).

Where the reconstructed values lie close to the mean of the training set values,
inverse deshrinking is recommended as it gives an overall lower root mean squared error
(RMSE) prediction. Where the reconstructed values lay towards the ends the ends of the
gradient sampled by the training set, classical deshrinking is recommended, as it produces
more accurate reconstructions at the gradient ends (Juggins 2001).

Table 4. Information about the datasets and numerical methods used in reconstructing the
environmental variables from the sedimentary diatoms from Lake Isojirvi.

Reconstructed environmental variable pH TP TOC
Dataset SWAP Combined TP Combined pH
dataset dataset

Range of the variable in the dataset, mean

-1 -1
e 43-73(5.6)  2-1189 (99) pg 1 0.1-20 (4.1) mg 1

Transfer function performance

RMSE 0.344 0.306 2.13

r-squared 0.82 0.696 0.47

max bias 0.157 0.555 7.15

Number of taxa in the dataset 381 345 536
WA LWWA LWWA

Numerical method used in the

reconstruction (classical (classical (inversed

deshrinking) deshrinking) deshrinking)

In addition, total phosphorus and colour reconstructions were calculated by Juha
Miettinen (pers. comm.) also by using a weighted averaging (WA) calibration data set
(Miettinen 2003), which consists of 78 lakes in eastern Finland.

A detrended correspondence analysis (DCA) was run with the diatom data in order to
choose between unimodal and linear techniques. According to the DCA, the length of the
gradient (Axis 1) is 0.769. Birks (1998) recommends using linear techniques when the
length of the gradient is less than 2. Principal component analysis (PCA) was chosen to be
used for community analysis of the diatom data.

Multivariate analyses (PCA and DCA) of the diatom and other environmental data
were performed with PC-ORD for Windows version 4.41 (McCune & Mefford 1999) and
with C2 software version 1.5.0 (Juggins 2007). The stratigraphic curves have been
processed by using C2 software for ecological and palaecoecological data analysis and
visualisation (Juggins 2007) and MS Excel spreadsheet software.
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4. RESULTS

4.1. Sedimentary diatoms

Cyclotella rossii (Grunow) Hékansson and Aulacoseira subarctica (O. Miiller)
Haworth were the most abundant taxa observed in the sediment samples of Lake Isojérvi
(see Appendix 2), respectively comprising 22.0-32.4 % and 25.7-40.5 % from the total
amount of counted frustules per sample (Figure 10). Two different forms of A. subarctica
were observed, the form with short frustules being the most common. The relative
abundance of 4. subarctica with tall (high-celled) frustules increases towards the surface
sediment beginning from a depth of 12 cm. A total of 108 diatom taxa were identified in
the samples from Lake Isojédrvi (Appendix 1).

Other common taxa were Asterionella formosa Hassall, Cyclotella spp. (C. radiosa
Grunow and C. pseudostelligera Hustedt), Tabellaria flocculosa (Roth) Kiitzing,
Tabellaria flocculosa var. flocculosa (Roth) Kiitzing, Aulacoseira spp., and Achnanthes
minutissima Kiitzing.
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Figure 10. Stratigraphy of the most abundant diatom taxa Aulacoseira subarctica (O. Miiller)
Haworth and Cyclotella rossii Hakansson in Lake Isojarvi. Short and tall (high-celled) forms of
Aulacoseira subarctica were observed in the samples, the first stratigraphy showing both short and
long forms and the second showing only the long form.
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Figure 11. Stratigraphy of some selected relatively common diatom taxa in Lake Isojarvi.
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Figure 12. Stratigraphy of Aulacoseira spp. in Lake Isojérvi.
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4.2. pH, colour, TOC and TP reconstructions

The European Diatom Database (EDDI) transfer functions based on the SWAP
dataset, combined TP dataset and combined pH dataset were used for inferring pH, total
phosphorus (TP) and total organic carbon (TOC) respectively. According to the functions,
TOC has varied between 7.0 and 9.2 mg I"' and pH between 6.2 and 7.2 (Figure 13). For
TP, the model gave values, which varied between 1.0 and 1.2 pg I'". A slight increase in
pH is visible from the sample at 32-34 cm on.
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Figure 13. pH and total organic carbon (TOC, mg I'") concentrations inferred from the diatom
record of the sediment core from Lake Isojarvi. Reconstructions are based on the calibration data
sets and diatom data sets in the European Diatom Database (EDDI). The dashed lines represent the
standard error of the reconstructions.

According to the transfer functions by Miettinen (2003) used for the total phosphorus
(TP) concentration and colour reconstructions, phosphorus concentration has been varied
between 3.3 and 5.4 pg "' and colour between 13.8 and 28.2 mg Pt I"' in Lake Isojarvi
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(Figure 14). Water colour and TP concentrations seem to have been relatively stable,
excluding the period described by the samples from 12 c¢cm to 22 cm, where there is a
visible increase in both of the variables.
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Figure 14. Total phosphorus concentrations (ug 1) and colour (mg Pt I'") inferred from the diatom
record of the sediment core from Lake Isojarvi. Reconstructions are based on the calibration data
sets and diatom data sets of Miettinen (2003).

4.3. Ecological indicator values

According to the trophic status indicator value calculated based on the observed
diatom assemblages in the bottom sediment, Lake Isojdrvi was oligo-mesotrophic in the
beginning of 1700s, which is estimated to be represented by the lowermost sediment
sample at the depth of 44-46 cm (Figure 15) and. according to the trophic status indicator
by van Dam et al. (1994), the lake has remained approximately the same ever since.

The majority of the diatoms were acidophilous or circumneutral (after van Dam et al.
1994) in the bottom sediment of Lake Isojérvi, i.e. majority of the diatoms had their
optimum for occurrence at pH less than 7 or at pH values approximately 7 (Figure 16).
Although there is some variation in the proportions when comparing younger and older
sediments, the situation remains substantially the same.
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Figure 15. Ecological indicator values for trophic state inferred from the diatom record in the
bottom sediment core from Lake Isojdrvi, calculated with OMNIDIA software (Lecointe et al.

1993, van Dam ef al. 1994).
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Figure 16. Proportions of the diatom taxa with different pH indicator values in the bottom sediment
of Lake Isojarvi, calculated with OMNIDIA software (Lecointe ef al. 1993). No alkalibiontic taxa
were observed and hence it is excluded from the legend (van Dam ef al. 1994).
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4.4. Multivariate analyses

PCA ordination did not distinguish diatom assemblages into clear clusters (Figure
17). However, some differences between the diatom assemblages can be seen when
consecutive sediment samples are separated into following clusters: 32-46 cm, 22-32 cm,
12-22 cm, and 0-12 cm.
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Figure 17. PCA ordination for sedimentary diatoms in Lake Isojirvi (no transformation; eigenvalue
for Axis 1 0.52 and for Axis 2 0.29).
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5. DISCUSSION

5.1. Sedimentary diatoms

The diversity of different diatom taxa in Lake Isojarvi is relatively low, as only 108
taxa were observed in the samples. One plausible reason for the low amount of diatom taxa
observed is inexperience in identifying the diatoms. However, Merildinen et al. (2006)
observed 77 diatom taxa in the three samples they studied, which indicates that the 108
taxa observed in this study is not far from the experienced diatom identifier’s opinion. On
the other hand, 23 samples were studied in this study, compared to the 3 samples studied
by Merildinen et al. (2006), due to which the probability for detecting more species is also
higher.

Kukkonen (2004) studied Lake Pyhéjérvi, located in Karelia, Eastern Finland, and
observed approximately 200 diatom taxa in the studied sediment samples. Lake Pyhéjérvi
is an oligotrophic and clear lake, and can thus be compared to Lake Isojarvi. However,
Lake Pyhijirvi has bigger lake area than Lake Isojarvi, which might also contribute to the
overall diversity of occurring diatom taxa. Cyclotella rossii and Aulacoseira subarctica
were found to be the dominant species in the samples (Figure 10, Appendix 2). A.
subarctica is a filamentous, acidophilous and typical pelagic species for oligo-mesotrophic
and cold waters (Krammer & Lange-Bertalot 1991, van Dam et al. 1994, Gibson et al.
2003, Houk 2003). Cyclotella spp. are typically planktonic and often referred to as
indicator species for oligotrophic conditions, although this is not always the case (Round et
al. 1990, Wetzel 2001). In fact, C. pseudostelligera and C. radiosa have both been
classified as taxa, which tolerate nutrient enrichment (eutraphentic) by van Dam et al.
(1994).

