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Streszczenie  

Współczesna zmiana klimatu ma znaczący wpływ na ekosystemy wodne. Powoduje zmiany 

temperatury wody, reżimu termiczno-miktycznego oraz dostępności składników odżywczych,  

a co za tym idzie wpływa na florę i faunę jezior. Złożoność procesów zachodzących w środowisku 

nadal stanowi wyzwanie dla zrozumienia w jaki sposób zmiany klimatu, a w szczególności 

krótkookresowe zmiany warunków meteorologicznych, zapisują się w osadach jeziornych.  

W związku z powyższym, głównym celem niniejszej pracy doktorskiej była identyfikacja oraz 

wyjaśnienie zależności pomiędzy sezonową zmiennością warunków meteorologicznych  

a zbiorowiskami cyst złotowiciowców i okrzemek w słodkowodnych jeziorach strefy 

umiarkowanej. Tak wyznaczony cel pracy wymagał długookresowych badań trzech jezior 

zlokalizowanych w północno-wschodniej Polsce (Łazduny, Rzęśniki, Żabińskie) z wykorzystaniem 

wysokiej rozdzielczości monitoringu limnologicznego i hydrochemicznego, a także monitoringu 

współczesnej sedymentacji. Analizy statystyczne zebranych danych środowiskowych oraz 

danych meteorologicznych pozwoliły na prześledzenie zależności między zbiorowiskami cyst 

złotowiciowców i okrzemek a sezonowymi warunkami meteorologicznymi.  

Przeprowadzone badania wykazały istotny wpływ warunków meteorologicznych  

na sezonowość oraz sukcesję gatunkową cyst złotowiciowców i okrzemek w badanych jeziorach. 

Oddziaływanie warunków meteorologicznych odbywa się za pośrednictwem reżimu termiczno-

miktycznego i obiegu nutrientów, podkreślając znaczenie intensywności i czasu trwania okresów 

mieszania oraz stratyfikacji w kształtowaniu dynamiki rozwoju cyst złotowiciowców i okrzemek. 

Badania wykazały także różnice w reakcji cyst złotowiciowców i okrzemek na zmiany warunków 

meteorologicznych spowodowane specyficznymi dla poszczególnych jezior uwarunkowaniami 

lokalnymi. Statystycznie istotne reakcje cyst złotowiciowców i okrzemek na zmienność 

warunków meteorologicznych zostały zidentyfikowane w jeziorach Łazduny i Ręśniki, podczas 

gdy w eutroficznym Jeziorze Żabińskim zależności te były znacznie bardziej złożone. Szczegółowe 

analizy wykazały brak możliwości wskazania specyficznych morfotypów cyst złotowiciowców 

bądź gatunków okrzemek, których zmienność byłaby modelowana wyłącznie przez zmienne 

meteorologiczne. Niemniej jednak, rozpoznane zależności między badanymi wskaźnikami 

biologicznymi, w szczególności cystami złotowiciowców, a zmianami warunków 

meteorologicznych pokazały potencjał i ograniczenia ich wykorzystania w rekonstrukcjach 

paleoklimatycznych.
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Abstract 

Climate change has an adverse effect on aquatic ecosystems resulting in alterations  

in water temperature, lake mixing patterns, resource availability, and, in turn, lake biota.  

The complexity of processes occurring in the environment still pose a challenge in understanding 

how climate change and in particular meteorological conditions influence biotic signal formation 

in lake sediments. Therefore, this thesis aims to identify and explain the relationships between 

seasonal changes in meteorological conditions and composition of chrysophyte cyst and diatom 

communities in temperate freshwater lakes. Three lakes located in northeastern Poland 

(Łazduny, Rzęśniki, and Żabińskie) were studied for three and half years using high-resolution 

monitoring of limnological and hydrochemical properties of the water column as well as modern 

sedimentation. Statistical analyses of the collected data combined with the meteorological 

variables facilitated exploration of linkages between chrysophyte cyst and diatom assemblages 

and weather conditions. 

A conducted study showed that the seasonality and species succession of chrysophyte cysts 

and diatoms were indirectly influenced by meteorological conditions acting through changes  

in the mixing regime and nutrient cycling of investigated lakes, and highlighted importance  

of timing and duration of mixing and stratification phases in shaping chrysophyte cyst and 

diatom dynamics. This study pointed out some differences in biota responses caused by site-

specific conditions. Depending on the trophic status of the lake, the statistically significant 

responses to specific meteorological conditions could be detected in low-trophy lakes while  

in an eutrophic lake the relationships were much more complex. Detailed analyses showed that 

it was not possible to identify specific cyst morphotypes or diatom species whose variability was 

solely modeled by meteorological conditions. However, recognized links between studied 

biological proxies, especially chrysophyte cysts, and changes in meteorological conditions 

showed the potential and limitations of using them in paleoclimatic reconstructions. 
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1. Introduction 

1.1. Rationale 

Ongoing climate change is among the most intensively explored research problems in Earth 

sciences as currently it is considered to be one of the most severe threats to ecosystems around 

the globe. However, monitoring and understanding the consequences of climate change pose 

challenges due to multitude of responses occurring within different ecosystems. Numerous 

studies demonstrate that lakes are highly sensitive to climate forcing that induce rapid response 

in physical, chemical, and biological lake properties (Adrian et al., 2009; Råman Vinnå et al., 

2021). Worldwide distribution of lakes and the confirmed potential of lake sediments to act as 

excellent environmental archives, provide the opportunity to capture various aspects of climate 

change in many geographic locations and climatic regions. What is more, lake ecosystems 

integrate responses over time which further support their value as sentinels of climate change 

(Adrian et al., 2009). Studies concerning the response of lakes to global warming show profound 

effects on the thermodynamics of lake water and reveal rapid warming of inland waters 

throughout the world (Schneider and Hook, 2010; Woolway and Merchant, 2019). Documented 

climate-related changes include shorter duration of winter ice-cover, strengthening and 

extension of summer stratification, and changes in mixing patterns (Woolway and Merchant, 

2019; Kraemer et al., 2021; Råman Vinnå et al., 2021; Pilla and Williamson, 2022). Through these 

alterations, climate exerts strong impacts on phytoplankton which forms the basis of aquatic 

food chains and has global importance for ecosystem functioning (Winder and Sommer, 2012). 

Influence of meteorological conditions on the phytoplankton population has been explored 

for many years now, and its sensitivity to the occurring changes has been established (Reynolds, 

2006; Winder and Hunter, 2008; Meis et al., 2009). The dynamics of phytoplankton is linked to 

annual fluctuations in temperature, water column stratification, light availability, and 

consumption by herbivores, which can be modified by climate-driven fluctuations. Changes in 

the mixing regime proved to be by far the most important, as they influence the nutrient cycling 

and light distribution in the water column, which are major factors shaping phytoplankton 

growth (Meis et al., 2009; Winder and Sommer, 2012). Nevertheless, the complexity of lake 

ecosystems still presents a challenge in understanding how changes in seasonal meteorological 

conditions are transferred into biotic signal preserved in sediments. This especially refers to the 

lakes of high trophy and high human impact, as in this case the climatic signal can be hindered 

by accompanying processes occurring in water column. 

For reliable prediction of the effects of global warming on lake ecosystems, it is essential  

to disentangle different information recorded in lake sediments. This can be attained by modern 

process studies combining (i) meteorological conditions, (ii) limnological processes, (iii) physical 

and chemical characteristics of water column, and (iv) analyses of organisms with short 

generation times, strong seasonal replacement and excellent preservation in lake sediments, 

such as chrysophyte cysts and diatoms (Bonk et al., 2014; Kienel et al., 2017; 

Korkonen et al., 2017; Tylmann et al., 2017; Maier et al., 2018; Apolinarska et al., 2020; 

Żarczyński et al., 2022). Although studies of complex reactions of lake biota to changes in 

meteorological conditions have advanced considerably in recent years (Pla-Rabes and Catalan, 
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2011; Rühland et al., 2015; Maier et al., 2018, 2019), investigations based on high-resolution 

and long-term monitoring data are still scarce, albeit necessary. Additionally, as the seasonality 

and succession of chrysophyte cysts and diatoms have become an important issue in 

contemporary limnology due to increasing interest in environmental reconstructions (Köster 

and Pienitz, 2006; Hausmann and Pienitz, 2007; Kirilova et al., 2008; Zou et al., 2018) the need 

for high-resolution monitoring studies has become evident. 

The issues outlined above indicate an important gap in our knowledge which motivated this 

research. The selected lakes: Lake Łazduny, Lake Rzęśniki, and Lake Żabińskie present 

exceptional value for paleoenvironmental reconstructions because they accumulate varved 

sediments (Tylmann et al., 2017). They are influenced by similar meteorological conditions due 

to their location in the same region, yet differ in terms of their trophic state and human impact, 

allowing analyses of the preservation and transformations of climate signals in sediments. 

1.2. State of research 

1.2.1. Lakes as sentinels of ongoing climate change 

Lakes are characterized by great sensitivity to meteorological conditions, which  

is manifested in changes in the physical, chemical, and biological properties of lake water 

(Wetzel, 2001; Adrian et al., 2009). Effects of these changes are recorded in the sediments.  

To key variables that reflect either direct or indirect influence of meteorological conditions on 

lakes are: water temperature, ice phenology, water level, water transparency, and chemical 

composition. 

Water temperature is one of the most important physical properties, as it affects the 

functioning of the whole lake ecosystem. Regional-scale air temperature directly influences 

surface waters in lakes making the epilimnion temperature a valuable indicator of climate 

change (Livingstone and Lotter, 1998; Hampton et al., 2015). Recent studies on lake water 

temperatures show global upward tendencies  and inevitable alterations in physical properties 

of water bodies (Schneider and Hook, 2010). Stronger density gradients due to increasing water 

temperature have been proved to result in changes in the duration of stratification that shift the 

timing of spring and fall mixing, and changes in depth of thermocline (Boehrer and Schultze, 

2008; Butcher et al., 2015; Woolway and Merchant, 2019; Råman Vinnå et al., 2021). Due to 

long-term climate-related changes in the thermal structure of lakes, observations of regime 

shifts from polymictic to dimictic, dimictic to monomictic, or monomictic to oligomictic, may 

become prevalent (Adrian et al., 2009). Beside its profound effect on the thermal structure of 

lakes, air temperature plays an important role in controlling ice phenology. Due to increasing air 

temperatures shortening of the periods with ice cover or even its disappearance, and shifts in 

timing of ice-off during the spring become more common (Marszelewski and Skowron, 2006; 

Sharma et al., 2021). 

Climate change has also a great effect on limnological processes in the water column and 

on chemical properties of lake waters. All these changes in the temperature and thermal 

structure profoundly impact fluctuations of oxygen concentrations in the water column. 

Alterations in mixing patterns occurring as a result of global warming will therefore force 

changes in lakes’ oxygenation (Jane et al., 2021). These, in turn, will affect the circulation of 
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nutrients (release from sediments under anaerobic conditions) and other elements dependent 

on redox processes, e.g. Fe and Mn (Davison, 1993). Increasing supply of nutrients from 

catchments connected to weathering, precipitation, runoff, terrestrial primary productivity, and 

fire frequency, may significantly change the intensity of primary production. This, in turn, can 

affect water transparency, pH, chlorophyll-a content, precipitation of carbonates, and 

sedimentation rates. Furthermore, changes in the weathering rate and water balance play an 

important role in defining the levels of pH, ionic strength and composition in lake waters  

(Smol, 2008). Disentangling the roles of different stressors and processes poses a challenge, 

especially as additional factors such as eutrophication, atmospheric nitrogen deposition, and 

acidification simultaneously influence lake ecosystems, hindering the climate signal. 

Complex interactions between meteorological conditions, lake physical and chemical 

characteristics, and human impact result in multiple stressors affecting sensitive lake organisms 

(Reynolds, 2006; Jäger et al., 2008; Winder and Sommer, 2012). Thus, using biological proxies as 

climate change indicators has some limitations. Nevertheless, several studies concerning 

widespread responses of lake biota to changing meteorological conditions emerged. Especially 

planktonic organisms have been in focus for many years (Jäger et al., 2008; Meis et al., 2009).  

It has been recognized that changes in spring and early summer phenology, growth rates, 

abundance, and species composition can provide a good reflection of meteorological conditions 

(Blenckner et al., 2007; Rühland et al., 2015; Kakouei et al., 2021). Nonetheless, changes in lake 

properties caused by ongoing global warming might change the responses of lake organisms 

that have already been identified and described. 

1.2.2. Chrysophyte cysts and their indicative characteristics 

Chrysophytes are the algae belonging to the classes Chrysophyceae and Synurophyceae 

(Sandgren, 1991). They are commonly called golden or golden-brown algae. Chrysophytes are 

mainly freshwater organisms, nevertheless some exceptions are found in marine environments 

and saline lakes (Sandgren, 1991). Chrysophytes often dominate the phytoplankton  

of oligotrophic lakes (Eloranta, 1995). Most of the chrysophytes are unicellular or colonial. They 

are diverse group producing siliceous vegetative cells, called cysts or stomatocysts. Cysts itself 

are hollow siliceous structures, usually spherical, with a single exit pore with or without a collar 

surrounding the pore (Sandgren, 1991; Duff et al., 1995). The surface ornamentation of 

chrysophyte cysts play an important role in their identification. Currently over 1000 

morphotypes have been described (e.g. Duff et al. 1995; Pla 2001; Wilkinson et al. 2001). 

Similarly to diatoms, they are widely distributed and well preserved in lake sediments. Several 

studies show their strong sensitivity to changes in environmental conditions and distinct 

seasonality. Therefore, they can be considered as environmental indicators (Adam and Mahood, 

1981; Sandgren, 1991; Cumming et al., 1993; Pla-Rabes and Catalan, 2011; Korkonen et al., 

2017). Nevertheless, despite their high indicative potential, chrysophyte cysts are still an under 

investigated phytoplankton group in terms of paleoenvironmental applications and much less 

often used than other biological proxies. 

Studies of chrysophyte cysts started to gain attention in the 1980s and 1990s. Since then, 

many paleolimnological works linked chrysophyte cysts with environmental variables, with 
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some studies resulting in transfer function, which further enabled quantitative reconstructions. 

Several studies, showed that conductivity and salinity had a clear impact on the chrysophyte 

cysts (Cumming et al., 1993; Siver, 1993; Pienitz et al., 1992; Duff et al., 1995). The distribution 

of cysts was also attributed to changes in pH (Duff and Smol 1991; Facher and Schmidt 1996;  

Pla and Anderson 2005) and to water chemistry in general (Duff and Smol, 1991; Pla et al., 2003; 

Hernández-Almeida et al., 2015b). Only recently, the distinct seasonality of chrysophyte cysts 

and their associations with climate-related variables have come into focus. It has already been 

proved that cysts can serve as proxies for cold-season temperatures in the South Central Andes 

(Jong et al., 2016), Central and Eastern Pyrenees (Pla and Catalan, 2005), and the Alps (Kamenik 

and Schmidt, 2005). De Jong et al. (2013a; b) used a cyst-based transfer function to reconstruct 

cold-season temperatures throughout the course of the last millennium from the varved 

sediments of Lake Silvaplana in the Swiss Alps. Furthermore, Pla-Rabes and Catalan (2011) 

discovered a strong correlation between seasonal temperatures and chrysophyte cyst 

assemblages in the dimictic Lake Redo (Pyrenees), demonstrating that stomatocysts are 

excellent indicators of seasonal changes in air temperature. Also, in a study from Finnish lake 

Nautajärvi, Korkonen et al. (2017) revealed that spring chrysophyte assemblages are mainly 

controlled by spring discharge intensity, which was considered as a surrogate for spring weather 

conditions. In this study it also has been shown that summer cyst assemblages are influenced 

mainly by precipitation and air temperature. Hernández-Almeida et al. (2015a), who 

reconstructed winter severity from the varved sediments of Lake Żabińskie, further supported 

the ability of chrysophyte cysts to act as a climate proxy. 

Overall, the available studies provide evidence that chrysophyte cysts have great potential 

as a powerful indicator of past environmental conditions. However, there is still a number of 

unknowns about these organisms. Even though cysts have been already studied in various 

locations around the world, the data concerning their modern sedimentation and seasonality 

are scarce. 

1.2.3. Diatoms and their indicative characteristics 

Diatoms (Bacillariophyceae) are single-celled, photosynthetic algae which can be found  

in almost every aquatic environment including both fresh and marine waters as well as aerial 

and soils habitats (Dixit et al., 1992). Diatoms are often the dominant primary producers in most 

freshwater lakes, sometimes covering the majority of phytoplankton biovolume  

(Rühland et al., 2015). They are characterized by siliceous cell walls and yellow-brown 

pigmentation. Each diatom cell consist of two valves held by girdle bands, which together form 

diatom frustule with characteristic intricate pattern, allowing fossil taxa to be identified at  

a species level (Battarbee et al., 2001). Diatoms constitute one of the most diverse groups of 

phytoplankton. Estimates of the number of diatom species range from 20,000–2 million, with 

currently over 75,000 named taxa in the group (Guiry and Guiry, 2022). 

Due to excellent preservation of diatom silica shells and narrow optima and tolerances for 

several environmental variables, they are the most frequently used biological proxies  

in limnological and paleolimnological research (Battarbee et al., 2001). Diatoms, thanks to their 

short generation cycles can respond rapidly in a species-specific manner to changes in their 
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environment, which further confirm their value as environmental indicators. In the last century, 

diatoms have been commonly used as bioindicators in lake ecosystems. A substantial body  

of research present applications of diatoms in studies describing shifts in salinity, pH, or trophic 

state in lakes (e.g. Birks et al., 1990; Dixit et al., 1992; Smol and Stoermer, 2010;  

Rzodkiewicz et al., 2017; Rzodkiewicz, 2018; Sienkiewicz et al., 2021). More recent research has 

shown the potential for using diatoms to track climate-induced changes (e.g. Rühland et al., 

2015; Fritz 2008; Juggins 2013). Based on paleolimnological records, it has been recognized that 

shifts in diatom assemblage composition may be considered as a signal of climate change. For 

example, it has been suggested that changes in the duration of ice cover may have influenced 

the relative abundance shifts between planktonic and periphytic diatoms in Arctic lakes 

(Rühland et al., 2015; Smol and Douglas, 2007; Smol and Stoermer, 2010). Studies from deep 

lakes in subarctic regions also suggested that the recorded diatom assemblage shift from benthic 

to planktonic was associated indirectly with climate warming manifested through decreased ice-

cover duration, prolonged growing season and increased thermal stability (Sorvari et al., 2002). 

This type of change is typically associated with an increase in small, cyclotelloid planktonic taxa 

and simultaneous decrease of small benthic fragilarioid taxa and/or large tychoplanktonic 

Aulacoseira species. Numerous studies from Europe and North America also emphasize that the 

recent diatom assemblage shift is not a direct response to changes in air temperature or/and 

ice cover, but rather reflects indirect interconnections between climatic variables and physical 

and chemical lake properties (Lotter and Bigler, 2000; Rühland et al., 2008; Winder and Hunter, 

2008; Winder et al., 2009; Smol and Stoermer, 2010). As an example, Lotter and Bigler (2000) 

studied the response of diatom assemblages from alpine lakes to the duration of ice-cover and 

found that the ice cover period strongly inhibits plankton development. Their study also pointed 

out that the seasonal cycle of diatom blooms depends largely on the timing of the ice out, and 

is connected to increased light availability caused by thawing ice cover. Together with the 

mobilized nutrients from sediments, it acted as a trigger for productivity pulse. They also found 

a significant correlation between benthic Fragilaria Lygbye species and duration of ice cover. 

Also Rühland et al. (2008), in their comprehensive synthesis of over 200 diatom-based 

paleolimnological records from the Northern Hemisphere, indicated extraordinary similarities in 

taxon-specific shifts which occurred with the change in habitat structure and quality linked to 

hemispheric warming trends. In addition, Reavie et al. (2017) in 10 sediment cores recovered 

from the Laurentian Great Lakes, demonstrated that diatom assemblages have recently 

undergone a reorganization characterized by higher abundances of the species from Cyclotella 

sensu lato group, which was associated with increases in water and atmospheric temperatures. 

Changes in water column properties such as stratification depths, longer ice-free periods, and 

potential alterations in water quality resulting from climate warming may have led to these 

increases (Reavie et al., 2017). 

More recent monitoring studies using sediment traps, water column sampling and surface 

sediments provided insightful information on the seasonal dynamics of diatom assemblages. 

These studies identified, similarly to paleolimnological findings, that changes in Cyclotella–

Fragilaria–Aulacoseira diatom assemblages are connected to changes in climatic conditions, 
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which refer to lake ice, thermal stratification, and mixing regimes seasonality, and changes in 

the depth of epilimnion (Kilham et al., 1996; Lotter and Bigler, 2000; Rautio et al., 2000; Ptacnik 

et al., 2003; Pannard et al., 2011). Species-specific diatom data collected from Lake Tahoe in 

USA over a 30-year period, provided evidence that the strengthening of thermal stratification 

resulting from climate warming favors small-celled Cyclotella/Discotella taxa (Winder and 

Hunter, 2008). Also, a study conducted in the Experimental Lakes Area in northwestern Ontario, 

Canada by Wiltse et al. (2016) showed that an increasing abundance of Discostella over time 

may be attributed to earlier ice-off and a longer spring turnover period, caused by higher winter 

and spring temperatures. Moreover, a number of studies using contemporary surface sediments 

point to temperature as important variable explaining the differences in diatom composition 

between lakes (e.g. Pienitz et al. 1995; Lotter et al. 1997; Weckström et al. 1997). What is more, 

seasonality and succession of diatom growth became a focus of contemporary limnology due to 

strong seasonal patterns of diatoms which are affected by meteorologic-related physical drivers 

such as temperature, light availability, mixing events, and thermal stratification. The established 

importance of temperature in diatom ecology presents thermal stratification as the main driver 

of diatom composition in three lakes in Maine, USA (Boeff et al., 2016). Zou et al. (2018) 

indicated that the water temperature was a major driver of the seasonal succession of diatom 

assemblages in Yunlong Lake in southwest China. Changes in the length and intensity of thermal 

stratification, which both affect the nutrients and light availability, also appeared to impact 

diatom fluxes (Huisman et al., 2004; Falkowski and Oliver, 2007; Winder and Sommer, 2012). 

Köster and Pienitz (2006), using year-long sediment trap study, showed that diatom seasonality 

in Bates Pond, Connecticut, USA is related to water column stratification and nitrogen cycling 

while Kienel et al. (2017) attributed changes in diatom assemblages in the Tiefer See located in 

northeast Germany to the availability of light and nutrients mainly correlated to the spring 

warming and the duration of water column mixing. A sediment trap study conducted by 

Hausmann and Pienitz (2007) in lakes in the Laurentian Mountains, Canada, showed the impact 

of ice break-up date on spring diatom composition. Also, Maier et al. (2019) demonstrated that 

conditions occurring in late winter, such as light and nutrient availability, under-ice stratification, 

timing of ice break-up, and lake turnover, play an important role in the formation of diatom 

sediment signal and indicated the significance of the processes occurring under the ice for lake 

ecology. 

