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1 Introduction  
Biodiversity or biological diversity is a term that embodies all the variety of life found in 
a particular place on Earth. This variety and complexity of life is organised in different 
hierarchical levels that start with kingdoms and end with species and populations. 
Biodiversity can also be organised in ecological complexes such as communities, 
ecosystems, biomes, etc. Species richness (taxonomic richness) is by far the most used 
measure to quantify biodiversity. However, community ecology increasingly emphasises 
the importance of other metrics, such as phylogenetic and functional diversity to fully 
capture biodiversity (Mason et al., 2005; Flynn et al., 2011; Brocchieri, 2016).  

Phylogenetic diversity and structure can be determined by using phylogenetic 
lineages in an evolutionary framework (Webb et al., 2002). Since the introduction of the 
field by Faith (1992), phylogenetics have been progressively applied as a complementary 
measure in community ecology to study processes shaping community and species 
coexistence, their evolution and extinction (Flynn et al., 2011; Cadotte et al., 2012; 
Mienna et al., 2020). Species assemblages can be phylogenetically overdispersed (loosely 
related) or clustered (closely related) depending on species’ preferred environmental 
niches or competitive relationships, or the phylogenetic structure can be random, driven 
by stochastic processes (Hardy and Senterre, 2007). Functional diversity captures 
physical properties and community structure, as expressed through the range of various 
functional traits (Tilman, 2001; Mason, et al., 2005). Functional traits define species’ life 
strategies and are used to predict ecosystem function and ecosystem services from the 
community to the biome level (Anacker and Harrison, 2012; Echeverría-Londoño et al., 
2018) along climatic and environmental gradients (de Bello et al., 2006; Muscarella and 
Uriarte, 2016). Multidimensional indices such as functional richness, functional evenness 
and functional dispersion are commonly used to express functional diversity (Laliberté 
and Legendre, 2010). 

Different dimensions of biodiversity have been shown to be critical for providing 
different ecosystem services and supporting human well-being (Levin, 2000; Hooper et 
al., 2005; Lavergne et al., 2010). The conservation and protection of biodiversity should, 
therefore, be self-evident. Nevertheless, severe biodiversity loss that exceeds 
background extinction rates, species range shifts, and biome transformations is 
happening at unprecedented rates hand-in-hand with global climate change and 
increasing anthropogenic pressure (Wilson, 1985; Pimm et al., 2014; Legagneux et al., 
2018). Since the origin of life, the climate has constantly shaped biodiversity, determined 
its distribution and species assemblages, and will continue this reciprocal alteration in 
future (Canfield et al., 2007; Lavergne et al., 2010). In the face of ongoing climate change, 
the knowledge of historical environment, variability of species, communities and general 
biodiversity in response to the changing climate and human impact is critical for future 
predictions, policymaking, biodiversity conservation and protection (Wingard et al., 
2017; Whitlock, 2017).  

Advances in radiocarbon 14C dating (Libby, 1955) and understanding the age of 
organic material (Pavlish and Banning, 1980; Povinec et al., 2009; Manning et al., 2020) 
have helped to interpret the fossil records in terms of biodiversity development, 
dynamics and community assemblages along the geological timescale. Palaeoecology 
and particularly Quaternary palaeoecology (concerning the last 2.58 million years of 
Earth history) have contributed extensively to understanding the ecological systems and 
past environments (Lawrence, 1971; Birks, 2012; Seddon, 2013). Palaeoecological analysis 
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of pollen and spores from sediment sequences and presenting the results in terms of a 
pollen diagram were first introduced by Swedish naturalist and geologist Lennart von 
Post (von Post, 1918) and have been used up until today. Pollen analysis has an important 
role in studying vegetation history and historical environments, and provides useful 
proxies of past climatic conditions and various other factors (Davis, 2014; Birks et al., 
2016; Parnell et al., 2016). Shortly after the introduction of pollen analysis,  
in the 1920s, it was adopted in Estonia by Paul William Thomson, who laid the foundations 
for interpreting post-glacial vegetation history in the Baltic region (Thomson, 1925). After 
that, many prominent studies have used pollen analysis to elucidate vegetation history, 
biostratigraphy, archaeology, sea level fluctuations, and human impact in Estonia (e.g. Ilves 
and Sarv, 1975; Veski, 1996; Königsson et al., 1998; Poska and Saarse, 1996, 2002; Saarse 
et al., 2009). Recent advances in palaeoecology methods have provided novel insights to 
the land-cover history (Poska et al., 2018) and development of biodiversity patterns 
(Reitalu et al., 2015). The latter study provides an attempt to link palaeoecology to 
community ecology by applying functional traits and phylogenetic diversity on sediment 
pollen data, thus providing a significant but unexplored avenue for studying historical 
communities in more depth. 

Despite its widespread application, pollen analysis possesses certain biases and 
complexities that can result in misleading interpretation of historical data. The main 
concern is related to undefined spatial resolution that originates from the different, 
taxon-specific effectiveness of pollen production and dispersion (Shaw and Whyte, 
2020). The first attempts to tackle this production bias originate from Davis (1963), who 
introduced the representation factors (R-values) that quantify the ratio between the 
abundance of pollen type in the sample and the abundance of plants producing the 
pollen in surrounding vegetation. Andersen (1970) introduced correction factors, where 
the effect of dominant taxa is downweighed, thus increasing the relative weight of pollen 
taxa with low production. Later Parson and Prentice (1981) developed extended R-values 
that correct for production and dispersion bias simultaneously. Development of the field 
and advances in statistics and computing have resulted in sophisticated models like the 
Landscape Reconstruction Algorithm (LRA) (Sugita 2007a, 2007b) and Multiple Scenario 
Approach (Bunting and Middleton, 2009). The framework of the LRA is based on the 
Regional Estimates of Vegetation Abundance model from Large Sites (REVEALS) and Local 
Vegetation Estimate model (LOVE) from smaller sites. The LRA has been widely used in 
Europe and other parts of the world for quantitative estimates of historical land-cover 
and its response to changes in climate and human impact (e.g. Mazier et al., 2012b; 
Matthias et al., 2015; Li et al., 2020).  

Like species richness in ecology, palynological richness is the most applied 
biodiversity index in palaeoecology (Birks and Line, 1992; Odgaard, 2001; Giesecke et al., 
2012; Birks et al., 2016). In addition to the abovementioned biases, taxonomic precision 
(limitation in pollen identification) and counting effort (pollen count per sample) add to 
this complication, and the relationship between pollen richness and plant richness in 
surrounding vegetation is not straightforward (Birks and Line, 1992; Odgaard, 2008; Birks 
et al., 2016). This has led to several attempts to test pollen–plant richness relationships 
with the help of modern analogues, by using sediment surface samples, traps or moss 
samples, and detailed information of surrounded vegetation. Different studies show that 
pollen–plant richness relationships are significantly positive in different spatial scales 
(Odgaard, 2008; Meltsov et al., 2011; Felde et al., 2016, Reitalu et al., 2019) and that 
pollen richness reflects landscape diversity (Meltsov et al., 2013; Matthias et al., 2015); 
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however, negative relationships have also been found (Goring et al., 2013). The current 
knowledge derived from these studies emphasises that pollen data collected from 
different sediment basins (lakes, bogs, forest hollows), different groups of taxa (insect vs 
wind pollinated; herbs vs trees) do not reflect surrounding vegetation uniformly, and 
further studies that would help to understand these relationships from different 
perspectives are required.  

So far, pollen studies have been predominantly carried out from lake sediments and 
large mires that reflect regional and landscape-scale vegetation and processes (e.g. Carrión, 
2002; Hjelle et al., 2015; Feurdean et al., 2017), but smaller basins that reflect local and 
in situ processes (Sugita, 2007b) have had less attention (but see Overballe-Petersen  
et al., 2013; Kuosmanen et al., 2017; Waller et al., 2017). Reconstructions from small sites 
are particularly important for the environments where vegetation and site development 
are interrelated such as in peat-accumulating environments (Clymo, 1984). Peatlands or 
mires are valuable sediment archives (Chambers et al., 2011) that are usually subdivided 
into ombrotrophic bogs and minerotrophic fens, according to their hydrological regimes 
– rainwater fed and groundwater fed, respectively (Lindsay, 2010). Both bogs and fens 
are important on the local and global scales in different contexts (Minayeva  
et al., 2017; Leifeld and Menichetti, 2018; Jurasinski et al., 2020). These habitats play a 
crucial role in the global carbon cycle, are rich in habitat specialists making vital 
contribution to biodiversity and provide many other ecosystem services (Fontaine  
et al., 2007; Hooijer et al., 2012; Beadle et al., 2015; Hanis et al., 2015; Glenk and  
Martin-Ortega, 2018). Nevertheless, due to their unique hydrology, these habitats are 
extremely vulnerable and are sensitive to several factors such as climate change, 
drainage, land use transformation, as well as autogenic succession that possess threats 
to their persistence and related biodiversity (Mauquoy and Yeloff, 2007; Hooijer et al., 
2012; Swindles et al., 2019).  

In the global context, Estonia holds an exclusive amount of mires – approximately 
22% of the state territory (Orru and Orru, 2008); however, the knowledge about their 
origin, succession and biodiversity trends is scarce, especially in case of spring fens  
(but see Saarse and Königsson, 1992; Veski, 1996; Sillasoo et al., 2007). Differences in fen 
and bog hydrology and thus water chemistry result in a distinct vegetation continuum 
that can be scored along a poor–rich gradient (Tahvanainen, 2004). This gradient strongly 
depends on soil reaction and calcium concentration and serves as a natural bipartition of 
bogs and fens. Overall, bogs are associated with low pH and poor vegetation, whereas 
fens are grouped into poor, moderate and rich fens, and usually have a high pH and 
calcium concentration (Wheeler and Proctor, 2000; Lamers et al., 2015).  

The unique characteristics of these habitats have attracted significant attention in 
applied ecology, particularly to studying species’ habitat requirements and biodiversity 
responses along environmental gradients (e.g. Wassen et al., 1990; Godwin et al., 2002; 
Hájek et al., 2006; Ilomets et al., 2010). For this purpose, the application of Ellenberg 
indicator values (EIVs), which is a plant ordinal classification based on their realised 
ecological niche and environmental gradient (Ellenberg et al., 1991), has a long tradition 
(Diekmann, 1995; Hill et al., 2000). Despite existing concerns of the implicit methodology 
and deviance on species ecological requirements (niches) across different geographical 
areas (Schaffers and Sýkora, 2000; Smart and Scott, 2004), calibrations of EIVs that were 
originally developed for Central Europe have opened potential for their application in 
different parts of the world (Lawesson et al., 2003; Diekmann, 2003; Hill et al., 2000; 
Bartelheimer and Poschlod, 2015).  
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The inference on species’ realised niches is one of the main principles in fossil 
assemblage interpretation and historical environment reconstruction in palaeoecology 
(Hill et al., 2000). In the context of environmental gradients, however, sediment pollen 
assemblages have mostly been used for temperature reconstructions (Seppä et al., 2004; 
Mazier et al., 2012a; Salonen et al., 2012; Veski et al., 2014), mostly neglecting other 
environmental gradients. However, phosphorus availability, soil reaction, productivity 
and moisture have been reconstructed with the help of pollen data (Kuneš et al., 2011; 
Reitalu et al., 2015), highlighting the potential of pollen data to reconstruct different 
environmental gradients in palaeoecological investigations.  

Regional and global extinctions serve as major metrics for the predictions of future 
biodiversity trajectories and inform conservation policies (Gaston, 2000; Santamaría and 
Méndez, 2012; Rosa et al., 2020). Local extinctions that in many cases have occurred long 
before global extinction (Wiens, 2016) have received less attention. Similarly, in 
palaeoecology large-scale biodiversity reconstructions have prevailed over local scales 
(Birks et al., 2016; Reitalu et al., 2015; Giesecke et al., 2019). Although large-scale studies 
provide valuable insights into biodiversity changes, the actual sources of biodiversity loss 
might be undetected. In the global context, assigning the conservation priority to the 
recognised hotspots of diversity, those with a high number of endemic species and those 
experiencing habitat loss, is believed to be one of the most effective and low-cost ways 
to support the biodiversity (Myers et al., 2000). On the local scale, mires and especially 
minerotrophic fens have been recognised as such hotspots by many researchers (Moen, 
1995, Jiménez-Alfaro et al., 2012; Saarimaa et al., 2019) and organisations such as 
European Environmental Agency (EEA, 2017) and NATURA 2000 (Šefferová et al., 2008). 
Mires are significant for landscape heterogeneity, regional species pools, yet a great 
number of them are not under protection. Studies of different historical biodiversity 
dimensions from mire habitats would better represent their biodiversity development 
and could guide conservation efforts more precisely. 
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Abbreviations  
AD  calendar age after Christ, Anno Domini 
AMS accelerator mass spectrometry 
AR  accumulation rate 
BC  calendar age before Christ 
cal yr BP  calibrated years before present (AD 1950) 
CWM  community weighted mean 
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FD  functional diversity 
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GAM  generalised additive model 
HTM  Holocene Thermal Maximum 
IVM indicator value method/analysis 
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LOI  loss-on-ignition 
LM  linear model 
m.a.s.l. meters above sea level 
MM  mineral matter 
NPP  non-pollen palynomorph 
OM  organic matter 
PCA  Principal Components Analysis 
PD  phylogenetic diversity 
RDA  Redundancy Analysis 
RF Random Forest 
RSAP  relevant source area of pollen 
SFAP spheroidal fly-ash particles 

Ellenberg indicators 
F  moisture 
K  continentality 
L  light 
N  productivity 
R  soil reaction 
T temperature 

Plant functional traits 
AH  average height (m) 
AM  arbuscular mycorrhiza 
EM  ectomycorrhiza 
ERM  ericoid mycorrhiza 
LDMC  leaf dry matter content 
SLA  specific leaf area 
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Aims of the study 
The present thesis is a synthesis of detailed research from the field of palaeoecology 
comprised in five scientific papers with the main emphasis being on new approaches in 
pollen analysis. An important part of the thesis is devoted to pollen–plant relationships 
on local and regional scales, which is one of the most discussed ambiguities in this field. 
For this purpose, modern pollen–vegetation relationships are used. Species diversity and 
vegetation composition relationships are tested based on surface pollen data and 
detailed information on surrounding vegetation from lake surface samples and spring fen 
moss polsters. In addition to pollen richness, other important yet palaeoecologically 
unexplored biodiversity metrics – namely functional diversity and phylogenetic diversity 
– are tested. Another aspect that is investigated in the current thesis is the potential of 
pollen to reflect different environmental gradients and how these gradients correlate 
with biodiversity metrics. The inferences from modern pollen–plant relationships on 
both biodiversity metrics and environmental gradients are used to better interpret 
sediment pollen-based reconstructions and to understand community processes within 
the Holocene (the last 11,700 years). More specifically the aims of the current thesis are 
the following: 

1. To use pollen analysis as the main proxy to study vegetation development, 
palaeohistory and biodiversity from various environments (Papers I–V); 

2. To infer the pollen signal from mire ecosystems and give the overview of mire 
origin and development on Saaremaa Island (Papers I–III); 

3. To investigate modern pollen–plant relationships on regional and local scales in 
order to better interpret historical reconstructions (Papers II, III and V); 

4. To understand modern pollen–plant functional and phylogenetic diversity 
relationships and to test their applicability to reconstruct sediment pollen-based 
historical trends of plant community assembly (Papers II, III); 

5. To test modern pollen–plant relationships of environmental gradients 
expressed as Ellenberg indicator values and their applicability to reconstruct 
sediment pollen-based historical environmental gradients (Papers II, III); 

6. To compare modern pollen–plant relationships and biodiversity trends among 
the subset groups of woody and herbaceous taxa (Papers II–IV); 

7. To discuss the impact of different autogenic and allogenic processes on 
vegetation and biodiversity through time (Papers I–IV). 
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2 Material and methods 
The extra value from integrating various proxies in palaeoecology to understand different 
historical processes and systems is clear and the multi-proxy approach is often used in 
palaeoecological studies (Vandenberghe, 2012). In the current thesis, various methods 
and multi-proxy analyses were used in Papers (I–V), and only general information on their 
application is presented in this paragraph. For more detailed information on study areas, 
material, methods and statistical analyses see the individual papers.  

2.1 Study area and sites 
The current thesis is based on samples and studied sites covering Northern Europe and 
reaching to the West Siberian Plain. Estonia and particularly Saaremaa Island in Western 
Estonia and the Karula region in Southern Estonia are the focus in Papers I–III, where the 
local spring fens and bogs are studied. Palaeoecological reconstructions from Lake 
Svetlenkoye in Paper IV focus on the West Siberian Plain and the floodplain of the Ob 
River. Paper V comprises the samples from the entirety of Northern Europe and partly 
covers NW Russia until the Ural Mountains. The map of the study area is shown in Fig. 1. 

Figure 1. Study areas in research Papers I–V. Yellow dots represent the spring fens where the 
modern moss samples are derived (Papers I–III). Blue dots are the surface samples from the Bogs 
(Paper III). The green dot marks the location of Lake Svetlenkoye (Paper IV). Red dots represent 
surface pollen samples from the lakes from N and NE Europe, including Svalbard (Paper V).  

In general, the study area of the current thesis lies on the West and East European 
Plains, surrounded by the North Atlantic in the west and Arctic Ocean in the north. 
The climate, relief and vegetation strongly vary across the region. The western part of 
the region is characterised by maritime and maritime-subarctic climate strongly affected 
by the Gulf Stream. In the northern and central parts, subarctic and temperate climate 
prevails. The region belongs to some of the world’s largest biomes, such as temperate 
forests, boreal forests and tundra (Bradshaw, 2002). Temperate coniferous and 
temperate broadleaf forests are the most common biotopes in European territory, 
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whereas tundra, boreal forest and small-leaved deciduous forest characterise the East 
European and West Siberian Plains. The northernmost part of Europe and Russia despite 
its rich landscape diversity has relatively low levels of biological diversity compared to 
areas further south. In this part of the world, some of the environments have remained 
more-or-less untouched by humans, yet other parts have experienced human impact for 
several millennia (Shahgedanova, 2002).  

The study sites that concern local and landscape scales are located in Estonia  
(Papers I–III). Situated on the east coast of the Baltic Sea, Estonia is subjected to a 
maritime-continental climate gradient with overall cool summers and mild winters.  
The Estonian landscape has been modified by the Weichselian glaciation over 100,000 
years (Raukas and Kajak, 1997) and the final deglaciation took place ca 14,000–11,000 
years ago (Kalm and Lasberg, 2013). The postglacial rebound is still perceptible in the 
region and according to the rebound model, land uplift rates vary between -0.5 and +2 
mm/yr (Kall et al., 2013). The Quaternary sediment cover left by deglaciation seldom 
exceeds 5–10 m on the islands and northern Estonia but attains up to 200 m in southern 
Estonia (Systra, 2010). In the regional context, the country is relatively flat, with average 
elevation ca 50 m.a.s.l. For example, the highest points of Estonia, situated in southeast 
part of the country, lies at 318 m.a.s.l. In addition to deglaciation, the regressions and 
transgressions of historical stages of the Baltic Sea have reworked the landscape 
particularly on the islands (Saarse, 2009). Estonia, with its two biggest islands Saaremaa 
and Hiiumaa, is characterised by extensive and shallow coastline that spans almost 3800 
km. Nearly 50% of the country is covered with forests, ca 22% with mires, and the rest 
includes a large number of lakes and agricultural land. Estonia belongs to the boreo-
nemoral ecotone, with most of the forest composed of Scots pine (Pinus sylvestris), 
Norway spruce (Picea abies), two birch species (Betula pendula and B. pubescens), two 
alder species (Alnus glutinosa and A. incana), and other small-leaved deciduous trees in 
different proportions (Paal, 1998). 

Estonia has been characterised by high biodiversity, and in comparison, with similar 
geographies, both flora and fauna have been recognised as among the richest in Europe. 
Factors such as geographical location, peculiarities of climatic conditions, soil diversity 
and large areas of natural landscapes have favoured biodiversity in Estonia. Yet similarly 
to other European countries, Estonia is currently facing the challenges of biodiversity 
preservation due to land use intensification (O’Riordan and Stoll-Kleemann, 2002).  

2.2 Modern pollen data 
Modern pollen data in Papers I, III and V come from various sources. Moss polster 
samples (n=34) were collected from spring fens on Saaremaa Island and the Karula region 
(Fig. 1.) during fieldwork in July–August 2017. Open and forested spring fens alike were 
sampled for studying pollen signal related to openness and overgrowing (Papers II and 
III). Samples were collected and preserved according to the protocol of the Crackles 
Bequest Project (Bunting et al., 2013). Pollen sample preparation followed the same 
method as for sediment pollen (see paragraph 3.6), except that the HF treatment was 
not used. Approximately 1000 pollen grains were counted from each sample.  

