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“There is grandeur in this view of life, with its several powers, 

having been originally breathed into a few forms or into one; 

and that, whilst this planet has gone cycling on according to the fixed law of gravity, 

from so simple a beginning Endless Forms Most Beautiful and most wonderful have been, 

 and are being, evolved.” 

 

 

Charles Darwin (1859), On the Origin of Species  

Nightwish (2015), Endless Forms Most Beautiful 
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ABSTRACT
 

The plankton of Finland’s vast amount of lakes are often dominated by diatoms and 
chrysophytes that, together with periphytic forms, end up in the sediment. All 
chrysophytes are known to produce siliceous resting stages called cysts that are 
endurable, considered species-specific, and well preserved in sediments. Thus far, 
the focus on utilizing these algal remains in palaeolimnology has been on diatoms, 
due to the ease of their identification compared to chrysophyte cysts. While cyst 
research in Finland has remained scarce, researchers elsewhere have successfully 
linked cyst morphotypes with several environmental variables. This has enabled the 
reconstruction of several environmental variables such as eutrophication, pH and 
temperature history, for several areas. 

In this thesis, cysts in lake sediments in Finland are studied for their distribution, 
seasonality and ecological preferences. The main aim is to create a cyst-based 
transfer function – a mathematical equation that formalizes the relationship 
between species and the environment – that could later be used in interpreting past 
environmental changes to simulate the impacts of future climate change. The 
reliability of the usage of sedimentary cysts in palaeolimnological environmental 
research was studied by comparing seasonal cyst assemblages accumulated during 
two hydrologically and weather-wise different years in sediment traps to the 
topmost surface sediment of a lake. In addition, previously unencountered cyst 
morphotypes are officially named and described, along with their ecological 
preferences. 

In total, 59 lakes in Finland, ranging from southern lakes to lakes above the treeline 
in Finnish Lapland, were sampled for their surface sediment for the cyst survey. In 
addition, sediment traps were employed and the surface sediment collected from 
Lake Nautajärvi to study cyst seasonality, sensitivity to hydrological and weather 
changes, and to verify that the surface sediment represents cyst production in the 
lake. All cyst identification was performed using a scanning electron microscope to 
enable the detection of minuscule ornamentation details.  

Altogether, 265 chrysophyte cyst morphotypes or collective categories were found 
among the 60 Finnish lakes. These cysts represent a variety of different cyst types, 
most of which are familiar from other cool, oligotrophic locations. However, 18 are 
new, previously undescribed morphotypes, currently exclusive to Finland. The most 
common cysts in Finland are unornamented types, most likely produced by several 
different species; there is also a variety of cysts that can be used in 
palaeolimnological investigations in the future. Temperature, pH, conductivity and 
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total phosphorus were found to have a significant effect on cyst assemblages in 
Finland. Therefore, optima and tolerances for the most commonly occurring cyst 
types for these variables were calculated.  

Cysts in Finland show seasonality, with the majority of cysts being produced during 
spring and summer, while winter is essentially a standstill in cyst production. The 
most common cysts occur throughout the growing season, but there are also cysts 
that are linked to a specific season. Seasonal variation has a more profound effect 
on cyst occurrence than short-lived weather events between years. Surface sediment 
cyst assemblages comprised well with the sediment trap assemblages, supporting 
the assumption that produced cyst assemblages are well represented in lake 
sediment, and can hence be used in palaeolimnological investigations. 

This thesis sets the groundwork for chrysophyte cyst-related research in Finland, 
and fills a geographical void in cyst biogeography. Cysts in Finland show great 
potential, specifically in future pH and spring temperature reconstructions. 
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1. INTRODUCTION 

Despite the numerous palaeolimnological studies focusing on e.g. diatoms and 
cladocerans in Finland, chrysophycean cysts have received hardly any attention. 
This is likely due to the difficulties with linking cysts to the cyst-producing species, 
and the time-consuming microscopy techniques. As such, palaeostudies focusing on 
chrysophyte remains in Finland have been scarce. Chrysophyte related 
palaeolimnological studies have primarily included studies utilizing the silicified 
scales with which some of the chrysophytes are covered (Battarbee, et al., 1980; 
Tolonen et al., 1986, Christie et al., 1988; Hällfors and Hällfors, 1988; Eloranta, 
1989), or the chrysophyte cyst/diatom ratio (C/D ratio) in diatom related research 
(Pienitz et al., 1995; Kauppila and Valpola, 2003; Tammelin et al., 2017). To date, 
the chrysophyte cyst studies closest to Finland have been conducted in a lake in 
Norway (Betts-Piper, 2001), in Svalbard (Betts-Piper et al., 2004) and in Poland 
(e.g. Rybak, 1987; Pia̧tek and Pia̧tek, 2005). This thesis sheds light on this 
unexplored area in Finnish chrysophyte research and palaeolimnology. 

 

1.1 Chrysophytes 

Chrysophytes are the algae belonging to the classes Chrysophyceae and 
Synurophyceae. Commonly called golden or golden brown algae, these are mainly 
freshwater organisms (Eloranta, 1995; Sandgren et al., 1995; Jordan and Iwataki, 
2012) although some exceptions are found in saline lakes (Pienitz et al., 1992; 
Cumming et al., 1993; Zeeb and Smol, 1995) and marine environments (Sandgren, 
1988). While some chrysophyte taxa are cosmopolitan, others are regionally 
distributed (Kristiansen and Vigna, 1996; Kristiansen, 2000; 2008). When a 
chrysophyte species occurs very rarely, it might indicate endemicity or poor 
dispersal capacity. On the other hand, its apparent paucity can also be a result of 
very few investigations in similar environments, or a lack of adequate electron 
microscopes for identification (Kristiansen, 2000). 

The majority of chrysophytes are unicellular or colonial (Fig. 1), but some 
filamentous forms exist (Kristiansen and Sandgren, 1986). Many chrysophytes are 
planktic, the filamentous and coccoid forms usually occur as growths on stones and 
woodwork in cold springs and brooks (Lee, 2008a). All chrysophytes have the ability 
to form stomatocysts (resting stages of chrysophytes). The two classes 
(Chrysophyceae and Synurophyceae) are both heterokont algae possessing two 
flagella with unequal length; the longer flagellum has tubular hairs, and the shorter 
flagellum is smooth (Kristiansen and Sandgren, 1986; Jordan and Iwataki, 2012). 
Members of chrysophyceae contain chlorophylls a, c1 and c2, and possess an eyespot 
for light absorption, as well as siliceous scales that are biradially symmetrical. In 
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addition to autotrophy, phagotrophy is also common (Lee, 2008b; Jordan and 
Iwataki, 2012). Synurophyceae contain chlorophylls a and c1 and lack an eyespot. 
Furthermore, the siliceous scales are approximately bilaterally symmetrical, and 
there are no loricate forms and no phagotrophy as a mean of nutrition (Lee, 2008a; 
Jordan and Iwataki, 2012).  

 

 

 

 

 

 

 

 

 

 

 

Figure 1. A Dinobryon-colony with two spherical cysts (indicated with arrows) 
preserved in Lugol’s solution. 

 

Many chrysophytes are able to tolerate cold temperatures, which gives them a head 
start in the spring compared to many other algal groups. Chrysophytes are an 
essential part of phytoplankton in northern and alpine lakes during growing season, 
and are especially abundant during spring bloom, occurring right after ice out in 
lakes. Some have even been observed blooming under ice-cover (Cronberg, 1980; 
Siver and Hamer, 1992; Watson et al., 2001). Although chrysophytes are generally 
abundant in lakes in cold environments, rich floras have also been found in 
numerous tropical regions, as reviewed in Siver (1995). 

In many phytoplankton groups, a higher number of species is observed in eutrophic 
habitats. Chrysophytes, however, often dominate in the phytoplankton of 
oligotrophic lakes (Willén, 1987; Eloranta, 1986; Siver, 1995; Lepistö and 
Rosenström, 1998; Charvet et al., 2012). Tolerance for low nutrient conditions can 
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partly be explained by the different nutritional strategies within the group. For 
example, some members of chrysophytes have the ability to switch from autotrophy 
to heterotrophy or phagotrophy in low light conditions (Sandgren, 1988). The 
presence of flagella and the ability to swim allow chrysophytes to migrate vertically 
in the water column, thus enabling them to utilize nutrients from deeper water. 
Chrysophytes as a group were originally considered planktic, but several studies 
have since found an abundance of different chrysophyte cyst types in other 
environments as well. Surfaces such as damp vegetation (Piątek and Piątek, 2008), 
submerged rocks or aquatic vegetation associated with periphytic ponds (Duff et al., 
1992; Douglas and Smol, 1995; Wilkinson et al., 1997) and peat or mosses (Brown 
et al., 1994; Gilbert et al., 1997; Buczko and Wojtal, 2005; Coradeghini and Vigna, 
2008; Kapustin et al., 2016) might host an even greater variety of different species 
compared to the much studied phytoplankton in lakes.  

 

1.2 Chrysophyte cysts  

Producing resting stages with long-term persistence – in some cases up to at least a 
century – is common in many phytoplankton groups (Ellegaard and Ribeiro, 2018). 
All chrysophytes produce resting stages, known as stomatocysts or cysts (previously 
called statospores). Cysts are chrysophytes’ method for enduring harsh 
environmental conditions, such as winter or temperature fluctuations, and to later 
start a new population when the cyst germinates. Cronberg (1982) reported 
germination of chrysophyte cysts at least 60 years old from lake sediments in 
Sweden. Similarly, Sandgren (1988; 1991) observed cysts remaining viable for 
nearly 400 days while stored, but the exact longevity of chrysophyte cysts remains 
unknown (Ellegaard and Ribeiro, 2018). Cysts are abundant in sea-ice in Antarctica 
as an overwintering strategy (Stoecker et al., 1997), but they also play a role in 
chrysophyte long distance dispersal. Thick silicified walls protect the living cell from 
desiccation, enabling the cell to stay viable during transportation to new suitable 
habitats. Wind, rain, humans, birds and other animals have been shown to be 
dispersal factors of freshwater algae (Kristiansen, 1996). Although wind, birds and 
humans have been implicated as means of dispersal for chrysophytes and their cysts 
(Kristiansen, 2000; 2008), attempts to germinate chrysophyte cysts from bird 
droppings and gut contents or wind-spread dust have so far been unsuccessful 
(Kristiansen, 2008). Kristiansen (2000) also hypothesized that chrysophytes 
inhabiting locations such as isolated subantarctic islands that are not along bird 
migration routes could possibly be species that spend most of their lives as cysts. 

In many algal groups, resting stage formation is initialized by changes in the 
surrounding environmental conditions. However, in chrysophytes this seems to 
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apply only to asexual cyst production. Asexual cysts have been observed to occur in 
low numbers at a constant rate, or rapidly initialized by sudden changes in 
environmental conditions (Sandgren, 1991). Sexual cyst production on the other 
hand occurs during active population growth when population growing conditions 
are optimal, and is therefore directly dependent on cell density, at least in some 
members of Spumella, Dinobryon and Synura (Sandgren, 1981; Sandgren and 
Flanagin, 1986; Sandgren, 1991; Yubuki et al., 2008). Whether the cyst formation is 
sexual or asexual has an effect on the net growth rate of the population. Asexual 
encystment involves only one cell per cyst, but sexual encystment removes two cells 
for every cyst produced from the population (Sandgren, 1981). 

