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Siira, Olli-Pekka, Developmental features of lacustrine basins on the uplift coast of
the Bothnian Bay
University of Oulu Graduate School; University of Oulu, Oulu Mining School
Acta Univ. Oul. A 688, 2017
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

The study focused on geological and ecological development of ten lacustrine basins in the
Hailuoto – Oulunsalo – Lumijoki siltstone and claystone area of Muhos, and two lacustrine basins
in the Kuivaniemi – Simo area of Svecokarelian schists and gneisses. The study on water quality,
soil and sediment geochemistry, and sediment diatom assemblages of natural lacustrine basins,
provide background values, which can be used in assessing the state of the water body in
environmental studies.

Water quality of the ten water bodies was monitored for 14 years. Water samples were studied
for 28 different parameters. Soil and sediment geochemistry was studied on seven lacustrine
basins by three different extraction methods. Extracts were analysed for ten parameters. The
sediment diatom species were examined from five water bodies in accuracy of 1 cm thick layers.

 In the study area new water bodies are forming mainly in two different ways: isolation of
marine bights and damming of dune ponds. The water bodies could be classified into five different
groups based on water quality, sediment geochemistry, and sediment diatom assemblages. These
also represent the different developmental stages of the lacustrine basins of the land uplift coast.
Parameters of the water quality data could be divided into two main groups: electrolyte group and
nutrient group. The water bodies studied segregated into two main categories: coastal and inland
water bodies. The concentrations of electrolytes and nutrients were characteristically higher in the
coastal water bodies compared to the inland water bodies. During the monitoring period
eutrophication of the water bodies and significant seasonal variations of water quality were
observed. According to the water quality data and diatom indices the prevailing conditions in the
coastal water bodies were eutrophic; and in the inland water bodies ranging from mesotrophic to
oligotrophic. The lacustrine basins were grouped mainly in accordance with their geochemical
provinces. The geochemical gradients of soil, water quality and sediment in the chronosequence
of the catchments on Hailuoto Island showed that when marine influence decreased, the lacustrine
basins of the land uplift coast were observed to be oligotrophying, acidifying, and terrestrializating
naturally.

Keywords: coastal lake, flad, geochemistry, glo, land uplift, paleolimnology





Siira, Olli-Pekka, Perämeren maankohoamisrannikon järvialtaiden kehityspiirteitä 
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Acta Univ. Oul. A 688, 2017
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä

Tutkimus keskittyi kymmenen Hailuodon, Oulunsalon, ja Lumijoen Muhos-muodostuman hiek-
ka- ja savikivialueen järvialtaan sekä kahden Iin ja Simon svekokarelisen liuske- ja gneissialu-
een järvialtaan geologisen ja ekologisen kehityksen selvittämiseen. Luonnonmukaisesti kehitty-
neen järviallassarjan veden laadun, maaperän ja sedimentin geokemian sekä sedimentin piilevä-
koostumuksen tutkimus tarjoaa tausta-arvoja, joita voidaan hyödyntää arvioitaessa vesialueen
tilaa ympäristötutkimuksissa.

Kymmenen vesialtaan veden laatua seurattiin 14 vuoden ajan. Vesinäytteistä analysoitiin 28
eri parametria. Seitsemän järvialtaan valuma-alueen maaperän ja sedimentin geokemiaa tutkit-
tiin käyttäen kolmea erilaista uutosmenetelmää. Uutoksista analysoitiin 10 parametria. Viiden
vesialtaan sedimentin piilevälajisto tutkittiin 1 cm:n kerrostarkkuudella.

Tutkimusalueella uusia vesialtaita muodostuu pääasiassa kahdella tavalla: merenlahdekkei-
den kuroutumisen ja dyynilampien patoutumisen seurauksena. Vesialtaat voitiin luokitella veden
laadun, sedimentin geokemian ja piilevälajiston perusteella viiteen eri ryhmään, jotka edustivat
myös maankohoamisrannikon järvialtaiden eri kehitystasoja. Vedenlaatuaineiston parametrit
voitiin jakaa kahteen pääryhmään: elektrolyyttiryhmä ja ravinneryhmä. Tutkittavat altaat erottui-
vat kahteen pääluokkaan: ranta-altaat ja sisämaan altaat. Tunnusomaista ranta-altaille verrattuna
sisämaan altaisiin oli korkeammat elektrolyyttien ja ravinteiden pitoisuudet. Seurantajaksolla
havaittiin ranta-altaiden luontaista rehevöitymistä sekä merkitseviä veden laadun vuodenaika-
kohtaisia vaihteluita. Vedenlaatuaineiston ja piileväindeksien mukaan vallitsevat olosuhteet ran-
nan vesialtaissa olivat eutrofiset ja sisämaan vesialtaissa mesotrofisista oligotrofisiin. Järvialtaat
ryhmittyivät lähinnä geokemiallisten provinssiensa mukaisesti. Hailuodon valuma-alueiden
maaperän, veden laadun ja sedimentin geokemialliset gradientit osoittivat, että merellisen vaiku-
tuksen vähetessä maankohoamisrannikon järvialtaat luontaisesti karuuntuvat, happamoituvat ja
soistuvat.

Asiasanat: flada, geokemia, kluuvi, maankohoaminen, paleolimnologia, rantajärvi
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C/N  ratio of the carbon/nitrogen concentration  

CVA  canonical variates analysis  

DCA detrended correspondence analysis  

DDI  developmental stage diatom index  

FA  factor analysis  

IPS  l’indice polluosensibilite specifique 

ka kilo annum, thousand years 

K–S  Kolmogorov - Smirnov test  

K–W  Kruskal - Wallis test 

m a.s.l. meter(s) above the sea level 

Ma mega annum, million years 

md median 

M–W  Mann - Whitney test  

NH4-N nitrogen concentration in the form of ammonium  

p p-value of the statistical tests 

PCA  principal component analysis  

PO4-P  phosphorus concentration in the form of phosphate  

ppm part(s) per million 

SD standard deviation 

SIS Scandinavian ice sheet 

TDI  trophic diatom index 

TDIL  trophic diatom index for lakes  

TN  total nitrogen concentration 

TP  total phosphorus concentration  

WFD  Water framework directive of the European Union  

 arithmetical mean, average 
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1 Introduction 

The Baltic Sea is one of the world´s largest bodies of brackish water. During the 

latest glaciation period the whole area of the current Baltic basin was under the 

Scandinavian Ice Sheet (SIS) (e.g. Lunkka et al. 2004). The Baltic Sea developed 

after the SIS had retreated. The main phases of the Baltic Sea are usually named 

after one of the typical organisms of that time (reviewed by e.g. Björck 1995, 

Tikkanen & Oksanen 2002, Soesoo et al. 2010): the freshwater Baltic Ice Lake, 

the saline Yoldia Sea (Yoldia arctica renamed Portlandia arctica), freshwater 

Ancylus Lake (Ancylus fluviatilis), the brackish water Litorina Sea stage 

(Littorina littorea), and the following brackish water Limnea Sea (Limnea ovata). 

The Baltic Sea is probably the youngest sea on Earth, comprising history of about 

14000 years. Because of postglacial isostasy, particularly near the glaciation 

center of the SIS, on the coastal areas of the Bothnian Bay the shoreline is moving 

towards the sea, new land is rising, and new water bodies are isolating from the 

sea. 

How do the geochemical and ecological features of the coastal lakes develop 

on the land uplift coast of the Bothnian Bay? The land upheaval coast of the 

Bothnian Bay offers a unique natural laboratory for the studies on lake 

development, where the lacustrine basins can be dated according to their 

elevation. The youngest water bodies of this study had just isolated from the sea; 

and the oldest isolated about a thousand years ago. The same changes that are 

observed in the chronosequence of the lakes of various ages, in principle, can be 

observed in one lake examining the sediment stratigraphy and using 

paleolimnological methods. For paleolimnological research, such time series has 

a special value. However, in scientific literature, only a little attention is paid on 

research of the development of the coastal water bodies of the Bothnian Bay. 

1.1 Aims of the study  

The aim of the study was to investigate characteristic features of the origin and 

the development of the water bodies of the land uplift coast of the Bothnian Bay; 

and to study ecological changes of the lacustrine environment. The objective was 

also to produce material for environmental management. 
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Working hypotheses and scientific questions  

Docent Jouko Siira´s original hypotheses (1993, unpublished sheet, translated 

from Finnish) were: 

A) On the uplift coast lakes are formed in two ways:  

1. Lakes are formed particularly from gradually isolating marine bights, outlet 

channels of which might close at the end.   

2. On the dune beach lakes are formed parallel to the shore, blocked up by the 

sand embankments. 

B) During the separation from the sea the lakes will encounter a vigorous 

eutrophication process. This can be observed, for instance, in macrophyte 

vegetation and phytoplankton. In the course of time, when the land is 

uplifting, the lakes will turn oligotrophic and at the same time they will 

acidify. Both the soil of the catchment of the lake and the land use manner 

have a great effect on the water quality of the lake.  

C) The shore of the lake is sensitive to terrestrialization and paludification. After 

depletion of water, a swamp, primary mire formation, will form in this kind 

of place. 

Based on Jouko Siira´s hypotheses, the working hypotheses (WH) and related 

scientific questions (SQ) for this thesis, paying attention in particular to the 

geochemical characteristics and the paleolimnological features, can be set as 

follows:  

WH1: Water bodies of the Bothnian Bay land upheaval coast after being isolated 

from the sea develop in a eutrophic, oligotrophic or dystrophic way.  

SQ1: What are the characteristic features on the history of the water bodies? 

SQ2: How can the change in the ecosystem of the water bodies be detected in 

the water quality monitoring data? 

SQ3: How can the developmental stage of the water body be identified?  
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WH2: The water quality of a water body is related to the geochemical properties 

of the soil of its catchment area. 

SQ4: Can the characteristic features be detected in the nutrients of the 

sediments and soils of the lacustrine basins of two different geochemical 

provinces?  

SQ5: Are the geochemical gradients perceptible in the soil on the coast of the 

island of Hailuoto? 

SQ6: What kind of influence do the geochemical factors have on the 

development of lacustrine basins?  

WH3: The successional stages of diatom phytoplankton communities are similar 

in all coastal water bodies. 

SQ7: What are the special requirements in terms of water quality of the 

diatom species which occur in these water bodies? 

SQ8: How are the diatom communities developing in the water bodies which 

are isolating from the sea?  

SQ9: Can the characteristic features for the special developmental stages of 

the water bodies on the land uplift coast be distinguished?  

1.2 Implications 

Scientific implications 

This study presents the characteristic features of the ecological development of 

the coastal water bodies. The thesis comprises a scientific description of the 

previously little studied subject. The isolation of the water bodies could be 

adjusted in the sediment, which enabled timing and assessing the natural 

development of the ecosystem. For Quaternary geology this study offers 

implications, for example, for the research on shoreline displacement. 

Practical implications 

In addition to scientific interest, this thesis may also be utilized in environmental 

management. Coastal water bodies (flads and gloes) are protected under the 
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Finnish law (Water Act, 19.5.1961/264). Coastal lagoons are mentioned also in 

the so called habitat directive of the European Union (Council Directive 

92/43/EEC). According to Raunio et al. (2008), these habitat types are classified 

as vulnerable or endangered ecosystems. Yet, their ecology and geochemical 

properties have been poorly characterized.  

The purpose of the Water Framework Directive (WFD) of the EU (Directive 

2000/60/EC) is to establish a framework for the protection of inland surface 

waters, transitional waters, coastal waters and groundwater. The WFD requires 

baseline conditions of good ecological status to be determined. For each surface 

water body type, type-specific hydromorphological and physicochemical 

conditions shall be established representing the values of the hydromorphological 

and physicochemical quality elements. The WFD also states that type-specific 

biological reference conditions shall be established, representing the values of the 

biological quality elements. Timetable for the WFD: 2027 Final deadline for 

meeting objectives (EC 2013). Paleoecological methods have been applied to 

both marine and lacustrine environments (Andersen et al. 2004, Weckström 2005, 

Räsänen et al. 2006, Stenger-Kovács et al. 2007) in order to establish the 

background conditions of the WFD. The diatom method is useful in biological 

monitoring required in the implementation of the WFD (Eloranta et al. 2007). 

Practically, the WFD is implemented in Finland for water bodies larger than 10 ha 

(Pilke 2012). For transitional coastal waters another classification criteria is 

implemented (see Pilke 2012).  

This study offers reference material on the natural conditions of the special 

types of water bodies in the coastal area of the Bothnian Bay which might be 

useful information also for the purpose of the implementation of the WFD for the 

transitional waters. 

1.3 Structure of the thesis 

The development of the lake ecosystem is affected by a wide range of geological 

factors. These are the structure of the bedrock, the quality of the Prequaternary 

rocks and the quality of the Quaternary deposits. Particularly, regarding the 

question of coastal water bodies of the Gulf of Bothnia, glacial isostasy is the 

determinant factor of the developing process as a whole (Figure 1). 
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This dissertation consists of five sections:  

I  Overview 

Scientific background, glacial isostasy, study area, vegetation, ecosystem 

change 

II  Water quality 

Characteristics of water quality of water bodies on an uplifting coast 

III  Geochemical properties 

Geochemical properties of sediments and soils of lacustrine environments in 

two geologically different areas 

IV  Paleolimnological features 

Paleolimnological records of lake development on an island in a land uplift 

region  

V  Summary 

Classification, conclusions 
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Fig. 1. Schematic representation of the sciences to which this study relates. 

1.4 Contributions 

Jouko Siira planned the water quality monitoring (Section II) and he was 

responsible for organizing the field work and the laboratory work of the water 

quality analyses. Sakari Rehell and Olli-Pekka Siira planned the study of the soil 

geochemistry (Section III). Sakari Rehell also took part in the field work on the 

Kuivaniemi – Simo sites. The author was responsible for planning the thesis 

(Sections I and V) and for the geochemistry work on the lacustrine sediments 

(Section III) and for the paleolimnological study (Section IV). The author took 

part in the field work of every section and he was responsible for the laboratory 

Paleolimnology
Development of the 

lake ecosystem

Geochemistry
Water Soil

Sediment

Geophysics
Glacial isostasy

Geology
Quaternary deposits

Prequaternary rocks 
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work of the geochemical analyses and for the diatom analysis. The author is also 

responsible for the preparation of this manuscript including interpretation of the 

results. All the statistical analyses presented here were performed by the author, 

unless otherwise specified. The photographs were taken; and the charts were 

composed by the author. 

1.5 Definitions 

Coastal water bodies of the Baltic Sea 

The developmental stages of the water bodies connected with the terms flad and 

glo could be defined according to Munsterhjelm (1997) as follows:  

– A juvenile flad is the transitional stage between more open waters and a flad. 

– A flad is shallow, clearly delimited, minor water body at the coast, connected 

with the sea by only one or just a few narrow openings. 

– A glo-flad is the transitional stage between a flad and a glo. 

– A glo is a similar water body whose openings have risen above the sea level 

so that there are only occasional contacts with the sea water. 

– A glo-lake is a lake which has developed from a glo and which is 

hydrologically and biologically isolated from the sea. 

The words ‘flada’ and ‘glo’ are of dialectal origin and are used in the Swedish 

speaking coastal areas around the Baltic Sea (Munsterhjelm 1997). A reasonable 

division between a glo-lake and a glo would be a point at which the water has 

become fresh (Keynäs 1977, Hanni 1979, Munsterhjelm 1997). Keynäs (1977) 

suggested using the unambiguous Swedish word ‘flada’, also in Finnish contexts, 

of these isolating small and shallow bights. 

Lakes and ponds 

A lake could be defined according to Kuusisto & Hyvärinen (2000) as a water 

body which meets the following requirements: it should fill or partially fill a basin 

or several connected basins; it should have essentially the same water level in all 

parts; even if the water body is located in the immediate vicinity of the sea coast, 

it does not have a regular intrusion of sea water; the water body should have such 
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a small flow rate that a considerable portion of suspended sediment is captured; 

the area of the water body should exceed a specific value.  

There is considerable uncertainty about defining the difference between lakes 

and ponds. All the water bodies that meet criteria similar to the previously 

presented criteria (Kuusisto & Hyvärinen 2000) despite their size or depth can be 

considered lakes (see Järnefelt 1958). However, according to Järnefelt (1958), a 

pond in the Finnish geographical vocabulary is usually defined as a shallow water 

reservoir with calm surface of water, whose diameter is 10–200 m, while larger 

basins are lakes (n.b. the Finnish word ‘järvi’ means lake and ‘lampi’ means 

pond).  

‘Kuroumajärvi’ is a common Finnish term for these isolating lakes. Based on 

the genetic origin of the coastal lake types of this study, the Finnish terms 

‘dyynilampi’ and ‘lahdekelampi’ would be more descriptive for these particular 

cases of coastal dune ponds and isolating bights, respectively. 

Paleohydrological reconstructions 

From a geological perspective, lakes can be regarded as temporary objects on the 

face of the earth. Practically, all the lakes in northern Europe, in due course, will 

be filled up by sediments and be transformed into land (Håkansson & Jansson 

1983).  

Coastal lake formation 

Holocene coastal lake formation and stabilization have primarily resulted from 

the consequences of major post-Pleistocene sea level rise and shoreline migration, 

and isostatic rebound in deglaciated terrains, coupled with Late Holocene sea 

level stability (Cohen 2003). The general mode for formation of shoreline lakes is 

by damming of material transported by longshore currents, for instance, tombolo 

and spit lakes (Håkanson & Jansson 1983). Characteristic for coastal back-barrier 

lakes are relatively short temporal duration and low potential time resolution 

(Cohen 2003). Because of the postglacial uplifting process, new lakes are forming 

continuously along the coast of the Baltic Sea (Willen 1962, Tikkanen 2002). The 

following Figure 2 represents the formation of a coastal water body. 
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Fig. 2. Formation of the lacustrine basins on the land uplift coast, developmental 

stages of the water bodies, and the sedimentation. Developmental stages: I. Open 

waters, juvenile flad. Marine sediment accumulates over entire submerged area. II. 

Flad, glo-flad, glo. Through uplift, a submerged ridge forms a shoal, causing 

deposition of brackish-water sediment. III. Glo-lake. After further uplift the shoal 

becomes a threshold, isolating a lake, in which lacustrine sediment accumulates. 

(Adapted and modified from Flint 1971, Munsterhjelm 1997). 
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Change in water body volume 

Lake levels are governed by tectonic factors (lake area, basin permeability, crustal 

motion, isostasy), climatic factors (temperature, precipitation, evaporation), and 

catchment factors (extension, vegetation, land use, soil type, bedrock) (see 

Dearing & Foster 1986). 

Water balance in present hydrology as well as in paleohydrological 

reconstructions can be regarded as a balance between catchment runoff, 

precipitation to the lake, evaporation from the lake area and outflow losses. The 

storage volume of a water body can be derived from the hydrological basic water 

balance equation using the parameters presented in Figure 3 as follows: 

 = 	 +	∆ + ∆  (1) 

Where, P is precipitation, ∆Q is change in runoff, ∆S is change in storage (it can 

get positive or negative values).  ∆ = + − ( + ) + ( 	+	 	+	 ) − ( 	+	 	+	 ) (2) 

Where, ∆Sl is the change in storage volume of a water body, Py is precipitation to 

the catchment area, Pl is precipitation to the water body area, Ey is 

evapotranspiration from the catchment, El is evaporation from the water body, Qis 

is surface inflow, Qit is throughflow to the water body, Qig is groundwater inflow, 

Qos is surface outflow, Qog is groundwater outflow, Qogs is groundwater seepage to 

the deep parts of the bedrock. Equation 2 applies also to contemporary conditions. 

Principally, a change in volume of the free water of a lake (or any water 

body) depends on the sedimentation rate and the rate of terrestrialization. 

Processes can be described as time depending functions (Equation 3). For 

instance, the time when the volume of terrestrialization plus the volume of 

sedimentation equal to the volume of the water storage is the time when there is 

no free water; and the water ecosystem is likely to turn into a terrestrial mire 

ecosystem. Consequently, a time estimate for the time of existence of a water 

body could be derived if the sedimentation rate and the rate of the 

terrestrialization were known. 

 ( ) = ( ) − ( ) − ( ) (3) 

Where Vlw is volume of free water, Sl is storage capacity of a water body, Vlt is 

volume of terrestrialized vegetation mass, Vls is volume of sedimentated mass. 

The concept of the mire formation can be explained by describing three main 

types (see Korhola & Tolonen 1996): 1. Primary mire formation, when pristine 
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soil is occupied directly by mire vegetation after the emergence of water. 2. 

Paludification, which refers to conversion of forest soil to a mire ecosystem, 3. 

Terrestrialization, hydroseral succession from an open water body to a mire 

ecosystem: terrestrialization comprises of time-related biological and 

sedimentation processes. Terrestrialization proceeds along the surface or along the 

bottom. Terrestrialization can emerge also internally, inside a water column. (see 

Figure 3). 

 

Fig. 3. A schematic diagram of the water balance and possible changes in the 

ecosystem of a lake. (Adapted and modified from Dearing & Foster 1986, Wetzel 2001). 
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2 Theoretical foundation 

2.1 Geology 

Geological features of Finland 

The Precambrian rock crust in Finland belongs to the Fennoscandian Shield 

which is the broadest Shield area on the European continent (Simonen 1980). The 

bedrock of Finland belongs to the Precambrian North- and East-European so 

called Fennosarmatian platform and it is one of the oldest parts of the Eurasian 

continent (Simonen 1980, Lehtinen et al. 1998). The oldest known rock of 

Finland is tronhjemite gneiss found at Siurua. The intrusion age is about 3500 Ma 

(see Lehtinen et al. 2005). Jotnian sandstones and siltstones represent one of the 

youngest parts of the Finnish bedrock. The deposition of the oldest red Jotnian-

sediments, about 1300–1400 Ma ago, occurred upon the deeply eroded 

Svecokarelidic rock crust. The Jotnian sediments are red arkose sandstones and 

siltstones and they form the oldest nonmetamorphic sedimentary cover of the 

Baltic Shield (Simonen 1980).  

The surficial geology of Finland explores Quaternary deposits and Holocene 

formations. The Quaternary period is divided into Pleistocene and Holocene (ISC 

2016). Pleistocene (2.588–0.0117 Ma) is known as an epoch of glaciation cycles. 

The Holocene epoch began after the Pleistocene and continues to the present. 

Recently, the term ‘Anthropocene’ has been introduced to describe the time of 

significant human impact since the mid-20th century on Earth’s geology and 

ecosystems (Waters et al. 2016). Yet, the International Commission on 

Stratigraphy has not approved the term as a geological epoch (ICS 2016).  

The Scandinavian Ice Sheet (SIS) covered Finland several times during the 

Quaternary cold stages (Lunkka et al. 2004). The study area is situated close to 

the glaciation centre of the SIS. The Last Glacial Maximum (LGM) had been 

dated back to 21000 years ago. And based on 10Be cosmogenic exposure dates, 

the final deglaciation was completed in Scandinavia at 9.0 ± 0.6 ka (Cuzzone et 

al. 2016). Previous research showed that deglaciation was completed about 10000 

years ago in western Lapland (Saarnisto 1981, Saarnisto 2000, Lunkka et. al 

2004). Records based on 10Be dating suggest that the SIS had retreated from the 

area of the present Bothnian Bay at 10.8 ± 0.5 ka (Cuzzone et al. 2016). 
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Characteristic, particularly for the coastal areas of the Bothnian Bay, is post-

glacial rebound after isostatic depression of the SIS.  

Each ice advance of the SIS eroded most of the previously deposited 

interglacial and glacial sediments; and in most cases, therefore, only the 

sediments deposited during the last cold stage of the Pleistocene (Weichselian) 

rest on the Precambrian bedrock (Lunkka et al. 2004). Consequently, the border 

between the Precambrian bedrock and the overburden of the Quaternary deposits 

is usually clear in Finland. Paleozoic and Mesozoic deposits are absent in the 

geology of Finland. Except for some scattered remnants of Saalian-age esker 

ridges, there are no distinct geomorphological landforms related to pre-

Weichselian glaciations (Lunkka et al. 2004). However, a number of sites have 

been found where pre-Weichselian organic and glacial sediment have been 

preserved, for example, the Oulainen interglacial (Forsström 1982). These sites 

provide additional information for the Quaternary stratigraphy of Finland. 

Geology of lakes 

The formation of lakes has intrigued earth scientists for more than 100 years. For 

example, in the 19th century Sedgwick and Murchison 1829, Lyell 1830, 

Whittlesey 1838, Agassiz 1850; investigated lake deposits and their 

environmental interpretation; which work was continued later, for example, by 

W.M. Davis, A. Penck, I.C. Russell, A.G. Supan. (see Cohen 2003).  

The first scientific study dealing with the origin and the development of the 

Finnish water system was published as early as in 1772 – a dissertation by 

Gabriel Ståhle (Virkkala 1986). The first noteworthy geological study of lakes 

carried out in Finland was published by Berghell in 1898 (Aario 1965). The lakes 

of Finland developed during the deglaciation period about 11000 years ago. The 

great lakes of Eastern Finland, for example, Lake Saimaa, Lake Höytiäinen, Lake 

Pielinen, developed as early as 9000 years ago from the Yoldia Sea. Most of the 

thousands of lakes of Finland developed from the Ancylus Lake 8500–8000 years 

ago. Lake Oulujärvi developed about 8400 years ago. The youngest great lakes of 

Finland developed from the Littorina Sea. For example, Lake Pyhäjärvi of Säkylä 

after 7000 BP (see e.g. Eronen 1990). Geological and geographical studies on the 

lakes of Finland were performed, for example, by Hellaakoski (1922, 1928), 

Sauramo & Auer (1928), Aario (1965), Alhonen (1969), Heikkinen & Kurimo 

(1977), Koutaniemi & Keränen (1983). 
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2.2 Glacial isostasy 

Jamieson (1882) and Shaler (1874) are regarded as the scientific fathers of glacial 

isostasy (Andrews 1974). One of the oldest references to shoreline displacement 

in Scandinavia was contained in the homilies of Bishop Erik Sorolainen (Ericus 

Erici) of Turku (Åbo), dated 1621 A.D. (Hyvärinen & Eronen 1979). It was 

obviously based on observations of harbours becoming dry and new islands 

emerging (Andrews 1974). The oldest written document about the shoreline 

displacement phenomenon dates according to Ekman (1991) to 1491 A.D. when 

townsmen of Östhammar on the Swedish coast asked permission to move the 

town closer to the sea. Among the majority of the Scandinavian scientists of the 

18th century, Anders Celsius and Carl von Linné believed that shoreline 

displacement was due to the general lowering of the ocean levels (Steffen & Wu 

2011); although, for example, in 1755 Browallius Bishop of Turku opposed to the 

theory (Hyvärinen & Eronen, 1979). E.O. Runeberg was one of the first land 

surveyors in the Finnish Ostrobothnia who suggested the land uplift theory to be 

the explanation for perceptible shoreline displacement (Hyvärinen & Eronen, 

1979). The idea of land uplift was finally introduced in 1765 by Ephraim O. 

Runeberg and Bengt Ferner independently (Steffen & Wu 2011, Ekman 1991). 

Later, Charles Lyell (1834) who, after visiting Scandinavia, noted that the 

variation in shoreline displacement in Sweden pointed to the gradual rising of 

land. The first series of palaeogeographical maps of the phases of the Baltic Sea 

and the glacial retreat was published by De Geer in 1896 in Sweden, while the 

reconstructions created in the same period by Ramsay 1896 and Sederholm 1899 

in Finland completed this information (Hyvärinen & Eronen, 1979). 

Shoreline displacement has been studied later in the 20th century, for 

example, by Ramsay (1930), Sauramo (1958), Hyyppä (1966), Okko (1967), 

Donner (1969), Eronen (1974), Alhonen (1979), Hyvärinen & Eronen (1979), 

Eronen & Haila (1981), Saarnisto (1981). 

The postglacial uplift of land is a commonly accepted scientific theory and 

quite well known, due to the repeated geodetic observations over a long period of 

time. The observed land uplift rates in the Fennoscandian Shield vary from +9 

mm a-1 to -1 mm a-1 (Kakkuri, 1997). After the SIS had just retreated from the 

area the land uplift rate was considerably higher. 
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Secular eustasy 

The Baltic Sea is connected to the North Atlantic Ocean through the narrow 

Danish Straits. The long-term changes in the relative sea level on the coastline of 

Finland are determined by a combination of local meteorologically induced 

changes in the sea level and local postglacial land uplift, as well as the large-scale 

sea level rise due to melting of ice sheets, glaciers and ice caps, thermal 

expansion of the oceans, and changes in ocean dynamics. (Johansson et al. 2014). 

The global average sea level rise from 1880 to 2009 was about 210 mm. The 

linear trend from 1900 to 2009 was 1.7 ± 0.2 mm a−1 and since 1961 it was 1.9 ± 

0.4 mm a−1 (Church & White 2011). Church et al. (2013) stated in the assessment 

report of the Intergovernmental Panel on Climate Change (IPCC) that: 

“It is very likely that the rate of global mean sea level rise during the 21st 

century will exceed the rate observed during 1971–2010 for all 

Representative Concentration Pathway (RCP) scenarios due to increases in 

ocean warming and loss of mass from glaciers and ice sheets”. 

Johansson et al. (2014) calculated scenarios for the mean sea level on the Finnish 

coast by combining the land uplift, wind-induced changes in the local sea level, 

and large-scale sealevel rise due to changes in ocean density and circulation and 

melting of land-based ice. According to Johansson et al. (2014), the relative 

sealevel change in the Bothnian Bay in 2000–2100 is projected to be -27 cm 

(variation from -72 cm to +28 cm).  

Using the monthly mean sea level data from Stockholm 1825–1982, Ekman 

(1998) found a significant secular increase of sea level in December–January and 

a significant secular decrease in February in the Baltic Sea. The sea level varies 

daily in the Bothnian Bay due to wind and other climate factors. Some records 

from Oulu: deviation from the theoretical mean sea level, maximum (14.1.1984) 

+183 cm, minimum (14.1.1929) -131 cm. (FMI 2016). 

The theoretical mean sea level (MW) is an estimate of the long-term 

expectation value of sea level, made for practical purposes. Land uplift, global sea 

level rise, as well as changes in the Baltic Sea water balance are taken into 

account. The height system N2000 is a Finnish realization of the common 

European height system, and its datum is derived from NAP (Normaal 

Amsterdams Peil) (FMI 2016). For example, in the Oulu Station of the Bothnian 

Bay, in 1881 the MW was 1019 mm, and in 2000 the MW was 216 mm (N2000), 

and in 2017 the estimated MW is 110 mm (FMI 2016). The land uplift in the 
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coastal area of Oulu in relation to the sea level has been from 1881 to 2017 (an 

estimation) 909 mm, i.e. 6.64 mm a-1. And the relative land uplift from 2000 to 

2017 is estimated as 110 mm, i.e. 5.89 mm a-1. 

Present land uplift rate 

According to Kakkuri (1997), the ‘absolute’ land uplift (va) consists of the uplift 

of the crust relative to the mean sea level, known as observed (or apparent) land 

uplift (vo), which comprises the major portion. The minor portions are the eustatic 

rise (ve), the effect of varying salinity (vs), and the rise of the geoid (vg). Change in 

the theoretical mean sea level (MW) is related to observed land uplift (vo). All 

measurements performed in this century show that the salinity has somewhat 

increased in the Baltic Sea. An increase in salinity by 1‰ causes lowering of the 

sea surface by 10 mm. The lowering rate has been 0.1–0.2 mm a-1 in this century 

(Vermeer et al. 1988). Examining all the Baltic Sea subregions, the lowest water 

salinity is encountered in the Bothnian Bay, therefore minimum value is used here 

for vs. The rise of the geoid (vg) was approximately 0.5 mm a-1 in the area of the 

Bothnian Bay on the Fennoscandian Shield (Kakkuri 1997). Absolute land uplift 

according to Kakkuri (1997) can be calculated as follows: 

 = + + +  (4) 

Applying Equation 4, the absolute land uplift rate (va) in the Oulu region can be 

calculated: vo = 5.84 mm a-1 (FMI 2013), ve = 1.90 mm a-1 (Church & White 

2011), vs = 0.10 mm a-1 (Vermeer et al. 1988), vg = 0.50 mm a-1 (Kakkuri 1997); 

and the solution: va = 8.34 mm a-1. 

Actually, the theoretical mean sea level (MW) is a time-dependent 

expectation value of the mean sea level (Johansson et al. 2003), not plane 

observations of the reference level, bound to the bedrock. An improved estimate 

for the long-term mean sea level on the Finnish coast took into account also the 

effect of the Baltic Sea water balance, using the North Atlantic Oscillation (NAO) 

index (Johansson et al. 2003). According to Johansson et al. (2004), the absolute 

land uplift rate at the Oulu gauge is 8.37 ± 0.73 mm a-1 (95% probability error 

margin). On the other hand, Johansson et al. (2014) got the following result for 

land uplift rate in Oulu of 9.30 ± 0.74 mm a-1. The latest was calculated from the 

reduced sea level time series up to the end of the 20th century after subtracting 

the wind-induced fluctuations and the large-scale sea level rise. Geostrophic wind 

data was used for estimating the wind-induced fluctuations. The correlation 
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between the annual mean zonal geostrophic wind and the annual mean sea level 

anomalies on the Finnish tide gauges is stronger than the correlation between the 

sea levels and the NAO index (Johansson et al. 2014).  

In the last three decades recent advances in glacial isostatic adjustment (GIA) 

research have been satellite based systems, such as the BIFROST GPS project 

and the Gravity Recovery and Climate Experiment (GRACE) twin-satellite 

mission. Together with terrestrial gravity, levelling and tide gauge measurements, 

they provide excellent data coverage that gives a detailed picture of the GIA 

process. Ten years of GPS measurements in the BIFROST (Baseline Inferences 

for Fennoscandian Rebound Observations Sea Level and Tectonics) project 

showed that the vertical velocity (accuracy estimate in brackets) at the Oulu 

station was 9.59 mm a-1 (0.34 sigma) (Lidberg et al. 2010). The result represented 

the measured present absolute land uplift rate. 

Equation for timing 

Okko (1967) presented equations for the calculated shore displacement in Finland 

since 8000 BP. According to Okko (1967), the rate of land uplift decreases 

exponentially; and the equation chosen to substitute for the smoothly gradual part 

of the exponential curve is: 

 	−	ℎ = 	 +	  (5) 

In Equation 5 ys is the present absolute altitude (amount of uplift) of the raised 

shore formed in the year t and hs is the vertical distance of the sea level in the year 

t from the present sea level, v is the present rate of land uplift (meters per 

century), t time in centuries, d the change in rate (Okko 1967). 

Time t, when the site concerned was at the sea level, can be solved from the 

equation presented by Okko (1967) by applying a quadratic equation formula: 

 	 + − + ∆ℎ = 0 (6) 

 = ± ( ∆ )
 (7) 

Where t is time, va is present land uplift rate, d is change in the land uplift rate, ys 

is elevation of the site concerned,Δhs is sea level change. 

Equation 7 is valid only during the smoothly decelerating land uplift rate (see 

Okko 1967, Eronen 1974, Saarnisto 1981). That applies to the sites under 40 m 

a.s.l, or not older than 3500 years (BP). A shoreline displacement curve for 
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Hailuoto Island can be compiled (Figure 4) based on the implication of Equation 

7. 

For example: What is the age of the heath forest soil of the moor of the 

catchment of Lake Sunijärvi? 

Elevation of the site concerned, ys = 5 m a.s.l. 

Present land uplift rate, va = 0.00930 m a-1 (Johansson et al. 2014) 

Change in the land uplift rate, d = 0.000001695 m a-2 (Okko 1967) 

Sea level change, Δhs = -0.75 m (Hansen et al. 2012)  

Discriminant √∆ of Equation 7 gives a reasonable result 

Solution: t = 587 a  

Answer: The soil of the Sunijärvi moor was at the sea level about 590 years 

ago. 

 

Fig. 4. Shoreline displacement curve for the northwestern shore of Hailuoto Island. 

Distance from the sea shore; elevation of the estimated lake threshold levels; and 

corresponding age calculated from Equation 7. 
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2.3 Geochemistry 

Geochemistry deals with the abundance and distribution of the elements. 

Chemistry of igneous, metamorphic and sedimentary rocks as well as water 

chemistry are parts of geochemistry. Knowledge of water chemistry is vital for 

any study of the earth or its inhabitants. (Brownlow 1979). 

Table 1. Common chemical species of nutrients in fresh waters (Evangelou 1998). 

Element Quantitatively important  Known to exist in minor quantities 

P H2PO4
-, HPO4

2-, MgHPO4
0, AlH2PO4

2+,FeH2PO4
2+, 

 CaHPO4
0, CaH2PO4

+, 1SOAP FeHPO4
+ 

N NH4
+, NH3

0. NO3
-, N2 (aq) NO2

-, N2O (aq) 

C CO2 (aq), H2CO3
0, HCO3

-,  NaHCO3
0, NaCO3

- 

 CO3
2- 1SOAP, CaCO3

0, CaHCO3
+, MgCO3

0, 

MgHCO3
+, 

Ca Ca2+, CaSO4
0 CaCO3

0, CaHCO3
+, CaHPO4

0, CaH2PO4
+ 

Mg Mg2+, MgSO4
0 MgCO3

0, MgHCO3
+, MgHPO4

0 

Na Na+ NaCO3
-, NaHCO3

0, NaSO4
- 

K K+ KSO4
- 

Mn Mn2+ MnSO4
-, MnCO3

0 

Fe Fe2+, Fe3+, Fe(OH)2+, Fe(OH)2
+, Fe2(OH)2

4+ FeSO4
0, 2SOC 

1SOAP = Soluble Organic Anions and Polyanions 
2SOC = Soluble Organic Complex 

Water chemistry 

The major nutritional elements in water ecosystems are phosphorus, nitrogen and 

carbon (Table 1). The ecological interest in phosphorus is based on its major role 

in biological metabolism, and the relatively small amounts of it in the 

hydrosphere. Phosphorus is the least abundant in comparison with other major 

nutritional components of the biota, and yet most commonly it limits biological 

productivity. More than 90% of the phosphorus in fresh water occurs as organic 

phosphates and cellular constituents in the biota. In fresh waters inorganic 

phosphorus occurs mainly in the form of orthophosphate complexes PO4
3- 

(Wetzel 2001, Evangelou 1998). Total phosphorus comprises both particulate 

phosphorus and dissolved phosphorus. Particulate phosphorus includes: 1. 

Phosphorus in organisms, 2. Phosphorus in the mineral phases of rock and soil, 3. 

Phosphorus adsorbed onto dead organic matter. Dissolved phosphorus includes, in 

addition to orthophosphate, polyphosphates and some organic colloids.  
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The solubility of metal-phosphates in soils is highly pH dependent because of 

the protonation potential of the phosphate compounds, and the various solubility 

product constant values of metal-phosphate compounds (Evangelou 1998).  

The phosphorus content of the sediment can be several orders of magnitude 

greater than that of the above water column. Solubility of phosphorus is 

dependent on the reduction-oxidation conditions of the surface sediment. Under 

aerobic conditions, the exchange equilibria are mainly toward the sediment. 

Mobilization of sediment-associated phosphorus to the overlying water has been 

ascribed largely to phosphate release from iron (III) oxide complexes as these 

compounds are reduced by anoxic conditions in surface sediments and the 

overlying water. Also, sulphate reduction can promote phosphate release. Some 

phosphorus release occurs also under aerobic conditions from littoral sediments, 

particularly at temperatures above 10–15 °C, as concentrations in the overlying 

water decline below equilibrium levels and as pH increases from intense 

photosynthetic activity of submersed macrophytes and attached algae (Wetzel 

2001).  

Equation 8 shows a simplified outline of processes which describes reduction 

of S(VI) and Fe(III), and release of Fe2+ and PO4
3- from sediments to the above 

water. SRB = sulphate-reducing bacteria, FeRB = iron-reducing bacteria. 

+ ( ) ∙ + ( ) ∙  (8) 

Nitrogen occurs in fresh waters in numerous forms: dissolved molecular N2, 

organic compounds, ammonia NH4
+, nitrite NO2

- and nitrate NO3
-. The nitrogen 

cycle includes biochemical reactions: nitrification, denitrification, nitrogen 

fixation, nitrate assimilation, ammonification, and amino acid synthesis. In the 

nitrification process nitrogenous compounds change from a reduced state to a 

more oxidized state, as follows (e.g. Wetzel 2001, Evangelou 1998): 

 N-IIIH4+ 	→ 	N-IH2OH	 → 	H N2+IO 	→ 	N+IIIO2- → 	N+VO3- 			 (9) 

Denitrification by bacterial metabolism is the biochemical reduction of oxidised 

nitrogen anions in the oxidation of organic matter. The general sequence of this 

process is:  

 N+VO3- → 	N+IIIO2- → 	H N2+IO 	→ 	N20			 (10) 

Inorganic carbon constitutes a major nutrient of photosynthetic metabolism by 

algae and submerged macrophytes. The carbon dioxide (CO2) content of the 
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atmosphere varies with locality and potential enrichment from industrial 

pollution. The average concentration of atmospheric CO2 in the Mauna Loa 

Observatory was 406.07 ppm in January 2017 (NOAA-ESRL 2017). CO2 

dissolves in water. The CO2 of the water hydrates to yield carbonic acid. H2CO3 is 

a fairly weak acid that dissociates rapidly and forms bicarbonate and carbonate 

ions. The following reaction equations describe the dissolution of carbon dioxide 

in water (see e.g. Wetzel 2001):  

CO2+ H2O⇔  H2 CO3 

H2CO3⇔  H+ + HCO3
-  

 HCO3
- ⇔  H+ + CO3

2- (11) 

HCO3
- +H2O⇔  H2CO3 +OH- 

CO3
2- +H2O⇔  HCO3

- +OH- 

The first three reactions of Equation 11 predominate in acidic waters at a pH less 

than 7, and the last two reactions predominate in alkaline waters above a pH of 7. 

Soil geochemistry 

Soil is a crucial component of the natural environment situated between the 

lithosphere and the atmosphere. The most important functions of soil are biomass 

production, humus accumulation, as well as storage and circulation of chemical 

elements and water. From the chemical point of view, soils can be defined as 

multi-component, open biogeochemical systems where continuous processes of 

the exchanging matter and energy with the surrounding atmosphere, hydrosphere 

and biosphere occur (Aswathanarayana 1999). The main factors that affect its 

chemical composition are natural conditions and processes, such as the chemical 

composition of parent rocks and climate.  

Weathering is a geological process in which rocks and minerals are broken 

down chemically, mechanically, or biologically. The factors affecting weathering 

are grain size, climate, topography, and runoff conditions. Weathering processes 

produce fine fractions, silt and clay. Occurrence of an old weathering crust and 

the composition of the bedrock are the most important factors controlling the 

mineralogical and geochemical composition of the clay fraction of the tills 

(Peuraniemi et al. 1997). The soils around the coast of Finland, including 

Ostrobothnia, are the least weathered and leached soils in Finland (Starr 1991).  
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To pedologists and most geologists soil means that part of the regolith that 

can support rooted plants (Flint 1971). The soil lies within the zone of weathering 

and is part of it. It is subdivided into soil horizons. Cation exchange on the 

surface of soil particles is closely related to weathering and podzol processes in 

the soil. The main easily soluble exchangeable cations are Ca2+, Mg2+, K+, Na+, 

Al3+, and H+ (Hesse 1971). 

Table 2. Statistical parameters of chemical elements and pH of topsoils in the Baltic 

Sea catchment area (Salminen 2005, Uscinowicz 2011). 

Element/ compound Unit Range Arithmetic mean 

Al2O3 ppm 1.02–15.80 8.77 

CaO % 0.03–15.44 1.20 

Fe2O3 % 0.16–7.40 2.47 

MgO % < 0.01–3.54 0.61 

MnO % 0.006–0.326 0.048 

Na2O % 0.08–3.76 1.60 

P2O5 % 0.020–1.022 0.122 

pH -log[H+] 3.90–7.22 5.32 
1TOC % 0.15–7.93 1.49 

1TOC = Total Organic Carbon 

Podzolic soils are characterized by a light-coloured elluvial horizon below the 

organic layer, and a reddish illuvial horizon below the elluvial horizon, and 

relatively unchanged parent material (e.g. Aaltonen 1952, Starr 1991, Kähkönen 

1996). The youngest podzols are on the coast of the Gulf of Bothnia, the area with 

the highest uplift rate in Finland (Kähkönen 1996). According to Petäjä-

Ronkainen et al. (1992), it takes more than 300 years but less than 1200 years for 

a recognizable podsol profile to form. 

This study deals with soil nutrient elements presented in Table 3. Metals are 

uptaken as cations by plant roots. Cation exchange processes in soil have a 

fundamental importance for sciences dealing with soil plant interactions, and 

reasonable implications, for example, agriculture. Kelley (1948) stated that: 

“The chemical and physical properties of the soil may be profoundly 

influenced by cation exchange. Perhaps no other aspect of the soil has such 

far-reaching importance.” 
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Table 3. The elements in soil and sediment, concerned in this study, and their 

ecological importance (see Lavelle & Spain 2001). 