Bog surface samples (topmost part of sediment core) from different parts in Estonia 
were gathered from previous studies and have varying numbers of pollen grains counted 
per sample (n=308–1673). For references of the data sources, see Paper III.  

Surface samples used for analysis in Paper V are compiled from various data sources 
but mainly from Salonen et al. (2012). These samples have been collected from small and 
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medium-size lakes. For the extent of lake distribution, see Fig. 1. Since data come from 
different specialists, taxonomic harmonisation was applied to reduce the effect of 
taxonomic incompatibilities among the sites. Pollen sums varied from 200 to 1000 grains 
among the samples. Certain samples were pooled together to reduce the effect of 
extremely low pollen sums. For data particularities and references, see Paper V. 

2.3 Vegetation data 
Detailed vegetation surveying was performed around the moss samples from the open 
and forested spring fens to study modern pollen–plant relationships. The fieldwork was 
carried out in July–August 2017 and 2018. The procedure of vegetation surveying and 
estimating species abundances in nine radii (0.5, 1.5, 3, 6, 10, 20, 50, 70, 100 m) was 
conducted according to the protocol in the Crackles Bequest Project (Bunting et al., 
2013). The schematic illustration of vegetation recording is shown in Fig. 2. Within a 
10 m radius, a vegetation survey was conducted from systematically placed 1×1 m 
squares (n=21). Additionally, species outside of the squares were recorded for 
corresponding radii. Vegetation within 10–100 m was mapped as vegetation types with 
their species composition characterised in the field. Cover estimates in percentages and 
Braun-Blanquet cover-abundance scale (Braun-Blanquet, 1964) were used for woody 
and herbaceous taxa, respectively. For more detailed information on vegetation 
inventory, see Paper II.  

Figure 2. The schematic overview of the vegetation inventory strategy modified from the Crackles 
Bequest Project protocol (Bunting et al., 2013). 

Information on the species richness of surrounding vegetation of lake surface 
samples in Paper V is merged from plant atlases available in Europe (see Paper V for 
references and additional information). The compiled dataset contains comprehensive 
information on the distribution of the majority of European plant species in the spatial 
resolution of 50×50 km. 

Original modern pollen and vegetation data produced for this thesis and detailed 
information on site location is publicly available at the Dryad Digital Repository under the 
following Digital Object Identifier: https://doi.org/10.5061/dryad.wstqjq2hh (Blaus et al., 
2020b).  
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2.4 Sediment coring and sampling  
Fieldwork for sediment coring was conducted for three research papers: Lake 
Svetlenkoye (Paper IV) was cored in March 2014, Kanna calcareous spring fen (Paper I) 
in October 2016, and the Viidumäe 1–2 sites (Paper III) in January 2020. All sites were 
sampled with a Russian-type corer, but a Willner-type sampler was used for the upper 
Svetlenkoye sediment part (54 cm) because of the loose sediment properties 
characteristic to lakes. Lake Svetlenkoye was cored from the ice surface. Several cores 
were collected from the sediment basins, but only the deepest cores were examined in 
more detail. The sediment depth was 325 cm in Svetlenkoye, 225 cm in Kanna, 90 and 
105 cm in Viidumäe 1 and 2, respectively. The stratigraphy of sediment cores was 
immediately described in the field, cut to 1-cm subsamples or wrapped in plastic and 
transported to the laboratory for palaeoecological analyses. Svetlenkoye sediment 
consisted of gyttja with different proportions of organic material and silt at the basal 
part, whereas sediment sequences from Kanna spring fen and Viidumäe 1 and 2 
consisted overall of well-decomposed peat with coarse sand at the basal part.  

Other sediment cores whose pollen assemblages are used to study mires on 
Saaremaa Island (Paper III) have been cored in similar way to Kanna spring fen in earlier 
studies. More detailed information on their properties and lithology can be found in 
Paper III and in original publications by Hansson et al. (1996), Veski (1996), Saarse and 
Königsson (1992), Poska and Saarse (2002).  

2.5 Chronology 
All the age-depth models used in the present study are compiled based on accelerator 
mass spectrometry (AMS) radiocarbon (14C) dates. The age-depth model for Lake 
Svetlenkoye is based on seven 14C dates derived from gyttja and wood twigs (Table 1). 
Eleven 14C dates derived from plant macrofossils, charcoal and bulk peat were used for 
the Kanna age-depth model. The dates for both sediment sequences were obtained from 
the Poznań Radiocarbon Laboratory. OxCal 4.2.4 deposition model (Bronk Ramsey, 2008, 
2009) and IntCal13 calibration curve (Reimer et al., 2013) were used to draw the models. 
Additionally, spherical fly ash particle (SFAP) analysis, which marks industrialisation 
intensification (Rose, 1990), was used to improve the age-depth models from both 
sediment sequences. 

The ages for chronologies of other mires presented in Paper III were gathered from 
previous studies (Hansson et al., 1996; Veski, 1996; Saarse and Königsson, 1992; Poska 
and Saarse, 2002) and were calculated by calibrating 14C dates with standardised 
methodology by using the same OxCal 4.2.4 deposition model and IntCal13 calibration 
curve. For Viidumäe 1 and 2, new material from the sediment basal part was dated to 
get to know the age of the previously undated sediment core. The same AMS and 14C 
dating method from the Poznań Radiocarbon Laboratory and above-described 
calibration were used to derive the ages. Weighted average ages with 95.4% probability 
errors are expressed as “cal yr BP” – calibrated years before the present (with the present 
as 1950). In the text of this thesis, age may also be referred to as “ka” (kiloannum) –
thousands of years before the present. 
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2.6 Pollen data and laboratory analysis 
The standard acetolysis method (Berglund and Ralska-Jasiewiczowa, 1986) and 
hydrofluoric acid (HF) treatment (Bennett and Willis, 2001) were used for Svetlenkoye 
and Kanna pollen sample preparation, n=88 and n=53, respectively. A known amount of 
Lycopodium spores was added during the sample preparation to permit the calculation 
of pollen concentration and pollen accumulation rates (AR) (Stockmarr, 1971) in Paper 
IV.  
The pollen reference collection from the Department of Geology, Tallinn University of 
Technology and various pollen identification keys (Fægri and Iversen, 1989; Reille, 1992; 
Beug, 2004) assisted with the identification. Pollen sums of 500 and 1000 grains per 
sample were aimed for the Svetlenkoye and Kanna samples, respectively. Magnifications 
of ×250, ×400 and ×1000 were used for identifying microfossils under the microscope 
(ZEISS Axio Imager). 

Alongside pollen, spores of seedless plants were also counted. “Pollen data” in the 
thesis text refers both to pollen and spores if not explicitly stated otherwise. For more 
detailed information on sediment pollen preparation and analysis see Papers I and IV.  

2.7 Other proxies 
Plant macrofossil analysis was another important palaeobotanical method to study in 
situ (Amon et al., 2014) vegetation succession in Kanna and Svetlenkoye. Additionally, 
different non-pollen palynomorphs (spores, fungi, green algae and testate amoebae in 
the Kanna samples), microscopic and macroscopic charcoal were identified and counted 
alongside the pollen analysis in Papers I and IV. Information on sediment composition 
was obtained with the help of geochemical analysis by the loss-on-ignition (LOI) method 
(Heiri et al., 2001) in Papers I and IV. LOI provides the sediment composition in terms of 
organic matter (OM), mineral matter (MM), water content and carbonate content. Total 
organic carbon and nitrogen content expressed as a C/N ratio were analysed from the 
sediments of Svetlenkoye (Paper IV). Diatom analysis was used to study changes in water 
quality and pH in Lake Svetlenkoye. The peat humification index was used to study 
changes in peat decomposition levels in Kanna spring fen (Paper I).  

In addition to biostratigraphical and geochemical analyses, the average modelled 
summer and winter temperatures from the ECBilt-CLIO-VECODE climate model (Renssen 
et al., 2009) were used to study the climate-forcing effect on vegetation succession in 
Kanna spring fen (Paper I). 

In Paper V, several contemporary climate and landscape variables (for example, mean 
annual temperature, annual precipitation, human population density, and landscape 
openness) were used to describe variation in plant and pollen richness. 

2.8 Diversity measures 
Pollen richness (taxonomic richness) is the most common method to reconstruct 
temporal changes and to assess historical perspective in plant diversity from pollen 
assemblages (Birks and Line, 1992, Birks et al., 2016). This measure, whether with 
sediment or modern pollen data, is used in all papers in this thesis and was calculated 
with the help of rarefaction analysis, which corrects for the bias on the pollen  
counting effort (Birks and Line, 1992). Additionally, richness calculated with Andersen 
correction factors (Andersen, 1970) was used in Papers I, II, and V. Application of Andersen 
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correction factors reduces the effect of dominant taxa, and increases the effect of 
underrepresented taxa, resulting in better pollen–plant correlations (Felde et al., 2016). 
Shannon diversity and Simpson’s evenness were used to express modern pollen diversity 
in Paper II.  

Richness, Shannon diversity and Simpson’s evenness were used in Paper II, to express 
plant diversity. Both total plant richness and transformed richness to pollen equivalents 
were used in Paper V. In Papers II, III and V, diversity measures were calculated for 
different subset groups based on plant growth forms – herbaceous vs woody plants. 
Herbaceous taxa included dwarf shrubs from Ericaceae. In Paper V, additional subset 
groups of insect pollinated vs wind pollinated taxa were used. In Papers I and IV, only the 
pollen richness of all taxa was used to study diversity changes.  

Functional diversity (FD) refers to a variety of functional characteristics and thus 
reflects the biological complexity of a particular ecosystem or community and is 
expressed based on selected plant traits that represent a broad range of plant functions 
and adaptations (Tilman, 2001; Laureto et al., 2015). In Paper II, plant functional traits 
such as clonality, plant height, specific leaf area (SLA), leaf dry matter content (LDMC), 
seed size, seed number and three mycorrhizal types – arbuscular mycorrhiza (AM), 
ectomycorrhiza (EM) and ericoid mycorrhiza (ERM) – were selected to represent functional 
characteristics. Two indices – community weighted mean (CWM), which reflects functional 
composition and functional alpha diversity (FDa) – were used separately for each trait to 
capture FD. FDa is characterised by the standardised effect size of mean pairwise 
distance (SESmpd) (de Bello et al., 2016) and reflects functional dispersion. FD indices 
were used for testing modern pollen–plant relationships and were applied on Kanna 
spring fen sedimentary data to study their variation and response to different autogenic 
and allogenic factors through time. Like pollen taxonomic diversity measures, FD indices 
were calculated for the same subset groups in Paper II. R package “FD” (Laliberté et al., 
2014) was used for FD calculations. 

Phylogenetic diversity (PD) was another biodiversity facet used in Papers II and III. PD 
reflects species’ phylogenetic relationships in the community, which is represented by a 
phylogenetic tree (Brocchieri, 2016). For both papers, a phylogenetic tree was assessed 
using the mega phylogeny of vascular plants in R package – “V.PhyloMaker” (Jin and Qian, 
2019). Similar to FDa, phylogenetic dispersion was calculated as SESmpd and was the 
only metric used to reflect PD. Modern pollen–plant-based PD relationships were studied 
in Paper II, and in Papers II and III, PD was applied on sediment pollen to study the 
phylogenetic dispersion of communities and its variation in time.  

2.9 Environmental gradients based on EIVs 
The feasibility of pollen to reflect different environmental factors was tested with the 
help of Ellenberg indicator values (Ellenberg, 1992). Ellenberg indicators reflect species’ 
realised ecological niches and tolerance to different conditions. In Papers II and III, 
Ellenberger indicators of temperature (T), moisture (F), light (L), soil reaction (R), 
productivity (N) and continentality (K) were used. The modern pollen–plant relationships 
of these factors were tested for the subset groups of herbaceous and woody taxa, to 
infer their potential applicability on sediment pollen assemblages (Paper II). EIVs were 
applied on sediment pollen of Kanna spring fen and other mires from Saaremaa Island 
(Papers II and III). The associations between EIVs and biodiversity through time were 
investigated both in the local and landscape contexts (Papers II and III). 



 

21 

2.10 Data analysis 
Various statistical analyses were applied on the investigated data in Papers I–V with the 
help of R programming software version 3.6.1 (R Core Team 2018; 2019). 

Constrained hierarchical clustering (CONISS) (Grimm, 1987) with the Bray-Curtis 
vegetation dissimilarity (Faith et al., 1987) was used on pollen and NPP data in Papers I, 
III, and IV. The broken stick method (Jackson, 1993) was used to assess the number of 
statistically significant (p<0.05) zones. CONISS and broken stick analyses were performed 
with the help of “rioja” R package (Juggins, 2017). 

The principal component analysis (PCA) performed on Hellinger-transformed data 
was used to study the underlying patterns of pollen and NPPs in Papers I, II, III. The broken 
stick method was used to estimate the number of significant ordination axes and the 
“envfit()” function was used to superimpose different environmental factors onto an 
ordination. Permutation tests from the “envfit()” function provided the significances for 
associations between environmental factors and ordination axes. The “vegan” R package 
was used for ordination analyses (Oksanen et al., 2017).  

Procrustes analysis (Jackson, 2001) based on PCA ordinations of modern pollen and 
plant data was used to test pollen–plant community compositional relationships in 
different radii in Paper II. This method compares multivariate datasets and uses rotation 
and scaling of their matrices to minimise the sum of the squared distance between the 
corresponding ordinations coordinates. The PROTEST test was used to determine the 
significance of associations between two ordinations (Jackson, 1995). The “vegan” R 
package (Oksanen et al., 2017) was used for the analyses.  

Linear regression models (LM) and linear mixed effect (LME) models from the “nlme” 
package (Pinheiro, 2000) were used (Papers I, II, III, V) to test how different predictor 
variables (e.g. environmental factors, climate, human impact, region, openness)  
predict pollen richness, pollen–plant relationships and other biodiversity measures.  
The significance of predictors and model outcome at the confidence levels (p<0.05–0.001) 
was clarified with the backward selection of variables in the multiple regression models. 
The assumptions for linear modelling were tested prior to the analyses.  

In addition to the LMs, variation partitioning (Borcard et al., 1992) was used in Paper 
V to clarify the explanatory power of different sets of variables determining pollen and 
plant richness. Variation partitioning provides the outcome in the form of proportions 
explained by different explanatory datasets and unexplained variation in the response 
data. The “varpart()” function from the “vegan” R package (Oksanen et al., 2017) was 
used for the analysis.  

Correlation tests based on Pearson’s product moment correlation (Pearson, 1895) or 
Kendall’s Tau coefficient (Kendall, 1938) were used to test pollen–plant diversity 
relationships and other factors in Papers II, III, and V. Log-transformation was applied on 
some variables prior to correlation tests to ensure normal distribution of the variables. 
Benjamini and Hochberg (1995) correction was applied to correct for the effect of 
multiple tests. Bootstrap method (Davison and Hinkley, 1997) from the “boot” package 
(Canty and Ripley, 2019) was used to provide the confidence intervals for pollen–plant 
diversity and composition correlations in Paper II.  

In Paper III, the indicator value method (IVM) (Dufrêne and Legendre, 1997) and 
random forest (RF) classification method (Breiman, 2001) were used to study the 
strength of pollen to reflect and separate different habitat types (open fen, forested fen, 
bog). The IVM uses species (or pollen taxon) specificity and fidelity to determine species’ 
significance to certain habitats (Dai et al., 2006). The RF method is based on a large 
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number of individual decision trees used to predict a class confusion matrix. The “labdsv” 
R packages (Roberts, 2006) and “indval()” function were used for the IVM, and the 
“randomForest” package (Liaw and Wiener, 2002) was used for the RF analysis. 

Locally weighted regression fitting (LOESS) (Cleveland and Devlin, 1988) in Paper I and 
Generalised Additive Models (GAM) in Papers II and III) were used as smoothing 
functions to fit different variables in time. A span of 0.1 was used for LOESS and 95% 
confidence intervals for GAM, with the help of the “mgcv” R package (Wood, 2011). 
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3 Results 

3.1 Modern pollen signal and pollen–plant relationships 
3.1.1 Pollen signal from different types of mires 
Results of pollen assemblage composition from open and forested fens and from bogs 
(Paper III) are summarised in Fig. 3. In addition to visual interpretation, the indicator 
value method (IVM) was used to infer the taxa indicative to different habitats and the 
resulting indicator taxa are shown in sample ordinations in Fig. 4. 

Figure 3. Pollen/spore assemblages with selected herbaceous taxa from modern surface samples – 
open fens (blue), forested fens (green) and bogs (red), expressed as percentages.  

Based on pollen/spore percentages, bog and fen samples were rather clearly 
distinguishable with taxa such as Calluna vulgaris, Cyperaceae, Ericaceae, Sphagnum, 
separating between bog and fen. The difference between open and forested fens 
was less visible, except for Cyperaceae dominance in herbaceous pollen (60–80%) 
and the presence of Cladium mariscus in open fens. According to the IVM Cyperaceae 
was a statistically significant indicator of open fens (p=0.002) despite its presence in 
other habitats as well. Primulaceae and Parnassia were other statistically significant 
indicators of open fens. Pollen taxa such as Geum and Filipendula, along with 
Polypodiaceae spores, appeared more in forested fens than in open fens but were not 
recognised by the IVM. Instead, Oxalis, Succisa, Frangula, Prunus and Sorbus were 
significantly associated with forested fen habitats according to the IVM. Pollen 
assemblages from the bogs were clearly dominated by Calluna vulgaris (up to 80% 
of herbaceous pollen). In addition, other Ericaceae and Sphagnum spores prevailed in 
bogs and with Vaccinium and Empetraceae were significant indicators of bogs according 
to the IVM.  

The results of both PCA and random forest classification showed that based solely on 
woody taxa it is not possible to separate between bogs, forested and open fens. 
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According to the RF based on herbaceous taxa, bogs had the smallest classification error 
(17%), suggesting a clearer distinction in taxa associated with the bogs compared to open 
and forested fens.  

Figure 4. Separating modern open and forested fens and bogs with the help of modern pollen data. 
Upper panel: PCA based on modern surface samples for woody (on the left) and herbaceous taxa 
(on the right). On the lower left: IVM-based indicator species and environmental gradients  
(pollen-based EIV estimates) fitted on herbaceous PCA where taxa are coloured according to 
associated habitat – open fens (blue) forested fens (green), bogs (red). Species that showed 
association with habitats in PCA but were not recognised by the IVM are coloured in grey. On the 
lower right: indicator taxa ordered by the strength of their relation to herbaceous PCA with squared 
correlation coefficients (only significant correlations are shown).  

3.1.2 Richness and composition relationships 
Modern pollen–plant richness and composition relationships from spring fens (Paper II) 
are summarised in Fig. 5. The results of richness relationships showed that significant 
positive correlations (r=0.42–0.47) exist for herbaceous taxa in the plant survey radii up 
to 6 m, whereas for woody taxa, there were no significant richness correlations at any 
scale of the vegetation estimate. 

Procrustes’ analysis showed that for herbaceous taxa, positive composition 
relationships exist at all estimated vegetation scales (r=0.50–0.62), but for woody taxa 
they were significant at the scales from 6 to 100 m (r=0.50–0.67). According to linear 
regression models, plant richness and region were significant pollen richness determinants 
of herbaceous taxa at the 6 m scale, t=4.26, p < 0.001 and t=-5.02, p < 0.001, respectively, 
with a determination coefficient of R2=0.5.  

The pollen–plant relationships from lake surface samples and surrounding regional 
vegetation (Paper V) were studied among wind pollinated and insect pollinated (not wind 
pollinated) taxa, as well as between the subset groups of woody and herbaceous taxa. 
Results showed that pollen and plant richness of wind pollinated taxa and woody 
taxa are well correlated (r=0.75 and r=0.83, respectively). Total pollen–plant richness 
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correlations were comparatively lower (r=0.53) and were clearly influenced by 
insect-pollinated taxa, which showed the lack of the correlation (r=−0.05).  

Figure 5. Modern pollen–plant richness (Pearson’s correlations) and composition (Procrustes’ 
correlations) relationships of woody (red) and herbaceous (green) taxa in different scales (radii) of 
plant estimates. Bootstrapped 95% confidence intervals for the correlations (vertical lines) are 
given. 