Although diatoms have been studied intensively for many years now, and it has been 

established that sedimentary record of lakes provide a valuable archive of past changes in 

community composition, the search for good indicators sensitive to changes in meteorological 

conditions and, in the long term, climatic conditions is still in progress, what created an obvious 

need for studies on modern sedimentation.  

1.3. Hypotheses and aims 

Lakes and their sediments are excellent natural archives as they collect and integrate global, 

regional and local environmental signals. Organisms living in lakes especially preserve the 

information about the environmental conditions due to their strong sensitivity to occurring 

changes. Attempts to relate the distributions and abundances of different species to the specific 
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environmental conditions have become a central theme in ecology. Disentangling the effects of 

climate, human impact and other processes is challenging due to the large number of the 

environmental variables influencing species distribution as well as taxa themselves. However, 

comprehensive modern process studies which combine sediment trapping with systematic 

observations of lake and catchment properties seem to be a powerful tool for connecting 

species taxonomy and abundances to environmental variables. Only thorough recognition of the 

modern processes leading to biotic sediment signal formation can support better interpretation 

of specific biological indicators in sediment records. Based on this approach, the following 

hypotheses are addressed in this thesis: 

Hypothesis 1: The influence of meteorological conditions on chrysophyte cyst and diatom 

assemblages in lakes is manifested mainly through changes in the lake mixing regime. The timing 

and duration of mixing and stratification phases control both the total fluxes and taxonomic 

composition of chrysophyte cysts and diatoms. 

Hypothesis 2: In lakes of different trophic status, the response of lake biota to changes  

in meteorological conditions will be different. Direct relationships may be detected in low-

trophy lakes. Under eutrophic conditions, these relationships are masked or modified by 

complex biogeochemical processes taking place in the water column.  

Hypothesis 3: Long-term and high-resolution systematic observations of chrysophyte cyst and 

diatom variability should allow for finding precise indicators (cyst types or diatom species)  

of specific seasonal meteorological conditions. 

The following objectives were set in order to test these hypotheses: 

Objective 1: To determine seasonal patterns of variation in chrysophyte cyst and diatom 

assemblages from sediment traps in three lakes of different trophic status. 

Objective 2: To explain the relationships between meteorological conditions and chrysophyte 

cyst and diatom assemblages in the investigated lakes. 

Objective 3: To examine whether unusual meteorological conditions associated with ongoing 

climate change have a direct impact on seasonal patterns of chrysophyte cyst and diatom 

dynamics in temperate dimictic lakes. 
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2. Materials and methods 

2.1. The study framework 

The presented study is based on three and half year-long, high-resolution monitoring 

records from three Polish lakes: Lake Łazduny, Lake Rzęśniki, and Lake Żabińskie. To meet the 

objectives of the study, the research strategy was based on three pillars (1) physical and 

chemical variables measured in the water column, (2) chrysophyte cyst and diatom assemblages 

collected from sediment traps, and (3) meteorological data (Fig. 1). The study design aimed to 

build a multiproxy dataset that could be used to analyze the relationships between different 

variables and provide the outcome in the form of three research papers. To do so, 

environmental data were first collected to obtain detailed information about limnological and 

hydrochemical conditions in investigated lakes. Simultaneously, sediment traps were installed 

at each lake to collect samples of chrysophyte cyst and diatom assemblages. Finally, daily 

meteorological data were obtained from the IMGW-PIB database. Three scientific publications 

were then prepared based on the gathered data (Fig. 1). In the first and second paper, 

chrysophyte cysts and diatoms combined with meteorological, limnological, and hydrochemical 

data, allowed to recognize the key processes responsible for shaping the fluxes and taxonomic 

composition dynamics in lakes Łazduny and Rzęśniki. Both papers present the links between 

meteorological conditions and biotic sediment signal in low-trophy lakes which have not been 

impacted by direct human activity. In the third paper, the response of chrysophyte cysts and 

diatoms to changing meteorological conditions is analyzed in Lake Żabińskie, a eutrophic lake 

with substantial human impact in the catchment. 

 

Figure 1. General workflow of the research process. 
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2.2. Study sites 

Lake Łazduny (53˚51'18.3"N, 21˚57'07.1"E, 128.8 m a.s.l.), Lake Rzęśniki (53˚50'30.0"N, 

21˚58'35.9"E, 125.0 m a.s.l.), and Lake Żabińskie (54˚07'54.2"N, 21˚58'56.5"E, 117.0 m a.s.l.) are 

located in the Masurian Lake District in northeastern Poland (Figs 2, 3). This region represents  

a typical lowland postglacial landscape with diverse topography, a wide diversity of glacial 

landforms and common glaciofluvial deposits. Climatic conditions in the region are generally 

characterized by strong seasonality, with mean monthly air temperatures ranging from -3.3°C 

(January) to 18°C (July) (Tomczyk and Bednorz, 2022). Mean annual precipitation amounts to 

600 mm with a maximum in July (ca. 80 mm). The predominant wind direction is west and 

southwest. A hydrographic network is rich in lakes of diverse dimensions and basin 

morphologies. The areal density of lakes locally exceeds 20% and values in the range of 5–10% 

are common for the entire area (Choiński, 2007). Typically, lakes are covered by ice between 

December and April (Marszelewski and Skowron, 2006). 

Lakes Łazudny and Rzęśniki have similar maximum depths (22.4 m and 26 m, respectively) 

as well as surface areas (10.6 ha and 12 ha, respectively) (Figs 2, 4). The lake basins fill 

depressions along the NW-SE direction, which were formed by dead ice melting during the Late 

Glacial or the early Holocene (Sanchini et al., 2020). In the northern part of the catchment, 

elevations exceed around 153 m a.s.l. and decrease in a southerly direction with the minimum 

of 125 m a.s.l. (Fig. 2). The surface geology of their shared catchment (1.94 km2) consists of 

glacial sands, gravels, and peat (Szumański and Laskowski 1990) (Fig. 2). The surroundings of 

both lakes are predominantly covered by dense forest with a dominance of coniferous trees  

(Fig. 2). Lake Łazduny has no surface inflows and one outflow in the southern part. Hence, it is 

supplied by groundwater and precipitation. Lake Rzęśniki has one inflow from the northwest 

and the outflow which drains into Lake Orzysz (Fig. 2). Primary measurements of hydrochemical 

variables from the years 2007-2010 indicated dimictic mixing regime and mesotrophic 

conditions in Lake Łazduny (Tylmann et al., 2013). 

Of the three investigated lakes, Lake Żabińskie is the deepest (44.4 m) and has the largest 

surface area (41.6 ha) (Figs 3, 4). The lake basin is slightly elongated in the W-E direction and 

occupies a glacially eroded depression formed most likely during the Vistulian glaciation, but 

lacustrine sedimentation started as late as in early Holocene (ca. 11 ka BP) (Zander et al., 2021). 

The total catchment (24.79 km2) is divided into three sub-catchments: Lake Łękuk (13.59 km2), 

Lake Purwin (7.22 km2), and the direct catchment of Lake Żabińskie (3.98 km2). In the eastern 

part of the catchment elevations exceed 200 m a.s.l. and decrease generally in a westerly 

direction to a minimum of 117 m a.s.l. which is the water level of Lake Żabińskie (Fig. 3). The 

surface geology of the Lake Żabińskie catchment is composed mostly of glacial tills, sands, and 

gravels (Szumański, 1997; Pochocka-Szwarc and Lisicki, 2006) (Fig. 3). Lake surroundings are 

characterized by mixed land use. The northern and southwestern parts are covered by pine 

forests with spruce and birch trees. On the north of the lake basin, there is a recreation area 

established during the second half of 20th century. Fields and meadows dominate in the eastern 

and southeastern parts (Fig. 3). Lake Żabińskie has two permanent and one periodic inflow. The 

outflow drains westward into Lake Gołdopiwo (Fig. 3). Limnological monitoring of Lake Żabińskie 
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from the years 2011-2014 indicates that it is primarily a dimictic and eutrophic water body, with 

periods of meromictic and monomictic mixing regime (Bonk et al., 2014). 

 

Figure 2. Catchment of lakes Łazduny and Rzęśniki and closest surroundings (a) topography,  

(b) surface geology, (c) land use. 
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Figure 3. Catchment of Lake Żabińskie and closest surroundings (a) topography, (b) surface 

geology, (c) land use. 
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Figure 4. Bathymetry of lakes (a) Łazduny, (b) Rzęśniki, (c) Żabińskie, with location of the 

sediment trap / measurement point. 

2.3. Methods overview 

2.3.1. Environmental data 

Meteorological data such as air temperature (AT), wind speed (WS), and precipitation 

(PRCP) for the closest meteorological stations – i.e., Mikołajki for lakes Łazudny and Rzęśniki, 

and Kętrzyn for Lake Żabińskie – were obtained from the Institute of Meteorology and Water 

Management–National Research Institute database (https://danepubliczne.imgw.pl/). Ice-cover 

dates were established based on field observations and satellite imagery. 

Water column characteristics were monitored from December 2016 in lakes Łazduny and 

Żabińskie, and February 2017 in Lake Rzęśniki, until July 2020. Measurements of water 

temperature (WT), specific conductance (SC), pH, dissolved oxygen (DO), chlorophyll-a (Chl-a) 

and phycocyanin concentrations (BGA.PC) in the water column were conducted bi-weekly using 

EXO 2 Multiparameter Sonde (YSI, USA) at 1 m depth intervals. Additionally, in Lake Żabińskie 

WT was measured by HOBO Water Temperature Pro v2 loggers (ONSET) at depth of 1, 5, 10, 20, 

30 and 40 meters. A Secchi disk was used to determine the transparency and the depth of the 

photic zone. Water samples were taken from three different depths in each lake (1 m, 10 m, 20 

m in Lake Łazduny; 1 m, 10 m, 25 m in Lake Rzęśniki, 1 m, 10 m, 40 m in Lake Żabińskie). Total 

phosphorus (TP) and total nitrogen (TN) concentrations were measured using UV/VIS 

spectrophotometer (Spectroquant Prove 600 Spectrophotometer, Merck, Germany). 

2.3.2. Modern sedimentation 

To record the seasonal changes in chrysophyte cyst and diatom composition and fluxes, 

sediment samples were collected using sediment traps installed 1 m above the sediment surface 

in the deepest parts of lakes (Fig. 1). Each trap consisted of four 80-cm-long tubes with an inner 

diameter of 86 mm and a total active area of 232.4 cm2. Sediment samples were collected 

approximately monthly during ice-free periods. Ice-cover period for each year is represented by 

one sample collected immediately after ice-out. 
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2.3.3. Chrysophyte cyst and diatom analyses 

Sediment samples used for chrysophyte cysts and diatoms analyses were prepared using  

a standard method described by Battarbee et al. (2001). 50 mg of freeze-dried sediment was 

treated with 10% HCl to remove carbonates. Next, 30% H2O2 was used to eliminate organic 

matter. Samples were repeatedly washed with distilled water between each step. Following 

digestion all samples were mounted on microscope slides using the high refraction Naphrax® 

mounting medium. At least 100 chrysophyte cysts and 500 diatom valves were identified and 

counted per slide at 1000× magnification using a Nikon Eclipse E-200, Delta Optical Genetic Pro 

light, and Zeiss Axio Imager A2 light microscopes. Chrysophyte cyst identification followed Duff 

et al. (1995), Wilkinson et al. (2001), and Pla (2001). Due to difficulties with identification by light 

microscopy, the unornamented types were merged into ‘collective groups’ according to size: 

≤5.9 µm (S001, S029, and S046); 6.0–8.9 µm (S009, S120, and S189); and ≥9.0 µm (S015, S042, 

and S150) (Fig. 5). In certain cases, the sizes of individual cysts were on the borderline between 

the two types. As a result, two additional groups were established (group 1–S001/S009, 

S029/S120, and S046/S189; group 2–S009/S015, S120/S042, and S189/S150). In addition, two 

ornamented types, D114 and D115, which can be easily confused under light microscopy, were 

merged into the ‘collective group’ D114/115 (Fig. 5). Diatom taxonomic identification was 

mainly based on Krammer and Lange-Bertalot (1986, 1988, 1991a, 1991b). The taxonomy was 

corrected to current conventional names based on recently accepted nomenclature (Guiry and 

Guiry, 2022). Chrysophyte cyst and diatom fluxes were calculated by adding divinylbenzene 

microscopic markers to samples (microspheres), which were then counted alongside 

chrysophyte cysts and diatoms (Battarbee and Kneen, 1982).
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Figure 5. SEM micrographs of cyst morphotypes subjected to merging into ‘collective groups’ 

due to difficulties with identification under light microscope (scale bar – 1 µm); (a) S001, (b) 

S029, (c) S046, (d) S009, (e) S120, (f) S189, (g) S015, (h) S042, (i) S150, (j) D114, (k) D115.  

2.3.4. Statistical analyses and data visualization 

All statistical analyses and plotting were performed within the R environment (R Core Team, 

2020). Firstly, to understand and familiarize with collected data, an exploratory data analysis 

was conducted. Environmental variables were prepared for further analysis as follows: for each 

measurement date, the Secchi disk depth was multiplied by 2.5 to determine the depth of the 

photic zone (Poikane, 2009), then measured parameters were averaged within this zone and for 

the periods of sediment trap exposure. Regarding chrysophyte cysts and diatoms, only taxa with 

an abundance of 2% or more in at least one sample were considered for further analyses. 
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Samples from ice-cover periods were excluded from analyses due to very low fluxes. To check 

which statistical approach will be most appropriate for the data analysis, Detrended 

Correspondence Analysis (DCA) was conducted. Then ordination methods (Redundancy Analysis 

– RDA) were performed on transformed data to explore relationships between the studied 

organisms and environmental conditions. Limnological (except pH), hydrochemical, and 

meteorological variables were log-transformed using natural logarithm - log(), whereas for 

chrysophyte cyst and diatom data log(x+1) was used. For each lake, three RDA runs were carried: 

the first one for the period of mixing, the second for stratification period, and the third for the 

combination of these two periods. Depending on the data manual selection and variance 

inflation factors (VIF) or forward selection were used to reduce the environmental variables and 

avoid over-fitting of the model. Additionally, with the assumption that response variables have 

a lagged reaction to explanatory variables (Duarte, 1990; Legendre and Legendre, 2012), we 

compared the chrysophyte cyst and diatom data with environmental variables from the same 

month, two weeks before, and one month before. To explore how much variation in taxonomic 

composition is explained by climatic and combined hydrochemical and limnological variables, 

variation partitioning was conducted. Chrysophyte cysts from lakes Łazduny and Rzęśniki were 

analyzed using Multilevel Pattern Analysis, to check for presence of indicator types  

(Cáceres et al., 2010). 

All the maps were created with ArcGIS Pro 3.1.0 (Esri, United States of America). Digital 

terrain model was built from LIDAR data shared by Główny Urząd Geodezji i Kartografii. 

Geological maps were created based on Szczegółowa Mapa Geologiczna Polski 1: 50 000 – Portal 

GEOLOGIA (geologia.pgi.gov.pl). Data necessary to create land use maps of lakes catchments 

and theirs surroundings were obtained from Baza Danych Obiektów Topograficznych  

(BDOT10k - www.geoportal.gov.pl). Bathymetric maps of the lakes were created based on field 

measurements using an echosounder (Humminbird, USA). 
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3. Results 

3.1. Environmental conditions (Publications 1-3) 

Monitoring of limnological and hydrochemical variables combined with the meteorological 

records enabled to recognize seasonal patterns in environmental conditions and mixing regimes 

in the investigated lakes. Over the observation period, diverse meteorological conditions were 

recorded – especially during the winter months. Between 2017 and 2019 temperatures below 

freezing point prevailed during the winter months and resulted in development of ice cover 

lasting from December/January till end of March (Fig. 6). In contrast, in winter 2019/2020 

temperature records showed only around ten days with AT below 0℃, and the mean AT during 

that time reached around 5℃. Due to unexpectedly warm meteorological conditions, ice cover 

did not develop on the lakes (Fig. 6). Each year, during the spring, the increase in AT was 

observed and the highest increase rate and mean value (14.8℃) occurred in 2018, and the 

lowest mean AT in 2017 (8.1℃). Also summer of 2018 was the warmest from the observation 

period, with maximum AT recorded at that time reaching around 26℃, and mean value around 

18℃. The highest WS values were observed during spring and fall, while the highest PRCP totals 

were observed in the summer months. 

The diversity of meteorological conditions was accompanied by specific limnological 

processes. Between 2017 and 2018, the presence of the ice cover on each investigated lake was 

connected with development of reverse stratification. During the coldest winter 2017/2018, the 

lakes were covered with ice for >80 days. With the thawing of ice cover and increase of AT in 

spring, the water column mixing started which transported the oxygen to deeper water strata. 

The duration and depth of effective oxygen transport varied between years and between lakes 

(Tab. 1). Spring was followed by summer stratification, with oxygen present only in epilimnetic 

waters. An anoxic zone (DO <1 mg O2 L−1) developed below ca. 10 m depth in lakes Łazduny and 

Rzęśniki and ca. 5 m water depth in Lake Żabińskie (Fig. 6). Fall mixing started with deepening 

of the thermocline in late summer and was followed by oxygen transport to deeper waters. 

During the exceptional year 2020, the same pattern of deep and intense water column mixing 

developed in all three lakes. The longest period of homothermy and good oxygenation of the 

entire water column lasted from December 2019 in Łazduny and Rzęśniki and January 2020 in 

Lake Żabińskie till May 2020 (Tab. 1, Fig. 6). 

Along with the changes in meteorological conditions and mixing regimes, alterations in 

nutrient concentrations in lake water were recorded. In general, observed seasonal variability 

showed that mixing periods were accompanied by increases in nutrient concentrations (Fig. 6). 

In Lake Łazduny the highest TP values was observed in fall 2017, in Lake Rzęśniki in spring 2017 

and 2018, in Lake Żabińskie in spring 2018 and 2019. The turn of 2020 was characterized by the 

greatest values of TN in lakes Łazduny and Rzęśniki, while in Lake Żabińskie this happened in the 

spring of 2017 and 2019 (Fig. 6). Winters were generally characterized by elevated TN values. 

Along with nutrients concentrations, values of N:P ratio varied seasonally and interannually, 

with general increases in spring and fall. The highest N:P ratio values were recorded in spring 

2017 and 2020 in lakes Łazduny and Rzęśniki, and spring of 2017 and 2018, and summer 2017 

in Lake Żabińskie (Fig. 6). Chl-a peaks were observed in spring periods at the turn of April and 
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May. The greatest values of Chl-a concentrations from the entire observation period were 

recorded in spring of 2017 (Fig. 6). 

Table 1. Summary of water column characteristics during the observation period in studied 

lakes.  

Lake: Year Łazduny Rzęśniki Żabińskie 

Ice cover length [days]: 

2017 74 74 75 

2018 87 87 88 

2019 77 77 77 

2020 7 7 2 

Spring mixing depth [m]: 

2017 15 13 28 

2018 13 10 28 

2019 13 9 24 

2020 22.4 26 44 

Fall mixing depth [m]: 

2017 14 13 30 

2018 22.4 17 17 

2019 22.4 20 36 
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3.2. Chrysophyte cysts and diatoms in lakes Łazduny and Rzęśniki 

(Publications 1, 2) 

Although cysts and diatoms presented similar pattern of the total fluxes pulses, diatoms 

dominated over chrysophyte cysts. Additionally, lakes Łazduny and Rzęśniki were characterized 

by much higher fluxes of chrysophyte cysts, ca. 1 magnitude higher than Lake Żabińskie (Fig. 7). 

This is connected to the trophic status and promotion of the phytoplankton growth in lower-

trophy lakes. In lakes Łazduny and Rzęśniki the total fluxes of both chrysophyte cysts and 

diatoms between 2017 and 2019 peaked in the spring and fall samples, following the pattern 

characteristic for dimictic lakes. Additionally, in Lake Rzęśniki two diatom fluxes peaks occurred 

each spring: first immediately after the ice out and second in the early summer. The magnitude 

of peaks varied between years with those from 2017 as the greatest, and general decreasing 

trend. The fluxes of chrysophyte cysts and diatoms in exceptional year 2020 were diverse. 

Chrysophyte cyst fluxes did not show any distinct peaks at that time and had generally low 

values, while increase in diatom fluxes was observed in March and was followed by quite an 

even distribution of diatom fluxes till the end of June. 

The initial composition of diatom and chrysophyte cyst assemblages varied between 

investigated lakes (Fig. 7). Due to similar physical and chemical properties of lakes Łazduny and 

Rzęśniki, similarities were recorded in terms of taxonomic composition of chrysophyte cysts and 

diatoms. In Lake Łazduny, 127 cyst morphotypes in 34 samples were identified, 51 of which had 

a minimum occurrence of over 2% in at least one sample. The dominant ones were D114/115 

(23.41%), unornamented 6–8.9 µm (12.9%), S033 (6.4%), unornamented ≤ 5.9 µm (5.8%), and 

S118 (4.6%), which accounted for more than half of the identified cysts (Figs 5, 7, 8). In Lake 

Rzęśniki, 160 cyst morphotypes in 33 samples were recognized, with 54 reaching an abundance 

of over 2% in at least one sample. The most common cysts included S041 (12.7%), D114/115 

(12.6%), unornamented 6–8.9 µm (11.3%), S118 (8.1%), D317CF (4.8%), D116 (4.7%), and S033 

(4.4%), which accounted for more than half of all the identified cysts (Fig. 7). In Lake Łazduny, of 

176 diatom species, 31 reached a relative abundance at least 2% in one sample. The most 

common species were Pantocsekiella comensis (33.2% of all counted valves), Pantocsekiella 

ocellata (14%), Lindavia radiosa (7.9%), Staurosira construens (7%), Asterionella formosa (6.2%), 

Stephanodiscus parvus (4.2%), Achnanthidium minutissimum (3.7%), Cyclotella cretica var. 

cyclopuncta (2.7%), Stephanodiscus neoastraea (2.4%), Staurosirella pinnata (2.4%), 

Staurosirella lapponica (2%), Pantocsekiella schumannii (1%) (Fig. 7). They accounted for 86.7% 

of all counted valves. In 33 samples from Lake Rzęśniki, 124 diatom species were identified. 29 

of them reached at least 2% in one sample, and the most abundant were Pantocsekiella 

comensis (38%), Stephanodiscus parvus (10.7%), Staurosira construens, Lindavia radiosa (5.8%), 

Stephanodiscus neoastraea (4.5%), Stephanodiscus minutulus (4.2%), Pantocsekiella ocellata 

(4.1%), Fragilaria crotonensis (4%), Stephanodiscus hantzschi (3.8%), Staurosirella pinnata 

(3.7%), Achnanthidium minutissimum (1.5%), Stephanodiscus medius (0.3%) (Fig. 7). They 

represented 89.8% of all valves counted. 