Cremer & Wagner (2004) observed that Cyclotella rossii is a common to dominant
component in the clear, oligotrophic lakes in East Greenland. The description of the
environmental conditions where C. rossii thrives, is also true for Lake Isojérvi.
Approximately 40 % of the observed diatom flora of some sediment samples from Lake
Pyhgjarvi, consisted of C. kuetzingia and C. rossii. Furthermore, also Aulacoseira
subarctica was observed by Kukkonen (2004) in Lake Pyhédjarvi. Riihland ez al. (2003)
studied ecology and spatial distributions of surface-sediment diatoms from 77 lakes,
located in the subarctic Canada, and used DIC, total nitrogen (TN), DOC, depth and SiO,
as variables. They found that C. rossii was less abundant in lakes with higher DIC
concentrations and clearly absent in lakes with higher TN concentrations. Bigler et al.
(2000) constructed a diatom-training set from lakes in northern Sweden, and found C.
rossii, which is a taxa indicative of more alkaline waters, having its calculatory optimum
pH and temperature > 7.26 and 13.0°C, respectively. For 4. subarctica the calculatory
optimum pH and temperature were 6.96 and 12.3°C, respectively. Also data collected by
Korhola ef al. (1999) suggested more alkaline sites showing the dominance of C. rossii,
and, furthermore, according to their study the high abundance of Cyclotella spp. is typical
for deeper lakes in Finnish Lapland. Weckstrom et al. (1997) studied diatoms as
quantitative indicators of pH and temperature in subarctic Fennoscandian lakes, and found
C. rossii to prefer cold waters, the weighted-average temperature and pH optima being
10.3°C and 7.20, respectively. According to Gibson et al. (2003), 4. subarctica appears as
a response to moderate increases in nutrients, but is disadvantaged by further enrichment.

The other relatively common species observed in the sediment samples of Lake
Isojarvi, were Asterionella formosa, Achnanthes minutissima, and Tabellaria spp. (Figure
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11). Asterionella formosa is a planktonic species, which is alkaliphilous and indicates
meso-eutrophic conditions (van Dam et al. 1994, Kingston 2003). Tabellaria flocculosa is
acidophilous and indicates mesotrophic conditions. Achnanthes minutissima is
circumneutral and thrives in oligo- to eutrophic conditions (van Dam et al. 1994). In
addition, low number of several different Eunotia spp. were observed in the samples. Many
of Eunotia spp. are indicating acidic conditions (van Dam ef al. 1994, DeNicola 2000).

The trophic status classes of van Dam et al. (1994) have not been defined for all
diatoms, due to which less than 100 % of the diatoms can be classified, which can
introduce errors into the interpretation of the results. As the results of the diatom analyses
can differ between different persons counting and identifying the diatoms, the proportions
of different trophic status and pH classes can also differ between different studies. Of the
diatoms observed in the samples in this study, the environmental indicator values were not
defined for all taxa, which makes the results less reliable.

The proportions of the pH indicators were consistent with Merildinen et al. (2006),
indicating the majority of the diatoms in the sediment of Lake Isojérvi to be acidophilous
or circumneutral (Figure 16).

The pH, TP, TOC and colour reconstructions made on the basis of the results from
the diatom analyses (Figure 13 and Figure 14) show that there has not been any dramatic
change in the lake water chemistry. Interestingly, a small change with increasing trends in
the reconstructed water colour and TP concentrations is visible at the depth of
approximately 12-24 cm in the stratigraphy, based on Miettinen’s (2003) models (Figure
14). This change might be due to the past logging activities within the catchment of Lake
Isojarvi, during which nutrients from the soil were flushed to the lake with rain and melt
water. Eventually, the soil has become nutrient poor and the TP concentrations have started
to decrease. Consequently, as the soil has become nutrient poor it has started to erode,
which is seen as increased minerogenic matter in the sediment (Figure 6).

The water quality data analysed from Lake Isojérvi (Table 3) in 2005 from the same
location as the sedimentary core was taken, show that the pH has varied between 6.4 and 7,
water colour between 30 and 35 mg Pt "', and TP between 4 and 5 pg 1"'. According to the
water quality data available from HERTTA-database, water colour in Lake Isojirvi’s other
sampling sites, has generally been 30 mg Pt I and less. The results of the transfer
functions are relatively well in line with the water quality analyses in 2005. For the
topmost sediment layer (0-2 cm), which represents the time of sampling (2005), the model
of Miettinen (2003) gave 4.2 pg I and 19 mg Pt I'' for TP and colour respectively.
According to the EDDI transfer function, the pH was calculated to be 7.0, based on the
diatom assemblage in the topmost subsample.

When comparing the results of this study to the results by Merildinen et al. (2006),
the trophic status of Lake Isojérvi was found to be a little different. One plausible reason
for this might a different version of the OMNIDIA software, as Merildinen et al. (2006)
used an old version of the software in their study and the most recent one was used in this
study. Also the proportion of the taxa represented in the OMNIDIA software was higher in
the study by Merildinen et al. (2006) as over 80 % of the identified diatoms had been
defined in the OMNIDIA. In this study, the proportion of the identified taxa defined in the
OMNIDIA software was less than 80 % in all samples. Another reason for the difference is
an obvious inexperience in identifying the diatoms. However, the results of both studies
are consistent with each other in the sense that no marked trophic status changes were
detected (Figure 15).
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Other examples of the impacts on lakes of logging are provided by Laird &
Cumming (2001), Laird et al. (2001), and Résdnen et al. (2007). In all of the
aforementioned studies the changes of the diatom assemblages in the impacted lakes were
small shifts in percent abundance, rather the appearance or disappearance of diatom taxa.
They also suggested on the grounds of their studies that diatom assemblages reflect the
changes after logging more reasonably than sediment chemistry, which is in line with the
results from Lake Isojdrvi.

5.2. Remarks on dating of the sediment core and detected changes

Dating of the sediment was not done in this study, even though time is one of the
most important dimensions as it gives the time frame for paleolimnological studies.
However, it is possible to estimate the age of the sediment using the concentration of Pb in
the sediment samples (Figure 7). Merildinen et al. (2006) estimated the age by using a
study by Bréannvall ef al. (2001), which showed that a clear and lasting increase in Pb
concentrations took place between the 1800s and 1900s. According to Merildinen et al.
(2006), another significant increase of Pb concentrations took place in the 1970s, when the
use of leaded gasoline was at its highest. On the grounds of Pb accumulation in sediments,
Merildinen et al. (2006) concluded that the year 1970 corresponds approximately to a
sediment depth of 4-6 cm.

It is commonly assumed that the Industrial Revolution in the 1800s was a clear
period for atmospheric Pb pollution. According to Brannvall et al. (2001), Pb levels were
elevated then, but not as strikingly as after the increase in fossil fuel combustion around the
1950s. Verta et al. (1989) observed the start of anthropogenic accumulation of Pb to be
evident in all of the studied sediment cores from lakes in southern Finland, whereas in
northern Finland, anthropogenic Pb appears during the 1800s. In addition, the Pb
concentration profiles were observed to level off or decrease after 1980.
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Figure 18. Sales of unleaded and leaded gasoline in Finland between 1970 and 2000 (solid line =
sales of leaded gasoline, dotted line = sales of unleaded gasoline) (data from Mr. Jyrki Pohjolainen,
Finnish Oil and Gas Federation).

On the grounds of the studies by Verta et al. (1989) and Briannvall et al. (2001),
Merildinen et al. (2006) estimated the year 1900 to be at a depth of approximately 18 cm
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and the bottom of the core (46 cm) to correspond approximately to the beginning of the
1700s. The sales statistics of gasoline (Finnish Oil and Gas Federation) in Finland support
the observations of Merildinen et al. (2006) and Verta et al. (1986): the amount of sold
leaded gasoline started to decrease in 1988 and after 1995 no leaded gasoline was sold
anymore in Finland (Figure 18).

The water content of the sediments in shallow waters tends to be lower, due to the
coarser materials, and vice versa higher in deeper waters. Due to compaction of the
sediment, the water content decreases with depth in a sediment core and the vertical
variation can be caused by various factors including the rate of sedimentation and the
degrees of compaction and bioturbation (Bengtsson & Enell 1986). Merildinen et al.
(2006) assumed the carbon and water content changes in the sediments to have been
caused by erosion within the catchment area. Based on the estimated age of the sediment,
the changes are estimated to have taken place between the 1930s and 1970s due to logging
activities.
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Figure 19. Carbon-nitrogen ratio (C/N ratio) in the sediment profile of Lake Isojérvi (data from
Meriléinen et al. 2006).

According to the stratigraphy of TP concentrations and water colour (Figure 14),
inferred based on Miettinen’s (2003) model, a change was observed in the depth of 12-24
cm. According to Merildinen et al. (2006), the year 1900 is approximately in the depth of
18 ¢cm. According to METSAHALLITUS, the first extensive loggings were carried out
around the 1880s, and, in addition, the last extensive forest fire took place in 1850. Thus,
assuming the dating is approximately correct, the beginning of extensive logging
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corresponds approximately to the same time as the change in the TP and water colour
stratigraphy is seen (Figure 14). This assumption is further underpinned when looking the
stratigraphy of the C/N ratio of the sediment (Figure 19), where the C/N ratio stays
somewhat lower and stable after the sample from depth 20-22 cm till the depth of 10-12
cm, compared to the deeper parts of the core. For example, Résidnen et al. (2007) observed
decreasing C/N ratio (the proportion of allochthonic matter increased) in one of the studied
lakes, which they suggested to be a sign of increased erosion caused by the forest
harvesting. According to Cohen (2003), the C/N ratio is a useful tool for distinguishing
long-term transitions between terrestrial to algal-input dominance in lake sediment organic
matter, but should be used carefully as the early diagenetic loss of N sometimes elevates
the C/N ratio. In addition, the extensive forest fire might have contributed to the observed
change. However, according MacDonald et al. 1991, fires of limited spatial extent and
intensity are not necessarily detected in the sediment record.