Element Abbreviation Group in the periodic table Ecology Forms commonly 

taken up by plants 

Nitrogen N VB, Non-Metals macronutrient NH4
+, NO3

- 

Phosphorus P VB, Non-Metals macronutrient H2PO4
-, HPO4 

Potassium K IA, Alkali Metals macronutrient K+ 

Calcium Ca IIA, Alkaline Earth Metals macronutrient Ca2+ 

Magnesium Mg IIA, Alkaline Earth Metals macronutrient Mg2+ 

Iron Fe VII, Transition Metals micronutrient Fe2+, Fe3+ 

Manganese Mn VIIA, Transition Metals micronutrient Mn2+ 

Sodium Na IA, Alkali Metals beneficial  Na+ 

Aluminium Al IIIB, Post-transition Metals beneficial or toxic Al3+ 

The term ‘essential mineral’ element or ‘mineral nutrient’ was proposed by Arnon 

& Stout (1939). For an element to be considered essential, three criteria must be 

met: 1. A plant is unable to complete its life cycle in the absence of the mineral 

element. 2. The function of the element cannot be replaceable by another mineral 

element. 3. The element must be directly involved in plant metabolism or it must 

be required for a distinct metabolic step such as an enzyme reaction (see 

Marschner 1995). For most of the higher plants the essentiality of 19 mineral 

elements is established. These are macronutrients: nitrogen (N), phosphorus (P), 

sulphur (S), potassium (K), magnesium (Mg), calcium (Ca); micronutrients: iron 

(Fe), manganese (Mn), zinc (Zn), copper (Cu), boron (B), molybdenum (Mo), 

nickel (Ni), chlorine (Cl); and beneficial elements: sodium (Na), silicon (Si), 

cobalt (Co), iodine (I), vanadium (V). The known requirement for chlorine and 

nickel is as yet restricted to a limited number of plant species. (Marschner 1995). 

Geochemical paleolimnology 

Paleolimnological interpretations in this study are based on various geosciences 

as presented in Figure 1. Boyle (2001) made a distinction between inorganic 

geochemical paleolimnology and inorganic geochemistry in general:  

“Inorganic geochemistry aims to understand the chemical properties of the 

natural world and the behavior of chemical substances within it; and 

geochemical paleolimnology uses such information to describe and quantify 

the environment.” 
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In the fundamental work on chemical composition of cores taken from the 

sediments of a number of lakes of the English Lake District, Mackereth (1966) 

stated: 1. The observed stratigraphic changes in composition of the lake sediment 

can most easily be explained if the sediment is regarded as a sequence of soils 

derived from the catchments of the lakes, and 2. The gross composition of the 

sediment is largely dependent on conditions in the drainage system rather than in 

the lake waters. Engstrom & Wright (1984) reviewed the work on chemical 

plaeolimnology up to the 1980´s. They concluded that in oligotrophic systems the 

sediment reflects catchment as suggested by Mackereth (1966); but in eutrophic 

systems, sediments are strongly modified by the lake. Catchment effects are thus 

superimposed in such lakes. The lake ecosystem is a system intimately coupled 

with the land surrounding it in its drainage area and its running waters that 

transport and metabolize enroute, components of the land to the lake (Wetzel 

2001). For example, the buffer capacity of lake waters is closely related to the 

properties of the catchment soils, in particular to the reactions controlling the acid 

- base balance (Kähkönen 1996). Referring to the previously mentioned findings 

of Mackereth (1966), it can be considered that the geochemistry of the lake 

sediment is a key for understanding the geochemical properties of the catchment. 

2.4 Paleolimnology 

Paleolimnology is a field of the science that is based on diverse disciplines with 

varying goals. Biologists have defined paleolimnology as the interpretation of 

past limnology from changes that occurred in the ecosystem of the lake, and their 

probable causes. In contrast, geologists and pre-Quaternary paleoecologists have 

defined paleolimnology in more geological terms, emphasizing that 

sedimentological or geomorphic information is useful for understanding the 

physical history of lake basins or biological evolution in lakes (Cohen 2003). Last 

& Smol (2004) defined paleolimnology as the study of past conditions and 

processes in lake and river basins and the interpretation of the histories of these 

systems. Broadly defined, paleolimnology is the study of the physical, chemical 

and biological information stored in lake deposits (Smol et al. 2003). 

The closest discipline to paleolimnology is obviously limnology which can be 

defined according to Wetzel (2001) as the study of the structural and functional 

interrelationships and productivity of freshwater biotic communities as they are 

affected by the dynamics of physical chemical and biotic environmental 

parameters. The Swiss scientist F.A. Forel published between 1877 and 1901 
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studies on Lake Geneva (Luther 1982). He adopted the term limnology (see Berg 

1951). Hutchinson (1957, 1967) elaborated on these earlier works. In Finland, 

Järnefelt (1952) created a system for classification of lakes. In Scandinavia, the 

Quaternary ecology of lakes and their watersheds developed as an extension of 

early paleoclimate research (e.g. De Geer, 1940). 

Despite advances in geochemistry, chemical stratigraphy cannot be used 

independently of microfossil or other biotic evidence to reconstruct lake history 

(Engstrom & Wright 1984). Chemical stratigraphy is best interpreted alongside 

biological methods (see Boyle 2001). The biological methods comprise studies on 

a large variety of groups of organisms. For example, diatoms, cladocerans, and 

chironomids are the most commonly used indicators in paleolimnological studies.  

Paleolimnological studies have often concentrated on environmental issues. 

For example: anthropogenic eutrophication (e.g. Alhonen 1972, 1986, Weckström 

2005, Vaalgamaa 2007), climate change (e.g. Weckström et al. 1997, Sorvari & 

Korhola 1998, Battarbee et al. 2002), pollution (e.g. Tuovinen et al. 2012), and 

environmental management (e.g. Valpola 2007). 

Diatom studies 

Primary production of the algae of the oceans of the world is comparable to 

organic production of the terrestrial areas of the Earth. The global net primary 

production from phytoplankton is 45–50 Gt C a-1, compared with the estimates 

for land plants of 45–68 Gt C a-1 and for coastal vegetation of 1.9 Gt C a-1 

(Longhurst et al. 1995). Because of the great capacity of primary production, the 

algae of the oceans produce a good deal of oxygen in the photosynthesis, which is 

about half of the oxygen in the atmosphere. About 20% of the oxygen that we 

inhale comes from photosynthesis by marine diatoms (Alverson 2014). 

Diatoms are classified as algae, Class Bacillariophyceae. In the taxonomical 

classification (Guiry & Guiry 2017) of the phytoplankton the Class 

Bacillariaphyceae Haeckel, is placed to the Phylum of Ochrophyta T. Cavalier-

Smith, the Kingdom of Chromista T. Cavalier-Smith, and the Empire of 

Eukaryota Chatton. The first diatom genus was described in 1791 as Bacillaria 

Gmelin, with Vibrio paxallifer used as the type (Battarbee et al. 2001). The basics 

of the classification of diatom species were created in the 19th century in the 

work of Agardh (1824), Kützing (1844), Rabenhorst (1864–1868), van Heurck 

(1885), DeToni (1891), Cleve (1894, 1895).  
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Based on their viability as recognizable in sediments, diatoms are perhaps the 

most popular group of organisms utilized in paleolimnological studies. Due to 

their ecology the diatoms are excellent environmental indicators. The potential of 

diatom studies is of great importance to water research, environmental science, 

and Quaternary paleoecology. The diatom studies also have significance in 

archealogy and even in forensic medicine (Alhonen 1981). Diatoms are 

unicellular, eukaryotic organisms characterised by their siliceous cell walls and 

their yellow-brown pigmentation (Battarbee et al. 2001). The utility of diatoms in 

research lies in their capacity to respond to fluctuations of the environment 

variables, and in the stability of their cells as identifiable in sedimentary deposits. 

Problems in coastal areas can be encountered in separating allochtonous from 

autochtonous valves (Battarbee et al. 2001). Because of the peculiar cell division 

of diatoms, size regeneration reproductive processes, known as the McDonald - 

Pfitzer rule, are responsible for controlling the size ranges of diatoms (Battarbee 

et al. 2001). Therefore, the shape of the valve, in addition to the number of striae, 

is a better attribute for identification than cell size.  

Diatom analyses have been used in the studies on shoreline displacement of 

the Baltic Sea. For example, diatom genera Campylodiscus and Mastogloia have 

a special meaning in the history of the Litorina Sea (Halden 1916, Sundelin 1922, 

Florin 1946, Eronen 1974). The first stage of brackish water in the Baltic Sea 

during the Atlantic period is often called the Mastogloia Sea referring to the 

dominant diatom Mastogloia species (Alhonen 1971, Eronen 1974, Alhonen 

1979). The beginning of the Litorina Sea is characterised by a diatom community 

with Campylodiscus clypeus (Alhonen 1971, Eronen 1974). According to Eronen 

(1974), the Clypeus limit is generally accepted as the highest shoreline of the 

Litorina Sea in those areas which remained unaffected by transgression. The 

Clypeus limit of the littoral facies indicates that a distinct ecological change 

occurred at the beginning of the Litorina Sea phase. The Baltic Sea of that time 

(7300–7400 BP) became a rich brackish water basin (Eronen 1974). 

The key limiting nutrients in surface waters for algal growths are nitrogen 

and phosphorus, and in the case of diatoms, also dissolved silica (SiO2) is 

important. The main variable responsible for driving diatom productivity and 

species change is usually phosphorus and this is the variable that most often is 

sought to reconstruct in studies on eutrophication of lakes (Battarbee et al. 2001). 

A number of methods were developed in order to use diatoms as bioindicators, 

especially in rivers (Descy & Coste 1991, Kelly & Whitton 1995, Soininen & 

Niemela 2002). Stenger-Kovacs et al. (2007) developed a trophic diatom index 
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for the lake environments in Hungary. Taylor et al. (2006) reconstructed past 

eutrophication of lakes based on paleolimnological evidences. The single most 

important controlling variable on species composition in a freshwater system is 

pH (Battarbee et al. 2001). The significance of pH has been long recognised (e.g. 

Hustedt 1930–1966, Renberg & Hellberg 1982, Birks et al. 1990, Eloranta 1990). 

There has been a long history also in the use of diatoms as indicators of salinity in 

coastal and estuarine environments in addition to studies on sea level change. The 

classification of diatoms in relation to salinity in such environments was first 

established by Heiden 1902 and developed principally by Hustedt 1957, 

Simonsen 1962, van der Werff and Huls 1957–1974, Vos and De Wolff 1988 (see 

Battarbee et al. 2001).  

Various index calculation methods have been developed for reconstructions 

of the past ecological environments (Zelinka & Marvan 1961, Descy 1979, 

Renberg & Hellberg 1982, van Dam et al. 1994, Kelly & Whitton 1995, Stenger-

Kovacs et al. 2007). The development of the weighted-averaging regression and 

calibration statistical techniques (ter Braak & van Dam 1989, ter Braak & Juggins 

1993) allowed more accurate specific environmental reconstructions by diatom 

based transfer functions (e.g. Jones & Juggins 1995, Bennion et al. 2001, 

Miettinen 2003, Kauppila & Valpola 2003, Weckström et al. 2004). 
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3 Study area 

The main study area is located on the coast of the Bothnian Bay, the northernmost 

part of the Baltic Sea, not far from the city of Oulu, northern Finland. The main 

study area encompassed ten shallow and small water bodies with their 

catchments. 

Table 4. Working names in English, Finnish names according to the National Land 

Survey (NLS 2012), and Finnish names suggested by the author. Elevation stages of 

the pools (meters above sea level). Area 1: area of a water body on the map (NLS 

2012). Area 2: open water area. Area 3: lacustrine basin area. Area 4: catchment area 

(surficial waters). Depth 1: maximum water depth. Depth 2: maximum gyttja sediment 

thickness. The areas are defined in hectares (from aerial and color-infrared 

photographs of the NLS 2012, with field observations in 2012–2013). Maximum water 

and sediment depths are defined in meters (measurements in the field in 1999, 2012, 

and 2013, except Lake Akio in 1993 before renovation). 

English 

name 

Finnish 

name 

(NLS) 

Suggested 

Finnish name 

Area 1 

ha 

Area 2 

ha 

Area 3 

ha 

Area 4 

ha 

Depth 1 

m 

Depth 2 

m 

Glo1 Pond no name Kluuvilampi 1 0.75 0.71 1.75 5.0 0.60 0.10 

Glo2 Pond no name Kluuvilampi 2 0.33 0.38 1.42 5.3 0.70 0.20 

Glo3 Pond no name Kluuvilampi 3 1.03 1.13 6.26 14 1.00 0.10 

Kesti Pond no name Kestinperänlampi 1.05 1.10 9.61 190 0.80 0.20 

Lake Paju Pajulahti Pajulampi 8.95 5.68 11.3 180 0.60 0.20 

Lake Akio Akionlahti Akionjärvi 120 106 179 1 100 1.30 0.45 

Kuppi Pond Kuppi Kuppilampi 0.92 0.70 4.62 9.2 0.40 0.20 

Lake 

Sunijärvi 

Iso 

Sunijärvi 

Iso Sunijärvi 14.9 15.1 30.3 124 0.95 0.40 

Lake 

Valkjärvi 

Valkjärvi Valkjärvi 4.25 4.63 10.0 93 1.40 0.20 

Lake 

Kangasjärvi 

Kangasjärvi Kangasjärvi 1.95 1.95 13.4 65 0.90 0.30 

Lassinlampi 

Pond 

no name Lassinlampi 0.26 0.18 1.41 25.3 0.50 0.15 

Ihanalampi 

Pond 

Ihanalampi Ihanalampi 2.83 2.81 23.20 117 2.00 0.25 

Seven of the water bodies were located on the island of Hailuoto. The other three 

were located on the coastal area of Oulunsalo and Lumijoki, on the mainland´s 

side. These ten water bodies were included in the water quality monitoring. 
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The reference area is located ca. 70 km northward from the city of Oulu on 

the coastal area of the municipalities of Ii and Simo. The reference area included 

two lacustrine basins with their catchment areas. These two water bodies were not 

included in the water quality monitoring. 

Applying the definition presented by Järnefelt (1958), the sites Kluuvilampi 1 

(Glo1), Kluuvilampi 2 (Glo2), Kluuvilampi 3 (Glo3), Kestinperänlampi (Kesti) 

and Kuppilampi (Kuppi), and also Kangasjärvi, should be defined as ponds; while 

the sites Sunijärvi, Valkjärvi, Akionjärvi (Akio) and also Pajulampi (Paju) should 

be defined as lakes. Established map names do not have to be changed unless they 

would cause misleading interpretations. Therefore, for example, the map name 

(NLS 2016) ‘Akionlahti’ could be changed to ‘Akionjärvi’; and ‘Pajulahti’ is 

known locally nowadays as ‘Pajulampi’ (n.b. the Finnish word ‘lahti’ means bay). 

3.1 Geology of the study area 

Prequaternary bedrock 

The study area I (Figure 5) as a whole is located within the boundaries of the 

Muhos Formation sedimentary bedrock defined by Lanne & Pernu (1974). The 

study sites of the island of Hailuoto were located on the Neoproterozoic Hailuoto 

Formation. Kuppi Pond, Lake Akio, and Lake Paju were located on the 

Mesoproterozoic Muhos Formation (GTK 2012). The Hailuoto Formation is 

younger (650 Ma) than the Muhos Formation (1200 Ma). The Hailuoto Formation 

has been separated from the Muhos Formation, and it is located above the Muhos 

Formation (Solismaa 2008). The crystalline bedrock was found at the depth of 

98–268 m on Hailuoto (Veltheim 1969, Solismaa 2008). In the area of the Muhos 

Formation the crystalline bedrock was found in the deepest depth of about 1000 

m in Liminka (Lanne & Pernu 1974). The study area II is located on the 

Neoarchean Kuivaniemi suite, Simo complex. The bedrock consisted of 

metamorphic migmatitic tonalite (GTK 2012). 
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Fig. 5. Prequaternary rocks of the study area: 1 Migmatitic tonalite, 2 Greywacke, 3 

Granite, 4 Biotite paragneiss, 5 Silicate siltstone, 6 Silicate sandstone, 7 Granodiorite, 

8 Quartz diorite. Study sites (squares I and II). Information from the sources of 

Paikkatietoikkuna (NLS 2013), Bedrock of Finland (GTK 2012), Koljonen (1992). (Base 

map: Bedrock 1:200000, Paikkatietoikkuna-service © Geological survey of Finland 

2016, cited 24.5.2016 – the original material has been modified).  
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Quaternary deposits 

The coastal area of the Bothnian Bay is an area of exceptional sediment thickness. 

The Geological Survey of Finland carried out scientific drilling and sampling in 

Liminka, south of Oulu. The sediment sequence of the Vesikari drilling site in 

Liminka turned out to be the longest overburden core (140.5 m thick) known in 

Finland; and it was deposited on the top of Middle Jotunian aged sedimentary 

basin, the Muhos Formation (Breilin & Putkinen 2012). According to Rankama 

(1964), the arithmetic mean sediment thickness of the Quaternary deposits in 

Finland is 8.64 m. 

Table 5. Study sites and the sediment types of the catchment areas. 

Site Elevation m a.s.l. (2013) Soil 

Subarea A   

Glo1 Pond 0.3 glaciofluvial origin sand 100% 

Glo2 Pond 0.5 glaciofluvial origin sand 100% 

Glo3 Pond 1.1 glaciofluvial origin sand 100% 

Lake Sunijärvi 5.2 glaciofluvial origin sand 100% 

Lake Valkjärvi 9.1 glaciofluvial origin sand 100% 

Subarea B   

Lake Kangasjärvi 9.7 glaciofluvial origin sand and gravel 100% 

Kesti Pond 0.1 glaciofluvial origin sand 100% 

Subarea C   

Lake Akio 0.18 glaciofluvial origin sand 65.6%, silt and clay 2.70%, till 

31.7% 

Lake Paju 1.0 glaciofluvial origin sand and gravel 100% 

Subarea D   

Kuppi Pond 0.17 glaciofluvial origin sand 42.0%, silt and clay 58.0% 

Subarea E   

Lassinlampi Pond 1.0 till 64%, bedrock outcrops 36% 

Ihanalampi Pond 19.7 till 85%, bedrock outcrops 2%, sand and gravel 13% 
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Fig. 6. Superficial deposits. 1 Prequaternary bedrock outcrop; Quaternary deposits: 2 

Ground moraine, 3 Fluvial deposit, 4 Hummocky moraine, 5 Peat deposit, 6 

Glaciofluvial deposit, 7 Littoral sand and gravel deposit, 8 Interlobate glaciofluvial 

complex, 9 Glaciofluvial sediment sequence overlain by till, 10 Homogenous fine-

grained clay and silt deposits. Study areas (squares I and II). Information from the 

sources of Paikkatietoikkuna (NLS 2013), Geomap (GTK 2013), Koljonen (1992). (Base 

map: Superficial deposits 1:1000000, Paikkatietoikkuna-service © Geological survey of 

Finland 2016, cited 24.5.2016 – the original material has been modified). 
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The study area of Hailuoto – Oulunsalo – Lumijoki (I) was predominated by 

glaciofluvial sediment formations (Figure 7). On Hailuoto the sediment thickness 

ranged between 30–65 m (Breilin & Putkinen 2012, Solismaa 2008). Over the 

glaciofluvial sediment deposits there are almost everywhere layers of coastal 

accretion, and some of them have transformed into eolian layers.  

The study area of Kuivaniemi – Simo (II) was predominated by bedrock 

outcrops, although there was usually a thin layer of till on the bedrock (Figure 8). 

 

Fig. 7. Principal surficial deposits and sediment types of the study area I: 1 Sand and 

gravel, 2 Till, 3 Silt and clay, 4 Thick peat. Subareas A, B, C and D have been marked 

with squares. Modified from the maps of the Geological Survey of Finland (GTK 2013) 

and the National Land Survey of Finland (NLS 2012). 

 



53 

3.2 Catchment areas and sampling sites 

The places of sampling are presented in the following figures. The base maps of 

the study area I, subareas A, B, C and D were adapted from the open data service 

of The National Land Survey of Finland (NLS 2013). 

 

Fig. 8. Principal surficial deposits and sediment types of the study area II of 

Kuivaniemi – Simo coast (Area II, Subarea E): 1. Till, 2. Sand and gravel, 3. Bedrock 

outcrops and rocks, 4. Organic layer. Surface water catchment areas of Lassinlampi 

Pond and Ihanalampi Pond. O indicates the places of sediment samplings. S indicates 

the place of the soil sampling (dotted line). Modified from the maps of the Geological 

Survey of Finland (GTK 2013) and the National Land Survey of Finland (NLS 2012). 

The surficial geology of the Hailuoto sites (subareas A and B) was predominated 

by glaciofluvial deposits. Inside the catchment of Lake Akio (subarea C) there 

were moraine formations. The catchment of Kuppi Pond (subarea D) was 

dominated by fine grained marine deposits. 

 



54 

 

 

Fig. 9. Study subarea A. The surface water catchment areas of Glo 1 Pond, Glo 2 Pond, 

Glo 3 Pond, Lake Sunijärvi and Lake Valkjärvi. O indicates the places of the water and 

sediment samplings. S indicates the places of the soil sampling lines.   
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Fig. 10. Study subarea B. The surface water catchment areas of Kesti Pond and Lake 

Kangasjärvi. O indicates the places of the water and sediment samplings. S indicates 

the place of the soil sampling line. 

 

Fig. 11. Study subarea C. The surface water catchment areas of Lake Paju and Lake 

Akio. O is the places of the water and sediment samplings. 
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Fig. 12. Study subarea D. The surface water catchments and the water area of Kuppi 

Pond. O indicates the place of the water and sediment sampling. 

3.3 Vegetation 

The glo ponds Glo1, Glo2 and Glo3 had relatively small catchment areas of the 

surface waters. They were small and shallow and becoming overgrown with 

vegetation along the bottom, and they were terrestrializating that way. They were 

located between two adjacent coastal dune ridges, isolated from the chain of 

terrestrializating small lake basins. The maximum water depths measured in 2013 

were about the same level as those observed in 1985 (Vainio 1987). The 

vegetation of Glo1 Pond, Glo2 Pond, Glo3 Pond, Lake Sunijärvi, Lake Valkjärvi 

and Lake Kangasjärvi was studied in detail by Vainio (1987). In 2012–2013, the 

swamp area was emerging in all lake basins concerned, and the aquatic vegetation 

was gradually changing into the mire vegetation. The catchment areas of the 

surficial waters of Glo1 Pond and Glo2 Pond were estimated to be about five 

hectares. They had hydrological contact with elongated mire formations and 

ground water. In 2013 the estimated original lake basin area of the Glo1 Pond was 

1.75 ha and the open water area was 0.71 ha. The surface water table was at 0.3 m 
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a.s.l. During the period of water monitoring in 1985–1998 Glo1 Pond was in the 

glo-flad stage, but in 2013 it was turning into the glo stage, with no visible 

openings to the sea (c.f. Munsterhjelm 1997). The shore was surrounded by sedge 

herb swamp, with dominant species Carex rostrata Stokes, Carex diandra 

Schrank, Carex aquatilis Wahlenb., Carex halophila F. Nyl., Phragmites australis 

(Cav.) Trin. ex Steudel. In the water, Hydrocharis morsus-ranae L., and 

Sparganium angustifolium Michx. appeared in some places. The open water area 

of Glo2 Pond was reduced to 0.38 ha of the initial 1.42 ha. The surface water 

table was at 0.5 m a.s.l. and the pond was in the glo stage in 2013. Sedge herb 

swamp had emerged from the shore to the open water area. Dominant species 

were Comarum palustre L., Lysimachia thyrsiflora L., Valeriana sambucifolia 

J.C. Mikan, Carex rostrata Stokes, Carex chordorrhiza L., and Sphagnum 

squarrosum Crome. In the water there was abundant Potamogeton berchtoldii 

Fieber, and occasionally Hydrocharis morsus-ranae L. Glo3 Pond has been 

hydrologically connected in an elongated swamp area from Keskiniemi to 

Haaralampinnokka. The surface water catchment area was about 14 ha. The open 

water area had been reduced to one from its original fair six hectares. The surface 

water table was at 1.1 m a.s.l. and Glo3 Pond was in the glo stage in 2013. Horse-

tail swamp was widely spread over the lake shore, with dominant species 

Equisetum fluviatile L., Cicuta virosa L., also in some places Epilobium palustre 

L., and Sphagnum riparium Ångstr., Sphagnum squarrosum Crome.  

Lake Sunijärvi was a relatively large lake, with an open water area of 15 

hectares with a catchment area of 124 hectares. The surface water table was at 5.2 

m a.s.l. (NLS 2013). Because of its apparent origin, it could be regarded as a glo-

lake. Sedge herb swamp was emerging along the surface with dominant species 

Calla palustris L., Lysimachia thyrsiflora L., Carex canescens L., and Sphagnum 

riparium Ångstr. Sphagnum fallax Klinngr.  

Lake Valkjärvi was a relatively deep inland closed glo-lake, with a catchment 

area of 93 hectares. The surface water table was at 9.1 m a.s.l. (NLS 2013). 

According to Vainio (1987), large fluctuations in water level had been typical in 

Lake Valkjärvi. That was probably due to ground water fluctuations. Equation 2 

shows that groundwater level fluctuation is directly correlated with the volume of 

the water mass of the lake. Sedge herb swamp was emerging along the bottom 

with dominant species Carex rostrata Stokes, Comarum palustre L., Lysimachia 

thyrsiflora L., Eriophorum angustifolium Honck. In the water area Hippuris 

vulgaris L., Persicaria amphibia (L.) Gray, were encountered occasionally. The 

open water area was 4.63 hectares in 2013. 
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Lake Kangasjärvi (9.7 m a.s.l.) and Lake Kaakkurijärvi (9.8 m a.s.l.) have 

formed a chain of lakes in the southern half of the island of Hailuoto. Nowadays 

Lake Kangasjärvi has separated with open water of 1.95 hectares. These lake 

basins still had a hydrological connection (in 2012), with a common catchment 

area of some 13 hectares. Lake Kangasjärvi was largely overgrown with sedge 

swamp with dominant species Carex rostrata Stokes, Carex lasiocarpa Ehrh. 

Terrestrialization process was going on within the water column because of the 

overgrowth of Sphagnum majus (Russ.) C. Jens.  

Kesti Pond was a marine bight on the map of the National Land Survey from 

1956. It has a relatively large catchment area of 190 hectares. The surface water 

table was almost equal to the sea level stage, although in 2012 a shallow shoal 

was detected between the pond and the sea, which was enclosing and isolating 

Kesti Pond from the sea. In 2012 the pond was in the glo-flad stage. Vegetation 

was spreading along the bottom. Kesti Pond was surrounded by reed-rush swamp 

with dominant species Phragmites australis (Cav.) Trin. ex Steudel. Further from 

the pond there was sedge herb swamp, with dominant species Carex rostrata 

Stokes, Comarum palustre L., Valeriana sambucifolia J.C. Mikan, Lysimachia 

thyrsiflora L., Equisetum fluviatile L. In the water occurred Potamogeton 

perfoliatus L., Potamogeton pectinatus L., Hydrocharis morsus-ranae L., 

Sparganium emersum Rehmann, and filamentous algae Cladophora glomerata 

(L.) Kützing. The vegetation of Kesti Pond was previously studied in detail by 

Hanni (1979). The vegetation had changed drastically in 33 years. The most 

remarkable change was the spreading of Phragmites australis all over the pond 

shore.  

Lake Paju was in the glo-flad stage in 2012, with a narrow creek to the sea. 

Originally Lake Paju was a marine bight as the Finnish name ‘Pajulahti’ on the 

maps of the 1950´s reveals. The vegetation of the Paju Peninsula was previously 

studied in detail in 1985 by Jouko Siira et al. (unpublished data). In 2012 horse-

tail swamp was spreading along the bottom. Vegetation zones and dominant 

species were:  

1. Sedge herb swamp: Carex aquatilis Wahlenb., Comarum palustre L., 

Valeriana sambucifolia J.C. Mikan, Lysimachia thyrsiflora L., Epilobium 

palustre L., Sphagnum riparium Ångstr., Sphagnum squarrosum Crome, 

occasionally, on the southeastern shore Calliergon cordifolium (Hedw.) 

Kindb., Calliergon richardsonii (Mitt.) Kindb. in Warnst. and on the 

northwest shore Sphagnum fimbriatum Wils.  
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2. Horse-tail swamp: Equisetum fluviatile L., in some places Calla palustris L., 

and water vegetation with occurrences of Hippuris vulgaris L., Lemna 

trisulca L.  

3. Reed-rush swamp: Phragmites australis (Cav.) Trin. ex Steud., Valeriana 

sambucifolia J.C. Mikan.  

4. Open water, with some patches of Hydrocharis morsus-ranae L., Sparganium 

emersum Rehm., Potamogeton friesii Rupr., Potamogeton pusillus L.  

Kuppi Pond was enclosed and it seemed to be in the glo stage during the field 

observations in 2012. The outflow channel was dry. The surface of the pond water 

table was found to be at 17 cm a.s.l. in levelling measurement on 31.8.2012. It 

was filling up with vegetation of reed-rush swamp. Dominant species of the 

Reed-rush swamp were Phragmites australis (Cav.) Trin. ex Steud. and 

Schoenoplectus tabernaemontani (C.C. Gmel) Palla. In the open water occurred 

crops of Eleocharis mamillata (H. Lindb.) H. Lindb. ex Dörfl, Hippuris vulgaris 

L., and occasionally inside the water body in some places Myriophyllum 

verticillatum L.  

Lake Akio was in the flad stage in 2012 with narrow openings to the sea. 

There were summer cottages, and boat harbors had been excavated on the south 

shore of the lake. The lake was surrounded by sedge herb swamp, with dominant 

species Carex aquatilis Wahlenb, Carex halophila F. Nyl, Calamagrostis 

purpurea (Trin.) Trin, Carex nigra (L.) Reichard, Comarum palustre L., Cicuta 

virosa L., Peucedanum palustre (L.) Moench. Near the water line there was a 

narrow zone of reed-rush swamp, with dominant species Phragmites australis 

(Cav.) Trin. ex Steud., Eleocharis palustris (L.) Roem. & Schult. and 

Schoenoplectus tabernaemontani (C.C. Gmel) Palla. The open water area was 

relatively large and there occurred among others Sagittaria sagittifolia L., Alisma 

plantago-aquatica L., Potamogeton perfoliatus L. The vegetation of Lake Akio 

was previously studied in detail by Siira (1993). According to a nautical chart 

from 1940, Lake Akio had originally been a relatively large bay, ‘Akionlahti’ (see 

Hiltula & Rusanen 2006). In 2010–2011 during the European Regional 

Development Fund (ERDF) ‘Oulunsalo Akio bay gloe lake restoration project’ 

the water level of Lake Akio was raised artificially to 18 cm (MW) of the original 

level by constructing weirs. The bottom sediment was cut off about 0–30 cm 

during the restoration project.  



60 

Fig. 13. Sea shore of the island of Hailuoto in 2013. The formation of a new pond 

(Glo+1). 

 

Fig. 14. Dune ridge (stoss slope) front of Glo1 Pond in 2013. 
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Fig. 15. Glo1 Pond in 2013. 

Fig. 16. Glo2 Pond in 2013. 
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Fig. 17. Glo3 Pond in 2013. 

Fig. 18. Lake Sunijärvi in 2013. 
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Fig. 19. Lake Valkjärvi in 2013. 

Fig. 20. Lake Kangasjärvi in 2012. 
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Fig. 21. Kesti Pond in 2012. 

Fig. 22. Lake Akio in 2012. 
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Fig. 23. Lake Paju in 2012. 

Fig. 24. Kuppi Pond in 2012. 
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3.4 Ecosystem development 

Glo formation 

On the northwest shore of the island of Hailuoto, it was observed in 2013 that in 

front of the shoreline ridge a new glo was enclosing. In 1993 the shore ridge was 

still under the sea. In 1999 sandbank shoal was emerging there, but the glo had 

not isolated yet. According to Vainio (1987), Glo1 Pond had been formed during 

the 1980´s. 

 

Fig. 25. Formation of the dune gloes on the northwest shore of the island of Hailuoto. 

The map is based on the aerial photographs of the NLS (2013) in addition to the 

observations on the field in 1993, 1999, and 2013. 

Because of the soil properties of fine grained sand which has a relatively good 

hydraulic conductivity, in addition to a rather thin layer of organic sediment in 

which permeability would be weaker, to maintain a water ecosystem the gloes 

ought to have close contact to the ground water. Therefore, Glo+1 is likely to 

continue the chain of gloes on the coast of Hailuoto, whereas Glo0 which is more 
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shallow will probably not reach the ground water table, and is more likely to get 

terrestrialized and form a mire ecosystem. 

 

 

Fig. 26. Relative diagram of the elevation, water depth, and sediment thickness of the 

gloes between the dune ridges. (Levelling measurement on 12.6.2013. Actual sea level 

stage -15 cm with reference to the MW, n.b. different scale of horizontal and vertical 

axes). 

Documentation of a new glo, Glo+1 on 12.6.2013: 

Coordinates WGS84: N 65°4' 58.305'', E 24° 40' 52.307'' – N 65°5' 0.018'', E 

24° 41' 19.512''. 

Area of the enclosing pond: 1.87 ha 

Developmental stage: juvenile flad 

Vegetation: very sparse vegetation on the whole; in the water, some shoots of 

Isoëtes lacustris L., Myriophyllum spicatum L., and filaments of Cladophora 

glomerata (Linnaeus) Kützing; and on the beach some shoots of Agrostis 

stolonifera L. 

Terrestrialization 

The number of lakes has decreased in the course of time, through the cross 

section of the Hailuoto shore. In the zone of 0–2.5 m a.s.l. there were 32 single 
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lakes, and in the zone of 2.5–5.0 there were only two lakes (Figures 27 and 28). 

Small water bodies tend to terrestrialize and turn into mire ecosystems. Large 

lacustrine basins are able to maintain a water ecosystem. Actually, all the 

lacustrine ecosystems of the uplift coast presumably go through a 

terrestrialization process from a juvenile flad to flad, glo-flad, glo and glo-lake 

phases; and, in due course, finally transform into terrestrial mire ecosystems. 

 

 

Fig. 27. Surface areas of the lacustrine and palustrine ecosystems on the northwest 

shore of the island of Hailuoto. Number of water bodies (N). An average area of a 

single water body (ha). Accumulative percentage portion of the total surface area, of 

Lakes and ponds, and Mires (%). The altitude zones are presented in Figure 28. 
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Fig. 28. The altitude zones of the section discussed in Figure 27 (c.f. Study subarea A). 

3.5 Climate 

Weather monitoring was carried out at the Bothnian Bay Research Station in 

Marjaniemi, Hailuoto (Vaisala Milos 200 Automatic Weather Station). Table 7 

presents the results of climate monitoring during the research period of 1992–

2005. The years 1993, 1994, 1996, 2001, 2002 and 2004 are included. The years 

where there were months missing or data was missing for more than 20 dates per 

year were not included. In Table 6 the data of the Finnish Meteorological Institute 

are presented from the two closest weather stations to the study area (n.b. because 

of different monitoring periods Tables 6 and 7 are not fully comparable). 
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Table 6. Air temperature °C in the Oulunsalo (Oulu) Airport, and the Hailuoto Ojakylä 

observation station of the Finnish Meteorological Institute (FMI), period of 1981–2010 

(Pirinen et al. 2012). 

Month Oulunsalo Airport  Hailuoto, Ojakylä 

Mean Max Min Mean Max Min 

1 -9.6 7.2 -37.5  -8.8 6.1 -37.3 

2 -9.3 7.8 -36.2  -9.0 5.2 -35.0 

3 -4.8 10.1 -32.0  -5.0 11.0 -31.1 

4 1.4 20.3 -19.2  0.7 19.4 -20.4 

5 7.8 28.4 -6.7  6.9 27.6 -7.6 

6 13.5 31.7 0.2  12.6 29.8 -3.3 

7 16.5 33.0 4.2  15.7 30.7 0.8 

8 14.1 29.3 -1.5  13.8 28.7 -2.6 

9 8.9 24.2 -5.5  8.8 23.2 -7.0 

10 3.3 16.4 -20.1  3.7 16.3 -19.6 

11 -2.8 10.7 -28.4  -1.9 9.6 -27.8 

12 -7.1 8.0 -37.2  -6.3 6.8 -36.8 

Year 2.7 33.0 -37.5  2.6 30.7 -37.3 

Table 7. Air temperature in Marjaniemi, Hailuoto. Monitoring period 1993–2004 

(Unpublished data from the Bothnian Bay Research Station, University of Oulu). 

Month Mean Max Min Missing 

1 -6.7 3.7 -30.2 6 

2 -9.5 3.5 -27.4 0 

3 -5.7 7.7 -23.1 8 

4 0.4 18.6 -18.8 0 

5 5.2 20.3 -3.7 0 

6 11.7 25.4 2.3 0 

7 15.9 28.8 5.8 0 

8 15.1 28.3 4.1 0 

9 9.2 22.8 -1.1 0 

10 3.5 11.6 -9.0 6 

11 -1.8 8.3 -21.5 0 

12 -5.9 3.4 -30.5 0 

Year 2.6 28.8 -30.5 20 
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3.6 Sea water 

Background water quality data from Liminganlahti is presented in Table 8. This 

represents the average sea water quality around the study sites of Oulunsalo and 

Lumijoki. Background values in addition to the water quality of the sea around 

the study sites of the island of Hailuoto are presented in Figures 29 and 30. 

 

 

Fig. 29. Water sampling sites (1–10) along the Liminganlahti Bay and offshore of 

Hailuoto Island. Sampling sites from 1 to 8 by the Bothnian Bay Research Station; 

sampling sites 9 and 10 by the Finnish Environment Institute. Selected water quality 

analyses are presented in Figure 30. (Background map: CORINE 2012 Land cover 

classes, the Finnish Environment Institute 2016a). 
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Fig. 30. Background sea water quality. Values of (a) electrical conductivity and (b) pH, 

concentrations of (c) nitrogen and (d) phosphorus. Water sampling sites from 1 to 8 

by the Bothnian Bay Research station, University of Oulu (Table 8) and sites from 9 to 

10 by the Finnish Environment Institute (2016b). For the sake of compatibility, only the 

summer samples from June to August from the years 1990–1998 were included (n = 

18), and arithmetical means are presented. 

3.7 Land use 

The study on the land use of the catchments was based on the maps of the 

National Land Survey of Finland (NLS 2016) and the CORINE 2012 Land cover 

classes (Figure 29). The lacustrine basins studied were more or less in their 

natural states. Some recreational use was perceptible there, cottages and paths, 

around Lake Akio, Glo2 Pond, and Kesti Pond. Because most of the water bodies 

of this study are included in the Natura 2000 conservation programme, there has 

not been a remarkable change in land use since the water quality monitoring 

period of 1985–1998 to this day in 2016. 
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Table 8. Water quality analyses of the Bay of Liminganlahti 1985–1998 (the Bothnian 

Bay Reserarch Station, unpublished data by Jouko Siira; see also Pääkkönen 2009). 

Element/ 

compound 

Unit Range Arithmetic mean SD n 

EC (25 °C) µS cm-1 39–7260 3419 619 2814 

pH log units 4.40–9.95 7.19 0.46 3173 

Alkality mmol l-1 0.01–1.00 0.60 0.17 2219 

Loss on ignition mg l-1 0.00–86.70 2.63 3.29 2190 

Suspended 

solids 

mg l-1 0.20–185.50 9.17 14.09 2611  

Chlorophyll-a µg l-1 0.00–66.00 4.19 4.89 2373 

Chlorophyll-b µg l-1 0.00–12.10 0.68 0.97 968 

Chlorophyll-c µg l-1 0.00–46.13 3.79 4.08 942 

Pheophytine µg l-1 0.00–15.90 0.83 1.85 737  

Fe mg l-1 0.00–11.30 0.77 1.04 1717 

Mn mg l-1 0.00–0.91 0.11 0.14 770 

Ca mg l-1 2.50–57.00 31.36 12.76 541 

Mg mg l-1 1.50–140.00 70.96 36.34 546 

K mg l-1 1.44–130.50 56.28 32.56 769  

Na mg l-1 3.39–1400.00 560.08 292.86 652 

NH4-N µg l-1 0.00–1760.00 64.59 155.92 2893 

NO2-N µg l-1 0.00–23.30 3.07 2.89 1972 

NO3-N µg l-1 0.00–1800.00 93.20 112.05 3742 

TN µg l-1 3.00–4455.60 536.33 484.61 2947  

PO4-P µg l-1 0.00–429.60 15.07 34.25 2860 

TP µg l-1 2.00–1300.00 35.74 52.48 2827 

O2  % 0.00–199.00 83.39 17.62 2935 

O2  mg l-1 0.10–24.11 10.24 2.03 2976 

Organic C mg l-1 0.50–24.70 7.23 3.00 1172 

COD KMnO4  mgO2 l-1 2.00–143.00 34.37 15.18 3075 

Colour mg Pt l-1 2.00–583.00 98.19 95.32 2640 

T  ºC -0.40–22.40 6.61 6.33 2875 
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Table 9. Land use of the catchments. 

Site  Protected/not in use Forestry Agriculture Recreation Residential 

Glo1 Pond 100%     

Glo2 Pond 90%   10%  

Glo3 Pond 100%     

Lake 

Sunijärvi 

75% 24.2%  0.8%  

Lake 

Valkjärvi 

62% 38%    

Lake 

Kangasjärvi 

50% 50%    

Kesti Pond 3.0% 96.7%  0.3%  

Lake Paju 7% 60.7% 32%  0.3% 

Lake Akio 18% 40.5% 27% 2.5% 12% 

Kuppi Pond 50% 50%    
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4 Material and methods 

Material and methods are described in detail in the following sections II, III, and 

IV. 

4.1 Water samples 

Water sampling was performed by the Bothnian Bay Research station of the 

University of Oulu. Chemical analyses were done according to the SFS standard 

methods. Water quality monitoring was performed during a period of 14 years 

including monthly water sampling. 28 parameters were analyzed. Study sites were 

10 water bodies in Hailuoto, Oulunsalo and Lumijoki. 

4.2 Sediment and soil samples 

Soil sampling was performed in the Hailuoto – Oulunsalo study site and in the 

reference site of the coastal areas of Kuivaniemi – Simo. Geochemistry of the 

sediments of seven lacustrine basins was studied. Extraction methods for 

geochemical analyses were diluted and concentrated HCl extracts and diluted 

BaCl2 extract. 11 parametres were analyzed.  

Grain size analysis was performed by sieving. Laboratory work was 

performed at the former Department of Geosciences, University of Oulu (Oulu 

Mining School). 

4.3 Paleolimnological samples 

Lacustrine sediment samples were examined by paleolimnological methods. Five 

lacustrine basins of different elevational stages were chosen for the 

paleolimnological study. Diatom species were identified. For the 

paleolimnological assessments, different index calculations and statistical tests 

were used.  

For reference material also some water phytoplankton analyses were 

available.  
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4.4 Macrophytes 

The vegetation of the lakes and their catchment areas was observed during the 

sampling in 1993 and in 1999 and again in 2012 and in 2013. Identification and 

taxonomy of the vascular plants were based on Hämet-Ahti et al. (1998), 

Mossberg & Stenberg (2005); and of the mosses, respectively, Koponen (1986), 

Laine et al. (2009). 

4.5 Statistical methods 

For the data processing, common statistical tests were used: Non-parametrical 

tests of Kruskall - Wallis, Mann - Whitney, Kolmogorov - Smirnov, and Seasonal 

Kendall test; in addition to regression, correlation and cluster analyses, and 

similarity tests.  

Also multivariate ordination analyses were used: principal component 

analysis (PCA), factor analysis (FA), discriminant analysis (Canonical Variates 

Analysis CVA), and detrended correspondence analysis (DCA). 

Programmes used: StatView (Abacus Concept Inc. 1992), PAST (Hammer et 

al. 2001), IBM SPSS Statistics 21, Microsoft Excel 2010, OriginPro 9.0, USGS 

Seasonal Kendall test program (Helsel et al. 2006), Omnidia software (Lecointe 

et al. 1993). 
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SECTION II: WATER QUALITY 
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5 Characteristics of water quality of water 
bodies on an uplifting coast 

5.1 Introduction 

The landscape of the land uplift area on the coast of the Bothnian Bay is 

constantly changing. New lakes are forming continuously along the coast of the 

Baltic Sea (Willen 1962). Ecology of the lakes of the land uplifting coastal area of 

the Baltic Sea has been studied particularly on the Åland Islands (Cedercreutz 

1947, Lindholm 1975, Appelgren & Mattila 2005). According to Lindholm 

(1975), coastal lakes may best be considered coastal inland waters influenced by 

the sea. Studies on coastal lakes were performed also in Sweden (e.g. Willen 

1962). Munsterhjelm (1997) defined the terms: flad, glo, juvenile flad, glo-flad 

and glo-lake. Tolvanen et al. (2004) provided the comprehensive inventory of 

these shoreline landforms in the SW-Finnish archipelago. However, only a little 

attention was paid to the lakes of the coastal area of the northernmost part of the 

Baltic Sea in scientific literature. Some early botanical remarks of the nature of 

Hailuoto Island were reported by Luther (1947). Alestalo (1979) studied the 

geomorphology of the same island. Some preliminary reports on the ecology of 

the coastal water bodies of Hailuoto and Oulunsalo have been published at the 

University of Oulu (Hanni 1979, Vainio 1987, Siira 1993).  

These coastal water bodies (so called flads and gloes) are protected under the 

Finnish law (Water Act, 19.5.1961/264). Coastal lagoons are included on the list 

of natural habitat types whose conservation requires the designation of special 

areas of conservation (Council Directive 92/43EEC). According to Raunio et al. 

(2008), flads are classified as vulnerable, glo-lakes as endangered, and 

occasionally brackish water influenced lakes and ponds (gloes) as vulnerable 

habitat types.  

This study presents the research of the water quality parameters of ten water 

bodies on the coastal area of the Bothnian Bay in the Oulu region. The water 

quality of these sites was studied in 1985–2000 at the Bothnian Bay Research 

Station, University of Oulu, directed by Docent Jouko Siira. The aim of this 

study, based on the working hypothesis presented by Jouko Siira (unpublished 

sheet 1993), is to find out differences in water quality of the water bodies of 

different developmental stages, deduce how the lakes are generated on the land 

uplift coast, and study eutrophication and terrestrialization processes of the water 
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bodies. The main objective is to increase knowledge of the characteristic features 

of this kind of special ecosystem. 