RDA was conducted to assess the relationships between chrysophyte cysts (Publication 1), 

diatoms (Publication 2), and environmental variables. RDA results showed that cyst taxonomy 
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was mainly modeled by SC, Chl-a, AT, AT_SD, pH and TN variability. Although multiple variables 

influenced seasonal and interannual changes in cyst taxonomic composition, RDA with variation 

partitioning provided the evidence of the direct influence of AT on the cyst composition. Among 

the most important variables influencing taxonomic composition of diatoms were AT, WS, WT, 

SC, TN, and BGA.PC. The response of diatoms to changes in environmental variables and 

meteorological conditions proved to be highly complex, and the recognized influence of AT and 

WS on diatom composition was not direct. Since the AT increase determine the strength and 

duration of the spring overturn, AT was more significant during the mixing periods. In contrast, 

WS had its greatest impact on diatoms during the stratification periods when the impact of 

increasing wind strength on the deepening of the epilimnion is noticeable. 

Multi-level pattern analysis (Publication 1) showed that in Lake Łazduny cyst type D257 was 

associated with the period of fall mixing, S031 to spring and fall mixing, S159 to fall, spring mixing 

and the stratification period, and S404 to fall mixing and reverse stratification. In Lake Rzęśniki, 

types S130 and S180 were associated with spring and fall mixing, S161 with spring and fall mixing 

and stratification, and S159 with spring and fall mixing and reverse stratification. Examples of 

the cysts are shown in Fig. 8. 

The obtained results show that both chrysophyte cyst and diatom seasonality indirectly 

corresponds to meteorological conditions acting through changes in the mixing regimes, which 

in turn influences nutrient and light availability in the lakes. Statistical analyses revealed that the 

taxonomic composition of studied organisms is dependent on multiple variables. Nevertheless, 

air temperature and wind speed are the most important meteorological variables influencing 

cyst and diatom assemblages. Additionally, specific cyst types were indicative of different 

periods of physical lake structure. 
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Figure 8. SEM micrographs of selected cyst morphotypes (scale bar – 1 µm); (a) S033, (b) S041, 

(c) S118, (d) S128, (e) S130, (f) S159, (g) S161, (h) S180, (i) S404.  

 

3.2. Chrysophyte cysts and diatoms in Lake Żabińskie (Publication 3) 

Chrysophyte cyst and diatom total fluxes in Lake Żabińskie followed a seasonal pattern, 

with maximum during the transition between winter and spring, and the greatest values 

recorded in spring of 2017. A notable exception occurred during the summer 2017 when 

chrysophyte cyst fluxes reached the highest overall value. A lack of ice cover during the winter 

of 2020 resulted in an increase in fluxes in January, followed by a decline in February, and  

a subsequent increase in March and April. In May and June 2020, fluxes decreased. Even though 

chrysophyte cysts and diatoms presented similar patterns of flux pulses, diatoms dominated 

during the study period, with fluxes featuring an order of magnitude approximately greater than 

the chrysophyte cysts (Fig. 7). 

In terms of taxonomic composition, Lake Żabińskie substantially differed from lakes 

Łazduny and Rzęśniki. In eutrophic Lake Żabińskie the number of identified chrysophyte cyst 

types and diatom species was much lower. Of the 109 cyst morphotypes or "collective 

categories" found in Lake Żabińskie, 39 had an abundance of equal to or greater than 2% in at 

least one sample. Dominant morphotypes or ‘collective groups’ were unornamented 6–8.9 µm 

(14.3%), unornamented ≤ 5.9 µm (11%), group 2 (8.4%), D114/115 (6%), S128 (5.3%), S118 

(3.9%), S041 (3.6%), S161 (3.2%), unornamented ≥ 9 µm (3.1%) (Fig. 7, 8). They accounted for 

more than 50% of all identified cysts. 
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In 35 analyzed samples, 123 diatom species were identified, with dominant Fragilaria 

crotonensis (7.8%), Stephanodiscus parvus (7.3%), Pantocsekiella comensis (7%), Stephanodiscus 

neoastraea (5.9%), Stephanodiscus hantzschi (5.7%), Fragilaria tenera var. nanana (4.4%), 

Stephanodiscus medius (4%), Aulacoseira granulata (3.9%), and Pantoseckiella oceallata (3.2%) 

which accounted for approximately half of the recognized species (Fig. 7). 

According to the results, under eutrophic conditions, direct influences of meteorological 

conditions on lake biota are masked by complex relationships with physical and chemical 

conditions. This was confirmed by statistical analyses which did not show any significant and 

strong relationships. Nevertheless, careful investigation of processes occurring in the water 

column, allow to assume that ice cover and mixing regime influenced by air temperature and 

wind speed are the main factors affecting both chrysophyte cyst and diatom seasonal succession 

patterns. Additionally, it has been recognized that changes in meteorological conditions caused 

species turnover of both chrysophyte cysts and diatoms, further confirming sensitivity of studied 

organism to changing weather conditions. The biotic response in Lake Żabińskie to unusual 

meteorological conditions that occurred in 2020 differed from "typical" years in terms of diatom 

and chrysophyte cyst bloom phenology, and resulted in flux peaks during winter months. This 

response, not as pronounced as in lakes with lower productivity, can be attributed to the already 

turbid and nutrient-high conditions, which modify the threshold for noticeable changes to occur. 
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4. Conclusions and outlook 
The results of high-resolution monitoring of environmental variables, modern 

sedimentation, and meteorological records enabled the research hypotheses addressed in this 

thesis to be verified. The results confirm that the influence of meteorological conditions on 

chrysophyte cyst and diatom assemblages is manifested through changes in lake mixing regime. 

It has been also established that the timing and duration of mixing and stratification phases 

determine the dynamics of chrysophyte cyst and diatom fluxes to a large extent, as well as their 

taxonomic composition. Additionally, this study validates the hypothesis that biota in lakes of 

different trophic status respond differently to the same meteorological conditions. In spite of 

observations of both stronger and weaker relationships between chrysophyte cysts and diatoms 

and meteorological conditions, the results suggest that it is not possible to identify specific cyst 

morphotypes or diatom species whose variability is solely modeled by meteorological 

conditions, thus negating the third hypothesis. 

The assumed scientific goals of this thesis were achieved. The seasonal pattern of variation 

in chrysophyte cyst and diatom assemblages in lakes Łazduny, Rzęśniki, and Żabińskie has been 

determined which allowed the following conclusions to be drawn: 

- The seasonal pattern observed in each lake showed characteristic peaks occurring 

during spring and fall mixing and substantial decrease of fluxes during summer 

stratification and ice cover periods. 

- While the general seasonal pattern was comparable between all lakes, the site-specific 

variability referring to differences in the seasonal succession of specific diatom taxa, the 

occurrence of the peaks of total fluxes, and differences in taxonomic composition was 

also observed. 

The relationships between meteorological conditions and chrysophyte cyst and diatom 

assemblages in the investigated lakes were explained, and following findings emerged: 

- Changes in meteorological conditions and mixing regime in the investigated lakes were 

found to be directly related. Air temperature and wind speed were the variables that 

had the greatest impact on the mixing regime of the lakes. 

- The mixing regime was identified as the primary factor influencing nutrient cycling in 

the investigated lakes, thereby playing a key role in the seasonal and interannual 

variations of chrysophyte cyst and diatom fluxes. 

- The taxonomic composition of both chrysophyte cysts and diatoms is influenced by 

multiple stressors that often act simultaneously. Meteorologic-driven changes in the 

water column were found to be complex, making it difficult to establish direct 

relationships between specific taxa and environmental variables. While RDA analysis 

indicated a correlation between cyst and diatom assemblages with air temperature (AT) 

and wind speed (WS) in lakes Łazduny and Rzęśniki, it was ineffective for the Lake 

Żabińskie dataset. 

- Meteorological conditions can have a significant impact on chrysophyte cysts and 

diatom assemblages in low trophy lakes whereas they are less apparent in eutrophic 

lakes.
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Additionally, the impact of unusual meteorological conditions that occurred in 2020 (no ice 

cover) on seasonal patterns of chrysophyte cyst and diatom dynamics in temperate dimictic 

lakes were examined, and the following inferences were made: 

-The same response in a form of a prolonged period of whole water column mixing from 

fall 2019 to mid-spring 2020 was recorded in all investigated lakes. 

- The response of chrysophyte cysts and diatoms to the lack of ice cover in 2020 varied 

between the lakes, and was more pronounced in lower trophy lakes. Nevertheless, in 

each lake changes in phenology and species turnover were observed. In low trophy lakes 

Łazduny and Rzęśniki, chrysophyte cyst fluxes decreased substantially and no distinctive 

peaks were recorded, while diatom fluxes increased in spring 2020 and generated low 

peak in Łazduny and equally spread flux in spring and early summer in Rzęśniki. In Lake 

Żabińskie, both chrysophyte cyst and diatom peaks occurred earlier than in other years 

(i.e. during the winter months). 

- Recorded differences in the response to lack of ice cover in 2020 may be attributed to 

the initial biota composition, where eutrophic species are more tolerant to the 

prevailing high-nutrient, turbid, and low-light conditions of eutrophic lakes. 

The results of this study suggest possible directions for future research. Recognized links 

between studied biological proxies, especially chrysophyte cysts, and changes in meteorological 

conditions imply that they may be used in paleoclimatic reconstructions. Therefore, 

investigation of short sediment cores and comparison with instrumental meteorological data 

could be a subsequent step. Future studies should also focus on examining the impact of 

extreme years on longer-term trends in paleolimnological records, what can be attained by 

studies of cores with high temporal resolution and associated meteorological data. An exciting 

scientific opportunity to reveal meteorological conditions in the past may be possible using 

annually laminated sediment records. Future research could also focus on expanding 

observation period to build decadal datasets of monitoring data that could be invaluable for  

a better understanding of environment-proxy relationships. Also, incorporation of long-term 

observational data to models can improve our ability to make accurate predictions about the 

future dynamics of lake ecosystems. Based on this study, it is also advised that future studies 

should focus on expanding this type of monitoring observations along environmental gradients, 

to observe the driving mechanisms of chrysophyte cyst, diatom, and other biota seasonality and 

species succession across different lake types and climatic regions. 
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A B S T R A C T   

Climate change causes alterations in lake systems, thus influencing lake biota. Studies of phytoplankton with 
short generation times and seasonal replacement provide an opportunity for assessing how aquatic organisms 
respond to changes in environmental conditions. This study explores the potential of chrysophyte cysts as in-
dicators of seasonal and interannual changes in meteorological conditions in Lakes Łazduny and Rzęśniki, 
located in northern Poland. Monthly chrysophyte cyst data from sediment traps, biweekly limnological and 
hydrochemical data, and daily meteorological data were used to find and explain the relationships between 
chrysophyte cysts and changes in meteorological conditions. We showed that cyst seasonality indirectly corre-
sponds to meteorological conditions acting through changes in the mixing regimes, which in turn influences 
nutrient and light availability. Statistical analyses revealed that the taxonomic structure and interannual vari-
ability of chrysophyte cysts are dependent on multiple variables. Nevertheless, air temperature was the most 
important meteorological variable influencing cyst assemblages. Cysts were indicative of different periods of lake 
physical structure, suggesting the potential of chrysophyte cysts in paleoclimatic studies.   

1. Introduction 

Ongoing climate change causes disturbances that alter freshwater 
ecosystems. Due to the sensitivity of lakes to changes in the atmosphere 
and the surrounding landscape, they are considered to be valuable ar-
chives of environmental conditions (Catalan et al., 2013; Williamson 
et al., 2009; Zolitschka et al., 2015). Although meteorological conditions 
influence physical, chemical, and biological processes in lakes, the 
interpretation of climate signals in lake sediments is not straightforward. 
This is because interactions between lake biota and environmental 
conditions are highly complex, which is attributed to various biotic and 
abiotic factors controlling the distribution, size, and abundance of lake 
organisms, such as resource availability and partitioning, density- 
dependent predation, and storage effects (Adrian et al., 2009, 2006; 
Chesson, 2000; Zufiaurre et al., 2021). However, the role of meteoro-
logical conditions is increasing as ongoing climate change has a signif-
icant impact on lakes. This is exemplified by changes in the duration of 
ice cover, strengthening of summer stratification, and changes in mixing 
patterns (Råman Vinnå et al., 2021). 

To understand the impact of environmental change on aquatic 

ecosystems, it is crucial to understand the factors that control species 
composition and dynamics. An analysis of communities that exhibit 
strong seasonal replacement and short generation times provides an 
opportunity to understand how changes in environmental conditions 
influence the dynamics of biotic proxies (Reynolds, 2006). For example, 
phytoplankton is sensitive to annual fluctuations of temperature, water 
column stratification, and light availability (Berger et al., 2010; Diehl 
et al., 2002). In particular, the mixing regime is the primary factor 
affecting phytoplankton growth and competition. The period of water 
mixing is usually accompanied by changes in nutrient and light avail-
ability. Strong mixing and weak stratification result in high-nutrient 
fluxes into the water column, while climate warming-induced weak 
mixing with strong stratification promotes low-nutrient fluxes. This 
exacerbates stress on aquatic organisms by giving a competitive 
advantage to specific algal cell types that are better competitors for 
nutrients (Catalan and Fee, 1994; Wilhelm and Adrian, 2008; Winder 
and Sommer, 2012). Moreover, the stratification period favors smaller 
and buoyant species (Reynolds et al., 1987). Other variables influencing 
phytoplankton assemblages, such as pH, water ionic composition, and 
conductivity are also subject to climate-induced modifications in 
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weathering rates (Catalan et al., 2014) and water balance (Adrian et al., 
2009; Battarbee, 2000). 

Chrysophytes are a diverse group of freshwater algae that produce 
siliceous vegetative cells, called cysts or stomatocysts, with over 1000 
morphotypes currently described (Duff et al., 1995; Pla, 2001; Wilkin-
son et al., 2001). They are widely distributed and often very well pre-
served in lake sediments (Korkonen et al., 2020, 2017; Pla-Rabes and 
Catalan, 2011; Duff et al., 1995; Wilkinson et al., 2001). Given their 
sensitivity to changes in physicochemical conditions and distinct sea-
sonality, chrysophyte cysts can be considered environmental indicators. 
For example, they have been used to infer changes in nutrient concen-
tration and pH (Duff and Smol, 1991; Facher and Schmidt, 1996; Kor-
konen et al., 2020; Pang and Wang, 2014; Pla et al., 2003; Smol, 1985). 
Cysts have also been shown to respond robustly to changes in ionic 
composition and electrical conductivity (Hernández-Almeida et al., 
2015b; Pla and Anderson, 2005; Siver, 1993). Most recent studies sug-
gest that cysts are potential proxies for cold-season temperatures (De 
Jong et al., 2016; De Jong and Kamenik, 2011; Kamenik and Schmidt, 
2005; Pla and Catalan, 2005; Pla-Rabes and Catalan, 2011). De Jong 
et al. (2013a, b) applied a cyst-based transfer function to the varved 
sediments of Lake Silvaplana (Swiss Alps) and reconstructed cold-season 
temperatures during the last millennium. Also, Pla-Rabes and Catalan 
(2011) found a close link between seasonal temperatures and chryso-
phyte cyst assemblages in the dimictic Lake Redo (Pyrenees), and 
showed that stomatocysts are excellent proxies of seasonal changes in air 
temperature. The potential of chrysophyte cysts to serve as temperature 
proxies was further confirmed by Hernández-Almeida et al. (2015a), 
who reconstructed winter severity from the varved sediments of Lake 
Żabińskie in northeast Poland for the last millennium. 

Even though chrysophyte cysts are commonly found in lakes and 
their potential for paleoclimatology is recognized, the seasonality and 
succession of chrysophyte cysts growth have only recently become the 
focus of contemporary research (Korkonen et al., 2020, 2017; Pla-Rabes 
and Catalan, 2011). Consequently, long-term observations are needed to 
better understand the importance of each environmental variable in 
controlling the occurrence and distribution of different cyst types. High- 
resolution monitoring of lake properties and meteorological conditions 
combined with the collection of sediment samples accumulated over the 
same time interval provides an opportunity to investigate the relation-
ships between chrysophyte cysts and their seasonality and changing 
environmental conditions. Such approach is crucial for a reliable inter-
pretation of paleolimnological records (Bonk et al., 2015; Maier et al., 
2018; Pla-Rabes and Catalan, 2011). 

In this study, we investigated stomatocyst variability in sediment 
samples from Lakes Łazduny and Rzęśniki to determine whether 
changes in their fluxes and taxonomy can be explained by meteorolog-
ical conditions. We hypothesized that indirect influence of meteoro-
logical conditions on the mixing regime and the biogeochemical 
properties of lake water was a major driver of changes in chrysophyte 
cyst production in different seasons. We also checked whether chryso-
phyte cysts can directly respond to specific meteorological variables. To 
evaluate these hypotheses, we selected lakes with no direct human 
impact, sampled sediment traps at monthly intervals, and linked 
chrysophyte cyst analysis to meteorological, limnological, and hydro-
chemical variables. We used statistical tools to identify the most influ-
ential factors controlling cyst assemblages. In the last step, we searched 
for potential indicator cyst types for mixing/stratification periods. 

2. Materials and methods 

2.1. Study site 

A detailed characterization of the studied lakes and their catchments 
was provided by Tylmann et al. (2017). Here, we only present a short 
description that focuses on the most important points. 

The Łazduny (53̊51′18.3′′N, 21̊57′07.1′′E, 128.8 m a.s.l.) and 

Rzęśniki (53̊50′30.0′′N, 21̊58′35.9′′E, 125.0 m a.s.l.) lakes are located in 
the Masurian Lake District in northeastern Poland (Fig. 1). Climatic 
conditions in the region are characterized by strong seasonality (cold 
winters and warm summers) and continentality. According to available 
data (Institute of Meteorology and Water Management–National 
Research Institute, 2021), mean monthly air temperatures at the mete-
orological station in Mikołajki, located around 30 km from the lakes, 
range from − 3.3 ◦C in January to 18 ◦C in July. The mean annual pre-
cipitation is 600 mm with a peak in July (ca. 80 mm). The predominant 
wind direction is westerly and southwesterly. Typically, lakes in this 
region are covered by ice between December and April (Marszelewski 
and Skowron, 2006). 

The Łazduny and Rzęśniki basins fill NW–SE-oriented tunnel valleys 
which were formed during the Late Glacial or the early Holocene 
(Sanchini et al., 2020). The surface geology of their catchment (1.94 
km2) consists of glacial sands, gravels, and peats (Lisicki and Krzywicki, 
2013). Both lakes are surrounded by dense, mostly coniferous forests. 
Both have similar maximum depth (22.4 m and 26.0 m, respectively) 
and surface area (10.6 ha and 12.0 ha, respectively). Łazduny has no 
surface inflows, but it has one outflow in the southern part. Thus, it is 
supplied by groundwater and precipitation. In contrast, Rzęśniki has one 
inflow from the NW and an outflow into Lake Orzysz (Fig. 1). 

2.2. Environmental variables 

Environmental data were collected regularly to evaluate the re-
lationships between environmental conditions and chrysophyte cyst 
fluxes. To estimate the variability of physical, chemical, and biological 
parameters, the lakes were monitored biweekly from December 2016 
(Łazduny) or February 2017 (Rzęśniki) to July 2020. Water temperature 
(WT), specific conductivity (EC), pH, dissolved oxygen (DO), and 
chlorophyll-a (Chl-a) concentrations in the water column were 
measured at 1-m depth intervals using an EXO 2 Multiparameter Sonde 
(YSI, USA). At the same time, water transparency was measured using a 
Secchi disc. Concentrations of total phosphorus (TP) and total nitrogen 
(TN) were measured in water samples collected from the depths of 1 m 
and 10 m, and 1 m above the lake bottom. TP and TN were measured 
under laboratory conditions by the colorimetric method using a Spec-
troquant Prove 600 spectrophotometer (Merck, Germany). Meteoro-
logical data for the meteorological station in Mikołajki were obtained 
from the database of the Institute of Meteorology and Water Manage-
ment–National Research Institute (2021). The data include daily values 
of air temperature, wind speed, and precipitation sums. 

2.3. Sediment traps 

Sediment traps were installed in the studied lakes 1 m above the 
sediment surface (Fig. 1). Each sediment trap consisted of four 80-cm- 
long tubes with an inner diameter of 86 mm and a total active area of 
232.4 cm2. Sediment samples were collected monthly during the ice-free 
period to record changes in taxonomical structure and the flux of 
chrysophyte cysts. Period with ice cover for each year is represented by 
one sample collected immediately after ice-out. 

2.4. Chrysophyte cysts analysis 

Chrysophyte cyst samples were prepared using a standard method 
(Battarbee, 1986). Fifty milligrams of freeze-dried sediment was treated 
with 10% HCl to remove carbonates and 30% H2O2 to oxidize organic 
matter. A known number of divinylbenzene microspheres were added to 
the chrysophyte cysts suspension (Battarbee and Kneen, 1982), and 
slides were prepared using the Naphrax® mounting medium. A mini-
mum of 100 cysts were counted along random transects at 1000 ×
magnification, using the Zeiss Axio Imager A2 light microscope. Cyst 
identification followed Duff et al. (1995), Wilkinson et al. (2001), and 
Pla (2001). Microspheres were counted alongside the cysts to determine 
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cyst fluxes (Battarbee and Kneen, 1982). 

2.5. Numerical analysis 

For statistical analyses, we averaged biweekly hydrochemical and 
limnological data from the photic zone covering the same time as the 
monthly sediment trap data. The depth of the photic zone was estimated 
for each measurement date by multiplying the Secchi disk depth by 2.5 
(Poikane, 2009) (Electronic supplementary material (ESM), Fig. S1). 
Daily meteorological data were also calculated as a mean or standard 
deviation value for the exposure period of the sediment traps. In total, 13 
environmental variables were considered for statistical analysis, 
including TP, TN, EC, Chl-a, DO, WT, pH, mean air temperature, stan-
dard deviation of air temperature (AT_SD), the sum of precipitation 
(PRCP), standard deviation of precipitation sum (PRCP_SD), mean wind 
speed, and standard deviation of wind speed (WS_SD). 

Cyst assemblages are shown as fluxes. To count the total flux, we 
used all of the counted cysts, including unknown types. However, we 
excluded unknown types for further statistical analyses to avoid random 
noise. Due to difficulties with identification by light microscopy, the 
unornamented types were merged into ‘collective groups’ according to 
size: ≤ 5.9 µm (S1, S29, and S46); 6.0–8.9 µm (S9, S120, and S189); and 
≥ 9.0 µm (S15, S42, and S150). In some cases, the sizes of individual 
cysts were on the border between the two types; therefore, we distin-
guished two additional groups (group 1–S1/S9, S29/S120, and S046/ 
S189; group 2–S9/15, S120/42, and S189/150). Also, two ornamented 
types, D114 and D115, which can be easily confused under light mi-
croscopy, were merged into the ‘collective group’ D114/115. Only cyst 
taxa reaching abundances of 2% or more in at least one sample were 
included in further analyses. Based on temperature and oxygen con-
centration measurements in the water column, we divided the study 
period into three characteristic phases: reverse stratification (wintertime 
with ice cover), mixing (spring and fall isothermy), and stratification 
(ice-free period except mixing); we classified the samples according to 
these phases (Figs. 2 and 3). Samples from the periods of reverse strat-
ification were excluded from numerical analyses due to very low values 
of cyst fluxes. 