The variation in nitrogen stable isotope ratios have a strong positive correlation
between the organic matter content and carbon content of the sediment (Merildinen et al.
2006). Although there are several caveats in making the interpretations on the basis of the
changes of 8N, changes in nitrogen stable isotope ratios are often reflected in
sedimentary profiles of plant material from terrestrial versus aquatic sources (Cohen 2003).
Due to the erosion, more autochthonous, terrestrial matter has accumulated into the
sediment and this might be seen as a correlation between organic matter content and
carbon content of the sediment. Naturally this would also be seen in 8'°C values, as strong
fractionation mechanisms are affecting the isotopic composition of terrestrial plants
already during their photosynthesis, which eventually is seen in the isotopic composition of
the plant debris entering a lake versus the isotopic composition of autochthonous matter.

The variation in carbon’s stable isotope ratios did not have significant correlation
between any of the studied variables (Merildinen et al. 2006), which is probably due to the
rather complicated fractionation pathways of carbon isotopes in lakes (Cohen 2003).
However, it is good to remember that the fractionation pathways of nitrogen isotopes are
also complicated (Cohen 2003), and thus also the interpretation of the isotope results can
be a complex task.

The TP, TOC, colour and pH reconstructions were made by using different
calibration data sets (EDDI and Miettinen 2003). The TOC and pH reconstructions made
with the calibration data sets available from the EDDI database are generally in line with
the results calculated with the dataset of Miettinen (2003). However, the TP reconstruction
made with the EDDI transfer function showed considerably low values (1.0-1.2 pg 1),
which appear to be over the range of the variable in the used dataset (Table 4). According
to the study by Merildinen ez al. (2006), the TP values were 3, 6 and 5 ug "', at the depths
of 44-46 cm, 8-10 cm, and 0-2 cm respectively. The TP values calculated based on the
diatom calculations in this study cannot be used, as they are under the range of the variable
in the EDDI’s dataset. Instead, the TP reconstruction made with the transfer function of
Miettinen (2003) can be considered a more justified alternative.

There are some obvious sources of error, which should be taken into account when
assessing the reconstructions. The most significant error is related to the identification of
the diatoms, which is commonly considered a difficult process. The author of this study
was unfamiliar with the identification process at the beginning, thus making the
misidentification more probable. Also making the diatom preparations was initially an
unfamiliar process, thus adding the possibility of errors already in the sample preparations.
However, the list of identified diatom taxa from the study by Merildinen et al. (2006) was
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available during the identification process, which probably decreases the amount of
possible misidentifications made during the analysis.

In the previous study by Merildinen et al. (2006) it was concluded that Lake Isojérvi
is suitable for use as a reference lake in the WFD. In addition, they detected some changes
in the geochemical record of the sediment core, which was assumed to be caused by
erosion within the catchment of the lake. This accord well with the historical information
about forestry activities within the area. However, Merildinen et al. (2006) concluded that
the change, which is clearly visible in the loss-on-ignition, evaporation residue carbon
concentration stratigraphy, has not affected the ecological status of the lake. The extended
results from this study support the idea that Lake Isojdrvi in its natural state and therefore
could be used as a reference lake in implementing the WFD.
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Figure 20. The catchment area of Lake Isojarvi (thin line) is a part of a bigger protected catchment
area (thick line). Isojarvi National Park partly covers the catchment area of Lake Isojérvi (diagonal
area). Grey areas represent water courses (map from HERTTA database).

Another important thing in assessing the suitability of Lake Isojdrvi for use as a
reference lake is its location within a protected catchment areca (HERTTA-database)
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(Figure 20). Furthermore, the lake is partly surrounded by Isojdrvi National Park.
According to Suominen et al. (2002), the forests around Lake Isojirvi have been mainly in
forestry use and harvesting has been done by using light selection felling and no extensive
logging operations have been taken place. These things together make the area also
interesting to be used as a palaeoecological reference area (cf. Berglund 1986b).

At the same time it is noteworthy that, even in a seemingly remote and unaffected
lake such as Lake Isojérvi, the signs of long-range transport of airborne pollutants can be
clearly visible (Pb, Zn, Cd, and As) (Figure 7 and Figure 8). Brinnvall et al. 2001 have
detected changes in Pb concentrations in the sediment profiles in Sweden, which date back
all the way to the time of the Roman Empire, which illustrates how far atmospheric
pollution can range.

5.3. Multivariate analyses

Merildinen et al. (2006) ran a PCA for the elements and the stable isotope ratios of
carbon and nitrogen. The analysis divided the sediment profile into two clusters: the top 12
cm and the older sediment (12-46 cm). The profile of the surface sediment is characterized
by elevated levels of Pb, Cd, Zn, and As.

The PCA run with the diatom data (Figure 17) shows the diatom assemblages
analyzed at different depths of the sediment profile to be relatively close to each other and
no clear clusters can be observed, although some changes are evident.

5.4. Other studies discussing diatoms, paleolimnology and WFD

Bennion ef al. (2004) examined the fossil diatom record from 26 Scottish loch basins
and evaluated the usability of paleolimnology as a tool for defining reference conditions
and ecological status. According to the two-way indicator species analysis (TWINSPAN),
four groups, with characteristic diatom assemblages, were identified. The key factors in the
data were water depth and productivity. Based on the results of Bennion et al. (2004), Lake
Isojarvi would well belong to the group of large and mostly deep oligotrophic-mesotrophic
lakes. The associated dominant diatom taxa of the group are e.g. Aulacoseira subarctica
and Cyclotella spp. like C. comensis and C. radiosa. From the studied lochs they found
both minimally impacted and enriched lochs, and possible signs of recovery from
eutrophication in some lakes. Bennion ef al. (2004) found it difficult to find minimally
impacted lochs from lowland sites and especially shallow systems, to be used as reference
sites. This is due to the fact that all sites have been impacted to some degree. It was
concluded that paleolimnology can play an important role especially for those lake types,
where reference sites cannot be found, by providing site-specific reference conditions.

Leira et al. (2006) assessed the ecological status of candidate reference lakes in
Ireland. The assessment was carried out by studying a representative selection of 76
oligotrophic and meso-oligotrophic lakes, which have been nominated as candidate
refecence lakes by the Irish Environmental Protection Agency. Leira et al. (2006) and
Bennion et al. (2004) both noticed the impact of nutrient enrichment in some the lakes they
studied. The results by Leira et al. (2006) indicate that the diatom communities especially
in large, deep and low alkalinity lakes have been particularly changed and show
biologically important deviation from reference conditions. Acidification and nutrient
enrichment were noticed to be the most important factors, with a remark that climate
change may also be important, as a number of the studied lakes had experienced a rise in
various Cyclotella taxa compared to the refercence conditions. The rise of Cyclotella taxa
has been linked to climate change throughout the Canadian Arctic (Karst-Riddoch et al.
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2005) and also in temperate regions (Wolin & Stoermer 2005). Leira et al. (2006) adopted
the reference date c. 1850 AD used in UK e.g. by Bennion et al. (2004), and concluded on
the ground of their data, that it might not be appropriate reference baseline in all cases in
Ireland, as the history of land use in some areas differ from each other.

The diffculty of finding minimally impacted lakes to be used as a reference site for
certain lake types was emphasized in a study by Weckstrom et al. (2004), who studied the
coastal waters of Finland, by the Baltic Sea. The coastal waters of Finland by the Baltic
Sea have been heavily impacted already before the start of monitoring programs, thus
reflecting the same problem identified by Bennion et al. (2004). Weckstrom et al. (2004)
collected a modern reference dataset of surface sediment samples together with surface-
water chemistry data from 45 embayments along the Baltic coast of southern Finland. The
constructed diatom-transfer function was applied to a long sediment core from a site,
where there is a record of measured water chemistry of approximately 30 years. The
accuracy of the diatom-based reconstruction was tested against the available water
chemistry data, and a good agreement between the measured and diatom-inferred values
was observed. On the basis of their results, Weckstrom et al. (2004) suggested a method,
whereby the diatom assemblages in the top 1 cm of a sediment core and the assemblage
deeper in the core (representing predisturbance conditions) are compared with each other
to establish better targets to be used in restoration programs such as the WFD.

Résédnen et al. (2007) studied the impact of logging on six small boreal lakes, located in
eastern Finland, and highlighted the relevance of assessing the effects of silvicultural
management to a large number of Finnish forest lakes in the implementation of WFD.
Their results suggested that logging has not markedly lead to the change of biological
elements of the studied lakes and all the studied lakes were found to be close to their
background conditions, which is in line with results from Lake Isojarvi, assuming that the
detected change in the stratigraphies (Figure 6) is due to the erosion caused by logging.
Résdnen et al. (2007) concluded that not much would be known about the long-term
changes caused by logging in the studied lakes without paleolimnological studies.

A study of naturally and historically eutrophic lakes by Résénen et al. (2006) showed
that naturally eutrophic lakes do exist in Finland. The study aimed to identify the pre-
impact state of the supposedly naturally eutrophic lakes and their characteristic diatom
species. Risédnen et al. (2006) found that the diatom assemblages had changed markedly
over time in the studied lakes and that there is a wide variation in the diatom assemblage
composition of the reference conditions, hence making the unequivocal determination of
the lake’s restoration target difficult based solely on an assumed natural state diatom flora.
Due to this, Résdnen et al. (2006) recommend lake-specific careful examination when
deciding the needed management actions, as the naturally eutrophic lakes’ group appears
to be rather heterogenic.