In addition to the two different methods of producing stomatocysts, the onset of 
excystment (i.e. germination of the resting stage) is not straightforward either. The 
germination success varies between species, and not all species germinate after an 
environmental stimulus. While some species react to increasing light availability, 
germination has also been observed in the dark (Sandgren, 1991). Therefore, it has 
been suggested that chrysophyte cysts may germinate at low numbers continually 
(Sandgren, 1991). This is unlike the case with dinoflagellate excystment, in which 
temperature and oxygen are thought to be the main controlling factors (e.g. 
Lundholm et al., 2011). 

Cysts are hollow siliceous structures. Although they can be produced either 
asexually or sexually (Sandgren, 1981), the majority are produced sexually 
(Sandgren, 1991). Both methods result in morphologically identical cysts, currently 
indistinguishable from each other, even though there is an indication that asexually 
produced cysts (uninucleate) might be smaller than the sexually produced ones 
(Sandgren, 1981). The shape and hardness of the cyst wall make it resistant to 
physical and chemical degradation. Cysts are usually spherical, from circa 2 μm to 
35 μm in diameter, with a single exit pore with or without a collar surrounding the 
pore (Sandgren, 1991; Duff et al., 1995). In viable cysts, the pore is sealed with a cap, 
which dissolves during excystment. Cysts are produced endogenously, involving a 
cyst silica deposition vesicle (SDV) producing the cyst wall consisting of up to three 
silicified structurally different layers as described in Sandgren (1989). The inner 
wall layer is thin and smooth, while the outer layer often contains ornamental 
features such as spines, ridges, reticulae or depressions (Cronberg, 1988; Sandgren, 
1989; Duff et al., 1995).  

The size of the pore and width of the collar in cysts are conserved features 
(Sandgren, 1983; Piątek and Piątek, 2014), while variation in ornamentation (e.g. 
the length of spines and collar) is caused by external environmental factors such as 
temperature during encystment (Sandgren, 1983; Cronberg, 1988). Cronberg 
(1988) observed that stomatocysts with thinner cyst walls were produced when the 
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encystment rate was high, indicating that silica availability and encystment speed 
affect cyst thickness. 

The surface ornamentation plays an essential role in cyst identification. Hence, if 
the encystment process is incomplete (Fig. 2) and the outer layer is missing, the cyst 
can be misidentified as belonging to the group of unornamented cysts. These 
immature cysts may partly contribute to the observation that the majority of cyst 
types occurring in lakes worldwide appear to be unornamented (e.g. Wilkinson et 
al., 1997; Betts-Piper et al., 2004; Pla and Anderson, 2005; Hernández-Almeida et 
al., 2015a; Korkonen et al., 2020). However, the majority of unornamented cysts 
are most likely produced by different species that generate identical looking cysts, 
or the species-specific ornamentation is too minute to be detected with current 
methods.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2. An immature cyst where the encystment process is incomplete. 

 

1.2.1. Biogeography of chrysophyte cysts  

Chrysophyte cysts started gaining more attention in the 80’s and 90’s with the help 
of reviews focusing on their palaeolimnological potential (e.g. Cronberg, 1986a; 
1986b; Smol, 1988; Sandgren, 1991). Since then, descriptions of several cyst floras 
from different geographical regions have been published. The groundwork was laid 
in the Atlas of Chrysophycean Cysts (Duff et al., 1995) and the Atlas of 
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Chrysophycean Cysts Volume II (Wilkinson et al., 2001), which gathered together 
cysts that were previously identified mainly in North American temperate and Arctic 
locations. Expansive research has continued in other areas, for example the Azores 
(Hansen, 2001), the Pyrenees (Pla, 2001), Greenland (Pla and Anderson, 2005), 
Switzerland (Baumann et al., 2010), Austria (Huber et al., 2009), Poland (Cabala 
and Piątek, 2004; Hernández-Almeida et al., 2015b), Romania (Soróczki-Pintér et 
al., 2014), Africa (Piątek, 2017), Russia (Firsova et al. , 2017), Mongolia (Firsova et 
al., 2012), China (Pang and Wang, 2014; Pang and Wang, 2016; Bai et al., 2018), 
Chile (De Jong et al., 2016), and sub-Antarctica (Van de Vijver and Beyens, 1997; 
2000), to name a few. While most floras are from lakes or peat, cysts from quite 
unique locations have also been described such as Caribbean mangrove (Rull and 
Vegas-Vilarrúbia, 2000), a thermal spring in Egypt (Piątek et al., 2009) and 
carnivorous plants (Wołowski et al., 2011). 

A synthesis combining cyst studies from four different geographical regions 
demonstrated that a portion of the dominant cysts (22%) were common in all four 
studied regions, indicating that cosmopolitan cyst types exist. Furthermore, this 
finding showed that the most unique cyst assemblages are found in areas with 
distinct limnological conditions (Duff et al., 1997). Even though cyst research has 
been conducted in various locations around the world, there are still many 
geographic regions with practically no information on neither the distribution of 
different cyst types nor their ecological preferences. Northern Continental Europe 
is one of these areas, but this study provides information on the cyst biogeography 
in Finland, hence filling this knowledge gap. 

 

1.2.2 Cysts in palaeoresearch  

1.2.2.1 C/D ratio 

Despite all of the challenges faced in cyst identification, Carney and Sandgren (1983) 
demonstrated that cyst stratigraphy can be linked with changes in the trophic state 
of a lake. This approach was further developed to be a valuable tool by Smol (1985) 
when he introduced the chrysophycean cyst to diatom frustules ratio (C/D), where 
the frequency of cysts is determined alongside diatom identification. This ratio has 
since been used in several studies involving diatoms, mainly because it does not 
involve actual species identification of the cysts, but only counts their sum. The use 
of the C/D ratio when determining the trophic history of a lake is based on the 
assumption that more diatom frustules than chrysophyte cysts are produced in lakes 
during eutrophic phases, while the number of cysts rises in relation to diatoms 
during oligotrophic phases (Smol, 1985). The C/D ratio has also been linked to the 
length of the growing season (Smol, 1985). Rivera-Rondón and Catalan (2017) 
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further demonstrated that C/D ratio can be used as a proxy for lake water depth and 
calcium (Ca2+), as well as for trophic state and ice-cover duration. Recently, a 
method using only cyst size classes as proxies in aquatic reconstructions has been 
introduced as a way to utilize cysts when no modern analogs are available (Siver, 
2019). 

 

 1.2.2.2 Cysts as intermediaries of past environmental conditions 

In addition to describing chrysophyte cyst floras in different regions, many 
palaeolimnogical studies have successfully linked cysts with various environmental 
variables, in many cases resulting in cyst-based transfer functions that enable the 
quantitative reconstruction of past environmental history. For example, many 
studies have shown that pH controls the distribution of chrysophyte cysts (Rybak 
et al., 1991; Duff and Smol, 1991; Carney et al., 1992; Siver, 1995; Facher and 
Schmidt, 1996; Duff et al., 1997; Wilkinson and Smol, 1998; Hansen, 2001; Pla et 
al., 2003; Pla and Anderson, 2005; Pang and Wang, 2014). 

Some chrysophyte cysts have a distinct seasonality optimum (Pla-Rabés and 
Catalan, 2011; Ojala et al., 2013; Korkonen et al., 2017), a useful feature when 
investigating environmental changes occurring during a certain season. Water 
temperature, particularly during spring and ice cover periods, has been shown 
to affect cyst assemblages (Kamenik and Schmidt, 2005a; Schmidt et al., 2007; De 
Jong and Kamenik, 2011; Hernández-Almeida et al., 2015b). Siver (1995) suggests 
that the ability of chrysophytes to survive in cold water under ice cover gives them a 
head start once the ice melts, while the low grazing pressure during that time may 
add to the maximal biomass (Sandgren and Walton, 1995). Hernández-Almeida et 
al. (2015b) note that water temperature as an environmental variable is an 
important controller of cyst assemblages in alpine and subalpine lakes, while water 
chemistry such as nutrients, pH and conductivity are more important drivers of cyst 
assemblages in low-altitude lakes (Kamenik and Schmidt, 2005a; Pla and Anderson, 
2005; Hernández-Almeida et al., 2015b; De Jong et al., 2016).  

A clear link between electrical conductivity and chrysophyte cysts has been 
revealed in several studies. Conductivity (i.e. salinity) most likely affects algal 
species through the cells’ adaptability to external osmotic pressure changes in their 
surroundings (Cumming and Smol, 1993; Duff et al., 1997). Cysts have also been 
proven to be useful indicators of past lake water salinity (Pienitz et al., 1992; Zeeb 
and Smol, 1995). Water chemistry in general has an effect on cyst assemblages 
(Duff and Smol, 1995; Pla et al., 2003; Hernández-Almeida et al., 2015b), but there 
are also exceptions, as shown in a study on cysts associated with periphytic 
environments (Wilkinson et al., 1997).  
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1.3 Development of cyst nomenclature  

Chrysophyte cyst research cannot be discussed without first describing how the 
research is possible to begin with, especially since actual species identification is 
absent in most of the cases. Linking chrysophyte species with the cyst they are 
producing has proved to be challenging. Holen (2014) estimates that only 
approximately 5% of the known cyst types have been linked with the chrysophyte 
species producing them. Without species names or even detailed descriptions, early 
cyst research remained scarce until Nygaard (1956) published his studies on Lake 
Gribsø in Denmark. His proposed naming system based on an artificial genus cysta 
and a descriptive species name based on the appearance of the cyst provided a good 
start for identifying and naming cysts for palaeolimnological purposes.  

Another major leap in the nomenclature development came in the form of guidelines 
developed by the International Statospore Working Group, which aimed to 
standardize new cyst descriptions (Cronberg and Sandgren, 1986). The guidelines 
present the basis for naming and describing new cysts, proposing that specific 
information be included in the formal description of the cyst, including the 
description of the cysts’ physical appearance, a scanning electron microscope (SEM) 
image, collection locality and ecological information, biological affinity, original 
specimen number and name. Standardizing these facts enables comparisons 
between cyst types. The terminology used in describing cyst features has roots in 
palynology, though modifications to existing terms and new terms specifically for 
cysts have been introduced during the years (Cronberg and Sandgren, 1986; Duff et 
al., 1995; Wilkinson et al., 2001). Recently the issue of numbering or naming cysts 
have been brought up again by Jordan and Matsuoka (2019) highlighting the fact 
that in freshwater environments cysts are named with numbers, while marine 
resting stages of e.g. dinoflagellates are still given artificial names. 