3.1.3 Functional diversity relationships 
Significantly positive pollen–plant CWM trait correlations were shown for SLA, seed 
number, AM, LDMC, clonality and plant height, when tested among the woody taxa in 
plant survey radius of 100 m (Paper II). Linear models (LM) where the significance of 
plant-based CWM of corresponding trait and region (Western vs Southern Estonia) were 
tested for explaining pollen-based CWM values showed that for woody taxa, both 
plant-based CWMs and region were significant, but not their interaction. For SLA, 
the interaction term of region and plant SLA was significant, indicating that the 
relationship between plant and pollen-based CWM SLA differed between the regions. 

For herbaceous taxa, significant positive pollen–plant CWM trait correlations were 
shown for ERM, SLA, LDMC and seed number in a plant survey radius of 6 m. Plant-based 
CWM was the only significant predictor of pollen-based LDMC and seed number in LM. 
CWM relationships of SLA differed significantly between the regions for herbaceous taxa. 

Seed number, SLA, clonality and AM showed significant and positive pollen–plant-
based FDa relationships for woody taxa in vegetation survey radius of 100 m. FDa LMs of 
woody taxa showed that plant-based FDa was significant predictor of pollen-based FDa 
of SLA and clonality. Region was a significant predictor of pollen-based FDa of SLA and 
clonality. ERM, clonality and SLA showed positive significant correlations for herbaceous 
taxa in a vegetation survey radius of 6 m. According to the LMs among the herbaceous 
taxa, vegetation based FDa was significant predictor of pollen-based FDa for ERM and 
clonality. Pollen-plant FDa relationships for SLA differed significantly among the regions. 
For detailed results of the analyses, see Paper II.  

3.1.4 Phylogenetic diversity relationships 
From the studied fens, a positive significant pollen–plant phylogenetic diversity (PD) 
correlation was shown only for herbaceous taxa (r=0.63, p=0.003). However, the 
significance disappeared when pterophytes (ferns and clubmosses) were excluded from 
the analysis (r=0.20, p=0.349). Among the woody taxa, a positive but not significant 
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pollen–plant PD relationship existed when all taxa were considered (r=0.23 p=0.089). 
When only angiosperms were considered, there was no relationship. LM showed that 
pollen–plant relationships of herbaceous taxa differed significantly between the regions 
(Paper II). 

3.1.5 Environmental gradient relationships 
Results showed that pollen–plant-based EIVs of woody taxa had positive significant 
relationships for the indicators of light (L) (r=0.72, p<0.000), temperature (T) (r=0.59, 
p=0.001), soil reaction (R) (r=0.50, p=0.007) and moisture (F) (r=0.41 p=0.002). LM for 
woody taxa showed that pollen-based indicators of temperature, light and moisture 
were significantly associated with corresponding plant-based indicators. Both light and 
moisture were also significantly associated with the region, whilst for R, region was the 
only significant predictor.  

For herbaceous taxa, L (r=0.66, p<0.000), T (r=0.34, p=0.010), and N (r=0.39, p=0.003) 
had positive significant pollen–plant correlations. For all three pollen-based indicators, 
corresponding plant-based indicators were a significant predictor according to LM 
models. For indicators of L and T, region was also a significant predictor (Paper II).  

3.2 Sediment pollen-based reconstructions 
3.2.1 Chronology  
To assign pollen assemblages and other analysed proxies to a certain time period,  
AMS 14C dating and age-depth models were reconstructed for the Kanna, Viidumäe 1 
and 2, and Svetlenkoye sediment profiles. Calibrated 14C ages for the sediment profiles 
are shown in Table 1. For the details of age-depth models, see Papers I, III and IV.  
The age-depth models revealed that sediment accumulation began ca 9200 cal yr BP in 
Kanna spring fen, ca 3390 cal yr BP in Viidumäe 1, ca 2990 cal yr BP in Viidumäe 2, and 
ca 11,400 cal yr BP in Lake Svetlenkoye. Three dates were recognised as outliers in case 
of the Kanna fen sediment profile and one in Lake Svetlenkoye and were excluded from 
the age-depth model. According to the models and lithology, continuous peat/lake 
sediment accumulation was recorded in all profiles and no hiatuses were observed. In 
the Kanna fen and Lake Svetlenkoye profiles, SFAP-derived ages allowed the 
intensification of industrialisation to be determined, which in the Kanna fen was 
captured in ca 1960 AD, and in Lake Svetlenkoye in ca 1978 AD. 
 
Table 1. Results of radiocarbon dating and SFAP-derived ages. Poz: laboratory code of the Poznań 
Radiocarbon Laboratory (Poland). Dates marked with asterisks were not used for Oxcal modelling. 
95.4% probability range and weighted average for modelled ages are given as cal yr BP, where 
0=AD 1950. 

Sample 
depth 
(cm) 

Laboratory 
Code, 
SFAP/14C  

SFAP age (yr AD) 
14C age (yr BP) 

Calibrated/modelle
d ages at 95.4% 
probability cal yr 
BP 

Dated 
material 

Kanna spring fen (Paper I) 
4.5 SFAP 1980 1980±5 AD -32±5  
11.5 SFAP 1950 1950±5 AD 1±5  
17 SFAP 1910 1910±10 AD 40±10  
10 Poz-99538* 110.68±0.33 pMC  -42±13 Bulk peat 

 



 

27 

Table 1 continued 

25 Poz-99572* 1355±30 BP 1280±25 Carex seed 
scales 

40 Poz-89179* 5030±35 BP 5790±70 Wood twigs 
40 Poz-99569 1245±30 BP 1210±45 Bulk peat 
51 Poz-99363 2100±30 BP 2040±40 Wood pieces 
80 Poz-89178 2820±30 BP 2930±40 Charcoal 

and twigs 
115 Poz-99364 3785±35 BP 4180±60 Moss stems 
140 Poz-99571 4510±35 BP 5210±70 Bulk peat 
160 Poz-89177 5600±40 BP 6380±40 Charcoal 

and twigs 
191 Poz-99366 7715±50 BP 8450±40 Wood and 

bark pieces 
224 Poz-89172 8190±50 BP 9270±100 Charcoal 

Lake Svetlenkoye (Paper IV) 
50 Poz-66540 1845±30 BP 1780±41 Gyttja 
100 Poz-66541 3840±30 BP 4239±64 Gyttja 
150 Poz-66542 5590±35 BP 6359±35 Gyttja 
190 Poz-62573* 5970±40 BP 6718±85 Wood twigs 
190 Poz-66543 6160±40 BP 7089±54 Gyttja 
250 Poz-66544 7040±40 BP 7875±45 Gyttja 
306 Poz-62572 9250±50 BP 10415±81 Wood twigs 

Viidumäe 1 (Paper III) 
100 Poz-123515 3160±30 BP 3390±40  Charcoal 

Viidumäe 2 (Paper III) 
80 Poz-124455 2865±30 BP 2990±50 Wood twigs 

 

3.2.2  Lake Svetlenkoye  
Svetlenkoye pollen assemblages were grouped into five significant zones (Fig. 6) according 
to Hierarchical clustering and broken stick results – LSP1 (ca 11,400–10,900 cal yr BP), 
LSP2 (ca 10,900–8000 cal yr BP), LSP3 (ca 8000–6800 cal yr BP), LSP4 (ca 6800–4400 cal 
yr BP) and LSP5 (4400 cal yr BP to ~ AD 2003). At the initial stage of the site development, 
surroundings were covered with the vegetation dominated by Pinus forests and 
admixture of Picea and Betula in similar proportions. Cyperaceae and Poaceae had high 
proportions and no other terrestrial herbs were encountered. Sphagnum and Thelypteris 
palustris type spores along with green algae were found. In LSP2 from 10,900 to 8000 cal 
yr BP, an abrupt increase of Betula pollen, appearance of Salix, Ulmus, Juniperus and a 
significant decrease in conifers characterised the adjacent landscape. Different 
terrestrial herbs became present in the pollen record during this phase. A significant 
abundance of aquatic plants such as Nymphaea, Nuphar, Myriophyllum spicatum, 
Ceratophyllum, Typha/Sparganium indicative to lakes, ponds or slow-moving rivers 
makes this phase distinctive among the others. The LSP2 phase exhibits the highest 
palynological richness in comparison to other phases. The period from ca 8000 to  
6800 cal yr BP (LSP3) is differentiated by the maximum values of Picea and the drop of 
Betula pollen. Many terrestrial herbs became absent or had a definitive decline. 
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Figure 6. Pollen diagram of selected taxa from the Lake Svetlenkoye sediment profile. To see the full diagram with all taxa and pollen accumulation rates see the 
supplementary material in Paper IV. AP – arboreal pollen taxa (trees and shrubs); NAP – nonarboreal pollen taxa (herbs and grasses). 



 

29 

Figure 7. Pollen diagram of selected taxa from Kanna spring fen sediment profile. For the full diagram with all taxa, see supplementary material in Paper I. Herbs and 
grasses include perennial shrubs of Ericales. PC1 and PC2 are first two axes of Principal component analysis in Paper I. 
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In LSP3 sporophytes have also declined, whereas green algae have increased 
considerably. In comparison to other phases, this period coincides with the highest 
pollen AR (see Paper IV). 

Comparatively low palynological richness and relatively uniform herbaceous pollen 
abundance and composition is shown in further stages 6800 cal yr BP to present  
(LSP4–LSP5). Sporophytes and green algae are nearly absent. In the surrounding landscape 
forest composition, varying proportions of Betula and Pinus are present. Stratigraphic 
zones based on pollen and spore assemblages rather precisely correspond to changes in 
other proxies such as macrofossils, diatoms and AR (Paper IV). 

3.2.3 Kanna spring fen  
Hierarchical clustering and the broken stick model revealed three significant pollen zones 
in Kanna sediment pollen data (Fig. 7). The first zone KAN1 covers the period from 9200 
to 7200 cal yr BP, when Pinus was most likely the dominant tree in the surrounding 
landscape (50–70% of pollen). Low-growing perennial shrubs of Ericaceae, Calluna 
vulgaris and Ledum, along with Myrica gale had the highest proportions compared to 
other periods. The highest amount of Sphagnum spores and the presence of Tilletia 
sphagni fungal spores were recorded at the initial development stage, which overall had 
the lowest palynological richness.  

The second zone KAN2 from 7200 to 400 cal yr BP indicates important restructuring 
of surrounding forest cover with a two-fold decrease in Pinus and an increase in 
deciduous taxa such as Alnus, Corylus, Ulmus and Quercus. The diminishing of Sphagnum 
and Ericales was followed by an increase in Cyperacea, among which Cladium mariscus 
was encountered. An increase in the abundance in other forbs (e.g. Potentilla, Parnassia, 
Ranunculaceae) coincides with the highest palynological richness up to 2000 cal yr BP. 
The shortest zone KAN3 from 400 cal yr BP to the present shows restructuring in forest 
cover again, which in fact seems to have started ca 1500 cal yr BP. A decrease in deciduous 
trees and a significant increase in Pinus – with a sharp increase in Cyperaceae – is shown 
in the last phase. The three distinguished phases correspond well to the results of peat 
physical properties, macrofossil analysis and NPPs (Paper I).  

3.2.4 Mire origin and succession on Saaremaa Island 
Information on pollen signal from different modern mire states (Paper III) was applied on 
sediment pollen assemblages from six mires in western Saaremaa Island for studying 
their development, succession and related biodiversity changes. The results of habitat 
indicators reconstructed from pollen assemblages throughout site development 
accompanied with significant clusters from the constrained hierarchical clustering are 
shown in Fig. 8.  

According to the results of different studied sites, sedimentation started first in 
Surusoo and Pitkasoo at 10,800 cal yr BP and 10,500 cal yr BP, respectively. Jõhvika 
originated at 9800 cal yr BP and was further followed by the origin of Kanna at 9270 cal 
yr BP, Vedruka at 8300 cal yr BP, Viidumäe 3 at 7500 cal yr BP, Viidumäe 1 at 3390 cal yr 
BP and Viidumäe 2 at 2900 cal yr BP. Note that because of poor pollen data quality the 
Viidumäe sites are not included in Fig. 8 and are further discussed only in the context of 
site origin. The proportions of indicator taxa at the initial stage of the sites suggest that 
the majority of them have developed as fens, except for Kanna, which shows pollen 
composition dominated by bog indicator species. For most of the cases, the results of the 
cluster analysis coincide with successional shifts indicated by the proportions of indicator 
taxa, except for Pitkasoo, where clusters seem to be independent of composition 



31 

changes of indicator taxa. Overall, cluster analysis and turnovers in indicator taxa 
composition suggest that shifts from one mire type to another have taken place at 
different times in different sites.  

Figure 8. The proportion of indicator taxa assessed with the IVM and PCA grouped into 
corresponding habitats throughout the last 11,000 years. Figures are accompanied by constrained 
hierarchical clustering and the borders of significant clusters based on herbaceous taxa are shown 
as dashed lines.  
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3.2.5 Biodiversity and environmental gradients in time 
Diversity reconstructions showed that relatively high total (woody + herbaceous taxa) 
palynological richness was recorded during the early Holocene from Lake Svetlenkoye 
(Paper IV), but it decreased during the early to mid-Holocene transition and remained 
relatively low and stable until the present day (Fig. 6). The low palynological richness of 
all taxa was shown in Kanna spring fen during the early to mid-Holocene transition 
followed by a rapid increase and high values in the mid-Holocene, but richness decreased 
close to the present day (Paper I, Fig. 7).  

In Papers II and III, palynological richness and other diversity measures were 
reconstructed for the subset groups of herbaceous and woody taxa. Various trends were 
shown for the palynological richness of herbaceous taxa among the investigated sites. 
The PD of all herbaceous taxa had relatively similar trends among the studied sites with 
the highest PD at the early stage of site development (Fig. 9). The PD of herbaceous 
angiosperms exhibited a random community phylogenetic structure. The environmental 
gradients of L, T and F reconstructed on herbaceous taxa showed relatively small changes 
in time except for N and R, which were considerably higher at early site development 
stages and reflected the fen–bog gradient.  

Diversity trends and environmental gradients based on woody taxa were relatively 
similar among the studied sites (Papers II and III, Fig. 11). In general, the early Holocene 
was the poorest in woody taxon palynological richness in all sites, the mid-Holocene 
showed the highest richness and the late Holocene showed a distinct decrease in 
diversity. The PD of all woody taxa was the highest in the early and late Holocene with 
the lowest values in the mid-Holocene, but the PD of woody angiosperms had opposite 
trends. The environmental gradients of R and N had patterns similar to the palynological 
richness and PD of angiosperms, but L and F followed the same trends as the PD of all 
taxa.  

The FD of herbaceous taxa (CWM and FDa) reconstructed in Paper II reflected the 
different site development stages well (Fig. 10). When the CWM of woody taxa had three 
distinct phases related to the early, mid and late Holocene, FDa showed no consistent 
patterns (Fig. 10).  

Explanatory parameters, such as water content, OM, MM, calcium carbonate, 
humification, charcoal, proportion of cultivated plants, sedimentation rate and modelled 
summer and winter temperatures were tested for their effects on influencing pollen 
richness in Kanna spring fen (Paper I). Among these parameters, the results of LM 
showed that modelled winter and summer temperatures, and charcoal alike had a 
statistically significant effect on total pollen richness (Table 2).  

 
Table 2. Linear regression results showing statistically significant (p<0.05) predictors of pollen 
richness in Kanna spring fen. Backwards selection was used to assess the effect of explanatory 
variables on Andersen transformed pollen richness from 53 rarefied samples.  

Variable Estimate t-value p-value Model summary 

Winter temperature 1.89±0.42 4.49 <0.001 Residual SE 2.96 
F-statistic: 13.2 
R2=0.41 

Summer temperature 1.81±0.42 4.27 <0.001 

Charcoal (0–100 µm) 1.21±0.42 2.90  0.006 
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 In Paper III, the correlations of taxonomic richness and PD with different environmental 
gradients and habitat age were tested (Table 3). The results showed that herbaceous 
pollen richness had a significantly negative association with habitat age, but was 
positively correlated with T and R. The PD of all herbaceous taxa showed a positive 
correlation with habitat age, T, and R, but was negatively associated with L. The PD of 
herbaceous angiosperms was positively associated with T and N. Among the woody taxa, 
pollen richness had positive associations with R and N, but was negatively associated 
with habitat age, L and F. The PD of all woody taxa showed positive associations with L 
and F, but the PD of woody angiosperms was positively correlated with T, R and N. 

 
Table 3. Correlation matrix of herbaceous and woody taxa diversity measures and EIVs from five 
mires. Partial Pearson’s correlation coefficients (with site accounted for) and Benjamini-Hochberg 
(Benjamini and Hochenberg, 1993) adjusted p-values. Statistically significant correlations (p<0.05) 
are in bold. PD—comprises phylogenetic diversity among all taxa, whereas PD ang. stands for 
phylogenetic diversity among angiosperms. The abbreviations of EIVs are the following  
F – moisture; L – light; N – productivity; R – soil reaction, T – temperature. 

  Age  L  T  R  N  F  
  r  p-value  r  p-value  r  p-value  r  p-value  r  p-value  r  p-value  

Herbaceous taxa  
Richness  0.01  0.8435  -0.16  0.0082  0.08  0.2156  0.14  0.0200  0.19  0.0016  0.02  0.8238  
PD 0.39  0.0000  -0.77  0.0000  -0.62  0.0000  0.36  0.0000  0.49  0.0000  -0.01  0.8435  
PD ang. 0.01  0.8435  -0.07  0.2467  0.19  0.0020  0.11  0.0829  0.17  0.0048  -0.02  0.8423  

Woody taxa  
Richness  -0.32  0.0000  -0.57  0.0000  -0.02  0.8238  0.53  0.0000  0.45  0.0000  -0.50  0.0000  
PD  0.05  0.5262  0.55  0.0000  -0.30  0.0000  -0.42  0.0000  -0.50  0.0000  0.55  0.0000  
PD ang. -0.10  0.1145  -0.69  0.0000  0.44  0.0000  0.65  0.0000  0.72  0.0000  -0.77  0.0000  
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4 Discussion 
Palaeoecology is believed to provide the most objective and comprehensive information 
on past environmental conditions, vegetation, and biodiversity. Pollen analysis has a long 
tradition and wide application in palaeoecology, yet there is no clear consensus on 
different aspects of methodology and it possesses unexplored avenues that might 
deepen the understanding of long-term changes in biodiversity and community 
assemblages in relation to the environment (Reitalu et al., 2015; Felde and Birks, 2019; 
Birks et al., 2020). Therefore, studying modern pollen–plant relationships and applying 
ecological traits and attributes, and investigating the phylogenetic context both in 
modern and sediment pollen in combination with other proxies helps to understand the 
scales and the processes pollen data reflect and to clarify how plant communities behave 
under changing climatic, environmental and anthropogenic pressure.  

4.1 Modern pollen–plant relationships 
4.1.1 Pollen signal from different types of mires 
Mires have become increasingly valued at the global level (Erwin, 2008; Landry and 
Rochefort, 2012); however, the current projections on mire progression in Northern 
Europe and other parts of the world are unsatisfactory. To predict future scenarios of 
mire development, such as fen–bog transition, site-overgrowing levels that could show 
how these habitats react to changing climates and could indicate possible future 
trajectories of related biodiversity, careful interpretation of sediment records is needed. 
Our understanding of sediment pollen signal can be improved with the help of modern 
pollen studies (Gaillard et al., 1992; Hicks and Birks, 1996; Räsänen, et al., 2004). In the 
current thesis, modern moss polster pollen signal from bogs, open and forested fens is 
studied to clarify how accurately they can be distinguished based on sedimentary pollen 
data and what the taxa indicative to these habitats are. Several studies have pointed out 
that differences in the pollen deposition period might cause a difference in pollen 
composition between the moss samples (Räsänen et al., 2004; Lisitsyna and Hicks, 2014). 
The results of the current thesis indicate that the uniform sampling effort in terms of the 
moss polster size and sampled part of it provides overall relatively uniform pollen 
assemblages among the similar habitat types. Modern pollen rain is often studied in the 
context of major vegetation zones (Schüler et al., 2014; Felde et al., 2014; Julier et al., 
2018) where the woody taxa have been shown to be an important component for 
vegetation differentiation. In the current study, the random forest classification and PCA 
ordination showed that based on woody taxa, the differentiation between bogs, and 
open and forested fen habitats was impossible. However, the IVM method recognised 
Frangula, Prunus, and Sorbus as indicators of forested fens. Indeed, all these taxa have 
been present and associated with wet meadows and wooded vegetation in various 
studies in Europe (Dietre et al., 2012; Shumilovskikh et al., 2015; Waller et al., 2017; 
Filbrandt-Czaja, 2017) and could be kept in mind for recognising forested fen phases in 
sedimentary data. The generally vague association between woody taxa and investigated 
habitats could be due to relatively uniform forest cover in the region or can be attributed 
to the general characteristics of these habitats dominated by herbaceous taxa that 
particularly favour open conditions. With the help of the IVM, modern pollen 
assemblages allowed herbaceous taxa associated with bogs, open and forested fens to 
be determined. Sphagnum and Calluna vulgaris had highly significant indicator values for 
bog habitats and additionally, Ericaceae, Vaccinium, and Empetraceae contributed to this 
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classification. A high Cyperaceae abundance with Parnassia and Primulaceae were 
shown to be indicative to open fens, but Oxalis and Succisa with the abovementioned 
woody taxa were significant indicators of forested fens. Our results corroborate several 
previous studies concerning mire habitats and their related vegetation from different 
parts in the northern hemisphere (e.g. Chambers et al., 2011; Blaauw and Mauquoy, 
2012; O’Reilly et al., 2014, Waller et al., 2017). It has to be kept in mind that neither of 
these taxa is exclusive for mire habitats and their application as indicators must be 
critically considered; however, a combination of multiple taxa indicative to the same 
habitat, and their dominance in the samples can increase confidence. 