Diatoms per se are not included into the biological quality parameters in
classification of lakes according to the WFD. Diatoms are used in the assessment of
aquatic flora as a part of other phytoplankton and phytobenthos. At the same time the WFD
requires that the lakes’ natural state or reference conditions should be defined, in order to
make the classification possible. In the WFD, paleolimnological studies are mentioned as
one possible tool in inferring the past changes and reference status of lakes (European
Parliament 2000, Bennion & Battarbee 2007).

Many authors have emphasized the fact that often the only available information
about past changes in lakes is obtained using paleolimnological techniques (e.g. Smol
2002, Kukkonen 2003, Bennion et al. 2004, Rasidnen et al. 2004, 2007, Bennion &
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Battarbee 2007). For example, Rasénen et al. (2004) showed that naturally eutrophic lakes
exist in Finland by using paleolimnological study methods. Naturally eutrophic lake type
has been suggested e.g. by Pilke ef al. (2002) to be used in the Finnish lake typology, used
in implementation of the WFD. The existence of naturally eutrophic lakes in Finland was
previously argued, as it has been difficult or impossible to prove it. In the current lake
typology (Vuori et al. 2006), naturally eutrophic lakes are included in class RrRc, which
stands for naturally eutrophic and calcareous lakes.

Résdnen et al. (2004, 2006, 2007) and Bennion et al. (2004) concluded that
paleolimnological diatom analysis and the reconstruction models related to it, are a
powerful tool in assessing the reference conditions and the present state of inland waters.
Weckstrom et al. (2004) studied the coastal waters by the Baltic Sea, where the problem of
finding minimally impacted reference sites is emphasized as most of the coastal waters in
Finland are heavily impacted.

5.5. Conclusions

Merildinen et al. (2006) concluded that even though some signs of erosion can be
observed in the sediment profile when looking at the carbon content (C %), water content
(%) and LOI (%) (Figure 6), the erosion has not caused significant changes in the
ecological status of Lake Isojirvi. Based on the results derived from the diatom analyses of
the sediment samples, the ecological status of Lake Isojirvi seems to have been relatively
stable during the studied history, from approximately the beginning of the 1700s through to
2005, based on the assumptions made from the age of the sediment by Merildinen et al.
(2006). Some changes in the diatom assemblages are visible, but the PCA ordination did
not distinguished the assemblages into clear clusters (Figure 17). This observation is also
in line with the other studies made on the impacts of logging on the diatom fauna of a lake
(see Laird & Cumming 2001, Laird et al. 2001, Risdnen et al. 2007).

The pH, TOC, TP and colour reconstructions (Figure 13 and Figure 14), made on the
grounds of the diatom assemblages, did not show any significant changes during the lake’s
history, apart from the slight change in the TP and colour reconstructions based on
Miettinen’s (2003) models. However, the detected changes can be considered relatively
insignificant in the light of the DCA and PCA analyses run on the diatom data.

When inferring past changes, and especially defining reference conditions, the dating
of the sediment profile should be done appropriately, for example using *'°Pb or *’Cs
dating methods. The dating of the sediment core of Lake Isojarvi would be valuable add to
the study, as it would give a time-line against which the detected changes could be
assessed. As an example, it would be interesting to see how much the sedimentation rate
changed, when the assumed catchment’s erosion took place. Another issue could be the
lack of local, in this case Central Finland, calibration dataset for diatoms. Although the
same diatom species can be found all around the globe, the environmental conditions are
nevertheless different, due to which valuable information related to local conditions might
be lost if a local diatom calibration dataset is not available. On the other hand, the use of
other than local diatom datasets emphasizes the cosmopolitan nature of diatoms.

Based on the results of this study and the results by Merildinen ef al. (2006), Lake
Isojarvi is considered to be suitable for being used as a lake reference site for medium-
sized oligohumic lakes (corresponds the type Vh according to Vuori et al. (2006) in the
Finnish lake typology), in the implementation of the European Union Water Framework
Directive (WFD). Some minor changes in the ecological status of the lake were detected,
which were assumed to be because of the logging in the area of Lake Isojérvi’s catchment.
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However, according to the diatom analysis, the changes have not significantly affected the
biology of the lake. Furthermore, based on the PCA (Figure 17), the ecological status of
Lake Isojérvi, inferred from the diatoms, seems to have returned closer to the state it was in
the lower parts of the sediment, the depths 12-22 cm representing the time of the biggest
changes in the lake. This study has also provided an example of how diatom analysis and
other paleolimnological techniques can provide otherwise inaccessible information about
the past trophic status and other limnological changes during the history of a lake.

ACKNOWLEDGEMENTS

This Master’s thesis is dedicated to my family, especially to my little Unna, who has
not seen her father as many times as should during the lengthy process of producing the
material for these pages. I am glad it was decided for me to complete this task, from which
I am especially grateful for my dear Ejja.

Many people have helped me with their ideas and suggestions during the work.
Especially I want to thank Dr. Jarmo Merildinen from Institute for Environmental
Research, who is the supervisor of the work and suggested me the subject in the first place.
M.Sc. Arja Paloméki from Institute for Environmental Research, has kindly helped me in
every phase of the diatom analyses and shared her time and knowledge about the diatoms,
in addition to reviewing the final work. Professor Roger Jones, as the other reviewer of the
work, provided his time, consultancy and valuable comments during the preparation of the
thesis. Dr. Juha Miettinen from Karelian Institute, University of Joensuu, kindly provided
his diatom and water quality data and made the phosphorus concentration and lake water
colour reconstructions. I would also like to thank Dr. Heikki Hamél4inen for consulting me
with the myriad of technical and psychological problems I had in multivariate statistical
analyses’ midst. In addition, I have been helped by the laboratory staff of the University of
Jyviskyld and Institute for Environmental Research. In the end, as always, I want to thank
Tech.Lic. Marjukka Dyer, Head of the degree programme in Environmental Engineering in
Tampere Polytechnic, kindly providing me the possibility to use Tampere Polytechnic’s
microscope and take micrographs of my transparent friends.

In fine, I am also grateful to the University of Jyvéskyld for the Konnevesi
scholarship I was granted. The week I spent at the Konnevesi research station was the most
intensive and effective phase in finalizing my thesis, which otherwise would have made the
writing process even longer.



47

REFERENCES

Anderson N.J. 1990. Variability of diatom concentrations and accumulation rates in sediments of a
small lake basin. Limnol. Oceanogr. 35: 497-508.

Anderson N.J. 1995. Using the past to predict the future: lake sediments and the modelling of
limnological disturbance. Ecol. Model. 78: 149—-172.

Anderson N.J. 2001. Palaeolimnology and its role in the management of large lakes. In: Gronlund
E., Viljanen M., Juvonen P. & Holopainen 1.J. (eds.), Suurjdviseminaari 2001: Ympdristo ja
yhteiskunta, University of Joensuu, Publications of Karelian Institute N:0 133, pp. 82—89.

Battarbee R.W. 1986. Diatom analysis. In: Berglund B.E. (ed.), Handbook of Holocene
Palaeoecology and Palaeohydrology. John Wiley & Sons Ltd., pp. 527-570.

Battarbee R.W. 1999. The importance of palacolimnology to lake restoration. Hydrobiologia
395/396: 149-159.

Battarbee R.W., Charles D.F., Dixit S.S. & Renberg 1. 1999. Diatoms as indicators of surface water
acidity. In: Stoermer E.F. & Smol J.P. (eds.), The Diatoms: Applications for the
Environmental and Earth Sciences, Cambridge University Press, Cambridge, UK, pp. 85—
127.

Battarbee R.W., Jones V.J., Flower R.J., Cameron N.G., Bennion, H., Carvalho L. & Juggins S.
2001. Diatoms. In: Smol J.P., Birks H.J.B. & Last W.M. (eds.), Tracking Environmental
Change Using Lake Sediments. Volume 3: Terrestrial, Algal, and Siliceous Indicators,
Kluwer Academic Publishers, pp. 155-202.

Battarbee R.W., Anderson N.J., Jeppesen E. & Leavitt P.R. 2005. Combining palaeolimnological
and limnological approaches in assessing lake ecosystem response to nutrient reduction.
Freshwater Biol. 50: 1772—1780.

Bengtsson L. & Enell M. 1986. Chemical analysis. In: Berglund B.E. (ed.), Handbook of Holocene
Palaeoecology and Palaeohydrology. John Wiley & Sons Ltd., pp. 423-451.

Bennion H. & Battarbee R. 2007. The European Union Water Framework Directive: opportunities
for palaeolimnology. J. Paleolimn. 38: 285-295.

Bennion H., Fluin J. & Simpson G.L. 2004. Assessing eutrophication and reference conditions for
Scottish freshwater lochs using subfossil diatoms. J. App. Ecol. 41: 124-138.

Berglund B.E. (ed.). 1986a. Handbook of Holocene Palacoecology and Palaeohydrology. John
Wiley & Sons Ltd., pp. 869.