Chrysophyte cysts are considered species-specific (i.e. cysts produced by one species 
look similar), although there was some discussion on the subject in the early 90’s 
when it was argued that the surface ornamentation used in cyst identification was 
the result of environmental factors, not genetics, and therefore this feature was not 
taxonomically useful (Simola, 1991). The flaws of the theory were pointed out by 
others (Sandgren and Smol, 1991), but it highlights the problems that 
palaeolimnologists dealing with cysts are facing on a daily basis. Since only a small 
fraction of known chrysophyte cysts are linked to their vegetative counter parts, the 
term morphotype is often used instead of species to highlight the fact that the actual 
cyst-producing species still remains unknown. 
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1.4 Light microscopy and scanning electron microscopy in chrysophyte 
cyst identification  

There are two different accepted approaches in how to proceed from the initial 
cleaning of the samples to the actual microscopy and identification of the cysts. The 
first one utilizes both a light microscope (LM) and a scanning electron microscope 
(SEM), while the other relies solely on the SEM. Both methods have their pros and 
cons. For example, counting cysts with a light microscope is less expensive and it 
enables the researcher to study the morphology of the pore regardless of the position 
of the cyst in the sample. On the other hand, LM does not allow the detection of 
variation in some of the smallest surface ornamentation features in cysts, and 
therefore it should always be verified by SEM images. Despite the additional SEM 
images, some cysts with similar taxonomic features have to be grouped together for 
analyzing purposes, possibly missing some of the environmental information 
revealed by specific morphotypes. 

Using only a SEM provides higher resolution and reveals the minute surface 
ornamentation in cysts, which in some cases allows a more accurate identification. 
The downside of SEM, however (besides the often expensive operating costs of the 
microscope), is that in many cases the pore morphology is left undetected. This 
shortcoming is mended by using probabilistic counting to classify cysts with 
unknown cyst pore morphology, based on the percentage of identified potential 
candidates in the same sample (Kamenik and Schmidt, 2005b). Counting and 
identifying cysts based on SEM images also enables the researcher to identify cysts 
with time, and to re-evaluate and rename cysts if needed. The growing number of 
cyst images and measurements is also helpful when describing new cyst types. 

 

1.5 Diatoms 

Diatoms (Bacillariophyceae) are unicellular, photosynthetic algae found in both 
marine and freshwater environments, in soils and aerial habitats (Dixit et al., 1992). 
The cell wall of a diatom consists of two valves held together by girdle bands, which 
together form the diatom frustule with its species-specific shape and ornamentation 
(Battarbee et al., 2001). Diatoms occur as single cells or colonies, as planktic, or as 
attached to different types of substrates. Currently, 12,000 species of diatoms have 
been described; approximately 8,000 are yet to be discovered (Guiry, 2012), 
although the total number of diatoms has been estimated to be as high as 200,000 
(Mann and Droop, 1996). Like chrysophyte cysts, diatom frustules consist of mainly 
silica, which together with their narrow optima and tolerances for several 
environmental variables and the sheer volume of diatoms produced, make them 
ideal subjects in palaeolimnological studies (Dixit et al., 1992). Diatoms have been 
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used in a variety of environment-related studies, ranging from climate change to 
monitoring rivers and even forensic science (Smol and Stoermer, 2010). In this 
study, diatoms were used together with chrysophyte cysts to investigate the 
seasonality of both of these algal groups and to determine if the sediment deposited 
in lakes is dominated by the algal remains of a specific season (Paper ΙΙ).  
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1.6 Aims of the thesis 

 

The overall aim of this study was to lay the groundwork for chrysophyte cyst 
research in Finland, in order to enable the inclusion of cysts in palaeoenvironmental 
investigations. This study was based on the following main objectives: 

 

 

1. To chart cyst morphotype distributions in lake sediments in Finland and their 
ecological preferences. 

2. To utilize the ecological preferences of cysts for quantitative environmental 
reconstructions (transfer function approach) in the future.  

3. To investigate the seasonality of chrysophyte cysts in lakes.  

4. To compare the impacts of two hydrologically and weather-wise different years 
on chrysophyte cyst assemblages. 

5. To investigate how well cyst assemblages collected in sediment traps are 
represented in lake surface sediment, and if the surface sediment 
assemblages are linked to a specific season. 

6. To describe new cyst morphotypes discovered in Finnish lake sediments, 
along with their ecological preferences. 
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2. MATERIAL AND METHODS 

2.1 Research sites  

Paper Ι is based on sediment material from Lake Nautajärvi. Paper ΙΙ is based on 
sediment material collected from 59 lakes distributed throughout Finland. Paper ΙΙΙ 
utilizes the results from Lake Nautajärvi and 47 lakes from Paper Ι (Paper ΙΙΙ Table 
1). All study site locations are shown in Fig. 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Study site 
locations. Lakes sampled for 
the chrysophyte cyst survey 
are indicated with circles 
(Paper Ι), black circle = 
sediment material contains at 
least one of the new cyst types 
(Paper ΙΙΙ), open circle = only 
previously described cyst 
types found, star = Lake 
Nautajärvi (Papers ΙΙ, ΙΙΙ).  



23 
 

Training set lakes (Papers ΙΙ, ΙΙΙ ) for the study were chosen based on their a) 
location, b) available water chemistry data (tot-P concentration below 20 μg/l; pH 
close to neutral), and c) minimal human interference in the drainage area. For more 
details on the lakes, see Appendix 1. The 59 lakes are located in most areas across 
Finland, except eastern Finnish Lapland and the west coast of Finland. The chosen 
lakes cover all vegetation zones in Finland, ranging from the nutrient-rich humic 
waters in the Hemiboreal Zone on the south and south-west coast, to the 
ultraoligotrophic clear-water lakes in the Hemiarctic Zones in north-western 
Finnish Lapland (Paper Ι Fig. 1).  

Nineteen of the study lakes are located in southern and central Finland in the 
Hemiboreal and Southern Boreal Zone. Seven lakes are located in southern and 
eastern Lapland, and the majority of the lakes (33) are found in western Finnish 
Lapland (Fig. 3). Study lakes are clustered in western Finnish Lapland due to the 
steep elevational, climatic and vegetational gradient, and because the lakes have 
been studied previously for diatoms (Weckström et al., 1997).  

Lakes located above the tree line in Lapland can have ice-free periods as short as 
four months of the year, compared to their southern counterparts with 
approximately eight months of ice-free time (Appendix 1, Paper Ι Table 1). July 
mean temperature varies between 18.3°C in southern parts of Finland and 10.4°C in 
the north (Paper Ι Table 1). The drainage area in the Hemiarctic lakes consists of 
mountain birch (Betula pubescens ssp. czerepanovii (Orl.) Hämet-Ahti) forest or 
even barren land if located above the treeline. Drainage areas for lakes in the other 
Vegetation Zones contain coniferous forests or mixed vegetation. 

Lake Nautajärvi (Papers Ι and ΙΙΙ) is located in central southern Finland (61°48ʹ 
N, 24°41ʹ E), in the Southern Boreal Vegetation Zone at 104 m asl. It is a small (17 
ha) oval-shaped lake with a maximum depth of 20 m. The lake is dimictic, brown 
watered i.e. a dystrophic lake (Secchi depth <2m) and slightly acidic with a pH of 
5.8–6.0 (OIVA, 2015). Lake Nautajärvi is mesotrophic; tot-N, tot-P, Fe and Mn 
concentrations increase close to the anoxic bottom. Tot-N concentrations vary from 
<440 in the epilimnion to 800 μg l–1 in the hypolimnion, and tot-P between 16–30 
and 48–84 μg (January 1989, January 1997; OIVA, 2015). The lake usually becomes 
ice-covered in mid-December and ice-free in early May (OIVA, 2015) followed by 
the spring mixing in May. The water column is stratified from May until October, 
when autumnal mixing occurs. The sediments of the lake have been extensively 
studied due to their seasonal clastic-biogenic varves (e.g. Ojala, 2001; Ojala and 
Saarinen, 2002; Ojala and Alenius, 2005; Ojala et al., 2013). 
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Half of the lake’s catchment includes 
deeply eroded granites partly overlain by a 
layer of till; half is composed of till and silt 
(Kujansuu et al., 1981, Ojala and Saarinen, 
2002). The lake’s catchment area consists 
of boreal forest, mainly pine (Pinus 
sylvestris) and spruce (Picea abies), and 
arable land. Three inflows are located in 
the northern part of the lake and one 
outflow in the south, connecting the lake 
to the larger drainage basin of River 
Kokemäenjoki. Climate in the area is 
continental, July usually having the 
warmest mean temperature (mean 
temperature 15 to 18°C) and January or 
February being the coldest (-5 to -12°C) 
(Finnish Meteorological Institute, 2012). 

Figure 4. Lake Nautajärvi. Location of 
the sediment trap and surface sediment 
sample is indicated with a star. 

 

 

2.2 Sampling methods  

Training set lakes were sampled in 2007 and 
2008 with a Limnos sediment corer, when the 
topmost 1 cm of the lake sediment was 
retrieved from deepest parts of the lakes. 
Nautajärvi surface sediment was collected in 
2010 from the deepest basin of the lake using a 
piston gravity corer (Putkinen and Saarelainen, 
1998).  

 

 

 

Figure 5. Sediment sampling in Lapland with 
a Limnos sediment corer. 
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Sediment for the seasonality study were collected using near-bottom sediment traps 
in the deepest basin in the northeastern part of the lake. Traps were operating in 
less than 1 m above the sediment surface from January 2009 to April 2011. For a 
detailed arrangement of the sediment traps, see Fig. 1 B and C in Ojala et al. (2013). 
Traps were emptied four times a year during the two-year monitoring period (Paper 
Ι Table 1) to record the seasonal changes in accumulation and species composition 
of chrysophyte cyst and diatom assemblages. However, since the traps were not 
emptied at regular intervals, the seasonal periods for the samples can be biased as 
discussed in Paper Ι. All sediments collected during field campaigns were stored in 
Minigrip plastic bags and kept in the dark at 4°C until analysis.  

 

2.3 Chrysophycean analysis  

The laboratory method for using cysts in 
palaeostudies was the same as the standard 
method for diatoms. It involved heating a 
small amount of the collected sediment 
material in approximately 40 ml of hydrogen 
peroxide (H2O2) for several hours and adding 
a few drops of hydrochloric acid (HCl, 37%) to 
digest organic material and carbonates before 
repeated washing with distilled water 
(Battarbee, 1986; Battarbee et al., 2001). The 
remaining siliceous suspension was dried on 
SEM stubs and left uncoated for analyzing 
purposes.                                                                     Figure 6. Sediment boiling in H2O2. 
 
All cysts in the three papers were counted and identified using a scanning electron 
microscope (SEM) (Hitachi S-4800 and JEOL JSM-840A). A minimum of 200 
images of cysts encountered on transect lines across the SEM stubs were taken for 
each sample. The cyst identification was based on Rybak et al. (1991), Carney et al. 
(1992), Duff et al. (1995), Facher and Schmidt (1996), Hansen (2001), Pla (2001), 
Wilkinson et al. (2001), Cabala (2005), Coradeghini and Vigna (2008), Huber et al. 
(2009), Baumann et al. (2010), Pang, et al. (2012), Pang and Wang (2014) and cyst 
measurements from the SEM images. Probabilistic counting was used for cysts with 
unknown pore morphology and more than one possible identity option based on 
cyst size and ornamentation (Kamenik and Schmidt, 2005b). These cysts were 
classified based on the percentage distribution of identified potential candidates in 
the same sample. 
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2.4 Diatom analysis  

The laboratory method for diatoms (Paper ΙΙ) was the same standard method used 
for chrysophycean cysts. After digesting the sediment in acids, the remaining aliquot 
was mounted on glass slides using Naphrax® mounting medium. A minimum of 
300 diatoms were identified along a random transect from the glass slides. Diatom 
identification was mainly based on the book series by Krammer and Bertalot (1986; 
1988; 1991a; 1991b). 