5.2 Material and methods 

Study area 

The study sites consisted of ten small water bodies on the eastern coast of the 

Bothnian Bay, near the city of Oulu. Seven of them were located on the island of 

Hailuoto. The other three were located in the coastal area of Oulunsalo and 

Lumijoki, on the mainland´s side (Figure 31). Study area is described in general 

in Chapter 3 of this thesis. 

During the water quality monitoring period all the water bodies were shallow, 

not deeper than 2 m. Lake Akio, Kesti Pond and Lake Paju had narrow drains into 

the sea. These basins, in which the water tables were 0–2.5 m a.s.l., in addition to 

Kuppi Pond and Glo1 Pond, had occasionally direct contact with the sea water, 

and thus could be regarded as flads and gloes. Also, Glo2 Pond and Glo3 Pond 

probably had occasionally contact with the sea water during storms with a high 

water level. These sites could be defined as gloes (see Munsterhjelm 1997). Lake 

Sunijärvi, Lake Valkjärvi and Lake Kangasjärvi, in which water tables were 5–10 

m a.s.l., had apparently no connection to sea water, and thus could be regarded as 

glo-lakes. The terminology related to the coastal water bodies is described in 

Chapter 1.5 of this thesis. 

The study area was located within the boundaries of the Muhos Formation 

sedimentary bedrock (Lanne & Pernu 1974, Korhonen & Porkka 1975). The soils 

of the catchments of most of the lakes consisted of glaciofluvial origin sand and 

gravel (100% of the catchment area). Exceptions were Kuppi Pond (glaciofluvial 

sand 42.0%, silt and clay 58.0%) and Lake Akio (glaciofluvial sand 65.6%, silt 

and clay 2.7%, till 31.7%).  
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Fig. 31. The study sites of the water quality monitoring. 

Water samples and chemical analyses 

Water samples were collected in 1985–1998 by the Bothnian Bay Research 

Station, University of Oulu. Sampling was performed monthly during the 

monitoring period. Samples were obtained by a Ruttner sampler from the depth of 

0.5 m. This study includes 1827 dates of sampling. 28 parameters were analysed. 

Single analyses count was 13635. 

Analyses were done in the Department of Biology of the University of Oulu, 

except TOC and TN, in the North Ostrobothnia Regional Environment Centre. 

Methods were usually standard methods of SFS-ISO/SFS-EN/SFS-EN-ISO, 

which were commonly used in the water monitoring also by the environmental 

authorities of Finland. The SFS-code refers to the Finnish Standards Association.  

The samples were analysed for: 1. Oxygen concentration O2 mg l-1 (SFS-EN 

25813), 2. Oxygen saturation O2 % (SFS-EN 25813) 3. Alkalinity (SFS 3005), 4. 

Electrical conductivity EC (SFS-EN 27888 ), 5. pH (SFS 3021), 6. Temperature T 

(thermometer, in situ), 7. Chemical oxygen demand CODMn (SFS 3036), 8. 

Colour (National Board of Waters 1981), 9. Organic carbon TOC (National Board 
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of Waters 1981), 10. Loss on ignition LOI (SFS 3008), 11. Total suspended solids 

TSS (SFS 3008), 12. Chlorophyll-a (SFS 3013, SFS 5772), 13. Chlorophyll-b 

(National Board of Waters 1974), 14. Chlorophyll-c (National Board of Waters 

1974), 15. Pheophytin (National Board of Waters 1974), 16. Iron Fe (SFS 3047), 

17. Calcium Ca (SFS 3018), 18. Potassium K (SFS 3017), 19. Magnesium Mg 

(SFS 3018), 20. Manganese Mn (SFS 3048), 21. Sodium Na (SFS 3017), 22. 

Nitrite nitrogen NO2-N (SFS 3029), 23. Nitrate nitrogen NO3-N (SFS 3030), 24. 

Ammonium nitrogen NH4-N (SFS 3032), 25. Total nitrogen TN (National Board 

of Waters 1981), 26. Phosphate phosphorus PO4-P (SFS 3025), 27. Total 

phosphorus TP (SFS 3026), 28. Primary production (Keskitalo & Salonen 1994). 

Net primary production was measured with 14C method (Steemann Nielsen 

1952, Keskitalo & Salonen 1994). Productivity was calculated from Equation 12. 

A dark sample (covered with aluminium foil), and a light sample (without 

aluminium foil), were set to a depth of sampling. Incubation time in this 

application was 24 hrs. Inorganic carbon concentration was calculated from 

alkalinity, pH and temperature. This method could not be applied to samples with 

pH < 5.5 (Keskitalo & Salonen 1994). 

 =	  (12) 

P is productivity (µg C l-1 d-1) 

Al is radioactivity (dpm) of the light sample 

Ad is radioactivity (dpm) of the dark sample 

Aa is radioactivity added to the sample (dpm) 

Ac is mean radioactivity of the dark control samples.  

C is concentration (mg l-1) of dissolved inorganic carbon DIC 

X is a conversion factor 

In addition to the water quality monitoring of the ten water bodies, pH and 

electrical conductivity of the water of 22 water bodies all around the island of 

Hailuoto were measured in the field on 1.10.1990, 16.10.1991 and 13.8.1993 by 

the Bothnian Bay Research Station. Water electrical conductivity and pH 

measurements in the field were performed by a Grant YSI data logger. 
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Statistical analyses 

Preliminary data analyses were performed at the Bothnian Bay Research Station 

in 1999. For this study the data was re-examined and all the statistical analyses 

presented here were performed by the author in 2012–2016; except normality 

tests and a Kruskal - Wallis peak season test, which were done at the Bothnian 

Bay Research station. 

Normality 

The preliminary study revealed that the data was in most cases not normally 

distributed. Therefore, non-parametric tests were used in later analyses.  

Kruskal - Wallis/ Mann - Whitney tests 

The Kruskal - Wallis (K–W) test for comparing the research sites was used. The 

idea was to find out differences between the lakes by comparisons of the 

environmental parameters. The Kruskal - Wallis test is a non-parametric ANOVA, 

comparing the medians of several univariate groups. (Kruskal & Wallis 1952). 

The pairwise comparisons of the lakes were performed with a post hoc Mann 

- Whitney (M–W) test (Mann & Whitney 1947). The null hypotheses were: 

samples were taken from populations with equal medians. Corresponding p-

values were adjusted with Bonferroni correction. When the p-value was less than 

the significance level 0.05 the null hypothesis was rejected (see Fisher 1925). 

Correlation and cluster analysis 

First, the water samples that were examined on the same day were selected for the 

correlation analysis to ensure that the chemical analyses had been carried out 

using the same samples. Second, the chemical analyses ought to cover all 18 

environmental parameters. Some parameters were rejected because the sample 

number was not commensurate compared to the others. Finally, the correlation 

analysis was performed with 354 water samples. The data was skewed around the 

typical concentration of the particular element. A Shapiro - Wilk test (Shapiro & 

Wilk 1965) showed that all the parameters concerned were not likely to be 

normally distributed (W < 1.0, p (normal) < 0.0001, n = 354). The determination 

of correlation coefficients could be performed, however, by a non-parametric 

Spearman´s correlation test (Spearman 1904). After examination of the 
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correlation matrix, pairs were finally selected for further investigations with 

significant correlation coefficients (rs > 0.4, p < 0.0001).  

Cluster analysis was carried out using the same data that was used in the 

correlation analysis. The idea was to examine similarity of the environmental 

variables and how they could be joined into clusters. The paired group algorithm 

and the similarity measure Rho were used.  

Seasonal Kendall test 

Annual and seasonal variations in water quality data were examined by a 

Seasonal Kendall (SK) test (Helsel et al. 2006). All data, including 27 parameters, 

were scrutinized by the SK test.  

The Seasonal Kendall test for trend (Hirsch et al. 1982, Hirsch & Slack 1984) 

was developed by the Geological Survey of the United States (USGS) in the 

1980’s to analyze trends in surface-water quality throughout the United States of 

America (Helsel et al. 2006). The Seasonal Kendall test performs the Mann - 

Kendall trend test for individual seasons of the year, where a season is defined by 

the user. It then combines the individual results into one overall test for whether 

the dependent variable changes in a consistent direction (monotonic trend) over 

time (Helsel et al. 2006).  

Factor analysis 

Factor analysis is a general scientific method for analysing data. There is no 

restriction on the content of the data. Any matrix can be factor analysed. (Rummel 

1970).  

The idea of the factor analysis is to reduce a large number of variables to a 

smaller number of factors. For this study, the extraction method was principal 

components and the oblique rotation method was Promax. The result is factors (in 

other words: components) with loadings of variables. The pattern matrix holds the 

loadings. The structure matrix holds the correlations between the variables and 

the factors (see Gorsuch 1983). 

Canonical Variates Analysis (CVA) 

Canonical variate analysis is a widely used method for analysing group structure 

in multivariate data. It is mathematically equivalent to a one-way multivariate 

analysis of variance and often goes by the name of canonical discriminant 
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analysis (Beaghen 1997). Canonical variate analysis (CVA) is an application of 

discriminant analyses.  

The axes are linear combinations of the original variables and eigenvalues 

indicate the amount of variation explained by these axes. The study sites were the 

groups (water bodies studied). The program classifies the data assigning each 

point to the group that gives a minimal Mahalanobis distance to the group mean. 

“The Mahalanobis distance is calculated from the pooled within-group covariance 

matrix, giving a linear discriminant classifier.” (Hammer 2015). The given and 

estimated group assignments are listed for each case. In addition, the program 

uses a cross-validation (jackknifing) procedure. A confusion matrix is presented. 

Ideally, each point should be assigned to its respective given group, giving a 

diagonal confusion matrix. Whether there is confusion so that the point is 

assigned to a different group than it was originally classified in, the analysis 

reveals a transition between one group and another. 

For the CVA, the yearly averages of the variables were calculated first: 

oxygen, electrical conductivity, pH, chemical oxygen demand, total suspended 

solids, colour, chlorophyll-a, total nitrogen, nitrogen in ammonium, total 

phosphorus, phosphorus in phosphate for each site. These were the variables 

which had the most complete series of data and which can be considered the most 

meaningful parameters ecologically. And then, this data matrix of the yearly 

averages was used for the CVA.  

Nitrite, nitrate, chlorophyll-b, chlorophyll-c, and pheophytin were not 

included in the CVA, FA, correlation, or cluster analyses because the sample 

number was not comparable in relation to the other parameters studied. Oxygen 

saturation was excluded from further statistical analyses and oxygen 

concentration was used instead. Because of a minor variance of temperature, this 

parameter was excluded from the FA. All the data including these parameters are, 

however, presented in Appendix 1. 
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5.3 Results 

5.3.1 Comparisons of the study sites 

Study sites in discriminant analysis 

Discriminant analysis was performed using the Canonical Variates Analysis 

(CVA). The CVA discriminated the sites according to their water quality 

properties (Figure 32). The first two axes captured 71.53% of variances of the 

data (Axis 1: Eigenvalue 12.903, 50.97%; Axis 2: Eigenvalue 5.2052, 20.56%).  

Variable EC (electrical conductivity) had a strong negative loading on Axis 2 

(-334.47), and a strong positive loading on Axis 1 (212.77). Axis 2 was mostly 

loaded by phosphate PO4-P (181.48) and total phosphorus TP (199.67).  

Seawater and also brackish water have relatively high concentrations of 

electrolytes. Therefore Figure 32 could be interpreted so that the marine influence 

decreased as Axis 2 values decreased (downwards along Axis 2). The origin 

roughly discriminated the sites ‘coastal water bodies’ (Axis 2 values > 0: Glo1 

Pond, Glo2 Pond, Glo3 Pond, Lake Akio, Lake Paju, Kuppi Pond, Kesti Pond); 

and ‘inland water bodies’ (Axis 2 values < 0: Lake Valkjärvi, Lake Sunijärvi, 

Lake Kangasjärvi). Axis 1 represented, due to phosphorus, the nutrition stage of 

the water bodies. Negative values represented oligotrophy and positive values 

eutrophy. According to this interpretation, the inland water bodies were lower in 

nutrients than the coastal water bodies.  

The yearly average values of the sites settled fairly well to the predicted 

groups in the CVA. Glo1 Pond had 5 confusion points out of 14 cases (Appendix 

3). The first three years of Glo1 Pond (1985–1987) were mixed with the coastal 

sites Lake Akio and Kuppi Pond. Later Glo1 Pond confused with the groups of 

Glo2 Pond and Glo3 Pond. The time series of 14 years was not long enough to 

detect displacement of a water body from the category of the coastal water bodies 

into the category of the inland water bodies. However, Glo2 and Glo3 Ponds were 

in a transitional stage, which appeared in the CVA so that the points of the water 

years of these sites located next to the origin. There were a lot of similarities 

between these two gloes (Glo2 and Glo3) in the development of water quality, 

which can be deduced from the matches in the Confusion matrix (Appendix 3). 
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Fig. 32. Canonical Variates Analysis (CVA) chart of the water quality data. The scores 

are the yearly mean values of the parameters. Parameters: EC electrical conductivity, 

NH4_N ammonium nitrogen, TN total nitrogen, TP total phosphorus, PO4_P phosphate 

phosphorus, TSS total suspended solids, Colour water colour, COD chemical oxygen 

demand, Chlora cholorophyl-a, O2 oxygen (mg l-1). Symbols: Dot GLOI Glo1 Pond, 

Open square GLOII Glo2 Pond, Filled square GLOIII Glo3 Pond, Plus VALKJ Lake 

Valkjärvi, X SUNIJ Lake Sunijärvi, O KANGASJ Lake Kangasjärvi, Diamond AKIO Lake 

Akio, Star PAJUL Lake Paju, Triangle KUPPI Kuppi Pond, Oval KESTI Kesti Pond.  

Characteristics of water quality  

Water quality data is presented in the following box plot figures (Figure 33). The 

water quality data as a whole are presented also in Appendix 1. Lake Valkjärvi, 

Lake Sunijärvi, and Lake Kangasjärvi (Figure 33) separated themselves 

particularly with lower values of pH and electrical conductivity, in addition to 

lower concentrations of sodium, potassium, magnesium, calcium, and total 

phosphorus; compared with the coastal Glo1 Pond, Kesti Pond, Lake Akio, Lake 

Paju, and Kuppi Pond, respectively. Glo2 Pond and Glo3 Pond could be regarded 

as transitional lakes because the values of electrical conductivity and related 

cation concentrations were between those of the two above mentioned groups. 
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Kuppi Pond 

Characteristic for the water quality of Kuppi Pond was a high electrolyte content, 

which could be seen in the high electrical conductivity values. Kuppi Pond had 

the highest electrical conductivity values (md = 3430 µS cm-1: min 165 - max 

14130). For instance, the sodium concentrations (md = 469.0 mg l-1: 6.16–2810), 

the potassium concentrations (md = 36.86 mg l-1: 1.24–262.4), and the manganese 

concentrations (md = 0.2 mg l-1: 0–3.43) were the highest in Kuppi Pond 

compared to the other water bodies.  

Lake Akio  

Also for Lake Akio, a high content of electrolytes in water was characteristic. 

Nitrogen and phosphorous concentrations were relatively low. The water quality 

of Lake Akio related to background sea water values, and thus the marine 

influence was obvious. Lake Akio had the highest pH value (md = pH 7.20; 

range: min 4.90 - max 10.23). Compared to the other water bodies, also the 

highest median oxygen concentration was observed in Lake Akio (md = 10.8 mg 

l-1: 0–16.6). On the other hand, Lake Akio had the lowest loss on ignition values 

(md = 3.2 mg l-1: 0–39.0). 

Glo Ponds 

Succession of the water quality parameters of the series of gloes Glo1 Pond, Glo2 

Pond, Glo3 Pond from the sea shore towards the inland could be seen in the 

values of electrical conductivity and sodium concentration, which showed a 

decreasing trend in the sequence of the Glo Ponds. The lowest mean oxygen 

concentration was detected in Glo2 Pond (md = 5.5 mg l-1: 0–12.6). Whereas the 

mean iron concentration was the highest in Glo1 Pond (md = 5.09 mg l-1: 0–71.2).  

Kesti Pond 

Remarkable of the water quality of Kesti Pond was high ammonium and 

phosphorus concentrations. Namely, median concentration of NH4-N (md = 91 µg 

l-1: 4–946), total phosphorus (md = 1200 µg l-1: 77–9930), and phosphate (md = 

1105 µg l-1: 100–9680) were the highest in Kesti Pond compared to the other 

water bodies. Also, the highest alkalinity values were observed in Kesti Pond (md 

= 1.33 mmol l-1: 0.09–5.47).  

Lake Paju 
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The same features as in Kesti Pond were characteristic of Lake Paju: high 

nitrogen and high phosphorus concentrations, and quite a high electrolyte content. 

In addition to that, the values of median chemical oxygen demand (md = 31.8 mg 

O2 l-1: 0.3–303), total organic carbon (md 32.3 mg l-1: 9.1–318), and water colour 

(md = 437 mg Pt l-1: 56–8030) were the highest in Lake Paju. 

Lake Sunijärvi 

Characteristic for the water of Lake Sunijärvi was high organic content. Lake 

Sunijärvi had the highest values of loss on ignition (md = 18.0 mg l-1: 0–73.0), 

and total dissolved solids (27 mg l-1: 0.8–280). Lake Sunijärvi had also the 

highest chlorophyll-a concentration (md = 44.0 µg l-1: 2.8–230). 

Lake Valkjärvi 

Lake Valkjärvi was clearly isolated from the sea water influence. Characteristic 

was quite poor values of electrolyte and nutrient content and relatively acidic 

water. The median pH was the lowest in Lake Valkjärvi (md = pH 4.90: 3.69–

6.51). Also, the median values of chemical oxygen demand (md = 5.2 mg O2 l-1: 

0.3–36.7), dissolved solids (md = 5.2 mg l-1: 0.2–252), organic carbon (md = 4.3 

mg l-1: 0.8–31.9), water colour (md = 69 mg Pt l-1: 3–973), and total nitrogen (md 

= 460 µg l-1: 13–6000) were the lowest in Lake Valkjärvi. 

Lake Kangasjärvi 

The water quality of Lake Kangasjärvi resembled greatly the water quality of 

Lake Valkjärvi. Characteristic was low electrolyte and nutrient content, which 

usually means high water quality. The mean electrical conductivity was the lowest 

in Lake Kangasjärvi (md = 22.3 µS cm-1: 7–99.8). The median concentrations of 

cations: sodium (md = 1.44 mg l-1: 0.71–25.70), potassium (md = 0.76 mg l-1: 

0.25–2.79), magnesium (md = 0.56 mg l-1: 0.11–3.82), and also iron (md = 0.52 

mg l-1: 0–12.20) were the lowest in Lake Kangasjärvi. The median concentrations 

of the most important nutrients nitrogen (in ammonium) (md = 5 µg l-1: 0–620), 

total phosphorus (md = 23 µg l-1: 0–759), and phosphate (md = 1 µg l-1: 0–44), 

were detected to be the lowest in Lake Kangasjärvi. Lake Kangasjärvi had also 

the lowest chlorophyll-a concentrations (md = 4.4 µg l-1: 0–98.0), and the lowest 

alkalinity values (md = 0.03 mmol l-1: 0.01–0.24) of these water bodies studied. 
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Fig. 33. Box plot graphs of the water quality analyses. Each box is divided into 25% 

(bottom), 50% (middle) and 75% (top) quartiles; whiskers represent stages of 10% and 

90% of the data; also arithmetic mean (-) is presented. Linear scale in the graphs a, b, 

c, d, e, f, g, h, r, t; log10 scale in the graphs i, j, k, l, m, n, o, p, q, s, u. (a) pH, (b) 

chemical oxygen demand CODMn, (c) oxygen O2, (d) temperature T, (e) loss on ignition 

LOI, (f) total suspended solids TSS, (g) total organic carbon TOC, (h) water colour, (i) 

electrical conductivity EC, (j) alkalinity, (k) sodium Na, (l) potassium K, (m) magnesium 

Mg, (n) calcium Ca, (o) manganese Mn, (p) iron Fe, (q) total nitrogen TN, (r) ammonium 

nitrogen NH4-N, (s) total phosphorus TP, (t) phosphate phosphorus PO4-P, (u) 

chlorophyll-a. G1 is Glo1 Pond, G2 is Glo2 Pond, G3 is Glo3 Pond, VA is Lake 

Valkjärvi, SU is Lake Sunijärvi, KA is Lake Kangasjärvi, KE is Kesti Pond, AK is Lake 

Akio, PA is Lake Paju, KU is Kuppi Pond. 
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5.3.2  Water quality parameters 

Kruskal - Wallis and Mann - Whitney tests 

The sampling sites of the water quality monitoring were compared statistically: 

first, by the Kruskal - Wallis test. The Kruskal - Wallis test showed that there were 

significant differences (p < 0.0001) between the research sites with respect to all 

the other parameters, except for temperature (p = 0.2474). And second: Mann - 

Whitney (M–W) pairwise testing. Grouping the water bodies according to their 

water quality parameters is the basis of a later classification. 

Lake Paju had significantly (M–W: p < 0.0001, all cases) the highest values 

of total nitrogen (TN). Kesti Pond showed no significant difference compared 

with Lake Sunijärvi and Kuppi Pond (M–W: p = 1, both cases). The sites Glo1, 

Glo2, Glo3, Akio and Kuppi were at the same level of TN concentrations (M–W: 

p = 1). Lake Valkjärvi showed a significant difference compared to all the other 

water bodies studied (M–W: p < 0.0001), except Lake Valkjärvi vs. Lake 

Kangasjärvi (M–W: p = 1). The median concentration of ammonium nitrogen 

(NH4-N) was the highest in Kesti Pond and the lowest in Lake Kangasjärvi. The 

Mann - Whitney post hoc test did not find significant differences between the 

other water bodies regarding NH4-N concentrations.  

Kesti Pond had apparently the highest total phosphorus (TP) concentration 

level. The lowest TP values were observed in Lake Kangasjärvi. Lake Paju had 

the second highest TP concentration level. The third level comprised the sites 

Glo1, Glo2 and Glo3. Lake Sunijärvi had average TP values and the differences 

were significant (M–W: p < 0.0001, all cases). Significantly, (M–W: p < 0.0001, 

all cases) the highest phosphate phosphorus (PO4-P) concentration level was 

observed in Kesti Pond. The second highest PO4-P level was in Lake Paju and 

then in Glo3 Pond, Glo2 Pond, Glo1 Pond.  

Sites Glo2, Glo3, Kangasjärvi, Akio and Kuppi showed no significant 

difference in chemical oxygen demand (CODMn) values (M–W: p = 1). 

Differences in CODMn were significant between Glo1 and the other lakes (Glo1 

vs. Glo3 M–W: p = 0.01307; Glo1 vs. other lakes M–W: p < 0.0001).  

Water total dissolved solids (TSS) concentrations were at the same level in 

the sites Glo1, Glo2, Glo3, Kesti, Paju and Kuppi (M–W: p = 1, in all cases), and 

also in Lake Valkjärvi and Lake Kangasjärvi. 

Sites Glo1, Glo2, Glo3, Kesti, Akio, Paju and Kuppi had high pH values. 

There were no significant differences between these lakes (Mann - Whitney test: 
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Akio vs. Glo1 p = 0.7645; Akio vs. Kesti p = 0.6731; other pairs p = 1). Valkjärvi 

and Kangasjärvi had low pH values without any significant difference in pairwise 

comparison (M–W: p = 1). The alkalinity values of the sites Paju, Glo2 and the 

Glo3 were high (pairwise comparisons M–W: p = 1). 

There were two groups: 1. Glo2, Glo3, Sunijärvi, Kesti and Paju; and 2. 

Glo1, Valkjärvi, Kangasjärvi and Kuppi; where the differences in oxygen 

concentrations (O2) inside the group were not significant (M–W: p = 1).  

Sites Glo1, Glo2, Glo3, Kangasjärvi, Kesti and Kuppi formed a group where 

loss on ignition (LOI) values were at the same level and pairwise comparisons did 

not show any significant difference (M–W: p > 0.10).  

The concentrations of total organic carbon (TOC) were at the same level in 

the sites Glo1, Glo2, Glo3, Kangasjärvi, Akio and Kuppi (M–W: p = 1, all pairs).  

The sites Kuppi and Akio had high electrical conductivity (EC) values and 

the differences were significant compared to all the other lakes (M–W: p < 

0.0001). The sites Kesti and Paju had similar EC-values (M–W: p = 1). Also, the 

pairs Glo2 vs. Glo3 and Kangasjärvi vs. Sunijärvi showed no significant 

differences (M–W: p = 1, both cases). Other pairwise comparisons, for example, 

Valkjärvi (in all pairs), revealed significant differences (M–W: p < 0.0001).  

The sites Kuppi and Akio had high level sodium (Na) concentrations showing 

no difference (M–W: p = 1). The same applied to the second group sites Kesti, 

Paju and Glo1. Also, Kangasjärvi vs. Valkjärvi showed no significant difference 

in pairwise comparison.  

The sites Glo1, Kesti and Paju settled at the same relatively high level (M–W: 

p = 1) of potassium concentration. Glo2, Glo3, Valkjärvi, Sunijärvi, Kangasjärvi, 

had eminently low level potassium (K) concentrations.  

Kuppi Pond had significantly (M–W: p < 0.0001, all cases) the highest 

magnesium (Mg) concentration. Magnesium concentrations of the sites Glo1, 

Kesti and Paju were at the same level (M–W: p = 1, all cases).  

Kuppi Pond had significantly (M–W: p < 0.001, all cases) the highest calcium 

(Ca) concentrations, and Lake Kangasjärvi the lowest. The sites Akio, Paju and 

Glo1 formed a group of equal median calcium concentrations (M–W: p = 1, all 

pairs). The sites Glo2, Glo3 and Kesti formed another group. 

Manganese (Mn) concentrations were low in all the water bodies studied. In 

most of the cases there were no significant perceptible differences (M–W: p = 1).  

The sites Valkjärvi, Kangasjärvi and Akio had remarkably low iron (Fe) 

concentrations. Differences were not significant (M–W: Kangasjärvi vs. Valkjärvi 

p = 0.7292; other pairs p = 1).  
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Lake Sunijärvi had indisputably (M–W: p < 0.0001, all pairs) the highest 

chlorophyll-a concentration. Lake Kangasjärvi had the lowest chlorophyll-a 

concentration. The other water bodies studied had chlorophyll-a concentrations 

nearly in the same level. For example, Glo1 Pond showed no significant 

differences with the Glo2 Pond, Glo3 Pond, Lake Valkjärvi, Kesti Pond, Lake 

Akio and Lake Paju (M–W: p = 1, all cases). 

Correlation analyses 

Water quality correlation analysis is presented as a whole in Appendix 2. The 

environmental variables could be divided into three groups inside which the 

group members had significant positive correlation coefficients. 

1. Nutrient group 

Nutrient group members had a significant correlation with the main nutrients: 

nitrogen and phosphorus compounds. Group members were: CODMn, TSS, 

colour, Fe, TN, TP, Mn, NH4, PO4, chlorophyll-a. 

These variables were bound together by the network of pairwise 

significant positive correlation coefficients. For example, TN vs. CODMn (rs = 

0.5445), TN vs. TSS (rs = 0.6298), TN vs. colour (rs = 0.5594), TN vs. Fe (rs 

= 0.4508). Chlorphyll-a correlated with TSS (rs = 0.3503) and TN (rs = 

0.3071). Therefore, also chlorophyll-a could be linked to this group. 

2. Electrolyte group 

Electrolyte group members had a significant positive correlation with 

electrical conductivity. Other group members and their correlation 

coefficients with EC were: pH (rs = 0.6394), Ca (rs = 0.9138), K (rs = 0.9189), 

Mg (rs = 0.9540), Na (rs = 0.9272). Group members had a strong positive 

correlation with each other in cross-evaluation (rs > 0.6, p < 0.0001).  

3. Oxygen and temperature 

Oxygen had the highest significant positive correlation coefficient with 

temperature (rs = 0.4660, p < 0.0001). 
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Cluster analysis 

In the cluster dendrogram (Figure 34) the first six parameters could be linked to 

the Electrolyte group. And then, the following nine parameters could be linked to 

the Nutrient group. Chlorophyll-a and oxygen had weak similarities in relation to 

these previously mentioned groups. Cluster analysis supported the interpretation 

of the correlation analysis that environmental variables could be divided into two 

main groups. 

 

Fig. 34. Cluster analysis of the water quality data. Algorithm: Paired group. Similarity 

measure: Rho. Cophenetic correlation coefficient: 0.9093. 

Factor analysis 

Factor analysis (FA) suggested four main components to be calculated out of 

nineteen variables. The four components covered a total of 78.6% of the variance 

of the data. (Extraction Method: Principal Component Analysis. Rotation Method: 

Promax with Kaiser Normalization). Each variable is located under the 
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component of which the loading was the greatest. The intermediate steps of the 

FA are presented in Appendix 4.  

Component 1 

Eigenvalue: 7.975; 36.2% of variance 

Loadings: Alkalinity 0.868, TSS 0.564, Colour 0.865, Fe 0.896, NH4 0.732, 

TP 0.861, PO4 0.881 

Component 2  

Eigenvalue: 5.297; 24.1% of variance 

Loadings: EC 0.987, Ca 0.976, K 0.987, Mg 0.949, Mn 0.667, Na 0.975 

Component 3 

Eigenvalue: 2.329; 10.6% of variance 

Loadings: COD 0.674, TOC 0.634, LOI 0.828, Chlora 0.977, TN 0.683 

Component 4 

Eigenvalue: 1.682; 7.6% of variance 

Loadings: O2 0.290, pH 0.780 

Compared to the previously presented correlation and cluster analyses, 

Component 2 of the FA consisted of the same variables as the Electrolyte group 

variables. However, the Nutrient group variables could mostly be related to the 

Component 1, but also to the Components 3 and 4. The Component 3 was 

obviously related to the organic matter in the water. Component 4 was related to 

acidity, oxygen concentration and, consequently, probably also to the redox 

potential of the water. The FA brought a new dimension in addition to the 

correlation analysis, which is useful for the final classification of these water 

bodies. 
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5.3.3 Annual variations 

Seasonal Kendal test results 

First, a Kruskal - Wallis test was performed in order to find out whether there 

were differences between the summer values in the years studied. The sites of 

study where the differences in summer values of each parameter were significant 

were chosen for the next step. Then, a Seasonal Kendall test was performed in 

order to find out the trend of the changes between the years. Significant cases 

were selected. Finally, these cases were tested again with a Kruskal - Wallis test 

in order to find out the differences between the seasons. 

There were 36 cases out of 262 in which there was a significant annual trend 

perceptible (Table 10). The 14-year period of monitoring the ecological 

succession of the lake ecosystem revealed some changes in the ecosystems, 

particularly in the coastal glo ponds.  

There were increasing trends in chlorophyll-a and in iron concentrations in 

the waters of Glo1 Pond, Glo2 Pond and Glo3 Pond. An increasing trend was also 

perceptible in Glo1 Pond and Glo3 Pond in phosphorus concentration. The 

increasing trend of phosphate phosphorus and chlorophyll-a indicated 

eutrophication of the water bodies. Glo1 Pond and Lake Paju had decreasing 

trends in electrical conductivity, whereas Lake Valkjärvi had an increasing trend. 

The decreasing trend in electrical conductivity in the coastal ponds indicated 

obviously the loss of marine influence, whereas the increasing trend in the inland 

lakes indicated possible eutrophication. 

Lake Paju had a clear decreasing trend in oxygen concentration. Seasonal 

variations were significant. This suggested a probable oxygen depletion in winter 

time. Also, the increasing trends in iron, and winter peak seasons, in Glo (1, 2, 

and 3) Ponds, might refer to oxygen depletion which caused reducing conditions, 

and as a result of which iron compounds of the sediment became more soluble. 

Remarkable changes during the monitoring period of 14 years could be 

detected in the water quality of Glo1 Pond which had just isolated from the sea 

water. A Seasonal Kendall test showed that ten cases of significant changes out of 

36 were related to Glo1 Pond (Table 10). There were three cases (chlorophyll-a, 

Na, Fe) of the significant trends which were related to Glo2 Pond. This indicated 

that the ecosystem changed from the sea environment towards the enclosed lake 

environment during the relatively rapid isolation period. In the isolated older 

water bodies, the rate of the ecosystem change had slowed down. 
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Table 10. Significant (p < 0.05) results of Seasonal Kendall test. Seasonal Kendall test 

values: correlation coefficient Kendall’s tau τ, the Kendall test statistic S, the standard 

normal deviate z determined from S and the variance of S, and the p1-value which is 

adjusted to correct for covariance among seasons (see Helsel et al. 2006). In addition 

to related peak seasons, and p2-values of the Kruskal - Wallis test. 

Variable Site Water 

years 

Seasonal Kendall test  Kruskal - Wallis test 

τ S z p1 p2 Peak 

season 

LOI Glo1 Pond 12 0.300 54 2.342 0.0133  0.0010 winter 

TOC Valkjärvi 6 -0.820 -41 -4.356 0.0022  0.0141 winter 

Colour Glo1 Pond 14 0.556 160 5.025 0.0003  < 0.0001 winter 

TSS Sunijärvi 14 0.211 74 2.051 0.0485  0.0166 summer 

PO4 Glo1 Pond 14 0.513 141 4.575 0.0005  < 0.0001 winter 

PO4 Glo3 Pond 14 0.422 148 4.127 0.0063  < 0.0001 winter 

TP Glo3 Pond 14 0.348 122 3.397 0.0181  < 0.0001 winter 

Chlorophyll-a Glo1 Pond 14 0.370 91 3.225 0.0289  < 0.0001 summer 

Chlorophyll-a Glo2 Pond 14 0.224 57 1.978 0.0485  0.0120 summer 

Chlorophyll-a Glo3 Pond 14 0.410 118 3.784 0.0044  0.1170 - 

Chlorophyll-a Kangasjärvi 14 0.256 65 2.264 0.0191  < 0.0001 autumn 

Chlorophyll-c Glo3 Pond 5 0.483 14 1.945 0.0432  0.1331 - 

Chlorophyll-c Sunijärvi 5 0.517 15 2.072 0.0214  0.0768 - 

Ca Valkjärvi 13 0.438 32 3.100 0.0245  0.0001 autumn 

Ca Lake Akio 14 0.484 176 4.794 0.0009  < 0.0001 autumn 

Fe Glo1 Pond 14 0.647 66 4.330 0.0054  < 0.0001 winter 

Fe Glo2 Pond 14 0.504 57 3.471 0.0159  < 0.0001 winter 

Fe Glo3 Pond 14 0.566 64 3.953 0.0202  < 0.0001 winter 

K Glo1 Pond 14 -0.490 -25 -2.480 0.0184  0.0150 autumn 

K Kuppi Pond 13 -0.804 -41 -4.133 0.0088  < 0.0001 autumn 

K Lake Paju  14 -0.567 -34 -3.166 0.0384  0.0001 winter 

Mg Glo1 Pond 14 -0.544 -31 -2.865 0.0352  0.0071 autumn 

Mg Valkjärvi 13 0.315 23 2.444 0.0491  0.0007 summer 

Mg Lake Paju 14 -0.595 -47 -3.588 0.0213  < 0.0001 winter 

Na Glo1 Pond 14 -0.719 -41 -3.820 0.0023  0.0034 autumn 

Na Glo2 Pond 14 -0.583 -42 -3.449 0.0229  0.0035 summer 

Na Kangasjärvi 13 -0.587 -27 -3.071 0.0120  0.0055 winter 

Na Lake Paju 14 -0.544 -43 -3.257 0.0108  < 0.0001 winter 

Na Valkjärvi 13 -0.439 -29 -2.560 0.0378  0.0005 summer 

EC Glo1 Pond 14 -0.515 -159 -4.779 0.0009   < 0.0001 autumn 

EC Lake Paju 13 -0.240 -81 -2.306 0.0473   < 0.0001 winter 

EC Valkjärvi 14 0.404 147 4.001 0.0030   < 0.0001 winter 

Oxygen Lake Paju 14 -0.284 -96 -2.885 0.0186   < 0.0001 summer 

pH  Glo1 Pond 14 -0.256 -79 -2.706 0.0238  < 0.0001 summer 

pH Lake Paju 14 -0.348 -122 -4.139 0.0016  < 0.0001 summer 

TOC Valkjärvi 6 -0.820 -41 -4.356 0.0022  0.0141 winter 
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Water quality measurements of Glo1 Pond (Figure 35) showed some seasonal 

periodicity, with directive linear trends. The water of the isolated Glo1 Pond 

gradually lost electrolytes and acidified slightly. In the same time the 

eutrophication processes started; indicators of which were the increasing trends in 

phosphate and chlorophyll in the pond water (Figure 35, Table 10). 

 

Fig. 35. Water quality observations (with directive linear trends) of Glo1 Pond: (a) 

Electrical conductivity, (b) pH, (c) PO4-P, and (d) Chlorophyll-a.  

5.3.4 Seasonal characteristics 

Phosphorus, nitrogen, chlorophyll 

Seasonal variations of the ecologically most meaningful parameters are presented 

in the following graphs (Figure 36). 

Comparison of the seasons (spring, summer, autumn and winter values) 

showed a significant difference (p < 0.05) in the Kruskal - Wallis test in most 

cases. The concentrations of chlorophyll (a and c) in Glo3 Pond showed no 

significant seasonal variations (p = 0.117 and 0.1331, respectively). 
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In most cases, the winter values of nitrogen and phosphorus compounds were 

greater than the summer values. However, the values of the concentrations of 

chlorophyll compounds were greater in spring and summer than in winter (Figure 

36). 

Significant differences in pheophytin, chlorophyll-b and chlorophyll-c were 

detected in the case of Lake Sunijärvi in comparison with all the other sites (p < 

0.05). Other pairwise comparisons of these parameters showed no significant 

differences (p > 0.05) between the sites studied.  

Chlorophyll-a is a primary molecule in the photosynthesis, giving the typical 

green colour to the photosynthesizing organisms. In a water ecosystem 

chlorophyll-a is found in Chlorophyceae algae. Chlorophyll-c is found in addition 

to Chlorophyceae, also in Dinophyceae and Cryptophyceae algae. Pheophytin 

molecule greatly resembles chlophyll molecule but it is lacking the central Mg2+ 

ion. Pheophytin is usually a derivative from alteration of chlorophyll. The 

prominent concentrations of pheophytin and chlorophyll compounds were 

presumably related to the abundant algae growth.  

Analyses of the sum of NO2 + NO3 showed no significant differences in any 

case in pairwise comparisons (p > 0.17). However, there were significant 

perceptible differences in the nitrite nitrogen concentrations (NO2-N) in most 

cases. Except the sites Glo3, Sunijärvi, Akio and Kuppi, which formed a group 

with similar concentrations of NO2-N with no significant differences (p = 1). 

Glo1, Glo2 and Paju formed another group. Concentrations of the reduced 

nitrogen compounds (NO2 and NH4) and inorganic phosphorus (PO4) were 

remarkably high, particularly in the winter samples of Lake Paju, which indicated 

possible oxygen deficiency and eutrophication. Whereas oxidised compounds of 

nitrogen (NO3) were prominent in the spring samples of Lake Valkjärvi and Lake 

Akio. 
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Fig. 36. Seasonal variations of chlorophyll compounds and pheophytin, in addition to 

nitrogen and phosphorus compounds. Seasons; Winter: December, January, 

February; Spring: March, April, May; Summer: June, July, August; Autumn: 

September, October, November. 

Productivity 

The highest summer productivity was detected in Glo3 Pond, and the lowest in 

Glo2 Pond (Figure 37). Seasonal variations were tested with a Kruskal - Wallis 

test. The seasonal variations in productivity were significant in Glo3 Pond and 

Kuppi Pond (p = 0.023 and 0.047, respectively). However, seasonal variations 

were not significant in Lake Akio and Glo2 Pond (p = 0.84 and 0.225, 

respectively). The data consist of one year´s (1995) productivity measurements. 
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The method used did not allow the results of acidic inland lakes in which the 

water pH was lower than 5.5. 

 

 

Fig. 37. Productivity measurements over one year´s growing season (unit: carbon 

productivity µg C l-1). 

5.3.5 EC and pH at different elevation stages 

The study on 22 water bodies (Figure 38) around the island of Hailuoto revealed 

that the water bodies near the sea shore 0–2.5 m a.s.l. had remarkably higher 

electrical conductivity values than the water bodies above that stage. Inland water 

bodies of 5–7.5 m a.s.l. were more acidic than the water bodies of lower stage 

next to the sea. According to the Kruskal - Wallis ANOVA, pH and EC values of 

different elevation levels in both cases were significantly different. A decrease in 

electrical conductivity and a decrease in pH values of the water bodies at different 

elevation stages could be detected in the course of time. The decrease in electrical 

conductivity values was obviously related to the loss of marine influence. 

Acidification was probably related to terrestrialization processes. 
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Fig. 38. Mean Electrical conductivity (bars) and Mean pH (line) of the water of the 

series of 22 water bodies at different elevation stages around the island of Hailuoto. 

Numeric values are arithmetic mean + standard deviation and number of observations 

(n). 

5.3.6 Classification of the water bodies 

Based on the previously presented results of the water quality data, five different 

types of water bodies were distinguished. In addition to that, based on their origin 

and successional stage, the water bodies could be divided into two main 

categories. 

Category I: Coastal water bodies 

Type one: Lake Akio and Kuppi Pond formed a pair which characteristically had 

high EC-values. It was related to high concentrations of the Electrolyte group 

member elements: calcium, potassium, magnesium and sodium. But they had 

relatively low color values and low total phosphorus and iron concentrations. 

Glo1 Pond had a high EC-value and average concentrations of the Electrolyte 

group member elements. Glo1 could be separated from the other two Glo-ponds 
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because of the high values of electrolytes. In that sense Glo1 Pond could be 

connected to the type 1. 

 

Type two: Lake Paju and Kesti Pond formed a pair, which characteristically had 

high Nutrient group element concentrations. For example, the total phosphorus 

and the total nitrogen concentrations were high.  

Type three: Glo2 Pond and Glo3 Pond were in most cases similar. They had fairly 

high pH values, color values and iron concentrations, but unlike Glo1 Pond, Glo2 

Pond and Glo3 Pond had low EC-values and low concentrations of the Electrolyte 

group elements. Glo2 Pond and Glo3 Pond had average values of parameters of 

the Nutrient group. 

Category 2: Inland water bodies 

Type four and five water bodies had lost their contact to sea water. In order to 

differentiate them from the coastal water bodies, they are regarded here as inland 

water bodies. 

Type four: Lake Sunijärvi had the highest chlorphyll-a concentration. It had also a 

high total nitrogen concentration, organic carbon and loss on ignition, but a low 

phosphorus concentration. These factors suggest dystrophy.  

Type five: Lake Valkjärvi and Lake Kangasjärvi were in most cases similar. These 

lakes were located in the middle of the island of Hailuoto. These were the oldest 

of the water bodies studied. Lake Kangasjärvi and Lake Valkjärvi had relatively 

low concentrations of almost every parameter measured. The ammonium nitrogen 

concentrations of these lakes were at the average level and oxygen concentrations 

were at a relatively high level. 

5.4 Discussion 

Lake development 

In the study by Willen (1962) small lakes in connection with the Baltic Sea 

belonged to the flada stage. Type one water bodies of this study, in addition to 

type two water bodies, belonged to this category, although significant differences 
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were observed between these two types. The research sites near the sea shore 

(Kuppi, Akio, Paju, Kesti and Glo1) had sodium concentrations about ten times 

higher than the research sites further toward inland (Valkjärvi, Sunijärvi and 

Kangasjärvi). The analogy is evident also with the other Electrolyte group 

parameters. The successional sequence of the coastal water bodies of the island of 

Hailuoto from flads to glo-lakes is comparable, in some respect, to the isolation 

stages of the lakes of the southern coast of Finland presented by Munsterhjelm 

(1997, 2005).  

The examination of seasonal variations has provided valuable information of 

the development of the ecological environment of the lakes (see e.g. Keskitalo et 

al. 1998, Nõges et al. 2011). The Seasonal Kendal tau test has been proved to be a 

powerful tool for analysing trends in water quality data (Hirsch et al. 1982). The 

method has been implicated, for example, studies on watershed and lake water 

quality in Florida (e.g. Zhang et al. 2011). 

Water quality 

The water bodies of this study might be located in the ECOFRAME (Moss et al. 

2003) ecotypes 11 or 12. The main division between these types is conductivity. 

Nykänen et al. (2005) suggested some modifications to the ECOFRAME scheme 

to better reflect the characteristics of the Finnish lakes. Coastal lakes, however, 

still require special attention. Fresh waters are conventionally considered to have 

salinities lower than 0.5 g total salts per liter, with mixtures of sea water and fresh 

water, having larger values than this being considered brackish and falling into 

the transitional category (Moss et al. 2003).  

According to a general classification referred to by Wetzel (2001), in terms of 

total phosphorus concentration in water, Lake Valkjärvi and Lake Kangasjärvi 

were mesotrophic and all the other water bodies of this study were eutrophic. In 

terms of total nitrogen Lake Valkjärvi was oligotrophic, Lake Paju was eutrophic, 

and all the other water bodies were mesotrophic.  

Kangas et al. (2012) defined the type of each lake in their study according to 

the national lake typology. Applying this classification, the lakes in this present 

study can be defined primarily as SPH (small polyhumic lakes, for water colour > 

90 mg Pt l-1). But this classification might not be appropriate for small coastal 

ponds. Referring to Järnefelt (1952), the coastal water bodies of this study could 

be classified as belonging to the eutrophic type and inland water bodies as 

belonging to the dystrophic type. In the areas with organic, peaty soils and bogs, 
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runoff waters usually contain humic compounds giving the water the 

characteristic brown colour. Natural humic lakes with high TOC and organic N 

and P can be classified as dystrophic lakes (Henriksen et al. 1997).  