Statistical analyses were performed in the R environment, version 
4.1.0 (R Core Team, 2020). Prior to analyses, environmental data 
(except for pH) and cyst fluxes were log-transformed (log() and log(x +
1), respectively). To check for the presence of indicator cyst types, we 
conducted a multi-level pattern analysis (multipatt() function within the 
“indicspecies” package version 1.7.9) with the physical structure periods 

of the lakes as groups (Cáceres et al., 2010). The relationships between 
cysts communities and environmental variables were explored using 
ordination analyses. Firstly, cyst data were analyzed using Detrended 
Correspondence Analysis (DCA) to determine the gradient length of 
cysts composition. DCA showed that data had gradient lengths below 4 
SD in both lakes. Therefore, to correlate cyst data with environmental 
variables, we selected a linear model (Redundancy Analysis, RDA) 
(Legendre and Legendre, 1998). Using the “vegan” package (version 
2.5–7), we carried out three RDA runs: the first one for the period of 
mixing, the second for stratification, and the third for the combination of 
these two periods. Splitting the data into two periods allowed us to study 
interannual variability for each of these periods, which circumvent the 
effect of the strong seasonality of cyst assemblages. Manual selection 
and variance inflation factors (VIF) were used to reduce the environ-
mental variables and avoid over-fitting (ESM, Table S1). Assuming a 
lagged reaction of the response variables to explanatory variables 
(Duarte, 1990; Legendre and Legendre, 1998) in the RDA, we compared 
chrysophyte cyst data with environmental variables from the same 
month, two weeks before and one month before. We tested the signifi-
cance of variables using the Monte Carlo permutation test with N = 999 
permutations. To explore how much variation in species composition is 
explained by climatic and combined hydrochemical and limnological 
variables, we conducted variation partitioning (varpart() in “vegan”) 
(Borcard et al., 1992). 

3. Results 

3.1. Environmental variables 

The monthly mean values of meteorological parameters varied intra- 
and inter-annually. The highest values of spring and summer air tem-
peratures were recorded in 2018. The winter of 2019–2020 was 
exceptional as it was the warmest winter in the last 200 years in Poland. 
The summer seasons of 2017 and 2018 were characterized by the 
highest PRCP values, while the lowest values were observed each year in 
the spring. Increased wind speed values occurred during winter, spring 
and fall compared to the summer months, with the highest values 
observed from November 2019 to February 2020 (Figs. 2 and 3). 

Limnological measurements in both lakes show different mixing 
regime patterns throughout the observation period. From 2017 to 2019, 
we observed reverse stratification in the water columns during winter, 
while normal stratification was noted in the summer. In these periods, 
much of the water column was anoxic (Figs. 2 and 3). In both lakes, 

Fig. 1. Location of the studied lakes in Europe and Poland (A), topography and hydrography of the catchment (B), and bathymetric maps with the location of 
sediment traps (C). 
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spring mixing was incomplete, which can be deduced from oxygen 
distributions showing anoxic conditions (DO < 1 mg l− 1) below 13–15 m 
in Łazduny and below 9–13 m in Rzęśniki. Periods of fall mixing were 
longer, which resulted in more effective transport of oxygen to deep 
waters. In Łazduny, a complete overturn occurred in 2018 and 2019, 
while in 2017, oxygen was only recorded to 15 m depth (Fig. 2). In 
Rzęśniki, fall mixing was also more intense than during the spring as we 

observed DO concentrations above 1 mg l− 1 up to depths of 13, 17, and 
20 m (Fig. 3). The winter of 2019–2020 was an exception characterized 
by ice-free conditions, allowing for prolonged water column mixing and 
good oxygenation of the whole water column lasting until the end of 
May or mid-June in Rzęśniki and Łazduny, respectively (Figs. 2 and 3). 

In both lakes, we recorded an increase of EC values in 2018. Chl-a 
concentrations showed higher values during the spring and early 

Fig. 2. Mean values of climatic, limnological, and hydrochemical parameters with depth profiles of WT and DO concentrations in Lake Łazduny (reverse stratifi-
cation mean value for the entire winter period). 
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summer months, with the highest peak in April 2017. The pH values 
were generally higher during stratification periods, while the concen-
trations of TN and TP during mixing periods. The highest concentrations 
of TN were observed in both lakes during deep and intense mixing in fall 
2019–spring 2020. 

3.2. Chrysophyte cyst composition and total fluxes 

Values of R2 obtained for RDAs conducted with no lagged, two-weeks 
lagged and one month lagged data showed that in most cases environ-
mental data from one month before explained the highest percent of 
variation in cyst assemblages (ESM, Table S2). Therefore, we present 
and interpret the results derived from RDA conducted with one month 

Fig. 3. Mean values of climatic, limnological, and hydrochemical parameters with depth profiles of WT and DO concentrations in Lake Rzęśniki (reverse stratification 
mean value for the entire winter period). 
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lag. 
In Łazduny, we identified 127 cyst morphotypes in 34 samples, 51 of 

which had a minimum occurrence of over 2% in at least one sample 
(ESM, Fig. S2). Dominant morphotypes or ‘collective groups’ were 
D114/115 (23.41%), unornamented 6–8.9 µm (12.9%), S033 (6.4%), 
unornamented less than or equal to 5.9 µm (5.8%), and S118 (4.6%), 
which accounted for more than half of the identified cysts (Fig. 4). In 
Rzęśniki, we found 160 cyst morphotypes in 33 samples. Fifty-four of 
them reached abundances of over 2% in at least one sample (ESM, 

Fig. S3). The most common cysts were S041 (12.7%), D114/115 
(12.6%), unornamented 6–8.9 µm (11.3%), S118 (8.1%), D317CF 
(4.8%), D116 (4.7%), and S033 (4.4%), which accounted for more than 
half of all the identified cysts (Fig. 5). Both the total fluxes and fluxes of 
individual cysts in both lakes showed the highest values in spring 
(April–May) and fall (October–December) (Figs. 4 and 5). It was only in 
2020 that stomatocyst fluxes did not show any distinctive peaks. Addi-
tionally, some morphotypes (D239 and D339 in Łazduny, D78 and S202 
in Rzęśniki) showed the highest flux values during the summer (ESM, 

Fig. 4. Total fluxes and the fluxes of selected dominant chrysophyte cysts [cysts g × cm− 2 × day− 1] (the width of the bars represents the length of the exposure 
period of sediment traps) in Lake Łazduny; INDICATOR-types pointed by multi-level pattern analysis as significantly associated with different periods of lake 
physical structure. 
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Figs. S2 and S3). 
Multi-level pattern analysis indicated four statistically significant 

cyst types associated with different periods of lake physical structure 
and their combinations in Łazduny, with the S031 stomatocysts linked 
to spring and fall mixing, S159 to fall and spring mixing and the strat-
ification period, D257 linked only to the period of fall mixing, and S404 
to fall mixing and reverse stratification (Table 1, Fig. 4). Also, four 

morphotypes were identified as significantly related to lake physical 
structure periods in Rzęśniki, with morphotypes S130 and S180 associ-
ated with spring and fall mixing, S161 with spring and fall mixing and 
stratification, and S159 with spring and fall mixing and reverse strati-
fication (Table 1, Fig. 5). 

Fig. 5. Total fluxes and the fluxes of selected dominant chrysophyte cysts [cysts g × cm− 2 × day− 1] (the width of the bars represents the length of the exposure 
period of sediment traps) in Lake Rzęśniki; INDICATOR-types pointed by multi-level pattern analysis as significantly associated with different periods of lake 
physical structure. 
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3.3. Relationship between chrysophyte cysts and environmental variables 

RDA conducted for the combined periods of mixing and stratification 
explained 52.0% and 54.6% of the variance in cyst data at Łazduny and 
Rzęśniki, respectively (ESM, Fig. S4). Air temperature and wind speed 
proved to be important variables driving seasonal changes and differ-
entiating samples from the observation period into two general groups: 
the first group characterized by high air temperature values (stratifica-
tion) and the second by higher wind speed values (mixing). Based on 

these findings, we provide a detailed description of the results obtained 
from RDA conducted for each season separately. 

In Łazduny, RDA conducted for the mixing and stratification periods 
showed that the selected environmental variables explained 72.6% and 
76.0% of the variance in cysts composition, respectively. For the mixing 
period, EC, Chl, and air temperature (34.9%, p < 0.05) were the most 
important variables. The RDA 1 axis mainly represented the gradient of 
EC, while the RDA 2 was correlated to air temperature. Morphotypes 
D152, S171, D404, and D257 were associated with RDA 1, while S091, 
group 1, and S198 were correlated with RDA 2. Samples from 2017 had 
the lowest EC values and the highest fluxes of cyst types present (Fig. 6). 
For the stratification period, EC was the only significant variable 
explaining 22.3% of the variance in cysts taxonomy. EC and air tem-
perature were closely related to RDA 1, which was mainly associated 
with the distribution of the unornamented 6–8.9 µm, D84, D223, and 
S052 cysts. RDA 2 was represented by the gradient of TP and AT_SD, and 
was correlated to D152, group 1, and group 2 cysts. ‘Collective groups’ 
(group 1 and group 2) reached the highest accumulation rates in the 
samples from June and July 2018 and 2019, which were characterized 
by high TP values (Fig. 6). 

RDA conducted for the mixing and stratification periods in Rzęśniki 
explained 75.4% and 73.2% of the variance in cyst data, respectively. 
For the mixing period, air temperature, TN, and EC were significant 
variables explaining 40.8% of the variance. RDA1 was correlated to EC, 
TN, and TP and to the distribution of the S180, S153, S159, and S164 
cysts. Cysts D204, S234, S171, and S130 showed the highest correlation 

Table 1 
Results of multi-level pattern analysis (stat represents the association between 
the type and the group).   

ŁAZDUNY RZĘŚNIKI 
Group Cyst 

type 
Stat p 

value 
Cyst 
type 

Stat p 
value 

Spring mixing + fall 
mixing 

S031  0.892  0.003 S130  0.831  0.006    
S180  0.761  0.036 

Spring mixing + fall 
mixing +
stratification    

S161  0.933  0.034 

Spring mixing + fall 
mixing + reverse 
stratification 

S159  0.804  0.040 S159  0.956  0.001 

Fall mixing D257  0.612  0.027    
Fall mixing + reverse 

stratification 
S404  0.739  0.004     

Fig. 6. RDA biplots of samples (left) and cysts morphotypes and ‘collective groups’ (right) with explanatory variables for the periods of mixing and stratification in 
Lake Łazduny (significant variables are highlighted with more intense colors; “U” stands for unornamented, “AT” for air temperature, “WS” for wind speed). 
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to RDA 2, represented by the gradient of AT_SD. The fall 2019 samples 
had the highest EC values and TN concentrations (Fig. 7). For the 
stratification period, AT_SD, EC, and pH were the most important vari-
ables, explaining 31.6% of the variation in cysts composition. RDA 1 was 
strongly correlated with air temperature, AT_SD, and wind speed. 
Morphotypes S300 and D78 showed major correlation with RDA 1. Cysts 
S128, D219, unornamented ≥ 9.0 µm, and D317CF were associated to 
RDA 2, which represented the gradient of EC, pH, and TN. Samples from 
August and October 2019 were characterized by high EC values and 
dominated by cyst D317CF (Fig. 7). 

4. Discussion 

4.1. Chrysophyte cyst seasonality 

In Lakes Łazduny and Rzęśniki, chrysophyte cysts exhibit a seasonal 
succession characterized by different fluxes and assemblage composi-
tion during the periods of mixing and stratification. The fluxes corre-
spond to the major seasonal changes in physical environment described 
for dimictic lakes (Sandgren, 1988). The effects of changes in meteo-
rological conditions on cyst assemblages are very likely mediated by 
changes in thermal stratification patterns, which alter the length of the 
growing season and vertical mixing processes (Pla-Rabes and Catalan, 
2011; Smol et al., 2005). 

In our study, from 2017 to 2019, we observed the highest peaks in 
stomatocyst abundance after the ice-out. Depending on the intensity of 

spring mixing, we also recorded increased values in the fall, with the 
highest value noted in the fall of 2017, when spring mixing was char-
acterized by the highest intensity and depth as well as nutrient input. In 
the exceptional year of 2020 (with no ice cover), the cyst composition 
changed, and no distinctive peaks were recorded in the spring (Figs. 3 
and 4). 

The seasonal changes in cyst fluxes observed in Lakes Łazduny and 
Rzęśniki are consistent with the findings of Pla and Catalan (2011), who 
indicated the relationship between chrysophyte cysts and ice cover 
length is a result of the impact of winter/spring air temperature on the 
onset and strength of the spring mixing period. They demonstrated that 
the spring mixing period is the most important determinant of nutrient 
availability during the growing season, and emphasized the importance 
of the onset, length, and intensity of the spring mixing period on the 
seasonal replacement of chrysophytes. A short mixing phase caused by a 
long ice-cover period can result in incomplete cycling and uptake of 
nutrients in the lake, which could be used during fall mixing and thus 
cause a second peak in phytoplankton production (Pla-Rabes and 
Catalan, 2011). Rising air temperatures can also cause an absence of ice 
cover during the winter period and result in a longer mixing period and 
thus a longer period of nutrient availability, inducing changes in cyst 
composition (Catalan and Fee, 1994; Sharma et al., 2019). Also, studies 
from Austria (Kamenik and Schmidt, 2005), the Pyrenees (Pla and 
Catalan, 2005), and the Swiss Alps (De Jong et al., 2013; De Jong and 
Kamenik, 2011) showed that stomatocyst composition is closely related 
to winter/spring temperatures. 

Fig. 7. RDA biplots of samples (left) and cysts morphotypes and ‘collective groups’ (right) with explanatory variables for the periods of mixing and stratification in 
Lake Rzęśniki (significant variables are highlighted with more intense colors; “U” stands for unornamented. “AT” for air temperature, “WS” for wind speed). 
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In our interpretation, the main reason of the decrease in cyst fluxes in 
2020 was limited phosphorus and light availability as well as low WT. 
This prolonged overturn period increased deep-water oxygen concen-
trations and, consequently, reduced phosphorus recycling, which mini-
mized spring phosphorus availability for algal growth (Catalan and Fee, 
1994). During the spring overturn period with high TN, phosphorus 
would be a limiting factor which would determine chrysophyte assem-
blages throughout the growing season (Pla-Rabes and Catalan, 2011). 
Moreover, during the winter season in Poland, mean relative sunshine 
duration is the lowest (Bartoszek et al., 2020), ranging from seven to 
nine daylight hours. This period was also characterized by lowest Secchi 
disc values from all the mixing periods, ranging between 1.85 and 4.4 m 
and 1.9–3.8 m at Łazduny and Rzęśniki, respectively. Light intensity is 
the fundamental driver of ecosystem processes, as it affects the rate of 
photosynthesis and primary production. As light is essential for photo-
synthesis, a decrease in photosynthetic active radiation (PAR) trans-
mission in turbid waters reduces primary production, including 
chrysophytes (Wetzel, 2001). Furthermore, maximum abundance of 
chrysophytes is noted in water temperature between 10 ◦C and 20 ◦C 
(Sandgren, 1988). The WT during that period was below this optimal 
interval (4.0–8.5 ◦C in Łazduny, 3.8–9.4 ◦C in Rzęśniki, with a domi-
nance of lower temperatures), thus further limiting cyst development. 

4.2. Environmental factors influencing cyst distribution 

Changes in environmental conditions influence phytoplankton as-
semblages; nevertheless, little is known about time lags in their 
response. Studies conducted by Duarte (1990) revealed that the lag time 
between growth stimuli and algal growth response for lakes is around 
three weeks. Additionally, phytoplankton cells have different sinking 
velocity that is determined by multiple factors, including conditions 
within the lake. Therefore, the time it takes for cells to reach the sedi-
ment trap should also be considered, especially during summer strati-
fication, when the water column is divided into compartments and 
temperature and density gradients create a natural barrier for sinking 
organisms and particles (Wetzel, 2001). According to our findings, a 
one-month lag in the RDA environmental dataset provides better un-
derstanding of stomatocysts response to changing environmental con-
ditions. Therefore, we suggest that when examining chrysophyte cysts 
and their relationships with the environmental conditions, this time lag 
should be considered and carefully studied in statistical analysis. 

With the above assumptions, we identified multiple environmental 
variables influencing chrysophyte cyst assemblages in the studied lakes. 
EC was one of the most important variables during the mixing and 
stratification periods in both lakes. Most of the cysts, including the 
dominant types (such as unornamented cysts with a size of 6.0–8.9 µm in 
Łazduny, S033 and S180 in Rzęśniki, or D114/115 in both lakes) 
preferred conditions with low EC values. Moreover, according to our 
data, EC increased over the observation period was negatively corre-
lated with total cyst fluxes (Figs. 6 and 7). The influence of EC on cyst 
assemblages has been already recognized in correlation-based studies 
(Cumming et al., 1993; Duff et al., 1997; Hernández-Almeida et al., 
2015b; Pla and Anderson, 2005); nevertheless, the mechanism itself is 
not well understood. It is generally believed that the effect of conduc-
tivity on algal species is related to the ability of algal cells to adjust to 
changes in external osmotic pressure (Cumming et al., 1993). In addi-
tion, increasing concentrations of selected ions, such as potassium, may 
be toxic to some chrysophyte species (Cumming et al., 1993; Sandgren, 
1988). It has also been suggested that changes in conductivity induce 
alterations in lake water alkalinity and zooplankton composition, which 
may be another cause of the decrease in chrysophyte cyst fluxes (Duff 
et al., 1997). 

Air temperature itself proved to be an important climate-related 
variable explaining a major part of the variation in cyst data, espe-
cially during the mixing period. We identified a clear pattern of re-
lationships between air temperature and the occurrence of specific cyst 

types. The effect of air temperature is most likely mediated through 
changes in WT. Studies conducted in Swiss lakes by Livingstone and 
Lotter (1998) and in Lake Superior by Piccolroaz et al. (2015) show that 
water and air temperature are strongly correlated. This is especially true 
during the main growing season in the summer when short-time vari-
ability in air temperature is reflected in the temperature of the upper-
most parts of water column (Livingstone and Lotter, 1998). Individual 
species and subspecific taxa of chrysophytes tend to be restricted along 
the temperature gradient, but chrysophytes are often considered the 
most important group at low water temperatures. Sandgren (1988) 
showed that the maximum abundance of chrysophytes occurs between 
10 ◦C and 20 ◦C, with a decline at higher temperatures; their maximum 
biomass was observed in the spring when the temperature is lower than 
12 ◦C (Sandgren et al., 1995). The influence of surface water tempera-
ture on cyst assemblages was also shown in studies from northwestern 
Canada, where authors recognized different cyst morphotypes prefer-
ring different temperatures (Brown et al., 1997). Cyst types in Łazduny 
and Rzęśniki generally preferred lower values of air temperature and 
therefore lower WT, which supports the previous findings. Additionally, 
for the stratification period in Rzęśniki, AT_SD proved to be more sig-
nificant than air temperature and explained around 10% of variance in 
cyst data, which suggests that temperature variability and rate of change 
is perhaps more important than the actual temperature values. We 
observed that with the higher variability in air temperature fluxes of cyst 
types such as D78, S300 and S118 increased, while fluxes of type D19 
decreased. Environmental variability may promote coexistence of 
planktonic species (Zufiaurre et al., 2021), and thus determine changes 
in chrysophyte assemblages. 

During the mixing period, Chl-a and TN also proved to be important 
variables for cyst assemblages in the Łazduny and Rzęśniki lakes, 
respectively. Chl-a is frequently used as a measure of lake productivity, 
that is a biological indicator of lake trophic status in environmental 
assessments. The response of cyst assemblages to nutrients has been 
demonstrated in studies conducted in mountain lakes (Kamenik et al., 
2001; Pla et al., 2003). Multiple studies show that increasing trophy 
causes a drop in the contribution of chrysophytes to the total algae 
biomass (Sandgren, 1988; Smol, 1985). Chrysophytes can outcompete 
other algae in low-nutrient environments (e.g. Eloranta, 1995), but may 
be excluded under eutrophic conditions because of their relatively slow 
growth rates or inability to secrete alkaline phosphatase under alkaline 
conditions (Duff et al., 1997). The fluxes of cyst types found in our study 
showed a mostly negative correlation to TN, suggesting that the 
chrysophyte species from Łazduny and Rzęśniki prefer low-nutrient 
conditions. 

Cysts are also well known to respond to changes in pH (Duff et al., 
1997; Facher and Schmidt, 1996; Pla et al., 2003). During stratification, 
intense photosynthesis can lead to increased pH values in the epilimnion 
and new habitat conditions, at least in circumneutral lakes (Pla-Rabés 
and Catalan, 2018). Generally, chrysophytes are tolerant of a wide pH 
range (4.5–8.5) (Sandgren, 1988). Therefore, pH would not be a limiting 
factor for cyst development in Łazduny and Rzęśniki, as the recorded 
values do not exceed the optimum, although it would determine their 
occurrence and the final chrysophyte assemblages. 

The covariation between the environmental variables used in the 
RDA makes it difficult to point out a single variable as the main factor 
controlling changes in cyst composition and interannual variability. To 
answer the question of the extent to which meteorological variables 
drive alterations in cyst assemblages, we conducted variation parti-
tioning analysis. It showed that meteorological variables explained 
12.8% and 16.0% of the variation in the cyst data during the mixing 
period and 10.1% and 19.2% during stratification in Łazduny and 
Rzęśniki, respectively (Fig. 8). Those results suggest a direct influence of 
specific meteorological variables on chrysophyte cysts. However, the 
analysis did not show shared variance between meteorological param-
eters and limnological/hydrochemical variables. It is clear that changing 
meteorological conditions drive long-term seasonal limnological 
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processes such as mixing regime and resource availability (Catalan and 
Fee, 1994; Livingstone et al., 2010; Sánchez-López et al., 2015) and that 
their indirect influence on chrysophyte cysts may be much higher. 

Although investigated lakes are characterized by very similar envi-
ronmental conditions, we observed the differences between present cyst 
assemblages and the main factors influencing the taxonomic structure. 
From seventy-two cyst types with abundance > 2% in at least one 
sample, thirty-three were present in both lakes (ESM, Fig S2). In the case 
of types present in both lakes we observed that the temporal changes in 
their fluxes are very similar between lakes with slight differences in their 
values. However, we noted differences between cysts types present only 
in one lake both for mixing and stratifications periods (ESM, Fig. S3). 
Also environmental variables driving cyst composition varied slightly 
between lakes especially during the stratification period (Figs. 6 and 7). 
Those differences may be attributed to multiple factors such as dissim-
ilarities in the hydrological type or catchment properties. However, 
pointing out a single factor that is playing a major role in differentiating 
the investigated lakes is difficult at this stage of research. 