 

2.5 Accumulation rates  

Chrysophycean cyst and diatom accumulation rates (Paper ΙΙ) were calculated by 
adding DVB (divinylbenzene) microscopic markers to samples and counting these 
microspheres alongside diatoms and chrysophycean cysts (Battarbee and Kneen, 
1982). 

 

2.6 Environmental data  

Water chemistry data for the training set lakes were retrieved from the Finnish 
Environment Institute’s OIVA database for nationwide lake water chemistry 
information (OIVA, 2015). The used data are average values of 1–51 in situ 
measurements, depending on the sampling frequency of the lake, conducted 
between 1997 and 2008 (Appendix 1). Lake Nautajärvi’s temperature and seasonal 
precipitation data for daily averages were derived from Hyytiälä Forestry Field 
Station, located ca. 20 km NW/W from Lake Nautajärvi (Paper ΙΙ). The mean 
seasonal discharge data is based on measurements from Lake Äväntäjärvi, 6 km 
south of Lake Nautajärvi in the same River Kokemäenjoki drainage system (OIVA, 
2015). The mean seasonal temperature, precipitation and discharge values for Lake 
Nautajärvi were calculated from daily averages of the sediment trapping periods. A 
summary of the environmental variables used in this project is shown in Appendix 
1. 

 

2.7 Statistical methods 

Meteorological data for Paper Ι was generated using the Finnish Meteorological 
Institutes ClimGrid dataset (Aalto et al., 2016) from the spatial data for research 
and teaching database (PaiTuli). The daily and monthly temperature data are based 
on a grid of 10 x 10 km. The sediment accumulation rates are considerably higher in 
southern parts of Finland compared to the northernmost Finnish Lapland, causing 
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a different temporal extent of the topmost 1 cm sediment sample. Therefore, daily 
and monthly temperature data for 10 years were used for sites located in the Middle, 
Southern and Hemiboreal zones, 20 years for Northern Boreal Zone lakes, and 30 
years for lakes in the Hemiarctic– a method also used in Weckström et al. (2014).  

The calculated seasonal temperature data (Paper ΙΙ) is based on the monthly mean 
temperatures of 3 months per season (i.e. March, April, May for spring; June, July, 
August for summer; September, October, November for autumn; December, 
January, February for winter). The ice-free period (Papers Ι and ΙΙΙ) for the lakes 
was calculated using the melting degree-day value of 130 and a freezing degree-day 
value of -30, based on Thompson et al. (2005) and Weckström et al. (2014). 

 
Redundancy analysis (RDA) and partial RDA were used to visualize the 
relationship between the biological remains (chrysophyte cysts, diatoms) and 
measured seasonal variables (Paper ΙΙ). Overall trends in cyst assemblages (Paper 
ΙΙ) and the major pattern of variation within environmental variables in Paper Ι were 
visualized using Principal Component Analysis (PCA). Due to the high species 
turnover rate between the surface sediment assemblages, canonical 
correspondence analysis (CCA; ter Braak, 1986) was used to analyze the 
species distribution in Paper Ι. Optima and tolerances (Papers Ι and ΙΙΙ) for ice-free 
period, tot-P, pH and conductivity for the most common cysts and the new cyst types 
were calculated using the weighed-averaging regression technique (ter Braak and 
van Dam, 1989) using the program C2 (version 1.7.2., Juggins, 2007). Cyst counts 
were transformed to percentage abundances and square-root-transformed prior to 
the statistical analyses, which were performed using CANOCO 5.01 (ter Braak and 
Šmilauer, 2007–2012) in Papers Ι and ΙΙ. The Shannon H´ diversity index was 
used to evaluate the species diversity in cyst assemblages in Paper Ι (Shannon and 
Weaver, 1949). Rarefaction analysis was used to estimate changes in species 
richness in Papers Ι and ΙΙ. Rarefaction analysis produces realistic estimates of 
species richness for stratigraphical species data when there is variability of 
individual sample count size (Birks and Line, 1992). Rarefaction and Shannon H´ 
analyses were conducted using Palaeontological Statistics (PAST) software 3.1. 
(Hammer et al., 2001). Species abundance diagrams were created using the 
program C2 (ver. 1.7.2.; Juggins, 2007) in Papers Ι and ΙΙ. 

 

2.8 Transfer function approach 

One of the aims of this thesis is to determine the ecological preferences of cysts, 
which can be used for quantitative environmental reconstructions in the future. 
Constructing a transfer function for a group of organisms, in this case chrysophyte 
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cysts, involves collecting surface sediment from a group of lakes (reference lakes) 
with a wide environmental gradient of chosen variables such as pH, temperature or 
conductivity. Cyst data from the sediment of these lakes is then combined with 
measured limnological and climatological parameters from the same lakes or 
surrounding areas. The resulting transfer function based on modern cyst 
occurrences can then be utilized to reconstruct environmental history based on 
historical cyst remains identified in sediment cores. 

   

3. MAIN RESULTS AND DISCUSSION 

3.1 Biogeography of chrysophyte cysts in Finland  

This taxonomic survey revealed that in general, cysts are well preserved in Finnish 
lakes. A total of nine lakes were excluded from the study due to the insufficient 
number of cysts observed, or because cysts were too difficult to identify due to other 
material in the samples. Altogether 265 cyst morphotypes or collective categories 
were identified, including 18 new morphotypes (Appendix 2). The sources of the cyst 
codes used (i.e. the cyst references) are listed in Appendix 2. The majority of cysts 
are featured in Duff et al. (1995) (cysts from PEARL 1 to PEARL 243) and the 
remaining codes refer to Wilkinson et al. (2001). Unornamented cyst types 
dominate in most cyst assemblages in Finland, ranging between 31% and 71% of 
cysts counted per sample (Fig. 7).  

 

 

 

 

 

 

 

 

 

Figure 7. The proportion of unornamented cysts in the 59 training set lakes, 
arranged from south (left) to north (right). 
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Figure 8. The proportion of cysts ornamented with spines, and cysts 
ornamented with a combination of spines and reticulum. Lakes are arranged 
from south (left) to north (right). 

  

The general trend is that the proportion of spinose cysts in cyst assemblages 
decreases from southern Finland towards the northern parts, while cysts 
ornamented with both reticulum and spines increase towards the north (Fig. 8). 
There was no clear trend among the other ornamentation types. Cyst assemblages 
in Finland are similar to cysts found in Holebudalen, Norway (Betts-Piper, 2001), 
and studies conducted in Poland (e.g. Hernández-Almeida et al., 2015a) – in other 
words, cyst studies conducted geographically closest to Finland.  

Despite the large amount of unornamented cysts occurring in all the vegetation 
zones in Finland from Hemiboreal to Hemiarctic, a clear difference can be seen in 
cyst assemblages between these two peripheries (Fig. 9; Paper Ι Fig. 3). While only 
a few types (PEARL 115, PEARL 204 and PEARL 161) are mostly found in the 
southern parts of Finland, several cyst types thrive in the north, including S016 (Pla, 
2001), PEARL 31, small PEARL 152, PEARL 15, PEARL 57 and the vegetative cell of 
Chrysococcus furcatus. 
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Figure 9. The most commonly occurring (> 7%) cyst types in Finland and 
vegetation zones based on Fig. 3 in Paper Ι. Cyst assemblages are ordered 
according to the lake altitude from lowest (bottom) to highest (top). Cyst types 
found mainly in the southern parts are indicated with a red rectangle; those found 
mostly in the northern parts are indicated with a blue rectangle.  



31 
 

Our study shows that pH, temperature, tot-P and conductivity explain (with 
statistical significance) cyst distribution in Finland (Paper Ι). The different 
ecological preferences of cysts are highlighted in the form of optima and tolerance 
values for four environmental variables in Paper Ι Fig. 5. Chrysophytes have been 
known to thrive in slightly acidic conditions, which is also evident in the Finnish 
material (Paper Ι Fig. 5c). While the pH of the lakes chosen for this project was close 
to neutral, there was enough variance to demonstrate a clear connection between 
pH and cyst types. Cysts PEARL 86, 16, 11, 223 and 57 show optima for pH at the 
low end of the measured spectrum (pH of 6.5 or less), while PEARL 115, small 152, 
161, 41, 116 and 150 have optima higher than 7. 

The geographical distribution of lakes along Finland’s South-North axis allowed a 
wide gradient in lake open water season, which together with the calculated ice-free 
time optima is potentially useful in future ice-cover history reconstructions. 
Calculated ice-free day optima ranges between 200 days per year or more (cysts 
PEARL 115 and 201), to less than 140 days (cysts S016 (Pla, 2001) and small PEARL 
152 (Paper Ι Fig. 5a)). 

Most of the dominant morphotypes found in this study have previously been found 
in cool, oligotrophic lakes (e.g. Duff et al., 1995; Facher and Schmidt, 1996). The tot-
P optima for most of the common cyst types fall in the category of oligotrophy, with 
only four cyst types (PEARL 115, 204, 161 and 178) having optima higher than 15 
μg/l indicating a preference for mesotrophic conditions (Paper Ι Fig. 5b). Overall, 
cysts in Finland show low conductivity optima, with only four cyst types (PEARL 
115, 161, 204 and 178) having optima higher than 6 mS/m (Paper Ι Fig. 5d). 

 

3.2 New cyst types 

The chrysophyte cyst survey in Finland revealed 18 morphotypes (Paper ΙΙΙ) 
considered to be previously undescribed, and enough material for a formal 
description. Since there was no previous largescale inventory of cyst morphotypes 
in Finland, the number of lakes with cyst assemblages containing at least one of the 
new cyst morphotypes was fairly high: 47 out of 60 lakes (Fig. 3). The number of 
undescribed morphotypes in Finland is likely to be much higher considering the fact 
that of the new morphotypes, there were three cases (SK1, SK10 and SK18) where 
the cyst type occurred in only one location, and that the sampled lakes make up only 
a fraction of the more than 180 000 lakes in Finland. Moreover, these cyst 
observations are based on lake sediment material, hence excluding all other 
potential habitats such as peatlands and shallow ponds. Two morphotypes were 
found only in Lake Nautajärvi, an observation not unexpected since the number of 
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samples from that lake (22) is considerably higher than that from the training set 
lakes (1 sample/lake).  

Formal descriptions for the new cyst types follow the guidelines proposed by the 
International Statospore Working Group (Cronberg and Sandgren, 1986), 
modifications presented in Duff et al. (1995) and Wilkinson et al. (2001) and the 
style of previously described morphotypes. The identification codes for the new cyst 
types consist of the initials SK, followed by a running number that begins with the 
unornamented and scabrate cysts and continues with cysts with more complex 
ornamentation.  