In the study by Chaichana et al. (2011) all the ponds they studied were 

hypereutrophic (with TP values greater than 100 µg l-1and TN values greater than 

1500 µg l-1). Thus, applying these criteria, Lake Paju was hypereutrophic, in 

terms of TN concentration. And all the other sites of this study except Lake 

Kangasjärvi and Lake Valkjärvi were hypereutrophic, in terms of TP 

concentration. All the lakes studied exceeded the eutrophic limit (TP 

concentration > 35 µg l-1) used in the Northern European Lake Survey (Henriksen 

et al. 1997); except Lake Valkjärvi (32 µg l-1), and Lake Kangasjärvi (23 µg l-1). 

Compared to the hypereutrophic polluted Lake Lippajärvi (Alhonen 1986) the 

water quality of Glo1 Pond, Glo2 Pond, Glo3 Pond, Lake Akio, Lake Paju and 

Kesti Pond was approximately at the same level. It is to be noted that the lakes 

and ponds in this present study were primarily in their natural state. Appelgren & 

Mattila (2005) studied shallow bays of the northern Baltic Sea, the southern part 

of the Gulf of Bothnia. TP concentrations were higher and TN concentrations 

were about at the same level in the water bodies of the present study compared to 

the juvenile flads and glo-flads of the study sites of Appelgren & Mattila (2005).  

Chlorophyll-a is a commonly used indicator of the trophic state of lakes. In 

shallow lakes, in the study of Søndergaard et al. (2016), cholorophyll-a 

concentrations showed large variations from year to year. According to the 

cholrophyll-a limit values in the general, trophic classification of lakes and 

reservoirs (see Wetzel 2001), Lake Valkjärvi, Lake Kangasjärvi and Kuppi Pond 

could be classified as mesotrophic; and the other water bodies as eutrophic. The 

chlorophyll-a mean concentration of Lake Sunijärvi exceeded the ‘worst case’ 

eutrophic limit of 42.6 mg m-3 presented by Wetzel (2001). According to 

Søndergaard et al. (2016), knowledge of the uncertainty of indicators which are 

used in ecological classification, is highly relevant for lake managers and 

environmental policy makers when defining monitoring and restoration strategies. 

For coastal lakes of land uplift areas more uncertainty affects the developmental 

stage of the lake and peculiar phytoplankton composition, which should also be 

taken into consideration in lake management strategies. 

Examining the water quality of the pools in regard to water quality 

classification criteria of the Finnish Environment Institute (Pilke 2012; Vuori et 

al. 2009), coastal gloes and flads could be classified as according to those closest 

to resembling lakes. Lake Valkjärvi (based on colour value 30–90 mg Pt l-1), 
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could be classified as a Shallow humic lake (Matalat humusjärvet Mh). Most of 

the other lakes and ponds of this study (in which the average colour values were 

over 90 mg Pt l-1), could be classified as Shallow humic-rich lakes (Matalat 

runsashumuksiset järvet MRh), c.f. SPH (Kangas et al. 2012). Except Lake Akio, 

and Kuppi Pond because of their obvious marine character, they could be 

classified as Inner coastal waters of the Bothnian Bay (Perämeren sisemmät 

rannikkovedet Ps). Review in regard to the WFD is relevant for the water bodies 

larger than 10 ha (Pilke 2012). Because of the developing character of these 

coastal water bodies of the Bothnian Bay, their classification has to be updated 

from time to time.  

Approximate water quality classes (based on the entire water quality data 

averages) for the water bodies of this study applying the criteria of the Finnish 

Environment Institute (Pilke 2012, Vuori et al. 2009), were as follows, first in 

regard to total phosphorus concentration of water, and second in regard to total 

nitrogen. Because all the water bodies in this study were not larger than 10 ha, the 

criteria and nomenclature of the WFD (high, good, moderate, poor, bad) could not 

be used here.  

Classification of water quality based on total phosphorus concentrations (TP): 

Poor 

– MRh TP > 150 µg l-1: Kesti Pond, Lake Paju, Glo1 Pond, Glo2 Pond, Glo3 

Pond 

– Ps TP > 32 µg l-1: Lake Akio, and Kuppi Pond 

Passable 

– MRh TP 80– 150 µg l-1: Lake Sunijärvi 

Good  

– Mh TP 25–40 µg l-1: Lake Valkjärvi 

Excellent  

– MRh TP < 30 µg l-1: Lake Kangasjärvi 

Classification of water quality based on total nitrogen concentrations (TN): 

Passable 
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– MRh TN 1400–2200 µg l-1: Lake Paju 

– Ps TN 825–1100 µg l-1: Kuppi Pond 

Satisfactory 

– MRh TN 850–1400 µg l-1: Lake Sunijärvi, Lake Kangasjärvi, Kesti Pond 

– Ps TN 413–825 µg l-1: Lake Akio 

Good 

– MRh TN 680–850 µg l-1: Glo1 Pond, Glo2 Pond, Glo3 Pond 

Excellent 

– Mh TN < 600 µg l-1: Lake Valkjärvi 

5.5 Concluding remarks 

Water sampling on ten shallow lakes was carried out during the period of 14 

years. The quality of water was examined for 28 parameters and covered a total of 

13517 single analyses. For statistical analyses, canonical variates analysis (CVA), 

factor analysis (FA), Kruskal - Wallis/ Mann - Whitney tests, correlation analysis, 

and cluster analysis were used. Possible trends in water quality during the 

monitoring period were assessed with the Seasonal Kendal test. 

Environmental variables could be divided into two main groups: the 

Electrolyte and the Nutrient groups. Two main categories and five different types 

of water bodies could be defined on different successional stages. Typical for 

coastal water bodies were high nutrient and high electrolyte values, whereas the 

inland water bodies had relatively less electrolytes and nutrients. The water 

bodies in the flad and glo-flad stages had high electrolyte values. The water 

bodies in the glo-flad stage with relatively large catchment areas had high nutrient 

values. The lakes on the dune shore were in the glo-flad, glo and glo-lake 

successional stages. There were decreasing trends in electrolytes and nutrients in 

a sequence of the water bodies from the sea shore towards the inland.  

Water quality of the coastal water bodies of this study could be classified 

based on the total phosphorus (TP) concentrations as poor; based on the total 

nitrogen (TN) concentrations as ranging from passable to good. Water quality of 

the inland water bodies could be classified based on TP concentrations as ranging 

from passable to excellent, and based on TN concentrations as ranging from 
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satisfactory to excellent. Coastal water bodies were naturally eutrophic in their 

early developmental stages.  

In 33 cases out of 266 seasonal trends were perceptible in the observation 

period of up to 14 years. There were increasing trends in chlorophyll-a, iron, and 

phosphorus concentrations in Glo1 Pond and Glo3 Pond, which indicated natural 

eutrophication. The decreasing trend of sodium indicated the obvious weakening 

of marine influence on these coastal ponds. The decreasing trend in oxygen 

concentration was detected in the coastal Lake Paju. The inland Lake Sunijärvi 

had significantly the highest values of chlorophyll. Seasonal variations of element 

concentrations were significant, with a few exceptions.  

These types of coastal flads and gloes are protected under the Finnish law. 

The present study aims to increase the awareness of the ecology of this special 

type of vulnerable and endangered water ecosystem. 
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SECTION III: GEOCHEMICAL PROPERTIES  
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6 Geochemical properties of sediments and 
soils of lacustrine environments in two 
geologically different areas 

6.1 Introduction 

Geochemistry of a lake sediment is a key for understanding the geochemical 

properties of the soil of the catchment area of a lake. The lake ecosystem is a 

system intimately coupled with the land surrounding it in its drainage area. 

Changes in composition of the sediment can be explained if the sediment is 

regarded as a sequence of soils derived from the drainage area of the lakes 

(Mackereth 1966). In eutrophic systems, however, sediments are strongly 

modified by the lake (Engstrom & Wright, 1984). Soil evolution can be detected 

in a geochemical analysis of lacustrine sediments (e.g. Mourier et al. 2010). This 

special feature of lake sediments has been utilized also in ore prospecting (e.g. 

McConnell & Davenport 1989). Study on sediment geochemistry is useful also in 

environmental studies. For example, trace metals such as Cu and Zn have been 

detected to be good records of anthropogenic impact on an estuarine (Vaalgamaa 

& Conley 2008).  

Anthropogenic eutrophication of lakes has been a major problem in 

environmental management for a long time. Recent eutrophication of the lakes 

has been detected all around the region of the Baltic Sea (e.g. Schernewski 2003, 

Leeben et al. 2008). Natural eutrophication has been detected, for example, in the 

lakes in southeastern Sweden related to the isolation processes from the Litorina 

Sea (Westman & Hedenström 2002). Also, during the isolation processes from the 

Baltic Sea and following the stage of the basin evolution of Lake Sabrsko signs of 

enhanced microbial activity were detected (Bechtel et al. 2007), which usually 

indicate eutrophication. Anthropogenic eutrophication was probably one of the 

main reasons why the Water Framework Directive (WFD) had to be established 

by the EU (EC 2013). The WFD requires baseline conditions of good ecological 

status to be determined. However, it has not been possible to define the reference 

conditions representing the natural baseline without anthropogenic impact 

everywhere in Finland. 

Some intact areas could be found on the uplift coast of the Bothnian Bay, 

where pristine new land is rising from the sea. This study aimed to determine 

geochemical material flows and accumulation in the environment of the land 
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uplift coast, by analyzing lacustrine sediments and the soils of the catchments for 

the most essential nutrients. The main target of this study was to find out 

differences or similarities in the lacustrine sediment geochemistry between two 

geologically different areas. Possible reasons for the observed geochemical 

characteristics and their ecological implications, as well as applications for 

geological studies and environmental management, were discussed. 

6.2 Material and methods 

Study area 

The study sites were located in two geologically different areas in the region of 

the coastal area of North Ostrobothnia. Both represent the natural environment of 

the coast of the Bothnian Bay. 

Bedrock 

Bedrock of the map area (Figure 39) consists of Presvecokarelian (3500–2500 

Ma) igneous rocks; Svecokarelian (2500–1750 Ma) metamorphic rocks; 

Postsvecokarelian (1750–600 Ma) sedimentary rocks (see e.g. Koljonen 1992). 

I  Bedrock of the Hailuoto and Oulunsalo study area consists of Neoproterozoic 

(1000–540 Ma) Hailuoto formation sandstone and Mesoproterozoic (1600–

1000 Ma) Muhos formation siltstone (GTK, 2012). 

II  Bedrock of the Kuivaniemi and Simo study area consists of Neoarchean 

(2800–2500 Ma) Kuivaniemi suite, Simo complex metamorphic migmatitic 

tonalite (GTK, 2012).  

Geochemical provinces  

Study areas belonged to two different geochemical provinces (Koljonen 1992).  

I  Hailuoto – Oulunsalo: Siltstone and claystone area of Muhos. 

II  Kuivaniemi – Simo: Areas of Svecokarelian schists and gneisses. 
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Table 11. Background values from the Geochemical Atlas of Finland. Total dissolution, 

except partial leach for Mg. Sources: till (Koljonen 1992) and stream sediment 

(Lahermo et al. 1996). 

Element Hailuoto  

(till)  

Hailuoto  

(stream sediment) 

Kuivaniemi  

(till)  

Kuivaniemi  

(stream sediment) 

Al % 6.9–7.0 0.84–0.90 7.0–7.3 0.90–0.97 

Ca % 1.9–2.0 0.48–0.51 1.6–1.8 0.74–0.78 

Fe % 3.4–3.5 5.0–5.4 3.5–3.6 5.4–5.8 

K % 2.0–2.2 0.10–0.12 2.2–2.3 0.11–0.14 

Mg % 0.45–0.50 0.25–0.30 0.55–0.60 0.28–0.32 

Mn ppm 560–600 500–700 540–560 900–1500 

Na % 2.4–2.5 0.020–0.023 2.0–2.1 0.023–0.026 

P ppm 690–730 850–950 600–650 1200–1300 

Moraine formations are situated in the middle and southern parts of the island of 

Hailuoto, therefore background geochemical values are only indicative in general. 

Unfortunately, there was no previous information to be found about the 

geochemistry of the glaciofluvial material of the northern parts of the island of 

Hailuoto. 

Soil 

The study area II was characterized by bedrock outcrops and moraine formations, 

while the study area I was characterized by thick glaciofluvial sand and gravel 

deposits.  

In the northwest part of Hailuoto, the thickness of the glaciofluvial deposits 

was 35–50 m (see Solismaa 2008). The glaciofluvial material was affected by 

wave forces and eolian activity, as evidenced by dune formations on the 

northwest coast of the island of Hailuoto 
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Fig. 39. Precambrian bedrock of the study area. Study sites (squares, Area I and Area 

II). Neoarchean: Migmatitic tonalite; Paleoproterozoic: Granite, Granodiorite and 

quartz diorite, Granodiorite and quartz diorite, Biotite paragneiss, Greywacke; 

Mesoproterozoic: Silicate sandstone; Neoproterozoic: Silicate siltstone. Geochemical 

provinces: GP1 = Area of Svecokarelian schists and gneisses, subprovince c1; P2 = 

Archean gneiss area; GP3 = Area of Svecokarelian schists and gneisses, subprovince 

c2; GP4 = Siltstone and claystone area of Muhos. Modified by the author from the 

sources of the Geological Survey of Finland (GTK 2012), Koljonen (1992). 
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The water bodies were practically in their natural state. There were however, 

some human activities in the catchments of the water bodies perceptible – such as 

forestry around Lake Kangasjärvi and agriculture in the east of Lake Paju. The 

water bodies and their catchment areas are described in more detail in Section I, 

Chapter 3 of this thesis. 

Sampling 

Sampling was performed in 1999. Sediment samples were obtained using a 

Limnos® sediment sampler in lakes and a plastic tube of Züllig sampler (diameter 

65 mm) in shallow ponds. The sediments were prepared to 1 cm slices. In the 

acquisition of peat samples, a Russian peat corer (Jowsey 1966) and a volume-

exact cylinder were used. Samples were also taken from the terrestrial 

environment around the water bodies; where a shovel and a plastic spatula were 

used. The sampling sites are presented on the maps of Chapter 3 of this thesis.  

Extraction methods 

Extraction 1 (Ext1). Non ignited sediment sample of 500 mg (dry weight)/ 50 

ml HCl 0.1 M solution.   

Extraction 2 (Ext2). Ignited sediment sample of 500 mg (dw)/ 10 ml HCl 

12M + 40 ml HCl 0.1 M. 

Extraction 3 (Ext3). Non ignited sediment sample of 1g (dw)/100 ml BaCl2 

0.1 M solution. 

The samples were prepared at the University of Oulu. The meaning of extraction 

1 was to examine inorganic soluble elements. Extraction 2 also included organic 

soluble elements, and therefore describes total leachable element concentrations. 

Extraction 3 represented the bioavailable amount of the soil nutrient flow. BaCl2 

extraction simulates the cation exchange activity of the roots of plants. 

Samples were dried at 60 °C for 1 day. Extractions were done from chopped 

and homogenised samples. Extraction time for Ext1 and Ext3 was 12 hrs. After 

that samples were mechanically shaken for 1 hour and filtered through a filter 

paper (Machenery-Nagel MN 615). 

Extraction 2 samples were ignited in silica or porcelain crucible for a muffle 

furnace at 400 °C for 4 hrs. The ash was dissolved in 10 ml of concentrated 
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hydrochloric acid 12 M HCl, left to leach up to 2 days, and then added 40 ml 0.1 

M HCl extract with shaking for 17 hours, finally filtered through a quantitative 

ash-free paper (S&S 589-1, black stripe).  

Extractions 1 were performed from 1 cm subsamples throughout the depth of 

the layers of sediment. Extractions 2 were performed only from organic rich 

gyttja layers of the upper parts of the sediment stratigraphy. Mineral soil and peat 

samples were prepared according to the method used for Ext1 and Ext3.  

Chemical analyses 

Sediment and soil samples were analyzed for C, N, NH4, P, PO4, K, Ca, Na, Mg, 

Fe and Mn, at the laboratories of the University of Oulu in 1999–2000. Relation 

of carbon and nitrogen (C/N) was examined by an elemental analyser (EA 1110 

CHNS-O, CE Instruments). Organic matter was analyzed by determining the loss 

on ignition, after the samples were ignited in muffle furnace for 4 hrs at the 

temperature of 500 °C. Soluble ammonium was determined 

spectrophotometrically (Shimadzu UV160A) by a colorimetric indophenol-blue 

method (Page et al. 1982). The results were presented as nitrogen content in dry 

weight. Soluble phosphate was determined spectrophotometrically by the ascorbic 

acid method (Matt 1970). Potassium, sodium, iron, magnesium and calcium 

concentrations were determined by an atomic absorption spectrophotometer 

(Varian Spectra AA 220FS). Aluminum, manganese and total phosphorus were 

determined by an inductively coupled plasma optical emission spectrometer (ICP-

OES, Philips PU 7000).  

Grain size analyses 

Grain size analysis was performed by sieving, using the sieve sizes of 16, 11.2, 

8.0, 5.6, 4.0, 2.0, 1.0, 0.5, 0.25, 0.125, 0.063 mm. Folk (1966) presented a review 

of the traditional graphical and mathematical techniques that have been proposed 

for the statistical summary of grain-size data. In this study the Gradistat program 

(Blott 2000) was applied. Laboratory work was performed at the then Department 

of Geosciences, University of Oulu. 
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Statistical methods 

The number of samples was relatively small and the data was obviously not 

normally distributed, therefore non-parametric statistical tests were used. The 

Mann - Whitney U test (M–W) was used to find out whether the medians of the 

two independent groups were different. The null hypothesis was: the two samples 

were taken from populations with equal medians. (Mann & Whitney 1947). 

The Kolmogorov - Smirnov test (K–S) was used to examine the overall equal 

distribution of two univariate samples. The null hypothesis was: the two samples 

were taken from populations with equal distribution. (Kolmogorov 1933, Smirnov 

1948). 

The Mann - Whitney test was potentially appropriate for site-specific 

comparisons, because it is more resistant to outliers, whereas the Kolmogorov - 

Smirnov test was presumably more suitable for detailed stratigraphic studies in 

which the variations could be large.  

The one-way NPMANOVA (Non-Parametric Multivariate Analysis Of 

Variance) is a test of a significant difference between two or more groups 

(Anderson 2001). 

Geochemical variables were examined with the Spearman rank correlation rs 

analysis.  

Ordination of the sites according to sediment geochemical properties was 

examined with the Principal Component Analysis (PCA). PCA is a mathematical 

procedure that converts a set of observations of possibly correlated variables into 

a set of values of linearly uncorrelated variables called principal components (see 

e.g. Jolliffe 2002). The number of principal components is less than or equal to 

the number of original variables. The PCA was invented in 1901 by Karl Pearson. 

It has been widely used in natural sciences.  

Statistical analyses were performed by the computer programs PAST 

(Hammer et al. 2001), OriginPro 9.0 and IBM SPSS Statistics 21. 

6.3 Results 

6.3.1 Lacustrine sediments 

The following graphs (Figures 40–42) present the results of the geochemical 

analyses of the sediments. The data of the chemical analyses of the sediments are 

presented as a whole in Appendix 5. Ext1 concentrations were used for the 
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statistical comparisons, except in cases of aluminum and manganese, where Ext2 

concentrations were used. Ammonium was measured only from Ex1 extracts. 

Aluminum and manganese only from Ext2 extracts. Other elements were 

measured from both Ext1 and Ext2 extracts. The study sites presented in Figures 

40–42 were Ihanalampi Pond (IHANALAMPI), Lassinlampi Pond 

(LASSINLAMPI), Glo1 Pond (GLO1), Glo3 Pond (GLO3). Lake Paju 

(PAJULAMPI), Lake Sunijärvi (SUNIJÄRVI), and Lake Kangasjärvi 

(KANGASJÄRI). Both the Ext1 and Ext2 extractable concentrations are 

presented in the same corresponding graph. Concentrations in parts per millions 

(ppm) are presented in a logarithmic scale. The study sites are arranged in vertical 

columns according to decreasing concentration of each analyzed element. The 

sites of non-significant differences (Bonferroni corrected p = 1) in the Mann - 

Whitney pairwise test are connected with a line. 

The Mann - Whitney tests for pairwise comparisons of the sites were 

performed for each parameter studied using all combinations. In most of the cases 

the highest concentrations of the elements were found in Lassinlampi Pond or 

Ihanalampi Pond which were located in the study area II. Only the phosphorus 

concentration was the highest in the sediment of the water body of the study area 

I, namely Glo3 Pond. The site of the highest concentration was placed on the top 

of the column (Fig. 40–42).  

The highest concentrations of sodium were detected in the sediments of 

Ihanalampi Pond (Ext1 Mean 622 ppm, Standard Deviation 151) and Lassinlampi 

Pond (Ext2  4096 ppm, SD 384). There were no significant differences in 

pairwise comparisons (M–W: p = 1) between Glo1 Pond, Glo3 Pond, Lassinlampi 

Pond and Lake Paju, examining Ext1 concentrations. These sites were all close to 

the sea. The sodium of the sea water may be a more dominant factor than the 

properties of the soil.  
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Fig. 40. Geochemical analyses and statistical tests. Sediment sodium (Na), potassium 

(K), and magnesium (Mg) concentrations. 
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Fig. 41. Geochemical analyses and statistical tests. Sediment calcium (Ca), iron (Fe), 

and phosphorus (PO4-bound-P and total P) concentrations.  
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Fig. 42. Geochemical analyses and statistical tests. Sediment ammonium bound 

nitrogen (NH4-N), manganese (Mn), and aluminum (Al) concentrations. For 

explanations see the text.  
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Ext1 extractable potassium concentrations were the highest in the Kuivaniemi – 

Simo sites (Area II) Lassinlampi Pond (Mean 374 ppm) and Ihanalampi Pond 

(Mean 255 ppm); whereas they were very low in the Hailuoto – Oulunsalo (Area 

I) research sites. In this case the study area II sites and the study area I sites were 

grouped in the Mann - Whitney pairwise tests (the lines of Figures 40–42) into the 

two separated groups. This may indicate differences in soil geochemical 

properties in the two study areas. 

Ext1 extractable magnesium concentrations varied from Lake Sunijärvi (  77 

ppm, SD 45) to Lassinlampi Pond (  751 ppm, SD 227), while Ext2 extractable 

concentrations were about six to twelve times higher (Sunijärvi: Mean 989 ppm, 

Lassinlampi: Mean 5108 ppm). Magnesium concentrations were remarkably 

higher in the sediments of the study area II water bodies than in the study area I. 

There was actually no significant difference in most cases in magnesium 

concentrations in the pairwise tests inside the study area I sites.  

The calcium concentrations in the sediments of the water bodies of the 

Kuivaniemi – Simo sites were significantly higher compared to the sediments of 

the water bodies of the Hailuoto – Oulunsalo sites. The highest concentration of 

both Ext1 extractable (  7115 ppm, SD 1898) and Ext2 extractable (  11167 ppm, 

SD 3113) concentrations were detected in the sediment of Ihanalampi Pond. The 

second highest calcium concentration was detected in the sediment of 

Lassinlampi Pond. There were similarities in calcium concentrations (Mann - 

Whitney tests) within the sites of the study area I. 

The highest Ext1 extractable iron concentration was detected in the sediment 

of Ihanalampi Pond (  4021 ppm, SD 1248), but the highest Ext2 extractable 

concentration was detected in the sediment of Glo1 Pond (  27958 ppm, SD 

27321). There were actually no significant differences between the study sites of 

Hailuoto – Oulunsalo.  

The two highest Ext1 phosphorous (in phosphate) concentrations were 

detected in Glo3 Pond (  815 ppm, SD 1179) and Glo1 Pond (  583 ppm, SD 

1032). Standard deviations were large due to the apparent abundances of 

phosphorus in the surface layer of the sediment. There were little differences 

compared to Ext1 and Ext2 (Glo3:  1707 ppm, SD 1608 and Glo1:  1317 ppm, 

SD 1730) extractable concentrations of phosphorus in the organic gyttja layers 

(Glo1 depth of 0–9 cm and Glo3 0–12 cm) of the sediments of these sites. 

Whereas in Ihanalampi Pond, there was about twelve times more Ext2 extractable 

(  808 ppm, SD 105) than Ext1 extractable phosphorus. Phosphorus 

concentrations were significantly higher in the sediments of the coastal water 
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bodies (Glo1 Pond, Glo3 Pond, Lake Paju, Lassinlampi Pond) compared to the 

inland water bodies (Lake Sunijärvi, Lake Kangasjärvi, Ihanalampi Pond).  

Ext1 extractable nitrogen (in ammonium) concentrations were, on the other 

hand, the highest (Ihanalampi:  980 ppm, SD 279) and, on the other hand, the 

lowest (Lassinlampi:  191 ppm, SD 67) in the Kuivaniemi – Simo area. In the 

Hailuoto – Oulunsalo sites, ammonium could be observed to be increasing in the 

surface parts of the sediments. 

In most cases, examining Ext2 extractable manganese concentrations, there 

were no significant differences between the study sites, or the study areas I and II. 

The lowest Ext2 extractable manganese concentration was detected in the Lake 

Sunijärvi sediment (  35 ppm, SD 14).  

Ext2 extractable concentrations of aluminum were higher in the Kuivaniemi – 

Simo sites (Lassinlampi:  5439 ppm, SD 969) than the Hailuoto – Oulunsalo 

sites (Sunijärvi:  1447 ppm, SD 714). But the difference between Ihanalampi 

Pond and Lake Paju was not significant (neither in K–S nor in M–W tests). 

Examining the Ext1 extractable elements, there were eight parameters out of 

nine, where either of the two Kuivaniemi – Simo sites (Ihanalampi Pond or 

Lassinlampi Pond) was on the top of the column, i.e. the mean concentrations 

were the highest. Phosphate made an exception (Glo3 Pond on the top). 

Other statistical analyses 

Correlation 

In most cases, the Spearman rank correlation test found a significant positive 

correlation between all the Ext1 extractable elements in pairwise tests (Table 12). 

An exception was that there was no significant correlation between Ext1 P and 

Ext1 N. A significant positive correlation was found in the correlation analysis for 

the Ext2 extractable concentrations in all cases between the group Fe, Ca, Mg, Al 

and P. These features of the correlation suggest that the previously mentioned 

elements are related to the inorganic compounds in the sediments. Organic matter 

(OM %) had a negative correlation coefficient with all the other elements except 

Ext2 potassium (K).  

NPMANOVA 

The one-way NPMANOVA test for the Ext1 extractable element concentrations 

examining all the parameters including all the analyses showed significant 
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differences between the study sites (F: 36.01, p: 0.0001). The pairwise 

comparisons revealed that the ponds Glo1 and Glo3 were similar with no 

significant difference (Bonferroni-corrected p = 1). Also, Lake Paju was similar to 

Glo1 Pond (p = 0.3003), and Glo3 Pond (p = 0.2940). The other sites studied 

showed significant differences (p < 0.05) in pairwise comparisons. 

Table 12. Combination of the correlation analyses of Ext1 and Ext 2. Spearman rank 

correlation coefficients rs are presented; if the coefficient was not significant (p > 0.05) 

the result is placed in parentheses. The left half of the table represents correlation 

coefficient of Ext1 samples (N is nitrogen in ammonium and P is phosphorus in 

phosphate). Manganese (Mn), aluminium (Al) and organic matter (OM) were not 

detected (n.d.) in Ext1 samples. The right half of the table represents correlation 

coefficient of Ext2 samples (concentrations of the dataset in ppm, except OM % and N 

(total) %). 

Ext1           Ext2 

 Na  K  Mg  Ca  Fe  N  P Mn  Al  OM  

Na  - 0.274 0.512 0.604 0.189 0.312 0.215 0.500 0.682 -0.251 

K  0.635 - 0.428 (-0.114) (-0.076) -0.309 (0.087) (-0.034) 0.210 0.219 

Mg  0.771 0.780 - 0.614 0.616 0.170 0.621 0.644 0.756 (-0.052) 

Ca  0.790 0.775 0.903 - 0.658 0.722 0.675 0.882 0.857 -0.582 

Fe  0.718 0.667 0.801 0.830 - 0.369 0.819 0.806 0.556 -0.198 

N  0.328 0.325 0.355 0.544 0.586 - 0.542 0.560 0.546 -0.943 

P  0.383 0.272 0.421 0.245 0.400 (-0.084) - 0.770 0.607 -0.416 

Mn  n.d. n.d. n.d. n.d. n.d. n.d. n.d. - 0.739 -0.403 

Al  n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. - -0.459 

OM  n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. - 

C/N ratio and Ext1/Ext2 index 

Carbon/ nitrogen concentration relationship (C/N ratio) of surface organic gyttja 

layers and the index E for Ext1/Ext2 ratio are presented in Table 13. 

 = ∑ ( 2 − 1 )=1 ∑ 2  (13) 

Where 

Ej is index for element j 

i, sample number 

Ext1ij and Ext2ij, concentrations of the element j in the extracts Ext1 and Ext2 in 

a sample i.  
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The index E indicates the ratio between the 0.1 M HCl extractable content, and 

the 12 M HCl extractable content (Ext1/ Ext2). It can get values from 0 to1: zero, 

in a case when Ext1 and Ext2 extractable element concentrations are equal; and 

one, in a case when there is no Ext1 extractable amount. A possible interpretation 

of the index E would be to estimate the relationship between allochthonous and 

autochthonous material, presuming that autochthonous material is characterized 

by organic bound elements and allochthonous material by inorganic leachable 

elements. The more allochthonous material there is, the closer the index value is 

to zero. 

Table 13. C/N ratio and index E values for the study sites. For C/N ratio arithmetic 

mean and standard deviation are presented. Calculation of index E, see text. 

Site C/N ratio  index E 

 Mean  SD  K Na Fe Ca Mg P 

Glo1 9.416 1.145  0.949 0.818 0.866 0.293 0.790 0.284 

Glo3 9.831 0.612  0.992 0.839 0.790 0.080 0.793 0.173 

Sunijärvi 13.020 1.216  0.997 0.966 0.911 0.453 0.917 0.802 

Kangasjärvi 16.046 0.470  0.997 0.973 0.840 0.583 0.852 0.957 

Pajulampi 9.332 1.116  0.968 0.916 0.808 0.335 0.883 0.382 

Lassinlampi 12.783 0.982  0.966 0.938 0.850 0.374 0.878 0.432 

Ihanalampi 13.936 3.803  0.807 0.846 0.800 0.363 0.549 0.919 

The C/N ratio was the highest in the inland water bodies Lake Sunijärvi, Lake 

Kangasjärvi and Ihanalampi Pond which were also the most terrestrialized 

lacustrine basins studied.  

The ratio of Ext1/Ext2 (index E) of phosphorus was lower in coastal basins 

than in inland basins. The index E value of calcium was the lowest compared to 

the other elements in all sites. Compared, for instance, to potassium, the 

difference was obvious. A possible interpretation could be that calcium tended to 

perform in inorganic compounds, and potassium in organic compounds. 

PCA 

The principal component analysis (PCA) was performed for each extraction 

method separately (Figures 43 and 44). The data was standardized before 

performing the PCA using the formula:  

 = −
 (14) 



130 

Where 

 is transformed value 

, concentration in original data,  

, mean, the average of the variable, 

, standard deviation of the variable  

The PCA routine searched the eigenvalues and eigenvectors of the variance-

covariance matrix.  

Ihanalampi Pond and Lassinlampi Pond separated themselves considerably to 

the positive side on the component 1 axis, in the PCA performed for Ext1 

samples, while the other sites were mainly clustered together on the negative side 

on the component 1 axis (Figure 43). Significant principal components, 

eigenvalues and percentages of the variance were: PC1 λ1 = 2.336, 69.8%; PC2 

λ2 = 0.519, 15.5% and PC3 λ3 = 0.424, 12.7% (Jolliffe cut-off 0.3905). The first 

two principal components captured 85.3% of the variance of the data. Dominant 

factors and their coefficient values on the principal component 1 axis were 

calcium (0.587), magnesium (0.519) and sodium (0.404). Respectively, for the 

principal component 2 axis, the dominant factors were magnesium (0.561) and 

potassium (0.455).  

The PCA for Ext2 extractable elements found three significant principal 

components (Jolliffe cut-off 0.6274): PC1 eigenvalue λ1 = 2.951 which covered 

54.9% of the variance of the data; respectively, PC2 λ2 = 1.407, 26.1% and PC3 

λ3 = 0.792, 14.7%. The first two principal components captured 81.0% of the 

variance of the data. Principal component 1 was dominated mostly by sodium, 

aluminum and magnesium; with coefficient values Na 0.552, Al 0.522, Mg 0.438. 

Principal component 2 was dominated by Ca 0.610 and Mn 0.443, respectively. 
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Fig. 43. PCA scores and biplot, Ext1 samples. Environmental variables: phosphorus P, 

iron Fe, calcium Ca, manganese Mn, aluminium Al, sodium Na, magnesium Mg, and 

potassium K. Dot (•) represents samples of Glo1 Pond, cross (+) Glo3 Pond, unfilled 

square (□) Lake Sunijärvi, filled square (■) Lake Kangasjärvi, ex (x) Lake Paju, circle 

(o) Lassinlampi Pond, and diamond (◊) Ihanalampi Pond.  

 

Fig. 44. PCA scores and biplot, Ext2 samples. Ellipses represent 75% of the results. 

For explanations of the symbols, see Figure 43. 
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Glo1 Pond, Glo3 Pond and Lake Sunijärvi scored mainly negative values on 

the component 1 axis and were clustered on the left side of the graph (Figure 44). 

The determining factor for these sites seemed to be concentrations of iron and 

phosphorus, which had negative loadings on the component 1 (coefficients Fe -

0.105, P -0.158). Ihanalampi Pond separated to the upper right quarter of the 

graph (Figure 44) due to high scores on the component 2 axis. Concentrations of 

calcium and manganese were the determining factors for this site. Both Lake Paju 

and Lassinlampi Pond scored high positive values on the component 1 axis, but 

Lake Paju scored lower values than Lassinlampi Pond on the component 2 axis. 

The scores of Lake Kangasjärvi were clustered near the origin of the graph 

(Figure 44) due to its overall low concentration values.  

All the study sites did not separate themselves in the PCA performed on the 

Ext1 samples as clearly as in the case of Ext2 samples (Figures 43 and 44). 

Standardization was necessary because of the great variance of concentrations of 

iron and phosphorus. Otherwise these factors could cause a possible 

misinterpretation of the results. The Jolliffe cut-off value may indicate the number 

of significant principal components (Jolliffe 2002). 

6.3.2 Soil properties 

Hydrochloric acid extraction 

HCl 0.1 M extraction dissolved leachable inorganic and easily soluble organic 

molecules of the soil. Soil geochemical analyses are presented in the following 

figures (Figures 45 and 46). The sites were arranged in order from the sea shore 

of Hailuoto towards the inland of the island, and the last two places on the x-axis 

of the diagrams were the Kuivaniemi – Simo sites. The sampling sites, the depth 

of sampling, and the sediment types are described in detail in Appendix 6.  
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Fig. 45. Geochemical analyses of the soil of the catchment areas. 0.1 M HCl 

extractable concentrations of phosphorus (in phosphate PO4), nitrogen (in ammonium 

NH4), Potassium (K), sodium (Na), iron (Fe), calcium (Ca). The study sites: the 

catchments of (G1) Glo1 Pond, (G3) Glo3 Pond, (SU) Lake Sunijärvi, (KA) Lake 

Kangasjärvi, (LA) Lassinlampi Pond, (IH) Ihanalampi Pond. Symbols s and p after the 

study site codes refer to mineral soil (s) and peat (p) samples. 

When comparing element concentrations in peat samples from two different 

areas, between Hailuoto (Glo1, Glo3, Sunijärvi, Kangasjärvi) and Kuivaniemi – 

Simo (Lassilampi, Ihanalampi), the Kolmogorov - Smirnov test found significant 

(at 0.05 level) differences in all the parameters studied. There were more 0.1 M 

HCl extractable phosphate phosphorus (median 111 ppm) and potassium (md 272 

ppm) in peat samples of the catchments of the study sites of Hailuoto than in 

similar kind of samples of the Kuivaniemi – Simo area (17 ppm, and 183 ppm, 

respectively). On the contrary, there were higher concentrations of all the other 

elements studied in the Kuivaniemi – Simo sites than in the Hailuoto sites 

(medians of the elements: first the Kuivaniemi – Simo sites, second the Hailuoto 
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sites. NH4-N: 246 ppm, 75 ppm; Na: 519 ppm, 281 ppm; Fe: 5150 ppm, 1657 

ppm; Ca: 14493 ppm, 1836 ppm; Mg: 1831 ppm, 357 ppm). 

Barium chloride extraction 

BaCl2 extraction is a weak extraction method for ions. It resembles cation 

exchange reactions of the roots of the plants in soil. With respect to the main 

nutrition cations (K+, Ca2+, Mg2+), concentrations seemed to be somewhat higher 

in the soil of the study area Kuivaniemi – Simo than the study area Hailuoto – 

Oulunsalo. 

Fig. 46. BaCl2 0.1 M extractable elements. G1s, G1p, G3s, G3p, SUp, KAp, Lap, IHp are 

mineral soil (s) and peat (p) samples of the catchment of (G1) Glo1 Pond, (G) Glo3 

Pond, (SU) Lake Sunijärvi, (KA) Lake Kangasjärvi, (LA) Lassinlampi Pond, and (IH) 

Lake Ihanalampi. 

Concentrations of 0.1 M BaCl2 extractable calcium and magnesium seemed to be 

higher in the catchments of the water bodies of the Kuivaniemi – Simo sites 

Lassinlampi Pond and Lake Ihanalampi (Area II) than in the Hailuoto sites Glo 

Ponds, Lake Sunijärvi, and Lake Kangasjärvi (Area I). Differences in sodium, 

calcium and magnesium concentrations could be considered significant (Kruskal - 

Wallis test). Concentrations of iron and potassium were practically at the same 

level in all the sites studied, with no significant differences (Median test, Kruskal 

- Wallis test). There were more BaCl2 leachable Na, Ca, and Mg in the soil of the 

study sites of the Area II than in the sites of the Area I. 
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Grain size 

Characteristics of the soil samples of Hailuoto were leptokurtic, skewed, well 

sorted or moderately sorted fine sands and medium sands (Table 14). The mean 

grain size of the mineral soil samples was near the sea shore (⌀ 200–230 µm) 

slightly smaller than further inland in the Lake Kangasjärvi area (⌀ 260–300 µm). 

Well sorted sediments referred to coastal wave and wind activity. The movement 

of the sea ice in winter might also have had an effect on geomorphology and 

recent sorting of the glaciofluvial material.  

Table 14. Grain-size parameters of soil of the study area of Hailuoto. Calculated by 

Gradistat (Blott 2000). Method of moments, logarithmic phi scale. 

Sample Mean Sorting Skewness Kurtosis 

Sea floor 2.466 0.577 -0.323 6.242 

Glo0 sediment  2.461 0.555 -0.572 11.314 

Dune1 bottom 2.434 0.536 0.665 11.257 

Dune1 top 2.279 0.560 -0.643 6.583 

Glo1 marsh 2.481 0.484 0.250 8.400 

Glo1 shore 2.199 0.819 1.188 12.117 

Glo1 meadow 1.385 0.845 0.264 5.049 

Dune2 bottom 1.715 0.718 -0.224 3.857 

Dune2 top 1.959 0.544 0.443 5.394 

Sunijärvi moor  1.966 0.631 0.443 6.837 

Pitkäjärvi moor A 1.896 0.789 0.751 8.461 

Pitkäjärvi moor B 1.888 0.715 0.673 8.927 

Kangasjärvi shore B 1.902 0.590 1.824 17.046 

Kangasjärvi dune A 2.020 0.534 2.155 18.014 

Kangasjärvi dune B 1.942 0.571 1.908 17.216 

Podsolization 

The mineral soil profiles of the catchments of the inland lakes of Hailuoto: Lake 

Sunijärvi, Lake Pitkäjärvi and Lake Kangasjärvi were examined in order to find 

out differences in soil horizons (Figure 47). Soil horizon formation is an obvious 

indicator of podsolization. Soil horizons could be distinguished in the 590-year-

old soil of the Lake Sunijärvi catchment (5 m a.s.l.). Iron concentration in illuvial 

horizon in the sites of the Lake Kangaslampi catchment 10 m a.s.l. (age 1100 

years), was relatively higher than in illuvial horizon of the forest soil of the Lake 

Sunijärvi surroundings.  
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Fig. 47. Soil profiles. Samples: SU1 is Lake Sunijärvi moor, PI1 is Pitkäjärvi moor, KA1 

is Lake Kangasjärvi shore, KA2 is Lake Kangasjärvi dune. 0.1 M HCl extractable iron 

(Fe) concentrations and pH in different horizons: O organic horizon, A elluviual 

horizon, B illuvial horizon. 

6.4 Discussion 

Extraction methods 

The extraction method Ext2, when ignited at the temperature of 400 °C, might 

cause some loss of volatile portions of the molecules. The method Ext2 is 

somewhat similar to that method that has been used in the geochemical stream 

and lacustrine sediment investigations by the Geological Survey of Finland 

(Salminen 1979). According to Väänänen (in Salminen 1979), up to a burning 

temperature of 400–500 °C, there was no noticeable loss of Pb or Zn and no loss 

at all of the other elements studied (including Mn and Fe). The ignition method 

has been used for a long time in environmental studies (e.g. Legg & Black 1954, 

Sounders & Williams 1955, Sommers et al. 1970). The method used in this study 

is not a total dissolution (see e.g. Peuraniemi 1982), but it represents the amount 

of organically bound elements, in addition to leachable inorganic elements, in the 

lake sediment molecular composition. 

Hydrochloric acid (0.1 M) extractant has been used in various purposes in 

hydrochemistry, soil science and botany (e.g. Tillekeratne et al. 1984, Miyazawa 

et al. 1984, Sutherland 2002, Michopoulos et al. 2004). A barium chloride 

method has been used for determining cation exchange capacity and 
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exchangeable cations (Hendershot & Duquette 1986). Pierzynski (2000) strongly 

encouraged the use of specific chemical terminology which has been clearly 

defined. According to Pierzynski (2000), the exact expression, for example, for 

the Ext1 could be 0.1 M HCl extractable elements of non-ignited sediment 

samples. 

Review of the geochemical stratigraphy 

Calcium concentration was the dominant factor in the PCA and the factor that 

characteristically drew a distinction between these geologically different study 

areas of Hailuoto – Oulunsalo and Kuivaniemi – Simo. Also, concentrations of 

other alkali metals and alkali earth metals were significantly higher in the 

metamorphic migmatitic tonalite area of Kuivaniemi – Simo than in the 

sedimentary sandstone and siltstone area of Hailuoto – Oulunsalo.  

The Muhos formation lies under thick overburden soil and the bedrock is 

poor in calcium and magnesium (CaO: 0.92–10.54%, MgO: 2.52–3.69%; 

Enkovaara et al. 1953). Abundances of calcium and magnesium are low also in 

granite (e.g. Pudasjärvi area, CaO: 1.01–5.38%, MgO: 0.12–0.61%; Enkovaara et 

al. 1953) compared to dolomite (e.g. the North Ostrobothnian schist area, CaO: 

29.21–30.44%, MgO: 13.81–20.95%; Enkovaara et al. 1953). Because of the 

thick 30–50 m layer of glaciofluvial sand and gravel of Hailuoto, the bedrock had 

a minor effect on the geochemical properties of surficial soils of the study area I – 

compared to the study area II, where there was a thin layer of till over the bedrock 

and bedrock outcrops were common. The terrain of the Kuivaniemi area, which is 

mainly composed of migmatitic gneisses, includes numerous minor schist 

occurrences. The bedrock of the Särkijärvi area, the border terrain of Kuivaniemi 

and Simo (about 40 km to northeast from Ihanalampi) is composed of chlorite-

bearing calcareous schist with some amphibolitic portions. In some places the 

schist is almost pure carbonate rock with only minor amounts of chlorite, epidote 

and fibrous amphibolite (Enkovaara et al. 1953). Larsen et al. (1996) found that 

especially Ca, Cr, Mg, and Ni concentrations in lake sediment appeared to result 

from differences in the content of these elements in bedrock. The weathering 

products of mafic and carbonatic lithologies had a distinct impact on the 

palustrine vegetation and peat types in the peatlands of the Särkijärvi area 

(Virtanen 1993). Meso-eutrophic palustrine vegetation was encountered adjacent 

to the schist belt but oligotrophic mire types occured in areas not affected by 

mafic or carbonatic rocks (Virtanen 1993). The findings of Enkovaara et al. 
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(1953) and Virtanen (1993) suggest the interpretation that the same kind of 

calcium anomaly of the bedrock might have contributed to the considerable 

calcium abundance of the lake sediments in the Kuivaniemi – Simo research area 

in this study.  

The marine influence was evident in the Hailuoto sites, for the inland 

lacustrine basins had significantly lower concentrations of the nutrient elements 

than the coastal lacustrine basins. High concentrations of Na, Ca and Mg in the 

upper parts of the sediment, particularly in the interface between the organic rich 

gyttja layer and the mineral layer of the sediment, might be the result of the loss 

of marine influence. The interface indicates the isolation time of the lake basin. 

Since that time accumulation of the nutrients was more prominent than leaching.  

Lake Paju (Pajulampi) was the only water body whose catchment area was 

affected by agriculture. The other lake basins were basically in their natural states. 

The sediment geochemistry of Lake Paju, when compared with the other lake 

basins of a similar geological region, differed in potassium concentrations. The 

Ext2 potassium concentrations of the sediment of Lake Paju appeared to increase 

towards the surface, while a similar phenomenon was not observed in the other 

sites. 

Redox conditions strongly influence the retention of P, Fe, and Mn in the 

sediments. In their reduced state, these elements are considerably more mobile. 