4.1.2 Taxonomic richness 
Pollen richness or palynological richness is a common measure in palaeoecological 
studies that have been used as an important indicator to reflect regional biodiversity and 
vegetation changes, climate, landscape openness and human impact (Poska and Saarse, 
2002; Stivrins et al., 2015; Birks et al., 2016; Giesecke et al., 2019). In the current thesis, 
modern pollen–plant richness associations were investigated in local and regional spatial 
scales, in pollen samples from spring fens and lakes, respectively (Papers II and V). Spring 
fens as very specific types of mires are among the most endangered habitat types in 
Europe and are particularly sensitive to climate changes and anthropogenic pressure 
because of their strict dependence on groundwater discharge (Bragg and Lindsay, 2003). 
So far, these unique habitats have not been studied in terms of modern-pollen plant 
relationships and are, therefore, in the centre of attention within the framework of this 
thesis (Papers II and III). Additionally, modern-pollen plant diversity relationships of 
different subset groups were investigated from the lake surface pollen samples and 
surrounding vegetation in Paper V. This could potentially improve the interpretation of 
sediment pollen-based reconstructions for the studies that consider regional scales such 
as Paper IV. Results in both local and regional scales showed that there are statistically 
significant correlations between pollen and plant richness, and thus these results add to 
the studies that have demonstrated positive pollen–plant associations (Odgaard, 2008; 
Meltsov et al., 2011; Matthias et al., 2015; Birks et al., 2016). Analysis indicated that 
pollen–plant relationships clearly differed between different subset groups and spatial 
scales (Papers II and V) and that needs to be considered for more meaningful 
palaeoecological richness reconstructions. For instance, on the local scale reflected by 
the spring fen pollen, the pollen–plant richness relationship based on woody taxa was 
missing, whereas in the regional scale investigation, the pollen richness of woody taxa 
had the strongest correlation. In a study of small lakes in southern Estonia, Meltsov et al. 
(2011) showed a similar lack of pollen–plant association in the wind-pollinated and 
woody taxa within 250 meters, suggesting that the relevant source area of pollen (RSAP) 
for these pollen types is generally much larger. Larger RSAP for woody taxa has been 
already shown by several studies (Sugita, 1994; Broström et al., 2005; Mazier et al., 2008; 
Poska and Pidek, 2010). Conversely, insect-pollinated (mostly herbaceous) taxa lacked 
the pollen–plant richness relationships on the regional scale (Paper V), but herbaceous 
taxa had a significant richness correlation within a 6 m radius in spring fen environments 
(Paper II). This resonates well with the studies that have investigated the RSAP from moss 
polsters and have shown that the pollen–plant correlation of non-arboreal taxa does not 
improve beyond 10 m (Bunting, 2003; Bunting and Hjelle, 2010).  

Differences in pollen production and dispersal are well-known factors that affect 
pollen–plant relationships (Odgaard, 2001; van der Knaap, 2009). With this in mind, 
Andersen correction factors (Andersen, 1970) were applied for the major taxa. Andersen 



 

36 

transformed pollen sums improved pollen–plant richness correlations in both studies 
that considered pollen–plant relationships (Papers II, V). This is in agreement with other 
theoretical and empirical studies showing that pollen richness per sample is potentially 
influenced by the abundance in dominant pollen taxa (Andersen, 1970; Odgaard, 1999) 
and that Andersen’s or other similar correction factors help to reduce this bias (Felde  
et al., 2016).  

4.1.3 Functional diversity  
Functional diversity (FD) has become an increasingly popular approach in modern 
ecology and palaeoecology, adding another dimension to the understanding of plant 
communities and their response to environmental constraints (e.g. Mason et al., 2005; 
Lacourse, 2009; Reitalu et al., 2015; Miller et al., 2019; van der Sande et al., 2019; Birks, 
2020). In the current thesis, plant traits with a wide range of functional significance were 
used to test modern pollen–plant relationships for community weighted mean traits 
(CWM) and functional alpha diversity (FDa) reflecting community functional structure 
and functional dispersion, respectively (Paper II). The most relevant vegetation scales 
assessed by pollen–plant diversity relationships for woody and herbaceous taxa were 
applied to test FD associations. The FD relationships expressed as CWM between modern 
pollen and vegetation have been tested in one earlier study (Carvalho et al., 2019), 
surprisingly also in the fen environment. Despite the lack of taxonomic richness 
relationships within a 100 m radius, woody taxa, in general, showed better pollen–plant 
CWM and FDa associations compared to herbaceous taxa. Similarly, Carvalho et al. 
(2019) showed better pollen–plant fits for woody taxa CWMs, emphasising the influence 
of trait averaging where low taxonomic resolution in certain herbaceous taxa influences 
the pollen-based CWM estimates. The taxonomic resolution has a strong influence both 
in the studies that have used sediment pollen for assigning functional traits without 
testing modern relationships (Brussel et al., 2018; van der Sande et al., 2019) and in 
pollen analysis in general. However, woody taxa-based traits with positive pollen–plant 
correlations, such as SLA, seed number, AM, LDMC, clonality, height have a potential for 
being applied on sediment pollen assemblages to study the general long-term community 
responses to climatic changes and human disturbances over larger spatial scales (Reitalu 
et al., 2015; Brundrett and Tedersoo, 2018). Traits with positive present-day pollen–plant 
correlations among the herbaceous taxa in fen environments, such as ERM, SLA, LDMC, 
and seed number can be used to study, for example, nutrient stress, competition, 
changes in soil reaction and other disturbances (Jabłońska et al., 2019). Their application 
to other habitat systems would require replication of modern pollen–plant studies from 
different environments. The results of Paper II indicate that mycorrhizal-type AM and 
EM, plant height and seed weight might not be good traits to assign for the pollen data 
from fen systems, likely because of large trait variation within certain pollen taxa such as 
Cyperaceae or Poaceae. Therefore, other proxies such as macrofossils or sedaDNA could 
be used to study long-term patterns in these traits (Birks and Birks, 2000; Parducci et al., 
2014; Felde and Birks, 2019; Jabłońska et al., 2019). To conclude, functional traits can 
provide important additional information on community dynamics where diverse 
communities are associated with greater stability, and a functional diversity decline 
could lead to instability (Connor et al., 2017).  

Traits that showed positive pollen–plant FD relationships both for woody and 
herbaceous taxa were applied on Kanna spring fen sedimentary data and their response 
to vegetation community changes. Possible autogenic and allogenic factors are discussed 
in paragraph 5.2. 
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4.1.4 Phylogenetic diversity  
By providing the information on species genetic relatedness within the community, 
phylogenetic diversity (PD), similarly to FD, has gained great attention in community 
ecology, particularly in the context of biodiversity (Graham and Fine, 2008; Flynn et al., 
2011; Anacker and Harrison, 2012; Brocchieri, 2016). Nevertheless, the studies on PD in 
palaeoecology are limited (but see Reitalu et al., 2015), and modern pollen–plant studies 
have not investigated PD relationships. Likewise, to other diversity metrics, PD showed 
differences in pollen–plant relationships between the subset groups of woody and 
herbaceous taxa. Significant positive correlations were shown only for herbaceous taxa; 
however, the significance was lost when only angiosperms were considered. Similarly, 
for woody taxa, correlation reduced when gymnosperms were excluded. Exclusion of 
these taxa was done following the theoretical and empirical studies that suggest that 
distant phylogenetic groups like pteridophytes and gymnosperms have a strong impact 
on phylogenetic structure (Reitalu et al., 2015; Massante et al., 2019; Bowe et al., 2000). 
Despite only a few pteridophytes and gymnosperms in our data, their significant impact 
on pollen–plant PD correlations suggests the strong pollen–plant associations of these 
taxa. It is likely that PD relationships in case of woody taxa would show stronger 
associations with the larger scale of vegetation estimates or over a wider range of woody 
communities, similarly to other diversity metrics. The current thesis presents the first 
attempt to test pollen–plant-based PD relationships; therefore, the interpretation of 
these results is limited and further studies from different systems and spatial scales and 
ranges are needed for better understanding of pollen–plant PD reflections.  

4.1.5  Ellenberg indicators 
The concept of Ellenberg indicator values (EIVs) has great potential for studying 
palaeoenvironments (Kuneš et al., 2011; Reitalu et al., 2015; Enevold et al., 2018; Felde 
and Birks, 2019). However, their application on pollen assemblages might possess certain 
challenges (Birks et al., 2020). Studying EIVs in modern pollen–plant data would clarify 
which EIV gradients are adequately reflected by pollen data and could be used for 
studying long-term changes in environmental conditions. In the study from spring fens 
(Paper II), woody taxa showed significant positive pollen–plant EIV correlations for L, T, 
F and R; for herbaceous taxa, significant positive correlations were shown for L, T, and N. 
Since most of the fens are waterlogged and have a relatively high pH, our results failed 
to show significant herbaceous pollen–plant associations for F and R indicators, likely due 
to uniform study sites having short environmental gradients (cf. Diekmann, 2003). Water 
availability and pH have been recognised as the main drivers of species richness in fens 
(e.g. Hájková and Hájek, 2003; Sekulová et al., 2013), and the results of Paper II do not 
necessarily mean that pollen data does not reflect changes in these EIVs in other 
circumstances or habitats. In fact, Williams et al. (2011) showed that Ellenberg R can be 
weekly associated with pH in wetlands and might better reflect calcium content than pH 
(Schaffers and Sýkora, 2000). Modern ecology studies have widely used EIVs from 
wetlands and mire systems (e.g. Hettenbergerová and Hájek, 2011; Andersen et al., 
2013; Koch and Jurasinski, 2014; Klimkowska et al., 2019) and the positive pollen–plant 
EIV relationships in Paper II indicate that pollen data allow for studying a wide range of 
EIV-related hypotheses from a historical perspective. Significantly positive pollen–plant 
correlations for L and N might have potential in palaeoecology, particularly from fens 
since both indicators have been shown to reflect major gradients in species composition 
in these environments (Kotowski and van Diggelen, 2004; Andersen et al., 2013). 
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4.2 Pollen-based vegetation, diversity and environmental gradient 
reconstructions in time 
Based on the results of modern pollen–plant relationships of woody and herbaceous taxa 
where these subset groups reflected different spatial scales, diversity indices, and 
environmental gradients are discussed separately for these subset-groups. 

4.2.1 Herbaceous taxa 
It was clear from the sediment reconstructions (Papers I, III) that our investigated 
systems did not reflect palynological richness uniformly and that richness did not strictly 
follow changes in climatic or environmental conditions. In general, large diversity 
variations within and between the sites suggest that the herbaceous diversity signal can 
be attributed to site-specific conditions and autogenic succession, which in some site 
development stages has been influenced by a regional or landscape pollen signal.  

Figure 9. Biodiversity and ecological attribute reconstructions over the last 10,000 years based on 
herbaceous taxa in five mires on Saaremaa Island. A green background indicates the fen habitat 
and grey background bog habitat according to the IVM and cluster analysis. GAM with 95% 
confidence intervals (shaded fill) is used to reflect the dynamics of indicators in time. The abbreviations 
of EIVs are the following: F – moisture; L – light; N – productivity; R – soil reaction; T – temperature. 

Nevertheless, several other factors might complicate comparisons between the sites 
such as differences in timing of site origin and succession, basin size, openness, and other 
geographical and topographical characteristics. 

According to the statistical analyses (LME), fen phases were characterised by higher 
values of soil reaction (R), productivity (N), moisture (F), higher pollen richness, and PD 
in comparison to bogs (Paper III). R, N, and F indicators showed the highest variation 
within and between the sites in the reconstructions from pollen assemblages. Several 
studies have shown that pH (or calcium content), nutrient availability and moisture are 
the major determinants of species richness and composition in fen environments 
(Hájková and Hájek, 2003; Navrátilová et al., 2006; Wolf and Cooper, 2015; Palpurina 



 

39 

et al., 2016) and that R provides a natural bipartition between the bogs and fens 
(Tahvanainen, 2004). Light (L) and temperature (T) had significantly higher values in bogs 
compared to fen phases. A gradual increase in trends of light gradient coincides with the 
development of the bogs. Light is also an important environmental filter in spring fens 
(Kotowski and van Diggelen, 2004); however, bogs, especially large raised bogs as in 
present-day Vedruka and Surusoo, are to a large extent dominated by shade and 
drought-sensitive species (Lachance et al., 2005). The higher temperature values in bogs 
could be related to the fact that fens are fed by cold groundwater that buffers surface 
temperatures (Fernández-Pascual et al., 2015) and fens often provide microrefugia for 
cold-water specialists (Horsáková et al., 2018). 

The regional pattern of palynological diversity throughout the Holocene suggests that 
the early Holocene had relatively high diversity. Transition to the mid-Holocene had low 
pollen richness values and further on richness substantially increased towards the 
present-day (Reitalu et al., 2015; Birks et al., 2016). The high palynological richness in the 
early Holocene is associated with landscape openness, and this is relevant to our studied 
sites in Surusoo and Pitkasoo, which originated around 10,800 and 10,500 cal yr BP, 
respectively, and also showed high pollen richness at the beginning of the site 
development (Fig. 9). Open sites are likely to record a higher number of herbaceous taxa, 
due to lower overall pollen productivity or because of higher wind speeds and 
convection, thus herbaceous pollen might be better represented (Broström et al., 2008; 
Meltsov et al., 2011). However, richness signal at this time might not precisely reflect the 
local situation, because high landscape openness following deglaciation (or land 
emergence from the sea in case of Saaremaa Island) has allowed high extra-regional scale 
pollen input (Giesecke et al., 2012; Paper V). In addition to high pollen richness, Surusoo 
and Pitkasoo show a high PD signal of all herbaceous taxa at the beginning of the site 
development. Usually, young habitats are associated with low PD (Lososová et al., (2015) 
and high PD in the early stages of Surusoo and Pitkasoo might be related to the regional 
pollen input in the sites. On the other hand, Reitalu et al. (2015) have shown high PD in 
early Holocene and hypothesised that it is linked to harsh conditions and environmental 
stress after deglaciation. According to González-Caro et al. (2014), environmental stress 
causes the filtering of phylogenetic lineages adapted to environmental conditions and 
would mean that species adapted to these conditions originate from distant plant 
lineages (Reitalu et al., 2015). 

The transition period between the early to mid-Holocene is associated with cold 
boreal forests in the region (Poska and Saarse, 2002; Papers I–II) that likely led to 
generally low vegetation evenness and diversity and is reflected in relatively low richness 
at the initial stages of the Kanna, Vedruka and Jõhvika sites (Fig. 9, Paper III). Surrounded 
by well-established forests at this phase the sites are likely to reflect mostly local pollen 
signals, although large basins could still reflect some regional signal. For the same three 
sites, herbaceous palynological richness increased up to the mid-Holocene where it 
attained maximum values and thereafter followed different pathways for each site.  
On the Kanna site, the highest palynological richness coincides with the transition from 
bog to fen. Laine et al. (2018) have recorded a similar pattern in mire studies from Finland 
and interpret the transition stage as the most diverse, rich in hammocks and pools with 
a habitat specialist from both mire types. In theory, site openness is positively correlated 
to pollen richness (cf. Meltsov et al., 2011); however, this was not the case of the Jõhvika 
site around 4000 years ago, when habitat indicators show overgrowing but palynological 
richness was the highest throughout the site’s history. On the other hand, Jõhvika was 
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already a bog at that time and bogs are characterised by overall low species richness 
(Moore, 2002), and overgrowing might have been caused by terrestrialisation that in turn 
induced richness increase, which has been shown in other studies from peatlands  
(e.g. Locky and Baily, 2005; Lachance et al., 2005). The high richness period in Jõhvika 
coincides with divergence in PD among all herbaceous taxa, but no response of PD among 
angiosperms, reflecting the occurrence of pteridophytes, which likely occurred during 
terrestrialisation. Moreover, responses in environmental gradients of R, N, and L in 
Jõhvika around 4000 years ago suggest an increase in shade-tolerant species or canopy 
closure that resulted in organic matter and soil reaction increase (Fig. 9). Low species 
richness and poor conditions with the lowest R and N of bogs (Lachance et al., 2005) are 
well exhibited on the Surusoo site around 4000 to 5000 years ago when the lowest 
richness was recorded, in contrast to sites that had fen characteristics during the same 
period (Kanna, Vedruka, Pitkasoo) (Fig. 9). 

A marked increase of palynological richness during the last 4000 to 2000 years has 
been shown by several studies (Giesecke et al., 2012; Reitalu et al., 2015; Birks et al., 
2016), and has been associated with the introduction of agriculture and anthropogenic 
impact. This pattern is well reflected in Surusoo and Vedruka with a rapid increase in 
richness close to the present (Fig. 9); however, both sites are relatively large bogs that 
might have high proportions of regional pollen input. In contrast, Kanna, which is a much 
smaller site, shows a slight decrease in richness, and this pattern is likely determined by 
the increase in the proportion of Cyperaceae (Paper I). In the Saaremaa Island mires,  
PD has declined throughout the Holocene and the PD both of angiosperms and all 
herbaceous taxa had some of the lowest values on most of the sites (Fig. 9), despite the 
richness increase on certain sites. This on a regional scale has been explained by negative 
human impact on PD (Reitalu et al., 2015) by introducing phylogenetically related taxa, 
contrary to the ones that disappear and are usually phylogenetically more unique 
(Winter et al., 2009). 

According to reconstructions from the investigated mires, PD did not necessarily 
covary with species richness contrary to some findings (Mooers et al., 2008; Kluge and 
Kessler, 2011) and in many cases, it was not associated with environmental gradients, 
especially when only angiosperms were considered (Table 3). To conclude, patterns in 
PD are complex and while adding an additional angle to the biodiversity change, PD will 
not always explain local scale historical community assemblages based on pollen data. 

Functional diversity was investigated in Paper II and reconstructed only from Kanna 
sediment pollen assemblages. The fact that Kanna fen has a complete sediment record 
and long history of 9200 years and that it has experienced a shift from ombrotrophic to 
minerotrophic conditions makes it a great target site to study FD changes in time in 
respect to different factors. Functional trait reconstructions in Kanna corresponded 
rather precisely to different mire development stages. LDMC, ERM, and clonality  
are all traits positively associated to nutrient-scarce conditions (Read et al., 2004;  
Baastrup-spohr et al., 2015; Moor et al., 2017), and all had a high CWM during the 
ombrotrophic stage at the beginning of the site development (Fig. 10). Ericoid mycorrhiza 
(ERM) is particularly associated with poor and acidic conditions (Cairney and Meharg, 
2003) and in addition to high CWM, it exhibited significant functional divergence, 
presumably reflecting high within-site functional heterogeneity (de Bello et al., 2013; 
Bergholz et al., 2017). All these traits experienced rapid turnovers during the 
ombrotrophic to minerotrophic transition and attained low CWM values during the fen 
phase when the CWM of SLA, AM, and the average height was high. This phase had a 



41 

high abundance of fen specialists associated with increasing calcium content (Paper I). 
Likewise, Bartelheimer’s and Poschlod’s (2015) results in this thesis indicated the positive 
relationship of soil reaction with SLA and a negative relationship with LDMC in Paper II. 

Figure 10. Functional diversity expressed as CWM and FDa, reconstructed from traits with 
significant positive modern-pollen plant relationships based on Kanna sediment pollen assemblages 
for woody (red) and herbaceous (green) taxa. Note that the CWM for herbaceous taxa is plotted on 
the second Y-axes. GAM with 95% confidence intervals (dashed lines) is used to reflect the dynamics 
of indicators over time. AM – arbuscular mycorrhiza; ERM – ericoid mycorrhiza; LDMC – leaf dry 
matter content; SLA – specific leaf area. 