In the descriptions (Paper ΙΙΙ), the unique cyst code is followed by a number in 
parentheses indicating the number of SEM images the description is based on. 
There is no set rule on how many cysts are required to base the description of a new 
cyst type on i.e. what amount of cysts capture the variation in size and 
ornamentation in a cyst type. ISWG guidelines (Cronberg and Sandgren, 1986) do 
not provide information on this; in Duff et al. (1995) the descriptions are based on 
at least two SEM specimens, while later in Wilkinson et al. (2001) the number was 
reduced to only one SEM specimen if it had a unique appearance or was frequently 
observed with LM. In general, researchers avoid describing new types based on only 
one specimen, simply because some variation in cyst size occurs in chrysophytes, 
both in natural populations in lakes (Cronberg, 1988) and in cultures (Findenig et 
al., 2010). Therefore, the number of cysts on which the new morphotype is based is 
often mentioned in the description, as in Paper ΙΙΙ, allowing the reader to determine 
whether, for example, the size range is fixed, or could possibly be wider in reality. 

Only the cyst types with at least one image of the pore morphology were included in 
the descriptions, since the pore size has been observed to not show much variation 
and can hence be considered as a reliable identification feature (Sandgren, 1983; 
Holen, 2014). The locality i.e. where the cyst has been observed is mentioned in the 
formal descriptions of new cyst types, together with the image file number and an 
image of a cyst that best represents the cyst in question (Paper ΙΙΙ). The SEM 
description part offers all information needed in the identification, including the 
shape, size, ornamentation, as well as pore and collar morphology. The ecology-
section provides details of the seasonality of the cysts, if known, and the calculated 
optima and tolerances for conductivity, pH, tot-P and ice-free time. Only one of the 
18 new cyst types has a pH optimum higher than 7 (Paper ΙΙΙ), which is consistent 
with the findings in Paper Ι where most of the pH optima for cysts fall under pH 7. 
Comparisons to previously published cyst types are made in the Comments. 

In this study, the lowest number of specimens used in the description was three 
(morphotypes SK3 and SK4) and four (SK18), and therefore their size range can be 
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wider (Paper ΙΙΙ). However, these morphotypes have a unique appearance and the 
size range based on the found specimens fit the overall variation previously observed 
in cysts (Sandgren, 1983; Cronberg, 1988; Holen, 2014). Findenig et al. (2010) 
observed considerable variation in cyst size produced by the same chrysophyte 
strain, with the smallest cysts being only two-thirds in size compared to the largest 
ones. Therefore, they suggest using statistical analysis of many cysts and surface 
ornamentation features to aid in taxa identification in environmental samples.  

The most common shape for the new cyst types is spherical (Paper ΙΙΙ) – a round 
sphere, a feature common in cysts. A deviation from sphere shape can aid in the cyst 
identification process. Cysts in Paper ΙΙΙ that diverged from the spherical shape 
include SK3 (obovate, Fig. 2d), SK8 (spherical to oval, Figs. 3c and d) SK9 (spherical 
to oblate, Figs. 3e and f), SK10 (oblate to obovate, Figs. 4a, b, c and d), SK17 (slightly 
irregular, Figs. 6c and d) and SK18 (obovate to spherical, Figs. 6e and f). Encystment 
location can sometimes affect the shape of the cyst e.g. when the encystment takes 
place in the narrow part of the lorica in Dinobryons, but in these abovementioned 
cases the shape seemed consistent. The diameter of the new cyst types range from 
3.4–3.8 μm in SK15 to 9.8–16.6 μm in SK8, well within the previously observed size 
range for chrysophyte cysts (Duff et al., 1995).  

The new cyst morphotypes in Paper ΙΙΙ possess a variety of different surface 
ornamentation types, the most common being spines. Variation in the surface 
ornamentation of a cyst produced by a single species is observed in many cases (e.g. 
PEARL 130 in Duff et al., 1995). The encystment process might be interrupted, 
causing the outermost cyst wall layer to be missing, along with its characteristic 
identification features. Hence, the length and appearance of the collar and spines, 
for example, can be affected by encystment conditions (Sandgren, 1983; Cronberg, 
1988). Encystment conditions and different stages of maturity could explain some 
of the variation in ornamentation such as the spine length in SK6, SK7, SK8, SK9, 
SK10, SK11, SK12 and SK13. Variation in ornamentation can lead to more than one 
cyst morphotype being described, which in reality are produced by a single species. 
Such is the case of Chrysastrella paradoxa Chodat where several previously 
described morphotypes have been demonstrated to be produced by a single species 
and the morphotypes are now proposed to be merged into one (Kapustin et al., 
2019). This will definitely not be an isolated case, but will surely be the fate of many 
described morphotypes when more reference material is obtained. Until the cyst-
producing species is found, some uncertainty about the variation in size and 
ornamentation of the described morphotypes remains. A good example of a wide 
range of variation in the collar shape and number of spines is SK10 (Paper ΙΙΙ Figs. 
4a-d). The overall appearance, however, allows it to be easily identified should it be 
encountered outside Lake Nautajärvi.  
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Although smooth cysts dominate in the cyst assemblages of lakes in Finland (Fig. 7; 
Paper Ι), only three of the proposed new cyst types are unornamented (Paper ΙΙΙ 
Figs. 2a-d). One possible reason for this can simply be that there is no variation in a 
surface that is unornamented, unlike in e.g. cysts with spines where there is a wide 
range of options for spine length, location, width, shape and density.  

The role of cyst ornamentation remains speculative. In pollen, an unornamented 
surface is considered to be associated with wind or water pollination, while 
echinulate or reticulate pollen is associated with biotic pollination (e.g. Sannier et 
al., 2009). Afonin et al. (2007) even suggest that distinctive pollen morphology 
might have evolved for insects to distinguish edible pollen types. Seed morphology 
is thought to be linked with a suitable dispersal mechanism. When shape is 
concerned, only tear-drop shapes sink faster than spheres in water (Padisák et al., 
2003). In this view, the purpose of the shape and a smooth surface of a cyst would 
be to quickly deposit the cyst in the seed bank at the bottom of a waterbody. In 
phytoplankton in general, spines are seen as a morphological defense mechanism 
against predation, in addition to being a way of reducing sinking rates (e.g. Mayeli 
et al., 2004). Spines, especially when symmetrically arranged, are demonstrated to 
reduce sinking rates (Padisák et al., 2003), however numerous short processes or 
spines cause faster sinking velocities in dinoflagellate cysts (Anderson et al., 1985). 
Pang et al. (2012) propose that spines might help cysts to adhere to higher 
vegetation. In this view, cyst ornamentation could be related to the preferred habitat 
to be deposited. Overall, the role of ornamentation is unknown, but could include 
protection against being consumed by predators, a way to influence the sinking rate 
of the cyst, or a tool to attach to surfaces. 

 

3.3 Seasonality of chrysophyte cysts  

Studies on the seasonal occurrence of chrysophyte cysts have been conducted 
previously, for example in the Austrian Alps (Kamenik and Schmidt, 2005a), Lake 
Baikal (Firsova et al., 2008), Spain (Pla-Rabés and Catalan, 2011) and Swiss Alps 
(De Jong et al., 2013). The seasonality of cysts in Finland was investigated using 
sediment trap material from Lake Nautajärvi (Paper ΙΙ). 

The role of chrysophyte cysts in the laminae composition of sediments in Lake 
Nautajärvi had been studied previously (Ojala et al., 2013). While the study revealed 
that cysts mainly accumulated during spring and summer irrespective of the 
different weather regimes during the two-year monitoring period, it only focused on 
the laminae composition and accumulation rates during different seasons, not the 
identification of the encountered morphotypes. Therefore, another study was 
conducted focusing solely on diatom and chrysophycean cysts in Lake Nautajärvi 



35 
 

and their seasonality. Accumulation rates for cysts during winter was very low, and 
as a result not enough specimens were identified. Therefore, winter season 
concerning cysts was excluded from the study. Low cyst accumulation rates during 
winter have also been observed elsewhere (Agbeti and Smol, 1995; Pla-Rabés and 
Catalan, 2011), although chrysophytes have been observed blooming even under ice 
(Cronberg, 1982; Siver and Hamer, 1992; Agbeti and Smol, 1995). One possible 
cause for the very low number of cysts formed during wintertime could be the low 
amount of daylight during that time of the year in Finland, and snow cover blocking 
light entering the water column. 

The most common morphotypes occur throughout the growing season, but there are 
also those types that have a clear seasonality (Fig. 10; Paper ΙΙ Fig. 2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Cyst seasonality in Lake Nautajärvi. Average seasonal cyst 
accumulation rates based on 2009 and 2010 are shown as light blue bars 
(cyst/cm2/d), seasonal occurrence of the most common cyst types showing 
seasonality based on their relative abundance (%) in sediment trap assemblages 
are listed under the appropriate season. For cyst code explanations see Appendix 
2. The amount of cysts produced during winter were very low and therefore are 
not shown in the figure. 
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A more frequent sampling regime would have revealed a more detailed picture of 
the seasonality of the cyst types, but even the spring, summer, and autumn sampling 
schedule indicated that there are no cyst types with two peaks (spring and autumn) 
(Paper ΙΙ Figs. 2a-b). These findings also verify the findings of e.g. Pla-Rabés and 
Catalan (2011) that different cyst types are present during spring and autumn. Our 
results also indicate that seasonality, i.e. intra-annual differences between the 
accumulation rates of cysts and diatoms, has a more profound effect on the algal 
assemblages than the two climatologically different years.  

 

4. CHALLENGES AND FUTURE PERSPECTIVES 

The biological affinity – the cyst-producing species – is unknown for all the newly 
described cyst types in Paper ΙΙΙ. Although the artificial code names for different 
cyst morphotypes does allow cysts to be utilized in palaeolimnological 
investigations, one of the biggest challenges that still remains is linking cysts to 
the correct chrysophyte species. The underlying issue, in my view, is that 
currently chrysophyte cysts fall between two disciplines: palaeoecology and 
phycology. 

Although knowing the species name would bring additional valuable information 
for palaeolimnological investigations, it is not necessary when reconstructing past 
environmental changes. Cysts are been used as a substitute, a proxy, to investigate 
not the cysts or chrysophyte species themselves, but to interpret the environmental 
conditions that prevailed during the time of the encystment. This is possible as long 
as cyst morphotypes have accurate descriptions with clear identification criteria and 
there is an adequate amount of information available on their modern day 
occurrence. The challenge in approaching the cyst-producing species identification 
via excystment (i.e. germinating unidentified cysts) lies in the unpredictable 
germinating rates and the lack of a single method to initialize excystment. 