Therefore, stratigraphic trends in sedimentary phosphorus may be quite contrary 

to actual historical variations in P influx to the lake water (see Engstrom & 

Wright 1984). Hence, a high P concentration on top of the sediment does not 

necessarily indicate recent eutrophication of a water body, but it can be a sign of 

the changes in redox conditions; and in some cases, it might indicate symptoms of 

oxygen deficiency in deeper parts of the sediment. The release of phosphorus was 

found to be greater from the anoxic sediments and increased with temperature 

with both the anoxic and oxic water flows in the experiment by Liikanen et al. 

(2002). Also, in the marine environment, Virtasalo et al. (2005) found that in the 

anoxic bottoms, C/P ratios suggest enhanced release of P compared to the oxic 

and suboxic bottoms. In the lacustrine environment, high pH (a common 

characteristic in eutrophic lakes in summer), when linked with intensive 

resuspension, may markedly increase the internal P loading risk (Koski-Vähälä & 

Hartikainen 2001).  

Shallow Glo1 Pond and Glo3 Pond could freeze all the way down near the 

bottom, and in winter oxygen depletion was actually observed, while in summer 

the oxygen saturation was near to 100% and max pH values were 9.9 and 8.9 
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(water quality data of this thesis). The seasonal oxygen depletion and saturation in 

addition to high pH could explain the high concentrations of iron and phosphorus, 

particularly in the surface sediments of these ponds, nevertheless, not to 

underestimate the marine influence. 

Soil interactive geochemistry 

Lake sediment geochemistry reflects on the soil geochemistry of the catchment. 

In terms of sediment geochemistry, nutrient concentrations were usually higher in 

the catchments of the water bodies of the study area of Kuivaniemi – Simo than in 

the study area of Hailuoto – Oulunsalo. Differences have also been detected in 

vegetation between these two areas. The trophic level of the fen vegetation in the 

surroundings of Lassinlampi Pond and Ihanalampi Pond in Kuivaniemi – Simo 

was intermediate-rich; while in Hailuoto, in the area around Glo1 Pond it was 

intermediate, and around Lake Sunijärvi it was moderately poor (Rehell & 

Heikkilä 2009). Ammonium seemed to accumulate in peat layers in the 

chronosequence of the soils of the island of Hailuoto.  

Quaternary geological and environmental applications 

The isolation of a small basin from a large lake or from the sea may be detected in 

both its lithostratigraphy and its biostratigraphy (Eronen 1974). The C/N ratio 

seemed to be the most unambiguous geochemical parameter and an important 

complement to diatom stratigraphy when interpreting the isolation process 

(Westman & Hedenström 2002). Fluctuations in water salinity and oxygenation, 

which were related to the isolation processes of a coastal lake, reflected in 

addition on sediment organic geochemical indicators, in Mg/Ca values, Fe/Mn 

values, and diatom assemblages (Bechtel et al. 2007). 

Also, biostratigraphical methods, for example, diatom inferred indices, are 

commonly used to complement the geochemical information in environmental 

studies (e.g. Valpola & Salonen 2006). Estimating natural fluctuations of nutrient 

and metal content in lake sediments constitute a reference value (Tylman et al. 

2011). That is important, for example, in the assessment of the natural 

background conditions of a lake for implications of the Water Framework 

Directive of the EU (Räsänen et al. 2006).  
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6.5 Concluding remarks 

Geochemical properties of the lacustrine sediments and nutrient gradient of the 

soil were examined in two geologically different areas in North Ostrobothnia. 

Extraction methods used: 0.1 M HCl, non-ignited samples; 12 M HCl, ignited 

samples; and 0.1 M BaCl2, non-ignited soil samples. Extracts were analyzed for 

NH4, P, PO4, K, Ca, Na, Mg, Fe and Mn. In addition, the C/N ratio and OM % 

were determined. Statistical methods: PCA, NPMANOVA, the Mann - Whitney 

and the Kolmogorov - Smirnov tests, and the Spearman's rank correlation analysis 

were used in order to examine differences in the sampling sites. 

The two geologically distinct regions investigated differed significantly from 

each other, in particular regarding alkaline earth metal sediment concentrations. 

Calcium was found to be the most abundant in the sediments of the area of 

Ihanalampi Pond which belongs to the Simo metamorphic complex migmatitic 

tonalite area. That finding referred to the possible occurrence of calcareous schist. 

Most of the elements studied were less abundant in the area of the inland lakes of 

Hailuoto, the Muhos formation sandstone area. Geochemical development 

seemed to be going in different directions in these geologically different areas: in 

the area of Svecokarelian schists and gneisses towards eutrophication; and in the 

silstone and claystone area of Muhos, after the loss of marine influence, towards 

oligotrophication. Because of the thick layers of glaciofluvial sediments and 

sedimentary rocks, the effect of crystalline bedrock on the soil geochemistry is 

likely to be less prominent in the study site of Hailuoto – Oulunsalo than in the 

study site of Kuivaniemi – Simo.  

Alkali metals and alkaline earth metals concentrated particularly in coastal 

water bodies into the surface parts of the sediment, upwards from the gyttja-

mineral sediment interface, which indicated an obvious marine influence. 

Abundances of phosphorus and iron that were observed in the surface sediment of 

the coastal gloes were probably due to seasonal variations of the redox conditions 

in addition to marine nutrition.  

The water bodies of this study represented as natural state lakes as possible in 

the coastal area of Ostrobothnia. Anthropogenic impact was possibly evident only 

in the catchment of Lake Paju (Pajulampi), in which the sediment differed from 

the other lakes of the same geological area in potassium concentrations. 

Concentrations of ammonia in the chronosequence in the soil of Hailuoto were 

likely to relate to peat formation and paludification. The high C/N ratio of the 

sediment of the inland lakes indicated terrestrialization processes.  
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Differences in nutrient concentrations could be detected in the sediment 

samples of the water bodies. Soil geochemical properties have a great effect on 

the ecological development of the water bodies. These results are useful in the 

studies on the ecological development of the lacustrine basins of the land uplift 

coast. Generally, the findings may be applicable to assessing geochemical 

background values, for example, in the context of environmental management. In 

addition to the geochemical research, further Quaternary paleontological studies 

are needed to complement the concept of the development of these coastal water 

bodies. 
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SECTION IV: PALEOLIMNOLOGICAL FEATURES 
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7 Paleolimnological records of lacustrine 
development on an island in a land uplift 
region 

7.1 Introduction 

There are actually few paleolimnological studies concerning the coastal water 

bodies of the northernmost part of the coasts of the Baltic Sea. The development 

of the water bodies on the land uplift coast has certain characteristics presumably 

due to change in salinity and trophic state in the course of time. In order to 

determine these characteristics, the ecology of lacustrine basins of different 

altitude was examined at horizontal level. The same characteristics are to be 

found, in principle, also when examining the diatom assemblages of the sediment, 

at vertical level. The altitude of the lacustrine basin is related to the time of 

isolation. 

In the past 30 years a number of diatom based trophic indices have been 

developed and used for the assessment of trophic status of rivers and lakes all 

over Europe (Besse-Lotoskaya et al. 2011). The indicator value database for 

European freshwater diatoms included 86 preference classifications of diatom 

taxa that were grouped into 16 categories, of which 17 were diatom indices for 

trophy (Besse 2007). For example, Kelly & Whitton (1995) developed the 

Trophic Diatom Index (TDI) for monitoring the trophic status of rivers. Stenger-

Kovács et al. (2007) applied the same kind of method and developed the Trophic 

Diatom Index for Lakes (TDIL). Specific Polluosensitivity Index (SPI), originally 

L’Indice Polluosensibilite Specifique (IPS), which was established by the 

National Research Institute of Science and Technology for Environment and 

Agriculture of France (Coste 1982), has proved to be one of the best performing 

diatom indices. An application for replacing the IPS by a more practical index 

was carried out by Prygiel et al. (1996).  

Phytoplankton of the isolated lakes of the coast of the Baltic Sea in Sweden 

was studied by Willen (1962). Phytoplankton indices were applied to the 

assessment of the ecological status of transitional waters of the Mediterranean in 

addition to the Baltic Sea (Lugoli et al. 2012). Vegetation of the coastal lakes, so 

called fladas and gloes, was studied by Munsterhjelm (2005) on the coast of the 

Gulf of Finland, in addition to studies by Appelgren & Mattila (2005) which also 

include sites on the Swedish coast and the Åland archipelago. Weckström (2005) 
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applied palaeolimnological methods to the studies on recent eutrophication of 

coastal waters in southern Finland. Methods for assessing ecological conditions of 

waters based on studies of diatom assemblages have been developed concerning 

mostly the lotic systems in Finland (Eloranta et al. 2007) and also, for instance, in 

Brazil (see Bere 2011). The same kind of methods have been applied also to lentic 

systems (see e.g. Stoermer & Smol 1999). 

The purpose of this study is to establish the determination of the 

developmental stages of lacustrine basins on the land uplift coast based on diatom 

studies which include identifying characteristic diatom species. This study aims to 

find the characteristic features of diatom assemblages in a certain developmental 

stage. The study also aims to find out possible similarities in diatom assemblages 

in the early developmental history of the water bodies. And finally, assessing the 

ecological status of the transitional waters by diatom analysis will be discussed.  

This part of the thesis provides new information about diatom ecology and 

the natural development of the lakes on the land upheaval coast. The results may 

be useful in assessing background condition values by implications, for instance, 

of the Water Framework Directive of the EU.  

The results can be applied also to shoreline displacement studies. New 

information is obtained of the prevailing ecological circumstances of the coast of 

the northern Baltic Sea over the last thousand years.  

7.2 Material and methods 

Study area 

The Bothnian Bay is the northernmost part of the Baltic Sea. Hailuoto is the 

largest island of the Bothnian Bay. This study consists of five shallow (depth < 2 

m) water bodies on the island of Hailuoto (Figure 48). The salinity of the Baltic 

Sea is remarkably lower than the salinity of the ocean water. The brackish water 

of the Baltic Sea is a mixture of seawater from the North Atlantic Ocean with 

fresh water from various rivers draining a large area of lowlands and mountain 

ranges of northern Europe (Feistel et al. 2009). The salinity of the Bothnian Bay 

water around Hailuoto varies 1–3‰ (Alasaarela 1980). The water in the Baltic 

basin was considerably more saline at the beginning of the Litorina period (7400 

BP) than it is nowadays, and since that time its salinity has decreased steadily 

(Eronen 1974).  
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Fig. 48. Study area. Location of the water bodies of the paleolimnological study. 

The coastal Glo2 Pond, Glo3 Pond and Kesti Pond were located at the elevation 

stage < 2.5 m above sea level. They had at least occasionally contact to sea water. 

Lake Sunijärvi (surface water 5.2 m a.s.l) and Lake Kangasjärvi (9.7 m a.s.l.) had 

no contact to sea water.  

Over the area of the extension of the Scandinavian Ice Sheet (SIS), 

postglacial land uplift is of its highest rate in the middle of the Bothnian Bay. In 

the area of the island of Hailuoto the land uplift has lately been about 9 mm per 

year (Lidberg et al. 2010). After the SIS had just retreated from the area the land 

uplift rate was probably ten times that.  

The study area is located within the boundaries of the Hailuoto Formation 

sedimentary bedrock (see Solismaa 2008). The base sediment type of the 

immediate catchment of the lakes studied is glaciofluvial material affected by 

beach erosion and accretion (sand and sandy gravel, 100%) (GTK 2013). 

The water quality of the ten lakes of the study area was monitored for 14 

years by the Bothnian Bay Research Station of the University of Oulu. Water 

quality is discussed in detail in Section II of this study. Sediment geochemistry is 

discussed in detail in Section III. This section focuses on sediment diatom study 



148 

Sample preparation for diatom analyses 

Sediment samples from five lakes of the study were obtained in 1993 during the 

water quality monitoring period. Sediment samples were taken using a Züllig 

sampler with a diameter of 65 mm. The sediment litostratigraphy was described 

in detail adapting the method of Troels-Smith (1955). The stratigraphic symbols 

introduced by Lundqvist (1927) were also adapted for this work.  

Samples were sliced into 1 cm thick slices. 1 cubic centimetre of a sediment 

sample was placed in a beaker. Organic matter was removed by oxidation with 

hydrogen peroxide (30% H2O2) 30 ml, 24 hrs, at 50 °C in an incubator. Distilled 

water was added. Coarse grained mineral matter was removed by gentle swilling 

in a beaker followed by decanting the diatoms together with the finer mineral 

fraction. Fine-grained mineral matter, principally clays, was removed by adding 

distilled water, allowing diatoms to sediment for 1 day before decanting and 

discarding the suspended clay. Diatoms were concentrated in a sample by 

centrifuging 1500 rpm 3 mins. (see Battarbee 1986, Battarbee et al. 2001). 

Diatom suspension was dropped on to a microscope slide and a coverslip was 

mounted using resin (Naphrax™) with a high refractive index (1.69) by heating 

the slide on a hotplate. Diatom analyses were made by the upright microscope 

Nikon Eclipse 50i, and Optika B-350 with the Optikam Microscopy Digital USB 

Camera, using oil immersion objective and magnification of 1000x. Some of the 

identifications were checked by the upright microscope Nikon Eclipse Ni 

(magnification of 1000x). Diatoms count was at least 500 for surface sediment 

samples and usually at least 300 for other sediment samples.  

Diatom stratigraphy diagrams were compiled by the programme C2 (Juggins 

2007). The identification of the species was based on the floras by Cleve-Euler 

(1968), Hustedt (1930–1966), Mölder & Tynni (1967, 1968–1980), Tynni (1975–

1980), Krammer & Lange-Bertalot (1986-1991). Taxonomy was updated from the 

AlgaeBase internet site (Guiry & Guiry 2013, 2017). Indicator values were 

assessed from the check list presented by van Dam et al. (1994).  

Phytoplankton analysis 

Phytoplankton in water samples were examined by microscopy in the University 

of Oulu, Department of Biology. Phytoplankton analysis was performed by 

Lic.Phil. Kristiina Eskonen. Samples represented algae communities of one year, 
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one productive season. Samples were taken in 1986, during the water monitoring 

period.  

Data processing 

Similarity and diversity tests 

Similarity tests were used in order to find out the transition points of the diatom 

zones. Similarity was tested as follows:  

1. Surface layer. Surface sediment diatom assemblage represented the prevailing 

conditions related to the water quality data. Sediment surface diatom 

assemblage of one water body was scanned through the diatom stratigraphies 

of the other water bodies.  

2. Organic - mineral transition layer. Change in sediment, from organic poor 

mineral sediment to organic rich gyttja sediment, was presumably the point of 

isolation of a lake basin from the sea. The diatom assemblage of this 

particular layer of one water body was tested against the diatom stratigraphies 

of the other water bodies. 

The purpose was to find out similarities, whether the same kind of diatom flora 

was to be found and thus the same kind of ecological conditions in lacustrine 

basins during the isolation from the sea. The idea was that if, in the comparison of 

the two layers, the similarity index value was high, the diatom assemblages of the 

two lakes would most likely be similar, and thus the ecological conditions at the 

time of sedimentation would have been similar.  

Bray - Curtis, Simpson, Morisita, Horn and Jaccard similarity indices were 

used in similarity tests. Results of the Bray - Curtis similarity tests were 

presented. The Bray - Curtis Index has been found to reflect accurately true 

similarity (Bray & Curtis 1957, Bloom 1981).  

Cluster analyses were performed for the sediment layers of a single lake 

without mixing samples with the samples from the other lakes. The Bray - Curtis 

similarity index was applied to cluster analyses.  

The diversity of the diatom communities was tested by the Shannon index 

(entropy) which takes into account the number of individuals as well as the 

number of taxa. 

Computer programs PAST (Hammer et al. 2001) and Microsoft Excel 2010 

were used in statistical tests.  



150 

Trophic diatom indices 

The Trophic Diatom Index for Lakes (TDIL) of Stenger-Kovács et al. (2007) was 

applied to the surface sediment samples and The Trophic Diatom Index (TDI) of 

Kelly & Whitton (1995) was applied to the whole stratigraphy in order to assess 

the present trophic stage and possible changes in it in the course of time. 

Originally, the value of the TDI ranged from 1 (very low nutrient concentrations) 

to 5 (very high nutrient concentrations) (Kelly & Whitton 1995). That was 

opposite to the TDIL, where 5 signified excellent water quality and 0 poor water 

quality (Stenger-Kovács et al. 2007). TDIL and TDI calculations were based on, 

as well as IPS, IBD and many other indices included in the Omnidia software, the 

weighted average equations of Zelinka & Marvan (1961). 

 =	∑ ∑ , , . (15) 

A, B, etc were the index values (“A für β-Oligosaprobie,..”) 

ai relative value distribution of a species (“Zahlen der relativen Wert-

Verteilung einer Art”) 

hi characteristic frequence value of the species in biocoenose (“den Wert, der 

die Frequanz der Art in der Biocoenose characterisiert”) 

gi indicator value (“das Indications-Gewicht”) 

(Zelinka & Marvan 1961). 

Developing the TDIL, Stenger-Kovács et al. (2007) used 67 lakes in Hungary for 

determining the optimum concentration of total phosphorus (TP) for each diatom 

species. Presumably, the species occur in the highest abundance near their 

ecological optima (Birks et al. 1990). Consequently, if the optima of the species 

assemblage were known, the inferred environmental parameter could be 

calculated (see Stoermer & Smol 1999). For calibration of the model Stenger-

Kovács et al. (2007) used 16 sampling sites. The model resulted in 6 trophic 

classes and 3 categories of tolerances. The TDIL was calculated finally as 

follows:  

 =	∑∑  (16) 

Where a is the relative abundance, s is the sensibility and v is the trophic indicator 

value of the species k (Stenger-Kovács et al. 2007). 
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Basically, the formula for the TDI was at the final stage like the previously 

presented Equation 16. The TDI was developed for monitoring rivers and the 

dataset of 70 sites consisted of rivers in England and Scotland (Kelly & Whitton 

1995).  

Other indices 

The surface sediment diatom assemblages were tested with the Omnidia computer 

program (Lecointe et al. 1993). The Omnidia calculated various diatom index 

values. Omnidia analyzes were performed in the Finnish Environment Centre 

(SYKE) in 2016. Omnidia indice values were standardized so that the cleanest 

waters got values of 20 and the value decreased as the water quality degraded. 

Instructions and explanations of the indice calculations were presented by 

Eloranta et al. (2007). Omnidia version 5.3 and database dated 2016 were used. 

Sensitivity values 

The idea of weighted averages calculation (Zelinka & Marvan 1961) of the 

species of diatom assemblage was applied to this study. The water quality of the 

study sites was well known due to monitoring. Sensitivity values for the response 

of diatom species to the water quality of the study sites are presented here. Also, a 

concept of a new site specific index for assessing the developmental stage of a 

coastal water body of the northernmost Baltic Sea is introduced here.  

According to the water quality monitoring of the water bodies in the same 

geographical area, the water bodies could be classified into five categories 

(Section 2 of this thesis). These categories also represent the developmental 

stages of the water bodies on the land uplift coast. The same developmental stages 

could be identified in the sediment stratigraphies of the water bodies by 

examining diatoms. The water quality parameters could be divided into two main 

groups: Electrolyte and Nutrient groups. Each type of the water bodies got 

characteristic values of developmental stage, water electrolyte, and water nutrient 

levels. The developmental stage can be estimated on a scale from 1 to 5. 

Electrolyte and nutrient levels can be estimated on the following scale: high 3, 

average 2, and low 1.  

When the key indicators of the water quality are determined and diatom 

assemblages of the surface sediments of the water bodies are known, sensitivity 

values for a diatom species to developmental stage (b), nutrients (c) and 

electrolytes (d), can be defined. The sensitivity values were obtained by 
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calculating the weighted averages of species according to their occurrence in 

particular environments. 

The intention is to develop a model whereby it is easy to determine 

paleoenvironments using diatom analysis in, for example, shoreline displacement 

studies. It should be noted that this data material might not be large enough to 

create a universal model. Interpretation of the lake developmental stage diatom 

index calculated from this relatively small data material requires some 

presuppositions: 1. Surface sediment diatom assemblages reflect the quality of the 

water; 2. Simple averages of the water quality parameters of 14 years of 

monitoring were equal time scale of 1 cm thick surface sediment accumulation; 3. 

The sequence of the lakes studied had the same kind of origin and development 

history; 4. Modern diatom assemblages of the surface sediment of a water body 

could be found deeper in the sediment of an older water body; 5. A relatively 

small number of surface sediment samples could be used for interpretation of 

paleoenvironments, detected in sediment stratigraphy, of the special area where 

the analogy in chronosequence is obvious. 

Calculation of the sensitivity values: 

 =	∑∑  (17) 

Where, x̅j is weighted average sensitivity value (j = b, c or d) for a diatom species, 

n is number of the lakes in the calibration data, ai abundance % of a diatom 

species in a sample i, si is sensitivity value (b, c, or d) to be determined. 

Each diatom species got sensitivity values 	1–5,  1–3,  1–3, based on 

the water quality data, weighted by the value of which the diatom species was 

most abundant.  

These indicative values can be used for calculation of the Developmental 

stage Diatom Index for the water bodies on the land uplift coast (DDI), as 

follows:  

 =	∑ ̅ ̅ ̅∑ ̅ ̅  (18) 

n number of the taxa 

ai abundance (%) of the diatom taxon i 	developmental stage sensitivity value  

 sensitivity value of nutrient group elements  

 sensitivity value of electrolyte group elements  
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Sensitivity value classes, which were used in Equation 17, were based on the 

water quality data of the sites studied.  

The idea of Equation 18 is to emphasize the developmental stage sensitivity. 

Moreover, because of the different nutrient and electrolyte contents of the water 

quality of the lakes in different developmental stages, it made sense to include 

these parameters in the equation.  

pH indices 

Renberg & Hellberg (1982) found a relationship between different pH tolerating 

diatom species and water pH. Formulas presented by Renberg & Hellberg (1982) 

were used in this study to determine the pH of diatom stratigraphies. Index B was 

based on the results of diatom analyses of the uppermost layers of the surface 

sediments from 30 lakes, in which the water pH was ranged: pH 4.3–7.2 (Renberg 

& Hellberg 1982). 

 	 = 	 % ×% ×%% . ×% ×%  (19) 

The equation of the function, assuming a linear relationship between pH and 

index B, obtained was (Renberg & Hellberg 1982):  

 = 6.40 − 0.85 log 	 		 (20) 
 r2 = 0.91, SE = 0.30  

Huttunen & Turkia (1990) used multiple regression analysis for predicting pH, 

and the regression equation was: 

 = 2.72 + 0.007 × %+ 0.022 × %+ 0.042 × (21)	% + 0.039 × %+ 0.246 × % 

For Equations 19 and 21 the different diatom groups were determined by using 

the check list of van Dam et al. (1994): 

ind = indifferent (no apparent pH optimum) in addition to circumneutral 

species (mainly occurring at pH values about 7) 

acf = acidophilous (mainly occurring at pH < 7) 

acb = acidobiontic (optimal occurrence at pH < 5.5) 

alkf = alkaliphilous (mainly occurring at pH > 7) 

alkb = alkalibiontic (exclusively occurring at pH > 7 
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Detrended correspondence analysis (DCA) 

DCA is a commonly used ordination method in ecological studies introduced by 

Hill & Gauch (1980). It provides an interpretable species ordination as well as a 

sample ordination. Eigenvalues for the ordination axes indicate their relative 

importance in explaining the spread in the data. The detrended correspondence 

analysis method was a development of reciprocal averaging (RA). The DCA 

avoids certain drawbacks encountered in RA. For instance, the second and 

sometimes the higher axes of RA could have a strong relation to the first axis 

while at the same time still being uncorrelated with it, causing an arc like effect 

on diagrams. Detrending is carried out by dividing the axis 1 into segments. The 

mathematical base of the method lies on the two-way averaging algorithm of the 

RA (Hill 1973).  

A computer program to perform the calculations has been written in 

FORTRAN, and is called DECORANA (DEtrended CORrespondence ANAlysis) 

(see Hill & Gauch 1980). The DCA module of PAST (Hammer et al. 2001) uses 

the same algorithm, with modifications suggested by Oksanen & Minchin (1997).  

The DCA was used in order to find out possible similarities of the origin of 

the water bodies studied. Characteristic features of the diatom species distribution 

in the ordination space environment produce a piece of information for 

paleolimnology.  

7.3 Results 

7.3.1 Diatoms in phytoplankton 

Diatoms were not the dominant class of phytoplankton in most cases (Figure 49). 

The importance of diatoms was highlighted in the marine influenced water body, 

Glo2 Pond. Whereas, for example, in Lake Sunijärvi and Lake Kangasjärvi which 

were located on the inland of the island of Hailuoto, diatoms constituted a minor 

share of the phytoplankton. In water, the planktic diatom species are dominant, if 

not the only form of diatom species occurring there. In sediment, in addition to 

planktic species in diatom assemblages, there are also benthic and epiphytic 

species.  
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Fig. 49. Portion of diatoms, Bacillariophyceae, (marked with black areas on the bottom 

of the graphs) in phytoplankton biomass. An example of one year´s active period from 

spring to winter. Roman numbers represent months. 

7.3.2 Ordination of the study sites 

For the sake of clarity the detrended correspondence analysis (DCA) is presented 

in two separate figures (Fig. 50, and Fig. 51), and the interpretation of the DCA is 

presented in the third figure (Fig. 52). The procedure of the DCA used detrending 

and division in 46 segments. Eigenvalues of the axes: Axis1 0.8829, Axis2 

0.4002, Axis3 0.1339, Axis4 0.0878. Eigenvalues indicate their relative 

importance in explaining the spread in the data. 

In the DCA, diatom species data of the sediments of five water bodies were 

examined. Diatom species with abundance of 2% or more in a sample were 

included in the DCA. 
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Fig. 50. Ordination of the diatom species in the DCA. The abbreviations are the same 

as the Omnidia codes (see Appendix 7). 

Species of Lake Kangasjärvi (Figure 50), far right of the graph which were 

overlapping each other, were: HHUN Hippodonta hungarica, NDIC Navicula 

dicephala, EARC Eunotia arcus, EVHI Eunotia vanheurckii, NEAF Neidium 

affine, CAVE Caloneis ventricosa, PBIC Pinnularia biceps, EINC Eunotia incisa, 

EAGT Eunotia angusta, EBLU Eunotia bilunaris. Marine brackish water species 

(Figures 50 and 52) were, for example: PHUM Petroneis humerosa, and NPRG 

Navicula peregrina. PBVC Pinnularia brevicostata, FIFT Fragilaria inflata, and 

EAGO Epithemia argus ordinated down in the graph (Figure 50) and near the 

Glo2 Pond samples (Figure 51). Far left in the graph (Figure 50) there was a 

group of species, CSOL Cymatopleura solea, FCST Fragilaria constricta, PCBN 

Staurosira construens, SPUP Sellaphora pupula, and some Navicula and 

Achanthes species ordinated near the samples of Glo3 Pond and Lake Sunijärvi. 

Because of the mathematical backround of the DCA method, these species and 

sites were related to each other. 
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Fig. 51. Ordination of the study sites in the DCA. Symbols: trinagle represents 

samples of Lake Kangasjärvi (KANGAS), closed square Glo3 Pond (GLOIII), open 

square Glo2 Pond (GLOII), dot Kesti Pond (KESTI), circle Lake Sunijärvi (SUNI). 

The data was quite diverse and the ordination showed a concentration of data 

points in both left and right sides of the ordination graph. The large eigenvalue for 

Axis 1 indicated the heterogenity of the data. Lake Kangasjärvi separated from 

the other water bodies in the ordination. There were some species which were 

encountered only in the samples of Lake Kangasjärvi. The samples of Lake 

Sunijärvi were concentrated in a little area (far left in the ordination graph). 

Notably, the DCA did not make a remarkable difference between the samples of 

Lake Sunijärvi and the upper section of the Glo3 Pond samples. 
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Fig. 52. Paleoecological interpretation of the DCA. Dots are the scores of the diatom 

species. For the site symbols, see previous Figure 51. 

Paleoecological interpretation is presented in Figure 52. The DCA revealed that 

Lake Kangasjärvi had a unique developmental history and had little in common 

with the development of the other water bodies. Even the pre-lacustrine marine 

stage before the isolation of Lake Kangasjärvi was different from Glo3 Pond, as 

deduced from the diatom species. In contrast, the early developmental stages of 

Glo2 Pond, Glo3 Pond, and Kesti Pond had a lot in common. 

7.3.3 Diatom stratigraphy 

Glo2 Pond 

The sediment of Glo2 Pond from surface down to the depth of 4 cm was 

dominated by fresh-brackish water species. This represented lacustrine 

development of a coastal gloe with organic-rich Ld (Limus detrituosus) gyttja 

sediment. Dominant species (with relative abundances) were: Amphora ovalis 

(Kützing) Kützing 1844 (25.4%), Pseudostaurosira brevistriata (Grunow) 
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D.M.Williams & Round 1987 (15.8%) and Fragilaria inflata (Heiden) Hustedt 

1931 (18.4%). 

The transitional zone of Ag (Argilla granosa) silt sediment (depth of 5–7 cm) 

represented an environmental shift from marine to lacustrine. Fresh-brackish 

water species were typical: Amphora pediculus (Kützing) Grunow ex A.Schmidt 

1875, Epithemia turgida (Ehrenberg) Kützing 1844, Staurosirella pinnata 

(Ehrenberg) D.M.Williams & Round 1987, Rhoicosphenia abbreviata (C.Agardh) 

Lange-Bertalot 1980, and brackish-fresh water species Cocconeis pediculus 

Ehrenberg 1838. 

Mineral fine sand sediment Gmin (Grana minora) represented marine origin. 

The species Amphora proteus Gregory 1857, Navicula peregrina (Ehrenberg) 

Kützing 1844, Navicula clementis Grunow 1882, Rhopalodia gibberula 

(Ehrenberg) Otto Müller 1895, occurred there. 

Glo3 Pond 

Typical diatom species in the surface sediment of Glo3 Pond were: Amphora 

ovalis (Kützing) Kützing 1844, Amphora libyca Ehrenberg 1840, Staurosira 

venter (Ehrenberg) H.Kobayasi in Mayama et al. 2002, Sellaphora americana 

(Ehrenberg) D.G.Mann 1989, Sellaphora pupula (Kützing) Mereschkovsky 1902.  

The sediment bottom layer, depth of 27–29 cm, of Glo3 Pond represented 

marine deposit. The species, such as Diploneis smithii (Brébisson) Cleve 1894, 

Petroneis humerosa (Brébisson ex W.Smith) A.J.Stickle & D.G.Mann in Round, 

Crawford & Mann 1990, and Platessa salinarum (Grunow) Lange-Bertalot 

(basionym Navicula salinarum Grunow 1880), occurred there.  

Lake Sunijärvi 

Diatom stratigraphy of Lake Sunijärvi consisted of organic-rich layers. Typical 

species from the surface to the depth of 5 cm were fresh water species Staurosira 

construens s.lat. (cf. Staurosira construens Ehrenberg 1843); and fresh-brackish 

water species Fragilaria constricta Ehrenberg 1843, and Pseudostaurosira 

brevistriata (Grunow) D.M.Williams & Round 1987. Below the depth of 5 cm 

fresh-brackish water species Encyonema ventricosum (C.Agardh) Grunow 1875, 

and Ulnaria ulna (Nitzsch) Compère (synonym Synedra ulna (Nitzsch) 

Ehrenberg 1832), were encountered. 
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Fig. 53. Diatom stratigraphy of Lake Sunijärvi. The relative abundances of diatom taxa 

(> 1%) are represented. Lithology codes (far right column) according to Troels-Smith 

(1955) system. 

Lake Kangasjärvi 

The dominant species in Lake Kangasjärvi diatom stratigraphy was acidophilous 

freshwater species Frustulia rhomboides s.lat. (af. Frustulia rhomboides 

(Ehrenberg) De Toni 1891). Other typical freshwater species in the diatom 

stratigraphy from the surface to the depth of 12 cm were acidophilous Tabellaria 

flocculosa (Roth) Kützing 1844, and circumneutral Neidium affine (Ehrenberg) 

Pfizer 1871. The occurrence of acidophilous, benthic-epiphytic fresh water 

Eunotia species was also distinguishable. Transition from brackish water species 

to fresh water species was drastic at the depth of 12 cm. 

In the zone of Gmin (Grana minora) at the depth of 12–16 cm dominant 

species in addition to Frustulia rhomboides s.lat. was Pseudostaurosira 

brevistriata (Grunow) D.M.Williams & Round 1987. Typical species observed in 

this zone were also Caloneis westii (W.Smith) Hendey 1964 and Tryblionella 

scalaris (Ehrenberg) P.Siver & P.B.Hamilton 2005, which indicated brackish-

freshwater conditions.  

The depth of 17 cm was obviously the transition point for the isolation of the 

lake. Below that depth the dominance of brackish water species was perceptible. 

For example: Petroneis humerosa (Brébisson ex W.Smith) A.J.Stickle & 

D.G.Mann in Round, Crawford & Mann 1990, Navicula peregrina (Ehrenberg) 
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Kützing 1844, Surirella minuta Brébisson in Kützing 1849, and fragments of 

Campylodiscus clypeus (Ehrenberg) Ehrenberg ex Kützing 1844. Diatoms were 

sparse and fragmented in the coarse gravel layers (Gmaj) at the depth of 17–21 

cm, and the minimum count of 300 items was not reached.  

Kesti Pond 

Diatom stratigraphy studied of the short core from Kesti Pond consisted of the 

organic rich top sediment. The high abundance of Cocconeis placentula 

Ehrenberg 1838 was remarkable, together with the alpha-mesosaprobous 

Melosira varians C.Agardh 1827 in the surface sediment at the depth of 1–5 cm. 

This might be an indicator of recent eutrophication.  

Diatom assemblage of this species of genera Amphora, Epithemia and 

Navicula indicated fresh-brackish water conditions. The occurrence of the 

brackish water littoral species Cyclotella striata (Kützing) Grunow 1880 at the 

depth of 12–15 cm indicated obviously an enclosing flada. Observations of 

marine brackish water species, for example, Navicula peregrina (Ehrenberg) 

Kützing 1844 and Platessa salinarum (Grunow) Lange-Bertalot (synonym 

Navicula salinarum Grunow 1880), also in the surface part of the sediment 

showed, however, that the brackish water conditions continued throughout the 

time of deposition and the final isolation had not been completed. 
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7.3.4 Ecological development 

The trophic states of the water bodies were assessed by diatom indices. The 

prevailing trophic state of the water bodies was assessed by examining the diatom 

assemblages of the surface sediments. The ecological development of the water 

bodies was assessed by examining the change in the diatom assemblages through 

the stratigraphy.  

Transitional points of the ecosystem change, such as isolation of the water 

body from the sea, were sought by using similarity and diversity tests, and cluster 

analysis.  

Trophic state 

TDIL 

Surface sediment diatom assemblages were assessed by TDIL calculations. Kesti 

Pond got the lowest TDIL value (2.44), which indicated medium water quality. 

The values of Glo2 (3.42) and Glo3 (3.08) indicated good, and the high values of 

Sunijärvi (4.84) and Kangasjärvi (4.50) indicated excellent water quality. The 

value of the index varies between 0 and 5 (Stenger-Kovács et al. 2007). 

Possible anthropogenic eutrophication took place, judging from TDIL, only 

in Kesti Pond. The other sites were practically in their natural state.  

TDI 

Diatom stratigraphies were examined by using the TDI (Figure 58). High values 

signified eutrophy and low values oligotrophy (Kelly & Whitton 1995). In Glo3 

Pond the TDI was the highest at the sediment depth of 28 cm (4.01), and the 

lowest at the depth of 9 cm (2.11). High nutrition level and early developmental 

stage were related to each other. The same feature as in Glo3 Pond was detected 

also in the sediment of Glo2 Pond, where the highest TDI (3.11) was encountered 

at the sediment depth of 7–10 cm. Early stages of the lake development, before 

the final isolation, gained high TDI index values, which indicated most eutrophic 

conditions. In Kangasjärvi the TDI slightly increased towards deeper sediment 

layers (Figure 58). There were no remarkable points of changes examining the 

TDI in the sediment series of Kesti Pond (TDI: 2.47–2.86) and Lake Sunijärvi 

(TDI: 1.96–2.17). These results indicated that an increase in trophic state was 
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related to the isolation period; and after the isolation of the water bodies the 

trophic state remained relatively stable.  

 

 

Fig. 58. Trophic Diatom Index (TDI) calculated from the diatom assemblages of the 

sediment core samples of each site studied. Lake Kangasjärvi, Lake Sunijärvi, Glo2 

Pond, Glo3 Pond, Kesti Pond. Sediment depth measured from the surface of the 

sediment.  

Other trophic indices 

The surface sediment 0–1 cm diatom assemblages of six study sites were 

examined by the Omnidia software (Lecointe et al. 1993). The main results are 

presented in the following tables.  
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Table 15. Surface sediment diatom indices based on the Omnidia programme 

calculations (Lecointe et al. 1993). IPS – Indice de Polluo-Sensibilité Spésifique (Coste 

1982); SLA – Sládeček Index (Sládeček 1986); DES – Descy Index (Descy 1979); GDI – 

Indice Diatomique Générique (Prygiel et al. 1999); CEE – (Descy & Coste 1991); WAT – 

(Watanabe et al. 1986); IBD – Indice Biologique Diatomées (Lenoir & Coste 1996) 

IUDSE/5 – Louis-Leclercq Diatom Index of Saprobity–Eutrophication. Diatom indices 

and references (see Eloranta et al. 2007). 

Site IPS SLA DES GDI CEE WAT IBD IDSE/5 

Lake Akio 11.8 13.0 15.5 12.7 12.4 11.1 13.6 3.53 

Glo2 Pond 14.4 12.9 16.3 12.6 14.9 10.3 15.0 3.65 

Glo3 Pond 15.1 13.8 15.6 12.7 15.8 10.4 14.8 3.61 

Lake Sunijärvi 15.4 14.4 15.5 15.3 15.6 10.7 14.8 3.70 

Lake 

Kangasjärvi 

19.2 13.5 19.8 18.7 19.1 12.5 20.0 4.21 

Kesti Pond 14.3 13.9 15.0 13.4 12.8 14.7 14.6 3.40 

According to the Omnidia results, the IDSE/5 index showed the ecological state 

of the water bodies as follows:  

Lake Akio: degradation and anthropogenic eutrophication were low; and 

organic pollution non-existent.  

Glo2 Pond: degradation low, anthropogenic eutrophication moderate; and 

organic pollution non-existent. 

Glo3 Pond: degradation and anthropogenic eutrophication low; and organic 

pollution non-existent. 

Lake Sunijärvi: degradation low; anthropogenic eutrophication and organic 

pollution non-existent. 

Lake Kangasjärvi: no signs of degradation, anthropogenic eutrophication, or 

organic pollution.  

Kesti Pond: degradation moderate, organic pollution low and anthropogenic 

eutrophication low but existing.  

According to the Omnidia analyses, the diatom indices indicated some 

degradation and anthropogenic eutrophication in the coastal water bodies. There 

were some cottages and excavations of boat harbours by Lake Akio; and one 

cottage on the shore of Kesti Pond, and one unused cottage on the shore of Glo2 

Pond. There were no visible signs of anthropogenic influence in the catchment of 
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Glo3 Pond. Indices in Omnidia are standardized so that number 20 represents the 

first class water quality. The lower the indice numbers the worse the water quality 

of the studied site. The method was developed for river water monitoring. 

Probably some brackish water species in a fresh water river environment are 

indicators of pollution or anthropogenic eutrophication. Brackish water Lake Akio 

got the worst results in six indices out of eleven. In all 11 cases, diatom indices 

calculated by the Omnidia software, Lake Kangasjärvi got the highest scores 

regarding the highest water quality. There were actually no signs of anthropogenic 

pollution or eutrophication perceptible based on the diatom studies in Lake 

Kangasjärvi.  

Eloranta & Soininen (2002) proposed the following limit values for the IPS 

and the GDI (the same indice values) for evaluation of ecological water quality 

classes of the Finnish rivers: high quality (oligotrophy) > 17, good quality (oligo-

mesotrophy) 15–17, moderate quality (mesotrophy) 12–15, poor quality (meso-

eutrophy) 9–12, bad quality (eutrophy) < 9. Applying these criteria, the water of 

Lake Akio was meso-eutrophic (poor quality); Kesti Pond, Glo2 Pond and Glo3 

Pond were mesotrophic (moderate quality); Lake Sunijärvi was oligo-mesotrophic 

(good quality); and Lake Kangasjärvi oligotrophic (high quality). 

Lake Kangasjärvi clearly differed from the other sites. The ecological 

indicator values (van Dam et al. 1994) showed high class water quality (Table 

15). Brackish-fresh and brackish water diatom species were dominant in Lake 

Akio, whereas fresh water species were dominant in Lake Kangasjärvi. The 

diatom analyses revealed that Kesti Pond was to some extent different from the 

other water bodies. In Kesti Pond, diatom taxa were encountered which needed 

periodically elevated concentrations of organically bound nitrogen. In addition to 

lowered oxygen metabolism, this could refer to anthropogenic eutrophication. 

pH 

In order to find out possible natural acidification of coastal water bodies pH was 

calculated using Formulas 19, 20, and 21. In comparison with the measured water 

pH, diatom inferred pH was usually considerably higher (Table 16). For these 

samples, the index presented by Huttunen & Turkia (1990) seemed to be more 

accurate than the index presented by Renberg & Hellberg (1982). Acidophilous 

diatom species dominated in Lake Kangasjärvi, while alkaliphilous species 

dominated in the other sites. 
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Table 16. Diatom analyses of the surface sediments. Species abundance dominance in 

the ecological classes of van Dam et al. (1994). pH values by two different index 

calculations R&H (Renberg & Hellberg 1982), H&T (Huttunen & Turkia 1990). Measured 

water pH (see Section II of this thesis).  

 van Dam et al. (1994) dominant classes   Calculated pH from 

diatom indices  

 Measured 

 H N O S T pH  R&H H&T  Water pH  

Lake Akio 2 1 1 2 4 4  8.08 7.60  7.53 

Glo2 Pond 2 1 1 2 5 4  7.72 7.67  6.89 

Glo3 Pond 2 1 1 2 4 4  7.82 7.13  6.85 

Lake Sunijärvi 2 1 1 2 4 4  7.66 6.99  5.86 

Lake 

Kangasjärvi 

1 1 1 1 1 2  6.18 6.10  5.06 

Kesti Pond 2 3 2 2 5 4  8.14 7.32  7.17 

Explanation of the table. Classification of ecological indicator values (van Dam et al. 1994). 

H, Salinity (per mil): 1 fresh (< 0.2), 2 fresh-brackish (< 0.9), 3 brackish-fresh (0.9–1.8), 4 brackish (1.8–

9.0) 

N, Nitrogen uptake metabolism: 1 nitrogen-autotrophic taxa, tolerating very small concentrations of 

organically bound nitrogen, 2 nitrogen-autotrophic taxa, tolerating elevated concentrations of organically 

bound nitrogen, 3 facultatively nitrogen-heterotrophic taxa, needing periodically elevated concentrations 

of organically bound nitrogen, 4 obligately nitrogen-heterotrophic taxa, needing continuously elevated 

concentrations of organically bound nitrogen. 

O, Oxygen metabolism: 1 continously high (about 100% saturation), 2 fairly high (above 75% saturation), 

3 moderate (above 50% saturation), 4 low (above 30% saturation), 5 very low (about 10% saturation). 

S, Saprobity (BOD520): 1 oligosaprobous (< 2), 2 beta-mesosaprobous (2–4), 3 alpha-mesosaprobous 

(4–13), 4 alpha-meso-/polysaprobous (13–22), 5 polysaprobous ( > 22). 

T, Trophic state: 1 oligotraphentic, 2 oligo-mesotraphentic, 3 mesotraphentic, 4 meso-eutraphentic, 5 

eutraphentic, 6 hypereutraphentic, 7 oligo- to eutraphentic (hypereutraphentic).  

pH: 1 acidobiontic (optimal occurrence at pH < 5.5), 2 acidophilous (mainly occurring at pH < 7), 3 

circumneutral (mainly occurring at pH values about 7), 4 alkaliphilous (mainly occurring at pH > 7), 5 

alkalibiontic (exclusively occurring at pH > 7), 6 indifferent (no apparent optimum). 

Some natural acidification was detected in Glo3 Pond. After the isolation 

(sediment depth of 25–20 cm) the pH was relatively higher than in a more recent 

surface part of the sediment (Figure 59). The diatom inferred pH has been 

remarkably lower in Lake Kangasjärvi compared to Glo3 Pond throughout the 

history of these water bodies. Diatom stratigraphy and the DCA analysis revealed 

differences in genesis of these water bodies. A relatively stable and low pH level 

could be related to the groundwater influence which could have been more 

prominent in Lake Kangasjärvi than in Glo3 Pond. 
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Fig. 59. Diatom inferred pH, calculated from sediment diatom assemblages using the 

formulas, presented by Renberg & Hellberg (1982). 

Developmental stages  

Similarity 

The surface sediment diatom assemblage of Glo2 Pond showed the greatest 

similarity with the sediment layers of Glo3 Pond at the depth of 23 cm (Bray - 

Curtis index 0.357). The marine/lacustrine transition borderline layer of Glo2 

Pond at the depth of 5 cm showed the highest similarity with the layers of Glo3 

Pond at the depth of 24 cm (Bray - Curtis index 0.432); and on the other hand, 

with the layers of Kesti Pond at the depth of 2 cm (Bray - Curtis index: 0.501). 

This may indicate that both types of coastal water bodies, namely flads and dune 

gloes, had a similar ecological origin in the first stage of the isolation from the 

sea. The layer of Kesti Pond at the depth of 17 cm showed similarity with the 

layer of Glo2 Pond at the depth of 6 cm (Bray - Curtis index: 0.523). The 

similarities of Kesti 17 cm with Glo3 sediment corresponded to the presumed 

isolation stage from 20 cm (Bray - Curtis index: 0.689) to 25 cm (Simpson index: 

0.565). 