Berglund B.E. 1986b. Palacoecological reference areas and reference sites. In: Berglund B.E. (ed.),
Handbook of Holocene Palaeoecology and Palaecohydrology. John Wiley & Sons Ltd., pp.
111-126.

Bigler C. & Hall R.I. 2003. Diatoms as quantitative indicators of July temperature: a validation
attempt at century-scale with meteorological data from northern Sweden. Palaeogeogr.
Palaeocl. 189: 147-160.

Bigler C., Hall R.I. & Renberg 1. 2000. A diatom-training set for paleoclimatic inferences from
lakes in northern Sweden. Verh. Internat. Verein. Limnol. 27: 1-7.

Birks H.J.B. 1998. Numerical tools in palacolimnology - progress, potentialities, and problems. J.
Paleolimn. 20: 307-332.

Birks H.J.B., Line J.M., Juggins S., Stevenson A.C. & ter Braak C.J.F. 1990. Diatoms and pH
reconstruction. Phil. Trans. R. Soc. Lond. B 327: 263-278.



48

Brinnvall M.-L., Bindler R., Emteryd O. & Renberg I. 2001. Four thousand years of atmospheric

lead pollution in northern Europe: a summary from Swedish lake sediments. J. Paleolimn.
25:421-435.

Cohen A.S. 2003. Paleolimnology: The History and Evolution of Lake Systems. Oxford University
Press, New York, pp. 500.

Cremer H. & Wagner B. 2004. Planktonic diatom communities in High Arctic lakes (Store
Koldewey, Northeast Greenland). Can. J. Bot. 82: 1744—-1757.

Dixit S.S., Smol J.P., Kingston J.C. & Charles D.F. 1992. Diatoms: Powerful indicators of
environmental change. Environ. Sci. Technol. 26: 22-33.

Dearing J.A., Battarbee R.W., Dikau R., Larocque 1. & Oldfield F. 2006. Human-environment
interaction: towards synthesis and simulation. Reg. Environ. Change 6: 115-123.

DeNicola D.M. 2000. A review of diatoms found in highly acidic environments. Hydrobiologia
433: 111-122.

Dumont H.J., Cocquyt C., Fontugne M., Arnold M., Reyss J.-L., Bloemendal J., Oldfield F.,
Steenbergen C.L.M., Korthals H.J. & Zeeb B.A. 1998. The end of moai quarrying and its
effect on Lake Rano Raraku, Easter Island. J. Paleolimn. 20: 409-422.

EDDI. The European Diatom Database. Available on the web at
http://craticula.ncl.ac.uk/Eddi/jsp/index.jsp. 27.1.2008.

Eloranta P., Karjalainen S.M. & Vuori K.-M. 2007. Piileviyhteisit jokivesien ekologisen tilan
luokittelussa ja seurannassa - menetelmdohjeet. Ympiristdopas, Pohjois-Pohjanmaan
ympdristokeskus, Oulu [in Finnish]. 58 pp.

European Parliament. 2000. Directive 2000/60/EC of the European Parliament and of the Council
establishing a framework for Community action in the field of water policy. Official Journal
L327: 1-72.

Finnish Oil and Gas Federation. Statistics of sales of leaded and unleaded gasoline in Finland 1970-
2000. E-mail from Jyrki Pohjolainen 3.9.2007.

Flower R.J. 1993. Diatom preservation: experiments and observations on dissolution and breakage
in modern and fossil material. Hydrobiologia 269/270: 473-484.

Flower R.J. & Battarbee R.W. 1983. Diatom evidence for recent acidification of two Scottish lochs.
Nature 305: 130-133.

Flower R.J., Juggins S. & Battarbee R.W. 1997. Matching diatom assemblages in lake sediment
cores and modern surface sediment samples: the implications for lake conservation and
restoration with special reference to acidified systems. Hydrobiologia 344: 27-40.

Frey D.G. 1969. The rationale of paleolimnology. Mitteilungen Internationale Vereinigung fur
theoretische und Angewandte Limnologie 17: 7—-18.

GEOKARTTA. The online map service of the Geological Survey of Finland. Available on the web
at http://geokartta.gtk.fi/. 2.10.2007.

Gibson C., Anderson J. & Haworth E. 2003. Aulacoseira subarctica: taxonomy, physiology,
ecology and palaeoecology. Eur. J. Phycol. 38: 83—101.

Glew J.R., Smol J.P. & Last W.M. 2001. Sediment core collection and extrusion. In: Last W.M. &
Smol J.P. (eds.), Tracking Environmental Change Using Lake Sediments. Volume 1: Basin
Analysis, Coring, and Chronological Techniques, Kluwer Academic Publishers, Dodrecht,
The Netherlands, pp. 73-105.

Guhrén M., Bigler C. & Renberg 1. 2007. Liming placed in a long-term perspective: a
paleolimnological study of 12 lakes in the Swedish liming program. J. Paleolimn. 37: 247—
258.



49

Hall R.I. & Smol J.P. 1999. Diatoms as indicators of lake eutrophication. In: Stoermer E.F. & Smol
J.P. (eds.), The Diatoms: Applications for the Environmental and Earth Sciences, Cambridge
University Press, Cambridge, UK, pp. 128—168.

HERTTA. Environmental Information System. The Finnish Environmental Administration.
Available on the web at https://wwws.ymparisto.fi/. 2.10.2007.

Houk V. 2003. Atlas of freshwater centric diatoms with a brief key and description, Part I.

Melosiracae, Orthoseiraceae, Paraliaceae and Aulacoseiraceae. Czech Phycology Supplement
1.

Hustedt F. 1938-1939. Systematische und Okologische Untersuchungen iiber die Diatomeenflora
von Java, Sumatra und Bali. Arch. Hydrobiol. Suppl. 15: 638—798; 16: 274-394.

Hutchinson G.E. 1957. A Treatise on Limnology, Volume I, Geography, Physics, and Chemistry.
John Wiley & Sons, Inc.

Hutchinson G.E. 1967. 4 Treatise on Limnology, Volume II, Introduction to Lake Biology and the
Limnoplankton. John Wiley & Sons, Inc.

Hynynen J., Palomiki A., Merildinen J.J., Witick A. & Méntykoski K. 2004. Pollution history and
recovery of a boreal lake exposed to a heavy bleached pulping effluent load. J. Paleolimn.
32:351-374.

Jeppesen E., Leavitt P., De Meester L. & Jensen J.P. 2001. Functional ecology and
palaeolimnology: using cladoceran remains to reconstruct anthropogenic impact. Trends
Ecol. Evol. 16: 191-198.

Juggins S. 2001. The European Diatom Database. User Guide. Version 1.0. October 2001. 72 pp.
Available on the web at http://craticula.ncl.ac.uk/Eddi/isp/help.jsp. 28.5.2007.

Juggins S. 2007. C2 Version 1.5 User Guide. Software for ecological and palacoecological data
analysis and visualization. Newcastle University, Newcastle upon Tyne, UK. 73 pp.
Available on the web at:

http://www.campus.ncl.ac.uk/staff/Stephen.Juggins/software/c2home.htm. 28.5.2007.

Karst-Riddoch T.L., Pisaric M.F.J. & Smol J.P. 2005. Diatom responses to 20" century climate-
related environmental changes in high-elevation mountain lakes of the northern Canadian
Cordillera. J. Paleolimnol. 33: 265-282.

Kauppila T., Moisio T. & Salonen V.-P. 2002. A diatom-based inference model for autumn
epilimnetic total phosphorus concentration and its application to a presently eutrophic boreal
lake. J. Paleolimnol. 27: 261-273.

Kingston J.C. 2003. Araphid and monoraphid diatoms. In: Wehr J.D. & Sheath R.G. (eds.),
Freshwater Algae of North America. Ecology and Classification. Elsevier Science, USA, pp.
595-636.

Korhola A., Weckstrom J. & Nyman M. 1999. Predicting the long-term acidification trends in
small subarctic lakes using diatoms. J. App. Ecol. 36: 1021-1034.

Krammer K. & Lange-Bertalot H. 1986-1991. Bacillariophyceae. 1.-4. Teil. In: Ettl H., Gerloff J.,
Heynig H. and Mollenhauer D. (eds.), Siisswasserflora von Mitteleuropa, Band 2. Gustav
Fischer Verlag, Stuttgart.

Kukkonen M. 2004. Paleolimnologia niukkaravinteisen ja kirkasvetisen jdrven ekologisen tilan
arvioinnissa. Rajavesien ekologisen tilan arviointi -hanke. Alueelliset ymparistdjulkaisut
343. Pohjois-Karjalan ympéristokeskus, Joensuu, pp. 40 [in Finnish].

Laird K. & Cumming B. 2001. A regional paleolimnological assessment of the impact of clear-
cutting on lakes from the central interior of British Columbia. Can. J. Fish. Aquat. Sci. 58:
492-505.



50

Laird K., Cumming B. & Nordin R. A regional paleolimnological assessment of the impact of
clear-cutting on lakes from the west coast of Vancouver Island, British Columbia. Can. J.
Fish. Aquat. Sci. 58: 479-491.

Last W.M. & Smol J.P. (eds.). 2001a. Tracking Environmental Change Using Lake Sediments,
Volume 1: Basin Analysis, Coring, and Chronological Techniques. Kluwer Academic
Publishers, Dordrecht, p. 548.