Algal researchers, on the other hand, are interested in the species themselves, and 
approach the cyst identification issue by provoking chrysophyte species in 
monocultures to produce cysts. However, this is not straightforward either; similar 
to the case with excystment, there is currently no single method that induces 
encystment in all species. Moreover, the success rate for initializing encystment is 
often low, as demonstrated in a study by Findenig et al. (2010): out of 90 strains of 
Spumella-like flagellates, only six eventually produced cysts irrespective of changes 
in light and temperature regimes. The main application for cysts in phycological 
research is to distinguish morphologically very similar-looking species by their 
cysts, which can be differentiated from each other. 
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Since sexual encystment occurs during the maximum growth phase, it could be 
considered an indicator for optimal environmental conditions for a given cyst type 
with sexual origin. Asexual cyst formation, however, is linked to abrupt changes in 
the chrysophyte species’ environment and therefore has potential in tracking 
sudden changes in the aquatic environment. Currently there is no method for 
distinguishing between asexually and sexually produced cysts in 
palaeolimnology, even though they might provide additional specific environmental 
information.  

One of the many challenges faced in cyst research is that new cyst descriptions are 
published in different journals. The two atlases published in 1995 (Duff et al.) 
and 2001 (Wilkinson et al.) form a good base, together with monographs focusing 
on the cyst assemblages found in certain geographical locations (e.g. Hansen, 2001; 
Pla, 2001; Pang and Wang, 2014). The majority of new cyst types published recently 
is scattered in different journals, mostly describing a few new cyst types at a time. 
This is at least partly the result of the view that mapping the existing cyst flora in 
new geographical regions or environments is not valuable enough or worth funding. 
Several attempts have been made to gather new cyst types into one source location 
in order to facilitate their comparison with the old ones, and to help with overall 
identification of the cysts.  

One of the original ideas in setting the ISWG guidelines was to keep a record of all 
the described stomatocyst morphotypes – both fossilized and living – as a 
computerized cyst listing maintained by the ISWG. Unfortunately, no such listing 
exists today and building a joint database for all the chrysophyte cysts would be a 
massive task due to the vast amount of published literature. The Chrysophyte 
Stomatocyst Database (CSD) was designed for researchers at the Paleoecological 
Environmental Assessment and Research Laboratory (PEARL) to maintain an easily 
updatable record of known cyst types (Betts-Piper, 2001). Stom@ocyst-website 
(Kamenik, 2010) was launched to gather information on new cyst types and provide 
a helpful online tool in identifying cysts, not to mention a community board for 
discussions. At the same time, The Giraffe Pipe project launched an online database 
for siliceous microfossils from a Middle Eocene lake (Siver et al., 2010). The Giraffe 
Pipe Web database aimed to distribute data among the scientists working on the 
project, but was also available online to the entire scientific community. Currently 
there is no worldwide database for all of the described cyst types in operation. This 
problem was also identified by Jordan and Matsuoka (2019), who express their 
worries on the growing number of described cysts and the enormous task of cross-
checking for synonyms.  

Since a new code system for cysts found in Finland was considered unnecessary, the 
codes used in this project are based on the existing codes given by the cyst-
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describing author (except when new types were found, in which case a new code was 
needed). Even though the ISWG guidelines harmonized and set the example on 
how to name chrysophyte cysts, the underlying issue still remains: the names 
are artificial and there is no set hierarchy or structure within the codes, since most 
of the species and genera are yet unknown. Most researchers follow the same order 
as in the Chrysophyte Atlases (Duff et al., 1995; Wilkinson et al., 2001), which starts 
with naming the unornamented cysts and moves towards the more complicated 
surface ornamentation styles using running numbers. Notably, when new cyst types 
are described, the sequence is lost. 

What happens when the cyst-producing species is identified? Will there be a parallel 
name system for the chrysophyte resting stage, and another one for the vegetative 
stage, as in dinoflagellates and diatoms? Another group of organisms facing similar 
issues as chrysophycean and dinoflagellate cysts is phytoliths, the siliceous plant 
microfossil remains formed within and between plant cells (Haynes, 2017). As with 
chrysophycean cysts, experts on phytoliths published the International Code for 
Phytolith Nomenclature in 2005 (Madella et al., 2005), which has since been revised 
in 2019 (Neumann et al., 2019). The name of a phytolith comprises three parts: a 
descriptive term for the shape of the phytolith, one for the texture and 
ornamentation of the surface, and another for anatomical origin (location in a 
plant). While a similar system was originally started with chrysophycean cysts 
(Nygaard, 1956), several extensive issues have hindered that process. A major 
obstacle for giving cysts names instead of codes is the large number of cysts that 
need a unique name. Furthermore, since most cysts are spherical in shape, there is 
relatively small variation in morphological features to base the name on. Who would 
go through all the described cyst morphotypes searching for and renaming the 
existing cyst types, especially since no centralized cyst database exists?  

Considering the time and effort needed to switch to a new naming system for cysts 
– which again, would not be based on actual phylogeny – I suggest to keep using the 
now established code name system until the correct species has been found for most 
of the cysts. For the few cyst types in Finland where the species has been identified, 
the cyst codes are used in the analyses and known information on the species is used 
when interpreting the results. The main reason for this is the cysts will mainly be 
used as a palaeobioproxy in the future when reconstructing past environmental 
history. Cyst experts regularly rename known cyst types to fit their own 
sequence of codes. This keeps chrysophyte experts on their toes, especially when 
publishing new cyst types or articles. Therefore, it is common for articles to include 
comparison tables in which synonyms for cysts in question are listed. 

Due to the great amount and diversity of chrysophytes in lakes, cyst research has 
mainly focused on freshwater environments. However, there are also species that 
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live in saline or brackish water. Chrysophyte cysts might be useful in sea-ice extent 
studies, since vegetative cells and cysts have been found in Antarctica (Stoecker et 
al., 1997) and the Baltic Sea (Ikävalko, 1998). Recently, cysts have been found to 
coexist with sea-ice related diatoms (Kato and Suto, 2019).  

Even though stomatocysts have even been found in the remains of the clothing worn 
by the Tyrolean Iceman Ötzi (Rollo et al., 2011), there are still many regions that 
lack comprehensive knowledge of the cyst flora. Considering the fact that 
chrysophytes’ main habitats have been identified as cold arctic, sub-arctic and 
alpine oligotrophic lakes, the occurrence of different cyst types in mainland 
Northern Europe has remained a mystery until now. A new study on the 
biogeography and ecology of chrysophyte cysts in Finnish lakes published in 2020 
(Korkonen et al., 2020) takes an important step towards filling this gap. 

This thesis forms a base for further chrysophyte cyst research in Finland. Finland 
has a strong background in palaeolimnological research, with multiple studies on 
diatoms, pollen, cladocerans, chironomids, plant macrofossils and other 
palaeoproxies being used in historical environmental reconstructions. While most 
of these organisms are linked to summer conditions, chrysophyte cysts can now be 
included in a wider variety of studies, for example those concerning changes 
happening during springtime and relating to pH and eutrophication history. This 
study gathered information on the occurrence and seasonality of cysts in Finland, 
but what still remains is to put this knowledge to use in downcore spring 
temperature/ice-cover time reconstruction. A good candidate for this is Lake 
Nautajärvi, which already has seasonality data available (Paper ΙΙ). This study is 
based on the uppermost 1 cm of sediment material gathered, if possible, from the 
deepest basin of the lakes in Finland, as well as sediment material accumulated in 
sediment traps near the bottom of Lake Nautajärvi. What remains unexplored are 
the peatlands and periphytic environments in Northern continental Europe. With 
its vast amount of shallow lakes and numerous peatlands, Finland would be a 
perfect candidate for such research.  

The general public is usually only aware of the existence of chrysophytes when they 
are causing problems such as taste or foul odour of the water (Nicholls 1992; Watson 
et al., 2001). However, scientists – palaeolimnologists in particular – have started 
to discover the potential that chrysophyte resting stages possess for use in 
environmental history investigations. No matter which method is used (i.e. SEM or 
LM), cyst research is time consuming and often expensive. Applying solely cysts in 
e.g. pH or eutrophication history reconstructions is often not enough to attract 
interest and funding for further research. Recently, criticism has risen towards 
detailed environmental history reconstruction using palaeoproxies. Specifically, 
producing high-resolution seasonal reconstructions based on palaeobioindicators 
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can be problematic, since the organism should have a very short generation time 
and only occur during a short time frame within a year, as pointed out by Telford 
(2019). In his review paper on sub-decadal resolution, Telford (2019) highlighted 
the uncertainties and problems met when using some of the common palaeoproxies 
such as chironomids and pollen. Nevertheless, he does conclude that diatoms and 
chrysophytes show some promise in reconstructing sub-decadal total phosphorus 
concentrations and winter climate, respectively. 

So far, cysts have mainly been utilized as a sidekick to diatoms, or other proxies to 
add more weight to environmental investigations. Their role as an undeniably 
valuable tool in solving large-scale acute environmental problems is yet to be found. 
The most promising area for such an application is in winter and spring temperature 
history reconstructions. The strength in cysts lies in their seasonality. Unlike many 
other palaeoproxies used in reconstructing past environmental history, cysts have 
been linked to spring and winter temperature, in many cases with a special emphasis 
on ice-cover. Ice-cover, or the lack thereof, greatly influences aquatic life. Currently, 
aside from actual monitoring of the ice-on and ice-out dates, only diatoms and 
chrysophyte cyst assemblages have been linked to ice-cover times. At the moment, 
this seems like the most promising way for cysts to take the center stage and leave 
their role as a sidekick behind. 

 

5. SUMMARY AND MAIN CONCLUSIONS 

Sediments in lakes from southern Finland to northern Lapland contain a substantial 
amount of chrysophyte cysts that are generally well preserved. This study shows that 
cyst assemblages in Finland are rich, and contain a combination of cysts found in 
other locations as well as new, previously undescribed cyst types of unknown 
species’ origin. Most of the commonly occurring cyst types in Finland are 
unornamented and most likely produced by several different species, hence limiting 
their potential use in palaeolimnology. However, many cysts do have specific 
environmental optima and tolerances for environmental variables such as pH, 
temperature, conductivity and tot-P. In general, cysts in Finland are linked to low 
tot-P i.e. nutrient-poor lakes (tot-P under 15 μg/l), close to neutral or slightly acidic 
water and low conductivity. 

Cysts in Finland could be valuable proxies, especially for reconstructing past 
environmental pH and ice-cover time history that use the transfer function 
developed for these variables. The most commonly occurring cyst types occur 
throughout the growing season, but there are also cysts that have a distinct 
seasonality. Cysts that demonstrate seasonality indicate that different cyst types 
occur during spring and autumn i.e. during ice-in and ice-out periods. Cysts are 
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mainly produced during spring and summer, while cyst production during winter is 
very low. The most common cysts produced in the water column are also 
represented in the lake sediment. The surface sediment cyst assemblage is a 
collection of cysts where no clear similarities to a certain season can be seen, 
showing that when analyzing a sediment surface sample, it represents the whole-
lake cyst richness. Seasonality (i.e. the intra-annual changes in the environment) 
seems to have a more profound effect on cyst assemblages than larger-scale changes 
that occur between years.  