Increasing SLA within increasing nutrient availability is a well-known pattern (Díaz et al., 
2004; Hedberg et al., 2013; Moor et al., 2015) and in the Kanna fen the increase in SLA 
coincided well with increases in environmental gradients of R and N (Figs. 9 and 10).  

Another major change in trait composition coincides with richness decline from 2000 
years ago to the present. The increasing CWM of LDMC, clonality, and decline in SLA 
and seed number are related to the increasing proportion of Cyperaceae in pollen 
assemblages. The Cyperaceae increase leading to higher LDMC and lower SLA in wetlands 
is indicative of dryer conditions (Baastrup-Spohr et al., 2015). Jabłónska et al. (2019) have 
shown that taxa with a short clonal spread (such as most of the fen Cyperaceae) tend to 
increase in abundance prior to fen termination (Jabłónska et al., 2019) and the change 
might thus indicate the initiation of ombrotrophication or terrestrialisation in the Kanna 
fen. 



42 

4.2.2 Woody taxa 
Compared to the varying changes in herbaceous taxa, the trends in reconstructed woody 
diversity and environmental gradients were relatively similar among the studied sites 
(Fig. 11) indicating that woody taxa reflect similar large-scale vegetation and 
environmental conditions, despite the large variation in the basin size (5 to 112 ha).  

Figure 11. The proportion of major woody taxa, richness, phylogenetic diversity and environmental 
gradients based on woody taxa over the last 10,000 years reconstructed from pollen assemblages 
from five mires on Saaremaa Island. GAM with 95% confidence intervals are used to reflect the 
dynamics of indicators in time. The abbreviations of EIVs are the following: F – moisture; L – light; 
N – productivity; R – soil reaction; T – temperature. 

Almost identical proportions and compositions of major tree taxa in different mires 
(Fig. 11) correspond to forest cover dynamics reported in other studies from the region 
(Poska and Saarse, 2002; Reitalu et al., 2013; Stivrins et al., 2015; Feurdean et al., 2017). 
Forest composition dominated by Pinus, Betula, and Alnus – commonly referred to as 
cold mixed forests (Davis et al., 2014) – characterises the early stages of sites’ 
development. Low taxonomic richness, low PD of angiosperms, and relatively poor soils 
indicated by low R and N, but high PD of all woody taxa, high moisture, and light 
availability prevailed during this phase. Relatively homogeneous forest cover likely 
determined low taxonomic richness. The strong negative correlation of palynological 
richness and Pinus pollen influx has been shown from the study in Finland with similarly 
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low palynological richness in the early Holocene (Seppä, 1998). Trends in PD among all 
taxa suggest that in the early Holocene when gymnosperms and angiosperms coexisted 
in more-or-less similar abundances were phylogenetically more diverse in terms of woody 
taxa, compared to the mid-Holocene when broad-leaved angiosperms prevailed. Adverse 
trends in the PD of all taxa and angiosperms could be explained by the fact that distantly 
related species respond differently to environmental changes (cf. Cadotte et al., 2012).  

The community PD of angiosperms is particularly determined by the climate on a 
regional and global scale (Qian et al., 2017; Kubota et al., 2018), and some studies have 
shown that generally high PD can be explained by temperature and precipitation 
(Anacker and Harrisson et al., 2012; Li et al., 2019). Multiple studies on different proxies 
have recorded generally colder and wetter conditions over Northern Europe in the early 
Holocene (Birks et al., 2014; Luoto et al., 2014; Stansell et al., 2017), indicating that these 
are potential factors that have reduced the PD of angiosperms but favoured the PD of all 
taxa in the region. This is also supported by statistical analysis (Paper III), where woody 
angiosperm correlation with temperature (T) is positive (r=0.44, p<0.0000) but the 
correlation with moisture was significantly negative (r=-0.77, p< 0.0000).  

The colonisation of deciduous forests in the region during the warmer and dryer 
climatic conditions in the mid-Holocene (Davis et al., 2003; Renssen et al., 2009;  
Birks and Seppä, 2010) coincides with increasing palynological richness, PD peaks of 
angiosperms, and PD decline among all the taxa. These patterns goes in hand with the 
environmental gradients of L, F, N, and R. Climatic changes during the mid-Holocene 
(Hammarlund et al., 2003; Stansell et al., 2017) have altered vegetation composition and 
evenness by the establishment of deciduous forests (Poska and Saarse, 2002; Papers I 
and II) that have suppressed the previously dominant taxa (Pinus) and increased the 
representation of other different taxa and thus palynological richness (cf. Giesecke et al., 
2012). Richness and evenness relationships are complex, and several studies show that in 
pollen data they might be not independent (Odgaard, 2001; Peros and Gajewski, 2007).  

Warmer climatic conditions and an increase in favourable soil properties have been 
linked to higher PD (Cavender-Bares et al., 2004; Spasojevic and Suding, 2012), which is 
presumably the result of reduced environmental filtering, allowing species from different 
lineages to coexist as indicated by the peak in the PD of angiosperms. Late Holocene 
trends can be analogously interpreted to those of the early Holocene; however, factors 
related to human impact could be of great importance here (Poska et al., 2004; Reitalu 
et al., 2013; Roberts et al., 2018). Overall cooler climatic conditions (Seppä and Poska, 
2004; Renssen et al., 2004) have driven towards a decrease in deciduous forest 
abundance, and thus an increase in cool mixed forests again dominated by Pinus and 
portions of Betula, Alnus and of recently arrived Picea (Saarse et al., 1999). On the other 
hand, pollen-based synthesis in the work of Roberts et al. (2018) showed that forest loss 
in Central Europe accelerated around 4000 years ago, as a result of forest conversion for 
agriculture use, but in Northern Europe, the human-induced change occurred around 
2000 years ago and with a much less superior alteration. An increase in human activities 
is usually associated with changes in forest cover and induced landscape openness, thus 
one could be expected to facilitate pollen richness during the late Holocene (Birks and 
Line, 1992; Seppä, 1998, Meltsov et al., 2013), but this is more applicable to herbaceous 
taxa as shown in the previous paragraph.  

Disturbance by fire is another essential factor recognised to govern forest structure 
in time (Behling and Pillar, 2007; Whitlock et al., 2017), and has been well studied in the 
region (Kuosmanen et al., 2017; Feurdean et al., 2017). For instance, Feurdean et al. (2017) 
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suggest that the late Holocene’s fire frequency could be attributed to the replacement of 
Picea and deciduous forest by Pinus since the latter one is more fire-tolerant. They also 
tested fire impact on floristic diversity but did not find a clear, evident link, however, few 
episodic diversity responses to fire frequency were observed. In Paper I, micro and macro 
charcoal were used as a proxy of fire to test the impact on palynological richness from 
the Kanna spring fen. The results of linear regression models suggested that in addition 
to both climatic parameters – modelled summer and winter temperatures – fire was a 
significant factor to explain total palynological richness. However, it might be intermixed 
with a general increase in human impact in the late Holocene, since the highest charcoal 
presence coincided with the onset of agriculture, likely indicating slash-and-burn 
practices in the landscape (Poska and Saarse, 2002).  

Although FD was reconstructed only based on Kanna sediment pollen assemblages, 
rather uniform trends of other investigated diversity metrics and environmental 
gradients would suggest similar functional changes in the forest communities throughout 
the entire western part of Saaremaa Island. Reconstructions showed that the early 
Holocene was characterised by a low CWM of clonality, AM and SLA, but high CWM of 
LDMC and plant height (Fig. 10). SLA and LDMC are the traits that best explain the 
functional trade-off between the resource acquisition and conservation strategy known 
as “leaf economical spectrum” (Reich, 2014). Larger SLA is associated with resource 
acquisition related to fertile and favourable conditions, like in the mid-Holocene, which 
allows for rapid plant growth and photosynthesis, whereas LDMC is related to the 
resource conservation strategy to cope with the low resource environment (Polley et al., 
2013; Qin and Shangguan, 2019), like in the early Holocene. Both traits have been shown 
to reflect the soil and climatic gradients well (Cornelissen et al., 2003; Laughlin et al., 
2010) showing good correspondence to investigated environmental gradients in this 
thesis. Abiotic stress has been linked to increasing in clonality (Ye et al., 2014), high CWM 
of clonality at 8000 cal yr BP, and during the relatively favourable conditions in the  
mid-Holocene, it seems to contradict that and is rather a reflection of higher clonality 
among broadleaved trees and shrubs compared to gymnosperms. The correlation of AM 
fungal activity and increasing temperatures (Compant et al., 2010; Hempel et al., 2013) 
reflects the broad pattern of thermophilous taxa proportions in the region and 
corresponds to the immigration of taxa with AM associations, like Ulmus glabra and 
Fraxinus excelsior (Thomas et al., 2018; Seven and Polle, 2014). The decline in the CWM 
of SLA and AM but increase in height and LDMC in the late Holocene is also related to 
the above-discussed broad-leaved taxa decline and coniferous taxa expansion. 
Significant trait divergence or convergence was not observed in the reconstructions; 
however, niche differentiation, likely due to pivotal differences between gymnosperms 
and angiosperms (Brodribb et al., 2012), was shown during some episodes. 

4.3 Role of pollen and palynological richness to reflect local and 
regional-scale vegetation and processes from mire and lake sediments 
4.3.1 Kanna spring fen  
Compared to Central Europe and Northern America, palaeoecological history and  
origin of spring fens in Northern Europe and particularly in Estonia have been relatively 
little studied, but see Hansson et al., 1996; Gałka et al., 2016; Väliranta et al., 2017. 
Therefore, the investigation of the Kanna spring fen provides one of the most detailed 
reconstructions of this habitat in the region. According to lithology, peat accumulation 
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started right on the mineral soil at 9290 cal yr BP, and thus pollen and other proxies could 
be related to the initial stage of the site origin. The present-day topographical situation 
and the depth of the sediment basin suggest that the Kanna fen started to develop in the 
depression of the slope related to the regression of the Litorina Sea – historical stage of 
the Baltic Sea (Saarse, 2009). Three distinctive stages were recognised based on pollen 
analysis, which coincides well with macrofossils and NPPs, but were not so distinctly 
reflected among all indicators of peat physical properties. The unusual bog phase was 
recorded from ca 9200–7200 cal yr BP, dominated by various Ericaceae pollen, Calluna 
vulgaris, Ledum, and had a great abundance of Sphagnum spores. The presence of 
Sphagnum was supported by macrofossil analysis, which showed peat being composed 
of up to 80% Sphagnum. Additionally, NPPs and particularly testate amoebae like Assulina 
muscorum, Arcella-type, Trigonopyxis, which have been associated with ombrotrophic 
conditions, were encountered (Mazei and Bubnova, 2007). This finding does not follow 
the classical scenario, where bog succession is preceded by the fen phase and is usually 
referred to as a fen–bog transition (Hughes and Barber, 2003; Väliranta et al., 2017).  
Such an opposite development scenario is rare and has been reported only in a couple 
of other cases (Barber and Hughes, 1995; Hájková et al., 2012). Changes in the pollen 
composition in both herbaceous and woody taxa at ca 7000 cal yr BP indicate turnovers 
in vegetation composition that correspond to climatic changes from the early to  
mid-Holocene. The causal factors, global patterns, and temperature changes of this 
period are generally associated with a shift towards warmer and dryer climatic conditions 
in Northern Europe (Davis et al., 2003; Renssen et al., 2009; Birks and Seppä, 2010).  
These climatic changes might have initiated bog desiccation and thus the peat 
humification, which lead to the increasing role of mineral-rich groundwater and gradual 
transition to a fen. Bog taxa gradually disappeared and different fen-related taxa 
prevailed, e.g. Cyperaceae, Potentilla, and Parnassia. In fact, Cladium mariscus, a species 
mostly limited in present-day base-rich fens (Theocharopoulos et al., 2006), was 
encountered both in pollen and plant macrofossils at the initial fen stage. Increasing 
different taxa on the site and diversification of surrounding landscape vegetation by 
different small-leaved deciduous trees at this point was clearly reflected by the highest 
values in palynological richness for the entire study period. This supports the general 
view of undamaged fens as important hosts of diversity emphasised by many ecological 
and palaeoecological studies (e.g. Lamers et al., 2002; Tahvanainen, 2004; Grootjans, 
2005; Horsáková et al., 2018). The Kanna fen is still present today; however, noticeable 
changes in vegetation composition and an increasing abundance of Cyperaceae during 
the last ca 400 years suggest its transformation in situ and changes have also happened 
in the surrounded landscape revealed by rather homogeneous woody vegetation and a 
decrease in palynological richness.  

Since the interpretation of the cause on palynological richness decline was 
complicated, due to lack of a clear association with any environmental factors, in Paper 
II the richness of the subset groups of herbaceous and woody taxa was investigated 
separately in order to understand the spatial scale of the changes. Consequently, the 
results showed a marked drop in woody richness and relatively stable herbaceous 
richness in the Kanna fen indicating changes in the surrounding landscape rather than in 
the fen itself. This contradicts the Northern European studies that have shown increasing 
palynological richness in the late Holocene because of human-induced landscape 
changes (Berglund et al., 2008; Reitalu et al., 2015; Birks et al., 2016). However, these 
studies provide general richness trends concerning larger spatial scales and in the current 
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case, changes might well reflect the homogeneous landscape relatively far away from 
human settlements with the forest cover nowadays dominated by Pinus.  

These different interpretations of pollen richness changes in Papers I and II provide a 
cautionary tale calling for critical usage and interpretation of total palynological richness.  

4.3.2 Lake Svetlenkoye  
The second detailed investigation comes from Lake Svetlenkoye in the West Siberian 
Plain, a region that spans thousands of square kilometres and is recognised as the largest 
wetland in the northern hemisphere (Kremenetski et al., 2003). Compared to Northern 
Europe, the knowledge of deglaciation and climatic changes in the region is much more 
ambiguous (Arkhipov et al., 1999); therefore, any palaeoecological investigations from 
the region might shed the light on different aspects of climate and environmental change 
and related vegetation development. According to the multi-proxy results, the origin of 
the lake and the sedimentation in the basin happened ca 11,400 cal yr BP, following the 
last deglaciation. Although based on pollen analysis, five significant periods in vegetation 
development were recognised, which likely reflect mostly regional changes, the 
combination with other proxies highlights three distinctive phases of the lake’s 
environment. During the initial stage, no macrofossils were encountered from the 
sediment, and only pollen and spores could be used to interpret the environment.  
A negligible amount of pollen from herbaceous taxa (Poaceae and Cyperaceae) along 
with Betula, Pinus, and Picea likely reflect periglacial vegetation and arctic tundra, very 
similarly what was shown by Zolnikov et al. (1997). From 10,000 to 8000 cal yr BP, 
macrofossil analysis suggested the local presence of Betula and Picea, and their high 
proportions in pollen records with those of Pinus likely reflect the expansion of forest-
tundra. Turnovers in most of the investigated proxies at this time indicate the changes 
both in the catchment and in its surroundings. The high number of telematic and aquatic 
plants recorded in pollen analysis and macrofossils indicates the flooding of the area and 
later paludification of the lake shore, which well corresponds to large-scale flooding in 
the same region and during the same period (Turunen et al., 2001). In addition,  
two different studies have reported elevated levels of precipitation and available 
humidity in the region for this period (Blyakharchuk, 2009; Groisman et al., 2013), likely 
due to the decay of marine ice in the North Atlantic and the western Arctic, which in turn 
caused the wet airmass transfer over the arctic belts of Eurasia. This period exhibits  
the highest palynological richness throughout the site’s history, likely as the result of  
high habitat variety that contributed with taxa typical to bodies of water, wet meadows 
and bogs, surrounded by mixed forests. Another drastic change that occurred at  
ca 8000 cal yr BP was, in fact, more visible through the elevated AR of pollen and diatoms 
than in pollen or macrofossil composition. Evidence on increased AR, presence of green 
microscopic algae and diatom species composition characteristic to Siberian rivers 
convincingly shows a lake connection to or overflooding by the Ob river, which can be 
tied to warmer and wetter climatic conditions during the Atlantic period (Groisman  
et al., 2013). Pollen analysis shows a distinct decrease in Betula pollen, a similar amount 
of Pinus compared to the previous stage, and the highest values of Picea. During this time 
according to Zolnikov et al. (1997), forest vegetation expanded towards the north by 
approximately 300–400 km compared to the early Holocene, consisting mostly of Pinus 
and Betula and with noticeable amounts of broad-leaved trees. Although this study 
shows slightly different proportions in pollen composition, the extra material brought by 
the flooding might hinder the interpretation of the actual situation. From ca 6800 cal yr 
BP to the present, relatively uniform vegetation composition is revealed by pollen 
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analysis both in woody and herbaceous taxa. Compared to the previous phase, pollen AR 
rapidly decreased and remained stable, and almost no macrofossils were encountered 
during this phase. The set of evidence from all the proxies indicates an isolated lake with 
a stable catchment basin, terrestrial soils, and vegetation – a situation that is likely 
attributed to dryer climatic conditions in the West Siberian forest zone (Blyakharchuk, 
2009). Palynological richness is relatively low during this phase and no major signs in 
pollen spectra that would indicate changes in climatic conditions or significant human 
impact are shown.  

This study is a great example of how different proxies complement each other and 
how some of them reflect the environmental changes that other proxies are not sensitive 
to, and thus this kind of multi-proxy view provides a more complete picture of site 
development.  

4.4 Mire succession on Saaremaa Island 
The outcome of modern pollen signals from different mire types confirmed that the 
Kanna fen has originated as a bog, contrary to other investigated sites on Saaremaa 
Island that began their development as fens (Paper III). Long mire histories are shown 
among the studied sites, where the oldest – Surusoo and Pitkasoo – originated as a lake 
ca 10,800 cal yr BP and a lagoon ca 10,500 cal yr BP, respectively, influenced by the 
historical stages of the Baltic Sea (Saarse, 2009). Changes in Baltic Sea water levels due 
to postglacial land uplift and eustatic sea-level changes have clearly determined the 
origin of the majority of mires, except for two sites – Viidumäe 1 and 2, which began to 
develop much later, ca 3300 and 2900 thousand years ago. At the initial stages, presumably 
high groundwater levels existed and the geological bedrock consisting of limestone 
provided calcium carbonate discharge, a significant factor that favours fen development 
(Almendinger et al., 1998; Grootjans et al., 2005). Early to mid-Holocene transition with 
its distinct climatic changes and the cooling in the late Holocene are both well 
documented in peat inception stages in the Northern Hemisphere (Walker et al., 2012; 
Väliranta et al., 2017; Dendievel et al., 2020). Although initiation of peat accumulation or 
fen–bog transitions from some Saaremaa Island mires could be linked to these climatic 
changes, different and presumably independent development pathways are also shown, 
thus supporting the theory that peatlands can become ombrotrophic under different 
water table conditions and under different climatic regimes (Hughes et al., 2003; Hájková 
et al., 2012). The long persistence of Pitkasoo as a fen for ca 9000 years and of Surusoo 
as an ombrotrophic bog for ca 7000 years, on the other hand, shows how resilient mires 
can be against the climatic changes and how stable ecosystems they are (Klinger et al., 
1990; Hájková et al., 2013). Various degrees of forested and open fen indicators can be 
seen in most of the sites, but similarly to fen–bog transitions, forested fen periods occur 
at different times in different mires. Only the rather distinct overgrowing in the Jõhvika 
and Pitkasoo sites ca 4000 to 3000 cal yr BP occurring more-or-less at the same time 
could be initiated after the Holocene Thermal Maximum (HTM), when an overall warmer 
and dryer climate prevailed (Davis et al., 2003, Seppä et al., 2005). In contrast, Surusoo 
as an ombrotrophic bog during HTM shows no response to climatic conditions, 
suggesting that without additional human disturbances these sites might withstand 
different future climatic scenarios. The fact that our investigated sites have maintained 
their ecological functioning after species turnovers related to overgrowing resonates well 
with recent findings of Lamentowicz et al. (2019), who showed that this is possible 
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because Sphagnum community functional diversity has remarkable stability regardless 
of hydrological changes.  

4.5  Future Perspectives  
Surely, pollen-based diversity reconstructions will continue their role in understanding 
past vegetation, and modern pollen–plant relationships will elucidate reflecting scales 
and processes. Moreover, relatively unexplored metrics and indicators will comprehend 
important angles on community characteristics and processes, which will help to 
anticipate future community changes related to different factors. However, their 
application, whether on pollen assemblages or other proxies, will strongly depend on 
advances in pollen taxonomic resolution, the research aim and required resolution. 