4.3. Cysts as indicators of specific environmental conditions 

Based on the analyses, we identified types that respond to certain 
environmental conditions. Cyst types S031 and S130, S159, and S180 
were singled out as promising indicators for both mixing periods, while 
the D257 and S404 types were solely for fall mixing. However, two of 
these types, S159 and S404, were indicated as characteristic of both the 
mixing and the reverse stratification periods. The low deposition in the 
winter samples likely results from fall mixing, so they can be treated as 
indicators of the mixing period. In a previous study from Finland, cyst 
S031, which was also found in Łazduny, was pointed out as a cold- 
tolerant type that prefers a short ice-free period (Korkonen et al., 
2020). Type S130, recorded in Rzęśniki, is a widespread taxon with an 
affinity for cold waters. Additionally, in a study from Lake Redon, it was 
also indicated as a type characteristic of both spring and fall mixing (Pla- 
Rabes and Catalan, 2011). Morphotype S159, which was present in both 
lakes, was previously found in shallow, highly alkaline (pH > 8.5) lakes 
in Canada (Duff et al., 1997), but no information is available on its af-
finity for temperature. S180 is known to be produced by the chrysophyte 
species Spiniferomonas bourrellyi, which is considered a cold-water in-
dicator, and was most prevalent in cool, deep, and oligotrophic moun-
tain lakes (Duff et al., 1995). S404 and D257 were previously found only 
in Lake Redo (Spain) and Santa Isabel Lake, Costa Rica, respectively, but 
their ecological requirements and biological affinity are still unknown 

(Pla, 2001; Wilkinson et al., 2001). 
There are many possible consequences of ongoing climate warming 

and rising air temperatures for lake ecosystems. It is believed that 
mixing regime patterns will be altered by the shortening or even 
disappearance of the ice cover phase and strengthening and lengthening 
of summer stratification (Woolway and Merchant, 2019). Those changes 
in aquatic ecosystem processes will undoubtedly directly and indirectly 
affect phytoplankton communities, including chrysophytes (Rühland 
et al., 2015). Loss of snow and ice cover induces changes in the under-
water irradiance regime and influences lakes productivity. Therefore, 
climate change will contribute to the eutrophication of lake waters 
(Råman Vinnå et al., 2021; Winder and Sommer, 2012). During the 
observation period, we recorded cyst responses to the lack of ice cover, 
which was manifested by a decrease in their fluxes and changes in their 
taxonomic structure (i.e., the presence of cyst types that were absent in 
previous years (ESM, Figs. S2 and S3). We therefore think that further 
climate-induced changes in the lake ecosystem will increase the abun-
dance of organisms that are more tolerant to eutrophic and warm con-
ditions and will decrease the abundance of organisms such as 
chrysophytes that prefer more oligotrophic environments. 

5. Conclusions 

In this study, we sought to find and explain the relationships between 
changes in meteorological conditions and both chrysophyte cyst fluxes 
and taxonomic structure. We also tested whether cysts directly respond 
to meteorological variables and assessed the potential of specific cyst 
types as indicators of mixing or stratification periods. The study of Lakes 
Łazduny and Rzęśniki revealed that chrysophyte cysts react both 
directly and indirectly to changes in meteorological conditions. It has 
been shown that their seasonality is strongly dependent on the physical 
properties of lakes, which are altered by changing meteorological con-
ditions. Ice cover and mixing intensity, controlling the availability of 
light and nutrients, are the major drivers of changes in cyst seasonality. 
The analyses also showed that multiple environmental variables influ-
ence cyst taxonomic structure and interannual variability. Nevertheless, 
both the mean and standard deviation values of air temperature proved 
to be vital variables for the development of individual cyst types, which 
confirms the direct impact of meteorological conditions. 

We believe that, due to their strong seasonality, chrysophyte cysts 
have a great potential to be useful indicators of changes in past meteo-
rological conditions. Therefore, studies combining high resolution 
monitoring of in-lake conditions and chrysophyte cyst data may provide 
ecological information that will support future applications of cysts in 
modern and seasonal paleoclimatic studies (e.g., monitoring programs) 
that can be used to test seasonal climate models. 
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Supplementary materials – Publication 1 

Table S1. Variables selected for RDA (WS – wind speed, AT – air temperature).   
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TP + + + + + + 

TN + + + + + + 

SC + + + + + + 

ODO + - + + - + 

pH + + + + + + 

Chl-a + - + + - + 

WT - - - - - - 

AT + + + + + + 

AT_SD + + - + + + 

WS + + + + + + 

WS_SD - - - - - - 

PRCP + + + + + + 

PRCP_SD - - - - - - 

Table S2 Values of R2 for RDAs conducted with no lagged, two-weeks lagged, and one month 

lagged data.  

 MIXING STRATIFICATION MIXING +  STRATIFICATION 

 
NO 
LAG 

2 
WEEKS 

1 
MONTH 

NO 
LAG 

2 
WEEKS 

1 
MONTH 

NO 
LAG 

2 
WEEKS 

1 
MONTH 

ŁAZDUNY 66.9 69.4 75.6 67.6 74.7 76.0 48.0 50.7 52.0 

RZĘŚNIKI 71.0 75.7 75.4 75.3 68.3 73.2 50.0 53.0 54.5 
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Fig. S1. Depth of the photic zone in Łazduny (A) and Rzęśniki (B).



 

62 

 

Fig. S2. Fluxes of chrysophyte cysts [cysts d-1 cm^2-1] with an abundance of ≥2% in at least one 

sample present both in Lake Łazduny and Lake Rzęśniki (where CYST 1, CYST 2, and CYST 3 are 

possible new morphotypes; however, confirmation of this fact requires further research).
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Fig. S3. Fluxes of chrysophyte cysts [cysts d-1 cm^2-1] with an abundance of ≥2% in at least one 

sample present either in Lake Łazduny or in Lake Rzęśniki. 
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Fig. S4. RDA biplots of samples (left) and cyst morphotypes and ‘collective groups’ (right) with 

explanatory variables for mixing combined with stratification in Łazduny (A) and Rzęśniki (B) 

(significant variables are highlighted with more intense colors). 
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A B S T R A C T   

The population dynamics of diatoms are affected by a variety of environmental variables. Due to their short 
generation times and high sensitivity to changes in physicochemical conditions, diatoms are considered good 
environmental indicators. The main goal of our study was to find and explain the relationships between changes 
in meteorological conditions and diatom fluxes and taxonomic composition based on the example of two small 
lakes: Łazduny and Rzęśniki. Using meteorological data, sediment traps, and regular measurements of limno-
logical and hydrochemical properties of the water column, we collected a three-year-long, high-resolution series 
of observations. The results show that total diatom fluxes are indirectly influenced by changes in meteorological 
conditions, acting through changes in the mixing regimes that determine the nutrient and light availability in 
lakes. Statistical analyses showed that the variability of the diatom data is correlated with air temperature and 
wind speed. Nevertheless, their influence on diatom assemblages is most likely the surrogate for the complex 
changes in the physical structure of the investigated lakes. Despite many similarities between the studied lakes 
such as mixing regime patterns, dominant diatom taxa, and seasonal dynamics of diatom fluxes, we recorded 
differences in both the seasonal succession of specific diatom taxa and the occurrence of the peaks of total fluxes, 
and differences in taxonomic composition referring to less dominant taxa. We attribute these dissimilarities to 
the local conditions, such as the hydrological types of the lakes, the extent of the littoral zone, and exposure to 
the sunlight connected to the position in the catchment.   

1. Introduction 

Along with the growing interest in the functioning of ecosystems 
under ongoing climate change, the need for a long-term perspective for 
reliable interpretation of the observed variability has become clear. 
Among environmental archives of environmental changes, lakes are 
exceptional because their sediments provide high-resolution records 
over different time scales (Zolitschka et al., 2015). The physical, 
chemical and biological characteristics of lakes are sensitive to changes 
in climate, and the sedimentary record of lakes provides a valuable 
archive of past changes in the community composition of diatoms. These 
records can be difficult to interpret without knowledge of present-day 
diatom dynamics over seasons (Smol, 2008; Adrian et al., 2009). 
Therefore, a thorough understanding of direct and indirect relationships 
between the climate, the water column, and the sediment archive, is 
needed to fully exploit the potential of lake sediments as recorders of 
environmental conditions variability (Leavitt et al., 2009). These 

complex relationships include multiple variables and processes, e.g. the 
water temperature, mixing and stratification patterns, light availability, 
nutrient cycling, pH and ionic composition, primary production, and 
sediment re-distribution (Battarbee, 2000; Smol, 2008). 

Due to the complexity of lake ecosystems, understanding how 
changes in meteorological conditions influence the dynamics of bio-
logical proxies is a major challenge. To address this issue, analysis of 
lake biota communities, such as diatoms (Bacillariophyceae), exhibiting 
strong seasonal replacement and short generation times, can be used 
(Reynolds, 2006). Diatoms are common in lake sediment records and 
provide an adequate long-term perspective to understand ecosystem 
responses to changes in environmental conditions (Dixit et al., 1992; 
Smol and Cumming, 2000). Good preservation of diatom silica valves 
and specific ecological optima and tolerances to important physical and 
chemical limnological variables of different species make diatoms the 
most frequently used biological proxies in limnological and paleo-
limnological research (Battarbee et al., 2001). During the last century, 
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diatoms have been commonly used in studies describing, among others, 
shifts in acidification, salinization, pH, heavy metal pollution, nutrient 
conditions, trophic state, and water transparency in lake bodies (Birks 
et al., 1990; Gasse, 2002; Stenger-Kovács et al., 2007; Cantonati et al., 
2009; Smol and Stoermer, 2010; Luoto et al., 2012; Bennion et al., 2014; 
Gautam et al., 2017). However, with the increasing interest in high- 
resolution environmental reconstructions, the seasonality and succes-
sion of diatom growth have become an important issue in contemporary 
limnology (Köster and Pienitz, 2006; Hausmann and Pienitz, 2007; 
Kirilova et al., 2008; Korkonen et al., 2017; Zou et al., 2018). 

There is considerable potential for using diatom assemblages to track 
climate-induced changes (Fritz, 2008; Juggins, 2013). Recent findings 
indicate temperature as one of the most important aspects of diatom 
ecology (Hausmann and Lotter, 2001; Bigler and Hall, 2003; Thompson 
et al., 2005; Rühland et al., 2008; Winder et al., 2009) and point to 
mixing regime as the main driver of changes in the diatom composition 
(Interlandi et al., 1999; Weckström and Korhola, 2001; Köster and Pie-
nitz, 2006; Wiltse et al., 2016). Kienel et al., (2017) attribute changes in 
diatom assemblages to the availability of light and nutrients strongly 
correlated to spring warming and the duration of water column mixing. 
The response of diatoms to a length of ice-cover was investigated in 
alpine lakes by Lotter and Bigler (2000), who suggested a strong inhi-
bition of plankton development under the ice and pointed out a corre-
lation between ice-cover duration and the relative abundance of 
different species. A recent study by Maier et al. (2019) demonstrated the 
importance of late winter conditions (e.g., light and nutrient availabil-
ity, under-ice stratification, timing of ice break-up and lake turnover) on 
the formation of the diatom signal in sediments. They indicated a much 
greater than previously expected importance of processes under the ice 
on lake ecology. However, different patterns of diatom response indicate 
that the relationships between diatom assemblages and changes in 

meteorological conditions are still not sufficiently explained. 
In this study, we aimed to test the hypothesis about the direct in-

fluence of meteorological conditions as drivers of changes in the tax-
onomical composition of diatoms. To verify this hypothesis, we 
investigated two lakes located in northeastern Poland: Łazduny and 
Rzęśniki, which are influenced by the same meteorological conditions 
and are not subjected to direct human influence. Specifically, our goals 
were 1) to assess the diatom total fluxes and taxonomic structure 
composition changes, 2) to explain the relationships between environ-
mental conditions and diatom assemblages, and 3) to determine sea-
sonal patterns of variation in diatom assemblages from sediment traps, 
in relation to measured physical, chemical, and meteorological variables 
in two small, but deep lakes from Poland. Our study showed that the 
combination of limnological measurements, sediment trapping, and 
meteorological data led to an explanation of diatom assemblage dy-
namics in the investigated lakes and their relationship with environ-
mental variables. 

2. Methods and materials 

2.1. Study sites 

The studied lakes – Łazduny (53̊51′18.3′′N, 21̊57′07.1′′E, 128.8 m a. 
s.l.) and Rzęśniki (53̊50′30.0′′N, 21̊58′35.9′′E, 125.0 m a.s.l.) – are 
located in the Masurian Lake District in northeastern Poland (Fig. 1). 
Climatic conditions within the study region are characterized by strong 
continentality and seasonality, with cold winters and warm summers. 
Typically, the lakes are covered by ice between late December and early 
April (Institute of Meteorology and Water Management, 2022). 

Lakes Łazduny and Rzęśniki are situated in small depressions (with a 
surface area of 10.6 and 12 ha, respectively) in a NW-SE elongated 

Fig. 1. Localization in Europe (A) and catchment topography (B) of lakes Łazduny and Rzęśniki. Bathymetric maps are embedded (isobaths every 4 m).  
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tunnel valley (Fig. 1). The maximum water depths reach 22.4 m and 26 
m in Łazduny and Rzęśniki, respectively. The lakes share a homogenous 
catchment of 1.94 km2 that lies within an outwash plain built of gla-
ciofluvial sand and gravel deposits. A chain of lakes is located in a deep 
subglacial channel, the bottom of which is covered by peat deposits. 
About 85 % of the catchment is covered by woodland communities, with 
coniferous trees predominating. Small and uncovered areas are found in 
the northern part. There is no settlement in the catchment. Lakes Łaz-
duny and Rzęśniki are hydrologically connected to Lake Orzysz by a 
small stream. Chemical data show that these are slightly alkaline and 
hardwater lakes. Lake Łazduny is currently mesotrophic, while Rzęśniki 
is eutrophic (Table 1). More details about both lakes are provided by 
Tylmann et al. (2017). 

2.2. Data collection 

The studied lakes were monitored bi-weekly, starting from December 
2016 in Łazduny and February 2017 in Rzęśniki, until July 2020. 
Measurements of the water temperature (WT), specific conductance 
(SC), pH, dissolved oxygen (DO), chlorophyll-a (Chl-a) and phycocyanin 
(BGA.PC) concentrations in the water column were conducted with EXO 
2 Multiparameter Sonde (YSI, USA) at a 1 m depth interval (starting at 
the 1st meter to the 20th meter in Łazduny, and to the 25th meter in 
Rzęśniki). A Secchi disc was used to estimate water transparency. Water 
samples were taken from water depths of 1, 10, 20 (Łazduny) and 25 
(Rzęśniki) meters. Total phosphorus (TP) and total nitrogen (TN) con-
centrations were measured with a UV/VIS spectrophotometer (Spec-
troquant Prove 600 Spectrophotometer, Merck, Germany). 

Meteorological data such as daily air temperature (AT), wind speed 
(WS), and precipitation (PRCP) for the closest meteorological station, 
Mikołajki (around 25 km from the studied lakes), were obtained from 
the database of the Institute of Meteorology and Water Manage-
ment–National Research Institute (https://danepubliczne.imgw.pl/). 

To record seasonal changes in the diatom composition and total 
fluxes, we installed sediment traps (four 80 cm long tubes with an inner 
diameter of 86 mm and total active area of 234 cm2) one meter above 
the sediment surface in the deepest parts of the lakes. Sediment traps 
were emptied with monthly resolution except for the periods of ice 
cover. Freeze-dried sediment samples were prepared for diatom analysis 
according to the method described by Battarbee et al. (2001). To remove 
carbonates, 50 mg of material was treated with 10 % HCl, then with 30 
% H2O2 to eliminate organic matter, and repeatedly washed with 
distilled water. Slides were made with the Naphrax® mounting medium. 
At least 500 valves were counted in random transects at 1000x magni-
fication using Nikon Eclipse E-200 and Delta Optical Genetic Pro light 
microscopes (numerical aperture of objectives and condenser top lens – 
1.25). Counts were made continuously along transects until sufficient 
amount of valves were counted. The diatom fluxes were estimated using 
counted alongside divinylbenzene microspheres (mean diameter of 8.3 
µm) (Battarbee and Kneen, 1982). Diatom identification followed 
mainly Krammer and Lange-Bertalot (1986, 1988, 1991a, 1991b). 
Names were updated according to AlgaeBase (Guiry and Guiry, 2022). 

2.3. Data analysis 

In the first step, limnological and hydrochemical data measured 
during periods of sediment trap exposure were averaged for the photic 
zone estimated as the Secchi disc visibility multiplied by 2.5 (Poikane, 
2009). Further for each variable we counted a mean value for the period 
of sediment trap exposure (in most cases it covered 3 measurements). 
Next, all environmental variables except pH (i.e. TP, TN, EC, BGA-PC, 
DO, WT, pH, mean AT, standard deviation of AT, sum of PRCP, stan-
dard deviation of PRCP, mean WS, standard deviation of WS) were log- 
transformed, centered and standardized before further analysis. Based 
on water temperature and oxygen concentrations, we divided the 
observational period and classified each sample into one of three phases, 
i.e., reverse stratification (winter with ice cover, usually recorded be-
tween December and March), mixing (spring and fall isothermy, recor-
ded between April–May, and October–November, respectively) and 
stratification (ice-free period except mixing, recorded between 
June–September). 

Only species with an abundance of 2 % or more in at least one sample 
and present in both lakes were included in the statistical analyses. 
Diatom fluxes data served as the basis for all statistical analyses. Due to 
low diatom fluxes during the reverse stratification period, these samples 
were removed from further statistical analysis. Prior to the analyses, flux 
values were log transformed (log(x + 1)), since the species data con-
tained many zeros and this transformation enabled the use of linear 
methods (Legendre and Legendre, 2012). 

Statistical analyses were carried out using R version 4.2.1 (R Core 
Team, 2022). In the first step we conducted detrended correspondence 
analysis (DCA) to compare diatom assemblages of the studied lakes. 
Next, we assessed correlation between variables (Electronical Supple-
mentary Materials Fig. S1.) and used forward selection to reduce the 
number of environmental variables in the ordination analysis (Borcard 
et al., 1992). Further, the linear model (Redundancy Analysis, RDA) was 
used to show the relationship between diatom fluxes and environmental 
variables (Legendre and Legendre, 2012). This method was used for the 
whole period as well as for the mixing and stratification phases sepa-
rately for both lakes jointly using the ‘vegan’ package. Next, the statis-
tical significance of each variable added was assessed by a Monte Carlo 
permutation test (999 unrestricted permutations) (Electronical Supple-
mentary Materials Table S1.). Finally, we conducted variation parti-
tioning to analyze to what extent changes in diatom fluxes and 
composition are explained by meteorological variables and combined 
hydrochemical and limnological variables (Borcard et al., 1992). 

3. Results 

3.1. Environmental variables 

A summary of the measured limnological and hydrochemical vari-
ables is presented in Table 1. Winter seasons, apart from the one of 2020, 
had the coldest air and water temperatures, and for around three month 
the lakes were covered with ice (Figs. 2, 3). In both lakes between 2016 
and 2019 during winter we observed the development of winter 

Table 1 
Minimal and maximal values of limnological and hydrochemical variables obtained from all conducted measurements, with an explanation of all used abbreviations.  

Abbreviation: Explanation: Unit Min. 
Łazduny 

Max. 
Łazduny 

Min. 
Rzęśniki 

Max. 
Rzę́sniki 

BGA.PC Phycocyanin μg l− 1 0.00 12.58 0.00 10.72 
Chl-a Chlorophyll-a μg l− 1 0.00 138.19 0.00 143.09 
DO Dissolved oxygen mg l− 1 0.00 13.81 0.00 16.95 
SC Specific conductance μS cm− 1 310.60 453.30 346.5 454.3 
pH pH  7.09 8.73 7.08 8.76 
TN Total nitrogen mg l− 1 0.036 4.23 0.056 2.02 
TP Total phosphorus mg l− 1 0.005 0.64 0.005 0.64 
WT Water temperature ℃ 1.24 24.95 0.86 25.47  
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Fig. 2. Mean values of AT, WS, sum of PRCP, and mean values of environmental variables for different water depths and photic zone (PZ) in Lake Łazduny. Mean 
values and sum were calculated for each exposure time of the sediment trap. Blue bars indicate ice cover while background colors indicate characteristic phases: 
white – reverse stratification (wintertime with ice cover), light green – mixing (spring and fall isothermy), green – stratification (ice-free period except for mixing). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 3. Mean values of AT, WS, sum of PRCP, and nean values of environmental variables for different water depths and photic zone depth (PZ) in Lake Rzęśniki. 
Mean values and sum were calculated for each exposure time of the sediment trap. Colors of background as explained in Fig. 2. 
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stratification and noted anoxic conditions (DO < 1 mg l− 1) in large parts 
of the water columns. The values of TP and TN as well as SC had their 
highest values in near-bottom waters during that season. Soon after the 
ice-off, we observed incomplete mixing reaching the depths of 13–18 m 
in Łazduny, and 9–18 m in Rzęśniki. These seasons were generally 
characterized by increased values of WS and a quick increase of AT. We 
also observed elevated concentrations of TN, and TP in the surface 
waters. Chl-a concentrations were highest during the spring mixing with 
the exception of 2018, when we observed raised values in the summer. 
After the spring mixing period with the increase of AT, we noted the 
development of strong summer stratification and the highest values of 
pH. BGA-PC showed higher values during the whole summer in Rzęśniki, 
while in Łazduny showed higher values only in the late summer. A fall 
decrease of AT and increase of WS initiated the period of fall mixing 
starting around October each year. In Łazduny, a complete overturn 
with a well-oxygenated water column occurred in 2018 and in 2019, 
while in 2017 we recorded oxygen down to around 18 m. In Rzęśniki, 
fall mixing reached the depths of 13, 17 and 20 m. In both lakes during 
fall we noted increasing values of TN and TP with increasing depth. 

The winter of 2020 was the warmest, with AT above 5 ◦C. During that 
period we observed complete mixing of the water column and the 
highest concentrations of DO from the observation period in the whole 
water column. It was also the longest period of mixing, starting in 
November 2019 and lasting to May 2020, with the highest concentra-
tions of TN (Figs. 2, 3). 

3.2. Diatoms 

Over the observation period in both lakes we observed increased 
values of total diatom fluxes in spring and fall (Fig. 4). In Łazduny, single 
peaks were recorded in late spring, while in Rzęśniki two characteristic 
peaks were observed: first immediately after the ice-out and second in 
the early summer. In both lakes, a much smaller fall peak was generally 
present at the end of year, with the exception of fall 2017, when in 

Rzęśniki we recorded two peaks at the beginning and end of the season. 
In both lakes in spring and early summer 2017 we recorded the highest 
diatom fluxes from the entire observation period, up to five times higher 
than in other years. Also the highest fall fluxes values were recorded in 
2017. The winter and summer periods, however, were characterized by 
rather low total fluxes in both lakes (Fig. 4). 