Cyst identification remains challenging due to the high amount of cysts with an 
unknown species identity. Despite these difficulties, cysts have great potential for 
use in many applications, for example spring temperature and ice-cover history 
reconstructions in Finland, due to their mass occurrences, especially during spring. 
With their calculated ecological preferences, cysts found in Finland add new 
information to the biogeography of cysts. 
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Appendix 1. Environmental information for the study lakes. For detailed information 
on the mean temperature calculations, see Paper 1. Lat = latitude, Long = longitude, 
m.a.s.l. = metres above sea level, Tot-N = total nitrogen, Tot-P = total phosphorus 

Lake 
code Lat Long Elevation Area  Conductivity  Alkalinity  pH Tot-N  

Tot-
P 

Ice-
free  Summer  Winter 

 (°N) (°W) m a.s.l. ha  mS/m mmol/l   μg/l μg/l days mean °C 
mean 

°C 

SF1 60.43 23.91 72.9 12.2 5.1 0.31 7.50 443 13.7 239 16.13 -3.69 

SF5 62.60 31.00 158.5 6 5.7 0.17 7.00 585 15.5 195 15.20 -8.02 

SF6 62.92 25.19 140.8 843 3.9 0.17 6.90 393 10 206 15.18 -6.61 

SF7 62.06 27.60 120.2 11 901 4.4 0.11 6.60 550 22 208 15.62 -6.52 

SF10 61.83 25.15 88.6 6.93 14.1 0.439 7.45 600 23 217 15.37 -5.57 

SF11 61.44 26.44 103.5 1.1 7.7 0.12 6.80 890 21 219 15.88 -5.52 

SF12 60.25 24.50 47.3 10.3 16.4 0.23 6.80 590 26 242 16.36 -3.62 

SF15 61.66 27.37 82.3 23.5 6 0.12 6.80 590 16.4 214 15.96 -6.00 

SF18 61.82 29.02 84.9 34.1 8 0.26 7.30 650 26.2 209 15.96 -6.43 

SF21 62.61 24.75 208.3 174 1.9 0.06 6.40 461 18.4 205 14.71 -6.56 

SF25 62.41 29.09 110.8 240 3.3 0.08 6.60 390 9 204 15.70 -7.11 

SF28 63.25 27.01 145.4 8.4 3.9 0.17 7.00 436 14.9 202 15.17 -7.34 

SF37 60.28 23.68 53.9 19.1 4.1 0.14 7.20 530 17 239 16.08 -3.63 

SF47 60.52 26.38 25.2 215 3.8 0.088 6.90 510 8 235 16.48 -4.66 

SF52 62.18 30.39 80.2 1212 9.6 0.3 7.20 494 15.9 199 15.33 -7.42 

SF53 60.49 24.68 90.0 47.5 5.3 0.200 7.30 292.0 5.5 234 15.98 -4.28 

SF57 60.66 24.68 88.5 8.5 7.6 0.350 7.30 550.0 16.0 233 15.80 -4.47 

SF58 61.60 25.10 140.2 142.5 2.6 0.060 6.40 310.0 5.6 224 15.39 -5.34 

SF61 63.72 28.25 203.6 1001.1 1.6 0.050 6.60 273.0 7.2 195 14.67 -8.29 

syke61 64.88 28.94 137.9 18793 2.5 0.130 6.80 285.0 9.2 181 13.98 -9.44 

syke69 64.40 27.66 123 88700 3.1 0.140 6.90 356.0 15.2 190 14.64 -8.64 

syke74 65.98 27.97 243.7 3260 2.6 0.260 7.30 169.0 8.3 170 13.72 -10.34 

syke76 66.43 28.13 226 471 2.8 0.160 7.10 337.0 11.0 169 13.43 -10.57 

syke78 67.14 25.75 179.8 2880 2.6 0.150 7.00 400.0 25.1 164 13.33 -11.20 

syke81 67.93 24.01 257.6 1400 3.2 0.180 7.10 382.0 21.0 155 12.21 -11.95 

syke89 65.88 29.37 253 4736 5.7 0.340 7.50 277.0 9.7 166 13.60 -10.58 

wfl4 67.98 23.7 262 10.67 0.7 0.005 5.29 330.0 2.0 157 12.64 -12.18 

wfl5 68.01 23.4 249 4.34 2.1 0.164 6.76 1500.0 38.0 155 12.45 -12.34 

wfl6 68.12 23.4 252 1.52 1.6 0.002 6.48 460.0 8.0 154 12.40 -12.35 

wfl7 68.2 23.2 263 0.90 1.2 0.072 6.55 390.0 9.0 153 12.25 -12.46 

wfl8 68.3 23.2 294 33.99 1.8 0.106 6.76 330.0 14.0 150 12.15 -12.48 

wfl9 68.33 23 290 2.62 1.8 0.101 6.60 560.0 46.0 151 12.11 -12.52 
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wfl11 68.4 22.9 313 2.18 1.1 0.089 6.82 360.0 7.0 150 12.03 -12.52 

wfl12 68.42 22.6 332 1.97 3.4 -0.006 4.89 390.0 7.0 150 11.99 -12.53 

wfl13 68.47 22.4 322 2.55 1.0 0.060 6.49 320.0 6.0 151 11.96 -12.46 

wfl17 68.9 21.1 463 6.05 2.5 0.139 6.90 240.0 3.0 139 10.28 -11.69 

wfl18 68.92 21 526 3.85 3.4 0.218 7.13 270.0 5.0 137 9.99 -11.63 

wfl21 68.7 21.5 480.6 18.01 3.4 0.237 7.15 130.0 2.0 139 10.59 -12.16 

wfl24 69.05 20.9 679.4 69.86 3.5 0.173 7.30 105.0 3.8 135 9.27 -12.52 

wfl25 69.07 20.9 930.9 1.69 0.6 0.019 6.24 120.0 4.0 135 9.27 -12.52 

wfl26 69.18 20.7 355 7.21 3.4 0.136 6.97 290.0 4.0 136 9.65 -11.02 

wfl28 67.88 23.9 254 18.80 3.0 0.197 6.92 480.0 25.0 156 12.49 -12.03 

wfl29 68.1 23.4 249 4.01 5.1 0.272 6.78 190.0 14.0 154 12.40 -12.35 

wfl30 68.13 23.4 253 1.33 0.5 0.012 5.69 640.0 12.0 154 12.40 -12.35 

wfl31 68.47 23 344 2.22 3.0 0.149 7.06 230.0 4.0 148 11.70 -12.63 

wfl32 68.42 22.9 319 28.18 3.2 0.175 7.05 320.0 12.0 150 12.03 -12.52 

wfl34 68.47 22.5 329.1 11.76 2.3 0.193 7.06 330.0 8.0 150 11.91 -12.53 

wfl48 68.7 21.5 487.9 28.04 2.3 0.139 7.09 150.0 5.0 139 10.59 -12.16 

wfl49 69.08 20.7 776.3 16.10 0.9 0.052 6.69 54.0 2.0 138 9.76 -12.24 

wfl52 69.05 21 687 16.89 1.8 0.120 7.00 147.5 5.0 135 9.27 -12.52 

wfl54 69.03 21.1 796.4 9.33 1.4 0.088 6.80 110.0 2.0 133 9.19 -12.77 

wfl55 69.06 21 774 20.44 2.0 0.122 6.98 140.0 2.0 135 9.27 -12.52 

wfl57 69.18 21.1 979.7 12.33 0.9 0.016 6.10 54.0 2.0 130 8.79 -12.57 

wfl58 69.27 21.2 895 1.15 1.7 0.110 6.80 115.0 5.0 129 8.65 -12.11 

wfl60 69.27 21.4 987.2 13.40 0.9 0.040 6.60 80.0 3.0 133 8.99 -12.21 

wfl61 69.26 21.5 758 16.88 3.8 0.172 7.13 100.0 5.0 133 8.99 -12.21 

wfl62 69.24 21.5 897 6.03 2.6 0.090 6.93 69.0 2.0 133 8.99 -12.21 

wfl63 69.19 21.5 704.3 100.35 4.6 0.360 7.60 79.4 6.4 136 9.54 -12.56 

wfl64 69.02 20.9 559.3 112.90 2.8 0.192 7.20 130.0 2.0 134 9.57 -11.53 
Nauta-
järvi 61.48 24.41 104.0 17 3   5.90   
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Appendix 2. Chrysophyte cysts found in Finland. Pers. comm. Kamenik refers to 
personal communication with Christian Kamenik and to a code used in Switzerland. 
Korkonen & Weckström refers to "New Chrysophycean morphotypes and their ecology in 
Finland”, submitted to PHYTOTAXA in November 2019. 