The similarity of the diatom assemblage of the surface layer of Glo3 Pond 

with the diatom assemblages of Lake Sunijärvi was remarkably high throughout 

the stratigraphy. The peak value (Simpson index: 0.667) was reached at the depth 
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of 3 cm in the sediment of Lake Sunijärvi. Lake Kangasjärvi had rather poor 

similarities in the similarity test with all the test layers performed (Bray - Curtis 

index value < 0.2). Similarity tests showed remarkable similarities with the layers 

between marine and lacustrine zones: Glo2 Pond 5 cm vs. Lake Kangasjärvi 20 

cm (Simpson index: 0.714) and Kesti 17 cm vs. Kangasjärvi 21 cm (Simpson 

index: 0.471). Similarity peaks showed relatively similar diatom assemblages at 

the points of isolation (Figures 60 and 61).  

Diversity 

Diatom diversity was the lowest in Lake Sunijärvi (Shannon H: 0.635–1.328), 

because of the dominant species Staurosira sp. and Pseudostaurosira sp. The 

diversity in Glo2 Pond (H: 2.593–3.234) was similar to that of Kesti Pond (H: 

2.261–2.982). Variations in diatom diversity were rather large in Glo3 Pond (H: 

1.429–3.237). The maximum and the minimum values of the biodiversity 

indicated changes in diatom assemblages and thus it was presumably related to 

changes in the developmental stage of the water body. The maximum diversity 

was encountered in Glo3 Pond at the sediment depth of 27 cm, and the minimum 

at the depth of 9 cm. In Lake Kangasjärvi the diatom diversity changed at the 

sediment depth from 20 cm (H: 1.906) to 19 cm (H: 3.190) indicating obviously 

the isolation of the water body. From the sediment depth of 18 cm to the surface 

the diatom diversity was quite stable (2.347–2.798) in Lake Kangasjärvi.  

Diatom clusters 

Four major diatom clusters were identified by the cluster analysis in the 

stratigraphy of Glo3 Pond (Figure 62a): sediment depths of 1–2 cm, 3–16 cm, 17–

22 cm, and 24–29 cm. In Kangasjärvi, three distinguished diatom clusters were 

identified: at the sediment depths of 1–14 cm, 15–18 cm, and 19–21 cm. These 

diatom clusters were related to the different developmental stages of the lake. 
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Fig. 60. a. Similarity test. Glo2 Pond sediment layer diatom assemblage at the depth of 

5 cm scanned through the Glo3 Pond diatom stratigraphy. b. Similarity test. Kesti 

Pond sediment layer diatom assemblage at the depth of 17 cm scanned through Glo3 

Pond diatom stratigraphy. (Bray - Curtis similarity index used). 

 

Fig. 61. a. Similarity tests for the diatom assemblage at the depth of 1 cm of Glo2 Pond 

and Glo3 Pond scanned through the diatom stratigraphies of a) Lake Kangasjärvi and 

b. Lake Sunijärvi. (Bray - Curtis similarity index used). 

In Glo2 Pond the diatom assemblages of the sediment layers at the depth of 

6–10 cm clustered together (Figure 63). The sediment depth of 5–6 cm was a 

transition zone of mineral and organic sediment. The samples above 6 cm 

represented fresh water lacustrine sediment, and samples 6–10 cm brackish water 

marine sediment. No distinguished diatom zones were perceptible in the Lake 

Sunijärvi sediment. Diatom assemblages at the depth of 1–3 cm clustered together 

in the sediment of Kesti Pond.  
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Fig. 62. Dendrograms for cluster analyses (Bray - Curtis similarity) of (a) Glo3 Pond 

and (b) Lake Kangasjärvi sediment diatom stratigraphy. Sample numbers refer to the 

depth of the sediment. 

 

Fig. 63. Neighbour joining clustering. (a) Glo2 Pond. (b) Kesti Pond. (Similarity index 

Bray - Curtis, Root: Final branch). Numbers refer to the depth of the sediment. 

Sensitivity values 

Examining the diatom assemblages of the surface sediments of the water bodies, 

the typical diatom species related to these categories could be determined. Using 

weighted average calculations each diatom species got sensitivity values related 

to the water quality data. The identified diatom taxa with calculated sensitivity 
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values are presented in Appendix 7. The smaller the developmental stage 

sensitivity value was, the more likely a species was to occur in the coastal 

environment and thus tolerated brackish water. The electrolyte content of the 

water was related to some extent to the developmental stage of the water body. 

The value of electrolytes indicated concentrations of salt forming cations in the 

water.  

For example, the species which occurred only in fresh water lakes (types 4 

and 5) got value 1 for sensitivity to electrolytes (b in Equation 18 and in 

Appendix 7). There was no unambiguous gradient perceptible in electrolyte and 

nutrition levels in a chronosequence of the water bodies; instead, values of 

electrolyte, nutrient and developmental stage formed a characteristic ambiguous 

combination for each distinguished type of water body. Because of the great 

variety of the water bodies and the large range of optima in the occurrence of 

diatom species, sensitivity values b, c, d, (Equations 17 and 18, Appendix 7) were 

independent. 

The developmental stage progress in the course of time is presented in Figure 

64. The specific diatom index for determination of developmental stage (DDI) 

gave reasonable results to some degree. For example, Glo3 Pond seemed to 

develop from the stage below 2 near 3. Logically, the DDI should increase in the 

course of time. That was seen in the graph of Lake Kangasjärvi. However, the 

analogy in chronosequence was not obvious due to the different genesis of the 

water body types. The DDI did not reach the exact values of 2 for Kesti Pond and 

3 for Lake Sunijärvi as would have been predicted from the water quality 

calibration data, probably due to a wide ecological range in the occurrence of 

diatom species. 
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Fig. 64. Relative development of the lakes. Ordinate: specific developmental stage 

diatom index (DDI) value. Abscissa: sediment depth, decreasing from left to right 

(surface on the right); sediment accumulation time, increasing from left to right. 

Diatom zones  

Based on the similarity tests and cluster analyses, the results can be combined in 

the following chart (Figure 65).  

The developmental glo stages 1–3 could be found in Glo3 Pond. The 

stratigraphy of Lake Kangasjärvi had little in common with the others. Whereas 

Glo2 Pond and Glo3 Pond had similar developmental features. The diatom 

diversity in Lake Sunijärvi was poor. The exceptionally high chlorophyll 

concentrations measured there were due to the abundance of Chlorophyceae alga, 

and the diatoms represented a minor part of the algae biomass. Four 

developmental stages were distinguished in the Lake Kangasjärvi sediment. 

Nonetheless, the diatom studies showed that the genesis of Lake Kangasjärvi and 

Glo3 Pond has been divergent. 
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Fig. 65. Schematic diagram of the sediment stratigraphy of the water bodies studied. 

Numbers from 1 to 5 refer to the lake developmental stage and classification of the 

lake types according to water quality. Places of the best similarity (Simpson and Bray - 

Curtis similarity indices) in the stratigraphy blocks are connected with dotted lines. 

Altitude above sea level is estimated from the top of the sediment blocks (n.b. 

different scale of the stratigraphy blocks and the altitude). Stratigraphy symbols are 

adapted from Lundqvist (1927), Fægri & Iversen (1989).  
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7.4 Discussion 

Diatom genera Campylodiscus and Mastogloia have a special meaning in the 

history of the Litorina Sea. The beginning of the Litorina Sea was characterised 

by a diatom community with Campylodiscus clypeus (Alhonen 1971, Eronen 

1974). The Clypeus limit indicated a distinct ecological change. The Baltic Sea of 

that time (7300–7400 BP) became a rich brackishwater basin (Eronen 1974). In 

addition to Campylodiscus clypeus, e.g. Nitzchia scalaris and Anomoeoneis 

sphaerophora, reflected the presence of a shallow lagoon, just before the isolation 

of the lake basin as the coast emerged (Alhonen 1971). Typical of small lakes was 

clay or clay-gyttja changes into the gyttja in the isolation from a large lake or 

from the sea (Sauramo 1958, Alhonen 1971, Eronen 1974). The occurrence of 

Campylodiscus clypeus (Ehrenberg) Ehrenberg ex Kützing in the bottom layers of 

the stratigraphy of Lake Kangasjärvi indicated that the lake origin was originally 

a large lagoon or a marine bight rather than a gloe. Typical species of the isolation 

stage of the lakes were, for example: Rhoicosphenia abbreviata (C.Agardh) 

Lange-Bertalot, Rhopalodia gibberula (Ehrenberg) Otto Müller, Cocconeis 

pediculus Ehrenberg, and Cocconeis placentula Ehrenberg. According to van 

Dam et al. (1994), these taxa indicate fresh-brackish water.  

The predominance of the genus Fragilaria was found to be associated with 

isolation of lake basins from the sea on the Norwegian coast (Stabell 1985). 

Oligohalobian-indifferent species such as Fragilaria pinnata, F. construens, F. 

brevistriata dominated termokarst lakes in northern Canada (Campeau et al. 

2000). Mass occurrences of Fragilaria spp. were related to environmental 

instability in the coastal embayment of the Gulf of Finland (Weckström 2005). In 

this study, the abundance of Pseudostaurosira brevistriata (Grunow) 

D.M.Williams & Round occurred at the point of change in the developmental 

stages of a coastal water body. Staurosirella pinnata (Ehrenberg) D.M.Williams & 

Round occurred in the brackish water stage just before the lake isolation. 

Staurosira construens Ehrenberg was the dominant species in the lake 

developmental stages 3 and 4 and abundant also in the stage 2. 

Brackish water species Rhoicosphenia curvata, Staurosirella pinnata, and 

Bacillaria paxillifer, included in the study by Weckström (2005) diatom 

assemblages that were the least affected by nutrient enrichment. Those species 

were found also in Lake Akio in this study. Whereas Cyclotella meneghiniana 

was one of a marked presence in the most eutrophied sites of Weckström´s (2005) 
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studies. That species was found also in Kesti Pond in this study. Besse-Lototskaya 

et al. (2011) evaluated European diatom indices and found 159 reliable diatom 

taxa most suitable for indicators which are not sensitive to regional setting, water 

type and taxonomic uncertainties. For example, Frustulia rhomboides s.lat. (Ehr.) 

De Toni, which was found in Lake Kangasjärvi, indicates according to Besse-

Lototskaya et al. (2011), oligotrophic conditions; and Ulnaria ulna (Nitzsch) 

P.Compère (synonym Synedra ulna) which was found in Kesti Pond indicates 

eutrophic conditions. 

Battarbee et al. (2001) recommended a count of 300 to 600 for the purpose of 

routine analyses. The Biological Diatom Index (IBD) standard requires a count of 

400 individuals (Prygiel et al. 2002). According to Prygiel et al. (2002), a 

calculation to see if there are at least 300 frustules or valves can be used for the 

IBD index, and counts higher than 400 did not lead to a better precision. The 

bottom sediment layers, which consisted of mineral material, in Lake Kangasjärvi 

contained few and fragmented diatoms. The counted number was in this case 

lower than 300. The other samples, which were analyzed in this study, met those 

previously mentioned requirements (Battarbee et al. 2001, Prygiel et al. 2002).  

Information on fresh water diatom ecology has been collected into the 

comprehensive Omidia software system (Lecointe et al. 1993). It has been widely 

used, particularly in monitoring water quality of rivers in Europe (e.g. Eloranta et 

al. 2007). There had been certain inaccuracies in formulas in calculating pH with 

the Omnidia software (Satu Maaria Karjalainen, personal communication). 

Actually, in comparison with the measured water pH values (Section 2 Water 

quality of this thesis) diatom inferred pH was not very accurate even when using 

directly the formulas of Renberg & Hellberg (1982) or Huttunen & Turkia (1990). 

Mass occurrences of alkaliphilous Pseudostaurosira brevistriata and Staurosira 

construens might overestimate the pH to alkaline direction. 

The TDIL was developed for the Hungarian lakes (Stenger-Kovács et al. 

2007) and the TDI for rivers in England and Wales (Kelly & Whitton 1995). 

Applications of these indices to a special environment, such as the water bodies of 

the land uplift coast of Finland, should be interpreted with some caution. Using 

only water quality data, some of the water bodies studied should be classified as 

alarmingly eutrophicated. An assessment using the TDIL revealed, however, that 

the trophic statuses of the water bodies were good or excellent, except Kesti Pond 

in which it was medium.  
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Bacillariaphyceae was usually not the dominant class in phytoplankton. This 

observation leads to limitations if the ecological condition of a lake is evaluated 

purely by diatom analysis.  

Water quality monitoring allows for meticulous research. Seasonal variations 

were large. Annual trends were also perceptible to some extent. A 1 cm sediment 

slice represented more than one year´s accumulation of diatoms. The values used 

in the water quality classification of the water bodies were the median values of 

the long term monitoring. The calculated sensitivity values represented a 

reasonable estimate of diatom species related to the specific developmental stage 

of lacustrine succession. The weighted averages, the more reference lakes the 

better, give more precise information for assessing the ecological requirements of 

a diatom species. The surface sediment DDI was normally slightly different from 

the expected value, based on the water quality parameters. That was due to the 

large ecological habitat of the diatoms. The same species live in the water bodies 

of different developmental stages. The DDI was calculated from surface sediment 

samples presenting modern diatom assemblages whose ecological conditions due 

to water quality data were known. It was used in deeper parts of the sediment 

stratigraphies to describe paleoenvironments. Because of the small number of 

reference sites there is a risk of circular reasoning. Therefore the interpretation of 

the DDI should be considered with great caution. Developing the index to 

estimate the developmental stage of a lake would require more studies. 

Practically, for general use, there should be more reference sites, presumably sites 

where the water quality has been monitored at least over a year – in order to 

complete the chronosequence of the water bodies of different developmental sites. 

The diatom studies revealed the diverse genesis of the water bodies of different 

sizes and morphology. In addition to this, developmental features of the diatom 

communities might be different in geologically different areas.  

Implications 

The purpose of the Water Framework Directive (WFD) of the EU (2000/60/EC) 

was to establish a framework for the protection of inland surface waters, 

transitional waters, coastal waters and groundwater. The WFD requires baseline 

conditions of good ecological status to be determined. Paleoecological methods 

have been applied to both marine and lacustrine environments (Andersen et al. 

2004, Weckström 2005, Räsänen et al. 2006, Stenger-Kovács et al. 2007) in order 

to establish the background conditions. This study offers background material for 
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assessing the natural conditions of the transitional waters of the land uplift coast. 

Kesti Pond should not be counted among the natural state lakes because the 

diatom index calculations suggest a possible anthropogenic influence on water 

quality. The other water bodies might represent baseline natural conditions for 

their water quality, sediment geochemistry and diatoms. 

In order to obtain precise quantitative reconstructions of a special 

environmental parameter applying so called transfer functions have 

revolutionalised the paleolimnological research, yet the methology is not without 

problems (Juggins 2013). Quantitative reconstructions are based on weighted-

averaging regression and calibration statistical techniques (e.g. ter Braak & van 

Dam 1989). Modern calibration data sets consist of the present limnology and 

surface sediment diatom assemblages of a sufficient number of sites (usually > 

40) along an environmental gradient (e.g. Weckström 2005). Compiling transfer 

functions for coastal lakes should give more precise parameter specified 

information about the ecological development of the surface waters. However, 

this kind of environment on the land uplift coast is challenging due to the large 

ecological variations in the natural development of the water bodies. There was 

unfortunately no training set of diatom assemblages available for this kind of 

special environment. 

The data material of this present study consisted of ten sites and thus may not 

be sufficient for quantitative reconstructions. Instead, qualitative diatom based 

trophic indices were applied. Coastal brackish water conditions proved to be 

problematic in regard to diatom index interpretation. The indices of the Omnidia 

software (Lecointe et al. 1993), many of which were originally developed for 

monitoring water quality of rivers, seemed unable to distinguish characteristics 

between natural marine eutrophy and anthropogenic eutrophication. Coastal water 

bodies were ranging from meso-eutrophic to mesotrophic inferred from diatom 

indices; and water quality could be ranked as poor according to the criteria 

presented by Eloranta & Soininen (2002). Lake Kangasjärvi was an oligotrophic 

inland lake in which the water could be ranked as being of high quality. 
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7.5 Concluding remarks 

This study presented the sediment diatom stratigraphy of five water bodies on the 

land uplift coast of North-Ostrobothnia, Finland. The lakes were located at 

different elevation above sea level which corresponded to the isolation ages from 

the Baltic Sea.  

The Trophic Diatom Index TDI (Kelly & Whitton 1995) and the Trophic 

Diatom Index for Lakes TDIL (Stenger-Kovács et al. 2007) were used for the 

assessment of the trophic status of the water bodies studied; in addition to the 

diatom indices of the Omnidia sowftware (Lecointe et al. 1993). Similarities and 

species diversity of the diatom assemblages were examined.  

Exploring the lakes at both horizontal and vertical level, characteristic 

features on the development of the water bodies could be revealed. Isolation 

horizons of the sediment stratigraphies were characterized by high trophic state 

and high diatom species diversity. After the isolation of the water bodies, when 

they had lost their connections to the sea, diatom indices indicated 

oligotrophication. Diatom analyses revealed a unique successional history for 

each water body. Coastal gloes had the highest similarities. For example, the 

development history of the inland water body Lake Kangasjärvi was different 

from the development histories of the coastal gloes. Different developmental 

stages in the sediment stratigraphies of the water bodies were distinguished. 

Based on weighted average calculations, diatoms of the surface sediment got 

sensitivity values for a lake developmental stage, for water nutrients, and for 

water electrolyte contents. The concept of specific developmental stage diatom 

index (DDI) was introduced.  

According to the TDI and the TDIL, the trophic states of the water bodies 

were good or excellent in most cases; although the IPS and the GDI indicated 

meso-eutrophic conditions. Eutrophic conditions of the coastal brackish water 

bodies might not necessarily indicate a poor trophic status and anthropogenic 

eutrophication, but instead, it could be a natural phenomenon. Diatom indices 

proved to be useful in assessing the trophic status of a water body in the 

environment of land upheaval coast. New information about diatom ecology and 

background conditions of coastal water bodies may be useful, for instance, in the 

implementation of the Water Framework Directive of the EU. 
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SECTION V: SUMMARY  
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8 Summary of the results 

8.1 Water quality 

Water quality was discussed in detail in Section II. Water quality monitoring was 

performed in the Hailuoto – Oulunsalo – Lumijoki area in ten water bodies during 

a period of 14 years. The water bodies in the flad and glo-flad stages had high 

electrolyte values. The water bodies in the glo-flad stage with relatively large 

catchment areas had high nutrient values. The water bodies on the dune shore 

were in glo-flad, glo and glo-lake successional stages. There was a decreasing 

trend in electrolytes and nutrients in a sequence of water bodies from the sea 

shore towards the inland. The water bodies could be divided into two categories 

according to water electrolyte contents. Coastal water bodies were directly or 

occasionally in contact with the sea water and had water electrical conductivity 

values over 50 µS cm-1; whereas inland water bodies had no contact to sea water 

and water EC values were less than 50 µS cm-1. The coastal water bodies of this 

study could be classified as ranging from eutrophic to hyperutrophic. The inland 

water bodies could be classified as ranging from oligotrophic to mesotrophic.The 

water quality analyses were the base for the development stage classification. 

8.2 Geochemical properties 

Geochemistry was discussed in detail in Section III. Sediment and soil 

geochemistry were studied with three different extraction methods in order to find 

out the element flow and the cycle of the most essential nutrients. The 

investigated two geologically distinct regions differed significantly from each 

other, in particular in the concentrations of alkaline earth metals in the sediments. 

Calcium was found to be most abundant in the area of Ihanalampi Pond. The 

catchment was located in a moraine environment which belongs to the Simo 

metamorphic complex migmatitic tonalite area. Most of the elements studied 

were less abundant in the area of the inland lakes of Hailuoto which belongs to 

the Hailuoto formation siltstone area. Comparing the moraine environment of thin 

till layers and bedrock outcrops of Kuivaniemi to the environment of thick 

glaciofluvial origin sand deposits of Hailuoto, there was a major difference in soil 

properties between these two study sites. 
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Alkali metals (Na, K) and alkaline earth metals (Mg, Ca) concentrated into 

the surface parts of the sediment of the coastal water bodies upwards from the 

gyttja-mineral sediment interface, which obviously indicated marine influence. 

The abundance of phosphorus and iron, which were observed in the surface 

sediment of the coastal gloes, was probably related to seasonal variations of the 

redox conditions in addition to marine nutrition.  

Most of the lacustrine basins studied represented natural state lakes in the 

coastal area of Ostrobothnia. The higher potassium concentration in the sediment 

of Lake Paju (Pajulampi) than in the other water bodies of the same geological 

area, suggests however, a possible anthropogenic impact. Concentrations of 

ammonia in the chronosequence of the soils of Hailuoto were probably related to 

peat formation and paludification. The high C/N ratio in the sediments of the 

inland lakes suggested terrestrialization processes.  

8.3 Paleolimnological features 

The paleololimnological study is discussed in detail in Section IV. The lakes had 

very unique developmental features. Coastal water bodies resembled each other, 

and three different glo phases could be identified in the sediment of Glo3 Pond. 

However, the inland lakes differed from these and they were most likely to have 

developed from wider bights or lagoon formations. The increase in trophic state 

and the increase in diatom species diversity were related to the isolation processes 

of a water body from the sea.  

Based on the weighted average calculations, diatom species got sensitivity 

values for a particular developmental stage of a water body, for water nutrient 

concentrations, and for water electrolyte concentrations. The diatom inferred pH 

values seemed to overestimate alkalinity in comparison with the pH values 

measured directly from the water. Diatom index calculations proved to be useful 

in the assessment of the trophic status of a lake in a coastal ecosystem. The 

assessment of the ecological status of the lake by water quality data alone may 

lead to erroneous conclusions.  

The diatom index TDIL (Stenger-Kovács et al. 2007) indicated that the water 

quality of the water bodies was generally relatively good, despite the obvious 

eutrophy prevailing in most of the water bodies which was detected during the 

water quality monitoring. For the assessment of the trophic state of the lakes, the 

indices of the Omnidia software (Lecointe et al. 1993) generally responded fairly 
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well to the water quality data. Applying to the IPS and the GDI (Lecointe et al. 

1993) an interpretation of Eloranta & Soininen (2002), in comparison with the 

water quality classification, regarding total phosphorus concentration (Vuori et al. 

2009), the order was somewhat the same: 1. Lake Akio, meso-eutrophic (poor 

water quality); 2. Kesti Pond, Glo2 Pond and Glo3 Pond, mesotrophic (moderate 

or poor quality); 3. Lake Sunijärvi, oligo-mesotrophic (passable quality); 4. Lake 

Kangasjärvi, oligotrophic (excellent water quality). Diatom indices indicated a 

range from eutrophy to mesotrophy, which could be also evaluated from the water 

quality data. The exception was actually Lake Kangasjärvi, of which all diatom 

indices indicated excellent water quality and oligotrophy. In terms of nitrogen 

content of the water, it should be ranked mesotrophic, however.  

8.4 Water, soil and sediment analyses 

Geochemical gradients of the cross-section of the catchment areas of the water 

bodies from the sea shore toward the inland of the island of Hailuoto can be seen 

in the following figures (Figure 66). 

Graphical presentation revealed that soil, water and sediment phosphates 

were in close interaction. The marine influenced Glo1 Pond and Glo3 Pond had 

clearly more phosphate circulating in the ecosystem than the inland water bodies 

Lake Sunijärvi and Lake Kangasjärvi. Removable ammonium concentrated into 

the peat layers, which probably referred to paludification processes. Gradients of 

alkali metals K and Na as well as alkaline earth metals Ca and Mg resembled 

each other. There was a decreasing trend in concentrations of potassium and 

sodium in sediment and water. These elements, in addition to magnesium and 

calcium, concentrated in the soil of the catchment of Glo3 Pond. There was a 

logical decreasing trend in the concentrations of these elements in water from the 

sea shore ponds towards the inland lakes. Accumulation of these nutrient elements 

has probably been caused by wave action of the sea which brings organic rich 

material up to the highest sea level stage. After the sea influence had reduced, 

depletion of nutrients occurred. In the catchment of Glo3 Pond concentrations of 

iron in soil, sediment and water were the highest, and, respectively, in the 

catchment of Lake Kangasjärvi, they were the lowest. 

Concentrations of 0.1 M HCl extractable Na, K, Ca, Mg, Fe and PO4-P were 

high in peat samples of the first half of the chronosequence (elevation 2.5–6.0 m 

a.s.l.). Accumulation of nutrients was encountered in the soil of 2–3 m a.s.l. (age 
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240–360 years). That was the most fertile zone of the chronosequence. Under that 

level there was an obvious marine leaching influence and the soil was poor in 

nutrients. And also above that zone nutrient concentrations decreased. Marine 

influence seemed to be the dominant factor which contributed to the geochemical 

succession of the soil of Hailuoto. Geochemical development seemed to be going, 

after the loss of marine influence, towards oligotrophication. 

8.5 Classification 

According to the water quality research, the lakes could be classified into five 

categories. Water quality properties reflect also on sediment geochemistry. 

Examining the surface sediment diatom assemblages, the typical diatom species 

related to the same categories could be determined. Summarizing the studies on 

water quality monitoring, sediment geochemical analyses, and sediment diatom 

identification, the classification of the water bodies and characteristic features for 

each developmental stage can be determined (Table 19).  

The classification is based mainly on water quality properties. The abundance 

of Electrolyte group and Nutrient group elements were divided roughly into three 

categories (high, average, low). The limit values of those categories are presented 

in Table 17. Respectively, sediment geochemical properties can be evaluated by 

dividing abundances of the parameters into three categories (Table 18).  
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Fig. 66. Geochemical nutrient gradients of the chronosequence of the catchments of 

the water bodies on the coast of Hailuoto. Simplified graphs: arithmetic mean values 

of geochemical analyses from the water, soil, and lake sediment samples. The study 

sites are arranged in chronological order from left to right according to their elevation 

and distance from the sea shore towards the center of the island of Hailuoto.  
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Table 17. The classification of water quality, limit values. Numbers 1-3 refer to 

sensitivity classes for the diatom study. 

 low (1) average (2) high (3) 

Nutrients    

TN µg l-1 < 500 500–1000 > 1000 

NH4-N µg l-1 < 6 6–50 > 50 

TP µg l-1 < 30 30–500 > 500 

PO4-P µg l-1 < 9 9–300 > 300 

Electrolytes    

EC µS cm-1 < 50 50–1000 > 1000 

Na mg l-1 < 3 3–300 > 300 

Ca mg l-1 < 3 3–20 > 20 

K mg l-1 < 3 3–20 > 20 

Mg mg l-1 < 3 3–40 > 40 

Table 18. The classification of sediment geochemistry, limit values. 0.1 M HCl 

extractable concentrations (parts per million) in organic gyttja layers. 

 low average high 

Nutrients    

NH4-N ppm < 300 300–1000 > 1000 

PO4-P ppm < 100 100–900 > 900 

Electrolytes    

Na ppm < 200 200–400 > 400 

Ca ppm < 700 700–1500 > 1500 

K ppm < 10 10–100 > 100 

Mg ppm < 100 100–300 > 300 
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Table 19. The classification of the water bodies. Water quality and sediment chemistry 

characteristics and the most abundant diatom species encountered in the surface 

sediments. For water quality limit values see Table 17. The geochemical values of the 

sediments represent 0.1 M HCl extractable concentrations (parts per million) in 

organic gyttja layers. Diatom sensitivity values are related to the previously presented 

water quality classification. Diatom indices: TDIL – Trophic Diatom Index for Lakes 

(Stenger-Kovács et al. 2007), TDI – Trophic Trophic Diatom Index (Kelly & Whitton 

1995), IPS – Indice de Polluo-Sensibilité Spésifique (Coste 1982), GDI – Indice 

Diatomique Générique (Prygiel et al. 1999), DES – Descy Index (Descy 1979), IBD – 

Indice Biologique Diatomées (Lenoir & Coste 1996); (see Lecointe et al. 1993, Eloranta 

et al. 2007). 

Type 1 Flad or glo-flad stage, eutrophic, marine coastal water bodies, which had direct contact to the 

sea water. Lake Akio, Kuppi Pond, Glo1 Pond 

 Water quality  average Nutrient (2), high Electrolyte (3) values 

 Sediment 

geochemistry 

(Glo1)  NH4-N PO4-P K Na Ca Mg Fe 

  Mean ppm 1219 942 116 535 1564 313 3746 

  SD 1010 1290 348 506 1163 87 4191  

 Diatoms (Akio) Sensitivity values Developmental stage 1–1.5; Nutrients 1.5–2.5; 

Electrolytes 2.5–3 

  Diatom indices TDIL = 3.43; TDI = 2.71; IPS = 11.8; GDI = 12.7; IBD = 

13.6; DES = 15.5. 

  Typical species Cocconeis placentula Ehrenberg 1838, Diatoma tenuis 

C.Agardh 1812, Staurosirella pinnata (Ehrenberg) 

D.M.Williams & Round 1987, Navicula peregrina 

(Ehrenberg) Kützing 1844, Rhoicosphenia abbreviata 

(C.Agardh) Lange-Bertalot 1980. 

Type 2 Glo-flad stage, hypereutrophic, marine coastal water bodies. Kesti Pond, Lake Paju 

 Water quality  high Nutrient (3), high Electrolyte (3) values 

 Sediment 

geochemistry 

(Paju) NH4-N PO4-P K Na Ca Mg Fe 

  Mean ppm 333 459 138 344 1911 419 3162 

  SD 159 191 70 85 574 126 829 

 Diatoms (Kesti) Sensitivity values Developmental stage 1.5–2.5; Nutrients 2.5–3; 

Electrolytes 2.5–3 

  Diatom indices TDIL = 2.44; TDI = 2.85; IPS = 14.3; GDI = 13.4; IBD = 

14.6; DES= 15.0 

  Typical species Cocconeis pediculus Ehrenberg 1838, Fragilaria 

capucina  Desmazières 1825, Melosira varians 

C.Agardh 1827, Ulnaria ulna (Nitzsch) Compère 2001. 
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Type 3 Glo stage, eutrophic, transitional coastal water bodies, which had occasionally contact to the 

sea water. Glo2 Pond, Glo3 Pond 

 Water quality  average Nutrient (2), average Electrolyte (2) values 

 Sediment 

geochemistry 

(Glo3) NH4-N PO4-P K Na Ca Mg Fe  

  Mean ppm 475 1411 16 457 1576 308 5625 

  SD 472 1343 57 188 900 100 4802 

 Diatoms (Glo2, 

Glo3) 

Sensitivity values Developmental stage 2.5–3.5; Nutrients 1.5–2.5; 

Electrolytes 1.5–2.5 

  Diatom indices TDIL = 3.08, 3.42; TDI = 2.64; IPS = 14.4, 15.1; GDI = 

12.6,  12.7; IBD = 14.8. 15.0; DES =15.6. 16.3 

  Typical species Amphora libyca Ehrenberg 1840, Amphora ovalis 

(Kützing) Kützing 1844, Epithemia sorex Kützing 1844, 

Aulacoseira italica (Ehrenberg) Simonsen 1979, 

Pinnularia microstauron (Ehrenberg) Cleve 1891, 

Encyonema ventricosum (C.Agardh) Grunow 1875 

Type 4 Glo-lake stage, mesotrophic, inland lake. Lake Sunijärvi 

 Water quality  average Nutrient (2), low Electrolyte (1) values 

 Sediment 

geochemistry 

(Sunijärvi) NH4-N PO4-P K Na Ca Mg Fe 

  Mean ppm 472 106 4 101 697 82 1141 

  SD 386 69 19 60 262 51 737 

 Diatoms 

(Sunijärvi) 

Sensitivity values Developmental stage 3.5–4.5; Nutrients 1.5–2.5; 

Electrolytes 1–1.5 

  Diatom indices TDIL = 4.84; TDI = 2.06; IPS = 15.4; GDI = 15.3; IBD = 

14.8; DES = 15.5 

  Species Staurosira construens Ehrenberg 1843, 

Pseudostaurosira brevistriata (Grunow) D.M.Williams & 

Round 1987, Fragilaria constricta Ehrenberg 1843, 

Diatoma vulgaris Bory de Saint-Vincent 1824 

Type 5 Glo-lake stage, oligotrophic, inland lakes. Lake Valkjärvi, Lake Kangasjärvi 

 Water quality  low Nutrient (1), low Electrolyte (1) values 

 Sediment 

geochemistry 

(Kangasjärvi) NH4-N PO4-P K Na Ca Mg Fe 

  Mean ppm 291 19 13 96 1012 145 1132 

  SD 128 11 27 63 256 50 265 

 Diatoms 

(Kangasjärvi) 

Sensitivity values Developmental stage 4.5–5; Nutrients 1–1.5; Electrolytes 

1–1.5 

  Diatom indices TDIL = 4.50; TDI = 1.47; IPS = 19.2; GDI = 18.7; IBD = 

20.0; DES = 19.8 

  Species Frustulia rhomboides s.lat., Eunotia arcus Ehrenberg 

1837, Eunotia pectinalis (Kützing) Rabenhorst 1864, 

Neidium iridis (Ehrenberg) Cleve 1894, Tabellaria 

fenestrata (Lyngbye) Kützing 1844, Tabellaria flocculosa 

(Roth) Kützing 1844. 
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8.6 Development of the lacustrine basins 

Formation of the water bodies 

According to Alestalo (1979), only the top of the ridge Hyypänmäki, the highest 

point of the island of Hailuoto (31 m a.s.l), was visible above the sea level in 325 

A.D. Lake Kangasjärvi and Lake Valkjärvi have developed after that. The ridge in 

the center of the island of Hailuoto reaching from Hyypänmäki to Marjaniemi, is 

principally composed of glaciofluvial material. According to Alestalo (1979), one 

commonly held view is that it is an esker, but it may also be suggested that it is an 

ice marginal formation which was laid down behind the ice sheet and may be 

associated with the formation of the Runteli ridge of Kello. Pasanen & Lunkka 

(2008) studied till-covered glaciofluvial deposits of the Isoniemi area, which is 

adjacent to the Runteli ridge. According to Pasanen & Lunkka (2008), the main 

ice movement direction into the Isoniemi area came from the northwest and the 

stress field applied by ice from the southwest predates the north-western ice 

movement. The same kind of Late Weichselian ice front oscillations have 

probably affected the formation of the deposits of the island of Hailuoto. 

Bathymetrical maps revealed that there are relatively deep waters between the 

island of Hailuoto and the city of Oulu. It seems that the formation of the island 

of Hailuoto is related to the glaciofluvial formations of Oulunsalo and Kempele 

rather than the ice marginal formation of Kello. The determination of the 

Quaternary history of Hailuoto would require more stratigraphical studies on the 

deposits of this uplifting island.  

The course of a shore dune ridge tends to follow the shape of the shoreline 

(Alestalo 1979). According to Alestalo (1979), ridges are composed in their basal 

portion of layers deposited by wave action, and above this, of accumulated wind-

blown sand or entirely of aeolian drift sand. Brusila & Jämbäck (1996) studied 

wind conditions and wind erosion capacity in Hailuoto. Alestalo (1979) estimated 

the time interval required for the dune ridge formation to be 23 years. The 

observations of the glo formation in 1993 and in 2013 on the northwest shore of 

Hailuoto, in this study, suggest the same kind of time interval as estimated by 

Alestalo (1979). Coastal dune fields are related to glaciofluvial eskers and end 

moraines (see Hellemaa 1998). Formation of the sand shore can precede 

submerged tombolo formation (Tolvanen et al. 2004). Examining the descriptions 

of the coastal dune fields in Hellemaa´s (1998) study, also dune lake formations 
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could be detected. The dune gloes of this present study resemble the beach gloes 

described by Munsterhjelm (1997). 

Two ways how the water bodies of the study area are generated were 

distinguished: 1. Coastal flad formation, 2. Dune glo formation. Primary mire 

formation of new risen soil of land uplift coast occurs; and secondary mire 

formation when the lake ecosystem transforms into a terrestrial mire ecosystem. 

1. Coastal flad formation. A coastal water body is often originally a marine 

bight which has isolated to a lake due to the postglacial land uplift process. 

The first developmental phase in the formation of a lacustrine ecosystem is a 

shallow lagoon which has, at least occasionally, direct contact to the sea 

water. Lake Akio was in this so called flad stage. In the second phase, inlet 

channels close up when the threshold isthmus rises above the sea level. In this 

stage, the lake loses its connection to the sea. The sites Kuppi Pond, Kesti 

Pond and Lake Paju were in the glo-flad phase during the water quality 

monitoring period. When the basin has lost contact to the brackish water, the 

ecological development to a fresh water lake has begun. This succession 

series from brackish water marine bights to lagoons and isolated fresh water 

lakes can be observed on the coastal areas of the Bothnian Bay.  

2. Dune glo formation. The coastal ponds Glo1, Glo2 and Glo3 formed a 

successional sequence of the special formation of coastal water bodies, 

namely dune gloes. Marine influence was obvious in Glo1 Pond. The average 

values of electrical conductivity and related cations were gradually 

decreasing in the chronosequence of the ponds from Glo1 to Glo3. The 

formation of this kind of pond requires an isostatic land uplift coast with a 

suitable eustatic sea level change, favourable wind and sea current conditions, 

glaciofluvial sorted and eolian drift material, and an adequate groundwater 

supply. This kind of environment is found on the northwest shore of the 

island of Hailuoto. 

The surface soil of the island of Hailuoto consisted mainly of loose sand. Because 

of eolian erosion capacity on dune fields and a great variety of the seasonal 

sealevel changes, the actual threshold point of the coastal lake isolation is difficult 

to assess precisely. According to Brusila & Jämbäck (1996), the mean drift of 

sand transport exceeded 53 kg m-1h-1. This kind of sand material drift formed 

typical seaward - leeward shaped shore dune ridges. The gloes in this study were 

not older than 300 years. Lake Sunijärvi and Lake Valkjärvi existed in a Russian 
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nautical chart from 1872 (see Hiltula & Rusanen 2006). Applying the equations, 

presented in Section I of this thesis, the oldest water body of the study was Lake 

Kangasjärvi which isolated from the Baltic Sea about 1200 years ago. Lake 

Sunijärvi isolated about 500 years ago. The sedimentation rate has been on 

average 0.25 mm a-1 in Lake Kangasjärvi, and 0.80 mm a-1 in Lake Sunijärvi, 

respectively. A 1 cm thick slice of sediment covered approximately 40 to 12.5 

years of sedimentation.  

Podsolization 

Enrichment of iron in B horizon of soil suggested podsolization. Incipient 

podsolization could be detected even in the samples of the Lake Sunijärvi site (5 

m a.s.l.). Based on the land uplift rate, the age of the soil was about 590 years 

(Section I of this thesis). Podsolization was studied in Hailuoto also in 1984, and 

elluvial horizon was encountered in soil samples at the elevation of 5 m a.s.l. 

(Paula Seppänen, The Bothnian Bay Research Station 1984, unpublished data). 

According to Mokma et al. (2004), based on the FAO-Unesco, World Reference 

Base and Soil Taxonomy systems, about 1520 years is required to form a spodic 

horizon that meets the color and organic C criteria of Soil Taxonomy, whereas it 

takes about 4780 years to meet the required accumulation of Fe and Al. However, 

according to the FAO-Unesco system, all pedons in the study of Mokma et al. 

(2004), also aged 230–1800 years, had spodic B horizons and were classified as 

Podzols. 

In the studies on the ecology of the seashore meadows of the Bothnian Bay, 

Siira (1970) found that the sodium, calcium, magnesium, chloride, sulphate and 

also potassium contents usually increased from the water boundary to the middle 

geolittoral, and decreased again higher up. Petäjä-Ronkainen et al. (1992) found 

that the quantity of base cations utilizable by plants was quite small in podzols 

which have developed in coarse-grained glaciofluvial material. In the studies on a 

chronosequence of boreal forest soils Starr & Lindroos (2006) found that the 

losses of Ca and Mg increased with soil age but at a decreasing rate. Also, in the 

present study, in the upper parts (i.e. older) of the chronosequence of the soils of 

Hailuoto Island, there were perceptible decreases in the concentrations of 0.1 M 

HCl extractable Ca and Mg.   
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Paludification 

The study on the water analyses revealed remarkable differences between the 

water bodies, which were related to the ecological succession sequence. The 

study sites Glo1, Glo2, Glo3, Sunijärvi, Valkjärvi and Kangasjärvi formed a 

continuous chain of the lakes at different stages above the sea level in Hailuoto. 

Because of the land uplift, that is also an age order from the youngest to the old-

est. The main trend in this sequence was a decrease in nutrients and a decrease in 

electrolytes. Dune lakes develop behind the shore ridges as oblong chains. Some 

basins turn into mire ecosystems and some basins continue as lake ecosystems.  

Partanen & Luoto (2006) found that the existence of water level regulation, 

cover of clay soil and total phosphorus content correlated positively with 

paludification. According to Korhola & Tolonen (1996), paludification refers to 

the conversion of a forest to a mire ecosystem. While in the study of Partanen & 

Luoto (2006) the paludification in boreal lakes meant the filling of the lake shore 

with plant remains and the slow process of the permanent shore changes. During 

the development of a mire ecosystem, some primary ponds might become even 

deeper when the surrounding peat layer thickens (see Aario 1932). Rehell & 

Heikkilä (2009) studied early successional stages of aapa mires and primary mire 

formation processes in the same research area of sandy terrain of the island of 

Hailuoto. According to Rehell & Heikkilä (2009), about 20% of the land gets 

paludified right after emerging from the sea. Rehell & Heikkilä (2009) found in 

the stratigraphic studies of the mire patches located at higher elevations above sea 

level that in the littoral belt, there is always a large number of very small and 

shallow ponds, many of which turn into mires. There are actually few inland lakes 

on the present Hailuoto Island. Only large basins remain water ecosystems and 

minor basins are likely to turn into mire ecosystems. 

Dystrophication 

There is a close connection between the bottom deposits and the limnological lake 

types. If the C/N ratio is less than 10, the humus of the sediment is neutral and the 

deposit is gyttja, whereas when it is over 10 some acidic humus has been mixed 

with the gyttja and the sediment is dy or tyrfopel (Hansen 1959, in Alhonen 

1967). According to these determinations, Lake Kangasjärvi and Lake Sunijärvi 
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could be considered dystrophic, and Lake Paju, in addition to the Glo Ponds, 

could be considered oligohumic. 

Anthropogenic influence 

Water quality analyses indicated eutrophic or hypereutrophic conditions in the 

water bodies studied. According to diatom inferred assessments, anthropogenic 

eutrophication was moderate in Glo2 Pond and Kesti Pond. Moderate degradation 

and organic pollution were possible signs of the anthropogenic influence in the 

case of Kesti Pond. As regards the other sites, anthropogenic eutrophication was 

low or not detected.  

The sediment geochemistry of Lake Paju, when compared with the other 

water bodies of a similar geological region, differed in potassium concentrations. 

The Ext2 potassium concentrations of the Lake Paju sediment appeared to 

increase towards the surface, while in the other sites a similar phenomenon was 

not observed.  

The catchments of Lake Paju and Kesti Pond were relatively large compared 

to the other sites. The catchment area of Lake Paju was affected by agriculture. 

There was a field also on the west side of the Kuppi Pond, but no drainage waters 

were driven through the pond. There was remarkably forestry in the catchment of 

Kesti Pond. Lake Akio was surrounded by residential cottages and nearby village 

houses. The other lake basins of the study were basically in their natural states. 
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9 Review of the study 

9.1 Reliability and validity  

Water quality analyses offered the basic data for this kind of water ecosystem 

monitoring. The sediment and soil sampling was not as comprehensive and 

intensive as the water sampling.   

The diatom analyses of the paleolimnological study revealed the 

characteristic features of the diatom succession. Because of the large number of 

diatom species and their small size, there is always a risk of incorrect 

identification.  

Chemical analyses were performed mostly according to the standard methods 

of the SFS. In practice, simple spectrophotometrical and atom absorption (AAS) 

methods were used. Possible sources of error are inaccuracies occurring in 

chemical assays. Because of the large number of water quality analyses which 

were handled statistically, possible occasional inaccuracies were quite irrelevant. 

The sample number was smaller in geochemical analyses of sediment and soil, 

and the possibility of errors in accuracy was likely to increase. It is also to be 

noted that comprehensive water monitoring was performed only in the study area 

of Hailuoto – Oulunsalo – Lumijoki. The study on the reference area of 

Kuivaniemi – Simo was addressed to soil and sediment geochemistry. 

9.2 Review of the hypotheses 

The hypotheses A, B and C of the research plan ‘Succession and diversity of the 

coastal lakes’ by Jouko Siira (1993), are presented in Chapter 1 of this thesis.  

Hypothesis A. Two ways how the water bodies are generated on the uplift 

coast of the Bothnian Bay were observed, which was in accordance with Jouko 

Siira´s hypothesis. 1. Lakes formed from marine bights, 2. Lakes formed parallel 

to the shore dunes. 

Hypothesis B. Eutrophication processes were perceptible not only in the 

Hailuoto – Oulunsalo – Lumijoki area but also in the Kuivaniemi – Simo area. 

Macrophyte vegetation and phytoplankton would require, however, more specific 

studies. Oligotrophication and acidification were observed in the chronosequence 

of the lakes of Hailuoto. Acidification was obvious both in horizontal and vertical 

scrutiny. Horizontally, the further from the sea a water body was, the lower would 
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the water pH be. Vertically, diatom inferred pH was higher in lower parts of the 

sediment. Some kind of acidification was detected in the course of time. There 

were some intimations of anthropogenic influence on Type 2 lakes. However, the 

assessment of the effects of land use manners on the water quality might require 

more investigations. 