In Lake Łazduny, of 176 diatom taxa, 31 reached a relative abun-
dance at least 2 % in one sample (Figs. 5, 6). The most common species 
were: Pantocsekiella comensis (Grunow) K.T.Kiss & E.Ács (33.2 % of all 
counted valves), Pantocsekiella ocellata (Pantocsek) K.T.Kiss & Ács (14 
%), Lindavia radiosa (Grunow) De Toni & Forti (7.9 %), Staurosira con-
struens Ehrenberg (7 %), Asterionella formosa Hassall (6.2 %), Stepha-
nodiscus parvus Stoermer & Håkansson (4.2 %), Achnanthidium 
minutissimum (Kützing) Czarnecki (3.7 %), Cyclotella cretica var. cyclo-
puncta (Håkansson & J.R.Carter) R.Schmidt (2.7 %), Stephanodiscus 
neoastraea Håkansson & Hickel (2.4 %), Staurosirella pinnata (Ehren-
berg) D.M.Williams & Round (2.4 %), Staurosirella lapponica (Grunow) 
D.M.Williams & Round (2 %), Pantocsekiella schumannii (Grunow) K.T. 
Kiss & E.Ács (1 %) (Figs. 5, 6). These dominant taxa accounted for 86.7 
% of all the valves counted. 

In Lake Rzęśniki, 29 of 124 diatom taxa reached a relative abundance 
at least 2 % in one sample (Figs. 5, 6), and most abundant among them 
were: Pantocsekiella comensis (Grunow) K.T.Kiss & E.Ács (38 %), Ste-
phanodiscus parvus Stoermer & Håkansson (10.7 %), Staurosira construens 
Ehrenberg (9.2 %), Lindavia radiosa (Grunow) De Toni & Forti (5.8 %), 
Stephanodiscus neoastraea Håkansson & Hickel (4.5 %), Stephanodiscus 
minutulus Hajós (4.2 %), Pantocsekiella ocellata (Pantocsek) K.T.Kiss & 
E.Ács (4.1 %), Fragilaria crotonensis Kitton (4 %), Stephanodiscus hantz-
schi Grunow (3.8 %), Staurosirella pinnata (Ehrenberg) D.M.Williams & 
Round (3.7 %), Achnanthidium minutissimum (Kützing) Czarnecki (1.5 
%), Stephanodiscus medius Håkansson (0.3 %) (Figs. 5, 6). They 
accounted for 89.8 % of all the counted valves. 

The general taxonomic composition was similar in both lakes. From 
37 species with an abundance of 2 % or more, 23 occurred as the most 

Fig. 4. Total fluxes of diatoms [valves g × cm− 2 × day− 1] in lakes Łazduny (A) and Rzęśniki (B). The width of the bars represents the length of the exposure period of 
sediment traps. Colors of background as explained in Fig. 2. 
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Fig. 5. Fluxes of diatom species [valves g × cm− 2 × day− 1] with an abundance of 2 % or more in at least one sample present in Lake Łazduny (red line) and Lake 
Rzęśniki (black line). A logarithmic scale was used and taxa was divided into two groups: in mixing and stratification bloomers Colors of background as explained in 
Fig. 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

A. Szczerba et al.                                                                                                                                                                                                                               



Ecological Indicators 147 (2023) 110028

8

abundant in both lakes, while only 14 occurred in one of the lakes. The 
main differences referred to the seasonal succession of the specific 
diatom species and the values of their fluxes. We observed that the oc-
currences of some species were strongly connected to the pattern of total 
fluxes registered in both lakes, with fluxes maxima either in early spring 
or late spring and early summer (e.g. Achnanthidium minutissimum). We 
recorded also species such as Martyana martyi, Fragilaria fasciculata, 
Pantocsekiella oceallata, Staurosirella lapponica, and Staurosirella pinnata, 
which were dominant in different parts of the observation period. 
Staurosirella lapponica and Staurosirella pinnata were dominant in Lake 
Rzęśnki in 2017, while in Łazduny the increase of their abundance was 
first recorded at the end of 2018. Fragilaria fasciculata showed the 
highest fluxes in 2019 in Łazduny, which decreased in 2020, while in 
Rzęśniki its values were low throughout the entire observation period. 
Martyana martyi were present in Łazduny from the beginning of the 
observation period, while the increase of their fluxes was observed at the 
turn of 2017/2018 in Rzęśniki. Other species such as Cyclotella cretica 
var. cyclopuncta, Fragilaria tenera var. nanana, Lindavia radiosa and 
Pantocsekiella comensis, had their highest fluxes during the same seasons, 
but differed in terms of their values in both lakes. Only four of 14 species 
pointed out as dominant in Lake Łazduny or Rzęśniki were present in 
only one lake, and these were Cymbella cymbiformis, Aulacoseira ambigua, 

Stephanodiscus hantzschii and Stephanodiscus minutulus. 

3.3. Statistical relationships 

The first and second DCA axis showed high eigenvalues (λ = 0.74, λ 
= 0.68) and separated samples of spring mixing periods from Lake 
Rzęśniki. These samples were characterized by high proportions of 
diatom species from the genus Stephanodiscus. DCA axes also separated 
samples from the spring mixing period of Lake Łazduny, which was 
characterized by high proportions of Fragilaria spp. (Fig. 7). 

RDA conducted for the whole observation period explained 29.1 % of 
the variance in diatom data in both lakes. SC, AT, DO, TN, BGA.PC, and 
WS were indicated by forward selection as the most significant variables 
(p-value < 0.05 (Electronical Supplementary Materials Table S1.)). The 
analysis showed that all the samples can be divided into two categories 
related to the mixing and stratification periods (Fig. 8). In both lakes, 
samples from the mixing periods were correlated with higher values of 
wind speed, while samples from stratification were correlated with AT. 
To explain the interannual variability in diatom data we conducted an 
RDA analysis for each period separately. 

The results of RDA conducted for mixing periods are presented in 
Fig. 9. Forward selection pointed to EC, AT, TN, BGA.PC and DO as the 

Fig. 6. Fluxes of diatom species [valves g × cm− 2 × day− 1] with an abundance of 2 % or more in at least one sample present in Lake Łazduny (red line) or Lake 
Rzęśniki (black line). A logarithmic scale was used. Colors of background as explained in Fig. 2. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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Fig. 7. DCA biplots of samples (right) and diatom species (left). Samples from lake Łazduny are presented in red, and from Rzęśniki in black. Diatom species ab-
breviations: A.amb.–Aulacoseira ambigua, A.for.–Asterionella formosa, A.ina.–Amphora ineariensis, A.min.–Achnanthidium minutissimum, Cyc.–Cyclotella sp., C.cre.– 
Cyclotella cretica var. cyclopuncta, C.cym.–Cymbella cymbiformis, C.men.–Cyclotella meneghiniana, Fra.–Fragilaria sp., F.bic.–Fragilaria biceps, F.cap.–Fragilaria capucina, 
F.cro.–Fragilaria crotonensis, F.fas.–Fragilaria fasciculata, F.lep.–Staurosira leptostauron, F.ten.– Fragilaria tenera var. nanana, Gom.–Gomphonema, G.acu.–Gomphonema 
acuminatum, G.par.–Gomphonema parvulum, L.rad.–Lindavia radiosa, M.mar.–Martyana martyi, Nav.–Navicula, N.obl.–Navicula oblonga, Nit.–Nitzschia sp., P.com.– 
Pantocsekiella comensis, P.oce.–Pantocsekiella oceallata, P.sch.–Pantocsekiella schumanii, P.pla.–Pantocsekiella planktonica, P.bre–Pseudostaurosira brevistriata, S.con.– 
Staurosira construens, S.lap.–Staurosirella lapponica, S.pin.–Staurosirella pinnata, S.han.–Stephanodiscus hantzschi, S.med.–Stephanodiscus medius, S.neo.–Stephanodiscus 
neoastraea, S.par.–Stephanodiscus parvus, S.min.–Stephanodiscus minutulus, U.acu.–Ulnaria acus. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Fig. 8. RDA biplots of samples (left) and diatom species (right) with explanatory variables for the entire observation period (circles – samples from mixing period, 
triangles – samples from the stratification period). Diatom species abbreviations as explained in Fig. 7. 
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most significant (Electronical Supplementary Materials Table S1.) vari-
ables, explaining in total 31.6 % of the variance in the diatom data, with 
SC explaining the highest variation – 8.8 %. RDA1 followed the gradient 
of EC, while RDA2 was more related to the gradient of DO. Asterionella 
formosa was strongly positively correlated with TN, in contrast to Pan-
tocsekiella comensis. Stephanodiscus neoastrea showed a strong positive 
correlation to DO and a strong negative relationship to EC. Samples from 
fall 2019 and January 2020, were associated with the high EC, while 
those from the beginning of the observation period with low EC. Spring 
mixing samples from 2019 and 2020 were strongly correlated to high 
DO, AT and TN values (Fig. 9). 

For the stratification period, RDA 1 and RDA2 explained 17.2 % and 
7.9 % of the variance, respectively (Fig. 9). EC, wind speed, DO, BGA.PC 
and WT were indicated by forward selection as the most significant 

variables (Electronical Supplementary Materials Table S1.), which 
explained 37.2 % of the variance, with SC explaining the highest vari-
ation – 10.3 %. RDA 1 followed the gradient of SC and WT and was 
associated with Pseudostaurosira brevistrata, Fragilaria capucina, Fragi-
laria tenera var. nanana and Staurosirella pinnata. RDA 2 were strongly 
associated with BGA.PC, Pseudostaurosira brevistrata and Pantocsekiella 
oceallata. Species such as Staurosira construens and Stephanodiscus neo-
astraea were correlated with WT. Pseudostaurosira brevistrata and Fragi-
laria fasciculata showed a positive correlation with BGA.PC and SC, 
respectively. Fragilaria capucina was positively correlated with EC, while 
Pantocsekiella schumanii and Lindavia radiosa showed a negative corre-
lation. Samples from Lake Łazduny showed a stronger correlation to 
BGA.PC, DO and wind speed, while those from Lake Rzęśnki showed a 
stronger correlation to SC and WT (Fig. 9). 

Fig. 9. RDA biplots of samples (left) and diatom species (right) with explanatory variables for the periods of mixing and stratification. Diatom species abbreviations 
as explained in Fig. 7. 
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The variation partitioning analysis showed that the variation in 
diatom composition was better explained by combined limnological and 
hydrochemical variables than by meteorological variables. For the 
whole period they explained 13.7 %, for the mixing period 19 %, and for 
the stratification period 16.1 % of variance in diatom data. Meteoro-
logical variables were most important during the stratification period, 
and explained 9.4 % of variance in diatom data. 

4. Discussion 

4.1. Drivers of the seasonal and interannual variability of diatom fluxes 
and composition 

A distinct seasonality of the diatom fluxes was observed in both 
lakes. Between 2017 and 2019 we recorded that an increase of diatom 
growth occurred in spring/early summer and during the fall (Fig. 4). In 
these years, the disappearance of the ice cover followed by spring mixing 
resulted in an improvement in nutrient and light supply to the surface 
waters, therefore creating favorable conditions for diatom blooms and 
generating distinctive peaks of diatom fluxes. The seasonal cycle of 
diatom blooms in the studied lakes is greatly dependent on the duration 
of the ice cover as it influences the intensity of the lakes’ productivity in 
the spring. With longer ice-cover period the organic matter minerali-
zation process takes longer, which reduces oxygen availability and in-
creases the dissolved nutrient (phosphorus) pool in deep waters. On the 
other hand, when the ice-out occurs later, spring temperatures are high, 
which can result in rapid warming of lake water and development of 
summer stratification (Wetzel, 2001; Reynolds, 2006). In 2018, despite 
the longest duration of the ice cover, we recorded low total fluxes 
(Fig. 4.). It was a result of the most belated ice-out from the observation 
period combined with the warmest spring and rapid development of 
summer stratification. In 2017 and 2019, shorter ice cover periods and 
slower air temperature increases in spring resulted in longer mixing 
periods, with the one from 2017 much more intense and resulting in 
highest fluxes from the studied period (Fig. 4.). The observed diatom 
variability is consistent with the study of chrysophyte cysts in these lakes 
(Szczerba et al., 2021) as well as with similar studies of diatom assem-
blages seasonality conducted in Germany (Kirilova et al., 2008; Kienel 
et al., 2017), Finland (Korkonen et al., 2017) and Sweden (Maier et al., 
2019). Recorded changes in the diatom fluxes are related to the mixing 
and stratification patterns that are in turn controlled by the meteoro-
logical conditions. Air temperature and windiness during the growing 
season are the major drivers of the diatom seasonality in lakes Łazduny 
and Rzęśniki (Fig. 9), thereby confirming the effect of meteorological 
conditions, observed also elsewhere (Winder and Sommer, 2012; Rüh-
land et al., 2015). 

The exceptional year of 2020 – without ice cover and with a pro-
longed mixing period lasting from fall 2019 to May 2020 – showed a 
different diatom response in comparison to the other years. Generally, 
the diatom fluxes did not show a distinct spring peak but rather a 
gradual increase starting from March 2020. This could have been caused 
by the gradual distribution of nutrients throughout the water column 

during a time of prolonged and intense mixing in contrast to the years 
with ice cover when nutrients are accumulated in the hypolimnion 
under the anoxic conditions and rapidly redistributed during the rela-
tively short spring mixing. Lack of the quick increase of nutrients con-
centrations in spring resulted in a low peak of diatom fluxes in Łazduny 
and equally spread fluxes in spring and early summer in Rzęśniki. Other 
studies using sediment trap data also found that diatom fluxes can be 
dominated by seasonal peaks or be annually integrated (Kienel et al., 
2017; Korkonen et al., 2017; Maier et al., 2019). Even though in 2020 
the lakes were not covered with ice and nutrients were available, we 
observed a decrease of total fluxes in the winter months. In temperate 
lakes, light availability usually controls the timing of the spring diatom 
bloom and influences the plankton biomass. Winter seasons in Poland 
are characterized by the lowest mean relative sunshine duration (Bar-
toszek et al., 2020), ranging from seven to nine daylight hours only, 
which can result in a limitation of light for algae growth. Additionally, 
the intensity of lake mixing also affects the light conditions and would 
lead to higher turbidity and lower water transparency (the lowest Secchi 
disc values recorded during the mixing period were 1.35 m and 1.20 m 
in Łazduny and Rzęśniki, respectively – Figs. 2, 3) furthermore 
contributing to the low diatom fluxes during the winter of 2019/2020. 

Statistical analysis revealed that the variability in diatom composi-
tion data was influenced by multiple factors. Variation partitioning 
showed that the majority of the variance in diatom data was explained 
by limnological and hydrochemical variables (Fig. 10). Of all the 
considered environmental variables, seven had a major influence on the 
diatom composition. RDA showed that SC alone explained the highest 
percentage of variation demonstrating its importance in structuring the 
diatom communities. Changes in conductivity may affect the physio-
logical response and species composition of the lake biota, including 
diatoms (Bere and Tundisi, 2011). In the investigated lakes the present 
diatom species show a rather negative correlation to SC, confirming that 
present species are less tolerant to high SC. According to the review of 
Saros and Fritz (2000), salinity and anion composition, i.e., derivatives 
of conductivity, may influence the nutrient availability to primary 
producers. Increased conductivity allows more anion binding to phos-
phorus in the form of phosphate, which results in a limitation of phos-
phorus availability for phytoplankton growth. Since phosphorus is a 
critical nutrient for phytoplankton, such chemical interaction may pre-
vent phytoplankton from accessing phosphorus and cause a decrease in 
its populations (Chouyyok et al., 2010). Nevertheless, we also recorded 
an increase in fluxes of a taxon characteristic of high specific conduc-
tance waters, namely Fragilaria fasciculata (Kociolek, 2011). Its increase 
was associated with increasing SC, further confirming the importance of 
conductivity in shaping the composition of species in the studied lakes. 

Another important variable influencing the diatom assemblages in 
the investigated lakes during the mixing periods was TN, which is also a 
limiting factor in surface waters for algal growth (Reynolds, 2006). 
Except for the year 2020, increases in the diatom fluxes observed in 
Łazduny and Rzęśniki were correlated with the TN concentrations. We 
noted a strong relationship between Asterionella formosa and TN during 
the mixing period. This species is common in mesotrophic and eutrophic 

Fig. 10. Venn diagram representing the percentage of variance in diatom data explained by limnological and hydrochemical, and climate variables.  
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lakes globally and has been shown to be more abundant when phos-
phorus availability is very low and the supply of nitrogen is moderate to 
high (Saros et al., 2011). Such conditions faithfully describe the mixing 
periods in the investigated lakes when we observe the supply of TN. Both 
lakes also are generally characterized by low values of TP. Additionally, 
at the end of the observation period we noted elevated concentrations of 
TN, which were accompanied by the intensified growth of species from 
the genus Stephanodiscus such as Stephanodiscus hantzschi, which is 
widely regarded as an indicator species dominant in eutrophic lakes 
(Anderson, 1990; Hall and Smol, 1992). These elevated values of TN 
may be associated with the increase in EC, and are the result of the in-
crease of ionic indicators of eutrophication, which limited the phyto-
plankton growth (lower diatom fluxes) and caused a shift in species 
composition, i.e., the appearance of eutrophic ones. 

The concentration of DO in aquatic systems influences among others 
the nutrient biogeochemistry and biodiversity, as DO is essential to the 
respiratory metabolism of most aquatic organisms. Loss of deep-water 
DO promotes the release of accumulated nutrients from sediments into 
the water (Wetzel, 2001; Jane et al., 2021). Diatoms are very susceptible 
indicators for changes in the oxygen balance. Similarly to air tempera-
ture, DO can act as a proxy for more complex changes occurring in the 
water column, such as spring mixing and connected changes in nutrient 
availability. During the mixing period, species such as Stephanodiscus 
neoastraea and Asterionella formosa showed a positive correlation to DO, 
with species occurring in nutrient favorable conditions and the mixed 
water column (Saros et al., 2011; Wolf et al., 2011). Generally periods of 
summer stratification are characterized by lower values of DO and 
represent a time of water column stability. During this time we observed 
a negative correlation of DO with species from the genus Fragilaria, for 
which turbulent mixing creates a more suitable environment (Moreno- 
Ostos et al., 2009). 

Air temperature and water temperature were other important vari-
ables influencing the diatom assemblages. Since they are strongly 
correlated (Livingstone and Lotter, 1998; Piccolroaz et al., 2015), the 
effect of air temperature is most likely mediated through changes in the 
water temperature. This is an important variable influencing seasonal 
changes in lake ecosystems affecting physiological factors, such as the 
growth rate of organisms. Each species additionally has its temperature 
optima and tolerances which will determine the occurrence of specific 
species (Battarbee et al., 2001). During the spring season, the pace of the 
temperature increase is of high importance, as it determines the length 
of the mixing period and its intensity, which in turn control the nutrient 
supplies to the photic zone. High temperatures during summer cause the 
development of thermal stratification and associated changes in the light 
and nutrient availability, which favors species from Cyclotella genus 
(Winder et al., 2009; Rühland et al., 2015). Our study shows that the 
dominant species in the investigated lakes, Pantocsekiella comensis, has 
its highest fluxes in the late spring or early summer when we observed 
the onset of summer stratification. Therefore, we believe that the in-
fluence of temperature on diatom assemblages in the investigated lakes 
is actually the surrogate for complex changes in the lakes’ physical 
structure. Previous studies of the occurrence of Pantocsekiella comensis 
indicate that this taxa can be observed in a variety of light and mixing 
regimes. This include a stratification period as found in the Great Lakes 
(Stoermer et al., 1996; Bramburger and Reavie, 2016) in late winter, 
either under the ice or under ice-free winter conditions (Thackeray et al., 
2008; Kienel et al., 2017). The study by Laird et al., 2021, conducted in 
two Canadian lakes, Seton and Anderson, showed the presence of 
various Pantocsekiella comensis morphotypes throughout the observation 
period in Anderson Lake, and during the fall in Seton Lake, and pointed 
out that increase in Pantocsekiella comensis can be linked to the ice-free 
conditions enabling this taxon to persist throughout the year. Addi-
tionally, the sediment trap study from the Swiss Alps showed that, 
Pantocsekiella comensis growth was recorded primarily during the ice- 
free period in summer (Lotter and Bigler, 2000). Similarly, the study 
from Lake Holzmaar in Germany, showed that Pantocsekiella comensis 

was a dominant taxa and noted its increase in April, with the blooms in 
summer samples (Raubitschek et al., 1999). All of these findings suggest 
that multiple site-specific drivers may be relevant for Pantocsekiella 
comensis growth, yet confirm the influence of temperature-induced 
changes in the physical structure of lakes on its deposition in sediment 
traps. 

Wind speed proved to be an important variable during the stratifi-
cation period. Wind can introduce major changes into the water column 
that could cause variations of thermocline if sufficiently strong. Strong 
wind events may induce internal loading if nutrients (particularly 
phosphorus) enter into the epilimnion and consequently enhance pri-
mary production (Jennings et al., 2012). Also, wind-induced turbulence 
influences the phytoplankton distribution, directly changing the com-
munity composition (Yang et al., 2016). Additionally, wind influence on 
diatom assemblages is associated with the influence of BGA.PC (cya-
nobacteria). During the stratification period, reduced vertical mixing 
will possibly shift the competitive advantage from buoyant cyanobac-
teria to the diatom that need higher turbulence. Cyanobacteria have a 
higher growth rate at higher temperatures (above 23 ◦C) and many have 
the ability to form intracellular gas vesicles, allowing them to exploit the 
habitat under the intensified stratification and outcompete other taxa 
(Winder and Sommer, 2012). Therefore, the summer decrease of wind 
speed values and, in turn, the decreased rates of turbulent mixing cause 
the general decrease in diatom fluxes and the appearance of more 
buoyant ones with an increase in BGA.PC. Higher turbulent mixing 
during the stratification period gives an advantage to fragilarioid spe-
cies, while a more stable water column promotes species from Cyclotella 
genus (e.g., Pantocsekiella comenisis/oceallata, Lindavia radiosa) and 
cyanobacteria. This stays in agreement with our findings, as the summer 
diatom assemblages were dominated by centric diatoms. 

4.2. Influence of local conditions on diatom fluxes and taxonomy 

Lakes Łazduny and Rzęśniki are located in the same catchment at a 
distance of only about 2 km. The geological setting, lake basins’ 
morphology, and morphometric parameters are also very similar. Minor 
differences between the lakes are related to the catchment topography 
and land use, their hydrological type and trophic status. The lakes share 
many similarities in the diversity of their diatom assemblages as well as 
in their seasonal variability. However, some significant differences in 
diatom composition and succession were recorded. 

The general seasonal pattern points to two increases of diatom fluxes 
each year. We also observed that the fluxes reached rather similar values 
in both lakes. However, in 2017 the early summer peak in Łazduny 
exceeded the one from Rzęśniki by more than threefold. The high diatom 
fluxes in 2017 are connected to the increased supply of nutrients to the 
water bodies from the hypolimnion. We attribute the differences be-
tween the lakes to the intensity of the mixing, which in Łazduny reached 
the lake bottom. This deep mixing period could have resulted in a 
greater nutrient transport to the surface layer, therefore promoting the 
more intense diatom bloom. 