In terms of mire future biodiversity trajectories in the region, the effect of postglacial 
land uplift must be stressed, which is an ongoing process, and its vertical velocity 
according to the Estonian land uplift model reaches 2 mm per year in northwestern 
Estonia (Kall et al., 2013). Land uplift leads to decreased groundwater levels and, for 
example, in Finland land uplift has been estimated to account for an up to 11 cm decrease 
in water level in certain parts of the country (Gong et al., 2012). The main study area on 
Saaremaa Island is experiencing the same scenario but likely to a smaller extent. 
Additionally to land uplift, factors such as increasing air temperature and decreasing 
precipitation have caused oscillations of 3–22 cm in groundwater levels of local bogs 
(Lode et al., 2017). Changes in climatic factors to a larger extent along with growth in 
peat thickness are believed to account for fen–bog transitions and current trends of bog 
terrestrialisation (Väliranta et al., 2017), causing a loss of biodiversity (Jensen and 
Schrautzer, 1999; Swindles et al., 2019). Species of northern biogeographic affinity, like 
those in fens and bogs, are particularly important for regional species pools, which in 
turn determine the high phylogenetic diversity of local communities (Anacker and 
Harrison, 2012). Even if increasing temperatures might increase plant productivity and 
local species richness due to terrestrialisation, it will likely result in loss of habitat 
specialists because of increasing competition (Harrison et al., 2010; Li et al., 2019). In a 
long-term perspective, this will lead to these habitats vanishing, and a loss of species and 
phylogenetic diversity across the region or continent (Thuiller et al., 2011) – a process 
that so far has been buffered by physical and biotic heterogeneity (Li et al., 2019).  

Several avenues have been proposed to reduce the threats related to the  
above-discussed changes – emphasising special monitoring programs focused on habitat 
specialist conservation, counteracting successions and terrestrialisation, and increasing 
mire connectivity (Myers et al., 2000; Grootjans et al., 2005; Flinn et al., 2008;  
Jiménez-Alfaro et al., 2012). For the landscape scale, prioritising ecosystem services, 
replanting tree species and allowing habitat natural regeneration, reduction of landscape 
fragmentation, and conservation of native habitats have been proposed as a possible 
tool to fight biodiversity loss (Duan et al., 2016; Barnosky et al., 2017; Whitlock et al., 2017).  
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5 Conclusions 
The current thesis focused on multifaceted modern pollen–plant diversity relationships, 
among which ecological attributes and plant functional traits provide new aspects in 
palaeoecology. The inference on relationships guided the reconstructions and allowed 
us to better study how plant communities have changed in terms of their composition, 
richness, and functional and phylogenetic diversity along environmental gradients. 
However, the complexity of pollen analysis and the interrelated nature of different 
climatic and environmental processes often complicate modern pollen–plant 
relationships, and the interpretation of the reconstructions might be challenging. Pollen 
assemblages complemented by other proxies and investigations from multiple sites for 
different plant subset-groups provide a better understanding of community responses in 
different spatial scales. The main conclusions from this work are summarised below.  

1. Modern pollen–plant studies allow for a better understanding of spatial scales 
reflected by pollen data for different plant subset groups. Pollen diversity 
reconstructions should separate herbaceous and woody taxa; the first allows local 
community changes in small mires to be studied, whereas the second reflects 
regional-scale community changes. 

2. In large spatial scales and over the wide spatial range (the whole of Europe), both 
pollen and vegetation richness are significantly associated with climate 
parameters, whereas landscape openness facilitates pollen richness, but not 
vegetation richness. 

3. Pollen data can be used to infer long-term changes in the functional diversity  
of certain traits (SLA, LDMC, clonality, height, and seed number). Their 
reconstructions on both regional and local scales well reflects plant adaptation 
strategies to climate and environmental gradients related to resource acquisition, 
conservation, and interspecific competition. 

4. Pollen–plant-based phylogenetic diversity relationships are strongly influenced by 
gymnosperms and pteridophytes. Distantly related taxa (gymnosperms vs 
angiosperms) shows different responses to climate and environmental gradients. 
Despite the increase in palynological richness, PD suggests a diversity decline both 
on the local and regional scales, presumably due to the human impact. 

5. Pollen data can be used to reconstruct different environmental gradients with the 
help of Ellenberg indicator values or a similar ecological indicator concept. In the 
studied system, the Ellenberg indicator values of light, temperature, moisture, 
and soil reaction are significantly reflected by pollen data for woody taxa, 
and light, temperature, and productivity for herbaceous taxa.   

6. Different types of mires have distinct pollen signals and indicative taxa that can 
be used to infer mire succession and other long-term processes. In general, fen 
phases exhibit higher species richness and PD, compared to bog phases of the 
same mires, and fen community diversity is positively associated with R and N, 
while bog phases with T and L.  

7. Mire origins on Saaremaa Island, which began ca 10,000 years ago, are closely 
linked to major changes in historical Baltic Sea water levels, which had a decisive 
role on groundwater table fluctuations, but the fen–bog transitions and forested 
periods occurred at different times, suggesting that site-specific changes play an 
important role in mire changes additionally to climate. 
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8. The multi-proxy study from the Kanna spring fen played a significant role in 
interpreting exceptional bog-fen succession and revealing naturally rich fen 
phases with different important habitat specialists. The study from the West 
Siberian Plain comprehended the palaeohistory of the vegetation development in 
the region and revealed flooding, likely caused by large-scale changes in the 
hydrological regime. 

9. This research stresses the importance of testing modern systems and different 
diversity indicators on multiple spatial scales prior to pollen-based 
reconstructions. The trends of different diversity indices often do not covary, 
especially for herbaceous taxa, emphasising the uniqueness of each metric. 
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Abstract 

From modern pollen–plant relationships to Holocene 
vegetation diversity reconstructions 
Evidence inferred from a diverse array of palaeoecological methods has revealed 
important information to understand past climatic and environmental conditions and 
processes that have shaped the Earth’s current ecosystems. This information has become 
an important baseline in modern ecosystem management and conservation biology. 
Because of their unique set of attributes, plant pollen and spores are preserved in the 
waterlogged sediments and can be identified to the species or family level, thus, allowing 
surrounding vegetation to be reconstructed through several millennia back in time. 
However, various factors complicate the vegetation representation in pollen data and 
despite the significant progress that has been made to study and improve the 
understanding of the sedimentary pollen signal, certain ambiguities remain.  

This thesis studies modern pollen–plant relationships on local and regional scales, 
from spring fens in Estonia and from lakes in Northern Europe, to investigate how the 
pollen–plant relationship differs for different spatial scales and different plant subset-
groups. Surface moss polsters, lake surface samples, and detailed information on 
surrounding vegetation assessed in field surveys and gathered from vegetation atlases 
were used. The current thesis tested modern pollen–plant relationships in terms of 
taxonomic richness, functional diversity (FD) calculated from plant functional traits, 
phylogenetic diversity (PD) reflecting community evolutionary relatedness, environmental 
gradients expressed as Ellenberg indicator values. All investigated diversity metrics and 
indicators were applied on sedimentary pollen data from mires on Saaremaa Island to 
study biodiversity and vegetation community structure changes over the last 10,000 
years. Additionally, the indicator value method, cluster analysis, and random forest 
classification were used to study modern pollen signals and indicator taxa from different 
mire types to better interpret historical mire succession. Mires were in the focus of 
attention throughout the present study because of their high value for nature 
conservation and are regarded to be especially endangered by climate and land-use 
changes. Multi-proxy analysis – pollen, macrofossils, geochemical analysis, diatoms, and 
other non-pollen palynomorphs – were used to study two sites in detail: Kanna calcareous 
spring fen on Saaremaa Island, Estonia and Lake Svetlenkoye in the West Siberian Plain.  

Statistical analysis revealed positive pollen–plant relationships on local and regional 
spatial scales; however, while woody pollen taxa were reflecting landscape or regional 
scale vegetation diversity, pollen of herbaceous taxa from mires was associated with 
local within-mire environmental changes. Temperature and landscape openness were 
shown to be the strongest predictors of pollen richness on a regional scale. Phylogenetic 
diversity, Ellenberg indicator values, and functional diversity based on multiple plant 
functional traits such as specific leaf area, leaf dry matter content, height, clonality, had 
positive pollen–plant correlations and thus have good potential for long-term 
reconstructions based on pollen data. The investigated herbaceous pollen signals 
differed between the mire types with specific indicator taxa for each type (bog, open fen, 
forested fen), allowing mire succession to be reconstructed from pollen data.  

Woody pollen richness, phylogenetic and functional diversity, and Ellenberg indicator 
values showed uniform patterns among the studied mires throughout the time reflecting 
general regional-scale changes in vegetation communities likely mostly determined by 
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Holocene climate changes. The local scale reconstructions based on herbaceous taxa 
were more complex, exhibiting high variability among the studied sites as a reflection of 
site-specific conditions. Environmental gradients reflected fen and bog phases well. 
Diversity reconstructions from mires showed that fen phases had higher richness, 
phylogenetic diversity, soil reaction and nutrient content but lower light availability and 
temperature than the bog phases of the same mires. Detailed investigations from the 
Kanna spring fen and Lake Svetlenkoye suggested that pollen analysis in combination 
with other proxies can reflect local processes, where herbaceous, aquatic taxa and 
spores are of particularly great indicative importance.  

To conclude, the results of the current thesis emphasise the importance of testing 
different palaeoecological indicators in modern systems prior to using them in 
reconstructions. Using functional and phylogenetic diversity and pollen-based 
environmental gradients in addition to conventional pollen analysis provides unique 
perspectives to study past long-term changes in community structure and mechanisms 
that underlie changes in biodiversity patterns. This information might be a crucial 
supplement for projections on future biodiversity trajectories and ecosystem services.  
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Lühikokkuvõte 

Õietolmu ja taimestiku seostest tänapäeva maastikes taimede 
mitmekesisuse rekonstruktsioonideni läbi Holotseeni 
Tänapäevased ökosüsteemid on mineviku kliima, keskkonna ja bioloogiliste protsesside 
tulem. Teadmised neist mineviku protsessidest on tulnud tänu mitmekesistele 
paleoökoloogilistele meetoditele ja annavad arusaama algtingimustest, millest 
tänapäeval lähtuvad ökosüsteemide majandamise ja kaitsmise otsused. Mineviku 
taimestiku kohta annavad informatsiooni soo ja järvesetetes säilinud taimede 
õietolmuterad ja eosed. Kuna õietolmu hulk ja levimine on liigiti erinev, on õietolmu 
põhjal mineviku taimede mitmekesisuse kohta järelduste tegemiseks vaja uuringuid 
tänapäeva õietolmu signaali ja taimestiku seostest.  

Käesolev doktoritöö uurib õietolmu ja ümbritseva taimestiku vahelisi seoseid  
eri skaalades ja erinevates taimerühmades: kohalikus skaalas Eesti allikasoodes  
ja regionaalses skaalas Põhja-Euroopa järvedes. Õietolmu analüüsiti soode 
samblaproovidest ja järvede pinnasetetest ning võrreldi õietolmu andmeid detailse 
ümbritsevat taimestikku iseloomustava andmestikuga, mida koguti välitöödel (soodes) 
ja taimede levikuatlastest (järvede ümbruses). Õietolmu ja taimestiku vaheliste seoste 
testimiseks kasutati mitmeid indekseid: liigirikkus; funktsionaalne mitmekesisus, mida 
arvutati taimede erinevate tunnuste põhjal; fülogeneetiline mitmekesisus, mis 
peegeldab koosluste sisest evolutsioonilist sugulust; Ellenbergi indikaatorväärtused,  
mis on seotud keskkonnatingimustega. Lisaks selgitati välja eri soo arengufaaside 
indikaatorõietolmu tüübid, mis võimaldavad paremini välja selgitada soode suksessiooni 
läbi nende arenguajaloo. Kõiki tänapäeva andmetega testitud mõõdikuid kasutati 
Saaremaa soode 10000-aastase ajaloo uurimiseks vana õietolmu põhjal. Sood on 
käesolevas doktoritöös tähelepanu keskmes kuna on looduskaitseliselt olulised ja kliima 
ning maakasutuse muutuste poolt ohustatud. Käesolev doktoritöö sisaldab ka kahte 
põhjalikku setete uuringut Kanna allikasoost Saaremaal ja Svetlenkoye järvest  
Lääne-Siberis, kus lisaks õietolmule analüüsiti ka taimede makrojäänuseid, setete 
geokeemilisi omadusi, ränivetikate ja teiste setetes leiduvate organismide jäänuseid.  

Doktoritöö tulemused näitavad, et õietolmu ja taimestiku andmeid on statistiliselt 
oluliselt seotud nii kohalikus kui regionaalses skaalas. Kui puude õietolm peegeldab 
pigem regionaalset taimestikku, siis rohttaimede õietolm on seotud muutustega 
kohalikus sookoosluses. Regionaalses skaalas (Põhja-Euroopa) on õietolmu mitmekesisus 
seotud eelkõige temperatuuriga ja maastiku avatusega. Ellenbergi indikaatorväärtused, 
fülogeneetiline mitmekesisus ja funktsionaalne mitmekesisus (arvutatud erinevate 
taimetunnuste põhjal nagu lehe eripindala, lehe kuivainesisaldus, taime kõrgus, 
klonaalsus) näitasid statistiliselt olulisi seoseid taimestiku ja õietolmu põhjal arvutatud 
indeksite vahel. Rohttaimede õietolmu signaal oli rabades, metsastunud ja avatud 
madalsoodes erinev. Tulemused näitavad, et õietolm võimaldab rekonstrueerida 
mineviku taimestiku mitmekesisuse eri aspekte ja soode arengu eri etappe.  

Puittaimede liigirikkuse, fülogeneetilise ja funktsionaalse mitmekesisuse muutused 
läbi 10000 aasta olid erinevates Lääne-Saaremaa soodes sarnased ja olid põhiliselt 
mõjutatud Holotseeni kliimamuutustest. Rohttaimede põhised mitmekesisuse  
indeksite rekonstruktsioonid olid Saaremaa soodes erinevad, peegeldades kohalike 
asukohapõhiste faktorite olulisust sootaimestiku mitmekesisuse arengule. 
Rekonstrueeritud keskkonnatingimused (Ellenbergi indikaatorväärtused) ja mitmekesisuse 
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indeksid olid selgelt erinevad soode madalsoo ja raba arenguetappides: madalsoo 
faasides oli kõrgem liigirikkus, fülogeneetiline mitmekesisus, happelisus, toitainerohkus, 
aga madalam valguse tase ja temperatuur kui samade soode raba faasides. Kanna soo ja 
Svetlenkoye järve detailsed uuringud näitasid, et rohttaimede õietolmu analüüs 
kombineeritult teiste näitajatega peegeldab kohalikke muutusi, eriti kõrge 
indikaatorväärtusega oli info sammalde ja sõnajalgtaimede ning veetaimede esinemise 
kohta.  

Kokkuvõtvalt võib järeldada, et erinevate paleoökoloogiliste indikaatorite testimine 
erinevates tänapäevastes maastikes ja eri skaalades peaks alati eelnema nende 
indikaatorite kasutamisele rekonstruktsioonides. Õietolmu põhised funktsionaalse ja 
fülogeneetilise mitmekesisuse rekonstruktsioonid ning indikaatorväärtustel põhinevad 
keskkonnagradiendid täiendavad traditsioonilist õietolmuanalüüsi ja võimaldavad 
lähemalt uurida pikaajaliste mitmekesisuse muutuste põhjuseid. Teadmised mineviku 
taimestiku mitmekesisusest ja seda mõjutavatest faktoritest on väärtuslikuks sisendiks 
tuleviku mitmekesisuse ja ökosüsteemi teenuste muutuste ennustamisel. 
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����������������� ���!�"�#$���%���� �$��&�'((!��)���(*+)*++,(�++--./+*0/++,.1/234565789�84:5;9<=>?@�A?B�C?�DEFG�HIJIE?EK?J?BLKIJ�>EK?FMC>NKCL?F�?D�COE�PEQEJ?H@EFC�?D�I�KIJKI>E?NM�MH>LFB�DEF�?F�RII>E@IIS�TMC?FLI8UVWV�XYZ[V\��]�:̂WWU�4_ẀZY[\�]�9__YW�8abU\�]�cd̂W�eZVVWYf_g\�]�:WW[�8YYWhVZẐ\�]�iWWa�e_VhW\j�#��k�!'�l�m�#�n%���o+*1�(�"##�&��!'�**�p�&��n%���o+*0�q�p&������/���r���sn%��s��n�� t�&�����u�p&�������v��w���o+*0xyz{|}~{��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������� ���������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������¡�������������������������������������������������¢�������������������������������������������������������������������������������������������������������������������������������������������������¢������������������������������������������£�������������¤¥��¦�����������������������������������������£�������������¤¥�������������������������������������������������������������������������������¢�������������������������������������������������������������������������������������������§�������������¤¥�������������������������̈�����������¤¥�����������������������¢������������������������������������������������������������©�������������������������������������������������������������������ª����������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������¢�����������������������������������¢����������������������������� ����������������������������������������������������������̈���������������¢�����������������������������������«E¬?>PM�¦��������������®�̄���������������®� ��������®�����������������®�¦�������®� �����������°±{|²³́~{µ²±��������������������������������������¶���¢���������������©�����������������������������������������������������������������������������������������������������������������������������������©������������������������������¢�����¢���������������������������¶��������������������������¢��������������������������������������¢�������������©��������������������������·̧̄ �¹ ����£º����������������������������������������������������»�������������������������������������������������
��������������������������������������������¢���������������·¼���������½¾º��¦����������������������������������������������������������¢��������¢������¦�������¿�����������À̈ÁÀ��¦�·¦�����������������������¦�����������½���º������������������������ÂÃÄÅÆÇÈ�ÈÄÉÆÊËÇÊ��������������������¦���������������������·�����£�½�º����»�����������·�����£�Á�º���������������������������������������������·¦����������º�·�����£���º�¦�������������������������������¢������������· ÌÍ»��Ì����������½��º����������������������������������������¢��§�Î�����������������§��������·¼���������½¾º��̧����������������������������������������������������������������������������¢��������������������������������������¢������������������������������������������������¶������������������������������������������������������������������������������������Ï�������������¢��������������Ð���������������������¢���������������������������»����¶����·Ñ���������������������½£º��������������������������������������������������������������������������������������·ª��������¦��������½§º�¦������������¢��̄��Ò��Ó��������TJEKC>?FLK�MNHHJE@EFCI>¬�@ICE>LIJ������������������������������������·������ÔÀÀ�������À½��½��£À���ÁÁ�̈��½����£̈Õ��¶º�������������������������������������������������¢�������������¶����������Ö�×�����Ñ������ ������¢����Ø����������½� ¿�������������Ó����������������¹������������������������������Í��������§������������������



� ���������	�
�������	�������������	

���

�������������������������� !��"�����������"#���$����"!��#��������"����!��%��&���������!��������&����!���"�"&���$$��!��"'������"��"#�����$������'��(�)������� $�����$��������$��*�"#�+���%�+����,-�$��"��./0123�4�$����"!��#�����"$����%���"����&���"��'��"���5����6!�"'��")��%��"��������������7��%������5��������$����%�8!�$��5�,9�:��"&;�<���"&;�����$3�.//=23>��5�"#�������+�����%���$����"!��#��������$"������������!��������&��3������������$�"��!+��"!������"����"��'�"7?�����"��#�������������� �"��&�����5�,@��%%�����A�����5�.//BC�>���5�&������$3�./0D23�E���"����"������"���+���$5� 5���7)�����%�����+���%�+���� 5�+")��%(��!����%����! ��"���F�����&������$����"�*��%�,@������+���������$3�./0D23������"+'$�F����!���"#�#������"����!���"����8!����� ��*%�"!���*�")$��%��#�"+���&���$���:�������������G��G�$��3��"������+"���#�������������"�����������"���"���+'"���5�'�"�������"����$���&�$5���"��7���+��:�����"#�+���%�+���(�)��������+7����5�������������$�+��������%��,H"���������$3�.//DC�E"I7 �"?"&;�����J;?�*�.//=C�A������������$3�./00C�KL$$+���������� ��%���./0MC�N����������$3�./0123<'���%�#��������)�$$��!������"�'�$��"��"$"%���$���!����3�����'��+�����$5�)����"�����"������#������$'��"�'�����&��'"$$��(��'"��������'$����+���"��+����(�)��������!$����������7+�������"���������":�������%����"������$"�%7���+���&�$"'7+����"#�#���������������!��"!����%�$������'������"!%�"!�������������������"�53�O$��"!%������'�$��"��"$"%5�"#���$����7"!�������#�������������$�6!�"'������ ������$���&�$5�)�$$���!�7����,J;?�*�����$3�./00C�J;?*"&;�����$3�./0.�(� (�./0B(�./0PC�N���*�����$3�./0.C�H�+����"&;�����$3�./0MC�Q�$*������$3�./0D(�./0=2(�����������#�)��!�����!�����#�"+��"�������6!�"'��, !������Q�$*������$3�./01C�KR$�����������$3�./0D236��"�������� ���"�������������$�����%��"!���5����6!�"'��������+��"#�������5�"#���$����"!���'���%�#����,9�:��"&;�<���"&;�����$3�.//=2(�)�����"��!'5��''�"F�+���$5�S//����,��3�/3/.T�"#���������������23�O "!����$#�"#�6��"������'���%�#��������$"������"��<����+��(�+"��$5��$"�%������$"'���"#�����<����+���*��**U�%!���*�,)����<����+���!'$���2�,N��$�����A�� �*�./0023�>"��������"��7������"#�'��&�"!�$5�*�")���'���%�#������&������''������"�� ��"+����%������,N��$�����A�� �*�./0023�-!+��"!�������'$�����'�������������"�������)�����'���%�#�������6��"���(��!������VWXYZY[W\]�̂]X_X̀Y]X](�à_ZbXỲ__Z�]̀_ZbXŶXc̀](�aZdXefZbZ�WXfg\_\](�hZg[i_̂fWXjZ�XYgZfYZ[Z(�hk�lZ_[XgZ(�hk�f\]]̂mXX�����noXoZg[X]�oZ_\][fX]3�>��5�#���'$������!������p\Yg\]�]\lŶc\_̂]\](�à_ZbXỲ__Z�]̀_ZbXŶXc̀](�qXYb\Xg\_Z�Z_oXYZ(�r_ZcX\s�sZfX]g\]������"�7���������"� ����$�����"#�#"�+����$�+������"�����"���,t$"+��������$3�./0/23�<�&���$�'�$��"��"$"%���$���!�����"��<����+�����&��#"�!����"����������"�5�"#�&�%�����"����&�$"'+���(���"������'$���+���������!+����+'���(�#"���F�+'$��#�"+�<!�!�""�,K��*��0SS1C�N"�*������<������.//.2(�K���!*��,N"�*������<������.//.2(�N��*��""�,uL��%��"������N"�*��0SS=2�����HU�&�*��""�,J����"������$3�0SS123�J")�&��(��$$���������!������F�+�����'������7��5� "%��������������#���3
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XYZ[	d		F%4�&'23	 !� "!(&"�	201	B2'e)!�G01	"0U&!�0;"0(23	'�01&(&�0�	&0	72002	� !&0)	�"05	a"1&;"0(	'2!B�02("	'�0("0(	̀̂ ĉ#	;&0"!23	;2(V("!	̀ffc#	�!)20&'	;2(("!	̀gfc#	$2("!	'�0("0(	̀h2("!c	B2�"1	�0	3���	�0	&)0&(&�0	̀Eigjc5	F"2(	%G;&k'2(&�0#	�"1&;"0(	2''G;G32(&�0	!2("	8̀lc#	'%2!'�23#	'G3(&U2(&�0	̀ !� �!(&�0	��	'"!"23	 �33"0c5	W"; "!2V (G!"#	2U"!2)"	1"U&2(&�0�	��	;�1"33"1	�G;;"!	̀f24m8G)G�(c	201	$&0V("!	̀n"'";B"!Vb"B!G2!4c	U23G"�	�!�;	 !"V&01G�(!&23	;"20	̀l"0��"0	"(	235	:==oc#	201	�(!2(&)!2 %&'	A�0"�	B2�"1	�0	%&"!2!'%&'23	'3G�("!&0)	��	 �33"0	12(2	�!�;	(%"	 "2(	'�!"



� ���������	�
�������	�������������	

���
����������������� �!""#�$%&���'(&)�)*+��,��-�.�#/��01��#- #232!#�4#"52�-!26�7�8�9(����:;0��&<���*�:=��:&0����&�:��81�>:�����8��''8�(�0�8�&<��8(8�*�'&**80��(&�01�?@ABB���*�CD��''8�(��8(8@�<&**&>81�)+���;(�1��*�)���=�(:�)*8�:0�(8��8�:0�'&**80��+'8��>�:���:01:���8���%�0�:%'���6E&08�FGH?�$<(&%���6�IBB��&�B���*�CD/�:�����(���8(:J81�%�:0*+�)+������:01:���:=8�&<���%�0����:=:�+6��! 52�'&**80�:��1&%:0�0���;�:0@��&%'(:�:0;�KBL�&<��&��*�'&**806�7�8�'8�M��&<�N5 !4�-52�'&**80�:01:���8�'����(8�:0���8�*�01���'86�7�8��''8�(�0�8�&<�O�.#"�@�P-!�!.5Q��01�R�-S�5Q������8�801�&<�FGHT�:01:���8���8(8�*�;(&>:0;��01�<�(%:0;6�G�0�%)8(�&<�(�18(�*�����@���������U-��Q!2!#@�V�80&'&1:��8�8��01�G':W��8�8@�����:0���8:(��:;�8���=�*�8���8(8@����80����:0;�8=:180�8�&<���%�0����:=:�+6�G*�&@�X&��8�8�'&**80�*8=8*��18�(8��8��*:;��*+@�>�:*8�V+'8(��8�8�:0�(8��8����('*+��&���8��:;�8���=�*�8���%&0;���8�0&0W�()&(8�*�'&**806Y0���8�<&**&>:0;��8��@���8�8�J&08���(8�(8<8((81��&����FGHZ[)&;�'���8@�FGHT[<80�'���8��01�FGH?[%&1W8(0�'���86\]̂_̀]aab̂�̀cad̂]e]f̀gh�i\jjk7�8�'&**80��*:18��<(&%�F�00���*�&�(8=8�*81��8=8(�*�1:l8(W80���+'8��&<��8����8��%&8)�8@�<�0;:@�J&&*&;:��*�(8%�:0���01����(�&�*�$m:;6�A/67�8�8�(*:8�����(��:;(�'�:��J&08�$)&;�'���8@�<(&%���6�n@TBB��&�o@TBB���*�CD/@�>������(���8(:J81�)+�'8�M��&<�=�(:&��� HXX�@�%&���0&��)*+���8�'8�M�&<�<�0;�*��+'��86��! 52�'&*W*80��&;8��8(�>:���1�(MW�&*&�(81��+'��8�>���(8�&(181�&0*+�:0���:�����;86�7�:���:%8�'8(:&1�>���(:���:0��8����8��%&8)�8@�

pqrs�t��X&**80�1:�;(�%�&<���8�F�00��'(&9*86�X&**80�'8(�80��;8��&<��8*8��81�����@��'&(8�@�'&**80�(:��08���(�(8981��&�'&**80���%�&<�nTB�;(�:0��'8(���%'*8��01�9(����>&���8��&<�X(:0�:'�*��&%'&080���0�*+�:��XVGZ��01�XVGT����&%'�0:81�)+�J&0��:&06�7�8�<�**�'&**80�1:�;(�%�:��;:=80�:0�uvw

pqrs�x��y:�;(�%�&<��8*8��81�0&0W'&**80�'�*+0&%&('���$HXX�/�<(&%���8�F�00��<80��81:%80���8z�80�8�8�'(8��81����L�&<�'&**80���%6�7�8��*���8(�J&08���(8�)��81�&0���8�J&0��:&0�&<���8�'&**80�1���



����������	
�����	���	������������	

�	�

����������	����������	� 	!""#$%&'	(#")*+#(,	!+)-$$'	����	��.	/+%0*&*123%'	'+)#$'4567��8	�9�	���67��	 ��	�9���,	:��4	;,<==	��	>==	���	?@A,	�������	�B��C��	�7�	��78���	�C����,	�D����	 �7	E-&F+*123%"G	H9�7�	��	�	�������C��	���I	� 	�9�7����	�7�6�.	<,===	���	?@4	J������7��	� 	K-$'"%&*"1*+'L	M*N*"1*+'	��.	E*&%*)O'-F'	��.	�9�	8��.	�7��	��P�7	��.�����7	/+%)O*)$'N%#(	:Q.RST;<A	�7�	����	�7�����4	U6�8��	9��9��	9�P�	7�����P���	��V�7	P��6��	�9��	��	�9�	��7���7	�9���4H�V�7.�	B�7�	7�����	��B�	:B�.�7�	�9���,	��4	>==	���	?@	��	�7�����A,	�������	�B��C��	���7����,	V��9	�9�	7�S�����7����	� 	!+)-$$'	����	��.	�9�	9�89���	P��6��	� 	E-&F+*123%"	����4	W�7����	� 	�9�	7��� �7	X'Y+*F+*)O'	'&0#"F%)*$$%"	�7�	���	� 	�9�	B���	����C��	Z[[�	 �6�.	 7�B	�9�	����	96�.7�.	���7�,	������.��8	V��9	�	7���	��	 6�8��	9��9��4\]̂_̀àbbcd	]e]dfbcbH9�	9�89	��P��	� 	����	.���B��������	��B���.	�9�	�6BC�7	� 	�.����g�C��	��D�	 �6�.	��	�9�	B��7� �����	��������	:U�84	hA4	i���.	��	�9��,	�9�	����	��B��������	.���	���	�9�V	9�89	P�7�S�C�����	.67��8	���	���6B6������	��7��.	��.	�9�	�97��	B���	�9����	V9��9	�9�7����7�j�	�����	P�8�������	.�P����B���	���	
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&�D*�1�;!'�'��3&��&7�1s b�a��?7� ��#��:�F����D���7�!��?��3�D!7�=����HH�+,-.I0�@��=9�11���9�1%��*��9�!�E��*�*�4=H�1�=7����9�� ��E� ������!�4�#�:����! �1���N����+3�S���&�5��%��Q��*��%08�& D4�tD� �<,2IJ.L8��  9!�2>>4��8��:>.-8.I.I>!ZD�=,-.I=---.&�11�!���u��N�DZD�%�"���1D�4�11�?�� ��1�+,--M0���� �*D1 �=9��5%�4� ��E��*�N �̀��'À�;��#�:��!���4�7� ��!��E�1� ��H�1�7����71�*� ��7���:�!����G! ����8������!�<K2,-J<M8��  9!�2>>4��8��:>.-8....>A8.I-,=<LLI8,--M8 #-..�MM85&Av:��! ���&��;���4���̂�1�$��3������N��G��̂��4���&��+,-..0�$�7�;=��%��E��7�!%! �*�7��#���fD5�!���4�! ���:��E��*����#�;��%8����=:��7��*�! �%�.-K2<IMJ<M-&'����W$��&9��� ��F��$�;����?��H��4*���3�+,---0�N%��7��:�1��38���G7�1�LL2.�-M/J.�-/]& �**�1����W���1�W���E�4����D�����+,--<0�?1 ���� �;��*���:�*�� ����E��!2���!9��!���E�;�:� � ���� ��:��b��:���4�*�S��:8�?991�C�:� �&7��K2,]IJ,I]& �;���!�@��Ub�1��F��Q�w'��N�� ��1�+,-.M0�"��;��!��E�9�� ��77D*D1�= ������ ����������!�4�#�:2��*9�7 ��E�4�����:���71�*� �����4�1�7�1�;�:� � ����7�*9�!� ���8�N���!���� �./8��  9!�2>>4��8��:>.-8./.L/�>N��8,-.K8UN�8,K,)��;��������)�+,--]0�̂� ���7��*�! �%��E�*���!������1� ���� �� ���9���=��7��;�:� � ����:��4��� ���4�7�� ��! ��:�:��7��*�7�1�b���!��E� ������ �=��! ����a����!7��4����!���148�a�1���Q��#� �</2<I<J<K/8��  9!�2>>4��8��:>.-8.--M>�a-,L�-<,-L�)�1;��)��Ns�'�N��3��4�11�)��UA��)�+,-.]0�xykziz{ylo�91�� !�E�D�4����7�17����D!�E��!����Q� 1��4�+&S�4��02����� ��%���1� �4� ��x|�}okh~k�zoko�E��*�&����*���+G! ����0T����7��*�&%! �G7�1�I]2..<J.,,$�(����)��*�+,-.]0�$2���1��:D�:����4���;����*�� �E���! � �! �7�1�7�*=9D ��:8�$�a�D�4� ����E���& � �! �7�1�(�*9D ��:��C�����8��  92>>SSS8�=9��A��7 8��:>)D���%�(&N��(��9��Q$��H��'��!!�""��3�S������̂�1'���N�(�+,---0�F*91�7� ���!�E��� ���4� ��:��E�̂�!7��!�����+̂��7�!�1���0�1� �=:1�7��1��;�� !��E�!%! �*� �7���4��7��#����:��4�6����7�!�#� S���� ����! ���1�91�� �*�7��E�!!�1!�E��*���!� �����&̂ �F��1��48�tD� �$�!�I<2..]J.,.V�#���;c�d��F�:�&����7�'�)�+,-.,0�G6�7 ��E�4�����:����4���! ��� ������� ����7�1�:%��E�9�� 1��4!���� ���qD*�;��N�D� ���!8�"�!!�� � �����V��;��!� %��E�&�D ������*��������!'���D4�A�;�7�C̀1���� ��N��U�������N��&�99̀�H��W��'�����&���DD �����&��)D�  �1��G=&�+,-.]0�V��59�7 �4�9��#1�*!����?N&�.](�4� ��:��E�E���9�� 8�$�4��7��#���IK2/IJ.-L8��  9!�2>>4��8��:>.-8,]IL>IK8.K/.M�C̀1���� ��N��&�1�À�;��@��CD��!�1��?���DD �����&��W����1��?��3D� ��N��)D�  �1��G&�+,-.M0�H�1�7����E��=#�:� ���!� ���!��7D���� �! � D!����a��1��4���4�ED D���9��!9�7 �;�!8�H�1�7����,M2MI,JMK]8��  9!�2>>4��8��:>.-8..MM>-/I/K�L<K.K�KM-]M�.C���Q��1���+,--.0�@��=9�11���9�1%��*��9�!8�F�2�&*�1��������'!�H����3�! �̂N�+�4!0�)��7'��:���;����*�� �1�7���:��D!��:�1�'��!�4�=*�� !��;�1�<8�)����! ���1���1:�1���4�!�1�7��D!���4�7� ��!8�W1DS����"��4��7� ��99�//J../C�!'��&�+.//K0�?�7�� ��#D ���� �� �����! ��%��E�;�:� � ������4��D*����*9�7 ������� �����&����*����G! ������#�!�4���� ���#��! �� �:=��9�%��E� ���&D�D!���*���2�9��1�*����%���!D1 !8��?()�I.2IMJKKCv11*�(��)����#��:���a�+,-.]0�&��11�S���D�4� ����E�;�D�!�4�7�*9�=!� �����E��yni�mk{�o�ilo{nihko�1��;�!����������=�� D��1� �*9��� ��E��8�N���!���4���� �.]8��  92>>SSS8*���!�=��4=9�� 8�� >9�:�!�>;�1D*��!>*�9.]�>*�9.]�-K89�9^�11���N��(��;�1���a��Q��� �N����D� ��:�N������S��W�+,-.M0�"�!=�� ��:1��:� ���9�11���!�:��1�E��*�E���!%! �*!2�*�4������4�H�1�7����! D4��!�E��*�!�D �������4���! ����G�:1��48�$�;���1���#� ���1%��1�,<L2.IJ<<8��  9!�2>>4��8��:>.-8.-.K>A8��;9��1#�8,-.K8..8--M^��1�$$�����4%�@(�+./LI0�)����� D�����4�9��9�� ��!��E�!��1��.I ���4�8�����!���G4D7� �����(�1D*#D!^�1E�G(��(��9���"��+,-.I0�a��!��E� ���&������@�;�4���(�1�E�������V&?2�9�  ���!��E�4�! ��#D ������4�;�:� � ���8�N���!���� �.I8�
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����� ����� Â������  ® °̄Ã̄ °̄̄³Í¦̄°̄Ä± suxqŕÆË¬ ® °̄ÒÒ °̄̄̄ ¦̄̄°̄̄ ¯ suxqŕÓzm¡ÔÕÖ×ØÙÚÛÜÝÞÇÞßÖÕßàÕÖØÞáÖØâããäåæÇÝææáçØÖèÖÖ×áÖØéäåæÇêÞÇëÖßÞæàÜØÖèÖìíÇÖîØÖëëÇÞïîÖØîæ×ÜÖÇÞßÕÖÇîðÞáî×ñòóôõöìÙæÕàä×÷øæùúî×áîßÖØÞÜåæÇÝêîßêïÖÇîÖëÕÞÜûÕÖ×ØüûÕÖýÖ×áþæÇûæÕÕÞ×üûæÕýáÖØÖÝÞÇÞÕæù�ØÇÖ×ÜåæÇäÞáûÇîæÇØæØêÞßæÇÇÞÕÖØîæ×ØÞÜØìÚêÞ×ØêÞØÞÜØÞáïÖÇîÖëÕÞÜÝÞÇÞ×æÇäÖÕÕçáîÜØÇîëàØÞá�ÔÞÖÇÜæ×�ÜßæÇÇÞÕÖØîæ×ßæÞåðßîÞ×ØüÇýÝÖÜàÜÞá�ÖÕØÞÇ×ÖØîïÞÕç�Þ×áÖÕÕ�ÜíÖàü·ýÝÖÜàÜÞáì�Çîùî×ÖÕû��ÖÕàÞÖ×áØêÞ�Þ×�Öäî×î��æßêëÞÇùßæÇÇÞßØÞáû��ÖÕàÞü��û��ÖÕàÞýÖÇÞùîïÞ×ì�ÞÜàÕØÜÝîØê��û��ÖÕàÞ	ãìã
åæÇßæÇÇÞÕÖØîæ×ÖÇÞäÖÇ�ÞáëæÕáìøî×ÞÖÇäæáÞÕÜüøÛýÇÞÜàÕØÜÜêæÝÝêÞØêÞÇßæÇÇÞÜûæ×áî×ùûÕÖ×ØáîïÞÇÜîØçüÔÕÖ×Ø�ý�ÇÞùîæ×ü�ÞùýÖ×áØêÞîÇî×ØÞÇÖßØîæ×üÔÕÖ×Ø��ÞùýÝÞÇÞÜîù×îðßÖ×Øüû	ãìã
ýûÇÞáîßØæÇÜæåûæÕÕÞ×áîïÞÇÜîØçì	�
������
¶�����
�¶�����
�������
������
��� Å ����º¹º¹������¼�¬������º¹Ñ



���������� 	�
���
���
�������
���������������������������������
�����������������
��
����
�� ������
���
����������������	!�����"������#$%& �'( )'##*+$&%',-'*./-%*,& 012$+3*4�5012$+3* �6#*73+&78''9:&$;$<= >?@A�� @A@@B4@A@CD E*(F= GHI�JK I�IKLMI�INI ���
�!OP����
����� >?@A�Q @A@@C4@A@@� R+$,&ST���U����� ��V���W GHI�IX I�YIKMI�YJI P��Z����� [HI�\I I�KXLMI�]XN ^_!=� GH Î�IJ I�ǸIMI�YXJ ^T���
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� .q!  � .u!vq� t !   q�	
������������� . !&1� .�!sq�  !   q�2�  !uq� s!sv� t !   q���  ! u� &!s��  !  �u�0� .&!,r� .qu!11� t !   q�/� .q!u&� .q1!,�� t !   q�"� . !r � .v!vs� t !   q�����



� � ��

� � ��

���������	
������
���������
���������
��������

��������������������������������� �!�"������"����
�#���
������
���
�����������$�������������
�������
�%�����&��'�����()
�����*���'������+(�����!�� ,-.� /� 0� 1� 2� 3�� �� +(45678� �� +(45678� �� +(45678� �� +(45678� �� +(45678� �� +(�����)������
��������9:;<=8>>� ?@?A� ?@BCDE� FGHIJ� ?@??BK� ?@?B� ?@KAEL� GHIM� ?@?K??� GHIN� ?@??AL� ?@?K� ?@BKDB�OP� GHQN� ?@????� FGHRR� ?@????� FGHJS� ?@????� GHQJ� ?@????� GHMN� ?@????� T?@?A� ?@BCDE�OP�5=U@� ?@?A� ?@BCDE� T?@?V� ?@KCLV� GHIN� ?@??K?� ?@AA� ?@?BKW� GHIR� ?@??CB� T?@?K� ?@BCKD�X

��������9:;<=8>>� FGHQS� ?@????� FGHYR� ?@????� T?@?K� ?@BKDB� GHYQ� ?@????� GHMY� ?@????� FGHYG� ?@????�OP� ?@?E� ?@EKLK� GHYY� ?@????� FGHQG� ?@????� FGHMS� ?@????� FGHYG� ?@????� GHYY� ?@????�OP�5=U@� T?@A?� ?@AACE� FGHJN� ?@????� GHMM� ?@????� GHJY� ?@????� GHRS� ?@????� FGHRR� ?@????��Z[\\865]:[=�5=56̂>:>�><[_>�]<5]�\:;<=8>>�[̀�<8\a5;8[7>�]5b5�:>�>:U=:̀:;5=]6̂�cde?@?Ef�d[>:]:486̂�;[\\865]8g�_:]<�9�5=g�h�a7]�=8U5]:486̂�5>>[;:5]8g�_:]<�i�cj5a68�Df@�OP�[̀�566�<8\a5;8[7>�]5b5�><[_>�=8U5]:48�5>>[;:5]:[=�_:]<�i�5=g�j�a7]�:>�d[>:]:486̂�;[\\865]8g�_:]<�9�5=g�h@�OP�̀[\�5=U:[>d8\k>�><[_>�>:U=:̀:;5=]�d[>:]:48�5>>[;:5]:[=>�_:]<�j�5=g�h�cj5a68�Cf@��9:;<=8>>�[̀�_[[ĝ�]5b5�:>�>:U=:̀:;5=]6̂�cde?@?Ef�d[>:]:486̂�;[\\865]8g�_:]<�9�5=g�h�a7]�><[_>�=8U5]:48�5>>[;:5]:[=�_:]<�i�5=g�l�cj5a68�Cf@�OP�[̀�566�_[[ĝ�]5b5�:>�>:U=:̀:;5=]6̂�d[>:]:486̂�;[\\865]8g�_:]<�i�5=g�l�a7]�><[_>�=8U5]:48�5>>[;:5]:[=>�_:]<�jm�9�5=g�h@�OP�[̀�_[[ĝ�5=U:[>d8\k>�><[_>�[dd[>:]8�5>>[;:5]:[=>�][�OP�[̀�566�]5b5m�5=g�:>�d[>:]:486̂�;[\\865]8g�_:]<�jm�9�5=g�h�5=g�=8U5]:486̂�_:]<�i�5=g�l@�� MH�nopqrppos2��t!u!�v
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Amon, L., Blaus, A., Alliksaar, T., Heinsalu, A., Lapshina, E., Liiv, M., Reitalu, T., Vassiljev, J., 
and Veski, S. (2020). Postglacial flooding and vegetation history on the Ob River terrace, 
central Western Siberia based on the palaeoecological record from Lake 
Svetlenkoye. The Holocene, 30, 618–631. doi: 10.1177/0959683619895582.  