Last W.M. & Smol J.P. (eds.). 2001b. Tracking Environmental Change Using Lake Sediments,
Volume 2: Chemical and Geochemical Methods. Kluwer Academic Publishers, Dordrecht, p.
529.

Lecointe C., Coste M. & Prygiel J. 1993. “Omnidia”: A software for taxonomy, calculation of
diatom indices and inventories management. Hydrobiologia 269/270: 509-513.

Leira M., Jordan P., Taylor D., Dalton C., Bennion H., Rose N. & Irvine K. 2006. Assessing the
ecological status of candidate lakes in Ireland using palacolimnology. J. App. Ecol. 43: 816—
827.

Lotter A.F., Pienitz R. & Schmidt R. 1999. Diatoms as indicators of environmental change near
arctic and alpine treeline. In: Stoermer E.F. & Smol J.P. (eds.), The Diatoms: Applications
for the Environmental and Earth Sciences. Cambridge University Press, Cambridge, UK, pp.
205-226.

MacDonald G.M., Larsen C.P.S., Szeicz J.M. & Moser K.A. 1991. The reconstruction of boreal
forest fire history from lake sediments: a comparison of charcoal, pollen, sedimentological,
and geochemical indices. Quat. Sci. Rev. 10: 53-71.

Mann D.G. & Droop J.M. 1996. Biodiversity, biogeography and conservation of diatoms.
Hydrobiologia 336: 19-32.

McCune B. & Mefford M.J. 1999. PC-ORD. Multivariate Analysis of Ecological Data. Version
4.41. MjM Software, Gleneden Beach, Oregon, USA.

Merilédinen J. 1967. The diatom flora and the hydrogen-ion concentration of the water. Ann. Bot.
Fenn. 4: 51-58.

Merildinen J.J., Hynynen J., Palomiki A., Veijola H., Witick A., Méntykoski K., Granberg K. &
Lehtinen K. 2001. Pulp and paper mill pollution and subsequent ecosystem recovery of a
large boreal lake in Finland: a palaecolimnological analysis. J. Paleolimnol. 26: 11-35.

Merildinen J.J., Hynynen J., Paloméki A., Miantykoski K. & Witick A. 2003. Environmental history
of an urban lake: a palaeolimnological study of Lake Jyvisjirvi, Finland. J. Paleolimnol. 30:
387-406.

Merildinen J.J., Kustula V., Paloméki A. & Hynynen J. 2006. Sedimentin alkuainepitoisuudet,
hiilen ja typen pysyvit isotoopit ja piilevijddnteet ympdristomuutosten osoittajina
Jyvisjdrvessd ja kahdessa referenssijirvessd (Kuhmoisten Isojdrvi, Kuhmon Saari-Kiekki).
Jyviskylan yliopiston ympéristontutkimuskeskus, tutkimusraportti 38/2006 [in Finnish].

METSAHALLITUS. Finnish Forest and Park Service. Information about Isojirvi National Park.
Available on the web at: http://www.luontoon.fi/page.asp?Section=4998. 27.1.2008.

Miettinen J. 2003. A diatom-total phosphorus calibration set for freshwater lakes, including cross-
validation with independent test lakes. Boreal Env. Res. 8: 215-228.

Miettinen J.O., Kukkonen M. & Simola H. 2005. Hindcasting baseline values for water colour and
total phosphorus concentration in lakes using sedimentary diatoms — implications for lake
typology in Finland. Boreal Env. Res. 10: 31-43.

Molder K. & Tynni R. 1967-1973. Uber Finnlands rezente und subfossile Diatomeen I-VII. Bull.
Geol. Soc. Finland 39: 199-217, 40: 151-170, 41: 235-251, 42: 129144, 43: 203-220, 44:
141-149, 45: 159-179.



51

O’Sullivan P.E. 2004. Paleolimnology. In: O’Sullivan P.E. & Reynolds C.S. (eds.), The lakes
handbook. Volume 1. Limnology and limnetic ecology, Blackwell Science Ltd., Oxford, UK,
pp. 609-666.

Pienitz R. & Vincent W.F. 2000. Effect of climate change relative to ozone depletion on UV
exposure in subarctic lakes. Nature 404: 484—487.

Pilke A., Heinonen P., Karttunen K., Koskenniemi E., Lepistd L., Pietildinen O.-P., Rissanen J. &
Vuoristo H. 2002. Finnish draft for typology of lakes and rivers. In: Ruoppa M. & Karttunen
K. (eds.), Typology and ecological classification of lakes and rivers. Temanord 566,
Helsinki, Nordic Council of Ministers, pp. 136.

Round F.E., Crawford R.M. & Mann D.G. 1990. The Diatoms. Biology & morphology of the
genera, Cambridge University Press, Cambridge, UK, p. 747.

Riihland K.M., Smol J.P. & Pienitz R. 2003. Ecology and spatial distributions of surface-sediment
diatoms from 77 lakes in the subarctic Canadian treeline region. Can. J. Bot. 81: 57-73.

Résénen J., Kauppila T. & Salonen V.-P. 2004. Paleolimnologiset menetelmait vesipuitedirektiivin
toimeenpanon valmistelussa - esimerkkind luontaisesti rehevit jarvet. Geologi 56: 188—193
[in Finnish].

Risédnen J., Kauppila T. & Salonen V.-P. 2006. Sediment-based investigation of naturally or
historically eutrophic lakes - implications for lake management. Journal of Environmental
Management 79: 253-265.

Résédnen J., Kenttdmies K. & Sandman O. 2007. Paleolimnological assessment of the impact of
logging on small boreal lakes. Limnologica 37: 193-207.

Sarmaja-Korjonen K., Nyman M., Kultti S. & Viliranta M. 2006. Palaecolimnological development
of Lake Njargajavri, northern Finnish Lapland, in a changing Holocene climate and
environment. J. Paleolimnol. 35: 65-81.

Schelske C.L. 1999. Diatoms as mediators of biogeochemical silica depletion in the Laurentian
Great Lakes. In: Stoermer E.F. & Smol J.P. (eds.), The Diatoms: Applications for the
Environmental and Earth Sciences. Cambridge University Press, Cambridge, UK, pp. 73—-84.

SFS-EN 13946. 2003. Water quality. Guidance standard for the routine sampling and pretreatment
of benthic diatoms from rivers. Finnish Standards Association SFS, 14 pp.

Simola H., Merildinen J.J., Sandman O., Marttila V., Karjalainen H., Kukkonen M., Julkunen-
Tiitto R. & Hakulinen J. 1996. Palacolimnological analyses as information source for large
lake biomonitoring. Hydrobiologia 322: 283-292.

Smol J.P. 2002. Pollution of Lakes and Rivers: A Paleoenvironmental Perspective. In: Matthews
J.A., Bradley R.S., Roberts N. & Williams M.A.J. (eds.), Key issues in environmental
change. Arnold, London.

Smol J.P., Birks H.J.B. & Last W.M. 2001a. Tracking Environmental Change Using Lake
Sediments, Volume 3: Terrestrial, Algal, and Siliceous Indicators. Kluwer Academic
Publishers, Dordrecht, 371 pp.

Smol J.P., Birks H.J.B. & Last W.M. 2001b. Tracking Environmental Change Using Lake
Sediments, Volume 4: Zoological Indicators. Kluwer Academic Publishers, Dordrecht, 217

pp.

Smol J.P., Wolfe A.P., Birks H.J.B., Douglas M.S.V., Jones V.I., Korhola A., Pienitz R., Riihland
K., Sorvari S., Antoniades D., Brooks S.J., Fallu M.-A., Hughes M., Keatley B.E., Laing
T.E., Michelutti N., Nazarova L., Nyman M., Paterson A.M., Perren B., Quinlan R., Rautio
M., Saulnier-Talbot E., Siitonen S., Solovieva N. & Weckstrom J. 2005. Climate-driven
regime shifts in the biological communities of arctic lakes. Proc. Nat. Acad. Sci. USA 102:
4397-4402.



52

Stevenson R.J. & Pan Y. 1999. Assessing environmental conditions in river and streams with
diatoms. In: Stoermer E.F. & Smol J.P. (eds.), The Diatoms: Applications for the
Environmental and Earth Sciences. Cambridge University Press, Cambridge, UK, pp. 11-40.

Stockner J.G. 1972. Paleolimnology as a means of assessing eutrophication. Verh. Internat. Verein.
Limnol. 18: 1018-1030.

Stoermer E.F. & Smol J.P. 1999a. Applications and uses of diatoms: prologue. In: Stoermer E.F. &
Smol J.P. (eds.), The Diatoms: Applications for the Environmental and Earth Sciences.
Cambridge University Press, Cambridge, UK, pp. 3-8.

Stoermer E.F. & Smol J.P. 1999b. Epilogue: a view to the future. In: Stoermer E.F. & Smol J.P.
(eds.), The Diatoms: Applications for the Environmental and Earth Sciences. Cambridge
University Press, Cambridge, UK, pp. 447-450.

Suominen T., Leivo A. & Henttonen J (eds.). 2002. Luonnonharrastajan Suomi.: Lakeuksilta
aarniometsiin. WS Bookwell Oy, Porvoo, pp. 82—83 [in Finnish].