Hypothesis C. Mire formation was observed in the study area. This study 

revealed also that the large basins were more likely to retain a water ecosystem 

than minor basins which tended to terrestrialize.  

Field work observations, analysing the water quality data, geochemical and 

paleolimnological studies supported the hypotheses of Jouko Siira. However, all 

parts of the hypotheses could not be tested in this thesis.  

The working hypotheses (WH) of this thesis focus on three main sections: 

WH1 Water quality, WH2 Geochemistry, WH3 Paleolimnology. The hypotheses 

and the related scientific questions are presented in Chapter 1 of this thesis.  

Working hypothesis 1. Early eutrophication of the water bodies could be 

detected directly in the water quality analyses and also it could be deduced from 

the sediment diatom stratigraphy. The development of the water quality seemed to 

be going in the oligotrophic and dystrophic way, in comparison with the water 

bodies of different elevation stages (i.e. different ages) in the research area of 

Hailuoto – Oulunsalo – Lumijoki. Water quality monitoring during the period of 

14 years revealed the successional features of the coastal glo ecosystem. Water 

quality data was the basis for the classification of the ecological types of the water 

bodies. These types represented also the different developmental stages of the 

water bodies on the land uplift coast.  

Working hypothesis 2. A relationship and geochemical interaction could be 

seen between soil and water and sediment in the catchments of the water bodies A 

non-linear, geochemical gradient in the chronosequence of the lacustrine basins of 

Hailuoto could be detected. There were actually significant differences, especially 

in concentrations of alkali earth metals, perceptible in the sediment geochemistry 

of the two geologically different areas studied.  

Working hypothesis 3. The developmental stages of the water bodies of the 

land upheaval coast could be detected by examining the diatom phytoplankton 

communities. Similarities in the diatom assemblages could be detected, in 

comparison with the sediment stratigraphies of the different water bodies, which 

indicated the same successional stages. However, diatom analyses revealed also 

differences in the early genesis of the isolating water bodies. Actually, this study 
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revealed that the diatom stratigraphies were not very similar in all water bodies, 

but the same kind of developmental stages could be distinguished in the diatom 

stratigraphies of these water bodies. The developmental stages which were 

distinguished in vertical sediment stratigraphy resembled the developmental 

stages of the water bodies of horizontally distinguishable stages. 

9.3 Recommendations for future research 

In addition to water quality monitoring, also phytoplankton, zooplankton, and 

macrophyte studies were mentioned in Jouko Siira’s study plan (1993). This 

thesis, however, focused mainly on geochemical and geomorphological 

characteristics of the development of a lacustrine ecosystem on the land uplift 

coast. Only diatoms (Bacillariophyceae) were included as a marker of 

biodiversity. It would be desirable that also other biological variables were taken 

into account in future studies. 

This study included ten water bodies whose water quality data were well 

known and sediment diatom assemblages could be identified. This data could be 

connected spatially to a larger sample material to produce a precise calibration 

model, which enables compiling diatom induced transfer functions for assessing 

changes in water quality, also for coastal water bodies. It would be desirable to 

confirm the diatom index sensitivity values by more comprehensive material and 

to test also for Quaternary paleontological implications with fossil sediment 

diatom data. 

The geochemical gradient analyses enabled ecological interpretations for 

further studies dealing with vegetation development, terrestrialization, and 

paludification processes of the land upheaval coast. It might be botanically 

interesting to repeat the studies on vegetation performed in the 1970´s and in the 

1980´s. 

Implementation of the Water Framework Directive may require assessing the 

reference conditions for geologically different areas along the coast of the Gulf of 

Bothnia. 
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10 Conclusions 

Based on the water quality analyses, the sediment geochemistry, and the diatom 

studies, the ecological types and the developmental stages of the water bodies on 

the land upheaval coast could be characterized (Table 20).  

Two ways how the water bodies of the study area are generated were 

distinguished: 1. Isolation of marine bights, 2. Formation of dune ponds. The 

water bodies in the flad stage had high electrolyte values. The water bodies in the 

glo-flad phase with relatively large catchments had high nutrient values. The 

water bodies on the dune shore were in the glo-flad or glo phase. There was a 

decreasing trend in water electrolytes and nutrients in the sequence of the water 

bodies from the sea shore towards the inland. Coastal water bodies which had 

connection to the sea water could be classified as hypereutrophic or eutrophic. 

Transitional stage water bodies which had occasional connection to sea water 

could be classified as mesotrophic. Inland water bodies which had no connection 

to the sea water could be classified as oligotrophic based on the average 

phosphorus or nitrogen concentrations in lake water.  

It turned out that the surface sediments of the dune gloes were rich in iron 

and phosphorus. Also, earth metals and alkali earth metals concentrated 

particularly into the surface parts of the sediments of the coastal ponds. The 

lacustrine basins studied represented natural state lakes of the coastal area of 

Ostrobothnia. A possible anthropogenic impact was obvious only in the catchment 

of Type 2 lacustrine basin, in which sediment differed from the other lakes of the 

same geological area in potassium concentrations. Concentrations of ammonia 

were detected in the older parts of the chronosequence in the soil of Hailuoto. The 

high C/N ratio of the sediment of the inland lakes suggested dystrofication and 

terrestrialization processes. The most fertile zone of the chronosequence of the 

soils of Hailuoto was at 2–3 m a.s.l. (age 240–360 years).  

The geochemical development seemed to be going in different directions in 

the two geochemically different provinces: 1. On Hailuoto – Oulunsalo, the 

Siltstone and claystone area of Muhos, after the loss of marine influence, towards 

oligotrophication. 2. On Kuivaniemi – Simo, the area of Svecokarelian schists and 

gneisses, towards eutrophication. Marine influence seemed to be the dominant 

factor which contributes to the geochemical development of the soil of Hailuoto 

Island, covered with glaciofluvial origin sand and gravel deposits. Whereas 
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geological features of the bedrock seemed to be the dominant factor for 

geochemical development of the till covered soil of Kuivaniemi – Simo. 

Table 20. Characteristic features of the water bodies of this study. The relative values 

of water quality and sediment geochemistry. Limit values see Table 17 and Table 18. 

Water body type Description Water quality  Sediment geochemistry  

Type 1 Flad or glo-flad stage, 

eutrophic, marine coastal 

water bodies 

Nutrients: average 

Electrolytes:high  

Nutrients: high  

Electrolytes: high 

Type 2 Glo-flad stage, 

hypereutrophic, coastal 

water bodies 

Nutrients: high 

Electrolytes: high  

Nutrients: average 

Electrolytes: high  

Type 3 Glo stage, eutrophic, 

transitional coastal water 

bodies 

Nutrients: average 

Electrolytes: average  

Nutrients: high  

Electrolytes: high  

Type 4 Glo-lake stage, 

mesotrophic, inland water 

bodies  

Nutrients: average 

Electrolytes: low  

Nutrients: average 

Electrolytes: low  

Type 5 Glo-lake stage, 

oligotrophic, inland water 

bodies 

Nutrients: low  

Electrolytes: low  

Nutrients: low  

Electrolytes: average  

Based on the weighted average calculations, diatom species got sensitivity values 

to the particular developmental stage of a water body, water nutrient 

concentrations, and water electrolyte concentrations. The water bodies studied 

had unique developmental features. Coastal gloes resembled each other, and three 

different glo-phases could be identified in the Glo3 Pond sediment. By contrast, 

the inland lakes differed from these and they probably developed from wider 

bights or lagoon formations. There were some unique characteristic features, 

revealed in the diatom analysis, typical for certain water bodies. Diatom index 

calculations proved to be useful in the coastal ecosystem which naturally seemed 

to be hypereutrophic. The IPS and the GDI indicated eutrophic and mesotrophic 

conditions for Types from 1 to 4 and oligotrophy for Type 5 water bodies. 

According to the TDIL calculations of the surface sediments, the water quality of 

the types of the water bodies studied were good or excellent; except Type 2 water 

body, where it was medium. 

Types one, three, four and five of the water bodies studied represented natural 

background values which can be used, for example, for the purpose of the 
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implementation of the Water Framework Directive of the EU; with some caution 

regarding Type two which was obviously impacted by human activity. 

10.1 Statements 

The conclusions answering to the scientific questions presented in Chapter 1 can 

be summarized as follows: 

1. The coastal water bodies of this study could be classified as ranging from 

hypereutrophic to eutrophic. The inland water bodies which had no 

connection to sea water could be classified as from mesotrophic to 

oligotrophic. There was a decreasing trend in electrolytes and nutrients in a 

sequence of water bodies from the sea shore to the inland. After the loss of 

marine influence, the water bodies of the Hailuoto area of glaciofluvial 

eroded and accumulated sand deposits developed in the oligotrophic and 

dystrophic way. 

2. During the water quality monitoring period of up to 14 years the coastal glo 

ponds showed a significant increasing annual trend in chlorophyll 

concentrations and also an increasing trend in the winter values of iron and 

phosphorus. A decreasing trend in oxygen concentration was detected in the 

coastal water body Lake Paju.  

3. Based on the water quality analyses, the water bodies of this study could be 

classified into five different ecological categories, due to the nutrient and 

electrolyte concentrations in water.  

4. Geochemical development seemed to be going in the Kuivaniemi – Simo area 

of Svecokarelian schists and gneisses towards eutrophication; while in the 

Hailuoto – Oulunsalo silstone and claystone area of Muhos, after the loss of 

marine influence, towards oligotrophication. The influence of the bedrock 

geochemistry was obviously more prominent in Kuivaniemi – Simo, the area 

of thin layers of till and bedrock outcrops; than in Hailuoto – Oulunsalo, the 

area of thick layers of glaciofluvial origin marine and aeolian drifted sand and 

gravel.  

5. There was actually a two-parted linear geochemical gradient perceptible in 

the chronosequence of the soils of Hailuoto. Accumulation of nutrients in 

peat layers was observed. The most fertile zone of the soil was at 2–3 m a.s.l. 

Below that zone there was depletion of the nutrients, and also above that zone 

there was a decreasing trend in the soil nutrient element concentrations.  
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6. Geochemical analyses revealed a close interaction with soil, water, and 

sediment. The geochemical gradients were examined in water, soil, and 

sediments of the chronosequence of the lacustrine basins of the island of 

Hailuoto. The highest average concentrations of phosphorus were detected in 

an isolated gloe (Glo3 Pond), and there was a decreasing trend in phosphate 

contents in the lacustrine basins towards inland. Decreasing trends also in 

alkaline earth metals, alkali metals, and iron were detected examining the 

geochemical gradients.   

7. The requirements of diatom communities for water quality were detected by 

weighted average assessments. Diatoms of the surface sediment got 

sensitivity values for lake developmental stage, water nutrient, and water 

electrolyte contents. The knowledge of the ecological requirements of 

diatoms in the transitional water environment brought a new perspective for 

assessing the indicator value of Bacillariophyceae.  

8. The development of the diatom communities was studied in the 

stratigraphical paleolimnological work. The special diatom zone for each 

different lake developmental stage could be distinguished. The diatom 

analyses also revealed unique identifiable features for a development history 

of each water body. Two ways how the water bodies of the study area are 

generated were found 1. Isolation of marine bights, 2. Formation of dune 

ponds. The same kind of features could be detected in the paleolimnological 

study.  

9. Based on the assessment of the water quality data, the analyses of the 

sediment geochemistry and the sediment diatom assemblages, the 

characteristic features of five ecologically different developmental stages of 

the coastal water bodies could be distinguished and described scientifically. 
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Appendix 1. Water quality analyses 

Water quality analyses. Arithmetic mean, standard deviation (SD), number of samples 

(n). G1 is Glo1 Pond, G2 is Glo2 Pond, G3 is Glo3 Pond, VA is Lake Valkjärvi, SU is 

Lake Sunijärvi, KA is Lake Kangasjärvi, KE is Kesti Pond, AK is Lake Akio, PA is Lake 

Paju, KU is Kuppi Pond. 

Temperature  G1 G2 G3 SU VA KA KE PA AK KU 

T Mean 6.4 6.2 6.3 6.3 7.1 7.5 5.8 7.7 6.7 7.7 

°C SD 6.6 6.6 6.7 6.8 7.0 6.6 6.5 7.2 7.2 6.6 

 Max 21.3 24 23,5 24,2 25 24 18,9 25 24,4 24,6 

 Median 4.75 3.4 3.15 3.8 4.5 6.5 2.4 6.7 3.6 7.7 

 Min -0.2 -0.3 -0.3 -0.4 0 -0.2 0 -0.2 0 -0.2 

 n 136 156 158 156 147 119 142 137 155 109 

Alkalinity  G1 G2 G3 SU VA KA KE PA AK KU 

Alk Mean 1.47 0.95 1.09 0.13 0.07 0.03 1.58 1.37 0.87 0.68 

mmol l-1 SD 0.91 0.45 0.63 0.2 0.13 0.04 1.07 1.66 1.23 0.55 

 Max 4.85 2.23 3.58 1.14 0.63 0.24 5.47 12.7 7.55 3.07 

 Median 1.21 0.975 0.865 0.05 0.02 0.025 1.33 1.00 0.615 0.53 

 Min 0.22 0.2 0.14 0.01 0 0.01 0.09 0.23 0.04 0.01 

 n 83 82 84 81 46 52 78 69 82 57 

pH  G1 G2 G3 SU VA KA KE PA AK KU 

log units Mean 7.22 6.89 6.85 5.86 5.00 5.06 7.17 7.11 7.53 7.02 

 SD 0.71 0.46 0.48 0.50 0.65 0.43 0.84 0.81 1.06 0.82 

 Max 9.9 8.8 8.88 9.09 6.51 6.91 9.64 9.9 10.23 9.61 

 Median 7.08 6.86 6.9 5.8 4.9 4.97 7.06 6.90 7.2 6.91 

 Min 5.71 5.82 5.88 4.48 3.69 4.15 4.2 5.93 4.9 3.95 

 n 164 192 195 191 183 151 81 168 193 141 

Electrical conductivity G1 G2 G3 SU VA KA KE PA AK KU 

EC Mean 1115 137 131 35 44 26 881 1046 2302 3698 

µS cm-1 SD 1463 229 99 30 30 14 909 1691 1502 2604 

 Max 5800 3160 651 223 158.1 99.8 4320 16010 5900 14130 

 Median 374 107 90.4 23.45 34.1 22.3 494 625 2590 3430 

 Min 32.6 26.4 14.5 6 6 7 6.4 5.8 17 165 

 n 163 193 196 192 184 152 81 170 193 131 
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Loss on ignition G1 G2 G3 SU VA KA KE PA AK KU 

LOI Mean 7.5 10.4 12.8 21.3 6.0 9.7 7.7 21.8 5.5 11.3 

mg l-1 SD 6.5 12.3 16.6 15.6 11.7 18.0 6.7 47.0 6.9 31.2 

 Max 30.3 69 88.7 73 122 131 28.7 400 39 301.1 

 Median 5 5.35 5.5 18 3 4 5.1 8.3 3.2 4.6 

 Min 0 0.3 0.2 0 0 0.3 2.6 0.5 0 0.3 

 n 95 126 127 123 124 102 21 112 127 101 

Total suspended 

solids 

G1 G2 G3 SU VA KA KE PA AK KU 

TSS Mean 30.1 29.6 36.4 37.5 13.5 14.1 20.6 66.8 21.7 85.7 

mg l-1 SD 41.6 39.8 50.0 36.8 26.0 24.1 18.8 251.5 42.9 495.5 

 Max 333 240 244 280 252 177.3 85.2 2858.6 405 5474.4 

 Median 15.9 14 12 27 5.2 5.5 14 16 9.6 20 

 Min 1.4 1.5 0.5 0.8 0.2 0.6 1.8 1.5 0.6 1.2 

 n 133 160 164 161 153 120 55 141 162 122 

Total organic carbon G1 G2 G3 SU VA KA KE PA AK KU 

TOC Mean 13.6 13.4 15.5 23.7 6.1 20.8 20.1 40.0 13.9 13.8 

mg l-1 SD 7.6 5.2 9.8 11.2 6.2 27.8 11.4 43.6 10.3 6.1 

 Max 36 35.9 42.9 58.8 31.9 163.6 57.1 318 56 27.6 

 Median 10.95 12.5 11.1 21.25 4.3 12.5 17.9 32.3 10.9 13.2 

 Min 2.7 4.7 3.5 2.9 0.8 5.5 4.4 9.1 4.3 5.5 

 n 60 63 65 64 58 41 52 54 64 47 

Colour  G1 G2 G3 SU VA KA KE PA AK KU 

mg Pt l-1 Mean 469 505 507 401 123 226 432 665 163 193 

 SD 511 343 545 284 165 358 281 903 145 334 

 Max 2997 2070 3700 2200 973 3000 1660 8030 1100 3500 

 Median 302 403 288.5 322 69 128 356 437 116 124 

 Min 29 61 86 11 3 32 57 56 7 14 

 n 132 161 164 161 153 121 55 139 162 125 

Chemical oxygen 

demand 

G1 G2 G3 SU VA KA KE PA AK KU 

COD Mn Mean 10.3 15.0 13.4 21.5 7.2 20.8 20.2 39.9 14.3 17.6 

mg O2 l-1 SD 5.9 9.4 9.2 10.7 6.6 28.2 13.2 36.3 9.3 18.5 

 Max 43.0 88.3 70.3 63.3 36.7 242.9 65.8 303.6 60.0 187.1 

 Median 8.7 13.2 10.6 20.3 5.2 13.3 17.1 31.8 11.9 13.9 

 Min 2.5 2.8 1.9 0.4 0.3 2.3 3.5 0.3 0.5 4.3 

 n 138 160 166 162 156 124 54 141 166 118 
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Chlorophyll-a  G1 G2 G3 SU VA KA KE PA AK KU 

Chlora Mean 23.8 14.9 15 57.2 8.7 9.3 10.4 25.8 17.6 9.4 

µg l-1 SD 31.7 36.9 19.2 53.5 8.1 15.2 9.2 27.2 27.8 10.7 

 Max 170 412 177 230 63.5 98 44 157 278 92.2 

 Median 12 6.55 9.9 44 7 4.4 7.6 17 9.9 6.9 

 Min 0.7 0.1 1.4 2.8 1 0 0.4 1.2 0.7 0.4 

 n 145 152 166 163 158 129 80 148 165 128 

Chlorophyll-b  G1 G2 G3 SU VA KA  PA AK KU 

Chlorb Mean 1.50 2.41 1.87 7.54 2.16 1.72  1.73 1.56 1.06 

µg l-1 SD 2.17 1.93 1.48 4.52 1.94 1.99  1.55 1.65 0.90 

 Max 13.18 7.05 7.75 18.03 9.43 9.68  7.57 8.61 4.39 

 Median 0.78 2.11 1.64 6.71 1.68 1.12  1.24 1.05 0.86 

 Min 0.09 0.00 0.00 0.26 0.00 0.00  0.03 0.00 0.00 

 n 40 51 51 51 51 45  46 51 47 

Chlorophyll-c  G1 G2 G3 SU VA KA  PA AK KU 

Chlorc Mean 8.48 12.70 9.55 37.60 9.31 8.36  11.69 10.12 6.00 

µg l-1 SD 10.12 11.48 7.80 26.59 8.50 12.61  10.00 10.37 4.75 

 Max 59.38 52.66 32.47 107.39 51.41 81.88  54.59 49.53 19.50 

 Median 5.36 9.44 8.18 30.49 7.42 4.94  9.02 5.69 4.37 

 Min 0.45 0.03 0.30 0.00 0.66 0.00  0.00 0.00 0.00 

 n 40 51 51 50 51 45   47 51 47 

Pheophytin  G1 G2 G3 SU VA KA  PA AK KU 

µg l-1 Mean 3.82 3.23 3.66 10.45 3.41 4.38  5.31 3.79 2.22 

 SD 6.19 3.83 4.60 6.73 3.53 10.61  4.92 4.92 2.51 

 Max 31.41 15.89 21.12 26.31 16.55 57.77  19.13 20.82 9.24 

 Median 1.68 1.61 2.72 9.69 2.22 1.42  4.03 2.13 1.33 

 Min 0.00 0.00 0.00 0.34 0.00 0.00  0.00 0.00 0.00 

 n 29 33 34 34 34 32   34 36 32 

Sodium  G1 G2 G3 SU VA KA KE PA AK KU 

Na Mean 219.31 17.28 6.60 4.33 3.65 3.46 129.22 234.41 360.19 556.63 

mg l-1 SD 296.43 63.76 10.54 7.36 5.62 4.99 123.91 388.51 281.63 522.12 

 Max 1426.00 562.00 95.60 65.50 38.20 25.70 544.00 2570.00 1287.00 2810.00 

 Median 74.05 7.80 4.62 2.77 2.18 1.44 84.00 121.00 380.00 469.00 

 Min 3.34 1.70 0.59 0.52 0.26 0.71 4.83 7.11 12.88 6.16 

 n 66 77 78 77 71 51 41 65 79 57 

Potassium  G1 G2 G3 SU VA KA KE PA AK KU 

K Mean 20.80 3.80 2.76 0.78 1.16 0.85 7.90 16.20 28.58 45.72 

mg l-1 SD 27.91 7.91 1.90 0.58 0.75 0.46 5.47 35.66 27.43 38.85 

 Max 104.17 69.52 12.79 2.87 3.30 2.79 23.30 208.82 106.76 262.40 

 Median 8.20 2.80 2.58 0.64 0.99 0.76 5.71 5.02 22.40 36.86 

 Min 0.60 1.17 0.38 0.12 0.15 0.25 1.21 0.57 0.97 1.24 

 n 65 72 73 72 66 49 40 62 75 58 
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Magnesium  G1 G2 G3 SU VA KA KE PA AK KU 

Mg Mean 31.17 5.66 5.26 0.88 1.07 0.78 18.96 27.52 43.00 88.45 

mg l-1 SD 31.69 8.25 3.35 1.05 0.93 0.78 16.32 52.32 33.92 81.09 

 Max 113.00 73.30 23.80 9.07 5.24 3.82 70.60 336.00 116.00 398.00 

 Median 17.70 4.73 4.13 0.60 0.82 0.56 12.30 11.25 42.40 68.20 

 Min 1.21 0.60 0.58 0.12 0.08 0.11 1.60 1.55 2.21 3.44 

 n 65 74 76 78 72 52 39 64 78 53 

Calsium  G1 G2 G3 SU VA KA KE PA AK KU 

Ca Mean 17.52 6.38 7.79 0.99 1.21 0.73 9.77 19.03 21.18 51.88 

mg l-1 SD 13.00 5.87 5.48 0.76 0.80 0.59 8.57 30.53 15.33 38.62 

 Max 46.90 43.30 21.40 4.35 4.54 3.54 39.10 189.00 67.90 213.00 

 Median 13.20 4.80 5.25 0.72 0.99 0.51 5.30 7.65 22.40 44.05 

 Min 0.90 0.15 0.26 0.06 0.00 0.02 0.69 0.98 1.10 2.55 

 n 65 75 76 78 71 51 39 65 79 58 

Manganese  G1 G2 G3 SU VA KA KE PA AK KU 

Mn Mean 0.17 0.13 0.30 0.06 0.09 0.06 0.20 0.17 0.10 0.34 

mg l-1 SD 0.21 0.18 0.41 0.06 0.07 0.07 0.19 0.30 0.22 0.61 

 Max 0.92 1.09 1.53 0.22 0.25 0.36 0.61 1.62 1.36 3.43 

 Median 0.06 0.05 0.11 0.05 0.07 0.05 0.13 0.05 0.04 0.20 

 Min 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

 n 65 72 73 71 66 49 41 62 75 57 

Iron  G1 G2 G3 SU VA KA KE PA AK KU 

Fe Mean 11.45 9.09 11.91 6.07 2.08 0.94 6.47 8.86 1.01 2.70 

mg l-1 SD 16.44 9.50 18.38 8.33 4.68 1.95 6.89 22.99 1.62 7.33 

 Max 71.20 42.80 70.12 45.40 32.20 12.20 32.77 163.00 10.30 53.45 

 Median 5.09 5.06 3.79 3.00 0.72 0.52 3.75 3.30 0.52 0.93 

 Min 0.00 0.83 0.21 0.28 0.00 0.00 1.10 0.00 0.00 0.00 

 n 89 96 97 96 90 70 53 85 99 77 

Total nitrogen  G1 G2 G3 SU VA KA KE PA AK KU 

TN Mean 1054 967 1134 1438 698 885 1262 2521 1247 1128 

µg l-1 SD 933 845 1218 1230 746 1077 770 2855 1670 899 

 Max 4900 7253 6100 8146 6000 8182 3600 19000 11500 6224 

 Median 805 737 733 1169 460 570 920 1600 705 920 

 Min 36 174 42 224 13 42 460 205 68 4 

 n 128 154 158 157 149 117 53 136 160 123 

Ammonium nitrogen G1 G2 G3 SU VA KA KE PA AK KU 

NH4-N Mean 216 171 169 165 127 36 142 372 128 96 

µg l-1 SD 445 341 331 404 223 95 194 1101 340 186 

 Max 2635 2490 1800 2483 962 620 946 10230 2560 1259 

 Median 37 22 11 13 9 7 75 30 17 19 

 Min 0 0 0 0 0 0 4 0 0 0 

 n 132 160 164 160 153 120 55 139 162 125 
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Nitrite + nitrate 

nitrogen 

G1 G2 G3 SU VA KA KE PA AK KU 

NO2 + NO3  Mean 9 13 22 25 33 17 12 14 58 22 

(N) SD 9 41 73 43 125 47 11 18 166 34 

µg l-1 Max 65 330 580 240 940 300 65 100 1300 160 

 Median 7 6 8 10 7 8 9 8 21 7 

 Min 1 1 1 1 1 1 1 1 1 1 

 n 63 63 65 65 58 40 53 54 64 48 

Nitrite nitrogen G1 G2 G3 SU VA KA  PA AK KU 

NO2–N Mean 4 5 3 3 1 2  7 2 3 

µg l-1 SD 3 5 4 4 2 3  14 4 4 

 Max 13 27 26 24 18 21  113 32 30 

 Median 3 4 2 2 1 1  4 2 2 

 Min 1 0 0 0 0 0  0 0 0 

 n 73 102 103 101 100 86  90 103 80 

Total phosphorus G1 G2 G3 SU VA KA KE PA AK KU 

TP Mean 390 459 556 128 60 41 2628 1280 211 130 

µg l-1 SD 464 372 667 93 89 77 2678 2478 478 250 

 Max 2240 2178 3300 989 578 759 9930 17000 3640 2417 

 Median 236 302 230 115 32 23 1200 518 77 69 

 Min 31 72 53 5 0 0 77 81 13 10 

 n 128 155 159 156 147 116 55 135 158 119 

Phosphate 

phosphorus 

G1 G2 G3 SU VA KA KE PA AK KU 

PO4-P Mean 295 351 453 22 24 4 2386 963 100 28 

µg l-1 SD 438 306 607 69 72 7 2522 1854 255 79 

 Max 2260 1350 2430 761 509 44 9680 10650 1900 756 

 Median 134 216 149 9 3 1 1105 355 19 9 

 Min 5 5 22 0 0 0 100 15 1 0 

 n 125 154 157 154 144 113 54 132 156 120 

Oxygen concentration G1 G2 G3 SU VA KA KE PA AK KU 

O2 Mean 6.77 4.77 5.60 6.23 8.08 8.04 5.71 5.96 9.79 8.49 

mg l-1 SD 4.19 3.92 4.99 3.81 3.99 3.54 3.70 3.97 3.62 3.23 

 Max 13.90 12.60 39.58 13.89 17.86 14.64 12.40 14.29 16.60 16.77 

 Median 7.99 5.54 6.76 7.06 8.59 8.55 6.48 6.82 10.78 8.85 

 Min 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

 n 136 162 166 162 156 122 56 140 161 98 
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Oxygen saturation G1 G2 G3 SU VA KA KE PA AK KU 

O2 Mean 57 41 49 53 67 68 47 53 81 71 

% SD 36 35 42 32 33 29 30 38 31 32 

 Max 144 118 270 104 153 125 97 162 141 165 

 Median 68 48 61 61 81 78 53 59 88 74 

 Min 0 0 0 0 0 0 0 0 0 0 

 n 130 156 160 154 150 117 55 134 157 107 
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Appendix 3. Water quality, CVA 

Water quality. Eigenvalues, percentages of the variances, and loadings for the 

variables included in the Canonical Variates Analysis (CVA). 

 Axis 1 Axis 2 Axis 3 Axis 4 

Eigenvalue 12.903 5.2052 4.2149 1.6392 

Percent 50.97 20.56 16.65 6.475 

Loadings     

O2 -0.057992 -0.48564 0.39073 -0.1332 

EC 212.77 -334.47 253.98 -3.7327 

pH 0.25478 -0.0073787 -0.041069 0.048564 

COD 1.7799 4.754 4.1725 23.332 

TSS 2.9512 -2.2662 1.703 7.5192 

Colour 19.695 50.144 -36.723 57.282 

Chlora -0.13875 0.18691 -2.0624 7.0837 

TN 56.627 59.505 23.927 317.22 

NH4-N 10.56 15.886 -8.7119 33.16 

TP 75.621 199.67 102.18 56.663 

PO4-P 62.703 181.48 93.29 13.633 

 

Confusion matrix of the CVA. 

 GLOI GLOII GLOIII VALKJ SUNIJ KANGASJ AKIO PAJUL KUPPI KESTI Total 

GLOI 9 1 1 0 0 0 2 0 1 0 14 

GLOII 1 11 2 0 0 0 0 0 0 0 14 

GLOIII 0 5 9 0 0 0 0 0 0 0 14 

VALKJ 0 0 0 14 0 0 0 0 0 0 14 

SUNIJ 0 0 0 1 13 0 0 0 0 0 14 

KANGASJ 0 0 0 3 0 11 0 0 0 0 14 

AKIO 0 0 0 0 0 0 14 0 0 0 14 

PAJUL 0 1 1 0 0 0 1 11 0 0 14 

KUPPI 1 0 0 0 0 0 2 0 11 0 14 

KESTI 0 0 0 0 0 0 0 1 0 4 5 

Total 11 18 13 18 13 11 19 12 12 4 131 



 

233 

Appendix 4. Water quality, Factor analysis 

Factor analysis: Eigenvalues. Total Variance Explained. Extraction Method: Principal 

Component Analysis 

Component Initial Eigenvalues 

Total % of Variance Cumulative % 

1 7.975 36.249 36.249 

2 5.297 24.075 60.325 

3 2.329 10.585 70.909 

4 1.682 7.647 78.556 

5 .931 4.234 82.790 

6 .864 3.929 86.719 

7 .583 2.649 89.368 

8 .494 2.244 91.612 

9 .421 1.914 93.526 

10 .354 1.607 95.133 

11 .248 1.125 96.259 

12 .238 1.081 97.340 

13 .156 .707 98.047 

14 .106 .484 98.530 

15 .102 .464 98.995 

16 .080 .363 99.358 

17 .070 .317 99.675 

18 .034 .153 99.828 

19 .031 .139 99.967 

20 .005 .022 99.989 

21 .002 .008 99.997 

22 .001 .003 100.000 
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Appendix 5. Sediment geochemical analyses 

Descriptive statistics. HCl 0.1 M extractabe concentrations (Ext1) of elements studied. 

Units for minimum (Min) maximum (Max) and average (Mean) concentrations: parts 

per million (ppm). Number of samples (n) and standard deviation (SD) presented. 

Kolmogorov - Smirnov test D-value and permutation p-value. Study sites are arranged 

in order of decreasing concentrations from left to right. Kolmogorov - Smirnov test 

refers to two adjacent columns. 

PO4-P  GLO3 GLO1 LASSINL PAJUL SUNIJ KANGASJ IHANAL 

Mean  815  583  424  306  107  31  65 

SD  1179  1032  67  219  61  21  35 

Min  68  77  352  61  52  10  24 

Max  3107  3245  604  751  343  77  141 

n  22  16  28  28  29  24  25 

D 0.15341 0.8125 0.57143 0.58128 0.83333 0.50167  

p 0.8973 <0.0001 0.0004 <0.0001 <0.0001 0.002  

NH4-N  IHANAL GLO1 SUNIJ KANGASJ GLO3 PAJUL LASSINL 

Mean  980  696  366  358  307  214  191 

SD  279  2296  370  234  390  174  67 

Min  461  0  59  41  55  48  100 

Max  1511  9259  1182  902  1312  537  421 

n  25  16  29  24  22  28  28 

D 0.875 0.6875 0.30891 0.51894 0.1325 0.31818  

p <0.0001 <0.0001 0.09669 0.0011 0.09879 0.0013  

K  LASSINL IHANAL PAJUL GLO1 GLO3 KANGASJ SUNIJ 

Mean  374  255  80  65  27  12  3 

SD  354  73  82  261  68  23  16 

Min  76  196  0  0  0  0  0 

Max  1386  482  242  1045  196  81  88 

n  28  25  28  16  22  24  29 

D 0.5 0.85714 0.75893 0.25568 0.13636 0.21552  

p 0.0008 <0.0001 <0.0001 0.4405 0.3938 <0.0001  

Na IHANAL GLO1 GLO3 LASSINL PAJUL KANGASJ SUNIJ 

Mean  622  459  347  320  267  110  98 

SD  152  416  285  158  105  62  56 

Min  489  62  58  130  122  11  24 

Max  1264  1643  1117  830  527  210  253 

n  25  16  22  28  28  24  29 

D 0.75 0.23864 0.32792 0.42857 0.73214 0.3477  

p <0.0001 0.5129 0.08879 0.0088 <0.0001 0.044  



 

235 

Ca  IHANAL LASSINL PAJUL GLO1 GLO3 KANGASJ SUNIJ 

Mean  7115  2522  1502  1272  1222  1043  679 

SD  1898  778  618  929  881  297  227 

Min  4091  1430  638  453  376  543  446 

Max  13161  4283  3514  3697  3275  1582  1397 

n  25  28  28  16  22  24  29 

D 0.96 0.60714 0.40179 0.32955 0.41667 0.68247  

p <0.0001 <0.0001 0.0426 0.1713 0.0084 <0.0001  

Mg LASSINL IHANAL PAJUL GLO1 GLO3 KANGASJ SUNIJ 

Mean  751  594  294  275  213  159  77 

SD  227  112  165  80  153  67  45 

Min  248  464  63  174  16  45  22 

Max  1243  946  639  447  483  287  248 

n  28  25  28  16  22  24  29 

D 0.54571 0.76857 0.4375 0.4375 0.36364 0.64799  

p 0.0002 <0.0001 0.0264 0.0297 0.06189 <0.0001  

Mn IHANAL LASSINL SUNIJ PAJUL GLO3 KANGAS GLO1 

Mean  475  58  16  3  1  <1  <1 

SD  49  126  21  12  5  0.2  0 

Min  369  0  0  0  0  0  0 

Max  590  382  73  58  24  1  0 

n  25  28  29  28  22  24  16 

D 0.96429 0.1798 0.44581 0.20455 0.079545 0.33333  

p <0.0001 0.3759 0.0014 0.8173 0.7578 0.5948  

Fe  IHANAL GLO3 LASSINL GLO1 PAJUL KANGASJ SUNIJ 

Mean  4021  3408  2886  2409  2293  1183  1044 

SD  1248  4279  769  3439  1131  249  655 

Min  1889  254  1381  500  973  710  337 

Max  6851  13508  5047  13029  4807  1612  3662 

n  25  22  28  16  28  24  29 

D 0.68182 0.6461 0.75 0.58929 0.60119 0.48851  

p <0.0001 0.0002 <0.0001 0.0009 0.0003 0.0023  
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Sediment geochemical analyses 

Descriptive statistics. Concentrated HCl 12 M extractabe concentrations (Ext2) of 

elements and organic material (OM). Units for minimum (Min) maximum (Max) and 

average (Mean) concentrations: parts per million (ppm) or % (OM). Number of samples 

(n) and standard deviation (SD) presented. Kolmogorov - Smirnov test D-value and 

permutation p-value. Study sites are arranged in order of decreasing concentrations 

from left to right. Kolmogorov - Smirnov test refers to two adjacent columns (one and 

one next to the right). 

OM % PAJUL GLO1 GLO3 LASSINL SUNIJ IHANAL KANGASJ 

Mean 94 94 93 90 78 47 42 

SD 4 7 8 5 15 5 20 

Min 88 80 81 84 43 41 25 

Max 100 100 100 98 96 60 95 

n 15 9 12 14 21 25 21 

D 0.46667 0.30556 0.5 0.61905 0.9538 0.66667  

p 0.1089 0.63656 0.051509 0.001556 <0.0001 <0.0001  

K ppm PAJUL LASSINL KANGASJ GLO1 GLO3 SUNIJ IHANAL 

Mean 4325 3506 2760 2266 2043 1548 1322 

SD 4 7 8 5 15 5 20 

Min 3280 1790 2160 1820 1620 400 1150 

Max 4920 5250 3920 4270 2600 2070 1570 

n 15 14 21 9 12 21 25 

D 0.5 0.5 0.66667 0.25 0.55952 0.71429  

p 0.034273 0.01874 0.003477 0.85205 0.009493 <0.0001  

Na ppm LASSINL PAJUL IHANAL KANGASJ GLO1 SUNIJ GLO3 

Mean 4096 4069 4040 3730 2940 2938 2828 

SD 384 260 332 267 228 281 220 

Min 3500 3610 3640 3240 2690 2570 2450 

Max 4990 4570 4750 4180 3350 3500 3120 

n 14 15 25 21 9 21 12 

D 0.22857 0.24 0.43619 0.95238 0.19048 0.29762  

p 0.78914 0.58984 0.017407 <0.0001 0.95769 0.43545  

Fe ppm GLO1 GLO3 IHANAL LASSINL PAJUL SUNIJ KANGASJ 

Mean 27958 26828 20120 17677 16492 12844 7377 

SD 27321 20796 1928 4684 7181 7152 1556 

Min 8870 6130 15310 14200 4590 3180 3370 

Max 76110 59230 24080 31970 25070 31080 10780 

n 9 12 25 14 15 21 21 

D 0.33333 0.5 0.70571 0.46667 0.37143 0.61905  

p 0.52459 0.021814 0.0001 0.057885 0.1374 0.000292  
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Ca ppm IHANAL LASSINL PAJUL KANGASJ GLO1 GLO3 SUNIJ 

Mean 11167 4531 2873 2557 2213 1712 1274 

SD 3113 1541 1075 838 1986 1139 666 

Min 7290 2175 616 622 637 547 444 

Max 20346 7712 3855 3650 6332 3614 3292 

n 25 14 15 21 9 12 21 

D 0.92857 0.71429 0.41905 0.52381 0.22222 0.32143  

p <0.0001 0.000497 0.066193 0.039557 0.93119 0.34042  

Mg ppm LASSINL PAJUL GLO1 GLO3 IHANAL KANGASJ SUNIJ 

Mean 5108 3582 1494 1493 1319 1104 989 

SD 1278 1322 1234 887 193 213 408 

Min 3318 883 523 569 1088 651 494 

Max 8862 4777 3826 3233 1800 1561 2227 

n 14 15 9 12 25 21 21 

D 0.64286 0.62222 0.33333 0.5 0.43429 0.38095  

p 0.002408 0.013637 0.52459 0.021814 0.018142 0.070582  

Al ppm LASSINL IHANAL PAJUL KANGASJ GLO1 GLO3 SUNIJ 

Mean 5439 4537 3927 3623 1683 1520 1447 

SD 969 300 1604 1140 1307 830 714 

Min 3250 3420 860 860 680 570 520 

Max 6730 4990 5990 4690 3940 2970 3380 

n 14 25 15 21 9 12 21 

D 0.78571 0.45333 0.4 0.63492 0.25 0.2381  

p <0.0001 0.028364 0.089598 0.006277 0.85205 0.71788  

P ppm GLO3 GLO1 IHANAL PAJUL LASSINL KANGASJ SUNIJ 

Mean 1707 1317 808 743 688 590 537 

SD 1609 1730 105 365 103 213 363 

Min 160 170 550 120 540 120 170 

Max 4110 4650 1000 1460 880 860 1620 

n 12 9 25 15 14 21 21 

D 0.25 0.66667 0.34667 0.4619 0.30952 0.47619  

p 0.85205 0.002587 0.16594 0.062202 0.33245 0.010759  

Mn ppm IHANAL GLO3 LASSINL GLO1 PAJUL KANGASJ SUNIJ 

Mean 171 110 109 101 92 65 35 

SD 17 87 17 93 36 12 14 

Min 130 20 80 40 20 30 20 

Max 230 240 140 300 140 90 70 

n 25 12 14 9 15 21 21 

D 0.62667 0.42857 0.66667 0.466667 0.70476 0.85714  

p 0.001654 0.13594 0.007476 0.12089 0.00013 <0.0001  
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Appendix 6. Soil geochemical analyses 

Soil samples. HCl extractable element concentrations parts per million (ppm). 

Sample code Sample site P in PO4 N in NH4 K  Na  Fe  Ca  

G1s Dune1 bottom 116 25 54 385 243 1586 

G1s Dune1 top 110 7 66 419 152 2054 

G1p Glo1 marsh 147 12 158 157 717 1485 

G1p Glo1 shore 210 35 164 219 1657 1738 

G1p Glo1 meadow 77 16 174 148 264 1471 

G3s Dune2 bottom 44 39 120 144 213 1506 

G3s Dune2 top 81 7 152 183 210 1631 

G3p Glo3 swamp 0-20 cm 368 87 3594 712 17066 14971 

G3p Glo3 swamp 20-40 cm 556 95 997 585 12441 6897 

G3p Glo3 swamp 40-50 cm 169 39 317 338 3557 2038 

SUs Sunijärvi moor, O horizon 171 176 1282 500 714 8149 

SUs Sunijärvi moor, A horozon 3 14 249 202 236 1047 

SUs Sunijärvi moor, B horizon 29 19 258 185 239 976 

SUp Sunijärvi swamp 0-10 cm 111 283 1412 400 14010 5834 

SUp Sunijärvi swamp 10-20 cm 79 268 640 380 8963 3716 

SUp Sunijärvi swamp 20-30 cm 31 99 272 281 1307 1570 

SUp Sunijärvi swamp 30-40 cm 12 75 251 304 1515 1836 

SUp Sunijärvi swamp 40-50 cm 14 45 242 230 1074 1555 

KAs Kangasjärvi shore, O horizon 289 226 929 267 321 8837 

KAs Kangasjärvi shore, A horizon 3 16 83 182 50 794 

KAs Kangasjärvi shore, B horizon 11 11 92 299 134 956 

KAs Kangasjärvi dune, O horizon 123 100 591 283 151 4716 

KAs Kangasjärvi dune, A horizon 9 0 105 254 92 1112 

KAs Kangasjärvi dune, B horizon 87 30 84 227 360 1027 

KAp Kangasjärvi swamp 0-20 cm 158 548 535 253 2090 3531 

KAp Kangasjärvi swamp 20-40 cm 4 16 92 196 130 1056 

LAp Pirttisuo swamp 20-40 cm 22 91 306 344 254 2918 

PI1 Pitkäjärvi moor, O horizon 233 204 1406 347 231 4990 

PI1 Pitkäjärvi moor, A horizon 6 35 96 245 147 1386 

PI1 Pitkäjärvi moor, B horizon 40 51 117 308 240 1584 

LAp Lassinranta swamp 0-10 cm 66 595 997 648 9425 10012 

LAp Lassinranta swamp 10-20 cm 264 409 385 544 3637 5741 
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Sample code Sample site P in PO4 N in NH4 K  Na  Fe  Ca  

LAp Lassinranta swamp 20-30 cm 309 287 483 622 2718 4494 

LAp Piimäsuo swamp 0-20 cm 26 551 1063 555 3726 14779 

LAp Piimäsuo swamp 20-40 cm 8 324 566 557 2775 29871 

LAp Piimä swamp 40-50 cm 6 326 436 610 3719 28782 

IHp Ihanalampi fen, flark 0-10 cm 127 314 596 652 3426 11734 

IHp Ihanalampi fen, flark 10-20 cm 32 347 237 501 3271 7946 

IHp Ihanalampi fen, flark 20-30 cm 9 223 164 522 4391 10595 

IHp Ihanalampi fen, flark 30-40 cm 16 226 224 493 4429 9083 

IHp Ihanalampi fen, flark 40-65 cm 5 277 121 418 5277 14508 

IHp Ihanalampi fen, flark 65-90 cm 22 183 129 470 6120 12435 

IHp Ihanalampi fen, flark 90-110 cm 17 217 130 516 5849 17081 

IHp Ihanalampi fen, flark11 0-130 cm 39 142 125 447 8320 14477 

IHp Ihanalampi fen, flark 130-140 cm 148  142 309 5297 7118 

IHp Ihanalampi fen, hummock 0-10 cm 45 111 1335 643 813 4724 

IHp Ihanalampi fen, hummock 10-20 cm 26 224 372 565 5152 29444 

IHp Ihanalampi fen, hummock 20-30 cm 13 245 423 800 9239 22531 

IHp Ihanalampi fen, hummock 30-40 cm 17 546 254 574 5147 26119 

IHp Ihanalampi fen, hummock 40-50 cm 0 361 202 549 3798 17218 

IHp Ihanalampi fen, hummock 50-60 cm 7 261 147 577 4463 14299 

IHp Ihanalampi fen, hummock 60-70 cm 8 248 151 408 6123 20469 

IHp Ihanalampi fen, hummock 70-80 cm 7 223 158 455 6859 21962 

IHp Ihanalampi fen, hummock 80-90 cm 6 241 117 673 5486 17689 

IHp Ihanalampi fen, hummock 90-110 cm 6 225 111 438 7884 17906 

IHp Ihanalampi fen, hummock 110-120 cm 8 246 119 493 6824 20278 

IHp Ihanalampi fen, hummock 120-130 cm 5 283 120 477 5296 6036 

IHp Ihanalampi fen, hummock 130-140 cm 46 216 134 475 8146 18846 

IHp Ihanalampi fen, hummock 140-150 cm 258 162 128 310 4293 5637 
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Soil geochemical analyses 

Soil samples. BaCl2 extractable element concentrations parts per million (ppm). 