����������	
�����
���������������������������������������� !����"�#����� ��	������!����!	���	�����$���!%
��&�'�!��$��(���&	��	���)*+���
������������������'�!��$��
�$���!%
��&���&�����

,-./0123.40-567�879:�;<=7><?@�AB?<@�CDE7>9�:6DF9?@G9�DH�9IF?>7�J<BDK7:>79�?@G�<9�:67�LD>BGM9�B?>N79:�K<GO6<N6PB?:<:FG7�L7:B?@G�QR>7K7@7:9J<�7:�?BST�UVVWX�C>D997G�=Y�Z>DK<@7@:�><E7>9�[=�?@G�\7@<97<S�567�[=�]<E7>�<9�D@7�DH�:67�B?>N79:�><E7>9�<@�:67�879:�;<=7><?@�AB?<@�HBDLP<@N�<@:D�:67�R?>?�;7?�DH�:67�̂>C:<C�[C7?@S�567�[=�]<E7>�CD@:><=PF:79�?=DF:�_V_�JKW�H>796L?:7>�Z7>�Y7?>�QA7:7>9D@�7:�?BST�UVVUX�?@G�<9�:67�:6<>G�B?>N79:�̀F>?9<?@�><E7>�=Y�>F@DHHT�9FZZBY<@N�67?:�?@G�H>796L?:7>�:D�:67�̂>C:<C�[C7?@�Q̂N?HD@DE�7:�?BST�UVabXS�cD>>7B?P:<D@�=7:L77@�:67�GY@?K<C9�DH�:67�G<9C6?>N7�DH�:67�dD>:67>@�̀F>P?9<?@�><E7>9T�dD>:6�̂:B?@:<C�[9C<BB?:<D@�?@G�NBD=?B�K7?@�9F>H?C7�?<>�:7KZ7>?:F>7�9FNN79:9�:6?:�:67�><E7>9�?>7�>79ZD@G<@N�:D�67K<P9Z67><CP9C?B7�CB<K?:<C�Z?::7>@9�QA7:7>9D@�7:�?BST�UVVUXS567�ZDBB7@P=?97G�ZD9:NB?C<?B�BD@NP:7>K�CB<K?:7�>7CD@9:>FCP:<D@9�HD>�879:7>@�;<=7><?�QeBY?J6?>C6FJT�UVVfg�h>D<9K?@�7:�?BST�UVaWX�G<9:<@NF<96�G><7>�?@G�L7::7>�:<K7�Z7><DG9S�567�<@C>7?97G�Z>7C<Z<:?:<D@�D>�G7C>7?97G�>F@DHH�Z>D=?=BY�<@HBF7@C7G�:67�><E7>9g�6DL7E7>T�:67>7�<9�D@BY�B<K<:7G�J@DLB7GN7�D@�:67�ZD9:NB?C<?B�Z?BP?7D7CDBDNYT�<@CBFG<@N�:67�HBDDG<@N�6<9:D>Y�H>DK�:67�[=�>7N<D@S�567>7�?>7�D@BY�H7L�>7K?>J9�:6?:�:67�Z7?:�G7ZD9<:7G�<@�:67�L7:B?@G9�@7i:�:D�:67�[=�]<E7>�CD@:?<@9�DCC?9<D@?B�CB?Y�?@G�9<B:�B?Y7>9�?9�?�Z>D=?=B7�>79FB:�DH�Z?9:�><E7>�HBDDG<@N�Qj<>D@YC67E?P5DJ?>7E?�

7:�?BST�UVa_g�;C6<ZZ7>�7:�?BST�UVVkX�?@G�D@7�C7@:7@@<?BP9C?B7�>7CD@P9:>FC:<D@�H>DK�:>77P><@N�>7CD>G�HDCF9<@N�D@�HBDDGZB?<@�6YG>DCB<PK?:7�?@G�Z?9:�><E7>�G<9C6?>N7�79:<K?:<D@9�Q̂N?HD@DE�7:�?BST�UVabXS567�C6?@N79�<@�CB<K?:7�?@G�6YG>DBDN<C?B�>7N<K7�6?E7�?�Z>DPHDF@G�7HH7C:�D@�:67�E7N7:?:<D@�GY@?K<C9S�A7?:�?@G�B?J7�97G<K7@:9�?>7�L7BBPJ@DL@�CD@:<@7@:?B�?>C6<E79�:6?:�CD@:?<@�>7CD>G9�DH�Z?9:�CB<K?:7T�7@E<>D@K7@:?B�?@G�E7N7:?:<D@�C6?@N79S�567�7?9<BY�>7:><7EP?=B7�Z7?:�?>C6<E79�6?E7�=77@�KD9:BY�F97G�?9�?�9DF>C7�HD>�Z?B?7D=DP:?@<C?B�Q̂J6:7>Y?JDE?�?@G�l796C6<@9J<YT�UVa_g�eBY?J6?>C6FJT�UVVWg�eBY?J6?>C6FJ�?@G�;FB7>m6<:9JYT�afffg�A7>7ND@�7:�?BST�UVVkg�A<:Jn@7@�7:�?BST�UVVUX�?@G�C?>=D@�CYCB7�Q7SNS�e7<BK?@�7:�?BST�UVVfg�eD>>7@�7:�?BST�UVV_g�;67@N�7:�?BST�UVV_g�5F>F@7@�7:�?BST�UVVaX�9:FGP<79�<@�879:�;<=7><?@�AB?<@S

o0p.qrs34sr�tr0014-q�s-1�uvqv.s.40-�w4p.0/x�0-�.wv�yz�{4uv/�.v//s3v|�3v-./sr�}vp.v/-�~4zv/4s�zspv1�0-�.wv��srsv0v30r0q43sr��/v30/1�t/0���s�v�~uv.rv-�0xv�vvr4���0-|� ��-p4p��rs2p|���442��rr4�pss/|���.�0��v4-psr2|����rv-s��s�pw4-s|���v/r4-��44u|���/44-�{v4.sr2|����/4��spp4r�vu���s-1�~44���vp�4��zp./s3.������&	�����	�(��$�����	&$�	����!��!$�	�����!�	�����������������$������%$%���	���!�����������$�����	%��	$���	����
�������������$	������!�	����������������	%��	$����$	��������$�	$�����	���&���$����$����$�����$����$������������������&	�����	$�(��$����$�$������������$�����$����$%����
���	���$���������������������������$�$��������	�$����������!��	���%$��������������	&���$��������������$�������������������$������$�����������!��������&$'����	%��	$���	�����*%�$���+�����
�������$�	$���	��������������	�������$&	���������	��$��$������$�������$�	�������	&���$�	������	&���������&	�$����$�����$����$����$��������������������!�����%$�������&!��	(��������!�	��
����!�����$�$��%��$�	�$��"��$���&$�������	�������������	$��&�#��������&	�$��"���$�	��&$���������$�����$�	���$�%���$����	�����������������$�%����	��������$�	�#�$������������	�$��"����$�����������	�$�����($����$��	������!���#�&������
�������!�	������	&��������	�����$��������$��!&!�$����������$�
������
�����	�	�	$����$������$����%�����$����������%��*%��	�����$����������������$�
�������$������	�&���%��$���&$��$%���	����$���	���������	&���$�	����$���$�������$��!&!�$�	����$����������$�!$�	�������$�	�������	��
��������	�����������	�����	��	�����	��������	����!&	�	������	������������!��������&����	��$���$�$��%��$�	�$���������
� %�!�������������$�
��������������!����	���%��$&��	���$�������&�����*%��	�����������$	��$�����&$	����$��&$����$���!��	���������
������	$��&(%$�����$����$����������	&$�����!��������!��!$�	����	����������$�!����!�	���������������������������������$����	���������%�	�������&�������$%��
����������$�	��������������$���������$���������$�	$��������������������$�$���� ¡¢£¤¥�¦§̈¢©�$���¦§ª ¤���$����!���	���	����������������$�	���$���$��!&!�$�	����$��������!����	&�
������$�!�	�	�$�	�����������!���!��	�������!������	�����$
�������$�
������
«vx¬0/1p����$�	����	$��&������($����$��	����������������*%��	������$�$���	&����������$���&$�������	�������������	%��	$����	������®$�����̄����	����&$�!���	���$����������*���%������

)��$��&�������°���������$��	���±�	����	������������������²����	$����	���	�	��$�����!����������³)��$&	����������²��	���&����$���°��%$����	&$�����$���́��µ!��$���$���±�	����	�����!��	$¶0//vp�0-14-q�s2.w0/·����	� &����)��$��&�������°���������$��	���±�	����	������������������²�	�$'$����������������$��	����²����	$
�²&$	�������	
$&��̧ �$�����
��

¹º»»¹¼�*�VVaVSaakkOVf½fb¾Wbaf¾f½½¾U567�¿DBDC7@7̂KD@�7:�?BSÀÁÂÁÃÀÄÅÆÃÀÇÈÄÉÁUVUV Ê © ¤ËªÌ�¦¤Í Ë



�� ��������	�
������

������������������������������������������������� ���!����!�"���!�����������#���!$������ �������!���������������������% ����������������������� ���!���#!����&�'!$��(������$���)����� !����������!��������������"����������������������� !*���(�#���!��������+#�!�����������"�!��!�����! ��������������!��!�����"���!������!����������!������,�������(�#���!)���-�������������� ����������!�"���!����������+#�.�����!���������������������-����/������.�����!���-�!������������������������������"��!��������! ���0�1�-!�!��2�������������!#����� !�� !�!"� �����������(�#���!���������34!�"����!�)2�566782�#����!�!��������� ���!���!�!������-��!������ !���9�������"��!����!�"���!���������������!��������� ��%�!�������������������������������� !������������� !���"���!����������������������!����������"��#!����� !�����!�"�):;<=>�?@A?'!$��(������$����3B6CDDE12�BFCG6EH2����"���I66� 2�-�����G66� 2�-!����������5D6�� 2�����!�����G5� �!)�)�)8�������!�������!�����!���7�$ ������������������� ���!����������!������+#�.�����3J�"����K8)�����������������������/������!���+#��������������!����!����L�% !�����5D�$ �������!���!���������!���������2�M�!���%N!�����$�!#����G6�$ ��!��������������������)�����"����!������!������"�!�������,�������(�#���!������������!��!���!�!�����O���#�� �������������������!���!�������������!������� ��������"�����P�����������!�����������)�������"���������������-���!����!��� ����)�/��+#���"���2������BQ������������!��!"��#!���������������-����-���!����3(����O�����!�)2�566G8���!����"����!����������76Q���������!�"!�O����3N���%������!%��$!���!����!�)2�56K78)����� ����������� �����������!��!�����������������������"���������������2�!�����������#����!�����!���-�!��� �!����������"��2�������#��������"��������-����-!����3�����������!�)2�566K8)�P����"��"�!����!���2�������"����������!����������� �������!�"!�O������!�!�����O���#�������� ��!��������!�$%�����%������3RSTUV�WXWYVZV[�\XSU]�]SXŜSTV[�RS_̀]�]SXŜSTV8�!���RS_̀]�]abYU]ẐS]��������)�RSTUV�WXWYVZVcRS_̀]�]abYU]ẐS]��������2����!%����!�������!�����!�����-����dV̂Se�]SXŜSTV2����������������������!����"�����#��-���������!�"��,�������(�#���!���������3'!�$���2�
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�'���a$�� !!A�#���)���'��-'�����������%��'��'-�%��̂'��%�'&���̀���%.���-�')�.�/������)����0�~:V254N�:��Y4N9:N6<5:N:3?�"B�gf+f"0�'���a$�� !!Â#���)���'��-'��������.�%��,����)',�.�'-���'�(���%�����̀����%.���-�')�.�/������)����0�~:V254N�:��Y4N9:N6<5:N:3?�gB�D +DE0�'���a$_�s��.'%/�H_��̀ .̀�̂���q�����.0�� !!f#�F��������(�'-���%����.�/������)������������t������]��(�')��������.����&���(��̀���'���.�%��̂'��%�'&��̀����%.��%'�%�������'��̀�'-�.��0�|:N:7959�fB�"@C+""f0�m�.����]�����H)'.�G���@AA@#�p��������������')��-�')�����l����������%��%�����.����������,�.'̀)����'-�̀�.�'.�)�'.'(�*%�.���-����%��)'��.�0�~:V254N�:��Y;?7:N:3?�"CB�@g!+@Dg0H%��̀̀ �����_����-����_�F����̂��(���p�����.0��@AAE#�h�(�����'��%����%�������%�������%'*����'.'(�%�.�̀�'%�����������̀��������)�����������ĵ���,���,�..����I�������H�̂����#0�YN45>�L7:N:3?� !"B� " + gf0H����w���l_�z�')��%��\s_�l.��/��������.0��@AA"#�$��(�*�%�.������'*%.�)��'.'(��'-���������������.���%��%�������(�������)0�~:V254N�:��89:o;?=674N�v9=9427;� AEB�C DA0H���(�u_�H)����$l_���%\'��.��q������.0��@AAg#�����(�*���'*.&��'��q�H*̂�������,���'���'-����������H�̂������̀����%��̂'��'̀'.0�8N:}4N�k6:39:7;9<674N�O?7N9=� CB�qz"AAg0H)'.�G�_�I'.-����_�z��/��sGz�����.0��@AAf#�l.�)���*���,�����(�)�����-����������̂�'.'(�%�.�%'))&�������'-���%��%�.�/��0�Y2:799SZ653=�:��>;9��4>6:54N�e74S9<?�:��R769579=�:��>;9�P56>9S�R>4>9=�:��e<92674� A@B�g"!E+ggA@0H�'%/)����G�� !E #�F�̂.����������̀'����&��������̂�'.&���̀'..������.����0�Y:NN95�9>�Ro:29=� "B�D f+D@ 0H&/���',���a_�p.�����h_�H��(��,��h������.0��@A f#�H��&%�&���'-��̀��'̀.��/�'��%'))&��������������u����������&��������',���������r�%����]����H������.-0�17945:N:3?�ffB�Cgg+CfE0H����.���qF_�I���'��i_�F&�����Fi�����.0��@A f#�H̀���'���.�%��*'̂��%�'&��̀����%.�����������-����(�������(��̀��%�)��/���-'�����������'̀'%���0�R7695>6�67�v9o:2>=�fB� A@Dg0F&�&����G_�F��,��������F_�F'.'����]�����.0��@AA #�l��̂'���%%&*)&.���'�����I����H�̂�����������_��&�����H̀��(�&)�̀���.����������̂&��'�����a'�����)���%������i&�������&���(�����̀����@ _AAA������0�8N:}4N�k6:39:7;9<674N�O?7N9=� fB�@Cf+@!D0h'./',��hH��@A g#�q�'.'(�%����(���'-�������.�'(��������a�'(�����,'.&��'��'-�������%��%����.-��������ĵb���(�'���I����H�̂����#0�vV==645�89:N:3?�45S�89:o;?=67=�ffB�gC"+g!g0I�%/����)�G_�s����r{�,��H_�p'������)�$�����.0��@A g#���%'�*���&%���(�.�/���%��%',�������&̂��%��%�.�/���&���(�������')*�̂������-����%��)'��.0�89:o;?=674N�v9=9427;�Q9>>92=�g B�@A@D+@A"@0u��(�\_�u��z�����H��/.')��',����@AAg#�\��%���(��%����%���*����%������%���(���',�������ĵ���,����������������H�̂����0�~:V254N�:��|?S2:<9>9:2:N:3?�fB�f!f+D A0
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Curriculum vitae 
Personal data  

Name:   Ansis Blaus  
Date of birth:  05.12.1992  
Place of birth:  Ērgļi, Latvia  
Citizenship:   Latvian  

  
Contact data  

E-mail:   ansis.blaus@taltech.ee  
  
Education  

2016–2020   Tallinn University of Technology, Department of Geology, 
PhD  

2014–2015   MSc exchange student, University of Ostrava, Faculty of 
Science, Department of Human Geography and Regional 
Development, Czech Republic 

2014–2016   University of Latvia, Department of Geography and Earth 
Sciences, MSc  

2011–2014   University of Latvia, Department of Geography and Earth 
Sciences, BSc  

2009–2011   Madona Second High School  
  
Language competence  

Latvian  Native  
English   Fluent  
Russian   Average  
Estonian   Basic  

  
Professional employment  

2016–present  Tallinn University of Technology, School of Science, 
Department of Geology, Junior researcher  

2015–2016   Latvian Geospatial Information Agency, Geodetical engineer  
2014–2015   AMETRS, Land cadastral survey office, Surveyor  
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Elulookirjeldus 
Isikuandmed  

Nimi:   Ansis Blaus  
Sünniaeg:   05.12.1992  
Sünnikoht:   Ērgļi, Läti  
Kodakondsus:  Läti  

  
Kontaktandmed  

E-post:   ansis.blaus@taltech.ee  
  
Hariduskäik  

2016–2020   Tallinna Tehnikaülikool, Geoloogia Instituut, PhD  
2014–2015   Vahetusüliõpilane (MSc), Ostrava Ülikool, Loodusteaduskond,  

Inimgeograafia ja Regionaalse Arengu Instituut, Tšehhi Vabariik 
2014–2016   Läti Ülikool, Geograafia ja Maateaduste Instituut, MSc  
2011–2014   Läti Ülikool, Geograafia ja Maateaduste Instituut, BSc  
2009–2011   Madona 2. Keskkool  

  
Keelteoskus  

Läti keel  Emakeel  
Inglise keel   Kõrgtase  
Vene keel  Kesktase  
Eesti keel   Algtase  

  
Teenistuskäik  

2016–…   Tallinna Tehnikaülikool, Geoloogia instituut, nooremteadur  
2015–2016   Läti Ruumiandmete Agentuur, Geodeesia insener  
2014–2015   “AMETRS”, Maamõõdu katastri büroo, Maamõõtja  
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