Tynni R. 1975-1980. Uber Finnlands rezente und subfossile Diatomeen VII-XI. Geol. Surv. of
Finland 274: 1-55, 284: 1-34, 296: 1-55, 312: 1-93.

van Dam H., Mertens A. & Sinkeldam J. 1994. A coded checklist and ecological indicator values
of freshwater diatoms from the Netherlands. Neth. J. Aquat. Ecol. 28: 117-133.

Verta M., Tolonen K. & Simola H. 1989. History of heavy metal pollution in Finland as recorded
by lake sediments. Sci. Total Environ. 87/88: 1-18.

Vesihallitus. 1978. Pdijdnteen alueen vesien kdyton kokonaissuunnitelma. Report 164, National
Board of Waters, Helsinki, Finland.

Vuori K.-M., Béack S., Hellsten S., Karjalainen S.M., Kauppila P., Lax H.-G., Lepistd L.,
Londerborough S., Mitikka S., Niemeld P., Niemi J., Perus J., Pietildinen O.-P., Pilke A.,
Riihimiki J., Rissanen J., Tammi J., Tolonen K., Vehanen T., Vuoristo H. & Westberg V.
2006. Suomen pintavesien tyypittelyn ja ekologisen luokittelujirjestelman perusteet. The
Finnish Environment 807. Finnish Environment Institute, Helsinki [in Finnish]. 151 pp.

Wolin J.A. & Stoermer E.F. 2005. Response of a Lake Michigan coastal lake to anthropogenic
catchment disturbance. J. Paleolimnol. 33: 73-94.

Weckstrom J., Korhola A. & Blom T. 1997. Diatoms as quantitative indicators of pH and water
temperature in subarctic Fennoscandian lakes. Hydrobiologia 347: 171-184.

Weckstrom K., Juggins S. & Korhola A. 2004. Quantifying background nutrient concentrations in
coastal waters: a case study from an urban embayment of the Baltic Sea. AMBIO 33: 324—
327.

Werner D. 1977a. Introduction with a note on taxonomy. In Werner D. (ed.), The Biology of
Diatoms. Blackwell Scientific Publications, Oxford, pp. 1-17.

Werner D. 1977b. Silicate metabolism. In Wermer D. (ed.), The Biology of Diatoms. Blackwell
Scientific Publications, Oxford, pp. 110-149.

Wetzel R.G. 2001. Limnology. Lake and river ecosystems. Academic Press, USA, 1006 pp.



- - - - - - - - I - - - - - 1 - - - - - - - - mounin) vppydado.omu vjjaquc)

[S(0] € [ - [ 4 € 14 [ - - 14 1 € 1 [ g€ 14 1 [ ¥ - 1 2A3[D (1810UUdQRY) $110D.L8 D]j2qUIL)
- - - 1 - - - 1 - - 4 - 1 I 1 - 1 I 1 - - [ - TRISIDIN HUUDUNIVS D]]2qUIL)

! 9 Sl 1 [ 1 - - S 1 1 [ 1 [ S0 € 80 I $T < 4 (4 4 J0[eIRg-OFURT 2 JoWwery (WpRISNY) idLISIP v]aqUID

- - - - - - - - I I - - - - - S0 - - - 1 - - - (Burziny]) vivpidsnd vjjaquil)y

- - - 1 - - - - - - - - - - - - - - - - - - - 1198eN pppydaonydwn 30 vjjaquic)
- - - - - 1 - - ! - - I - ! ! ! 4 - ! - - - - IPIUWYIS "MV X3 MOUNID (ISIOYUQEY) HIDSID D]jaqUIL)

- z - 1 - 1 z 1 - - - - - - - - - - - - - - - MOUNID) 29 JA[D P.L2T1]]21S D]]210]ILD
'SPl vel S9El S9rl €SI Skl €81 Ovl €91 evl S8Pl 191 SE€l SSEl 0€l ST 66l SWEL §'691  sel €91 YLT  S'ESI UOSSUBNEH (MOUNID) 1SS0 D]]210]26D)
§1e 149 (SIS w 81 [43 6C St 0c St S0l 8 S'L €L S8 S6 sl SO0l St Sl 91 cl 6 MOUNLD) DSOIPD.L D]]210]24)
8 €l € S S [4 S 9 € I € 14 S 11 L 14 9 SIS S SL 1 4! 91 WPRASNY D251 12150pN2sd ]1210194)
4! 4 - 1 I - Sl [4 Sl I $T € 1 - - - - [ - Sl € Sl - POBQLIDH 10 unig s 1]j210]24)
I - - 1 I - I 1 - - - I - §0  SLO [ - - - - - - - UueN DJ % PUnoy (MounID) sisuajjaz nassyov.g
sol €l Sl 6 i4! ol cl ol 8 $9 6 8 6 11 I $6 S8 14 ¥ S I L STl $S0Y Y (MOUNID) DI.LIA DUSCYOVLY
€ € < € < S 9 € < € 1 [ $T ! S'L 14 1 I 1 [ S - S KopIeH g Ul SSOY Y HU0SSIqa.4q "} 11U0SS1qa.1q DASKYIDLIG
- 1 z - - - I - - - - - - - - - - - - - - - - uasuowl§ (preeSAN) pjjaual na1asoovny
S S0 Sl S0 - - [ - [S(0] - S0 - Sl I S0 [S(0] ST 14 $9 9 L €l S11 Suo[ yuomeH (IR[[NA "Q) PoUILGNS D112S0IDINY
LLT €981 SLIT S'S0T T8I €€0T €681 SI91  v61 1z vl 091  STIT S€61 S'6L1 S6TT S¥IT STSI S'861 SL91 S'LLL LTI €SI YHOMEH (I[N "Q) POHILDGNS DA12SOIDINY
cl Syl Sl S 11 ol Syl STl 6 I 9 L S'L SL Y S 6 6 8 6 8 SIS $'6 saiemy, ds vuasoovny
SL 9 - Y el S € 6 (028 14 $T [SNY S'L ! Y I ST 4! S'L (028 € € 8 Jowwery] (Yosutay) vupiffpfd vuasooviny
[ - [S(0] - [ - - 1 $T S0 - - - - - [ 4 [S(0] S0 [S(0] - - 1 $30Y (S10qualyy) viv.i] v41250IDINY
- - - - T - T - - - - - - - - - - T - - mJ - - AHO~3m|m>m—U <v SNy "IeA SUDISIp DA12S0IDINY
€ - € € ! € I ST [ s'e € (0] Sl 14 € [ ST 14 4 € [4 $T ST UASUOWILS (MOUNID) DRSIGUID D112SOIDINY
14 14 SL 14 SIS S'L L g€ L L S $T S'L $9 g€ $6 14 Sl L s'e ST (4 4 Jowwery] (Mounin) puasid|p p.iiasoovny
§0T 6 SN 74 81 Sl 8 L9 [SVANIN 4 8Y 89 LS 19 §98  SY¥9  §°69 159 S1e 6S §Ts 69 $09 [[esseH DsouLLof DjjauoLIIsy
- - - - - - - - - - - - - I - - - - - - - 1 - Surziny] xo 31quaryy ds vioydury

T - - T T T - ¢ - T - [ - T - - - - - T T - - HO—NH.—mmnmwﬁ—d]— onmwmuv: SDJUIA SAYIUDUY DY

I - - - 1 - - - I - - I - I 1 I 1 I [4 I - ! - PIEQIYIIY 2% 10[e)ag-a3ue] (IPASNH) $IPLOUOIDGNS SIYIUDUYIY

- - T - I 1 4 - - - - - - - ) - - I - - 1 - - Kiog “ds saypuvuyoy
- - - - - T T - T - - T - T - - T - - T - - - Qauwoo ENNN%:«%&Q SIYIUDUYDY
§Te 4! §9T 0T 8T (44 Y4 6l (S 74 LT T Y4 Syl S'81 <l §8l STl LT 0C (44 S'LI LT 1c SUIZINY] DUSSHRUIL SOYIUDUYIY
- - - - T - - - - T T ¢ - T - - - - - T - W.O - ‘[[nUUOU “)oNe NSUIS SLIDIUL] SAYIUDUYIY/

- - - - T - - - - - - - - - T - T T - - - - - IPRASNH M2pUDA] SIYJUDUYDY
- - 1 - - - T WJ - - T - T - - - - T - - - - - IPASNYH DIDAISO42]D] S2YIUDUYIY