Cyst code Author / description 
Number 
of lakes 

BAI 316 316 Firsova 3 
Carney #44 Carney et al. 1992 1 
CB 132 obconical flat collar, unornamented (pers.commun. Kamenik) 1 
Chrysococcus furcatus  Duff et al. 1995, vegetative cell 30 
CircuS circulus, size small 30 
CircuL circulus, size large 1 
CircuM circulus, size medium 14 
CompoL compund ornamentation, large 3 
CompoM compund ornamentation, medium 7 
CompoS compund ornamentation, small 4 
ConulL conula, size large 20 
ConulM conula, size medium 28 
ConulS conula, size small 44 
"CYST 1" unornamented, cylindrical collar, long posterior spines 1 
"CYST 3A"  This is most likely PEARL286 (Wilkinson et al. 2001) 13 
"CYST 3B" Possibly immature PEARL286 (Wilkinson et al. 2001) no spines 7 
"CYST 7A"  resembles PEARL 86 without spines 19 
"CYST 7B"  resembles PEARL 86   11 
"CYST 8"  oval cyst with spines 3 
"CYST 9"  unornamented, size 18.2-21.7, low cylindrical rounded collar 2 
"CYST 10"  unornamented, size 9.1-12.2 μm, short obconical collar 9 
"CYST 11" robust spines, size 14.7-17.5 2 
DepreS Depressions, size small 29 
DepreM Depressions, medium 15 
DepreL Depressions, large 10 
EB 25 Pers.commun. Kamenik, depressions and spines 2 
F&S #9 Facher & Schmidt, 1996 3 
F&S #10 Facher & Schmidt, 1996 21 
F&S #11 Facher & Schmidt, 1996 5 
F&S #23 Facher & Schmidt, 1996 27 
F&S #54 Facher & Schmidt, 1996 7 
F&S #66 Facher & Schmidt, 1996 2 
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F&S #69 Facher & Schmidt, 1996 2 
F&S #91 Facher & Schmidt, 1996 1 
F&S #93 Facher & Schmidt, 1996 3 
FossaS fossae, size small 11 
FossaM fossae, size medium 2 
FossaeL fossae, size large 1 
Hansen #35 Hansen, 2001 4 
Hansen #100 Hansen, 2001 5 
INDEX 158 pers.commiun. Kamenik 1 
INDEX 120 small PEARL 16 (pers. commun. Kamenik) 7 
OTHER immature/corroded/unidentifiable 14 
PEARL 1 Duff et al. 1995 59 
PEARL 10 Duff et al. 1995 5 
PEARL 100 Duff et al. 1995 11 
PEARL 101 Duff et al. 1995 15 
PEARL 103 Duff et al. 1995 5 
PEARL 104 Duff et al. 1995 3 
PEARL 11 Wilkinson et al. 2001 15 
PEARL 110 Duff et al. 1995 34 
PEARL 111 Duff et al. 1995 39 
PEARL 112 Duff et al. 1995 2 
PEARL 113 Duff et al. 1995 20 
PEARL 114 Duff et al. 1995 1 
PEARL 115 Duff et al. 1995 1 
PEARL 116 Duff et al. 1995 16 
PEARL 118 Duff et al. 1995 3 
PEARL 120 Duff et al. 1995 31 
PEARL 125 Duff et al. 1995 1 
PEARL 126 Duff et al. 1995 1 
PEARL 127 Duff et al. 1995 11 
PEARL 128A Duff et al. 1995 5 
PEARL 128B Duff et al. 1995 14 
PEARL 130 Duff et al. 1995 34 
PEARL 130- no long posterior spine, small spines 2 
PEARL 135 Duff et al. 1995 5 
PEARL 136 Duff et al. 1995 1 
PEARL 138 Duff et al. 1995 1 
PEARL 143 Duff et al. 1995 13 
PEARL 148 Duff et al. 1995 9 
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PEARL 149 Duff et al. 1995 21 
PEARL 15 Duff et al. 1995 36 
PEARL 150 Duff et al. 1995 20 
PEARL 152 Duff et al. 1995 27 
PEARL 152X Duff et al. 1995, size smaller (5.1-6.2 μm) 5 
PEARL 156 Duff et al. 1995 4 
PEARL 158 Duff et al. 1995 2 
PEARL 159 Duff et al. 1995 4 
PEARL 159A Duff et al. 1995 2 
PEARL 159B Duff et al. 1995 2 
PEARL 16 Duff et al. 1995 9 
PEARL 161 Duff et al. 1995 17 
PEARL 164 Duff et al. 1995 2 
PEARL 166 Duff et al. 1995 3 
PEARL 167 Duff et al. 1995 2 
PEARL 169 Duff et al. 1995 26 
PEARL 170 Duff et al. 1995 3 
PEARL 171 Duff et al. 1995 39 
PEARL 174 Duff et al. 1995 1 
PEARL 175 Duff et al. 1995 4 
PEARL 176 Duff et al. 1995 3 
PEARL 177 Duff et al. 1995 13 
PEARL 178 Duff et al. 1995 27 
PEARL 179 Duff et al. 1995 11 
PEARL 180 Duff et al. 1995 33 
PEARL 181 Wilkinson et al. 2001 7 
PEARL 189 Duff et al. 1995 31 
PEARL 19 Duff et al. 1995 5 
PEARL 190 Duff et al. 1995 1 
PEARL 196 Duff et al. 1995 2 
PEARL 197 Duff et al. 1995 1 
PEARL 198 Duff et al. 1995 4 
PEARL 199 Duff et al. 1995 3 
PEARL 201 Duff et al. 1995 6 
PEARL 202 Duff et al. 1995 7 
PEARL 204 Duff et al. 1995 14 
PEARL 208 Duff et al. 1995 10 
PEARL 209 Duff et al. 1995 1 
PEARL 210 Duff et al. 1995 30 
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PEARL 210X Duff et al. 1995, size smaller 1 
PEARL 214 Duff et al. 1995 1 
PEARL 215 Duff et al. 1995 3 
PEARL 216 Wilkinson et al. 2001 18 
PEARL 217 Duff et al. 1995 6 
PEARL 223 Duff et al. 1995 27 
PEARL 224 Duff et al. 1995 12 
PEARL 229 Duff et al. 1995 6 
PEARL 230 Duff et al. 1995 1 
PEARL 231A Duff et al. 1995 11 
PEARL 231B Duff et al. 1995 1 
PEARL 232 Duff et al. 1995 15 
PEARL 232A Duff et al. 1995 18 
PEARL 232B Duff et al. 1995 26 
PEARL 232C ornamentation mixed on both poles 1 
PEARL 234 Duff et al. 1995 49 
PEARL 236 Duff et al. 1995 14 
PEARL 238 Duff et al. 1995 10 
PEARL 239 Duff et al. 1995 30 
PEARL 242 Duff et al. 1995 9 
PEARL 243 Duff et al. 1995 25 
PEARL 251 Duff et al. 1995 1 
PEARL 257 Duff et al. 1995 3 
PEARL 259 Wilkinson et al. 2001 1 
PEARL 260 Duff et al. 1995 1 
PEARL 262 Wilkinson et al. 2001 1 
PEARL 265 Wilkinson et al. 2001 1 
PEARL 267 Duff et al. 1995 1 
PEARL 269 Duff et al. 1995 7 
PEARL 272 Duff et al. 1995 1 
PEARL 29 Duff et al. 1995 27 
PEARL 296 Duff et al. 1995 9 
PEARL 297 Duff et al. 1995 1 
PEARL 3 Duff et al. 1995 9 
PEARL 30  Wilkinson et al. 2001 1 
PEARL 307 Wilkinson et al. 2001 1 
PEARL 308 Wilkinson et al. 2001 25 
PEARL 31 Duff et al. 1995 18 
PEARL 310 Wilkinson et al. 2001 11 
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PEARL 315 Wilkinson et al. 2001 1 
PEARL 316 Wilkinson et al. 2001 1 
PEARL 32 Duff et al. 1995 9 
PEARL 326 Wilkinson et al. 2001 2 
PEARL 327 Wilkinson et al. 2001 5 
PEARL 33 Duff et al. 1995 1 
PEARL 330 Wilkinson et al. 2001 6 
PEARL 332 Wilkinson et al. 2001 20 
PEARL 334 Wilkinson et al. 2001 4 
PEARL 335 Wilkinson et al. 2001 1 
PEARL 34 Duff et al. 1995 35 
PEARL343 Wilkinson et al. 2001 9 
PEARL 343B Wilkinson et al. 2001 6 
PEARL 35 Duff et al. 1995 28 
PEARL 35B Duff et al. 1995 2 
PEARL 347 Wilkinson et al. 2001 1 
PEARL 348/PEARL 17B Wilkinson et al. 2001, Betts-Piper, 2001 18 
PEARL 357 Wilkinson et al. 2001 1 
PEARL 366 Wilkinson et al. 2001 2 
PEARL 367 Wilkinson et al. 2001 2 
PEARL 368 Wilkinson et al. 2001 1 
PEARL 372 Wilkinson et al. 2001 1 
PEARL 380 Wilkinson et al. 2001 1 
PEARL 384 Wilkinson et al. 2001 2 
PEARL 385 Wilkinson et al. 2001 1 
PEARL 4 Duff et al. 1995 30 
PEARL 41 Duff et al. 1995 24 
PEARL 41X Duff et al. 1995, with small spines 1 
PEARL 42 Duff et al. 1995 21 
PEARL 46 Duff et al. 1995 19 
PEARL 48 Duff et al. 1995 1 
PEARL 49 Duff et al. 1995 13 
PEARL 5 Duff et al. 1995 15 
PEARL 5A Duff et al. 1995 27 
PEARL 5B Duff et al. 1995 22 
PEARL 50&52 Duff et al. 1995 55 
PEARL 5C Duff et al. 1995, ornamentation mixed on both poles 24 
PEARL 56 Duff et al. 2001 3 
PEARL 57 Duff et al. 1995 23 
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PEARL 6 Duff et al. 1995 9 
PEARL 62 Duff et al. 1995 1 
PEARL 64 Duff et al. 1995 15 
PEARL 72 Duff et al. 1995 7 
PEARL 73 Duff et al. 1995 12 
PEARL 75 Duff et al. 1995 26 
PEARL 76 Duff et al. 1995 39 
PEARL 77 Duff et al. 1995 8 
PEARL 79 Duff et al. 1995 10 
PEARL 83 Duff et al. 1995 34 
PEARL 84 Duff et al. 1995 2 
PEARL 85 Wilkinson et al. 2001 2 
PEARL 85B Wilkinson et al. 2001 17 
PEARL 86 Duff et al. 1995 11 
PEARL 88 Duff et al. 1995 5 
PEARL 89 Duff et al. 1995 46 
PEARL 9 Duff et al. 1995 57 
PEARL 94 Duff et al. 1995 51 
PEARL 97 Duff et al. 1995 11 
PlateS plateaux, cyst size small 1 
PhyllaM ornamented with phylla, medium size 1 
PhyllaL ornamented with phylla, large size 1 
ProjeL projection, cyst size large 2 
ProjeS projection, cyst size small 1 
PsilaL psilae, cyst size large 2 
ReticS reticulum, cyst size small 3 
ReticM reticulum, cyst size medium 6 
ReticL reticulum, cyst size large 5 
RidgeS ridges, small 57 
RidgeM ridges, medium 25 
RidgeL ridges, large 2 
RidgeXL ridges, extra large 1 
"SANNA1" oval, "spines" in the collar 1 
S016 Pla, 2001 2 
S056A  Pla, 2001 9 
S056B Pla, 2001 3 
S062 Pla, 2001 1 
S161 Pla, 2001 22 
S198 Pla, 2001 1 
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S310 Pla, 2001 10 
ScabrL scabrae, cyst size large 39 
ScabrM scabrae, cyst size medium 48 
ScabrS scabrae, cyst size small 35 
SK 1  Korkonen & Weckström, 2020 1 
SK 2  Korkonen & Weckström, 2020 26 
SK 3  Korkonen & Weckström, 2020 2 
SK 4  Korkonen & Weckström, 2020 3 
SK 5  Korkonen & Weckström, 2020  6 
SK 6  Korkonen & Weckström, 2020 11 
SK 7  Korkonen & Weckström, 2020 5 
SK 8  Korkonen & Weckström, 2020 6 
SK 9 Korkonen & Weckström, 2020 5 
SK 10  Korkonen & Weckström, 2020 1 
SK 11  Korkonen & Weckström, 2020 5 
SK 12  Korkonen & Weckström, 2020 3 
SK 13  Korkonen & Weckström, 2020 4 
SK 14  Korkonen & Weckström, 2020 6 
SK 15  Korkonen & Weckström, 2020 3 
SK 16  Korkonen & Weckström, 2020 8 
SK 17  Korkonen & Weckström, 2020 7 
SK 18  Korkonen & Weckström, 2020 1 
"SKX" size 3.6-5.0 μm, very wide obconical collar 1 
"SKZ" cf. PEARL 132, very large distinct collar, small size 1 
SpineL spines, cyst size large 38 
SpineM spines, cyst size medium 49 
SpineS spines, cyst size small 54 
ST 114 Kamenik (pers.commun.) irregular reticulum 4 
ST 156 similar to PEARL 181, (pers. commun. Kamenik) 5 
ST 163 same as S315 Pla, 2001 4 
ST 169 Kamenik (pers.commun.) 1 
ST 171 Baumann et al. 2010 1 
ST 176 Baumann et al. 2010 1 
ST 186 Baumann et al. 2010 1 
Stomatocyst 1 (Smol) Duff et al. 1995 1 
VerruL verruceae, cyst size large 10 
VerruM verruceae, cyst size medium 19 
VerruS verruceae, cyst size small 5 
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