The exact timing of diatom deposition peaks is also different in the 
investigated lakes. The spring maximum of diatom deposition in Łaz-
duny is cumulated in one late spring/early summer peak, while in 
Rzęśniki we observed the occurrence of double peaks – right after the ice 
cover break-up and in early summer (Fig. 4). Our observations indicate 
that in Rzęśniki the diatom bloom development could have started prior 
to the ice break-up. This is confirmed by the increase in Chl-a concen-
trations under the ice, which we measured in 2019. Careful study of the 
location of the investigated lakes in the catchment and their sheltering 
showed that in Rzęśniki there is a greater possibility for the development 
of an under-the-ice diatom bloom. During most of the winter, the ice 
cover on the lakes is covered by snow, which prevents light penetrating 
the water column. However, the specific location of Lake Rzęśniki, i.e., 
and its much better exposure to sunlight due to the lower slopes from the 
east and south (Fig. 1), could result in a faster snow melt on the ice 
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cover. In addition, Rzęśniki is supplied in nutrients by the incoming 
stream. The increased light availability and nutrient supply from the 
incoming stream could have promoted the early onset of the spring 
phytoplankton bloom under the ice and before the lake overturn. 
Additionally, careful study of the species dominating in the peaks 
showed that in the first peak benthic species increased, while the second 
one was created mainly by planktonic Pantocsekiella comensis, which is 
the dominant species occurring during the entire observation period. 
This cyclotelloid taxa prefers warmer temperatures and more stable 
conditions and in several studies is considered an indicator of well- 
stratified lake water in summer (Hausmann and Lotter, 2001; Rühland 
et al., 2008; Winder et al., 2009; Rühland et al., 2015; Saros and 
Anderson, 2015; Reavie et al., 2017). Moreover, in many temperate 
lakes planktonic diatom growth is initiated and usually completed 
before the lake-water temperature reaches its seasonal maximum 
(Anderson, 2000), and therefore the peaks of this dominant species are 
present in the early summer. For benthic diatom growing in the littoral 
zone with different nutrient sources and light climates, seasonal growth 
may reflect the higher temperatures associated with the shallower water 
of the littoral zone (Anderson, 2000). In Rzęśniki, the shallowest area of 
the lake with a depth of 5 m or less accounts for around 38 % of the 
lake’s surface area, while in Łazduny it accounts for around 27 %. The 
presence of a greater shallow water zone in Rzęśniki, and the influence 
of the lake’s exposure to external factors (sunlight, wind activity, input 
of nutrients from the incoming stream) resulted in creating favorable 
conditions for benthic diatom development in the early spring. Their 
presence in the sediment traps suggests that horizontal transport has 
occurred and sediment focusing may have influenced the observed 
seasonal dynamics. This indicates low water column stability and is part 
of diatom assemblages’ response to the physical conditions in the lake. 
The presence of benthic diatoms with the early development of the 
diatom bloom before the ice-break contributed to the development of 
the first spring peak. 

Also in the fall of 2017 we recorded a double peak of diatom fluxes in 
Rzęśniki – first at the beginning and second at the end of season. 
Monitoring of the hydrochemical properties of the water column 
recorded elevated values of TP in Rzęśniki at the end of the summer of 
2017, which could have been delivered to the lake by the inflowing 
stream (Fig. 3). This supply of phosphorus triggered the development of 
the diatom deposition peak after the break-up of the stratification. 

Along with the differences between the peaks of total fluxes, we 
observed differences in diatom composition that occurred mainly during 
periods of spring water column mixing. Samples from Łazduny and 
Rzęśniki differed in terms of presence of species from the genus Ste-
phanodiscus and Fragilaria (Fig. 7.). These differences in diatom assem-
blages are connected to the different trophic state of the studied lakes. 
Due to more eutrophic character of Rzęśniki Stephanodiscus taxa are 
more abundant in lake Rzęśniki than in lake Łazduny. Additionally, we 
observed differences in the occurrence of benthic diatom species, e.g., 
Achnanthidium minutissimum, Staurosirella pinnata, and Martyana martyi. 
The benthic diatoms are common in shallower water where light 
penetration is able to reach the sediment–water interface (Stone and 
Fritz, 2004). Changes in the penetration of photosynthetically active 
radiation, ultraviolet radiation and nutrient supply, which are inde-
pendent of lake depth, influence the aquatic macrophytes that are one of 
the habitats of benthic diatoms in lakes. Also, the water clarity, which is 
affected by different internal and external factors such as food web in-
teractions, changes in nutrient supply, variations in turbulence, and 
changes in the dissolved oxygen concentration, influences the habitat 
available for benthic diatom growth (Dearing, 1997; Stone and Fritz, 
2004; Pla-Rabés and Catalan, 2018). Łazduny and Rzęśniki differ 
slightly in terms of the extent of their littoral zone, water-level fluctu-
ations and insolation. They also may differ in macrophyte composition 
and other factors influencing the benthic diatom. Investigations of these 
drivers would be needed to precisely define the main factor behind these 
differences. Nevertheless, here the differences in benthic communities 

between the lakes indicate the local environmental effect on the species’ 
growth. 

Other differences between the investigated lakes were connected to 
the timing of the occurrence of some of the planktonic species. Many 
studies have noted that there are certain diatom taxa which consistently 
stand out as important to the overall algal dynamics. At the end of the 
observation period we recorded an increase of Aulacoseira ambigua 
fluxes and a decrease of small-celled cyclotelloid species in Rzęśniki. 
Previous studies show that the Aulacoseira ambigua species was recorded 
during strong water mixing (Houk and Poulícková, 2003). Also, it has 
been shown that in Elk Lake, the increase in Aulacoseira spp. was a result 
of increased mixing of the water column connected to locally increased 
windiness and seasonally strong late-summer thunderstorms (Bradbury 
et al., 1993). The occurrence of Aulacoseira ambigua therefore may be 
connected to a prolonged water column mixing period recorded in the 
investigated lakes. Additionally, this species prefers nutrient-rich envi-
ronments (Houk and Poulícková, 2003; Taylor et al., 2007). The supply 
of nutrients from the hypolimnion during the mixing phase and from the 
incoming stream created favorable conditions for its development in 
Rzęśniki. In the same period, we observed a decrease of the taxa from 
Cyclotella genus, which are characteristic in more thermally stable pe-
riods (Rühland et al., 2015). Staurosirella lapponica, Staurosirella pinnata 
and Fragilaria fasciculata are the common species showing higher 
abundances with increasing conductance. However, as their occurrence 
in our lakes does not show any clear pattern related to SC over the 
observation period, and is similar between the lakes, SC is most likely 
not the strongest environmental variable controlling their distribution 
We also recorded that the presence of Martyana martyi differed between 
the lakes. These species were present in Łazduny from the beginning of 
the observation period, while in Rzęśniki their occurrence was noted at 
the beginning of 2018. Additionally, their fluxes decreased over the time 
in Łazduny, and increased in Rzęśniki. Occurrence of these species was 
associated with the mixing periods, but no specific pattern between its 
occurrence and changes, for example in intensity of mixing, was 
recorded. 

5. Conclusions 

The study of the limnological and hydrochemical properties of lakes 
Łazduny and Rzęśniki as well as the dynamics of the diatom assemblages 
allowed us to investigate the diatom response to changes in the envi-
ronmental conditions during the observation period of three and one- 
half years. Our study revealed that the distinctive seasonal patterns in 
diatom total fluxes depends largely on the changes in the lakes’ physical 
structure induced by changes in meteorological conditions. As it has 
been shown, the ice cover and mixing intensity, which control the 
availability of nutrients and light, are the major drivers of the diatom 
seasonality, therefore confirming the indirect influence of changes in 
meteorological conditions. The response of diatoms to any changes in 
the water column proved to be very complex and none of the identified 
taxa responded solely to any of the variables. Nevertheless, our study 
showed the relationship between diatom assemblages and air tempera-
ture and wind speed. The first variable proved to be more important 
during the mixing periods, as the intensity and length of the overturn 
depends on the rate of air temperature increase. Wind speed had its 
major influence during the stratification periods due to the influence of 
increased windiness on the deepening of the epilimnion and therefore on 
its volume. We believe these variables represented more complex 
changes in the water column, therefore further confirming the indirect 
influence of the meteorological conditions. Site-specific differences be-
tween the investigated lakes created divergences in the taxonomic 
composition and total fluxes of the diatoms. Our study showed that 
depending on the availability of light, the onset of planktonic diatom 
blooms may occur when the lake is still covered with ice. Possible dif-
ferences in the littoral zone and horizontal transport could also have 
contributed to observed dissimilarities. 
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Based on our observations, rather than focusing on the specific taxon 
response to any variable, more informative are the observations of 
species’ succession and changes in the diatom total fluxes. Even small 
differences in the nutrient supply, mixing intensity, ionic composition or 
any other variable may introduce differences on the species level and 
cover the direct influence of meteorological variables. Nevertheless, the 
general patterns of diatom fluxes, and the succession of specific species, 
may give invaluable insight into which climate-related factors play an 
important role in shaping diatom assemblages’ variability. 
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Fig. S1. Correlation matrix of normalized explanatory variables.  

Table S1. Results of the Monte Carlo permutation test on variables chosen for RDA.  

RDA run: Variables p-value 
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Abstract 

Ongoing climate warming has strong moderating controls of aquatic processes, such as 

ice cover duration, length of the growing season, vertical mixing patterns, thermal stratification, 

and the availability of light and nutrients. These fundamental mechanisms in turn influence the 

population dynamics of aquatic organisms such as diatoms and chrysophyte cysts. In our study, 

for three and half years with contrasting meteorological conditions, we investigated eutrophic 

Lake Żabińskie located in northeast Poland. By combining observational data of meteorological 

conditions, the physicochemical parameters of the water column, and modern sedimentation, 

we sought to explain the relationships between changes in meteorological conditions and 

dynamics of total fluxes and the taxonomic composition of diatoms and chrysophyte cysts. Our 

results show the direct influence of meteorological conditions on physicochemical conditions 

and their indirect influence on total diatom and chrysophyte cyst fluxes and species/types 

succession. The former refers to the importance of air temperature and wind speed in shaping 

the mixing regime of Lake Żabińskie, while the latter refers to the nutrients cycling driven by 

changes in the mixing regime, which in turn influences biotic sediment signal formation. Our 

study also reveals that the biotic response to unusual meteorological conditions that occurred 

in 2020 (i.e., warm winter without ice cover) differed from “typical” years in terms of diatom 

and chrysophyte cyst blooms phenology. Yet, this response was not as pronounced as in lakes 

with lower productivity and can be attributed to the already turbid and nutrient-high conditions, 

which alter the threshold for noticeable changes to occur. The reorganization of the taxonomic 

composition of diatoms and chrysophyte cysts was also a response to changes in meteorological 

conditions. 

1. Introduction 

Exploring the magnitude of the impact of climate change on aquatic ecosystems and 

their responses is crucial as they are critical components of the global environment and have  

a variety of uses for the human population (Woolway and Merchant, 2019). Climate has  

a profound effect on the thermodynamics of lake water, and observational studies revealed that 
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inland water bodies are rapidly warming throughout the world (Schneider and Hook, 

2010). Lakes under ongoing climate warming experience changes in the duration of ice cover, 

the strengthening and extension of summer stratification, and changes in mixing patterns 

(Råman Vinnå et al., 2021). These alterations impact aquatic organisms, especially 

phytoplankton, which are highly sensitive to any occurring changes. This issue has been studied 

for many years, and it has already been established that the annual fluctuations of temperature, 

water column mixing, resource availability, and consumption play a key role in phytoplankton 

population dynamics (Meis et al., 2009). Changes in the mixing regime are by far the most 

impactful, as they influence nutrients and light distribution in the water column. With climate 

warming, decreasing ice cover has lengthened the period of open-water conditions, providing  

a longer growing season and inducing alterations in recognized patterns of phytoplankton 

succession and dynamics (Winder and Sommer, 2012; Råman Vinnå et al., 2021). 

Studies of phytoplankton communities with short generation times and strong seasonal 

replacement, such as diatoms and chrysophyte cysts, bring us closer to understanding lakes’ 

biota responses to climatic and meteorological conditions under ongoing climate change 

(Reynolds 2006; Pla-Rabes and Catalan 2011). Diatoms (Bacillariophyceae) are often dominant 

primary producers, and therefore the most frequently used biological proxies to assess 

environmental changes (Dixit et al., 1992; Pla et al., 2005; Rühland et al., 2015). These unicellular 

organisms are characterized by silicon oxide cell walls, which ensure their good preservation in 

sediments. Diatoms have been proven invaluable indicators of ongoing global change due to 

their wide distribution, sensitivity to environmental changes, and taxonomic diversity (Dixit et 

al., 1992; Catalan et al., 2002; Rühland et al., 2015). Lake sediment diatom composition has been 

linked with atmospherically driven changes to lake stratification patterns, late winter processes 

such as under-ice stratification, light and nutrient availability, timing of over-turn and ice break-

up (Maier et al., 2019), length of ice-cover (Lotter and Bigler, 2000), and length of spring mixing 

(Kienel et al., 2017).  

Chrysophycean cysts, also known as golden or golden-brown algae, are an essential part 

of algal communities in lakes all over the world. They produce siliceous resting stages called 

stomatocysts or simply cysts, which ensure the survival of the population under unfavorable 

conditions. Similar to diatoms, they are widely distributed and well preserved in lake sediments. 

Several studies showed the application of these organisms in climatic studies, pointing to both 

direct and indirect relationship with meteorological conditions through changes in the lake 

stratification patterns (Pla and Catalan, 2005; Pla-Rabes and Catalan, 2011; Hernández-Almeida 

et al., 2015a, 2015b; Szczerba et al., 2021, 2023).  

Even though studies of complex reactions of lake biota to changes in climatic conditions 

have advanced considerably in recent years (Catalan et al., 2013; Rühland et al., 2015), still 

further investigations are needed to fully understand the direct and indirect relationships and 

their impact on the transfer of environmental information to the sediments (Bonk et al., 2014; 

Maier et al., 2018). In this respect, seasonally collected and long term observational data are still 

scarce. In particular, there have been very few studies presenting diatom and chrysophyte cysts 

seasonality (Interlandi et al., 1999; Hausmann and Pienitz, 2007; Pla-Rabes and Catalan, 2011;
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Korkonen et al., 2017). Having in mind this research gap, for three and a half consecutive years, 

with contrasting meteorological conditions, we conducted a high-resolution observational study 

of Lake Żabińskie. The research aimed at answering following research questions: 1) Can we 

establish linkages between changes in meteorological conditions and the seasonality of diatoms 

and chrysophyte cysts in a eutrophic lake? 2) How does ongoing global warming alter "typical" 

(with spring and fall peaks) seasonal patterns and the taxonomic composition of diatoms and 

chrysophyte cysts?  

We hypothesize that, under eutrophic conditions, direct influences of meteorological 

conditions on lake biota are masked by complex relationships with physical and chemical 

conditions, e.g., light and nutrient availability, and thus the effects of global warming on diatom 

and chrysophyte cysts seasonality are difficult to predict. In this study, we will show how 

seasonal and interannual changes in meteorological conditions are reflected in physical and 

chemical properties of the water column as well as in the variability of diatom and chrysophyte 

cyst blooms. We will also indicate key processes regulating diatoms and chrysophyte cysts 

dynamics in a eutrophic temperate lake. 

2. Materials and methods 

2.1.  Study site 

Lake Żabińskie (54˚07'54.2"N, 21˚58'56.5"E, 117.0 m a.s.l.) is located in the postglacial 

landscape of the Masurian Lake District in northeastern Poland (Fig. 1). Climatic conditions in 

the region are characterized by strong seasonality (cold winters and warm summers) and 

continentality. Mean monthly air temperatures at Kętrzyn meteorological station, located about 

40 km from Lake Żabińskie, range from -3.3°C in January to 18°C in July, while mean annual 

precipitation amounts to 600 mm, with a maximum in July, i.e. ca. 80 mm 

(https://danepubliczne.imgw.pl/). Typically, Lake Żabińskie is covered by ice between December 

and March (Żarczyński et al., 2022).  

Lake Żabińskie is slightly elongated in the W-E direction and occupies a glacially eroded 

depression formed during the Vistulian glaciation (ca. 15.2 ka BP). This kettle hole lake is 44.4 m 

deep and has a surface area of 41.6 ha. Lake Żabińskie has two permanent and one periodic 

inflow. The outflow drains westward into Lake Gołdopiwo (Fig. 1). The catchment (24.6 km2) is 

composed mostly of glacial tills, sands and gravels (Tylmann et al., 2017). Elevations in the 

eastern part of the catchment exceed 200 m a.s.l. and decrease generally westward to  

a minimum level of 117 m a.s.l., that corresponds to the water level of Lake Żabińskie (Fig. 1). In 

the northern and southwestern parts, the area surrounding the lake is covered by pine forests 

with spruce and birch trees. Fields and meadows dominate in eastern and southeastern parts. 

The lake is located near recreational and agricultural areas. Mean values of nutrients (total 

phosphorus, total nitrogen), chlorophyll-a, and Secchi disc depth for the observation period 

classify Lake Żabińskie as a eutrophic lake, according to limits presented by the Organization for 

Economic Cooperation and Development (OECD) (Supplementary Materials, Tab. S1). 
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Fig. 1. Location of Lake Żabińskie in Europe and Poland (A), topography and hydrography of the 

catchment (B), and bathymetric map with the location of sediment trap (C). 

2.2.  Environmental variables  

To assess the impact of environmental variables on biological assemblages, Lake 

Żabińskie was monitored biweekly from December 2016 to July 2020. Water temperature (WT), 

specific conductance (SC), dissolved oxygen (DO), and chlorophyll-a concentrations (Chl-a) were 

measured for the entire water column at 1m intervals using an EXO 2 Multiparameter Sonde 

(YSI, USA). Additionally, water temperature was measured every 15 minutes by HOBO Water 

Temperature Pro v2 loggers (ONSET) at a depth of 1, 5, 10, 20, 30 and 40 meters. Water 

transparency was measured with a Secchi disk. Water samples for chemical analysis were 

collected from the depth of 1 m, 10 m, and 40 m. The measurements included total phosphorus 

(TP) and total nitrogen (TN), measured on a UV/VIS spectrophotometer (Spectroquant Prove 

600 Spectrophotometer, Merck, Germany), and major ions were measured with ion 

chromatograph ICS 1100, Dionex, USA.  

Meteorological data, such as daily air temperature (AT), wind speed (WS), and precipitation 

(PRCP) for the closest meteorological station, i.e., Kętrzyn (about 40 km distant), were obtained 

from the Institute of Meteorology and Water Management–National Research Institute 

database (https://danepubliczne.imgw.pl/). Ice-cover dates were established based on field 

observations and satellite imagery.
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2.3.  Modern sedimentation 

A sediment trap was deployed in the center of Lake Żabińskie (Fig. 1) to record the 

seasonal changes in accumulation and species composition of diatom and chrysophyte cyst 

assemblages. The trap consisted of four 80 cm-long plastic tubes with an inner diameter and 

total active area of 86 mm and 232.4 cm2 respectively. The trap was moored 1 meter above the 

sediment surface and sampled monthly, apart from the periods when the lake was covered by 

ice. These periods were represented by one sample collected each year right after the ice out.  

2.4.  Chrysophyte cysts and diatoms analyses  

Samples for diatom and chrysophyte cyst analyses were prepared following the methods 

of Battarbee et al. (2001). In the first step, samples were oxidized and cleaned by heating around 

0.5 g of freeze-dried sediment material with HCl and subsequently with H2O2 to remove 

carbonates and organic material respectively. Slides were prepared by mounting with Naphrax. 

Diatoms and cysts were identified under oil immersion at x1000 magnification, using Zeiss Axio 

Imager A2 and Delta Optical Genetic Pro light microscopes. In each sample, at least 500 diatom 

valves and 100 cysts were counted along the random transects. Identification of diatom species 

followed mainly Krammer and Lange-Bertalot (1986, 1988, 1991a, 1991b). Diatom species 

names were updated according to the AlgaeBase (Guiry and Guiry, 2022). Cyst identification 

followed Duff et al. (1995), Wilkinson et al. (2001), and Pla (2001). To determine fluxes of both 

diatoms and chrysophyte cysts, microspheres were counted alongside (Battarbee and Kneen, 

1982). 

2.5.  Data preparation and visualization 

Processing and visualization of the data were performed with R 4.1.3 (R Core Team, 

2022). Environmental variables, taken into account in data visualization and interpretation, 

represent the mean values for the photic zone, estimated as Secchi disc depth multiplied by 2.5 

(Poikane, 2009). Data from thermistors were firstly assessed through presence of outliers, which 

were removed from dataset, and then homogenized. After homogenization, the 15-minute 

measurements were used to calculate the daily average. Using thermistor data and the package 

‘rLakeAnalyzer’ (version 1.11.4.1), we estimated epilimnion and metalimnion depths. 

Calculations of the length of stratification and mixing periods were conducted according to the 

method provided by Żarczyński et al. (2022). On their basis, we divided the observational period 

and classified each sample into one of three phases, i.e., reverse stratification (winter with ice 

cover, usually recorded between December and March), mixing (spring and fall isothermy, 

recorded between April–May, and October–November, respectively) and stratification (the ice-

free period except mixing, recorded between June–September). 

Due to difficulties with chrysophyte cysts identification by light microscopy, the 

unornamented types were merged into ‘collective groups’ according to size: ≤5.9 µm (S1, S29, 

and S46); 6.0–8.9 µm (S9, S120, and S189); and ≥9.0 µm (S15, S42, and S150). In some cases, the 

sizes of individual cysts were on the border between the two types; therefore, we distinguished 

two additional groups (group 1–S1/S9, S29/S120, and S046/S189; group 2–S9/15, S120/42, and 

S189/150). Furthermore, two ornamented types, D114 and D115, which can be easily confused 

under light microscopy, were merged into the ‘collective group’ D114/115.  
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3. Results  

3.1. Environmental conditions 

Between 2017 and 2019, during the winter AT values were below 0℃ and rose above 

the freezing point at the end of February and in March (Fig. 2). In February 2018, we observed 

the lowest AT values from the entire observation period, which reached -15.5℃. In winter 2020, 

which was the warmest winter in the last 200 years in Poland, most of the measurements 

showed AT above 0℃, with only nine days with AT below freezing point, and lowest reaching -

1.6℃. Each year, during the spring, we noted an increase of the AT with the highest rate noted 

in 2018, reaching 7.7℃ for daily temperatures, and around 14℃ for the mean monthly values. 

During that year, also the summer was the warmest from the entire observation period, and the 

maximum temperature recorded that season reached 25.9℃ in July. Increased WS was recorded 

in spring periods, and decreased in the summer, with the highest values observed in 2020. Each 

year, we noted highest growth of WS rate in the fall months, with the greatest in November 

2019. Contrary to WS, the main pattern of seasonal variability in PRCP, showed an increase of 

the values in the summers, with the ones from 2017 as the greatest (Fig. 2). 

The differences in weather conditions during the observation period were accompanied 

by changes in the water column properties (Fig. 2). During winters from 2017 to 2019, Lake 

Żabińskie was covered with ice and reverse stratification developed. The longest period of ice 

cover was recorded in 2018, while in 2017 and 2019, the length was similar (Supplementary 

Materials Tab. S2). In early spring, the mixing of the water column took place and was 

accompanied by gradual transport of the oxygen to deeper parts of the water column. The spring 

mixing periods differed between years in terms of duration and depth of effective transport of 

oxygen in the water column (Supplementary Materials Tab. S2). The mixing period was followed 

by the development of summer stratification, during which only epilimnion was oxic, and oxygen 

concentrations below 1 mg O2 L−1 developed below ca. 5 m in depth (Fig. 2). In late summer, the 

thermocline broke down, and the water column gradually started to mix. The length of fall 

mixing periods was similar between years, yet differed in depth, with the deepest observed in 

fall 2019 (Fig. 2, Supplementary Materials Tab. S2). In the exceptional year of 2020, when the 

ice cover was not present, we registered the longest period of homothermy and good 

oxygenation in the whole water column, lasting from the end of January till May 2020 (Fig. 2). 