1 - - - 1 1 1 - - - - 1 - - - - - - - - - - 1 uasIdleg vpydolry sayupuydy
[ - - - - - - - - 1 4 - S0 - - I - I - - - I 1 unig (Swzny) vjjaxalf saypupuydy
exe],

vy vr-iv Th-0v Ob-8¢ 8£-9¢ 9¢-bE PE °e-0€ 0€-8C 8T-9T 9T-¥CT $T-TT TC-0C 0CT-81 8I-91I 9141 ¥I-CI CI-0I OI8 89 9y vC 0 (wd) yydap dpdweg

pueur] ‘1A1gfos] e T Ul BXE) WojeIp AIBJUIWIPIS PIYIUIPT

(€)1 98eqg SJUNOd WoJeIp Ay} Jo SINsAY T Xipuaddy



- - - - - 1 - - - - - - - - - - - - - - - - - IPASNY SISUALD DINIIADN
z - - - - - - - - - - - - - - - - - - - - - - mounin 3&.43%53 DINOIADN
- - 1 1 $0 - - - - S0 - S0 - S0 I ! - ! - S0 I s0 Sl UpIe3Y (S[IIAID) 241[no410 UOIPLIIW
- 1 - - I - I - 1 - - - - 1 - - 1 z - - - - - Sroquaiyy “ds pwauoyduwion
I I 1 4 Sl I (34 Sl 1 € 1 Srequaryy 271048 purduoyduion
- - 1 - - - - - - - - o [2(] 310quaIyy 273qns “Jo vwauoyduwion
€T 80 4 - 8°0 T - - - - - Sroquoryy wmpununoy visuoyduior)
€ 4 ¥ € € 8v 8T S8 €9 4 € S Y - ST €
I 1 - - I - - - + - - - - - - I 1 S0 - I 1 - 1 SJeY SU2252.414 DIDNISDA]
I I

—I‘
:
—I‘
:
'
—I‘
o

oo (S1qUaIyF) sap1oquioy.L pINIsnL

pupn “TeA 10[eIG-Sue (YOSZIIN) Pupn pLDJISDA]
- - - - - - - - - - - - - - - - - - - - - S0 - joeRg-o3ue (SUIZINY]) SHOD “IeA DUn DLDJISDA]
[4 6 1 € [4 9 S 33 s'e S ol €01 S0l 6 9 Y L 8 9AqBuAT “ds prvpSvAg
- - - - - I - - - - - - - - - - - - - - 1 - - pppuuid “TeA 310quaryy vipuuid DSV
I - - - - - - - - - - - - - - - - - jorelRg-o3ue ] (YpIedy) vipnorsnf vippso.,y
I [N 12 MOUNID) DNSIXD DLIDSDL]
€ - - UONTY SISUIUOIOLD DLIDJISDA]
~ m . ﬁmgmsﬂa._mncm.imvE:%;@Ew:&?cuztgwﬁk
~

SUINLSUOD "} MOUNID) (SI0QUAIYH) SUINLISUOD DIDIEDL]

o
—

- - - IpaIsny (S10qUaIYH) S1poulq °J SUINAISUOD DIIDJISDA]
- - - - - - z - - - - - - - - - - - - - - - - Sequayyg Suanisuod v
- IS - - - - - - - - - - - - - - - - - - - - - S1quaIyg DIOLUSUOD DIDIEDL]
4 14 S - 14 S € S'L $6 ST $6 89 (94 9 6 $9 9 L S $9 jorerrog-aSue (YIS “A\) PLaUdl “fo pLID)ISDL]

- - - 1 - - - - - - - - - - - - - - - - - - - 1sIoyuaqey (1s1oyuaqey]) pidajosaut Apa puNdnd f> ISV
1 - 1 - 1 - Sl 1 S0 - 1 1 1 S0 I Sl 1 [ $0 1 MOUNID) DIDLUSIAZLG DLD]ISDA]

- ST I - [4 1 ¥ S0 Sl [4 1 - - - - - €0 - - - - s0 S0 Sroquaayg ds vyounyg
- - - - - - - - I - - - - - - 1 - 1 - - - - - Youned (31oquUalys) pwapvip “JeA D.LI13S pOUnsg
- - - - - - - - - - - - - - - I - - - - - - - poydad0youls "TeA pASNY vivydadroyaLiyL vyounsy
- - - - - - - - - - - - 1 - - - 1 - - - - - - vsopnppd “TeA mounin) vsopnind vyounsy
- - - - - - - - - I - - - ¢ ¥ S0 S0 - - I 1 I - IPASNY  L2JS12UU DIOUNT
1 - 1 [4 - I [ Sl Sl K108a19 psiour pyounsy

- - I - - - - - - - - - - - - - - - - - - - - 1sioquaqey (S1equaryy) s1719v.48 vyounsy
- [ ST S0 1 - - 1 - 1 - s0 S0 - - I Sl - S0 I 1 I 1 Isioyquaqey (U0ssIqIg) pnSixa vyounsy
- - - 1 - IS0 - - S0 - - - - - - - - - - - - - - Js1oquaqey (UAM[[IQ) sypundad Jo vyoung
- - - 1 - - - - - - - - - - - - - - - - - - - Sroqualyy s1ydAj3vxay “Jo pyounsyg
ST € Sl - I ST € 1 [4 [4 € € [ [4 S'e 4 8c s0 [ Sl € Sl 1 SHpunjiq “Yea S| (S10QUOIYL) stvunjiq vijounsy
1 - - - 1 - - - - - - 1 - Sroquayy “ds s1ouojdiq

- Sy I - I - 0] - - - - - - - - I 0 I 1 - - - - ypredy v “ds vjjaqui)
- - - 1 - - - - - I - z - - - - - - - - - I 1 AS[IH  prnutut vjjaquIc)

exe[,

Wby vr-th Thr-0b Op-8€ 8€-9€ 9EPE PE T°€-0€ 0€-8C 8T-9C 9T-HC ¥YT-TT TT-0T 0¢-81 8191 9I-¥1 vI-CI CI-0L 018 89 9¥v T T0 (uxd) yydap adureg

(€)7 98eq SJUNOd WoJeIp Ay} Jo SINsAY T Xipuaddy



SCs

Ies 866

0¥S LTS

6€S

S9¢ 6IS OLS ¥¥S

8¢S

866

8¢S

SYS

VS

8IS

¥¥S LTS

675

s

1333

PoIuNod [B10],

~ o

§9
0¢

€1
881

8
8°CI

9
€1
I

$6
811

£0C
S8

€1e
86

Sl
el

oYl
61
€T

I
801

S0
S0

8Tl
4!

s0
ST

$9
€8

SI1
SI1

1
S8
L1

ST
S0

€6
8Tl
I

I
€L

SN (B1equaiyy) suv)s snjokon.aia ]

Suoy Surziny] (Y1oy) psojnado)f vLvjqy[
Swzny (Yoy) rsoma20)f "Tea pSomII0Lf vLV]I2GD ],
Swiziy] (9Aq3ukT) vi.ysauaf vivjjaqn ]
uiding, -ds vpa.ing

SuIZ)ny ur uossIqaIg vInuUIU D]]1ING
Suiziny] visnSup vjja.ng

paisny snuidpp snasipouvydars

Jowwrery] (YIS “A\) Ppnand ‘9 0iqo.ajdouals
MOUNID) YIS SIDUOINDIS

Srequoyy sdaouv siouo.innig

S10quoIyF (YoSZIIN) SipLia pLDnUUL]
Srequayy “ds pppnuug

QAR (BI12QUAIYY) UOUNMDISOLONUL DIIDINUULG
YIWS "M DIdnLi2pun DUy

Sroquoryy 1qq18 vLvMuUUI]

uossIqaIg vjnqif viuo.ad

(¢ ds vjjaquc)) ~dds sajpuuag

[esseH ‘ds piyos2in

YOSZIUBH D124 DIYISZIN

mounin) »aovappd vIyISIN

s “p Buizny) vapod pyds2IN
MOUNID) D]OIYUOL DIYISZIIN

7y “ds wnipran

Jourwery] (S1oquaryy) wmvijdw wnipian
QAQ[D DUAISSILIGNS DINDIADN

Kiog “ds ppmorann

jo[erRg-aSue Xy pfosorpp.d DNIIADN
Surziny] psoipv.L PINSIADN

Suiziny] pvpndnd ppnoravN

IpAISNY ppydadiduo] pino1ADN

uasuaSigr vyvLysorda) vindIADN

IpAISNY 111j2f2usanl DMOIADN

AQ[D (mounin) vprydoppy pINdIADN
Swzy] vppydaso1dLid pind1avN

JIIIAID) X3 AI0TRID) S1ULIOJ121100200 DINIIADN

QYSSeIY] 11128211y JO DINIIADN

Wby vh-Tb Tr-0b Ob-8€ 8€-9€ 9E-bE PE-TE

TE€-0€ 0€-8T 8T-9C 9T-¥T VT

~TC TT-0T 0C-81 S8I-91 9I-¥1 ¥I-TI TI-0L 018

89

exe[,

(urd) ydap dpdwres

(€)¢ 98ed

SJUNOD WOJRIP Y} JO SyNnsAY *T Xipuaddy



Appendix 2: Micrographs of Cyclotella rossii and Aulacoseira subarctica
from Lake Isojérvi
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Figures a-f. Light micrographs of Cyclotella rossii (Grunow) Hékansson (valve
views) from Lake Isojirvi. Micrographs are taken with 1000x magnification
(figures not in scale). Micrographs are taken by Mika Nieminen.



Appendix 2: Micrographs of Cyclotella rossii and Aulacoseira subarctica
from Lake Isojérvi

Figures g-m. Light micrographs of Aulacoseira subarctica (O. Miiller) Haworth
from Lake Isojédrvi. Micrographs are taken with 1000x magnification (figures not
in scale). Figures g,h and k. The frustules in valve view. Figures i-m. The
frustules in girdle view. Figures j and m. The high-celled form of A. subarctica.
Micrographs are taken by Mika Nieminen.
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