Sample code Sample site K  Na  Ca  Mg  Fe  

G1s Dune1 top 210 222 698 224 61 

G1p Glo1 marsh 166 212 624 163 88 

G1p Glo1 shore 114 210 522 182 119 

G1p Glo1 meadow 148 230 586 208 78 

G3s Dune2 bottom 108 186 445 150 69 

G3s Dune2 top 108 153 281 104 70 

G3p Glo3 swamp 40-50 cm 245 320 727 268 99 

SUp Sunijärvi swamp 0-10 cm 2253 448 2198 381 363 

SUp Sunijärvi swamp 20-30 cm 184 240 869 298 113 

SUp Sunijärvi swamp 30-40 cm 119 244 865 280 105 

KAp Kangasjärvi swamp 0-20 cm 468 213 1426 483 171 

KAp Kangasjärvi swamp 20-40 cm 88 178 437 141 43 

KAp Kangasjärvi swamp 40-50 cm 66 198 523 162 95 

IHp Ihanalampi fen, flark 0-10 cm 783 539 4240 1103 132 

IHp Ihanalampi fen, flark 10-20 cm 349 347 2170 371 77 

IHp Ihanalampi fen, flark 20-30 cm 139 450 4673 696 161 

IHp Ihanalampi fen, flark 30-40 cm 222 503 4560 596 125 

LAp Pirttisuo swamp 0-20 cm 467 310 6164 2587 53 

LAp Lassinranta swamp 0-10 cm 1058 394 4498 1220 90 

LAp Lassinranta swamp 10-20 cm 559 325 1931 486 56 

LAp Lassinranta swamp 20-30 cm 306 396 2294 477 70 

LAp Piimäsuo swamp 0-20 cm 993 316 13779 1722 27 

LAp Piimäsuo swamp 20-40 cm 611 270 11719 1436 35 

LAp Piimäsuo swamp 40-50 cm 464 317 12422 1524 37 
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Appendix 7. Diatom species 

Identified diatom species. OMNIDIA codes. S: salinity (1 fresh – 4 brackish, according to 

Van Dam et al. 1994). N: number of samples, where a species encountered. Sensitivity 

values: b Developmental stage (1 flad – 5 glo lake), c Nutrients (1 low – 3 high), d 

Electrolytes (1 low – 3 high). 

Current accepted name (Guiry & 

Guiry 2013) 

Traditional name (Cleve-Euler 

1968) 

Code S N  sensitivity 

b  c  d  

Achnanthes brevipes C.Agardh 

1824 

Achnanthes brevipes C.Agardh 

1824 

ABAN  4        

Achnanthes joursacense 

Héribaud-Joseph 1903 

Achnanthes elliptica (Cleve) A. 

Cleve-Euler 1932 

AEEX 2 2        

Achnanthes nitida Cleve-Euler Achnanthes nitida Cleve-Euler ANIT  4  1.00 2.00 3.00 

Achnanthes subsalsa 

J.B.Petersen 1928 

Achnanthes subsalsoides 

Hustedt 1933 

ASBO  2        

Achnanthes suspecta A.Cleve 

1934 

Achnanthes suspecta A.Cleve 

1934 

ASUS  10  2.00 3.00 3.00 

Achnanthes taeniata Grunow 

1880 

Achnanthes taeniata Grunow 

1880 

ATAE  3        

Achnanthidium biasolettianum 

(Grunow) Round & Bukhtiyarova 

1996 

Achnanthes biasolettiana 

Grunow in Cleve & Grunow 

1880 

ABFO  6  5.00 1.00 1.00 

Adlafia minuscula (Grunow) 

Lange-Bertalot in Lange-Bertalot 

& Genkal 1999 

Navicula minuscula Grunow in 

van Heurck 1880 

ADMM 1 6        

Amphora aequalis Krammer 

1980 

Amphora aequalis Krammer 

1980 

AAEQ  3     

Amphora commutata Grunow in 

van Heurck 1880 

Amphora commutata Grunow in 

van Heurck 1880 

ACOM 4 26        

Amphora libyca Ehrenberg 1840 Amphora libyca Ehrenberg 1840 ALIB  47  2.95 2.02 2.04 

Amphora ovalis (Kützing) 

Kützing 1844 

Amphora ovalis (Kützing) 

Kützing 1844 

AOVA 2 43  3.01 2.00 2.00 

Amphora pediculus (Kützing) 

Grunow ex A.Schmidt 1875 

Amphora pediculus (Kützing) 

Grunow ex A.Schmidt 1875 

APED 2 29  1.15 2.05 2.95 

Amphora perpusilla Grunow 

1884 

Amphora perpusilla Grunow 

1884 

AMPE  15  4.00 2.00 1.00 

Amphora proteus Gregory 1857 Amphora proteus Gregory 1857 APRO  17        

Amphora pusio Cleve 1895 Amphora pusio Cleve 1895 AMPU  35  1.00 2.00 3.00 

Amphora terroris Ehrenberg 

1853 

Amphora terroris Ehrenberg 

1853 

ATER  3        

Aneumastus stroesei (Østrup) Navicula pseudotuscula Hustedt ANSS  2        
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Current accepted name (Guiry & 

Guiry 2013) 

Traditional name (Cleve-Euler 

1968) 

Code S N  sensitivity 

b  c  d  

D.G.Mann in Round, Crawford & 

D.G. Mann 1990 

1943 

Aneumastus stroesei (Østrup) 

D.G.Mann in Round, Crawford & 

D.G. Mann 1990 

Navicula stroesei (Østrup) 

A.Cleve 1922 

ANSS  4  2.00 3.00 3.00 

Aneumastus tuscula 

(Ehrenberg) D.G.Mann & 

A.J.Stickle in Round et al. 1990 

Navicula tuscula (Ehrenberg) 

Grunow 

NTUS 2 17  2.04 2.00 2.48 

Aneumastus tusculoides 

(A.Cleve) D.G. Mann 1990 

Navicula tusculoides A. Cleve 

1953 

NTUO  5        

Anomoeoneis sphaerophora 

E.Pfitzer 1871 

Anomoeoneis sphaerophora 

E.Pfitzer 1871 

ASPH  12        

Anomoeoneis sphaerophora var. 

sculpta (Ehrenberg) O.Müller 

1900 

Anomoeoneis sculpta 

(Ehrenberg) Cleve 1895 

ASCU  2        

Astartiella bahusiensis (Grunow) 

Witkowski, Lange-Bertalot & 

Metzeltin 1998 

Navicula bahusiensis (Grunow) 

Cleve 1895 

ABHS  2        

Aulacoseira ambigua (Grunow) 

Simonsen 1979 

Melosira ambigua (Grunow) 

O.F. Müller 

AUAJ  4        

Aulacoseira distans (Ehrenberg) 

Simonsen 1979 

Melosira distans (Ehrenberg) 

Kützing 1844 

AUDI  2  4.00 2.00 1.00 

Aulacoseira granulata 

(Ehrenberg) Simonsen 1979 

Melosira granulata (Ehrenberg) 

Ralfs in Pritchard 1861 

AUGR  4  1.00 2.00 3.00 

Aulacoseira islandica subsp. 

helvetica (O.F. Müller) 

Simonsen 1979 

Melosira islandica subsp. 

helvetica O.F.Müller 1906 

AIHE 1 3        

Aulacoseira italica (Ehrenberg) 

Simonsen 1979 

Melosira italica (Ehrenberg) 

Kützing 1844 

AUIT 2 15  2.75 2.29 2.29 

Bacillaria paxillifera (O.F.Müller) 

T.Marsson 1901 

Bacillaria paradoxa J.F.Gmelin 

in Linnaeus 1791 

BPAX 4 12  1.51 2.51 3.00 

Bacillaria paxillifera (O.F.Müller) 

T.Marsson 1901 

Nitzschia paradoxa (J.F. 

Gmelin) Grunow in Cleve & 

Grunow 1880 

BPAX  2        

Belonastrum berolinensis 

(Lemmermann) Round & 

Maidana 2001 

Synedra berolinensis 

Lemmermann 1900 

BBER  3  1.36 2.00 2.82 

Biremis ambigua (Cleve) D.G. 

Mann in Round, Crawford & 

Mann 1990 

Navicula retusa Brébisson 1883 BAMB  5        

Brebissonia lanceolata Cymbella lanceolata (C.Agardh) BLAN 2 17  3.00 2.00 2.00 
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Current accepted name (Guiry & 

Guiry 2013) 

Traditional name (Cleve-Euler 

1968) 

Code S N  sensitivity 

b  c  d  

(C.Agardh) Mahoney & Reimer 

1986 

Kirchner 1878 

Caloneis amphisbaena (Bory de 

Saint Vincent) Cleve 1894 

Caloneis amphisbaena (Bory de 

Saint Vincent) Cleve 1894 

CAMP  8        

Caloneis amphisbaena var. 

subsalina (Donkin) Cleve 1894 

Caloneis subsalina (Donkin) 

Hendey 1951 

CASS  2        

Caloneis bottnica Cleve Caloneis bottnica Cleve CBOT  2        

Caloneis brevis (Gregory) Cleve 

1894 

Caloneis brevis (Gregory) Cleve 

1894 

CBRE  22        

Caloneis liber (W.Smith) Cleve 

1894 

Caloneis liber (W.Smith) Cleve 

1894 

CALB  3        

Caloneis ventricosa (Ehrenberg) 

F.Meister 1912 

Caloneis silicula (Ehrenberg) 

Cleve 1894 

CAVE  16  5.00 1.00 1.00 

Caloneis westii (W.Smith) 

Hendey 1964 

Caloneis formosa (Gregory) 

Cleve 1894 

CWES  3        

Caloneis westii (W.Smith) 

Hendey 1964 

Caloneis westii (W.Smith) 

Hendey 1964 

CWES  6        

Campylodiscus clypeus 

(Ehrenberg) Ehrenberg ex 

Kützing 1844 

Campylodiscus clypeus 

(Ehrenberg) Ehrenberg ex 

Kützing 1844 

CCLY 4 20        

Campylodiscus echeneis 

Ehrenberg ex Kützing 1844 

Campylodiscus echeneis 

Ehrenberg ex Kützing 1844 

CECH  1  1.00 2.00 3.00 

Campylodiscus noricus 

Ehrenberg 1840 

Campylodiscus noricus 

Ehrenberg 1840 

CNRC  2  3.89 1.56 1.56 

Cavinula lacustris (W.Gregory) 

D.G.Mann & Stickle in Round, 

Crawford & Mann 1990 

Navicula lacustris W.Gregory 

1856 

CVLA  6        

Cocconeis costata Gregory 

1855 

Cocconeis costata Gregory 

1855 

COCC  2        

Cocconeis disculus (Schumann) 

Cleve in Cleve & Jentzsch 1882 

Cocconeis disculus (Schumann) 

Cleve in Cleve & Jentzsch 1882 

CDIS 3 12  1.00 2.00 3.00 

Cocconeis neodiminuta 

Krammer 1990 

Cocconeis diminuta Pantocsek 

1902 

CNDI 2 28        

Cocconeis pediculus Ehrenberg 

1838 

Cocconeis pediculus Ehrenberg 

1838 

CPED 3 39  1.92 2.92 3.00 

Cocconeis placentula Ehrenberg 

1838 

Cocconeis placentula Ehrenberg 

1838 

CPLA 2 55  1.98 2.88 2.95 

Cosmioneis pusilla (W.Smith) 

D.G.Mann & A.J.Stickle in 

Round, Crawford & Mann 1990 

Navicula pusilla W.Smith 1853 COPU  3        
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Current accepted name (Guiry & 

Guiry 2013) 

Traditional name (Cleve-Euler 

1968) 

Code S N  sensitivity 

b  c  d  

Craticula accomoda (Hustedt) 

D.G.Mann in Round, Crawforf & 

Mann 1990 

Navicula accomoda Hustedt 

1950 

CRAC  2        

Craticula cuspidata (Kutzing) 

D.G.Mann in Round, Crawford & 

Mann 1990 

Navicula cuspidata (Kutzing) 

Kutzing 1844 

CRCU  2        

Craticula halophila (Grunow) 

D.G.Mann in Round, Crawford & 

Mann 1990 

Navicula halophila (Grunow) 

Cleve 1894 

CHAL 4 5        

Cyclotella bodanica Eulenstein 

ex Grunow 1878 

Cyclotella bodanica Eulenstein 

ex Grunow 1878 

CBOD  2        

Cyclotella kuetzingiana Thwaites 

1848 

Cyclotella Kützingiana Thwaites CKUT  2        

Cyclotella meneghiniana Kützing 

1844 

Cyclotella meneghiniana Kützing 

1844 

CMEN 3 11  1.76 2.76 3.00 

Cyclotella striata (Kützing) 

Grunow 1880 

Cyclotella striata (Kützing) 

Grunow 1880 

CSTR 4 6        

Cymatopleura elliptica 

(Brébisson) W.Smith 1851 

Cymatopleura elliptica 

(Brébisson) W.Smith 1851 

CELL  3        

Cymatopleura solea (Brébisson) 

W.Smith 1851 

Cymatopleura solea (Brébisson) 

W.Smith 1851 

CSOL 2 34  3.19 2.00 1.81 

Cymbella aspera (Ehrenberg) 

Cleve 1894 

Cymbella aspera (Ehrenberg) 

Cleve 1894 

CASP 2 14  3.00 2.00 2.00 

Cymbella caespitosa (Kützing) 

Brun 1880 

Cymbella caespitosa (Kützing) 

Brun 

CCAE  3        

Cymbella cistula (Hemprich & 

Ehrenberg) O.Kirchner 1878 

Cymbella cistula (Hemprich & 

Ehrenberg) O.Kirchner 1878 

CCIS 2 14        

Cymbella compacta Østrup 

1910 

Cymbella compacta Østrup 

1910 

CCMP  2        

Cymbella cymbiformis C.Agardh 

1830 

Cymbella cymbiformis C.Agardh 

1830 

CCYM  4  3.00 2.00 2.00 

Cymbella helvetica Kützing 1844 Cymbella helvetica Kützing 1844 CHEL  8        

Cymbella turgida W.Gregory 

1856 

Cymbella turgida W.Gregory 

1856 

CTUR  4        

Cymbopleura amphicephala 

(Nägeli) Krammer 2003 

Cymbella amphicephala Näegeli 

in Kützing 1849 

CBAM 

 

2 15  3.00 2.00 2.00 

Cymbopleura cuspidata 

(Kützing) Krammer 2003 

Cymbella cuspidata Kützing 

1844 

CBCU 

 

 4        

Cymbopleura inaequalis 

(Ehrenberg) Krammer 2003 

Cymbella ehrenbergii Kützing 

1844 

CIQL 

 

 3        

Cymbopleura incerta (Grunow) Cymbella incerta Grunow in CBPI  4  3.00 2.00 2.00 
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K.Krammer 2003 Cleve & Möller 1878  

Diatoma vulgaris Bory de Saint-

Vincent 1824 

Diatoma vulgaris Bory de Saint-

Vincent 1824 

DVUL 

 

2 56  3.36 1.90 1.61 

Didymosphenia geminata 

(Lyngbye) M.Schmidt in A. 

Schmidt 1899 

Didymosphenia geminata 

(Lyngbye) M.Schmidt in A. 

Schmidt 1899 

DGEM  2        

Diploneis didyma (Ehrenberg) 

Ehrenberg 1845 

Diploneis didyma (Ehrenberg) 

Ehrenberg 1845 

DDID 

 

 8        

Diploneis domblittensis 

(Grunow) Cleve 1894 

Diploneis domblittensis 

(Grunow) Cleve 1894 

DDOM 

 

 3        

Diploneis parma Cleve 1891 Diploneis parma Cleve 1891 DPAR  2        

Diploneis smithii (Brébisson) 

Cleve 1894 

Diploneis smithii (Brébisson) 

Cleve 1894 

DSMI  32  1.00 2.00 3.00 

Encyonema gracile Rabenhorst 

1853 

Cymbella gracilis (Rabenhorst) 

Cleve 1894 

ENGR  4  3.00 2.00 2.00 

Encyonema minutum (Hilse) 

D.G.Mann in Round, Crawford & 

Mann 1990 

Cymbella minuta Hilse in 

Rabenhorst 1862 

ENMI 2 27  1.00 2.00 3.00 

Encyonema perpusillum 

(A.Cleve) D.G.Mann in Round, 

Crawford & Mann 1990 

Cymbella perpusilla A. Cleve 

1895 

ENMI  5        

Encyonema ventricosum 

(C.Agardh) Grunow 1875 

Cymbella ventricosa C.Agardh 

1830 

ENVE  43  4.65 1.18 1.11 

Encyonopsis aequalis (W.Smith) 

Krammer 1997 

Cymbella aequalis W.Smith in 

Greville 1855 

EAQL 

 

 28  4.91 1.09 1.00 

Epithemia adnata (Kützing) 

Brébisson 1838 

Epithemia zebra (Ehrenberg) 

Kützing 1844 

EADN 2 48  2.34 2.47 2.57 

Epithemia argus (Ehrenberg) 

Kützing 1844 

Epithemia argus (Ehrenberg) 

Kützing 1844 

EARG 2 39  2.55 2.23 2.34 

Epithemia intermedia Fricke 

1904 

Epithemia intermedia Fricke 

1904 

EINT  2        

Epithemia sorex Kützing 1844 Epithemia sorex Kützing 1844 ESOR 2 47  2.77 2.00 2.12 

Epithemia turgida (Ehrenberg) 

Kützing 1844 

Epithemia turgida (Ehrenberg) 

Kützing 1844 

ETUR 2 51  2.78 2.22 2.22 

Eunotia angusta (Grunow) 

Å.Berg 1939 

Eunotia angusta (Grunow) 

Å.Berg 1939 

EAGT  15  5.00 1.00 1.00 

Eunotia antiqua A.Berg 1939 Eunotia antiqua A.Berg 1939 EATQ  4  5.00 1.00 1.00 

Eunotia arcus Ehrenberg 1837 Eunotia arcus Ehrenberg 1837 EARC 1 27  5.00 1.00 1.00 

Eunotia bilunaris (Ehrenberg) 

Schaarschmidt 1880 

Eunotia lunaris (Ehrenberg) 

Grunow in in van Heurck 1882-

EBLU 2 31  4.69 1.18 1.18 
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1885 

Eunotia crista-galli Cleve 1891 Eunotia crista-galli Cleve ECRG  3        

Eunotia diodon Ehrenberg 1837 Eunotia diodon Ehrenberg 1837 EDIO  5        

Eunotia exigua (Brébisson ex 

Kützing) Rabenhorst 1864 

Eunotia exigua (Brébisson ex 

Kützing) Rabenhorst 1864 

EEXI 2 13        

Eunotia gracilis W. Smith 1853 Eunotia gracilis W. Smith 1853 EGRA  2  5.00 1.00 1.00 

Eunotia incisa W.Smith ex 

W.Gregory 1854 

Eunotia veneris (Kützing) A.Berg 

1939 

EINC 1 21  5.00 1.00 1.00 

Eunotia meisteri Hustedt 1930 Eunotia meisteri Hustedt 1930 EMEI  3        

Eunotia parallela Ehrenberg 

1843 

Eunotia parallela Ehrenberg 

1843 

EPAR  2        

Eunotia pectinalis (Kützing) 

Rabenhorst 1864 

Eunotia pectinalis (Kützing) 

Rabenhorst 1864 

EPEC 1 31  5.00 1.00 1.00 

Eunotia pectinalis f. impressa 

(Ehrenberg) Hustedt 1930 

Eunotia impressa Ehrenberg 

1854 

EIPS  2        

Eunotia polyglyphis Grunow 

1881 

Eunotia polyglyphis Grunow 

1881 

EPOG  7  5.00 1.00 1.00 

Eunotia quaternaria Ehrenberg 

1843 

Eunotia tridentula Ehrenberg 

1843 

EQUA  3        

Eunotia robusta Ralfs 1861 Eunotia robusta Ralfs 1861 ERDI  3        

Eunotia septentrionalis Østrup 

1897 

Eunotia septentrionalis Østrup 

1897 

ESEP  3        

Eunotia serra var. diadema 

(Ehrenberg) R.M.Patrick 1958 

Eunotia diadema Ehrenberg 

1837 

ESDI  3        

Eunotia triodon Ehrenberg 1837 Eunotia triodon Ehrenberg 1837 ETRD  4        

Eunotia vanheurckii R.M.Patrick 

1958 

Eunotia faba (Ehrenberg) 

Grunow in van Heurck 1881 

EVHK 

 

1 24  4.34 1.66 1.00 

Fragilaria capucina 

Desmazières 1825 

Fragilaria capucina 

Desmazières 1825 

FCAP 2 44  2.56 2.44 2.44 

Fragilaria vaucheriae (Kützing) 

J.B.Petersen 1938 

Fragilaria vaucheriae (Kützing) 

J.B.Petersen 1938 

FCVA 2 5        

Fragilaria constricta Ehrenberg 

1843 

Fragilaria constricta Ehrenberg 

1843 

FCST 1 24  4.07 1.93 1.00 

Fragilaria crotonensis Kitton 

1869 

Fragilaria crotonensis Kitton 

1869 

FCRO 2 2        

Fragilaria hungarica Pantocsek 

1892 

Fragilaria hungarica Pantocsek FHUN  10        

Fragilaria inflata (Heiden) 

Hustedt 1931 

Fragilaria inflata (Heiden) 

Hustedt 1931 

FINF  9  3.00 2.00 2.00 

Fragilariforma bicapitata (Mayer) 

D.M.Williams & Round 1988 

Fragilaria bicapitata Mayer 1917 FFBI  2  3.00 2.00 2.00 
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Fragilariforma virescens (Ralfs) 

D.M.Williams & Round 1988 

Fragilaria virescens Ralfs 1843 FFVI 1 7        

Frustulia rhomboides s.lat. 

(Ehrenberg) De Toni 1891 

Frustulia rhomboides 

(Ehrenberg) De Toni 1891 

FRHO 1 25  4.98 1.01 1.01 

Frustulia vulgaris (Thwaites) De 

Toni 1891 

Frustulia vulgaris (Thwaites) De 

Toni 1891 

FVUL  3        

Geissleria similis (Krasske) 

Lange-Bertalot & Metzeltin 1996 

Navicula similis Krasske 1929 GSML  3        

Gomphonema acuminatum 

Ehrenberg 1832 

Gomphonema acuminatum 

Ehrenberg 1832 

GACU 2 16  3.35 2.10 2.10 

Gomphonema longiceps 

Ehrenberg 1854 

Gomphonema longiceps 

Ehrenberg 1854 

GLON  2        

Gomphonema montanum 

Schumann 1867 

Gomphonema montanum 

Schumann 1867 

GMO

N 

 4        

Gomphonema olivaceum 

(Hornemann) Brébisson 1838 

Gomphonema olivaceum 

(Hornemann) Kützing 1844 

GOLI 2 18  1.51 2.51 3.00 

Gomphonema parvulum 

(Kützing) Kützing 1849 

Gomphonema parvulum 

(Kützing) Kützing 1849 

GPAR  2        

Gomphonema truncatum 

Ehrenberg 1832 

Gomphonema constrictum 

Ehrenberg 1832 

GTRU 2 19  2.51 2.49 2.49 

Grammatophora oceanica 

Ehrenberg 1840 

Grammatophora oceanica 

Ehrenberg 1840 

GOCE  3        

Gyrosigma acuminatum 

(Kützing) Rabenhorst 1853 

Gyrosigma acuminatum 

(Kützing) Rabenhorst 1853 

GYAC  5  1.00 2.00 3.00 

Gyrosigma attenuatum (Kützing) 

Rabenhorst 1853 

Gyrosigma attenuatum (Kützing) 

Rabenhorst 1853 

GYAT  4        

Gyrosigma sciotense (Sullivan & 

Wormley) Cleve 1894 

Gyrosigma sciotense (Sullivan & 

Wormley) Cleve 1894 

GSCI  3        

Halamphora eunotia (Cleve) 

Levkov 2009 

Amphora eunotia Cleve 1873 HEUN  2        

Halamphora exigua (Gregory) 

Levkov 2009 

Amphora exigua Gregory 1857 HLEX  4        

Halamphora holsatica (Hustedt) 

Levkov 2009 

Amphora holsatica Hustedt 1925 HHOL  6        

Halamphora thumensis 

(A.Mayer) Levkov 2009 

Amphora thumensis (Mayer) 

Krieger 1929 

HTHU  6        

Halamphora turgida (Gregory) 

Levkov 2009 

Amphora turgida Gregory 1857 HTUR  2        

Halamphora veneta (Kützing) 

Levkov 2009 

Amphora veneta Kützing 1844 HVEN 3 6        
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Hannaea arcus (Ehrenberg) 

R.M.Patrick in R.M. Patrick & 

L.R. Freese 1961 

Fragilaria arcus (Ehrenberg) 

Cleve 1898 

HARC  2        

Hantzschia amphioxys 

(Ehrenberg) Grunow in Cleve & 

Grunow 1880 

Hantzschia amphioxys 

(Ehrenberg) Grunow in Cleve & 

Grunow 1880 

HAMP  2        

Hantzschia virgata (Roper) 

Grunow 1880 

Hantzschia virgata (Roper) 

Grunow 1880 

HVIR  3        

Hippodonta hungarica (Grunow) 

Lange-Bertalot, Metzeltin & 

Witkowski 1996 

Navicula hungarica Grunow 

1860 

HHOB  17        

Karayevia clevei (Grunow) 

Bukhtiyarova 1999 

Achnanthes clevei Grunow in 

Cleve & Grunow 1880 

KCBO 2 23        

Kolbesia suchlandtii (Hustedt) 

J.C.Kingston 2000 

Achnanthes suchlandtii Hustedt 

1933 

KSUC  3        

Lemnicola hungarica (Grunow) 

F.E.Round & P.W.Basson 1997 

Achnanthes hungarica (Grunow) 

Grunow in Cleve & Grunow 

1880 

LHUN  2        

Martyana martyi (Héribaud-

Joseph) Round in Round, 

Crawford & Mann 1990 

Opephora martyi Héribaud 1902 MMAR 

 

 25  2.00 3.00 3.00 

Mastogloia baltica Grunow in 

van Heurck 1880 

Mastogloia baltica Grunow in 

van Heurck 1880 

MBAL 

 

 7  1.00 2.00 3.00 

Mayamaea atomus (Kützing) 

Lange-Bertalot 1997 

Navicula atomus (Kützing) 

Grunow 1860 

MAAT  2        

Melosira fennoscandica A. 

Cleve-Euler 1943 

Melosira fennoscandica A. 

Cleve-Euler 1943 

MFEN  16  1.42 2.05 2.82 

Melosira islandica O.F.Müller 

1906 

Melosira islandica O.F. Müller 

1906 

MISL  19  1.18 2.00 2.91 

Melosira lineata (Dillwyn) 

C.Agardh 1824 

Melosira juergensii C. Agardh 

1824 

MLIN 4 4  2.00 3.00 3.00 

Melosira lirata (Ehrenberg) 

Kützing 1844 

Melosira lirata (Ehrenberg) 

Kützing 1844 

MLLA  10        

Melosira varians C.Agardh 1827 Melosira varians C.Agardh 1827 MVAR 2 20  1.96 2.96 3.00 

Navicula aboensis (Cleve) 

Hustedt 1952 

Navicula aboensis (Cleve) 

Hustedt 1952 

NABO  11        

Navicula amphibola Cleve 1891 Navicula amphibola Cleve 1891 NAPH 2 3        

Navicula arvensis Hustedt 1937 Navicula arvensis Hustedt 1937 NARV  2        

Navicula cari Ehrenberg 1836 Navicula cari Ehrenberg 1836 NCAR 2 10        

Navicula clementis Grunow 

1882 

Navicula clementis Grunow 

1882 

NCLE 3 14        
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Navicula cruciculoides 

Brockmann 1950 

Navicula cruciculoides 

Brockmann 1950 

NCRL  3        

Navicula cryptocephala Kützing 

1844 

Navicula cryptocephala Kützing 

1844 

NCRY 2 10        

Navicula dicephala Ehrenberg 

1838 

Navicula dicephala Ehrenberg 

1838 

NDIC  28  3.35 2.10 2.10 

Navicula digitoradiata (Gregory) 

Ralfs in Pritchard 1861 

Navicula digitoradiata (Gregory) 

Ralfs in Pritchard 1861 

NDIG  3        

Navicula directa (W.Smith) Ralfs 

1861 

Navicula directa (W.Smith) Ralfs 

1861 

NDIR  3        

Navicula laevissima Kützing 

1844 

Navicula laevis Kützing NLAE  3        

Navicula lagerstedtii Cleve 1894 Navicula lagerstedtii Cleve 1894 NLGT  2        

Navicula laterostrata Hustedt 

1925 

Navicula laterostrata Hustedt 

1925 

NLAT 2 5        

Navicula menisculus Schumann 

1867 

Navicula menisculus Schumann 

1867 

NMEN 2 31  1.00 2.00 3.00 

Navicula oblonga (Kützing) 

Kützing 1844 

Navicula oblonga (Kützing) 

Kützing 1844 

NOBL  3        

Navicula peltoensis A.Cleve 

1934 

Navicula peltoensis A.Cleve 

1934 

NVPE  2        

Navicula peregrina (Ehrenberg) 

Kützing 1844 

Navicula peregrina (Ehrenberg) 

Kützing 1844 

NPRG 4 42  1.05 2.05 3.00 

Navicula placentula (Ehrenberg) 

Grunow 1844 

Navicula placentula (Ehrenberg) 

Grunow 

NPLA  10        

Navicula platystoma Ehrenberg 

1838 

Navicula platystoma Ehrenberg 

1838 

NPLY  2        

Navicula radiosa Kützing 1844 Navicula radiosa Kützing 1844 NRAD 2 17  3.16 2.05 2.05 

Navicula rhynchocephala 

Kützing 1844 

Navicula rhynchocephala 

Kützing 1844 

NRHY  11        

Navicula ridelii Cleve-Euler 1953 Navicula ridelii Cleve-Euler NRID  2        

Navicula siofokensis Pantocsek 

1902 

Navicula siofokensis Pantocsek 

1902 

NSFK  6  3.00 2.00 2.00 

Navicula torneensis Cleve 1891 Navicula torneensis Cleve 1891 NTRN  8        

Navicula tripunctata (O.F.Müller) 

Bory de Saint-Vincent in Bory de 

Saint-Vincent 1822 

Navicula gracilis Ehrenberg 

1832 

NTPT 2 17  5.00 1.00 1.00 

Navicula trivialis Lange-Bertalot 

1980 

Navicula lanceolata (C.Agardh) 

Kützing 1844 

NTRV  3        

Navicula valida Cleve & Grunow Navicula valida Cleve & Grunow NVLD  3        
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1880 

Navicula viridula (Kützing) 

Ehrenberg 1838 

Frustulia viridula Kützing 1833 FVRD  2        

Navicula viridula (Kützing) 

Ehrenberg 1838 

Navicula viridula (Kützing) 

Kützing 1844 

NVIA  14        

Navicula vulpina Kützing 1844 Navicula vulpina Kützing 1844 NVUL  8  3.00 2.00 2.00 

Naviculadicta absoluta (Hustedt) 

Lange-Bertalot 1994 

Navicula absoluta Hustedt NDAB  2        

Neidium affine var. longiceps 

(W.Gregory) Cleve 1894 

Neidium longiceps (Gregory) 

R.Ross 1947 

NALO 1 4        

Neidium iridis (Ehrenberg) Cleve 

1894 

Neidium iridis (Ehrenberg) Cleve 

1894 

NEIA 2 4  5.00 1.00 1.00 

Nitzschia acicularis (Kützing) 

W.Smith 1853 

Nitzschia acicularis (Kützing) 

W.Smith 1853 

NAAO  5  1.00 2.00 3.00 

Nitzschia brevissima Grunow in 

van Heurck 1881 

Nitzschia parvula Lewis 1862 NBRE 3 4        

Nitzschia communis Rabenhorst 

1860 

Nitzschia communis Rabenhorst 

1860 

NCOM  4        

Nitzschia dissipata (Kützing) 

Grunow 1862 

Nitzschia dissipata (Kützing) 

Grunow 1862 

NDIS  2        

Nitzschia distans W. Gregory 

1857 

Nitzschia distans W. Gregory 

1857 

NIDS  3        

Nitzschia intermedia Hantzsch 

ex Cleve & Grunow 1880 

Nitzschia intermedia Hantzsch 

ex Cleve & Grunow 1880 

NINT 2 14  2.34 2.66 2.66 

Nitzschia linearis (C.Agardh) 

W.Smith 1853 

Nitzschia linearis (C.Agardh) 

W.Smith 1853 

NLIP  4        

Nitzschia palea (Kützing) 

W.Smith 1856 

Nitzschia palea (Kützing) 

W.Smith 1856 

NPAL 2 3        

Nitzschia plana W. Smith 1853 Nitzschia plana W. Smith 1853 NZPL  3  1.00 2.00 3.00 

Nitzschia polaris Grunow ex 

Cleve 1883 

Nitzschia polaris Grunow ex 

Cleve 1883 

NZPO  2        

Nitzschia sigma (Kützing) 

W.Smith 1853 

Nitzschia sigma (Kützing) 

W.Smith 1853 

NSIG  2  1.00 2.00 3.00 

Nitzschia thermalis (Ehrenberg) 

Auerswald in Rabenhorst 1861 

Nitzschia thermalis (Ehrenberg) 

Auerswald in Rabenhorst 1861 

NTHM  6  1.31 2.00 2.85 

Nitzschia tryblionella Hantzsch 

in Rabenhorst 1848 

Nitzschia tryblionella Hantzsch 

in Rabenhorst 1860 

NTRY 3 7  1.00 2.00 3.00 

Odontella granulata (Roper) 

R.Ross 1986 

Biddulphia granulata Roper 

1859 

OGRA  2        

Opephora mutabilis (Grunow) 

Sabbe & Wyverman 1995 

Opephora olsenii Møller 1950 OMUT  11        
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Paralia sulcata (Ehrenberg) 

Cleve 1873 

Melosira sulcata (Ehrenberg) 

Kützing 1844 

PSUL  3        

Parlibellus cruciculus (W.Smith) 

Witkowski, Lange-Bertalot & 

Metzeltin 2000 

Navicula crucicula (W.Smith) 

Donkin 1871 

NCRC  2        

Petroneis humerosa (Brébisson 

ex W.Smith) A.J.Stickle & 

D.G.Mann in Round, Crawford & 

Mann 1990 

Navicula humerosa Brébisson 

ex W. Smith 1856 

PHUM  25        

Petroneis latissima (Gregory) 

A.J.Stickle & D.G.Mann in 

Round, Crawford & Mann 1990 

Navicula latissima Gregory 1856 PLTS  2        

Petroneis marina (Ralfs ex 

Pritchard) D.G.Mann in Round, 

Crawford & Mann 1990 

Navicula punctulata W.Smith 

1853 

PEMA  2        

Pinnularia baltica (Schulz) 

A.Cleve-Euler 1955 

Pinnularia baltica (Schulz) 

A.Cleve-Euler 1955 

PBTC  7        

Pinnularia biceps W.Gregory 

1856 

Pinnularia biceps W.Gregory 

1856 

PBIC  16  5.00 1.00 1.00 

Pinnularia brevicostata Cleve 

1891 

Pinnularia brevicostata Cleve 

1891 

PBLE 1 6  3.00 2.00 2.00 

Pinnularia cuneata (Østrup) 

A.Cleve 1915 

Pinnularia cuneata (Østrup) 

A.Cleve 1915 

PCUN  2        

Pinnularia dactylus Ehrenberg 

1843 

Pinnularia dactylus Ehrenberg 

1843 

PDAC  8  3.00 2.00 2.00 

Pinnularia debilis (Pantocsek) A. 

Cleve 1955 

Pinnularia debilis (Pantocsek) A. 

Cleve 1955 

PDEB  2        

Pinnularia elegans (W.Smith) 

K.Krammer 1992 

Navicula elegans W.Smith 1853 PIEL  5  1.00 2.00 3.00 

Pinnularia esox Ehrenberg 1843 Pinnularia esox Ehrenberg 1843 PESO  4  4.00 2.00 1.00 

Pinnularia gibba Ehrenberg 

1843 

Pinnularia gibba Ehrenberg 

1843 

PGIB 2 24  3.93 1.56 1.56 

Pinnularia gibba Ehrenberg 

1843 

Pinnularia stauroptera (Grunow) 

Rabenhorst 1864 

PGIB  2        

Pinnularia inflata A.Cleve 1955 Pinnularia inflata A.Cleve 1955 PIFL  2        

Pinnularia lagerstedtii (Cleve) 

Cleve-Euler 1934 

Pinnularia lagerstedtii (Cleve) 

Cleve-Euler 1934 

PLAG 1 4  5.00 1.00 1.00 

Pinnularia major (Kützing) Cleve 

1895 

Pinnularia maior (Kützing) Cleve PMLI  17        

Pinnularia microstauron Pinnularia microstauron PMIC 2 13        
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(Ehrenberg) Cleve 1891 (Ehrenberg) Cleve 1891 

Pinnularia nobilis (Ehrenberg) 

Ehrenberg 1843 

Pinnularia nobilis (Ehrenberg) 

Ehrenberg 1843 

PNOB  3        

Pinnularia subcapitata 

W.Gregory 1856 

Pinnularia subcapitata 

W.Gregory 1856 

PSCA 2 3  5.00 1.00 1.00 

Pinnularia viridis (Nitzsch) 

Ehrenberg 1843 

Pinnularia viridis (Nitzsch) 

Ehrenberg 1843 

PVID 2 29  4.57 1.34 1.10 

Placoneis elginensis (Gregory) 

E.J.Cox 1988 

Navicula anglica Ralfs in 

Pritchard 1861 

PELG  7  2.00 3.00 3.00 

Placoneis gastrum (Ehrenberg) 

Mereschkovsky 1903 

Navicula gastrum (Ehrenberg) 

Kützing 1844 

PGAS  3        

Planothidium delicatulum 

(Kützing) Round & Bukhtiyarova 

1996 

Achnanthes delicatula (Kützing) 

Grunow in van Heurck 1880 

PTDE  5  1.41 2.41 3.00 

Planothidium hauckianum 

(Grunow) Round & Bukhtiyarova 

in Bukhtiyarova 2008 

Achnanthes hauckiana Grunow 

1880 

PTHA  25  1.84 2.84 3.00 

Planothidium lanceolatum 

(Brébisson ex Kützing) Lange-

Bertalot 1999 

Achnanthes lanceolata 

(Brébisson ex Kützing) Grunow 

in Van Heurck 1880 

PTHN 2 16  1.31 2.31 3.00 

Platessa salinarum (Grunow) 

Lange-Bertalot 2004 

Navicula salinarum Grunow 

1880 

NSAL 4 23  1.07 2.07 3.00 

Psammothidium montanum 

(Krasske) Mayuma 2002 

Achnanthes montana Krasske 

1929 

PMM

O 

 2        

Pseudostaurosira brevistriata 

(Grunow) D.M.Williams & Round 

1987 

Fragilaria brevistriata Grunow in 

van Heurck 1885 

PSBR 2 82  2.88 1.96 2.05 

Pseudostaurosira parasitica 

(W.Smith) Morales 2003 

Synedra parasitica (W.Smith) 

Hustedt 1930 

PPRS  9  3.42 2.00 1.58 

Rhabdonema arcuatum 

(Lyngbye) Kützing 1844 

Rhabdonema arcuatum 

(Lyngbye) Kützing 1844 

RARC  2        

Rhoicosphenia abbreviata 

(C.Agardh) Lange-Bertalot 1980 

Rhoicosphenia curvata (Kützing) 

Grunow 1860 

RABB 2 40  1.56 2.56 3.00 

Rhopalodia gibba (Ehrenberg) 

Otto Müller 1895 

Rhopalodia gibba (Ehrenberg) 

Otto Müller 1895 

RGIB 2 36  3.00 2.00 2.00 

Rhopalodia gibberula 

(Ehrenberg) Otto Müller 1895 

Rhopalodia gibberula 

(Ehrenberg) Otto Müller 1895 

RGBL 3 16  1.70 2.00 2.65 

Sellaphora bacillum (Ehrenberg) 

D.G.Mann 1989 

Navicula bacillum Ehrenberg 

1839 

SEBA  6  4.00 2.00 1.00 

Sellaphora laevissima (Kützing) 

D.G.Mann 1989 

Navicula laevissima Kützing 

1844 

SELA  4        



 

253 

Current accepted name (Guiry & 

Guiry 2013) 

Traditional name (Cleve-Euler 

1968) 

Code S N  sensitivity 

b  c  d  

Sellaphora pupula (Kützing) 

Mereschkovsky 1902 

Navicula pupula Kützing 1844 SPUP 2 49  3.06 2.00 1.94 

Stauroneis anceps Ehrenberg 

1843 

Stauroneis anceps Ehrenberg 

1843 

STAN 2 19  5.00 1.00 1.00 

Stauroneis phoenicenteron 

(Nitzsch) Ehrenberg 1843 

Stauroneis phoenicenteron 

(Nitzsch) Ehrenberg 1843 

SPHO 2 24  3.00 2.00 2.00 

Stauroneis sagitta Cleve 1881 Stauroneis sagitta Cleve SSAG  2        

Stauroneis smithii Grunow 1860 Stauroneis smithii Grunow 1860 SSMI  2        

Staurosira construens 

Ehrenberg 1843 

Fragilaria construens 

(Ehrenberg) Grunow 1862 

SCON 2 77  2.78 2.13 1.97 

Staurosirella leptostauron 

(Ehrenberg) D.M.Williams & 

Round 1987 

Fragilaria leptostauron 

(Ehrenberg) Hustedt 1931 

SLEP  3  3.00 2.00 2.00 

Staurosirella leptostauron var. 

dubia (Grunow) Edlund 1994 

Fragilaria leptostauron var. 

dubia (Grunow) Hustedt 1931 

SLDU  2        

Staurosirella pinnata 

(Ehrenberg) D.M.Williams & 

Round 1987 

Fragilaria pinnata Ehrenberg 

1843 

SPIN 2 46  2.28 2.11 2.42 

Stephanodiscus astraea 

(Ehrenberg) Grunow in Cleve & 

Grunow 1880 

Stephanodiscus astraea 

(Ehrenberg) Grunow in Cleve & 

Grunow 1880 

SASM  2  1.00 2.00 3.00 

Surirella capronii Brébisson ex 

F. Kitton 1927 

Surirella capronii Brébisson ex 

F. Kitton 

SCAO  2        

Surirella elegans Ehrenberg 

1942 

Surirella elegans Ehrenberg SEGL  3        

Surirella linearis W.Smith 1853 Surirella linearis W.Smith 1853 SLCO 2 37  2.27 2.15 2.44 

Surirella minuta Brébisson in 

Kützing 1849 

Surirella ovata Kützing 1844 SUMI 2 19  2.00 3.00 3.00 

Surirella ovalis Brébisson 1838 Surirella ovalis Brébisson 1838 SOVI 4 14        

Surirella robusta Ehrenberg 

1840 

Surirella robusta Ehrenberg SURO  5        

Surirella tenera W.Gregory 1856 Surirella tenera W.Gregory 1856 SUTE  3  3.00 2.00 2.00 

Synedra acus Kützing 1844 Synedra acus Kützing 1844 SACU  22  3.89 1.70 1.70 

Synedra nana F.Meister 1912 Synedra nana F.Meister 1912 SYNA  3        

Tabellaria fenestrata (Lyngbye) 

Kützing 1844 

Tabellaria fenestrata (Lyngbye) 

Kützing 1844 

TFEN 1 46  4.76 1.11 1.12 

Tabellaria flocculosa (Roth) 

Kützing 1844 

Tabellaria flocculosa (Roth) 

Kützing 1844 

TFLO 1 40  4.57 1.31 1.12 

Thalassiosira baltica (Grunow) 

Ostenfeld 1901 

Thalassiosira baltica (Grunow) 

Ostenfeld 1901 

TBAL 4 29  1.63 2.21 2.79 
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Current accepted name (Guiry & 

Guiry 2013) 

Traditional name (Cleve-Euler 

1968) 

Code S N  sensitivity 

b  c  d  

Triceratium favus Ehrenberg 

1839 

Triceratium favus Ehrenberg 

1839 

TFAV  2        

Tryblionella acuminata W.Smith 

1853 

Nitzschia acuminata (W. Smith) 

Grunow 1880 

TACM  5        

Tryblionella acuta (Cleve) 

D.G.Mann in Round, Crawford & 

Mann 1990 

Nitzschia acuta Cleve 1878 TACU  3        

Tryblionella angustata W. Smith 

1853 

Nitzschia angustata (W.Smith) 

Grunow 1880 

TANG 2 21        

Tryblionella apiculata Gregory 

1857 

Nitzschia apiculata (W. Gregory) 

Grunow 1880 

TAPI  3        

Tryblionella hungarica (Grunow) 

Frenguelli 1942 

Nitzschia hungarica Grunow 

1862 

THUN  7        

Tryblionella littoralis (Grunow) 

D.G.Mann in Round, Crawford & 

Mann 1990 

Nitzschia littoralis Grunow in 

Cleve & Grunow 1880 

TLIT  2        

Tryblionella scalaris (Ehrenberg) 

P.Siver & P.B.Hamilton 2005 

Nitzschia scalaris (Ehrenberg) 

W.Smith 1853 

TSCA 3 13        

Ulnaria ulna (Nitzsch) 

P.Compère 2001 

Synedra ulna (Nitzsch) 

Ehrenberg 1832 

UUAC 2 59  1.74 2.33 2.80 
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