The maximum DO concentration at the bottom recorded during that period was 11.5 mg l-1.  



 

96 

 

Fig. 2. Daily values of meteorological variables (grey lines) with mean values of AT and WS and 

sum of PRCP for the periods of the sediment trap exposure time (blue lines) and depth profiles 

of WT, DO and Chl-a concentrations with the depth of photic zone (blue line). “RS” stands for 

reverse stratification, “M” for mixing, and “S” for summer stratification. 

Along with the weather and mixing regime data, seasonal and interannual differences 

in nutrients and Chl-a concentrations occurred (Fig. 2, 3). The values of TN and TP were related 
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to the mixing periods, with the greatest values of TN recorded in the spring of 2017, and TP in 

the springs of 2018 and 2019. Along with the increased nutrients concentrations, we recorded 

elevation of Chl-a values, with the highest peak observed in spring 2017 (Fig. 2, 3). Summer 

stratification periods had lower concentrations of both nutrients and Chl-a. Values of N:P ratio 

also varied seasonally and interannually, with the highest values recorded in the spring of 2017 

and 2018 and the summer of 2017. Winters from the observation period were generally 

characterized by elevated TN values. Furthermore, the depth of photic zone varied over the 

observation period, with the lowest value reaching 2 m in spring and the highest 9 m in the 

winter in 2017. Shortly after ice-out we observed increases of the photic zone depth, which 

decrease with the intensification of plankton growth expressed by elevation of Chl-a 

concentrations (Fig. 2).  

 

Fig. 3 Mean values of TP and TN for the depth of photic zone, and N:P ratio. “RS” stands for 

reverse stratification, “SM” for spring mixing, “S” for summer stratification, and “FM” for fall 

mixing.  

3.2.  Diatom and chrysophyte cyst composition and total fluxes 

In 35 samples, we identified 123 diatom taxa, 34 of which obtained abundance equal or 

more than 2% in at least one sample. Dominant species were: Fragilaria crotonensis (7.8%), 

Stephanodiscus parvus (7.3%), Pantocsekiella comensis (7%), Sephanodiscus neoastraea (5.9%), 

Stephanodiscus hantzschi (5.7%), Fragilaria tenera var. nanana (4.4%), Stephanodiscus medius 

(4%), Aulacoseira granulata (3.9%), and Pantoseckiella oceallata (3.2%), which accounted for 

almost half of the identified individuals (Fig. 4).  

From 109 cyst morphotypes or ‘collective categories identified in 35 samples, 39 

morphotypes had abundance equal or more than 2% in at least one sample. Dominant 

morphotypes or ‘collective groups’ were: unornamented 6–8.9 µm (14.3%), unornamented  

≤ 5.9 µm (11%), group 2 (8.4%), D114/115 (6%), S128 (5.3%), S118 (3.9%), S041 (3.6%), S161 

(3.2%), unornamented ≥ 9 µm (3.1%), group 1 (2.7%). They accounted for 61.5% of all identified 

cysts (Fig. 5).  
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Fig. 4. Bubble matrix of main diatom taxa fluxes.  
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Fig. 5. Bubble matrix of main cyst morphotypes or ‘collective categories’ fluxes (“U” stands for 

unornamented, CYST 1 possible new morphotype; further research is needed to confirm this). 

The highest peaks in diatom and chrysophyte cyst total fluxes between 2017 and 2019 

were mainly recorded in spring and fall samples, and the magnitude of the maxima varied from 

year to year (Fig. 6). As a general trend, fluxes showed a seasonal pattern, with the maximum 

fluxes during the winter–spring transition. The exception was the sample from the end of the 
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summer 2017 when the cysts fluxes obtained the greatest value from the entire observation 

period. In the exceptional year 2020, without ice cover during the winter, we recorded a slight 

increase of both diatom and cyst fluxes in the January, followed by a decrease in February and 

a further increase in March and April. In May and June 2020, fluxes decreased. Although diatoms 

and cysts presented a similar pattern of total fluxes pulses, diatoms dominated during the study 

period, and their fluxes were ca. an order of magnitude greater than the chrysophyte cysts  

(Fig. 6).  

 

Fig. 6. Total fluxes of diatoms [valves g × cm-2 × day-1] and chrysophyte cysts [cysts g × cm-2 × day-

1]. The width of the bars represents the length of the exposure period of sediment traps.  

4. Discussion 

4.1. Meteorology and water column characteristics 

Over the course of this study, we observed three and a half meteorologically different 

years, which confirmed the influence of meteorological conditions on the mixing regime in Lake 

Żabińskie. Across both meteorological and physical parameters, we observed marked 

differences between specific seasons and years. Spring mixing in Lake Żabińskie starts after the 

ice cover break up, as in a typical temperate lake. Winters characterized by long lasting ice-cover 

usually result in short spring overturn followed rapidly by summer stratification. This 

relationship is firmly visible in data obtained between 2017 and 2019 (Fig. 2., Supplementary 

Materials Tab. S2). In 2018, we recorded the development of the ice cover in January, which 
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lasted till the beginning of April, and was the longest ice-cover period with the lowest air 

temperatures and highest numbers of days with the air temperatures below the freezing point. 

This period was followed by rapid warming, which resulted in the short, yet quite intensive 

spring mixing reaching 28 m water depth (Fig. 2, Supplementary Materials Tab. S2). The shorter 

ice cover periods in 2017 and 2019, with a cooler spring and a slow rate of air temperature 

increase, resulted in the longer spring overturn periods (Fig. 2, Supplementary Materials Tab. 

S2). The gradual increasing trend in air temperatures and the decreasing trend in wind speed 

during the spring season caused the development of the thermal stratification period. The sharp 

temperature gradient developed during summer stratification formed a contact zone between 

the warm and oxygenized waters of epilimnion and cold and anoxic waters of hypolimnion. Over 

the stratification period, epilimnion thickness increased gradually (Supplementary Materials  Fig. 

S1). In 2017, the thermocline reached the deepest point on record (more than one meter deeper 

than in other years). The highest wind speed values and coolest air temperatures contributed to 

the deepening of the thermocline during summer stratification (Supplementary Materials  Fig. 

S1). Due to cooling after the summer, the density of surface water increased sufficiently to start 

the fall overturn. The length of the fall mixing period is strictly correlated to the timing of the ice 

cover formation. The shallowest mixing in Lake Żabińskie occurred in 2018. That fall was 

characterized by a rapid decrease in air temperature, which allowed lake water to attain the 

freezing point at the earliest point from the observation period, i.e. in the second half of 

December (Fig. 2, 7). Fall mixing in 2018 was also characterized by the lowest mean wind speed 

values among investigated fall seasons (Supplementary Materials Tab. S2).  

Ongoing global warming causes significant alterations in the temperatures across the 

globe and introduces an element of unpredictability. One of the lake ecosystems' most 

widespread physical responses has been the shortening of ice cover periods. Changes in the ice 

cover and mixing dynamics will most probably lead to regime shifts in lakes (Woolway and 

Merchant, 2019; Pilla and Williamson, 2022). The winter of 2020 was the warmest one in the 

last 200 years in Poland, with only 10 days with temperatures below freezing point recorded at 

the meteorological station in Kętrzyn, therefore not allowing for the formation of stable winter 

ice-cover. Such a meteorologically unusual winter resulted in a complete water column overturn 

with very good oxygenation of near-bottom waters, which lasted almost five months (Fig. 2, 7). 

This observed change in the mixing pattern may be a prelude to the transition of Lake Żabińskie 

from a dimictic to a monomictic regime under ongoing global warming. Recognized seasonal and 

interannual fluctuations in the meteorological and in turn physical conditions of Lake Żabińskie 

substantially affected the formation of the biotic sediment signal.  
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Fig. 7. Daily mean water temperature values over the observation period measured with 

thermistors at different water depths. Discontinuous data during the winter of 2018/2019, due 

to thermistor failure. Note the difference in development of winter inverse stratification 

between the years, especially the lack of winter stratification in 2019/2020. 

4.2.  Biotic response to changes in mixing regime 

Meteorological conditions can directly and indirectly, control the biophysical processes 

of lakes. Contrasting meteorological conditions and mixing regimes among the studied years 

allowed us to register different biotic responses in the seasonality of diatoms and chrysophyte 

cysts. In 2020, we registered an exceptional year without ice cover due to the high winter air 

temperatures. During that period, the biotic response in Lake Żabińskie exposed the most 

apparent differences from the ones registered between 2017 and 2019 and was related to 

differences in taxonomic composition and phenology.  

The observed response between 2017 and 2019 is characteristic of dimictic lakes. 

Winter ice cover periods reduce lake productivity regarding the total diatoms and cysts flux (Fig. 

4, 5, 6) and Chl-a concentrations. The limited light availability and nutrient delivery from 

hypolimnion cause unfavorable conditions for plankton development. Additionally, during 

winter, external input from the catchment is strongly limited due to reduced runoff resulting 

from lower precipitation, snow cover and soil freeze (Jeppesen et al., 2005). With the onset of 

spring overturn, we recorded maximum of Chl-a concentrations and diatom and chrysophyte 

cyst fluxes (Fig. 2, 6). The spring mixing period proved to be determinant of nutrient availability 

during the growing season. In that period, nutrients released during organic matter 

decomposition in winter in the anoxic hypolimnion are transported to the photic zone, inducing 

planktonic organisms' growth (Reynolds, 2006; Winder and Sommer, 2012). After spring 

maximum, the summer seasons are characterized by rather low TP and TN concentrations 

(Catalan and Fee, 1994), which decrease diatom and chrysophyte cyst fluxes (Fig. 4, 5, 6). During 

summer stratification the phosphorus released under anoxic conditions from sediments is 

restricted to the aphotic hypolimnion, phytoplankton production is supported mostly by the 

external load (Jeppesen et al., 2005). However, the overall low summer total fluxes indicate that 

nutrients delivered from the catchment have a minimal effect on diatom and chrysophyte cyst 

growth in Lake Żabińskie. Following summer stratification, the fall mixing period is characterized 

by higher availability of nutrients, higher Chl-a concentrations and a related increase in total 
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fluxes (Fig. 6). This is due to the distribution of nutrients from the hypolimnion after the break-

up of the thermocline. The seasonal signal in fluxes is strong, yet chrysophyte cysts showed slight 

deviations from this rule. In summer 2017, we observed the highest peak of cysts from the entire 

observation period, which could have been caused by high N:P ratio values during that time, 

which favored cyst growth and created their highest peak (Liu et al., 2022).  

The interannual differences in diatom and chrysophyte cyst fluxes are related to 

interannual variability in the mixing regime of Lake Żabińskie. When released from the anoxic 

hypolimnion, nutrients may reach the epilimnion only during the mixing phase; its intensity has 

straightforward relationships with TN and TP pools in surface waters after mixing. The mixing 

that occurred in 2017 and 2018 reached similar water depths, yet in 2018, we observed diatom 

fluxes two times higher than in 2017. That was related to the much higher input of TN in 2017, 

resulting in the highest values of the N:P ratio, while in 2018, the opposite conditions were 

observed (Fig. 3). High N:P ratios could have acted as a limiting factor for diatom growth and 

thus resulted in lower fluxes (Liu et al., 2022).  

Seasonal and interannual changes in the mixing regime are the primary factors 

impacting nutrients concentrations and N:P ratio fluctuations in Lake Żabińskie. Inputs of 

nutrients from the catchment could modify the N:P ratio in epilimnetic waters, which can be 

important for diatoms and chrysophyte cysts development, especially during summer 

stratification periods, when delivery of nutrients from hypolimnion is not possible due to the 

development of a thermocline (Luttenton and Lowe 2006). Despite the catchment of Lake 

Żabińskie having been anthropogenically transformed (by recreational and agricultural areas), 

and external nutrient supplies from lake catchment are present, we did not detect their 

substantial influence on diatom and chrysophyte cyst growth and seasonal dynamics. The 

dominance of in-lake dynamics show that present anthropogenic influence has a secondary 

effect on studied organisms, therefore allowing us to recognize climate signals in the lake 

primary producers. Obtained results also highlight the importance of season dependent N:P 

ratio fluctuations in explaining changes in diatom and chrysophyte cyst dynamics. Freshwater 

phytoplankton assemblages are sensitive to changes in the N:P ratio, and any reductions of TN 

and TP may introduce a compositional turnover in phytoplankton (Vrede et al., 2009). In high 

N:P ratio environments, competition for phosphorus is more intense, as it becomes a limiting 

factor for phytoplankton growth (Reynolds, 2006). Diatoms, being able to utilize phosphorus (P) 

more effectively under eutrophic conditions and being able to increase their P uptake under P-

limited environment, are better able to compete with chrysophytes (Alipanah et al., 2018), 

which explains their higher observed fluxes in Lake Żabińskie. Furthermore, according to our 

findings, even small enrichments of TP, and therefore decrease of N:P ratio, can increase diatom 

production, which is manifested by their interannual total flux change following the N:P ratio 

pattern.  

 The general pattern found in the seasonality of the studied organisms is in agreement 

with previous studies of temperate lakes, confirming the importance of ice cover and mixing 

regime in shaping their seasonal succession patterns. Pla and Catalan (2011) indicated that the 

relationship between chrysophyte cysts and ice cover length is a result of the impact of 
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winter/spring air temperature on the onset and strength of the spring mixing period. 

Furthermore, studies from Austria (Kamenik and Schmidt, 2005), the Pyrenees (Pla and Catalan, 

2005), and the Swiss Alps (R. De Jong et al., 2013) showed that cyst composition is closely related 

to winter/spring temperatures. Seasonality of diatoms was also associated with meteorological 

conditions and mixing regime. Changes in diatom assemblages were attributed to the availability 

of light and nutrients which are correlated to spring warming and the length of water column 

mixing (Kienel et al., 2017), late winter conditions (e.g., light and nutrient availability, under-ice 

stratification, timing of ice break-up and lake turnover) (Maier et al., 2019), or the length of ice-

cover (Lotter and Bigler, 2000). Most importantly, Witak et al. (2017) showed that during the 

last century, water column stability and TP cycling played an important role in developing diatom 

communities in Lake Żabińskie, which is consistent with our findings.  

In this context, we asked the question as to whether lack of ice cover in a eutrophic lake 

will substantially influence biotic signals in sediments. Ongoing climate warming impacts low-

trophy lakes, inducing an increase in lake throphy, which subsequently affects the seasonality of 

the lakes' biota structure and composition (Nazari Sharabian et al., 2018). Our study shows that 

in an already eutrophic lake, the lack of ice cover in 2020 impacted the timing of diatoms and 

cysts production. The diatom and chrysophyte cysts peak occurred earlier than in other years 

(i.e. during the winter months), due to higher temperatures and the lack of ice cover (Fig. 6). 

More intense water mixing, high turbidity, changes in nutrients balance and light conditions in 

the water column, associated with the lack of ice cover, were not strong enough to induce more 

pronounced changes in total fluxes, which, in contrast, were observed in lower-trophy lakes. 

Szczerba et al. (2021, 2023) demonstrated that in two Polish lakes, Łazduny and Rzęśniki, which 

are characterized by lower productivity than Lake Żabińskie, diatom and chrysophyte cyst fluxes 

were more profoundly influenced by exceptional conditions from 2020. Not only were total 

fluxes very low, but no distinctive peaks were recorded, and diatom and chrysophyte cysts 

sediment signals were seasonally integrated. Thus, the higher trophy can indeed mask the effect 

of global warming. This can be especially true for chrysophyte cysts, which are more abundant 

and dominant in oligotrophic lakes. Hence, high trophic conditions are generally limiting their 

growth (Duff et al., 1995; Eloranta, 1995).  

Nonetheless, the compositional response of diatoms and cysts revealed the greater 

impact of meteorological conditions (Fig. 4, 5, 8). Similar to findings from Lake Redo (Catalan et 

al. 2002), our study points to the threshold-like response of planktonic diatom to changes in air 

temperature, here acting through changes in the water column and nutrient cycling. In 2020, 

along with the major changes in water column characteristics, we observed the transition in 

taxonomic composition to the dominance of the diatom species Stephanodiscus neostraea, and 

Stephanodiscus hantzshi (Fig. 4, 8). Due to warmer near-bottom waters favoring phosphorus 

release from sediments in 2019, followed by the intense water column mixing in 2020, elevated 

TP values in the epilimnion created good conditions for Stephanodiscus hantzshi growth. This 

species was also present in the paleo record in Lake Żabińskie and was also connected with the 

high levels of TP concentrations, yet had been induced by an inflow of nutrients from the 

agricultural catchment (Witak et al., 2017). Furthermore, Reavie and Kireta (2015) found that 
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Stephanodiscus hantzshi served as an indicator of high phosphorus levels in the Laurentian Great 

Lakes. In March 2020, we also observed the peak of Pseudostaurosira brevistriata, which in 2017 

and 2019 was recorded in samples accumulated during deep mixing periods in fall (Fig. 4, 8). In 

2020, an appearance of Aulacoseira ambigua was registered (Fig. 4, 8). In previous studies this 

species was recorded during strong water column mixing (Bradbury et al., 1993). Furthermore, 

this characteristic increase in Aulacoseira ambigua was also observed in the same time period 

in the nearby Lake Rzęśniki and was connected to the whole water column mixing and induced 

by the nutrient rich environment present at the same time (Szczerba et al., 2023). A study of the 

sediment record from Lake Żabińskie also pointed to an increase in the abundance of 

Aulacoseira ambigua alongside nutrient enrichment (Witak et al., 2017). For chrysophyte cysts, 

the most characteristic was the appearance of type S128, with the start of whole water column 

mixing in 2019, and its peak in January 2020, and peaks of types D328 and D379 in December 

2019 (Fig. 5, 8). Registered changes in the taxonomic composition and dynamics of the dominant 

diatoms and cysts confirm the indirect influence of changes in meteorological conditions on 

biotic sediment signal formation. Observed compositional turnover in both diatoms and 

chrysophyte cysts show the possibility of using these organisms to infer past lake dynamics and 

climate variability over time. The observed changes in dominant species, and appearance of new 

taxa during the unprecedented winter of 2020 can be used to recognize periods of lack of ice 

cover and intensified overturn periods in sediment records and infer past nutrient dynamics and 

temperature trends. These findings emphasize the importance of collecting seasonal data, which 

allows us to recognize the factors responsible for compositional changes and will enable us to 

properly infer past variability and understand processes occurring in aquatic ecosystems 

Most recent studies concerning diatom and cyst seasonality pointed to changes in 

patterns of total fluxes in lakes of various trophy, from dystrophic to mesotrophic (Kienel et al., 

2017; Maier et al., 2019; Szczerba et al., 2021, 2023). In eutrophic Lake Żabińskie, initial diatoms 

and chrysophyte cysts composition consist of species tolerant to high nutrient level, high 

turbidity, and limited light availability. Since adaptation thresholds for organisms living in 

eutrophic conditions are different than in low productivity lakes, the consequences of mild 

winter without the ice cover include detectable shifts in the taxonomic composition and flux 

dynamics, yet the latter are less profound than in lakes with lower productivity. 

. 
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Fig. 8. Selected diatom and chrysophyte cyst taxa, highlighting compositional turnover during 

2020.  

5. Conclusions 

We investigated Lake Żabińskie to explore the links between changes in meteorological 

conditions and fluxes of diatoms and chrysophyte cysts and to find out whether ongoing global 

warming alter recognized patterns of diatom and chrysophyte cyst seasonality and taxonomic 

composition. This study allowed us to confirm the hypothesis that under eutrophic conditions, 

direct influences of meteorological conditions on lake biota are masked by complex 

relationships with physical and chemical conditions. Nevertheless, combined meteorological, 

limnological, hydrochemical, and sediment trap data allowed us to identify a direct relationship 

between changes in weather and the mixing regime of the investigated lake as well as indirect 

responses of lake biota. Air temperature and wind speed proved to be major factors influencing 

the variability in physicochemical parameters in Lake Żabińskie.  

According to our findings, nutrient cycling, steered by mixing regime, played a primary 

role in seasonal and interannual dynamics of diatoms and chrysophyte cysts, confirming that, 

despite anthropogenic impact, eutrophic Lake Żabińskie responds to climate change. 

Furthermore, our study revealed that unprecedented conditions connected to ongoing global 

warming, recorded in 2020 in the form of lack of ice cover, impacted the phenology of studied 

lake biota through changing the timing of their blooming. Species tolerance to already high-

nutrient, turbid and low-light eutrophic conditions resulted in shifting the point at which the 

changes in seasonality will occur. We also recognized that changes in meteorological conditions 

induce community composition turnover.  

Identified links between changes in meteorological conditions, lake dynamics and 

diatom distribution suggest that the utility of diatoms in climate related studies of modern 

sedimentation and paleoclimatic reconstruction in eutrophic lakes is limited only to some 

aspects. Although we recognized the indirect relationships between chrysophyte cysts and 
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meteorological conditions, their overall low total fluxes and susceptibility to even small 

deviations in lake conditions suggest that their quantity should not be used in inferring climatic 

variability. Nevertheless, we observed compositional turnover associated with weather 

variability between studied years, thus suggesting that changes in cyst types dominance and 

composition indicate a response to different weather conditions even under eutrophic 

conditions. Our study suggests that future research should focus on investigations of the 

seasonality of biological proxies, and, in particular, investigations of the patterns of total fluxes 

and species succession, as they can reveal the impact of climate change on biota in high trophy 

lakes.  
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Tab. S1. Information about the concentration of nutrients and chlorophyll-a in the photic zone, 
and Secchi depth during the observation period. 

Variable: 
Total, P 

(μg l−1) 

Total, N 

(μg l−1) 

Chl-a 

(μg l−1) 

Secchi 
depth  

(m) 

Mean: 118.89 1121.82 19.51 1.52 

Minimum: 21.00 290.00 1.40 0.70 

Maximum: 990.00 2510.00 126.57 3.70 

 
Tab. S2. Summary of meteorological conditions and water column characteristics during the 
observation period. 

Variable: 2017 2018 2019 2020 

Mean AT during spring mixing 
[℃]: 

8.14 14.80 10.37 5.27 

Mean AT during fall mixing 
[℃]: 

4.89 5.46 6.13 - 

Mean WS during spring mixing 
[m s-1]: 

3.36 3.38 3.60 3.99 

Mean WS during fall mixing  
[m s-1]: 

3.91 3.63 4.15 - 

Ice cover length  
[days]: 

75 88 77 2 

Spring mixing depth  
[m]: 

28 28 24 44 

Fall mixing depth  
[m]: 

30 17 36 - 

 

 

Fig. S1. Depths of epilimnion and metalimnion during the observation period. 
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